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Introduction 

At the Vllth symposium of the IOBC (WPRS)1 Working Group "Integrated 
Plant Protection in Orchards", held in 1985 (1), a meeting was proposed to dis­
cuss orchard diseases and their control. The need for such a meeting grew from 
the realisation that to attain the goal of fully integrated crop protection the Work­
ing Group would have to address pathogens as well as pests. 

The meeting was held in 1987 at Lana, South Tyrol, Italy, where orchard·pa­
thologists met with a few entomologists to discuss the integrated control of pome 
fruit fungal diseases (2). This workshop provided the first opportunity for or­
chard pathologists from western Europe to meet as a group. The participants at 
Lana recommended that the parent Working Group should form a Sub-Group 
"Orchard Diseases" and stated the objectives of the proposed Sub-Group (2). 

The present book contains papers presented at the 2nd workshop on inte­
grated control of pome fruit diseases, held when the newly-constituted Sub­
Group met at Brissago, Ticino, Switzerland, in 1988. Following the precedent set 
at Lana, this residential meeting was located in a region of outstanding natural 
beauty. The agenda was again limited to apple and pear but broadened to include 
bacterial pathogens. 

The workshop opened with a period of silence in respectful memory of the 
late Dr. H. Steiner, the "founding father" of the Sub-Group. The programme con-. 
centrated on techniques for the better timing of interventions by growers, and on· 
the production and testing of cultivars with stable resistance to pathogens. Papers 
were also included on side effects of fungicides and on the integration of pest 
and pathogen control. As at Lana, a session was allocated to storage diseases. 
Throughout, emphasis was given to techniques, problems and principles. By the 
end of the penultimate working session the complexity of the orchard system had 
been exposed, the participants were more aware of the interactions and reactions 
in orchard crop protection and we were all more conscious of the dangers of new 
problems replacing solved ones. The conclusions and recommendations of the 
2nd workshop were considered in the last session and are included in this book. 

Participants were encouraged to present personal views and judgements, as 
well as scientific findings: this subjective element is evident in this book, for 
which we make no apology in an attempt to present the 'state of the art' . Objec­
tives of the Sub-Group include facilitating information exchange, fostering colla­
borative studies and standardising methods as necessary, all in order to reduce 
the usage of fungicides in orchards: the Brissago workshop built upon the foun­
dations laid at Lana and successfully attained these objective. 

1 International OrganisatiotJ for Biological and Integrated Control of Noxious Animals 
and Plants (West Palae~ic Regional Section) 
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On the final day, a memorable excursion to the fascinating Maggia Valley 
was followed by a visit to the research station Cadenazzo, where apples of 
numerous cultivars were displayed for tasting. 

We are pleased to acknowledge financial support from the IOBC (WPRS). 
Also, we are grateful to the following local organisations who generously con­
tributed to the success of this meeting: Federazione Orto-frutticola Ticinese 
(F.O.F.T;); Associazione caricatori, Cadenazzo; Associazione Frutticoltori Pro­
fessionisti Ticinesi; Associazione Cantonale Tecnici Agricoli (A.C.T.A.); Banca 
Popolare Svizzera; Migros Schweiz, Ciba-Geigy. 

The locally-raised funds enabled us to invite to Brissago three colleagues 
from the U.S.A., to publish this book, and to enjoy excellent social occasions 
during our meeting. Our sincere thanks. 

We thank B. Koller for producing this book, and also U. Rosenberger, P. 
Blaise, U. Merz, C. Valsangiacomo, P. Gessler and A. Mathis for assistance in or­
ganising and running the meeting and compiling this record of the proceedings. 

Sound and vision recording of the workshop are available from U. Merz, In- . 
stitut fiir Pflanzenwissenschaften/Gruppe Pathologie, ETH, Zurich, 

C. Gessler, M. Jermini 
D. J. Butt 

E. Dickler 

Local Organiser, Brissago Workshop 
Scientific Co-ordinator, Brissago Workshop 
Convenor, Working Group "Integrated Plant 
Protection In Orchards" 

1. Vllth Symposium Integrated Plant Protection In Orchards, Wageningen 
26-29 August, 1985. IOBC/WPRS Bulletin 1986/IX/4. Ed. Dickler, 
Blommers & Minks. 

2. Integrated Control of Pome Fruit Diseases. Proceedings of the 1st Workshop, 
Lana, Italy, 23-26 August, 1987. IOBC Bull. (in press). Ed. Butt, Gessler & 
Oberhofer. 
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Research Needs for Improving Apple 
Scab Warning Systems 

W. E. MacHardy 

Department of Botany and Plant Pathology, 
University of New Hampshire, Durham 03824, USA 

Abstract 

There is one main distinction between conventional spray schedules and spray schedules 
generated by warning systems: warning systems schedule fungicides based oo predictions of 
scab development whereas conventional programs schedule fungicides based oo tree growth 
stage, a specified time interval, or other criteria that have little or no ieganl for how 
favorable or unfavorable weather conditions are for scab development. Wben conditioos are 
favorable for scab development, particularly during the primary scab season, the warning 
system and conventional spray schedules may be very similar. It is during seasons with 
extended intervals unfavorable for scab development, particularly during the spring, that 
notable differeooes in the spray schedules occur, with warning systems generating fewer 
sprays. 

A predictive system will have limited influence on fungicide dose if it is coupled to a 
warning system with limited flexibility for scheduling fungicides once scab is predicted. 
Thus, a "rigid" warning system would reduce the fungicide dose only during extended dry 
intervals when scab was not predicted, whereas a "flexible" warning system may not 
recommend a fungicide application even though infection had been predicted and 
susceptible tissue is not protected. The potential ascospore dose (PAD) study in New 
HampsbiJe and related studies ( 1, 2) have demonstrated that inoculum levels do exist in 
commercial orchards that are below a density that require a fungicide treatment for early­
season infection periods. Continued research is needed to explore the feasibility of action 
thresholds that identify when a scab · fungicide schedule should be initiated and when 
subsequent sprays are needed. 

A major reason warning systems do not provide greater flexibility in scheduling sprays 
is that the amount of scab permissible at each growth stages in not known. Consequently, 
the decision is often made that no scab should be allowed, i.e. If apple scab bas been 
predicted and susceptible tissue Is not adequately protected, a fungicide should be 
applied. Also it is generally assumed that the closer to bud burst the infection period occurs, 
the greater the need to protect the susceptible tissue. This is generally true not only with 
susceptible cultivars but also with cultivars that are more resistant to scab. Thus, the 
reasoning that provides the basis for applying sprays, with eithe.r the warning system or 
conventional approach, has changed very little since the I930's and 1940's when the 
conventional schedules used today were being defined. In 1988, however, orchards are very 
different horliculturally, and disease control has improved considerably. The most 



significant effect of these changes with respect 'to apple scab is the sizab/e reduction in 
primary inoculwn density due to (i) smaller ttee size and improved spray equipment that 
have combined to provide better coverage of susceptible tissue, (ii) more effective 
fungicides, and (iii) increased number and improved timing of fungicide sprays. 

Fifty yeaJS ago, well-managed orchards bad inoculum levels that demanded numerous 
applications of fungicide from green tip through terminal bud set (5). It is generally 
assumed that this demand exists in well-managed on:bards today, but recent studies (1, 2, 4) 
have shown that this assumption is not always warranted. Today, the primary inoculum is 
often below a level that requires fungicide treabDent of susceptible tissue beginning at green 
tip. Furtbennore, the inoculum level may even allow us to disregard treating unprotected 
susceptible tissue with fungicide even though infection has been predicted Thus, it appears 
that our current warning systems have incoipOrated only one of several strategies to 
improve our efficiency in scheduling fungicides. The extent to which warning systems will 
take advantage of low inoculum levels will depend upon research. Research programs must 
be initiated with an objective to couple assessments of ascosporic inoculum density (PAD or 
other indicator of inoculum density) with strategies to reduce the fungicide dose. The 
strategy· may be simply to manipulate the fungicide schedule according to the level of 
ascosporic inoculum. A second approach is to develop strategies that inco1porate sanitation 
practices to lower the inoculum density and complement the fungicide dose. The latter 
approach is more complicated and may involve more labour and equipment, but it also bas a 
greater potential to lower seasonal fungicide doses. To be accepted by growers and advisory 
perso1111el, the research must provide convincing evidence that the new strategies can be 
employed without increased risk of an unacceptable build-up of scabbed fruit. It is critical 
that the research be conducted in commercial orchards or in research orchards with similar 
low levels of inoculum rather than in high inoculum research orchards with inoculum levels 
representative of the 1930's and 1940's. Since orchards and the disease situation have 
changed drastically in the approximately 50 yeaJS since the conventional spray schedules 
were developed, researchers should also challenge the evidence that underlies the reasoning 
that defines current fungicide schedules. Fmpirical evidence and unsubstantiated inferences 
derived from research should be supported by experimental data. 

In 1936, Keitt (5) noted that lhe most important problem confronting plant pathologists 
in their search for improving melhods of disease control was .... "the need for a much sounder 
foundation of knowledge of the detailed phenomena and basic principles of disease 
development and control than that on which most of our current programs rest Only in the 
light of such knowledge can we either clearly define our control problems or reliably 
evaluate the results of the measures used." A conclusion he drew from published studies 
was that "the ascosporic inoculum and its quantitative level are of primary importance in 
relation to the epidemiology and control of apple scab" (italics added for emphasis). It is an 
unsettling commentary on apple scab research programs that fifty-two years after Keitt 
made these statements we can arrive at identical sentiments regarding research needs and 
note lhat we have only recently begun to quantify the ascosporic inoculum and recognize 
that wilhout this value we may misintCipret the data we collect or not fully appreciate and 
understand the significance of the data in relation to epidemiology or control. Research has 
greatly enhanced our knowledge of apple scab epidemiology and control in the past fifty 
years, but it clearly has not adequately addressed Keitt's concerns and conclusions. Can we 
realistically expect to significantly improve our current scab control programs without a 
substantial research effort lhat addresses his concerns and conclusions? Considering that our 
control programs have remained basically unchanged since the 1940's (they still rely 
entirely on the repeated application of fungicides), the answer is no. It appears that apple 
scab control programs have reached a plateau, and only with new, innovative research 
thrusts can we expect significant advances toward our goal of an integrated, 
environmentally- safe, scab management program. The need to validate a modified Mills' 
table is also proposed. 

Key words: Venturia inaequalis, prediction, Mills ' curves, forecasting, inoculum, 
infection criteria, fungicide schedules, control strategies. 
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Introduction 

An apple scab warning system consists of (i) instruments to monitor weather 
variables, (ii) criteria to determine if environmental conditions necessary for in­
fection have been satisfied, (iii) a strategy for scheduling fungicides, and (iv) a 
delivery system to inform the grower of infection conditions and control recom­
mendations. Most warning systems schedule fungicide sprays according to pre­
dictions of scab development based on the infection criteria of Mills (9, 10) that 
identify the approximate number of hours of leaf wetting required for light infec­
tion in an orchard containing an abundance of inoculum. This strategy provides 
an alternative to the conventional strategy that schedules protectant fungicides on 
a calendar basis or according to tree phenological stages. An important feature of 
warning systems is their potential to eliminate unnecessary sprays during inter­
vals unfavoura~le for infection. 

The development of electronic, computer-programmed weather monitoring 
instruments, of criteria that allow greater flexibility for scheduling fungicide 
sprays based on predictions of infection, and of more effective delivery systems 
have increased efficiency in scheduling fungicides, and scab warning systems 
often recommend fewer fungicide applications than the conventional schedules .. 
However, efficiency in scheduling fungicides with current warning systems has 
nearly reached its limit Continued improvements in weather monitoring instru­
ments, predictive criteria and delivery systems will help to "fine tune" current 
scab warning systems, but no significant reduction in current fungicide dosages 
is expected in orchards planted with susceptible cultivars unless new strategies 
and approaches are employed. Several areas of research that appear likely to 
either refine our current warning systems or introduce new strategies and ap­
proaches are discussed below. 

The need to validate proposed revision of Mills' "infection curve" 
and criteria for predicting primary infection periods. 

Mills' criteria for predicting infection periods have sometimes failed, and 
several warning systems have modified these criteria. A recent critical review of 
studies that investigated the relationship between temperature, length of leaf wet­
ness and infection concluded that infection by ascospores requires three hours 
less than Mills reported. The discrepancy was explained by the daily periodicity 
of ascospore discharge in which nearly all ascospores are released during the 
daytime. A proposed revision of Mills' system computes primary infection peri­
ods from 0700 h when rain begins at night and utilizes a new curve (Mills/a-3) 
for predicting infection by ascospores. The proposed revision and its potential for 
improving our efficiency in scheduling fungicide applications has been published 
(6, 7). 
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Because scab warning systems are based on Mills' "infection curve" and 
there is considerable evidence that the curve is inaccurate, it is critical that a 
study be conducted to validate the proposed "Mills/a-3" curve (6, 7). Scab is the 
major apple disease world-wide because the predominant cultivars in each 
country are highly susceptible to. It is hypothesized that the "Mills/a-3" curve 
will predict the minimum hours for infection in orchards planted with these culti­
vars. To prove this hypothesis, it must be shown with each cultivar and in the 
various regions where apple scab occurs that the development of scab lesions is 
associated only with such infection periods. 

A preliminary seedling study designed to validate the "Mills/a-3" curve was 
conducted in New Hampshire, U.S.A., in 1988. During each rainy period in the 
early spring, sets of cv. McIntosh seedlings were placed in a high-inoculum or­
chard. When the rain began at night (between 1800 and 0700 h), the seedlings 
were placed in the orchard at 0700 h. When the rain began during the day (be­
tween 0700 and 1600 h) the seedlings were placed in the orchard within 30 
minutes after the rain began. The seedlings remained in the orchard the minimum 
hours for infection identified by the "Mills/a-3" curve (Fig. 1). The seedlings 
were then transferred to a greenhouse nearby, dried quickly and observed weekly 
for scab lesions. In four instances, the "Mills/a-3" curve correctly predicted that 
infection occurred in three hours less the minimum hours for infection indicated 
by Mills' curve. Additional data are needed to validate the curve at other tern-

30 

~ 28 

~ 26 + miUs/a 

24 Mills/a-3 
"" Seedling/88 :z: 22 • ... 
1111 20 
0 

18 "" fl.l 16 
1:11 
~ 14 
0 = 12 

:E 10 
~ 

8 :E ... 
6 :z: ... 

:E 4 
4 6 8 10 12 14 16 18 20 22 24 26 28 

TEMPERATURE 

Fig. 1. The relationship between the hours of leaf wetting, temperature, and leaf in­
fection by ascospores of Venturia inaequalis. The "Mills/a" curve was derived 
from Mills (9, 10). The "Mills/a-3" curve lowers the "Mills/a" curve 3 hrs to 
compensate for the daily periodicity of ascospore discharge (7, 8). Seed­
ling/SB (solid blocks) refers to four instances in 1988 when foliar scab lesions 
occurred on potted McIntosh seedlings placed in an orchard during a rainy 
period and kept wet for the number of hours indicated. 
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peratures. It is also necessary to validate the curve with cultivars that are import­
ant in other regions and with the populations of V. inaequalis that exist in those 
regions. An international research project that includes fruit research stations in 
Belgium, France, India, Italy, the Netherlands, Norway, Switzerland, West Ger­
many and the United States has been established with the initial objective of vali­
dating the "Mills/a-3" curve. Cultivars McIntosh, Golden Delicious and Jonagold 
are included in the study. If the "Mills/a-3" curve is validated a new objective 
will be to validate the "revised Mills warning system" that is based on the 
"Mills/a-3" curve. 

The need to quantify the prediction of scab development. 

Until now, the major contribution of research has been to establish criteria 
that predict infection qualitatively, i.e. predict that infection has, or has not, oc­
curred. Current warning systems should not be expected to dramatically reduce 
fungicide recommendations without research that will establish criteria that pre­
dict infection quantitatively i.e. predict the amount of scab expected from an in­
fection period. Further research would then be needed to relate the quantitative 
prediction of scab to a forecast of scab increase and to develop criteria that ident­
ify when an infection period warrants a fungicide treatment. 

Mills (10) published curves that identified three risk levels of infection (light, 
moderate and heavy). Apparently, the "light" curve identified the minimum hours 
for infection and the "moderate" and "heavy" curves identified additional hours 
the leaves must remain wet for noticeable increases in scab incidence. The 
"moderate" and "heavy" curves are usually not incorporated into warning sys­
tems because the amount of scab associated with each level of infection was not 
reported. Also, variables other than the length of the wetting period significantly 
influence the amount of infection: the amount of inoculum available, the level of 
cultivar resistance and the tree growth stage. Research is needed to develop a 
system for assessing risk that integrates an infection curve with values for these 
variables, as suggested by MacHardy and Jeger (8), Oberhofer (11), and Olivier 
(12). 

The most important of these variables is the amount of ascosporic primary in­
oculum, i.e. the potential ascos~re dose (PAD), defined as the total seasonal 
production of ascospores perm orchard floor (3). The PAD can vary greatly 
from orchard to orchard. The PAD in 18 commercial orchards in New Ham­
pshire, for example, varied from 15 to 1,505,027 ascospores/m2 orchard floor 
(3). Another study (unpublished) showed that the PAD within an orchard may be 
fairly consistent or vary greatly from year-to-year: during a 3-year period, the 
PAD in one orchard varied only slightly (510,212, and 229), whereas the PAD in 
another orchard varied approximately 100-fold (3,142, 412, and 38). The PAD in 
well-managed orchards was usually less than 1,000. 
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With respect to warning systems, a calculation of PAD may help explain the 
results of studies that investigate integrated control measures. Consider a study to 
investigate the potential of sanitation measures to reduce the primary inoculum 
and, consequently, to reduce the fungicide dose. ff a reduction in fungicide dose 
resulted in an unacceptable increase of scab, would that mean the sanitation 
treatment has no utility in scab management? The answer could be "yes" if the 
study had been conducted in a well-managed commercial orchard with a low 
PAD value, i.e. <2000. However, if the study had been conducted in a high-ino­
culum research orchard with a PAD >50,000, the question could not be answered 
with certainty. The reason is that such a high PAD (50- to 100- fold greater than 
in most modem commercial orchards) may have exceeded a level that would 
allow the sanitation practice to be coupled with a reduced fungicide dose. Thus, 
the sanitation treatment could have reduced the PAD by 90%, yet the resultant 

Table 1. Potential Ascospore dose study; three-year summary, 1986-1988. 

Delayed first spray• Grower's 

unprotected schedule** 

orchard/ first infection %scab %scab 

year spray periods leaves fruit leaves fruit PAD 

B-1986 Fr. Set 4 0.0 0.8 0.0 0.6 75 
B-1987 Pink 3 0.0 0.7 0.0 1.3 410 
B-1988 PF 3 0.0 0.7 0.0 0.0 10 

G-1986 PF 2 0.0 0.7 0.3 0.6 20 
G-1987 FS 3 2.4 . 0.0 0.1 0.0 119 
G-1988 PF 4 0.5 0.4 0.1 0.2 19 

C-1987 1/l"Fr. 5 0.0 0.0 0.0 0.2 300 
C-1988 Fr.Set 4 0.2 0.0 12 

M-1986 Pink 2 3.7 0.9 1.3 0 .8 545 

M-1987 TC 1 0.4 10.7 0.0 0.0 19700 
M-1988 Pink 3 0.5 0.4 0.3 0.2 91 

*The greatest delay in applying the 1st fungicide spray that still allowed an acceptable incidence of 
fruit scab (<1.0%) and control comparable to the grower's schedule. 

**The conventional schedule recommends that the 1st spray for apple scab be applied at green lip. 
However, growers in this study applied their ls! spray at the 1/2 inch and tight cluster tree growth 
stage. 
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PAD may still have remained above the action threshold for safely reducing the 
fungicide dose. Knowledge of PAD values, or some other measure of primary in­
oculum, would be necessary to determine if a savinge in fungicide is possible 
with this strategy. Unfortunately, nearly all studies that have investigated the ef­
fectiveness of sanitation practices to reduce the primary inoculum and/or the 
amount of scab have been conducted in orchards with inoculurn levels that were 
high and not typical of commercial orchards with adequate control of scab. 

The need to include PAD values in scab control studies is clearly shown in a 
recent 3-year study (unpublished) conducted in four well-managed commercial 
orchards in New Hampshire (Table 1). The main cultivar was McIntosh (highly 
susceptible to scab), and environmental conditions each year were very favour­
able for scab. In nine instances, the season's first fungicide application was de-

Table 2. Comparison of apple orchard characteristics and apple disease control: 
1938 and 1988. 

Considerations 1938 1988 

1. Orchard characteristics Large "standard" trees; Smaller trees; semi-dwarling 
wide spacing; dense· rootstock; denser planting; 
foliage more open canopy 

2. Spray equipment/spraying Poor coverage; hnproved coverage; shorter 
time-consuming; spraying time; concentrate 
dilute spray [37421/ha] spray [94-4681/ha] 

3. Fungicides Protectants; often Protectants, curatives, 
phytotoxic eradicants; limited or no 

phytotoxicity 

4. Fungicide efficacy Mediocre Excellent 

5. Spray schedule Tight cluster through Green tip through terminal 
primary scab season. bud set 

6. Control of fruit scab Poor: -10% scabbed fruit Excellent: <l % scabbed fruit 

7. Ascospore density [PADt 50,000 to 100,000b 10-SOOC 

a Potential ascospore dose [PAD]: the estimated seasonal production of ascospores/m2 orchard floor 
calculated according to Gadoury and MacHardy (3). 

b Estimated general range of PAD for well-managed commercial orchards in 1938 based on published 
reports of disease incidence 

"The range of PAD estimates for most well-managed commercial orchards in New Hampshire, U.S.A., 
assessed for PAD in 1985-1988. 
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layed until the pink bud stage or later without loss of acceptable control of fruit 
scab , i.e. <1 % scabbed fruit at harvest, even though two to five infection periods 
had been left unprotected with fungicide prior to the first fungicide application. 
These results indicated that fungicide sprays applied earlier than pink were un­
necessary. However, in another instance nearly 11 % fruit scab occurred when the 
first fungicide was applied at tight cluster and only one infection period had been 
left unprotected, suggesting it would be too risky to recommend that the first 
spray in a well-managed orchard be delayed beyond the first infection period. 
The level of PAD in the nine orchards was <600 compared to 26,500 in the one 
orchard where the delay strategy failed. This indicates that an "action thre­
shold" for applying the first fungicide, based on a calculation of PAD, may be 
feasible because it appears that an action threshold was not reached until the pink 
bud stage or later in nine instances with <600 PAD and that it was exceeded prior 
to tight cluster in another instance with >26,500 PAD. 

Warning systems sometimes predict that infection has occurred but a later 
disease assessment fails to detect scab associated with this prediction, indicating 
that the prediction was wrong. A calculation of PAD may help to determine 
whether or not the prediction was correct. The predictive criteria that comprise 
scab warning systems do not consider the amount of inoculum in an orchard. 
Nearly all warning systems utilize the "light" infection curve of Mills (9) that 
identifies the minimum hours of leaf wetting required for infection in a very 
high PAD orchard; this curve may not be appropriate for a low PAD orchard. fu 
a low PAD orchard, lesions may develop from a rainy period that satisfied the 
minimum hours for infection, but there could be too few lesions to be detected or 
too few to cause any appreciable increase of scab if susceptible tissue had been 
left unprotected during the rainy period. Thus, scab infections may have oc­
curred, as predicted, but not have been detected by the disease assessment 
method. This example also points out that a prediction of infection does not 
mean that a significant amount of scab will develop. Research is needed to de­
velop criteria that adjust a "standard infection curve" to values of PAD. Adjusting 
the "standard infection curve" in low-inoculum orchards so that longer wetting 
periods are required for infection could avoid recommending fungicide applica­
tions for infection periods in which the amount of infection is insignificant. 

The need to validate empirical evidence and "inferences" from 
research that influence decision-making for scheduling 

fungicide sprays 

It was stated above that warning systems have often reduced fungicide usage 
(compared with conventional schedules) because they correctly identified long 
periods that were unfavourable for scab. However, it is possible that additional 
reductions could have been made, because the scheduling of scab fungicides 
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throughout the season, even in orchards employing a warning system, is strongly 
influenced by the conventional practices in a region. 

It is understandable that growers have confidence in conventional schedules. 
These schedules have generally provided acceptable control of scab since they 
were established in the 1940's and 1950's. It is also understandable that growers 
may be reluctant to accept a new strategy that requires fewer fungicide applica­
tions, because most growers have experienced at least one occasion when their 
conventional schedule resulted in too much scab, particularly if a spray had been 
missed. Because of the continued use of conventional schedules and the in­
fluence of conventional schedules on warning system spray recommendations, it 
is appropriate that we critically examine the scientific basis of the reasoning that 
defines the timing of conventional schedules. 

The quantitative epidemiology of apple scab is poorly understood, particular­
ly the build-up of scab on leaves and fruit with respect to inoculum potential and 
the relationship between early-season infections and the subsequent build-up of 
scab on the fruit. Consequently, a widely accepted practice is to apply the first 
scab spray when the first green tissue is exposed. Another common practice is to 
continue the fungicide schedule through the growing season if scab lesions ap­
pear during the primary season. Are these practices supported by research? 

Research has increased our knowledge of many important, specific events 
that comprise the disease cycle. Strategies for scheduling fungicides are based on 
the research data, on inferences derived from these data, and on orchard observa­
tions and impressions developed from field experiences. The inferences and em­
pirical evidence provide the most compelling reasons for recommending 
fungicide applications (i) as soon as green tissue appears in the spring and (ii) at 
repeated intervals until terminal bud set. As scientists, we must examine thor­
oughly and critically the decision-making criteria that drive our warning systems 
and conventional control programmes, and we must determine the extent and 
soundness of the scientific evidence upon which these criteria are based. Four 
examples are presented to illustrate the need to investigate some of the inferences 
that have significantly influenced conventional spray schedules and warning sys­
tems. Until these inferences are addressed, it will be difficult to convince gro­
wers, advisory service personnel and private consultants to adopt new 
approaches and criteria that will lower the fungicide dose, even though there is 
strong supportive evidence from research. The inferences may be correct, but is 
there published research to substantiate them? A first step is to identify what is 
substantiated fact and what is unsubstantiated inference. The unsubstantiated in­
ferences can then serve as hypotheses for research. 

Example 1. Numerous studies have shown that viable conidia are present on 
infected shoots at the time of bud break. When this occurs, these conidia com­
prise part of the primary inoculum and are available and strategically positioned 
to infect the earliest exposed susceptible tissue. Research has not established a 
relationship between conidia produced on overwintered shoots and scab epide-
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mics. Nevertheless, in geographical regions where shoot infections have been re­
ported, two inferences, unsubstantiated by research, are that (i) the first green 
tissue to emerge must always be protected or fruit scab at harvest will be above 
an acceptable level, and (ii) practices aimed at reducing the leaf litter density or 
pseudothecial density will not be effective because conidia from shoot infections 
will cause an unacceptable amount of early-season infection. Research conducted 
in commercial orchards with reasonable scab control is needed to investigate the 
hypothesis that conidia from infected shoots cause primary infections that result 
in the subsequent development of unacceptable levels of scabbed fruit. The re­
search must establish a relationship between shoot infection density and scab 
build-up in orchards with very low ascosporic inoculum, e.g. <100 PAD. The oc­
currence of shoot infections appears to be a "local phenomenon" , commonly 
found at high levels only in a few geographical areas and often only in neglected, 
high inoculum orchards in these areas. Until research establishes that shoot infec­
tions are a source of inoculum that will likely cause economic loss, is their suffi­
cient evidence to justify recommending fungicide sprays on the basis that shoot 
infections are present or may be present? 

Example 2. Sepals are the first susceptible structures to appear when flower 
buds open, and numerous studies have shown that ascospores can infect the se­
pals when they emerge. An inference, unsubstantiated by research, is that sepals 
must always be protected with fungicide as soon as they emerge or the sub­
sequent build-up of fruit scab will always be commercially unacceptable. Re­
search is needed to investigate the hypothesis that, in commercial orchards with 
reasonable scab control, sepal infections will always result in an unacceptable 
level of fruit scab at harvest. The research should determine the relationship be­
tween the level of PAD, the severity of sepal scab, and the contribution of sepal 
scab to subsequent foliar and fruit scab. The research should also determine if 
there is a threshold of primary inoculum below which sepal infections will not 
subsequently cause an unacceptable level of fruit scab. 

Example 3. Research long ago established that conidia produced on scab le­
sions cause secondary infections during the growing season. Two inferences, un­
substantiated by research, are that (i) scab lesions, regardless of when they occur, 
will produce conidia for the remainder of the growing season, and (ii) whenever 
any lesions are observed, fungicides must be applied for the remainder of the 
growing season or the level of fruit scab at harvest will be commercially unac­
ceptable. Research is needed to show how long lesions remain infectious (i.e. 
produce conidia) and to establish a relationship between the lesion density at 
identifiable tree growth stages and the subsequent development of scab caused 
by conidia. 

Example 4. Numerous studies have shown that discharged ascospores are 
airborne. An unsubstantiated inference is that ascospores released near an or­
chard will disperse to the orchard and cause an unacceptable build-up of scab. 
Research is needed to establish a relationship between amount of «outside» ino-
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culum, distance of inoculum to an orchard, and build-up of scab in an orchard 
caused by the «outside» inoculum The influence of wind current patterns, air 
speed and local topography on spore dispersal gradients must also be considered. 
This information is particularly necessary for warning systems that are orchard­
oriented rather than region-oriented, i.e. warning systems that operate within an 
orchard and base spray decisions on values determined from conditions in that 
particular orchard, such as PAD. With these systems, it will be critical to know 
how much an orchard's PAD must be increased to account for an outside source 
of ascospores. 
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Abstract 

A new mesoscale weather forecasting technique has been applied to a local apple scab 
(Venturia inaequalis) infection model to give daily predictions of leaf wetness and scab 
severity for areas of 1 km2

• The weather forecasting technique, called Model Output 
E.ohancement (MOE), generates high resolution, screen- level forecasts from upper-air 
output of a national numerical weatheF prediction model. The generated mesoscale forecasts 
were coupled with an apple scab algorithm based on the Mills' table to give local prediction 
of disease occurrence and intensity. The application of the technique to apple scab 
prediction was evaluated for a 3-day period in late spring 1.987 at six locations in New Yodt 
State. 

Key words: Model Output E.ohancement, Mills' table, Smith Periods, Venturia 
inaequalis, disease prediction, leaf surface wetness, warnings. 

Introduction 

13 

Plant pathologists often have a peculiar concept of the term "forecast." To 
them it usually involves the a posteriori analysis of weather conditions in order 
to determine if disease has or has not occurred. In this sense "forecast'' is a mis­
nomer because there is no attempt to portend events unless one considers the fu­
ture appearance of disease symptoms after an incubation period. Why do plant 
pathologists have this different concept? It turns out to be a matter of spatial 
scale. 
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Spatial scale refers to the size of area to which forecasts are applied. In 
general, plant pathologists work on a local scale (less than a kilometer), and even 
on a microscale (less than 100 meters) (8). Because the environment that affects 
disease development is usually unique to the field or orchard in which data are 
collected, the forecast area is very small in comparison to the local, regional and 
global scales used by metereorologists. As a result, plant pathologists find that 
traditional weather forecasts are of little help when attempting to determine pre­
cisely the likelihood of disease. Exceptions to this statement exist: (apple scab 
forecasting in FRG, British and Irish potato late blight forecasting and recently, 
onion blight forecasting in the USA (11). 

In order to use weather forecasts plant pathologists need the specific weather 
parameters of interest (usually temperature, relative humidity, rainfall and dura­
tion of leaf surface wetting) over a short time frame (such as hourly) and at a 
very high resolution (such as an area of several hectares). Tiris is a very challeng­
ing need when presented to meteorologists. The only way to even remotely 
achieve this degree of definition is to have customized weather forecasts pre­
pared by a meteorologist who is familiar with the locale of the forecast. How­
ever, a recent development has changed approaches to weather forecasting for 
predicting plant diseases. 

The intent of this paper is to present this new recent development and de­
scribe attempts to apply this technology to the forecasting of apple scab (Venturia 
inaequalis) in the northeastem United States. 

The current status of weather forecasting 

In order to explain how the new disease forecasting system works, it is 
necessary to first review how current weather forecasting is accomplished. A 
more detailed explanation of current forecasting techniques can be found in Kel­
ley etal. (4). 

Weather forecasts are generated from large, hemispheric computer models. 
These models have a voracious appetite for initial data consisting of current 
weather observations recorded around the world. Because of the time necessary 
to collect the initial data and the time it takes to process those data, the forecasts 
are generated once every 12 h. In spite of this sophisticated technology, the fore­
casts apply only to intersecting points on a global grid and represent conditions 
at specific levels ranging from the upper atmosphere to near the surface. In the 
United States, the principal model used by the National Weather Service is called 
the Nested Grid Model (NGM) and this forecasts at a resolution of approximate­
ly 100 km (i.e. the grid points are 100 km apart). The model used by the British 
Meteorological Office has a forecasting resolution of about 90 km while the Eu­
ropean Center for Medium Range Forecasts has a resolution of about 200 km. In 
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order to produce the public forecasts received from these centres, the compu­
terized numerical output must be refined and enhanced for local conditions, 
either by meteorologists interpreting forecast data or by point-specific statistical 
methods. 

High resolution weather forecasts 

Kelley et al. (4) have revised the typical forecasting process by developing 
what they call Model Output Enhancement (MOE), an automated process that 
performs additional analysis of the numerical model output and produces a high 
resolution forecast at the surface. The approach is based on the knowledge that 
topography and other surface features · exert a strong influence on regional 
weather systems and hence, can be used to predict smaller-scale, short-term con­
ditions at the local level. Elevation data are taken from a digital terrain model. In 
the .Unites States, one such terrain model, the "30-Second Point Topography," has 
a resolution of approximately 1 km (6). Thus, every square km of ground surface 
in the US can be associated with a mean elevation value. The MOE technique 
uses this information in a three-step process (Fig. 1). First, numerical model out­
puts are interpolated to the same resolution as the digital elevation data base 
using the Simple Multi.quadratic Equation algorithm developed by Eyton (2). 

Upper-Air Mateorologlcal Forecast Data 
Noted Grid Model 

low rHolutlon] 

Dlgltal Terniln Data 

[high resolutlon) 

.Modal Output Enhancement Technique 

Mataorologlcal Forecast Data 
Maximum Temperature 
Minimum Temperature 

Relatlve Humidity 
[high resolution} 

Apple Scab Infection Forecaat l--------4M 
[high ruolutlon) 

Cal1ographlc Dlaplaya 
Planar or Perspective 

Fig. 1. Operational diagram of Model Output Enhancement (MOE) weather 
forecasts and their integration into the high resolution apple scab dis­
ease forecast. 
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Second, the high-resolution upper air forecasts are extrapolated to the ground 
swface. The extrapolation method depends on the type of weather variable. Tem­
perature is brought to swface conditions using environmental lapse rates (ELRs), 
i.e. the rates at which temperature changes with elevation. Depending on the type 
of weather condition and the time of day, the ELR may range from inversion 
(temperature increases with elevation), to adiabatic (normal temperature decrease 
with height), to super adiabatic (much faster decrease with height), or anything 
between. Relative humidity is extrapolated by first converting to a dew point 
temperature, bringing that temperature to the surface using the appropriate ELR 
and then converting the dew point back to a relative humidity at the swface. Cur­
rently, rainfall is not extrapolated to the swface. The third step in the MOE pro­
cess is the integration of the forecast data with the digital elevation data into a 
forecast for a specific location. 

Although the numeric forecasts are generated every 12 h for up to 48 h in ad­
vance, the MOE data are presented in 6 2-h intervals. This is accomplished by 
estimating 2-h temperatures from sine curves based on the 12-h maximum and 
minimum temperatures. Relative humidity is computed similarly. 

MOE forecasts represent a considerable amount of data. A region the size of 
northeastem Unites States (Pennsylvania, New Jersey, New York and the New 
England states) is nearly 800,000 km2

, and the MOE technique provides fore­
casts for each square km, or over one million predictions in this forecast domain. 
The shear size of the data set requires special methods of presentation. Carto­
graphic displays are used either as two-dimensional maps or three-dimensional 
perspective displays and provide an easily interpretable image of the weather 
conditions over the region. Numeric forecasts can be given, however, for specific 
locations within the region. 

Table 1. Locations of the biological and meteorological monitoring sites used to vali­
date the MOE apple scab forecasts. 

Latitude Longitude Elevation 
Site (deg min) (deg min) (m) 

Hudson Valley 41 44 73 57 122 
Geneva 42 52 77 01 219 
Lafayette 42 54 76 11 189 
Williamson 43 15 77 12 106 
Sodus 43 16 77 05 84 
Peru 44 13 73 32 140 
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Apple scab forecasting 

One of the diseases that has been typically forecast by plant pathologists is 
apple scab, caused by Venturia inaequalis. In the United States, apple scab is 
forecast by use of Mills' periods, an infection severity index based on average 
temperature and duration of leaf wetting (5). The MOE forecast for apple scab 
was demonstrated and verified using the original, unaltered Mills' table. The 
MOE technique was previously demonstrated for the forecast of potato late 
blight in Pennsylvania (7). 

The original MOE forecast provided temperature data but did not include 
duration of leaf wetting. This latter parameter was estimated from two other 
MOE forecast parameters, rainfall and relative humidity. The wetting period dur­
ation, as defined by Smith (9), was computed as the number of hours relative hu­
midity remained above 90% after rainfall. Based on the energy balance work of 
Thompson (10), it was assumed that wetting period estimation for an orchard 
could be reasonably based on Smith periods. 

One enhancement was made to the Mills' forecast to handle split ( consecu­
tive) wetting periods. Wet periods were combined if they were separated by a dry 
period of less than 8 h duration (3). The dry period was not added to the time of 
wet period duration; it was assumed that the germination and infection processes 
of the pathogen were stopped but not damaged by the intervening event and that 
the processes resumed after suitable wetting conditions resumed. 

Each MOE apple scab forecast was generated for two 24-h forecast periods. 
The first forecast period extended from the current local time to 24 h in advance 
of that time. The second period extended from 24 h to 48 h in advance. The apple 
scab forecasts utilized the 12 2-h weather estimates for the first period or 24 2-h 
weather parameters (48 h total) for the second forecast period. 

Testing the MOE apple scab forecast 

The apple scab forecast generated by the MOE technique was evaluated by 
comparing forecasts for the period 29 May to 3 June, 1987, to field observations. 
The numeric forecasts for the period 29 May to 1 June, issued by the National 
Weather Service's National Meteorological Centre were stored on computer tape 
and thus could be used repeatedly to produce MOE forecasts for that period of 
time. 

The set of verification data consisted of observations from six weather and 
pest monitoring sites in the Biological Monitoring Network of the New York 
State Integrated Pest Management Program (Table 1). These six sites represent 
the geographic diversity of apple production areas in the State. Locational dif-
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ferences between sights ranged from several km (S<:><lus to Williamson) to sev­
eral hundred km (Geneva to Peru, Williamson to Hudson Valley). The data col­
lected at each site included maximum and minimum temperature, rainfall, and 
leaf wetting duration for the 24-h period preceding the 0800 h observation. Apple 
scab infection periods were calculated by personnel at each site. 

Verification results 

The verification results will be presented in a series of tables showing fore­
cast and observed weather and apple scab infection conditions for the period of 
time 30 May to 2 June. As is typical with meteorological forecasts, the time of 
issue of a forecast is given in Universal Tune Coordinate (UTC) or Greenwich 
Mean Tune (GMT). Based on the time of year and the location of the forecast, 
the actual time of issue was 4 bless than the stated UTC time. For example, a 
forecast issued at 1200 UTC was actually issued at 0800 h local time. Differen­
ces between forecast and observed values were expressed as average absolute 
difference for temperature, duration of leaf wetting and apple scab forecast, and 
proportion of correct predictions for rainfall. 

An example of the graphical output of the MOE model is demonstrated using 
a maximum temperature forecast for the area including Pennsylvania, New York, 
and all the New England states except Maine (Fig. 2). The forecast was issued at 

Table 2. Comparison of today's MOE forecast (F), issued 1200 UTC 30 May 1987, to 
observed (0) conditions. Temperature ("C), precipitation (no=0/yes=1), wet-
ness duration (h), and scab severity index data are for the 24-h period be-
ginning 1200 UTC 30 May and ending 1200 UTC 31 May 1987. 

Av.Temp. Precipitation Wetness duration Scab Sev.Indexl 

Site F 0 Dif. F 0 Dif. F 0 Dif. F 0 Dif. 

Hudson Valley 26.9 26.9 0.0 1 6 11 -5 0 1 -1 

Geneva 27.2 25.5 1.7 1 0 1 6 0 6 0 0 0 

Lafayette 27.0 23.9 3.1 1 0 6 3 3 0 0 0 

Williamson 28.0 23.9 4.1 1 0 1 6 0 6 0 0 0 

Sodus 28.0 22.5 5.5 1 0 6 0 6 0 0 0 

Peru 25.0 25.0 0.0 1 0 1 8 4 4 0 0 0 

Average ±2.4 Correct ±0.20 Av.±5.0 Av.±0.2 

1Scab severity index: Not likely (0); Light (l); Moderate (2); and Heavy (3). 
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Fig. 2. Planar display of the Model Output Enhancement maximum temperature fore­
cast for the northeastern United States, issued at 1200 UTC on 31 May and 
covering the 24-hr period starting 1200 UTC 1 June and ending 1200 UTC 2 
June 1987. 

Table 3. Comparison of tomorrow's MOE forecast (F), issued 1200 UTC 30 May 
1987, to observed (0) conditions. Temperature ('C) and precipitation 
(no=O/yes=1) data are for the 24-hr period beginning 1200 UTC 31 May and 
ending 1200 UTC 1 June; wetness duration (h) and scab severity index are 
for the 48- h period beginning 1200 UTC 30 May and ending 1200 UTC 1 
June 1987. 

Av. Temp. Precipitation Wetnes.§ duration Scab Sev. Index! 

Site F 0 Dif. F 0 Dif. F 0 Dif. F 0 Dif. 

Hudson Valley 25.8 25.2 0.6 1 0 14 34 -20 1 3 -2 

Geneva 23.6 22.2 1.4 0 1 14 9 5 2 0 2 

Lafayette 23.8 25.0 -1.2 1 0 1 14 3 11 2 0 2 

Williamson 23.8 24.7 -0.9 1 0 14 6 8 2 0 2 

Sodus 23.8 22.8 1.0 0 14 6 8 2 0 2 

Peru 22.l 23.3 -1.2 1 0 14 6 8 2 0 2 

Average ±1.0 Correct ±0.17 Av. ±10.0 Av.±2.0 

1Scab severity index: Not likely (0); Light (1); Moderate (2); and Heavy (3). 
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1200 UTC on 31 May 1987 and covers the period starting 1200 UTC 1 June and 
ending 1200 UTC 2 June 1987. 

The first forecast was for the 24 h forecast commencing at 1200 UTC on 30 
May (Table 2). The average temperature difference ranged from 0°C at Hudson 
Valley and Peru to 5.5°C in Sodus. Rainfall was forecast for all locations but was 
recorded only at Lafayette, resulting in a 20% accuracy. Closely associated with 
rainfall was leaf wetting duration; while 6-8 h were predicted, it was recorded 
only at three locations and ranged from 11 h at Hudson Valley to 3 h at Lafayette. 
However, at all locations no apple scab infection was forecast or observed. 

The second forecast, also issued at 1200 UTC on 30 May, was for the second 
forecast period, 24-48 h in advance (Table 3). The temperature forecasts are 
much more accurate (overall average temperature difference l 0C), but rain fell 
only at Hudson Valley although it was forecast at all locations. Similarly, 14 h of 
leaf wetting was forecast but a long duration of wetting occurred at only two of 
the six locations. The extended duration of forecast wetting was sufficient to 
forecast a light to moderate scab infection periods at all locations; however, the 
only infection period occurred at Hudson Valley. 

The next forecast was issued on 31 May for the first 24-h period (Table 4; 
this is the same period as the second 24-h forecast issued on 30 May, Table 3, but 
24 h later). Temperature forecasts are still quite good, although slightly less ac­
curate than the same forecast made on 30 May. Rainfall was still predicted but 
only observed at Hudson Valley. The leaf wetting observed at Geneva, William­
son, Sodus, and Peru was the result of dew formation and not rainfall. The MOE 

Table 4. Comparison of today's MOE forecast (F), issued 1200 UTC 31 May 1987, to 
observed (0) conditions. Temperature ('C), precipitation (no=0/yes=1 ), wet­
ness duration (h), and scab severity index data are for the 24-h period be­
ginning 1200 UTC 31 May and ending 1200 UTC 1 June 1987. 

Av.Temp. Precipitation Wetness duration Scab Sev. Index! 

Site F 0 Dif. F 0 Dif. F 0 Dif. F 0 Dif. 

Hudson Valley 27.4 25.2 2.2 1 1 0 8 24 -16 0 3 -3 

Geneva 23.6 22.2 1.4 1 0 8 9 -1 0 0 0 

Lafayette 24.4 25.0 -0.6 1 0 8 0 8 0 0 0 

Williamson 24.1 24.7 -0.6 1 0 8 6 2 0 0 0 

Sodus 24.2 22.8 1.5 1 0 1 8 6 2 0 0 0 

Peru 25.5 23.3 2.2 1 0 8 2 6 0 0 0 

Average ±1.4 Correct ±0.17 Av. ±5.8 Av. ±0.5 

1Scab severity index: Not likely (0); Light (l); Moderate (2); and Heavy (3). 
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system corrected itself (compared to the scab forecasts in Table 3) and predicted 
no scab infection periods. A major forecast error was the heavy infection period 
that occurred at Hudson Valley. 

The 24-48 h forecast issued on 31 May maintained very acceptable accuracy 
on temperature forecasts and predicted correctly rainfall at all six locations 
(Table 5). Five of the six locations experienced significant leaf wetting that re­
sulted in observed infection periods classed as moderate or heavy. Moderate-to­
heavy apple scab infection forecasts were issued to all locations. 

MOE forecasts issued on 1 June remained accurate for temperature and rain­
fall prediction (Tables 6 and 7). Eight to ten hours of wetting were predicted in 
both forecast periods. Although no scab infection was predicted and 4 of the 6 
sites recorded infection periods during the first forecast period, infection was 
predicted and observed in the 48-h period after the issuance of the forecast. 

Discussion 

These results represent the initial attempts to link the MOE weather forecast­
ing technique to plant disease forecasts. The comparisons, based on only six lo­
cations, serve as a preliminary verification of the technique, but represent only a 

Table 5. Comparison of tomorrow's MOE forecast (F), issued 1200 UTC 31 May 
1987, to observed (0) conditions. Temperature CC) and precipitation 
(no=0/yes=1) data are for the 24-h period beginning 1200 UTC 1 June and 
ending 1200 UTC 2 June; wetness duration (h) and scab severity index are 
for the 48-h period beginning 1200 UTC 31 May and ending 1200 UTC 2 
June 1987. 

Av. Temp. Precipitation Wetting Hours Scab Sev. lndexl 

Site F 0 Dif. F 0 Dif. F 0 Dif. F 0 Dif 

Hudson Valley 25.8 24.7 1.1 1 8 24 -16 2 3 -1 

Geneva 23.6 23.3 0.3 1 l 8 17 -9 2 2 0 

Lafayette 23.8 22.5 1.3 l 1 8 8 0 2 0 2 

Williamson 23.8 24.2 -0.4 1 10 16 -6 3 2 

Sodus 23.8 21.9 1.9 l 10 15 -5 3 2 

Peru 22. l 21.1 -1.0 l 8 23 -15 2 3 -1 

Average ±1.0 Correct ±1.00 Av.±8.5 Av. ±1.0 

1Scab severity index: Not likely (0); Light (l); Moderate (2); and Heavy (3). 
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very small portion of the total data set (a potential of about 320,000 points in 
New York State). 

Temperature forecasts are more accurate than any of the other forecast par­
ameters. In fact, the accuracy of the predictions are considerably better than the 
3-degree uncertainty range that is commonly expected in weather forecasts. The 
other weather parameters tested in this study are linked directly to upper air 
moisture. Although not tested directly, relative humidity forecasts (hours above 
90% RH) were acceptable. We expected relative humidity to be accurate because 
it is based on upper air dew point, a very predictable parameter, and is extrapo­
lated to the ground using the appropriate ELR, as in the case of temperature. Re­
lated studies using the MOE technique to predict potato late blight (Russo, 
Kelley, and Royer, unpublished) have shown that duration of relative humidity 
above 90% can be predicted accurately. 

Precipitation and duration of leaf wetting initiated by precipitation do not 
have the desirable level of prediction accuracy. There are several reasons. First, 
precipitation is predicted directly from upper air moisture with no consideration 
for surface conditions. The association with surface conditions is more complex 
than using ELRs for temperature forecast. Second, the NGM precipitation algo­
rithm is a major weakness in the numerical model. Third, synoptic analysis of 
satellite photographs for the period 29 May to 2 June show the great variability 
in moisture that can be encountered when a storm system moves through a re­
gion such as the northeastem US. 

What was the accuracy of the plant disease forecast? Of the 36 forecasts 
shown in Tables 2-7, 24 ( 67%) correctly indicated no infection period when none 

Table 6. Comparison of today's MOE forecast (F), issued 1200 UTC 1 June 1987, to 
observed (0) conditions. Temperature ('C), precipitation (no=0/yes=1), wet-
ness duration (h), and scab severity index data are for the 24-h period be-
ginning 1200 UTC 1 June and ending 1200 UTC 2 June 1987. 

Av.Temp. Precipitation Wetting Hours Scab Sev.Indexl 

Site F 0 Dif. F 0 Dif. F 0 Dif. F 0 Dif. 

Hudson Valley 24.2 24.7 -0.5 0 8 0 8 0 0 0 

Geneva 23.0 23.3 -0.3 l l 0 8 8 0 0 2 -2 

Lafayette 23.0 22.5 0.5 1 1 0 8 8 0 0 0 0 

Williamson 23.6 24.2 -0.6 1 0 8 10 -2 0 2 -2 

Sodus 23.8 21.9 1.9 1 1 0 8 9 -1 0 2 -2 

Peru 22.5 21.1 1.4 1 1 0 8 21 -13 0 3 -3 

Average ±0.9 Correct ±1.00 Av.±4.0 Av.±1.5 

1Scab severity index: Not likely (0); Light (l); Moderate (2); and Heavy (3). 
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occurred (12) or indicated some level of infection when it did occur (12). Of the 
12 misses, six erred conservatively by forecasting an infection period when none 
occurred and six were serious misses where no infection period was forecast but 
did occur. The most serious error occurred in the 24-h forecast on 31 May, when 
a heavy infection period was recorded at Hudson Valley but none was forecast 
(Table4). 

Implications of MOE disease forecasting 

An accuracy of 67% for plant disease forecasting is not good enough for a 
disease such as apple scab. Knowing the likelihood of disease development 24 to 
48-h in advance provides an extra margin of management flexibility for the con­
trol of apple scab. A grower may choose to apply a protectant fungicide before 
the start of the infection period, particularly if scab severity was forecast at 
moderate or heavy. The grower may also choose to "weather" through a pre­
dicted infection period but would have some advance indication about chemical 
and machin~ry demands if it is necessary to apply after-infection fungicides. 

The MOE apple scab forecast will never replace local monitoring of disease 
and weather conditions. The MOE forecast is only a guidance tool; it is still 
necessary to determine whether or not an infection period actually occurred and 
what is the likelihood of disease. True plant disease forecasting and traditional 
plant disease forecasting are seen as complimentary activities. 

Table 7. Comparison of tomorrow's MOE forecast (F), issued 1200 UTC 1 June 
1987, to observed (0) conditions. Temperature ('C) and precipitation 
(no=0/yes=1) data are for the 24-h period beginning 1200 UTC 2 June and 
ending 1200 UTC 3 June; wetness duration (h) and scab severity index are 
for the 48-h period beginning 1200 UTC 1 June and ending 1200 UTC 3 
June 1987. 

Avg.Temp. Precipitation Wetting Hours Scab Sev.lndexl 

Site F 0 Dif. F 0 Dif. F 0 Dif. F 0 Dif. 

Hudson Valley 22.0 16.5 5.5 0 8 16 -8 2 1 

Geneva 21.0 21.9 -0.9 1 0 8 22 -14 2 2 0 

Lafayette 21.0 21.l -0.I 0 8 12 -4 2 l 1 

Williamson 21.6 23.6 -2.0 1 0 8 18 -10 3 ·2 0 

Sodus 21.6 21.1 0.5 0 8 13 -5 3 2 0 

Peru 20.6 20.8 -0.2 0 10 25 -15 2 3 -1 

Average ±1.5 Correct ±1.0 Av. ±9.3 Av.±Q.5 

1Scab severity index: Not likely (0); Light (1); Moderate (2); and Heavy (3). 
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Future directions of MOE disease forecasting 

Testing and verification of the MOE technique indicate significant progress 
towards true forecasting of plant disease. However, there are some short-range 
and long-range accomplishments that must be achieved before the MOE tech­
nique can be accepted as a valid forecasting tool. 

Foremost, the precipitation algorithm must be improved. A new algorithm is 
currently under test and some improvement is expected. However, the whole 
forecast system has limitations that may never be overcome by the MOE tech­
nique. The numerical models which provide input to MOE have a certain amount 
of error. The NGM precipitation forecast is crude and until it is improved the 
MOE prediction will carry that same limitation. Numerical weather models are 
constantly being improved and it is only a matter of time before these limitations 
will be overcome. 

Delivery of the information produced by the MOE forecast to advisory per­
sonnel or growers can be slow or cumbersome. The information can be com­
pressed into maps, permitting conditions in a whole regions to be interpreted 
easily, and maps can be transmitted electronically, either as graphic files or as fa­
cimile images. In both cases the technology is available and costs would permit 
transmission directly to growers. Forecasts can also be tailored to specific loca­
tions and simple text forecasts can be transmitted electronically or by voice. The 
delivery possibilities are broad. Consider the possibility of an early morning tele­
vision weather program that displays regional maps of forecasts of disease on the: 
major crops grown in that region! 

The MOE technique is not only applicable to plant diseases. Temperature 
forecasts can be utilized to predict insect or crop phenology, heat stress in farm 
animals, and water use needs of crops. Because agriculture is so weather depend­
ent, the general need for accurate weather forecasts will drive researchers to con­
tinually improve the forecasting techniques. 
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Abstract 

Pirebligbt, caused by Erwinia amylovora, has spread through much of Europe since 
1957. Overwintering cankers produce bacterial ooze which is transmitted by pollinating 
insects and rain to primary (spring) blossom and later to secondary (summer) blossom or 
damaged shoots. Oiltural methods are still important for disease control because there is a 
lack of effective bactericides. Of the risk-warning systems, the Billing system seems most 
appropriate to European conditions. Billing's original system was complex and some 
workers found its use difficult; her recently revised system is simpler. In some countries, 
computer programmes (based on the Billing system) issue regional warnings. Some 
microprocessor-based ordwd environment monitors incoiporate a firebligbt risk model. 
1be need for accurate and properly-maintained sensors is emphasised if orchanl monitors 
are to give the expected precision. 

Introduction 

Fireblight, the destructive and complex disease caused by E1winia amylovo­
ra, occurs on apples and pears, and also other Rosaceae of the subfamily Pomoi­
deae; of these, Crataegus is probably the most important epidemiologically 
(8,24). Fireblight, known in the U.S.A. for about 200 years, reached English pear 
orchards in 1957 from where it has spread to many European countries and, more 
recently, to the Middle East (Table 1) ( 1, 17 ,24). 
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Symptoms and spread 

A brief summary of fireblight symptoms and spread is necessary in order to 
understand problems with the development of warning systems. For more detail 
see van der Zwet and Keil (25). 

The bacteria overwinter in "holdover" cankers; these usually result from late­
season infections the previous year and have indeterminate margins. When the 
bacteria resume activity in spring, a sticky ooze (bacteria in a polysaccharide ma­
trix) may exude from the surfaces of the cankers. To infect, bacteria need entry 
sites, either natural e.g. nectaries, leaf scars, stomata, or artificial e.g. storm dam­
age, pruning wounds. Bacterial ooze is transported to flower nectaries by insects 
or is spread by rain into open flowers. As a result of bacterial multiplication, the 
calyx cup may become filled with bacterial ooze which can be spread by polli­
nating insects or rain to other flowers or to soft shoots damaged by feeding in­
sects, strong winds, hail etc. Under certain environmental conditions, hair-like 
"strands" (threads of bacteria in a polysaccharide matrix) may be extruded from 
infected tissue and disseminated by wind (13). Infected flowers and shoots wilt 
and turn dark brown or black. When host factors and environmental conditions 
are favourable. The disease progresses from spurs and soft shoots into branches. 

On pear, a generally susceptible host, infection can progress in the plant 
rapidly: cultivars that regularly produce abundant secondary (summer) blossom 

Table 1. First reports of fireblight. 

Country Year of first report 

U.S.A. 1780 
New Zealand 1919 
England (S.E.) 1957 
Netherlands, Poland 1966 
Denmark 1968 
England (S.W.), F.R.G. 1971 
Belgium, France (N.) 1972 
France (S.W.) 1978 
Luxemburgh, Egypt 1983 
Cyprus 1984 
Israel 1985 
Crete 1986 
Greece, Eire, N. Ireland 1987 
Norway, Sweden 

Czechoslovakia, Lebanon 1988 
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are particularly vulnerable. Symptoms on apple are similar to those on pear but 
the discolouration is more orange-brown and the disease progresses more slowly. 
Hawthorn (Crataegus) is very susceptible; hedges surrounding or in the vicinity 
of orchards are often the inoculum source (8). Because E. amylovora is not a true 
epiphyte the inoculum level in an orchard is dependent on the amount of disease 
present in or near the orchard. Because of the lack of effective bactericides, cul­
tural methods are an important aspect of fireblight management: the planting of 
cultivars of low susceptibility; avoidance of excessive growth; the removal of 
secondary blossom; the removal of nearby hawthorn. ff the latter is not possible, 
hawthorn hedges should be trimmed to prevent flowering (8). The few chemicals 
available for fireblight control are contact bactericides with no curative and little 
or no systemic action. Copper sprays, though reasonably effective, are often phy­
totoxic while streptomycin, usually reliable, is not permitted in the U.K. or many 
other European countries. Once the bacteria have entered plant tissues they are 
beyond the reach of contact sprays. Therefore preventive action must be taken to 
avoid infection, especially on pear. These considerations have prompted re­
searchers to devise fireblight risk warning systems with two main aims: 

1. To advise on the optimum time to inspect orchards for symptoms in order 
to ensure early removal of infected tissues. This will minimise the amount of tree 
that needs to be destroyed, restrict disease spread and avoid unnecessary inspec­
tions. 

2.To advise on the optimum time to spray. This will normally be when condi­
tions favour infection or at the time when fresh inoculum (ooze) may be ex­
pected to be produced from "holdover" cankers or new infections. Correct timing 
will avoid unnecessary expense in labour and materials and be cost-effective. 

Table 2. Fire-blight warning systems 

Author ref year location 

Mills (16) 1955 New York, U.S.A. 
Leupschen et al (15) 1961 Illinois. U.S.A. 
Powell (19) 1965 Illinois, U.S.A. 
Thomson et al (22) 1975 California, U.S.A. 
Zoller and Sisevich (23) 1979 California, U.S.A. 
Billing (6) 1980 England 
Beer et al (3) 1984 New York, U.S.A. 
Zutra (24) 1987 Israel 
Jacquart-Romon et al (14) 1988 France 
Billing (Revised) (10) 1988 England 
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Fireblight risk warnings 

It has long been realised that fireblight is favoured by warm (18 ·q wet 
weather (25). How are standard climatic data best used in a warning system that 
is simple to use yet precise enough to be of practical value to growers? It is ad­
vantageous if the system indicates not only when there is risk of infection but 
also the rate of subsequent tissue invasion and the times when symptom express­
ion and ooze production may be expected. It must be emphasised that climatic 
factors alone are of limited value; knowledge of the host cultivar and growth 
stage, amount of blossom, bee activity and presence of hawthorn are all import­
ant in determining disease incidence and spread (3,14). 

The first warning systems were devised in the U.S.A., where researchers con­
centrated on the primary blossom period of pome fruits because in America fire­
blight attacks on primary blossom are frequent (10,15,16,19,22,23,24). Many of 
the warning systems developed in the last 25 years (Table 2) have been discussed 
(9); all are oased upon temperature and either rainfall or relative humidity, and 
some include orchard factors. 

In England, the American systems are not satisfactory for three main reasons. 
Firstly, in contrast to the Eastern States, primary-blossom infection is rare, due to 
cool springs. Secondly, although fireblight is favoured by temperatures over 18° 
C there is good field evidence for disease spread below this "threshold" tempera­
ture, as observed in the Western States (25). Thirdly, the importance of hawthorn 
in particular and other ornamental trees and plants as alternative hosts cannot be 
underestimated in England (and other North European countries). 

Billing (9) developed a system complimentary to, but more comprehensive 
than, the early ones by the innovative idea of measuring the in vitro growth rate 
of the pathogen at various temperatures and using these data to estimate the daily 
number of potential doublings (PD) of the pathogen when moisture is not limi­
ting (5). Theoretically, under optimal conditions thirty doublings of one infecting 
cell of E. amylovora will result in 109 cells: this is the number at which the popu­
lation pressure results in the extrusion of ooze (4). When daily PD values are 
high, plant host development and bee activity are also stimulated. Rain spreads 
the inoculum (ooze) over the surfaces of infected plants and from one plant to 
another and also provides moisture at the site of multiplication of the pathogen. 
Billing (6) found a relation between the number of days D (development period) 
from infection to symptom appearance, and the accumulated daily PD ilfid accu­
mulated daily rainfall R (when "traces" and up to 2.4 mm were scored 0.5 and 
2.5 mm or more was scored as 1.0. This relation is expressed as 

D=R(PD-6) 

36 
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A high rain score may indirectly indicate low irradiation, high relative hu­
midity or low evaporation rate. Development (D) periods are deemed to start on 
any wet day (>2.5 mm rain) or warm day (PD >9) up to early June and thereafter 
on days of PD of 7 or more plus any rainfall. In warm wet weather, D periods 
tend to be short while in cool dry weather several weeks may elapse from infec­
tion to symptom expression and ooze production. Two assumptions made in this 
model are (a) a constant inoculum dose and (b) an infection leads to symptoms 
appearing on a single day. Nevertheless, the system has worked well when 
backed by experience of disease behaviour. 

The graphical "year at a glance" presentation of the Billing system, some­
times divided into system 1 (D-period analysis) and system 2 (infection risk, in­
sect risk estimations and orchard factors) displays the daily risks of inoculum 
spread by insects (estimated from sunshine hours and temperature), infection, da­
maging storms and blossom periods of susceptible hosts, as well as PD, rainfall 
and D periods. Such displays have proved valuable for explaining the initial oc­
currences of fireblight in England, The Netherlands, Denmark, France and other 
countries (2,12,18,21). The graphical displays also facilitate comparisons of loca­
tions and of years at the same location. The Billing system has been widely used 
in Northern Europe to predict and monitor progress of the disease. It has also 
been used in countries free of the disease to predict the risk of fireblight becom­
ing established. A disadvantage of the original Billing system was its complexity: 
skill and experience were required to interpret the information. Also, some users 
over-emphasised the climatic data to the virtual exclusion of the important infec­
tion and insect-activity factors. 

Opinions differ as to whether the most useful fireblight warning systems are 
those that are specific to individual orchards or those that broadly indicate 
relative risks. For warnings to be specific to an individual orchard, many climatic 
and orchard factors must be fed into the model using data collected from instru­
ments sited within the orchard (see below). 

General warnings can be issued from a central or regional office to alert gro­
wers to possible fireblight risks, leaving individual growers to utilise the infor­
mation, each taking account of orchard factors, local rainfall and storms. A 
computer programme based on the Billing system has been in use by the Minis­
try of Agriculture, Fisheries and Food in England for several years to issue warn­
ings of relative fireblight risks in six regions. This has proved valuable in alerting 
growers and advisers to the appropriate times to search for the disease. These 
alerts are especially important in England where sprays cannot be used, because 
antibiotics are not permitted for this purpose. Similar warning programmes are in 
use in France, Germany, The Netherlands and Denmark. The Billing system has 
been revised in the light of more field data, revised PD values (20), experience 
from other climatic zones and in order to eliminate some of the operational diffi­
culties. The revised version (10) is more precise and the graphical presentation is 
simpler. A full version of the revised system is not yet published but the new sys-
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tern gives better estimates of fireblight activity than the original (Billing, pers. 
comm.). 

Microprocessor-based orchard 
environment monitors 

There is increasing interest in orchard environment monitors capable of 
"driving" pest and disease models: some incorporate a fireblight risk model. The 
model in the RSS- 412 "Predictor" (Reuter-Stokes, U.S.A.) is based on accumu­
lated degree hours over 18 ·c and hours of humidity 80% RH. Daily data is sum­
marised at midnight as nil-, low-, medium- or high- risk fireblight conditions the 
previous day. In 1987, the RSS-412 was operated on the agro- meteorological 
site at East Malling from mid-July to the end of September. The model perfor­
mance of the monitor was compared with fireblight risk assessed by the Billing 
system (climatic data only}, using, for the Billing system, temperature and rain­
fall values as recorded by the RSS-412. The monitor registered more fireblight 
risk days than the Billing system. A comparison, over this period of daily tem­
perature-and rainfall recorded by standard meteorological instruments on the 
agro- meteorological site (data collection period 09 h to 09 h) with the values re­
corded by the RSS-412 (00 h to 00 h) showed that the monitor generally re­
corded a slightly higher maximum temperature (on 71 out of 77 days) and 
frequently a higher minimum temperature (on 65 days). This was partly due to 
the difference in the time of the start of the daily recording period, but also to the 
fact that the RSS-412 sensor is a thermister housed inside a gauze-walled box, 
while the standard instrument is a mercury thermometer in a Stevenson screen. 
The reason why the rainfall recorded by the standard rain gauge (automatic si­
phon) and the RSS-412 (tipping bucket) did not always correspond was partly 
because the latter did not register trace amounts and partly due to the difference 
in the start of the daily recording period. It must be emphasised that the RSS-412 
fireblight model is not based upon the PD values that are an integral part of the 
Billing system. If PD values were used, however, the higher temperatures re­
corded by the monitor would result in higher PD values than those calculated 
from the standard agro-meteorological site sensors (Table 3). Thus, between July 
16th and August 31st, there were six occasions only (July 17,30; August 
6,7,12,14) when PD values were common to both systems. · 

PD values and rainfall are used to calculate D periods in the Billing system. 
The effect of the type of instrumentation on D periods is shown in Table 4. Two 
D periods, beginning on July 16th and 17th, 1987, were eacl\ shorter by 1 day 
wh~n calculated from the RSS-412 environment data rather than the agro-me­
teorological site data. In contrast, D periods beginning on July 22nd, August 1st 
and 8th were longer when calculated from the RSS-412 data by 2,4, and 2 days, 
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respectively, than when calculated from the agro- meteorological site data. These 
differences can be explained by the fact that the first two D periods occurred dur­
ing warm wet conditions favouring fireblight activity whereas the last three D 
periods coincided with drier conditions less favourable to fireblight activity, and 
when some trace amounts of rain were recorded by the standard rain gauge on 
the agro- meteorological site (scoring 0.5 in the Billing system) but not by the 
RSS- 412, thus lengthening the D period calculated from the monitors data. 

In September 1988 the RSS-412 and another microprocessor-based orchard 
monitor, the KMS-P (Parr, Austria), were compared with standard meteorological 
instruments. The standard instruments were on the agro- meteorological site at 
East Malling and the two monitors were located on the edge of an adjoining or­
chard. The daily information given by the KMS-P is in the form of either "no 
risk" or "risk" of fireblight; there is a "risk" when that has day either a) a PD 

Table 3. Potential Doubling (PD) values from mid July to mid August 1987 calculated 
from temperatures recorded by a mercury thermometer in a Stevenson 
screen and a thermistor attached to the RS5-412 orchard monitor 

July August 

East Malling RSS-412 East Malling RSS-412 

agro-meteorological "Predictor" agro-meteorological "Predictor" 

site site 

16th 8.7 9.8 1 St 10.7 11.9 

6.3 6.3 9.5 10.9 

6.3 7.0 10.2 10.5 

7.0 7.6 6.5 7.1 

8.7 9.5 6.1 7.1 

6.3 7.0 5.8 5.8 

7.0 8.0 5.9 5.9 

7.4 6.3 6.2 6.8 

8.6 9.8 9.0 8.6 

6.1 6.6 7.5 8.2 

6.2 7.1 6.8 7.8 

9.5 9.8 9.8 9.8 

8.9 10.8 10.9 11.7 

9.9 10.7 12.4 12.4 

8.7 8.7 12.3 13.3 

31st 13.6 12.3 16th 12.9 13.0 
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value (calculated from temperatures recorded 08 h to 20 h) were greater than 9, 
orb) a rainfall over 2 mm, or c) a minimum humidity was over 75% RH. The 
particular KMS-P instrument used has a rain gauge with a resolution of 1 mm 
and was therefore unable to detect the 2.5 mm threshold needed by the Billing 
system: other versions of the KMS-P have a resolution of 0.1 mm rainfall. It 
must be stated that the orchard monitors are designed for use in the spring blos­
som period, not September, and assessments of warnings at this time are not 
strictly valid. There was only one day when the calculation of risk by the Billing 
system agreed with both the orchard environment monitors; this was on a warm 
(PD 9) day with a trace of rain. Several other fire- blight risk days were identi­
fied by the Billing system; three corresponded with the KMS-P and one with the 
RSS-412. 

Beer et al (3) in the U.S.A. have developed a computer model which incor­
porates a score of 1 to 11 for many of the orchard factors known to affect fire­
blight in the Eastern States. Some features of the climatic approach of Billing are 
used to indicate low, medium or high risk. The aim is to arrive at an overall as­
sessment of risk of fireblight in a given orchard in a given season. The risk 
scores are interpreted as control action is needed (score 1-3), spraying is possibly 
worthwhile (score 4), spraying is worthwhile (score 6) and spraying is crucial 
(score 9). 

In France, a computerised programme for fireblight spray warnings based 
upon the Billing system is under evaluation (14). It consists of daily computeri­
sation of climatic data for an estimation of the risk of fireblight (scored as 1-6) 
and,as another component, an estimation of the local inoculum level according to 
the past history of the disease (scored 1-5). Combined scores of climatic and or­
chard/inoculum factors in three phases of the host growth early in the season re­
sult in warnings to growers to either take no action (total score 5), to search for 

Table 4. Development (D) periods in July and August 1987 calculated from weather 
data recorded by standard ;:1gro- meteorological site (East Malling) instru­
ments and the ASS- 412 orchard monitor 

Agro-meteorological RSS-412 
site, East Malling "Predictor" 

Date D period Date No.of Date No.of 
started ended days ended days 

16 July 20July 4 19 July 3 

17 July 21 July 4 20July 3. 
22July 26July 4 28 July 6 

1 August 9August 8 I3August 12 
4August I4August lO 16August 12 
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and cut out infections (total scores 6 or 7), or to spray (total score 8, or 7 if either 
component risk has been maximal). 

Conclusions 

Much progress has been made towards devising practical warning systems 
for apple and pear growers. With any system much depends on the incorporation 
of knowledge of local orchard factors. None of the present systems incorporate 
wind, other than as damaging storms: wind-borne dispersal of bacterial strands is 
difficult to quantify and its role in disease spread uncertain. Similarly, it is diffi­
cult to quantify bee activity. 

Instruments used to monitor weather are of basic importance. The reliability 
of any warning system will depend on the sensors. Unless the sensors are accur­
ate and record all the data needed to operate the fireblight model, the accuracy 
expected from microprocessor-based monitors sited in orchards will not be 
achieved. Butt (11) has demonstrated differences in the perfomances of three 
commercial orchard monitors in measuring the physical environment. Where in­
struments are to be used by growers rather than meteorologists or electronic en­
gineers, failure to regularly check and calibrate sensors could lead to inaccurate 
warnings. 

The simpler the system the greater will be its limitations. Whatever system is 
used, the information it produces must be supported by personal experience of 
the disease and daily alertness to fireblight. 
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Electronic monitoring and 
interpretation of microclimates 

K. Germann 

Anton PAAR KG, Graz, Austria 

Abstract 
The KMS-P is a robust and reliable electronic weather-recording system with a built-in 

microprocessor, allowing direct evaluation of the environmental data. It is an easy-to-use 
device and its models provide warnings of apple scab (VenJuria inqequalis), fireblight 
(Erwinia amy/ovora) and leaf roller (.Adoxophyes orana). Other crop protection infonnation 
for use in apple growing includes cumulative heat sums. Extra options offer good research 
facilities for scientists. The system can be adapted for other crops. 

Key words: apple scab, electronic device, fireblight, leaf roller, lightning, 
microprocessor, monitoring, sensors, warnings, disease control 
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The monitoring of meteorological conditions is a basic requirement in super­
vised crop protection. The conventional ways of recording and interpreting tem­
perature, leaf wetness and air humidity are time-consuming. Modem electronics, 
however, allow the use of inexpensive but automatic weather stations which, in 
addition, operate models built to give warnings and forecasts of pests and dis­
eases. 

Such an electronic warning system has to satisfy the following criteria: 
- maintenance-free operation over a complete season. 
- adequate accuracy and resolution of the sensors. 
- approved predictive models. 
- enable growers to take rational crop protection decisions. 
For scientists, further requirements have to be met: 
- data transmission to other computers. 
- safe storage of data. 
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- extra sensors for either new or improved biometeorological models. 
These requirements are discussed in the context of the instrument KMS-P 

(Anton Paar KG) (8) (Fig. 1). 

Description of the KMS-P 

The KMS-P is an instrument to which various environmental sensors can be 
connected. The basic assembly comes with two leaf-wetness sensors, one com­
bined temperature and air humidity sensor (T/H Cambi-Sensor) and one precipi­
tation meter. The device must be located at a representative site on the fruit farm. 
The instrument and the T/H Cambi-Sensor are housed in a standard meteorologi­
cal screen or the T/H Combi-Sensor, equipped with a heat-radiation shield, is ex­
posed in the field. The instrument must be protected from water. Eventually, the 
T/H Combi-Sensor, precipitation meter and one leaf-wetness sensor will be 
mounted on a mast. 

KMS-P 
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Fig. 1. Functional diagram of the KMS-P. 
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Six standard 1.5-volt alkaline batteries are used as the power supply for the 
instrument and sensors. For the basic assembly, one set of batteries is sufficient 
for six months. 

The KMS-P is portable and can be used for after-season control of fruit 
stores. By replacing the batteries with a power supply unit, the software automat­
ically changes to the fruit-store control mode. In this mode, a lower and upper 
limit for both temperature and relative humidity can be specified. A relay closes 
when a limit is exceeded, thereby setting off an alarm. In the case of stores with 
air-conditioning (which means constant a air humidity), the relative humidity can 
be controlled by means of the relay. 

If more sensors are used - which can be achieved by "channel expansion" -
there is an increase in power consumption: six Ni-Cd batteries, which can be re­
charged via a solar panel with a controller, are then needed. In addition, this solar 
panel permits light/dark recognition - the threshold value of which is adjustable. 

Measured and calculated data are printed hourly. Furthermore, details for the 
24-h day are·printed at midnight Current sensor readings are shown on the built­
in LC display. The instrument is easy to operate with only three keys/buttons to 
push. 

For research applications the KMS-P 
can be modified to accept a RAM-Card 
(same dimensions as a bank-card but 4 
mm thick), allowing data storage for ap­
proximately 2 months. These data can be 
transmitted to another computer by 
means of a RAM-Card Interface via the 
RS 232 C serial interface (Fig. 2). 

Sensors 

The sensors which are used to record 
meteorological variables have to fulfil 
the following requirements: 

- easy handling and operation with 
minimal problems. 

- known performance details. 
- known systematic errors thereby 

allowing the use of correction fac­
tors. 

The measurement of temperature, J~IIIIIIIII - ; 

relative humidity, leaf wetness and pre- Fig. 2. Data transmission from the 
cipitation are essential for forecasting KMS-P 
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Ventu,-ia inaequalis, Plasmopara viticola, Phytophthora infestans and Pseudo­
pe,-onospora cubensis. Wind velocity and wind direction may also be of value. 

Temperature 

The T/H Combi-Sensor uses a themristor, which is a semiconductor element 
on a metal-oxide base. The electrical resistance varies with temperature accord­
ing to an exponential function with a negative coefficient of temperature. 

The maximum measuring error of this thermistor is 0.2 ·c in the range -10 to 
+60 ·c. The total error (sensor plus electronics) is 0.3 ·c, with a resolution of 0.1 
·c. Calibration of the sensor results in a total measuring error of less than 0.3 ·c 
(between-10 and +60 °C). To maintain accuracy over long periods, checking and 
readjustment of the thermistor must be done according to the German Standard 
VDI 3786 (9). Experience with thermistors indicates that checking every 6 
months should be sufficient 

Incorrect installation of the KMS-P could cause errors due to heat radiation, 
heat conduction, precipitation, wind or air pollution. Even with correct installa­
tion in a meteorological screen and using a thermometer according to the Ger­
man Standard 58656, the recorded temperatures may deviate from the actual 
values up to 2 ·c higher in the day and up to 1 ·c lower at night, assuming slight 
air movement and some clouds. 

The T/H Combi-Sensor has an adequate radiation shield which allows excel­
lent ventilation and minimizes the response time. The temperature sensor should 
be placed 2 m above ground, according to VDI 3786 (2). For a distance of 3 m 
from the sensor the ground should be fairly flat, free of obstacles and consist of 
short grass. Nearby obstacles should be at least as far away as their height. 

Relative humidity 

Air is a gas mixture consisting of a definite amount of water in solid, liquid 
or gaseous phases. This water generates a vapor pressure. The maximum water 
vapor pressure achievable at a specified temperature is called the saturated steam 
pressure: the relative air humidity is the ratio of the actual water vapor pressure 
to the saturated steam pressure at the given temperature (Fig. 3). 

Various physical phenomena are used for measuring the relative humidity of 
air. Capacitive sensors are ideally suited for electronic measuring instruments: a 
hygroscopic dielectric placed between the two electrodes of a capacitor is in 
equilibrium with its surroundings, and the equilibrium is dependent on tempera­
ture and air humidity. 

The humidity sensor used with the KMS-P is manufactured by the Finnish 
company VAISALA, which has much experience of measuring air humidity. The 
total measuring error of both the sensor and the electronics is less than 2% over 
the range 0.2 to 90% RH, and less than 3% over the range 90 to 100% RH, at an 
ambient temperature of 20°C. The temperature dependence of the sensor is less 
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than 0.04%/"C. To achieve higher accuracies, single- and two-point calibrations 
are available. Errors of less than 1 % are possible. Checks at least every 6 months 
are recommended to ensure the reliability of the sensor. Calibration can either be 
performed with special calibration boxes or with an Asmann psychrometer. 

As with temperature, the measurement of relative humidity is affected by 
heat radiation, heat conduction, precipitation, wind and air pollution. The total 
measuring error depends on sensor installation. To minimize the total measuring 
error the sensor requires a radiation shield or must be housed in a meteorological 
screen. 

Leaf wetness 

Meteorologists do not measure leaf wetness. The drying behavior of plant 
leaves must be imitated by special sensors. The drying time of a leaf depends on 
its size, shape and position. It is only"possible, therefore, with an electronic sen­
sor, to produce an average value for the length of a wet period. 

Anton PAAR KG wanted to develop a leaf wetness sensor for the KMS-P 
which satisfied the following needs: 

- close imitation of the drying behavior of leaves 
- variable drying times in specified ranges 
- resistant to weathering 
- maintenance-free. 
These requirements led to a capacitive sensor, the drying time of which can 

be varied in the range 0.5 hours by using plastic string windings. Correct and 
horizontal mounting gives good drying characteristics. The threshold values for 
states of "WET" and "DRY" can easily be set in the software, thus allowing 
adaptation to the drying behavior of various crops under different conditions ( eg. 
leaf canopy stages). 

Two leaf-wetness sensors are used with the KMS-P. The first has to be posi­
tioned outside the tree canopy and is used to imitate the drying of the outer 
leaves. The second is placed within the canopy. 

RELATIVE HUMIDITY = 

I ' .. 

( VAPOUR 1 

[ \.. PRESSURE ) . 

SATURATION 
PRESSURE 

Fig. 3. Calculation of the relative humidity. 

e 100 (%] 
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Precipitation ineters 

Two rainfall meters with different resolutions are available for the KMS-P. 
Both models are based on the "drop sensor" method. The drop sensor is situated 
between a collecting funnel and a tipping bucket. Drops run into the tipping 
bucket until it tilts thus actuating an electronic switch (Fig. 4). 

The smaller (standard) model has a resolution of 1 mm. Tests yielded devia­
tions up to 15%. Incorrect installation and insufficient maintenance of the funnel 
are sources of error. Also, insects can tilt the bucket. For greater accuracy a pre­
cipitation meter with a surface area of 500 cm2 and a 0.1 mm resolution is avail­
able. This model has an optional heater. 

The accuracy of rainfall data is mainly influenced by evaporation, installa­
tion, debris in the funnel, insects and wind. 

Wind direction and wind velocity 

In the context of practical pest and disease forecasting, wind is of secondary 
importance. For scientists, however, this factor may be significant. According to 
VDI 3786 (10), ground wind should be determined at a height of 10 m. Wind di­
rection and wind velocity have to be measured by two instruments which do not 
interfere with each other. 

Incorrect values may be due to instrument wear, contamination, corrosion and 
mechanical interferences. Periodical maintenance is necessary. 

Fig. 4. Rainfall meter. 
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Lightning protection 

Electronic instruments located outdoors are liable to damage from lightning 
strikes. The striking frequency of lightning per square-kilometer is 0.3 to 3 in 
Northern Germany and Scandinavia, 3 to 7 in the Lower Alps and 30 to 70 in 
subtropical and tropical areas (5). 

No protection measure can economically or effectively prevent a direct light­
ning strike. Protection against indirect lightning strikes is, however, very import­
ant. Lightning damage is rare, especially if the leads do not exceed a few meters 
in length because then their impedance is too high. Long leads always cause 
problems, as shown in the two following examples (Fig. 5). 

1. An electronic device in a building is connected to the ground. The sensor 
outside the building is connected tb the device by a long signal line. In the case 
of a direct lightning strike to the ground the voltage potential of both the device 
and sensor will be increased. A voltage difference of more than 100 kV may 
occur at the site of the sensor causing a flashover due to voltage drag. 

2. Device and sensor are both situated outdoors, are earthed and inter-con­
nected by a long signal line. When lightning strikes, the lightning current flows 
to earth, causing a voltage funnel and a difference in voltage potential between 
device and sensor. A small part of the lightning current flows to the sensor over 
the signal line. The device is destroyed due to a high-stepping voltage. 

To avoid interference due to indirect lightning strikes or resistance coupling, 
the KMS-P is installed in an orchard using short lines. All sensors and inputs to 
the basic instrument are protected from excess voltage. There has been no failure 
of the KMS-P due to lightning. 

Apple pest and 
disease warnings 

Every hour, the risk of apple 
scab (Venturia inaequalis) infec­
tion is calculated according to a 
modified Mills' Table and printed. 
At midnight, information is 
printed, giving two Degree-Day 
sums (the base of which is select­
able between O to 29 °C), the per-

i 
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-
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Fig. 5. Source of lightning damage. 
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centage development of leaf roller (Adoxophyes orana) eggs and of the fireblight 
(E,winia amylovora) risk that day. 

The calculations leading to these items of information can be discussed in the 
example printouts of 9th and 10th July, 1987 (Table 1). 

On July 9th, leaves were wetted between 8 and 9 am.; column "N" shows the 
symbol "#" for wetness. A rain precipitation of 1 mm was recorded until 11 a.m., 
but during the next hour the rainfall was 7 mm. At an average temperature of 
18.4 ·c during the wet period the condition for slight infection by apple scab was 
fulfilled after 9 hours. This is indicated on the printout by the symbol "*". At the 

Table 1. Printout of the KMS-P from the 9th and 10th July, 1987. 

* 1987-07-09 * * 1987-07-10 * 
Start : 1987-06-25 Start : 1987-06-25 

13:24 Uhr 13:34 Uhr 

Zt T RF NS N LMS-Std Zt T RF NS N LMS-Std 
b C I mm h b C I mm h 

1·19.4 89 1 13.9 88 # ** - 5 
2 19 . 9 87 2 13.8 99 # ***-
3 19.5 87 3 13.6 99 # ***- 1 
4 18.5 85 4 13 . 6 99 # ***- 2 
5 19.2 88 5 12.8 99 # ***- 3 
6 19.0 90 6 12.8 99 # ***- 4 
7 19.4 91 7 12.9 99 # ***- 5 
8 20.3 84 8 13.0 99 # ***- 6 
9 19.5 90 # 9 14.8 99 # ***- 7 

10 19.5 93 # 10 16.8 94 ... - 8 
11 18.4 98 1 # 11 18.9 78 ... - 9 
12 17.5 99 .7 # 12 20.1 75 .. . - 10 
13 18. 3 99 4 # 13 21. 7 61 ... - 11 
14 18.2 97 1 # 14 23 . 2 58 .. . - 12 
15 18.2 98 1 # 15 23 . 1 50 ... - 13 
16 18.0 95 1 # 16 23.9 48 ... - 14 
17 17.7 99 1 # * - 17 23.8 48 . . . - 15 
18 17.6 99 1 # * - 1 18 23.3 47 ... - 16 
19 17.8 99 # * - 2 19 23.3 51 ... - 17 
20 17. 2 99 # * * - 20 22.2 58 . . . - 18 
21 17.0 99 # ** - 1 21 19.5 69 ... - 19 
22 16.1 99 # ** - 2 22 17.2 77 ... - 20 
23 15.2 99 # ** - 3 23 16.3 85 .. . - 21 
24 14.7 99 # ** - 4 24 15.4 88 . . . - 22 

GT - 0 : 678 GT - 0 : 696 
GT - 10 : 309 GT - 10 : 317 
NS - Start : 22mm NS - Start : 22mm 
NS - Tag : 17mm NS - Tag : Ornm 
FSW-Ei : 10 . 51 FSW-Ei : 8.1 % 
! F B - T A G ! 
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same time, a counter started within the KMS-P which indicated the number of 
hours following the infection period. Rainfall continued and conditions for a me­
dium risk of infection were satisfied at 8 p.m. and for a severe risk at 2 a.m. the 
following day. The printout showed by " ... -8" that 8 hours had elapsed since the 
severe risk of infection was registered. Prior to starting a new recording period 
the counters are set to rero. 

For 10th July, a value of 18 was calculated for the Degree-Days (DD) above 
0 ·c, and added to the accumulated sum obtained the previous day (678 + 18 = 
696 DD). Likewise, a value of 8 DD was calculated above 10 ·c and added to 
the cumulative value of the previous day (309 + 8 = 317 DD). 

Table 2. Printout of the KMS-P. 

* 1985-08-07 * * 1985- 08- 08 * 
Start : 1985- 07 - 27 start : 1985-08-07 

10:09 Uhr 10:30 Uhr 

Zt T RF NS N -Std SI Zt T RF NS N -Std SI 
h C ' mm ' h C ' mm % 

1 13 . 4 81 59 1 16.4 97 
2 12.9 87 60 2 16.0 99 
3 12.5 92 60 3 15.8 99 
4 12.7 96 60 4 15.6 99 1 # - 16 SP 
5 13.3 89 61 5 15.2 99 # - 31 99 
6 13.3 97 # - 13 61 6 15.1 99 # - 46 99 
7 12.9 99 1 # - 26 62 7 15.2 99 # - 61*IK 
8 12.7 99 # - 39 62 8 16.2 99 # - 77* 1 
9 13 . 3 99 1 # - 52*62 9 16.8 99 # - 94* 1 

10 13.4 99 # - 66*63 10 17.5 97 # -111* 2 
11 18.2 90 # -129* 2 

--------------------------- 12 19 . 3 75 # -147* 3 
NEUE PERIODE 13 20 . 7 70 # -167* 4 .. 1985- 08-07 10:30 * 14 22.6 54 5 

15 23.5 58 6 
Zt T RF NS N - Std SI 16 23.2 53 7 

h C ' mm % 17 22.5 58 8 
--------------------------- 18 23.2 50 9 
11 14.0 99 # - 79* 19 22.8 50 10 
12 14.2 97 # - 93* 20 20.9 65 11 
13 15.5 94 # - 108* 21 18.0 81 12 
14 17 . 1 81 # - 125* 22 16 .9 90 13 
15 18.5 75 # -143* 23 15 . 7 99 13 
16 17.9 72 24 15 . 7 99 14 
17 18.0 80 -----------------------------
18 17.9 79 GT - 0 1442 
19 17 . 8 80 GT - 8 854 
20 17.3 89 NS - Start lnun 
21 16.B 88 NS - Tag 1mm 
22 16.6 92 
23 16.4 97 
24 16.4 96 
---------------------------
GT - 0 1424 
GT - 8 844 
NS - start 0mm 
NS - Tag 2mm 
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For determining the stage of development of leaf roller eggs, the average 
temperatures between 8 p.m. and 7 a.m. and between 8 a.m. and 7 p.m. arc used. 
A percentage development value is given by these average temperatures. The 
daily percentage values are accumulated after frequent flights of the moth; at 
100% the eggs have latched. This calculation is based on the temperature-sum 
rule by DeJong and Beeke (4). 

On 9th July, the conditions for a possible fireblight attack were satisfied. The 
warning "FB-TAG" (fireblight day) is based on the fireblight forecasting model 
by Zeller (7), which is referred to by B (1,2,3). Another fireblight model is cur­
rently under preparation, based on the work by Schouten (6). 

Disease warnings in other crops 

Although not relevant to the topic of apple and pear diseases, it should be 
mentioned that the KMS-P can be provided with models for forecasting Plasmo­
para viticola, Phytophthora and Peronospora cubensis. 
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microprocessor-based orchard 
environment monitors 
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Abstract 

Temperature and humidity sensors supplied with the Metos D,KMS-P & RSS-412 
orchanl environment monitors were tested wider controlled conditions. Readings of 
standard insttuments were synchronised with the scanning of the test sensors by the 
monitors. 1be overall perfonnance of the temperature sensors was good, with the three 
semiconductor sensors used with the Metos D giving avm1ge deviations from the standard 
reading of 0.45-0.56 ·e; the deviations with the thermistors of the other two monitors was 
slightly greater, and this difference was associated with their non-linear response curves. 
1be average deviation from the standard readings of humidity read by the test sensors was 
4.0-7.4% RH. With the capacitive-type sensors of the Metos D & KMS-P, only 33% of 
values were outside the limits of +/· 6%RH. The perfonnance of the wet aod dry-bulb 
thennistor system of the RSS-412 was greatly improved by venlilating its probes. 

Keywords: disease control, apple, temperature, humidity. microprocessoIS, sensors, 
environment monitoring. 

Introduction 
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Frost, drought and hail are examples of meteorological phenomena,damaging 
to outdoor crops. Weather also threatens crops indirectly through affects on pa­
thogens arid pests. By monitoring the physical environment on fruit farms and 
knowing the effect of meteorological factors on key events in the life cycles of 
pathogens and pests, it is possible for growers to time control treatments accord-
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ing to local conditions. This decision-based (supervised) crop protection strategy 
enables a judicious use of chemicals which for environment, economic and 
scientific reasons is better than "calender" or routine spraying and the consequent 
intensive use of fungicides, so common in orchards. At the first meeting of this 
IOBC/WPRS subgroup, Galli (1) described instruments for monitoring orchard 
environments. He noted increased interest among growers in electronic devices 
giving automatic warnings when conditions have favoured certain pests and dis­
eases. Galli stressed the need for adequate testing of the sensors and predictive 
models used with these instruments. It seemed to the authors that sensor tests 
must precede the evaluation of the predictive models. This paper reports the per­
formance of the temperature and relative humidity sensors supplied with three 
orchard monitors. 

Materials and methods 

Microprocessor-based instruments under test 

The three orchard monitors are named in Table 1. All are battery powered and 
each displays information on both an LCD and a printer. All three indicate when 
the minimal environmental conditions for infection of apple by scab (Venturia in­
aequalis) have-occurred: the KMS-P and RSS-412 ("Predictor") give warnings of 
fire blight (Erwinia amylovora) and the KMS-P also calculates the daily egg 
hatch of the leaf roller (Adoxophyes orana). All three instruments display current 
and summarized values of temperature, relative humidity (RH), rainfall and the 
state and duration of surface wetness, and also calculate degree-days. Table 1 
describes the sensors tested in this study in 1988. Table 2 shows the manufac-

Table 1. Types and positions of sensors tested on three orchard environment 
monitors 

screened sensors Non-screened sensors 
Model Manufacturer Temperature RH Temperature 

Metos D Gottfried Pessl semiconductor A capacitive semiconduc-
Wiez, Austria (Philips) tors (B,C)* 

KMS-P Anton Paar thermistor capacitive 
Graz, Austria (Philips) 

RSS-412 GE Reuter-Stokes thennistor thennistor 
Twinsburg, Ohio, A (dry bulb A 

USA wet bulb B) 

• Integrated with the two surface wetness sensors 
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turers' performance specifications of the sensors supplied in 1988. The Austrian 
monitors have since been modified and improved. 

Standard recorders 

Temperature 

A calibrated digital thermocouple with an accuracy of +/-O. l 0C: an air-tem­
perature probe was used except when recording the inner surface of the wick of 
the RSS-412 "wet-bulb" thermistor when a surface probe was used. 

Relative humidity 

1. A dew-point meter (Michell Instruments, Cambridge Series 3000) reading 
to +/-0.3-0.6% RH (at 21°C), using the above thermocouple for temperature 
readings. The dew-point meter was innaccurate above 26°C. 

2. An aspirated thermistor-type digital psychrometer, reading to +/-1 %RH. 
3. An Assmann psychrometer. Both 2 and 3 were compared with the dew­

point meter and found more accurate than other RH recorders tested. The aver­
age readings· of 2 and 3 were used when a dew-point reading was not available 
(i.e. when the temperature was over 26°C). 

Table 2. Manufacturers' specifications of sensors as supplied for each of three or­
chard environment monitors 

Model Resolution System accuracy Sensor scanning 
Temp RH Temp RH interval 

Metos D o.1·c 1% +/-3% 12min 
KMS-P O.l'C 1% +/-OSC +/-4% 15min 
RSS-412 o.1·c 1% +/-OSC +/-8-9% 1 min 

Table 3. Room humidity recorded by the three monitors and the dew-point meter 
after re-calibration but before the series of RH sensor tests (Temp. 21.6"C). 

Monitor 

Metos D · 
KMS-P 
RSS-412 

Dew-point meter 

Relative humidity ( % ) 
Comparison 1 Comparison 2 

54 
53 
53 
52 

54 
53 
52 

53 
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Test conditions 

Temperature 

Tests were in an insulated room giving temperature control in the range 2-
300C, each test being done only when a thermograph showed a steady tempera­
ture. Three replicate tests were done at each of five temperature levels. 

Relative humidity 

Before testing, the Metos D was recalibrated against the dew-point meter in 
the laboratory (21°C, 55%RH); the KMS-P was then calibrated against the Metos 
D (Table 3). Tests were conducted in two different glasshouse compartments, one 
polytunnel (with fogging equipment) and at one outdoor site, giving values in the 
range 40-100% RH. The highest RH was obtained in the fogging tunnel. All hu­
midity tests were done with and without moving air: this was obtained with an 
electric axial fan 10 cm from the sensor, blowing air at 4.3 m/sec across the sen­
sor. 

Table 4. Performance of the three Metos D temperature sensors relative to the 
standard instrument (Ambient range 2-29"C) 

Performance 

Average error ("C) 

Maximum error (°C) 

+/- 0.6°C (%) 

Position and identity of monitor sensors 
Screen Wetness detector 1 wetness detector 2 

A B C 

0.45 
1.0 

47 

0.56 
1.7 

40 

0.42 
1.0 

20 

Table 5. Performance of the single KMS-P temperature sensor relative to the stand­
ard instrument (Ambient range 2-29"C) 

Peformance 

Average error (°C) 

Maximum error (°C) 

+/- 0.6°C (%) 

Position of monitor sensor 
Screen 

0.65 
1.1 

53 
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Synchronisation of readings 

The monitor values were read from the LCD displays. Each monitor, how­
ever, functions differently with respect to displaying the "current" values. The 
KMS-P can display the instantaneous current sensor reading. The value dis­
played by the Metos D (sensors scanned at 12 min intervals) is the stored value 
of the previous reading. The RSS-412 (sensors scanned at 1 min intervals) dis­
plays a 10-min average, updated every 5 min. Probes of the standard recorders 
were placed close to the test sensors: the shield around the KMS-P humidity sen­
sor was kept in place. The standard-instrument probe was used to record tem­
perature at both the top and middle of the RSS-412 dry-bulb thermistor probe. 
Also, with this monitor the dry-bulb data were collected at each controlled tem­
perature before changing the probe of the standard to the surface-reading type for 
the wet-bulb reading. Standard instrument readings with the thermocouple (tem­
perature) and dew-point meter (RH) were taken at the time each test sensor was 
scanned. In the case of the RSS-412, ten 1-min standard observations were taken 
and their average compared with the monitor value at the end of the same period. 
The digital and Assmann psychrometer (alternative RH-recording standards) 
were read at the start and end of the 10-min sampling periods with the RSS-412. 

Data presentation 

Each data point on the temperature graphs (Figs. 1-3) is the average of three 
replicate tests. The graphs show the relation of the temperature and RH recorded 
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Fig. 1. Relation of temperature recorded by the Metos monitor to the standard read­
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Fig. 3. Relation of tempera­
ture recorded by the 
RSS-412 monitor to 
the standard read­
ing. 

by the monitors to the values recorded by the standard instruments: perfect 
agreement is drawn as a straight line at 45° through the origin. In the Tables the 
performance of each test sensor is expressed as the average and maximum devia­
tion (error) from the simultaneous standard reading, and the percentage of read­
ings outside +/-0.6 ·c and +/-~s and 6% RH of the standard instrument readings. 
The tolerance of 0.6°C is the sum of the tolerances of both monitors and standard 
instruments. (The vector sum is 0.55°C). 
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The RSS-412 results are for standard readings recorded at the mid-point 
along the monitor's probe; these were marginally nearer the monitor's values 
than readings at the top of the probe. Tables 4-6 show the performances of the 
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temperature sensors on the three monitors. Figures 1-3 show the relation between 
test sensor and standard instrument over the range of controlled temperatures. 

Relative humidity 

Tables 7-9 show the performances of the RH sensors on the three monitors. 
Figures 4-6 show the relation between humidities recorded by the three monitors 
and by the standard instruments, in still and moving air. · 

Table 6. Performance of the two RSS-412 temperature sensors relative to the stand­
ard instrument (Ambient range 2-30'C) 

Performance 

Average error ('C) 

Maximum error (' C) 

+/- 0.6'C (%) 

Position and identity of monitor sensors 
Screen - dry bulb Screen - wet bulb 

A B 

0.87 
1.3 
73 

0.59 
0.9 
60 
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Table 7. Performance of the Metos D humidity sensor relative to the standard instru­
ments (Ambient range 19-33'C) 

Performance 

Average error (%RH) 

Maximum error (%RH) 

+/· 3% RH(%) 
+/· 6% RH(%) 

• Air blown over sensor from a fan 

Test sensor 
Non-ventilated Ventilated• 

5.5 

15.0 

56 

33 

7.4 
19.5 
78 
33 

Table 8. Performance of the KMS-P humidity sensor relative to standard instruments 
(Ambient range 19-33'C) 

Performance 

Average error (%RH) 
Maximum error (%RH) 

+/- 3% RH(%) 

+/-6% RH(%) 

Test sensor 
Non-ventilated Ventilated 

6.0 
21.0 
56 

33 

4.4 
12.0 
56 

33 

Table 9. Performance of the RSS-412 humidity recorder relative to standard instru­
ments (Ambient range 19-33'C) 

Performance 

Average error (%RH) 

Maximum error (%RH) 
+/-3%RH(%) 
+/-6%RH(%) 

Test sensor 
Non-ventilated Ventilated 

6.8 
11.5 
78 
56 

4.0 

9.5 
56 
11 
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Discussion 

Overall, the performance of the temperature sensors was satisfactory. The 
semiconductors of the Metos D gave the most accurate readings (Table 4 c.f. 5 
and 6), and their response curves over the range of test temperatures were linear 
(Fig.l). The performance of the thermistors of the other two monitors was less 
good, with a non-linear trend in their response curves (Figs. 2 and 3): these cur­
ves were slight but expected, and led to relatively low readings at the upper tem­
peratures. The performance of the thermistors would be improved by suitable 
calibration. The performance of the humidity sensors was better than expected, 
given the well-known difficulties of recording this variable. The capacitive sen­
sors of the Metos D and KMS-P resulted in only 33% of values lying outside the 
limit of+/- 6% RH ( of the standard reading), in both still and moving air (Tables 
7 and 8). The effect of ventilation on the wet- and dry-bulb thermistor system of 
the RSS-412 was marked (Table 9). In fact, the best humidity results were ob­
tained when the RSS-412 was ventilated, with only 11 % of readings lying out­
side the limit of +/- 6% RH. For many plant diseases, high humidity favours 
processes like sporulation and infection. It is clear from Figs 4 and 5 that al­
thougli the Metos D and KMS-P use the same type of sensor, their measurement 
of RH above 90% RH differed, with the Metos D giving low readings. This can 
be corrected by better calibration at the upper humidities. Plant pathologists must 
make sure that manufacturers of crop environment monitors maximise the accu­
racy of recording over the range of humidities important to the disease models 
being 'driven' by the data. 
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Abstract 

'Ibe electrical surface wellless seosors supplied with three commercial, microprocessor -
based Oldlard environment moniton, were tested by applying distilled water in four 
differeDI quantities and patterns, and comparing the duration of surface wetness with that of 
similarly-treated apple leaves. Tests were done in still and moving air. All sensors behaved 
more like leaves when drying in moving air; discrepancies were larger in still air and 
sometimes very large. 'Ibe performance of the sensors, relative to leaves, depended on the 
method of wetting. Features of these results are discussed. 

Keywords: disease coottol, apple, dew, rain, wet periods, surface wetness, environment 
monitoring, sensors, evaporation, drying time. 

Introduction 

57 

Most airborne fungal pathogens of crops are "moisture loving", epidemics 
being most serious in wet conditions. The production, discharge and dispersal of 
spores of these fungi are often favoured by moisture in the form of vapour or free 
water, but the process most readily identified with the need for a minimal dura-
tion of wetne~s on plant surfaces is infection. · 

Surface wetness due to rain and dew is not a phenomenon included in stand­
ard meteorological observations, and so special sensors have been produced for 
use in crop protection (3,4). Representing the plant surface, these sensors indi­
cate the dry/wet state of the crop and measure the duration of wet periods. Three 
commercial microprocessor-based environment monitors designed for use in or-
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chards, all give warnings when the moisture and temperature conditions have sat­
isfied the requirements for infection by apple scab (Venturia inaequalis). Tests of 
their temperature and humidity sensors have been reported (1 ). This paper de­
scribes tests of their electrical surface wetness sensors. 

Materials and methods 

Sensors under test 

Table 1 shows the surface wetness sensors supplied with three orchard envi­
ronmental monitors tested in 1988. Tests were conducted separately on each of 
the five sensors. The Metos D sensors consisted of a grid of gold-leaf foil on the 
surface of a plastic base measuring 50x25x5 mm. The KMS-P sensors consisted 
of a grid embedded in glass-reinforced plastic with an active surface 120x75x2 
mm: these sensors are wrapped in perlon strings to disperse surface water. The 
RSS-412 sensor has a 15 mm -long coil of two alternate wires, wrapped around a 
12 ~ diameter plastic cylindrical former. Moisture on the Metos D and RSS-
412 sensors changes their conductivity; with the KMS-P the capacitance 
changes. 

Surface wetness measurements on apple leaves 

A young apple leaf of cv. Cox's Orange Pippin was used as follows, as a 
standard for measuring surface wetness duration. The youngest unrolled leaf near 
the tip of a detached shoot collected from an orchard was supported on a glass 
slide by two rubber bands, whilst still attached to the shoot (standing in water). A 

Table 1. Microprocessor-based orchard environment sensors and their surface wet­
ness sensors 

Model 

MetosD 

KMS-P 

RSS-412 

Manufacturer 

Gottfried Pessl 
Wiez, Austria 

Anton Paar 
Graz, Austria 

GE Reuter-Stokes 
1\vinsburg, Ohio,USA 

Number 

2 

2 

1 

Sensor 
Shape 'Iype 

flat conductive 

flat capacitive 

coil conductive 
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grid of parallel tinned-copper wires spaced· 2.5 mm apart was held against the ex­
posed (adaxial) surface of the leaf. Alternate wires on the grid were connected to 
electrical terminals Conductance across the grid through water was indicated on 
a chart recorder. 

Test conditions 

In a laboratory at 19-22°C and 55-65%RH, the sensors and the apple leaf 
were wetted with distilled water by applying a single droplet (10µ1) using a pi­
pette, by spraying using an airbrush held 7 .5 cm from the target, spraying for 1 or 
2 seconds to give two levels of deposition resembling dew, and by immersing the 
sensors in water and then allowing a brief dripping. After wetting, the sensors 
and the apple leaf were fixed horizontally, except the RSS-412 coil which was 
held slightly inclined as recommended for use in the field. All wetness duration 
tests were done in still and moving air: air movement was obtained with an elec­
tric axial fan 10 cm from the sensor, blowing air at 4.3 m/sec across the sensor. 
The wet/dry state of the sensors and duration of wetness of the RSS-412, Metos 
D and apple leaf was indicated on a chart recorder; for this purpose the sensors 
of the RSS-412 and Metos D were detached from the monitors. A 7 volt electri­
cal supply was connected to the sensors through a lM ohm resistor. The potential 
difference across each sensor was monitored by the chart recorder, set for a full­
scale deflection of 5 volt and a paper speed of 2 cm/min. It was not possible to 
record the state of the KMS-P sensors by this means because of the lack of an ex­
posed conductive surface, and so their wet/dry state was judged by eye. 

Data presentation 

Surface wetness duration was measured as the number of minutes the pen 
was deflected above the chart's baseline. At least two replicate tests were done at 
each combination of sensor, wetting method and air state. For each treatment 
combination, the difference is duration of the wet period between the apple leaf 
and each sensor was calculated. The signs "+" and "-" indicate that the sensor 
dries slower or faster than the apple leaf, respectively. 

Results 

Table 2 shows the average drying times, in minutes, of the test sensors and 
apple leaf. Under the "dew" and single droplet conditions, the sensor of the RSS-
412 dried the fastest Drying of all surfaces was consistently faster in moving air. 
The longest wet periods on the artificial sensors followed drenching, but on the 
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apple leaf the single droplet took nearly twice as long to dry as the water remain­
ing after drenching. 

There was an effect of air movement on the difference in drying rates be­
tween the apple leaf and the sensors: averaged for all five sensors under all four 
wetting conditions, the difference in the length of the wet period was 0.8 min and 
27 .3 min in moving and still air, respectively. The method of wetting also in­
fluenced the drying behavior of the sensors relative to the apple leaf (Table 3). 

In moving air, the drying rates of the sensors were close to the drying rate of 
the apple leaf under all wetting conditions. Table 3 shows a trend under both air 
states: the larger the quantity of applied water the slower the drying of the sen­
sors relative to the apple leaf. This was especially marked in still air, wi~ single 
droplets on the sensors drying 73 min earlier than on the apple leaf, but drenched 
sensors taking 160 min longer to dry than the leaf. The performance of the indi­
vidual sensors is shown in Figs. 1-f The trend of slower sensor drying (relative 
to the leaf) with increased water is consistent. Likewise, all the sensors perform 

Table 2. Average drying times (minutes) of sensors and apple leaf in still and moving 
air under four wetting conditions. 

Cylindrical Flat Flat Apple 

RSS-412 KMS-P• Metos»• leaf 

Wetting Still Moving Still Moving Still Moving Still Moving 

condition air air air air air air air air 

Light "dew" 4 1 46 5 20 4 32 6 
Heavy "dew" 19 2 81 21 49 10 28 10 

Single droplet 12 8 87 33 45 11 128 32 
Drenched 131 23 138 23 337 57 66 17 

Table 3. Effect of wetting method on the difference in wetness duration (minutes) be­
tween an apple leaf and the average of five artificial sensors in still and mov­
ing air 

Air state 

Still 

Moving 

Wetting method 

Single droplet Light "dew" Heavy "dew" 

-73 -5 +21 
-13 -3 +2 

Drenched 

+160 
+17 
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Fig. 3. Difference in wetness duration between an apple leaf and the RSS-412 sen­
sors under four wetting conditions in still and moving air. 
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best when in moving air. For convenience, the sensors of each monitor are shown 
against a common time scale in Fig. 4. 

Discussion 

Gillespie and Duan (2) found that droplets of equal size evaporated faster on 
cylindrical sensors than predicted for flat leaves. In the present study, "dew" and 
single droplets evaporated faster from the cylindrical RSS-412 than from the flat 
sensors and the apple leaf (Table 2). The reason may be the spreading of the 
water droplets between the parallel wires of the coil and hence thinner water 
films, rather than differences in heat conductance by the various bodies. Single 
droplets on leaves dried slower thah those of equal volume on artificial sensors: 
this may be due to surface tension differences; drops on the natural leaf were 
more hemispherical and deeper and hence took longer to evaporate. After 
drenching, the apple leaf dried faster than the artificial sensors (Table 2). With 
this method of wetting there was no control over the volume or distribution of 
water retained on the various bodies. It had been expected that the larger heat ca­
pacity of the artificial sensors would have led to the opposite behaviour. It must 
be stressed, however, that these tests were conducted indoors where low expo­
sure to r~diation would have reduced differences in heat conductance. It seems 
likely that the waxy nature of the leaf retained smaller accumulations of water 
than on the artificial sensors and so dried faster. The electric current passing 
through the grid attached to the apple leaf would have had a negligible heating 
effect, but the grid itself might have dispersed the water retained after drenching, 
thereby favouring fast drying. The effect of such a grid on the drying behaviour 
of leaves needs to be studied. Of the four wetting conditions, light "dew" evap­
orated fastest (Table 2). The light "dew" appeared to consist of smaller deposited 
droplets than the heavy "dew" or single-droplet treatment Drop size is a major 
determinant of evaporation rate (5). Gillespie and Duan (2) found that as air 
speed increased the evaporation rate of droplets on cylinders and flat surfaces in­
creased, and the difference in evaporation rate between these two types of sur­
face decreased, the drying.time of flat surfaces approaching that of cylinders. In ... 
the present study all surfaces dried faster in moving air and, as observed by Gil­
lespie and Duan (2), the difference in drying time bern>een the cylindrical and 
flat sensors was least at the higher speed. Furthermore, all the artifi~ial sensors, 
of whatever shape, behaved like the apple leaf when drying in moving air. A 
possible explanation for this effect of air movement is a differential decrease of 
the boundary-layer thickness around artificial sensors and leaves: the layer 
around the smooth sensors may be more responsive to increased air speed than 
the layer around the leaf. The relatively poor performance of sensors in still air 
would be serious in the field when calm weather followed rain or dew. If the re-
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lation of wind speed to sensor performance is quantified, it would be feasible to 
correct for the variable effect of wind speed on the discrepancy between wet 
periods on the crop and on the sensors. The KMS-P and RSS-412 performed well 
in comparison to the leaf (Fig. 4). It must be stressed that the recording of the 
KMS-P sensors was by eye, in contrast to the electrical measurement of the other 
sensors. Nevertheless, it was easy to recognise the moment when water disap­
peared from the KMS-P sensors. The performances of both Metos D sensors was 
very poor when allowed to dry in still ait after 'drenching: it was noticed that this 
type of wetting produced large puddles of water held against the sharp edges of 
the horizontal surface. The resulting large difference in drying time between the 
Metos D sensors and the apple leaf would possibly be reduced by inclining the 
sensor to encourage dripping, and by rounding the sharp edges to reduce surface 
tension. 
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Abstract 

Simulation aod stochastic dynamic programing techniques are being used to determine 
better management strategies for the control of apple scab, with the goal of developing 
better management strategies for the use of fungicides. The disease simulator is linked to 
simulatoJS for tree growth, weather, fungicide RSidue degradation and economics. Using 
available knowledge to estimate and adjust starting values, transfer rates and mortalities in 
the simulator, the computed level of disease was within 5% of actual orchard measurements 
made in 1987. Sensitivity analysis of the simulator bas identified some important 
deficiencies in our knowledge of Venturia inaequalis, the most important being inoculum 
level, both ascosporic and conidial. The mathematical optimization of apple scab 
management, although not completed, is discussed in general terms. 

Key words: Venturia inaequa/is, modelling, disease models, epidemiology 

Introduction 

Apple scab, caused by the fungus Venturia inaequalis, is one of the most in­
tensively managed plant diseases. Yet, in spite of extensive research on this pa­
thogen and disease for the past five decades, current management is simply 
based on the recognition of weather periods that favour infection by the pa­
thogen. Management actions based on other types of information such as amount 
of inoculum, tree growth stage and fungicide residue; are considered by decision 
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makers but no formal attempt has been made to use this information in formulat­
ing optimal management strategies. 

Stochastic optimization methods have been used to establish management 
policies, principally in the fields of engineering and operations research. Recent­
ly these techniques have been used in agriculture and more specifically, in the 
management of insect pests (e.g. 35), and to a very limited extent, plant diseases 
(23). 

A wealth of new knowledge of apple scab has been incorporated into a 
refined simulation model for use in developing optimum apple scab management 
policies based on stochastic optimization techniques. This permits the estalish­
ment of a methodology utilizing stochastic optimization methods as well as 
simulation models, which might be eventually used to develop effective manage­
ment strategies for foliar plant pathogens. This research serves as an improved 
extension of the current strategy of ~praying fungicides in accomodance with the 
occurrence of scab infection periods. Management decisions resulting from this 
study will be ·based on not only infection periods, but also available inoculum, 
tree grow1!1-, fungicide residue and the economic potential of the crop. 

Background 

Mathematical models have been used widely in the development of inte­
grated pest management programs for disease and insect control. Most of the 
models are simulation models. Ruesink (25) and Conway (6) have reviewed a 
large number of such models used in the study of insect pests. Simulation models 
have also been developed for plant pathogens. Waggoner and Horsfall (41) de­
veloped one of the first disease simulators. Zadoks ( 43) has constructed a disease 
model which is a fundamental part of a supervised control program in the 
Netherlands. Bruhn (4) developed a detailed model of potato late blight; Fry and 
Fohner (10) have used this model in comparing conventional fixed-schedule fun­
gicide programs with those based on the disease forecasting system BLITE­
CAST. Teng (39), Teng et al. (40) and MacKenzie and King (19) have discussed 
the use of simulation models in the management of plant disease epidemics. 

Apple scab simulation models and 
supporting experimental studies 

Apple scab, caused by the fungus Venturia inaequalis, has been the subject of 
a number of simulation models, including those built by Kranz (15), Analytis (1), 
Minogue (22), and Arneson et al. (2). These models cover a wide range of simu­
lation approaches from the traditional mechanistic model of Kranz's EPIVEN to 
the gaming methods of Arneson's APPLESCAB; from the regression equations 
of Analytis 's model to the analytical approach taken by Minogue. All have va­
rying strengths and weaknesses resulting from the modelling approaches and the 
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amount of information available about the pathosystem at the time they were 
built (30). 

Within the ten years since the development of the most recent apple scab 
simulators, considerable additional information on the biology and epidemiology 
of apple scab has been obtained. Much of this new information is quantitative 
and suitable for incorporation into simulation models. No one has developed a 
management model that includes a quantitative description of the impact of 
weather and management decisions on disease progress and economic damage 
and that utilises the data generated since 1978. 

MacHardy and Jeger (18) analyzed the integration of resistant cultivars and 
sanitation with fungicide usage by mathematically relating the components that 
contribute to scab development; but this is a conceptual model that does not at­
tempt to describe quantitatively the pathogen's life cycle or to make specific 
management recommendations. Several new component models for the matura­
tion and release of Venturia ascospores have been published (14, 11) and are im­
provements over the original maturity model (20). More information is also now 
available on the infection process and on how genetic and age-mediated resist­
ance is expressed in leaves (12, 24, 26) and fruit (28, 29). 

In addition to new data on the biology of the pathogen, more is now known 
about the host in terms of its phenological development (3, 7, 33; Cullinan and 
Szkolnik, unpublished). A model uses key environmental data to determine the 
mean and associated variance of each phenological stage for the vegetative and 
reproductive apple phenology tracks. The physiological development of the 
apple tree has also received greater scrutiny (16). A whole-tree apple growth 
simulator has been described by Elfving et al. (8) and Seem et al. (34) that fol­
lows seasonal development. This simulator has been used to evaluate the effects 
of pests that affect tree physiology. 

Other components of the apple scab system have similarly undergone signifi­
cant improvement in quantitative information. A detailed dose response curve for 
the effect of the fungicide captan on infection of V. inaequalis on apple leaves 
has been completed (Seem et al. unpublished). This new dose response curve 
equates the amount of infection to micrograms of fungicide on the leaf surface. 
Thus the model can be directly linked to fungicide deposition and degradation 
models. Environmental degradation of captan in the orchard environment has 
been studied (36) and modelled (37; Seem, unpublished). This model predicts the 
amount and associated variation (in micrograms/cm2

) of either captan or azin­
phosmethyl on a fruit, shoot leaf or spur leaf based on the time since application 
and the accumulated rainfall. 

Finally, quantification and estimation of fruit quality loss due to apple scab 
has been made by Seem and Gilpatrick (31). In their model, economic loss was 
calculated as the reduction in fruit value due to scab-caused downgrading of fruit 
according to the standard USDA grading system. Utilizing this method, losses 
due to apple scab can be isolated from losses caused by other pests or poor 
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quality, thus assuring a true assessment of disease loss. Yield loss was not in­
cluded since under most commercial situations, apple scab only causes blemish 
or quality loss. Model validation is currently being conducted. 

In spite of all these research developments in apple scab and crop production, 
disease management still relies almost entirely on one simple decision aid, the 
Mills infection period (21). Although intuitively considered in many integrated 
pest management programs, the new information needs to be quantitatively and 
formally linked in order to utilize modern procedures for optimizing manage­
ment decisions. 

Use of optimization models in pest management 

As explained below, there are major advantages associated with the use of 
stochastic optimization models, especially for management problems like disease 
control where r;mdom events, such as weather, can have a major impact on econ­
omic damage and on efforts aimed at limiting it. Optimization models have been 
applied in disease management to a very limited extent (23), but they have been 
applied to a number of insect pests. Wickwire (42) and Feldman and Curry (9) 
have written reviews which include a description of some of the applications of 
optimization models to insect pest management. 

In order to use a simulation model to evaluate the economic impact of differ­
ent management strategies, the simulation model must be computed for each 
strategy. This is not a difficult task if fungicide is only applied once per season 
because there are probably only a few schedules one would need to compare. For 
example, if there were eight different dates to choose between, then one would 
only need to compute the simulation model eight times. One might also want to 
consider several different weather patterns. With fifteen weather patterns only 
15x8 = 120 simulations would be needed. Including several cultivars and sanita­
tion options would still require less than one thousand simulations. Given the 
low cost of computing, this number of simulations would be feasible, although it 
would probably not be possible to perform such an analysis for each local area. 
The problem of using a model to compare management alternatives becomes 
much more difficult when there are a large number of control decisions made 
every year. For example, consider the situation in which a decision is neede on 
whether or not to apply a fungicide each week over a 12-week period. The 
possible number of spray schedules is 212 = 4096. Comparing these spray sche­
dules over 15 different weather patterns would require 4096xl5 = 61,440 simula­
tions. This amount of computing might be feasible for a single cultivar in one 
location, although expensive and time-consuming. However, it would be im­
possible to repeat for several cultivars, cultural practices and regions. 

Hence, it is not possible to use simulation models to compare all possible 
spray schedules if there are a large number of possile sprays and time periods. 
There are two ways to circumvent this problem. First, one can select for examin-
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ation by trial and error simulation a few of the spray schedules thought most like­
ly to be effective, and not consider the others. This is a reasonable approach but 
there is the possibility of not selecting in this initial screening the schedules 
which are most desirable. This is especially true if including a range of weather 
conditions, because the best policy would be expected to depend on temperature 
and rainfall. It would be difficult, without extensive trial and error simulations, to 
guess which policies would be best over a wide range of weather conditions. 

A second approach is to use numerical optimization methods. Given a speci­
fied objective (like maximizing profit), optimization algorithms will select the 
management strategy which maximizes the objective without exhaustive trial and 
error simulation of every alternative. These procedures operate by analyzing the 
mathematical structure of the economic and population equations. As outlined 
above, optimization methods are most useful in situations where there are a large 
number of management alternatives, as is the case when fungicide spray applica­
tions need to be made many times each year, and when a large number of 
weather patterns can occur. 

Fig. 1. General design of the simulation pr:ogram for apple 
scab optimization. 
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Methods 

Overview of the apple system 

The apple scab system, as we have designed it, consists of six major compo­
nents (Fig. 1). The components are Management, Fungicide Residue, Weather, 
Tree Growth, Economics and Scab. Four of the components (Management, Fun­
gicide Residue, Economics, Scab) constitute the optimization portion of the sys­
tem because disease control decisions (fungicide application) made in the 
Management component first affects Fungicide Residue, which in turn affects 
Scab; the level of scab directly influences Economics (yield and fruit quality), 
and the expected returns from the crop influence Management decisions. The re­
maining components, Weather and Tree Growth, are considered to be external to 
the optimization because weather aml tree growth and development are not af­
fected directly by control decisions. 

In the simulation program, the Management component is the main program 
which takes the simulator through its daily iterations and calls for the application 
of fungicide. Fungicide Residue tracks the fungicide residue on leaf and fruit sur­
faces. Weather influences the level of residue after application. In the Scab com­
ponent, the pathogen is tracked through its growth and development, including 
the amount of disease on fruit and leaves. Pathogen development is influenced 
by fungicide residue, weather and the area of tissue. The Economics component 
considers the distribution of disease on fruit and computes the damage resulting 
from loss of fruit quality. The yield and size distribution of fruit (from Tree 
Growth) and the amount of disease (from Scab), influence Economics. The 
Weather component contains either a simulator adapted from Bruhn et al. (5) and 
parameterized for Geneva, NY, or, for validation purposes, the actual weather 
data from Geneva, NY. The Tree Growth component consists of a carbon balance 
tree growth simulator (8, 34 ). This component also computes the amount of sus­
ceptible apple tissue. 

The entire apple system simulator is written in Fortran 77 and contains ap­
proximately 4,000 lines of code. Development of the program was done on a 
Prime 9950 minicomputer, but the program can run on a microcomputer. When 
combined with the optimization program the simulator will be executed using 
IBM 3090 super computers located at Cornell University's National Supercom­
puter Facility. 

Validation of the simulator 

The apple system simulator was validated in a small (0.35 ha) apple orchard 
located at the New York State Agricultural Experiment Station, Geneva, NY. It 
consisted of a mixed planting of 9-year-old trees of McIntosh, Empire, and Gold­
en Delicious cultivars on MMlll rootstock and M9 interstem. The orchard was 
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divided into two treabnents, with three replications for each cultivar. The two 
treabnents consisted of no fungicide sprays and reduced-frequency sprays of cap­
tan 50W. 

Environmental data were collected at an adjacent site using a data logger and 
electronic sensors to record temperature, relative humidity, leaf wetness, rainfall, 
solar radiation, and wind speed and direction. In addition, a volumetric spore trap 
(Burkhard) recorded ascospore discharge from a bait plot containing infected, 
overwintered apple leaves. All data were 'recorded at a frequency of one hour. 

Measurements of tree growth and disease development were taken at regular 
intervals throughout the growing season. Tree phenology for both vegetative and 
generative tissue was recorded ten times using the numeric code system of Seem 
and Szkolnik (33). Individual leaf area measurements for shoot and spur leaves 
were made seven and six times, respectively. Total leaf areas for shoot and spur 
leaves were estimated at the end of the growing season based on sub-sample esti­
mates of leaf numbers regressed on major scaffold branch cross-sectional area. 
Disease was measured six times during the growing season by counting lesions 
on subsamples of shoot, spur and fruit. Lesion areas were also measured twice 
during the season on the same tissue types. 
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Fig. 2. Flow diagram of the apple scab component of the apple scab 
system simulation. · 
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A limited sensitivity analysis of the simulator was conducted by varying 
some of the major variables, one at a time, while keeping all other variables un­
changed. The variables used in sensitivity analysis were initial ascosporic inocu­
lum, conidia production rate, the number of captan sprays, temperature, duration 
of leaf wetting and tree density. 

Results 

Apple system simulation 

Because of the complexity of the apple scab system simulator, only the major 
components will be discussed here, including the disease simulator, the fungicide 
simulator and the economics component. Details of the tree growth simulator and 
weather simulator can be obtained from publications (4, 8, 34). 

Apple scab component 

The apple scab simulation module consists of eight state variables, Mature 
Ascospores, Landed Ascospores, Infective Ascospores, Ready Conidia, Landed 
Conidia, Infective Conidia, Lesions, and Dead Lesions (Fig. 2). Although the 
APPLESCAB game simulator served as the basis for this module, major revi­
sions were made, particularly with the constants associated with mortalities and 
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Fig. 3a. Seasonal dynamics of the state variables Mature Ascos­
pores, Landed Ascospores, and Infective Ascospores during 
the simulation of the 1987 growing season. No fungicide was 
applied. Variables are expressed as perc,ent of maximum, the 
number In parentheses (expressed in scientific notation). 
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Fig. 3b. Seasonal dynamics of the state variables Ready Conidia, 
Landed Conidia, and Infective Conidia during the simula­
tion of the 1987 growing season. No fungicide was ap­
plied. Variables are expressed as percent of maximum, 
the number in parentheses (expressed In scientific nota­
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Fig. 3c. Seasonal dynamics of the state variables Active Lesions, 
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of the 1987 growing season. No fungicide was applied. Vari­
ables are expressed as percent of maximum, the number in 
parentheses (expressed in scientific notation). 
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development rates. ff the constant used in. the APPLESCAB game could not be 
verified in the literature, it was removed or replaced with a constant that could be 
attributed to a literature source or to unpublished work. 

Mature Ascospores are computed as the proportion of ascospores matured, 
based on accumulated degree days and rainfall from the previous 1 November 
(20). The total nwnber of ascospores available for the entire season is one of the 
initial inputs into the simulator. There is a natural mortality (Mn) of 1-
(0.9996**8) and mature spores can be lost (L) due to leaf wetting of the over­
wintered leaves as a result of dew, and because all spores that are released due to 
rain do not land on apple tissue. The development rate from Mature Ascospores 
to Landed Ascospores is based on the ratio of total apple tissue surface area to 
the total tissue area plus orchard surface area, given rainfall is greater than 0.0 
mm. 

Landed Ascospores are subject to two natural mortalities (Mn). The first is 
due to exposure on the tissue surface before becoming an infective ascospore and 
is set at 90% per day. The second mortality is due to the loss of susceptible sites 
as a result of tissue aging after the spore has landed. This mortality is set at 50% 
per day. No fungicide mortality (Mf) affects the landed ascospores as Fig. 2 erro­
neously indicates. The development rate to Infective Ascospores is governed by 
favorability of environmental conditions for infection (as indicated by the Mills 
table), the residue of protectant fungicide, the ratio of susceptible tissue to total 
tissue area, the germination rate of ascospores and the ratio of uninfected sites to 
total infection sites. 

Infective Ascospores are spores which have successfully undergone germina­
tion, penetration, and the resulting lesions are in their latent period. Ascospores 
in this stage are affected by natural mortalities (Mn) during the infection and 
penetration process. In addition, if the fungicide has ·some "after infection" activ­
ity, it is expressed as a mortality (Mf). Passage from this stage to the next, Le­
sions, constitutes the incubation or latent period. The development rate to lesions 
is determined by temperature and host resistance. It is at this point that the state 
variable changes from number of spores per hectare (Infective Ascospores) tole­
sions area as cm2/ha (Lesions) based on the final component of the development 
rate, initial lesion size. 

Lesions are the major reservoir for the disease simulator. It is from lesions 
that the secondary disease cycle originates by producing conidia which can form 
new lesions. In addition, there is an internal cycle that permits lesions to expand. 
The expansion is based on the average lesion area, the average lesion life and the 
availability of uninfected host tissue. The conidia are located in the state variable 
Ready Conidia. The rate of conidial production is a function of temperature, a 
predefined conidia production rate (#/cm2 of lesion/day) and a feedback loop 
which slows conidia production if the existing conidia are not removed. 
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Ready Conidia have a natural mortality rate that is a function of temperature, 
particularly high temperature. Some mortality due to fungicide can occur if the 
fungicide has systemic activity. Removal of conidia is accomplished by rainfall 
and, to a much lesser extent, by wind. Most of the conidia removed by these 
methods are lost from the system because they land on something other than 
apple tissue. The conidia that do land on apple tissue, as determined by a special 
routine to determine deposition, pass through the developmental rate to the state 
variable Landed Conidia. · 

The Landed Conidia stage is short-lived and a high daily mortality occurs if 
conidia do not move immediately to the next stage. The developmental rate to In­
fective Conidia is a function of favorable weather for infection, the germination 
rate of conidia, the residue of protectant fungicide, the ratio of susceptible ti$Sue 
to total tissue area, and the ratio of uninfected sites to total infection sites. 

Infective Conidia are subject to a natural mortality (Mn) during the germina­
tion process as well as a fungicide mortality (Mf) if the fungicide has "after in­
fection" activity. Passage to the Lesions stage is based on the developmental rate 
which is a function of temperature and host resistance. The conversion factor 
used for ascospores is also used to change conidia numbers to lesion area. 

As lesions age and no longer expand or produce conidia, they move to the 
eighth state variable, Dead Lesions. This is the last developmental stage of the 
pathogen. 

The ninth and final state variable is fungicide residue, expressed as micro­
grams per cm2 of plant tissue. The calculation of fungicide residue is described 
below. 

Fungicide residue 

The fungicide residue model has been developed for the protectant fungicide 
captan. It is based on studies involving residue measurements on apple leaves 
and fruit after laboratory and field applications of the chemical (Seem, unpub­
lished). The model is a dose response curve, 

PL = 100/(1 + C/C50)k) 

where PL is the percent of the number of lesions on a treated apple leaf or 
fruit, C is the fungicide residue (micrograms/cm2

) on the leaf or fruit, Cso is the 
fungicide residue required to reduce the lesion number by 50%, and k is a scaling 
factor which controls the spread of the dose response curve. This model has been 
parameterized for captan on the four most susceptible leaves on the growing 
apple shoot. A residue decline model, proposed by Stanley (34), is used to esti­
mate the amount of captan available on a leaf or fruit surf ace, 

Ct = Coe -A(CR,CC,t)R + E 
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where Ct is the residue concentration at time t, Co is the initial concentration 
and is a random variable, A(CR,CC,t) is a1CR + a:zHDD + a3T (where CR is cu­
mulative rainfall and HDD is cumulative degree days over the time period t), R 
is a random variable reflecting the variation of loss intensity within a plant, and E 
is measurement error. 

Economics component 

The economics model is based on the assumption that all fruit are produced 
for fresh market. Harvested fruit are sized and graded into five discrete quality 
classes: U.S. Extra Fancy; U.S. Fancy; U.S. #1; U.S. Utility; culls. It was as­
sumed that the probability of an apple falling into one of these 5 classes follows 
a multinomial distribution where the parameters of the density function are a 
function of disease incidence or severity. The quantitative relationship between 
the parameter estimates and incidence or severity of scab can be determined in 
two ways: .(1) as a function of the incidence and/or severity of scab at harvest; 
and (2) as a linear combination of the amount of disease (incidence or severity) 
in each successive week during the growing season. The loss equation is a modi­
fication of the one proposed by Heaton et al. (13) which calculated the relative 
profit as a sum of the yield times price per unit for each grade, minus the produc­
tion costs. The price per unit grade is estimated from actual market prices for 
packed fresh market fruit in Western NY. The total yield is generated from the 
tree growth simulation model. The harvested fruit is then distributed into quality 
classes based on the relationship between the incidence and severity of scab and 
the multinomial distribution mentioned above. The variable costs of production 
($/ha) include the cost of fungicide spray materials and the application costs 
(equipment, labour, etc.). 

Table 1. Effect of amount of initial inoculum (ascospores) on 
simulated final disease without fungicide or with 
four applications of captan. 

Ascospores Final disease (cm2/ha) 

(#/ha/season) Not sprayed Sprayed 

3.0xl06 120 35 
3.0xl07 1,425 340 
3.0xl08 153,800 3,474 
3.0xl09 48,490,000 43,840 
3.0xlOlO 48,490,000 5,274,000 
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Table 2. Effect of conidia production rate (number of conidia produced 
per cm2 of lesion area per day) on simulated final disease 
without fungicide or with four applications of captan. 

Conidia Final disease (cm2/ha) 

(#/crn2/day) Not sprayed sprayed 

1.96x103 11,220 3,377 

l.96xl04 13,970 3,386 

l.96x105 153,800 3,474 

l.96xl06 48,490,000 4,172 

l.96xl07 48,490,000 7,222 

Simulation results 

The simulation has been run with many different combinations of starting 
values and seasonal variations, such as weather or number and timing of fun­
gicide applications. Results of two runs of the simulator, using weather data from 
the 1987 growing season, are presented. The only difference between the two 
runs is that the first had no simulated fungicide applications while the second had 
four applications timed to coincide with the sprays applied in the validation or­
chard. 

The unsprayed simulation run is presented in Figs. 3a-c, where the daily 
value of the state variables is plotted against time. Mature ascospores were pres­
ent from approximately 10 March (day 70) to 28 June (180), with peak matura­
tion on 20 April (110) (Fig. 3a). These dates corresponded closely to the 
observed ascospore maturation in the validation orchard. The peak discharge 

Table 3. Effect of varying the number of captan sprays on the simu­
lated final disease for 1987. 

Spray dates 

No spray 
13 May, 19 May, 29 May 

4 May, 13 May, 19 May, 29 May 

27 April, 4 May, 19 May, 29 May 

Final disease (cm2/ha) 

153,800 

3,597 
3,474 

147 
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periods of ascospores occurred around 1 May (120) and 20 May (140). The lar­
gest number of infective ascospores was available on 20 May (140), at a concen­
tration of 560,000 spores/ha. Smaller peaks occurred on 1 May (120) and 23 
June (175). Conidia production was cyclical due to the frequent removal of 
spores from the lesions by rain (Fig. 3b). Significant numbers of conidia were re­
leased and landed on apple tissue from the beginning of July (182)until leaf fall, 
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Fig. 5. Comparison of actual and simulated apple scab disease devel­
opment for the 1987 growing season. 



Table 4. Effect of decreasing or increasing temperature on the simu­
lated final disease for 1987. 

Temperature change (°C) 

-4 

-2 
No change 

+2 
+4 

Final disease (cm2/ha) 

3,261 

5,660 
3,474 
1,230 
3,478 

Table 5. Effect of altering the length of wetting duration on the simu­
lated final disease for 1987. 

Change in wetness duration 

20 % shorter 
10% shorter 
No change 
10%Ionger 
20%longcr 

Final disease (cm2/ha) 

395 
490 

3,474 
3,551 
3,680 

Table 6. Effect of tree density on the simulated final disease for 1987. 

Trees (#/ha) 

52 
103 
206 
412 
824 

Final disease (cm2/ha) 

907 
3,426 

3,426 
6,599 
6,599 

81 
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with the largest deposition around 24 July (200). However, by that date there 
were very few infective conidia because the amount of susceptible tissue was so 
small that very few new infections occurred. The largest number of conidia in­
fected tissue around 28 June, when a maximum of 4,070,000 conidia/ha pro­
duced infections. The upper two graphs in Fig. 3c show the seasonal progress of 
active and dead lesions, respectively. The total lesion area was approximately 
158,000 cm2/lla. Because no captan was applied in this simulation run, the cap­
tan residue in Fig. 3c remained at 0. 

The second simulation run was identical to the previous except that four 
simulated applications of captan were made to the orchard. Because captan has 
no effect on ascospore maturation or deposition, the first two graphs in Fig. 4a 
are identical to the unsprayed simulation in Fig. 3a. The captan did have a signi­
ficant effect on ascospore infection. Although some infection did occur; the 
maximum infection which occurred was only 54,600 infections/Ila around 1 May 
(120). Two much smaller ascosporic infection periods occurred on 20 May (140) 
and 23 June (175). The maximum production of conidia (ready conidia) was al­
most 30 time smaller when compared to the ready conidia of the unsprayed 
simulation. In addition, the maximum occurred earlier in the season (10 May or 
day 130) because the captan effectively reduced the number of lesions and thus 
the number of conidia. Although conidia were being released for most of the sea­
son after 10 May, the total numbers were between 100 and 1000 times smaller 
than in the unsprayed simulation. The peak occurrence of infective conidia pro­
duced only 5810 lesions/Ila around 28 June (175), after the captan residue had 
weathered to an ineffective level. The captan residue is shown as a series of four 
peaks in the bottom graph of Fig. 4c. After each application, some weathering 
did occur, but there was a slight buildup of residue over the first three sprays to a 
maximum level of 1.11 micrograms/cm2

. After the final spray the residue wea­
thered quickly to zero. Total lesion area amounted to only 3470 cm2/lla. 

Validation and sensitivity analysis 

The comparison of simulated disease development to actual disease develop­
ment is presented in Fig. 5. The validation data fall very close to the simulation 
line and it is important to note that the graph represents the total area of disease 
per ha, not a proportion of total area diseased. However, two variables in the 
simulator were adjusted to provide the best fit to the observed data. Initial ascos­
poric inoculum (3.0 x 108 spores/Ila) and conidia production rate (l.96 x 105 
spores/cm2 lesion/day) were estimated based on literature and previous work, but 
the estimates were crude and it was decided to calibrate the simulator to the 1987 
validation data. This compromised the 1987 data and the comparison cannot 
therefore be considered a true validation. 
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Sensitivity analysis of the six simulator variables (Tables 1-6) showed consid­
erable variation in sensitivity by the simulator. Adjusting the initial inoculum 
(3.0 x 108 ascospores/ha) to 10 and 100 times smaller or larger resulted in similar 
changes in final disease area only when the inoculum was reduced (Table 1). 
When the inoculum was increased, non-linear increases occurred in both the un­
sprayed and sgrayed simulations. For example, a ten-fold increase in inoculum 
from 3.0 x 10 to 3.0 x 109 resulted in over a 300-fold increase in final disease 
area in the unsprayed simulation. In this case, final disease reached its maximum 
level of 48,490,000, the total amount of apple tissue/ha. Ten- and 100-fold 
changes in conidia production rate produced different results compared to the in­
itial inoculum changes (Table 2). When no fungicide was applied in the simula­
tion, the final disease area increase was not linear with the change in production 
rate. In the case of the sprayed simulation, the final disease was unaffected by 
conidia production rate. Fungicide Ul?e had an effect on final disease area, rang­
ing from 153,800 cm2 lesions/ha when no spray was applied to 147 cm2 le­
sions/ha when four applications were made (Table 3). 

Chang~g the environment had limited effect on the final disease produced by 
the simulator. Decreasing or increasing the daily temperature by as much as a 
constant 4 ·c had a slight effect on final disease (Table 4). The effect of tempera­
ture was non-linear in the sense that greatest final disease was simulated when 
the temperature was 2 ·c lower and the smallest final disease was simulated 
when the temperature was 2 ·c higher. Changing the duration of wetting periods 
caused the simulated final disease to respond linearly to the change (Table 5). 
However, significant changes occurred only when the wetting periods were 
shortened, not lengthened. Finally; the tree density in the orchard did not have a 
large effect on final disease, and what effect occurred was not linear (Table 6). 
Halving tree density from the original 206 trees/ha had no effect on final disease, 
but quartering the original density resulted in a similar reduction in final disease. 
Doubling tree density from 206 to 412 trees/ha resulted in twice the final disease, 
while quadrupling the density to 824 trees/ha still resulted in only a doubling of 
final disease. 

Discussion 

The apple scab simulation presented here represents a significantly better un­
derstanding of scab development and management, as well as an advancement of 
the use of simulation methods to describe a disease and a perennial crop. Al­
though the simulation is not complete at this point, the validation to date has 
shown the program to reflect accurately the pathosystem. 
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The need for a small number of state variables for optimization has been a 
major constraint on building the simulator. It would have been biologically more 
desirable to separate all stages of pathogen development and to incorporate dis­
tributed delays into components. Distributed delays provide a means of mimick­
ing processes such as incubation and latency. These enhancements may 
eventually be added to a research simulator. 

The components of the simulator are not fully linked. Leaf tissue area loss 
due to disease is not accounted for in the tree growth simulator. While this may 
appear to be a serious flaw, it has been assumed that typical levels of disease 
simulated for management optimization will be low and have little influence on 
photosynthesis capacity. Correction of this problem is not trivial because the dis­
ease simulator does not describe where lesions are located, i.e. spur leaves Qr dif­
ferent terminal leaves or fruits. As a result, the area of diseased tissue cannot be 
removed from the appropriate tissue type. 

Sensitivity analysis 

At this point in the simulator development, the sensitivity analysis provides 
some of the most useful information about the simulator operation. Of the six 
factors considered (Tables 1-6), analysis of the two inoculum variables, ascos­
pores and conidia, reveals that the simulator is not functioning properly. As the 
factor being examined increases, the simulator should respond in a quantitatively 
similar manner. For example, a ten-fold increases in ascospore numbers should 
result in a ten-fold increase in final disease (Table 1). This does occur at the 
lower levels of inoculum tested, but at the higher levels, the rate of increase is 
considerably higher than expected. The simulator is currently being reviewed to 
discover why this problem is occurring. 

Sensitivity analysis has also revealed interesting variation in the simulator. 
Altering temperature (Table 4) from an average of 4 ·c below the validation tem­
perature to 4 ·c above the temperature caused erratic results in final disease. An 
increase of 2 ·c resulted in the lowest final disease, while a decrease of 2 ·c re­
sulted in the highest final disease. Changes of 4 ·c resulted in final disease inter­
mediate to the two extremes. The reason is not yet known. 

There is much work remaining before we can test optimal strategies for apple 
scab control. Yet we feel this work represents a new and useful approach to sol­
ving a complex problem such as scab control. As in other optimization studies 
(23), this work should also lead to the identification of disease thresholds which 
can be utilized in simplified control strategies. 
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Abstract 

Efficient early screening teclmiq~ are available for resistance to the principle apple 
and pear diseases, mildew (Podosphaera leucotricha), scab (Venturia inaequalis), crown rot 
(Phytophthora cactorum), canker (Nectria galligena), fireblight (Erwinia amylovora) and 
storage diseases. 

lbere are good prospects of locating genetic markers for the important resistance genes. 
While some compromises can be made on relative levels of resistance during breeding 

and selection, there is little opportunity for compromise over the major components of fruit 
quality. 1be breeder must be prepared to moderate selection for disease resistance in order 
to retain high fruit quality. 

Key words: screening, storage tests, major genes, polygenes, resistance genes, apple 
breeding, pear breeding 

Introduction 

Disease resistance is an important component of most pome fruit breeding 
programmes. Priorities vary but apple scab (Venturia inaequalis) mildew (Podos­
phaera leucotricha) and fireblight (Erwinia amylovora) have received the most 
attention. Initially disease resistance was introduced into breeding programmes 
as part of a long term aim to eliminate all pesticides from orchards. Later the 
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economic benefits which could accrue from mildew and scab resistance in apples 
were emphasised. The control of those diseases can amount to 40% of the annual 
growing costs in some regions. Today, these developments are recognised as im­
portant components in environmental and food quality improvement, leading to 
the elimination of all pesticides from agriculture and horticulture (10). 

Several apple cultivars are available with very high resistance to scab and 
moderate resistance to mildew, sufficient to be grown without sprays in some 
areas. None has yet been widely accepted in commerce in Europe because they 
lack some of the important quality components favoured in the markets. In recent 
years, further crosses have been made between these resistant cultivars and high­
ly flavoured European cultivars, which promise to produce better quality disease 
resistant cultivars. Although these are important steps, the widespread concern 
over chemical residues in food has led to an important change in breeding 
priorities. The development of new cultivars which can be stored and marketed 
to a high standard without post-harvest dips is now of the highest priority. New 
cultivars will be developed from crosses combining important storage and shelf­
life features with scab and mildew resistance. 

Breeding policy 

The selection and testing of new pome fruits can be delayed by the inherently 
long juvenile phase. In addition, the area of land required for selection plots can 
put severe restrictions on breeding programmes, because trees must remain in 
place for 4 to 8 years. To alleviate such constraints early selection techniques 
have been developed, which are applied in the first 2 years of growth and during 
the first two cropping seasons. Seedlings are screened for resfatance to foliage 
and shoot diseases in the glasshouse, shortly after germination, and in the nurs­
ery, along with important primary sieves for precocity, yield and fruit size during 
the second growing season. Susceptible seedlings are eliminated at the earliest 
stage to ensure selection for quality is made amongst disease resistant trees only. 
This is most often achieved by rapid mass selection techniques, followed by veri­
fication after quality and yield selection. 

Although there is strong interest in new cultivars that can be grown success­
fully without sprays, it is clear that few consumers are prepared to compromise 
on their desire for high fruit quality and flavour. 

Storage diseases 

The principle diseases include Phytophthora, Nectria and Gloeosporium, nor­
mally controlled by orchard sprays prior to harvest and by post-harvest fungici­
dal dips before long-term storage. Effective early selection for resistance is made 
as soon as sufficient fruit is available, 4 or 5 years after germination (8). Fruit 
samples are stored in sealed plastic bins ventilated with moist air at 1 liter/hr, 
creating a humid environment similar to that in commercial stores. For these 
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tests, fruit is normally stored at 3.5 ·c in air for 4 months. A simulated shelf-life 
period of 14 days at 10 ·c follows before the incidence of fruit rots is recorded. 
Tests are based on fruit harvested from selection plots which do not receive pre­
harvest sprays, and post-harvest dips are not used. Plots are established for a 
relatively short time, so that often the natural inoculum potential is low. This 
stage serves as a useful initial screen only, although results from a recent survey 
indicate that Nectria galligena can establish quickly in such situations. Where 
sufficient fruit is available samples should be inoculated; the variety collection of 
the National Fruit Trials was effectively screened for Gloeosporium perennans 
resistance in that way (1). 

When physiological disorders are also taken into account, surveys of cultivars 
and progenies show a relatively low proportion of plants with fruit which can 
store without damage under the experimental conditions (8). Thus large 
progenies are required in apple breeding to ensure adequate opportunities to se­
lect for yield; precocity, resistance to foliar diseases, fruit size, flavour, colour 
and skin finish in addition to storage quality (7). 

There is a good prospect of new apple cultivars which can store well in con­
trolled atmospheres (CA), without needing orchard sprays or post-harvest dips, 
for marketing between May and August A large number of possible parents has 
been surveyed, including many old cultivars with good reputations for long stor­
age, but very few survived the simulated commercial storage test (8). The most 
useful material appears to be modem cultivars which combine high quality with 
good storage potential. Outstanding cultivars include Malling Kent, Malling 
Fiesta, Tydeman's Late Orange, Malling Falstaff, Summerland and Jonamac. 
Some 30,000 seedlings were produced at East Malling from crosses aimed at the 
production of new red and Cox-type apples which will store beyond April, with­
out post-harvest dips. Eight very promising selections, chosen after fruit quality 
and storage testing, are now on trial at the National Fruit Trials. 

Mildew and scab 

Scab and mildew are the most serious foliar diseases of apple, their relative 
importance varying according to environmental conditions. In regions of high 
summer rainfall scab is most prevalent and in drier regions mildew is the pre­
dominant disease. In England 17 spray applications may be needed each year to 
control mildew adequately. Recent apple cultivars carry a higher level of mildew 
resistance than the widely established conunercial cultivars Cox's Orange Pippin 
and Golden Delicious. This improvement by breeders was achieved through 
stringent field selection during the second or third season after germination. Such 
resistance only rarely provides complete protection, but it can keep the disease to 
a sufficiently low level to achieve economic cropping without sprays, in some 
cases (16). 
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The elimination of mildew by the use of intensive spray programmes can pro­
duce a large increase in the yield of high-quality fruit from some cultivars (12). 
Breeders are aiming to achieve the same effect by transferring very high levels of 
resistance from Ma/us species to the cultivated apple. Resistance transferred 
from M. zumi and M. robusta has remained stable in unsprayed plots for over 20 
years. Derivatives from the second backcross to commercial apples, which have 
commercial sized fruit of good eating quality, were used in a third backcross to 
red commercial varieties to improve colour. · Well coloured mildew-resistant se­
lections, with good fruit quality, were produced. 

Most screening is based on natural infection amongst seedlings in the nurs­
ery, 18 months after germination. Under these conditions resistant derivatives of 
M. zumi show no sign of the disease, while those from M. robusta show.a ne­
crotic reaction on the undersurface of leaves. Resistant plants from resistant com­
mercial varieties usually show a low level of sporulation on leaves but rarely on 
stems. 

The high level of resistance carried by M. zumi and M. robusta is determined 
in each case by two genes (4), giving 30-40% of seedlings without sporing col­
onies in the field. In contrast, resistance in commercial cultivars is under 
polygenic control (11), and less than 1 % of seedlings show no sporing colonies. 
Often, no more than 10% show a low enough incidence of mildew to be graded 
as resistant The two types of resistance can be combined in crosses to achieve 
stable resistance. The polygenic component can be estimated in M. robusta deri­
vatives from the amount of necrosis on the leaves. Seedlings with a low in­
cidence of necrosis carry a high degree of polygenic resistance in addition to the 
major genes (5). Progeny tests are necessary to assess the polygenic component 
of M. zumi derivatives, since no specific leaf symptoms are produced. 

Alternative sources of high resistance which appear to be under simple 
genetic control include the ornamental crab apple White Angel, and the D series 
of selections which were derived from wild apples in the South Tyrol. Glass­
house screening, under optimum conditions of high temperatures and low hu­
midity, is possible with these genes. A mist of conidia, dispersed in water with a 
wetting agent, is sprayed onto seedlings at the two-leaf stage in seed trays. 
Leaves are allowed to dry rapidly to facilitate good spore germination. Suscep­
tible seedlings can be recognised and discarded after 4 weeks. Similar glasshouse 
screening can be effective with M. robusta and M. zumi derivatives but older 
plants, at the eight-leaf stage, must be used. In these cases, most seedlings show 
some sporulation, including some that will later show no sporulation in the field. 
Therefore careful grading is necessary. Conveniently, resistant seedlings from 
both sources can be recognised from the slight chlorosis or necrosis which ac­
companies the low level of sporulation. Under glasshouse conditions it is almost 
impossible to distinguish resistant and susceptible seedlings derived from com­
mercial cultivars. At East Malling, where there is a high inoculum potential and 
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favourable environmental conditions, it is often most convenient to screen all 
sources of resistance in the field at 18 months. 

Glasshouse screening procedures have been widely adopted for scab resist­
ance. Seedlings are inoculated at the two-leaf stage using a suspension of coni­
dia. High humidity (70% RH) must be maintained during the incubation period 
of 2-3 weeks, when the temperature should be maintained at about 22 ·c. For 18 
h immediately following inoculation the humidity must be maintained at a mini­
mum of 90% RH to obtain maximum spore germination. It is important to main­
tain active plant growth after inoculation to ensure maximum disease expression. 
Slow-growing and senescent susceptible plants can appear to be resistant (14). It 
is most important that ideal inoculation conditions should be maintained in order 
to avoid the rentention of a high proportion of scab-susceptible selections for 
fruit assessment. This is very important in areas with dry conditions where natu­
ral infections, while severe, might on1y occur spasmodically and be slow to build 
up in breeding plots. The effectiveness of good glasshouse screening was demon­
strated after planting uninfected seedlings identified in glasshouse tests into an 
orchard with a high inoculum potential in a high rainfall region: over 90% re­
mained free from scab. Widespread pathogenic variation is known in Venturia in­
aequalis (31). In addition to five major genes, each providing universal 
resistance, polygenic resistance appears to provide resistance to some but not all 
biotypes. There is evidence that the most resistant selections carrying the gene Vf 
owe their resistance to a combination of the single gene and polygenes (25). It is 
also possible that some resistant selections are not universally resistant to the pa­
thogen, but only to the biotypes represented in the inoculum, since Vf may be ab­
sent. Consequently, it is important to test progenies in order to establish whether 
or not selections carry one of the 'key' genes. Fuller information on biotypes and 
their virulence is required. Trial plantings in different regions, together with test 
inoculations using a range of local isolates, help to assess the stability of resist­
ance in new selections (19). 

Other diseases 

Important apple diseases are caused by Nectria galligena (apple canker) and 
Phytophthora sp. (crown rot). Both also cause serious fruit diseases in storage. 
Resistance to crown rot, caused by P. cactorum, a serious cause of tree loss, is a 
major objective in most rootstock breeding programmes. Mass screening tech­
niques, based on flooding trays of seedlings at the two-four leaf stage with a 
zoospore suspension, have been investigated (27) and adopted as routine (13). So 
far, however, there is no direct evidence that such seedling tests are an efficient 
means of pre-selection (15). Although not suitable for large progenies, another 
method of crown rot resistance testing is a cut shoot test (2) based on inoculating 
1-year shoots with agar discs of mycelium. There appears to be a good correla­
tion between this test and the reported performance of rootstocks and parents. Al-
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though the results cannot be used as precise predictions of field performance, this 
technique appears to provide a good initial screen. Long and laborious field test­
ing is necessary to determine precisely the resistance status of advanced selec­
tions, for although the effect of crown rot can be devastating in orchards its 
incidence is spasmodic. 

In recent years apple canker has become a serious threat to the establishment 
of intensive orchards. Surveys (3, 9) have revealed sources of strong resistance 
and progeny surveys have indicated suitable parents amongst cultivated cultivars 
(17). Two types of inoculation technique have been used; wounds on 2-year 
wood and leaf scars on 1-year wood, using spore suspensions in both cases. Re­
cent experiments on 2-month-old seedlings indicate that resistance screening 
may be possible shortly after germination (28, 29). 

Fireblight is the most serious pear disease, causing serious losses in some 
parts of North America and threatening important production areas in Europe. 
Although needle inoculation of the growing points of seedlings at the 6-8 leaf 
stage in the glasshouse has proved an effective way of screening large popula­
tions, the method cannot reliable identify individual field resistant selections 
(32), and the risk of transferring infected material to disease-free orchard sites is 
too great in Europe. Tests can, however, be made on detached shoots in isolated 
orchards in areas where the disease is prevalent, or in glasshouse isolation com­
partments using specially propagated trees which are destroyed after testing. De­
tached shoot tests have only been moderately promising as a mass selection sieve 
( 6). At East Malling, the testing of promising selections as maiden trees in an iso­
lation compartment after yield, habit and fruit quality selection appears to be the 
most efficient method for this disease. These tests establish whether or not selec­
tions carry tissue resistance. The isolation glasshouse is cooled to 22 ·c and 
sealed to prevent the spread of bacterial ooze and strands, the plants being main­
tained by a remotely controlled watering system. Resistance is assessed on the 
basis of the number of infected intemodes after 14 days. These conditions have 
given results very close to the known field performance of key standard culti­
vars. Secondary blossom are the main infection sites in many regions and culti­
vars prone to producing many such blossom are seriously at risk, especially if 
they also have high tissue susceptibility. Laxton's Superb in England and Passe 
Crassane in southwest France are examples of good commercial cultivars taken 
out of production because of this risk. 

In many ways, selection for the absence of secondary blossom might be the 
best way of dealing with fireblight during the breeding of new cultivars. How­
ever, direct selection for the absence of secondary blossom is likely to prolong 
breeding programmes. Secondary blossom appear rarely amongst fruiting plants 
in the first 7 years from germination, even amongst progenies derived from culti­
vars prone to producing secondary blossom (26). Fortunately it appears that se­
lection for a low incidence of secondary blossom is achieved concurrently with 
selection for precocity, high yield and regular cropping (6). In some regions, 
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tissue-susceptible cultivars present greater promise than current cultivars bred 
and selected for tissue resistance if, like Malling Concorde, they are precocious, 
regular cropping, produce few if any secondary blossoms and carry a range of 
other cultural and quality advantages. 

Discussion 

The prospect of producing new cultivars which can be grown to a high com­
mercial standard without fungicide sprays are good. Indeed, in the case of scab 
and to a limited extent mildew, this has already been demonstrated by the apple 
variety Florina. However, the cultivars available today lack important quality 
components, _particularly flavour, texture and storage life, and in some cases not 
all the necessary resistance components have been included. While it is possible 
to envisage some compromise being reached during breeding and selection on 
relative levels of resistance to various diseases, there is no room for compromise 
over quality components in these programmes. Therefore fruit colour, flavour, 
texture and skin finish must remain the final selection criteria and the breeder 
must be prepared to moderate selection for disease resistance to achieve the 
necessarily high quality standards required by commerce. 

Although very high levels of resistance to scab and mildew are available, and 
these resistances determined by major genes have been combined with polygenic 
resistance, no commercial types have so far been produced which include more 
than one major resistance gene. However, mildew resistance from M. zumi (Pb) 
has been combined in crosses at East Malling with scab resistance from M.flori­
bunda (Vft, the resulting selections having good fruit size, colour, skin finish and 
flavour. These have been crossed with established cultivars, like Malling Fiesta, 
with fine texture and a good storage life. A recent selection combines mildew re­
sistance from M. robusta (Ph) with VJ and Cox-type aroma. Progress towards in­
cluding more than one group of genes for resistance to each disease is hampered 
by problems of gene recognition, at present only possible through a series of 
time-consuming progeny . tests. Fortunately, there are prospects of locating 
genetic markers for some of these resistance genes (20). Preliminary studies indi­
cate that the genes for glutamate oxaloacetate transaminase (21, 22) may be use­
ful markers. 

In addition to extending the genetic base through the exchange· of breeding 
material, international collaboration can provide an invaluable diversity of 
screening facilities, providing information on the response of resistant selections 
to a wider range of fungal isolates in differing environments. Recent tests in 
Switzerland (Kellerhals, personal communication), Yugoslavia (23) and West 
Germany (18) on progenies and selections supplied from East Malling have veri­
fied the resistance to mildew transferred from M. zumi and M. robusta, and to 
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scab from all the universal scab resistance sources described by Williams et al. 
(30). These have all been combined with high fruit quality, including aromatic 
flavour. 

Interdisciplinary collaboration is also essential for the rapid exploitation of 
genetic resistance. The early inclusion of resistant selections with high fruit 
quality in integrated control experiments is essential. It is important to define ef­
fective resistance levels, since it is likely that economical performance without 
fungicide sprays may be achieved without complete resistance, which might be 
diluted during selection for other characters. While it seems important to com­
bine resistance genes from a range of sources as a long term insurance against re­
sistance breakdown, it is important to realise that this is likely to hinder genetic 
progress in other economically important directions. The most widely used sour­
ces of resistance, Vf against scab and P/2 against mildew, have a good record of 
stability, being reinforced in many selections apparently by accumulations of 
polygenes for resistance. The trend towards relatively short replanting cycles 
gives more opportunities for changing cultivars and should allow the gradual in­
troduction of genes for resistance over a long period. In certain cases breeders 
may decide not to incorporate resistance to a particular disease but prefer to de~ 
velop a cultivar which can avoid the disease by other means. In some situations 
this approach is preferable, particularly where such features can be selected con­
currently with tree habit, precocity and regularity of cropping, and has been 
achieved for fireblight through the new pear Malling Concorde. 
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present work and prospects 
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ABSTRACT 

1be fust part of this paper concerns the genes available to the plant breeder,-and the 
resistance mechanisms involved in apple scab, mildew and fireblight resistance; pear 
breeding for disease resistance is briefly reviewed. 1be second part is devoted to the release 
of resistant cultivam; 30 scab-resistant apple cultivam have been released in the last 18 yeam 
but none are widely grown; the french scab resistant 'Florina' is well accepted in regions 
where it can produce bright red fruil Recommendations are made to improve information 
on the cultivation of these new cultivam and cooperative work is proposed to face the 
~-parasite interaction on a world-wide scale; more research is needed on pathogenicity. 
Breeders are close to combining scab, mildew and fireblight resistance in new apple 
cultivars; a further step will be the combination of disease and pest resistance. 

Key words: major genes, polygenic resistance, Vent11ria inaequa/is, Podosphaera 
leucotricha, durable resistance, Erwinia amylovora, Vf scab resistance, cultivar Florina. 

RESUME 

Cllez les arbres fruitiers a pepins, les programmes de selection creatrice privilegient la 
resistance aux cbampignons parasites, aux bacteries et aux arthropodes nuisibles. La 
resistance a la tavelure du pommier presente de nombreux atouts : 5 genes majeurs 
independants ainsi que plusieurs sources de resistance a controle polygenique. A l'INRA 
d'ANGERS, ce soot le gene Vf et dans une moindre mesure les.genes Vaet Yr qui soot les 



plus u~ dans les plans de croisements; i1s codent pour une resistance complete al 'egard 
de toutes les races coDDues du champignon parasite. Le syst~me genique Vf apparait 
complexe et de ce fait offre une garantie certaine pour la durabilite de la resistance; 
l'h~ avan* est celle d'un groupe de genes lies au locus Vf dont !'expression peut 
etre renfor* par des g~nes mineurs presents a d' autres loci et pouvant exister chez les 
parents sensibles. Les strategies genetiques a mettre en oeuvre pour eviter le dt!veloppement 
de races virulentes soot exposees. Plusieurs sources de resistance a I' 01dium du pommier ont 
ete identifiees et des programmes d'hybridation soot en cours; malheureusement ils se 
heurtent a la meconnaissance du pouvoir pathog~ne de ce champignon parasite obligatoire. 
Quelques travaux ont ete aussi engages a l'egard du feu bacterien du pommier et la 
meilleure voie parait etre la resistance ll. contr6le polygenique portee par quelques varietes 
ou hybrides dejil resistants a la tavelure. Cllez le poirier, les etudes soot nettement moins 
avan*s et concement principalement la resistance au feu bacterien; la resistance au psylle 
est certainement un autre objectif prioritaire. 

La mise sur le marche des pre mi ms varietes de pommier resistantes a la tavelure n ' a 
pas eu beau coup d 'echos aupres des arboriculteurs . La variete INRA Florina Querina ® 

parait Stre aujourd'hui le meilleur compromis; des progres restent a faire et les prochaines 
varietes devraient retenir I' attention de tous les actews economiques, producteurs, 
negociants et consommateurs. Une cooperation intemationale doit Stre mise en place pour 
mieux connaitre ces nouveautes et evaluer rapidement lews chances de sucres. Les 
cbercheurs doivent en outre Cl)Dtr6ler la stabilite de la resistance et considerer avec 
beaucoup d'attention toute souche de tavelure pouvant croitre sur h6tes ruistants. L'etude 
des composantes du pouvoir pathog~ doit etre prioritaire dans le cas de l'oillium et de la 
bacterie responsable du feu bacterien. L' addition de resistances aux arthopodes nuisibles 
comtitue une seconde etape mais essentielle pour reduire d'une fa~n sensible le nombre 
d'interventions pbytosanitaires en verger. 

Genes available to the plant breeder; 
Resistance mechanisms and durability 

Apple scab (Venturia iliaequalis) 

Apple species and cultivars used as sources of resistance 
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Five different major genes (Vf, Va, Vr, Vb, Vbj) coding for scab resistance 
are available (Table 1). These genes are independent, dominant and code for 
complete resistance to all known races. The results of tests of allelism indicate 
that resistance in 11 different accessions is determined by the same locus, Vf, but 
most breeding works involve M. floribunda 821. The other four major genes are 
also used in a number of apple breeding programmes throughout the world. At 
INRA, Vf from M. floribunda 821 is most used and to a limited extent, Va and 
Vr; in addition, one progeny derived from 'Jonsib' has been tested. This is an­
other monogenic source of resistance which shows very high hypersensitivity in 
the greenhouse; the gene from 'Jonsib' has not been named and is not included in 
Table 1. Va was identified from P.1.172623 but the parents available at Angers 
originate from P.I.172633; the two P.I accessions give the same reactions to scab 
in greenhouse tests and the same ratio of resistant seedlings; therefore, the gene 
Va is attributed to our parents CCR1T8 and CCR3Tll obtained from Ed. Wil-
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Table 1. Apple species and varieties used as sources of resistance to scab 
========================================================================= 

M ON OG E N IC 

A. lesishll1: to all k•- races 

Vf. M. floribunda 821 
M. at rosanguinea 804 0 type) 
M. aicroaalus 245-38 (3 type) 
M. prunifolia 19 651 
M. prunifolia 11icrocarpa 782-26 
M. prunifolia xanthocarpa 691-25 
M. species MA. 4 
M. species MA. 8 
M. Spee ies MA. 16 
M. species MA. 1255 
Hansen 's bacc ata n • 1 

Va. Antonovka selection PI 172 623 

Vb. Hansen 's baccata n• 2 

Vbj. M. baccata jackii 

Vr. M. puaila R 127 40-?A 

I. Suscaptlble to race 5 oaly 

Ve. M. 11icromalus 245.38 (pit type) 
M. atrosanguinea 804 (pit type) 

P O L VG E N IC 

Field resistall1: to all haw races 

M, baccata (selected seedlings) 
M. sargenti 8H 
M; sieboldii 2982-22 
M. t oringo 852 
M. zumi c oloc arpa 

Old european varlet its 

==============================================================~============ 

Iiams at Purdue University, U.S.A (see Table 9). The gene Vm from M. microma­
lus 245-38 and M. atrosanguinea 804 coding for the pit type reaction to scab, is 
attacked by race 5 of the fungus (35) and is no longer included in the breeding 
lines. More details are in the review by Williams and Kuc (36). 

Polygenic resistance is also found in Malus species and in some old European 
cultivars such as 'Rouchetaude', an old french variety, and 'Antonovka'. Our ex­
perience with derivatives from these latter two is disappointing: resistance is al­
ways partial, the correlation between leaf and fruit resistance is not good, and in 
some years trees have to be sprayed to keep the fruits free of scab. 

Nevertheless, apple breeders have a large choice of genes in their breeding 
programmes and different strategies can be used to develop durable resistance. 

Host-pathogen interactions 

To date (Table 2), four physiological races of the fungus have been distin­
guished that can infect certain of the breeding lines developed from Malus sour­
ces resistant to the common race (race 1); h2, h3, h4 and h.s are the differential 
hosts for races 2, 3, 4 and 5. Golden Delicious is susceptible to all five races and 
pathodeme Vf is resistant to all these pathotypes or races. 



Vf: a complex but promising mechanism 
for durable resistance 
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In a progeny containing the Vf gene, four classes of resistance can be recog-
nized in the early seedling stage (17): 

class 1 - pin point pits with no sporulation. 
class 2 - irregular chlorotic or necrotic lesions with no sporulation. 
class 3 - few restricted sporulating lesions. 
class M - may be considered as intermediate between class 2 and class 3. 
It is recognized as a mixture of necrotic, non sporulating lesions and of 
sparsely sporulating lesions. 
class 4 (= susceptible) - extensive, abundantly-sporulating lesions. 

M. floribunda. 821 and selected scab-resistant seedlings from five successive 
generations of a modified backcross programme were used in crosses with Lobo 
and McIntosh, both cultivars being highly susceptible to scab (31 ). After inocula­
tion, seedlings were classified according to their reaction (Table 3). A reduction 
in the proportion of highly resistant seedlings occurred over the six generations. 
The original M .floribunda. 821 gave a class 1 reaction, while F2 26829-2-2 gave 
a class 2 reaction (32). This suggests that the original level of resistance is not 
due to a single qualitative gene, but either to a group of rather closely linked 
quantitative genes, or to a class 3 reaction qualitative gene closely linked with 
one or more quantitative genes (36). Moreover, by using different susceptible 
parents with the same resistant tester, slight differences in the distribution sug­
gest that the susceptible parent also contributes to resistance; therefore it is as­
sumed that modifiers support scab resistance coded by Vf. Effective 

TABLE Z. Host-pathogen lnhractlon for scab 
===============================a:=========================================:: ::========== 

PATHOD EHE 
DOL60 GENEVA IIZ7-~7A N. ldl:r-lls FLORW 6 OLDEN 

Sl 

PATHOTYPE 
hz h} hz 

1 

z 

} 

4 

5 

r r r 

s s- s 
r s r 

r r r 

r r 

r = Resistant 
S = Susc eptlble 
s• = Necrotic lesions in which 

fungus sporulates abundantly 
in •oist atmosphere 

s• i v. Vf 
h, h5 

r r s 
r s 

r r r s 
s r r s 
r s r s 

Si = certain segregates of R127-40-7A 

S'i = other segregates of R127-40-7A 

----=z-=-z-----=-=------- ----===========================::;:::: =========================:::.:::: 
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combinations of the genes involved can be recovered by intercrossing two Vf se­
lections (eg. 'Prima' and 'Coopll', Table 3); a 3:1 distribution occurred, as ex­
pected, because both parents carry a single dominant allele of Vf. 

This genetic situation is not easy to explain and various schemes can account 
for the results. It is likely that Vf represents a genetic system and is a group of 
closely linked genes. This set of genes would be more or less eroded through rec­
ombination; the different stages of erosion might explain the different classes of 
reaction. The susceptible parent can also contribute minor genes for resistance, 
which are independent of the Vf locus. 

The "gene" Vf has proved to be strong, because after more than 40 years it is 
still effective against all the known races. Its genetic structure is still in doubt but 
it appears complex. In a review of structure of disease resistance genes in annual 
crops, Pryor (29), suggested that such loci are complex, having either several 
closely-linked functional units or a more complicated arrangement 

Strategy for breeding durable resistance 

Whatever the structure of Vf, experience in many crops indicates that resist­
ance breakdown is always possible. Such an eventuality has to be faced by the 
apple breeder who must develop a breeding strategy for durable resistance. The 
first point of this breeding strategy is to work with various independent resist­
ance mechanisms because it could be a mistake to depend on one source of re­
sistance, such as Vf. At INRA, progenies from 'Nova Easygro' (Vr), from 
CCR1T8 and CCRlTll (assumed to be Va) and from polygenic sources (Anto­
novka and Rouchetaude) are being screened. The independent sources of resist-

TABLE 3. Percentage of seedlings in each chss of reaction following inoculatiDn 
with Venturia inaequalls (adapted fro• ROUSSELU et al., 1974) 

CLASS Of REACTIIII 

1 2 M 3 \ 
RESISTAll SUSCEP. 

PROG EIY AIID G EIIEU TICII 

• LOBO X 

M. floribunda 821 r1 29 20 13 5 33 
26 829.2.2. BX2 13 14 18 6 49 

PR? T't1 BX} 4 16 26 9 '-5 
ilAR 10T 190 sx

5 5 12 28 8 It? 

• Priaa x Caap 11 BX
3 

x BX
5 25 23 17 11 24 

==--======~==~=== . ===============================--=:.====-=====--:• 
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ance can be combined to reinforce the mechanism of resistance. Crosses Vf x Vf, 
Vf x polygenes, polygenes x polygenes have been made at INRA and it is in­
tended to combine other genes in the crosses Vf x Vr and Vf x Va. It is necessary 
to do a progeny test to identify seedlings with the various genes. 

Apple powdery mildew (Podosphaera leucotricha) 

Apple species and cultivars used as sources of resistance 

In comparison with scab a lower level of resistance to powdery mildew can 
be tolerated before fungicide sprays are necessary. Low susceptibility from some 
old cultivars (7) can be sufficient to avoid fungicides. Unfortunately, this low 
susceptibility is under polygenic control and difficult to detect. Resistance from 
wild species appears more useful (Table 4). 

Malus robusta and Ma/us zumi carry strong resistances, in each species under 
oligogenic control (2). At INRA, Angers, mildew resistance derived from Ma/us 
zumi is .studied (Table 5). Two different samples of the same progenies were 
compared after inoculation in the glasshouse (2 month-old seedlings) and in the 
nursery (2 year-old seedlings). The results show that most of the seedlings are 
susceptible in the glasshouse; in the nursery a clear-cut segregation between re­
sistant and susceptible seedlings is found. Some of the so-called nursery-resistant 
seedlings appeared to be slightly susceptible in the field after 8 years, where 26 
to 28% of the seedlings were found resistant. Although greenhouse screening is 
not possible, the proportion of resistant seedlings and the supposed complex 
structure of the mechanism of resistance favour the development of this breeding 

TABLE .\. Apple species a11d varieties used as sources of resistance to powdery aildev 
============--=====::::==============:.:================•================•============----
Malus robusta 

Malus zuai 

'His' 

'White Angel' 
'David' 
M, x robusta 5 
M. x robusta 
M. x robusta 

MA-8 

'R5' 
'Korea' 
'24-7-7, 8' 

M. sargenti ( ~x) 
M. zu11i calocarpa 
M. baccata jack ii 

P', + 

Pl2 + •.•• l KNIGHT and ALSTON, 1968 

ALSTON, 1977 

DAYTON, 1977 

} GALL OT, U/0, AL0W1'CKL[, 1985 

I """ ..... YI". "" 
--------~-------------------===-=================::==================================== 
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line. Progenies bred in 1987 combine Vf scab resistance and mildew resistance 
fromM. zumi. 

Of the other sources of resistance presented in Table 4, only 'MIS', 'White 
Angel' and 'Robusta 5' were studied at INRA, Angers. Progenies from these 
sources, when screened in the glasshouse, show a sharp 1: 1 segregation after 
crossing with a susceptible parent. However, after successive inoculations while 
testing for stability in the glasshouse differences occur, and results obtained with 
'Robusta 5' and 'White Angel' at Angers, France, and Geneva N. Y., U .S.A., were 
not the same (Table 6). At Angers, seedlings from 'Robusta 5' were free from in­
fection all season, with chlorotic flecks on the leaves; in 1988, the 'Robusta 5' 
progeny tested at Geneva N.Y. showed no resistance (Aldwinckle, personal com­
munication). In contrast, at Angers resistant derivatives of 'White Angel' become 
susceptible after repeated inoculations; the 'White Angel' progeny tested at 
Geneva N.Y. in 1988 maintained its resistance throughout the season. These dif­
ferent results suggest that pathogenicity of the pathogen populations differs at 
these sites. The sharp 1: 1 segregation obtained with 'MIS', 'White Angel' and 
'Robusta 5' suggests a single gene coding for resistance in each case. No allelism 
tests have been carried out to determine relationships between these genes. This 
situation with 'White Angel' and 'Robusta 5' might be comparable with the Vm 
scab resistance gene from M. micromalus and scab race 5. Breeders need to be 
aware of the situation to avoid the release of selections with resistance that is 
liable to breakdown. Nevertheless, other progenies from 'MIS' and 'White 
Angel', screened at Angers in 1981 and showing a 1:1 segregation after one ino-

TAIU 5. Mildew resistance fro• M. zuai - Pl2 • ••• ; results obtained at !NRA Angers 
=================================================================================:;;;;;;:: 

• in the greenhouse c2o•c - 2 11ont h-old) 
sus RES 

Golden x TNR 17-72 67 ~ 

Golden x TNR 17-39 59 6 

• 1n the nursery (Z year-old) 
sus RES 

Golden x 100 

(:J 
TNR 17-39 } 

Sunset x A 14}-H (Jonathan x M. zu11i o.p.) 
TNR 1 7-72 

m 17-72 

Golden x TNR 17-39 121 

• ii the field (8 year-old) 

% RES 

6 

9 

% RES 

~9 

~3 

28 

,6 

=---=-----------.:.---------===============================' =•========================= 
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culation in the glasshouse, produced seedlings which maintained their resistance 
in the field. 

Fire blight (Erwinia amylovora) on apple 

Apple species and cultivars used as sources of resistance 

Gardner et al. (11) demonstrated dominant genes in certain highly resistant 
Ma/us species, M. robusta 5 and a selection of M.x sublobata, now called 'No­
vole', which were studied at Geneva, N.Y., for rootstock breeding. These clones 
are not completely resistant and a differential genotype x strain interaction was 
found (25, 28). 

More promising for scion breeding are certain scab resistant cultivares and 
selections (1, 24, 20). Cultivars such as 'Priscilla' carry almost complete resist­
ance under polygenic control with additive gene effects; however, there is no evi­
dence of a close linkage between Vf and genes for fire blight resistance. This 
material. has the advantage of producing fruits with a good size and flavour, as 
well as scab and fire blight resistance. 

Pear diseases 

Resistance appears to be polygenically inherited in all the available sources 
(Table 7). Therefore the situation is difficult for the breeder. Most breeders use 
fire blight resistance derived from Pyrus communis. In addition to fire blight re-

TABLE 6. Mildev nsistance fro• M. robush 5 (Rob 5) and Vhih Angel (W.A.) ; 
results obtained in the greenhouse at INRA Angers and Geneva, N.Y. 

--------------=a=--=-=-------========================================================= 
• Rob 5 

SOS RES 
Rob 5 X Empire 1 . 1 stable all season ANGERS, 1987 

r reedo11 x Rob 5 1 : 0 G EN[VA, 1988 

• W.A. 
SOS RES 

P22 {II.A.) x YI 7~ 1 : 1 bee oming "'1 : 0 ANGERS, 1987 
at the end of the 
year 

freedom X W.A. 1 : 1 stable all season GENEVA, 1988 

PZZ (II.A.) = Liberty x II.A. 

~17~ llinesap x CBR 9T28 (Vf selection) 

===============================----======================. ========================:=-=--
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sistance, some progenies are also screened for scab (Venturia pirina) resistance at 
INRA, Angers. 

Release of resistant cultivars and possibilities 
for cooperation 

Apple scab resistance 

Thirty scab-resistant cultivars have been released (Table 8) of which 26 orig­
inate from M. floribunda 821 (Vf); 'Nova Easygro' has the Vr gene; 'Murray' 
and 'Rouville' have the gene from M.micromalus and are susceptible to race 5. 
'Generos' from Rumania has a polygenic resistance from Malus kai"do. 'Free­
dom' from Geneva, N.Y., combines Vf and polygenes from Antonoka. None of 
these cultivars are widely grown, except possibly in Rumania where they have 
recently propagated a lot of trees. Information is urgently needed on the perfor­
mance of these cultivars in commercial orchards. In particular, it is important to 
study the effect of the absence of sprays against scab on minor pathogens such as 
Gloeodes pomigena (sooty blotch disease) and Leptotlryrium pomi (fly speck dis­
ease). In certain years with a wet summer and in experimental orchards, these 
two diseases become severe on the fruits. Sooty blotch can be brushed off the 
fruit but sprays may be necessary to control fly speck. A light spray programme 

.TAIL£ ?. Sources of polygenlc resistance for pear breeding 
··-···-········••:a====:1=====••:a=:::1•=•==2••••···-····=============····--··-···==-•== . 
v,nturll plrina 

Fabr111 uculah 

Ervl1i1 1t1yl0Yor1 

Psylla pirl 

P. callery1n1 
P. serotina 
P. co111unis 
THIBAULT, 1983 review 

P. calleryana 
BELL and VAN"DER ZWET, 1989 

P, c alleryana 
P. betulaefolia 
P. ussuriensis · 
P. serotina 
p. C OIHUnis 
VAN DER ZWC T and KEIL, 1979 review 

P. ussuriensis 
HARRIS and LAMB, 1973 

P. COHunis 
OUARTA and PUliG IONI, 1984 
BELL, 1984 
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may be needed to avoid damage from both these fungi on scab-resistant culti­
vars. 

An important development is the establishment of an orchard for determining 
pathotypes and pathodemes, including differential hosts representing the main 
genes for resistance. In France, replicates of such an orchard are located in 
Angers (Loire valley), Bordeaux (Garonne valley) and Valence (Rhone valley). 
These high-density orchards have several blocks, each with 16 trees of a pa­
thodeme (Vf, Vr, Va, polygenes and the differential hosts (Table 9)); the suscep­
tible cultivar Golden Delicious surrounds each block to maintain a high 
inoculum pressure. In this way, at the end of each year, plant breeders and patho­
logists can evaluate the behaviour of each pathodeme and can study inoculum 
development on differential hosts. In this type of orchard, hybrids containing 
polygenes from 'Rouchetaude' and 'Antonovka'; were disappointing in some 
years supporting the idea that polygenic resistance should be associated with a 
major gene such as Vf. With such an orchard in each country it would be 
possible to exchange precise information and inoculum. The inocula from sus-

TABLE 8. The thirty scab resistant varieties released 
throughout the world . 

==========::===============;:;=========================== 
U.S.A. 

CANADA 

ROMANIA 

EN6 LAND 

BRAZIL 

FRANCE 

Pri•a 
Priscilla 
Sir Prize 
liberty 
Jonafree 
Redfree 
Mac Shay 
rreedoa 
Dayton 
Wlllie•'s Pride 

Mac Fr11 
Nov a Easygro 
Hovuac 
Mo\ra 
Trent 
Brihgold 
Hurray 
Rouvllle 
Richelieu 

Generos 
Pionier 
Romus 1 
Roaus 2 
Voinea 

6 avin 

vr 
Vf 
Vf 
Vf 
Vf 
Vf 
Vf 
vr • Poly. 
Vf 
Vf 

Vf 
Yr 
Vf 
Vf 
Vf 
Vf 

Vm 
Vf 

Poly. 
Vf 
Vf 
Vf 
Vf 

Vf 

1970 
1972 
1975 
1978 
1979 
1981 
1981 
1983 
1988 
1988 

197~ 
1975 
1978 
1978 
1979 
1980 
1980 
1983 
1983 

1972 
1983 
198~ 
198~ 
1985 

1977 

Primic la Vf 1988 

Pria11 (R/f 197~ 
Horina-Querina Vf 1977 
Judeline (R) Vf for juice 1986 

== =========== Judeine == (R} ====== Vt.f or Ju!ce = 1986 ==== 

ceptible and resistant ma­
terial could be compared 
in one laboratory to as­
sess pathogenicity in 
terms of aggressiveness 
and virulence. With scab, 
signs of sporulation on a 
resistant cultivar have to 
be noted with concern. 
Breeders and pathologists 
should then be warned 
and inoculum collected 
for study. Cultivars like 
'Prima', which give a 
class 3 reaction to scab, 
should be checked care­
fully each year. In 
France, no scab has been 
noticed on 'Prima' but in 
West Germany, J. Kriiger 
(22) has found some 
spots on leaves in recent 
years but has not been 
able to cultivate isolates 
from these infections. 
Differential hosts have 
been recorded each year 
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at Angers since 1980; race 2 is common, race 5 occurs occasionally; a few spots 
of race 4 were observed one year and race 3 is not present. 

Another possibility for cooperation is the study of resistance and suscepti­
bility using electron microscopy, as recently done at Geneva, N.Y. (Yepes), Zu­
rich (Gessler, Valsangiacomo) and Angers (Chevalier). A precise description of 
resistance from each source could help towards understanding the mechanisms 
involved. 

Mildew and fire blight resistance 

Study of the pathogenicity of these diseases is important. For mildew a "mil­
dewtron" was built at INRA ANGERS to evaluate and compare different inocula. 
The "mildcwtron" has six separate compartments, each with filtered air under a 
slight positive pressure to avoid contaminations. The system was developed from 

JAILE 9. Hlgb density orchard to control pathotypes 
and p1tllod1HS 

••• .. ••• .. ==•==--••••ss:r.s=•:s•:sm:::s.:mas::iu:11ma:==a:a•=••=== 
4 • 211 ·--........... 

• • 
""f' ..... . . ... 

. . . . 
"v,. . . . . 
• • 
. . . . 

· • &olden DeUdous 

. . . 
'y( . . . . . . 
. . .. 

Vf = Florifta. Prl•• 
Yr = No,1 Easygro 

'vr' 
' . . . . .. . . . . . . . . 
ya • . ' 

h5' 
v ... . . . . . . . . 

. . . . . . . . . . . . . . 
,Yr, . . . . 

YI • CCR1 18 • cc1, M1 (P.I, 172 6'3) 
Polygtnu = TNA 48-9 = Rouchetaude. x Melrose 

P?R"-4 " Z 185 o.p. (Antonovka) 
hZ " TSI ,~ M 5, Dolgo : dlfhrimchl rac:, 2 
h} • ~ H 124 : dlfferenchl rac.e , 
h4 • TSI 3J 1239 : dlff,renclal race 4 

b5 = Ya " 9AR 2T196 J 
9AR ZM28 : dlfferencial race 5 
OR 45T 1,z 

~olj .. . . . . .. .. . . 
. . . 

.. . . . . . . . 
p,oly . . . . 
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a "mildewtron" built to study mildew of Cucurbitaceae (9). Watering and feeding 
are automatic to avoid opening of the doors. Each compartment is supplied with 
the same resistant genotypes (MIS, White Angel ... ) and a control; these budded 
trees are put in place before bud burst. After leafing out, inocula from different 
countries can be introduced, one in each compartment, and the genotype reac­
tions observed. 

In vitro culture should also be very useful for the study of this obligate para­
site. Promising results were obtained by Korban and Trier (21) and Parisi at 
Angers (personal communication). 

For fire blight, the main results obtained in reccmt years involve differential 
genotype x strain interactions (25, 26, 27). These E,winia amylovora strains have 
to be studied very carefully and their occurrence understood in all countries. 
Breeding material has to be evaluated using these strains. A cooperative pro­
gramme is working on this topic at Angers and Geneva N.Y. 

Introduction of disease resistant cultivars iito 
commercial production: Florina Querina R 

'Florina' was released in 1977. The first orchards were planted in 1979-1980. 
The total area grown today is less than 100 ha. Growers were asked their opinion 
of this cultivar (23). By checking all the orchards this cultivar's stable scab re­
sistance, low susceptibility to fire blight and tolerance to rosy apple aphid have 
been verified; it is an outstanding genetical advance. The growers reported a 
marked decrease (more than half) in the total number of spray applications, good 
yield, easy harvesting, good fruit size, resistance to bruising and good taste. 
'Florina' should be grafted on to a dwarfing rootstock like M9, pollinated by a 
scab resistant selection such as the ornamental crab 'Golden Gem', and the crob 
sold between November and February. Fruit colour is irregular i.e. not fully red 
(half red on a yellow ground colour); therefore 'Florina' is not chosen by growers 
selling through large cooperatives which are devoted to standard cultivars like 
Golden Delicious, Red Delicious and Granny Smith. Despite this drawback, 
'Florina' is suitable for growers who have their own distribution network. Condi­
tions giving an early bright red fruit colour are fulfilled at altitudes such as at Li­
mousin or Haute-Savoie. Fruit harvested at the right time stores well and 
maintains a good quality. 

Two INRA scab-resistant cultivars were released in 1986 for juice production 
(Table 8): 

JUDELINE (Vf): Golden Delicious x Priam; 88,000 trees have been propa­
gated in the past 2 years. 

JUDAINE (Vf): Reinette du Mans x Priam; 132,000 trees have been propa­
gated in the past 2 years. 
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Orchards of these letter cultivars will be maintained only by lowering produc­
tion costs. In this context, resistance is very welcome. Moreover, fruit shape and 
skin finish are not important! This makes the release of such cultivars easier. In 
1987, special crosses to produce cider apples resistant to scab and with a low 
susceptibility to mildew and fire blight were made in Angers. 

Fruit shape and skin finish can hampered release of good-tasting apple for the 
fresh market. This is one of our problems. Selection with a nice green skin finish 
is likely to be the next scab-resistant apple released from INRA; the susceptible 
parent is Granny Smith. 

Future trends in conventional breeding for complete 
disease and pest resistance 

As a priority, breeders need to combine genes coding for resistance to scab, 
mildew, fire blight and storage diseases. Combining scab, mildew and fire blight 
resistance is well advanced; more work is needed to add storage disease resist­
ance but this programme is progressing well at the Institute of Horticultural Re­
search, East Malling (3). 

Pest resistance is also being considered. Some material is already available 
and germplasm has been released by Goonewardene (12, 13, 14, 15). Each of his 
selections is scab-resistant and possesses good resistance to one or more of the 
following pests: European spider red mite (Panonychus ulmi); codling moth 
(Cydia pomonella); plum cucurlio (Conotrachelus nenuphar); apple maggot 
(Rhagoletis pomonella); red banded leafroller (Argyrotaenia velutinana). It will 
be important to evaluate this American material in European conditions, espe­
cially for European red mite and codling moth resistance. 

Pest resistance work in INRA first involved rosy apple aphid (Dysaphis plan­
taginea). At present, hypersensitivity coded by Smh (4) is being compared to 
tolerance believed to be polygenically inherited from 'Florina' and its deriva­
tives. In some years, Smh hypersensitivity is so severe that growing points are 
severely damaged, making its value doubtful. The tolerance observed in 'Florina' 
and also in some other scab-resistant selections looks promising although noth­
ing is known about the resistance mechanism and its durability. Under an !NRA 
research project, entomologists will begin in 1989 to study the response of breed­
ing stocks and advanced selections to European red mite, codling moth, rosy 
apple aphid and also two summer fruit tortrix moths (Adoxophyes orana and 
Pandemis heparana). Electron microscopy will be used to study the host-insect 
interaction of rosy apple aphid. 

In the future, molecular genetics offers the promise of improving our under­
standing of the nature of plant resistance genes. However, standard methods for 
cloning genes based on a knowledge of gene products are not available for plant 
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resistance genes. Alternative approaches aie available and are being actively pur­
sued by a number of research groups throughout the world (29). Meanwhile, 
breeders will have to use conventional breeding methods to produce new culti­
vars suitable for growers, dealers and consumers and with durable resistance to 
the principal diseases. 
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Breeding of pome fruits with 
stable resistance to diseases 

Development of disease resistant 

pome fruit varieties 
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CH-8820 Wadenswil, Switzerland 

Apple scab (Venturia inaequalis) 

Search for resistant apple cultivars 

The earliest tests, using artificial inoculation of apple scab (Venturia in­
aequalis) over a five year period (1897-1901) on 160 apple cultivars, showed 
considerable differences in susceptibility but no cultivar was immune (1). Wilt­
shire (52) suggested that toxic substances were the reason for the inhibition of 
scab development in cultivars with low susceptibility. He produced extracts from 
the leaves of resistant and susceptible cultivars in which he observed the germi­
nation of conidia. Germination was slower in the extracts from resistant culti­
vars. Wiesmann (50) isolated ascospores from five apple cultivars. He then 
reinfected field trees of the same cultivars. Scab pathotypes were most ag­
gressive on the leaves of the cultivar from which they were isolated and less so 
on the other cultivars. 
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First breeding attempts 

The first attempts to breed scab resistant apple cultivars were undertaken in 
Germany. The aim was to combine resistance with good fruit size and quality. It 
was suggested that a mass screening method for the selection of resistant seed­
lings should be developed and that resistant selections should be tested a second 

Fig. 1: Massinoculation of apple seedlings in the 1930s. 

time with different races or sources of the fungus. Schmidt ( 41) described a mass 
infection method for one-year-old apple seedlings in outdoor frames (Fig.l). The 
floor of the frames was covered with infected leaves which were watered several 
times to release ascospores. During the growing season seedlings were inocu­
lated every 2 weeks with a water suspension of conidia. By these means an in­
tensive infection pressure was created. 

Rudloff und Schmidt (37) developed an inoculation method for single plants. 
A spore suspension was sprayed onto the young leaves, afterwards enclosed by a 
pergament bag filled with a filter paper in contact with water in an Erlenmeyer­
flask. The bag was kept around the leaves for 3-4 days. This method was used in 
the field. Only 3 % of the seedlings were resistant in progenies from susceptible 

Symbol 

Vf 

Vm 

Yr 
Vbj 

Vb 

Va 

Original source 

Matus floribunda 
Matus micromalus 
a Russian apple 
Matus baccata jackii 
Hansen's baccata# 2 
Antonovka (pit) 

cultivars, whereas in crosses with Ma/us 
species an average of 27 % seedlings were 
resistant. However, the prospects of combin­
ing the high scab resistance found in several 
Ma/us species with good fruit size and 
quality did not appear promising. Therefore 
the work was continued with large-fruiting 
material carrying polygenic scab resistance, 
such as 'Antonovka' and 'Ernst Bosch' (41). 
After 1945, Zwintzscher (56) based his pro-
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gramme on these sources and some of the material was used in other pro­
grammes round the world. No commercially interesting cultivar has been pro­
duced from these programmes. It seems that 'Antonovka' is not a useful parent. 

The Coop-Programme 

After World War II the Coop-Programme was started in the USA 
involving the following Universities: 
- Purdue University (E.B. Williams, F.H. Emerson and J.R. Shay) 
- Rutgers University (L.F. Hough, Catherine Bailey) 
- University of Illinois (D.F. Dayton and J.B. Mowry) 
It was also called PRI-programme (Purdue, Rutgers and Illinois). The gene 

for scab resistance used in this programme was first identified by L.F. .Hough 
from a collection of Malus species and hybrids assembled by Prof. C.S. Crandall 
at the University of Illinois in the early 1900s. Crandall made studies on the in­
heritance of fruit size in apple and used the small-fruited Ma/us species for that 
purpose (14). In 1914 he made a famous cross between 'Rome Beauty' and 

I 

f 1G. 2 A - fni1u of U.Jl.,..lnrMI• 8Z1. B-Fruibol ~2 = ( Rome 
S..~_t)'X 821) x (Name DUUQ' X 82}). C-f_'Y,.~.of 4,~ss!r:~ 
x 2(,829-Z-Z. fJ- Fruit or 1+145 = Got~ vcilCJOU! x -... • 
fruit C1il.. ~ naL size. 

'fig.2: The development of scab resistant culti­
vars in the Coop- Programme 

'Malus floribunda 821' and in 
1926 a full sib cross between two 
Fl selections (Malus floribunda 
821 x Rome Beauty) x (Ma/us 
floribunda 821 x Rome Beauty). 

As a result of a severe 
epidemic of apple scab which de­
foliated all susceptible unsprayed 
apple trees, Hough noticed in 
1942 that one progeny from 
Crandall's Fl cross showed an al­
most 1: 1 segregation for scab re­
sistance. Further crosses with two 
resistant selections from this 
cross (F2 26829-2-2 and F2 
26830-2) indicated that resistance 
was determined by a single domi­
nant gene subsequently named Vf 
(Venturia resistant from floribun­
da ). Selections F2 26829-2-2 and 
F2 26830-2 are the source of the 
resistance in all the apple culti­
vars carrying Vf. 

Later studies showed that over 
20 Ma/us species and hybrids 
carry genetic resistance to scab 
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(49). Eventually, through a series of interci:osses (tests of allelism), it was estab­
lished that resistance in many of these sources was determined by the same gene. 
Six distinct genes (defined gene pools) were isolated as follows: 

However, the development of races of Venturia has resulted in the elimination 
of some of these genes from breeding programmes. In particular, race 5 was 
found to overcome Vm. The Vf resistance has not, however, been overcome by 
fungal mutation and is the mainstay of present programmes. 

The transfer of Vf to the cultivated apple was achieved through a series of 
backcrosses of selections heterozygous for the Vf gene, to high quality but scab­
susceptible commercial cultivars. Seedlings were screened for scab resistance in 
the greenhouse during the winter. 

Resistant plants were then planted in the field or nursery. Thus, only scab re­
sistant plants were grown to fruiting in the field. Selections were then made to 
provide the best parents for the next generation. 

After three or four generations Vf was introduced into a mainly cultivated 
apple genetic background. To avoid inbreeding, the high quality susceptible cul­
tivars were different in each generation. 

Toe·success of the Coop-programme has been achieved through the coordina­
tion of apple breeding projects. The Apple Breeders Cooperative was formed in 
1963 to coordinate research among a wider circle of apple breeders, with special 
attention to disease resistance. As a consequence of this effort a number of dis­
ease resistance programmes have been organized throughout the world. Import­
ant work is going on at the New York State Agriculture Experiment Station, 
Geneva, USA, in Ottawa, Canada and at various stations in Europe. 

ROME BEAUTY x M. FLORIBUNDA 821 

9433·2·2 X 9433·2·8 

F2 26 829·2·2 x GOLDEN DEL. 

14-152 x DOUD GOLDEN DEL. 14-226 x MCINTOSH 
I .I . I I 

SIR PRIZE STARKING DEL. x 610·2 
I I 

PRISCILLA 

14-126 x JONATHAN 
I 

PRIAM 

Flg.3: Pedigree of the cultivars 'Priscilla', 'Sir Prize' and 'Priam'. 
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Apple mildew (Podosphaera leucotricha) 

Many workers have recorded different levels of powdery mildew resistance 
in apple cultivars. Extensive surveys of cultivar responses have been made 
(9,18,27,35,39,40,42,46,22), from which it is evident that the cultivated apple 
provides a complete range of reaction from full susceptibility to what is often de­
scribed as immunity. Few genetic sources of high resistance or immunity to 
apple mildew are known (15). Examination of some 2000 cultivars at East Mall­
ing and the National Fruit Trials near Faversham, England, suggests that it is im­
probable that true immunity exists in the cultivated apple (3). Brown (11), 
working with crosses involving some 23 named cultivars and various unnamed 
seedlings, suggested that mildew resistance in the cultivated apple is invariably 
under polygenic control. Data by Sarasola (39) and other breeders (24) support 
this view, which is also the experience at the fustitute of Horticultural Research, 
East Malling. In a search for sources providing immunity or near immunity a sur­
vey of wild Malus species was undertaken by Knight and Alston (25). In select­
ing plants for use as parents, preference was given to parents of progenies 
showing clear segregation of some 50% or more of 'immunes' or in which no 
'susceptible' occurred. The first of the selected seedlings started flowering in 
1962 and in the two succeeding years crosses were made of seedlings from M. 
robusta (MAL 59) and M. zumi (MAL 68) with mildew-susceptible cultivars. 
The resulting progenies were repeatedly dusted with heavy loads of mildew 
spores during two successive seasons and their response was assessed using a 0-6 
grading system. Genetic studies showed that the high resistance found in an 

Fig. 4. The apple cultivar «Priam» - a result of the Coop-Programme. 
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open-pollinated seedling of M. robusta (MAL 59/9) and an open-pollinated seed­
ling of M. zumi (MAL 68/8), is determined by single dominant genes, PU and 
Pl2, respectively (25). Later, this hypothesis was revised to account for two dif­
ferent genes plus modifiers (24,7). Gallott et al. (16) also examined progenies of 
48 small-fruited Ma/us species and cultivars for heritable, high-level resistance to 
mildew. 

A valuable bonus arising out of the transfer of mildew immunity from M . 
zumi and M. robusta to the cultivated apple is a short juvenile phase (3-4 years) 
derived from these species; concurrent transference of this character has been 
achieved (7). Two types of resistance have been observed: seedlings with resist­
ance from M. zumi have remained totally free from mildew in the field while re­
sistant derivatives of M. robusta often show a necrotic or hypersensitive response 
to the disease without apparent sporulation. 

In greenhouse tests for mildew resistance, Dayton (15) identified a single 
plant grown from open-pollinated seeds of 'Starking Delicious' as highly resis­
tant. One parent appears to have been a Malus species. It was named 'Mildew 
immune selection' (MIS). Progeny tests indicated a single gene from MIS con­
ferring iinmunity to P. leucotricha in both the greenhouse and the field and there­
fore distinct from those reported by Knight and Alston (25). Lespinasse (32) 
reported a virulent biotype of mildew which seemed to overcome the resistance 
of MIS in Dayton's plantation. The stability of MIS resistance is therefore not 
certain. 

While screening fungicides on young apple seedlings during the 1960s in the 
greenhouse, Philips Duphar Laboratories in The Netherlands found a number of 
seedlings with high mildew resistance. From 1972 onward they were used as par­
ents in a crossing programme in Wageningen (45) and were named the D-series. 
The origin of these selections is uncertain but possibly northern Italy. They also 
showed some scab resistance. Visser and Verhaegh (45) supposed that both the 
mildew and scab resistance of the D-series might be based on a number of genes. 

Besides M. robusta, M. zumi and MIS, Lespinasse (32) has also used Malus 
hupehensis and the ornamental cultivar 'White Angel'. 'White Angel', 'David', 
Malus robusta 'Robusta 5 ', Malus robusta 'Korea' and Ma/us robusta '24-7-7 ,8' 
may also hold promise as sources of high mildew resistance (16). 

Fire blight (Erwinia amylovora) 

Origin of the disease and souFces of resistance 

Fire blight, caused by the bacterium E,winia amylovora, is the most serious 
bacterial disease of pornaceous fruit trees and apparently indigenous to North 
America. It was first noticed in the late 18th century in New York and was not re-
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ported from any other country until over a century later (54). The disease prob­
ably occurred on native American plants, such as crab apple, hawthorn and 
mountain ash. From these native hosts the bacterium probably spread to the sus­
ceptible cultivated pears and apples planted by the early American settlers. 

In Europe, fire blight first occurred in 1957 in England and spread from there 
to The Netherlands (1966), Poland (1966), Denmark (1968), West Germany 
(1971) and Belgium and France (1972). 

The bacterium was probably brought to England on infected plant material or 
on contaminated fruit boxes from overseas. 

Waite (47,48,49) was the first to undertake research on fire blight. He found 
that the blight organism could enter blossom nectaries without punctures and that 
bees spread the bacterium from infected to healthy pear flowers. 

Breeding of fireblight resistant pear cultivars 

With the introduction of a wide range of pear and apple cultivars from Eu­
rope to the USA, large differences in fire blight resistance were observed. Blight­
resistant pear material was introduced from China and Japan. Breeding for 
fireblight resistance in pear began in the nineteenth century after introduction of 
the Chinese sand pear (P. pyrifolia) to the USA (19). 

The cultivars 'Le Conte' , 'Kieffer', and 'Garber' were derived from inter­
specific hybridization and were grown because they were substantially more re­
sistant to fire blight than the European cultivars (P. communis), but they were 
inferior in tenns of fruit quality. It was not long after their introduction that work 
was initiated in the USA to breed high-quality pears resistant to fire blight (34 ). 
Sources of resistance identified by Reimer (36) and by others (20,13,29,43) led 
to a rational approach to blight resistance breeding with a good choice of paren­
tal material and effective screening methods. Major fire blight resistance breed­
ing programmes in the USA included those at the USDA (10), New Brunswick, 
New Jersey (21); Geneva, New York (29); West Lafayette, Indiana (23). In Cana­
da, the major programme was at Harrow,: Ontario (30,31). In Europe, breeding 
programmes for fire blight resistance in pear exist at IHR, East Malling, Eng­
land, at INRA, Angers, France and at ISF, Rome, Italy. 

The extent of blight penetration in plants is strongly affected by the age, vi­
gour and nutrition of the host; by environmental factors, particularly temperature 
and humidity, by soil type and moisture content and by cultural practices, and a 
combination of one or all of these factors with the time of bloom. Therefore, the 
most realistic measure of the degree of blight resistance for any cultivar, seedling 
or clonal selection can best be determined when the plant material is grown and 
tested under optimum conditions for blight development The five most import­
ant Pyrus species, ranked in descending order of blight resistance are ussuriensis, 
calleryana, betulaefolia, pyrifolia, and communis. In each species, however, 
there is a range of resistance which makes it difficult to assign specific resistance 
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categories to each species. P. ussuriensis 76 provides a source of very high resist­
ance to fireblight and has been used in a number of breeding programmes. A 
series of backcrosses to cultivated pears will be necessary before commercial 
cultivars combining high resistance and high fruit quality are available. Although 
high levels of resistance have been transferred from P. ussuriensis and P. serotina 
the most promising commercial selections available are derived from P. com­
munis (54). Genes for resistance have been postulated in wild species (6) and 
genes for susceptibility in cultivated varieties (44). In apple, a series of crab 
apple cultivars and selections have consistently been found to be resistant to fire 
blight and other diseases such as apple scab CV. inaequalis) and mildew (P. leuco­
tricha). As with pears, there are marked differences among species and cultivars 
of apples in their response to attack by fire blight. 

Breeding fire blight resistant rootstocks 

Efforts have also been undertaken to select fire blight resistant apple and pear 
roots tocks. 

In an extensive apple rootstock breeding project at Geneva, N.Y., USA, re­
sistance to fire blight is a major objective (17). Large numbers of seedlings from 
controlled crosses are screened during their first year for susceptibility to crown 
rot, woolly apple aphid and fire blight. 

Inoculation techniques 

Many techniques have been tested and employed for the artificial inoculation 
of plant material to determine the degree of fire blight resistance in pears, apples, 
Pyracantha, Cotoneaster and other rosaceous hosts. The method most used is 
needle inoculation of the succulent shoot tip. With orchard trees inoculation is 
often performed with a hypodermic syringe (33). Thibault at Angers (1988, oral 
communication) uses scissors, dipped in a suspension of the bacterium, to cut 
leaves of young seedlings in the glasshouse. At Beltsville several techniques of 
tissue injury in combination with spray inoculations were tested (54). Several in­
vestigators have successfully inoculated pear blossoms by spraying them with a 
bacterial suspension. Early greenhouse selection techniques cannot successfully 
identify field resistant selections (55). Tests on maiden trees, however, give re­
sults which are closely correlated with the field performance of mature trees 
(53). This method is used at East Malling in an isolation glasshouse. 

The main infection sites for fire blight are often the secondary blossoms pro­
duced in July, August or September. Emphasis is placed on selection for fire 
blight avoidance by using parents with little tendency to produce secondary blos­
som (8). 

Recently, Lespinasse and Paulin (33) described an in vitro method to find fire 
blight resistant mutants among well-known cultivars. 
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Fire blight resistant cultivars 

High quality fire blight resistant pear cultivars, 'Harrow Delight' and 'Har­
vest Queen', resulted from the Canada Agriculture programme at Harrow. Other 
fire blight resistant cultivars are 'Magness' and 'Moonglow', originating from 
the USDA at Beltsville. A large number of unnamed advanced selections are 
under evaluation in programmes round the world. However, no fire blight resis­
tant selections with late maturity and good storage potential have yet been pro­
duced. 

Apple canker (Nectria galligena) 

Nectria galligena Bres., the cause of perennial branch or stem encircling can­
kers, is becoming more widespread and creating considerable concern among 
growers (12). Trees on heavy soil seem prone to attack. Few investigations have 
been carried out on this disease. Resistance has been reported in a number of cul­
tivars (28). Alston (4) tested 18 apple cultivars with a reputation for resistance by 
putting a droplet of a spore suspension on leaf scar following defoliation. Only 
four cultivars seemed resistant and were used as parents in breeding pro­
grammes. Other tests by Alston have shown that several Ma/us species carry re­
sistance, but genetic studies are not complete. 

Crown rot (Phytophthora cactorum) 

P. cactorum is a soil-borne fungus which invades and rots the bark tissues of 
apple, killing the tree if the trunk becomes girdled. This disease is primarily of 
importance in rootstocks. Mass selection of apple seedlings resistant to P. cacto­
rum may be carried out effectively following inoculation of detatched twigs in 
the laboratory (5). A survey of 43 cultivars at East Malling revealed possible 
sources of resistance among those more widely grown in Europe. The resistance 
of Northern Spy appears to be under simple genetic control (Pc). High levels of 
resistance are present in James Grieve, Laxtons Superb and Melba. Crosses with 
Northern Spy resulted in a series of resistant rootstocks, such as MM 109 and 
111. 
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Other diseases and outlook 

There are other diseases of some importance in pome fruit production, such 
as storage diseases, apple rust (Gymnosporangium juniperi-virginianae) in the 
United States, pear scab, leaf blight (Fabraea maculata) and pear rust (Gymnos­
porangium sabinae). Disease resistance cannot be isolated from pest resistance. 
The choice of which diseases and pests can be included in a breeding programme 
depends on their economic importance and the availability of genetic sources of 
resistance. This review has shown how laborious and time consuming breeding 
for disease resistance can be. However, some important steps have been made. In 
the future, the experience from the past together with new breeding techniques 
could allow for more efficient procedures. Almost ten years ago, Aldwinckle and 
Lamb (2) were very optimistic with respect to the introduction of disease resis­
tant cultivars: "we expect that new resistant varieties will gain acceptance in 
coming years to the extent that by the 1990's they will form a substantial propor­
tion of new plantings in the eastern United States. By the year 2000 most new 
plantings may be of disease-resistant varieties". 
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Fig. 5: Model of possible future trends in apple growing 
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In Europe it will be important to develop and grow resistant cultivars adapted 
to the wishes and taste of the consumer. Excellent fruit quality and storage capac­
ity will be essential for the success of such cultivars. The success of resistant cul­
tivars will also be promoted through further restrictions in pesticide use. 
However, it will be some time before all established commercial cultivars are re­
placed by disease resistant cultivars. 
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Breeding disease resistant apple 
cultivars in Switzerland 

M. Kellerhals 
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CH-8820 Wadenswil, Switzerland 

Abstract 
The apple breeding programme started in 1986. It is based on results from trials with 

disease resistant cultivars and on international collaboration with other breeding institutes. 
The main aims are stable disease resistance against scab, mildew and storage diseases, 
excellent fruit quality and high productivity. The seedlings are screened for scab resistance 
in the glasshouse and for mildew resistance in the nursery. The IS-month-old pre-selected 
seedlings are budded on to M27-rootstocks for the evaluation of fruit and ttee characters 
under unsprayed conditions. Promising selections will be further tested on M 9 at various 
locations. 

Key words: Venturia inaequalis, Podosphaera leucotricha, screening, durable 
resistance. 

Introduction 

In Switzerland, as in many other countries, there is increasing concern about 
the use of pesticides in agriculture. Consumers strongly desire minimal to zero 
treatment of agricultural products. 'Integrated fruit production' is promoted by 
the official advisory services, the Ministry of Agriculture (Research Stations), 
the Fruit-Union of Switzerland and some supermarkets. 

The development of integrated pest management has contributed to a consid­
erable reduction of pesticide use in fruit-growing. However, a further reduction 
seems only possible with the introduction of disease- and pest resistant e:ultivars. 
Scab (Venturia inaequalis) and powdery mildew (Podosphaera leucotricha) are 
economically the most serious diseases in our apple orchards. 
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In 1986, the Swiss Federal Research Station, Wadenswil, started a pro­
gramme to breed for disease resistant apples. The main aim is to combine stable 
resistance to scab, mildew and storage diseases with excellent fruit quality and 
good productivity. In order to be accepted by the majority of growers, retailers 
and consumers, disease resistant cultivars need to be high yielding, with good 
storage capacity and a quality similar or better than present commercial culti­
vars. Besides the dessert (fresh fruit) market, there is also a strong interest in dis­
ease resistant cultivars grown as standard trees for the production of apple juice 
and cider. 

The programme is being developed in close collaboration with the Institute 
of Horticultural Research, East Malling, England, other breeding stations and the 
Federal Institute of Technology (ETH) in Ziirich. 

It is based upon results from trials with disease resistant and disease tolerant 
cultivars (1) and on experience in breeding conventional cultivars (2). The 
breeding programme is considered complementary to the testing of new cultivars 
originating from abroad. 

Breeding and selection scheme 

The breeding and selection scheme is shown in Fig. 1. 

Choice of parental material 

To ensure the appropriate choice of parental material for the crosses, due at­
tention is paid to the main breeding aims. The best new disease resistant culti­
vars such as Florina, Liberty and Jonafree are used as sources of stable resistance 
to diseases, particularly apple scab. In addition, through collaboration with IHR 
East Malling, advanced scab- and/or mildew-resistant selections carrying alter­
native resistance genes are available as parents in the breeding programme. 

The main limitation of disease resistant cultivars already released arises from 
their relatively poor fruit quality and storage behaviour. It is hoped to overcome 
these disadvantages by crossing disease resistant cultivars and selections with 
high-quality cultivars such as Elstar, Rubinette, Fiesta, Gala and the Swiss selec­
tions 'FAW-2706 (Kidds Orange x !dared)' and 'Maigold'. 

The programme follows two main lines: 
a) short term: breeding new commercial cultivars for maximum disease re­

sistance combined with high quality and productivity 
b) long term: breeding selections incorporating durable resistance from a 

wide range of genetic sources (several resistance genes; polygenes) 
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High fruit quality is difficult to define, being a combination of characters in-
cluding: 

- balanced suger/add ratio 
- crisp texture 
- juiciness 
- medium and regular fruit size 
- resistance to physiological disorders 
- good skin finish without russet 
-colour 
- good storage life 

resistant 
parent 

parent with high 
quality and 
productivity 

growing of the seedlings 

scab resistance 

susceptible resistant 
y 

pre-selection In the nursery j .. 
1. step: 
1 tree on M27 
3-4 years, no fungicides .. 

2. step: 
4 trees on M9 
4-6 years, no fungicides 
2 or more locations 

'I 

3. step: 
12-20 trees on M9 
e-10 years, no fungicides 
different locations 

y 

release, naming I 

Fig. 1. Scheme for breeding and selecting disease resistant apple cultivars 
In Switzerland. 
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Most of these characters can only be observed at the fruiting stage. It is im­
portant to use only parents in which the desired characters are strongly expressed 
in order to achieve a high proportion of high quality advanced selections. Stable 
disease resistance is a challenge for the apple breeder. As an insurance against 
resistance breakdown it is advised to use a range of resistance sources. In the 
case of scab resistance it is aimed to combine different genes, including Vf, Va, 
Vb, Vbj, Vr and minor genes, in one genotype. Progeny tests and specific mar­
ker genes will aid the identification of such resistance complexes. 

100 

80 

60 

% 
40 

20 

0 

2 3 4 5 6 7 8 9 10 11 

PROGENY 

- SCAB RES I STANT SEEOL I NGS ( SCORES O AND 1) 

~PRESELECTED SEEDLINGS BUDDED ON M27 

PROGENIES 1986 No Of SEEDS . R: " I STANCE 
(=100% ) 

GE '-JES 

1: ARLET X FR EEDOM 329 v f + PO LY 
2: GRE ENSLEEVE S X LIBERTY 633 VF 
3: GALA X FLOR INA 484 VF 
4: ELSTAR X JONAFR EE 1034 v f 
5: RuBINETTE X FLORINA 732 VF 
6; FLORI NA X RUBINETT E 572 VF 
7: FLORI NA X ELSTAR 533 v, 
8: GOLDEN DEL. x A 849 - 5 500 v r + PL 1 9: GLOSTER X A 849- 8 400 VF + PL 1 10: INGRID MARI E X A 849-6 350 VF + PL 1 11: JONATHAN X A 849- 7 350 VF + PLl 

Fig. 2.Early selection of disease resistant apple progenies. 
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It seems important that the disease susceptible but high quality parent should 
not be very susceptible in order to avoid severely diluting the background resist­
ance of the resistant parent. In the cultivar trials it is therefore necessary to ident­
ify cultivars with a high level of polygenic resistance. Old local cultivars with a 
high level of polygenic disease resistance might also be used in the crossing pro­
gramme. However, they must also have an acceptable level of productivity and 
fruit quality. Most new commercial cultivars carry some mildew resistance under 
polygenic control. Today, highly mildew-resistant selections with good fruit size 
and quality are available for use in breeding programmes. Such resistance, trans­
ferred from Malus zumi and Malus robusta, has proved to be stable (4). 

Early selection 

Crosses in 1986 (Fig. 2) produced 5948 seeds. 1956 seedlings (=32.9%) were 
scab resistant (grades O and 1) in the glasshouse and 489 (8.2%) were prese­
lected for habit and precosity, and propagated on the rootstock M27 for field 
evaluation. 

Selection for scab resistance is on seedlings whilst in seed trays in the glass­
house, inoculated once or twice (second inoculation about 4 days after the first) 
with a spore suspension of a field isolate of V. inaequalis. Inoculation is done at 
the 2-4 leaf stage in the glasshouse at 20 ·c and 95% RH, and the seedlings are 
graded after about 3 weeks at 18 ·c and high relative humidity. The following 
scale is used to grade the seedlings: 

Fig. 3. Young apple seedlings in the glasshouse showing different re­
actions to inoculation with a spore suspension of V. inaequa/is. 



0 = no symptoms of infection 
1 = very small 'pin point' lesions 
2 = necrotic flecks 
3 = slight sporulation (less than 25% of the leaf surface) 
4 = severe sporulation 
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Although the glasshouse facilities are poor (no automatic control of tempera­
ture and humidity) the success of the inoculations is good. However, it is import­
ant to check for the appearance of scab symptoms on selected seedlings planted 
in the nursery and later on in steps 2 and 3. In collaboration with the ETH Zurich 
we will retest advanced resistant selections in the glasshouse and verify their re­
action to scab. The resistant seedlings are hardened and planted in the nursery at 
90 x 30 cm. After 16 months, further selection for disease resistance (mainly 
powdery mildew), growth habit, foliage and precosity is done in the field in the 
budding season in August (3). Selected plants are budded on to M27 rootstocks 
( one for each field selection) to shorten the juvenile phase and to save space. 
These worked trees are planted 15 months later in the field at 3.5 x 0.8 m. 

Toe· first fruits on the most precocious selections can be expected the 4th year 
after crossing. No fungicide treatments are applied. Because postharvest fun­
gicide dips are not allowed in Switzerland, selection for resistance to storage dis­
eases is most important at fruiting . However, appropriate choice of parental 
cultivars with closed calyx tubes, and resistance to skin cracking and physiologi­
cal disorders will contibute to a reduced susceptibility to storage diseases in the 
progeny. The main selection for yield, fruit quality, storage quality and growth 
habit occurs in the second and ·third growing season on M27. The best selections 
will then be budded onto M9 rootstocks for further testing at different locations. 

Tests for suitability for processing into apple juice or cider will be carried out 
and promising selections will be grown as standard trees. 

In orchards not receiving fungicide treatments the occurrence of diseases 
such as sooty blotch (Gloeodes pomigena) and fly speck (Leptothyrium pomz) 
has been seen. The side effects of growing disease resistant cultivars without the 
use of fungicides on the orchard ecosystem and on the storage capacity of fruits 
must be examined: the results will be essential for the development of the breed­
ing programme as well as for the development of integrated fruit production 
strategies using resistant cultivars. 

Conclusion 

On the basis of international collaboration and efficient preselection tech­
niques, the Swiss Federal Research Station of Wadenswil has established a 
breeding programme for disease resistant apple cultivars. This programme is 
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adapted to the limited resources of a small country, with respect to labour and 
space. The programme follows two main lines: 

- breeding new commercial cultivars with maximum disease resistance com­
bined with high quality and productivity. 

- breeding selections incorporating resistance from a wide range of sources 
(several resistance genes; polygenes) 

Future development of the programme will aim to improve glasshouse condi­
tions screening seedlings (control of temperature, humidity, light) and to define 
the identity and source of fungal inocula. 

The breeding programme will be incorporated into research directed towards 
integrated fruit production strategies. 
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Breeding for resistance to 
Nectria galligena in apple: 

differences in resistance between 
seedling populations 

W.E. van de Weg 

Institute for Horticultural Plant Breeding, 
PO Box 16, 6700 AA Wageningen, The Netherlands 

Abstract 

Breeding for resistance to Nectria galligena (European canker) in apple is hampered by 
tbe absence of a suitable sceeoipg method and lack of knowledge of the inheritance of 
resistance. This study investigated whetber differences in resistance between and within 
progenies can be detected in seedlings, and whether the ranking of these progenies with 
respect to resistance resembled that of their parents. For this purpose, five-month-old 
seedlings of six progenies were artificially inoculated widl macroconidia of N . gal/igena 
applied to wounds. Resistance was evalualed by lesion lengths and the rate at which lesions 
ginlled tbe stem. 

Cox's Orange Pippin, James Grieve, IVT 74114 and IVT 6304-61 were used as highly 
susceptible parents and Golden Delicious and Jonathan as highly resistant parents. 

The progeny of Cox's O.P. xJamesGrieve and ofIVT6304-61 xIVT 74114-17 proved 
to be more susceptible than tbat of IVT 74114-17 X Golden Delicious. IVT 74114-17 x 
Golden Delicious was more susceptible than the progenies of Jonathan x Cox's O.P., 
Jonathan x IVT 6304-61 and Jonathan x IVT 74114-17. 

Thus, progenies differed in their level of resistance and their r.mked order resembled that 
of their parents. These results suggest that this screening method is suitable for detecting 
differences in resistance and that a positive co1Telation exists between the relative levels of 
resistance of juvenile and mature plants. 

Evaluation of the lesion lengths of the Jonathan x IVT 7 4114-17 progeny suggested that 
Jonathan bas two major resistance genes. 

Key words: Malus sp., Nectria galligena, resistance, seedlings, screening, inoculation 
technique, lesion size. 
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Introduction 

Nectria galligena Bres. is the causal agent of European apple stem canker. 
This fungus causes considerable damage to apple orchards in north-western Eu­
rope. Chemical and mechanical control methods are laborious and do not prevent 
serious damage. Cultivars with a high level of resistance would be important for 
effective disease control. 

Breeding for resistance to N. galligena is hampered by the absence of a suit­
able screening method and lack of knowledge of the inheritance of resistance. 
Therefore research has been started at the Institute for Horticultural Plant Breed­
ing (IVT), The Netherlands, to overcome this problem. 

Spinks (2) and Kriiger (1) have evaluated the level of natural infection of ma­
ture trees in several seedling populations. Research on differences in resistance 
of artificially inoculated progenies has, however, not yet been reported. Recently, 
Van de Weg (4) showed that 16-week-old apple seedlings can be infected by N. 
galligena. In this report it is investigated whether differences in resistance be­
tween progenies can be detected at a young seedling stage. Further attention is 
given to the within- progeny variation. As no specific resistance to N. galligena 
is known to occur, attention is focussed on differences in partial resistance. 

Material and methods 

Plant material 

Seedlings were derived from the crosses cv. Cox's Orange Pippin x James 
Grieve, IVT 6304-61 x IVT 74114-17, cv. Golden Delicious (clone Smoothee) x 
IVT 74114-17, cv. Jonathan x Cox 's Orange Pippin, Jonathan x IVT 6304-61 
and Jonathan x IVT 74114-17. Artificial inoculations of detached shoots of ma­
ture trees of apple cultivars and experience of Dutch growers showed that Cox's 
Orange Pippin (COX) and James Grieve (JG) are highly susceptible (S) to N. 
galligena and that Golden Delicious (GD) and Jonathan (JO) are highly resistant 
(R) (Van de Weg (5)). Experience with mature trees of IVT 6304-61 (6304) and 
IVT 74114-17 (74114) at the IVT indicated that these selections are moderately 
to highly susceptible. The first two progenies may thus be considered as 'SxS' 
crosses and the others as 'RxS' crosses. 

Selection 6304 originated from the cross Odin x (GD x Taunton Cross). Se­
lection 74114 originated from the cross Septer x COX. 
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Forty seedlings of each progeny were used, except for 6304 x 74114 and JO x 
74114 progenies. Of the former, only 23 seedlings were available. With JO x 
74114, a larger progeny of 137 seedlings was used to investigate the within­
progeny variation of an 'RxS' cross. 

Seedlings were about 5 months old at the time of inoculation. They were 
planted in 4.5 litre plastic pots and kept in the field until inoculation. 

Inoculation method 

The fifth, seventh and ninth leaves from the top of the plant were removed by 
cutting just below their second (basal) abscission layer; the corresponding axil­
lary bud was also removed. Within 1-5 minutes of cutting, 3 µl of a conidial sus­
pension was placed on the wound with an automatic micropipette. Inoculated 
wounds were covered with vaseline within five minutes after the droplet was ab­
sorbed. Four days after inoculation the vaseline was wiped away with tissue 
paper. After inoculation the plants were moved to an unheated glasshouse. 

To obtain macroconidia, potted infected trees of JG and COX were placed in 
a glasshouse at a relative air humidity of 100%. One day before inoculation spo­
rodochia were removed from the cankers and collected in distilled water. A sus­
pension of 3x105 macroconidia was made and stored at room temperature for 
use as inoculum. Seedlings were inoculated on 16-9-1987. 

Observations 

Lesion (canker) length was measured with a strip of paper having a scale in 
millimetres. Records were taken 27, 34, 41, 48, 55, 69, 84, 97, 111, 125, 153, 
180, 196, 209, 223, 236, 259, 279, 301, 322, 357 and 376 days after inoculation. 
At the same time it was observed whether lesions had girdled the stem, causing 
death of the stem above the lesion. When a lesion had girdled the stem it was im­
possible to measure its length because the upper margin could not be distin­
guished from the shriveling and blackening stem. These lesions were given a 
constant value equal to the last true reading. The same was done with lesions lo­
cated above the one that girdled the stem. Lesions receiving a constant value due 
to the girdling and death cif the apical part of the stem will be referred to as 
'stem-girdling lesions'. 

Experimental design 

A randomized complete block design was used with 40 blocks. Each block 
contained one seedling of each progeny except JO x IVT 7114-17 of which four 
seedlings were present in each block. There were three inoculated wounds on 
each seedling. 
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Results 

Incidence of infected wounds 

Percentages of infected wounds (%1W) for all progenies are presented in 
Table 1 which shows that %IW varied between 81% and 94%, with an average 
of 90%. Differences between progenies were very small, some being statistically 
significant at the 0.05 probability level and none being significant at the 0.01 
level. (Only two seedlings did not show any symptoms of N. galligena.) 

Absence of infection may be due to a high level of resistance, escape from in­
fection due to experimental variation, or both. Hereafter, uninfected wounds will 
be regarded as escapes and therefore be treated as missing values in calculating 
percentage of lesions girdling the stems (%SGL) and mean lesion length (MLL). 
In this way the susceptibility of the most susceptible seedlings will not be under­
estimated. On the other hand, the susceptibility of highly-resistant seedlings will 
not be grossly overestimated in cases where absence of infection was due to re­
sistance, because lesions will be small. 

Stem-girdling lesions 

Percentages of stem-girdling lesions (%SGL) are presented in Fig.1 for each 
progeny and for all dates of observation. It is seen that progenies differed greatly 
in %SGL. On the final date of observation, %SGL was higher in 6304 x 74114 
and COX x JG than in 74114 x GD and JO X: 77114. Further, the %SGL for each 
of these four progenies was higher than those of JO x 6304 and of JO x COX. 

Table1. Percentages of infected wounds on six apple progenies. 

Progeny Percentage of inoculated 
wounds infected with N ectria galligena 

COXxJG 81 al 

6304 X 74114 84 ab 
JOxCOX 89 ab 
JOx 6304 91 b 
74ll4x0D 93 b 
JOx 74114 94 b 

Mean 90 

1 different letters indicate a significant difference according to a two-sided t-test (a.,0.05) 



141 

80 ~ -------- --- -----------, 

70 

60 

50 

30 

20 

10 

0 

0 100 200 300 

DAYS AFTER INOCULATION 

Fig. 1. Percentages of lesions of Nectrla galligena girdling the stem of six apple 
progenies after inoculation. Legend: D COX x JG, + 6304 x 7 4114, 
0 74114xGD, L1JOx74114, VJOxCOX, x JOx6304 

.Lesion size 

Mean lesion length (MLL) is presented in Fig.2 for each progeny and for 
each date of observation. Fig.2 shows that there were large differences between 
progenies in their 'final' MLL. On the last day of observation, COX x JG, 6304 x 
74114 and 74114 x GD had a similar MLL which was larger than that of the JO 
progenies. Fig.2 further shows that the MLLs of COX x JG and 6304 x 74114 in­
creased with time in a similar way and initially increased faster than the MLL of 
74114xGD. 

In all progenies, except 74114 x GD, MLL increased only slightly after the 
16th observation, 236 days.after inoculation. This can probably be explained by 
two phenomena. Firstly, at that time many of the large lesions had girdled the 
stem (Fig.l). As lesion lengths could not be accurately measured after girdling, 
growth could no longer be determined. Secondly, from that time many small le­
sions were recovering, sloughing off diseased tissue while callus was growing 
over the surface of the wound. At the last date of observation several infections 
seemed to have recovered by being completely overgrown with callus. Thus after 
a while, lesion length of most large and most small lesions did not increase. 
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Fig. 2. Mean lesion lengths of Nectria cankers on progenies after inoculation. 
Legend: 0 COX x JG,+ 6304 x 74114, 0 74114 x GD, 
t.. JO x 74114, V JO x COX, x JO x 6304 

Frequency distribution of lesion length 

The JO x 74114 progeny had most seedlings and was used to examine the 
distribution of average lesion length (ALL) of individual seedlings. The cumula­
tive distributions of JO x 74114 and COX x JG differed maximally 180 days 
after inoculation. At that time, differences between relatively susceptible and 
relatively resistant seedlings will probably be largest. 

Frequency distributions of JO x 74114 and COX x JG show that the variation 
in ALL is large in both progenies and that both distributions are continuous and 
have a similar range (Fig.3). The overlap of both distributions is large and the JO 
x 74114 distribution in considerably skewed. The JO x 74114 distribution proved 
to have more seedlings with small lesions than COX x JG (Kolmogorov-Smirnov 
two-sample test, P<=0.001). Frequency distributions of the other progenies of JO 
were not significantly different from that of JO x 74114 (Kolmogorov-Smirnov 
two-sample test, P=0.05). The distributions of COX x JG and 6304 x 74114 were 
also similar. 

Analyses of the JO x 74114 distribution showed that it consisted of a mixture 
of two normally-distributed subpopulations (Table 2). The parameters which 
determine the mixture density were estimated by the method of maximum likeli­
hood (3). A computer programme has been written for numerically approximat-
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ing these estimates and assessing their accuracy. The more resistant subpopula­
tion comprised about 75% of the total population, 78% when the ALL's of the JO 
x 74114, JO x 6304 and JO x COX progenies were joined. The mean and stand­
ard deviation of the more susceptible subpopulations were similar for those of 
COX x JG and those of the 'composite progeny' of COX x JG and 6304 x 74114. 

Discussion 

This investigation shows that progenies may differ in incidence of infection 
and rate of canker development when young seedlings are tested. The percentage 
of infected wounds (%1W) of the 'SxS' crosses tended to be lower than those of 
the 'RxS' crosses. This result is in contrast to what was expected, considering the 
level of resistance of the parents. However, differences in %IW were only small 
and never significant at the P=0.01 level. By contrast, large differences were 
found between progenies in percentage of lesions girdling the stem (%LGS) and 
in mean lesion length (MLL). The latter two parameters may therefore be more 
suitable for evaluating the level of resistance of progenies than %IW. 

COX x JG and 6304 x 74114 had higher percentages of stem-girdling lesions 
(%SGL) and their relatively large mean lesion lengths (.MLL) were reached 
sooner than with 74114 x GD and the progenies of JO. This result is in agree­
ment with the level of resistance of the parents and suggests that this screening 
method can be used to detect differences in resistance based on a positive corre-

Table 2: Estimated mixing ratios (F), means and standard deviations (Sd) of 
subpopulations of several progenies and the standard deviation of 
these estimates. Parameters are estimated by the method of maxi­
mum likelyhood. 

Progeny Subpopulation 
I 

F(%) Mean (nun) Sd 
JO X 74114 75 ±5.5 }2.1 ±().4 3.4 ±().4 

JO x 'S '*l 78 ±3.7 11.7 ±o.3 3.2 ±o.3 

COXx JG 

'S' x 'S '*2 

*1: composite of JO x 74114, JO x 6304 and JO x COX. 
*2: composite of COX x JG and 6304 x 74114. 

II 

Mean(mm) 
27.3 ±3.8 
27.7±2.9 

26.3 
24.9 

Sd 
11.0 ±1.2 
11.3 ±1.0 

16.1 
15.1 
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lation between the resistance of seedlings and mature trees. These indications 
have to be verified. If they prove to be true young seedlings can be used in 
screening for resistance to Nectria. 

The MLL of 74114 x GD was higher than that of JO x 74114, showing that 
JO passed a higher level of resistance on to its progeny than GD. JO is con­
sidered more resistant than GD. 

Frequency distributions of average lesion length (ALL) of seedlings of the 
COX x JG and JO x 74114 progenies were continuous. Numerical analyses of 
ALL for the JO x 74114 progeny and the composite population of the three JO 
progenies suggested that they consist of two subpopulations, the more resistant 
subpopulation consisting of about 75% of the total. The mean and standard devi­
ation of the more susceptible subpopulation were similar to those of the 'SxS' 
progenies. Therefore the difference in resistance between the 'JOxS' and 'SxS' 
progenies may be caused by two major heterozygous resistance genes in JO. Fur­
ther research is needed on this hypothesis. 
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Experiences at Bavendorf (FRG) with 
scab-resistant apple cultivars 

R. Silbereisen 

University Hohenheim, Research Station Bavendorf, 
D-7980 Ravensburg-Bavendorf, FRG 

Abstract 
An asaesament is given of the scab-JeSistant cultivars Prima, Priain, Priscilla and Sir 

Prize grown at Bavendorf, near Lake Constance, FRG, 1979-87. Attention is drawn to their 
agronomic characteristics, to their acceptability by growers and con.swners, and to the 
apparent lack of winter hardiness of Prima and Sir Prize at this site. Preliminary results with 
scab-resistant cultivars in a new trial are described. 

Key wcmls: apple scab, resistant cultivars, variety trials, Venturia inaequalis 

The idea of breeding dessert-quality apple cultivars resistant to scab (Venturia 
inaequalis) began 80 years ago, and is made more necessary today by the press­
ures to cease spraying fungicides. 

American and Canadian breeders led this work: Crandall (2), for example, 
discovered the character of scab resistance in six small-fruited Malus species. He 

{

Rome Beauty ]{F 1 

Parents 

Malus flori- F 1 
bunda cv. 821 

9433-2-2} 

F2 26 829-2-2 

9433-2-8 

Fig. 1. Pedigree of the breeding-stock Nr. 26 829-2-2. 
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started a programme with a cross between Malus floribunda, carrying Vf resist­
ance in dominant monogenic form, and cv. Rome Beauty. In 1926, two siblings 
were crossed to produce an F2 population of 38 plants. These segregated into 
highly susceptible and highly resistant plants in the ratio 1: 1. From this F2 popu­
lation a highly scab-resistant plant with good-sized fruit was selected and given 
the number 26 829-2-2. This one plant has been the most important source of 
scab resistance in apple breeding programmes. Figure 1 illustrates this history. 

In the 1930s, similar programmes were undertaken by the Germans Rudloff 
and Schmidt (9, 10), and continued after 1945 by Zwintzscher (14). In the USA 
meanwhile, the Cooperative Apple Breeding Programme (ABC) started, with ex­
perts at the Universities of Purdue and Illinois, and later at Rutger University. 
The initial letters of these co-operating universities were used as a prefix in the 
names of the first cultivars released from this programme e.g. PRima, PRiam, 
PRlscilla and Sir PRlze (3, 5, 13). Figure 2 shows the pedigree of the cultivar 
'PRiam', which after two back-crossings to Jonathan and Golden Delicious and 
following selection at the INRA station at Angers (France), was released for cul­
tivation. 

Table 1 lists cultivars with scab-resistance, and clearly shows the importance 
of Vf-controlled resistance. Cultivar Freedom has polygenic resistance from 
Antonowka in addition to Vf resistance. The scab resistance of Nova Easygro is 
from the Russian seedling R 12740-7 A, derived from M. pumila, and cv. Murray 
is dominant from M. micromalus. Seedlings which currently only have numbers 
could be added to this list. 

Breeders today are working worldwide to produce apples with absolute re­
sistance (or field immunity) or partial resistance to scab. Usually within these 
programmes attempts are made to incorporate resistance to other diseases, like 
powdery mildew, apple canker and collar rot. From these efforts there are hope­
ful expectations of an early increase in the number of disease-resistant apple cul­
tivars, especially using the advantages of gene technology. 

In Table 2 are grouped those cultivars being used for backcrossing, beginning 
with the F3 generation, from which indications can be deduced about the ex-

scab-resistant 
breeding-stock(USAJ-

F3 14-126]-

Golden Delicious F4 
Jonathan 

Fig. 2. Pedigree of the scab-resistant cultivar "Priam". 

selected a t 
I.N.R.A. Angers (F) 

PRLM 



150 

Table 1. Scab resistant apple varieties*. 

Variety 
and 
country 

USA 
Prima 
Priscilla 
Sir Prize 
Liberti 
Jonafree 
Redfree 
Freedom 

FRANCE 
Priam 
Querlna ( = Florlna) 

CANADA 
Mac Free 
Nova Easygro 
Novamac 
Murray 

United Kingdom 
Gavin 
Redsleeves 

Source of 
resistance 

Vf 
Vf 
Vf 
Vf 
Vf 
Vf 
Vf+poly 

Vf 
Vf 

Vf 
Vr 
Vf 
Vm . 

Vf 
Vf 

Printed 

1970 
1972 
1975 
1978 
1979 
1981 
1983 

1974 
1977 

1974 
1975 
1978 
1981 

1977 
1984 

Additionally some seedlings, which are differentiated with 
numbers. 

*) LESPINASSE, Y. et al.: 
Florina Querinai..la Resistance du P.Ommier a la tavelure. 
Arboric. fruit 370, 43-47, 1985, moclified and completed. 

pected fruit quality. Also in Table 2 are details of disease resistances noted by 
breeders. Priscilla is resistant to powdery mildew, whereas the remaining culti­
vars have a moderate (Sir Prize) or small resistance to this disease. An important 
purpose of cultivar trials is verification of such statements under various ecologi­
cal conditions in various apple-growing regions. How are the cultivars Prima, 
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Priam, Priscilla and Sir Prize pe1forming in terms of cultivation, marketing and 
consumer acceptance? 

Figure 3 shows the harvest date and storage information of four PRI-cultivars 
tested at Bavendorf since 1979; (Prima was planted earlier). The other informa­
tion has been taken from published reports. 

Redfree is an early ripening cultivar and Prima ripens a little later; Querina 
matures very late. First experiences are that most of the scab-resistant cultivars 
store satisfactorily in CA ( controlled atmosphere) stores. 

Bavendorf cultivar trial 03/4, 1979-1987 

To interpret the results of this cultivar trial it is important to note certain envi-
ronmental factors at Bavendorf (Table 3): 

- the low annual mean temperature of 7.6 ·c, 
- the very low temperature in January 1985, 
- the slightly clayey soil, fluctuating in water content. 

Table 2. Characteristics of scab-resistant cultivars on the base of the source Nr. 26 
829-2-2 (Vf). 

for back-crossing used further resistances 
cultivars, beginning with F3 are existing against 

Prima Gold.Del., Melba, Red Rome firebllght high 
Beauty, Starr, Wealthy mildew low 

Prlscllla Gold.Del., McIntosh, Red.Del., fireblighl high 
Starking mildew high 

Sir Prize Gold.Del., Douds Gold.Del., fireblight low 
tetraploid mildew moderate 

Prlam Gold.Del., Jonathan mildew low 

Querina Gold.Del., Red Del., mildew low 
(Florlna) Starklng 
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Table 3. Geographical and ecological data of the research station Bavendort, Univer­
sity Hohenheim, Germany. 

Federal state Baden - Wilrttemberg 

Region Lake of Constance 

Height above sea level SOO m 
resp. altitude 

Temperature - annual mean 7.6°c 

Minimum temperature at 4.1.85 - 23°c 

Rainfall 

Soil 

- annual mean 

- condition 
- quality 

920 nun with maximum June to August 

heavy loam,changing in humidity 
moderate 

- ·pH-value about 6 . 5 

Indicator plants for humidity Deschampsia caespitosa 
. in soil Potentilla anserina 

Ranunculus acer 

Table 4. Productivity of scab resistant and standard cultivars on rootstock M9 during 
the first six planting years (2x9 trees/cv). 

Sir Prize 
Priscilla 
Priam 
Prima 

Red Boskoop,Schmitz-Hiibsch 
King of the pippin 

Mean crop/tree and year 
kg % 

10,7 
9,7 
9,6 
8,2 

10,7 
6,4 

100 
91 
90 
n 

100 
60 
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The ecological con­
ditions at Bavendorl -
representative of exten­
sive areas in the region 
of Lake Constance - are 
not ideal for apple 
growing. 

Crop yield is import­
ant in any apple cultivar. 
Table 4 shows that the 
scab-resistant cultivars 
are good bearers in 
comparison with the 
standards Red Boskoop, 
Schmitz-Hubsch and 
King of the Pippin. 

Fruit size data are 
shown in Table 5. The 
four cultivars show a 
clear ranking: Priam 
fruits must be classified 
as small to medium, 
Priscilla and Prima as 
medium and the triploid 
Sir Prize as large. 

Measurements of 
sugar content (refrac­
tometer values) and ti­
tratable acids and their 
ratio allow conclusions 
about taste quality: high 
sugar and acid levels are 
more favourable than 
low levels or an imbal­
ance. Priscilla is rich in 
sugar but poor in acidity 
and has a high sugar­
acid ratio of 25: 1 (Table 
6); with this ratio Pris­
cilla is grouped with 
Red Delicious, well 
known for a flat, sweet-
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Table 6. Content of sugar and acidity of fruits from scab-resistant cultivars. Mean 
values from 1982 to 1987, Rv=Refractrometer value, tA=titrable acidity. 

Prima 
Prlam 
Priscllla 
Sir Prize 

RV 
In 
% 

12,2 
13,2 
14,5 
14,6 

tA 
in 
g/1 

8,2 
7,9 
5,3 
8,9 

Relation 
Sugar/ 
Acidity 

14:1 
15:1 
25:111 
15:1 

Table 7. Characteristics of fruits of average size from scab-resistant cultivars. Mean 
values from 1983 to 1985. 

specific Index: Firmness 
gravity Height to of fruit flesh 

width kg/cm2 

Prima 0,80 0,84 4,2 
Priam 0,76 1,02 3,9 
Priscilla 0,85 0,80 6,2 
Sir Prize 0,80 0,97 3,0 
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ish taste. The other three cultivars have sugar and acidity characteristics liked in 
Germany. 

Table 7 shows the soft fruit flesh of Sir Prize, at only 3.0 kg/cm2
. Sir Prize is 

not, therefore, for the regional market and is even doubtful for the local market. 
Storage data are given in Table 8. These results refer to long-term storage at 6 

·c. There is little bitterpit, a moderate susceptibility for fruit rots in Priam, a 

Table 8. Fruit deficiencies from scab-resistant cultivars after cool-storage at 6 ·c. Ob­
servations from 1983 to 1987. 

Prima 

Priscilla 
Prlam 
Sir Prize 

bitter pit 

low 

fruit rots 

low 

low 
moderate 
low 

internal 
breakdown 

low to 
moderate 
strong 
low 
low 

Table 9. Frost-induced damages of scab-resistant apple trees. 

Priscilla 
Priam 
Prima 
Sir Prize 

Summerred 
Red Boskoop, 
Schmitz-Hubsch 

n 

18 
18 
18 
14 

18 
18 

Severe damages 
or 
losses 

1 
4 
9 
9 

2 
2 

Regeneratable 
Part-damages 

0 
2 
2 
0 

2 
6 

greasiness 
of the skin 

low to 
moderate 
not any 
low 
very strong 

Damages 
on 
buds 

0 
1 
1 
0 

3 
0 
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strong tendency for internal breakdown in Priscilla and a greasiness of the skin 
of Sir Prize. 

Table 9 concerns the serious problem of the duration of tree life. As a conse­
quence of the severe winter from January to March, 1985, Prima and Sir Prize 
suffered the loss of 50% of the trees. In contrast, Priscilla and Priam proved to be 
cold-hardy, with losses comparable with Red Boskoop and Schmitz-Hubsch. 

Summary of trial 03/4 

PRIMA 
- resistant to scab 
- moderate vigor; well suited for training as a slender spindle bush 
- short life span 
- precocious; good yield and regular bearing 
- medium-sized fruits; medium specific gravity; a broad fruit, round-shaped 

like cv. Calville; partly blushed, partly patchy red colour 
- low to medium acidity, depending of storage conditions; pleasant in 

autumn; high vitamin C content 

Table 10. Scab infections on scab-resistant cul­
tivars. 

- without any chemical treatment 
- 2-years old/ rootstock M9 
- completed with 20 local and new cvs. 
- n • 10 to 18/cv. 
- Bavendorf 

Classification+in % 

21.7.1987 22.7.1988 

Priscilla 
Sir Prize 
Liberty 
Red.free 
Priam 

Jonafree 
Querina 
Prima 

Ribston Pepping I 
Rubinette 

0 
0 
0 
0 
0 

4 
5 
8 

0 
95 

0 
0 
0 
0 
0 

0 
0 
0 

0 
25 

+5 leaves,selected by chance ,at well­

developed shoot were classified on 

each tree according-. to .. the statement : 

SCAB~ or no I 

- small-celled and very 
juicy, but good taste for 
only 4 to 5 weeks 

- in suitable ecological con­
ditions a useful apple for 
consumption in autumn, 
but marketing duration 
maybe short 

PRIAM 
- resistant to scab 
- low to moderate vigor; 

broad canopy 
- precocious, good yield 

and regular bearing 
- small to medium fruit 

size; fruit as high as 
wide; low in specific 
gravity 

- prevailing red colour 
- fruity in taste, moderately 

aromatic; fine-celled and 
juicy, refreshing taste 
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- because of the mostly small fruit size unsuitable as a commercial cultivar 

PRISCILLA 
- resistant to scab 
- moderate vigor and plentiful spurs 
- precocious, heavy cropper, bearing regularly 
- medium fruit size; prevailing red colour with a pale blue hue; a broad-

shaped fruit; high specific gravity 
- flavour sweet but rather flat 
- texture finn, coarse, moderately juicy, becoming crisp later 
- good cultural features, but flavour and flesh not ideal for the FRG market 

SIR PRIZE 
- resistant to scab 
- vigourous; shoots and spurs resemble Golden Delicious 
- short life span 
- precocious; eventually good yields, but not bearing regularly 
- large fruit size; medium specific gravity; oblong to cylindrical shape 
- russet-free but tendency to be greasy; ground colour greenish-yellow; fine 

fruity flavour, aromatic; soft and juicy flesh but very tender 
- because of very tender flesh and skin, and also because of short life span, 

unsuited as a commer­
cial cultivar 

Table 11. Mildew infections on scab-resistant culti-
vars. 

- without any chemical treatment 

- Bavendorf 1988 

Priam 
Prima 
Priscilla 
Jonafree 
Sir Prize 

Querina 
Liberty 
Redfree 

Roter Berlepsch 
!dared 

Classification+ in\ 

primary I secondary 

infections 

0 0 
0 O 

10 0 
11 6 

0 30 

28 17 
11 56 
43 57 

0 0 
76 82 

+ each t ree was classified according t o 

following steps: o - no infection 
1 - small infec tions 
2 - IIIXierabl infections 
3 - strong inf ec t ions 



158 

Bavendorf cultivar trial 01/2 

Cultivar trial 01/2 started in 1987 with nine scab-resistant cultivars planted 
with twenty one old, local and new cultivars, like Malling Kent, Rubinette, Fal­
staff and Ingol. They are grown with and without chemical treabnents. Prelimi­
nary results are as follows: 

In 1987, with frequent scab infection periods in spring, Prima, Querina and 
Jonafree showed some foliar scab. Similar results for Prima are reported by In­
denlco (6) from the Moldavian region, by Grauslund (4) in Denmark and by other 
workers in the FRG. In 1988, however, all scab-resistant cultivars remained free 
of scab. Ribston Pepping had no scab in either year, whereas Rubinette was high­
ly susceptible. 

In 1988, primary and secondary mildew were noted on Jonafree, Querina, 
Liberty and Redfree; Priscilla, considered highly resistant to powdery mildew, 
had primary· mildew only. Sir Prize only had secondary infections. Priam and 
Prima had no mildews. ldared confirmed its high susceptibility to mildew; Red 

Berlepsch remained free of at­
tack. In Poland (1), Liberty, 

Table 12. Red mite infestation on scab-resistant Priam and Priscilla are suscep-
cultivars. tible to apple mildew. 

- without any treatment 
- 2-years-old/rootstock M9 
- Bavendorf 1988 

Classification+ 

30,May 

Priam 0-1 
OuurJnu 0-1 
Jonafree 1 
Liberty 1-2 
Sir Prize 1-2 ----------------------
Prima 
Redfree 
Priscilla 

Falstaff(A 120/3) 
James Grieve 

1-2 
1-2 

2 

0 
2 

20.June 

0-2 
1 

0-2 
0-2 

__ 1-2 ___ _ 

1-3 
1-3 
0-1 

1 
2-3 

+each rasp.each 3 . tree was classified 
according to following stepd: 

O - no attack 
1 - small attacks 
2 - moderate attacks 
3 - strong attacks 

Red spider mites were ob­
served on Sir Prize, Prima, 
Redfree and Priscilla, the at­
tacks being relatively severe 
and similar to that on James 
Grieve. The infestation was 
much less on Priam, Querina 
and Falstaff. 

In both years severe dam­
age was caused by aphids, 
mainly on Sir Prize, Priscilla 
and ldared. Other scab-resis­
tant cultivars were moderately 
attacked. Relatively good 
aphid resistance was shown by 
the new cultivar Rubinette. 



Table 13. Aphids (Aphis pom,) infestations on scab­
resistant cultivars. 

- without any chemical treatment 

- Bavendorf 

Classification+in % 

1987 1988 

21. 7. 13. 8. 30. s . 13.6. 

Jonafree 1-2 0-2 1 1-3 
Redfree 1-2 0-1 1 2-3 
Querina 2 1 1 1-3 
Liberty 2 1-2 1 2;..3 
Priam ____ __ !:~- __ Q:L 1- 3 ___ i ___ -------
Prima 2-3 2- 3 0-1 1-3 
Sir Prize 3 1-2 2 3 
Priscilla 3 1-3 1-2 3 

Rubinette 1-2 0-1 0-1 1- 2 
Idared 3 2-3 1 2-3 

+ each reap. each 3.tree was classified 
according to following steps: 

O - no attack 
1 - small attacks 
2 - moderate attacks 
3 - strong attacks 

References: 
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Conclusions 

1. Scab-resistant apple 
cultivars must have at­
tributes satisfactory for gro­
wers, marketers and 
consumers. 

2. New scab-resistant 
cultivars must also be resis­
tant to powdery mildew, 
canker, red spider mite, 
aphid and perhaps other 
enemies. 

3. Breeders must be en­
couraged to produce, in a 
short time, apple cultivars 
that will not require chemi­
cal treatments. 
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Abstract 
This paper describes the stability of resistance to scab (Venturia inaequalis) in several 

crosses. Eight out of the selections with Vf resistance become infected with scab in plots 
with a high natural inoculum. No relation was found between the stability of resistant 
parents and the progeny: in particular, a high proportion of Prima progenies became 
attacked. 1be stability of progenies from Vf x Vf crosses was little better than that of 
progenies from scab-resistant x scab susceptible crosses. The influences of modifying genes 
is discussed. 

Key wonls: apple scab, resistant cultivars, Vf gene, scab resistance, stability, progeny 
tests. 

Introduction 

Resistance to scab (Venturia inaequalis) in apples bred from Ma/us floribun­
da 821 is believed to be determined by a single dominant gene Vf (2), and has 
proved stable. Most new scab-resistant cultivars carry this resistance and are suc­
cessfully grown world-wide without the need for scab fungicides. These cultivars 
can be traced back to a Rome Beauty x M. floribunda 821 cross made at the be­
ginning of this century. Since 1945, scab-resistant parents derived from this in­
itial cross have been used in breeding programs in the USA and many . other 
countries, including the FRG at Ahrensburg. 
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Materials and methods 

Since 1980, cultivars and selections with Vf resistance have been grown at 
Ahrensburg in orchards where fungicides are not applied and insecticides only 
occasionally. Progenies which remain free of scab in glasshouse tests are planted 
in these orchards. The first test for resistance takes place with the artificial inocu­
lation of young seedlings at the 2- to 3-leaf stage. Scab-free seedlings are planted 
in the field under natural infection conditions. During the past 5 years the infec­
tion potential of Venturia inaequalis has increased rapidly in the experimental 
plots and therefore the trees are now exposed to a high inoculum potential. At the 
end of the first growing year the plants are re-evaluated and in the following 
years, prior to fruiting, scab incidence is recorded in July and September. The 
following cultivars and selections with Vf resistance were used in crosses: Prima, 
Coop2, 6, 7, 8, 9 and 10, Priscilla, A59/24, A163/42, 5002, 5053, HAR30T106 
and TSR15T3. Beside being crossed with scab-susceptible parents, scab-resistant 
selections were inter-crossed. 

Table 1: Stability of cultivars and clones with Vf resistance in the field at the 
BFA, Ahrensburg 

clone/cultivar Number of years 
in the field 

Number of years year when 

Prima* 
Coop2* 
Priscilla 
Coop6 
Coop7# 
Coop8 
Coop9 
CooplO 
A59/24 
Al63/42 
5002 
5053 
HAR30Tl06 
TSR155T3 

4 
8 
7 
8 
5 
6 
8 
9 
7 
8 
4 
8 
8 
3 

• the two clones may not be identical 
# it is not sure if this is the original clone Coop7 
+ only single scab spots 

without scab slight scab present 

2 3+,4+ 
6 7+ 
7 
8 
2 3,4,5 
6 
7 8 
7 8 
3 4,5,6, 7 
6 6, 7 
4 
8 
7 8 
3 



Table 2. Percen~e of scab incidence in Rl'OQ!!nles of crosses with Cooo10 and TSR15T3 selected bei!J9 healthJl after the first Jlear. 

oroa• 2./3. year 4. year 5. year ,. :par 7. y.ar 8. y.ar !I . year 

h1 •l • • h •l • • h •l • • h •l • • h •l • • h •l • • h •l .. • 
Coops x 100 100 100 80 20 87 13 100 -** 
CooplO 100 100 100 92 8 73 27 93 7 -*** 

CooplO X 100 97 3 100 71 29 79 21 100 
CoopS 100 93 7 100 79 21 36 50 14 100 

CooplO x 100 100 100 95 5 80 20 100 
Coop? 100 100 100 100 90 10 100 

CooplO x 100 100 100 
Cox Orange 100 100 100 

Ingrid Marie x 100 100 100 
Coop 10 100 100 100 

TSR15T3 O,p. X 100 83 17 83 17 72 28 78 22 
Coop 10 100 94 6 100 94 6 96 4 

CooplO x 100 47 29 24 18 76 6 35 65 82 12 6 
TSR15T3 o.p. 100 53 35 6 6 82 18 18 47 35 88 6 6 

TSR15T3 X 100 100 99 . 1 97 3 81 18 1 64 36 86 12 2 
Astramel 100 100 98 1 1 100 88 12 54 39 6 88 12 

Astramel x 100 100 100 100 93 7 79 21 
TSR15T3 100 100 100 100 71 29 50 50 

TSR15T3 100 100 100 98 2 82 18 70 30 
Elstar 100 100 100 98 2 96 4 44 46 10 

Elstar x 100 100 100 100 83 17 78 22 
TSR15T3 100 100 100 100 90 10 50 41 9 

1b: healthy 
sl: slight 
m: moderate 

scab infection 

s: severe 
•• evaluation in July 
• 0 evaluation in September 

~ 

O'I 
vJ 
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Table 3. 

cross 4 . year S. year 6. year 7. year 8. year 

h s1 m s 1 h s1 m a h s1 · m s h s1 m s h s1 m • 

Prima X 77 18 5 - 90 5 3 3 79 18 3 - 82 16 3 - 92 8 -
Al42/5 92 6 3 - 82 10 s 3 87 13 67 26 5 3 87 13 -
Prima X 20 59 20 2 2 35 52 11 7 41 62 - - 43 52 s 45 55 
Al43/24 17 54 28 - - 33 59 9 21 79 - 7 45 48 21 62 17 

Prima x 86 13 l - 38 56 5 l 18 59 21 3 27 69 4 - 55 44 l 
c1one 40 77 21 - l 39 48 9 5 43 43 14 - 37 39 23 l 63 36 l 

1h: beallhy 
sl: slight scab infection 
m:moderate 
s: severe 
u evaluation in ,fuly 
•u evaluation in September 

Table 4: Percentage of scab-free apple seedlings in progenies of Vf x Vf 
crosses: artificial inoculation in spring and natural inoculation in 
autumn of the first year 

cross .% scab free apple seedlings after: 
glasshouse during field infection 

inoculation in autumn 

Coop7 x Coop2 53 27 
Coop8 x Coop7 100 89 
Coop8 x CooplO 70 64 
CooplO x Coop7 71 71 
CooplO x Coop8 88 88 
CooplO x TSR15T3 59 59 
TSR15T3 x CooplO 61 61 
5053 x HAR30Tl06 38 27 

_ .... 
-*** 

-

-
-
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Results 

Because of the high level of inoculum in the orchard plots in recent years not 
all selections and cultivars with Vf resistance remained free of scab. Although 
scab was usually absent from this material, the leaves and/or fruits of some selec­
tions developed single small, sporulating lesions or a few larger weakly sporing 
lesions (Table 1). Over an 8-year period, 8 of the 14 selections were infected by 
scab in one or more years. Some selections (Coop2, Coop9, CooplO, A163/42) 
had scab only in years when there was intense infection pressure; 1985, 1986, 
and 1987 were such years, while in 1988 there was a moderate to severe in­
cidence of scab at Ahrensburg. The infected trees differed in the grade of scab in­
tensity: Prima and Coop2 only developed single scab lesions while a few larger 
l~sions were present on the other selections. 
· The stability of scab resistance in selections from progenies derived from dif­

ferent Vf-resistant sources varied in the field. No correlation was observed be­
tween the stability of the resistant parent and that of its progeny. Progenies of 
Priscilla, Coop6, 7, 8 and 9, A59/24, A163/42, 5002, 5053, and HAR30Tl06 ex­
hibited a slight incidence of scab in a very few cases and a moderate incidence 
only occasionally. Jn contrast, a high proportion of progenies of Prima, TSR15T3 
and CooplO showed a slight and to a certain degree a moderate to severe scab in­
cidence from the fourth year: they can divided into two groups, progenies of 
Prima (Table 3) being more susceptible than progenies of CooplO and TSR15T3 
(Table 2). The stability of the progenies from Vf x Vf crosses was little better 
than that of progenies from crosses between scab-resistant material and scab-sus­
ceptible cultivars. The number of attacked trees was small in years· with a low in­
fection pressure, such as 1988 (last colwnn of each Table). In years with a high 
inoculum potential, trees with a severe scab attack could be found, especially in 
the cross between Prima and the very susceptible selection A143/24 (Jonathan x 
M. zuml). Although the scab susceptibility of clone 40 (an open-pollinated Gold­
parmane) was less than that of A142/5 (Jonathan x M . robusta; medium suscep­
tible), scab incidence in the progeny of Prima x clone 40 was higher than that in 
Prima x A142/5. 

Jn autums the proportion of susceptible plants recorded in progenies selected 
as resistant in the glasshouse was not dependent on the source of Vf resistance 
(Table 4). It was notable that progenies of Vf x Vf crosses had a higher propor­
tion of healthy plants (Table 5). 
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Discussion 

As scab resistance from M. floribunda 821 is said to be under monogenic 
control (2), it might be expected that resistant derivatives would respond identi­
cally to the diseases. This is not the case, however, because plant reaction to the 
pathogen is also determined by varying numbers of modifying genes which in­
tensify as the result of the effects of the major (Vf) gene. Rousselle (1) reported 
that in the absence of these modifier genes the Vf gene allows weak sporulation 
of the fungus. The above-mentioned scab resistant selections are derived from 
several backcrosses, to different commercial cultivars, of a progeny of the cross 
Rome Beauty x M. floribunda 821. The number of modifier genes may be re­
duced or augmented in each generation and in that way scab stability of clones 
may decrease or increase, explaining the varied scab response of selections with 
Vf resistance. 

The development of a new race of V inaequalis virulent against the Vf gene 
does not seem likely because Vf selections in the field were not equally suscep­
tible; different grades of symptom-expression occurred. 

Table 5: Percentage of scab-free apple seedlings in progenies of 
crosses with 1 parent with Vf resistance: artificial inoculation in 
spring and natural inoculation In autumn of the first year. 

cross % scab-free apple seedlings 
glasshouse during field inoculation 

inoculation in autumn 

Prima x clone 40 71 55 
Prima x Al42/5 95 59 
Prima x Al43/24 78 42 
Priscilla x Ingrid Marie 55 29 
Ingrid Marie x Priscilla 24 18 
Priscilla x Cox Orange 57 25 
Ingrid Marie x Coop9 51 13 
Cox Orange x Coop9 15 8 
Ingrid Marie x CooplO 47 24 
A59(24 x Golden Delicious 68 15 
HAR13T57 x Golden Delicious 26 7 
Coop7 x Ingrid Marie 74 31 
Coop8 x Ingrid Marie 29 17 
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Abstract 

Much infonnation is available on the interaction between Venturia inaequalis, incitant 
of the apple scab disease, and the host Ma/us. This infonnation is analy7.Cd with regard to 
the genetic interaction. Special attention is paid to the resistance (Vf) bred into commercial 
apple cultivars from M. jloribunda 821. The exampl~ of this resistance is related to general 
principles of host-pathogen interacli_on and is also discussed in elation to durability of 
esistance. 

Key words: resistance, Vf, breeding, inheritance. 

Introduction 

In 1819 E. Fries described the fungus causing scab symptoms on apple as 
Spilocea pomi Fries. Tiris asexual stage was independently named by Wallroth 
(1833 in Flora C1yptogamica Germanica) Cladosporium dendriticum Wallrot 
and changed later by L. Fuckel to Fusicladium dendriticum (Wallr.) Fckl .. 

In the following 60-70 years the main objective of scientists was the descrip­
tion and classification of the two scab fungi. Some rather curious affirmations 
were made: e. g. Sorauer in 1875 found spermogonia, pycnidia and perithecia on 
pear leaves and believed that all belonged to Fusicladium pirinum. Cooke (1866) 
described the sexual form of a newly discovered fungus, Spaerella inaequalis, 
Cooke renamed later by Winter as Venturia inaequalis (Cooke) Wmter. The rela­
tionship of the perithecia and ascospores of Venturia to the asexual F. pirinum 
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and F. dendriticum (Spilocea pomi) forms was probably first resolved in 1887 by 
Goethe (22). However, this work was published in a general journal (Gartenflo­
ra) and no names were given to the sexual forms. In 1896 the connection be­
tween the sexual and asexual phase was officially established by Aderhold (1) in 
the species Venturia chlorospora Ces. He renamed the fungus, after differentiat­
ing it from other Venturia species, V inaequalis (Cooke) Aderh. (3). In Ade­
rhold 's work we find the first complete and correct description of the life-cycle 
as well as a long discussion with some experimental results on the variability of 
the fungi in vitro, extended later (3) with data on the relation between climate, 
scab epidemics and control measures. The number of works dealing with differ­
ent aspects of the scab disease increased steadily, culminating in reviews (6, 61). 

Understanding of the genetic interaction between pathogens and hosts in­
creased, but became more confused as new theories were developed (50, 52, 55, 
56). Definitions were often vague. This paper attempts to analyze published data 
on the interaction V inaequalis-Malus in the light of these theories, adopting the 
definitions given in relevant textbooks (39, 51) and quoting them where appro­
priate. Older works often considered only the aspects of the host (13, 23, 38, 44); 
however in modem breeding it is essential to understand the genetics of the host, 
the pathogen and of the interaction. 

Phenotypic variation of the interaction 

In the chapter on "artificial infection and cultivar susceptibility (Sortendispo­
sition) of apple", Aderhold (1) described how he successfully used ascospores 
and conidia collected in the field and conidia produced in cultures to infect 
leaves of apple and pear in the field; he recovered from the lesions the conidia of 
V. chlorospora (= V.inaequalis) and V. pirinum. He inoculated only young leaves, 
giving as reasons that the success probably would have been greater than with 
older leaves and because the latter were already contaminated by other fungi. A 
few years later in a remarkable lecture, Aderhold (2) illustrated, with photo­
graphic documentation, that different apple cultivars were defoliated to different 
extents by the scab fungus, being therefore differently susceptible. Noting that 
this property would have a practical meaning only if it was constant, he went on 
to demonstrate that this was not the case and that in different years the ranked 
order of susceptibility of the cultivars in the same orchard could 'change, and that 
it could also change between orchards and due to soil conditions. He gave a 
possible explanation: the growth of the cultivars changed from year to year due 
to variation in the climatic conditions but not in the same way for all cultivars, so 
that the potential susceptibility varied among them. But he noticed that suscepti­
bility did not depend only on the cultivar and the influence of the environment 
but also on the interaction between a specific fungus (strain?) and a specific host 
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(cultivar?). For example, infection of F. piririum was most probably successful if 
the inoculum was taken from the cultivar on which the inoculation was sub­
sequently made. He called this the accommodation of the fungus to a certain cul­
tivar and recommended to the nurseries not to distribute material with scab 
because the fungus may not yet be accommodated to a new cultivar in the desti­
nation orchard. Disease severity would be low until the fungus accommodated to 
the cultivar newly planted in that orchard. He concluded that more resistant culti­
vars should be sought even if it may demand much time and that aspects such as 
climate, soil and fertilization have to be considered. 

Similar observations on changes in the ranking of susceptibility were made 
by Wallace in 1913 (57). He thought that the fungus adapted itself to life on the 
"resistant" hosts. At the time, Wiltshire (63) pointed out that "the absence of ade­
quately definite facts makes it at present unprofitable to formulate hypotheses to 
account for the phenomena". Wiltshire was more concerned by the reasons why 
young leaves of certain cultivars and old leaves of all cultivars were immune. 
After describing the different interactions in astonishing morphological detail 
and speculating on the role of chemotropism he concluded: "what the limiting 
factor in immunity is, we can only speculate - it may be simple starvation of the 
fungus, as suggested by the gradual reduction of growth" with the increasing age 
of the leaves. Moreover, in the same work he stated that immunity does not de­
pend on protection by the cuticle, as was confirmed 70 years later (53), but "sug­
gest the probability of the cell sap of the host being in all cases antagonistic to 
the fungus". 

The possibility of adaptation of the fungus to a specific host was not con­
sidered again until 1931, when Wiesmann (58) undertook specific experiments. 
He found great variability in vitro among single spore isolates in relation to 
growth, colour, sporulation intensity and response to pH variation of the sub­
strate (later confirmed by many others, 26, 35, 37, 40, 41, 45) for both scab 
fungi, and great variability in the morphology of the conidia of the apple scab 
fungus. He also confirmed that a relation exists between the origin of the inocu­
lum and the success of artificial inoculation on leaves of different cultivars. The 
percentage of inoculations resulting in symptoms was always greatest in the 
combinations where the inoculum source was the same cultivar as that on which 
the artificial inoculation was· subsequently made. 

The protocol of his experiment was: scabbed leaves were collected in May and June in 
an orchard planted with different cultivars in a mixed stand. Detached leaves, or leaves on 
detached twigs or on trees in the orchard, were inoculated with conidia freshly washed off 
the diseased leaves. Wiesmann then counted the number of inoculation sites showing scab 
symptoms. The results of two to four assays per combination are summarized in Table I. 
Unfortunately, he did not succeed in infecting leaves with the many monosporic isolates 
that he made. 

We can assume from the biology of the fungus and from current knowledge, 
that the inoculum at the beginning of the season came predominantly from ascos­
pores, in which a recombination of the genotypes had happened. Since ascos­
pores cannot choose to land on the tree to which they are best fitted, we can also 
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assume a random distribution of the ascospores leading to a random primary dis­
tribution of genotypes on all trees. During the subsequent asexual cycle, the pa­
thogen is then more or less restricted to individual trees. 

The genotype which best fits a particular tree reproduces more and becomes 
predominant so that, for example, the Boiken-type isolate on cultivar Boiken will 
have the best epidemiological characters, and, after a number of cycles of repro­
duction, it will displace other types on this particular cultivar. 

Wiesmann observed not only qualitative differences in pathogenicity (vi­
rulence avirulence sensu yes\no, respectively) between conidia from different 
origins, but also quantitative differences in pathogenicity (degree of aggressive­
ness) because on "non-corresponding" hosts different strains could cause vari­
ations in symptoms such as flecks varying from yellow to brown, or a clearing of 
leaf colour. 

Three interpretations can be formulated: 
1. The conidia from a particular tree (Wiesmann called this cultivar "the main 
host") represent a race which is differentiated from the other races not only by its 
main host but also by its ability to attack other cultivars ("secondary hosts") to a 
different degree. (This was Wiesmann's interpretation). The following conditions 
have to be satisfied: all the inoculum from a particular host was genetically ho­
mogeneous; a high degree of pathogenicity to a particular host cultivar is linked 
with a low degree of pathogenicity toward the others. 
2. The inoculum consisted of a mixture of pathotypes (races), each pathotype 
being strictly specific for a particular cultivar (single race). This seems improb­
able because the non-corresponding races would not be able to maintain them­
selves on the tree. 
3. Strains with genetic information enabling them to attack more than one culti­
var (complex races) were present together with simple races. So in the inoculum 
from Boiken, the gene for virulence on Boiken was always present, whereas the 
gene for virulence towards Wellington was present in 28.5 percent, the one for 

Table 1. Infection success of a conidial suspension from Venturia inaequa/is origina­
ting from leaves of different cultivars; the infection success was measured in 
% of inoculation sites developing symptoms (Data from Wiesmann, 55). 

Cultivar Origin of the conidial suspension 

infected Boiken Wellington Gravensteiner Virginia 

Boiken 26.3 20.0 6.5 6.6 

Wellington 7.5 26.0 16.6 9.0 

Gravensteiner 9.3 14.0 30.4 13.6 

Virginia 12.8 7.0 23.8 26.6 
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Gravensteiner in 35.4 and for that Virginia in 48.7 percent of the conidia (Table 
2). 

This leads to the question why a single strain able to attack all cultivars has 
not developed since recombination is obligatory during winter (see pages 18-19). 
From this data we are unable to calculate the real frequencies of complex strains, 
nor can we evaluate which hypothesis corresponds better to reality. These ques­
tions can be answered only by using completely described inoculum. 

Similar observations on the variability of the pathogenic characteristics of V. 
inaequalis were made by others (35); e. g. the cultivars Ingram and Haralson 
were abundantly infected by some isolates and only sparsely by others, and culti­
vars such as Yellow transparent were not infected by some isolates. 

From the phenotype to the genotype analysis 

Genetics of pathogenicity 

Schmidt (40, 41) tested 473 single spore isolates and was able to differentiate 
448 morphological different types, with no association of those types to a spe­
cific origin of the isolates. If the morphological variation was great, the range of 
pathotypes was not much less. Schmidt (42, 43, 44) and co-workers analyzed the 
interaction between the scab fungus and apple cultivars in many experiments and 
classified the reaction into three types: no symptoms, clear scab symptoms and 
necrosis or chlorotic flecks. They classified single spore isolates into pathotypes 
using a test range of commercial cultivars. Isolates originating from a particular 
cultivar were always able to infect that cultivar (Goldparma.ne/Goldparma.ne; 
Boskoop/Boskoop), but not necessarily other cultivars (Table 3). The capacity of 
the isolates to infect other cultivars varied from isolate to isolate; for example, 

Table 2. Theoretical relative frequency of pathotypes in conidial suspensions of­
Venturia inaequa/is originating from leaves of different cultivars (Data 
recalculated from Table 1). 

Genome Pathotype 

pathogenic to Boiken Wellington Gravensteiner Virginia 

Boiken 100.0 76.9 21.4 24.8 

Wellington 28.5 100.0 54.6 33.8 

Gravensteiner 35.4 53.8 100.0 51.1 

Vuginia 48.7 26.9 78.3 100.0 
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the isolate from Goldparmane in York seemed to be a complex race, able to in­
fect all of the 15 differential cultivars which Schmidt tested. On the other hand 
none of the isolates was able to infect only one cultivar and therefore repre­
senting a simple race [detailed data in (42)]. Schmidt also showed that particular 
isolates could infect certain wild Malus species. Isolates from wild Malus species 
could also selectively infect commercial cultivars. 

Keitt and Langford (25) tested the pathogenicity of 32 ascosporic isolates 
cultured from four asci on nine cultivars, obtaining differential results on six cul­
tivars. In 12 cases, virulence versus avirulence segregated in a 1:1 ratio, from 
which it may be concluded that virulence to a certain cultivar is governed by a 
single gene or a linked group of genes. However, in two other cases the segrega­
tion was 2:6 between isolates that produced sporulating lesions and thos~ that 
produced non-sporulating flecks (Table 4). The authors did not attempt to explain 
these observations, but they can be interpreted as indicating that at least two 
genes determine virulence on cultivars Ben Davis and Wealthy. These are loosely 
linked as they sometimes segregate [third ascus/Ben Davis, second 
ascus/Wealthy] and in other cases they do not [first, second and fourth ascus/Ben 
Davis, first ascus/Wealthy]. 

To further complicate the interpretation of data, epistasis (suppression of the 
effect of one virulence gene by another) has to be considered. As Boone (6, 7) re­
ports, when two or more virulence genes control the virulence to a cultivar, there 
is often an epistatic effect between an avirulence allele at one locus and virulence 
allele(s) at other loci. 

Further tests on the inheritance of "pathogenicity" (4, 6, 8, 26, 27, 28, 48, 59, 
60, 62) led to the conclusion that virulence to apple cultivars is controlled by as 

Table 3. Reaction of leaves from different apple cultivars to monosporic iso­
lates of Venturia inaequa/is taken from the apple cultivars Winter 
Goldparmane and Schone Boskoop at different sites (Wa.=Waden­
swil, Switzerland; MO.=MOnchen, Pilln.=Pillnitz, York, all in Germany) 
(Selected data from Schmidt, 42). 

Cultivar 

inoculated 

Winter Goldparm. 

Sch. Boskoop 

Gravensteiner 

Berner Ros. 

Origin of the isolate 

Winter Goldparm. Sch. Boskoop 

Mii. Wa York Mii. Pillo. Wa York 

+ + + + + 

+ + + + + 

+ + + (+) 

+ + + + -{+) 

- = yellowish flecks; + = clear scab symptoms; ( +) = necroses or chlorotic flecks. 
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many as 19 genes. These virulence genes are mostly independent (62) and are 
therefore redistributed randomly each year, and are probably widespread (at least 
in the U.S.A.) so that it is not worthwhile describing the great number [216to 
219] possible races (6, 8). However, in breeding programmes for apple scab re­
sistance it is advantageous to classify V. inaequalis into races (6, 33, 38, 49, 60) 
if the corresponding resistance genes are or were used in the programme. The 
races are not named strictly after the pathogenicity genes, but after the cultivars 
which they are able to attack. Race 1 has no particular virulence genes and can 
only attack susceptible cultivars or clones of other Malus species. Race 2 has a 
complex virulence genotype: it is virulent on the clone Dolgo (M. baccata), a 
particular clone of M. pumila nr. Rl2 740-7A (differential ofrace 2), and clone 
Geneva (M. pumila var. niedzwetzkyana), having therefore the virulence genes p­
B+.p-9+ and p-11+. Race 3 has the virulence gene p-10+, enabling it to attack 
Geneva (62). Race 4 is virulent to a particular clone of M. pumila nr. R12 740-
7 A, different from the differential of race 2. Race 5 attacks clones carrying only 
Vm resistance. The symptoms which developed in the different interactions var­
ied from 3 to 4 for the p + genes. The virulence genes p- condition mostly the 2 
reaction, but sometime the 1 reaction, depending on the combination with the 
host Details can be found in overviews (6, 7, 33, 61,62) and elsewhere in this 
book (e.g. Lespinasse). 

The important point is that there is evidently a large number of pathogenicity 
genes, some with different effects, conditioning different types of symptoms and 
probably influencing differently the dynamics of pathogenesis. In most cases no 
clear linkage groups can be determined, so it can be assumed that the genes are 
distributed widely over the seven chromosomes and mostly distant from the cen-

Table 4. Virulence of monoascosporic isolates of Venturia inaequalis origina­
ting from four asci towards four apple cultivars (Selected data from 
Keitt and Langford, 25). 

Cnltivar 
inoculated 

Ben Davis 

Wealthy 

Haralson 

isolate 

ascns and ascospore nr. 

1 2 3 4 

12345678 12345678 12345678 12345678 

--+++--+ ++----+ + ------++ - -++ ++ --

- ---++++ --++---- - - ------ --------

--+++--+ ++----++ +++ + ++++ --++--+ + 

Yellow Transp. + + + + + + + + + + + + + + + + - - + + + + - - - - + + - - + + 

- = yellowish flecks, + = clear scab symptoms 
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tromeres; as cross-overs are exceptionally frequent, all combinations of pathoge­
nicity genes can arise during sexual recombination (e.g. Table 5). 

Being an ascomycete, the first four haploid ascosporeS' in V. inaequalis usually descend 
from one of the nuclei of the first meiotic division, the second four from the other, so that 
the product of each meiotic event (ascospore pair) is positioned in such a way that the 
centromere-linked genes, which segregate in the first meiotic division, will be distributed 
between the first and the second four ascopores in one ascus (Fig.I). Tetrad analysis is 
therefore possible and facilitates genetic work:, even if some errors may occur such as 
changes in position of ascospores in the ascus after they have been formed (e. g. Table 4; 
ascospore m. 8 and 6 or 5 and 7 in ascus 1 ). Without crossing over, all genes OD the same 
chromosome will be distributed together. Centromere-linked genes will then be distributed 
between the first and the second four ascospores. Because sister ascospores derive from a 
mitotic division it is only necessary to indicate one symbol for each set of sister ascospores. 
Centromere-linked genes are therefore positioned in the ascus as A,A,a,a or a,a,A,A (the 
position in the ascus being the centromere marker). Independent genes (on different 
chromosomes) will be randomly reshuffled, but again resulting in parental or nonparental 
ditypes with the first four ascospores containing a different genotype from the second four. 
An uneven number of cross overs between the analyzed gene and its centromere during the 
second meiotic division will lead to a tetratype [for example a,A,a,A or a,A,A,a]. Four 
different genotypes will be present after the meiosis in the ascus. V. inaequalis presents an 
unusually high number of second-division segregations of the virulence alleles, ranging 
from 26.1 % to 88.9 % (7, 8), evident also in Table 5 since the frequency of crossing over is 
proponional to the tetratype frequency. 

Table 5. Genome analysis of monosporic isolates of Venturia inaequalis origin­
ating from four asci in serial order; capital letters = clear scab symp­
toms, small letters = no symptoms. A,a genes conditioning 
pathogenicity to the apple cultivar Ben Davis; B, b to Wealthy; C, c to 
Haralson and D, d to Yellow Transparent. X and Y designate the two 
groups for sexual compatibility (selected data from Keitt and Lang­
ford, 24). 

Ascospore ascus 

no. 1 2 3 4 

I, 2 abcDX aBCDX abCdX abCdX 

3,4 aBCDX AbcDX abCDY aBCDY 

5,6 AB c(7>oy abcDY abCDY aBCdY 

7,8 Ab c<7>oy aBCDY aBCdX abCDX 

Any exchange between the first tetrad (ascospores no. 1 to 4) and second tetrad (no. 5 to 8) is 
due to second-division segregation after crossing over. Sister ascospores should have equal 
genoms (excPeptions are noted with?). Differential results not splitting in 4 : 4 but 3 : 1 may 
be due to epistatic effects. 
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Susceptibility and resistance of the host 

In today's literature, a gene-for-gene interaction between V inaequalis and 
apple is reported (15, 39). A relationship fulfi1ling the requirements for the gene 
for gene hypothesis can be accepted as proven for just a few of the many pa­
thogenicity genes, though it may well exist in many other cases where some 
known or supposed single genes for resistance are present. Bagga and Boone ( 4, 
5) studied the inheritance of resistance in 41 crabapple species and clones to a 
particular isolate of V. inaequalis. The scab resistance to this isolate was control­
led by a single dominant gene in 25 clones, in 11 other clones by two major 
dominant genes and in the remaining 5 the data indicate that three major domi­
nant genes controlled the resistance. In the field, 26 clones were resistant for at 
least 5 years. (Unfortunately, the author has no information on the current level 
of this resistance.) Fourteen of those 26 clones had just one dominant gene for 
resistance. To conclude that these resistances are durable may be too bold. It 
would be most interesting to follow the behavior of the clones mentioned (4, 5, 
12, 13, 46, 47, [Table 6]) in the centre of origin and under natural conditions, 
since it is impossible to collect all possible variants of V inaequalis to test the 
clones and this would be dangerous because new pathotypes could be spread ac­
cidentally. On the other hand, it could be interesting for breeding programmes to 
collect locally resistant individuals and test the new selections in other regions so 
as to widen the genetic base of resistance. 

A generally accepted rule is that the gene centres (centres of origin) of culti­
vated plants are the best places to find durable resistance (31) because such re­
sistance (possibly ephemeral but highly dissociating resistances, see page 16) can 

+~ 
+~ +t 

+~+~ +t +t 

Parental/ nonparental dltype 

First meiotic segregation 

Second meiotic segregation 

Mitosis 

+~ 
+~ 

+•9t ++ ~~ 
Tetra type 

Fig. 1. Arrangement of the ascospores in an ascus: left, first division segregation, no 
crossing over; right, second division segregation due to one crossover be­
tween the centromere and the examined locus. Circles indicate by their 
shades a marker. 
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be recognized only in the field. The genus Malus evolved in five centres of 
origin. For many crabapples North America seems to be the centre. M. angustifo­
lia Michx., M coronaria Mill. and M. ioensis Britt. originate from the north-east 
to the south-east USA. The East Asiatic centre, including China and Japan, and 
the eastern Siberia centre contain the species M. baccata Moench, M. floribunda 
Sieb., M. halliana Koehne, M . hupehensis Rehd., M. kansuensis Schneid., M. 
spectabilis Borkh., M. toringo Sieb., M. toringoides Hughes, M . transitoria 
Schneid., M. trilobata Schneid. M. tschonoskii Schneid. and M. yunnanensis 
Schneid. The Balkan region, Europe and the Mediterranean region are centres for 

Table 6. Classification of clones from different Ma/us species on the 
· basis of maximal symptom development and length of time 

until visible symptoms appear after inoculation with Venturia 
inaequa/is under glasshouse conditions (Selected data from 
Shay and Hough, 46). 

Clone class min incubation 
period in days 

M. Honanensis (1582-35) 0 
M. toringo (852) 0 

M. atrosanguinea (804) 1 2.5 
M.floribunda (821) 1 6 
M. micromalus (245-38) 1 2.5 
M. sieboldii (2972-22) 1 10 

M. baccata var Alexis 2 6 
M. pumila (R#l2740-7A) 2 4 
F2Vf -26829-2-22 7 
F2Vf-26830-2 2 11 

M. baccata jackii 3 18 
M.? (M.A. #8) 3 26 
M. ? (M.A. #16) 3 12 

Jonathan 4 9 
Golden Delicious 4 9 

Reaction classes: 0 = no macroscopic evidence of infection. 1 =pinpoint pits and no spontlation. 2 = 

irregular cblorotic lesions, 3 = few restricted sporulating lesions, 4 = ellleosive abundantly sporulat­

ing lesions 
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the species M. jlorentina Schneid., M. silvestris Mill. and M. trilobata Schneid 
(16): 

Traditionally, the progeny of a cross between a scab-resistant and a scab-sus­
ceptible parent is classified into two groups, susceptible and resistant, even if 
several classes of reaction type are known (0, 1, 2, 3,and 4); the need for an addi­
tional class (M = non sporulating and sparsely sporulating lesions) was felt. The 
distinction between susceptible and resistant seems to vary from author to author 
but mostly is between classes 0, 2, M, 3 ( = resistant) and 4 ( = susceptible), with 
class 1 as a special case of resistance due to hypersensitivity. Data on segregation 
in the Ft progeny of crosses between wild resistant Malus species and suscep­
tible commercial apple cultivars fit mostly a 1 : 1 ratio with classification into 
two groups, sometimes 3: 1, and, less frequently, 7: 1. The conventional inter­
pretation is that the tested wild resistant Malus species are heterozygous for re­
sistance, and the resistance is dominant and controlled by one gene ( or a group of 
closely linked genes), sometimes by two and rarely by three genes (6). 

Vf -resistance 

Progeny of crosses between susceptible commercial apple cultivars and clone 
821 of M.floribunda carrying the Vf-resistance were first rated for scab with the 
scale O to 4 (including class M). Considerable shifts in rating of the same seed­
lings occurred during the various test stages between classes 1 and 2 and be­
tween M and 3. In later years, therefore, the seedlings were divided into only two 
classes, resistant (0, 1, 2, M and 3) and susceptible (4). Hough et al. (24) state 
that a dominant gene conditioning field immunity to apple scab is present in 
Malus floribunda 821 - and that there appears to be no important linkage of re-

Table 7. Expression of scab resistance (% scabbed seedlings) in 
the progeny of 8 apple crosses (heterozygote Vi-resistant 
x susceptible. parent) evaluated under experimental condi­
tions in Geneva N. Y., U.S.A., and in Purdue Illinois, 
U.S.A. (Data from 29}. 

Site cross 

1 2 3 4 5 6 7 8 

Geneva 27 28 30 33 33 38 39 42 

Purdue 60 60 51 50 56 56 54 54 
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sistance with small fruit size or other undesirable fruit or tree characters. Wil­
liams and Kuc (61) reviewing the resistance .in Malus to V. inaequalis write that 
for M. floribunda 821 the progeny segregation ratio of approximately 1:1 indi­
cates that the resistance in this selection is controlled by a single qualitative gene 
(present as a dominant allele) or by a block of closely linked quantitative genes. 
Genetic analysis of different resistance sources (13, 14) led to the conclusion that 
not only M. floribunda 821 carries the Vf-resistance gene (or genes) but that 
other Malus species (e.g. M . atrosanguinea 804, M.prunifolia sp. ecc.) also have 
the resistance gene located at the Vf locus. On the other hand, genes conditioning 
the pit-type reaction of rapidly developing pin-point necrotic pits (hypersensitiv­
ity) are independent from the Vf and present in M. micromalus (pit type) and M. 
atrosanguinea 804 (pit type) at the same l~us, Vm. This gene is rendered-inef­
fective by race 5. Segregation independent from the Vf and Vm resistance genes 
and also from each other was recorded for the resistance genes Vr (Russian seed­
ling), Vb (Hansen's baccata # 2), Vbj (M. baccatajacldz) and Va (Antonovka se­
lection PI 172612); so far, these have not been matched by the pathogen, nor has 
their reaction been described as the rapid pit type (12). 

Most interesting is the statement by Williams and Kuc (61) that "the original 
M.floribunda 821 resistance was expressed as a class 1 reaction", but the resis­
tant progeny used in the breeding programmes showed reactions of class 2 to 3. 
We may conclude that the original M. floribunda 821 resistance was due to one 
pit type gene and one (or a group of closely linked genes) conditioning a class 2-
3 reaction. The first gene was either lost in the segregation of the crosses or was 
readily overcome by V. inaequalis. From other data (30) the situation is less 

Table 8. Classification of the progeny in % of crosses of scab-resistant 
and -susceptible parents after the symptoms following inocula-
tion with Venturia inaequalis (Selected data from 36). 

Parents Reaction class total 

suscJresist. 1 2 M 3 4 pop. 

Lobo/M.jlor. 821 19 29 13 5 33 224 

Lobo/26829-2-2 13 14 18 6 49 457 

Lobo/Prima 8 7 26 8 51 287 

Lobo/PR7Tl 9 12 9 20 9 50 309 

Mcintosh/M.flor. 821 16 19 18 8 39 705 

Mclntosh/26829-2-2 1 7 29 14 49 445 

McIntosh/Prima 2 7 32 12 47 311 

Mclntosh/PR7Tl 9 1 5 23 13 58 691 
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clear. Instead of a 1: 1 segregation of the progeny from Vf x susceptible, Lamb 
and Hamilton recorded a lower proportion of resistant progeny. Their classifica­
tion was different in that they considered only seedlings without any sporulating 
lesions as resistant, so that class 3 was recorded as susceptible. By changing the 
environmental conditions (light intensity, day length and temperature), the per­
centage of resistant progeny changed: low light intensity, short day and low tem­
perature gave fewer resistant progeny. Also, the percentage of seedlings from the 
same crosses classified as resistant was clearly lower in Geneva, U.S.A., than in 
Purdue, U.S.A. (Table 7), reflecting environmental and perhaps evaluation dif­
ferences. The classification of the progeny into susceptible or resistant was also 
influenced by the parents (Tables 8 and 9). 

The progeny of a cross between a heterozygote RS (Vfvf) and homozygote 
SS (vfvf) is expected to segregate 1:1 (50% Vfvf and 50 % vfvf) (Fig. 2, left 
side). Some of the deviation between the genotype and the observed phenotype 
frequencies may be attributed to the environment and evaluation criteria. The 
only explanation for the constant and directional difference between the geno­
type and the phenotype frequencies is that the genetic background modifying 
genes(= genes that have a modifying action on the expression of a major gene; 
the resistance gene may require the presence of another gene before it can be 
fully expressed), contributed by either parent, causes a phenotype shift; in other 
words, some of the Vf-carrying progeny will be of susceptible phenotype and 
classified as susceptible. Thus Vf interacts with the genetic background, leading 
to either a greater or lesser level of resistance expression. 

Suaceptlble Resistant 

S1Rl S2R2 x S1Rl S2R2 

once (4 RJ, [4SJ 

foar {3S + lRJ, [3R + IS) 

sh[2S+2RJ 

Susceptible Resistant 

Fig. 2. Distribution of the progeny from crosses between: left, a heterozygote with a 
dominant resistance in one locus and a susceptible parent, the progeny splits 
in two classes in a 1 :1 ratio; right, parents both heterozygote with two additive 
genes, all alleles have equal effect, the progeny splits in 5 classes with a ra­
tion 1 :4:6:4:1. 
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To explain the shifting proportion of seedlings classified by the breeders as 
resistant (mostly less than 50% ), the subpopulation carrying Vf-resistance (50 % 
of all seedlings) is assumed to be distributed continuously over a range of pheno­
type classes, therefore under equal conditions also representing a range of geno­
types (Fig. 2, right side). In Fig. 3, the population of progeny carrying 
Vf-resistance is fitted to a continuous distribution over all classes (without the 
hypersensitive reaction type 1). The susceptible population is assumed to be in 
class 4, even if it may vary in susceptibility, albeit at a low level. 

Rousselle et al. (36) first postulated the presence of cumulative minor genes 
whose action can increase the level of resistance to scab conferred by the Vf 
gene. These minor genes can originate either from the susceptible or the resistant 
parent. Rousselle showed that the distribution of the progeny within the r!!sistant 
classes (1, 2, Mand 3) fitted almost a normal distribution and about 50% of the 
progeny from many crosses still remained in the susceptible class 4 (Tab. 8). 
Moreover, the authors state that the modifiers of the major gene appear to be in­
herited independently from the major gene and in a quantitative manner, with 
mostly cumulative effects. 

If it is postulated that minor additive genes change the effect of Vf, only two 
loci each with two alleles are needed to explain the continuous distribution of the 
Vf-carrying progeny from a cross between a susceptible and heterozygote Vf-re­
sistant parent (Fig. 3). The Vf-modifying genes (sensu 11, 36, 51) have to be 
present naturally in the susceptible cultivars as well as in the scab resistant clones 
since different percentages of resistant progeny can be found by varying any par-
ent in a cross (Tables 8 and 9). ' 

The cultivars Delicious and Golden Delicious were considered less suscep­
tible than Macoun and Cortland in New York, and in the crosses with a Vf-resis­
tant clone the less susceptible Delicious and Golden Delicious clearly yielded a 
higher percentage of resistant progeny then the crosses with the more susceptible 
cultivars. At least in the mentioned cases there seem to be a correspondence be­
tween the degree of susceptibility of the susceptible parent and the fmal level of 
resistance of the Vf-carrying progeny. If these results are confirmed, it means 
that there is an additive effect of resistance genes of small effect to the Vf-resist­
ance gene ( or genes) showing a large effect. 

The concept of durable and ephemeral resistance 

As seen, every effort is usually made to fit the segregation of a progeny into 
two classes giving discontinuity in the response, so as to allow simple selection. 
Clear borders separating resistant and susceptible subpopulations are drawn. A 
1: l segregation of the progeny into resistant and susceptible groups from a cross 
heterozygote resistant x homozygote susceptible, such as in Vf-resistance, is 
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classically interpreted as the presence in the resistant progeny of one dominant 
R-allele. Generally, and deduced from many known cases such as in Phytophtho­
ra infestans on potato or rust fungi and their hosts, it is assumed that monogenic 
resistance is ephemeral (unstable) because it may require, to overcome it, only a 
single mutation in the pathogen, which may occur frequently. The example of 
gene Vm seems to demonstrate this for apple scab. 

Ephemeral is used as a synonym of unstable or transient. Toe effect of an ephemeral 
resistance gene lasts only for a short time because of the development and spread in the 
pathogen population of resistance-bmlking variants of the pathogen. Toe tenn durable 
merely implies that the resistance has given effective control for some years and is still 
effective; strictly, the assumption that the pathogen had every possibility to adapt itself 
should be fulfilled 

The Vf-resistance incorporated into commercial cultivars is assumed in al­
most all literature (33, 61) to be due to a single dominant allele and therefore to 
be unstable (34); a preliminary report even hints that a new "race" has already 
overcome the Vf-resistance in "Prima" in the Moldavia region (17), but the 
"Prima" reported may not be the cultivar Prima with Vf-resistance. On the other 
hand, numerous examples are known of major-gene resistances which are dur­
able (39). 

Vanderplank: (55, 56) points out that generally in plant pathology continuous 
variation and polygenic inheritance are wrongly treated as synonymous. Other 
models with as few as two independently segregating loci each with two alleles 
of additive effect may well be sufficient to give a continuous distribution if the 
resolution of the evaluation system is not better than five classes (Fig. 1). If there 

... 

._vr 

II I: aVf wftll modlfytag pall 

1:1 

•••Vf 

o,vr 

O~I ii 
Susceptible Rellstaat 4-------. 

i 117 

SuKepllble Reslltant 4-------. 
Fig. 3. Distribution of the progeny of a cross between a heterozygous parent having 

one major gene for resistance and a homozygous susceptible parent into 5 
classes: left theoretical distribution assuming the effect of two modifier genes 
with additive effect of +alleles, with -alleles having no effect; right, as it ap­
pears from the available data (see text) with the arrows indication possible 
border used to distinguish resistant from susceptible progeny and % of the 
progeny classified as resistant. 
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are unequal effects, or linked groups of genes, any type of distribution may be 
possible. Another conflict lies in the argument that polygenic resistance is likely 
to be durable and that safety lies in numbers, because the more resistance genes 
the pathogen has to overcome the less likely will it be able to overcome the re­
sistance as a whole. Again citing Vanderplank, "polygenic resistance" can be sub­
stituted by "genetic variance mostly additive" with reasonable confidence. 

Polygenic inheritance (traits that result from the interaction of several gene 
effects) is not liked by breeders (9, 39), because it is often assumed that the genes 
are independent and will be lost during backcrossing. Moreover the progeny will 
show continuous variation which complicates the selection procedure. On the 
other hand, breeders can easily manipulate additive inheritance by mating the 
most resistant individuals among themselves. The resistance is passed . to the 
progeny as the mean of the resistance of the parents. Success may be slow and 
particular qualities of one of the original parents may be lost. In maize breeding 
programmes many such successes (e. g. adult plant resistance against maize rust) 
can be found and demonstrate that, so far, the resistance is in all cases durable. 

We have to consider Vf-resistance in the light of additivity (preceding chap­
ter). Considering the 50 % of the progeny which carries Vf, then this population 
follows the pattern of additive inheritance. No statement can be made on du­
rability but, as Vanderplank (55, 56) points out, additive resistance is durable in 
all known cases. Furthermore the effect of these modifier genes may result in re­
sistance in the absence of the Vf gene (assuming that they are accumulated to a 
sufficient amount), a great advantage if a race which could nullify the effect of 
gene Vf should develop. The consequences of these points are: (a) the genetic 
background into which Vf is hybridized is of the utmost importance, (b) breeding 
programmes should follow techniques used for selecting additive inherited char­
acteristics, ( c) plants should be screened under conditions in which differences 
can be recognized within subpopulations of resistant progeny, ( d) intense selec­
tion for modifier genes should be made. Care should be taken to maintain diver­
sity in the different breeding lines so not to loose any efficient combinations (36). 

From the work of Schmidt (42, 44) and others (38, 49), the presence of verti­
cal partial resistance in commercial apple cultivars has to be assumed, but its ef­
fect is no longer apparent in current popular cultivars because the planting of 
large areas with one cultivar leads to selection of the corresponding pathotype. 
The pathogen population may still contain many other pathotypes and any com­
bination may arise during the annual recombination of the genome of V in­
aequalis. In mixed stands of apple trees with differing resistance genes, the 
frequencies of the pathotypes (simple and complex) of the ascospores should re­
flect the relative frequencies of those pathotypes at the end of the season. A low 
frequency of complex races after sexual recombination would be desirable, espe-
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cially when the initial inoculum (ascospores) is low and therefore the probability 
of the correct virulence type landing on its preferred host is small. 

The work of Wiesmann lacks data showing changes in frequency of the pa­
thotypes from early spring to later in the season on the different cultivars. We can 
assume a similar frequency of all pathotypes on all tested trees early in the sea­
son. Wiesmann's data from May/June show different distributions of the patho­
types depending on the cultivar. Therefore, the unnecessary virulence genes 
decreased in frequencies from the beginning of the epidemic until May/June. In 
the absence of continuous selection pressure in favour of the complex patho­
types, the pathogen population seems to lose the unnecessary virulence genes. 
Two main explications can be given. 

1) Combined virulence brings disadvantages. Under this concept there will be a 
tendency of the virulence toward the different cultivars to dissociate in V. in­
aequalis. 

The tendency of the virulence genes to dissociate will lead to an equilibrium of the 
frequencies of those virulence genes in the pathogen population. In other words, the 
selection exerted on the pathogen population will lead to a stabilization of the relative 
frequencies. On this topic Vanderplaok (55) writes, ''This indicates an adverse genetic load 
due to virulence must be present, as we have to consider that if a virulence gene carried no 
adverse genetic load the advantage given by the virulence to the population of the pathogen 
would cause the gene to become fixed in the species and a fixed gene for virulence would 
be undetectable". The concept of stabilizing selection is still much discussed. 

2) The differences between the pathogen populations on the four hosts analyzed 
by Wiesmann are due to selection of the correct pathotypes from a random popu­
lation, immigrating from other trees. The low frequency of complex races often 
found in the absence of positive selection is attributed to random chance. Un­
necessary virulence genes bring no disadvantage. 

By this reasoning we assume an immigration of the initial inoculum from leaves not 
exerting any directional selection pressure and start from simple races. Tbe virulences 
toward any of the fonr host genomes (Boiken, Willington, Gravensteiner and Vll'ginia) were 
each present in 25 % of the pathogen ·population. Recombination dnring winter led to 
complex races toward any two hosts in 6.25 %, to three in 1.6 %, to all four in 0.4% of the 
pathogen population. Ascospores representing these races landed on Boiken, where only the 
simple race Boiken and the complex races having Boiken pathogenicity reproduced. After 
asexual reproduction the conidia population all had the Boiken virulence, 25% had also one 
virulence toward any other of the fonrhosts, 6.25 % to two and 1.2% to all three other hosts. 
Taking this conidia population, only about a third coul attack another host, reflecting the 
results of Wiesmann. 

The controversy between the two interpretations cannot be resolved without 
additional data. Although the concept of stabilizing selection impresses, the data 
can also be explained by random selection. The main arguments (64) against 
stabilizing selection are the lack of recombination of the pathogen genotypes and 
the failure to define boundaries of the sample population, which leads to mixing 
data on virulence frequency obtained from various conditions and from subpopu­
lations submitted to various selection pressures. Often, spores originating from 
hosts exerting a different selection pressure are assayed together with the re-
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quired material. The concept of stabilizing selection may be false, as most data 
presented to support it contain major flaws (64). If the possibility of the immigra­
tion of inoculum is excluded then, under the conditions of Wiesmann, slowly and 
over many seasons, complex races of V. inaequalis should emerge. On the other 
hand, the concept of stabilizing selection seems to fit the data presented above, 
especially considering the absence or low frequency of complex races, together 
with the characteristics of a pathogen like V. inaequalis, with an obligatory sex­
ual reproduction, long-range distribution through ascospores and, in the epidemic 
phase, a limited splash dispersal. 

The concept of dissociation of virulence genes can be of great value. By in­
corporating into the host the resistance genes favouring this dissociation we may 
stabilize the resistance. The same effect can be achieved in an orchard by mixing 
apple cultivars with differing resistance genes, chosen so as to promote dissoci­
ation of the virulence genes of V. inaequalis. 

Mechanisms of resistance 

To gauge the potential durability of a particular type of host resistance, it may 
be helpful to understand the mechanism of that resistance and to compare this 
with other cases. If those mechanisms which confer durability of resistance are 
identified, they can be positively selected for in breeding for resistance. Resist­
ance involving hypersensitivity has often proved to be race specific and to have 
the drawback that it masks the expression of other types of resistance, thereby 
precluding selection for such other types (39). 

Unfortunately, very little is known. Vm-resistance is probably due to hyper­
sensitivity and is ephemeral. On the other hand, the ontogenic resistance present 
in all apple cultivars is durable but the mechanism is only hypothesized (19). Vf­
resistance is not due to hypersensitivity and has many features in common with 
ontogenic resistance (18, 19, 20, 21, 53, 54). Preliminary results indicate that Vb, 
Vbj and Vr resistances are also not of the hypersensitive type. In the interaction 
between field isolates of V. inaequalis from Switzerland and an apple clone car­
rying the Va resistance gene, the author (unpublished results) found reaction 
types ranging from 1 (hypersensitive) to 0, 2 and M. To which fact to attribute 
this result is not yet known, but it may be due to the use of field mixtures of ino­
culum leading to different interaction types, because the fungal inoculum is 
genetically not homogeneous. 

To attribute a role to any differences and/or changes between susceptible and 
resistant tissue, the dynamics of pathogenesis has to be known: e.g. when does 
the fungus start to behave differently on the different tissues. Correct timing of 
the observed changes with the changes in pathogenesis is essential (20, 21, 32). 
Cell death and the appearance of necrosis 2-3 days after inoculation may well be 
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due to hypersensitivity, but the same reaction after 6-10 days probably signifies 
that other defense mechanisms are present. Not only is the timing importanl but · 
also the localization of the changes: e.g. where toxic substances are located: If 
these points are observed results will only be useful if they can be comparecl, but 
this seems to be an easy need to resolve. 

Conclusion 

The goal of the orchard protection specialists meeting at the 1988 IOBC 
workshop on integrated control of pome fruit diseases is the production of high 
quality fruit (29) but "in an ecologically acceptable system" (10) under economi­
cal constraints. For many the reduction of fungicide use is a major aspect. Dis­
ease resistant cultivars seem likely to offer the most elegant solution, but only if 
breeders can produce cultivars with durable resistance. 

An understanding of the host-pathogen interaction from a genetic as well as a 
phenological viewpoint may help to avoid major failures, which are, in t;he case 
of apple, extremely costly in invested time and money. Careful choice of the sus­
ceptible parents may help to increase resistance and reduce the risk of the insur­
gence of pathotypes aggressive to new cultivars. As modern techniques will 
allow rapid advances in obtaining resistant cultivars, so gene deployment 
strategies will become possible and necessary, because the risk of ephemeral re­
sistance will increase, through the · incorporation of one specific resistance gene 
in cultivars and through the increased acreage planted with these cultivars. 

Frequent exchanges of research technology and opinions as well as the c;oor­
dination of research in this field are necessary, because the spread of information 
through scientific papers is too slow and imprecise. As noted recently, the termi­
nology used in describing pathogenesis can vary. Therefore clear definitions 
should be agreed and standard terms used. 
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Abstract 
1bis paper summarizes our efforts to understand apple resistance against scab. The 

methods used ranged from anatomical studies (light and electron microscopy) to 
physiological approches (biochemical interaction). We were able to show that several 
mechanisms such as impenetrable cuticular membrane, hypersensitive reaction and papilla 
formation play no more than a limited role in host resistance (ontogenic and Vf-resistance 
were taken in consideration, see below) though they are known to play an important role in 
other host-pathogen interactions. We elucidated some aspects of the biochemical interaction, 
such as host cell wall degradation by the pathogen where we were not able to detect any 
resistance mechanism. Potential factors for resistance at the level of cell wall interaction are 
discussed. 

Introduction 

In biotrophic parasitism, where cells of the infected tissue remain alive and 
active over a long period of time, a precise and intimate relationship between the 
two organisms is required. Venturia inaequalis is characterized by a peculiar type 
of parasitism in which the relationship with apple leaves is established in the first 
stages of infection; epidermal cells begin to collapse only at t:Q.e sporulation stage. 
After penetration of the cuticular membrane the fungus forms stromata between 
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the cuticular membrane and the epidermal cells. In older leaves of susceptible 
varieties and in young leaves of scab resistant varieties (e.g. Vf-resistance from 
Malusfloribunda, clone 821) the fungus is not able to establish a biotrophic rela­
tionship and thus the leaves are resistant. 

In discussing aspects of host resistance and pathogenesis in the apple scab in­
teraction, we distinguish between ontogenic and Vf-resistance. The former refer­
ring to the resistance acquired by any apple leaf by ageing, and the latter to a 
specific scab resistance bred into "genetic" resistant cultivars from wild Ma/us 
species. All the studies presented here utilized the susceptible variety Golden 
Delicious and the resistant variety Liberty. M. floribunda 821 was used in the 
microscopical studies of stroma formation and expansion in addition to Liberty. 

Role of the cuticular membrane in resistance 

Venturia inaequalis attacks its host by penetrating the cuticular membrane and 
invading the space between the cuticular membrane and epidermal cells (Fig. 
lC). 

Maeda (8) first reported enzymatic breakdown of the cuticular membrane, 
using transmission electron microscopy. She was able to show changes in the 
electron density of the cuticular membrane located below the appressorium short­
ly before penetration by the pathogen (this observation was later confirmed (12)). 

Valsangiacomo and Gessler analyzed the role of the cuticular membrane in re­
sistance using electron microscopical techniques (12). From these studies, the cu­
ticular membrane could be excluded as a factor "for resistance in both ontogenic 
and Vf-resistance. The cuticular membrane of leaves of the resistant variety and 
old leaves of Golden Delicious was always penetrated, but no further stroma ex­
pansion was observed in old leaves. 

Pathogen behaviour on callus 

Callus cultures are non-structured tissues without a cuticular membrane and 
therefore provide a useful system for studies in pathogenicity of V inaequalis. 

Beech et al (3) were able to infect intact apple callus with a conidial suspen­
sion of Venturia inaequalis, while Saad (11) was unsuccessful. Conidia applied to 
callus tissue germinated and developed long germ tubes (average thickness com­
parable to that on young leaves, 1.5-2 µrn in diameter) and appressoria. Primary 
stromata developed, and broadened directly into a stolon-like hypha and second­
ary stromata with lateral branch initials. The secondary stromata were approxi-
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mately 1.5 times thinner on callus tissue (3-5 µm in diameter) than on apple 
leaves (5-9 µm in diameter) but still clearly broader than germ tubes. The fungus 
sporulated on tissue cultures producing conidia from the anellidic conidiophores 
arising from the cells of intercellular secondary stromata, in a manner similar to 
that on leaves. The host plasmalemma in callus cells adjacent to stroma cells was 
invaginated and often highly vesiculated. TEM and SEM studies (2) showed that 
the structure of the cell wall was altered suggesting enzymatic degradation. In un­
infected tissue and in regions where the host cell did not closely interact with fun­
gal hyphae the plasmalemma adhered to the host cell wall. The zone between the 
host cell wall and invaginated host plasmalemma was electron translucent. 

No differences were noted between calli from Vf-resistant (Mac Free) and 
those from susceptible varieties. Regardless of the degree of resistance, the pa­
thogen was able to in infect the tissue. Based on these observation we concluded 
that tissue differentiation is a preliminary condition for the expression of resist­
ance. 

Pathogen behaviour on leaf tissue 

In order to be able to compare results of studies on the process of penetration 
and subcuticular propagation of the fungus a suitable definition of the different 
fungal structures is necessary. Adopting the terminology used by Nusbaum and 
Keitt (10) we assume that the fungus penetrates the cuticular membrane with a 
penetration hypha. The fungus then produces a primary hypha, developing with 
time into a normal stroma structure. In figure 1, these three stages are illustrated. 
on micrographs taken in the TEM and through the light microscope. Of these 
three structures the first (penetration hypha) is detectable only with the trans­
mission electron microscope. Normal stroma is easily detectable with the light 
microscope but primary hyphae are barely visible, being thin and sometimes 
smaller than the overlaying appressorium. 

Gessler and Stumm (5) demonstrated the expression of ontogenic and Vf-re­
sistance as lack of sporulation on resistant leaves. Further they observed a dra­
matic reduction of the rate of stroma forming appressoria with increasing age of 
the infected leaves. The reduction of stroma formation in the Vf-resistant var­
ieties, also detected by light microscopy, was even more dramatic when com­
pared with data from susceptible varieties. However, in these studies, penetration 
and primary hyphae were not counted, only normal stroma were taken into con­
sideration. Stadler (unpublished, PhD thesis) performed a more accurate count of 
subcuticular structures, taking into consideration all forms of subcuticular entities 
visible in the microscope, including barely visible primary hyphae (4). By taking 
in account such small structures in evaluating the rate of penetration, the reduc­
tion of the rate of the stroma forming appressoria observed by Gessler and 
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Fig. 1. A (previous page): TEM micrograph showing penetration of the cuticular 
membrane (CM). The penetration hypha (arrow) is visible in the low part of the 
appressorium (Ap). B: TEM micrograph showing the primary hypha (arrow) 
below the cuticular membrane. C: germinated conidiurn (Co) forming appress­
orium and subcuticular stroma (EC=epidermal cell). 

Stumm was less dramatic but still evident. It was surprizing that this rate was 
higher in the case of Vf-resistant varieties if recorded 1 to 2 days after inoculation 
and significantly lower if recorded later (4). Using transmission electron micro­
scopy, Valsangiacomo and Gessler (12) were able to visualize thin stroma forma­
tions smaller than the overlaying appressorium. It was shown that penetration 
occurred in all cases but that there was considerable stroma development only in 
compatible interactions. 

Stadler further showed that varietal resistance is responsible for the reduction 
of stroma formation by slowing down the developing of stroma (Fig. 2). 
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Fig. 2. Growth of stromata (area) on young (A) and old (B) apple leaves from the culti­
vars Golden Delicious, Liberty and Ma/us floribunda recorded at different 
times after inoculation (statistical analysis with the multiple wisker plot 
method). 
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Post-infectional resistance mechanisms such as cell collapse and papilla for­
mation were observed and classified as mechanisms of secondary importance in 
age and Vf-resistance because their frequency increased mostly only after stop­
ping of stroma expansion, and concerning only a small fraction of all observed 
penetration sites (4). 

Further studies using transmission electron microscopy (partially performed 
using a new technique of high pressure freeze-drying) showed changes in the 
electron density of the epidermal cell walls. This phenomenon ( already observed 

Fig. 3. A and B show the host-pathogen interface at the transmission electron micro­
scope. Fungal stroma cells (FC) are in direct contact with host epidermal cells 
(EC). In both pictures degradation spots(DS) of the host cell wall (HCW) are 
visible as electron transparent zones. In A arrow shows an host reaction to 
cell wall degradation: cell wall appositions. In B tissues were prepared with 
high pressure freeze-drying techniques, in A tissues were traditionally pre­
pared by chemical fixation . 
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by Maeda, 6) was interpreted as cell wall degradation (Fig 3). Enzymes poten­
tially involved in this process were extracted (discussed below). 

Two related reactions were observed in the epidermal cells in contact with 
fungal stroma cells: in one case cell wall appositions were noted below the degra­
dation spot (Fig 3A) and in another they were noted in an area where the pa­
thogen tried to invade the intercellular spaces between adjacent epidermal cells 
(Fig 4). The significance of both reactions is not known. 

Sporadically hypersensitive reaction and papilla formation were also ob­
served. 

Fig. 4. Stromatic fungal cells (FC) invading the intecellular spaces between two 
epidermis cells (EC). As a reaction of the host a thickening of the cell wall is 
produced through cell wall appositions (arrow). 
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Enzymology 

Different enzymes potentially involved in the phenomena observed in the 
TEM (cuticular membrane and cell wall degradation) were extracted from liquid 
culture of V. inaequalis. In 1988 Wagner (13) demonstrated cellulolytic activity 
and in 1989 Koller (6) demonstrated cutinolytic activity. More recently we found 
pectinolytic activity in liquid culture of V. inaequalis supplied with apple pectin 
as the sole source of carbon. 

Pectinolytic enzymes are considered to have a major role in degradation of 
plant cell walls and in general are considered to be the most important enzymes 
produced by pathogens against plants. 

Material and methods 

Enzyme extraction and detection of PG activity. V. inaequalis bas been grown in a 
common Czapek medium supplied with 1 % apple pectin as sole source of carbon. A raw 
protein extract was prepared from the mycelial fraction. Mycelium, after filtering through 
several layers of cheesecloth, was rinsed several times in distilled water and further 
homogenized in acetate buffer 50 m~ pH 5.5 using a glass beads (0,45 mm) homogenizer at 
2 °C during 2 min. After separation from glass beads the mycelial suspension was 
centrifuged for 10 min. at 10 OOO g. The supernatant was desalted in Sepbadex G 25 and 
tested for pectinolytic activity by measuring the release of reducing sugars in an incubation 
mixture containing 0.2% polygalacfturonic acid in 50 mM acetate buffer pH 5.5. Reducing 
sugars were tested after the method of Nelson-Somogyi. 

PG extraction using salt solutions. FIitered mycelium was rinsed several times in 
distilled water, split in 4 equal fractions and homogenized with a glass beads homogenizer 
(beads 0.45 mm in diameter) for 2 minutes. Each fraction was treated with salt solutions 
containing Oto 500 mM NaO in four steps (0, 100, 300 and 500 mM). The suspension was 
subsequently centrifuged and the supernatant desalted and tested for PG activity as described 
above. 

In vitro cell wall degradation. Cell walls with 14C incorporated were extracted after 
Mankarios and Friend (9) from plants grown in 14

C02 atmosphere (7) and incubated 
respectively with enzymes extracted from mycelium of the pathogen and with commercial 
enzymes from different sources. After a suitable incubation time the reaction mixtures were 
filtered with a special Sartorius device (Centrisart RI 20 OOO D). Only the particles passing 
through a filter of 20 OOO D remained in the supernatant, fra~tions larger than 20 OOO D were 
sedimented in the pellet. CPM (counts per minute) in the supernatant fraction was taken to 
be a measure of cell wall degradation (as a control a reaction mixture containing denatured 
enzyme was used). Degradation in each tube where incubation was perfom1ed was expressed 
as per cent of the total CPM in the tubes: 

% Degradation= (S/P + S) * 100 
Where S= CPM in the supernatant 
P= CPM in the pellet 

The pectinolytic enzyme extracted from mycelial fraction of a liquid culture 
of V. inaequalis is an exo-polygalacturonase. Transeliminative nature of .the de­
gradation of pectin was been excluded by carrying out a specific test for detection 
of unsaturated monomers (Thiobarbituric acid test); the test always showed nega­
tive results. Further, 0,02 M Ca++ in the reaction mixture inhibited the enzyme 
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activity and the optimum of activity was at slight acid pH (Fig. 5A); both these 
data are typical of polygalacturonases produced by other microorganisms. Tem­
perature optimum of activity was around 50 °C (Fig. 5B); above this value the 
enzyme was rapidely inactivated. The exo nature of the enzyme activity was char­
acterized by separating the degradation products using HPLC (Fig. 6). 
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Fig. 5. pH (A) and temperature (B) optima of pectinolytic activity in mycelium raw pro­
tein extracts of V. inaequalis. In A a reaction mixture containing 50 mM phos­
phate buffer was incubated at 40 °c. In B the mixture was buffered at pH 6.0. 
After 2 h incubation aliquots of the reaction mixtures were colorimetrically 
tested for reducing sugars (OD520). In reaction mixtures where enzyme was 
not added an optical density of 0.4 was recorded. 

Most of pectinolytic activity could be detected in mycelial extracts. In con­
trast to most of the pectinase producing pathogens, V inaequalis seems not to re­
lease the enzyme in culture filtrate. More recently. little acitivity could be found 
in culture filtrates, using acetone precipitation (in contrast to the usual ammoni­
um-sulfate precipitation, this method shows a higher recovery of activity). The 
hypothesis that the pectinase is electrostatically bound to the cell wall of the fun­
gus could be partially confirmed by homogenizing intact mycelium in salt solu­
tions of different molarities. 

The aim of the experiment was to exchange ionically the enzyme bound to the 
cell wall. The results (Fig. 7) showed that using solutions of increasing molarity 
an increasing amount of PG could be extracted. Cell wall bound PG are not 
known in pathogens, which invade tissues by macerating and penetrating cells. 
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Fig.6. Reaction mixtures were separated using HPLC with an anion exchange col­
umn Synchropak WAX-300. Elution of uronic acids (substrate and degra­
dation products) was performed with a gradient 0-1000mM ammonium 
carbonate buffer pH 8.2. Fractions of 1 ml were collected and tested for 
uronic acids (Meta Phenyl Phenol method). Crosses: incubation mixture at 
time O, Points: incubation line after 3 h incubation. In a calibration run the 
pure monomer (galacturonic acid) was eluted in fraction 9, coincident with 
the elution of degradation products in the reaction mixture. 

Fungal cell wall bound PG and more in general cell wall bound CWDE (plant 
cell wall degrading enzymes) could be a peculiar property of pathogens like V. in­
aequalis which grows without macerating or penetrating cells. To our knowledge 
only one other PG has been extracted from a mycelial fraction, from Geotrichum 
candidum by Barash and Klein (1), however the authors found PG activity in cul­
ture filtrates as well. 

The fact that V. inaequalis does not release its CWDE into the surrounding 
medium could represent a valuable contribution to the explanation of the unusual 
type of parasitism exhibited by this pathogen. The exo nature of the PG activity 
may not allow the pathogen to colonize intercellular spaces in the epidermis and 
further parenchimatic tissues . . 

In vitro cell wall degradation 

A new method was developed to study the process of cell wall degradation in 
vitro, in the experiment in wich 14C-labelled cell walls were incubated with 
enzyme extracts (see material and methods). Both purchased enzymes and crude 
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Fig. 7. Different mycelial frac­
tions of 1 g (fresh 
weight) were homo­
genized with a glas 
beads homogenizer 
using NaCl solutions 
of different molarities. 
Solutions were buf­
fered at pH 5.5 ace­
tate 50 mM. The 
amount of enzyme re­
covered from each 
fraction is expressed 
in Units (1 U is the 
enzyme amou'nt re­
leasing 1 mmol galac­
turonic acid in 1 min). 

Fig. 8. ~ vitro degradation of 
4C-labelled cell walls 

using purchased 
enzymes (Serva). The 
reaction mixtures 
were incubated at 30 
0 c for 24 h. 
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extracts of V. inaequalis enzymes degraded 14C-labelled cell walls in vitro (un­
published results). In experiments carried out with purchased enzymes up to 35% 
of cell wall material was degraded, measured as radioactivity in the supernatant 
(Fig. 8). In the experiment carried out with crude extracts of V. inaequalis 
enzymes, the amount of degradation was much lower, reaching a maximum of 
8% after 24 h incubation. 

The role of cell wall degradation in the fungus-plant interaction could not be 
elucidated up to now and no evidence of involvement of this process in resistance 
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Fig. 9. In vitro degradation of 14C-labelled cell walls using V. inaequalis raw protein 
extracts. Figures show results from two experiments carried out under identi­
cal conditions. 
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could be shown. Cell walls of both young and old leaves and of both susceptible 
and resistant varieties were incubated. We were never able to detect any dif­
ference in the degree of degradation of cell walls in extracts from leaves of differ­
ent ages. A tendency for reduced degradation in cell walls extracted from the 
susceptible variety was observed but not confirmed in further experiments. The 
controversial results of several experiments are illustrated by two model exam­
ples in figure 9. 

Our next step in the study of cell wall degradation will be the purification of 
the enzymes and the combination of different cell wall degrading enzymes in the 
incubation mixture. Even though the literature on cell wall degradation indicates 
pectinases are an obligatory first step in the process, we cannot exclude the like­
lyhood that other enzymes are needed to better simulate this process. Inhibitors 
potentially involved in the expression of resistance could play an important role. 
A better purification and characterization of the enzymes involved in cell wall de­
gradation would be useful for further studies on this subject. 
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Abstract 

In the integrated control of apple scab (Venturia inaequalis) and powdery mildew 
(Podosphaera leucotricha), the level of resistance of cultivan; under local conditions is an 
important factor with respect of the number of sprays needed for the control of both 
diseases. A study between 1984 and 1988 evaluated the susceptibility of apple cultivars 
currently grown in Toe Netherlands and also cultivan; and selections which, according to 
the literature, are resistant to scab. 

Key words: disease resistance, plant breeding, resistance tests, disease incidence. 

Introduction 

There is almost total reliance upon fungicides for the control of apple scab 
and powdery mildew. Decision-making schemes for the control of scab and pow­
dery mildew in The Netherlands have been designed to minimize the number of 
sprays (6,7). These schemes are based on assessing both diseases on leaves of 
Golden Delicious, a highly susceptible and widely grown cultivar. Within a few 
years, however, this cultivar will loose its predominant position in The Nether­
lands and be overtaken in acreage by Elstar and Jonagold (2). 

The level of resistance of cultivars is an important factor in reducing the 
number of sprays needed to control scab and powdery mildew. In this respect the 
most susceptible cultivar is limiting in mixed plantations. Information on the re-
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sistance of apple cultivars to these diseases under local conditions is indispens­
able. 

Material and methods 

In the spring of 1983, single trees of various cultivars were planted at 3.5xl.5 
m in each of eight plots. Each block had 30 trees planted in three rows of ten 
trees. In addition to most of the cultivars currently grown in The Netherlands, 
some others which according to published reports are resistant to scab were also 
included. The latter group has been bred from Malus floribunda 821 (5,8,9). In 
1983, captan (1.9 kg a.i. in 1500 1 water per ha) and bupirimate (0.2 kg a.i. in 
1500 1 water per ha) were applied for the control of scab and powdery mildew, 
respectively, as a regular spray programme. Starting in 1984, one or both fun­
gicides were omitted in some plots, giving two plots of oeach of 4 treatments. 
The plots were separated by trees of cultivar Golden Delicious to reduce the 
drifting of fungicide spray between plots. 

The incidence (% diseased leaves) of scab and powdery mildew on long 
shoots was assessed each year in August by visual examination of shoots on the 
two sides of each tree next to the grassed alleys. These assessments were in 6 
grades: 1 = 0%, 2 = 1-10%, 3 = 11-50%, 4 = 51-90%, 5 = 91-99%, 6 = 100% dis­
ease. At harvest, all fruits from each tree were examined for scab. The data on 
disease incidence in Tables 1-3 refer to assessments carried out in plots not 
sprayed for that particular disease. In only one year, 1988, the wood on 40 long 
shoots per cultivar was examined with a magnifying-glass to detect scab pustules 
(wood scab); these shoots were collected in September from trees that had not re­
ceived captan. 

Results and discussion 

The incidence of scab (Tables 1, 2) and powdery mildew (Table 3) varied 
considerably between years in the 1984-88 period. Scab was consistently present 
but most abundant in 1987 due to the highly favourable weather conditions that 
year, whereas powdery mildew was important only in 1984 and to a lesser extent 
in 1985. The large reduction in the incidence of powdery mildew after 1984 was 
related to the occurrence of three successive coid winters; mycelium overwinter­
ing in buds cannot survive low temperatures (3). 

Golden Delicious has been the cultivar used for the assessment of scab and 
powdery mildew in orchards where decision-making schemes for the control of 
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Table 1. Percentage scabbed leaves in August in plots not treated with scab fun-
gicide. 

Cultivar/ 1984 1985 1986 1987 1988 Average 
selection incidence 

Alkmene 3 5 0 20 0 5.6 
Cox's Orange P. 1 2 0 30 3 7.2 
Coop6 0 0 0 0 0 0 
Coop8 0 0 0 0 0 0 
Coop9 0 0 0 0 0 0 
Coop 11 0 0 0 0 
Discovery 0 2 0 3 0 LO 
Egri Piros 10 5 1 60 1 15.4 
Elan 5 1 50 5 18.7 
Elstar 15 25 2 75 15 26.4 
Florina 0 0 0 0 0 0 
Gavin 0 0 0 0 0 0 
Gloster 20 60 5 28.3 
Golden Delicious 20 50 15 100 30 43.0 
IVT 5544-173 2 10 2 4.7 
IVT78039-8 0 0 0 
IVT 78039-18 0 0 0 
IVT 78039-20 0 0 0 
IVT 78039-26 0 0 0 
IVT 78039-27 0 0 0 
James Grieve 1 10 1 40 10 12.4 
Jonafree 0 0 0 0 
Jonagold 40 20 5 95 30 38.0 
Karmijn de S. 3 10 1 50 5 13.8 
Liberty 0 0 0 0 0 0 
Lombarts Calville 0 0 0 15 3.2 
Macfree 0 0 0 () () 0 
Priam 0 0 0 () () 0 
Prima 0 0 0 0 0.2 
Priols Delicious 2 5 0 10 5 4.4 
Priscilla 0 0 0 0 0 0 
Redfree 0 0 0 0 0 0 
Sir Prize 0 0 0 3 0 0.6 
Summerred 20 75 15 36.7 
TSR 18Tl56 0 0 0 2 1 0.6 
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Table 2. Percentage scabbed fruits at harvest in plots not treated with scab fungicide. 

Cultivar/ 1984 1985 1986 1987 1988 Average 
selection incidence 

Alkmene 0 34 2 43 15 18.8 
Cox's Orange P. 0 24 6 97 10 27.4 
Coop6 0 0 0 0 0 0 
Coop8 0 0 0 0 0 0 
Coop9 0 0 0 0 0 0 
Coop 11 2 0 0 0.7 
Discovery 0 19 0 83 4 21.2 
Egri Piros 13 29 6 98 67 42.6 
Blan 4 100 73 59.0 
Elstar 0 11 4 100 87 40.4 
Florina 0 0 0 0 0 0 
Gavin 0 64 0 0 0 12.8 
Gloster 22 54 15 30.3 
Golden Delicious 2 66 13 100 96 55.4 
IVT 5544-173 3 22 7 10.7 
IVT78039-8 0 0 0 
IVT 78039-18 0 0 0 
IVT 78039-20 0 0 0 
IVT 78039-26 0 0 0 
IVT 78039-27 0 0 0 
James Grieve 0 17 5 89 22 26.6 
Jonafree 0 0 0 0 
Jonagold 23 15 16 88 69 42.2 
Karmijn de S. 0 5 4 63 33 21.0 
Liberty 1 0 · o 0 0 0.2 
Lombarts Calville 0 9 3 95 21 25.6 
Macfree 0 0 0 0 0 0 
Priam 0 0 0 0 0 () 

Prima 0 1 0 0 () 0.2 
Priols Delicious 0 0 2 3 3 l.6 
Priscilla 0 0 0 0 0 0 
Redfree 0 0 0 0 0 0 
Sir Prize 0 0 0 0 0 0 
Summerred 0 26 20 15.3 
TSR 18Tl56 0 2 0 47 4 10.6 
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Table 3. Percentage mildewed leaves in August in plots not treated with mildew fun-
gicide. 

Cultivar/ 1984 1985 1986 1987 1988 Average 
selection incidence 

Allonene 5 2 0 0 0 1.4 
Cox's Orange P. 30 10 2 0 2 8.8 
Coop6 10 3 0 0 0 2.6 
Coop8 20 3 1 0 0 4.8 
Coop9 15 5 0 0 4.2 
Coop 11 30 10 1 13.7 
Discovery 3 0 0 0 0.8 
EgriPiros 5 5 0 0 0 2.0 
Blan 2 0 0 0 0.5 
Elstar 30 10 0 0 0 8.0 
Florina 20 3 2 0 0 5.0 
Gavin 20 3 0 0 0 4.6 
Gloster 30 3 1 11.3 
Golden Delicious 30 3 2 0 0 7.0 
IVT 5544-173 10 3 2 5.0 
IVT78038-8 0 0 0 
IVT 78039-18 0 0 0 
IVT 78039-20 0 0 0 
IVT 78039-26 0 0 0 
IVT 78039-27 0 0 0 
James Grieve 5 2 0 0 1.6 
Jonafree 3 3 0 2.0 
Jonagold 30 5 2 0 1 7.6 
Karmijn de S. 20 15 l 0 2 7.6 
Liberty 30 5 2 0 0 7.4 
Lombarts Calville 5 2 0 0 () 1.4 
Macfree 30 LO 2 () () 8.4 
Priam 15 3 0 () 0 3.6 
Prima 3 2 0 0 0 l.O 
Priols Delicious 5 2 l 0 0 l.6 
Priscilla 2 0 0 0 0.6 
Redfree 3 2 0 0 0 LO 
Sir Prize 20 3 2 0 0 5.0 
Summerred 15 2 0 5.7 
TSR l8Tl56 20 2 2 0 0 4.8 
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both diseases are developed (7). From the data in Tables 1-3 it is evident that 
Jonagold will be an adequate replacement when its planted area exceeds that of 
Golden Delicious in the near future. Both cultivars have the same level of sus­
ceptibility to scab and powdery mildew but the leaf:fruit scab ratio is higher and 
thus more favourable with Jonagold. 

Trees of the currently-grown cultivars Elstar, Gloster, Golden Delicious and 
Jonagold had visibly more scab on both leaves and fruits than trees of the other 
scab-susceptible cultivars. Summerred and Priols Delicious were the only culti­
vars characterized by the occurrence of distinctly more scab on leaves than on 
fruits (Tables 1 and 2). 

Only Golden Delicious and Karmijn de Sonnaville had wood-scab pustules, 
on 22.5 and 42.5 %, respectively, of the long shoots in 1988, the number of pus­
tules per affected shoot being 2.1 and 1.6, respectively. Sporulation of the pus­
tules was confirmed microscopically. For this purpose the sticky surface of a 
piece of Scotch Tape was pressed against a pustule and the tape was mounted in 
a drop of lactophenol on a glass slide. Scab spores were sometimes also seen on 
Scotch Tape pressed against wood without visible pustules, which indicates that 
spores were widely dispersed in the trial orchard. 

Cultivars and selections which according to the literature are resistant to scab 
nevertheless showed signs of the disease in some years (Tables 1 and 2). This 
phenomenon had previously been observed in The Netherlands (1) and was re­
cently reported from Germany (4). It is conceivable that under extreme infection 
pressure the initial stroma which normally remain small can develop into visible 
scab lesions. 

Discussions during the IOBC Workshop on Integrated Control of Pome Fruit 
Diseases at Lana, Italy, in 1987 (10) suggested that among the newer scab-resis­
tant apple cultivars only Florina has been performing acceptably for both yield 
and fruit quality. Nevertheless, these properties are still inferior compared to 
Golden Delicious, Jonagold and Elstar. Florina appeared in this trial to be moder­
ately susceptible to powdery mildew (Table 3). Scab-resistant cultivars. with a 
better fruit quality are needed. In this respect it is hoped that crosses of Prima 
and Priscilla with Elstar, made at the Horticultural Institute for Plant Breeding at 
Wageningen, will be successful. In 1987, some of these were included in the ex­
periment discussed above (Tables 1-3). 
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assessment of scab-resistant cultivars 
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Abstract 

At the Institute of S. Michele a/A, Trentino, Italy, research projects on apple resistance 
to fungal pathogens are being developed, and the use of biotechnical methods in this field is 
being considered. Aspects of this programme are discussed. 

Key words: apple research, old cultivars, techniques, integrated control. 

Introduction 

The Institute of S. Michele a/A was founded in 1874 as an agricultural teach­
ing and advisory centre, and today instruction is an important activity. 

In 1985, research was started in the areas of viticulture and vine-making. bi­
ological and integrated pest control and the agricultural uses of compost. derived 
from urban wastes. 

More recently, a genetic improvement unit was formed which will be fully 
functional in 1989 with the completion of genetic and bioengineering labora­
tories. Future programmes will strengthen S. Michele as a multi-disciplinary in­
stitution where research activities and teaching are directed at the needs of local 
agriculture. 

In Trentino, apple growing, with its annual yeald of 350'000 tonne, is one of 
the main sources of income, particularly in the hilly areas and the Non Valley. 
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This calls for research directed towards disease resistance, using biotechnology 
for basic studies of resistance mechanisms and to improve plant disease resist­
ance. By this means, it is intended to make practical advances appropriate to 
Trentino, where there are large differences in local agroclimate. 

General aspects of the problem 

As is the experience with many crops and regions, a few improved clones in­
troduced into Trentino progressively replaced the original apple and grape popu­
lations. This phenomenon, understandable commercially, reduced th~ local 
genetic pool in a few decades. What steps can be taken to correct the 'genetic 
erosion' and re-introduce valuable genes, especially those for local adaption? 
First, it is necessary to make plant collections from Trentino and the whole alpine 
area. This task calis for patience, but finds great support at the Institute of S. Mi­
chele. 

Secondly, research is based upon activities at several institutions. The princi­
pal aim is to select morpho-functionally improved plants resistant to the main 
diseases and also to environmental stress. 

Within this framework, a distinction is made between laboratory and field 
studies because they present different although integrated aspects of the overall 
programme. 

Laboratory research 

Laboratory work is based on in vitro propagation studies and biotechnical re­
search. The main research topics are: 

- the induction of somaclonal variation by means of in vitro culture of cell 
suspensions. 

- improvement of selection techniques for pathogen resistance by exposure 
to toxins or filtrated cultures of pathogens. 

- use of transpositive mutagenic techniques (DNA transfer) through the enge­
neering of bacterial vectors. 

It is hoped that in developing and evaluating these techniques, genes that 
code for resistance to specific pathogens can be introduced into apple (and 
grape). 

- quantification, using protein characterization by electrophoresis of distinc­
tive traits among apple (and grape) clones, particularly in collections of old 
cultivars. 
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- indexing of old and improved material using ELISA techniques in order to 
assess plant health with respect to viruses. 

Field research 

Field research will be coordinated with the laboratory research because it 
comprises the assessment of selected individual plants for productivity, precocity 
etc., and the testing of resistance for stability under field conditions. 

Other related studies are: 
- collecting and stuying old cultivars obtained locally and from the alpine 

area There is increasing interest in the preservation of these cultivars be­
cause of their intrinse value as genetic sources for environmental adapta­
tion, fruit quality (taste) and disease resistance. So far, 100 cultivars from 
several northern Italian regions have been collected and grafted. 

- genetic improvements by means of conventional breeding techniques 
(single and multiple crossing), with the assessment and selection of glass­
houses and in the field 

- clonal selection project for apple cultivar "Renetta Canada", aimed at clo­
nal improvement. During the summer of 1988 about 100 clones from the 
Non Valley area were collected and grafted. 

- field performance of improved cultivars resistant to scab, and development 
of integrated production methods and biological pest control. 

This last aspect of the program represents the climax of the work towards 
chemical-free apple production; it is necessary to investigate the economics of 
this type of apple cultivation. The use of scab-resistant cultivars is a step towards 
chemically-free fruit-farming techniques, but economic uncertainties remain in 
the context of the Trentinian and Italian markets. The last project is also an econ­
omic comparison of at least four fruit-growing methods using common cultivars, 
e.g. Golden Delicious and the more resistant cultivars available today such as 
Querina and Florina, in a 4-ha-orchard. 
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Pome fruit storage disease control in 
Belgium: past, present and future 

C. Verhey den and P. Creemers 

Research Station of Gorsem (IWONL), 
3800 Sint-Truiden, Belgium 

Abstract 
A general survey is given of the storage of apples and pears, including refrigeration and 

controlled atmospheres. 
Emphasis is placed on mineral composition of the fruits and on their maturity in relation 

to physiological disorders. A distinct relationship between bitter pit and calcium content, or 
the K:Ca ratio in the fruit. Special attention is drawn to Blossom-end rot and Mouldy core. 

Toe benzimidazole fungicides were especially effective for controlling storage disease 
fungi but resistance has occurred in ·Botrytis, Penicillium and even in Gloeosporium in 
neighbouring countries. Fungicides to control storage fungi are discussed: Storage disease 
management spray programs are targeted at Botrytis on pears and at Gloeosporium on 
apples. To avoid resistance, mixed-fungicide strategies are proposed. 

Interesting postharvest treattnents discussed are dipping, drenching and thermal fogging 
to apply fungicides, the use of natural aromatic components and prospects for biological 
control. 

Key wonls: Storage rots, disease control, postharvest treatments, fungicides, orchard 
sprays, resistance, tolerance, aromatic compounds. 

Introduction 

Postharvest diseases of fruits (and vegetables) are major problems in food 
production. Losses are difficult to estimate but the authors ' data and those of 
others (1, 11) indicate that losses can amount to 40%. Even an average 10% loss 
of a high-value commodity like apple has a large impact on the total cost of pro­
duction. Disease-resistant cultivars must be regarded as important in contributing 
towards reducing spray residues in food and in the environment; cultivars which 
can be stored and marketed to a high standard without the need of orchard sprays 
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or postharvest treatments deserve a high priority in breeding programmes. Selec­
tion of apple and pear breeding material for resistance to storage diseases and 
with good storage potential is increasingly important. 

Meanwhile, storage diseases of apple and pear have to be controlled by cost­
effective postharvest treatments, including refrigeration and controlled atmos­
phere (CA) storage. The different methods can be summarised as follows: 

- Cold storage refrigeration in normal air conditions. Fruit, however, cannot 
be kept very long by this method. 

- Controlled atmosphere (CA) storage in gas-tight rooms with 5 - 6% C02 
and 16 - 15% 02). The advantage of the method lays in the inhibition of 
respiration by a decrease of oxygen and an increase of carbon dioxide. 

- Scrubbed gas storage with 1 - 5% C02 and 2 - 3% 02. The low oxygen 
level results from respiration of the fruit; the carbon dioxide is regularly 
removed by a scrubber and replaced by fresh air. The ripening of many 
fruits can be dramatically hastened by ethylene and so ethylene scrubbing 
can be an additional feature. 

- Ultra low oxygen (U.L.0.) storage with 1 - 5% C02 and 1,5% 02. Oxygen 
concentration is analysed and adjusted with an electronic computerised 
controller. Otherwise anaerobic ( or fennentative) respiration will be caused 
by an excessively low oxygen level (below 1 % ). 

In addition to these storage systems to reduce losses, major methods which 
have been investigated to control postharvest diseases use chemicals, heat and ir­
radiation. Only chemical treatments have found widespread application. 

In addition to losses from diseases, mention must also be made of losses from 
modem fruit-handling practices. 

Table 1 : Percentage apple fruits with an open calyx tube and the in­
cidence of mouldy core according to the fungicide treatment. 

Fungicide(*) 

Control 

Iprodione 

Triadimefon 

Fruit size (kg) 

>75mm 

23.5 a(**) 

25.5 a 

11.5 b 

% fruits with 

open calyx 

66.1 b 

53. l a 

80.3 C 

(•) Four weekly treatments between full bloom and start of June drop. 

% fruits with 

mouldy core 

19.4 b 

5.0 a 

46.6c 

(•*) Means in the same column followed by the same letter are not significantly differ­
ent (P = 0.05). 
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Postharvest diseases 

Postharvest diseases are often extensions of phenomena occurring in the or­
chard, and can be physiological disorders or caused by pathogenic organisms. 

Physiological disorders 

The occurrence of physiological disorders during storage depends on the 
mineral composition of the fruits and on their maturity. 

The date of picking is the main factor determining the behaviour of apples 
and pears during storage and their quality. ff the fruit is picked early, loss of 
weight during storage will be greater and internal breakdown may occur. ff the 
fruit is picked late, scald, core flush and senescence rot may occur. Picking late 
may be even more harmful for fruits from fairly charged trees and for pears 
cooled too slowly or in the presence of a too high C02 content in the storage 
room. All factors favouring maturity stimulate scald. 

Bitter pit is usually regarded as a disorder occurring during storage. Suscepti­
bility to the development of pitting depends, however, upon conditions during 
the time the fruit is on the tree. Calcium is a very important element in plant cells 
and a major factor preventing physiological disorders in fruit. Conditions in­
fluencing the calcium content of fruit are: soil, fruit size, pruning, transpiration 
rate (low rates result in high final calcium levels) and, of course, calcium sprays. 

Trials at the Research Station of Gorsem using cv. Boskoop involved regular 
sprays of technical-grade calcium nitrate (1 % ) starting 3-4 weeks after blossom. 
The effects on bitter pit were very favourable (Fig. 1). 

Table 2. Activity (% control) of fungicide dip treatments on Botrytis cinerea 
on Conference pear. Dipping time: 30". 

Fungicide 

Thiabendazole 

Vinclozolin 

Iprodione 

Cone. 

ppm 

1500 

500 

500 

After 7 days at 20 °C and 100 % RH 

MDC-sensitive 

inoculum 

87.7 b* 

98.5 a 

99 .5 a 

MDC-resistant 

inoculum 

0.0 b 

97.3 a 

99.8 a 

• Values in the same column followed by the same letter are not significantly different (P = 
0.05). 



Table 3. Activity (% control) of postharvest fungicide dip treatments on 
Penicillium expansum. Dipping time : 30". 

Fungicide 

Thiabendazole 

Imazazil 

Cone. 

ppm 

1500 

375 

After 7 days at 20 ·c and 100 % RH. 

Conference 

pear 

31.6 b * 
92.7 a 

Golden Delicious 

apple 

43.4b 

98.4 a 

• Values in the same column followed by the same letter are not significantly different (P 

=0.05). 
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Such results have been obtained by many workers using calcium nitrate 
(0,65%) or calcium chloride (0,5% ). These trials demonstrated that the effective­
ness of the calcium spray programmes varied between orchards. In some, a 
potential bitter pit incidence of 5% was not effectively controlled, while in others 
a potential of more than 30% was completely controlled. In only half of the trials 
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Fig. 1. Bitter-Pit (stip): scheme of treatments (12) 1% Ca(N03)2 . 
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was the fruit calcium content increased by more than 1 mg/100 g, stressing the 
need to improve the application method. 

Fruit intended for storage should be harvested at optimal maturity, before the 
rise in respiration, and should be cooled promptly after picking. Internal resist­
ance decreases as ripening advances. 

It is well known that many physiological disorders are more likely to develop 
during storage in fruits deficient in calcium and/or rich in potassium and magne­
sium. Fruits with a high K:Ca ratio show a faster climacteric respiration increase, 
ripen quicker and loose their internal resistance earlier. 

The mineral composition of fruit influences the occurrence of storage rots 
(Fig. 2). 

Maintaining fruit at high "vitality" enhances natural disease resistance and the 
ability to heal wounds. As Sommer (14) mentioned, several measures for mini­
mizing postharvest diseases are important and should be followed as much as 
possible: 

- Harvest fruit at the time of optimum maturity. 
- Avoid wounds: these provide an entrance for pathogens and also stimulate 

respiration and ethylene evolution (which may trigger ripening). 
- Cool fruit promptly to ensure high "vitality" and natural 
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Fig. 2: Relationship between area of decay and calcium concentration of apple tissue 
in fruits pressure infiltrated with calcium chloride (CaCl2). Data points from left 
to right are concentrations of 0, 2, 4, 6 or 8% CaCl2 solutions, respectively 
(2). 
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disease resistance throughout the postharvest period. 
- Store at the lowest temperature that will not damage the fruit. 
- Use controlled or modified store atmospheres. 

Pathogenic organisms 

More than 40 fungi can be responsible for fruit rot. General surveys of the 
most important pome fruit storage diseases were given by Kennel (9) and Cree­
mers (3). In this paper, attention is drawn to Blossom-end rot and Mouldy core. 

Blossom-end rot 

Blossom-end rot can be very damaging in some years on certain apple culti­
vars. In 1987, losses from blossom-end rot were very severe, especially on ·the 
cultivars Boscoop and Jonagold. 

Infection occurs at petal fall, when the styles and stamens wilt. If this period 
is prolonged by cool and moist weather, the risk of infection is increased. After 
the blossom period, a dry brown spot appears around the remains of the sepals, 
with a surface area of only a few square millimetres at harvest. The flesh of the 
fruit around the lesion matures prematurely and sometimes affected fruits drop. 

Isolations made shortly after the appearance of symptoms always reveal 
determinedA/ternaria spp., mostly in combination with Botrytis cinerea Pers. Fr. 
Isolations later in the season and during storage reveal Nectria galligena Bres. 
There is no certain explanation for this difference: there may be two infection 
periods, with B . cinerea infecting during the blossom period and N. galligena 
later. Alternatively, N. galligena may be secondary on fruits already infected with 
B. cinerea. In other countries, the same two fungi are described in the group of 
pathogens causing Blossom-end rot. 

During storage, some of the latent infections resume activity and colonize the 
whole fruit. Vmclozolin is approved for the control of Blossom-end rot in Bel-
gium. · r 

Mouldy core 

One of the new apples interesting fruitgrowers in recent years is the German 
cultivar Gloster. The incidence of mouldy core in this cultivar is very high in 
some years. The fungi isolated from the core region belong to several genera: Al­
ternaria spp. are the most common (6, 8). The fruits have a grey- to black-col­
oured fungal growth over the seeds and carpel walls. Occasionally, the 
surrounding fruit flesh is also affected and from these fruits Fusarium spp. and 
sometimes also Trichothecium roseum (Pers.: Fr.) Link. are isolated. 

The period of latency can be very short. If the development of the fungus 
takes place whilst the fruit is on the tree, the infected fruits ripen and colour pre­
maturely. The elimination of these more-coloured fruits is not, however, guaran­
teed to eliminate mouldy core problems after harvest. 
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Gloster belongs to the group of cultivars which often have an open calyx 
tube. On these cultivars, the five flower styles which normally join at the base 
fail to unite under certain conditions. 

In trials of fungicides applied during the postbloom period, good results were 
obtained at Gorsem with iprodione. The application of compounds with growth 
regulating effects can, however, increase the percentage of fruits with an open 
calyx and indirectly, therfore, the incidence of mouldy core (Table 1). 

Preharvest treatments 

The causes of the most important storage diseases in Belgium can be sum­
marized as 95% Botrytis and 5% others (Monilia, Penicil/ium) on pear and 50% 
Gloeosporium and 50% others (Botrytis, Penicil/ium, Cylindrocarpon,Alternaria 
etc.) on apple. 

For the control of storage fungi, the benzimidazoles are especially valuable. 
The following fungicides belong to this group: benomyl, thiophanate-methyl, 
carbendazim, thiabendazole. These systemic compounds can penetrate into fruit, 
reaching the latent mycelium of the pathogens. The fungicides have excellent ac­
tivities against fruit-rot fungi such as Gloeosporium, Botrytis, Penicillium and 
Monilia. In Belgium it is recommended not to use these compounds in the or­
chard to control scab and powdery mildew, but to restrict them for the control of 
storage rots. 

In recent years, and despite the restricted number of actual applications, some 
of these target fungi have developed resistance against all fungicides in the ben­
zimidazole group. This was first noted B. cinerea, the most important storage 
fungus on pear. Botrytis is a polyphagous pathogen which is not restricted to 
apple and pear but attacks numerous other crops. On most of these crops the ben­
zimidazoles are no longer used against Botrytis because of resistance problems. 

A second widespread fungus that developed resistance to benzimidazoles was 
Penicillium. This resistance became general in stores. Recently, resistance in 
Gloeosporium (Pezicula malicorticis) was detected in the Federal Republic of 
Germany and also in the Netherlands (11, 17). In Belgium, resistance in this fun­
gus is not yet proved and the results obtained with benzirnidazoles against 
Gloeosporium remain excellent. 

Apart from resistance problems, there is also a shift in the fungal spectrum as 
a result of the increasing importance of fungi which are naturally less sensitive or 
insensitive to benzimidazoles (18). 

Also, changes in production methods shift the fungal spectrum. Thus, 
- increased mechanisation in fruit handling has led to more injured and 

bruised fruit, which explains the increase of Penicillium and Botrytis fruit 
rots. 
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- general use of pneumatic pruning has increased cankers, resulting in an in­
creased infection pressure, especially of N. galligena. 

- increased application of zinc fungicides for scab control, although these 
compounds are not active against fruit rot fungi (Fig. 3). 

The resistance level of fungi resistant to benzimidazoles is very high; more­
over, it is a persistent resistance. In such cases, either fungicides with a different 
mode of action are needed or alternative control methods. Another problem can 
be negative cross resistance between two fungicides. Fortunately, a new fun­
gicide, diethofencarb, has proved very effective against benzimidazole-resistant 
strains of various fungi (5). The possibility of using diethofencarb for the control 
of storage diseases is the subject of trials in 1988 and the first results are ex-
pected in 1988-89. . 

For the control of B. cinerea on pear, very good results were obtained with 
the dicarboximides (Table 2). Only vinclozolin is currently approved for use in 
Belgium; iprodione has been phytotoxic on the pear Doyenne du Cornice. Apart 
from their excellent activity against Botrytis, dicarboximides are also very effi­
cient against Monilia. These two fungi are responsible for almost all storage rots 
on pear, and so these compounds are especially suited for the control of fruit rot 
on pear. 
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Fig. 3: General survey of the side-effect of fungicides applied against apple scab and 
mildew on the occurrence of the parasitic storage rots (10). 
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For Penicillium, the second fungus with widespread general resistance to 
benzimidazoles, imazalil has given very satisfactory control (Table 3). This fun­
gicide has been cleared in Belgium for postharvest applications (see below). 

In the past, the chemical control schedules applied to apple and pear were 
identical; nowadays, more specific schedules are followed for each commodity. 
On pear, the control schedule is directed at Botrytis; on apple, Gloeosporium is 
the main target. In order to prevent a selection of resistant strains or a shift in 
fungal spectrum, schedules with more than one fungicide, each having a different 
mode of action, are recommended. On pear, a specific Botrytis compound (vin­
clozolin, tolylfluanid) is the most important component, but is mixed or alter­
nated with a benzimidazole, thiram or captan. On apple, benzimidazoles remain 
the most important component, alternated or mixed with contact fungicides such 
as captan, thiram, tolylfluanid or vinclozolin. 

The number of applications depends on the weather. In normal circumstances 
three treatments are sufficient. The sequence of the various compounds in the 
schedule is determined by the need to minimize visible residues and the mini­
mum "safe" interval allowed before picking the crop. 

Postharvest treatments 

The control of fungal storage pathogens of pome fruits by means of posthar­
vest applications is very recent in Belgium. It is important to delay the chemical 
control of storage diseases until after harvest because selection pressure on the 
inoculum sources will then disappear and resistance problems will be avoided. 
Also, better chemical coverage of the fruit is obtained and wounds occurring dur­
ing picking are protected. Another advantage of postharvest treatments is that the 
harmful effects of benzimidazoles on beneficial organisms such as earthworms 
and predator mites are avoided. 

In some other European countries, postharvest treatments of fruit are applied 
not only to reduce parasitic attacks, but also to reduce physiological disorders 
during storage. As mentioned above, imazilil is approved in Belgium as a post­
harvest treatment for the control of Penicillium. 

1. Dipping and drenching 

Treating picked apples with the anti-oxidants diphenylamine (DPA) or ethox­
yquin is approved in many countries to control superficial scald. These treat­
ments are carried out soon after harvest, either by dipping or drenching fruit in 
water-dispersions of the chemical agents. The equipment for such postharvest 
treatments is not common in Belgium for two main reasons: 

- good results are given by preharvest treatments 
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- only one third of the total production of pome fruit is stored at the coopera­
tives: the remainder is stored by the fruitgrowers. 

Some factors limiting the success of dipping and drenching are contact time, 
temperature of the solution and fruit, the need to maintain the concentration of 
the solution, dirtiness of the solution and the need to renew the solution. 

2. Thermal fogging 

hnbroglini, Bompeix and Morgat (7) have tested a new method based on the 
thermal fogging of chemicals; this appears to be much simpler and easier than 
dipping or drenching. Thermal fogging is the production of a fog of tiny drops 
containing the chemical agents; the size of the drops has to be about one micron 
in order that the fog persists long enough to permit the drops to penetrate among 
the fruit in the bins. 

The advantages are clear; the method is simple, fast and relatively cheap. 
Thermal fogging is possible in CA stores without any large change of atmos­
phere (approx. 1 % increase of oxygen) or temperature (transitory increase of 0,5 
·c). 

Tests are being conducted for the extension of the method to active ingre­
dients such as fungicides. 

3. Aromatic components 

Natural metabolites evolve in stores: hexyl acetate, butyl butyrate and butyl 
acetate are the major components, with other esters, alcohols and carbonyl com­
pounds of lesser importance as components of fruit aroma. 

Davis and Smoot ( 4) reported the inhibition of P enicillium digitatum spores 
by long-chain aliphatic aldehydes at concentrations of 1.0, 0.2, 0.1 and 0.06 
mole/I. This inhibition was not observed with the alcohols, esters and terpenes. 

The effect of some volatile components of fruit aroma on in vitro spore ger­
mination and development of Colletotrichum gloeosporioides has been investi­
gated at the Research Station, Gorsem (11). Fungicidal and fungistatic activities 
of the components were evaluated by measuring mycelial growth during 7 days 
after treatment. 

a. Fungicidal (lethal) activity 

Complete inhibition of mycelial growth of C. gloeosporioides was observed 
for 1-hexanol and 1-heptanol after a fumigation exposure of 24 h. 1-butanol_and 
1-pentanol had no lethal activity at a fumigant concentration of 0.25% v/v, but at 
5% v/v a fumigation of 3 h stopped the growth of the fungus. Acetaldehyde had a 
lethal effect after short exposures. Results obtained for acetaldehyde, 1-butanol 
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and 1-pentanol indicated an inverse relation between concentration and fumiga­
tion time. 

Methanol, ethanol, 1-octanal, methyl acetate, ethylacetate and 1-pentyl ace­
tate had no lethal activity, while 1-propyl acetate, I-butyl acetate and hexylace­
tate produced a lethal effect only at 5% v/v and an exposure of at least 3 h. 

b. Fungistatic activity on mycelial growth 

With a 24 h exposure to a low concentration (0.25% v/v) of the fumigant, 
most aromatic components such as methanol, ethanol, 2- propanol and all the 
mentioned acetate compounds, produced only a very slight inhibition of mycelial 
growth of C. gloeosporioides. 1-butanol and 1-pentanol partially reduced the de­
velopment of the fungus, while 1-~xanol and 1-heptanol completely inhibited 
growth for at least 7 days. Treatment with acetaldehyde resulted in an inhibition 
for 2 days; then the myceliurn started to grow again, at a rate equal to the un­
treated fungus. 

When concentration was increased to 5% v/v, all the aromatic components in­
hibited mycelial growth for several days, but growth resumed after 2 to 6 days. 

c. Influence of treatment on sporulation of C. gloeosporioides 

The embedding of conidia in a pinkish mucous and the formation of acervuli 
depended on the aromatic component, its concentration and the duration of expo­
sure to the fumigant. 

d. Spore germination 

Acetaldehyde inhibited the germination of spores of C. gloeosporioides more 
than the three alcohols tested. Methyl acetate and 1-propyl-acetate had no ap­
preciable effect on spore germination, even with exposures of 24 h, while the al­
dehyde and the alcohols inhibited spore germination with a fumigation exposure 
of 24 hat concentrations of 0.5 and 1.0% v/v. 

e. Conclusions on aromatic compounds 
The conclusions of this experiment by Pittevils ( 12) are that natural volatile 

metabolites of fruits have a specific fungicidal and/or fungistatic activity on the 
development of C. gloeosporioides, a very important storage pathogen. Acetalde­
hyde and the tested alcohols had high inhibition activities on the growth of the 
fungus, while the acetate compounds had some effect but only at high concentra­
tion. Acetaldehyde had a considerably higher inhibition activity on spore germi­
nation than the other components. 
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4. Biological control 

Although limited, work on the biological control of postharvest diseases is 
encouraging. The few studies have met with considerable success, like Tri­
choderma sp. against Decay Green mould, Botrytis rot, etc. 

Wilson and Pusey (19) inoculated peaches, nectarines, apricots and plums 
with suspensions of antagonistic bacteria. One isolate of Bacillus subtilis (B-3) 
gave excellent control of Brown rot caused by Monilinia fructicola in storage. 

Antagonistic microorganisms for epiphytic biocontrol are often effective in 
Petri dishes or in the glasshouse but fail in the field. Under storage conditions for 
fruit, antagonists avoid the uncertain environment faced in the field, but the 
cardinal temperatures for the growth and reproduction of antagonists need to 
correspond with those of the target pathogen. 

Competition for nutrients in a biological niche provides for another form of 
biocontrol. Wounds are a special niche in which nutrients for microbial growth 
abound, but more information is needed on host defense responses to wounding 
and on microorganisms at the site of the wound. 

Wilson and Pusey (19) mention three reasons why biological control may be 
appropriate to stored apple and pears: 

1. One of the main reasons for the failure of biocontrol procedures has been 
the failure to control environmental conditions. Environmental conditions must, 
however, be controlled in the case of harvested food. 

2. Targeting biocontrol agents to the effective site is often difficult. Harvested 
fruit does not present that problem because the target areas are much more 
limited than on whole plants. 

3. Elaborate and often costly control procedures that may not be feasible 
under field conditions are cost-effective for harvested fruits. 
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and fungicide resistance 

A. M. Berrie 

Ministry of Agriculture, Fisheries and Food, Agricultural 
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Abstract 
To SUIVey apple and pear storage rots in South-East England (particularly in Kent, a 

major fruit-growing county), fruit stores and packhouses were visited weekly or monthly 
from January to May in 1981 (pear only), 1983-85 and 1988, and the rotting of stored Cox's 
Orange Pippin and Bramley's Seedling apples and Conference pears, grown the previous 
year, was assessed. In the surveys of 1983-1985, losses of cv. Cox due to fungal rots were 
low (1-2%), with Botrytis cinerea, Monilinia fructigena and Phytophthora syringae the 
main fungi identified. In 1988, the loss of Cox was more than 6%, over half ,;,f which was 
due to Nectria galligena. With cv. Bramley's Seedling, M. fructigena was the main rot 
identified in most years, with losses of 1-2%; in 1985, however, the losses increased to 4%, 
mostly attributable to P. syringae and Mucor pyriformis. With cv. Conference pear, losses 
due to rotting were approximately 2%, with B. cinerea responsible for over half. 

Over 70% of B. cinerea isolates and all those of Penicillium expansum were resistant to 
benzimidazole fungicides. Resistance to this group of fungicides was not detected in the 
other pathogens. A few isolates of B. cinerea were resistant to vinclozolin. 

Introduction 

The harvesting period for most British apples and pears is mid-September to 
mid-October. Long-term controlled atmosphere (CA) storage enables the indus­
try to regulate its supply of fruit onto the UK market for most of the year, allow­
ing competition with imports from EEC and other countries. 

A knowledge of factors causing physiological storage disorders such as core 
flush and bitter pit is of obvious importance, but as important is the control of 
fungi causing fruit rots in stores. As technology will enable the storage period to 
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be further lengthened, so fungal rots will become of greater importance. It is 
therefore essential that the fungi responsible for rotting are identified and new 
problems detected early. This is done by periodic surveys of rots present in fruit 
coming out of stores. 

In a national survey of losses in stored Cox's Orange Pippin apples in the 
period 1961-65, stores in each region were visited on a number of occasions and 
fungal rots were counted and identified visually. Fungal rots were only respon­
sible for about half the losses (1): of these, Gloeosporium spp. were responsible 
for up to 33% in some stores. Moniliniafructigena (brown rot) was also import­
ant, but other rots were insignificant (Table 1). 

Post-harvest techniques have changed in the last 20 years and one major de­
velopment which has affected the incidence of rots is the use of pre- storage fun­
gicide dips or drenches. The purpose of this study was to identify the fungi 
responsible for ·rotting in stores in the 1980s. Benzimidazole compounds (e.g. 
benomyl (Benlate), carbendazini (Derosal Liquid, Stempor) and thiophanate 
methyl (Mildothane Liquid)) are used in most post-harvest dip/drench treat­
ments. Isolates of Botrytis cinerea and Penicillium expansum resistant to these 
compounds are known to occur widely, but resistant isolates of M. fructigena, 
Gloeosporium spp. and N ectria galligena had not been detected in the UK. It 
was also essential, therefore, to monitor the sensitivity of the rot fungi to the fun­
gicides used to treat them. 

Table 1. Overall mean percentage losses of fruit due to fungal rots in apple cv. Cox's 
Orange Pippin, 1961-65 national survey. 

Fungal rot 1961-62 1962-63 1963-64 1964-65 

Monilia fructigena 1.5 0.3 0.2 0 .5 
(brown rot) 

Gloeosporium spp. 1.3 2.0 3.8 1.8 
(bitter rot) 

Other rots (including 0.2 0.4 0.3 0.7 
Nectria galligena) 

Secondary rots (Botrytis, 0.2 0.1 0.4 0.2 
Penicillium, Rhizopus/Mucor) 

Total losses due to rots 3.2 2.8 4.7 3.2 
No. fanns/stores sampled 22 34 36 22 
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1980-81 storage season 
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In a survey of rots in pear (cv. Conference) undertaken in conjunction with 
the AFRC Institute of Horticultural Research, East Malling, ten commercial 
stores were visited on farms in Kent and Sussex and at co-operatives in Kent and 
Essex in 1981. These stores and packhouses were visited weekly when fruits 
were being graded. Rejected fruits with fungal rots were collected and the rots 
identified visually. Isolates of M.fructigena and B. cinerea were tested for resist­
ance to benomyl and vinclozolin (Ronilan). 

1982-85 storage seasons 

A fruit co-operative serving about 100 farms, mostly in Kent, was visited 
weekly during the storage season and observations made on fungal rots of apple 
(cvs. Cox's Orange Pippin, Bramley's Seedling), and pear (cv. Conference) dur­
ing grading. One hundred rejected rotted fruit of each cultivar were examined on 
each occasion and the rots identified visually. M. fructigena, N. galligena and 
Gloeosporium spp. were tested for resistance to benomyl and vinclozolin. 

1987-88 storage season 

Sixteen commercial stores and three fruit co-operatives in Kent were visited 
between January and April, 1988. Observations on fungal rots were made as in 
1982-85. Isolates of B. cinerea, M. fructigena, N. galligena, Gloeosporium spp. 
and P. expansum were tested for resistance to benomyl and vinclozolin. 

Table 2. Fruit storage conditions 

Fruit 

Pear 

Apple 

Apple 

Cultiv;tr Storage conditions 

Conference Air storage at -1.0 to -0.5°C 

Cox Controlled atmosphere store with C02 scrubber 

(% C02, 2% Oz at 3.5 to 4°C) 

Bramley Controlled atmosphere (CA) store (8-10% C02 at 

4to 4.5°C) 
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Tests for fungicide resistance 

Agar was amended with benomyl (Benlate) or vinclozolin (Ronilan), both at 
2 ppm and 20 ppm. Inoculated plates were assessed after 2 or 7 days, depending 
on the fungus. Isolates showing no colony growth after 2 or 7 days were re­
garded as sensitive, whereas those showing normal growth were considered re­
sistant 

Pre-storage treatments 

Most fruit in long-term storage (conditions in Table 2) had received a post­
harvest fungicide treatment (Table 3). For apples this was usually a dip/drench in 
a benzimidazole compound; for pears in the early 1980s it was a benzimidazole 
fungicide, but by the mid to late 1980s most pears were dipped/drenched in vin­
clozolin. Bramley apples intended for long-term storage were also dipped/dren­
ched in anti-scald chemicals, usually diphenylamine (DPA) or ethoxyquin: in the 
early 1980s fungicide was not included. 

Results of the survey of fungal rots 

Most fruit had received a post-harvest chemical treatment (Table 3) and so 
losses due to fungal rotting were low; only about 2% or less in most crops in 
most years. 

Table 3. Post-harvest chemical treatments 

Crop Cultivar Target Fungus Chemical Treatment 

Pear Conference Botrytis cinerea benzimidazole fungicides 

Monilinia fructigena (e.g. Benlate, Bavistan, Mildothane) 

or vinclozolin (Ronilan) 

Apple Cox Monilinia fructigena 

Gloeosporium benzimidazole fungicides 

Nectria galligena (e.g. Benlate, Bavistan, Mildothane) 

Monilinia fructigena 

Gloeosporium metalaxyl + carbendazim 

Nectria galligena (Ridornil MBC 60 wp) 

Phytophtlwra syringae 

Apple Bramley As for Cox but with the addition of DPA or ethoxyquin 
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Table 4. Mean percentage losses of fruit numbers due to fungal rots in apple cv. 
Cox's Orange Pippin 

Fungal Rot 1982-83 1983-84 1984-85 1987-88 

Botrytis cinerea 0.1 0.5 1.1 0.6 
Monilinia fructigena 0.2 0.4 0.1 0.6 
Gloeosporium spp. 0.1 0.6 

Nectria galligena 0.2 0.2 0.2 4.2 
Phytophthora syringae 0.6 0.5 0.4 0.1 
Mucor 0.1 0.1 0.4 0.0 
Other rots - including 0.2 0.1 0.2 0.2 

Penicillium, Fusarium, 
Diaporthe 
Total losses due to rots (%) 1.5 1.8 2.4 6.3 
Farn!S sampled 14 15 18 21 

(1) Apple cv. Cox's Orange Pippin 

Brown rot (M. fructigena) caused a low incidence of rotting in most seasons 
(Table 4). Phytophthora syringae was responsible for nearly half the rotting in 
1982-83. In 1987-88, Nectria was the main cause of rots, resulting in losses of 
4% on average but 50% in one fruit store. The majority of Nectria rots on Cox 
were at the stalk end (Table 5). A small lesion at the stalk end is easily missed 
during grading although internally the rot may be extensive. Rots due to B. cine­
rea, P. expansum and Mucor also increased over the survey period with B. cine­
rea accounting for nearly half the losses in 1984-85. Gloeosporium spp. were 
present at trace levels in most years but increased in 1987-88. 

(2) Apple cv. Bramley's Seedling 

Bramley losses due to rotting were generally low except in 1984-85 (Table 
6). In most years, brown rot (M. fructigena) was the main problem with P. syr­
ingae also causing losses, particularly in 1984-85. September 1984 was notably 

Table 5. Sites of Nectria galligena rot on fruits of apple cv. Cox's 
Orange Pippin. 

Number of fruit 

with Nectria 
896 

(% number of fruit) 

Stalk end Cheek Eye (calyx) end 

55 28 16 
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Table 6. Mean percentage losses of fruit numbers due to fungal rots in apple cv. 
Bramley's Seedling 

Fungal Rot 1982-83 1983-84 1984-85 1987-88 

Botrytis cinerea 0.1 0.2 0.2 0.1 

Monilinia fructigena 1.0 0.5 0.2 0.3 

Nectria galligena 0.1 0.1 0.1 0.3 

Phytophthora syringae 0.2 0.2 1.6 0.1 

Mucor 0.1 1.4 0.1 

P enicillium expansum 0.1 0.1 0.1 0.1 

Other rots - Fusarium, 0.1 0.0 
Diaporthe 

Total losses due to rots(%) 1.6 1.2 3.7 1.0 

Fanns sampled 3 5 11 11 

Table 7. Mean percentage losses of fruit numbers due to fungal rots in pear cv. 
Conference 

Fungal Rot 1980-81 1982-83 1983-84 1984-85 1987-88 

Botrytis cinerea 1.0 2.5 1.1 1.8 0.8 
Monilinia fructigena 0.4 0.4 0.3 0.2 0.5 
Nectria galligena <0.01 0.1 0.3 
Phytophthora syringae <0.01 0.1 0.1 
Mucor 0.1 0.2 0.3 0.6 0.1 
Other rots (including 0.1 0.1 0.1 0.3 0.0 
Penicillium, Alternaria, 

Fusarium, Gloeosporium) 

Unidentified stalk-end 0.2 
rot 

Total losses due to 1.6 3.2 1.8 3.1 2.0 
rots(%) 

Farms sampled 60 12 29 31 12 
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Table 8. Fraction of isolates with fungicide resistance in storage-rot fungi of apple 

Fungus Cultivar Fungicide 1982-83 1983-84 1984-85 1987-88 

B. cinerea Cox benomyl 9/12 9/14 7/10 31/41 

B. cinerea Cox vinclozolin 4/41 

M.fructigena Cox benomyl 0(7 0/8 
M.fructigena Bramley benomyl 0/3 0/12 0/10 
P. expansum Cox benomyl 15/15 

Gloeosporium Cox benomyl 0/8 

N. galligena Cox benomyl 0(7 0/9 0/5 0/151 · 

N. galligena Bramley benomyl 0/1 0/1 0/14 

Table 9. Fraction of isolates with fungicide resistance in storage-rot fungi of pear cv. 
Conference 

Fungus Fungicide 1980/81 1982/83 1983/84 1984/85 1987/88 

B. cinerea benomyl 177/196 10/11 18/27 14/22 40nt 

B. cinerea benomyl(a) 4/29 

B. cinerea vinclozolin 10m 
M. fructigena benomyl 0/30 0/3 0/11 0/5 0/20 
M.fructigena vinclozolin 0/20 
P. expansum benomyl 15/15 

N. galligena benomyl 0/12 

[(a) Drenched before storage with captan, not a benzimidazole.] 

wet (Table 11) and in that storage season (1984-85) rotting due to Mucor pyrifor­
mis became a new problem. Mucor rots seemed to originate in the fruit core and 
were soft; the affected fruits disintegrated during grading, fouling the grader and 
contaminating other fruit. As with Cox, the incidence of Nectria rots was highest 
in 1987-88, but losses due to this rot were not insignificant. 
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(3) Pear cv. Conference 

In all years the pattern of rotting was similar, with B. cinerea and M.fructige­
na accounting for most losses (Table 7). Losses from Botrytis were highest in 
1982-83 and 1984-85. Mucor, although causing only a low incidence of rots in 
most seasons can be a nuisance when grading: affected pears disintegrate, foul 
the grader and the stone cells (scleroids) scratch 

intact pears. Other rots, such as P. syringae, P. expansum and Gloeosporium 
spp. were also present at low levels. In 1987-88 a stalk-end rot was common: the 
causal fungus has not been identified. 

Results of fungicide resistance tests 

All tested isolates of P. expansum were resistant to benomyl. No resistance to 
benomyl was detected in Gloeosporium and no isolates of M.fructigena were re­
sistant to either benomyl or vinclozolin (Tables 8 and 9). 

Of the tested isolates of B. cinerea from apple, about 70% were resistant to 
benomyl and there was little change in this percentage over the period of the sur­
vey. In contrast, about 90% of tested B. cinerea isolates from pear were resistant 
to benomyl in pears in 1980-81 and 1982-83, whereas the levei of resistance had 
declined to just over 50% in 1987-88. 

In 1980-81, captan has been used as the post-harvest fungicide on pear; most 
isolates of B. cinerea tested that season were sensitive to benomyl (Table 9). 

A few isolates of B. cinerea were resistant to vinclozolin. 
In 1987-88, 177 isolates of N. galligena were tested. Variation in sensitivity 

was detected between sources (Table 10) with about 25 and 75% of isolates over­
all being sensitive to 2 and 20 ppm benomyl, respectively. 

Table 1 O. Sensitivity of Nectria galligena isolates to benomyl. 

Crop Cultivar 

Apple Cox's Orange Pippin 

Apple Bramley's Seedling 

Pear Conference 

Isolates 

tested 

(No.) 

151 

14 

12 

Sensitive to benomyl at: 

2ppm 20ppm 

35 

7 

33 

(%) (%) 

65 

93 

67 
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Discussion 

This survey of storage rots in Cox apples was geographically more limited 
than the 1960s survey (see Introduction), but is probably representative of most 
apple stores. Gloeosporium was the most important cause of rotting in Cox in the 
1960s but changes in cultural practices and the introduction of benzimidazole 
fungicides have now reduced Gloeosporium to trace levels in most years: this rot 
is not often seen except where fruit nutrition is faulty. Brown rot (M. fructigena) 
is present in stored Cox in most seasons but is adequately controlled by post-har­
vest fungicide treatments. P. syringae is particularly serious when conditions dur­
ing harvest (September) are wet. September 1982 was notably wet, partj.cularly 
in central Kent (East Malling, Table 11), and in the 1982-83 storage season P. 
syringae caused nearly half the rotting in Cox. With the introduction of herbicide 
strips in orchards, Phytophthora emerged as a problem in stored fruit in the 
1970s (2). The use of metaxyl-plus-carbendazim (as Ridomil MBC) as the post­
harvest treatment when harvest conditions are wet adequately controls this rot. 

Table 11. Rainfall (mm) in Kent, South-East England 

Manston, East Kent 

Year July August September 

mm %* mm % mm % 

1982 29 (62) 33 (63) 29 (46) 

1983 21 (45) 15 (28) 25 (40) 

1984 11 (23) 32 (61) 62 (98) 

1985 44 (86) 46 (88) 7 (11) 

1987 109 (232) 91 (175) 15 (24) 

East Malling, Central Kent 

Year July August September 

1982 27 (50) 40 (70) 61 (101) 

1983 11 (21) 15 (26) 35 (58) 

1984 30 (56) 16 (29) 59 (98) 
1985 46 (86) 77 (136) 9 (1"5) 

1987 91 (170) 55 (97) 30 (49) 

(* percentage of the long-term average 1951-1980) 
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In Cox, secondary rots caused by B. cinerea, P. expansum and Mucor have 
also increased in importance since the 1960s. This may be related to longer stor­
age, although tests show that most Botrytis and all Penicillium isolates are resis­
tant to the benzimidazole fungicides. The fungicides currently available do not 
control Mucor. 

In all pome fruit cultivars, but particularly apple cv. Cox, N. galligena has in­
creased as a storage problem. A survey was not conducted in 1985-86, but Nec­
tria was a problem in stored Cox that season. In 1987-88, losses due to Nectria 
fruit rot were high. The increase in Nectria rots is associated with the increased 
incidence of Nectria canker in orchards. Reasons for the increase in canker in­
clude more intensive cultivation methods, susceptible cultivars, inadequate fun­
gicides and possibly the general reduction in spray volume. Perhaps the most 
significant factor has been, however, a succession of wet seasons, particularly in 
autumn when heavy rainfall has coincided with leaf-fall and therefore favoured 
the infection of leaf scars. 

Infection of fruit is favoured by wet summers, and N ectria eye rot can be 
seen in orchar.ds from July onwards. Evidence indicates that August is the main 
month for Nectria infection of fruit in England (3). Heavy rainfall in August will, 
therefore, favour the disease. In 1985 and 1987, August rainfall was unusually 
high, especially in East Kent (Table 11). Fruit infections in August do not usually 
show in store until after December. Post-harvest dips or drenches with benzimid­
azole fungicides are ineffective: this is not due to resistance (Table 8), but may 
be because spores in the stalk cavity are not accessible to the fungicide, or be­
cause the fungus has become established (though not visible) at the time of treat­
ment. Orchard trials (unpublished) have demonstrated that benzimidazole sprays 
in July and August reduce storage Nectria to negligible levels. Although a post­
harvest treatment with a benzimidazole fungicide will not eradicate the fungus 
from infected fruit, secondary spread in stores is prevented. 

Control of Nectria storage rot largely relies on controlling Nectria canker in 
the orchard, rather than on post-harvest treatments. Current recommendations for 
the control of Nectria fruit rot harvested from badly- cankered orchards are either 
to apply a programme of benzimidazole fungicide sprays in the orchard in Au­
gust or to market the fruit early, preferably before Christmas. 

In Bramley, storage rots were low except in 1984-85, when P. syringae and 
M. pyriformis caused significant losses. Mucor caused rotting in most seasons: 
the reasons for its sudden increase in 1984-85 were associated with the wet har­
vest in 1984, the tendency for Bramley fruits to have an open calyx, and the 
change of the DPA formulation which resulted in damage to the fruit core 
through the open calyx (4). No fungicides control Mucor but this problem can be 
solved by attention to hygiene: avoiding contamination of the drench tank with 
muddy bins, and frequently changing the drenching solution to prevent the accu­
mulation of mud and debris. 
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The variation in sensitivity to benomyl (Table 10) of N. galligena isolates is 
interesting. There is also considerable variation in the morphology of cultures 
which does not appear to be related to the sources of the isolates. In practice, 
there is no evidence of failure of benzimidazole fungicides to control Nectria. In 
other studies (unpublished), where orchards have been sprayed intensively with 
carbendizim (Bavistin) over four seasons (a total of 48 sprays) to reduce canker, 
extensive testing of isolates of N. galligena has not revealed resistance. 

The difference in sensitivity to benzimiciazole fungicides of B. cinerea iso­
lates from apple and pear may reflect the fungicide used as the post- harvest 
treatment in these crops. In pears, a benzimidazole fungicide was initially in­
cluded in the post-harvest drench, but most pears now receive vinclozolin (Roni­
lan) for the control of Botrytis and Monilinia. In apples, a benzimidazole 
fungicide is generally included in the drench tank for the control of Gloeospo­
rium,against which vinclozolin is ineffective. The use of benzimidazole fun­
gicides in orchards is not generally advised in England and therefore the level of 
resistance of B. cinerea to benomyl suggests that most of the Botrytis infecting 
apple and pear originates in the packhouses and stores. 

Tests for sensitivity of P. syringae to metalaxyl were not included in the 
studies described here, but should be included in future surveys. 
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Abstract 

Captan is essential for the prote~on of apples from attack by fungi causing storage 
diseases under the climatic conditions prevailing in Switzerland. The best results were 
obtained when captan was mixed with SBI-fungicides, and used against scab (Venturia 
inaequa/is) and powdery mildew (Podosphaera /eucotricha) and as an orchard treatment to 
prevent storage rots. The dates and the number of captan treatments in August and 
September were important for the prevention of storage diseases. Storage conditions 
influenced the number of fungi inducing storage rot Monitoring storage diseases at the 
latent stage proved impossible for predicting Gloeosporium album, the most important 
fungus causing storage rots in Switzerland. 

Key wools: Disease control, storage rots, chemical control, fungal rots. 

Introduction 

Apples produced in experimental orchards where the efficacy of new fun­
gicides is tested are inspected after storage in order to evaluate the effect of the 
different spray schedules on fungi causing storage diseases. 

In Switzerland, sterol biosynthesis inhibiting (SBI) fungicides are registered 
for use only in mixture with captan. Experiments were conducted to investigate 
if the number of captan treatments could be reduced, if treatments against scab 
(Venturia inaequalis) and powdery mildew (Podosphaera leucotricha) with SBI 
fungicides alone, or in mixture with captan could influence the development of 
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storage diseases, and how storage diseases develop in controlled abnosphere 
(CA) storage. 

An attempt was also made to detect fungi capable of causing storage rot dis­
ease by monitoring latent infections present at harvest. 

Tables 1-5. Influence of different spraying schedules on scab and storage diseases. 

Tab. 1: E,perimenlal orchard GrOntal, WAdonswll: Va,iety: Golden Delicious planlBd 1970 
Storage dme: 16.10.1987 - 29. 2. 1988; storage conditions:+ 2 11 C, 92 '% ±2 r.h. 

lreatment scabonleav& scab on hull Wtll8f lou ma,k•blbla Gio-po,lum 
Aug-87 Sep-87 ftult opp. 

% so % so % so % so % so 
untreated 84.8 ±14.5 96.0 ±2 5.9 ±0.1 1.0 ±1.3 1.6 ±2.3 

7 X Flusilazol 0.6 ± 1.1 0 3.9 ±0.2 71.6 ±16.7 \8.1 ±18.5 

7 • Flusilazol 0.6 ± 1.1 0 3.9 ±2.1 89.5 ±5.3 7.0 ±4.9 
3 lC Captan 
7 x FlusUazol+Captan 0.8 ± 3.6 0 5.6 ±0.9 90.0 ±7.1 4.3 ±2.3 

7 • Flusllazol+Captan 0.8 ± 3.8 0 5.4 ±0.8 95.B ±3.1 1.1 ±0.9 
3 x Captan 

Flusilazol (20 % A.I., WP), 0.0125 %; against scab and powdery mildsw (April-July) 

slDtage g;ca)) va,lous rots 

% so 'JI, so 
95.3 ±4.7 2.1 ±1.9 

8.5 ±2.7 1.8 ±0.9 

2.1 ±1.6 1.2 ±1 .9 

5.0 ±5.1 1.2 ±1 .5 

1.8 ±1.6 1.3 11 .2 

Flusilazol + Caplan (20 % A.l.,WP), 0.0125 % and (83 % A.l.,WP), 0.075 %; against scab and powdery mildew (ApN-July) 
Caplan (83 % A.l.,WP), o. 15 %; against storage disea,.,. (AugU&t + September) 

Tab. 2: Experimental orchard Srtckhof, Lindau: Vailety: Got- Delicious planllld 1974 
Storage time: 16.10.U87 • 29. 2. 1988; storage condldcns: + 2' C, 92 % ±2 r.h. 

treatment scal>onloaYe scab on fruit water loss marketable Glo&osporlum 
Aug-87 Sep-87 lrult spp. 

'JI, so % so % so % SD % SD 

untreated 94.0 ±4.7 100 0 0 

9 x Flusilazol 0 0 2.9 ±0.2 81.S ±4.5 18.2 ±4.2 
2 x Captan 

9 x Myclobutanil o., ±0.4 0 2.6 ±0.1 82.9 ±3.P 15.8 ± 2.3 
2 x Captan 

9 x Captan-Penconazol 0.3 ,.0,9 0 2.9 ±0.2 91 .4 ±4.3 8.1 ±4.6 
2 x Caplan 

6 x Captan-Penconazol 5.2 ±8.9 0.3 ±0.8 2.7 ±0.5 92.3 ±3.4 4.7 ±1.4 
3 K Zineb-Captan 
2 x Caotan 

Flusllazot (20 % A.I., WP), 0.0125 %; against scab and powdery mildew (Ap,il-July) 
Myclobutanil (6 .,._. A.I. , WP), 0.1 %; against scab and powdery mildew (April-July) 

s10rage scab 

% so 

100 

0 

0.3 ±0 5 

0.4 ±0.6 

2.5 ±2.2 

Captan-Pencona.zol (47.5% +2.5% A.l.,WP), 0.1 %; against scab and powdery mildew (April - July) 
Zineb-Captan (37% + 25 % A.I., WP), 0.2 %: against scab (3 treatments after baoom to prevent fruit russeting) 
Caplan (83 % A.t .. WP),"0.15 %: against storage diseases (August+ S8ptember) 

various rots 

% so 

0 

02 ±0 3 

0 7 ±1 3 

0 

0 
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Tab. 3; Experimenlal orchard Strlcl<hol, Undau; Varlel)': Golden Oelltjoue pla,lld In 1974 
Storage dme: 21.10.1987 • 26. 2. 1DBB ; Stoage condl11ons: +2 • c . 92 % r.h. 

treatment scab on-. scab on fruit water loss rnatk81abla Gloaosporlum 
Aug-87 Sep-87 fruit app. 

% SD % so % so ... SD oy. SD 

OIOragescab varlou& rots 

% SD oy. so 

9 x captan-Penccnazol 6.4 ±6.1 0 4.7 ±0.3 10.0 :t:13.8 3.5 :t:3.1 85.5 ±14.0 1.1 ±0.4 

o • Cll)fan-Penconazol e.4 :t:e.1 0 3.8 ±0.5 84.9 ±B.4 0.5 ±0.8 
3 x Flutrialol 2) 

o • <:aptan-Penconazol e.4 :t:e.1 0 3.8 ±0.5 91.4 ±5.7 0.7 ±0.S 
3 x Dlchloluanld 2) 

9 • Captan-Penconazol 8.4 ±5.1 0 4.3 ±0.5 03.4 ±2.3 4.0 ±0.6 
3 • Fanproplrno,ph 2) 

9 • Captan-Ponconazol 6.4 ±e.1 0 3.2 ±0.6 114.8 ±5.9 0.9 ±0.4 
3 • Folpet 21 

captan-Penconazol (47.5 %+2.5 % WP), 0.1 %: against ,cab and powde,y mildew (Ap,N • July) 
2)• 110tage troatemonts (Auguat and Sep-) 
Flu1rlalol (12.1 % A.I .. SC), 0.008 %: Olchlolluanld (50 % A.l.,WP), 0.15 % 
Fonproplmorph (70 % A.I .. EC), 0.15 %; Fotpet(BO % A.I., Y!P), 0.125 % 

Tab. 4: Experimental orchard au 34, Wldenswtl; VaMty: Golden Delicious planted 1981 

7.1 ±7.8 

7.8 ±6.1 

0 

4.1 :!:5.8 

treatment slOtage condklans wallf loss marketable Gloeoaporium Glooosporicrn ._,,_.-
fruit album fructlgenum 

oy. so % so oy. so ... 
7 • Captan-Pyrlfanox na1Ural cellar 7.9 ±0.8 84.3 ±5.4 4.1 ±2.4 1.8 

4 • 12 1 C 
7 • Captan-Pyrlfenox 75 • 85 % r.h. 7.0 :!:1.0 88.3 :1:2.t 0 8.5 
3 xCaptan Ol<L1 6. · Jan. 26. 

7 x Caplan-Pyrlfenox cold slOtaga 3.2 ±0.8 93.7 ±4.5 0.4 ±0.3 1.3 
+2 1 C 

7 • Captan-Pyrlfonox 92 "• ±2 r.h. 2.5 ±1.8 94.4 ±1.7 0.2 ±0.1 1.8 
3 x Captan 0 kt 16.-Febr.29. 

7 1 Capla,-Pyrltenor CA·&torage, +2'C 2.7 :1:2.7 91.1 ±7.9 0.8 ±0.8 t .0 
4%C02. 2%02 

7 • Captan-Pyrlfenor 92 %±2 r.h. 3.5 :1:2.3 92.7 ±1.2 0.4 ±0.5 3.4 
3•C-"- 0kt. 18.-Julv 4. 

cap«an-Pyritenor (60% +5% A.1 .. WP), 0.1 %: against scab and powdery mildew (April - July) 
Caplan (83 % A.l.,WP). 0.15 %; against sto<ago clse8880 (August+Seplamber) 

so 

±1.8 

:1:4.3 

±0.9 

±1.5 

±0.7 

:!:3.3 

Tab. 5 : Experimental orchard au 34, Wl denswil ; Variety: Golden Delicious planted 1975 
Storage dme: 16.10.1987 • 29.2.1988; storage conditions: •2 • C , 92 % ±2 r.h . 

oy. so 

5.4 :1:1 .6 

0 

t.0 ±0.1 

0.7 :t:1.3 

4.5 ±2.7 

1.2 :1:1 .2 

treatment water loss marketable Gloeosporium G loeosporium Sl()(age sr,ab 
fruit album fructigenum 

% SD % so % so % SD % 

7 x Cap tan-Pyrilenox 4 .3 :!:.0.6 77.1 ±18.8 8 .4 ±14.3 0 13.5 

7 x Caplan- Pyrilenox 4 .1 :!:.0.4 86.2 ±5.2 4.8 :!:2.0 0 8 4 
I x Caplan 1 .only 

7 x Captan-Pyrllanox 3.9 :!:.0.3 92.3 :!:4.8 3 .0 ±4.S 0 3.5 
2 X Caplan 1. and 2. 

7 x Captan--Pyrilenox 3 .9 :!:.0.2 93.8 :1:5.2 3.8 :t.3.9 0 0 .8 
3 x Caotan 

Captan-Pyrllenox (60% +5% A.l.,WP), 0 .1 %; against scab and powdery mildew (April - July) 
Captan (83 % A.I., WP), 0.15 %; against storage diseases (August+September) 

SD 

:1:6.5 

±4.\ 

:!:2.0 

±1.6 

7.4 ±1.2 

0 

2.7 ±2.0 

0 

vuious rots 

"· so 

0 

0 

0 .1 

2.8 :1:2.4 

2.3 11 .7 

various rots 

% SD 

0 

0 . 1 S 

0 .2 

0 3 
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General information 

SBI fungicides tested in 1987 as sprays in three experimental orchards gave 
excellent control of scab on leaves and fruit, but varied in their effects on storage 
diseases such as scab and G/oeosporium spp. (Tables 1-3). Records of the num­
ber of rotten fruit and the types of rot at the end of storage showed that captan 
significantly reduced the percentage of diseased apples when used in combina­
tion with SBI fungicides to enhance protection against scab from April until the 
end of July, and/or when used in August and September for storage disease con­
trol. 

Flutriafol and fenpropimorph were also tested as protectants against storage 
diseases of apples: both were phytotoxic and caused severe damage to fruit. 
Compared with other European countries (5, 9), losses of apples due to storage 
rot are less in Switzerland in recent years. This is due to relatively dry weather in 
Autumn and to orchard treatments with captan, folpet or dichlofluanid. Benzi­
midazole compounds have not been used in Switzerland for storage rot control in 
the field nor as postharvest dips, and no shift in the spectrum of fungal pathogens 
has been observed (2, 4, 5, 9). 

Experiments to show the influence of captan treatments and storage condi­
tions on storage diseases were performed in Autumn 1987 in the experimental or­
chard Qu 34 on cv. Golden Delicious trees planted in 1975 and 1981. Seven 
treatments were applied from April until the end of July with the triazole fun­
gicide pyrifenox in combination with captan, sprays being timed according to 
scab infection periods . ' 

Plots were left untreated, or were sprayed between 1 and 3 times with captan 
in August and September (Fig. l ). Apples were harvested on 15 October and were 
stored in a cellar, in a cold store or in a controlled atmosphere (CA) store. 

As can be seen in Tables 4 and 5, the fruits were attacked by the same range 
of fungi, independent of fungicide treatments or storage conditions. Fruit not 
treated against storage diseases had more storage scab and Gloeosporium rot 
than captan-treated apples, the percentage of marketable fruit increasing with the 
number of spray treatments. 

Apples grown on the older trees were more susceptible to Gloeosporium 
album whereas G. fructigenum developed only on fruit of the younger trees (2). 
Captan treatments did not prevent the development of rots caused by G.fructige­
num. 
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Fig. 1. Climatic conditions Wadenswil Qu 34 1987 
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Apples on the trees planted in 1981 which had not been sprayed with captan 
against storage diseases were picked at weekly intervals from the beginning of 
September until mid-October 1987 (Fig.l). The fruits were stored in perforated 
plastic-bags at room temperature to induce the early development of storage rots. 
The condition of the fruits was assessed each week from 26 October until the end 
of 1987, when only very few apples were still healthy. 

Apples picked in September were severely attacked by Trichothecium roseum 
(Fig.2), a fungus which had not previously been known to cause storage rot on 
apples in Switzerland. Apples picked in October were almost free of this disease 
in storage. Fruit picked soon after rainy periods developed sooty blotch caused 
by Gloeodes pomigena (Fig.3) With increased ripening the number of apples at­
tacked by Gloeosporium fructigenum increased (Fig.4); rots caused by this fun­
gus were also detected on fruits after storage (Table 4). 

Attempts to isolate Gloeosporium album, a major cause of storage losses in 
Switzerland (7), from discoloured lenticels present in Autumn failed, in spite of 
the fact that the fungus was present on the fruits and developed in storage. A 
valid forecast of outbreaks of fungal diseases in storage is therefore not possible, 
as was by Urban in 1982 (8). 
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245 

Fig. 2. Apples attacked 
(in %) by Tricho­
thecium roseum, 
October 26, 1987. 

Fig. 3. Apples attacked 
(in %) by sooty 
blotch ( Gloeodes 
pomigena). 

Fig. 4. Apples attacked 
(in %) by G/oeos­
porium fructige­
num, December 3, 
1987. 
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The integrated use of benzimidazole 
fungicides to control Gloeosporium fruit 

rot of apple 

W. Kennel 

University Hohenheim, Research Station Bavendorf, 
D-7980 Ravens burg 1 

Abstract 

The advantages and disadvantages of benzimidazole fungicides (BZF) for the control of 
Gloeo.sporium (Pnicula alba, P. malicorticis) fruit rot of apple are described 1be excellent 
effect of BZF against Gloeosporium fruit rot is demonstrated by means of experimental 
results. Even when BZP were applied outside the growing season these compounds still 
gave remarkably good results against fruit rot. This is explained by the fact that BZF reduce 
the sources of inoculum overwintering on woody parts of apple trees. BZF have a negative 
effect on the earthwonn Lumbricus terrestris, predominant in apple orchards. Because of 
the low population of the earthworms, leaf litter remains on the ground for a long time and 
hannfu1 organisms, such as Venturia inaequalis, living in the litter are encouraged in 
BZF-treated orchards. 

Key words: disease control, fungicide programmes, orchards, chemical control, Venturia 
inaequalis, 1PM. 

Introduction 

The chemical control of Gloeosporiur_n fruit rot of apple has for many years 
been based on the benzimidazole fungicides (BZF). The use of these compounds 
in apple orchards provides considerable advantages as well as disadvantages 
which should be taken into consideration within the framework of the integrated 
control of apple diseases. In some European countries the use of BZF in orchards 
is discouraged in favour of their use as postharvest dip or drench treatments: but 
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Table 1. Number (out of 5 each) and spatial distribution of leaf- and 
fruit scars infected by Pezicula alba on the cultivar Golden 
Delicious in a 5-year-old orchard1) 

Row Type of Tree no. 
no. scar2> 1 2 3 4 5 6 7 8 9 10 

5 LS 4 3 5 4 3 3 1 4 5 2 

FS 5 5 4 3 1 3 3 4 4 1 

17 LS 1 4 4 4 4 2 4 3 5 3 

FS 5 2 5 4 1 3 4 5 5 1 

29 LS 4 4 4 3 4 4 5 4 4 5 

FS 4 4 4 1 3 5 0 4 5 5 

41 LS 1 4 0 3 5 2 4 4 4 

FS 5 3 2 5 5 0 5 2 5 3 

l) Sprayed only with sulfur 
2> LS = leaf scar; FS = fruit scar 

such treatments are not permitted in certain countries, where orchard sprays of 
BFZ are therefore used. 

Advantages of the orchard use of BZF against 
Gloeosporium 

The advantages are: 
1) Compared to conventional fungicides, only a few treatments with BZF are 

necessary to achieve commercial control. 
2) Control can be achieved outside the growing season. 
3) Fruit rots other than Gloeosporium are controlled by BZF. 
A consequence of points 1 and 2 is a lower contamination of the environment 

with chemicals and fewer problems with fungicide residues on harvested fruit. 
The effect mentioned under point 3 is well known, as is the fact that BZF have 
led to resistance problems. 

This paper will concentrate on observations concerning the first two points. It 
is well known that fewer treatments with BZF provide the same effect ( or even a 
better one) as larger numbers of treatments with conventional compounds. Ac-
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cording to personal experience, one treatment can, under certain conditions, ade­
quately control Gloeosporium. This powerful action is due to: 

- direct protection of the fruit 
- reduction of sources of inoculum. 
This "double action" can be seen in Fig. 1 (from 3, altered), which shows that 

with benomyl, treatment of the source of infection (shoots) alone was sufficient 
to reduce the incidence of G/oeosporium fruit rot to 5 %, even with a severe ino­
culum potential (see control plot). With captan this degree of control could not be 
reached even when both shoots and fruit were treated. Fig. 1 shows the effect on 
the attack of fruit of reducing the inoculum sources. On the other hand, the treat~ 
ment of fruit ( without treating the shoots) provided total control. 

The direct effect on inoculum sources is best shown by means of experiments 
on leaf- and fruit scars, which are probably the most important sources of 
G/oeosporium inoculum (1). The incidence of Pezicula. alba on leaf- and fruit 
scars in an apple orchard is demonstrated in Table 1 (from 3, altered). Although 
the surface colonies are macroscopically invisible, their importance lies in their 
strength as sources of inoculum. The high proportion of leaf- and fruit scars col­
onised by P. alba and the wide distribution of colonised scars in the orchard can 
be seen in Table 1. Though the number of samples was low, the fungus was 
found on each of the trees examined. Similar results were obtained with cultivars 
Golden Delicious, Cox's Orange Pippin and James Grieve. It must be stressed 
that in the surveyed orchard only sulfur was sprayed and this has no effect on Pe­
zicula. 
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Fig. 1. Fruit rot on Golden Delicious apples following 5 sprays with captan (0.1 % a.i.) 
or benomyl (0.015 % a.i.) applied to shoots (S) - artificially inoculated with Pe­
zicula malicorticis- fruit (F) or both shoots and fruit (SF). 
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Tables 2 and 3 show the outstanding effect of BZF on the colonisation of 
apple twig leaf scars artificially inoculated with P. alba and P. malicorticis. It can 
be seen that copper and captan failed to prevent infection, even though, among 
the protective fungicides, the latter chemical is the most effective against Gloeos­
porium rot. 

The data in Tables 2 and 3 explain the success of 'winter sprays' with the 
BZF (Table 4). The reduction of the Gloeosporium attack could only have re­
sulted from a reduction in the sources of inoculum overwintering on branches 
and shoots. 

Table 2. Effect of fungicides on the colonisation of leaf scars by P. alba 
(cv Golden Delicious). 

Treatment 

No fungicides 

Captan 
Copper1> 
Benomyl 

Benomyl 
Thiophanate-methyl 

l) copper-oxychloride 
2> 40 scars per treatment 

Per cent a.i. 
in the spray 

None 
0,175 

0,225 
0,015 

0,025 
0,1 

Infected 
leaf scars 

(%)2 

100 
82,5 

97,5 
7,5 

2,5 
7,5 

Table 3. Effect of fungicides on .the colonisation of leaf scars by P. mali­
corticls (cv Golden Delicious) 

Treatment 

No fungicide 
Captan 
Copper1> 
Benomyl 

l) copper-oxychloride 
2> 25 scars per treatment 

Per cent a.i. 
in the spray 

None 
0,175 
0,225 

0,025 

Infected 
leaf scars 

(%)2) 

100 
96 

100 

0 
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Disadvantages of the orchard use of BZF against 
Gloeosporium 

The disadvantages are: 
1) Harmful effect on earthworms, especially Lumbricus terrestris. 
2) Promotion of Pltytophthora sp. and Alternaria sp. 
3) Danger of resistant strains developing. 
4) Because of the excellent control of Gloeosporium, research into alterna­

tive, nonpesticidal control methods is postponed. 

With regard to these disadvantages this paper will be confined to one .prob­
lem: the harm to earthworms. Fig. 2 shows this effect: the data are for 240 sam­
ples from apple orchards over the Federal Republic of Germany. After 1-2 
treatments per year with BZF ( within a regular spray schedule), the number of 
earthworms was considerably reduced. The species L. terrestris was affected 
most. This species is particularly interesting for fruit growing because it repre­
sents more than 60 % of the total earthworm population in orchards, and because 
it is the only species of those earthworms regularly occurring which can decom­
pose litter on the surface of the soil (2, 4, 5). 

Table 4. Incidence 1 > of G/oeosporium rot2> and Red lenticel disease 
(RLD) on fruit of Golden Delicious trees y-eated twice with 
benomyl {standard cone.) as "winter sprays" > 

Year Treatment Gloeosporium rot Red lenticel disease 

1976 benomyl 7,0 33,5 

Control 12,8 69,0 

1977 benomyl 1,8 7,5 

Control 10,8 32,0 

1978 benomyl 12,5 1,5 

Control 49,4 20,0 

l) % out of 600 apples 
2> Caused by Pezicula alba 
3> In the growing season the trees (the control trees included) were sprayed with sulfur 

and metiram, non-effective against Gloeosporium. 
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b C 

Fig. 2. Number of earthworms in apple orchards treated with BZF at different frequen­
cies. a = orchards without BZF, b = orchards sprayed once or twice/year, c = 
orchards sprayed more than twice/year 

Thus L. terrestris contributes to a considerable degree to the reduction of the 
pests and pathogenic fungi overwintering in the litter (leaves, prunings) of or­
chards. The activity of orchard worms when removing apple twigs and the da­
maging effect of BZF on this activity are represented in Fig. 3. The results in Fig. 
3 were obtained in 10-litre plastic containers filled with garden compost, and 

C 

D E 

Fig. 3. The change in the original position of apple twig litter by the activity of earth­
worms following various fungicide treatments. The points indicate the sites 
where the twigs were completely or partly pulled into the soil. 
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with 10 adult earthwonns in each. The containers were treated with fungicides as 
indicated. 
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Fig. 4. The quantity of fallen apple leaves on plots with(---) and without 
(-) Lumbricus terrestris. 
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Fig. 5. Ascospore potential of Venturia inaequalis on plots with(---) and 
without(-) L. terrestris. 
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Toe effect of earthworm activity on leaf debris is shown in Fig. 4 from a 
study in an apple orchard which was partly treated with BZF (line "without L. 
terrestris") and partly with hannless compounds (broken line "with L. terre­
stris"). 

Fig. 5 shows the effect of the absence of orchard worms (because of sprays of 
BZF) on the inoculum potential of the scab fungus. This effect is not confined to 
V. inaequalis, but comprises all harmful organisms that live temporarily in fallen 
leaves and prunings. 

Conclusions 

The experiments reported here show that benzimidazole fungicides (BZF) are 
to be preferred for controlling Gloeosporium fruit rot of apple because of their 
outstanding effectiveness as orchard sprays as well as their unique effect on re­
ducing sources of inoculum of both species of Pezicula. Because of the problems 
enumerated in the chapter on disadvantages, especially the harmful effect of BZF 
on the activity of earthworms, these fungicides should be used judiciously in or­
chards. They should only be applied when severe losses are expected. In such 
cases one or two treatments can be very effective. This recommendation assumes 
that the grower is prohibited from using postharvest BZF as dip or drench treat­
ments before storing the crop. 

Zusammenfassung 
F.s werden zunacbst die verschiedenen Vor- und Nachteile aufgezllhlt, die mit dem 

Einsatz von Benzimidaml-Fungiziden (BZF) bei der Bekllmpfung von 
G/oeosporium-Fruchtfllule (verursacht durch Pericula alba und P. malicorticis) verbunden 
sind. Anschliessend wiJd aufgrund von Versucmergebnissen die im Vergleich zu 
konventionellen Fungiziden ausserordentlich gute Wirlcung der BZF gegen 
Gloeosporium-Fruchtfllule herausgestellt: Selbst bei Anwendung der BZF ausserhalb der 
Vegetationszeit (Wmterspritzungen) zeigten diese Mittel noch eine bemerkenswert gute 
Wirlcung gegen die genannte Paule. Diese Wirlcung ist darauf zuriickzufilhren, dass die BZF 
auch die auf den Zweigen von Apfelbiiumen iiberwintemden Infektionsquellen der beiden 
Pezicula-Arten erheblich reduzieren. Bei den Nachteilen wird naher auf die negative 
Wirkung der BZF auf die in Apfelanlagen vorherrschende Regenwurmart L1unbric11s 
terrestris und die damit verbundenen Folgen eingegangen. Infolge der Dezimierung der 
Regenwiirmer bleibt die Bodenstreu unverhaltnismllssig lange liegen, und somit werden die 
darin lebenden Krankheitserreger und Schadlinge erhalten und gef6nlert. Im Rahmen von 
Massnahmen zur integrierten Bekllmpfung sollten die angefilhrten Vor- und Nachteile der 
BZF sorgfiiltig erwogen werden. 
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Did Swiss apple scab control strategies 
stand the extreme conditions of 1988? 

W. Siegfried, E. Boss hard and 
H. Schiiepp, 

Eidg. Forschungsanstalt fiir Obst-, Wein-und Gartenbau, 
CH-8200 Wadenswil, Switzerland 

Abstract 
Intense scab (Venturia inaequalis) infection pressure in spring led to early primary 

infection when, on April 10, heavy rain washed conidia from wood-scab pustules on the 
twigs into the opening buds (stage C). The first fungicide treatment in the experimental 
orchard at Grllntal on April 15 did not prevent this attack and the disease slowly developed, 
despite a well-timed spray schedule using SBI fungicides. 

By mid-June, up to 20% of the leaves were diseased; further spread of scab was 
preven1ed by applying two treatments of double-concentrated spray at an interval of 5 days. 

Isolates of Venturia inaequalis were collected from ireated and untreated plots and 
tested for their sensitivity to SDI-fungicides using three methods. In contrast to the results 
obtained in 1987 in an SDI-treated orchard with scab problems, all isolates tested in 1988 
showed nonnal SBI sensitivity. 

Key words apple disease, chemical control, fungicide tolerance, spray timing. 

· Introduction 

Sterol biosynthesis inhibiting (SBI) fungicides have been applied in Swiss 
apple orchards in response to scab (Venturia inaequalis) infection periods since 
1980. Climatic conditions in years 1986-1988 were dominated by long rainy 
periods which favoured scab epidemics and did not always allow post-infection 
treatment at the correct time. For some orchards where scab was not controlled 
sufficiently, climatic conditions and dates of treatments were analyzed and scab 
isolates were tested for SBI sensitivity in order to explain the reason for the poor 
efficacy. 
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Data are presented which were collected in an experimental orchard at 
Wadenswil Research Station, where the efficacy of S~I fungicides decreased 
from 95-100 % control in preceding years to only 60-70 % in 1988. 
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Fig. 1. Weather conditions at Wadenswil in 1988 and calculated scab infection 
periods. Fungicide application dates are indicated by. the arrow. 
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Methods and results 

The serious scab attack of 1987 and the extremely mild winter 1987 /88 led to 
a high inoculation pressure in spring 1988. The first infection period was regis­
tered in Wadenswil on April 10 at growth stage C (Fig.1). In the experimental or­
chard Griintal (cv Golden Delicious, 18 years old), where SBI fungicides were 
tested for their efficacy as sprays timed according to scab infection periods, the 
first treatment with a mixture of captan and penconazol (Topas C) was on April 
15th. Despite the many rainy periods during May and June all treatments were 
applied curatively, after infection periods. After the detection of scab symptoms 
on treated leaves and fruit about June 20th it was attempted to prevent further 
spread of the disease using various fungicides. Double concentrated spray liquid 
was applied twice within 6 days (Fig.1) and again on July 8th and 28th. Assess­
ment of leaf i,cab on July 22th showed that scab development had been stopped 
by most fungicides (Fig.2). 

In order to understand the reason for the scab outbreak in the treated plots of 
the Griintal orchard, weather data and spray application dates were analysed. 
Considering all known facts it must be assumed that the primary infection was 
induced by conidia formed on the twigs being washed into the opening buds by 
the heavy rainfall of April 9th. The fungicide applied on April 15th was too late 
for this first infection period. 
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Fig. 2. Attacked leaves (%) before and after 3 treatments to stop scab development. 
Orchard Gruntal, Wadenswil; variety: Golden Delicious, planted 1970. Or­
chard treated according to scab infection period s. 4xcaptan-penconazol from 
April 15 .June 8.§ 
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Table 1.Fitness and sensitivity of Vflnturia inaequalis isolated from treated and untreated plots. Griinthal Wadenswil 1988 . 

I !sol. %Germination on 
Nr. Origin dale maltagar 

111 GrOntal FAW June 
Golden 4x Topas-C 22 95 

112 GrOntal FAW June 
Golden untreated 22 

96 

as 111, 2 additional July 
113 treatments with 7 45 

Topas-C + MBC 

as 111, 2 additional July 114 treatments with 61 
Topas-C 

7 

115 as 111 , 2 additional July 60 treatments with 7 
Rom> 

as 111, 2 additional July 
116 treatments with 7 64 

Nustar 

117 as 112. untreated July 85 
7 

Topas C • Captan (47.5 % A.LJ + Penconazol (2.5 % A.I.), 0.1 % 

MBC • Methyl-thiophanal (70 % A.L), 0.1 % 

H20 

87 

80 

0 

0 

0 

80 

0 

Growth 
Sens. test (Penconazol) 

on agar on seedlings on agar on seedlings 

nonnal normal growtn at 1 00% efficacy 
0.1 mg/I 

nonnal normal growth at 
0.1rng/l 

100% efficacy 

normal normal growth at 100% efficacy 
0.1 mg/I 

poor 

very poor 

poor 

normal normal growth at 100"/o efficacy 
0.1 mg/I 

Rondo• Caplan (60 % A.I.)+ Pyrilenox (5% A.L), 0.1 % 

Nustar • Flusilazol (20 % A.L), 0.0125 % 
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Reduced SBI sensitivity of Venturia inaequalis has been reported from some 
European countries in the last 3 years (4,5,3,2); it therefore seemed to be reason­
able to investigate Venturia isolated from leaves of treated and untreated plots in 
the Grtintal orchard. Fitness and SBI sensitivity of Venturia isolates were tested 
using the following methods : 

Tests of fitness: 
- germination rate of conidia in water and on malt agar 
- colony growth in culture on PDA medium 
- development on apple seedlings under controlled conditions 

Tests of SBI sensitivity: 
- development of germ tubes on fungicide-containing agar (assessment 
done by Ciba-Geigy) 
- colony growth on fungicide agar (FAO recommendation) 
- development on SBI-treated seedlings under controlled conditions (FAO 
recommendation) 

Isolates collected in treated and untreated plots on June 22nd, immediately 
after the detection of scab symptoms on treated leaves and fruit (isolates 111 and 
112; Table 1) were similar in fitness and SBI sensitivity. Conidia collected from 
leaves treated twice with double-concentrated spray liquid to stop further scab 
development showed normal germination (isolates 113-117), but growth on seed­
lings was poor in some cases (isolates 114-116). Isolate 113 (2x captan-pencona­
zol plus thiophanate-methyl) was as fit as 117 (untreated plot), and it also 
showed the same range of SBI sensitivity. 

The development of scab on treated apple trees was due to very early infec­
tion on the unprotected sepals and not to reduced SBI sensitivity of the scab 
population. The following recommendations are therefore given for scab control 
in 1989: to prevent early scab infections one treatment at stage B-C with a pro­
tective fungicide (i.e. copper, dithianon, folpet or captan) toxic to scab conidia 
overwintering on the twigs is recommended for scab-susceptible cultivars. Sub­
sequently, treatments should be applied according to scab infection periods using 
SBI fungicides in mixture with captan. 
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Eutypa canker on pome-fruit trees 

A. Bolay 

Federal Agricultural Research Station, Changins, 
CH-1260 Nyon (Switzerland) 

Abstract 
The fungus Eutypa lata is the causal agent of cankers aIJIJ/or dieback of grape, apple, 

pear and apricots. The biology and epidemiology on apple and pear are reviewed and 
control measures discussed. 

Key words: eutypiosis, disease control, fungicides, orchard disease, fungicide 
application technique, Libertella blepharis, pruning cuts, wound infection. 

Introduction 

The ascomycete Eutypa lata (Pers.: Fr.) Tul. (syn. Eutypa armeniacae Hansf. 
and Carter.), the anamorph of which is Libertella blepharis A.L. Smith, is a fun­
gus responsible for canker and dieback of branches of more than eighty species 
of fruit, forest and ornamental trees and shrubs. It causes severe losses to apricot, 
almond, grapevine, apple, pear and black currant (1, 15). E. lata occurs in most 
regions of the world with a temperate or Mediterranean climate (13, 4). 

The symptoms of eutypiosis 

The most common symptoms of eutypiosis are cankers and/or dieback of 
branches (color plates). On grapevine the symptoms are different: affected vines 
show a weakening and stunting of some or all shoots, with smaller leaves and 
shorter intemodes. The leaves on the affected shoots show degrees of yellowing, 
speckling, distortion and necrosis but they do not wilt. Longitudinal or transverse 
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sections of diseased branches several centimetres below the stunted shoots reveal 
extensive areas of dead or necrotic wood tissues (5). 

The fungus 

The fungus forms its anamorph on infected living branches. The teleomorph 
appears two or more years later on dead branches from which the conidial stage 
has more or less disappeared. 

The ascogenous stroma a mixture of fungal and host tissues. The perithecia 
are immersed in the stroma and each has a polar ostiole protruding slightly above 
the surface. The asci are unitunicate, elongated, with an apical pore. The ascos­
pores are allantoid and yellowish brown, 7-11 x 1.5-2 µm. The conidia are 
hyaline, bent to arcuate, ameroid, 18-35 x 1 µm and are extruded in a moist shin­
ing yellowish mass, or in yellowish tendrils. A description of the fungus was 
given by Carter and Talbot (20) and by Rappaz (36). 

The fungus can be isolated easily from small pieces of infected wood or 
grown from ascospores. It grows well on malt agar or potato dextrose agar at 
temperatures in the range 20-25 ·c. A white mycelium develops after 3-4 days of 
incubation. Perithecia are not produced in culture, but pycnidia containing 
pycnospores of Libertel/a usually form after 6 to 8 weeks. 

Epidemiology 

E.lata is dispersed entirely by airborne ascospores produced from subcortical 
stromata on dead wood of the host. The formation of perithecial stromata is rare 
in regions where the mean annual rainfall is less than 350 mm. Once formed, a 
stroma may continue to liberate ascospores for five years or more, following a 
regular cycle (27). Spores are discharged from perithecia only during and after 
rainfall : the eight ascospores are ejected simultaneously from each mature ascus 
and dispersed as octads. Ramos et al. (34) have now provided substantial evi­
dence that in certain geographical situations viable ascospores may be carried for 
distances of more than 100 km to infect trees in drier regions, where inoculum is 
not produced locally. It is occasionally possible to find pycnidia (Libertella) of 
the pathogen on infected host tissue, but the asexual spores are not infectious and 
play no part in the disease cycle (6, 22). Ascospores infect wounds in which the 
vascular tissue is exposed, the most common point of entry being fresh pruning 
wounds. Arrival of the inoculurn is usually a two-stage process, involving de­
position of ascospores on branches and foliage and dispersal by rain-splash and 
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rain-washing (8). Wounds usually lose their susceptibility within about two 
weeks after pruning, although Ramos et al. (35) showed that under Californian 
conditions, duration of susceptibility of pruning wounds depends on the time of 
the year. Loss of susceptibility of wounds has been attributed to colonization of 
the exposed sapwood by other microorganisms (14, 33). 

Eutypiosis on pome-fruit trees 

Apple 

In southern Australia, Carter (7) isolated perithecia of E. lata from dead bran­
ches of apple trees in orchards near Adelaide. In the same region the author had 
the opportunity in 1983 to examine several apple trees with large cankers show­
ing numerous tendrils of Libertella (Fig. l). Isolates from dead apple wood were 
highly virul~nt when inoculated onto apricot branches (4). 

In several provinces of Austria, apple trees of the cultivar McIntosh have can­
kers causing a dieback of large branches and sometimes the death of the whole 
tree. Messner and Jahnel (25) isolated from necrotic wood a fungus which de­
veloped conidia in culture; Messner and Sutton (26) attributed the isolates to 
Libertella blepharis A. L. Smith. In autumn 1981, the author received from Aus­
trian colleagues two cultures of Libertella isolated from McIntosh apple trees. 
When inoculated to apricot and black currant they caused typical symptoms of 

~ eutypiosis. 

Fig. 1. Eutypa 
canker on 
Granny Smith 
apple tree. Len­
wood, South Aus­
tralia, Oct. 1983. 
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McIntosh apple trees cultivated in Hungary in the Balaton lake region are 
also affected by cankers attributed to Libertella b/epharis by Vajna (37). 

In Washington State, USA, Glawe et al. (24) isolated E. lata from dead wood 
of Golden Delicious apple trees in the Yakima region. The cultures from these 
isolates cause cankers when inoculated to apricot. 

In 1984, the author found many cases of eutypiosis in the french-speaking 
part of Switzerland on several apple cultivars (Golden Delicious, Gravenstein, 
Jonathan, K.idd's Orange Red, McIntosh, Canada Reinette and Starking)(Fig. 2). 
Cankers of various size appeared on pruning wounds. Tendrils with Libertella or 
perithecia of E. lata were present on the surf ace of most cankers. In Valais, euty­
piosis is frequently associated with damage caused by the apple clearwing moth 
(Synanthedon myopaeformis Borkh); the fungus E. lata is easily isolated from 
the bark and dead wood, and also from the sawdust left by the caterpillars of this 
insect in their tunnels. 

Perithecia of E. lata frequently develop on pieces of wood left in the orchards 
after pruning. They can also be observed on cankers and dead branches of tall 
standard trees in old orchards. 

Pear 

In southern Australia (10), eutypiosis causes severe cankers on several pear 
cultivars (Josephine, Lemon Bergemot and Packham's Triumph) in the region of 
Adelaide. 

In Switzerland, the cultivar Bon Chretien William's, which is grown mainly 
in Valais, is often affected by cankers which develop from pruning cuts or other 
wounds and which then extend to larger branches. It was shown in 1976 (3) that 
these cankers are caused mostly by the joint action of the apple clearwing moth 

Fig. 2. Eutypa 
canker on Gold-

. en Delicious 
apple tree, Ardon, 
Valais, Switzer­
land, Feb. 1984. 
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(Synanthedon myopaeformis Borkh.) and the fungi Cytospora spp. and E. lata. 
Tendrils of both Libertella blepharis and Cytospora spp. can be seen on some 
cankers. 

In the eighties, the author and colleagues examined again cankers on pear in 
Central Valais and in the Lake Leman region. Isolates from dead wood revealed 
in most cases the simultaneous presence of E. lata with one or several of the fol­
lowing fungi: Chondrostereum purpureum, Cytospora spp., Nectria galligena, N. 
cinnabarina and Phomopsis spp. Cultures of E. lata isolated from pear, apple, 
apricot, black currant and grapevine were inoculated on twigs of Bon Chretien 
William's pear trees. Typical cankers developed, but the progress of the fungus 
was slower than on apricot or black currant. 

Control 

The following measures are recommended to control E. lata : 
- reduce inoculum. 
- prune late, when pruning cuts are resistant. 
- disinfect pruning cuts. 
The burning of infected branches reduces the potential for infection, but it is 

not sufficient to totally avoid the contamination of pruning cuts because ascos­
pores are disseminated by wind over long distances. Moreover, E. lata can de­
velop and fructify on most forest and ornamental trees and bushes, except 
conifers. Hedgerows, groves and forest edges are therefore a constant source of 
inoculum that cannot be eliminated. When conditions are favourable, a single 
spore can initiate infection (34). 

As mentioned above (see Epidemiology), the susceptibility of wounds dim­
inishes with time because of the development of other microorganisms antagon­
istic to E. lata. On apricot, leaf scars remain susceptible for at least 42 days, but 
wounds made just before bud break become resistant to the fungus within 14 
days (35). 

In Valais, cultures of E. lata were inoculated to apple and pear trees at differ­
ent periods of the year. Positive results were obtained only with inoculations 
made at the end of summer or in autumn (2). In orchards with a risk of eutypiosis 
it is therefore advisable to prune late, just before bud break. 

Disinfection of pruning cuts was tested by Australian and American workers. 
The first useful results were obtained by Moller and Carter (28, 29) with a single 
benomyl spray just after pruning. Under experimental conditions, when each cut 
was sprayed individually a control of over 90 % was achieved. When the same 
fungicide was applied in the orchard using conventional sprayers, however, pro­
tection was poor because the quantity of fungicide reaching each cut surface was 
insufficient (21, 31). Carter and his co-workers combined pruning with the appli­
cation of a protective fungicide by fitting pneumatic secateurs with a spray 
nozzle. This was developed as the pneumatic injection secateur "Felcomatic 
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WASP" (16, 12, 17), which is perfectly suited to the control of eutypiosis. The 
nozzle sprays the fungicide laterally as soon as the twig is cut, and the duration 
of spray can be altered to ensure that the whole surface is treated. Many fun­
gicides were tested against eutypiosis, but only those of the benzimidazole group 
(MBC) were sufficiently effective: benomyl, carbendazim, thiophanate-methyl 
and thiabendazole (28, 29, 31, 30, 32, 23, 2). 

Attempts were also made to prevent E. infections by spraying suspensions of 
spores of various antagonistic fungi. Such biological control was developed by 
Carter and Price (18, 19) and Carter (9,11) using cultures of Fusarium lateritium. 
However,for as long as the effectiveness of benzimidazoles is not reduced by the 
appearance of resistant strains of E. lata it is likely that biological control will 
not be commercialised, because of the difficulty of producing spores of the anta­
gonist. 

On fruit trees, the use of the pneumatic injection secateur to apply fungicides 
of the benzimidazole group at a concentration of 1 % of the formulated product 
is the only control method which is effective and practical. 
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Introduction 

Although India is a tropical country, about 200,000 ha of apples and other 
temperate fruits are grown in the northern hills. Apples occupy nearly 160,000 
ha, mostly with cultivars of the Delicious group (e.g. Starking Delicious, Red 
Delicious, Rich-a-Red Delicious). The economic importance of growing apples 
in India is considerable: cultivation and marketi11g problems led to the estab­
lishment of the University of Horticulture and Forestry at Solan, Himachal 
Pradesh in 1985. This University is the second of its type in the world and since 
opening, research has been a priority. Pears are grown over a wide range of cli­
mates, from sub-mountainous regions to high hills (700-2700 m.a.s.l.) but in a 
limited area. The largest area of pome- fruit production is on the slopes of the 
hills, with smaller areas in the valleys. Jammu & Kashmir is the only State where 
apples are grown mainly on flat land. 



273 

Major pome orchard diseases 

Apple scab 

History of apple scab outbreaks 

Apple scab (Venturia inaequalis) is the most important disease in Indian or­
chards. Early introductions of apple by the British and French were free from 
scab. The first record of scab was in 1930 on a native cultivar, Ambri, in the 
Kashmir valley (Jammu & Kashmir State). For many years scab caused little 
damage and no efforts were made to control it In 1973, however, an epidemic 
seriously damaged cv. Red Delicious, with a loss of US $540,000 in one season: 
Red Delicious is very susceptible to scab and occupied nearly 70% of the apple­
growing area in Kashmir valley in 1973. Other cultivars grown in Kashmir in­
clude White Dotted Red (Versifield or "Mahaaji"), Cox's .Orange Pippin, Ambri, 
Jonathan, Benoni (Hazrat Wali), and American Apirouge. These cultivars have a 
range of resistance to scab. In Himachal Pradesh, apple cultivation extended 
rapidly after 1960 and occupied 40,000 ha in 1977 when scab appeared in lo­
calized pqckets of several districts. Within six years the disease spread to almost 
every orchard (Table 1): even isolated trees surrounded by dense forest were at­
tacked. 

This rapid spread raises questions of long-distance spore dispersal, an aspect 
of scab epidemiology needing examination. In 1982 and 1983, scab was so 

Table 1. Status of apple scab in Himachal Pradesh during the six years 
1978 to 1983. 

Area of Area (ha) affected with scab 

District apple culti-

vation (ha) 1978 1979 1980 1981 1982 

Shimla 20,122 34 64 70 160 18.000 

Kullu 11,199 96 696 5670 5~72 11,000 

Mandi 7,303 16 24 64 160 6,000 

Chamba 2,180 4 4 53 65 1,300 

Sinnur 3,126 

Kinnaur 2,403 4 4 

Solan 493 2 

Kangra * 472 

Lahaul & Spiti* 56 

* Not surveyed 

1983 

20,000 

11,000 

6,480 

1,300 

150 

400 

60 
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Table 2. Occurrence of apple scab infection periods in 1982. 

Infection period* (days) 

Month - Followed by rain Followed by dew Total 

L M H L M H periods 

March (from 20th) 0 0 6 0 6 0 12 

April 0 1 8 7 0 2 18 

May 0 0 8 0 9 0 17 

* Based on hours of surface wetness (leaf) and temperature. 
L - light, M - moderate, H - heavy infection risk 

severe in Himachal Pradesh that the survival of apples as a commercial crop was 
endangered. The incidence of scabbed fruit ranged between 10 and 50%, and in 
1983 nearly 10% of the total crop of 300,000 tonnes was rendered unfit for mar­
ket and destroyed at a loss of US $1.5 million. Reasons for the severity this 
epidemic are the many infection periods in 1982 (Table 2) and 1983, and the 
predominance of very susceptible cultivars of the Delicious group. Today, scab is 
established in all apple-growing areas of the country, which include UP hills, 
Arunachal Pradesh, Sikkim and Nilgiri Hills of TamilNadu. 

During the last 15 years, the epidemiology of the disease and the biology of 
the fungus have been examined, and these studies have led to a better under­
standing of the factors responsible for the outbreak of scab {3,5,7,8,10,13-16,18-
20,31-33,35,38,42-44). 

Table 3. Effect of post-harvest fungicide sprays on ascospore production 

Mean ascospore Reduction in 
Treatment Concentration production ascospore discharge 

(%) (%) 

Untreated 76,500 

Carbendazim (50WP) 0.05 0 10 

Dodine ( 65WP) 0.10 0 100 
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Chemical control of apple scab 

Chemical control studies have been aimed at (i) the elimination or reduction 
of pseudothecia, (ii) the prevention of ascospore release, and (iii) protection 
against primary and secondary infections. These objectives have been achieved 
by carrying out trials in the post-harvest period 

(6,17), in the pre-leaf fall period (6,17,19,22,34) and in the growing season 
(6,ll,12,28,30,34,39,40,48). Table 3 shows that two sprays of either carbendazim 
or dodine, applied one month apart after harvest, disrupted the life cycle of the 
pathogen and prevented the production of ascospores in spring. 

In India, most apples are harvested from August to October and leaf-fall oc­
curs 1.5-3 months later. During this interval, dew in the valleys permits foliar in­
fection: many terminal leaves develop numerous scab lesions and produce many 
pseudothecia the following spring. To break the life cycle, single pre-leaf fall 
sprays of 5% urea or other chemicals, particularly sterol biosynthesis inhibitors 
like bitertanol (17) and triforine, have suppressive effects on the ascigerous stage 
of the fungus (Table 4) and consequently allow reduced numbers of sprays the 
next summer. The application of 5% urea has become standard practice 
(14,16,19), and besides controlling scab has been found to increase crop yield 
(17). 

Growing-season fungicde trials have resulted in a protective spray schedule 
(Table 5) which comprises 7-8 sprays of contact or systemic fungicides and a 
single spray of urea before leaf~fall. The first spray is between silver- and green 
tip, followed after 10 days by the second spray at pink bud-early bloom: further 
sprays are at 14-day intervals until harvest. Fungicides are expensive and the 
market price of apples fluctuates. To make the schedule economical and encour­
age its use, the national and state governments provide for half the fungicides 
costs. 

Table 4. Effect of pre-leaf-fall spray of chemicals on ascospore productivity of Ventu­
ria inaequalis 

Concentration Mean ascospore Reduction in 

Treatment (%) production ascospore 
discharge(%) 

Untreated 12,000 
Copper oxychloride 0.5 6,800 52 
(50WP) 
Triforine (19EC) 0.2 0 100 
Urea 5.0 0 100 
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To reduce the number of sprays, a curative programme is based on applica­
tions or bitertanol or myclobutanil 72 or 96 hr after infection period warnings. 
This strategy has been more effective in controlling primary and secondary scab 
than the protective spray schedule, and saved three sprays (48). It is not always 
possible to spray in response to infection periods within the necessary time. Fun-

Table 5. Protective spray schedule to control apple scab. 

Spray Development 

no. stage Fungicide/100 I water 

1 Silver tip • green tip Dodine (100g), or captafol (300g), 

or mancozb (400g), or dithianon (75-lOOg) 

2 Pink bud - early bloom If captafol has not been used 

(10 days after 1st spray) in 1st spray, then spray dithianon (50g), 

or a mixture of mancozeb (300g) plus 

wettable sulphur (200g), or bitertanol (100g). 

3 Petal-fall (14 days Carbendazim (50g), or thiophanate-

after 2nd spray and methyl (50g). 

continuing at 14-d 

intervals 

4 Fruit set (Pea stage) Dodine(lOOg), or captan (300g), 

or dithianon (50g), or mancozeb (300g). 

5 Fruit development Mixture of carbendazim/thiophanate 

methyl (25g) plus mancozeb (250g), or 

bitertanol (100g), or dithianon (50g), or 

mancozeb (300g), or captan (300g). 

6 Fruit development Repeat the fungicides of 5th spray 

7 Pre-harvest (15-20 Captafol (150g), or mancozeb (300 g). 

days before harvest) 

8 Pre-leaf-fall (7-10 Urea (5kg) 

days prior to general 

leaf-fall) 

Use adjuvants like Selwet-99 (12.Sg), Teepol (25ml) or Selwet- E/fritone/Uphaar/Sandovit (50-75ml) 
in 1001 spray liquid. 
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gicides can be sprayed late in the incubation period, however, 2-3 days before 
symptoms appear. Experiments show that carbendazim, thiophanate methyl, 
dodine, guzatine and sterol-inhibiting fungicides (bitertanol, etaconazole, myclo­
butanil, penconawle (plus captan), PP523, prochloraz, fenarirnol and triforine) 
sprayed two days before the appearance of scab symptoms resulted in atypical, 
chlorotic or reddish-brown, lesions on the foliage; Myclobutanil results in ne­
crosis of hyphae and is fungitoxic, whilst bitertanol is fungistatic (48). Another 
strategy when scab is severe is to spray weekly, using carbendazim, carbendazim 
plus mancozeb, dodine, or bitertanol on 2 or 3 occasions. (28,30,39,40,48). Once 
the disease is under control sprays of these or contact fungicides are applied 
every 14 days. 

In all these experiments, inoculated potted plants are held in muslin- covered 
chambers for 24-36 hand then incubated, either outdoors under natural condi-

Table 6. Ascospore maturity and discharge and incubation period of Venturia ln­
aequalis, during spring 1987, at two sites. 

Site and 
development 
stage 1 

lliiri 
Green tip 0 

20% petalfall 0 

100% petal fall 0 

Kadauli 
Green tip 90 

Pink bud 8 

100 % petal fall 0 

Fruit set 0 

14 days later 

Ascospore maturity category 
(% number of pseudothecia) 

Ascospore 
2 3 4 5 discharge* 

4 32 28 36 4.1 

0 0 0 100 0.4 

(most empty) 

0 0 0 100 

(most disintegrated) 

10 0 0 0 

32 32 20 8 1.2 

0 0 12 88 

0 0 8 92 

(many disintegrated) 

100 0.0 

(most disintegrated) 

• Mean per microscope field of view 
** Days to the first appearance of symptoms after.infection 

Incubation 
period** 

(days) 

18 

21 
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tions in months when the relative humidity is around 85%, or under an HOPE­
laminated fabric cloth-covered net house. 

Apple scab prediction 

Ascospore maturity and productivity have been studied in relation to weather 
and tree phenology (10,13-15,18-20). Observations in 1981 showed that ascos­
pores were mature at the silver-tip stage and there was a need to spray by this 
time (10). In most years the winter is wet, due to snow or rain, the spring re­
ceives frequent rainfall and ascospore maturity coincides with bud break. In 
1984, however, ascospore maturity was delayed until the fruits were 2 cm in 
diameter. This was mainly due to dry weather in winter (35). Studies in 1987 
showed that ascospore maturity does not coincide with the same phenological 
stage in all localities (Table 6). It is necessary, therefore, to properly time fun­
gicide sprays in each locality. 

In spring, duration of surface (leaf) wetness is measured with a De Wit 7- day 
recorder, a Belfort hygrothermograph or electronic orchard environment moni­
tors, either the RSS-412 "Predictor", (Reuter-Stokes, USA) or the Biomat SWG 
(FRG). Ascospore discharge in orchards is monitored with Rotorod spore sam­
plers which are more sensitive to low ascospore concentrations than the Burk­
hard volumetric trap.The rotorod sampler provides for rapid determination of 
spore catches after each rainfall: the rods are easy to handle and require less time 
to examine than the melinex tape from the Burkard trap. Also, heavy deposits of 
dust on the tape can interfer with the detection of ascospores when using the Bur­
kard trap. 

There are five scab-monitoring laboratories in Himachal Pradesh all equipped 
with these various predictive devices and giving warnings to growers for timely 

Table 7. Susceptibility to scab of four local apple hybrids compared to cv. Starking 
Delicious 

Apple hybrid Lesions Lesion type* Conidia 
per leaf per lesion 

Ambred 26 2-3 8,000 
Ambstarking 34 2-3 3,000 
Ambroyal 23 2-3 18,000 
Ambrich 19 2-3 6,000 
Starking 68 4 66,000 
Delicious 

* 2 - chlorotic, 3 - light sporulation, 4 - heavy sporulation 
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spraying. It is not known how large an area a single predictive station can repre­
sent: efforts are being made to establish field stations every 5-10 km2

. 

Scab-resistant cultivars 

Eleven resistant cultivars (Prima, Priscilla, Sir Prize, Jonafree, Red Free, 
Macfree, Nova Easygro, Novamac, Co-op-12, Liberty and Freedom) bred in 
North America have been established at Mashobra and Bajaura (47). Co-op-12 
and Red Free are promising in the low and mid-altitude hills of Himachal 
Pradesh, where cultivars of the Delicious group do not develop a good skin col­
our (46). The apples of these cultivars mature early, develop a scarlet- red colour 
within 84-96 days, are comparatively sweet and store well. Locally-bred hybrids 
(Ambstarking, Ambroyal, Ambrich and Ambred) (47) have a high tolerance 
(field resistance) to scab, and in comparison to the scab- susceptible cv. Starking 
Delicious they develop only few, sparsely-sporing lesions when under potentially 
severe scab conditions (Table 7). These hybrids mature late and are best suited to 
the upper altitudes (above 2400 m.a.s.l) in Himachal Pradesh. 

White root rot 

White root rot, caused by Dematophora necatrix Hartig (Rosellinia necatrix 
Prill.), is another important disease of pome-fruit nursery and orchard plants. The 
only treatment is the use of 20 ppm aureofungin (an antibiotic) or 0.1 % carben­
dazim (9,41) as a soil drench or a spray of 20ppm aureofungin. Aureofungin is 
not fungitoxic (21), but acts indirectly, possibly by altering the host's metabo­
lism. Carbendazim is toxic to earthworms and leads to hardening of the soil 
structure. Moreover, the application of chemicals to soil is expensive and gives 
only partial control. None of the clonal rootstocks or seedling stocks are immune 
to D. necatrix. Efforts are being made to breed resistant root-stocks; also, a 
search is being made for biological agents, particularly among rhizosphere fungi, 
antagonist to D. necatrix. 

Collar rot 

Collar rot, caused by Phytophthora cactorum (Lebert-Cohn) Schroet, affects 
pome-fruit trees in heavy and poorly-drained soil. In recent years this fungus has 
caused, in addition to collar rot, severe fruit rot, particularly in cvs. Golden Deli­
cious and Red Gold grown as dwarf trees (23). Among the clonal rootstocks MM 
106 is especially prone to severe root rot in clay-loam soil (21). Besides chemical 
treatments, young plants usually escape from collar rot by having their graft 
union at least 30 cm above soil level. The fruit-rot phase is usually controlled by 
routine sprays of mancozeb: metalaxyl is not available. 
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Powdery mildew 

Caused by Podospha.era leucotricha. (Ell. and Everh.) Salm. and Erysiphe 
heraceli (D.C.) St. Am. (45), powdery mildew is most damaging to apple seed­
ling stock and nursery plants, while in orchards it is severe on susceptible culti­
vars including Cox's Orange Pippin, Versifield or White Dotted Red, Benoni, 
Jonathan, Ambri, Granny Smith, Buckingham, Wmter Delicious and Golden 
Delicious. About 60-80% of orchards in the major apple-growing areas comprise 
cultivars of the Delicious group; these are moderately resistant and do not require 
specific control measures. The usual control strategy against powdery mildew is 
based on reducing primary inoculum by pruning infected shoot tips in winter 
(37), and spraying every 7-14 days in the growing season (27,29,49). 

Canker diseases 

Thirteen kinds of canker disease attack pome-fruit trees in India (1,2,4,21,24-
26). Of economic importance are black rot (Botryospha.eria quercuum(Schw.) 
Sacc. (wi~ the conidial stage Botryodiplodia iuglandicola (Schw) Sacc. or 
Sphaeropsis malorum Berk.), pink disease (Botryobasidium salmonicolor(Berk. 
& Br.) Venkatarayan), nail-head canker (Nummularia discreta (Schw.) Tul.), and 
silver-leaf disease (Chondrostereum purpureum Pers.ex.Fr.) Pouz. All three 
phases of black rot occur, namely fruit rot, frog-eye leaf spot and canker (2,4). 
The severity of canker diseases is mainly the result of faulty framework training 
and pruning, depletion of soil micro- and macro-nutrient elements, and wounds 
and injuries caused by pests. Marginal apple-growing areas at altitudes of 900-
1200 m.a.s.l., where chilling is insufficient and trees develop succulent vegeta­
tive growth, are congenial for canker diseases (l,2,21). 

Sooty blotch and fly speck 

Both diseases appear in most years with the onset of rains in late summer, 
and then increase in severity in the foggy weather and high humidity from July to 
September. None of the commercial cultivars is resistant and Golden Delicious, 
Winter Delicious, Granny Smith, Cox's Orange Pippin, Yellow Newton, Buck­
ingham, Rymer, and Jonathan are highly susceptible. These two diseases are con­
trolled by the regular sprays targeted against apple scab (14). Where scab sprays 
are omitted these diseases are controlled by two applications of captafol, manco­
zeb or carbendazim (36), the second application being 15-20 days before harvest. 
These late sprays also improve the storage quality of the fruits by controlling 
various fruit-rot fungi. 
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New disease problems 

White rot 

White rot, caused by Botryosphaeria dothidea (Moug. ex.Fr.)Ces & de Not, 
is a serious problem on apple cvs. Red Delicious, Winter Delicious, Golden Deli­
cious, Black Ben Davis, Granny Smith, White Dotted Red and Cox's Orange 
Pipppin when the late summer months are very wet The best control available is 
a schedule of 2-3 carbendazim sprays starting six weeks before harvest. 

Brown rot 

Monilinia fructigena was seen for the first time in apple orchards during the 
wet summer of 1988 (23). Orchard sanitation and timely sprays of carbendazim, 
as recommended in other countries, have been recommended. Work on this dis­
ease has been started. 

Necrotic leaf blotch 

Starkspur Golden Delicious apples usually show a necrotic leaf blotch in late 
summer, leading to premature defoliation. No pathogenic fungus or bacterium 
has been associated with this condition which is possibly a physiological disor­
der. 

Bitter pit 

This malady of the fruits, associated with calcium deficiency, is now appear­
ing on the apple trees as well as in stores. Research in Himachal Pradesh has 
shown that two sprays of calcium chloride (0.5% ), 15 days apart with the first six 
weeks before harvest, help to reduce this problem. 

Other diseases of importance 

Commonly occurring and damaging are crown gall, hairy root, apple mosaic 
virus, rubbery wood (MLO) and starcrack (Graft Transmissible Pathogen). Work 
on these diseases is still in its infancy and is based on producing healthy planting 
material through nursery inspection and certification schemes. 
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Conclusions 

Major diseases are scab, white root rot (Dematophora necatrix), Phytophtho­
ra collar rot and fruit rot, cankers, sooty blotch and fly speck. Powdery mildew is 
mainly a problem of nursery plants. Newly emerging diseases are white rot, 
brown rot (Moniliniafructigena), necrotic leaf blotch (physiological) and bitter 
pit (calcium deficiency). New methods and chemicals are being tried for disease 
management: these must be adapted to various agro-climatic zones. Emphasis is 
on breeding resistant rootstocks and cultivars. Accuracy in apple scab manage­
ment is obtained through the network of disease prediction stations.Work on bac­
terial and viral/MLO/GTP diseases is in its infancy. 
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Apple tree decline in Geneva State, 
Switzerland: the relation between soil 

and plant 

Ch.KEIMER 

Station phytosanitaire cantonale de Geneve, 
CH -1254 Jussy, Switzerland 

Abstract 
1be most serious phytosanitory problems in apple orchards in Geneva State, 

Switzerland, are associated with decline of the trees. Based on observations in orcbaros, 
attempts are made to determine the influence of soil type, ground water dynamics, apple 
cultivar and rootstock on the disease-pest complex ravaging the orcbaros, notably crown rot 
(Phytophthora cactorum), European canker (Nectria galligena), apple clearwing moth 
(Synatnthedon myopaeformis) and European shot-bole borer (Anisandrus dispar). 

Key words: soil water, apple diseases, apple pests, drainage, dieback. 

Introduction 

Integrated pest management is widespread in apple orchards in Switzerland, 
and damage to fruits by the common pests and diseases is no longer serious; 
usually, less than 1 % of the fruits are affected by scab (Venturia inaequalis) or 
caterpillars. Tree decline, however, is important in half of the apple orchards in 
Geneva State. In a normal year, 1 to 3 % of the trees die due to decline (3); in 
rainy or humid years losses can reach 10 %. 

A complex of diseases and pests attacking the wood are responsible for apple 
tree decline; roots, collar, trunk and branches may be injured. Fungi frequently 
found on affected trees are crown rot (Phytophthora cactorum L. and C. Schroet) 
and European canker (Nectria galligena Bres.). The most common pests associ-
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ated with decline are the apple clearwing moth (Synanthedon myopaeformis 
Borkh.) and the European shot-hole borer (Anisandrus dispar F.) (1, 2, 3, 5). 

This complex of diseases and pests occurs on apple trees grown in asphyxia­
ting soils, where roots may lay under the upper level of ground water. 

Annual reports of the Phytosanitary Station in Geneva over the last 20 years 
establish the importance of apple decline, as shown in Table 1. As a general rule, 
in years with a wet spring (irrespective of the mildness of the preceding winter), 

Table 1. Review of the problems observed in apple orchards in Geneva state. 

Collar/ European European Apple asphyxia-
Year crown shot- hole clearwing ting 

rot canker borer moth soil 

1988 + + + + + + + + + + + + 

1987 + + + + + + + + 

1986 + + + + + + + + 

1985 + + + + + + 

1984 + + + + + + + + 

1983 + + + 

1982 + + + 

1981 + + + + + + + + + + 

1980 + + + + + + + + + 

1979 

1978 + + + 

1977 

1976 + 

1975 + + + 

1974 + + + + + 

1973 + + ? 

1972 + + 

1971 + + 
, 

? 

1970 

1969 ? 
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trees show symptoms of asphyxiated roots and of attacks by the parasitic com­
plex. Every 2-3 years the cases of decline are numerous and severe. 

In order to better understand this phenomenon, the influence of the soil (type 
of soil and water dynamics) on the plant (cultivar and rootstock) is being studied. 

The soil type 

Soil analyses by the Agronomy Section of the Laboratory of Agricultural and 
Horticultural Technics, Geneva, are used to characterize all the soils in the re­
gion. Figure 1 shows the classification of soils based on texture. Texture is 

C 

100 

SI i:: t : . ll s =i = SI 
u 

%S-

SOIL TEXTURE GROUPS 

HEAVY SOit.: C d•y 

Cl loamy clay 

u. clayey allt 

MIO-HEAVY SOIL: ... clayey rum 

U,t clayey-loamy ~llt 

MEDIUM SOIL: L ..... 
... Hbdy loam 

UI loamy allt 

u out ' 
LIGHT SOIL: ,-~ loamy aand 

I aand 

Fig. 1. Soil texture: grain size distribution used in Switzerland. 



80 

60 

40 

20 

o--­

heavy 
,o11, -

n-939 

a11,1cu1tura1 aolla 

mid-heavy 
aolla 
~ 

· medium 
aolla 
~ 

n-74 

orchard 1011, 

SOILS 

llght 
,o11, 

W.:::.>Z···>·.-i 

n-57 

apple orchard ,on, 

Fig. 2. Type of the agricultural soils and of the orchard soils in Geneva State. 

40 

C Cl 

agrlcul­
lUral aol -Cn-9391 

Uc Le Uct 

orchard 
,011, 

c:::::::::::::: 
ln•74) 

L Le 

soil texture groups 

apple or­
chard aon 
~ 
ln-57) 

UI u SI 

289 

s 

Fig. 3. Detailed classification of the agricultural soils and of the orchard soils in Genes 
va State (Legend: see Fig. 1 ). 



290 

shown as particle size distribution and the results are given in percentages of clay 
(C, 2 %), loam (U, 2-20 %) and sand (S, 50-2000 %). Figure 2 compares agricul­
tural field-crop soils, the soils of all orchards and soils of the apple orchards in 
Geneva State. There are no major differences between the soils of these groups. 
Most soils in Geneva State belong to the loamy (medium) soil type. Four types 
of soil can be divided into eleven specific classes, as shown in the Figure 3: 
again there are no consistent differences between the agricultural and orchard 
soils. · 

The reason why the distribution of soils in Geneva appears to be so uniform 
resides in their extreme diversity. Within the same field many types or classes of 
soil can occur. The soil map of Geneva State is a richly diversified mosaic. 

A comparison of soil texture in healthy apple orchards and apple orchards 
where tree decline occurs does not reveal any clear difference (Fig. 4). Soils in 
orchards with decline belong mostly to. the loamy group i.e. the medium type of 
soil. 

It is generally reported that soil type has an important influence on the 
presence of apple tree parasites: crown rot (Phytophthora cactorum) and Euro­
pean canker (Nectria galligena) are favoured by heavy soil. In Geneva State 
these fungi are found in orchards in all types of soil, however, so it is concluded 
that the nature of the soil is not of great importance for the presence of the com­
plex of diseases and pests associated with apple tree decline. This agrees with the 
view ofBompeix (4). 
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The dynamics of the soil water in Geneva State have been studied by the 
Swiss Federal Institute of Technology in Lausanne. This project was ordered by 
the Service of Agriculture in Geneva State. The results are presented as a map. 

The dynamics of the water are characterized by the drying capacity of soils. 
Figure 5 shows classes (1 to 5) of drying capacity in relation to healthy orchards 



Table 2. Apple varieties and rootstocks grown in Geneva State. 

Sound orchards ProbleJI orchards 

Apple varieties 
Rootstocks SUII Rootstock& SUII 

sum 

27 9 26 106 7 111 104 27 9 26 106 7 111 104 

Golden Delicious 7 4 4 2 2 l 20 7 6 4 1 18 38 

Idared 6 4 l 11 5 1 2 8 19 
Jonathan ssp 2 3 2 l 8 
Maigold \; 6 
Prime Red 2 5 7 
Jonagold l 2 l 4 
Gravenstein 0 

5 2 7 
1 5 2 1 9 

2 4 6 
3 2 5 
7 1 8 

15 
15 
13 

9 
8 

Kidd 's orange red l l 
Boskoop 2 2 
Red Delicious ssp 2 2 
Reinette ssp 2 2 l 5 
Gala l l 2 

4 2 6 
4 1 5 

2 1 1 4+1* 
2 2 
2 2 4 

7 
7 
7 
7 
6 

SW1JDerred 2 2 2 2 4 

Yellow Transparente 1 1 2 
Elstar l 1 2 
div. varieties 2 4 l 7 

1 1 2 
0 

l 6 2 9 

4 
2 

16 

SUII 0 35 25 9 7 2 3 81 1 40 39 6 9 0 0 96 176 

N 

~ 
* free 
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and in orchards where the parasitic complex occurs. The soils of the healthy or­
chards possess a high drying capacity: they dry quickly, or slowly only at depth; 
the impermeable layer lies at least at a depth of 80 cm, below the level of most of 
the roots. 

The soils of orchards in which the complex of diseases and pests occurs have 
a low drying capacity: they dry slowly over all the profile. 

The water dynamics, namely the presence of ground water, is an important 
factor favouring the parasitic complex. This factor is often cited. 

Apple cultivars 

The principal apple cultivars grown in Geneva State are listed in the Table 2. 
The cultivars that are the most susceptible to root asphyxiation and to the com­
plex of diseases and pests are, in decreasing order of importance, Gravenstein, 
Kidd's Orange Red, Boskoop, the Red Delicious group and Maigold; 

Generally, Gravenstein has almost disappeared from commercial orchards in 
Geneva State, but Kidd's Orange Red, Boskoop and Red Delicious are still 
grown in a few orchards. Only Maigold is grown extensively. 

Apple rootstocks 

Examination of the phytosanitory reports of the early seventies (Table 1) 
shows that apple trees grown on rootstock M 104 were highly susceptible to de­
cline. This statement is corroborated by Bompeix (4). Table 2 shows that the 
apple growers in Geneva State no longer use the most vigorous rootstocks (MM 
104 and MM 111) in orchards where the parasitic complex occurs. The cultivars 
that are susceptible to decline are relatively vigorous cultivars grown on dwar~ 
fing rootstocks: M 9 for example and M 26 in a few cases. 

According to Julis et al. (1977), cited by Bompeix (4), in the nursery the root­
stock M 9 revealed itself as more resistant than M 26 to crown rot (Phytophthora 
cactorum). 

The formation of an excrescence at the graft union favours attacks by the 
clearwing moth (Synanthedon myopaeformis). The rootstock M 9 appears to be 
particularly susceptible, although all the rootstocks can be attacked. (1, 2). 

In orchards in Geneva State there are no obvious differences in susceptibility 
to decline between the most popular rootstocks, M 9 and M 26. 
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Conclusion 

Our investigation of apple tree decline in Geneva State, Switzerland, shows 
that under the local soil and climatic conditions the most important factors are 
the dynamics of the ground water in the soil and the cultivar. 

Direct control measures, whether preventive or curative, against the different 
pests and diseases involved in apple tree decline can be undertaken. It is difficult, 
however, to simultaneously control several pests and pathogens. 

The most practical solution consists in taking preventive measures before 
planting: careful consideration must be given to the choice of soil and to im­
provements in drainage, etc., as necessary. Cultivars and rootstocks must not be 
chosen only for their commercial value and vigour, but also according to soil 
conditions and the risks of decline. 
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Resume 

Le ~~rissement des arbres fruitiers pose le prob~me phyto sanitaire le plus grave dans 
les vergers de pommiers genevois (CH). Sur la base d'observalions effectuc!es sur le terrain, 
nous examinons les relations existant enlie les maladies (mildiou du collet et chancre 
commun) et les insectes (sme et bostryche disparate), et d 'une part le sol - type de sol et 
dynamique de l'eau - et d'autre part la plante - vari~t~ et porte-greffe de pommiers. 

Zusammenfassung 

Das wichtigste, in den Apfelkulturen des Kantons Genf (CH) auftretende 
Pflanzenschutzproblem stellt das Absterben der Bllume selbst dar. Aufgrund der im Feld 
gemachten Beobachtungen werden die Zusammenhltnge zwischen Pflanzenkrankheiten 
(Kragenfliule des Apfels, Apfelbaumkrebs) und Schlldlingsproblemen (Apfelglasfltlgler, 
Holzbohrer) mit den Bodeneigenschaften (Bodentyp, Dynamik des Bodenwassers) 
einerseits und der Pflanze (Sorte, Unterlage) anderseits untersucht. 
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The conflict between pest and disease 
control in orchards 

M.G. Solomon 
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Introduction 

The fungicides used in apple and pear pathogen management programmes 
can influence the phytophagous pests and predatory and parasitic insects and 
mites present on the trees. Whilst any toxicity of fungicides to pest species is 
usually welcomed, the same effect on natural enemies of pests is potentially da­
maging to integrated pest management (1PM) programmes. An understanding of 
these possible side effects of fungicides is necessary if an undesirable conflict 
between phytopathological and entomological requirements is to be avoided. 

That the side effects of agrochemicals on orchard beneficials is regarded as 
important by entomologists, is demonstrated by the fact that there is a subgroup 
of the IOBC Working Group "Integrated PI.ant Protection in Orchards" titled "In­
fluence of Pesticides on the Beneficial Fauna in Fruit Trees". [Proceedings re­
ported in Bulletin IOBC/WPRS (1982) V (2); (1984) VIl, (2); (1986) IX (3)]. 
Additionally, the IOBC Working Group " Pesticides and Beneficial Organisms", 
which coordinates the testing work of entomologists in West European countries, 
includes among its standard test species two predatory mites, four predatory in­
sects and two parasitic insects that occur in fruit orchards. In a summary of the 
work of this Group from 1977 - 1985 (18), of the 42 orchard chemicals tested, 13 
are fungicides. 

In order to assess the seriousness of fungicide toxicity to natural enemies, a 
general perception of the relative importance of the various species of predator 
and parasite that occur in orchards should be established. As a preliminary to 
this, it is necessary to consider which are the pests that might be regulated at an 
acceptably low level by their natural enemies, within an 1PM programme. 
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The pests suitable for regulation by natural enemies 

The potential for a long-term stable relationship between a pest species and 
its natural enemies implies the continuing presence of at least low numbers of the 
pest species. Relationships resulting in local extinctions of the pest are usually 
characterised by extinctions of the natural enemy, followed by local reinvasion 
and outbreaks of the pest. It is necessary, therefore, to consider the relationship 
between population density and crop value for each pest; it is helpful to cate­
gorise pests on this basis. 

1. Low economic injury level pests, causing economic damage even when 
present in only low numbers (Figure 1). Pests in this category usually attack the 
fruit itself. An example found almost everywhere in European top fruit culture is 
the codling moth, Cydia pomonella, of which every larva may cause severe dam­
age to several fruits. Another example is the rosy apple aphid, Dysaphis plantagi­
nea, which causes severe indirect damage. The feeding of the aphids on apple 
leaves causes the leaves to curl but also, and much more seriously, causes fruits 
developing close to the attacked leaves to remain small and become misshapen. 

2. High economic injury level pests, generally feeding on parts of the plant 
other than the fruit. The Eurpean re<;t mite, Panonychus ulmi, for example, feeds 
on the underside of leaves and, whilst defoliation can result from very high popu­
lation densities, feeding by moderate populations of a few mites per leaf rarely 
results in a detectable effect on cropping. Pear psyllids, (Psylla pyricola and P. 
pyri) feed on leaves but also produce honeydew, a sugary liquid which may drip 
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Fig. 1. A categorisation of fruit pests according to the relationship between population 
density and crop value. 

J 



300 

onto fruits, causing sticky patches in which sooty moulds grow. The apple rust 
mite, Aculus sch/echteru:Jali, also feeds on leaves, but is so small that even popu­
lation densities of several hundred per leaf may result in no detectable effect on 
cropping. Recent evidence (12), however, has shown that when very abundant 
early in the season this mite may also feed on developing fruits, leading to rus­
seting or cracking of the skin. 

3. Very high economic injury level pests, or, perhaps more properly, phyto­
phagous species that are not usually damaging. The apple psylla, Psylla mali, the 
apple grass aphid, Rhopalosiphum insertum, and leafhoppers, Typhlocyba spp., 
are examples of phytophagous species that have been shown rarely to reduce 
cropping, even when present at very high population densities. 

Group 1 ("low economic injury level") pests do not lend themselves to regu­
lation by their natural enemies at an acceptably low population density, because 
they cause economic damage even at low population densities. Group 3 ("very 
high economic injury level") pests may be regulated at low population densities 
by natural enemies, but these relationships are not usually critically important 
from the pest management point of view; these pests are not important, even at 
high population densities. It is clearly among the group 2 ("high economic injury 
level") pests that the potential lies for effective biological control within 1PM 
programmes. It is on the natural enemies of the pests in this group that attention 
should be focused when assessing the importance of the side effects of fun­
gicides. 

The predators important for 1PM 

In pear orchards, the most serious pests are psyllids (Psylla pyricola and P. 
pyri). Predatory anthocorids (mostly Anthocoris nemora/is) attack the psyllids 
and pest management programmes on pear are usually based on the need to 
avoid damaging these predators (e.g. 4, 19, 26). Anthocorids appear to be unaf­
fected by the fungicides used in pear orchards, so this system is not usually 
threatened by fungicide applications. 

In apple orchards, 1PM programmes are usually based on the regulation of 
the European red mite, Panonychus u/mi, by predators (e.g. 2, 25). During the 
past 30 years this pest has become resistant to most of the acaricides that have 
been used against it (8) and it seems likely that the of acquisition of resistance 
will continue with new acaricides. There is thus a pressing requirement for the 
exploitation of non-chemical means of managing this pest. 
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Many species of predator attack P. ulmi and other pests of apple and contrib­
ute in a general way to their reduction (6). Coccinellids, chrysopid larvae, 
syrphid larvae and cecidomyid larvae may all be useful in some circumstances, 
but the groups of predators that are most often important are mirid and antho­
corid bugs and phytoseiid mites (Figure 2). Many species of phytoseiid mites are 
found on unsprayed apple trees (5) but in selectively sprayed orchards in Eng­
land it is Typhlodromus pyri that usually colonises and multiplies (13, 23). The 
same species occurs in most other apple-growing regions of the world where the 
climate is similar (2, 22). T. pyri has three or four generations each year in Eng­
land, compared with the one or two generations of the predatory insects, and is 
therefore better able to increase in numbers rapidly if prey numbers increase. 

Sufficient selective pesticides are available to allow the design of a pest man­
agement programme for treatment of those pests that require it, while allowing 
mirids, anthocorids and T. pyri to survive. Such programmes have usually been 
based on the selective aphicide pirimicarb, with diflubenzuron for the control of 
larvae of moth pests (13, 17) (Table 1). 

During the 1970s, resistance to organophosphate (OP) insecticides was found 
in T. pyri in New Zealand (7, 20) and the USA (29), and then in England; these 
resistant mites are now widespread in the fruit-growing region of S.E. England 
(27), and in Western Europe are also reported in orchards in Austria, The Nether­
lands, Italy and Switzerland (2). The strains found in England are resistant to 
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Fig. 2. The feeding relationships among some of the phytophagous species and their 
predators in apple orchards where the pesticide programme allows their sur­
vival. 
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most OPs and to carbaryl (9, 21). The presence of these resistant predators in or­
chards makes possible an approach to 1PM in which OPs or carbaryl are used 
against aphid and moth pests, leaving resistant T. pyri to attack phytophagous 
mites (e.g. 24) (Table 1). The predatory mirids and anthocorids are killed by 
these insecticides, but T. pyri alone is capable of regulating P. ulmi and the rust 
mite, A. schlechtendali, at a low level in most years. 

Effects of fungicides on Typhlodromus pyri 

This relationship of T. pyri with the phytophagous mites on which it preys is 
the central theme of 1PM in apple orchards, but it is rather sensitive to disruption 
by agrochemicals, including fungicides. When assessing the potential threat to 
the system posed by any particular chemical it is necessary to consider the 
relative toxicity to T. pyri and to the phytophagous mites, particularly P. ulmi 
(Table 2). Those chemicals with little or no toxicity to either species (a "neutral" 
effect), can be used without disturbing the balance between predator and prey. 
Fortunately, most of the fungicides used in apple orchards are in this category, as 
are the selective insecticides diflubenzuron and pirimicarb. Provided that the T. 
pyri in the orchard are OP-resistant, then most OP insecticides and carbaryl are 
also neutral. Chemicals with an approximately equal toxicity to both species 
("suppressive") may lead to outbreaks of P. ulmi, because .this species has a faster 
reproductive rate than T. pyri and can recover more quickly following treatment. 

Table 1. Two pesticide programmes that exploit the action of predators against the 
mite, Panonychus ulmi, on apple. 

Selective programme Organophosphate (OP) 
based programme 

Panonychus ulmi predatory insects OP-resistant 
(mirids, anthocorids) Typhlodmmus pyri 

Aphids pirimicarb OP 

Cydia pomonella + difl.ubenzuron OP or carbaryl 
other Lepidoptera 

Diseases (mildew, non-acaricidal non-acaricidal 
scab) fungicides (see Table 2) fungicides 
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The fungicides dinocap, sulphur and binapacryl (the latter widely used until 
1987) are all moderately toxic to both species; their use tends indirectly to in­
crease P. ulmi. Also "suppressive" with a rather high toxicity to both T. pyri and 
P. ulmi, are the acaricide amitraz and the acaricidal pyrethroid insecticide fenpro­
pathrin. "Disruptive" pesticides, such as most synthetic pyrethroids, are even 
more damaging because they are very toxic to T. pyri and hardly at all to P. ulmi; 
no fungicides are in this category. A few "corrective" acaricides, but no fun­
gicides, have the very desirable combination of properties of high toxicity to P. 
ulmi and low toxicity to T. pyri. 

Particular insecticides and acaricides may be applied only once or twice dur­
ing a season, so a small "suppressive" effect, reducing T. pyri populations by per­
haps 10 or 20%, may cause no serious perturbation of its relationship with P. 
ulmi. A similar level of activity in a fungicide that may be applied many tinies 
during a season would, of course, have a much greater cwnulative effect on T. 

Table 2. Some orchard pesticides categorised according to their relative toxicity to 
Panonychus ulmi and OP-resistant Typhlodromus pyri and [modified from 
(10)] 

Category Toxicity to Pesticides 

T.pyri P. ulmi Insecticides/acaricides Fungicide 

Disruptive XXX o-x cypennethrin, 

deltamethrin (pyrethroids ); 

pirimiphos-methyl, 

dimethoate (OPs) 

Suppressive xx-xxx xx-xxx fenpropathrin(acaricidal dinocap, sulphur, 

pyrethroid); amitraz benomyl, 

( acaricide) carbendazim 

Neutral o-x o-x diflubenzuron, pirimicarb, bupirimate, 

carbaryl; fenarimol, 

Most OP insecticides triadimefon, 

captan, 

dodine, 

dithianon 

Corrective o-x XXX tetradifon, 

clofentezine (acaricides) 

o - no toxicity; x - low; xx - moderate; xxx - high toxicity 
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pyri. Ten applications of a fungicide that kills 10% of a population with each ap­
plication results in a total reduction of 65%; if a single application kills· 20%, 
then the total reduction after ten applications is 89%. A mortality of 20% or less 
may well go undetected in a laboratory bioassay; it is only after a programme of 
repeated applications, more easily carried out in the field, that" this level of activ­
ity would become clear. 

Economic influence of multiple applications 
of fungicides 

It is desirable that growers use a system of pest monitoring procedures and 
treatment thresholds (e.g. 1, 14, 28). Thresholds reflect the economic injury level 
of the particular pest species; the rosy apple aphid, Dysaphis plantaginea, for 
example, which causes severe damage to developing fruits, has a zero threshold 
(i.e. no aphids· of this species can be tolerated), whereas for the apple grass aphid, 
Rhopalosiphum insertum, which does not damage fruit, the threshold is high 
(five or more aphids on 50% of sampled trusses) (1, 14). 

Pest management decisions are not, however, made in isolation; they take 
place within a framework of seventeen or so fungicide applications. If an insec­
ticide or acaricide can be tank-mixed with a fungicide, then the cost of the treat­
ment is effectively reduced to the cost of the chemical itself; the labour and 
machinery costs can be written off against the fungicide treatment 

In these circumstances there is an increased likelihood of risk-averse growers, 
and growers with no strong commitment to IPM, avoiding the task of monitoring 
and applying the chemical regardless, or of applying the chemical as an "insur­
ance" even when monitoring does not indicate the necessity. Thus the fungicide 
spray programme can indirectly undermine IPM. 

There are, on the other hand, circumstances in which the removal of the ap­
plication costs from the equation can have a beneficial influence on pest manage­
ment strategy. The codling moth (Cydia pomonella) granulosis virus (CpGV) is a 
potent and specific means of killing codling moth; it can be applied in aqueous 
suspension by conventional orchard spraying equipment (16). CpGV has, how­
ever, very short persistence in the field, being rapidly inactivated by sunlight 
(15). It has been shown that the virus is more effective against codling moth if, 
instead of being applied as two high-dose treatments, the same total quantity of 
virus is applied as a series of between four and nine weekly treatments mixing 
with several of the commonly-used orchard fungicides does not reduce its effi­
cacy (3, 11). Thus, the existence of the framework of frequent fungicide applica­
tions makes possible an optimum application strategy for CpGV at no extra cost. 
This may well prove to be a critical factor in the future exploitation of CpGV, 
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which is on the brink of large-scale commercialisation after more than ten years 
of reseach and development in various European countries. 

Conclusion 

As might be expected of a programme involving as many as 15-20 chemical 
applications a year, there is a high possibility of fungicides having an impact on 
pests, beneficials, and on the strategy for managing them. Merely by providing 
this framework of treatment dates on which the application costs are already 
committed, the fungicide programme may indirectly influence pest management 
philosophy, increasing the likelihood of a decision to apply an insecticide or aca­
ricide. More likely to cause problems for pest management, however, are the 
toxic side effects of fungicides on predators. Some of these effects are not acute, 
and are, therefore, difficult to detect or attribute. Nevertheless, they influence 
pest management; an understanding of these effects is necessary if conflicting re­
quirements in the management of pathogens and pests in orchards are to be 
avoided. 
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Abstract 
Results of the side effects of fungicides on Anthocoridae and phytoseiid mites 

(Typhlodromus pyri and Amblyseius andersoni) are · shown. Application strategies in apple 
orchards are discussed in relation to certain fungicides and their lwmful action against 
populations of beneficial organisms. 

Key words: integrated pest management, apple diseases, apple pests, toxicity tests, 
chemical control, orchards. 

Introduction 

Nowadays, orchard crop protection is increasingly based on the concept of 
integrated pest management (1PM). In this context, pest and disease management 
are two subsidiary systems. Knowledge of the toxicity towards beneficial organ­
isms of the various pesticides used in fruit growing is basic in the achievement of 
IPM. The choice of active ingredients becomes critical because of the implica­
tions for IPM and possible ecological repercussions. The use of damage thre­
sholds, the introduction of various forms of biological control and the discovery 
of active ingredients increasingly more specific and selective have determined a 
major change in the strategic use of insecticides. Today, apple growers do not 
aim for the elimination of pests populations but for their regulation. Although 
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much progress has been made with warning systems and with active ingredients, 
the control of the principal diseases is still based on many fungicide treatments, 
mainly to prevent infections. Fungicides are important in planning an integrated 
approach to the protection of apples from pests and pathogens. This article de­
scribes how it is possible to determine side effects of pesticides. Results concern­
ing the side effects of some fungicides are presented, as well as examples 
showing how a fungicide can harm a population phytoseiid mites. 

Determining the toxicity of a pesticide towards 
beneficial organisms 

The toxicity of a pesticide is measured in stages, beginning in the laboratory 
and ending in the field (Fig. 1). Each test is standardized in order to enable re­
sults to be exchanged and discussed within the IOBC working group "Pesticides 
and Beneficial Organisms". 

The main purpose of this procedure is to rapidly determine the toxicity of 
pesticides to beneficial organisms. The controlled laboratory test is the first 
phase. If a certain pesticide shows no harmful action in the laboratory its safety 
will be confirmed in the field. Laboratory tests do not consider the possible cu­
mulative effects of repeated applications. Additional to laboratory results, there­
fore further verification is done in the field with at least three applications of the 
fungicide. 

The field test is important because it represents orchard conditions, even 
though there are experimental disadvantages such as lack of uniformity, the un­
controlled influence of external factors and the population complexity of the 
beneficial organisms. 

HARMLESS HARMLESS HARMLESS 

I ., .. / / 
LABO\' )'"\ /'"D ~ :::::" 

HARMFUL HARMFUL HARMFUL 

Fig. 1. Test procedures to measure the side effects of pesticides on beneficial organ­
isms. 
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Toxicity results from Switzerland 

In Switzerland, results of tests of the side effects of pesticides on beneficial 
organisms are collected by the Swiss Society for Phytiatry, and these include the 
results of laboratory, semi-field and field tests conducted in Swiss research in­
stitutes (3). These data show that most fungicides used in Switzerland range from 
harmless to slightly harmful to beneficial organisms. In fact, only the dithiocar­
bamate group and dinocap exert a harmful action against phytoseiid mites. Sul­
phur is harmful to the Coccinellidae, but for the phytoseiid mites its toxicity 
depends of the concentration of sulphur. 

During recent years the research station at Changins has increased work on 
measuring the side effects of pesticides on beneficials used in orchards, giving 
particular attention to a species of Anthocoridae (Anthocoris nemoralis) and two 
species of phytoseiid mites, Typhlod_romus pyri for the french part of Switzerland 
and Amblyseius andersoni for Ticino. 

With the Anthocoridae (Table 1) fungicides so far tested in the field are rated 
harmless to slightly hannful. In laboratory trials on larvae of Anthocoris nemor­
alis, only inaneb was moderately harmful. 

Table 1. Toxicity of fungicides to Anthocoridae (7, 8, 9). 

Test in 
Active ingredient Laboratory Field 

BITERTANOL 1 1 
BUPIRIMATE 1 
CAPTANE+PENCONAZOL 1 
DITHIANON 1 
FENARIMOL 1 
FENPROPIM:ORF 1 
FOLPET 1 
IPRODION 1 
MANEB 3 
METIRAM 1 
NUARIMOL 1 
OXYCHLORURE Cu 1 
PENCONAZOL 1 
PROPICONAZOL 
PROPINEB 
SULPHUR 2 
TRIADIMEFON 2 

1: harmless, 2: slightly harmful, 3: moderately harmful, 4: harmful 
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Table 2. Toxicity of fungicides to Typhlodromus pyri and Amblyseius anderso­
ni (Baillod, 1987). 

Toxicity towards 
Active ingredient T.pyri A. andersoni 

BITERTANOL 1 1 
BUPIRIMATE 1 
CAPTAFOL 1 
COPPER 1 1 
DICHLOFLUANID 2 2-3 
DINOCAP 3-4 
DITiilANON 1 1 
FENARIMOL 1 1 
FOLPET 1 1 
IPRODIONE 1 1 
MANCOZEB 3 3 
MANEB 3 
MEITIRAM 2-3 1-2 
PENCONAZOL 1 1 
PROCYMIDONE 1 1 
PROPINEB 3 3 
WETTABLE SULFUR 1- 3 
0.2%-0.5% 
SULFUR 2-3 
TRIADIMEFON 1 1 
TRIADIMENOL 1 1 
VINCLOZOLIN 1 1 
Z1NEB 3 3 
CAPTANE+METIRAM 1-2 
CAPTANE+PENCONAZOL 1 1 
DICHLOFLUANID+Cu 1 
FOLPET+Cu 1 
FOLPET+CYMOXANYL 1 
FOLPET+Cu+CYMOXANYL 1 
FOLPET+METALAXYL 1 
FOLPET +OFURACE 1 
MANCOZEB+Cu 1-2 
METIRAM+CAPTANE+NITROTAL 2 
METIRAM+Cu 1-2 
NITROTAL+S 1-2 
PHOSETYL-AL+FOLPET 1 l 
PROPINEB+Cu 1-2 
PYRIFENOX+CAPTANE 1 l 
Z1NEB+CAPTANE 2 
ZINEB+Cu 1-2 

1: harmless to slightly harmful, 2: moderately harmful, 3: harmful, 4: very harmful 
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With the phytoseiids, Table 2 confirms the toxicity of dithiocarbamates and 
dinocap and the harmless to moderately harmful action of sulphur and wettable 
sulphur, depending on concentration. These results also show differential tox­
icities to the two species: metiram is moderately harmful to harmful against Ty­
phlodromus pyri but only harmless to moderately harmful against Amblyseius 
andersoni. A better example is that of methidathion and vamidothion. Both these 
organophosphorus insecticides are very harmful to T. pyri but harmless to A. an­
dersoni. Such a difference between two species will change if a species (in this 
example T. pyri) develops a resistant strain. 

Pest control using pesticides harmful to beneficial 
organisms: is it possible to use harmful fungicides? 

In the management of pests the use of insecticides harmful to beneficial or­
ganisms is possible. For example, the product can be restricted to a part of the 
plant (localized treatment, Fig. 2,B), or to a sector of the field (mosaic treatment, 

A 

~111£ATED _,... MIGRAT,ON 

Fig. 2. Two techniques to avoid harming beneficial organisms 
with toxic pesticides: mosaic treatment (A) and lo­
calized treatment (B). 
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Fig. 2,A). These techniques allow the survival of beneficial organisms on the 
non-treated areas, from where they re-colonize the treated section of the orchard 
or tree. 

These techniques are possible with some insecticides when relatively few in­
terventions are needed and spaced in time. These techniques become impossible 
in the protection of orchards from disease, because pathogens exert a more con­
tinuous infection pressure over a long period · of time and therefore compel the 
farmer to exert a continuous and overall protection of the plants. Fungicides are 
therefore potentially dangerous products for the maintenance of populations of 
beneficial organisms. Depending upon the active ingredient, fungicides may be 
considered limiting factors within integrated pest management strategies. 

Factors other than intrinsic toxicity affecting effects 
of fungicides on beneficial organisms 

Additional to the intrinsic toxicity of an active ingredient towards beneficial 
organisms, fungicide hannfulness can be influenced by other factors: 

~ ::~ 
0 ,01... 
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A 0 P.ulmi 

I T. pvri 
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Fig 3. Side effects of dichlofluanid on Typhlodromus pyri in two apple orchards; (A) 
treated three times with dichlofluanid (8.8.86, 22.8.86 and 22.9.86) (B) treated 
only once (22.8.86) (4,5). · 
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a) Number and timing of treatments 

Experience in the field shows that in many cases a regular (routine) fungicide 
schedule may have a remarkable impact on the structure of populations of 
beneficial organisms. A typical example is mancozeb. If this fungicide is applied 
only once, at the time of appearance of the hibernating females of phytoseiid 
mites, its harmful action is limited because in their adult stage these predatory 
mites can fairly well resist this compound. If, however, mancozeb is applied re­
peatedly at regular intervals, it acts on other stages of development (larvae, 
nymphs), which are increasingly sensitive to it, and the consequence is the elimi­
nation of the beneficial populations. Tiris illustrates another important point; the 
timing of applications in relation to the stage of development of the beneficial 
population. Another example is diclofluanid, for when applied three times in an 
orchard it can considerably slow the growth of populations of phytoseiid mites, 
so that they remain at a low density "for the whole season (Fig. 3,A). One treat­
ment with diclofluanid was harmless and the population of phytoseiid mites 
reached a normal density (Fig. 3,B). 

An experience with diclofluanid in viticulture shows the same trend in viti­
culture as in apple culture (Table 3). In fact two treatments with diclofluanid may 
cause a mortality of 69% of the population 9 days after the last treatment. This 
harmful action was still evident 31 days after the last treatment. The other two 
fungicides tested in this experiment were harmless to Amblyseius andersoni. The 
number of applications is important because it can affect the toxicity of certain 
active ingredients. A fungicide that shows a slight or moderate hannful action in 
the laboratory may, for example, become toxic to beneficials in the field if it is 
applied regularly, often because it will exert continuously its action on some 
stages of the organism due to slowing down the development of the population. 

Table 3. Evolution of populations and % mortality of Amblyseius andersoni on 
grape-vine 9 and 31 days after the last fungicide treatment (first treat. 
17.6.87; second treat. 21.6.87 (6)]. 

· Phytoseiides/25 leaves %mortality 

Date Date 

Active ingredient 30.6.87 22.7.87 30.6.87 22.7.87 

FOLPET 33 38.67 27.13 10.76 

THIRAM 34.33 36.67 24.27 15.37 

CONIROL 45.33 43.30 
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b) application method 

Any error in application or incorrect adjustment of the spray machine can af­
fect, either positively or negatively, the populations of beneficial organisms. Also 
important is the choice of machine in relation to the type of orchard. 

c) concentration 

This factor is sometimes ignored, but in the context of side effects it is im­
portant because fungicide toxicity to beneficials may vary with concentration. A 
classic example, more frequent in viticulture than in fruit growing, is the in­
fluence of sulfur and wettable sulfur on phytoseiid mites. On T. pyri, a concentra­
tion of 0.2% wettable sulfur is harmless to slightly harmful, while concentrations 
over 0.5% are harmful. This effect interacts with other factors, in particular the 
volume of water applied per hectare. 

Conclusion 

In the context of integrated pest management, fungicides play a role as im­
portant as insecticides; their choice is very important. This has been brought into 
prominence in the spray programme for apple disease and insect control recom­
mended by the Swiss Federal Agricultural Research Station of Changins (1), in 
which integrated pest management has been stressed. The guide shows how to 
maintain populations of beneficial organisms and also lists acceptable chemical 
agents for this purpose. The guide points to negative effects of these products. If 
in the past there were conflicts between the aims of pathologists and entomolog­
ists in Switzerland, nowadays the situation has changed because both groups of 
specialists are working for the same purpose: the achievement of integrated man­
agement. Therefore, in the development and, later, in the choice of an active ing­
redient, the pathologist considers its side effects on beneficial organisms as well 
as its efficacy against the target pathogens. In this way it is possible to rationally 
integrate pest and disease management programmes. 
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Abstract 

The integrated pest management (IPM) concept requires the use of compatible pest 
control measures. Unfortunately, the application of many fungicides does not meet this 
requirement, because they negatively affect uatural enemies of arthropod pests. The 
sensitivity of the phytoseiid predator Typhlodromus pyri Scheulen to fungicides, for 
example, has been studied experimentally because the mite is a useful control agent of 
spider mites in 1PM programs. A demographic, tritrophic simulation model of the dynamics 
of apple tree growth and of interactions between the European red spider mite Panonychus 
ulmi (Koch) and the phytoseiid predator T. pyri has already been validated and subjected to 
sensitivity analyses, and is available for application work such as the investigation of 
temporal effects of fungicide applications. In this study, however, we use a simplified 
ver..ion of the model which reduces the tree growth module to a leaf growth function and 
consider.. half a growing season only. Furthermore, only a particular case is investigated: 
the initial predator-prey ratio is set to 2:250, and the temperature data recorded in 1980 at 
the meteorological station Sion (Valais, Switzerland) are used to drive the model. The 
fungicides are applied at 12-day intervals beginning 5 days after bud break, and they affect 
the daily survival of either all (study a) or only immature mobile (study b) life stages. The 
effect of different survival rates is expressed in mite-days accumulated during the period 
under study. The response surface obtained when plotting the final mite-days against 
predator and prey survival differ.. considerably between the two studies. Much higher values 
are obtained in study (a) where adult predator.. are affected. In addition, the results indicate 
that spider mite outbreaks occur if the survival of all predator life stages is reduced by 
;80%. These results demonstrate the potential of the model for evaluating the side effects of 
pesticides. However, they are specific to the particular case under study and more work is 
undoubtedly needed to draw general conclusions on the interference of fungicides with 
biological conuol of spider mites. 
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Introduction 

In 1980 a project entitled 'analysis of the apple tree ecosystem' was initiated 
at the division of Phytomedicine ETH, Zurich (6). In this work a demographic 
approach was used because other analyses had already shown the promises of ap­
plying population theory to agroecosystems analysis (7,16,18,19). Consequently, 
it was assumed that apple trees and their subunits (leaves, shoots, fruits and 
roots) had demographic qualities, and that their dynamics could be analyzed 
similar to the dynamics of associated arthropod or disease populations. Further­
more, populations were considered as integral elements of the apple tree system, 
whose yield formation is conditioned by population interactions (5). Empirical 
evidence suggests that the degree of interaction varies considerably between the 
different populations: some interact strongly with each other and form therefore a 
subsystem. Such a subsystem may have weak links to other subsystems with a 
similar internal organization. The age structure of each population is considered 
as an important demographic element. Because it often changes through time, 
simulation models were found necessary to analyze the temporal dynamics of the 
different populations (7,11,16,32). 

This study addresses the apple tree-mite subsystem which is composed of 
apple trees and their subunits (components), the phytophagous mites Panonychus 
ulmi (Koch) and Tetranychus urticae Koch, and the phytoseiid predator Typhlo­
dromus pyri Scheuten. The individuals of .the acarine populations pass through 
distinct life stages in their development, which are considered important enough 
to divide the acarine populations into components of eggs, larvae and nymphs, 
and adults (phytophagous mites) or eggs, larvae, nymphs, adult females and adult 
males (T. pyri). 

At the beginning of the analysis neither T. pyri nor other natural enemies of 
spider mites were present in the orchard under study, and the dynamics of P. ulmi 
and T. urticae were controlled by the influences of host plant characteristics and 
weather; chemical control was the only measure available to the decision maker 
to keep the mite populations below a critical density (1,34,35,36). However, a 
sensitivity analysis of the population model with respect to the timing of aca­
ricide applications showed that threshold-based mite control was inefficient. The 
acaricides available at that time killed only postembryonal life stages, hence the 
age structure of the target population needed to be considered to time the applica­
tions. For the conditions under study the period at the end of the hatching of 
winter eggs and the beginning of summer egg hatching was most appropriate for 
the first chemical control operation (8). Today, the decision-maker can use aca-
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ricides with egg toxicity. Therefore, the age structure may be less important, but 
no study with the population model has been undertaken· so far to verify this 
point. Instead, it was found more important to investigate the high colonization 
rate by T. urticae observed in the experimental orchard (35), and a subsequent 
study showed that this was dependent on the management of the orchard floor. If 
the ground was covered by graminaceous plants rather than subjected to her­
bicide trea1nients, the movement of T. urticae into the tree crown was greatly re­
duced (3). At the same time the phytoseiid predator T. pyri was established in the 
experimental orchards and population models were constructed to investigate the 
acarine predator-prey interactions (2,13,14,21). Although these studies will be 
the basis of the evaluation of fungicide side effects in this paper, a detailed pres­
entation of the relevant work is avoided. 

As in many other fruit-growing areas the control of spider mites by T. pyri 
was satisfactory but sensitive to pesticide disruption. For example, in one or­
chard under study an outbreak of San Jose scale Quadraspidiotus perniciosus 
(Comstock) required the use of an insecticide which disrupted the acarine preda­
tor-prey system. Likewise, some fungicides were found harmful to the predator 
population, and decision makers were recommended to avoid applying them in 
orchards subjected to biological mite control (9). The toxic effect of fungicides 
was mainly assessed in the laboratory, and the extrapolation of the results to field 
conditions is therefore difficult. However, field experimentation with multiple 
applications of a pesticide affecting tritrophic population interactions is difficult 
for many reasons. For example, great investments have to be made to follow the 
behaviour of the acarine systems in orchards subjected to different spraying pro­
grams. As an alternative to field experimentation population models are used 
here to explore the response of the acarine system to different levels of fun~ 
gicide-induced toxicities. 

From a theoretical standpoint the work addresses exclusively the application 
of a simulation model (12). This is possible because model validation and sensi­
tivity analyses have already been carried out and can be referred to in the sub­
sequent sections. 

Material and methods 

Description of the aging process 

The index j is used throughout this work for state variables. An apple tree is 
composed of leaf U=l), shoot U=2), fruit U=3) and root U=4) components which 
develop on a perennial frame U=5). To obtain the total weight of a tree reserves 
U=6) have to be added. Because T. urticae was missing in the orchards with T. 
pyri presence, it is disregarded in this study. 1he P. ulmi population comprises 
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four life stages (components): winter eggs (j=7), summer eggs (j=8), immature 
mobile stages (j=9) and adults (j=lO). The T pyri population is divided into the 
following components: egg and larval stages (j=ll), nymphal stages (j=12), adult 
male (j=13), non-diapausing adult females (j=14) and diapausing adult female 
(j=l5). The development of all components (j=l,15) is expressed in physiologi­
cal units of daydegrees, implying a linear relation between temperature and aging 
rate above a lower component-specific threshold. In general, this linear model 
proved to be adequate under Swiss conditions (5). Consequently, developmental 
times of immature mite stages as well as longevities of tree components and 
adult mites can be conveniently represented by a thermal constant (15). How­
ever, the developmental rate or the aging of feeding predator life stages 
(j=l2,13,14,15) also depends on food availability: the aging rate is slower under 
conditions of limited food (13,18,21). 

The aging process differs between individuals, hence variance in develop­
mental times for immature mites (j=7,8,9,ll,12), life spans for tree organs 
(j=l,2,3,4) and. longevities of adult mites (j=l0,13,14,15) were taken into ac­
count. Time varying age structures and variabilities in aging processes are appro­
priately represented by distributed delay models (18). Because, in the system 
under study, developmental times and longevities are represented by thermal 
constants, time-invariant rather than time-varying distributed delays are used (7, 
23, 30). A time-invariant distributed delay can be modelled with a set of cas­
caded delay substages, and the equations for storage in the delay are given by 
(30). 

dQp(t)/dt = Xj(t) -rj,l(t) - µj(t) . Qj,I(t) 

dQj,2(t)/dt = rj,l(t) - rj,2(t)· µj(t) . Qj.2(t) (1) 

dQj,t(t)/dt = rj,k-t(t) - Yj(t) - µj(t) · Qj,k(t) 

where = index denoting the substage (i=l ,k), 

k = number of substages (order of the delay), specific 
to a component j and corresponding to the ratio of 
the estimated developmental time Dj to its variance 
Sj (k=D/fs/), 

j = index denoting the components (see text), 

rj,i(t) = transition rate from substage i into substage i+ 1, 

Qj,k(t) = storage (mass for tree components or number of 
mite stages) in substage i, 

µj(t) = growth or loss (death) rate due to population 
interactions (see below) or mortalities 



Xj(t) = input in substage 1 of component j (initial mass of tree 
organs j= l ,4, initial winter egg densities of P.ulmi, initial 
number of overwintering females for T. pyri and egg 
numbers laid subsequently by adult females of P. ulmi 
and T. pyri), 

yj(t) = output rates for component j (e.g. drop of leaves and 
fruits that were not harvested, mass of shoots and roots 
that becomes part of the frame, the passage of mites to 
the subsequent life stages, their intrinsic death rate at the 
end of the adult stage). 
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Initial numbers are assigned to the different components which change during 
the aging process according to mortality and fecundity schedules, but rnigrl!-tion 
is disregarded in the model under study. For simulation purposes, it is more con­
venient to write eqn. 1 in terms of flow rates (30), so that the equation for sub­
stage i becomes: 

drj,i(t)/dt = k:/Df { rj,i-I(t)-[1-µj(t)·Dj/k]"rj,i(t)) 

with rj,O(t) = Xj(t) and rj,k(t)=yj(t) 

[2] 

Eqn. 2 is used to simulate the development of all components j in the delay 
process with a time step of 1 daydegree. The reader is referred to (7,11,15) for a 
detailed discussion of temperature profiles and the computations of physiological 
time units. A discussion of the relevant parameters for eqn. 2 would undoubtedly 
go beyond the scope of this work and interested readers may consult the papers 
of (10,35) as well as the PhD theses (14,21), extracts of which are currently pre-
pared for publication. · 

Nevertheless, a brief discussion of relevant population interactions is given 
here because it is a prerequisite for the understanding of the model. As opposed 
to the aging process presented above, they are simulated with a time step of 1 
day to save computer time. 

Population interactions 

Competition for carbohydrates among tree components 

The metabolic pool model (16,1,18,19) is used to model tree growth and de­
velopment (10). Briefly, the arguments of (19) are followed and genetically con­
trolled maximum demand rates for carbohydrates to leaves (j=l), shoots (j=2), 
fruits (j=3), roots (j=4), the frame (j=5) and the reserves (j=6) are assigned. In the 
currently-used tree model the demand of shoots and roots is assumed to decrease 
with decreasing daylength. Respiration processes (maintenance and conversion) 
also require carbohydrates and their demand has to be added t~ the above de­
mand rates to obtain the total demand B1(d) rate per day (d): 
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6 6 

B1(d) = { l:bf(l/z1)+ l:Mfz2,f(T)} · au [3] 
j=l j=l 

where bj = demand for organ j per daydegree (estimated from field 
observations or simulation studies), 

Mj = mass per organ j, 

Zl = coefficient for converting assimilates S(d), eqn. 4 , 
into plant material, 0.72 (see 31) 

Z2,j = maintenance respiration of organ j (see 27) 

T = temperature, 

au = number of daydegrees, above a common threshold for 
all tree components, accumulated per day. 

B 1 ( d) is ·embedded in the photosynthesis function to model the sink effect on 
· the photosynthesis of the tree (18,19). With the following equation including the 

available reserves R( d), the amount of carbohydrates S( d) available per day can 
be calculated: 

S(d)= Q·E(d)·{ l-exp[{-B1(d)/(Q·E(d))} "{l-exp(-(s·Q·E(d)/B1(d)))}]} 
+o.05"R(d) 

where E(d) = global radiation in cal cm-2 day-1 per unit surface 
shadowed by an apple tree (20), 

n = coefficient for converting radiation into CH20 m-2 day-1 

(22), i.e. 3.875 (19), 

s = search rate of photosynthetically active organs 
[calculated from Beer's law for a single tree (after 20)] 

s = exp(-0.6"1/A) [5] 

where I = surface of photosynthetically active organs, 
A= area shadowed by a tree. 

R(d) = reserves, i.e. 30% of the weight of a tree at the 
beginning of the growing season (see 28), but 
weight differs according to rootstock and cultivar (25), 

A priority scheme is subsequently used to allocate the available carbohy­
drates to basic respiration and growth processes: Respiration costs are covered 
first, the demand of fruits is satisfied next, remaining carbohydrates are sub­
sequently used by leaves and shoots which have priority over roots, and reserves 
are assumed to have the lowest priority in the allocation process. If the demand 
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of fruits cannot be met a proportion of fruit mass and numbers (equal to the 
relative carbohydrate deficit) is tagged and shed 10 days later via (µ3(t)<l.O) in 
eqn. 2. However, if their demand can be satisfied they grow via (µ3(t)> 1.0) in 
eqn. 2. Shedding occurs only at the beginning of fruit development; once the 
shedding window is closed the fruit number remains constant but the growth of 
the fruit mass is restricted. If the plant has no carbohydrates left that can be allo­
cated to vegetative organs they stop growing (reserves may be decreasing, eqn. 
5). However, if the demand of vegetative organs can be fully or partially satis­
fied, leaf, shoot and root growth is simulated via the input rates Xj in eqn. 1. This 
procedure enables us to simulate age structures of vegetative components 
throughout the growing season. Fruits are harvested 121 days after the T-stage 
(beginning of stem hollow formation) and leaves start dropping in fall once a 
frost has occurred. 

Interactions between the tree and P. ulmi 
As demonstrated in the cassava system (19), feeding stages of phytophagous 

mites can be easily added to the metabolic pool to study plant-mite interactions. 
In this work, however, we did not model the influence of P. ulmi on tree growth 
and development, because the mite numbers found under our growing conditions 
were considered too low to produce any significant effect on growth and devel­
opment of tree organs. In northern Italy, no noticeable affect on tree productivity 
was produced by up to 42 mites feeding on an apple leaf (26), and this number is 
much higher than the density of two to four mobile stages tolerated in the ex­
perimental orchards under study (1,34). However, in the model there is an in­
fluence of host plant quality on mite fecundity. As mentioned above, the tree 
model permits the computation of an average age;( d) of the leaf mass present at 
any point in time. Thus, if leaf age is accepted as a surrogate for leaf quality and 
if one neglects aspects of spatial distributions, the fecundity rate e1(t) per dayde­
gree of P. ulmi adults can be calculated after eqn. 6 and used as input into the egg 
stages x1(t) or x2(t) in eqn. 1: 

k 

e1(t) = f1 I ii(d)} · 0 · i~(rio,i(t)"D10/k mi) [6] 

whercfl( ii(d)} = reduction in fecundity due to average leaf age ii(d), 

0 = sex ratio (assumed to be constant throughout the year), 

no,i(t) = transition rates between substages i and i+ l 

ffii = per capita fecundity per daydegree of females in substage i 

D10 = adult longevity in daydegrees, 

k = order of the process for the adult stage. 
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Photoperiod and temperature control the flow of eggs e1(t) in either the dia­
pausing winter egg (x1) or the summer egg (x2) population component. The 
reader is referred to (35) for a more detailed description of the relevant pro­
cesses. 

Interactions between P. ulmi and T. pyri 

The metabolic pool model is a conceptual framework for the formulation of 
the predator-prey interactions, i.e. for functional and numerical responses (7 ,17). 
In contrast to the plant model, emphasis was given to behavioural elements and 
preferences when the functional response model was constructed, while elements 
of nutritional physiology were embedded in the numerical response model 
(7,16,17,18). The global form oflvlev's model (21,29) was considered the appro­
priate functional response model to calculate the number of attacked prey indi­
viduals, expressed in larval equivalents (21). Given the predator density P and 
the initial prey number No (expressed in larval equivalents), eqn.- 7 computes the 
number of prey individuals Na(.) (expressed also in larval equivalents) killed per 
day: 

Na(.)=(-1/a ')"ln{[l-exp(a'·B2(d)'p(.))Hexp(a' .No)]+exp [a ' 'B2(d)'p(.)]} 

[7] 

where a' = search rate which considers the nutritional value 
of the different prey components, and is obtained 
from a series of observations made in a complex 
searching environment (21). 

No = number of prey individuals expressed in larval equi­
valents per leaf (all immature stages of the predator 
T. pyri are included in No to represent cannibalism). 

B2(d) = the demand rate of all feeding predator life stages 
combined (i.e. excluding eggs and larvae) expressed 
in larval equivalents, 

p(.) = proportion of time the predators spent on leaves. 
The ratio of dry matter supply to demand (as a 
surrogate for hunger) controls the time spent searching 
on a leaf. The greater the relative food deficit, the 
more leaves are visited by the predators, and the more 
time is lost as transition time on prey-free shoots 
between leaves. 

The number of larval equivalents acquired Na(.) per day inflicts a mortality 
among the prey components (Na,j) and permits predator reproduction. A detailed 
presentation of the distribution of the mortality among the j-th prey component 
(P. ulmi nymphs and adults but not eggs, T pyri eggs, larvae and nymphs) goes 
beyond the scope of this work and interested readers are referred to (21,24) for a 
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detailed discussion. Although the food-related reproduction rate e2(d), as well as 
the mortality and aging rates of predators, is considered to be of more general in­
terest it is mentioned only briefly. A more detailed explanation is given by 
(18,21). The input function xj(t) for the predator egg component (eqn. 1) is calcu­
lated by dividing the daily egg production by the number of daydegrees, accumu­
lated per day. 

e2(t) = ( z1,14·Na,14 -z2,14(M14,T)) / !lu [8] 

where Zl,14 = conversion coefficient specific to predator 
females with mass M (j=14), 

Z2,14 = maintenance respiration of female predators (j=14) 

Na,14 = amount of food allocated to predator females. 

The supply-demand ratio {Na(d)/B2(d)} is also used to correct aging rates of 
feeding predator life stages, and affects the daily survival of the feeding predator 
life stages. This is accomplished in the model by multiplying daily the storage 
Qj,i of eqn. 1 (having an average age ai) with 

I l-vi'[l-Na,j(d)/B2(d)]"ai/(ai+ 1) )au(d) 

where Vi represents the approximated intrinsic mortality rate per daydegree in 
substage i (14,21), and other symbols have been defined above. 

Model simplifications 

In this paper the tritrophic model comprising the tree, P.ulmi and T. pyri com­
ponents is used to demonstrate the temporal behaviour of the subsystem. How­
ever, to explore the side effect of fungicides on the dynamics of the two predator 
populations a simplified version is used. Fig. 1 is taken from (1) and gives mere­
ly an overview of this model, but does not reflect accurately the model compo­
nents as defined above. An obvious way to simplify the model is to shorten the 
period investigated. By starting at budbreak and restrict the period to 154 days, 
the influence of leaf age on mite fecundity can be neglected. Furthermore, the 
process of entering into diapause by predator females and P. ulmi eggs is 
avoided. By confining the interaction to a single shoot, a simple polynomial re­
gression model to describe the number of leaves replaces the tree model (21). 
The number L( d) of leaves present on the shoot under study is expressed as a 
function ofTsum>4_4·c. i.e. the number of daydegrees above the 4.4°C develop­
mental threshold 

L(d) = c·(- 1.4871"5·(dd4)+1.8914-\dd3)-7.4712'(dd2) +l.3247'dd + 8.0143) 

[9] 
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Fig. 1. Relational diagram for the simplified model operating under the influence of driving variables (DV): rectangles 
denote mass or densities and valves denote rates (BR=birth rates for leaves, F=feeding rates or functional re­
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immigration rates, M=mortality rates due to other factors than trophic interactions). The state variables (rectan­
gles) do not correspond exactly to the age groups defined in the text. 



where dd = (TSUffi>4.4'C)/15.6 

c = empirical constant used to adjust laboratory conditions 
to field conditions (c=0.5) 

Model initialization 
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For the complete model, weather data from Sion (Valais, Switzerland) in 
1980 was used because the apple tree system was intensively studied at this time 
(33). In the experimental orchard near Nyon (Vaud, Switzerland), 960 opening 
buds (initial shoots and leaves) and 2012 flower buds at the beginning of the 
growing season were counted, the estimated weiflt of an eight-year-old Golden 
Delicious tree was 32 kg dry matter, and 11.2 m ground area was available for 
the tree, but only 40% was shadowed (14). 2270 winter eggs of P. ulmi and 400 
adult females of T. pyri were estimated at the beginning of the growing season 
(14). 

The simplified model starts at budbreak on day 82, while egg hatching and 
mite interactions start 50 days later, i.e. at the time maximum egg hatching of P. 
ulmi was observed in the field (33). 250 winter eggs of P. ulmi and 2.0 adult T. 
pyri females were estimated to be present around a bud which, during the grow­
ing season, produces leaves as described by eqn. 9. 

Evaluation of fungicides 

The effect of fungicides was built into the simplified model in two different 
ways. First, fungicides were assumed to kill all life stages of both the predator 
and the prey. Second, mobile immature life stages only were killed, because they 
are known to be most sensitive to fungicides among the mite life stages (4). Un­
like in the study on acaricide effects on spider mites (8), the dynamics of the fun­
gicide effect were not included. Only after maximum egg hatching a proportion 
of the sensitive life stages was killed on the day the chemical was applied. i.e: on 
every 12th day. The first fungicide treatment was carried out on the 5th day after 
bud break. The effect of mites feeding on the plant was expressed in mite-days, 
i.e. the number of feeding life stages present (immature life stages were assumed 
to have smaller consumption rates than adults). Each day the number of mite­
days was computed and added to the sum of the previously accumulated mite­
days. On the day of fungicide treatment, the proportion of mites killed varied by 
0.1 between O and 1.0 for both the prey and the predator. Therefore, the evalu­
ation study produced on eleven occasions eleven different numbers of mite-days, 
which are used to define a response surface. 
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Results and discussion 

Fig. 2 summarizes the growth pattern of a tree and the dynamics of phytopha­
gous and predatory mites as represented by the tritrophic population model. After 
bud break (BB), the number of leaves increases until reaching a plateau, which is 
because carbohydrate production (eqn. 4) is unable to meet the high demand of 
the growing fruits. Because the number of leaves varies through time, the spatial 
dimension for predator-prey interactions changes; at the beginning the predators 
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Fig. 2. Tree growth and mite dynamics simulated at 
Sion (Valais, Switzerland, in 1980) by the 
tritrophic population model. (The number of 
leaves with leaf drop = LO due to frost, the 
number of fruits affected by June drop = JO 
and harvest date = H, BB=bud break, mite 
numbers per tree). 

have to search a greater 
area to find the same num­
ber of prey individuals. 
Spatial features have al­
ready been identified as 
important factors in 
acarine predator-prey sys­
tems (9), hence this aspect 
is not pursued here. The 
relative carbohydrate 
deficit decreases the num­
ber of fruits (ID= June 
drop) as long as the shed­
ding window is open. 
Later, the number of frui~ 
is not affected until harvest 
(H): if the carbohydrate 
supply is unable to meet 
the demand the growth rate 
of the fruits is reduced. 
Leaf drop (LO) begins as 
soon as the first frost has 
occurred in fall. This 
growth pattern has already 
been commented upon sev­
eral times and interested 
readers are referred to 
(7,10,33) for more details. 
The P. ulmi density first in­
creases and then drops to 
low numbers due to preda­
tion by T pyri. The high 
initial predator-prey ratio 
is mainly responsible for 
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quick control. It has typically been found in the first few years after successful 
predator introductions in Swiss apple orchards. 

According to Fig. 3 a complicated pattern of predator-prey interactions is 
produced by the simplified model. The hatching larvae and the subsequent nym­
phal stages of P. ulmi are immediately attacked by predators, so that a relatively 
small percentage escape predation to reach the adult stage. Since the chance of 
survival is best for mites which develop fastest, noticeable egg numbers are laid 
only at the beginning of the appearance of prey adults. The predators, however, 
can find initially abundant food and reproduce quickly. Later, the prey available 
becomes scarce and the area to search increases because the prey is distributed 
on a larger number of leaves. This does not permit high predator numbers and t:he 
predator-prey system starts interacting at low mite densities. Therefore, the num­
ber of mite-days increases, first quickly but slowly at the end of the simulation 
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Fig. 3. The time-varying age structure of mite 
populations simulated by the simpli­
fied model. (Weather data recorded 
at Sion 1980, N = number, a= adults, 
n=nymphs, e=eggs). 

period (Fig. 4). The difference 
between the two curves in Fig. 
4 shows the effect of preda­
tion. If T. pyri is excluded from 
the system the number of mite­
days reaches a much higher 
value. 

Fig. 5 suggests that the 
number of mite-days increases 
quickly provided more than 
30% of all predator life stages 
are killed, and P. ulmi out­
breaks are prevented only if 
the prey suffers a similar 
amount of mortality. Fungicide 
side effects were only evalu­
ated qualitatively (4), but the 
wide array of possible effects 
indicates that our response sur­
face is realistic. If the fun­
gicides kill immature mobile 
life stages but not adults, a 
lower number of mite-days is 
reached after the experimental 
period of 154 days (Fig. 6). 
This difference is due to the 
high prey consumption rate of 
adult predators which remain 
unaffected in the latter case. 
However, it is premature to 
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conclude that fungicides affecting exclusively immature life stages are less dis­
rupting to the acarine system: once adult predators have reached the end of their 
life span they need to be replaced by young adults to keep the system sustain­
able. In this temporally limited study this aspect cannot be addressed in a satis­
factory way. Nevertheless, one can foresee that suppression of immature live 
stages can lead to low predator-prey ratios, both in the second half of the grow­
ing season and in the subsequent year, threatening the sustainability of the 
acarine system. In addition, the comparison between the shaded areas of the two 
simulation studies (Fig. 5, 6) suggests that a more complicated response surface 
is generated if the fungicide effect is age-dependent, and the outcome of preda­
tor-prey interactions is consequently more difficult to predict. Therefore, the sus­
ceptibility of different mite life stages to fungicides clearly deserves attention in 
any future study of fungicide side effects. 

These results give insight into temporal effects of mortalities but do not per­
mit the drawing of general conclusions. First, the effect of the fungicides was in­
cluded in a simple way that did not take into account the persistence of the 
chemical. The models listed by (8) could permit the construction of a more real­
istic model on pesticide dynamics, which is likely to lower the critical number 
found in this study. Second, the model was evaluated under the weather condi-

mite-days x 104 
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O+------=----.-----, 
0 50 100 154 

days 

Fig. 4. The number of mite-days for Panony­
chus ulmi simulated with the simplified 
model in presence (+) and absence (-) 
of predators. (Weather data recorded at 
Sion 1980). 
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tions of one year only, and the outcome of the simulation studies is likely to be 
different if the weather patterns change. Third, the period investigated was re­
stricted to 154 days to permit cost-efficient simulation studies. This restriction 
did not allow investigating of the temporal effect of diapause on prey and preda­
tory mites in the current and at the beginning of the subsequent growing season. 
Fourth, it is difficult to draw general conclusions because predator-prey densities 
of a supposedly sustainable orchard system were used: there was no attempt to 
investigate the effect of initial mite numbers on the temporal behaviour of the 
acarine systems. This was a serious limitation because there is empirical evi­
dence which stresses the importance of initial conditions. 

Nevertheless, the results show the usefulness of dynamic population models 
with variable age structures to explore fungicide side effects. Among other re­
sults discussed above the study has enabled us to identify gaps in the current un­
derstanding of fungicide side effects on population interactions. The number of 
field studies required to obtain similar information clearly exceeds the practical 
capabilities of controlled experimentation. Even though the simulation studies 
yielded primarily qualitative information they appear, nevertheless, helpful for 
setting priorities for future research work and for designing relevant laboratory 
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Fig. 5. The simulated number of mite-days for Panonychus ulmi 
accumulated 154 days after bud break: the survival of all 
life stages of both the prey ( P. ulmt) and the predator ( Ty­
phlodromus pyn) is affected by fungicides. (Survival rates 
varying from Oto 1.0). 
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and field experiments to obtain quantitative information. Thus the population 
model is concluded to be a complement and not a substitute for field experimen­
tation. fu the terminology of (12), the area of application is in directing further 
systems analysis and not in assisting the management and development of the 
real systems. Furthermore, the model has additional qualities not explored in this 
study. For example, it may become useful for the investigation of long-tenn ef­
fects of fungicide applications which are of particular interest in orchard crops. 
This is important because the mode of predator selection and introduction in this 
project has been directed towards sustainability of the acarine system; the ideal 
management policy should not rely on periodic predator releases or chemical 
control measures to correct predator-prey ratios. 
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The choice of fungicide: a complex task 
for the. apple grower 

W. Waldner 

South Tyrolean Advisory Service for Fruit and Winegrowing, 
Lana, Italy 

Abstract 
A glance at the spray schedule for any South Tyrolean apple orchard shows that 

fungicides dominate the chemical agents. Figure 1 illUSlrates this with two 1988 examples. 
In an orchard of cv. Golden Delicious ( on M9) in the Vinscbgau, the sprayed applicatioo/ba 
was 1-6 kg synthetic insecticide, 29,2 kg synthetic fungicide, and 60 kg mineral oil. In a cv. 
Rome Beauty orchard (seedling rootstock) in the Etscb Valley, the respective amounts were 
9,2, 42,0 and 75 kg and also 18 kg sulphur. The complex basis for selecting a fungicide is 
discussed in the context of the spectrum of activity against the main pathogens, strategy to 
control scab (V enturia inaequalis ), tenacity in rain, pbytotoxicity, including effects on 
pollen, crop residues and toxicological factors. Fungicides are selected to minimise 
disturbance to the biological control of spider mite (Panonychus ulmi) 

Golden Del. / M9 
Vinschgau 

'"'""'""'··1 Fungicides 22.9 

Morgenduft / Seedl. 
Etsch Valley 

Insecticides 9.2 

Fungicides 42 

Fig. 1. Consumption (kg) of synthetic pesticides in two South Tyro­
lean apple orchards. 



Key words: chemical control, phytotoxicity, ·curative treatments, residues, toxicology, 
pollen gennination, Venturia inaequalis, side effects. 

How do apple growers choose fungicides? 
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The South Tyrolean apple grower chooses a fungicide mainly because of its 
effect on a target fungus. In spring, from the green-tip stage to the end of ascos­
pore release, effectiveness against apple scab (Venturia inaequalis) is a major 
consideration. In late summer, the grower chooses a product to control possible 
attacks of late scab and also pathogens causing post-harvest storage diseases. 
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Fig. 2. Price (ital. lira/hi) and choice of some apple fungicides. 

Table 1. Activity spectrum of some apple fungicides. 
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Table 2. Tenacity of fungicides to rainfall 

zineb 

metiram, propineb, ziram 

captan, dithianon, 
dodine,mancozeb 

15-20mm 

35-40mm 

50-60mm 

Table 1 shows a classification of fungicides and their effects on Venturia, Podos­
phaera, Gloeosporium, Botrytis and Phytophthora. Nevertheless, in spring, apple 
growers still have many products at their disposal. For later treatments they only 
have the choice of captan, dithianon; chlorothalonil and dichlofluanid. The latter 
is not registered in Italy for apples. 

In the South Tyrol, apple growers still choose fungicides mainly according to 
price. As Fig. 2 shows, cheap scab fungicides are used much more than expens­
ive ones. However, it is not only price that influences choice. Due to the exten­
sive scab-warning system operated in the region, which is easily accessible to 
everybody, and to the small size of the farms, most South Tyrolean apple growers 
are able to respond to a scab warning within 5-6 hours, using the earliest oppor-

Table 3. Phytotoxlcity and other harmful effects on apple 
cultivars of fungicides. o=not recommended, Gold­
en=Golden Delicious, Red D=Red Delicious, 
Jonath=Jonathan, Granny=Granny · Smith, 
Jonag=Jonagold, Morgend=Morgenduft 
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tunity to spray during or immediately after a Mills' period to control infection. 
The contact fungicides ziram, metiram and propineb have a curative effect if ap­
plied within 20-24 hours from the beginning of rainfall (1). If later than this, gro­
wers can apply mancozeb or captan to obtain a curative effect up to 30-36 hours, 
dithianon up to 36-48 hours, dodine up to 48-60 hours and finally sterol inhibi­
tors up to 96 hours from the beginning of rainfall. 

hi the South Tyrol the proportion of sterol-inhibiting fungicides used is 
generally low. Pre-blossom, when there is little leaf surface available, the tem­
peratures are too low for an optimal effect of this group of chemicals. Moreover, 
sterol inhibitors have practically no effect on pathogens causing storage diseases 
and are not well suited for the prevention of late scab on fruit. This reduces their 
usefulness against scab, but not against mildew (Podosphaera leucotricha). 
Where the danger of russeting is low, e.g. on the slopes in the Vmschgau, many 
growers use sterol inhibitors almost exclusively against scab and mildew in 
spring. These growers are advised to alternate groups of chemical agents so as 
not to induce resistant strains of scab: sterol inhibitors should be used only three 
or four times a season. 

fu general, growers are advised to use products that resist being washed off 
by rain (Table. 2). 

Side effects on fruits and leaves 

The first question a fruit grower asks about the possible side effects of a fun­
gicide on his trees is "does the product cause russeting?". As Table 3 shows, the 
scab fungicides captan, dithianon, metiram and zineb can be used post-blossom 
on cultivars susceptible to russeting, especially Golden Delicious. On ideal Gold­
en Delicious sites, sterol inhibitors can also be used during the critical period. fu 
the valleys, wettable sulphur is mainly used to control mildew on Golden Deli-

Table 4. Effects of fungicides on pollen ger­
mination (%) 

sulphur 85.1 
fenarimol 76.0 
triadimefon 74.5 
bitertanol 70.2 
zirarn 67.3 
dithianon 66.1 
metirarn 59.5 
penconazole 36.2 
mancozeb 8.0 
captan 6.7 
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cious. The cultivars Red Delicious and Wmesap do not tolerate captan until July; 
therefore metiram is preferred in mixed-cultivar orchards. There are also reserva­
tions on using mancozeb in unfavourable weather, because this material can 
cause leaf spots after repeated use in cool and wet conditions. Dithianon leaves 
an ugly brownish deposit on fruits, which cannot be prevented by the addition of 
a surfactant. Chlorothalonil-prodticts have caused burnings of the fruit-skin on 
sites at high altitude and these products are rarely used as late-season sprays. 
Copper products are used only in the green tip stage, particularly to control Pseu­
domonas on Red Delicious. Bupirimate can be used only with reservations: 
Rome Beauty, !dared and Gravensteiner react to this product with leaf injuries, 
and fruits of Golden Delicious are liable to be russeted by post-blossom applica­
tions. 

Side effects on apple pollen germination 

The basic recommendation is to avoid any treatment during full blossom, if 
possible. Experiments (2) on pollen germination with fungicide-containing solu­
tions have shown significant influences. More data are shown in Table 4. If scab 
control is necessary at full bloom it is advised to avoid captan and mancozeb, es­
pecially in years with poor bloom and unfavourable weather conditions. It is rare, 
however, to find a case where low yield can be ascribed with certainty to harmful 
effects on pollination. 

Table 5. Toxicity of fungicides towards fish (carp). 

chemical LCSO(ppm) chemicalLC 50 (ppm) 

ziram 0.075 sulphur 1.0 

binapacril 0.1 dichlofluanid 1.0 

chlorothalonil 0.11 dithianon 1.5 

dinocap 0.16 metiram 1.7 

dodine 0.17 nitrothal-Isopr. 3 .1 

folpet 0.20 rnancozeb 4.0 

captan 0.25 'IMI'D 4.0 

copper sulphate 0.54 oxythioquinox 4.6 

captafol 0.5 benomyl 7.5 
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Side effects on apple fruit size and yield 

Three-year trials with sterol inhibitors at the local research station (3) have 
demonstrated that these products do not significantly diminish the average fruit 
weight (size) or the yield, even if applied frequently. 

Side effects on the environment within apple orchards 

Side effects of fungicides on phytoseiids and other predators of hannful 
spider mites are well explored and widely known. Test results (mainly those of 
the IOBC/WPRS subgroup "Side effects of pesticides on beneficial insects and 
mites") are adopted: binapacryl, oxythioquinox, dinocap, and pyrazophos have 
not been recommended since 1983. Unfortunately, some fungicides hannful to 
phytoseiids must be used because there are no alternatives. In these cases gro­
wers are advised to minimise their use. Growers who follow this advice can stop 
using acaricides after some years, thus cutting costs considerably. 

The side effects of fungicides on earthworms are still ignored. Earthworms 
reduce the number of leaves on the ground and therefore the number of scab as­
cospores. The benzimidazole fungicides are highly noxious to earthworms and 
copper repels them (4), this being another reason why these products are recom-
mended only in special cases. · 

None of the usual products is noxious to birds, except that ziram causes hens 
to lay eggs without shells. Progressive South Tyrolean apple growers have re­
cently been trying to lure titmice and other singing birds into their orchards with 
the help of suitable breeding-cages, because these birds feed mainly on larvae. 

Side effects on the environment outside apple orchards 

When spraying near surface water fruit growers should keep in mind the tox­
icity of fungicides to aquatic animals, especially fish. According to Yoshida and 
Nishiuchi (5), ziram, binapacryl, chlorothalonil, dinocap, dodine, folpet, captan, 
copper sulphate and captafol are extremely poisonous to fish. The LC 50 for carp 
is, after 48 or more hours, less than 1 ppm of these products. Sulphur, dichlo-

Table 6. LD 50 of some pesticides 

phosalone 120-170 dithianon 638 

pirimicarb 147 dodine 1.000 

ethiofencarb 411-499 ziram 1.400 

diazinon 300-850 bitenanol 5.000 

diflubenzuron 4640 captan 9.000 
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fluanid, mancozeb, TMTD, oxythioquinox and benomyl are also highly toxic to 
fish. (LC 50: 1-10 ppm, cf. Table 5). 

The problem of pesticides, especially fungicides, contaminating drinking 
water is becoming more important since the EEC established a tolerance level for 
each pesticide at 0.1 ppb and a total for all pesticides at 0.5 ppb (6). In the 
Federal Republic of Germany (FRG) this will lead to the prohibition of 72 pes­
ticides within water catchment areas: the list will include metalaxyl and nitrothal­
isopropyl and is expected to also include sterol inhibitors. 

Fungicide residues on marketed fruit. 

When recommended harvest intervals and rates of use are observed and the 
various groups of fungicides are used alternately, the legally acceptable residue 
levels will not be exceeded. Some large Italian food chains, however, demand a 
higher standard. Italy's biggest chain, the COOP, offers consumers a range of 
products containing not more than 50 % of the residues allowed by law. If the 
residues exceed this limit, the suppliers are liable to pay a fine and make com­
pensation for the financial loss. If fruit growers want to keep these markets they 
and their advisers must take these more demanding requirements into consider­
ation. It is also necessary to be careful when selling to the producers of dietary 
products, including babyfoods. In this respect the legal maximum residue of pes­
ticides in the FRG is, only 10 ppb. 

Fungicides and human health 

The most common measure of the acute toxicity of a pesticide is the LD 50. 
In this respect most fungicides are "safe" in comparison with insecticides (Table 
6), but this "one-sided" view is outdated today. Public concern about the content 
of BTU in dithiocarbamates has caused the Italian Ministry of Health to limit the 
maximum content of this cancer-provoking compound in fungicides to 0.5 %. 
BTU can result when apples containing residues of most dithiocarbamates are 
cooked, and therefore most producers of babyfoods reject this group of agents. 
Some captanoids can cause mutations in bacteria and yeast. The Environment 
Protection Agency in the USA suspects captan to be mutagenic. Hayes (6) be­
lieves this agent to be toxic to human embryos. These reasons induced the Swed­
ish authorities to prohibit captanoids, reducing the tolerance level to zero. Other 
Scandinavian countries will probably follow thicases example. The EEC has lo­
wered the tolerance level for captan from 15 to 3 ppm, and captafol and folpet 
have been prohibited on apples. The FRG has withdrawn approval for the use of 
captan, and Austria is following in this regard the legislation of the FRG. 

Babyfood producers refuse these agents, and also refuse to buy apples treated 
with copper products or sulphur. Copper is a heavy metal and sulphur interferes 
with the analysis of residues. 
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Conclusion 

When apple growers take into consideration the harmful effects of certain 
fungicides on phytoseiid mites, the conflict between pest and disease control in 
orchards can largely be avoided. This has been proved in the South Tyrol in the 
last five years on about one thousand hectares of orchards. 

It is necessary, however, to study the effects of fungicides on other, not so 
conspicuous and less economically interesting beneficial insects and species, in­
side and outside the orchard. 

Problems arising from the application of fungicides such as the contamina­
tion of water and residues on fruits show the importance of breeding disease re­
sistant cultivars and of less intensive use of fungicides through better disease 
management. 
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Recommendations for future work 

H. S. Aldwinckle 

Cornell University, N.Y.S. Agr. Expt. Station, 
Geneva, N.Y., 14456, USA 

General: Use common terminology 

Disease assessment:Critical to all aspects of integrated control, survey of current 
methods 

General 
1. Need better understanding of principles of disease measurement. 
2. Assessment must be quantitative and qualitative. 
3. Method must be adapted to particular disease and purpose. 
4. Standardization must be strongly encouraged. 
5. More use of damage, action, and economic thresholds. 

Specific 
1. Assessment of effective PAD of scab. 
2. International project to determine incidence/severity relationship (for 

scab and mildew?). 
3. Economically tolerable level of disease (e.g. scab) on fruit? 

Epidemiology and forecasting 
General 

1. Need more knowledge of biology and epidemiology of pathogens and 
diseases. 

2. Quantification of parameters of an epidemic (latent period length, sporu­
lation quantity, infection period length, extension of lesions, etc.) on 
different cultivars (not only scab resistant cultivars). 

3. Modeling of epidemics to evaluate the effect of changing the value of 
certain parameters through breeding and/or cultivation methods. 

Specific 
1. Quantification of infection periods. 
2. hnportance of conidia in primary inoculum. 
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3. Weather monitoring instrumentation: 
a) Good equipment available, b) Must be reprogrammable, c) Data stor­
age desirable d) Interactive units desirable. 

4. High resolution 48 hour weather forecast would be very useful. 
5. Simplification of Billing's system for fire blight is welcomed. Orchard 

factors are critical. 
6. Need information on degradation of chemicals. 

Genetics of hosts and pathogens 
General 

- Stability of resistance. 
- Need for international coordination. 
- Terminology 

Specific 
- Genetics of host 

1. Genetics of resistance in apple to scab and mildew must be understood. 
2. "Minor genes" of additive effect in commercial cultivars must be con­

sidered as well as in resistance sources. 
3. Need to determine the mechanisms of resistance of different resistance 

genes at ultrastructural and biochemical levels. 
4. Need to study and use V genes other and Vf and new genes. 

- Genetics of pathogens 
1. The genetic systems and life cycles of different pathogens must be con­

sidered. 
2. Must determine variation for virulence and fitness in populations of 

races of the pathogens. 
3. Must determine epidemiology of different races of pathogens. 
4. Must determine distribution of races (geographic and frequency in the 

population). 

Cultivar development 
1. Need for clear priorities for an expensive project with limited resources. 
2. Establish relative priority of classical breeding and biotechnological 

methods. 
3. Establish clear priority of quality requirements. 
4. Establish relative priority among diseases and pests in relation to the 

country and prospective markets. 
5. International coordination essential to avoid duplication as much as 

possible but essential work should be repeated independently. 
6. Consideration of 1PM methods available for control of certain pests, 
7. Tolerance of advanced selections to selected foliar diseases may be pro­

ductive. 
8. Storage disorders are critical criteria. 
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9. Testing of disease/pest resistant cultivars is critical. Need for rapid sub­
mission of information and pathogen isolates to originating breeding 
team. 

Integration of pest and disease Management 
Effects of fungicides on predatory mites: 

1) It is clear that small effects, or effects on only one stage in the life cycle 
are not serious if a fungicide is applied only once. Such effects may be difficult 
to detect in single-application tests. The problem is that fungicides are applied 
many times during a season. The model described by Marcus Bieri, while not of­
fering a substitute for field experiments, does show clearly the importance of a 
small effect of a frequently-applied fungicide; it disrupts the predator/prey rela­
tionship, leading to an outbreak of spider mite. 

2) In fungicide trials there may be-a great deal of potential information on ef­
fects of fungici9es on predatory mites. There is a valuable opportunity for colla­
boration between the pathologist and the entomologist. If we avoid the use of 
acaricides au.d acaricidal insecticides in those trials, then mites can be sampled so 
acaricidal effects of fungicides can be detected. 

3) Effect of sulfur on phytoseiid mites. 

Storage diseases 
Objectives 

- Reduce use of fungicides before and after harvest. 
- Avoid harmful side effects of fungicides on beneficial organisms and the 

environment 

1. Breeding: must do effective early selection for resistance to fruit storage 
diseases to obtain new cultivars that combine high quality, disease re­
sistance and good storage potential. 

2. Cultural measures: a) Reduction of infection pressure by: (i) Proper 
picking time, (ii) Avoidance of bruises and other injuries, (iii) Elimina­
tion and control of cankers 
b) Increased natural resistance by influencing the mineral composition 
(Ca). 

3. Technical measures: Cool fruit promptly at the lowest temperature in 
controlled atmospheres. 

4. Chemical measures: a) How to avoid or to inhibit resistance? b) How to 
control fungal diseases already resistant? 
Possible solutions: 
1. New compounds 
2. Post harvest treatments: dipping, drenching, fogging 


