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Abstract Entomophthoralean fungi have long been
recognized as promising candidates for biological
insect pest control. However, due to technical chal-
lenges, no preparation based on these fungi has been
established for practical use so far. Low water avail-
ability is a key limiting factor of conidial discharge
and germination. In the present study, sporulation
of psyllid-pathogenic entomophthoralean fungus
Pandora cacopsyllae Eilenberg, Keller and Humber
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(Entomophthorales Entomophthoraceae) was not
observable under reduced water activity (ay <0.97).
To support sporulation of encapsulated P. cacopsyllae
hyphae from submerged culture under low humidity
conditions in above-ground applications in field, we
developed a novel paste-type formulation containing
biobased superabsorbents, which retained water for
a prolonged time period. In co-application with the
superabsorbent formulation, the otherwise fast-drying
capsules were kept sufficiently moist for sporulation
for at least six days in laboratory trials at low humid-
ity below 40%. Using the new formulation, we meas-
ured conidial discharge by P. cacopsyllae from the
capsules under dry semi-field conditions in summer-
time by trapping conidia at a vertical distance of up
to 40 cm from the sporulation source. By considering
the cardinal directions, fewer conidia were discharged
on the sun-facing side in the east than on the sun-
averted side in the west. The developed formulation
improved the sporulation efficacy significantly. Since
water availability is a limiting factor for many fungal
biocontrol agents, the developed formulation has the
potential to also improve their efficacy.

Keywords Entomophthorales - Entomopathogenic
fungi - Water activity - Sporulation - Pandora sp.
nov. inedit. (ARSEF 13372) - Pandora cacopsyllae
Eilenberg, (Entomophthorales Entomophthoraceae)
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Introduction

Entomophthoralean fungi have a high potential for
insect pest control due to their high host specificity,
their fast speed-to-kill and the ability to cause epi-
zootics (Jaques and Patterson 1962; Pell et al. 2001;
Keller 2007; Vega et al. 2009; Eilenberg et al. 2019).
Despite their potential, no Entomophtorales-based
biocontrol product has been established and commer-
cialized for practical use so far.

The entomophthoralean fungus Pandora cacop-
syllae Eilenberg, Keller and Humber (Entomoph-
thorales: Entomophthoraceae) was isolated from an
infected psyllid collected in a Danish pear orchard
(Jensen et al. 2018) and was recently described as a
new species (Eilenberg et al. 2023). Psyllids (Hemip-
tera: Psyllidae) are phloem-feeding insects and serve
as vector insects of phytoplasmas, such as ‘Candida-
tus Phytoplasma pyri’, which is vectored by the pear
psyllid C. pyri and ‘Candidatus Phytoplasma mali’ by
the summer apple psyllid Cacopsylla picta Foerster
1848 Phytoplasmas cause high economic losses in
European fruit production, and phytoplasma-infected
plants cannot be cured. Preventive management strat-
egies are restricted to vector control with chemical
insecticides to minimize the spread of phytoplasma
diseases (Jarausch et al. 2019).

In our previous studies, we documented the patho-
genicity of Pandora cacopsyllae against several psyl-
lid species: Cacopsylla pyri, C. pyricola, C. picta, C.
mali, C. pruni, and Trioza apicalis, under laboratory
conditions (Jensen et al. 2017; Herren 2018; Jensen
et al. 2018; Gorg et al. 2021). Subsequent research
aimed to convert P. cacopsyllae into a biocontrol
agent for application in biological psyllid pest con-
trol strategies (Muskat 2022). Therefore, a suitable
fermentation medium and process with potential for
mass production of P. cacopsyllae was established
by Muskat et al. (2022a). Further, the transfer of P.
cacopsyllae into an easily applicable form was real-
ized by encapsulation of hyphal biomass in calcium
alginate capsules, additionally providing nutrients
for improved sporulation capacity. Ca-alginate cap-
sules are biocompatible and biodegradable and have
gained much attention in encapsulation of living
cells, including entomopathogenic fungi (Nussino-
vitch 2010; Vemmer and Patel 2013). With this for-
mulation, the two target psyllid species C. picta and
C. pyri were successfully infected by P. cacopsyllae
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and showed a mortality of up to 89% (Muskat et al.
2022b). Nonetheless, experiments were carried out
under optimal humidity conditions (>97% RH) in the
laboratory.

In biological control strategies in the field, effi-
cient sporulation of the entomopathogenic fungus
is required simultaneously with the target insect’s
abundancy. Moreover, very short viability and infec-
tivity of the discharged conidia are suggested (Yen-
dol 1968; Brobyn et al. 1985, 1987; Carruthers et al.
1988; Hajek et al. 1990; Uziel and Kenneth 1991;
Griggs et al. 1999). Previous studies have shown that
water availability is a main limiting factor of conid-
ial discharge and germination of entomophthoralean
species, and inadequate water availability under field
conditions is one of the main reasons for the lack of
success in field trials (Hall and Papierok 1982; Hajek
et al. 1990; Delalibera et al. 2006).

An important parameter for water availability is
the water activity value (ay,), which can be defined as
the biologically available water and, thus, water avail-
able to microorganisms to grow. To be more precise,
the definition of ay, is aw = Pgumple/Pwaterr WheTe Pyympie
is the partial vapor pressure in equilibrium with the
tested material or solution and p,., is the partial
vapor pressure of pure water at the same tempera-
ture. The relative humidity of air in equilibrium with
a material or solution is also called the Equilibrium
Relative Humidity (ERH) expressed in %. It is equal
to water activity according to ERH=ay X 100%.

For some species, sporulation and conidia germi-
nation only occurs in presence of free water, which
corresponds to an ay, value of 1.0 or a RH of 100%,
e.g., in Entomophthora delphacis Hori (Entomoph-
thorales: Entomophthoraceae) or Entomophaga mai-
maiga Humber, Shimazu and R.S. Soper (Entomoph-
thorales: Entomophthoraceae) (Shimazu 1977;
Hajek et al. 1990) or at least under between 90 and
100% RH, as described for Zoophthora phalloides
Batko (Entomophthorales: Entomophthoraceae) or
Entomophthora gammae (Weiser) D.M. MacLeod
and Miiller-Kogler (Entomophthorales: Entomoph-
thoraceae) (Newman and Carner 1975; Glare et al.
1986). This can be explained by the active mode
of conidial discharge of Pandora spp. and other
Entomophthorales. Page and Humber (1973) dis-
cussed that medium osmotic pressure of the envi-
ronment directly affects the conidiophore’s and the
spore’s turgor pressure, which is needed, as described
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for the case of Conidiobolus coronatus and other
fungi, for spore discharge and germination (Inglis
et al. 2001; Webster and Weber 2007). Thus, in some
species from the genera Conidiobolus, Zoophthora
and Pandora, free water is needed for the generation
of a high turgor pressure in the conidiophores, which
is required for the ballistic spread of the conidia
(Latgé et al. 1989).

Few semi-field and field attempts have been
made addressing the humidity challenges of the
Entomophthorales. Pell et al. (1993) designed a
trap for co-application of Zoophthora radicans Bre-
feld (Entomophthorales: Entomophthoraceae) with
attracting semiochemicals in order to develop an
attract-and-kill strategy for the control of the dia-
mondback moth Plutella xylostella L. (Lepidoptera:
Yponomeutidae). Sufficient moisture remained high
within the trap in order to enable sporulation of the
fungus by a wick connected to a water reservoir
placed in the central arena of the trap. Another more
practical option for technical application is the use of
formulated entomopathogenic fungi: Zhou and Feng
(2009) developed a granular broomcorn millet for-
mulation supplemented with synthetic polyacrylate
superabsorbent polymers for improved sporulation
capacity of Pandora nouryi (Remaud. and Hennebert)
Humber (Entomophthorales: Entomophthoraceae)
under non-saturated humidity conditions. Unfor-
tunately, solid-state fermentation was required and
polyacrylic derivatives of synthetic origin were used,
which are manufactured in a toxic preparation pro-
cess. As this is hardly biodegradable and hence not
an environmentally friendly solution, it would not be
approved for organic agriculture, for example. How-
ever, efficient sporulation is obligatory for successful
application of an entomophthoralean fungus in pest
control strategies. Therefore, the overall aim of this
study was to develop and evaluate a biobased and
biodegradable formulation that compensates for the
specific moisture requirements of the encapsulated
entomopathogenic fungus P. cacopsyllae to support
sporulation under low humidity conditions, such as
those faced in above-ground applications. The spe-
cific objectives of this study were (1) to identify the
water activity values necessary for growth and sporu-
lation of P. cacopsyllae, (2) to demonstrate a formu-
lation that maintains a sufficiently high water activ-
ity under low humidity conditions that allows for
sporulation of P. cacopsyllae, and (3) to validate the

potential of the formulation for improved sporulation
under semi-field conditions.

Materials and methods
Chemicals

Chemicals were acquired either from Carl Roth
GmbH (Karlsruhe, Germany) or VWR International
GmbH (Darmstadt, Germany). Carboxymethylcellu-
lose was purchased from Dow (Dow Chemical Com-
pany, Midland, MI, USA) and Xanthan gum from
DuPont (DuPont de Nemours GmbH, Neu-Isenburg,
Germany). Concentrations are given as (w/w), unless
otherwise stated.

Fungal isolate

The Pandora cacopsyllae isolate originated from
an infected Cacopsylla pyri specimen collected in a
Danish pear orchard (55°5024.3"N, 12°33'46.5"E)
and was named KVL 16—44. The strain is deposited
in the USDA Agricultural Research Service Collec-
tion of Entomopathogenic Fungal Cultures (Ithaca,
NY, USA) as ARSEF 13372. As the fungus was
recently described, former studies referred to the fun-
gus as Pandora sp. nov. inedit. (ARSEF 13372).

Cultivation of Pandora cacopsyllae

P. cacopsyllae was grown on solid medium adapted
from Hajek et al. (2012), composed of 4.0% glucose,
2.0% casein, and 2.0% agar [Sabouraud Dextrose
Agar (SDA)], supplemented with 20% of a mix-
ture of 60% egg yolk and 40% fresh skimmed milk
(SDAME) on Petri dishes (=90 mm), sealed with
Parafilm®, and incubated at 18 °C in the dark. To pre-
vent loss of virulence, the fungus was reisolated after
infecting the host insect C. pyri frequently, at least
after every fourth subculture.

Submerged cultures of P. cacopsyllae were grown
in liquid medium following the method described by
Muskat et al. (2022a). Briefly, the pre-culture was
composed of fresh skimmed milk (1.5% fat content;
10%; w/w), in which the fungus grew for 48 h. The
main culture was inoculated with 10% (v/v) of the
pre-culture and was composed of glucose (2.66%),
sodium chloride (NaCl; 1%), yeast extract (0.33%),
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skimmed milk powder (Heirler Cenovis GmbH,
Radolfzell, Germany; 0.33%) and a low-cost pro-
tein hydrolysate from animal by-products (ANiPept,
ANIMOX GmbH, Berlin, Germany, batch No. 1176;
0.33%), and was grown for a further 48 h under the
same conditions as the pre-culture. All media compo-
nents were dissolved in ultrapure water and separately
autoclaved for 6 min at 121 °C and 2 bar.

Preparation of capsules

All experimental steps were carried out under sterile
conditions, and all solutions and components were
autoclaved for 6 min at 121 °C and 2 bar, unless
otherwise stated. Composition and preparation of
capsules were adapted from Muskat et al. (2022b).
Briefly, finely dispersed hyphae of P. cacopsyllae
were collected from liquid culture by centrifugation
(4700 g; 15 min; 18 °C). Sodium alginate (Manugel
GMB, FMC Corporation, PA, USA, batch No.
G7708901) was dissolved in ultrapure water to a
final concentration of 3% and autoclaved for 6 min at
121 °C. The encapsulation suspension was composed
of sodium alginate, heat-sterilized native corn starch
(Maisita, Agrana Beteiligungs-AG, Vienna, Austria;
10%), pre-dissolved skimmed milk powder (Heir-
ler Cenovis GmbH, Radolfzell, Germany; 4%) and
hyphal material of P. cacopsyllae (10%).

For capsule formation, the solution was dripped
into a stirred (250 rpm) calcium chloride solu-
tion (0.1 M) by using a syringe with a cannula
(2.1x0.8 mm). Capsules were kept in the solution
under stirring for 20 min and were subsequently
washed with ultrapure water for 1 min. The mean size
of the capsules was 2.84 mm (+0.08; n=15).

Preparation of the water-retaining paste formulation

Candelilla wax (CLW; Kahlwax GmbH & Co. KG,
Trittau, Germany; batch code: 10-1185; 1.5% w/w)
was mixed with sesame oil (Rapunzel Naturkost
GmbH, Memmingen, Germany) and maintained
under stirring at 100 °C for 20 min for sterilization.
Carboxymethylcellulose (WALOCEL CRT 60000
GA 07, Dow Chemicals, Batch code: F294H89011,
MW: 60000; CMC) was heat-sterilized at 100 °C
overnight in an oven. CMC was added to the hot wax-
oil mixture at a ratio of 1:1 and dispersed by a spatula
while cooling the mixture to room temperature for
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solidification. Xanthan gum (GRINDSTED® Xanthan
80, A45100, DuPont, Neu-Isenburg, Germany; batch
code: 4453438167; 2%; w/w) was dispersed in ultra-
pure water and autoclaved at 121 °C and 2 bar for
21 min. About 0.5 g of the oil-wax-CMC mixture was
spread over the bottom of a Petri dish (@=35 mm)
by aid of a spatula and overlayered by 7.5 g of the
xanthan gum gel. The Petri dishes were closed with
the Petri dish lid, sealed with Parafilm®, maintained
at 5 °C for at least 24 h, and stored there until use.

Effect of water activity on mycelial growth and
sporulation of Pandora cacopsyllae

A basic solid culture medium, composed of 4.0% glu-
cose, 2.0% casein and 2.0% agar (SDA) supplemented
with 10% fresh skimmed milk (SDAM) and water
agar (2%; w/w) was modified by addition of glyc-
erol following the method of Hallsworth and Magan
(1999). Glycerol was selected as ay, modifier, as it is
known for its ay, stability at different temperatures
(Hallsworth and Magan 1999). For media prepara-
tion, 0%/10%/20%/30% (w/w) of the water content
of the medium was replaced by glycerol. The water
activity (ay) of the modified media was determined
using a water activity meter (LabMASTER-aw,
Novasina AG, Lachen, Switzerland) at 25 °C.

The ay, value of the medium or the water agar was
0.98/0.99 (0%), 0.96/0.97 (10%), 0.93/0.95 (20%),
0.89/0.91 (30%) (medium/water agar). Pieces of agar
with mycelium (0.5 cm? surface) were placed in the
middle of the culture medium (SDAM) and radial
mycelium growth was determined daily in two per-
pendicular directions.

For determination of the water activity effect
on sporulation, one capsule per dish, prepared as
described above, was placed in the center of glycerol-
modified water-agar plates. The discharged conidia
were collected according to the method described
in Muskat et al. (2022b). Briefly, the plates with the
capsules were inverted and placed above a smaller
Petri dish (@=35 mm) filled with 3 ml SDS (0.5%)
and incubated at 18 °C in the darkness for 12 days,
as sporulation of P. cacopsyllae is then almost com-
plete (Muskat et al. 2022b). Conidia were counted in
a Fuchs—Rosenthal hemocytometer with six repeti-
tions per sample.
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Sporulation experiments under low humidity
conditions in the laboratory

One Pandora cacopsyllae capsule per dish was placed
on top of the paste formulation filled in Petri dishes
on top of the paste formulation. Capsules without the
paste were fixed with a drop of pure xanthan gel (2%)
on the Petri dish bottom. The Petri dishes were fixed
upside down at a height of 3 cm above Petri dishes
(@=35 mm) filled with SDS solution (0.5%) for col-
lection of conidia in a desiccator with the lid opened
throughout the experiment to maintain low humidity
conditions (Fig. 1). The formulations were incubated
at <40% room humidity (Fig. 1b) and 21-24 °C for
12 days. Petri dishes containing the formulations and
placed in the same experimental set-up in a desiccator
with the bottom filled with water and the lid closed
to maintain saturated humidity conditions (100% RH)
within (Fig. 1a) served as a control (data not shown).
Room humidity and temperature were recorded with
a datalogger (EBI 20-TH 1, Ebro Electronic™, Xylem
Analytics Germany Sales GmbH & Co. KG, Weil-
heim, Germany) throughout the experiment. The
datalogger was placed next to SDS-filled Petri dishes.
The SDS was replaced every 24 h. The collected
conidia were counted in a Fuchs-Rosenthal hemocy-
tometer with six repetitions per sample.

Semi-field sporulation trial considering cardinal
directions

Net cages, 175X 175x 175 cm each (Aerarium Nets,
Bern, Switzerland) with sun and rain shelters were
built on an experimental field at the Julius Kiihn-
Institut (Dossenheim, Germany) (Supplementary
figure Sla). One potted pear tree (Pyrus communis
L. cv. ‘Williams Christ’ grown on cv. P. communis

Fig. 1 Experimental set-up a)
of the sporulation experi-
ment. The formulations

Xanthan

‘Kirchensaller Mostbirne’ rootstock) was placed in
each net cage (Supplementary figure S1b). Before
starting the experiment, the capsules were pre-incu-
bated on the water-retaining paste formulation in Petri
dishes (@=35 mm) for three days. The dishes con-
taining the paste formulation and 20 pre-incubated
capsules were fixed to the top of the potted pear tree
with the dish opening facing downwards (Supplemen-
tary figure S1c). Four Petri dishes were fixed to each
tree, considering in each case the different cardinal
directions. Sporulation was determined by collection
of conidia on glass slides (Thermo Scientific, Braun-
schweig, Germany) fixed at regular intervals of 5, 20
and 40 cm of vertical distance from the sporulation
source. The experiment was conducted from 14 to
17 September 2020. Humidity and temperature were
recorded with data loggers (DS1923-F5, Hygrochron
Temp/Luftfeuchte, Elektronik Fuchs, Weingarten,
Germany) throughout the experiment. After 72 h,
the glass slides were collected. The conidia attached
to the slides were scanned and counted with a digi-
tal microscope (VHX 7000, Keyence ® Deutschland,
Neu-Isenburg, Germany).

Statistical analysis

Statistical analysis of mycelial growth and sporulation
of P. cacopsyllae was carried out using the software
SPSS Statistics V25.0 (SPSS, Chicago, IL, USA). All
data are given as mean values + SD. Data for conidial
discharge were checked for normality and homogene-
ity of variance using Shapiro—Wilk and Levene tests.
Mean numbers of discharged conidia were tested for
significant differences by one-way ANOVA followed
by Bonferroni post-hoc tests. If the criteria for vari-
ance homogeneity and normal distribution were not
met, data were calculated by Kruskal-Wallis tests

Water retaining b)
paste formulation

Desiccator

were incubated in a closed
Pandora cacopsyllae

Closed . \Open

desiccator for maintenance
of high humidity conditions
(a) or in an exsiccator with
the lid opened to maintain
low humidity conditions
of <40% (b) SDS
Water

capsule

==

100% RH

s ==
<40% RH

Datalogger
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followed by Bonferroni tests for multiple compari-
sons with one treatment. The number of discharged
conidia over time was compared with repeated-meas-
ures ANOVA (RM-ANOVA), with time and treat-
ment as independent variables. The sphericity of the
matrix assumption was assessed with the Mauchly
sphericity test. If the outcome of the test was signifi-
cant, the Greenhouse—Geisser adjustment was used
to correct for violations of sphericity. As the criteria
for variance homogeny were not met, a Games-How-
ell post-hoc test was used to determine the effect of
time and treatment on conidial discharge. The effect
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Fig. 2 Effect of water activity (ay) on radial mycelial growth
of Pandora cacopsyllae. Different letters in the legend indicate
significant differences according to RM-ANOVA followed by
post-hoc tests (p <0.05). Means +SD, n=5

of the distance from the sporulation source and the
sun -exposure on the sporulation in the semi-field
trial was analyzed by a one-way ANOVA followed by
a Tukey post-hoc test. The level of significance was
set to p<0.05. All experiments were carried out with
at least five repetitions, unless otherwise stated.

Results

Effect of water activity on mycelial growth and
sporulation of Pandora cacopsyllae

Water activity of the medium had a significant effect
on the growth speed of P. cacopsyllae over time
(Fs.15=303.13; p<0.001), as shown in Fig. 2. Water
activity itself had a significant effect on mycelial
growth (F;76=933.05; p<0.001). Mycelial growth
was slower at ay, 0.96 compared to ay, 0.98, and no
more observable at ay, <0.93.

As shown in Fig. 3a, sporulation from capsules
was also significantly affected by water activity
(x*=102.79; df=3; p<0.05). At ay, 0.99, 4.36x 1
0% (£9.35% 10% n=5) conidia per capsule were dis-
charged, and thereby significantly more than in all
other water activity regimes during the 12 days of
experiment duration. Under these conditions, growth
and sporulation of P. cacopsyllae from the capsules
was clearly visible (Fig. 3b). At ay 0.97, dense
mycelial growth from the capsules was observable
(Fig. 3c), while only 1.25%10* (£2.4x 10", n=5)

Fig. 3 Effect of water 6.00E+06
activity on total conidia
numbers released by
encapsulated Pandora
cacopsyllae (a). Different
letters above bars indicate
significant differences
according to Kruskall-
Wallis test followed by
Bonferroni post-hoc tests at
p<0.05. Means +SD, n=5.
Scale bar=1 mm. Pictures
of the capsules after four
days of incubation at ay,
0.99 (b), ay, 0.97 (¢) and
ay <0.95 (d)

5.00E+06

4.00E+06

3.00E+06

2.00E+06

1.00E+06

Number of discharged conidia per capsule

B B B

1.00E+00 T
0.99
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conidia per capsule were discharged. At ay <0.95,
neither mycelial growth (Fig. 3d) nor conidial dis-
charge (Fig. 3a) was noticeable.

Sporulation of Pandora cacopsyllae under low
humidity conditions in a laboratory experiment

In the laboratory experiment, the mean temperature
during the experiment was 21.6 °C (min 21.2 °C;
max 24.6 °C). The mean humidity set for low and
‘non-saturated’ conditions was 39.3% (min 31.0%;
max 49.1%) and constant 100% for the control (satu-
rated conditions). Compared to raw capsules, which
dried under the same experimental conditions, encap-
sulated P. cacopsyllae was able to discharge conidia
for seven days at <40% RH when co-applied with the
paste formulation (F, 53=734.95; p<0.001; Fig. 4).

A peak sporulation event was observable on day
4 with 6.96x10° (+3.08x10%) conidia per cap-
sule. The total number of conidia released from the
capsules during the seven days of sporulation was
1.79% 107 (+3.21 x 10°) conidia per capsule.

Sporulation under semi-field conditions

In the semi-field trial, the mean temperature during
the experiment was 19.5 °C (min 11 °C; max 28 °C)
and mean humidity was 64% (min 32%; max 100%).
Formulated P. cacopsyllae sporulated under these
application conditions and conidia were observable
on all glass slides fixed at different vertical distances
below the sporulation source. At the lowest distance
of 5 cm, 2730 (+566) conidia per cm?, at 20 cm

distance 362 (+85) conidia per cm?, and at 40 cm
distance 90 (+ 16) conidia per cm? were counted after
the 72 h of experiment duration (Fig. 5). The num-
ber of conidia was significantly different between the
lowest distance of 5 cm when compared with 20 and
40 cm (F, g=4.54; p<0.05), but not between 20 and
40 cm (F; =3.74; p=0.10).

When comparing sporulation rates at the closest
distance of 5 cm from the sporulation source, consid-
ering cardinal directions, fewer conidia were found on
the sun-facing side in the east than on the sun-averted
side in the west, but this difference was not significant
(F,,=4.53; p=0.06 Fig. 5).

Discussion

To date, the effect of reduced water activity on myce-
lial growth on solid media or on sporulation from
Ca-alginate capsules has not been reported for any
entomophthoralean fungus. In the present study, we
found that mycelial growth by P. cacopsyllae was
possible under reduced ay of 0.97 from capsules,
but not observable at ay, 0.94. Similarly, Glare et al.
(1986) found that Z. phalloides was able to grow from
Myzus persicae cadavers at 98% RH, but not at 94%,
and sporulation was only possible at saturated humid-
ity conditions (100% RH). Hence, there is a differ-
ence in humidity or water activity requirement for
entomophthoralean mycelial growth and the ability
to sporulate, which might be connected to the turgor
built-up for the ballistic spread of the conidia (Latgé
et al. 1989).

Fig. 4 Sporulation of o 1.20E+06

Pandora cacopsyllae from §_ *©+C <40% RH A

capsules (C) and from S 1.00E+06 A —¢<C+P <40% RH B

capsules co-applied with o)

a biobased superabsorbent %

past-type formulation 2 8.00E+05 + C+P <40% RH d4

(C+P) under low humid- g g2

ity conditions (<40% RH) 3 6.00E+05 -

within nine days. Different %

lt?tte.rs in the.legend indicate {é 4.00E+05 A

significant differences 5 ST

according to RM-ANOVA R I I NG I DL

and Games-Howell g 2.00E+05 -

post-hoc tests at p<0.01. g

Means +SD, n=5 Z  0.00E+00 - ¢ o @ @ e ® = -
0 2 3 4 5 6 7 8 9

Time [days]
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Fig. 5 Sporulation of Pandora cacopsyllae in a semi-field
trial. The semi-field trial was carried out twice in two tents.
The Petri dishes containing the paste formulation and the Pan-
dora cacopsyllae capsules were fixed to the top of potted pear
trees with the dish opening facing downward, considering the
sun-exposed (East) and the sun-averted (West) side. Glass
slides were placed below the sporulation source at 5, 20 and
40 cm vertical distance to the sporulation source for conidia
collection. Different letters indicate significant differences
between the condia numbers at different distances from the
sporulation source according to one way-ANOVA followed by
Tukey post-hoc tests (p<0.05). No significant difference was
found when comparing the effect of sun-exposure for each dis-
tance (n.s. =not significant; p<0.05). Means +SD, n=2

Pandora cacopsyllae sporulation was only observ-
able when ay, was 0.99. This is in line with several
other studies on entomophthoralean sporulation from
infected cadavers, which have reported that sporula-
tion was associated with high humidity conditions
and often occurred during night time when RH and
leaf wetness was high enough (Milner and Bourne,
1983; Yu et al. 1995; Hemmati et al. 2001a, b; 2002;
Nielsen and Hajek 2006). Most tested entomophtho-
ralean species have shown conidial discharge from
infected cadavers or mycelial mats only when RH
was higher than 90% (Glare et al. 1986). The indi-
vidual humidity needed for growth and sporulation
depends on the entomophthoralean genus and spe-
cies: sporulation by Entomophthora aphidis [= Pan-
dora neoaphidis (Remaud. and Hennebert) Humber
(Entomophthorales: Entomophthoraceae)] and E.
thaxteriana [= Conidiobolus obscurus (.M. Hall and
P.H. Dunn) Remaudiere and S. Keller (Entomoph-
thorales: Entomophthoraceae)] was only possible
at>90% RH (Wilding 1969), by Neozygites tanajoae
Delalibera Jr, Humber and Hajek (Entomophthorales:
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Entomophthoraceae) at>96% RH (Delalibera Jr
al., 2006), and for Erynia sp. (Entomophthorales:
Entomophthoraceae) at>91% RH (Millstein et al.
1982). Only a few Entomophthorales were found to
be capable of sporulating at humidities below 90%,
such as Entomophaga maimaiga (Hajek et al. 1990)
and E. muscae (Cohn) Fresenius (Entomophthorales:
Entomophthoraceae) (Kramer 1980).

In any case, persistence and sustainability of
sporulation are required to consistently deliver via-
ble conidia in the presence of the target insect, and
this requires consistent water supply. One option to
provide water for a prolonged period is the use of
superabsorbents. Superabsorbents are polymers or
composites that can absorb and retain extremely large
amounts of a liquid relative to its own mass (Horie
et al. 2004). A more environmentally friendly alterna-
tive to classical non-biodegradable polyacrylic-based
superabsorbents are biobased polymers with a high
water absorption capacity (Chen et al. 2022). Deriva-
tives of starch or cellulose have gained attention for
different agricultural applications, especially for
improved water capacity of soil (Demitri et al. 2013).
The paste-type formulation tested in the present study
contains cellulose and xanthan as polymers of high
water absorption capacity, which are known to be
biodegradable. Moreover, these biopolymers are reg-
istered for biopesticide applications even in organic
agriculture (Speiser et al. 2022). The biopolymer-
based paste formulation provides a water activity of
0.99-1.0 to the co-applied capsules, which was found
to be sufficiently high for sporulation of P. cacopsyl-
lae. By co-application, sporulation under low humid-
ity conditions was enabled for at least six days. The
low RH values of <40% were selected as the test con-
ditions for practical reasons, as it is the present room
humidity in our laboratories and does not need addi-
tional equipment or modification by salt solutions.
Additionally, as recorded in the semi-field trial, 32%
RH was also present in the field and, thus,<40% are
humidity conditions that might be overcome by the
water retaining paste formulation.

The total number of discharged conidia under
humidity conditions below 40% RH (1.79X 107
during the seven days of conidial discharge was as
high as under saturated conditions, where 9.57 X 106
(+8.34x 10%) conidia per capsule were reported dur-
ing the 12 days of conidia release by the same fun-
gus from capsules of the same composition (Muskat
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et al. 2022). Thus, the paste formulation is capable of
compensating for unsuitable environmental humidity
conditions by providing a satisfactory water activity
to the encapsulated fungus and thereby enabling the
release of conidia at an amount similar to optimal
room humidity conditions. However, the sporulation
duration under low humidity conditions was shorter
compared to the previous experiment, possibly due
to the drying of the paste formulation. Experiments
were carried out at a constant humidity regime
of <40% RH, while conditions in the field and alter-
nating humidity conditions in the place of application
will ensure that the formulation will be rewetted for a
prolonged period.

In addition to alternating moisture conditions,
direct sunlight and elevated temperatures also need to
be considered when determining the success rate of
sporulation (Kalsbeek et al. 2001). The effect of tem-
perature on sporulation of Pandora cacopsyllae was
investigated by Olsen et al. (2019) who found that the
higher the temperature, the shorter the duration of
conidial discharge. This supports the assumption that
the lower amount of discharged conidia in the present
semi-field trial was due to the increased temperature
in the field. Nevertheless, sporulation occurs, which
is an essential information when the fungus is devel-
oped for biological control.

Another aspect is that the exposure to direct sun-
light, high temperatures, and drying environmental
conditions are known to cause mortality of the fun-
gus and the discharged conidia of the Entomophtho-
rales (Yendol 1968; Roberts and Campbell 1977,
Brobyn et al. 1985; Carruthers and Haynes 1986).
Carruthers et al. (1988) showed defined interac-
tions between the duration and intensity of expo-
sure to simulated and solar radiation in the field on
Entomophaga grylli conidia viability. They devel-
oped a model based on combining these two fac-
tors in a single predictive variable. After exposure
to cumulative solar radiation given in Langley they
predicted > 95% mortality in the most open habitats
in Alpine Arizona, USA after exposure to approx.
50 Langleys (=~ 0.58 kWh). As a sun shelter was
used in the present study, the solar radiation should
have been lower compared to open habitats in Ari-
zona, but obvious differences were noted in the total
amount of conidia discharged on the different cardi-
nal directions and indicate a negative effect on the
encapsulated fungus by the direct and cumulative

solar radiation on the eastern side. Besides using
these data as a base to determine abiotic factors
affecting the amount of discharged conidia as well
as survival of the fungus, the subsequent epizo-
otic development in the field is especially depend-
ent upon successful contact of the conidia with the
target insect. However, it needs to be investigated
whether the released conidia, once they have landed
on the cuticle of the target insect, would germinate
and cause infection of the insect under low humid-
ity conditions, as this also requires high humid-
ity conditions. With the present study, a formula-
tion is presented that allows for sporulation under
dry environmental conditions. This solved the first
problematic step of conidia discharge under non-
optimal humidity conditions, but there is no guaran-
tee of activity of the fungus under these conditions.
This is an important issue due to the very short via-
bility and infectivity of the discharged conidia and
requires further investigation. Studies on the dis-
tance of conidia discharged are rare: Six and Mul-
lens (1997) found that conidia of Entomophthora
musca and E. schizophorae from Musca domes-
tica cadavers are only discharged over a distance
of 0.00-8.75 cm in a chamber under still air. Car-
ruthers (1982) found a wider range of up to 34 cm
when fly cadavers were fixed at a height of 50 cm in
the field. The observations of Carruthers (1982) are
similar to the present study, as conidia were found
even at a vertical distance of 40 cm from the spor-
ulation source. In view of the planned application
of the fungus P. cacopsyllae in psyllid pest control
strategies in pear, apple, and other fruit trees in
Central Europe, the results of our studies are prom-
ising. In commercial apple and pear plantations,
the trees that need to be protected are of a mean
height of 2—4 m. Thus, when the fungus is able to
release its conidia over a distance of at least 40 cm,
the application of only a few P. cacopsyllae cap-
sule/paste formulations per tree could be sufficient
to cause infections in target insects, but more field
trials are needed to prove this. In nature, even very
short sporulation durations from cadavers of less
than three days were sufficient for other entomoph-
thoralean fungi to cause epizootics in insect popu-
lations (Aoki 1981; Kalsbeek et al. 2001; Wraight
et al. 2003; Li et al. 2006). Hence, the sporulation
duration of six days we observed for P. cacopsyllae
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even under constantly low humidity conditions
could be effective in initiation of an epizootic.

Due to the exposed position of killed hosts, the
actively discharged conidia of entomophthoralean
fungi can spread over a large area. The airborne
conidia can be transported over long distances by
wind (Weseloh and Andreadis 1992; Dwyer et al.
1998; Hemmati et al. 2001a, b; Keller 2007). In addi-
tion to the humid microenvironment, the paste also
has the benefit of a high adhesive performance and
thus allows for overhead application. Thereby the for-
mulation enabled fixation of the sporulation source
at a high and exposed place in the plant in order to
simulate the natural death orientation, providing for
a sporulation of the fungus over a wide area by simu-
lating the naturally occurring situation. To improve
the effectiveness of the formulation, it should be
combined with an attractant in order to lure the tar-
get insect close to the formulation (attract-and-kill
strategy), as more conidia were counted at a short
distance.

To conclude, in this study we demonstrated that
sporulation by the entomophthoralean fungus P.
cacopsyllae can be enabled under low humidity
conditions by co-application with a specific water-
absorbing formulation. For the first time, our find-
ings present a strategy of using biobased polymers
that are known for their huge water absorption capac-
ity and water retention to enable sporulation of an
entomophthoralean fungus under field conditions as
demonstrated in the semi-field trial. These promising
results will pave the way for further developments.
What should be addressed in the future is the scale-
up of the formulation and an appropriate application
method, as well as the approval of the formulation
under application conditions with the target insect.
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