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Abstract

BACKGROUND: Pandora sp. nov. inedit. (Entomophthorales: Entomophthoraceae) (ARSEF 13372) is a recently isolated ento-
mophthoralean fungus with potential for psyllid pest control. This study aimed to develop a formulation based on biocompat-
ible hydrogel beads in order to transfer the fungus into an easily applicable form and to test the effects on psyllids.

RESULTS: After encapsulation in calcium alginate beads, Pandora sp. nov. grew from the beads and discharged conidia over
12 days under optimal humidity conditions at 18 °C. Conidial number was increased 2.95-fold by the addition of skimmedmilk
as nutritional formulation adjuvant to the beads. The virulence of the encapsulated fungus was assessed with the two target
psyllid species; the summer apple psyllid, Cacopsylla picta and the pear psyllid, Cacopsylla pyri. Beads containing skimmedmilk
as nutritional adjuvant led to the highestmortalities (48.3%on C. picta and 75.0%on C. pyri). In a second bioassay, survival time
of C. pyri exposed to beads containing different concentration (10%, 20% or 40%) of Pandora sp. nov. was tested. The survival
time of C. pyri was significantly reduced when exposed to beads containing 10% or 20% Pandora sp. nov. The median survival
time was reached after 5–6 days past inoculation and the cumulative mortality for C. pyri treated with Pandora sp. nov. beads
showed up to 89% mortality.

CONCLUSION: The promising results of this study will ease the way for large-scale field application of a novel Pandora species in
biological psyllid pest control.
© 2021 The Authors. Pest Management Science published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry.

Supporting information may be found in the online version of this article.
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1 INTRODUCTION
Jumping plant lice (Hemiptera: Psyllidae) are phloem feeding
insects damaging fruit trees by serving as vectors of phytoplas-
mas, inducing diverse morphological and physiological changes
in their plant hosts.1–3 The pear psyllid C. pyri vectors the phyto-
plasma ‘Candidatus Phytoplasma pyri’ in pear tree Pyrus communis
L., the migrating summer apple psyllid Cacopsylla picta (Foerster
1848) vectors ‘Candidatus Phytoplasma mali’, the causing agent
of apple proliferation disease in Malus domestica Borkh.4–6 In
European fruit production, high economic losses are caused by
reduced fruit yield and quality and dying plants following phyto-
plasma infection.7–9 In Italy, an outbreak of apple proliferation dis-
ease caused up to € 100 million losses.10 So far, phytoplasma
infected plants cannot be cured and only preventive manage-
ment strategies such as vector control e.g. with chemical insecti-
cides aiming to minimize the spread of phytoplasma diseases
are available.11

In 2016, an entomophthoralean species of the genus Pandora
was isolated from infected psyllids collected in a Danish pear
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orchard.12 The species is currently under description as a new spe-
cies, since it differs from the known Pandora species infecting
Hemiptera.13 Under laboratory conditions, the pathogenicity of
Pandora sp. nov. mycelial mats grown in-vitro on solid media
was already demonstrated for several Cacopsylla pests such as C.
pyri, C. pyricola, C. picta, C.mali and C. pruni but also Triozidae.12–15

15 Fungi from the Entomophthorales are known for their host
specificity, their fast speed-to-kill and for their ability to cause nat-
ural epizootics among insects from different orders.16–20 Despite
their potential, no biological control agents based on an Ento-
mophthorales have been commercialized so far, due to difficulties
of growing and mass-producing them in-vitro and inconsistent
results in field trials.16,21–25 Moreover, research regarding patho-
genicity and virulence and thus the suitability of entomophthora-
lean species for pest control strategies of psyllids in orchards is
scarce.26

The conversion of Pandora sp. nov. into a biocontrol agent for
psyllid pest control requires a formulation that secures the viru-
lence of the fungus when applied against the target insects. The
formulation of living biocontrol agents within a carrier material
may improve its applicability, shelf life, growth and sporulation
duration and intensity after field application. The use of biocom-
patible and biodegradable calcium alginate was demonstrated
as a promising carrier for the encapsulation of some members
of the Entomophthorales.27–30 Moreover, the formulation within
alginate beads enables the co-formulation of entomopathogenic
fungi with beneficial formulation additives. Additives may be
nutrients, that enable fungal multiplication after field application,
host insect attractants, filling agents for reduced compression
during drying, UV and drying protectants or virulence-enhancing
components, such as host insect cuticle components that can act
as enzyme inducers (e.g. proteins or chitin).31–36 In order to enable
a future utilization of Pandora sp. nov. for psyllid pest control we
aimed to develop a formulation based on calcium alginate beads.
The specific objectives of this study were (i) to investigate the

maintenance of sporulation duration and intensity of Pandora
sp. nov. after encapsulation in calcium alginate beads, (ii) to
improve and prolong the sporulation by addition of nutritional
formulation adjuvants and (iii) to evaluate the pathogenicity and
virulence of various Pandora. sp. nov. formulations against the tar-
get species, pear psyllid C. pyri and summer apple psyllid C. picta,
under laboratory conditions.

2 MATERIALS AND METHODS
2.1 Chemicals
All chemicals used in this study were acquired by Carl Roth GmbH
(Karlsruhe, Germany) or VWR and concentrations are given as
(w/w), unless otherwise stated.

2.2 Plants
Plants were kept in an insect proof screen house under ambient
conditions. Healthy potted pear trees (Pyrus communis L.) cultivar
‘Williams Christ’ grown on cv. ‘Kirchensaller Mostbirne’ rootstocks
and potted apple trees (Malus domestica Borkh.) cultivar ‘Golden
Delicious’ grown on ‘M9’ rootstocks were used to rear insects
and as donor of leaves for infection bioassays.

2.3 Insects
All insects were collected by the beating tray sampling method.37

Adult C. pyri specimens (F0) were collected in spring 2018 and
2019 from Pyrus sp. at the conventionally managed experimental

field at the Julius Kühn - Institut Dossenheim, Germany (49°
27002.100N 8°38023.000E). Overwintered adults (remigrants, F0) of
the migrating apple psyllid species C. picta were collected in
March/April 2019 at an extensively managed Malus sp. orchard
in Dossenheim, Germany (49°26045.500N 8°38059.000E.). The sum-
mer apple psyllids C. picta could only be maintained for one gen-
eration (emigrants, F1). Rearing conditions for both psyllid species
were as follows: 20 day and 15 °C night temperatures under long
day conditions (L16:D8) and 55% relative humidity in a climatic
chamber. The psyllids were placed on their respective host plant
in 47.5 × 47.5 × 93 cm BugDorm rearing cages (NHBS, UK). The
insect specimens used in bioassays were randomly selected from
rearing cages containing one single generation.

2.4 Fungal isolate
The Pandora isolate used in this study originated from an infected
Cacopsylla sp. collected in a Danish pear orchard (55°50024.300N
12°33046.500E).14 The strain is deposited in the USDA Agricultural
Research Service Collection of Entomopathogenic Fungal Cul-
tures (Ithaca, NY) as ARSEF 13372. The fungus is under description
(inedit.) and will here be referred to as Pandora sp. nov.

2.5 Solid state cultivation
Pandora sp. nov. was grown on solid medium composed of
4.0% glucose, 2.0% casein and 2.0% agar (Saboraud Dextrose
Agar (SDA) supplemented with 20% of a mixture of 60% egg
yolk and 40% fresh skimmed milk (SDAME) on Petri dishes
(diameter 90 mm) sealed with parafilm® and incubated at 18 °
C in the dark.38 To prevent the loss of virulence, the fungus
was frequently transferred through the host insect C. pyri and
the solid culture used for experiments was transferred not
more than two times onto fresh artificial media. As C. picta
can only be maintained for one generation (see. 2.3) and is
more difficult to collect and rear compared to C. pyri, and thus,
not available throughout the whole year, the fungus was only
transferred through C. pyri.

2.6 Submerged cultivation in shake flasks
Submerged cultures of Pandora sp. nov. were grown in 100 mL
liquid medium in 250 mL shake flasks with four baffles at 18 °C
and 170 rpm and an amplitude of 20 mm (IKA KS 4000 ic control,
Staufen, Germany). In order to transfer the fungus from the solid
media into liquid culture, three pieces of mycelia (0.5 cm2) were
cut with a scalpel and transferred to the pre-culture, composed
of fresh skimmed milk (100 g L−1) in ultra-pure water (MilliQ)
and incubated for 48 h. The hyphal bodies grown in the pre-
culture were collected by centrifugation (4700 g; 15 min; 18 °C)
and washed twice in glucose solution (26.6 g L−1) to equal the
original volume under repeated centrifugation. Then, the washed
and pelletized hyphal bodies were resuspended in glucose solu-
tion (26.6 g L−1) to equal the original volume. The main culture
was inoculated by 10% (v/v) of the suspension. The main culture
medium was composed of glucose (26.6 g L−1), sodium chloride
(NaCl; 10 g L−1), yeast extract (3.33 g L−1), skimmed milk powder
(HEIRLER CENOVIS GMBH, Radolfzell, Germany; 3.33 g L−1) and a
low-cost protein hydrolysate from animal by-products (ANiPept,
ANiMOX GmbH, Berlin, Germany, batch No. 1176; 3.33 g L−1). All
media components were solved in ultrapure water and separately
autoclaved for 6 min at 121 °C and 2 bar. The main culture was
grown for further 48 h at the same conditions like the pre-culture.
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2.7 Preparation of Pandora sp. nov. for encapsulation
In order to collect finely dispersed hyphae of Pandora sp. nov.
grown in the main-culture, the cultures from five shaking flasks
were unified and centrifuged at 4700 g at 18 °C for 15 min and
the hyphal material was washed twice in NaCl (0.9%) to equal
the original volume under repeated centrifugation (4700 g;
15 min; 18 °C). After the final centrifugation step, the washing
solution was discarded, and the pelletized hyphal material was
used for encapsulation.

2.8 Preparation of beads
All bead compositions used in this study are listed in Table 1. The
experiments were carried out under sterile conditions and all solu-
tions and components were autoclaved for 6 min at 121 °C and
2 bar, unless otherwise stated. Prior to encapsulation, sodium algi-
nate (Manugel GMB, FMC Corporation, PA, USA, batch
No. G7708901) was dissolved in ultrapure water to a final concen-
tration of 3.0% and autoclaved for 6 min at 121 °C. The encapsu-
lation suspension was prepared by mixing 10% (w/w) heat-
sterilized native corn starch (Maisita, Agrana Beteiligungs-AG,
Vienna, Austria; 10%) into the sodium alginate. Depending on
the treatment, pre-solved and autoclaved skimmed milk powder
was added as nutritional formulation additive at a final concentra-
tion of 4% (w/w). To evaluate, if chitin from crab shell can serve as
a virulence-enhancing factor, the chitin (Roth) was ground by
using a ball mill (MM400 ball mill, Retsch GmbH, Haan,
Germany) at 30 Hz for 5 min to a particle size <300 μm. This was
dispersed and autoclaved in ultrapure water. Skimmed milk was
partly replaced by chitin (Sm2Chi2) at a final concentration of
2% skimmed milk and 2% chitin (w/w). Finally, hyphal material
of Pandora sp. nov. (see 2.5.1) was added to final concentrations
of 10% (Pandora10), 20% (Pandora20) or 40% (Pandora 40)
(w/w). The suspension was gently stirred for 5 min. For bead for-
mation, the solution was dripped into a stirred (250 rpm) calcium
chloride solution (0.1 mol L–1) by using a syringe with a cannula
(diameter 2.1 × 0.8 mm, Sterican, B. Braun AG, Melsungen,
Germany). Beads were kept in the solution under stirring for
20 min and subsequently washed with ultrapure water for 1 min.

2.9 Quantification of fungal sporulation from beads
In order to quantify conidial discharge (see Fig. 1(a)), moist beads,
randomly selected from the batch, were individually placed on
water agar (2%) in Petri dishes (Ø = 70 mm) and incubated at
18 °C in the dark in a closed container to maintain high humidity
conditions >96% RH. To collect the discharged conidia, the petri
dishes containing the beads were inverted and placed above a
smaller Petri dish (Ø = 35 mm) filled with 3 mL of 0.5% sodium
dodecyl sulfate (SDS grained pure, AppliChem GmbH, Darmstadt,
Germany) in order to eliminate the effect of aggregation of coni-
dia or formation of secondary conidia or germ-tubes.38 Conidia
numbers were determined with a Fuchs-Rosenthal counting
chamber from five beads per treatment and 12 samples in a fixed
time-interval of 24 h. If counting was performed to observe spor-
ulation duration and intensity, the SDS solution was replaced by a
fresh one every 24 h.

2.10 Infection bioassay
The laboratory infection bioassays (see Fig. 1(b)), following the
recommendations of Hajek et al.,38 were performed in small UV
sterilized polypropylene (PP) cups (Ø: 69 mm, height: 68 mm;
bikapack GmbH, Feldkirch, Austria) as inoculation units as
described by Görg et al.13 Details on preparation of the PP cups

are given in Görg et al.39 One bead per cup was placed directly
on the agar in the middle of the inoculation unit and the cups
were sealed with their lids. The beads were incubated for 3 days
at 18 °C, relative humidity conditions >96% and darkness in a cli-
matic chamber (Rumed® Type 3201, Rubarth Apparate GmbH,
Laatzen, Germany). Afterwards, the parameters were set to 20 °C
and short-day conditions (L:D 10:14 h) to better meet the insects
rearing conditions, relative humidity wasmaintained>96%. Three
psyllids were then introduced in each inoculation unit and
exposed to conidia discharged by the Pandora sp. nov beads for
24 h. Insects in inoculation units without beads were treated sim-
ilarly and used as control group (Control). After the 24 h exposure
time, the insects were transferred to new bioassay units free of
beads. A leaf from the insects' respective host plant was put into
the agar and served as nutrient source. In the middle of each trial
period, all insects were transferred into completely new bioassay
units with fresh leaves. Insect mortality was monitored daily over
a period of 10 days. Dead insects were observed for signs of fun-
gal growth 24 h after death by using a stereomicroscope (Stemi
508, Carl Zeiss AG, Oberkochen, Germany). Jumping plant lice
individuals which escaped or died due to handling mishaps were
marked as censored (See 2.11 Statistical Analysis).
In the first bioassay, survival of two psyllid species, the pear

psyllid C. pyri (F2, summer forms) and the summer apple psyllid
C. picta (F1, emigrants) were exposed to one of the following
treatments; Pandora sp. nov. formulations (Sm4 or Sm2Chi2),
blank bead (Blank) or control treatment without beads
(Control). Assays were conducted at the same time using the
same production batch of formulation. For each treatment,
16 cups each containing one bead of the respective formula-
tion was prepared and the survival of 48 insects per treatment
was monitored for each species (N C. pyri = 192, N C. picta = 192).
In the second infection bioassay, C. pyri was exposed to differ-
ent concentrations of Pandora sp. nov. in bead formulations
Pandora10 (10% Pandora sp. nov.), Pandora20 (20% Pandora
sp. nov.), Pandora40 (40% Pandora sp. nov.), blank beads
(Blank) and Control (without beads). For each treatment,
10 cups each containing one bead of the respective formula-
tion was prepared and three C. pyri (F3, summer forms) were
added to each cup. Survival of C. pyri, observation of Pandora
sp. nov. outgrowth from killed psyllids and quantification of
conidia discharged from the beads placed in the PP cups was
conducted as described above (2.9).

Table 1. Composition (in % w/w) of calcium alginate bead formula-
tions used in this study. Chi, chitin; Sm, skimmed milk from powder

Starch
Pandora
sp. nov. Chitin

Skimmed
milk

Blank 10 0 0 4
Alginate 0 10 0 0
Starch 10 10 0 0
Chi4 10 10 4 0
Sm4 10 10 0 4
Sm2Chi2 10 10 2 2
Pandora10
(=Sm4)

10 10 0 4

Pandora20 10 20 0 4
Pandora40 10 40 0 4
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2.11 Statistical analysis
Statistical analysis of sporulation behavior of encapsulated Pandora
sp. nov. from beads and the effect of variations of the bead compo-
sition was carried out using the software SPSS Statistics V25.0 (SPSS,
Chicago, IL, USA). All data are given as mean values ± standard devi-
ations (SD). Data for conidial discharge from beads were checked for
normality and homogeneity of variance using Shapiro–Wilk and
Levene test.Mean numbers of discharged conidiawere tested for sig-
nificant differences by one-way ANOVA followed by a Tukey post hoc
range test and Bonferroni correction. If the criteria for variance homo-
geny and normal distribution was not met, data were calculated by
nonparametric Kruskal–Wallis test followed by Dunn–Bonferroni for
multiple comparisons with one treatment or a Welch correction for
nonhomogeneity followed by a Games-Howell test. The effect of dif-
ferent formulation adjuvants (treatment) on number of conidia dis-
charged from beads across time was compared with a repeated
measures ANOVA, with time and treatment as independent vari-
ables. The sphericity of the matrix assumption was assessed with
theMauchly sphericity test. If the outcome of the test was significant,
theGreenhouse–Geisser adjustment was used to correct for violations
of sphericity. The level of significance was set to P < 0.05.
The statistical analyses of infection bioassayswere run in R (Version

°1.2.5033; RStudio Team 2019) and figures were generated using
‘ggplot2’40 and ‘survminer’41 packages for time-to-event curves.
Analysis of time-to-event data (event: death) for censored data
according to Kaplan–Meier method43 was performed using the survfit
function of the ‘survival’ package.42 The median survival time and
the cumulative mortality [%] ± standard error (SE) as 100% minus
the cumulative survival [%] at the end of the experiment (day 10)
were calculated after Jager et al.43 A violation of theproportional haz-
ard assumption occurred visibly in the crossing of survival curves in
each infection bioassay. Hence, in order to assess treatment effects,
parametric models with different parametric distributions (exponen-
tial, weibull, loglogistic) were fitted using the survreg function of
the ‘survival’ package42 and compared according to Akaike informa-
tion criterions (AIC). The parametric models were simplified by
removal of non-significant interactions and terms (P > 0.05) using

the step function and the best model identified. Multiple pairwise
comparison between effects of psyllid species and treatments were
performed with estimated marginal means and 95% confidence
intervals with the function emmeans from ‘emmeans’ package44

and P-value adjustment by the method of Tukey (Supplementary
Tables S1 and S2). Significance levels were set to P < 0.05. The con-
idia production of the beads (conidia number ± SE) under infection
bioassay conditions were compared by Kruskal and Wallis one-way
analysis of variance by ranks andDunn's-test formultiple comparisons
with one treatment (Sm4 = Pandora10) with P-value adjustment
after the Bonferronimethod using the ‘PMCMRplus” package.45

3 RESULTS
3.1 Effect of nutrients on duration and intensity of
sporulation
Pandora sp. nov. was able to grow and sporulate after encapsula-
tion within calcium alginate beads, as illustrated in Fig. 2.
The number of conidia discharged from the beads was signif-

icantly affected by the formulation adjuvants (F2,177 = 986.751;
P < 0.001), the time (F6.946,1229.449 = 757.302; P < 0.001)
and the interaction of formulation adjuvants and time
(F13.892,1229.449 = 184 022; P < 0.001). Within the first 24 h, only
few conidia were discharged from all beads (Fig. 3). Sporulation
from starch beads increased distinctly at day 2 of incubation
and reached a plateau with a maximum of 6.59 × 105

(± 1.94 × 105) conidia per bead and day at day 3 followed by
a constant regression in conidia numbers. Sporulation from Sm4
beads increased rapidly up to 2.1 × 106 (± 3.73 × 105) conidia per
bead and reached a single peak sporulation event at day 4 after bead
preparation. After 12 days, only few conidiawere discharged from all
bead variations compared to conidia numbers during peak sporula-
tion within the first 6 days after bead preparation.
By the addition of skimmed milk (4%; w/w), the total number of

conidia discharged from the beads (9.57 × 106) was significantly
increased by 2.95-fold compared to starch beads (3.25 × 106)
(Χ2 = 12.500; df = 2; P < 0.001; Bonferroni).

Figure 1. Experimental setup of quantification of discharged conidia (a) and infection bioassays with Pandora sp. nov. beads (b).

www.soci.org LC Muskat et al.

wileyonlinelibrary.com/journal/ps © 2021 The Authors.
Pest Management Science published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry.

Pest Manag Sci 2022; 78: 991–999

994

http://wileyonlinelibrary.com/journal/ps


From the beads containing chitin (2%; w/w) and skimmed milk
(2%; w/w) there was only a slight but not significant increase of
total conidia numbers (5.30 × 106) by 1.63-fold compared to
beads without nutritional adjuvants (P = 0.231; Bonferroni), but
much less than beads containing skimmed milk (P < 0.001).

3.2 Effect of Pandora sp. nov. concentration in beads on
sporulation
The Pandora sp. nov. concentration within the beads significantly
affected the number of discharged conidia (Χ2 = 77.640; df = 2;
P < 0.05; Kruskall-Wallis; Fig. 4). Significantly more conidia were
discharged from beads containing 20% Pandora sp. nov. to beads
with 10% or 40% (F2,177 = 56 745; P < 0.0001; Games-Howell).
There was a significant difference between beads with a Pandora
sp. nov. concentration of 10% and 40% (P= 0.037; Games-Howell).

3.3 Infection bioassay for evaluation of pathogenicity of
formulated Pandora sp. nov. on Cacopsylla picta and
Cacopsylla pyri
Sm2Chi2 beads produced significantly more conidia (3 × 104 ±
7x103 conidia) than Sm4 beads (1 × 104 ± 1x103) during the 24 h

exposure time (Χ2 = 7.43, df = 1, P = 0.006; Kruskal-Wallis). Beads
without Pandora sp. nov. did not produce any conidia.
Psyllids were exposed to the beads during peak sporulation at day

four (see Fig. 3 – duration Sm4). Treatment (Χ2 = 43.30, df = 3,
P < 0.0001; survreg) and insect species (Χ2 = 14.24, df = 1,
P = 0.0002; survreg) had highly significant effects for the survival of
C. pyri and C. picta (Supplementary Table S1). For both species, treat-
ments with Pandora sp. nov. beads (Sm4, Sm2Chi2) significantly
reduced the survival time compared to beads without fungus
(Blank) or no beads (Control) (Fig. 5). For the Sm4 formulation, the
pear psyllid C. pyri had a significantly decreased mean survival time
(6.5 ± 0.7 d) compared to C. picta (9.5 ± 0 d, Fig. 5).

3.4 Infection bioassay for evaluation of dose–response
effects against C. pyri
The proportion of Pandora sp. nov. in beads had a significant
effect on mean numbers of conidia produced (χ2 = 33.04,
df = 4, P < 0.0001; Kruskal–Wallis). Pandora20 beads produced
4 × 104 ± 2 × 103 conidia. This was significantly more (z = 3.49,
P = 0.001; Dunn–Bonferroni) than for Pandora40 beads that

Figure 2. Pandora sp. nov. growing from calcium alginate beads after 6 days of incubation on water agar plates (A). Conidiophores are observable on the
bead surface within the first 24 h (B). Actively discharged conidia from encapsulated Pandora sp. nov. (C).

Figure 3. Duration and intensity of conidial discharge by Pandora sp. nov. from different beads within the first 12 days after bead preparation. Different
letters in the legend indicate significant differences according to RM-ANOVA with Games-Howell post hoc test at P < 0.05. Means ± SD, n = 5.
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produced 3 × 103 ± 5 × 102 conidia). Both Pandora20 and Pan-
dora40 beads produced significantly more conidia than Pan-
dora10 beads (z = 2.39, P = 0.03; Dunn–Bonferroni), that
produced 1 × 104 ± 2 × 103 conidia. Beads without Pandora
sp. nov. material did not produce any conidia.
Treatment with distinct bead formulations with varying Pandora

sp. nov. concentrations had a highly significant effect on the
mean survival time of C. pyri (χ2 = 31.25, df = 4, P < 0.0001; surv-
reg; Supplementary Table S2). The survival time of C. pyri treated
with Pandora20 and Pandora10 beads was significantly reduced
in comparison to C. pyri treated with Control or Blank beads
(Fig. 6). The cumulative mortality for pear psyllids C. pyri treated
with Pandora sp. nov. beads showed up to 89% (± 6) mortality.
For insects exposed to beads containing Pandora sp. nov., the
median survival time was reached between 5–6 days or 8 days
after inoculation with Pandora20 and Pandora10 or Pandora40
beads, respectively (Fig. 6). Since the cumulative mortality did
not reach 50% for C. pyri without fungal exposure (Control, Blank)
the median survival time could not be determined. Even though a
natural cumulative mortality up to about 42% (± 9) was observed
within 10 days, C. pyri cadavers without fungal exposure (Control,
Blank) did not show post-mortem signs of Pandora sp. nov.
infection.

4 DISCUSSION
Several studies on conidial discharge in Entomophthorales have
reported a rapid increase of conidia numbers discharged from
infected cadavers and fresh or dried mycelial mat preparations
as well, with a peak occurring within the first 2 days after death
of the host insect followed by a fast decrease and cessation of
sporulation within only 3 days.46–50 After encapsulation of Pan-
dora sp. nov., a sporulation peak occurred at day 4 after bead
preparation and conidial discharge was observable for at least
12 days. This is much longer, compared to the report on the same
fungus by Olsen et al.,50 who observed a single peak sporulation
event <50 h and a maximal sporulation duration of 125 h using
mycelia mats grown on solid culture media, transferred to wet
filter-paper and incubated under similar temperature and humid-
ity conditions. Moreover, in the present study the total number of
discharged conidia increased by the addition of skimmed milk as
nutritional adjuvant compared to beads without nutritional addi-
tives. This is in accordance with the observation of Shah et al.51

who increased conidial discharge by P. neoaphidis encapsulated
in alginate beads by addition of milk-based nutrients. There are
several other reports on the positive effects of formulation on
sporulation capacity and infection potential of other ento-
mophthoralean fungi, especially in comparison to the sporulation
capacity of infected cadavers.52–54 Compared to these studies, the
total number of 9.57 × 106 conidia discharged by formulated Pan-
dora sp. nov. per bead is even higher. Thus, the formulation within
calcium alginate beads had at least two beneficial effects:
(i) Prolonged sporulation duration, and (ii) Increased conidia pro-
duction due to nutrient addition. After peak sporulation, conidia
numbers decreased rapidly but since it was reported that 50 con-
idia of P. neoaphidis per m3 air are sufficient to cause an epizootic
in the field,55,56 the beads may still remain infective after peak
sporulation. Our results indicate that formulation possess a prom-
ising option to overcome the well-known problem of the Ento-
mophthorales of very short sporulation capacities observable
from cadavers.
In the infection bioassays, summer apple psyllid Cacopsylla picta

and pear psyllid C. pyri were successfully infected and killed by
Pandora sp. nov. formulations. Moreover, a fast speed-to-kill was
observed with a median survival time of only 5 to 6 days for pear
psyllid C. pyri exposed to formulated Pandora sp. nov. In compar-
ison, the screening of 17 Hypocreales species or strains on Asian

Figure 4. Effect of Pandora. sp. nov. concentration in beads on conidial
discharge during day 4 after bead preparation. Different letters above bars
indicate significant differences based on Kruskal-Wallis and Games-Howell
post-hoc range test at P < 0.05. Means ± SD, n = 5.

Figure 5. Survival [%] for psyllids a) C. picta (n = 48/treatment and b) C. pyri (n = 48/treatment) 10 days after exposure to beads containing Pandora
sp. nov. visualized by Kaplan–Meier curves. The dashed black lines indicate the median survival time. Individuals which escaped or died due to handling
mishaps were marked as censored events, indicated by tick marks on the Kaplan–Meier curve.43
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citrus psyllid Diaphorina citri Kuwayama (Hemiptera: Liviidae)
revealed a median survival time of approx. 6 to 10 days whereas
for eight fungal species or strains the mortality rate did not even
reach 50% within 10 days.57 In the same experiment, we hypoth-
esized that chitin may serve as a virulence-enhancing formulation
adjuvant for improved infection efficiency of Pandora sp. nov. as
reported for other entomopathogenic fungi.33,58,59 Previous
experiments indicate that Pandora sp. nov. can metabolize chitin,
as significantly more conidia were discharged from beads con-
taining chitin compared to beads without this additive
(P < 0.001; Tukey post hoc test; Supplementary Fig. S1). Even
though beads containing chitin in combination with skimmed
milk produced higher amounts of conidia, there was no effect
on mean survival time compared to the formulation without chi-
tin for both tested psyllid species.
In the second experiment, 20% appears to be an optimal Pandora

sp. nov. concentration to obtain high conidia numbers. In compari-
son, formulations containing 40% Pandora sp. nov., however, pro-
duced significantly less conidia. This may be explained by (i) a
fastermetabolization of the nutrients due tomore viable fungal cells,
or (ii) self-metabolization of the fungus due to a lack of nutrients, or
(iii) release of toxic components by the fungus e.g. ammonium, or
(iv) a temporal shift of the peak sporulation and warrants further
investigations. Moreover, it was found that a formulation containing
10% of Pandora sp. nov. was sufficiently effective in killing C. pyri and
C. picta., as neither 20% nor 40% Pandora sp. nov. concentrations
were able to significantly reduce themean survival times any further.
Taken together with the results obtained in earlier studies on Pan-
dora sp. nov.'s pathogenicity for four additional Cacopsylla
sp. using mycelia mats,12–15 the findings indicate the high potential
of our formulation (Sm4) for pest control strategies of several psyllid
pest species of fruit crops. Noteworthy, in infection bioassays with
pear psyllid C. pyri and summer apple psyllid C. picta, we found that
therewere significant differences in susceptibility to Pandora sp. nov.
infections between the two psyllid species. The significantly reduced
mean survival time as well as the higher cumulativemortality of pear
psyllids C. pyri suggests a higher susceptibility of C. pyri in compari-
son to C. picta. This finding is especially interesting as the fungus
was originally isolated from a Cacopsylla spp. on pear trees. However,
the difference in virulence towards C. pyri and C. picta could also be
due to the effect of frequently transferring Pandora sp. nov. through

C. pyri as culturemaintenance practice and not through C. picta. Nev-
ertheless, the results of our bioassay are in accordance with another
study, which reported that aphid species were more susceptible to
infection by entomophthoralean fungi when the fungal inoculum
originated from cadavers of the same species (conspecific) opposed
to other aphid species (heterospecific).60 Nonetheless, this finding
may also be caused by the high variation in conidia produced of
respective formulations in both studies. Given the high variance in
conidia produced of beads within the same formulations here
observed under infection bioassay conditions, we propose that this
issue may be the starting point for further standardization and
improvement of the formulation. Additional improvements should
be aimed at objective conidia quantification. In the present study
conidia were collected in SDS solution to prevent germination and
eliminate the stickiness, however this method is labor-intense and
subjective. As conidial discharge is one key parameter to evaluate
the infection potential of an Entomophthorales formulation, autom-
atized conidia quantification methods were recently developed by
our group to further improve the comparability of conidia
quantification.61

5 CONCLUSION
The results of this study provide a valuable basis for an urgently
needed novel environmentally friendly and economically justifi-
able control approach for psyllids as agricultural pest insects.
Nonetheless, experiments were carried out under laboratory con-
ditions with fresh beads. It is well known that sporulation of fungi
from Entomophthorales is strongly affected by temperature and
humidity conditions.50,62,63 Ongoing experiments deal with dry-
ing and shelf life of the formulation as well as improved water
retention to enable sporulation under non-saturated humidity
conditions present in European fruit orchards. Further studies
are needed to prove the potential of the developed formulation
under field conditions in order to develop a commercial product.
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