Journal of Invertebrate Pathology 200 (2023) 107971

ELSEVIER

Contents lists available at ScienceDirect

Journal of Invertebrate Pathology

journal homepage: www.elsevier.com/locate/jip
Entomophthoralean fungi overwinter with the bird cherry-oat aphid on s

bird cherry trees

Stéphanie Saussure 5" Annette Bruun Jensen ¢, Marie L. Davey 41" Annette Folkedal Schjgll %,

Karin Westrum “, Ingeborg Klingen *

2 Norwegian Institute of Bioeconomy Research (NIBIO), Division of Biotechnology and Plant Health, P.O. Box 115, NO-1431 As, Norway

b Norwegian University of Life Sciences, Department of Plant Science, P.O. Box 5003, NO-1432 As, Norway

¢ Department of Plant and Environmental Sciences, University of Copenhagen, Thorvaldsenvej 40, 1871 Frederiksberg C, Denmark

4 Norwegian Institute of Bioeconomy Research (NIBIO), Division of Environment and Natural Resources, P.O. Box 5003, NO-1432 As, Norway

ARTICLE INFO ABSTRACT

Keywords:
Overwintering structures
Entomopathogenic fungi
Biological control
Primary infections

In Scandinavia, the bird cherry-oat aphid Rhopalosiphum padi overwinter as eggs on the bird cherry tree Prunus
padus. Branches of P. padus were collected at the late February / early March from 17 locations in Norway over a
three-year period. We found 3599 overwintering aphid eggs, 59.5% of which were dead. Further, a total of 879
overwintering fungus-killed cadavers were observed. These cadavers were found close to bud axils, where
overwintering eggs were also usually attached. Cadavers were infected with either Zoophthora cf. aphidis or
Entomophthora planchoniana. All the fungal-killed cadavers were filled with overwintering structures of Z. cf.
aphidis (as resting spores) or E. planchoniana (as modified hyphal bodies). We found a significant negative cor-
relation between eggs and cadavers per branch. However, both numbers of eggs and cadavers varied greatly
between years and among tree locations. This is the first report of E. planchoniana overwintering in R. padi ca-
davers as modified hyphal bodies. We discuss whether P. padus may act as an inoculum reservoir for fungi

infecting aphids in cereals in spring.

1. Introduction

Winter in temperate and subarctic climates represents a bottleneck
for many species, especially for poikilothermic organisms such as insects
and fungi. Consequently, several overwintering strategies have been
naturally selected to overcome cold conditions and lack of resources: for
example, antifreeze agents are synthesized in structures adapted to
overwintering; or behavioural avoidance is used, such as overwintering
in buffering environments, e.g., under snow cover (e.g., Snider et al.,
2000; Nielsen et al., 2003; Bale & Hayward, 2010; Kunert et al., 2019).
Successful overwintering is critical for establishing new populations in
spring and has implications for all organisms sensitive to temperature
changes. In agroecosystems, this is particularly significant for pests and
their natural enemies. Indeed, pest pressure and the need for biological
control are dictated partly by the quantity and quality of local reservoirs,
both of which are products of the overwintering success of organisms at
both trophic levels.

The bird cherry-oat aphid, Rhopalosiphum padi (Hemiptera: Aphi-
doidea), is one of the major pests in Europe on cereals (Blackman and
Eastop, 2007). In northern Europe, it is completely holocyclic and occurs
on different plant hosts over the year. During summer, R. padi feeds on
cereals and other grasses (Poaceae) (Finlay and Luck, 2011), and during
autumn and spring it feeds on the bird cherry, Prunus padus (Rosales:
Rosaceae) (Leather, 1992). At the beginning of autumn, aphids produce
alate gynoparae and males that migrate to their winter host (Leather,
1992). They choose bird cherry trees that will maximise the fitness of
their offspring (Leather, 1986; Kurppa, 1989). The males slowly mature
and the gynoparae females produce oviparae females that can mate and
produce overwintering eggs containing glycerol as a cryoprotectants or
antifreeze agent that confers cold resistance to -40 °C (Somme, 1969).
Oviparae females seem to locate themselves randomly within a tree
(Leather, 1981a), although their choice of egg-laying site is non-random
(Leather, 1981b).

Oviparae females compete for the best egg-laying sites: sheltered
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locations in the bud axils (a behavioural avoidance strategy) (Leather,
1992). When population densities are high, females will also lay eggs in
the cracks of branches (Kurppa, 1989). At first, egg mortality is density-
dependent, and only sheltered, well-attached eggs survive the first
difficult winter conditions (Leather, 1992). Even among those eggs laid
in optimal sites, 3% egg mortality per week was estimated, increasing to
6.5% per week in early spring due to the increased activity of natural
enemies. Total winter survival of eggs was estimated to be around 30%
(Leather, 1980; 1983). At the beginning of spring, eggs hatch, and
R. padi establishes new colonies on unfurling bird cherry leaves. New
fundatrices produce 2-3 wingless generations on the tree, after which
alates are produced that migrate to cereals or other graminaceous plants
(Hansen, 2006). Scandinavian studies have shown a correlation between
the number of overwintering eggs on bird cherry trees at the end of
winter and R. padi population size the following summer on cereals (e.g.,
Leather, 1983). In Norway and in Finland, bird cherry trees have been
monitored for R. padi eggs for more than 20 years. From this prevalence,
an estimate of spring R. padi pressure is then provided by a plant pro-
tection decision support system (in Norway: https://www.vips-lan
dbruk.no/ and in Finland: https://maatalousinfo.luke.fi/fi/cms/kasv
interveys/fi/kasterveys/arkisto/vanhat-tuomikirvaennusteet/).

Entomopathogenic fungi in the order Entomophthorales are an
important group of natural enemies of R. padi. Infection rates of up to
90% have been reported in aphid populations (Elkassabany et al., 1992;
Hatting et al., 2000; Chen and Feng, 2004; Barta and Cagan, 2004; 2007;
Jensen et al. 2008). Several fungal species have been documented as
infecting R. padi, namely: Pandora neoaphidis, Entomophthora plan-
choniana, Conidiobolus obscurus, Neozygyites fresenii, Zoophthora aphidis,
Z. radicans, and Z. occidentalis (Nielsen and Steenberg, 2004; Barta and
Cagan, 2004; Barta 2009; Manfrino et al., 2014). Entomophthoralean
fungi are mainly biotrophic with a close relationship to their hosts (e.g.,
Pell et al., 2010). They can form several overwintering structures: 1)
resting spores in the host or in the ambient environment (e.g., Klingen
et al., 2008; Duarte da Silveira et al., 2013; Hajek et al., 2018), 2) lor-
icoconidia (thick-walled conidia) found in soil (Nielsen et al., 2003), 3)
modified hyphae —with various shapes from irregular to club shaped and
slightly thicker cell wall- present either in cadavers or in soil (Keller,
1987), 4) semi-latent hyphal bodies in their live, hibernating hosts
(Klingen et al., 2008; Eilenberg et al., 2013). The formation of over-
wintering structures is induced by many factors, including change in
host morph, food quality, day length and temperature (reviewed in
Hajek et al., 2018). Further, activation and germination of over-
wintering structures may be induced by cues from the host itself (Nielsen
et al., 2003; Duarte da Silveira et al., 2013; Hajek et al., 2018). Previous
studies of fungus-killed R. padi on bird cherry trees reported cadavers
with conidia only (no overwintering structures) and mainly in autumn
(Nielsen and Steenberg, 2004; Barta and Cagan, 2004). Hajek et al.
(2018) hypothesized that entomophthoralean fungi would benefit from
overwintering close to where the host is active in spring since it would
optimise the probability of reaching the host and initiating primary
fungal infections in spring populations. Hence, we hypothesised that
entomophthoralean fungi of R. padi overwinter on or in the vicinity of
bird cherry trees.

The aim of this study was, therefore, to answer the following
research questions: 1) Do entomophthoralean fungi overwinter in
R. padi on bird cherry trees? 2) If so, what are their overwintering
structures? 3) Which fungal species are present in the overwintering
aphid population, and how prevalent are they? 4) Does the prevalence of
R. padi eggs and fungus-killed cadavers vary between years, latitude, or
tree locations?

2. Materials and methods
2.1. Field sampling

Ten branches of bird cherry located at the borders of cereal fields in
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Norway were collected between the end of February and beginning of
March from 17 locations (Fig. 1). Thirteen locations were monitored in
this way over three years (2017-2019), two locations for two years
(2017-2018), and two were sampled only in 2019 (Table 1). Branches
were sampled from the last annual shoots from the tree crown and
transported to the laboratory where they were either immediately
examined for cadavers and eggs or kept in cold storage (4-7 °C) until
examination to avoid hatching of eggs. Over three years, 450 branches
were examined for overwintering R. padi eggs and for fungus-killed
overwintering cadavers as described below.

2.2. Aphid and fungal species identification

Eighty-three fungus-killed overwintering cadavers collected in 2018
were cut in half laterally to separate the abdomen into two equal parts
(Table 2). One part was used for molecular identification and the other
for morphological observation.

2.2.1. Molecular identification

DNA was extracted from cadavers in 2 mL safe-lock Eppendorf tubes.
Tissues were disrupted by first shaking at 30 Hz for 1 min on a mixer mill
with one 3 mm tungsten carbide beads (Qiagen, Cat No. 69997) and 180
uL ATL buffer, followed by the addition of 20 pL proteinase K and in-
cubation at 56 °C overnight. DNA was then extracted from the homog-
enized samples using Blood and Tissues kits from Qiagen (ID: 69504)
following the protocol according to the manufacturer.

2.2.1.1. Aphid identification. Aphids were identified by amplifying and
sequencing the cytochrome oxidase I (COI) region using the primers
HCO02198 (TAAACTTCAGGGTGACCAAAAAATCA) and LCO1490
(GGTCAACAAATCATAAA GATATTGG) (Folmer et al. 1994). PCR re-
actions were carried out in 25 pL volumes, each with 200 uM of each
dNTP, 0.4 uM of each primer, 1X of PCR Buffer without MgCl,, 1.5 mM
of MgCl2, 1 U/rxn of Platinum DNA polymerase (ThermoFisher Scien-
tific ID: 10966026) and 3 uL of extracted DNA (undiluted) from our
samples. The PCR amplification was carried out with initial denatur-
ation for 3 min at 94 °C, followed by 6 cycles with denaturation for 30
sec at 94 °C, annealing for 30 sec at 45 °C, extension for 1 min at 72 °C,
followed by 35 cycles with denaturation for 30 sec at 94 °C, annealing
for 1 min at 51 °C, extension for 1 min at 72 °C and a final extension for
10 min at 72 °C. The products were kept at 12 °C until further analysis.

2.2.1.2. Fungi identification. Fungal species were identified by ampli-
fying and sequencing the large subunit (LSU) region of rDNA using the
Entomophthoromycota-specific primers nu-LSU-0018-5« (5«-GTAGT-
TATTCAAATCAAGCAAG) (Jensen and Eilenberg, 2001) and nu-LSU-
0805-3« (5«-CATAGTTCACCATCTTTCGG) (Kjoller and Rosendahl,
2000). The PCR reactions were carried out in 50 pL volumes each with
200 pM of each dNTP, 0.5 uM of each primer, 10 uL of Phusion HF Buffer
with MgClp, 0.02 U/uL of Phusion DNA polymerase (ThermoFisher
Scientific ID: F530S) and 3 pL of extracted DNA (undiluted) from our
samples. The PCR amplification was carried out with initial denatur-
ation for 30 sec at 98 °C, followed by 35 cycles with denaturation for 30
sec at 98 °C, annealing for 30 sec at 55 °C, extension for 30 sec at 72 °C
and a final extension for 10 min at 72 °C.

PCR amplification was verified by gel electrophoresis (Agarose from
Sigma, A9539, 1 %, 90 Voltage for 40 min duration) with intercalant
(Ethidium bromide from VWR, E406-5 mL), and successfully amplified
products were purified and Sanger-sequenced in the forward and reverse
directions by Eurofins Genomics (Cologne, Germany).

For each cadaver, consensus sequences for the insect COI region and
the fungal LSU were generated using Geneious v. 9 (Biomatters ApS,
Denmark). Megablast searches of the insect COI sequences against the
NCBI non-redundant nucleotide collection were used to identify the
aphid cadavers. A best match of > 99% identity to an aphid reference
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Fig. 1. Bird cherry (Prunus padus) branch collection sites for Rhopalosipum padi overwintering eggs and fungus-killed R. padi cadavers. Tree locations were sampled in
1 year (triangle), over 2 years (square), or over 3 years (round). The sites are numbered according to an increasing order along the latitudinal gradient. Figure drawn

by Robert Banfi.

sequence was required for positive identification to species level.
Regarding fungi identification, we used the taxonomy listed in Myco-
Bank as of the 1st of June 2023. Within- and between-group sequence
similarity was calculated for the fungal LSU sequences from our samples
using the PID2 calculation from the BioStrings package in R (Pages et al.,
2018). Fungal LSU sequences from the cadavers were combined with
entomophthoralean sequences retrieved from GenBank to generate a
data matrix for phylogenetic analysis. A single representative for each
unique sequence variant among the fungal LSU sequences was included
in the data matrix. Sequences were aligned using MAFFT v. 7 (Katoh and
Toh, 2008), and the resulting alignment was manually verified. Bayesian
analyses were conducted in Mr. Bayes version 3.2.2 (Ronquist et al.,
2012). Two independent runs of four Markov Chain Monte Carlo chains
with 5.0 x 10° generations each were made under a GTR + I + G model,
with trees sampled every 1000t generation. A final standard deviation
of < 0.01 for the split frequency was taken as an indication that
convergence had been achieved. The first 25% of sampled trees were
discarded as burn-in and posterior probabilities for each node of the
50% majority rule consensus tree were recorded.

2.2.2. Morphological identification

Morphological observations were conducted by mounting half of the
cadaver in lactic acid cotton blue (0.075% cotton blue in 50% lactic
acid), and fungal structures were observed and measured under a
compound microscope (200-400X). Aphid species and morph (adult or
nymph) were identified under stereo microscope (50-80X) according to
Blackman and Eastop (2007). No fungus-killed cadavers were found in
2019 and, unfortunately, no fungus-killed cadaver samples from 2017
were kept for identification purposes.

2.3. Counting Rhopalosiphum padi overwintering eggs and cadavers

In the laboratory, overwintering R. padi eggs and fungus-killed ca-
davers per branches were counted under a stereomicroscope (50-80X).
Open, empty, and flat R. padi eggs were recorded as dead, while full and
shiny black eggs were recorded as alive.



S. Saussure et al.

Table 1
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Average number (+SD) of Rhopalosiphum padi overwintering eggs, egg mortality, and overwintering fungus-killed R. padi cadavers per year and per tree. Ten branches
were collected and examined per tree over three years (2017, 2018 and 2019). The tree locations are ordered in the increasing latitudinal gradient. Average number of
eggs and cadavers: black bold: > 1; red bold: > 10. Egg mortality: black bold > 80 %; blue bold: < 50 %.

Trees 2017 2018 2019
Nb  Name Eggs Egg mortality ~ Cadavers Eggs Egg mortality ~ Cadavers Eggs Egg mortality Cadavers
(%) (%) (%)

1 Stokke 00 00 2.1£25 09+0.9 91.7 £ 3.5 22.2+72 06£0.8 75+18.7 0+0
2 Psaker 1.0+£1.2 100 +0 0+0 8.9+9.1 97.5+0.6 0.8+1.9 19+21 533+19 0+0
3 Lardal 1.8+1.1 95.8+ 1.2 13.2+16.4 9.7 +4.6 49.5+109 06+1.3 29+34 69.4+12.3 0+0
4 Buskerud 0+0 00 0+0 0.1+£0.3 100+ 0 3+£35 2.2+29 83.3+11.1 0+0
5 Blaker 49+54 625234 1.3+38 12.6 +12.1 45.1+58 5.2+54 0.8+1.7 100 +0 0+0
6  Auli 4.0+3.5 1000 0+0 1.1+21 54.3 +20.7 1.1+1.6 04+1.0 1000 0+0
7 Leirud 0.7+0.9 100+ 0 0£0 30.5+17.9 54.8+5.8 0.7+1.1 18.1+89 +3 0£0
8 Brandval 09+1.0 91.7 £3.5 18.9+13.3 9.8+5.7 71.2+10 15.3+163 24+24 56.2+157 0+0
9 Kirkenaer 3.6+32 686+11.2 0.2+0.4 11+59 89+1.6 0.8+1.9 8.0+5.1 72.5+3.2 0£0
10  Apelsvoll 5.1+4.0 7456 0+0 31.6 +£28.8 57 4.8 0.6+0.8 0.2+0.6 50+0 0+0
11  Suleng 9.1+9.0 51.2+5.5 0£0 343117 51.2+21 0.5+1.0 1.0+1.0 +4 0£0
12 Vinstra 54+58 87.4£2.6 0+0 101.3 + 26.6 50.9+0.8 1.0+1.3 - - -
13 Storgya 20+19 771+118 0£0 29.1+21.1 73.4+19 0.3£0.5 1.1+14 55+16 0+0
14  Meldal - - - 8.6+9.3 52.1+121 0.2£0.6 0.7+1.6 65 +0.2 0+0
15 Meeggen 0.6+0.7 80+16 0+0 0.5+0.8 66.7 £ 5.6 0+0 0.1+0.3 1000 0+0
16  Stjgrdal - - - - 0+0 00 0+0
17  Grgnnesby - - - - - - 0.5+0.8 100+ 0 00

— = no collection of branches.

Table 2

Number of Rhopalosiphum padi fungus-killed cadavers found on bird cherry branches at the late February / early March 2018 with the number of identified molecularly
individuals per species. The number of R. padi cadavers per biological stage are separated between nymph, adult, and unknown stage. The tree locations are ordered in

the increasing latitudinal gradient.

Cherry tree location in 2018

Number of R. padi fungus-killed cadavers

Biological stage of R. padi cadavers

#* Name GPS coordinates Total Identified Entomopht_hora Zoophtl?ora Nymph Adult Unknown
collected  molecularly planchoniana cf. aphidis

1  Stokke N59.25931, £10.29269 222 17 17 7 10

2 @saker N59.319436, E11.042608 8

3 Lardal N59.45765, E10.03441 6 3 3 3

4 Buskerud N59.887397, E9.88924 30 11 11 8 3

5  Blaker N60.010612, E11.321309 52 10 10 9 1

6  Auli N60.018079, E11.403685 10 5 5 4

7  Leirud N60.235676, E12.023339 7 4 1 3 2

8  Brandval N60.255749, E12.08266 153 15 15 14 1

9  Kirkeneer N60.441597, E12.099202 8 4 2 2 ) 2

10 Apelsvoll N60.704855, E10.869095 6 3 3 1 1 1

11 Suleng N61.56300, E9.855402 5 3 3 1 5

12 Vinstra N61.59912, £9.73751 9 4 1 3 4

13 Storgya N61.66299, E9.71835 3 2 1 1 1 1

14 Meldal N63.02119, £9.73070 2 2 2 1 1

15 Meeggen N63.294316, £10.29285

16 Stjgrdal N63.463413, E11.031647 _ R B N ; :

17 Grgnnesby N63.962843, E11.285051 _ _ - R N
TOTAL 521 83 11 72 59 2 22

#*= Location number as on map in Fig. 1.
— = no collection of branches.

2.4. Statistical analysis

We excluded tree locations and years without any aphid or fungus-
killed cadavers and tested for overdispersion of the number of eggs
(dead and alive) on branches from the 16 tree locations with the func-
tion “dispersiontest” from R package “AER” (Kleiber and Zeileis, 2008).
Since our data were overdispersed, we used zeroinflated count model
with Poisson distribution through the “zeroinfl” function from the “pscl”
package (Zeileis et al, 2008) to test the correlation between number of
eggs and number of overwintering fungus-killed R. padi cadavers, the
influence of year and the latitudinal coordinates of the tree locations. We
compared the different years to each other with estimated marginal

means (post hoc analysis, R package “emmeans”, Lenth 2017).
3. Results
3.1. Description and identification of fungus-killed overwintering aphid

3.1.1. Aphid identification and description

Insect COI sequences were successfully generated for 14 of the 83
aphid cadavers investigated, all of which were positively identified as
R. padi in BLAST searches. Among the 83 cadavers studied, 71.1% were
nymphs, 2.4% were adults and 26.5% were not possible to identify to
aphid stage due to the lack of crucial anatomical parts such as corniculae
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(Table 2). No anatomical evidence of wings was observed on any of the
fungus-killed cadavers.

3.1.2. Fungi identification and description

The fungal LSU sequences represented two distinct groups with >
99% sequence similarity that corresponded to two fungus-killed cadaver
morphotypes (see below) (Fig. 2). Between-group sequence similarity
was 77%. In the phylogenetic analysis, all fungal LSU sequences from
the cadavers nested within the Entomophthorales, which formed a
distinct, highly supported monophyletic clade (96% Bayesian posterior
probability [BPP]). The distribution among trees of all molecularly
identified cadavers are presented in Table 2.

The fungal LSU sequences from 72 cadavers formed a distinct clade
(100% BPP) grouped within other Zoophthora species and was sister to
an undescribed species of Zoophthora infecting Eurois occulta (Lepidop-
tera: Noctuidae, where only resting spores have been found, Avery and
Post, 2013) (Fig. 2). All of these fungal-killed R. padi cadavers belonged
to the same morphotype when observed under stereo- and compound
microscopes. The cadavers were black, dry, and hard to break without
immersing the body in a liquid (Fig. 3A, B). Legs, antennae and corni-
culae, when still attached to the body, were usually black but some in-
dividuals had brown legs. Many holdfasts extended from the abdomen
and thorax of the aphid and attached the cadaver body to the branch.

Journal of Invertebrate Pathology 200 (2023) 107971

The aphid body (thorax and abdomen) was filled with resting spores.
Under the microscope, these resting spores appeared smooth hyaline
and spherical with an average diameter of 39.2 ym + 2.59 (mean + SE)
(range: 30 — 45 pm) covered by a rough dark brown episporum (Fig. 4A,
B, D).

The fungal LSU sequences corresponding to the other 11 cadavers
formed a strongly supported (100% BPP) monophyletic clade with
representative sequences of E. planchoniana that were distinct from
other Entomophthora species, and the fungus is identified as
E. planchoniana (Fig. 2). These overwintering R. padi cadavers formed a
second morphotype and contained hyphal bodies only (no resting
spores). These cadavers were brown, dry, and varied from very hard to
relatively easy to break. Legs, antennae and corniculae, when still
attached to the body, were brown or yellowish (Fig. 3C). No holdfasts
were present (Fig. 3D), and the cadaver was attached to the branch by
being intertwined with the branch trichomes. The aphid body (thorax
and abdomen) was filled with “modified* hyphal bodies, which differed
from the normal hyphal bodies of the species by being of different shape
and having slightly thicker cell walls. Ten cadavers were filled with
modified hyphal bodies of heterogenous shape and length (Fig. 4C),
while one cadaver was filled with homogenous rod-shaped hyphal
bodies (Fig. 4E). The homogeneous rod-shaped hyphal bodies had a
mean length of 41.69 um + 5.07 (mean + SE) (range: 37.5-50 um) and a
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Fig. 2. Phylogenetic tree proposed by Bayesian inference for the fungal LSU sequences of two cadaver morphologies (in orange). The fungal LSU sequences from
fungus-killed Rhopalosiphum padi cadavers with resting spores formed a distinct clade sister to an unidentified species of Zoophthora from a resting spore infected
Eurois occulta (Lepodoptera: Noctuidae). Fungus-killed R. padi cadavers with hyphal bodies formed a monophyletic clade with sequences of Entomophthora plan-
choniana. The numbers close to the branches indicate the posterior probability values. NC: Neoconidiobolaceae, CP: Capillidiaceae, CB: Conidiobolaceae. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. A) and B) Overwintering fungus-killed Rhopalosiphum padi cadaver filled with resting spores of Zoophthora cf. aphidis A) Dorsal face of the cadaver, B) Ventral
face showing many holdfasts intertwine with trichomes from the tree, which attached the cadaver to the Prunus padus branch. C) and D) Overwintering fungus-killed
R. padi cadaver filled with modified hyphal bodies of Entomophthora planchoniana C) dorsal face, and D) ventral face of the cadaver showing no holdfasts. Photo:

Stéphanie Saussure.

mean diameter of 17.99 ym =+ 2.98 (mean =+ SE) (range: 12.5 — 22.5 ym).

3.2. Overwintering eggs and fungus-killed cadavers per branch

We observed a total of 879 cadavers and 3599 overwintering R. padi
eggs. Fungus-killed R. padi cadavers were found close to bud axils, where
overwintering R. padi eggs are also usually observed (Fig. 5A-C). When
the density of cadavers was high, some were also found on the branch
between buds (Fig. 5D). Two trees sampled had no eggs or cadavers
during one year. On trees with eggs and/or cadavers, the percentage of
branches per tree with only R. padi eggs varied from 46.7 to 58.5% per
tree; between 0 and 36.7% had a mix of overwintering eggs and ca-
davers, and 0 to 10% had only fungal cadavers.

The number of overwintering eggs per branch increased from south
to north, peaking at around 61.6°N (Fig. 6A). However, the number of
eggs per branch peaked at different latitudes depending on the year. A
similar pattern was observed when dead and live eggs were considered
separately but this is not illustrated. As for the number of cadavers per
branch, they were found in relatively large numbers below 60.7°N and

only in low numbers at higher latitudes (Fig. 6B).

The overall number of overwintering eggs per branch was negatively
correlated to the number of overwintering fungus-killed cadavers (F =
8.191, df = 1, p = 0.004) (Fig. 7A). The number of overwintering eggs
was significantly different between years (F = 74.042, df = 2, p <
0.001). More precisely, 2018 was significantly different from 2017 and
2019 (p < 0.001 for both comparisons), with a higher number of eggs
found in 2018. However, egg numbers in 2017 and 2019 were not
significantly different from each other (p = 0.663) (Fig. 7A). In total,
59.5% of the total overwintering aphid eggs were dead, and a big
variability in egg mortality per branch was observed. No general trend in
egg mortality rate along the latitudinal gradient was found (Fig. 7B).

3.3. Variability between bird cherry tree locations

We observed a high variability between bird cherry tree locations
and years in the average number of R. padi eggs per branch, and the
average number of overwintering fungus-killed R. padi cadavers per
branch (Table 1). No fungus-killed R. padi cadavers were found on any



S. Saussure et al.

Journal of Invertebrate Pathology 200 (2023) 107971

Fig. 4. A, B and D) Pictures of resting spores of Zoophthora cf. aphidis A) Resting spores with epispore and intertwined with rhizoids, B) Smooth and hyaline resting
spore without epispore showing two thick walls and D) uncoloured mass of resting spores showing a dark brown and rough epispore covering smooth and hyaline
spores. C and E) Pictures of overwintering modified hyphal bodies of Entomophthora planchoniana. C) Hyphal bodies of different shapes; D) Rod shaped hyphal bodies.

Photo: Karin Westrum and Stéphanie Saussure.

tree in 2019. Almost all tree locations in 2018 had a mix of R. padi eggs
and fungus-killed R. padi cadavers. The number of cadavers observed
ranged from O to 222 per 10 branches on one tree. In 2017, only a few
tree locations had overwintering fungus-killed cadavers. The variability
in cadaver and egg numbers between years among the trees can be
summarized as follows: 1) nine trees consistently had predominantly
overwintering R. padi eggs (Fig. 8A), 2) one tree consistently had pre-
dominantly overwintering fungus-killed R. padi cadavers (Fig. 8B), 3)
five trees had predominantly overwintering fungus-killed cadavers one
year and predominantly overwintering eggs the following year (Fig. 8C)
in 2018 only, two trees had a significant mix of overwintering cadavers
and eggs simultaneously (Fig. 8D).

4. Discussion

This study demonstrates that two fungal species in the order Ento-
mophthorales form overwintering structures in R. padi cadavers on bird
cherry trees, presumably to survive the winter. One species exclusively
formed resting spores in its host’s body. This species clustered in be-
tween the other Zoophthora species. Seven Zoophthora species are known
to be pathogenic to aphids (Z. aphidis, Z. phalloides, Z. radicans, Z. can-
adensis, Z. occidentalis, Z. orientalis, Z. anhuiensis) of which only
Z. aphidis, Z. radicans and Z. phalloides have been reported to infect
R. padi (Keller, 1991; Nielsen et al., 2001; Barta and Cagan, 2006; Barta,
2009; Manfrino et al., 2014). Based on our phylogenetic analysis, the
resting-spore forming species detected here is distinct from Z. phalloides
and Z. radicans. The resting spores we observed are morphologically
quite consistent with Keller’s (1991) account of Z. aphidis infecting

R. padi, which describes black cadavers filled with resting spores, which
are round with a diameter of 34.8-46.6 um (29-55 um) and a “rough,
black episporium, [which] separated easily from hyaline, smooth
spore”. The resting spores observed in this study were in the range
observed by Keller (30-45 um) but presented a rough dark brown
epispore. However, the lack of a reference DNA sequence from a known
isolate of Z. aphidis precludes unequivocal confirmation of the species
identification, and we hereafter refer to this fungus as Zoophthora cf.
aphidis. Even though several Zoophthora species have been found
infecting R. padi on P. padus, Zoophthora infections are usually not
recorded on R. padi when feeding on cereals in Europe (Nielsen et al.,
2001; Barta and Cagan, 2006), and Zoophthora species have until now
not been considered as an important natural enemy of cereal aphids in
Europe. Further, both of the latter studies were conducted in Denmark
and Slovakia, respectively, and both the prevalence and importance of
Zoophthora may vary with geographic location. This needs to be studied
further, however, since in our study, 87% of overwintering fungi
observed belonged to Zoophthora cf. aphidis.

The other fungal species identified from R. padi was E. planchoniana
overwintering as hyphal bodies within cadavers. Entomophthora plan-
choniana is a common fungus infecting aphids in cereals and may cause
epizootics (Barta and Cagan, 2006; Ben Fekih et al., 2015; Hatting et al.,
2000). It has also been reported on Sitobion avenae in Norway (Sletteng
2014) but not on R. padi. Keller (1991) found E. planchoniana infecting
R. padi and reported that it produced both primary conidia and resting
spores. Keller (1987) also reported that E. planchoniana overwinters as
modified hyphal bodies inside the oviparae of the sapling sycamore
aphid Drepanosiphum acerinum. However, our R. padi cadavers were
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Fig. 5. Typical micro-location for overwintering fungus-killed Rhopalosiphum padi cadavers and overwintering aphid egg close to bird cherry (Prunus padus). A) one
fungus-killed R. padi cadaver next to one overwintering aphid egg at a P. padus bud axil on last annual shoot. B) Twelve overwintering eggs close to the bud axils. C)
Eight fungus-killed R. padi cadavers close to a P. padus bud axil. D) When most of the bud axils are already overcrowded, cadavers were found on the branches
between buds. On this picture we can see a dead egg between buds. Legend: C: cadavers, E: alive eggs, DE: dead egg, B: bud. Photo: Erling Flgistad and
Stéphanie Saussure.
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filled with hyphal bodies only, and this is the first report of Keller (1987) have various shapes (from rod to straight shaped or even
E. planchoniana overwintering in R. padi cadavers as hyphal bodies. The slightly bent) and were embedded in undefined material. Their cell walls
E. planchoniana modified hyphal bodies in D. acerinum described by were also slightly thicker than those of the usual hyphal bodies. Keller
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only measured the rod-shaped hyphal bodies, which have a mean length
of 47.3 — 48.5 um (29 - 68 ym) and a mean diameter of 15.9 — 16.5 um
(12 — 21 um). Our observations correspond to the description given for
E. planchoniana by Keller (1987). In addition, the size of the rod-shaped
hyphal bodies we observed falls within the range indicated by him.

Barta and Cagan (2006) listed 33 entomophthoralean species in nine
genera infecting aphids. Further, Barta and Cagan (2004) and Nielsen
and Steenberg (2004) reported in total six entomophthoralean species
infecting R. padi in autumn on bird cherry trees. In these studies, no
overwintering structures were observed, however, it may indicate that
more species than observed in our study could potentially overwinter on
the bird cherry.

Our study showed an overall negative correlation between numbers
of overwintering eggs and cadavers per branch, which can explain the
low infection pressure on spring R. padi generations seen by Nielsen and
Steenberg (2004) and Barta and Cagan (2004). Further, the newly
hatched fundatrices feed on unfurling leaves, and live in galls that they
induce (Leather and Dixon, 1981). Hence, they are effectively protected
from airborne conidia or sporulating, overwintering cadavers outside
galls. Aphids could potentially have a higher probability of infection by
entomophthoralean fungi just prior to migrating to grasses. Moreover,
our study showed that aphids were typically killed during their nymphal
stage (71.1% of our samples). Males and gynoparae are alate individuals
colonizing bird cherry trees at adulthood; the only nymphal stages
produced on the bird cherry are oviparae (e.g., Leather, 1992). This
would suggest that the observed nymph fungus-killed cadavers were all
oviparae. Therefore, we hypothesise that the observed negative corre-
lation may be due to aphid mortality from fungal infections either at
nymphal stage before oviparae females and males could mate, or at
adulthood impeding mating or shortening life expectancy of oviparae,
consequently reducing overall reproduction and egg laying. This may
imply a reduction of the pest inoculum available during the next spring.
Cadavers of both fungal species were attached to branches on bud axils,
where oviparae lay their eggs. Keller (1987) also found infected
D. acerinum filled with overwintering hyphal bodies of E. planchoniana at
the same micro-location as D. acerinum overwintering eggs. Further,
Byford and Ward (1968) observed that aphids infected by
E. planchoniana on plum trees, Prunus domestica (Rosales: Rosaceae), die
in different locations on the tree depending on whether fungus-killed
cadavers produced resting spores (located on bark crevices) or conidia
(located on leaves). Entomopathogenic fungi are known to modify host
behaviour in many ways (e.g., Roy et al., 2006; Trandem et al., 2015).
We, therefore, speculate that these fungi could modify R. padi behaviour
to increase the likelihood of their host dying on egg-laying sites, which
might in turn increase the likelihood of the fungus surviving and
infecting the new aphid populations in spring. By extension, there may
be a competition between healthy oviparae females and
entomophthorales-infected nymphs for the best micro-locations on a
branch, in addition to the documented intra-specific competition among
oviparae females for the best egg-laying sites close to buds (Leather,
1992).

In our study, the number of fungus-killed cadavers was important
only until 60.7°N, while the total number of overwintering R. padi eggs
increased with the latitude until peaking at 61.6°N, when the fungi
prevalence was already significantly reduced. In Norway, cereals are
grown mainly at southern latitudes (e.g., Akershus or Hedmark), how-
ever, a considerable amount of spring cereals is produced in the
Trgndelag region (from 62.2°N to 65.1°N) (Statistisk Sentralbyra, 2023),
where only a few cadavers were observed. Consequently, we can hy-
pothesize that biological control realised by the fungi on the bird cherry
in autumn was not important in Trgndelag; however, aphids also appear
to overwinter in lower densities farther north. Eggs and cadavers
numbers peaked at different latitudes depending on the year in our
sampling. This could be explained by several factors such as climatic
conditions, population cycles, and cereal production variability and
needs to be studied further.

10

Journal of Invertebrate Pathology 200 (2023) 107971

The overall egg mortality recorded in our study (59.5 %) was in the
range of the average mortality rate previously observed [48.1 — 87.5%]
(Leather 1992). Leather (1980, 1992, 1993) listed several factors
potentially influencing the egg mortality: 1) when oviparae lay eggs in
sub-optimal locations (not at buds’ axil), these eggs are more vulnerable
to rough conditions and might be dislodged by rain and wind, 2) the
length of the winter period is then considered as the major factor causing
egg mortality, 3) in spring, natural enemies such as predatory arthro-
pods and birds can consume eggs. In our study, we did not monitor the
initial eggs number at the end of autumn to compare it to the eggs
number at the end of winter. Therefore, the mortality we observed is
only partial as not considering the missing and dislodged eggs.

The proportion of branches with only fungus-killed cadavers was
very low. However, the situations with a mixed population of eggs and
fungus-killed cadavers were highly variable between years, branches,
and tree locations. The high variability in numbers of overwintering
eggs and cadavers between years may be explained by several factors,
namely: 1) climatic conditions during the previous summer/autumn (e.
g., Steinkraus, 2006; Finlay and Luck, 2011); 2) different susceptibility
among the host aphid lineages to fungal infection; and 3) fungal isolates
with different virulence. A discussion of the two last factors mentioned is
presented in Eilenberg et al. (2019). The high variability in eggs and
fungus-killed cadavers observed within and between tree locations may
be explained by the behaviour of R. padi. Indeed, gynoparae select trees
on which they land (Archetti and Leather, 2005; Leather, 1986). Later,
oviparae express significant exploratory movements within the tree
(Leather, 1986) and select egg-laying sites (Leather, 1992).

The high variation in eggs and fungus-killed cadavers between trees,
years and probably also branches may lead to different annual epide-
miological patterns based on the following: 1) When only R. padi eggs
are present, the bird cherry tree may be considered only as an over-
wintering site for R. padi, 2) When only fungi are present, the bird cherry
tree may be considered as an overwintering site for fungi only, 3) When
both R. padi eggs and entomopathogenic fungi are present, fungi may
infect R. padi the following spring. Over several years, if R. padi eggs and
fungal pathogens overwinter on the same location, but during different
winters, the dormant fungi will be able to infect the aphid host in the
following spring.

Resting spores are not infective structures, but when exposed to
favourable conditions, they germinate and produce infective germ
conidia (e.g, Hajek et al., 2018). Overwintering hyphal bodies are not
infective either but produce conidiophores that may produce infective
conidia when exposed to favourable conditions (e.g., Keller, 1987). In
spring, R. padi fungal infection levels are usually low (Nielsen and
Steenberg, 2004; Barta and Cagan, 2004). This low spring fungal activity
on P. padus led Barta and Cagan (2004) to conclude that fungal infected
R. padi was not an important inoculum of entomophthoralean fungi for
summer populations of aphids in cereals. However, in our study, some
trees harboured many fungal overwintering cadavers: up to 222 ca-
davers on 10 branches from one tree (the one located in Stokke in 2018).
Because we only sampled low percentages of the total tree crown and
only the last year’s shoots, we may hypothesise that fungus-killed ca-
davers in the whole habitat can represent a significantly larger popu-
lation. Further, E. planchoniana did not produce holdfasts, and some
cadavers may have fallen to the ground more easily during winter.
Therefore, we may underestimate its prevalence, and the soil below the
tree canopy may contain overwintering fungal structures as well. We,
therefore, suggest that under proper conditions 1) entomophthoralean
fungi can significantly decrease R. padi overwintering population and
consequently the following spring aphid infestation and, 2) fungus-
killed R. padi cadavers can represent an important entomophthoralean
reservoir and consequently an important inoculum the following spring.

More practically, our study argues for including counts of fungal-
killed cadavers in the Nordic monitoring programs, in addition to the
existing monitoring of R. padi overwintering eggs on the bird cherry tree.
The number of cadavers per branch can provide an indication of
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biological control in autumn on the winter host of the pest. It also gives
us an indication of potential biological control in the following spring
and summer. However, as mentioned earlier, the genus Zoophthora is
almost never observed on cereal aphids feeding on cereals, even though
it makes up 87% of our samples in 2018. Therefore, the important
autumnal natural enemy, Zoophthora cf. aphidis, most likely completes
its biological cycle on a different host in a different habitat. Further
research is needed to learn more about this species to potentially
incorporate it into IPM strategies. Entomophthora plachoniana, on the
other hand, is commonly found in cereals, therefore, it may be more
straightforward to incorporate into IPM strategies. However, further
research is needed to fully assess potential fungal natural enemy
threshold above which we can assume cereal aphids will not represent a
major pest in spring. Future experiments should try and estimate the
probability of these overwintering cadavers to initiate diseases in aphid
spring population and its influence on the consequent aphid pest pres-
sure in cereals.

5. Conclusion

Entomophthorales overwinter in R. padi on its winter host, the bird
cherry tree. Overwintering modified hyphal bodies of E. planchoniana
and resting spores of Zoophthora cf. aphidis were recorded. Fungus-killed
R. padi cadavers were attached to bud axils at the same micro-location as
overwintering eggs. We found a negative correlation between aphid
overwintering eggs and fungus-killed cadavers and high variation be-
tween years and bird cherry tree locations. Some tree locations hosted
only eggs or cadavers, while others hosted a mix of both. Therefore,
fungal infection of spring R. padi populations is probably highly vari-
able. If trees harbor only overwintering fungus-killed cadavers one year
and only aphid eggs the following year and the fungus remains infective,
the persisting cadavers may remain as an inoculum reservoir even after a
one-year delay. We, therefore, suggest that entomophthoralean fungi
can significantly reduce overwintering aphid population, and that
P. padus may act as an inoculum reservoir for these two fungal species.
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