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Biopriming of broad bean seeds with entomopathogenic fungus
Metarbizium robertsii J.F. Bisch., S.A. Rehner et Humber, 2009
does not affect invertebrate communities of the agroecosystem

O6paboTKra ceMsIH KOPMOBBIX 0000B YdHTOMONIATOTEHHBIMM IPUbamu
Metarbizium robertsii J.F. Bisch., S.A. Rehner et Humber, 2009 ue
BAMSIET HAa COOOIJecTBa 0ECITO3BOHOYHBIX SKMBOTHBIX B arpoljeHO3e
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Abstract. Biopriming, or treatment of seeds with useful mi-
croorganisms such as beneficial fungi, can be a promising strat-
egy in agricultural cultivation. The results obtained indicate that
the treatment of bean seeds with the entomopathogenic fungus
Metarhizium robertsii J.F. Bisch., S.A. Rehner et Humber, 2009
improved the phytosanitary situation of the sowing of the crops.
However, the effects of such treatment on non-target organisms
living in the soil and on plants have not been sufficiently studied,
and it is not known very well whether such treatment would
alter invertebrate communities. Here, we addressed the effect
of treating broad bean seeds (Vicia faba L.) with the conidia of
entomopathogenic ascomycete M. robertsii on the diversity and
abundance of invertebrate communities in the agroecosystem
in the south part of West Siberia in 2019 and 2020. We have
analyzed the effect both on the general invertebrate communities
as well as on the main pests of beans. In the case of bean pests,
we assessed the rate of plant infestation by aphids (Hemiptera:
Aphididae) and the degree of leaf damage by leafminer flies

Liriomyza bryoniae (Kaltenbach, 1858) (Diptera: Agromyzidae).
In most cases, the treatment did not lead to significant changes
in the total abundance of the soil invertebrates and herbivores
or the abundance of predominant taxa (Coleoptera: Carabidae,
Staphylinidae, Elateridae, Scarabaeidae, Curculionidae; He-
miptera: Miridae, Cicadellidae, Aphididae; larvae of Diptera).
A positive effect of treatment on population density of the soil
macrofauna was noted for Diptera larvae in June 2019. Regard-
ing aphids and leafminer flies, no significant effect was observed
in terms of the proportion of plants with aphids and the density of
aphid colonies on individual plants throughout the season, and no
significant influence was found on the proportion of plant leaves
damaged by leafminer fly larvae. In summary, in Western Sibe-
ria, the treatment of broad bean seeds with M. robertsii (having
a positive effect on the phytosanitary state and development of
plants) did not significantly affect non-target arthropods com-
mon for bean fields as well as the main pests of beans, namely
aphids and miner flies.
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Pe3ztome. brionpaiimMuHr, 1m 06paboTKa ceMsTH MONIe3HBIMU
MHKPOOPraHU3MaMH, TAKHMHU KaK SHTOMOIIATOI€HHbIE IPUOBbI,
MOXeET ObITh MHOTOOOEIIAIOIIEH CTpaTeruel B CeIbCKOM XO-
3siicTBe. ITosyueHHbIE pe3ynbTaThl CBUIETEIBCTBYIOT O TOM,
410 00paboTKa ceMsH (acoNu SHTOMOIIATOTCHHBIM I'pUOOM
Metarhizium robertsii J.F. Bisch., S.A. Rehner et Humber, 2009
yiIy4mmia GUTOCaHUTApHYI0 00CTaHOBKY ITOCEBOB KYJIBTYPEL.
OpnHaxo BIMSHHE TaKOH 00pabOTKM Ha HELleEeBbIE OPraHU3MBL,
oOHTalOIIME B [IOYBE, U HAa PACTCHUS HEJOCTATOYHO H3y4€eHO,
1 HE OYeHb XOPOIIO N3BECTHO, N3MEHHT JIM Takast 00paboTka
coofmmecTBa OecrO3BOHOYHBIX. B Hacrosimei pabore Mbl
paccMotpenu BiusHHE 00pabotkm cemsiH ¢acomn (Vicia
faba L.) KOHUAUSAMH YHTOMONIATOT€HHOTO rPprba aCKOMHULIETA
M. robertsii Ha pa3HOOOpa3He U YUCICHHOCTh COO0IIECTB Oec-
MO3BOHOYHBIX B arpodKocucTeMe Ha tore 3anagHoi Cudupu
B 2019 u 2020 rr. AHAJM3UPOBAJIH BIMSHHE KaK Ha oOmime
0COOEHHOCTH COO0IIECTBAa OECIO3BOHOYHBIX, TAK M HA OC-
HOBHBIX Bpenurelne ¢aconu. B cimydae Bpenuteneit dpaconu
OLICHUBAJIM CTENCHb 3apaxkeHus pactenuit Tisimu (Hemiptera:
Aphididae) 1 cTeneHb MoOpakeHHs JIUCTbEB MUHHPYIOLICH
Myxoit Liriomyza bryoniae (Kaltenbach, 1858) (Diptera:
Agromyzidae). B 6onpmmHCTBe citydaeB 00paboTka He TPUBO-
JIMJIa K CyIIeCTBEHHBIM N3MEHEHHSIM HH 00IIel YHCIICHHOCTH
MIOYBCHHBIX OECII03BOHOYHBIX I XOPTOOMOHTHBIX (puTodaros,
HHU YUCJICHHOCTH NPeoONaalonuX TaKCOHOB (JKECTOKOKPHI-
neie: Carabidae, Staphylinidae, Elateridae, Scarabaeidae,
Curculionidae; nmomyxectkokpsuibie: Miridae, Cicadellidae,
Aphididae; mouBeHHbIE JUYMHKN ABYKpPBUIBIX). [Tomoxku-
TEJIbHOE BIMSHHE OOpabOTKM HA YHCIEHHOCTh ITOYBEHHOM
MakpogayHsl OBUIO OTMEUEHO IS JINYUHOK IBYKPBUIBIX B
nioHe 2019 . B oTHOIIEHNN Tiel M MUHUPYIOLMX MYyX J0-
CTOBEPHOTO BJIMSHUS Ha JIOJIF0 PACTEHUHA C T/IIMHU M INIOTHOCTb
KOJIOHHH TJIel Ha OTIEJbHBIX PacTEHHAX He HaOII0aIoch B
TEUEeHHUE BCETO Ce30Ha, U He OBUIO OOHAPYKEHO CYIIeCTBEH-
HOTO BIIMSIHUS Ha JIOJIO JINCTHEB PACTCHUH, MMOBPEXIEHHBIX
JMYMHKaMU MUHHUpYIomeld Myxu. Takum oOpasom, B 3anan-
Hoi Cubupu 06paboTka ceMsiH (pacoii IHTOMONATOICHHBIM
rpubom M. robertsii, yay4mas GUTOCAHUTAPHYIO CUTYaLHIO
Ha ToJIe ¥ COCOOCTBYS Pa3BUTUIO PacTEHHMIl, HE OKa3bIBasIa
CYIIECTBEHHOTO BIIMSHUS Ha IIOYBEHHYIO (hayHy ¥ XOPTOOHOH-
TOB, OOBIYHBIX JUIS (PacOJIeBBIX MOJIEH, a TAKXKE HAa OCHOBHBIX
BpeauTeneit pacoan — el i MUHUPYIOIIUX MYX.

Introduction

Entomopathogenic ascomycetes Metarhizium So-
rokin, 1879 are common soil fungi. They develop on
host insects and interact with different plants as unspe-
cialized rhizosphere colonizers and endophytes [Vega,
2018; Stone, Bidochka, 2020]. It is a well-known fact
that biopriming using fungi may lead to many desirable
effects on plants, such as the promotion of growth, nitro-
gen and phosphorus delivery, modulation of immunity,
increased defense against phytopathogenes and pest
insects [Moonjely et al., 2016; Cardarelli et al., 2022;
Metwally et al., 2022]. Moreover, plant colonization by
the entomopathogenic fungi may lead to changes in the
abundance of herbivore arthropods through a variety of
factors, such as direct contacts with fungal propagules,
an influence of fungal toxins on arthropods when they
are feeding on fungi-colonized plants, biochemical
changes in colonized plants, influence on plant biomass
and terms of their development etc. Negative effects on
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arthropods are mainly manifested as disturbances in ar-
thropods feeding, decrease in larval weight and survival,
drop in fecundity, changes in host choice and decrease
in abundance [Gange et al., 2019]. It is well-known that
treatment of plants with entomopathogenic fungi (for ex-
ample by inoculation of seeds) leads to their subsequent
dispersal in the root system and rhizosphere soil [Keyser
et al., 2014]. Therefore, an increase in abundance of
fungi may influence non-target arthropods in the soil.

Previous studies on the treatment of plants with ento-
mopathogenic fungi have shown inconsistent effects on
phytophages [Vidal, Jaber, 2015; Bamisile et al., 2018;
Vega, 2018]. This can be explained by differences in
environmental conditions and experimental methods in
these studies. For example, investigations in systems
«entomopathogenic fungi— plants— insects» were mostly
conducted in laboratory and greenhouse conditions, with
only a few field experiments [Vega, 2018]. Inconsistent
effects may also be caused by differences in trophic
relationship between arthropods, plants and endophytic
fungi. The fungal community in plants and in the soil of
the rhizosphere is always represented by a wide range
of non-entomopathogenic fungi, mainly phytopathogens
and saprotrophs [Stuart et al., 2018; Barelli et al., 2020;
Tyurin et al., 2021]. In a recent meta-analysis, Gange
et al. [2019] showed that entomopathogenic (and non-
entomopathogenic) endophytes have negative effects on
insects from various orders, with the most pronounced
effects on sucking insects Hemiptera, Thysanoptera and
Hymenoptera. It should also be noted that the effect of
entomopathogenic fungi on non-target arthropods was
studied mainly under the conditions of direct contacts of
the invertebrates with fungal propagules (direct inocu-
lation or inoculation of the environment with fungi) as
well as of feeding with fungal metabolites [Flexner et
al., 1986; Roy Pell 2000; Jaronski, 2007; Zimmermann,
2007]. Little is known about the effects on rhizosphere or
endophytic colonization of plants by entomopathogenic
fungi on non-herbivore invertebrates.

Regarding the colonization of broad beans, Vicia
faba L., with entomopathogenic/endophytic fungi and its
influence on insects, several assays have been performed
in laboratory conditions using sterile substrates. Spe-
cifically, Jaber and Enkerli [2017] registered successful
systemic colonization of V. faba after soaking the seeds
in the suspension with both Beauveria bassiana (Bals.-
Criv.) Vuill. (1912) and M. brunneum and subsequently
growing them on sterile substrates, however, the effect
on arthropods was not assessed. Akello and Sikora
[2012] investigated endophytic colonization of V. faba
with B. bassiana and M. anisopliae on sterile soil and
showed negative effects on aphids Acyrthosiphon pisum
(Harris, 1776) and Aphis fabae Scopoli, 1763. Akutse et
al. [2013] used sterile manure mixture and demonstrated
anegative effect of V. faba colonization with B. bassiana
on leafminer Liriomyza huidobrensis (Blanchard, 1926)
(Diptera) and its parasitoids Phaedrotoma scabriven-
tris (Nixon 1955) and Diglypus isaea (Walker, 1838)
(Hymenoptera). However, to our knowledge, there are
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no studies on inoculation of V. faba with entomopatho-
genic fungi that would assess its effects on target and
non-target invertebrates in field conditions. In addition,
even though many studies have focused on assessing the
effects found after treatment of plants with entomopatho-
genic fungi [Jensen et al., 2019, 2020], the effects of seed
treatment with entomopathogenic fungi on the structure
of invertebrate communities are still insufficiently
studied, and the degree of possible negative impact on
non-target invertebrates may be underestimated.

This work is a part of a comprehensive study of the
effect of endophytes on the entire agricultural system of
the broad bean field, including agricultural plants, fungi
and invertebrates, both pests and accompanying species.
The characteristics of the colonization of plant tissues
and rhizosphere soil by the fungus M. robertsii, as well
as the effects on plants, are detailed in our previous work
[Ashmarina et al., 2022]. We found that soaking broad
bean seeds with M. robertsii conidia before planting led
to significant decrease in the intensity of plant diseases
(root rot, powdery mildew, spotting) even at a relatively
low level of plant colonization by the fungus. In addition,
this treatment stimulated the formation of active nodules
on the roots, increased plant biomass and the yield of
beans in agroecosystems in Western Siberia. The results
obtained indicate that the treatment of bean seeds with
the entomopathogenic fungus M. robertsii improved the
phytosanitary situation of the sowing of the crop, and
in the future, this technique can be used in agricultural
practice [Ashmarina et al., 2022].

The effect of the treatment of broad bean seeds with
the entomopathogenic fungus Metarhizium robertsii, on
the abundance and structure of soil microarthropod com-
munities in the rhizosphere was assessed [Novgorodova
et al., 2022] simultaneously with the current investiga-
tion. Compared with the control, no adverse effect was
revealed on both the abundance of soil microarthropods,
including mites (Mesostigmata, Oribatida, Astigmata,
Prostigmata) and springtails (Collembola), and the struc-
ture of microarthropod communities. Therefore, dressing
seeds with a conidial suspension for plant inoculation,
with entomopathogenic fungi (at least M. robertsii), can
be assumed as a potentially safe method of plant protec-
tion for soil microarthropods [Novgorodova et al., 2022].

The aim of this work was to investigate the effect of
treatment of broad bean seeds with M. robertsii conidia
on the composition and structure of invertebrate mac-
rofauna communities in the agroecosystem. The goals
of this study were as follows: (1) to assess the impact
of processing on the soil macrofauna (inhabitants of the
soil and its surface), as well as insects — dwellers of
the grass stand (herbivores); (2) to assess the impact of
treatment on the main pests of beans, namely, the level
of plant infestation by aphids, and the extent of leaf
damage by miner flies.
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Materials and methods

PLANT AND FUNGAL MATERIAL

Broad beans (Vicia faba L.) of breed «Sibirskii» were
chosen as a model plant culture. Metarhizium robertsii
(strain P-72, Genbank #KP172147) from the collection
of microorganisms of the ISEA SB RAS was used in
the study. Fungal conidia were cultivated on autoclaved
millet as previously described [Ashmarina et al., 2022].
Concentrations of conidia were determined using a
Neubauer hemocytometer. The viability of conidia was
checked by plating of suspensions on Sabouraud dex-
trose agar. Germination percentage was 95 %.

LOCATION AND EXPERIMENTAL SETUP

Field trials were carried out over two summer
seasons in 2019 and 2020 in the forest-steppe zone of
Western Siberia in the vicinity of Novosibirsk (Kras-
noobsk settlement; 54°55'30" N, 82°57'30" E) at the
field station of the Siberian Federal Scientific Centre
of Agro-BioTechnologies of the Russian Academy of
Sciences (SFSCA RAS). The soil of the experimental
site consists of leached chernozem, medium-thick,
medium-loamy. Experimental plots (10x3.9 m? for each
plot) were established, where the effect of treating beans
seeds with the entomopathogenic fungus Metarhizium
robertsii on invertebrate communities was assessed in
comparison with the control. In 2019, the experiment
was carried out in four replicates (a total of 8 plots were
established), and in 2020 the experiment was carried out
in five replicates (a total of 10 plots).

SEED TREAT MENT, PLANTING AND MAIN EFFECTS
ON PLANTS

The treatment of plants was carried out by soaking
the seeds according to the previously described method
[Tomilovaetal., 2019; Ashmarina et al., 2022]. Conidia
were suspended in a water-tween solution (Tween-20,
0.04 %) with a final concentration of 5 x 107 conidia/ml.
The seeds of the broad beans were treated with the
suspension (2.5 liters per 20 kg of the broad beans) and
dried overnight before planting. The control was treated
with a conidia-free water-tween solution. The planting of
beans was carried out on May 16™in 2019, and on May
19" in 2020, when the soil temperature at a depth of
6—8 cm reached 8—10 °C. The beans were planted using
an Optima seeder (Kverneland Group Soest, GmbH)
in one tier. The seeding depth was 6-8 cm, the width
between the rows was 70 cm, with a seeding rate of
400 thousand germinable beans per hectare. Harvesting
took place on October 10" in 2019 and September 18
in 2020.

In 2019, the level of colonization on the plots treated
with M. robertsii did not differ from the control. But in
2020, fungi treatment resulted in a 2-fold increase in the
number of CFU (colony-forming units) of M. robertsii in
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the rhizosphere soil in June-July (p < 0.05). In June, the
colonization of internal tissues of stems and root surfaces
reached 18 % and 36 %, respectively, compared to 4 %
of Metarhizium-positive plants in the control. In the fol-
lowing months (July—August), the level of colonization
decreased to the control values [Ashmarina et al., 2022].

COLLECTING OF INVERTEBRATES

Soil macrofauna and herbivores. To investigate the
taxonomic composition and abundance of invertebrates,
counting of invertebrates using a modified method of
soil sampling [ Byzova et al., 1987; Tropical Soil Biol-
ogy ..., 1993] was carried out twice during the season
(in 2019, on June 20" and 25" and on August 14" and
16'"; in 2020 on June 22" and 23", and on August 12
and 13%). Soil samples with the size of 25x25x10 cm?
with bean plants (from 3 to 5, usually 4) on them were
packed in ventilated bags made of synthetic fabric, and
then the contents were disassembled by hand, while
examining both the soil and the plants. This technique
makes it possible to take into account the number of both
soil inhabitants and the population of the aboveground
parts of plants. In order to reduce the influence of the
uneven distribution of invertebrates, three samples were
taken from each plot in each of the counts. Thus, the
total number of soil samples was 48 in 2019 and 60 in
2020. (Fig. 1).

The collected invertebrates were placed in 70 %
ethanol solution and then classified in the laboratory up
to large taxa (orders in the case of annelids, arachnids,
millipedes, insects other than Coleoptera; or families in
the case of Coleoptera). Several sources were used to
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identify the material [Mamaev et al., 1976; International
standards ..., 2022].

Aphids. Aphids were counted three times per season
during different periods of plant vegetation: the branch-
ing phase (on June 11%, 2019, and on June 3%, 2020;
hereinafter referred to as «Juney), the budding phase
(on July 23", 2019, and on July 15%, 2020; hereinafter
referred to as «July») and the seed maturation phase (on
August 30™, 2019, and on August 17", 2020; hereinafter
referred to as «August»). At each site, 10 randomly se-
lected plants were examined. The number of aphids per
plant and the proportion of plants infested with aphids
were counted. Insects were collected into the 70 % al-
cohol solution for further species identification. In total,
during the study, 540 plants were examined (240 in 2019
and 300 in 2020), 1575 aphids were collected (217 in
2019 and 885 in 2020). Analysis of the material and
further identification of aphids was carried out using
Stemi 2000-C and Zeiss Axiostar Plus microscopes.
Aphid slide mounts were made using the Faure-Berlese
mounting medium. When identifying aphids, an Internet
resource was used based on the works of Blackman and
Eastop [1994, 2000, 2008, 2020] which includes current
information on aphids [ Blackman, 2020]. Synonymy
was given according to Favret [2022]. All materials were
transferred and are currently stored at the ISEA SB RAS
(Novosibirsk, Russia).

Miner flies. To determine the level and dynamics of
plant infestation with miner flies, the damaged foliage
was counted twice per season in 2019 and three times
in 2020, during different periods of plant vegetation: the
branching phase (on June 3%, 2020), the budding phase
(on July 237, 2019, and on July 15%, 2020) and the seed

Fig 1. General view of the experimental broad bean field. Soil sampling, August 14%, 2020. Foto: LI. Lyubechanskii.

Puc. 1. O6mymit Bup onsrrHOro 606080r0 MOAsL. OT60p 06pasyos, 14 asrycra 2020 r. Qoro: M. Arobevanckmit.
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maturation phase (on August 30", 2019, and on August
17", 2020). At each site, 10 randomly selected plants
were examined. The leaf blades were examined for the
presence of characteristic damage (mines). Both mines
with larvae and those that were empty at the time of the
survey were taken into account.

In order to assess the level of infestation of bean
plants at different stages of development, the number
of mines on each infected leaf was counted, and the
proportion of infected leaves of a certain zone of the
plant was assessed, specifically, up to the peduncles
(hereinafter «the lower part of the plant») in July 2019
and June 2020, the part of the plant with peduncles
(hereinafter «the middle part») in July 2019 and 2020,
and above the peduncles (hereinafter «the upper part of
the plant») in August 2019 and 2020. Due to the impos-
sibility of assessment in June 2019, the lower and middle
parts of the plant were examined simultaneously during
the investigation in July 2019. In total, 160 plants were
examined in 2019, and 300 plants in 2020. To determine
the species of miners, at each stage of plant examination,
leaves with relatively fresh lesions characteristic for each
species of miner flies were selected and placed in plastic
containers for hatching adult flies (Figs 2—4).

The larvae were grown in the laboratory at room
temperature (20-24 °C), natural light and regular
moisture (60-70 %). In 2019, 24 larvae pupated, out
of which 6 adult flies and 11 parasitoids developed,
while 7 puparia died. In 2020, 23 larvae pupated, from
which 6 adult flies and 10 parasitoids developed, while
7 puparia died. Identification of adult flies was carried
out by examining external appearance using an Altami
PSO745-T stereomicroscope. Preparations of male
genitalia were made according to generally accepted
techniques for Diptera.

DATA ANALYSIS

For the soil macrofauna and the herbivores, the
analysis of the influence of the type of treatment on
the number of invertebrates was carried out using the
examples of the most numerous taxa, from 7 to 9 at
different times. The larvae and imagoes of Coleoptera
and Neuroptera (lacewings) were counted and analyzed
separately. Groups of invertebrates, in which the total
number for all experimental sites did not exceed 10
specimens per count, were taken into account only in
the comparative analysis of the number of taxa and the
total number of invertebrates at the plots with different
types of seed treatment. The variants of the invertebrate
populations at each experimental site were ordered
using multidimensional scaling after calculating the
Euclidean distance. For the comparative analysis of
the structure of invertebrate communities formed on
plots with different treatments, the Shannon informa-
tion index, the Simpson and Berger-Parker diversity
indices [Magurran, 1988], and the evenness of the spe-
cies structure [Buzas, Hayek, 2005] were calculated.
The significance of the difference was assessed using
a permutation test (n = 9999).
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Figs 2—4. Leafminer fly Liriomyza bryoniae image and caused
damage. 2 — adult, lateral view; 3 — open pupa; 4 — mines on
the leaves of beans. Photo: V.S. Sorokina.

Puc. 2—4. Munmpyrowas myxa Liriomyza bryoniae w Hanocumoe
eVl IIOBPEKACHME. 2 — MMAro; 3 — BCKPBITBI IIynapuri; 4 — MUHbI
Ha AncThsx 606os. Qoto: B.C. Copoxnna.

The distribution of the studied parameters differed
from normal (Shapiro-Wilk criterion, p <0.05), therefore,
the Mann-Whitney test was used to estimate the effect of
seed treatment on the composition (number of taxa) and
abundance of soil macrofauna and herbivores (both in
total and for individual groups), as well as on the number
of aphids on plants, the proportion of plants infested
by aphids, and the level of plant infection by miner
fly larvae (proportion of leaves damaged by mines)
at different phases of development. Analyses were
performed using Statistica v.8.0.725, Past 4 [Hammer
et al., 2001], and Microsoft Excel.

Results

SPATIAL HETEROGENEITY OF THE POPULATION
AND POPULATION DENSITY OF SOIL MACROFAUNA
AND HERBIVORES IN TREATED AND CONTROL PLOTS

The distribution of the number of arthropod speci-
mens per sample differed from normal (Shapiro-Wilk
criterion, p<0.05). Soil invertebrates were predomi-
nantly represented by larvae and adults of Coleoptera
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families Carabidae, Staphylinidae, Elateridae, and
Scarabaeidae, as well as by Diptera larvae. Among
herbivores, Coleoptera (Curculionidae) and Hemiptera
(Aphididae, Heteroptera, mainly from Miridae family,
Cicadellidae) were prevalent. In June, at all plots, regard-
less of the year, specialized phytophages of legumes
of the genus Sitona Germar, 1817 (Curculionidae) and
ground beetles (Carabidae) were prevalent. The latter
were mainly represented by two species, Bembidion
quadrimaculatum (Linnaeus, 1761) and B. properans
(Stephens, 1828), which are usual inhabitants of arable
land in agrocenoses.

During the experiments in both 2019 and 2020, a
total of 29 groups of soil invertebrates were identified
in the samples. Among soil macrofauna, Coleoptera
imagoes and larvae (Carabidae, Staphylinidae, Scara-
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baeidae, Elateridae) and Diptera larvae were prevalent.
Coleoptera (Curculionidae) and Hemiptera (Aphididae,
Heteroptera (Miridae), Cicadellidae) were prevalent
among herbage inhabitants (Table 1). Representatives
of other invertebrate taxa occurred sporadically in the
samples and, cumulatively for all of the experimental
sites, constituted from 1% to 16 % of the total number
of invertebrates in each count. The number of the soil
macrofauna invertebrates and herbivores identified in
the experimental plots during the study, in most cases,
did not depend on the type of treatment. A decrease in
the total number of specimens in the plots treated with
M. robertsii was noted only in August 2020 at the level of
marginal significance (p = 0.06, Table 2). Using the ex-
amples of the most numerous taxa found in 2019 (June/
August — 7 out of 8 groups), and 2020 (June/August —

Table 1. Relative proportions of invertebrates of different taxonomic and functional groups at the plots with seeds
treated with the entomopathogenic fungus Metarhizium robertsii (Mr) and in the control plots (C). The order
of the groups corresponds to the total abundance of the group for the entire duration of the experiment

Tabanya 1. OTHOCUTEABHBIE AOAM OECIIO3BOHOYHBIX JKMBOTHBIX PA3HBIX TAKCOHOMMIECKMUX M QYHKIMOHAABHBIX IPYIII Ha
nmAomasKkax ¢ 06pabOTKON CEMSIH IHTOMONATOTEHHBIMI Tpubamu Metarbizium robertsii (Mr) m B KoHTpOAE
(C). IopsAOK TPYHII COOTBETCTBYET OOIell IMCACHHOCTI IPYIIIBL 34 BCe BPEMST SKCIICPUMEHTA

2019 2020
N Taxa Month C M C Vr
. - June <0.01 <0.01 0.03 0.11
! Hemiptera, Aphididae August 0.43 0.44 0.28 0.35
2 Coleoptera, Curculionidae il:;zst ggj 83&2_’ 8?21 <062001
3 Coleoptera, Carabidae i:geust 852 8(2)2 812 882
) June 0.01 0.01 0.01 0.03
4 Hemiptera, Heteroptera August 016 010 012 010
o June 0.04 0.01 0.02 0.05
5 Arachnida: Araneae August 0.03 0.01 0.1 0.16
J 0.03 0.05 0.02 0.03
6 Coleoptera, Carabidae (larvae) AL:JZ:Jst 0.02 0.09 0.03 0.03
June 0.02 0.02 0.03 0.02
7 Other Coleopt
er-oleoptera August 0.08 0.06 0.05 0.02
J 0 0 0 0.01
8 Hemiptera, Cicadellidae AL:JZ:Jst 0.02 0.03 0.08 0.07
J 0.07 0.02 0.02 0.01
9 Coleoptera, Staphylinidae AL:Jr;jeust 0.04 0.05 0.04 =001
J 0.01 0.01 0 0
10 Coleoptera, Scarabaeidae (larvae) AL:JZ:Jst 0.07 007 0.02 0.05
J 0.11 0.10 0.02 0.02
11 Coleoptera, Elateridae (larvae) AL:Jr;jeust 0 0.02 0 0
. June 0.02 0.11 0.03 0.01
12 Diptera (larvae) August 0 <001 <0.01 0
J 0 0 <0.01 0.01
13 Non-Formicidae Hymenoptera AL:Jr;jeust 0 0 0.01 0.02
J 0 0 0 0
14 Other Coleoptera (larvae) AL:JZ:Jst 0 0 0.01 0.03
J 0 0 0 0
15 Coleoptera, Coccinellidae (larvae) AL:Jr;jeust 0.01 =001 0.02 0.01
J 0.01 0.01 0 0
16 Coleoptera, Coccinellidae AL:JZ:Jst 0 <001 0.02 0.01
J 0 0 <0.01 0.02
17 Annelida: Enchytraeidae AL:Jr;jeust 0 =001 0.01 0
18 Coleoptera, Anthicidae ,Jﬁlijgist g 8 ) %1 ) %2
) June 0 0 0.01 0.01
19 Lepidoptera (larvae) August 0.01 0.01 0 <0.01
20 Coleoptera, Curculionidae (larvae) June 0 0 0 <0.01
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Table 1. (continuations)
Tabanya 1 (rpoprosskenme)
N Taxa Month C T Mr C = Mr
August 0 <0.01 <0.01 0.03
2 Neuroptera (larvae) iﬂngist 0.%2 0.%1 0.%1 g
22 | Chilopoda: Geophilidae i‘:gist 8:81 <O(')01 g 8_’81
23 Hymenoptera, Formicidae itgeust 0.%1 <O(.)01 0.%2 g
24 Coleoptera: Elateridae il:gist 881 0'81 g 0'81
J 0 0 0 <0.01
25 Acari, Trombidiformes ALlJJr;jeust 0.01 0 <0.01 0.01
5 [ e 3 z T -
27| Neuroptera iﬂngist g 8 <0(.)01 0.(2)1
28 Coleoptera, Histeridae il:gist 0'81 <O(')01 g 8
J 0 0 0 0
29 Non-Trombidiformes Acari ALlJJr;jeust 0 0 =001 0
Total number of groups il:gist 1: :: ;: ;3

Table 2. The abundance of invertebrates (overall and key taxa, per m?) and the overall number of taxa (per one
soil sample) at the plots with seed treatment with entomopathogenic fungi Metarbizium robertsii (Mr) and
at the control plots (C) in June and August 2019 and 2020 (mean=+standard error; Mann-Whitney test;
n=4in 2019 and 5 in 2020). Significant differences are highlighted in bold

Tabanua 2.

Obigee obmane 1 06UAME KAIOUEBBIX TAKCOHOB BECTIO3BOHOUHBIX YKUBOTHBIX (Ha M?), 0bIjee 9MCcAO TAKCOHOB

(1a oAHY moYBeHHYIO MPO6Y) Ha MAOIJAAKAX ¢ OGPABOTKOT CeMSIH SHTOMOIIATOreHHbIMM Ipubamu Metarhizium
robertsii (Mr) n B xourpoae (C) B niore n asrycre 2019 u 2020 (cpesHee = cpesHEKBaAPATHIECKAS OMIMOKa;
tect Manna-Yuram; n=4 8 2019 r. n 5 8 2020 r.). JKupHsim mpudTom BHIAECACHBI 3HAYUMBIE OTAMUMSI

2019 2020
Group (taxa) Month C Mr p C M p
N June 4.00%1.72 0.67% 0.67 0.16 1.60% 1.07 4.26: 1.07 0.13
raneae August 4.00%0.77 10.67+ 9.80 0.45 18.13% 3.52 18.13% 2.29 1.00
) June 1.33% 1.33 0.67% 0.67 1.00 1.07%0.65 3.20% 1.00 0.15
Heteroptera (Miridae) =1/ ot 2134+ 9.80 14.00+ 2.75 0.88 2027+ 4.35 1174% 4.51 0.20
Aphididas June 0 0 ; 2.13£1.31 10.13% 2.59 0.03
August 56.00 16.73 | 64.00% 20.34 0.88 48.53£ 16.03 | 4107517 1.00
Cioadelidas June 0 0 } 0 0.53% 0.53 0.42
August 2.67% 1.89 2.00% 1.28 1.00 13.33 4.54 8.00x 1.19 0.46
Corabi June 26.00% 3.51 28.67% 6.38 0.56 11.73% 5.76 7.471.56 1.00
arabidae August 8.00% 6.25 7.33%2.75 077 22.40% 7.66 7.47% 156 0.20
Carabidas (iarvas) June 3.34% 1.68 5.33% 1.0 0.37 1,60 0.65 267119 0.58
August 2.00% 1.28 1342 0.77 0.87 5.33x 3.04 3.20 155 0.83
— June 6.67% 2.31 2,67+ 1.54 0.28 6.94% 4.96 0.53% 0.53 0.08
Staphylinidae
August 4.67£1.28 13.33: 9.86 0.88 7.47£1.96 0.53% 0.53 0.04
Elateridas (amae) June 10.67% 2.88 11.33% 4.67 1.00 1.60% 0.65 1.60% 1.07 0.91
August 0 467+ 168 0.07 0 0 }
Corouliondas June 38.67+ 8.88 48.67% 7.49 0.47 19.20% 5.02 18.67% 2.80 0.75
August 5.33% 1.09 6.67% 2.31 0.46 3.73% 2.00 0.53% 0.53 0.19
Scarabaeidas (farvas) |28 134%0.77 0.67% 0.67 0.61 0 0 }
August 9.34% 847 4.67%2.96 0.88 3.20x 2.58 5.33% 3.68 0.91
Diptora (arvas) June 2.00% 0.67 12.67+ 3.98 0.03 2.13% 1.00 0.53% 0.53 0.23
August 0 0.67% 0.67 0.45 0.53% 0.53 373 247 0.23
Number of specimens. | 2218 94.00+ 12.34 | 116.67% 20.58 0.66 51.20 8.06 56.53+ 8.02 0.60
August 168.67 45.86 | 145.33% 35.52 0.67 170.67£ 2043 | 116.80: 1160 | 0.06
Number of groups | June 7.00% 0.71 6.00% 0.58 0.45 6.60% 0.68 8.20% 0.80 0.17
(taxa) | August 11.00% 0.71 10.75+ 1.31 0.88 14.20% 0.80 11.60% 1.25 0.23




186

7 out of 9 groups), we show that, in the overwhelming
majority of cases, the treatment with M. robertsii did
not have a significant effect on the abundance of soil
invertebrates (Figs 5—12; Table 2).

Significant positive effects of treatment were noted
for two groups. In June 2019, the abundance of fly
(Diptera) larvae was significantly higher in the plots
with seed treatment with M. robertsii compared to the

L.I. Lyubechanskii et al.

control (Table 2). In June 2020, a significant increase
in the number of aphids in samples collected from the
plots with treated seed was noted (Figs 5-12; Table 2).

Community diversity. Soil fauna communities at
plots with different treatment types included 14 to 24
invertebrate groups (Table 1), with no significant effect
of treatment on the number of taxa in both 2019 and 2020
(Table 2). In most cases (with the notable exception of
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Figs 5—12. Abundance of representatives of key groups of the soil macrofauna and herbivores (specimens / sample) at the plots
with seed treatment with the entomopathogenic fungus Metarhizium robertsii (Mr) and at the control plots (C) in June and August
2019, and 2020. Taxonomic groups: 5, 6 — Carabidae; 7, 8 — Staphilinidae; 9, 10 — Curculionidae; 11, 12 — Aphididae. Mann-Whitney

test: * p — <005; ns — p> 0.05; ns — no significance.

Puc. 5—12. Obuane npeAcTaBUTEAETE KAIOYEBBIX TPYIII IIOYBEHHON Me30QayHbl U KOMIIAEKCA XOPTOOMOHTOB (3K3./1poba) Ha IAOIjaA-
Kax ¢ o6paboTKOM ceMsH 3HTOMONATOreHHBIM rpubom Metarhizium robertsii (Mr) n B xourpoae (C) B mione n B asrycre 2019 n 2020.
Taxconomuueckue rpymmst: 1, 2 — Carabidae; 3, 4 — Staphilinidae; 5, 6 — Curculionidae; 7, 8 — Aphididae. Kpurepuiit Manua-Vuran:

* — p<0,05 ns — p>0,05 ns — HWKe YPOBHS 3HAIUMOCTH.
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Diversity indices in invertebrate communities at the experimental plots with seed treatment with ento-

mopathogenic fungus Metarbizium robertsii (Mr) and at the control plots (C) in different years. Different
letters in the lines indicate significant differences for individual years (permutation criterion: p < 0.05)

Tabanma 3.

[Toxkasarean p33H006p33V1;1 TpyIII 6eCITO3BOHOYHDIX HA IKCIICPUMCHTAABHBIX TIAOIJAAKAX C 06pa60T1<or?1 CEMIH

SHTOMOTIaTOTeHHbIMI Tpubamm Metarhizium robertsii (Mr) n B xorrpoae (C) B pasHble ToAbL Pasabimm Gyxsammn
B CTPOYKAX OBGO3HAYCHDI 3HAUMMBIE PA3AUIMS AAS OTAEABHBIX TOAOB (TiepmyTanmonHbi kputepuit: p <0 .05)

2019 2020
Indices Month c Mr c Mr

June 1.7912 1.6822 1.801° 2.164°
Shannon index

August 1.9642 2.045° 2.421° 2.268°

June 0.759° 0.7412 0.747° 0.827°
Simpson index

August 0.769° 0.7722 0.8632 0.8272

June 0.4612 0.4482 0.5052 0.4842
Buzas-Gibson Evenness

August 0.413° 0.4072 0.4502 0.460°

June 0.389° 0.4172 0.4192 0.330°
Berger-Parker index

August 0.429° 0.440¢° 0.2842 0.3522

June 2020), treatment had no significant effect on the
species diversity and species evenness in the invertebrate
communities at the experimental sites (Table 3).

At the end of June 2020, the species diversity and
abundance of invertebrates were significantly higher at
the plots with M. robertsii treatment: the values of the
Shannon and Simpson indices on treated plots were

significantly higher than in the control (Table 3).

The distributions of variants of the invertebrate popu-
lation along the ordination plane in the experimental and
control plots were similar in June, August 2019, and June
2020, forming symmetrical clouds around the origin of
coordinates (Figs 13—15). In August 2020, the distribu-
tion of points formed by the experimental sites was much
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Figs 13—16. Ordination (Euclidean distance, multidimensional scaling) of variants of the invertebrate communities at the experimental
plots. 13 — June 2019; 14 — June 2020; 15 — August 2019; 16 — August 2020. Control plots are marked with white icons, while
the treated plots with Metarhizium robertsii are marked with black icons.

Puc. 13—16. Opannaymst (eBKAMAOBO PACCTOSIHME, MHOTOMEPHOE LIKAAMPOBAHNME) BAPUAHTOB HACCACHNMS OECIIO3BOHOYHBIX Ha IKCIIe-
PMMEHTaABHBIX maomaskax. 13 — 5 uione 2019 r; 14 — B mione 2020 r; 15 — B asrycre 2019 r; 16 — B asrycre 2020 r. KorTpoasHbIE
maoraaky obosHaters Geabimn 3uadkamu, obpaGoranmsie rpubom Metarhizium robertsii — wéprimmn.
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Figs 17—18. Proportion of Vicia faba L. plants with aphid
colonies from plots with beans treated with the entomopathogenic
fungus Metarbizium robertsii (Mr) and from the control plots (C).
17 — in July and August 2019; 18 — in July and August 2020.
Mann-Whitney test: ns — p > 0.05.

Puc. 17—18. Aoast pacrermit Vicia faba L. ¢ xosoHMsIMM TACT
Ha IAOLJaAKaX ¢ ObOpaboTKoiM cemsH OODOB SHTOMOIATOrEHHBIM
rpubom Metarhizium robertsii (Mr) u B xourpoae (C). 17 — B mioae
n asrycre 2019; 18 — B mroae n asrycre 2020. Kpurepnii Manna-
Vuran: ns — p > 0,05.

denser, even though the centers of the distributions in the
experiment and control were the same (Fig. 16). This may
indicate greater uniformity in the invertebrate community
structure at the experimental sites.

APHIDS

Aphids (Hemiptera: Aphididae) of four species from
three genera were detected on the beans: Acyrthosiphon
pisum (Harris, 1776), Megoura viciae Buckton, 1876, Aphis
fabae Scopoli, 1763 and Aphis spiraecola Patch, 1914.
A. pisum were prevalent both in 2019 and 2020 (Table 4).

LI. Lyubechanskii et al.

Colonies of aphids Megoura viciae were rare and
few. Single aphids Aphis fabae and A. spiraecola were
observed at the experimental plots only in August.

In the first ten days of June (plant branching phase),
aphids were not found on the examined plants in 2019
or in 2020. In July (budding phase), aphids of two
species (4. pisum, M. viciae), with absolute prevalence
of A. pisum, were detected at the experimental plots
(Table 5). The ratio of A. pisum to the total number of
aphids collected during this period was 100 % in 2019
and 99.19 % in 2020 (Table 5). There were no significant
differences between the treated and the control plots in
terms of the proportion of plants infested with aphids
(Mann-Whitney test: 2019, U =7.00, p=0.88; 2020, U =
7.50, p = 0.35; Figs 17-18) and in terms of the overall
number of aphids on individual plants (Mann-Whitney
criterion: 2019: U = 5.00, p = 0.47; 2020: U = 9.00,
p = 0.53; Figs 19-20).

A similar situation was observed at the end of the
season. In August (seed maturation phase), aphids of 4
species with the prevalence of A. pisum were observed
at the experimental plots (Table 4). The ratio of A.
pisum to the total number of aphids collected during this
period in 2019 and in 2020 was 89.57 % and 93.24 %,
respectively. During this period, aphids of 2 to 3 species
were encountered at the plots with different types of
treatment. There were also no significant differences
between the plots treated with M. robertsii and the control
plots, both in the proportion of plants infested with aphids
(Mann-Whitney test: 2019: U=7.5,p=1;2020: U=11.0,
p = 0.83; Figs 17-18), and in terms of the number of
aphids on plants (Mann-Whitney criterion: 2019: U =796,
p=10.969; 2020: U=4.5, p=0.12; Figs 19-20).

In summary, according to the results of this two-year
experiment, treatment of seeds of Vicia faba L. beans
with the entomopathogenic fungus M. robertsii did not
significantly alter the proportion of plants with aphids
or the density of aphid colonies on individual plants.

Table 4. The number of aphids collected at the experimental sites with seed treatment with the entomopathogenic
fungus Metarbizium robertsii (Mr) and at the control sites (C) in different years
Tabanya 4. Uncao 3K3eMIIASIPOB TAEH, COOPAHHBIX HA AKCIIEPUMEHTAABHBIX IAOIJAAKAX ¢ 06pabOTKOM CeMsIH SHTOMOIIA-
ToreHHbIM rpubom Metarbizium robertsii (Mr) u B xonTpoae (C) B pasHble TOABI
. 2019 2020

Aphids Month C M C M

June 0 0 0 0

Acyrthosiphon pisum (Harris, 1776) July 20 34 419 312
August 100 46 45 93

June 0 0 0 0
Megoura viciae Buckton, 1876 July 0 0 5 1
August 1 13 8 0

June 0 0 0 0

Aphis fabae Scopoli, 1763 July 0 0 0 0
August 1 0 0 1

June 0 0 0 0

Aphis spiraecola Patch, 1914 July 0 0 0 0
August 0 2 0 1

June 0 0 0 0

Total | July 20 34 424 313

August 102 61 53 95
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LEAF MINER FLIES

At all stages of the experiment in 2019 and 2020 the
leaves of the beans Vicia faba L. were damaged by the
leaf miner fly Liriomyza bryoniae (Kaltenbach, 1858)
(Agromyzidae). According to the data on the imago
hatching from pupae, the rate of infection of larvae
with parasitoids at the experimental plots was quite high
both in 2019 and in 2020, namely, 64.7 % and 62.5 %,
respectively.

Treatment of bean seeds with the entomopathogenic
fungus M. robertsii did not significantly affect the rate
of infestation of plant leaves with miners in most cases,
with the exception of August 2020 (Figs 21-22). During
this period, the proportion of infected leaves in treated
plants was significantly higher than in control (Mann-
Whitney test: U = 0.00, p = 0.009).

The degree of leaf blades damaged by the miner
at the experimental plots (and, in general, at all plots,
regardless of the treatment) in different years was quite
low and ranged from 1 to 3 mines per leaf.

The percentage of infected leaves in the middle
part of the plant did not differ significantly in different
years (Mann-Whitney test: 2019: 8.83 [7.24; 14.24];
2020: 13.21 [10.26; 15.16]; U = 27.0, p = 0.27). The
percentage of leaf infestation in the upper part of the
plant was significantly higher in August 2019 compared
t0 2020 (Mann-Whitney test: 2019: 30.63 [29.05; 40.55];
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Figs 19—20. The number of aphids on the Vicia faba L. plants
with the beans during seed treatment with the entomopathogenic
fungus Metarhizium robertsii (Mr) and the control (C). 19 — in
July and August 2019; 20 — in July and August 2020. Mann-
Whitney test: ns — no significance, p > 0.05.

Puc. 19—20. UncaeHHOCTS TAET Ha pacTermsx 60608 Vicia faba L.
pn 06paboTKe cemsIH 3HTOMOIATOreHHBIM rpubom Metarhizium
robertsii (Mr) n B xourpoae (C). 19 — B mone n B asrycre 2019;
20 — B mroae n B asrycre 2020. Kpurepnit Manna-Yuran: ns —
pasamuns He 3HaumMsL, p > 0,05.
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Figs 21—22. The proportion of Vicia faba leaves damaged by the leaf miner Liriomyza bryoniae at different stages of plant development
when bean seeds were treated with the entomopathogenic fungus Metarhizium robertsii (Mr) and in control (C). 21 — in 2019; 22 —
in 2020 (B). Bottom — the lower part of the plant (to the flower stalks); Medium — the middle part of the plant (with flower stalks);
Top — the upper part of the plant (above the flower stalks). Mann-Whitney test: * p < 0.05; ns — p > 0.05.

Puc. 21—22. Aoast nOBpesKACHHBIX AucTbeB Vicia faba munépom Liriomyza bryoniae Ha pasHbIx sTamax pasBUTMs PACTEHWI IIPU
obpabotke cemstH 60608 3HTOMOMaTOreHHBIM Ipubom Metarhizium robertsii (Mr) n B xorrpoae (C). 21 — B 2019; 22 — 2020. Bottom —
HIWKHSLSL 4acTh pactennst (A0 uBetoHocos); Medium — cpeansist yacts pactenns (¢ useroHocamn); Top — BepXHsist 4acTh pacTeHmst (Bbiiie
ysertorocos). Kpurepmii Manna-Yuran: * — p < 0,05 ns — p > 0,05.
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2020: 8.24 [7.54; 15.31]; U = 0.0, p = 0.0004). Due to
the registration of infestation of the lower leaves in 2019
in July instead of June, a comparative analysis for the
lower part in this case was not carried out.

Discussion

SOIL MACROFAUNA AND HERBIVORES

The presence of common soil fungi, such as ento-
mopathogenic ascomycetes Metarhizium robertsii, in
the soil in the case of agricultural cultivation may lead
to desirable effects on plants. In our previous investiga-
tion [Ashmarina et al., 2022] we established that soak-
ing broad bean seeds with M. robertsii conidia before
planting improve the phytosanitary situation on the
field. However, the colonization of plants by the fungi
can affect the composition and structure of invertebrate
communities. The effect of entomopathogenic fungi on
non-target arthropods has not been sufficiently studied,
with studies being limited to laboratory conditions
or direct-contact conditions of the invertebrates with
fungal propagules. This work aimed to close this gap
in knowledge by analyzing the effect of colonization
of broad been seeds on invertebrate communities in the
field conditions, as would be used in agriculture.

Our two-year analysis showed that inoculation of
beans with the conidia of entomopathogenic fungus
M. robertsii does not lead to significant alterations in
the invertebrate community. Nevertheless, we detected
some short-term significant changes in the abundance of
species and the number of phytophages and saprophages,
as well as an increased abundance of arthropods.
The composition of soil invertebrates found at the
experimental site was typical for agricultural fields of
chernozems of the South-West Siberia [Lyubechanskii
etal., 2023].

The treatment of broad beans with the M. robert-
sii did not significantly affect the composition or the
abundance of the soil dwellers and herbivores in most
cases. Most invertebrates rarely have contact with the
rhizosphere soil (grass and soil surface inhabitants) and
therefore did not have contact with fungal propagules.
Many of them have a very low abundance which is
insufficient for the entomopathogenic effect to be re-
vealed by the assay. However, this assumption requires
careful verification. At the same time, in June 2019, a
positive effect of fungal treatment on the abundance of
soil dipteran saprophage larvae was noted. This may be
due to the tendency of fly larvae to form aggregations
in places with an abundance of food, one of which, due
to random reasons, existed on plots with M. robertsii. In
addition, the positive effect of the treatment was revealed
at the end of June 2020 for aphids. This could be due to
the accelerated growth and development of plants after
seed treatment with the fungus, which makes plants
more attractive to winged migrants during their disper-
sal in June. Similarly, the higher species abundance of
arthropods at the sites treated with M. robertsii in June
2020 could be explained by the faster development of
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plants after seed treatment with the fungus [Ashmarina
et al., 2022].

APHIDS

All aphid species we found at the experimental plots
(Acyrthosiphon pisum, Megoura viciae, Aphis fabae,
and A. spiraecola) are widespread and common both
for natural habitats and for agroecosystems [Blackman,
2020]. Aphids of both species of the genus Aphis
are found on a wide range of secondary host plants,
including many agricultural plants. Acyrthosiphon
pisum and Megoura viciae prefer plants from the
Fabaceae family, while 4. pisum belongs to dangerous
pests of agricultural crops. 4. pisum was prevalent at
the experimental plots at all stages of the experiment.

The absence of aphids on the surveyed plants at
the first ten days of June 2019 and 2020 could be
explained by regional specifics. During this period,
winged migrants which did not yet manage to colonize
experimental plants dispersed. At the experimental
sites during this period, there were only a few winged
specimens. Two weeks later, at the end of June, a low
abundance of aphids was observed, and a positive effect
of seed treatment on the number of aphids during the
dispersal of winged migrants was revealed. However,
later these differences disappeared later.

In July and August, aphids were common on bean
plants. The number of aphids in individual colonies
reached up to 70 specimens both on treated and control
plots. It is known that seed treatment and subsequent
colonization of plants with entomopathogenic fungi
can lead to a significant decrease in density of aphids on
plants [Castillo Lopez et al., 2014]. However, according
to our two-year field experiment, the treatment of Vicia

faba beans with M. robertsii did not show a significant

effect on the proportion of plants with aphids and on
the density of aphid colonies on individual plants both
in the middle (plant budding phase) and end of the field
season (bean ripening phase). This could be due to the
low level of colonization of internal plant tissues by the
fungus. Earlier it was shown that when treating cotton
seeds with fungi Purpureocillium lilacinum and Beau-
veria bassiana, with the level of colonization of about
50 %, significant differences were established only in a
comparative analysis of colonized and non-colonized
plants, while when analyzing the general effect of treat-
ment, significant differences could not be detected. In our
case, we could not assess the effect of colonization due
to the low proportion of plants inhabited by the fungus
[Ashmarina et al., 2022].

LEAF MINER FLIES

The tomato leafminer Liriomyza bryoniae (Kalten-
bach, 1858) is included in the list of quarantine species
of the International Plant Protection Convention [Inter-
national standards ..., 2022]. L. bryoniae is a polyphage
[Spencer, 1990]. Our data indicate a low level of infec-
tion of plants with L. bryoniae larvae at the experimental
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site, and, most likely, the absence of a significant effect
of this species on the yield of beans. With a fairly low
degree of damage to leaf blades (1-3 mines per leaf),
the proportion of infected leaves at different stages of
plant development varied from 4.55 % to 87.43 % in
2019 and from 0 % to 21.64 % in 2020.

The low level of infestation of broad beans with L.
bryoniae in this case may be due to the high (more than
60 %) level of infestation of fly larvae with hymenopter-
an parasitoids, which can have a substantial impact
on the population of L. bryoniae in natural conditions
[Minkenberg, 1986]. It is known that entomopathogenic
fungi can lead to significant negative effect on the popu-
lation of mining flies [Migiro et al., 2010; Noujeim et
al., 2015]. Under the conditions of our experiment, the
treatment of beans with M. robertsii fungi did not cause
changes in the degree of infestation of plant leaves.
Moreover, in August 2020, the infestation of the upper
leaves upon treatment with M. robertsii was significantly
higher compared to control. This probably occurred due
to the low level of plant colonization with the fungus
under natural conditions. Laboratory experiments have
shown that mortality rate of flies depends both on the
isolate and the degree of plant colonization by the fungus
[Akello, Sikora, 2012; Akutse et al., 2013]. It is also pos-
sible that plants with higher plant biomass were more
attractive to miners.

Conclusions

1. Treatment of Vicia faba beans with the entomo-
pathogenic fungus M. robertsii in most cases did not
cause significant changes neither on the total abundance
of soil dwellers and grass stand inhabitants, nor on the
abundance of the most abundant taxa (Coleoptera: Ca-
rabidae, Staphylinidae, Elateridae, Scarabaeidae, Curcu-
lionidae; Hemiptera: Miridae, Cicadellidae, Aphididae).
The effects revealed for certain groups were slight. A
positive effect of treatment on population density was
registered only for soil saprophagous Diptera larvae in
June 2019.

2. Among aphids, Acyrthosiphon pisum, Megoura
viciae, Aphis fabae, and Aphis spiraecola were regis-
tered with a predominance of 4. pisum. Seed treatment
with the entomopathogenic fungus M. robertsii did not
significantly affect the proportion of plants inhabited
by aphids or the density of aphid colonies on individual
plants throughout the season.

3. At all stages of the experiment, the bean leaves
were damaged by the mining flies Liriomyza bryoniae
and high level of infestation with Hymenoptera was
observed (more than 60 %). With a fairly low degree of
damage to leaf blades (1-3 mines per leaf), the propor-
tion of infected leaves varied from 4.55 % to 87.43 %
in 2019 and from 0 % to 21.64 % in 2020. Bean seed
treatment with M. robertsii did not significantly affect
the degree of infestation of plant leaves by larvae of the
L. bryoniae.

In summary, the treatment of broad beans seeds with
the entomopathogenic fungus M. robertsii in agroeco-
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systems of West Siberia (having a positive effect on the
phytosanitary state and development of plants) did not
significantly affect the non-target groups of soil arthro-
pods typical for bean field, or the main pests of beans
(aphids and miner flies).
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