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Abstract — The aim of this study was to assess potential harmful lethal and sublethal effects of commercial plant
protection product containing Bacillus amyloliquefaciens QST 713 (formerly subtilis) spores on winter adult
honeybees according to OECD 245 (2017). Caged winter honeybees fed 10 days with a sucrose solution (50%
w/w) ad libitum spiked with a maximum application field rate of 1/1 and its 1/10 showed no dose-dependent
mortality under laboratory conditions; the No Observed Effect Concentratlon (NOEC) appears to be higher than or
equal 4 x 107 colony-forming unit (CFU)/ml diet, resp. 4 x 10'° CFU/I diet. Although the results of Denaturing
Gradient Gel Electrophoresis (DGGE) analysis showed no significant changes in the composition of gut bacterial
community between untreated control and experimental groups after 10 days of chronic exposure, the expression of
genes encoding antimicrobial peptides was decreased in one/both treated groups in comparison with untreated
control group; significantly lower results of expression were detected in genes for Apidaecin, Defensin-1, and
Hymenoptaecin. Despite no direct lethal effect of commercial plant protection product containing Bacillus
amyloliquefaciens , QST 713 was observed in adult bees following chronic exposure; the decrease in some immunity
parameters observed in tested winter bees may potentially impair bee colony health and survival.

Apis mellifera | Bacillus amyloliquefaciens QST 713 / exposure / toxicity / gut microbiome / immune system

1. INTRODUCTION

The market for biopesticides has been report-
edly growing at an average annual rate of 15%
since 2010 (Frabotta 2014). Over the coming
years, the growth is expected to be highest in
regions of North and Latin America, Europe,
and Asia (Olson 2015).
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In the EU, the approval of microbial active
substances in plant protection products (PPPs) is
done at the strain/isolate level under the European
Regulation (EC) No. 1107/2009. A microorgan-
ism is defined as any microbiological entity, in-
cluding lower fungi and viruses, cellular or non-
cellular, capable of replication or of transferring
genetic material.

The commercial PPPs containing spores of
Bacillus amyloliquefaciens QST 713 (formerly
subtilis ) as the active ingredient are classified as
microbial fungicides. B. amyloliquefaciens strain
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QST 713 is a rod-shaped, Gram-positive, aerobic
bacterium which was first isolated from soil from
a peach tree orchard in Fresno County, California
(USA), in 1995 and was first classified as Bacillus
subtilis QST 713. Due to the close relationship
and physiological similarity of the species, data on
B. amyloliquefaciens can be used from data on
B. subtilis (EFSA 2018). The bacteria possess
significant efficacy against a broad spectrum of
economically important fungal and bacterial dis-
eases (incl. grey mould, powdery mildew early
and late blight, fire blight, scab, sour rot, bacterial
spot and walnut blight, etc.) in fruit and vegetable
production (EPA 2006).

According to valid EU-agreed Good
Agriculture Praxis directed use of Serenade®
ASO, calculated concentration of
B. amyloliquefaciens strain QST 713 in the spray
solution for application in strawberries and grape-
vines is expected as the highest concentration
agreed in EU (SANCO 2006; EFSA 2018). Field
application in grapevines with BBCH (the abbre-
viation BBCH derives from Biologische
Bundesanstalt, Bundessortenamt, and CHemical
industry) up to 89 (berries ripe for harvest) is
considered as a worst-case scenario for pollinators.
Bee-attractive blossom weeds found in vineyards
exposed during the application of Serenade®
ASO gives us an assumption that the risk to non-
target pollinators (honeybees included) cannot be
excluded, as the application itself can potentially
result in exposure of pollinators either through
direct over-spray, or by contact with “spores” on
plants while pollinators are foraging for food.

To that time, there is no scientific paper dealing
with potential harmful lethal or sublethal effects of
commercial product or technical product contain-
ing spores of B. amyloliquefaciens strain QST
713 as the active ingredient on non-target pollina-
tors. Some assessment reports from e.g. EPA or
EFSA can be freely found online (EPA 2006;
EFSA 2018). According to EFSA’s Renewal as-
sessment report, slight toxic effects of Bacillus
amyloliquefaciens QST 713 (formerly subtilis)
to honeybees from technical Bacillus
amyloliquefaciens QST 713 or the product
Serenade® ASO have been proven (EFSA 2018).

Most of the published studies are focused on
Bacillus thuringiensis, quite commonly used
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active ingredient of commercial PPPs used in
biological agriculture as insecticide. In vitro sus-
ceptibility of Varroa destructor and Apis
mellifera to native strains of B. thuringiensis
was tested by Alquisira-Ramirez et al. (2014).
Also, the effect of different B. thuringiensis
strains on the longevity of Africanized honeybee
is reported (Libardoni et al. 2018). Pathological
observations on midgut (the irregular epithelium
profile, numerous irregular cellular fragments of
different sizes interspersed with the fibrils of the
peritrophic membrane) of adult worker bees under
controlled acute exposure to a Bacillus
thuringiensis —based biopesticide were observed
(D’Urso et al. 2017). Except for the laboratory
studies, also the field assessment on the colony
performance after aerial application of Bacillus
thuringiensis subsp. Kurstaki was done (Lez
et al. 2014).

Only one laboratory study reported that
surfactin produced by B. subtilis has larvicidal
activity against mosquito Aedes aegypti (Revathi
etal. 2013).

In addition to the lethal effect of PPPs, very
important are their sublethal effects on immune
system which protects bees against diseases. Bee
immune response is composed of the social (im-
munity of whole colony) and the individual (im-
munity of individual bees) immunity. Both parts
are linked together (Wilson-Rich et al. 2009).
Innate immunity reflects the level of defence
against the pathogen infection. Individual immu-
nity consists of the cellular part (the hemocytes)
(Hillyer and Strand 2014) and the humoural part
(antimicrobial peptides—AMPs, agglutinins, ly-
sines) (Turner 1994). Lysozyme, one from lysines,
hydrolyzes the glycosidic bonds in bacterial cell
wall. In bees, two types of lysozyme have been
identified, the c-type and the i-type (Beckert et al.
2016) with two lysozyme genes encoding the c-
type and one gene encoding i-type lysozyme
(Evans et al. 2006). On the other hand, AMPs
have various activities against bacteria, fungi,
and protozoa (Casteels et al. 1993).

Traditionally, the measurement of the acute
toxicity of pesticides to beneficial arthropods has
relied largely on determination of an acute median
lethal dose or concentration. However, the esti-
mated lethal dose during acute toxicity tests may
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only be a partial measure of the deleterious
effects. In addition to direct mortality induced
by pesticides, their sublethal effects on arthro-
pod physiology and behaviour should be con-
sidered for the complete analysis of their im-
pact (Desneux et al. 2007).

Due to the intensive use of registered PPPs
containing B. amyloliquefaciens strain QST 713
in the last decade in many different crops in agri-
culture, the question has raised whether the use of
these products is sufficiently safe for non-target
pollinators. We chose winter honeybees as they
play a crucial role in overwintering success of
colony and according to our assumption described
above, they may be exposed to Serenade® ASO
containing B. amyloliquefaciens strain QST 713
under realistic field conditions. In our chronic
bioassay, we tested direct lethal effect of
Serenade® ASO containing B. amyloliquefaciens
strain QST 713 as well as the sublethal effects on
gut microbiome and immune system.

German national registration report gives us an
assumption for slightly higher product application
field rate in comparison with that agreed on EU
level in 2018. As per hectare, 8 1 of Serenade®
ASO, corresponding to 8.336 x 10'? CFU, is
used, suspended in a total water volume of 200—
800 I water. Assuming volume of 200 1 as a
“worst-case” exposure scenario for non-targetpol-
linators, the concentration of B. amyloliquefaciens
strain QST 713 in the spray solution will be 4.17 x
10'° CFU/l or 4.17 x 10" CFU/ml as a maximum
application field rate (MAFR) (Anonymous 2014;
EFSA 2018).

2. MATERIAL AND METHODS
2.1. Chemicals and used doses

In the present study, we used the commercial
formulation of Serenade® ASO instead of
B. amyloliquefaciens strain QST 713 active in-
gredient, in order to simulate real agricultural
conditions.

Registered PPP named Serenade® ASO con-
tains spores of Bacillus amyloliquefaciens strain
QST 713 and several substances produced by this
bacterium during fermentation process. It is a
biological fungicide formulated as a water
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dispersible granule, containing a minimum spore
concentration of 1 x 10'? colony-forming units
(CFU)/kg (equivalent to 13.96 g Bacillus subtilis
QST 713/kg product).

2.2. Chronic exposure (cage experiment)

To study the effect of prolonged exposure of
Serenade® ASO to winter honeybees, we per-
formed a cage experiment in October 2018 with
10-day chronic exposure scenario according to the
proposed method OECD 245 (2017).

All tested colonies, reared in our experimental
apiary, were free of obvious symptoms of bee
diseases and were located close to the experimen-
tal laboratory. No sanitary treatments (e.g. mite or
disease treatment measures) were conducted with-
in 3 weeks before the start of the experiment.

Winter adult bees were carefully brushed off
from combs and transferred into the laboratory.
Test cages in groups of 10 bees/cage were used
(five replicates per treatment) and kept in an incu-
bator (33 °C, 55% RH and darkness) for the next
11 days (with 1 day for acclimatisation).
Dimethoate as a reference item was used in this
experiment.

Because of acclimatisation, all tested bees
were fed with a sucrose solution (50% w/w)
ad libitum for 24 h prior to exposure. During
the exposure phase of next 10 days, caged
winter honeybees were offered sugar solutions
spiked with nominal concentrations of MAFR
of Bacillus amyloliquefaciens QST 713 and
1/10 of MAFR (please see above). Tested
winter bees were fed with a minimum spore
concentration of 4.17 x 10’7 CFU/ml diet as
the recommended field dose which was con-
firmed microbiologically on Day 1 and Day
10 of experiment.

Tested bees in the untreated control group were
fed a sugar solution without pesticide. Reference
item (dimethoate; single nominal concentration of
1.0 mg a.s./kg diet) was used in this bioassay to
verify the sensitivity and the reliability of the test
system (OECD 245 2017).

The choice of expected dose rate of 40 mg of
sugar solution/bee/day was based on our own
preliminary experience and on studies published
by Schmitzer and Kling (2014) and Decourtye
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et al. (2003). Caged bees are assumed to share
offered sugar solution with applied item due to
their social feeding behaviour (trophallaxis).
Offered sugar solutions (five replicates per each
concentration, positive control, and untreated con-
trol) were changed and weighted daily for the 10-
day duration of the exposure phase of experiment.
Weighing was done before and after feeding to the
bees and represents the amount of food consumed
by the bees in one cage during 24 h. The amount
of weighted food was then divided by the number
of living bees at the start of the corresponding
feeding interval. Finally, the food consumption
was corrected accounting the loss by evaporation
(OECD 245 2017).

The positive control and untreated control sug-
ar solutions were prepared 1 day prior to expo-
sure, kept at — 20 °C, and thawed at room temper-
ature before use. Contaminated sugar solutions
with tested PPPs were prepared daily fresh.
Every 24 h, mortality and behavioural abnormal-
ities were recorded. After 10 days of exposure,
winter honeybees were anesthetised by placing
the cages in a fridge for 30 min. After this time,
bees exposed to the same dose were randomly
mixed and transferred to identified plastic con-
tainers. A total of 30 tested bees/group (3 x 10
individuals) were analysed by microbiology assay
and 10 bees/group were analysed by immunology
assay.

2.3. Bacteria isolation and identification

Analysed bees were divided into three main
groups: untreated control, MAFR1/1, and
MAFR1/10. Every group contained three subsets
of ten bees. The intestinal tracts of honeybees (of
10 individuals) were withdrawn under aseptic
conditions and homogenised in 1 ml PBS. Serial
dilutions were plated over the Nutrient Agar 02-
NAO2 (Conda, Spain) and incubated for 24 h at 37
°C in thermostat.

The bacterial colonies with different morphol-
ogy were selected and identified by MALDI-TOF
mass spectrometry Microflex LT™ (Bruker
Daltonics, Bremen, Germany) instrument using
the FlexControl™ version 3.4 software (Bruker
Daltonics) or by 16S rDNA analyse.
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For this purpose, a part of homogenised diges-
tive tract of bees was used for DNA isolation. The
genomic DNA was separated using GenElute™
Bacterial Genomic DNA Kit (Sigma-Aldrich,
USA). The isolated DNA (50 ng) was used as a
template in PCR reaction (Taq Core Kit/high
yield, Jena Bioscience, Germany). PCR amplifi-
cation of the 1500 bp eubacterial 16S rDNA was
performed using forward (fD1 5-AGA GTT TGA
TCC TGG CTC AG-3') and reverse (rP2 5'-ACG
GCT ACC TTG TTA CGA CTT-3') primers
(Weisburg et al. 1991). The PCR products were
separated by electrophoresis (PowerPac Basic,
Bio-Rad, USA) in 1% agarose gel (Sigma-
Aldrich) in TAE buffer (Sambrook et al. 1989).

The amplified product was purified from aga-
rose gel using Wizard SV Gel and PCR Clean-Up
System (Promega, Madison, USA) and cloned
using InsTAclone™ PCR Cloning Kit
(ThermoFisher Scientific, Colorado, USA).
Recombinant plasmids were selected on Luria—
Bertani Agar (Becton & Dickinson, USA) plates
with ampicillin and kanamycin addition. The se-
lected recombinant plasmids were isolated by
GenElute Plasmid MiniPrep Kit (Sigma-Aldrich)
and sequenced by the dideoxytermination method
using universal M13 sequencing primers at
Eurofins Genomics (Germany). The obtained se-
quences were subjected to BLAST search against
GenBank database.

2.4. B. amyloliquefaciens QST 713
antibacterial activity

The effect of overnight culture of
B. amyloliquefaciens QST 713 cell-free superna-
tant on the other bacteria isolated from the diges-
tive tract of tested bees was investigated. The cell-
free supernatant (CFS) was prepared as follows:
single cell colony of B. amyloliquefaciens QST
713 was inoculated to Tryptic Soy Broth-TSB
(Conda, Spain) and incubated at 37 °C overnight.
The CFS was obtained by centrifugation
(14,000 rpm for 2 min at laboratory temperature)
and was filtered through a bacteriological filter to
eliminate the present bacteria. For testing the po-
tential antimicrobial activity of
B. amyloliquefaciens QST 713 against other bac-
terial isolates from the gastrointestinal tract of
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honeybees, the disc diffusion method was used
(Balouiri et al. 2016). The Nutrient Agar 02
plate surface was inoculated by 100 pl of 0.5
McFarland tested bacterial suspensions.
Subsequently, sterile filter paper discs were
placed on the agar surface and then the discs
were impregnated with 20 pl CFS of
B. amyloliquefaciens QST 713. After incuba-
tion at 37 °C overnight, the potential inhibition
growth zones were observed.

2.5. Isolation of DNA and PCR
amplification

The total DNA from fresh intestinal samples of
honeybees for DGGE analysis was extracted using
NucleoSpin DNA Stool (MACHEREY-NAGEL
GmbH Co.KG, Germany). Isolated DNA was used
as a template for PCR amplification of 16S rRNA
gene fragments with used specific bacterial primers
GC-clamp-968f (5'-CGC CCG GGG CGC GCC
CCG GGC GGG GCG GGG GCA CGG GGG
GAA CGC GAA GAA CCT TAC-3') and 1401r
(5'-CGG TGT GTA CAA GAC CC-3") (Niibel
et al. 1996). All PCR reactions were performed in
a 50-pl PCR mixture containing 1 pl of the sub-
strate of DNA, 1 x PCR buffer, 2 mmol/l MgC,,
1 wlofa200 umol/lofeach dNTP, 1.25 U Platinum
Taq DNA polymerase (Invitrogen, CA USA), and
25 pmol each primer using C1000™ Thermal
Cycler (Bio-Rad Laboratories, USA). The cycling
conditions were 94 °C for 5 min, 9 cycles of 94 °C
for 1 min, 45 °Cfor 1 min, 72 °Cfor I min; 14 cycles
0194 °C for 1 min, 60 °C for 1 min, 72 °C for 1 min
followed by final extension at 72 °C for 10 min.
PCR products were detected using 1% agarose gel
electrophoresis containing ethidium bromide and
photographed using Gel Logic 212 PRO Imaging
system (Carestream, NY, USA). PCR products
generated with GC-clamp-968f and 1401t primers
were subjected to DGGE analysis.

2.6. Denaturing gradient gel electrophoresis

DGGE was performed using DCodeTM
Universal Mutation Detection System (Bio-Rad
Laboratories, Hercules, CA, USA). The round II
PCR reaction products in a total volume of 45 pl
were loaded onto 8% (w/v) polyacrylamide gel
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(40% Acrylamide-Bis 37.5:1) in 1 x TAE (40 mM
Tris, 20 mM acetate, | mM EDTA) containing a
linear denaturing gradient ranging from 30-60%
denaturant (100% denaturant solution consists of
7 M urea and 40% formamide). Electrophoresis
was run for 17 h at a constant voltage of 50 V and
a temperature of 60 °C. After electrophoresis, the
gel was incubated for 20 min in ethidium bromide
(0.5 pg/ml), rinsed for 20 min in distilled water,
and photographed with UV transillumination
using a Fusion Fx7 The Multi-Application
System (Adelab Scientific, Thebarton SA).

2.7. Isolation of RNA and cDNA synthesis
for testing the immunomodulation
effect

The intestinal tracts of anesthetised bees (+
4 °C for 10 min) were withdrawn under asep-
tic conditions (n = 10/group). Received guts
were washed with PBS. The total RNA of
these guts was extracted using Purezol™ re-
agent (Bio-Rad, Hercules, CA) following the
manufacturer’s instructions. For removal of
genomic DNA from RNA samples, we used
DNA Rapid Removal Kit (Thermo Scientific,
Waltham, MA, USA). RNA purity and con-
centration were determined spectrophotometri-
cally at 260/280 nm by Nanodrop 8000
(Thermo Scientific, Waltham, MA). Total
RNA was immediately reverse transcribed by
RevertAid H Minus First Strand ¢cDNA
Synthesis Kit (Thermo Scientific, Waltham,
MA, USA). Resulting cDNA was used as a
template in qPCR.

2.8. Gene expression analysis (JPCR)

We determined gene expression of Abaecin,
Apidaecin, Defensin-1, Hymenoptaecin,
Lysozyme-2, and reference f3-actin. Primers for
gene expression are listed in Table 1. For amplifi-
cation and detection of specific products, we used
iCycler CFX96 (Bio-Rad, Hercules, CA). Ten
microlitres reaction volume contained iQ™
SYBR® Green Supermix (Bio-Rad, Hercules,
CA), 0.5 uM of each primer, and 40 ng/uL of
cDNA. All the reactions were performed in tripli-
cate and negative control without cDNA template.
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Table I. PCR primers used in this study

Genes Sequences Product Reference
length (bp)

B-actin F: TTGTATGCCAACACTGTCCTTT 120 Khongphinitbunjong et al. (2015)
R: TGGCGCGATGATCTTAATTT

Abaecin F: CAGCATTCGCGTATGTACCA 72 Cizelj et al. (2016)
R: GACCAGGAAACGTTGGAAAC

Apidaecin F: TTTTGCCTTAGCAATTCTTGTTG 81 Bongcristiani et al. (2012)
R: GTAGGTCGAGTAGGCGGATCT

Defensin-1 F: TGTCGGCCTTCTCTTCATGG 102 Khongphinitbunjong et al. (2015)
R: TGACCTCCAGCTTTACCCAAA

Hymenoptaecin F: CTCTTCTGTGCCGTTGCATA 200 Khongphinitbunjong et al. (2015)
R: GCGTCTCCTGTCATTCCATT

Lysozyme-2 F: CCAAATTAACAGCGCCAAGT 166 Cizelj et al. (2016)
R: GCAATTCTTCACCCAACCAT

F=Forward primer (5' — 3')

R=Reverse primer (3' — 5')

The experimental protocol was composed of the
initial denaturation 95 °C for 5 min, 35 cycles of 3
steps: 95 °C for 30's, 58 °C for 30 s, and 72 °C for
30 s, and final extension at 72 °C for 5 min was
followed by melting curve analysis. A melting
curve from 59 to 92 °C with reading at every
0.5 °C was performed for each individual real-
time PCR plate. Reaction efficiency (100 + 5%)
was calculated for each assay. Relative normalised
expression was calculated by the 27A2CT method
using CFX96Manager Software (Bio-Rad,
Hercules, CA).

2.9. Statistical analysis

The statistical processing of the obtained data
was performed by using ToxRat Professional®
(version 3.2.1; ToxRat Solutions GmbH).
Fisher’s Exact Test (Bonferroni-Holms corrected,
one-sided, p < 0.05) was used to evaluate
whether there are significant differences be-
tween the mortality data of both the
Serenade® ASO treatment groups and untreat-
ed control group and to determine the NOEC
based on observed mortality.

Experimental results of gene expression were
performed in triplicate and expressed as mean =+

standard deviation (SD). Data were evaluated
using the GraphPad Prism 3.00 software by one-
way analysis of variance (ANOVA) followed by
Tukey’s Multiple Comparison Test.

3. RESULTS
3.1. Chronic exposure (cage experiment)

We investigated the lethal and sublethal effects
of chronic exposure of commercial PPP contain-
ing Bacillus amyloliquefaciens QST 713 spores
to laboratory-reared winter adult honeybees
(OECD 245 2017). Tested bees were fed daily
with doses corresponding to the maximum prod-
uct application field rate (1/1 MAFR) and its 1/10.
Table II (below) summarises applied and con-
sumed dosages (nominal and measured) over 10-
day chronic test. The theoretical daily food con-
sumption of 40.0 mg diet/bee/day was slightly
exceeded except for the positive control group,
in which overall mean daily syrup intake of 21.4
+ 2.2 mg/bee/day was observed. The number of
applied CFUs of the strain QST 713 was con-
firmed microbiologically on Day 1 and Day 10,
in both tested groups which were close to the
expected nominal values (Table II).
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Table II. Applied and consumed dosages in 10 days chronic test

Treatment Item applied Daily applied Overallmean ~ Measured
group item—nominal daily intake of the
syrup intake applied item
[mg/bee/day]
Control 50% (w/v) aqueous n.a. 41.4+134 n.a.
sucrose solution
Testitems  1/1 1.4 % 10° 417 x 10 41.0+75 17x10"
MAFR CFU/bee/day * CFU/ml diet CFU/ml diet™
1/10 MAFR 1.4 % 10° ‘ 4.17 % 10° 41.2+12.1 3.9 x10° .
CFU/bee/day * CFU/ml diet CFU/ml diet™
Reference Dimethoate 0.04 pg a.s./bee/day” 1.0 mgas/kgdiet 21.4+22 n.a.
item

" Based on calculations performed with non-rounded values and on theoretical daily food consumption of 40.0 mg diet/bee/day

" Mean values microbiologically measured on Day 1 and Day 10

n.a., not applicable

Under our laboratory conditions, 1/1 MAFR
and 1/10 MAFR did not cause dose-dependent
mortality. Observed mortality in untreated control
group over the entire test period was 12% com-
pared with 100% in the positive control group
observed on Day 8 (see Table I1I). No behavioural
abnormalities were observed throughout the entire
exposure period of 10 days in all treatment
groups, except for the positive control group (di-
methoate), in which six bees were categorised as
affected (hyperactivity, aggressiveness, increased
self-cleaning behaviour) at Day 6 of experiment.

Fisher’s exact test (Bonferroni-Holms
corrected, one-sided, p < 0.05) showed that the
NOEC appears to be higher than or equal to 4.17 x
10" CFU/ml diet, resp. 4.17 x 10'° CFU/I diet.

Table II1. Cumulative mortality over the test period

3.2. Microbiological and immunological
screening

The Serenade® ASO containing spores of
B. amyloliquefaciens QST 713 was used also for
testing the potential effect of this fungicide on the
microbial community of digestive tracts of tested
winter adult bees by direct microbial analysis or
by DGGE.

The untreated control groups of tested bees were
recorded on the average of 4.43 x 10° CFU/ml of
bacteria. After 10 days of feeding period with
Bacillus amyloliguefaciens , QST 713 in MAFR
1/1 group was detected 6.06 x 10° CFU/ml and in
the MAFR 1/10 group was counted 8.56 x 10°
CFU/ml of bacteria respectively. From untreated

Test item Treatment nominal Cumulative mortality (%)

D1 D2 D3 D4 D5 D6 D7 D8 D9 D10
Control 0 0 0 0 0 0 12 12 12 12
1/1 MAFR 4.17 x 10" CFU/ml diet 0 0 0 2 2 2 4 4 8
1/10 MAFR 4.17 x 10° CFU/ml diet 0 0 0 2 2 6 8 8 8
Dimethoate 1.0 mg a.s./kg diet 0 0 0 0 4 32 72 100 100 100

D = day of assessment
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control samples, we have isolated and sequenced
overall 11 bacterial clones. The analysis of the 16S
rDNA sequences showed that 6 of them are
grouped in the genus Bacillus . Other bacteria were
identified as Morganella sp., Hafnia sp.,
Staphylococcus sp., Brevibacterium sp., and
Kosakonia sp. We have tested the potential influ-
ence of CFS of overnight B. amyloliquefaciens
QST 713 culture on the growth of all cultivable
bacterial species isolated from untreated control
trials. Practically, only two of the tested bacterial
species, Bacillus sp. and Brevibacterium sp., were
lightly sensitive to the CFS of B. amyloliquefaciens
QST 713 (Figure 1), which suggests that tested
fungicide should not have a significant effect on
the biodiversity of bee digestive tract. The DGGE
analysis also confirmed no significant changes in
the composition of bacterial community within two
different treatments by Serenade® ASO after 10
days of chronic test (Figure 2).

In addition to the previous tests, we investigated
the effect of plant protection product containing
spores Bacillus amyloliquefaciens QST 713 on
bee immune system. We focused on gene expres-
sion encoding antimicrobial compounds. Relative
gene expression of real-time PCR was used to
study the expression level for each antimicrobial
compound (Figure 3). Gene expression of Abaecin
was on the same level in the treated groups but
lower in comparison with the untreated control
group. The same trend of gene expression was
noted for Apidaecin; however, lower gene expres-
sion was statistically significant (P < 0.01) in both
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groups in comparison with untreated control. Gene
expression of Defensin-1, Hymenoptaecin, and
Lysozyme-2 was lower in the 1/1 MAFR group
in comparison with the 1/10 MAFR group.
Significantly lower gene expression was recorded
in Defensin-1 in the 1/1 MAFR group (P < 0.05)
and in the case of Hymenoptaecin in both experi-
mental groups (P < 0.01) as compared with con-
trol. Abaecin and Lysozyme-2 gene expression did
not show significant differences due to higher stan-
dard deviations.

4. DISCUSSION

The risk of commercial PPP containing
B. amyloliquefaciens QST 713 to honeybees can-
not be excluded as application can potentially
result in their exposure either through direct
over-spray or by contact with “spores” on plants,
while bees are foraging for food.

In our in vitro bioassay, caged winter hon-
eybees were fed 10 days with a sucrose
solution (50% w/w) ad libitum spiked with
PPP at maximum application field rate of
4.17 x 107 CFU/ml (EFSA 2018).
According to Biopesticide registration action
document on Bacillus subtilis strain QST
713, there were no behavioural or morpho-
logical abnormalities seen in any of the treat-
ments in the two dietary whole hive studies
conducted until total adult honeybee emer-
gence (22 and 24 days) (EPA 20006).

K i gy ﬁ—— ¥

Figure 1. The antimicrobial activity of B. amyloliquefaciens QST 713 cell-free supernatant: a Bacillus sp., b

Brevibacterium sp.
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Figure 2. DGGE analysis of total DNA isolated from whole intestinal tracts of winter adult bees (3 x 10/3) treated or
not with commercial formulation of Serenade® ASO containing spores of B. amyloliquefaciens strain QST 713 over
10 days chronic test. Lane 1, 2, 3—untreated controls; Lane 4, 5, 6—samples treated with Serenade® ASO-MAFR/
1; Lane 7, 8, 9—samples treated with Serenade® ASO-MAFR/10. Lane 10—total of DNA of B. amyloliquefaciens

QST 713.

The theoretical food consumption of 40.0 mg
diet/bee/day was reached in almost all the tested
groups, except the positive control group with
overall mean syrup intake of 21.4 + 2.2 mg/bee/
day (dimethoate). Nevertheless, to that fact, clear
toxic effects in this group were seen giving an
assumption that the test system with adult winter
bees was sensitive.

Observed mortality in both, 1/1 MAFR and
1/10 MAFR test groups, did not cause a dose-
dependent mortality. Mortality observed in the
untreated control group over the entire test
period was 12% compared with 100% in the
positive control group observed on Day 8 (see
Table II), thus making this bioassay valid
(OECD 245 2017).

Natural variations in the honeybee gut mi-
crobial populations are affected by multiple
factors, e.g. ontogenetic stage, age, and

@ Springer

geographic location. Bacterial counts in the
gastrointestinal tract of honeybees show clear
yearly cycles (summer—winter) within a col-
ony but vary on the individual level as well
(Hroncova et al. 2015).

The fingerprinting techniques are a rapid and
very easy alternative to the analysis of microbial
communities. DGGE is a fingerprinting technique
commonly used to study genetic diversity of the
DNA genes coding for ribosomal RNA. The 16S
rRNA genes are used for phylogenetic affiliation
of Eubacteria and Archaea. The uniqueness of
this technique is that DNA fragments of the same
size but with differing base pair sequences can be
separated (Muyzer et al. 1993). The DGGE tech-
niques have been used in environmental microbi-
ology, in the study of variation, the honeybee gut
microbial diversity, food microbiology etc. (Gafan
et al. 2005; Hroncova et al. 2015).
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Figure 3. Effect of PPP containing spores Bacillus amyloliquefaciens QST 713 on gene expression of antimicrobial
peptides (Abaecin, Apidaecin, Defensin-1, Hymenoptaecin) and Lysozyme-2. Results are presented as mean + SD.
Significantly different compared with untreated control (a) (*P < 0.05, **P < 0.01).

In our experiments, we used the DGGE analy-
sis for the study of influence commercial formu-
lation of Serenade® ASO containing spores of
B. amyloliquefaciens strain QST 713 on the mi-
crobial community of winter adult bees. From the
experimental groups, containing predominantly
Bacillus amyloliquefaciens QST 713, the natural
bee bacterial isolates were hardly recovered. In
general, the bacterial counts in the digestive tracts
of experimental winter bees in the untreated con-
trol group were relatively low, only 4.43 x 10°
CFU/ml. Only two of the isolated bacterial species
Bacillus sp. (graminis) and Brevibacterium sp.

were lightly sensitive to the CFS of
B. amyloliquefaciens QST 713. Traditional culti-
vation methods used for isolation and identifica-
tion of microbial communities identify only a
small fraction (from 0.01-10%) of the total mi-
crobial biomass (Torsvik el al. 1990; Ward et al.
1990). On the other hand, to create a visible band
on the DGGE gel, a bacterial species has to con-
stitute approximately 1% of the entire population
(Casamayor et al. 2000). The results of our DGGE
analysis showed no significant changes in the
composition of bacterial community between the
untreated control and experimental groups after
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10 days of chronic exposure by commercial for-
mulation Serenade® ASO.

As in many animals, honeybees rely on their
gut microbial community for a variety of func-
tions, including food processing, regulation of
immune system, and defence against pathogens.
Perturbations of this system have the potential to
lead to negative consequences for host fitness
(Motta et al. 2018). Healthy endogenous gut mi-
crobiota can stimulate immune system in bees,
like in other animals (Wu et al. 2013). Lactic acid
bacteria have a positive effect on the immune
system of bees through higher synthetisation of
antimicrobial peptides (Evans and Lopez 2004).
Whereas DGGE analysis did not show significant
changes in bees gut microbiota, we suppose that
gene level of antimicrobial compounds is affected
above all by the influence of Serenade® ASO
containing spores of B. amyloliquefaciens .

Many studies have investigated effect of pesti-
cides on bee colonies with a negative impact on
immunity (Christen and Fent 2017; Aufauvre et al.
2014; Garrido et al. 2013; Di Prisco et al. 2013).
Motta et al. (2018) described the potential mecha-
nism by which glyphosate affects bee health. While
some species in the bee gut can tolerate high con-
centrations of glyphosate due to the presence of a
class II EPSPS enzyme, others are sensitive due to
the presence of a class | EPSPS.

Specifically, the influence of PPPs on the im-
mune system is very important since it is respon-
sible for the elimination of pathogens. AMPs are
mainly part of innate immunity. Bee fat body
produces AMPs and excretes them to the open
circulatory system where they attack bacterial
pathogens (Wang et al. 2014). However, epithelial
cells of gut can also synthetize AMPs (Tsakas and
Marmaras 2010). The mechanism of action is the
creation of leaks into prokaryotic membranes or
inhibition of translation or folding of bacterial
protein. The expression of genes encoding
AMPs is regulated by Imd/JNK and/or Toll sig-
nalling pathways (Danihlik et al. 2015). These
pathways start after recognition of peptidoglycans
via Peptidoglycan Recognition Proteins (PGRPs)
(Brutscher et al. 2017).

In this study, two groups of bees were fed with
1/1 MAFR and 1/10 MAFR of Serenade® ASO
containing spores of B. amyloliquefaciens strain
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QST 713 and the untreated control group received
sugar solution without the pesticide. The expres-
sion of genes encoding antimicrobial peptides was
decreased in one/both treated groups in compari-
son with the untreated control group. Significantly
lower expression was observed in genes for
Apidaecin, Defensin-1, and Hymenoptaecin, thus
indicating an immunosuppressive effect of tested
pesticide.

Yan et al. (2016) described host immunosup-
pression by antimicrobial compounds
macrolactins derivatives produced by B. subtilis
B5. Another molecule Surfactin produced by
B. subtilis has potential immunosuppressive ef-
fect through inhibition of NF-«kB and other immu-
nologically important molecules (Park and Kim
2009). Bees have similar signalling pathways as
mammalians, bee Dorsal molecule for Toll signal-
ling pathway, and Relish molecule for Imd signal-
ling pathway are homologues of mammalian NF-
kB (Lourenco et al. 2018).

We hypothesise that antimicrobial products of
B. amyloliquefaciens QST 713 could partly
downregulate gene expression of bee AMPs and
subsequently reduce the immune response to
combat the potential pathogens, as well as they
may potentially affect the physiological microflo-
ra (but this needs to be reflected in future
research).

5. CONCLUSION

Pesticide risk assessment scheme used in re-
registration process all over the world uses the
determination of the acute/chronic toxicity of pes-
ticides to beneficial arthropods, bees included.

Results of this study suggest that more atten-
tion should be paid to the sublethal effects of
commonly used commercial plant protection
products containing microbial active substances.
In conclusion, no treatment significantly affected
the survival of caged adult winter bees or their
eubacterial microflora after 10 days of exposure to
commercial product Serenade® ASO containing
spores of Bacillus amyloliquefaciens QST 713
(formerly subtilis ).

However, clear statistically significant decrease
in some humoural parameters of bee immune
system was detected in one/both tested treatments.
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As the social immunity of bee colony is more
complex and depends on immune response of
individual bees as well, any sublethal adverse
effect of the PPPs and their mixtures on individual
basis may finally contribute to weakening of the
whole bee colony. This subsequently may have
negative consequences for agriculture and food
production. The sublethal effect of commercial
formulations containing microorganisms on indi-
vidual and social bee level needs to be further
studied.
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