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Among numerous factors that contribute to honey bee colony losses and problems in
beekeeping, pesticides and Nosema ceranae have been often reported. In contrast to
insecticides, whose effects on bees have been widely studied, fungicides did not attract
considerable attention. Prochloraz, an imidazole fungicide widely used in agriculture,
was detected in honey and pollen stored inside hives and has been already proven to
alter immune gene expression of honey bees at different developmental stages. The aim
of this study was to simulate the realistic conditions of migratory beekeeping, where
colonies, both uninfected and infected with N. ceranae, are frequently transported to
the vicinity of crop fields treated with prochloraz. We investigated the combined effect
of prochloraz and N. ceranae on honey bees that faced fungicide during the larval
stage through food consumption and microsporidium infection afterwards. The most
pronounced changes in gene expression were observed in newly emerged Nosema-free
bees originating from colonies previously contaminated with prochloraz. As exclusively
upregulation was registered, prochloraz alone most likely acts as a challenge that
induces activation of immune pathways in newly emerged bees. The combination of
both stressors (prochloraz and Nosema infection) exerted the greatest effect on sixday-old honey bees. Among ten genes with significantly altered expression, half were
upregulated and half downregulated. N. ceranae as a sole stressor had the weakest
effects on immune gene expression modulation with only three genes significantly
dysregulated. In conclusion, food contaminated with prochloraz consumed in larval
stage could present a threat to the development of immunity and detoxification
mechanisms in honey bees.
Subjects Agricultural Science, Biotechnology, Entomology, Molecular Biology
Keywords Nosema, Prochloraz, Gene expression, Immunity, Apis mellifera, Colony loss

INTRODUCTION
The value of honey bees (Apis mellifera), as honey producers, is minor compared to their
inestimable role in the pollination of crops and wild plants (De la Rua et al., 2009; Gallai et
al., 2009; Moritz et al., 2010). Unfortunately, considerable losses of honey bee colonies have
been reported in Europe and the United States, with no definitive explanation. As no single
factor has been identified as primary cause of this phenomenon, scientific consensus is that
chronic exposure to multiple, interacting, and sometimes synergistic stressors (microbial
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pathogens, parasites, pests, exposure to pesticides, loss of forage and incorrect beekeeping
practices) underlies honey bee colony losses (Goulson et al., 2015; Neumann & Carreck,
2010; VanEngelsdorp & Meixner, 2010).
Pesticides used in agriculture indirectly contribute to colony collapses and bee declines
by increasing negative effects of diseases and/or parasites (Sanchez-Bayo & Goka, 2014).
The most common flowering crops protection products found in bees and bee products are
fungicides (Johnson et al., 2013; Mullin et al., 2010). Prochloraz is an imidazole fungicide
with an ergosterol-biosynthesis inhibiting (EBI) function that is widely used (Vinggaard et
al., 2006) and found in honey and pollen stored inside hives (Lambert et al., 2013). Previous
studies have shown that prochloraz, used alone and in combination with coumaphos,
inhibited the detoxification activity of cytochrome P450 (Johnson et al., 2006) and altered
immune gene expression in honey bees (Cizelj et al., 2016).
Nosema ceranae is highly prevalent endoparasite (Stevanovic et al., 2011; Vejnovic et al.,
2017) that infects the midgut of adult honey bees (Fries, 2010), but it has been detected in
other tissues (Chen et al., 2009; Copley & Jabaji, 2012; Gisder et al., 2010) and haemolymph
(Glavinić et al., 2014) as well. It is considered a serious threat to beekeeping industry
(Simeunovic et al., 2014a), especially in some regions where dramatic colony losses were
clearly attributed exclusively to N. ceranae infections (Higes et al., 2008; Higes et al., 2009;
Martin-Hernandez et al., 2007). N. ceranae and synergistic factors were reported as the
cause of severe losses of honey bee colonies (Bacandritsos et al., 2010; Bromenshenk et al.,
2010). N. ceranae was found to suppress the honey bee immune response (Antunez et
al., 2009; Chaimanee et al., 2012), but stronger negative effects on bees were induced by
N. ceranae infection in combination with exposure to pesticides (Aufauvre et al., 2012;
Aufauvre et al., 2014; Vidau et al., 2011).
The aim of this study was to investigate the effects of fungicide consumption during
the larval stage and microsporidium infection three days after emergence of adult honey
bees. In a combination of field and laboratory experiment we tested our hypothesis that
prochloraz from the environment may reach the larvae and disturb the immune response
of newly emerged bees boosting the negative impact of Nosema infection that bees are faced
with during the adult life. Our experimental approach assessed the most realistic situation
of beekeeping in warmer climates, where colonies are moved to agricultural regions during
the main season so their brood is exposed to agricultural pesticides, including prochloraz
and majority of colonies are infected with N. ceranae (Bacandritsos et al., 2010; Higes et al.,
2013; Stevanovic et al., 2016; Stevanovic et al., 2013).

MATERIAL AND METHODS
Field experiment
The experimental apiary was situated at Faculty of Veterinary medicine (FVM), University
of Belgrade, Serbia. Healthy colonies headed by sister queens (Apis mellifera) without
clinical signs of brood and adult bee disease were chosen for the experiment. The first
colony was treated with prochloraz and was placed far away from the apiary to prevent
chance of drifting. The second colony served as control. Honey reserves were completely
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Table 1 Experimental design and description of experimental groups.
Samplinga

Prochloraz non-treated groups

Prochloraz treated groups

Non-infected
bees (C)

N. ceranae infected
beesb (CN)

Non-infected
bees (P)

N. ceranae infected
beesb (PN)

day 0

C0c

/d

P0

/d

day 6

C6

CN6

P6

PN6

day 9

C9

CN9

P9

PN9

day 15

C15

CN15

P15

PN15

Notes.
a
Number of days after emergence; on each sampling day seven honey bees were collected for qPCR gene expression analysis.
b
Infection with N. ceranae was performed on 3rd day after honey bees emergence.
c
Experimental group designation.
d
Samples were not collected.

removed from colonies. Each day during the whole month, treatment colony was fed with
200 ml of sugar syrup with prochloraz (Sigma, Darmstadt, Germany) in concentration
10 µg/kg, while the control received pure sugar syrup. Additionally, to affect honey bee
larvae, pollen (bee bread) was contaminated by spraying with prochloraz dissolved in sugar
syrup (in concentration 10 µg/kg). Prochloraz concentration used was in range detected
in contaminated honey and pollen stored inside hives (Lambert et al., 2013).

Laboratory experiment
A month after the first day of prochloraz treatment, one frame with sealed brood (prior to
emergence) from treated and one from control colony were transferred to the Laboratory
for Animal Genetics (at FVM, in close vicinity of the apiary). Frames with brood were kept
in separated incubators (at 34 ± 1 ◦ C) until bee emergence. At the time of emergence seven
bees from each frame were collected for gene expression analysis, representing zero-day
samples (C0 and P0). Newly emerged worker bees were removed from both frames and
confined to cages designed by Glavinic et al. (2017). Each experimental group (Control,
Prochloraz, Nosema, Prochloraz and Nosema) contained three cages with 30 bees per cage.
One of three cages in each group was reserved for sampling on day six, second cage for day
nine, and last one for day 15, as shown in Table 1.
Fresh N. ceranae spore suspension with a minimum spore viability of 99% (assessed
with 4% trypan blue) was mixed with 50% sucrose solution to obtain the inoculum with
a final concentration of 1.000.000 spores/mL. Bees in six cages (groups CN6, CN9, CN15,
PN6, PN9, and PN15) were infected on the third day after emergence as described by Fries
et al. (2013). Other non-infected cages were fed with pure 50% sucrose solution. In all
cages food was consumed readily without regurgitation.

RNA isolation and cDNA synthesis
For gene expression analysis, seven bees from each group were collected on each sampling
day (0, 6, 9 and 15 days after emergence). Each individual honey bee was placed in sterile
1.5 mL polypropylene microtube (Eppendorf) with 200 µL of lysis buffer (Zymo Research,
Irvine, CA, USA) and homogenized with sterile disposable microtube pestles (VWR,
San Francisco, CA, USA). The total RNA was isolated from individual sample using the
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Quick-RNA MiniPrep Kit (Zymo Research). Following to manufacturer’s instructions of
Quick-RNA MiniPrep Kit the samples have passed through DNase treatment in order to
remove any contaminating DNA. The extracted RNA was immediately used to generate
cDNAs using the RevertAidTM First Strand cDNA Synthesis Kit (Fermentas, Waltham,
MA, USA).

Real-time qPCR
Primer pairs for 19 examined genes (15 immune related genes, two detoxification genes,
and two housekeeping genes) were those reported in Gregorc et al. (2012), Tesovnik et al.
(2017), and Evans (2006) (Table 2). For quantitative real-time PCR (RT q-PCR), 10 µL
reactions were prepared, containing 5 µL of Fast Start Universal SYBR Green Master
(ROX) (Roche Diagnostics GmbH, Germany), 250 nM of forward and reverse primer,
DEPC treated water and 1µL of cDNA (5 ng per reaction). Amplification of targeted
molecules was performed with ViiA7 (Applied Biosystems, Foster City, USA) and analysed
with QuantStudioTM Real-Time PCR Software. For the experimental run the following
cycle profile was used: denaturation step at 95 ◦ C for 10 min, and 40 cycles at 95 ◦ C for 20
s, 20 s at Tm of each primer pair and 72 ◦ C for 20 s, followed by dissociation curve step at
95 ◦ C for 15 s, 60 s at Tm of each primer pair and 95 ◦ C for 15 s, when temperature was
gradually rising from Tm to 95 ◦ C by 0.5 ◦ C increments per cycle. Reactions for RT q-PCR
were carried out in 384-well plates (MicroAmp R ; Life Technologies). Each run contained
three no-template controls and test samples preformed in duplicates. Gene expression
was analysed for 15 immune-related genes and two detoxification genes. We tested the
set of candidate normalization genes (actin and RPS5) as possible housekeeping genes. A
geNorm algorithm-based analysis (Vandesompele et al., 2002) indicated RPS5 as the most
suitable housekeeping gene. Gene expression values of non-treated group were used for
gene expression calibration. For each gene the level of gene expression was calculated using
the method described by Pfaffl (2001), where the relative expression ratio between treated
and non-treated group is based on PCR efficiency. These results were then visualized on
a heatmap illustrating expression of genes as a consequence of different treatments. The
significance was indicated according to the statistics described below.
All collected samples were also tested for the most common honey bee pathogens
using RT q-PCR as described above (Table 2). Tested samples were positive only for N.
ceranae and Deformed wing virus (DWV) and its RNA loads were evaluated by comparing
threshold cycle (Cq) values between treatment groups (Badaoui et al., 2017; Cizelj et al.,
2016; Zheng et al., 2015).

Statistical analysis
All statistical analyses and plotting were performed using R software version 3.5.1 (R Core
Team, 2017) with relevant libraries (lsmeans, moments, ggplot2) (Komsta & Novomestky,
2015; Lenth, 2016; Wickham, 2009). Relative expression levels of studied genes were
normalized with housekeeping gene RPS5. Delta Cq (1Cq) between housekeeping gene
Cq values and target genes Cq values were calculated. To analyze the effects of Nosema
infection, prochloraz treatment and interaction of both treatments on gene expression,
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Table 2 Primers used in this study.
Gene description

Sequences of primers used in qPCR

Efficiency
(%)

R2

Pathogen targets
A. apis
AY004344

Ascosphaera apis 28S large
subunit ribosomal RNA gene

F: TCTGGCGGCCGGTTAAAGGCTTC
R: GTTTCAAGACGGGCCACAAAC

NA

NA

A. woodi
HQ243442.1

Acarapis externus isolate B4E5
cytochrome oxidase subunit I

F: TCAATTTCAGCCTTTTATTCAAGA
R: AAAACATAATGAAAATGAGCTACAA

NA

NA

ABPV
HM228893.1

Acute bee paralysis virus isolate
GFf1ab

F: ACCGACAAAGGGTATGATGC
R: CTTGAGTTTGCGGTGTTCCT

NA

NA

BQCV
HQ655494.1

Black queen cell virus

F: TTTAGAGCGAATTCGGAAACA
R: GGCGTACCGATAAAGATGGA

NA

NA

DWV
AY292384.1

Deformed wing virus isolate

F: GAGATTGAAGCGCATGAACA
R: TGAATTCAGTGTCGCCCATA

99.3

0.981

IAPV
EU224279

Israel acute paralysis virus of
bees

F: GCGGAGAATATAAGGCTCAG
R: CTTGCAAGATAAGAAAGGGGG

NA

NA

KBV
AY275710.1

Kashmir bee virus

F: TGAACGTCGACCTATTGAAAAA
R: TCGATTTTCCATCAAATGAGC

NA

NA

P. larvae
DQ811780.1

Paenibacillus larvae

F: CGGGAGATGAGAAAACCAAT
R: CCGCAATCGTAAGCTGGTAT

NA

NA

Actin - cytoskeletal structural
protein

F: TTGTATGCCAACACTGTCCTTT
R: TGGCGCGATGATCTTAATTT

98.1

0.996

Ribosomal protein S5a

F: AATTATTTGGTCGCTGGAATTG
R: TAACGTCCAGCAGAATGTGGTA

101.0

0.989

Abaecin, antimicrobial peptide

F: CAGCATTCGCATACGTACCA
R: GACCAGGAAACGTTGGAAAC

104.3

0.992

Basket
GB56012

JNK MAP kinase

F: AGGAGAACGTGGACATTTGG
R: AATCCGATGGAAACAGAACG

96.7

0.992

Cactus
GB19910

IkB transcription factor

F: CCTGGACTGTCTGGATGGTT
R: TGGCAAACCCTTTCTCAATC

98.8

0.979

Defensin-1
GB41428

Defensin 1

F: TGCGCTGCTAACTGTCTCAG
R: AATGGCACTTAACCGAAACG

101.0

0.983

Defensin-2
GB10036

Defensin 2

F: GCAACTACCGCCTTTACGTC
R: GGGTAACGTGCGACGTTTTA

96.4

0.992

Domeless
GB16422

Cytokine receptor; JAK-STAT
immune signalling pathway

F: TTGTGCTCCTGAAAATGCTG
R: AACCTCCAAATCGCTCTGTG

104.1

0.997

Dorsal-1
GB19537

NFkB transcription factor
orthologue

F: AGAGATGGAACGCAGGAAAC
R: TGACAGGATATAGGACGAGGTAA

98.7

0.994

Hopscotch
GB44594

JAK tyrosine kinase

F: ATTCATGGCATCGTGAACAA
R: CTGTGGTGGAGTTGTTGGTG

103.2

0.995

Kayak
GB12212

Fos, the Drosophila
homologue of the mammalian
proto-oncogene product c-Fos

F: CGACAGATCCGCAGAGAAAG
R: CCTGTTGCAGCTGTTGTATC

98.0

0.988

Lys2
GB15106

Lysozyme; immune system-end
product

F: CCAAATTAACAGCGCCAAGT
R: GCAATTCTTCACCCAACCAT

102.4

0.994

Targets/Locus
gene ID

Housekeeping genes
Actin
GB44311
RPS5
GB11132
Immune related genes
Abaecin
GB18323

(continued on next page)
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Table 2 (continued)
Targets/Locus
gene ID

Gene description

Sequences of primers used in qPCR

Efficiency
(%)

R2

PGRPSC4300
GB15371
Spaetzle
GB15688

Peptidoglycan recognition
protein S1
Toll-binding cytokine-like
molecule

F: GAGGCTGGTACGACATTGGT
R: TTATAACCAGGTGCGTGTGC
F: TGCACAAATTGTTTTTCCTGA
R: GTCGTCCATGAAATCGATCC

104.6

0.996

101.1

0.973

Toll
GB18520

Toll-like receptor

F: TAGAGTGGCGCATTGTCAAG
R: ATCGCAATTTGTCCCAAAAC

100.1

0.987

cAMP-dependent protein
kinase 1

F: TCCATTTTTGGTCTCCTTGC
R: GTAAAAGCGCGAATGTGGTT

98.1

0.998

cAMP-dependent
protein kinase type I
regulatory subunit

F: GAAGCAATTATTCGGCAAGG
R: TCACCGAAACTTCCACCTTC

99.3

0.992

Detoxification
related genes
PKA-C1
PKA-R1

we used a linear model for fixed effects (lm function in R) for each of 17 genes and each
sampling group (0, 6, 9, 15 days after emergence) according to the following model (1):
yijk = µ + Ni + Pj + Ni Pj + eijk

(1)

where yijk is 1Cq value, µ is overall mean, Ni is fixed effect of Nosema infection (i = yes,
no), Pj is fixed effect of prochloraz treatment (j = yes, no) and eijk is residual error. The
estimation of least squares means followed by Dunnett’s post hoc test was used for pairwise
comparisons among the treatment groups. The assumption of normal distribution was
tested and met via examination of the residuals (coefficients of skewness and kurtosis).
The gene expression data (1Cq values) and the results of statistical analysis were then
graphically summarized using boxplots (Figs. 1 and 2) where treatments with statistically
significant effect on gene expression were marked with an asterisk. If there were no
significant differences among the groups according to post-hoc pairwise comparison test,
they share the same color. A p-value less than 0.05 was considered statistically significant.

RESULTS
Effects of larval prochloraz consumption on immune system gene
expression of adult honey bees
In response to consumption of prochloraz in larval developmental stage (group P) the
majority of genes involved in immune response were upregulated compared to control
group (group C) in newly emerged honey bees (day 0). The most upregulated genes
were the gene encoding cytokine receptor Domeless (4.39; p < 0.001), the gene encoding
pathogen recognition protein PGRP-SC 4300 (3.04; p < 0.01), antimicrobial peptide
(AMP) gene defensin-2 (2.95; p < 0.001), and the gene for the JAK tyrosine kinase hopscotch
(2.73; p < 0.001). Significant upregulation of gene expression was also noticed for genes
encoding Toll (1.88; p < 0.01), Dorsal-1 (1.17; p < 0.01), Kayak (0.80; p < 0.05) and AMP
Lysozyme-2 (0.88; p < 0.01). On day six after emergence genes basket (2.23; p < 0.05),
PGRPSC 4300 (1.68; p < 0.01), lysozyme-2 (1.58; p < 0.05) and defensin-2 (0.89; p < 0.05)
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Figure 1 Treatment depended statistical analysis box plot diagram for immune–related and detoxification gene expression. Each box plot represents the 1Cq values measured for biological replicates for selected treatment. Boxes marked with an asterisk show statistically significant effects of treatment on gene
expression when the p-value was equal or less than 0.05. If there were no significant differences among the
groups, they share the same color. Treatments are indicated in the scale at the bottom of the plots (Control, C; Nosema-infected, CN; Prochloraz-treated, P; Prochloraz treated and Nosema-infected, PN). Analysis was undertaken with program R.
Full-size DOI: 10.7717/peerj.6325/fig-1
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Figure 2 Treatment depended statistical analysis box plot diagram for gene expression of antimicrobial peptides. Each box plot represents the 1Cq values measured for biological replicates for selected
treatment. Boxes marked with an asterisk show statistically significant effects of treatment on gene expression when the p-value was equal or less than 0.05. If there were no significant differences among the
groups, they share the same color. Treatments are indicated in the scale at the bottom of the plots (Control, C; Nosema-infected, CN; Prochloraz-treated, P; Prochloraz treated and Nosema-infected, PN). Analysis was undertaken with program R.
Full-size DOI: 10.7717/peerj.6325/fig-2

were significantly upregulated in group P compared to group C. On 9th day in group P
(compared to group C), significant increase in expression of defensin-2 (0.61; p < 0.05)
and toll (0.82; p < 0.05) was noticed and on 15th day the hopscotch (0.72; p < 0.05) and toll
(0.50; p < 0.05) were significantly upregulated (Figs. 1–3).

Effects of Nosema infection on gene expression of adult honey bees
The alterations in gene expression between Nosema-infected (group CN) and non-infected
(group C) adult honey bees were significant only in three cases: significant downregulation
of kayak gene (−2.02; p < 0.01) on day six after emergence and significant upregulation
of genes domeless and toll on 15th day (0.78; p < 0.05 and 0.70; p < 0.05, respectively)
(Figs. 1–3).

Effects of larval prochloraz consumption on gene expression of adult
honey bees infected with Nosema
In response to Nosema infection, the expression patterns of detoxification and immunerelated genes differed between adult honey bees experienced prochloraz treatment during
larval stage (group PN) and those from non-treated (group CN) colonies. The most
significant changes were noticed on 3rd day after Nosema infection (on day six after
emergence). The expression of gene kayak (1.97/−2.02), gene encoding AMPs Defensin-1
(2.34/−1.64) and gene PKA R1 (2.49/−1.03) was significantly higher in group PN than in
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Figure 3 Heatmap immune-related genes in adult honey bee at different ages (0-, 6-, 9- and 15-days
after honey bee emergence). The colors indicate the average mRNA levels compared to average levels of
mRNA in control groups: blue indicate lower and yellow higher levels. Range log2 value of relative expression ratio is indicated in the legend on the right. Each row corresponds to one gene transcript and
each column, to the expression profile of treatment. The gene names and corresponding pathway are indicated on left side. Treatments are indicated in the scale at the bottom of the graph (Nosema-infected, CN;
Prochloraz-treated, P; Prochloraz treated and Nosema-infected, PN). Control group (C) was used for normalization. Boxes marked with an asterisk show statistically significant effects of the treatment on gene expression, when p-value was equal or less than 0.05.
Full-size DOI: 10.7717/peerj.6325/fig-3

group CN. Conversely, transcript levels of genes involved in JAK/STAT immune pathway
(domeless, −2.77/0.17 and hopscotch, −1.54/0.27), AMP gene defensin-2 (−1.34/0.40)
and genes involved in Toll immune pathway dorsal-1 (−1.21/0.20), toll (−1.01/0.34)
and PGRPSC 4300 (0.31/0.10) were significantly lower in PN than in CN group. On day
nine after emergence, the alternations in gene expression between prochloraz-treated and
non-treated honey bees infected with Nosema were not significant, and on 15th day only
the toll gene (0.42/0.70) was significantly downregulated (Fig. 3).
When gene expression levels of bees from PN group were compared to control bees
(C group), in six-day-old honey bees from group PN, five immune-related genes were
significantly downregulated: domeless (−2.77; p < 0.001), defensin-2 (−1.34; p < 0.001),
dorsal-1 (−1.21; p < 0.001), hopscotch (−1.54; p < 0.05) and toll (−1.01; p < 0.001).
Conversely, the expression of detoxification gene PKA R1 (2.49; p < 0.01) and AMPs gene
defensin-1 (2.34; p < 0.01) and kayak (1.97; p < 0.001) was increased. In 15-day-old honey
bees significant upregulation of only toll gene (0.42; p < 0.05) was recorded (Figs. 1 and 2).

Effects of N. ceranae and prochloraz treatment on levels of Deformed
wing virus (DWV) RNA load
In Nosema-infected groups DWV RNA loads significantly increased on 6th and 9th day
after Nosema infection. Prochloraz larval treatment decreased DWV RNA loads in newly
emerged and nine-day-old honey bees and increased it on six-day-old honey bees. The
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Figure 4 Deformed Wings Virus RNA loads in honey bees. Cq: qPCR signal for pathogen loads.
Full-size DOI: 10.7717/peerj.6325/fig-4

most significant increase of DWV RNA loads was noticed in prochloraz affected and
Nosema-infected six-day-old honey bees (Fig. 4).

Effects of treatments on Nosema level
In both Nosema challenged groups, prochloraz-treated and non-treated, increase of Nosema
RNA level was evident on day six and 15 of the experiment. However, Nosema level was
higher in prochloraz-treated group (PN) than in prochloraz non-treated group (CN)
(Fig. 1).

DISCUSSION
In this study the effects of two stressors, fungicide (prochloraz) and endoparasite
(microsporidium N. ceranae), on adult honey bees were investigated for the first time.
By keeping 30 bees per cage until sampling we assured that their social life disturbance
could not have an effect on gene expression. The Nosema RNA level increased during
the experiment in both Nosema-infected groups (CN and PN) as in our previous study
(Glavinic et al., 2017). It is interesting that bees affected with both stressors (fungicide and
Nosema) had higher Nosema levels than those that were only Nosema-infected (Fig. 1). This
finding led us to suggest that prochloraz, being ingested by larvae via food, could reach the
gut of newly emerged bees and could intensify Nosema infection.
Unlike previous finding of host immune suppression by N. ceranae infection (Antunez
et al., 2009; Chaimanee et al., 2012; Glavinic et al., 2017), it seems that this study revealed
only weak reaction to this parasite as the sole stressor. Only the gene kayak involved in
JUN NH2-terminal kinase pathway was significantly downregulated (p < 0.01) in six-dayold honey bees. In 15-day-old bees expression of genes domeless and toll was upregulated
(p < 0.05). Nevertheless, with the exception of abaecin and defensin-1, genes analysed in this
study have not been monitored in previous investigations of Nosema influence (Antunez et
al., 2009; Chaimanee et al., 2012; Glavinic et al., 2017). Abaecin was not downregulated
in both this and our previous study (Antunez et al., 2009; Chaimanee et al., 2012;
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Glavinic et al., 2017), and defensin-1 was suppressed in this study but not significantly,
therefore no clear contrast was observed between current and other available data (Antunez
et al., 2009; Chaimanee et al., 2012; Glavinic et al., 2017).
The effect of prochloraz on honey bee immune-related genes was estimated simulating
the realistic field event of honey bee contamination (Lambert et al., 2013). As adult bees
subjected to contamination do not live long, we hypothesize that pesticide contamination
of honey bee colony has greater consequences for the honey bee brood, especially larvae
that possibly receive pesticide through feeding by nurse bees. The results revealed the most
pronounced changes in gene expression in newly emerged (Nosema-free) bees originating
from colonies previously contaminated with prochloraz. In bees sampled on the day of
emergence (day 0), we registered significant upregulation in eight genes out of 15 analysed,
with most upregulated genes involved in JAK/STAT pathway domeless and hopscotch
(p < 0.001) (Fig. 1). Other upregulated genes were genes involved in Toll-related immune
pathway PGRP-SC 4300, toll and dorsal-1, genes encoding antimicrobial peptides (AMP)
Defensin-2 and Lysozyme-2 (p < 0.01) and gene encoding Kayak protein involved in JNK
pathway (p < 0.05). The results suggest that prochloraz consumed by adult nurse bees
reached the larvae and affected all important pathways and mechanisms in charge for the
honey bee self-defence in this early stage of new born bees. As exclusively upregulation
was registered, we could propose that prochloraz contamination acts as a challenge that
induces immune pathways activation in newly emerged bees. Although the reaction of
immune genes varied during time, significantly changed genes were always upregulated in
bees affected by prochloraz treatment. This data support findings in our previous study
(Cizelj et al., 2016).
The effect of both stressors (prochloraz and Nosema) was most pronounced on
six-day-old honey bees (three days after Nosema infection) in which ten genes had
significantly changed expression. Five genes were upregulated with the greatest increase
of expression recorded in Kayak (p < 0.001), followed by Defensin-1 and detoxification
related gene PKA-R1 (p < 0.01), abaecin and PGRPSC-4300 (p < 0.05). Among five
genes that were downregulated, the decrease at level p < 0.001 was evidenced in
four (defensin-2, domeless, dorsal-1 and toll), and only one gene (hopscotch) had the
decrease at level p < 0.05. In contrast, significant increase in the expression of the
same genes (p < 0.001 for domeless and hopscotch; p < 0.01 for defensin-2 and dorsal1) was recorded in six-day-old bees challenged by prochloraz. It is interesting that
no gene was significantly affected by the combination of prochloraz and Nosema
infection in nine-day-old bees, while in 15-day-old bees only toll gene was significantly
upregulated compared to control (p < 0.05). In the oldest bees significant upregulation
(p < 0.05) of the toll gene was also induced by prochloraz treatment or Nosema
infection alone. However, extremely opposite reaction of the same gene (significant
downregulation at level p < 0.001) was recorded in six-day-old bees challenged with both
prochloraz and Nosema infection. The absence of significant changes in expression of
majority genes by both stressors on day 15 is possible when fungicide treatment and
parasite infection (Fig. 1) have synergistic negative effect on honey bee health. But this
synergism has not been proven on transcription level of immune genes we monitored.
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Elucidation of the mechanism that underlies the observed finding is required, particularly
because of already proven negative effects of Nosema and pesticide combinations
(Alaux et al., 2010; Aufauvre et al., 2012; Aufauvre et al., 2014; Vidau et al., 2011).
The colonies used in this study were positive for DWV, which is expected since the
presence of this virus was previously reported in majority of Serbian honey bee colonies
(Simeunovic et al., 2014b; Cirkovic et al., 2018). The synergistic effect between DWV and
N. ceranae was investigated before (Costa et al., 2011; Doublet et al., 2015; Martin et al.,
2013) but no consistent conclusion was made. In our study significant increase of DWV
loads on 6th and 9th day after Nosema infection was recorded similar as in study of Zheng
et al. (2015). Furthermore, the highest DWV load was noticed in prochloraz-challenged
Nosema-infected six-day-old honey bees (Fig. 3). Prochloraz stimulating influence on
DWV was noticed also in non-infected six-day-old honey bee while in non-infected newly
emerged and non-infected nine-day-old honey bees, prochloraz decreased DWV loads. The
stimulating effect of pesticide on DWV was noticed also in our previous study (Tesovnik et
al., 2017).

CONCLUSIONS
Overall, the results of this study confirm our hypothesis that honey bee food contamination
with prochloraz presents the threat to the next generation of bees. Although we did not
investigate how much larvae are contaminated, its contamination could be more important
as they are affected in sensitive stage of development. The worst consequences could be
presumed for colonies contaminated with prochloraz during late summer as their larvae
develop into winter bees responsible for colony survival till spring. This scenario is likely to
happen when beekeepers migrate their hives to sunflower forage that is in many regions the
last in the season, so the bees are wintered on sunflower food. As sunflower fields are most
likely contaminated with agricultural pesticides, there is great probability of sunflower
contamination and consequently the brood intended to produce the population of winter
bees. However, further investigations are required to reveal how the transcriptional
disturbances in bee larvae during late summer influence winter survival of the colony.

ADDITIONAL INFORMATION AND DECLARATIONS
Funding
This study was realized within bilateral project cooperation between Serbia and Slovenia
supported by the Ministry of Education, Science and Technological Development of the
Republic of Serbia (Grant No. III46002), the Slovenian Research Agency (ARRS) and the
Ministry of Agriculture, Forestry and Food (grant No. L4 5522 and BI-RS/16-17-010). The
funders had no role in study design, data collection and analysis, decision to publish, or
preparation of the manuscript.

Grant Disclosures
The following grant information was disclosed by the authors:

Glavinic et al. (2019), PeerJ, DOI 10.7717/peerj.6325

12/18

Ministry of Education, Science and Technological Development of the Republic of Serbia:
III46002.
Slovenian Research Agency (ARRS): L4 5522.
Ministry of Agriculture, Forestry and Food: BI-RS/16-17-010.

Competing Interests
The authors declare there are no competing interests.

Author Contributions
• Uros Glavinic conceived and designed the experiments, performed the experiments,
analyzed the data, authored or reviewed drafts of the paper, approved the final draft.
• Tanja Tesovnik performed the experiments, analyzed the data, authored or reviewed
drafts of the paper, approved the final draft.
• Jevrosima Stevanovic analyzed the data, prepared figures and/or tables, authored or
reviewed drafts of the paper.
• Minja Zorc conducted statistical analyses and created the figures.
• Ivanka Cizelj conceived and designed the experiments, performed the experiments,
authored or reviewed drafts of the paper.
• Zoran Stanimirovic conceived and designed the experiments, contributed reagents/materials/analysis tools, approved the final draft.
• Mojca Narat conceived and designed the experiments, contributed reagents/materials/analysis tools, authored or reviewed drafts of the paper, approved the final draft.

Data Availability
The following information was supplied regarding data availability:
Raw data is available in the Supplemental File.

Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/10.7717/
peerj.6325#supplemental-information.

REFERENCES
Alaux C, Brunet JL, Dussaubat C, Mondet F, Tchamitchan S, Cousin M, Brillard J,
Baldy A, Belzunces LP, Le Conte Y. 2010. Interactions between Nosema microspores
and a neonicotinoid weaken honeybees (Apis mellifera). Environmental Microbiology
12:774–782 DOI 10.1111/j.1462-2920.2009.02123.x.
Antunez K, Martin-Hernandez R, Prieto L, Meana A, Zunino P, Higes M. 2009.
Immune suppression in the honey bee (Apis mellifera) following infection by
Nosema ceranae (Microsporidia). Environmental Microbiology 11:2284–2290
DOI 10.1111/j.1462-2920.2009.01953.x.
Aufauvre J, Biron DG, Vidau C, Fontbonne R, Roudel M, Diogon M, Vigues B,
Belzunces LP, Delbac F, Blot N. 2012. Parasite-insecticide interactions: a case
study of Nosema ceranae and fipronil synergy on honeybee. Scientific Reports 2:326
DOI 10.1038/Srep00326.

Glavinic et al. (2019), PeerJ, DOI 10.7717/peerj.6325

13/18

Aufauvre J, Misme-Aucouturier B, Viguès B, Texier C, Delbac F, Blot N. 2014. Transcriptome analyses of the honeybee response to Nosema ceranae and insecticides.
PLOS ONE 9:e91686 DOI 10.1371/journal.pone.0091686.
Bacandritsos N, Granato A, Budge G, Papanastasiou I, Roinioti E, Caldon M, Falcaro
C, Gallina A, Mutinelli F. 2010. Sudden deaths and colony population decline
in Greek honey bee colonies. Journal of Invertebrate Pathology 105:335–340
DOI 10.1016/j.jip.2010.08.004.
Badaoui B, Fougeroux A, Petit F, Anselmo A, Gorni C, Cucurachi M, Cersini A,
Granato A, Cardeti G, Formato G, Mutinelli F, Giuffra E, Williams JL, Botti S.
2017. RNA-sequence analysis of gene expression from honeybees (Apis mellifera)
infected with Nosema ceranae. PLOS ONE 12:e0173438
DOI 10.1371/journal.pone.0173438.
Bromenshenk JJ, Henderson CB, Wick CH, Stanford MF, Zulich AW, Jabbour RE,
Deshpande SV, McCubbin PE, Seccomb RA, Welch PM, Williams T, Firth DR,
Skowronski E, Lehmann MM, Bilimoria SL, Gress J, Wanner KW, Cramer RA.
2010. Iridovirus and microsporidian linked to honey bee colony decline. PLOS ONE
5:e13181 DOI 10.1371/journal.pone.0013181.
Chaimanee V, Chantawannakul P, Chen YP, Evans JD, Pettis JS. 2012. Differential
expression of immune genes of adult honey bee (Apis mellifera) after inoculated by
Nosema ceranae. Journal of Insect Physiology 58:1090–1095
DOI 10.1016/j.jinsphys.2012.04.016.
Chen YP, Evans JD, Murphy C, Gutell R, Zuker M, Gundensen-Rindal D, Pettis JS.
2009. Morphological, molecular, and phylogenetic characterization of Nosema
ceranae, a microsporidian parasite isolated from the European honey bee, Apis
mellifera. Journal of Eukaryotic Microbiology 56:142–147
DOI 10.1111/j.1550-7408.2008.00374.x.
Cirkovic D, Stevanovic J, Glavinic U, Aleksic N, Djuric S, Aleksic J, Stanimirovic Z.
2018. Honey bee viruses in Serbian colonies of different strength. PeerJ 6:e5887
DOI 10.7717/peerj.5887.
Cizelj I, Glavan G, Bozic J, Oven I, Mrak V, Narat M. 2016. Prochloraz and coumaphos
induce different gene expression patterns in three developmental stages of the
Carniolan honey bee (Apis mellifera carnica Pollmann). Pesticide Biochemistry and
Physiology 128:68–75 DOI 10.1016/j.pestbp.2015.09.015.
Copley TR, Jabaji SH. 2012. Honeybee glands as possible infection reservoirs of Nosema
ceranae and Nosema apis in naturally infected forager bees. Journal of Applied
Microbiology 112:15–24 DOI 10.1111/j.1365-2672.2011.05192.x.
Costa C, Tanner G, Lodesani M, Maistrello L, Neumann P. 2011. Negative correlation
between Nosema ceranae spore loads and deformed wing virus infection levels in
adult honey bee workers. Journal of Invertebrate Pathology 108:224–225
DOI 10.1016/j.jip.2011.08.012.
De la Rua P, Jaffe R, Dall’Olio R, Munoz I, Serrano J. 2009. Biodiversity, conservation
and current threats to European honeybees. Apidologie 40:263–284
DOI 10.1051/apido/2009027.

Glavinic et al. (2019), PeerJ, DOI 10.7717/peerj.6325

14/18

Doublet V, Labarussias M, De Miranda JR, Moritz RFA, Paxton RJ. 2015. Bees under
stress: sublethal doses of a neonicotinoid pesticide and pathogens interact to elevate
honey bee mortality across the life cycle. Environmental Microbiology 17:969–983
DOI 10.1111/1462-2920.12426.
Evans JD. 2006. Beepath: an ordered quantitative-PCR array for exploring honey
bee immunity and disease. Journal of Invertebrate Pathology 93:135–139
DOI 10.1016/j.jip.2006.04.004.
Fries I. 2010. Nosema ceranae in European honey bees (Apis mellifera). Journal of
Invertebrate Pathology 103:S73–S79 DOI 10.1016/j.jip.2009.06.017.
Fries I, Chauzat MP, Chen YP, Doublet V, Genersch E, Gisder S, Higes M, McMahon
DP, Martin-Hernandez R, Natsopoulou M, Paxton RJ, Tanner G, Webster TC,
Williams GR. 2013. Standard methods for Nosema research. In: Dietemann V, Ellis
JD, Neumann P, eds. The Coloss beebook. Vol. II: Journal of Apicultural Research 52
DOI 10.3896/Ibra.1.52.1.14.
Gallai N, Salles JM, Settele J, Vaissiere BE. 2009. Economic valuation of the vulnerability
of world agriculture confronted with pollinator decline. Ecological Economics
68:810–821 DOI 10.1016/j.ecolecon.2008.06.014.
Gisder S, Hedtke K, Mockel N, Frielitz MC, Linde A, Genersch E. 2010. Five-year cohort
study of Nosema spp. in Germany: does climate shape virulence and assertiveness
of Nosema ceranae? Applied and Environmental Microbiology 76:3032–3038
DOI 10.1128/AEM.03097-09.
Glavinic U, Stankovic B, Draskovic V, Stevanovic J, Petrovic T, Lakic N, Stanimirovic
Z. 2017. Dietary amino acid and vitamin complex protects honey bee from immunosuppression caused by Nosema ceranae. PLOS ONE 12:e0187726
DOI 10.1371/journal.pone.0187726.
Glavinić U, Stevanović J, Gajić B, Simeunović P, Ðurić S, Vejnović B, Stanimirović Z.
2014. Nosema ceranae DNA in honey bee haemolymph and honey bee mite Varroa
destructor. Acta Veterinaria 64:349–357 DOI 10.2478/acve-2014-0033.
Goulson D, Nicholls E, Botias C, Rotheray EL. 2015. Bee declines driven by combined
stress from parasites, pesticides, and lack of flowers. Science 347:1255957
DOI 10.1126/Science.1255957.
Gregorc A, Evans JD, Scharf M, Ellis JD. 2012. Gene expression in honey bee (Apis
mellifera) larvae exposed to pesticides and Varroa mites (Varroa destructor). Journal
of Insect Physiology 58:1042–1049 DOI 10.1016/j.jinsphys.2012.03.015.
Higes M, Martin-Hernandez R, Botias C, Bailon EG, Gonzalez-Porto AV, Barrios L,
Del Nozal MJ, Bernal JL, Jimenez JJ, Palencia PG, Meana A. 2008. How natural
infection by Nosema ceranae causes honeybee colony collapse. Environmental
Microbiology 10:2659–2669 DOI 10.1111/j.1462-2920.2008.01687.x.
Higes M, Martin-Hernandez R, Garrido-Bailon E, Gonzalez-Porto AV, Garcia-Palencia
P, Meana A, Del Nozal MJ, Mayo R, Bernal JL. 2009. Honeybee colony collapse
due to Nosema ceranae in professional apiaries. Environmental Microbiology Reports
1:110–113 DOI 10.1111/j.1758-2229.2009.00014.x.

Glavinic et al. (2019), PeerJ, DOI 10.7717/peerj.6325

15/18

Higes M, Meana A, Bartolome C, Botias C, Martin-Hernandez R. 2013. Nosema ceranae
(Microsporidia), a controversial 21st century honey bee pathogen. Environmental
Microbiology Reports 5:17–29 DOI 10.1111/1758-2229.12024.
Johnson RM, Dahlgren L, Siegfried BD, Ellis MD. 2013. Acaricide, Fungicide and Drug
Interactions in Honey Bees (Apis mellifera). PLOS ONE 8:e54092
DOI 10.1371/journal.pone.0054092.
Johnson RM, Wen ZM, Schuler MA, Berenbaum MR. 2006. Mediation of pyrethroid
insecticide toxicity to honey bees (Hymenoptera: Apidae) by cytochrome P450
monooxygenases. Journal of Economic Entomology 99:1046–1050
DOI 10.1603/0022-0493-99.4.1046.
Komsta L, Novomestky F. 2015. Moments: moments, cumulants, skewness, kurtosis
and related tests. R package version 0.14. Available at https:// cran.r-project.org/ web/
packages/ moments/ index.html (accessed on 14 November 2018).
Lambert O, Piroux M, Puyo S, Thorin C, L’Hostis M, Wiest L, Bulete A, Delbac F,
Pouliquen H. 2013. Widespread occurrence of chemical residues in beehive matrices
from apiaries located in different landscapes of western France. PLOS ONE 8:e67007
DOI 10.1371/journal.pone.0067007.
Lenth RV. 2016. Least-squares means: the R package lsmeans. Journal of Statistical
Software 69:1–33 DOI 10.18637/Jss.V069.I01.
Martin SJ, Hardy J, Villalobos E, Martin-Hernandez R, Nikaido S, Higes M. 2013. Do
the honeybee pathogens Nosema ceranae and deformed wing virus act synergistically?
Environmental Microbiology Reports 5:506–510 DOI 10.1111/1758-2229.12052.
Martin-Hernandez R, Meana A, Prieto L, Salvador AM, Garrido-Bailon E, Higes M.
2007. Outcome of colonization of Apis mellifera by Nosema ceranae. Applied and
Environmental Microbiology 73:6331–6338 DOI 10.1128/Aem.00270-07.
Moritz RFA, De Miranda J, Fries I, Le Conte Y, Neumann P, Paxton RJ. 2010. Research
strategies to improve honeybee health in Europe. Apidologie 41:227–242
DOI 10.1051/apido/2010010.
Mullin CA, Frazier M, Frazier JL, Ashcraft S, Simonds R, Van Engelsdorp D, Pettis JS.
2010. High levels of miticides and agrochemicals in north American apiaries: implications for honey bee health. PLOS ONE 5:e9754 DOI 10.1371/journal.pone.0009754.
Neumann P, Carreck NL. 2010. Honey bee colony losses. Journal of Apicultural Research
49:1–6 DOI 10.3896/Ibra.1.49.1.01.
Pfaffl MW. 2001. A new mathematical model for relative quantification in real-time RTPCR. Nucleic Acids Research 29:e45 DOI 10.1093/nar/29.9.e45.
R Core Team. 2017. R: a language and environment for statistical computing. Vienna:
R Foundation for Statistical Computing. Available at http:// www.R-project.org/
(accessed on 21 October 2018).
Sanchez-Bayo F, Goka K. 2014. Pesticide residues and bees—a risk assessment. PLOS
ONE 9:e94482 DOI 10.1371/journal.pone.0094482.

Glavinic et al. (2019), PeerJ, DOI 10.7717/peerj.6325

16/18

Simeunovic P, Stevanovic J, Cirkovic D, Radojicic S, Lakic N, Stanisic L, Stanimirovic
Z. 2014a. Nosema ceranae and queen age influence the reproduction and productivity of the honey bee colony. Journal of Apicultural Research 53:545–554
DOI 10.3896/ibra.1.53.5.09.
Simeunovic P, Stevanovic J, Vidanovic D, Nisavic J, Radovic D, Stanisic L, Stanimirovic
Z. 2014b. A survey of deformed wing virus and acute bee paralysis virus in honey
bee colonies from Serbia using real-time Rt-Pcr. Acta Veterinaria-Beograd 64:81–92
DOI 10.2478/acve-2014-0009.
Stevanovic J, Schwarz RS, Vejnovic B, Evans JD, Irwin RE, Glavinic U, Stanimirovic
Z. 2016. Species-specific diagnostics of Apis mellifera trypanosomatids: a nine-year
survey (2007–2015) for trypanosomatids and microsporidians in Serbian honey bees.
Journal of Invertebrate Pathology 139:6–11 DOI 10.1016/j.jip.2016.07.001.
Stevanovic J, Simeunovic P, Gajic B, Lakic N, Radovic D, Fries I, Stanimirovic Z. 2013.
Characteristics of Nosema ceranae infection in Serbian honey bee colonies. Apidologie
44:522–536 DOI 10.1007/s13592-013-0203-z.
Stevanovic J, Stanimirovic Z, Genersch E, Kovacevic SR, Ljubenkovic J, Radakovic
M, Aleksic N. 2011. Dominance of Nosema ceranae in honey bees in the Balkan
countries in the absence of symptoms of colony collapse disorder. Apidologie
42:49–58 DOI 10.1051/apido/2010034.
Tesovnik T, Cizelj I, Zorc M, Citar M, Bozic J, Glavan G, Narat M. 2017. Immune
related gene expression in worker honey bee (Apis mellifera carnica) pupae exposed
to neonicotinoid thiamethoxam and Varroa mites (Varroa destructor). PLOS ONE
12:e0187079 DOI 10.1371/journal.pone.0187079.
Vandesompele J, De Preter K, Pattyn F, Poppe B, Van Roy N, De Paepe A, Speleman F. 2002. Accurate normalization of real-time quantitative RT-PCR data
by geometric averaging of multiple internal control genes. Genome Biology
3:research0034.0031–research0034.0011.
VanEngelsdorp D, Meixner MD. 2010. A historical review of managed honey bee
populations in Europe and the United States and the factors that may affect them.
Journal of Invertebrate Pathology 103:S80–S95 DOI 10.1016/j.jip.2009.06.011.
Vejnovic B, Stevanovic J, Schwarz RS, Aleksic N, Mirilovic M, Jovanovic NM, Stanimirovic Z. 2017. Quantitative PCR assessment of Lotmaria passim in Apis mellifera
colonies co-infected naturally with Nosema ceranae. Journal of Invertebrate Pathology
151:76–81 DOI 10.1016/j.jip.2017.11.003.
Vidau C, Diogon M, Aufauvre J, Fontbonne R, Vigues B, Brunet JL, Texier C, Biron
DG, Blot N, El Alaoui H, Belzunces LP, Delbac F. 2011. Exposure to sublethal doses
of fipronil and thiacloprid highly increases mortality of honeybees previously infected by Nosema ceranae. PLOS ONE 6:e21550 DOI 10.1371/journal.pone.0021550.
Vinggaard AM, Hass U, Dalgaard M, Andersen HR, Bonefeld-Jorgensen E, Christiansen S, Laier P, Poulsen ME. 2006. Prochloraz: an imidazole fungicide with
multiple mechanisms of action. International Journal of Andrology 29:186–191
DOI 10.1111/j.1365-2605.2005.00604.x.

Glavinic et al. (2019), PeerJ, DOI 10.7717/peerj.6325

17/18

Wickham H. 2009. Ggplot2: elegant graphics for data analysis. New York: Springer, 212.
Zheng HQ, Gong HR, Huang SK, Sohr A, Hu FL, Chen YP. 2015. Evidence of the
synergistic interaction of honey bee pathogens Nosema ceranae and Deformed wing
virus. Veterinary Microbiology 177:1–6 DOI 10.1016/j.vetmic.2015.02.003.

Glavinic et al. (2019), PeerJ, DOI 10.7717/peerj.6325

18/18

