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Abstract

Background

Exclusion from a social group is an effective way to avoid parasihsmission. This type pf
social removal has also been proposed as a form of collectivesdefa social immunity, in
eusocial insect groups. If parasitic modification of host behaviavidespread in social
insects, the underlying physiological and neuronal mechanismgrérize investigated. We
studied this phenomenon in honey bees parasitized by the Vfaitea destructor or
microsporidia Nosema ceranae, which make bees leave the hive precociously. | We




characterized the chemical, behavioral and neurogenomic changessitiped bees, and
compared the effects of both parasites.

Results

Analysis of cuticular hydrocarbon (CHC) profiles by gas chitography coupled with ma
spectrophotometry (GC-MS) showed changes in honey bees padasifizeitherNosema
ceranae or Varroa destructor after 5 days of infestation. Levels of 10-HDA, an antiseptic
important for social immunity, did not change in response to parasBshavioral analysis
of N. ceranae- or V. destructor- parasitized bees revealed no significant differences in|their
behavioral acts or social interactions with nestmates. Diggta¢ expression (DGE) analygis

of parasitized honey bee brains demonstrated that, despite therdiéfen developmentgl
stage at which the bee is parasitizBdsema and Varroa-infested bees shared more gene
changes with each other than with honey bee brain expression gemer $etager or nurse
castes.
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Conclusions

Parasitism byNosema or Varroa induces changes to both the CHC profiles on the surface of
the bee and transcriptomic profiles in the brain, but within thesoontext of the hive, dog¢s
not result in observable effects on her behavior or behavior towardgvhée. parasitized
bees are reported to leave the hive as foragers, their baasctiption profiles suggest that
their behavior is not driven by the same molecular pathways that induce fobagiangor.
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Background

Behavioral defenses are “strikingly effective” mechanismsctombating parasites but are
often overlooked by studies addressing the effects of a fmmsithe host immune system
and related physiological processes [1]. For a behavior to be catside an anti-parasite
defense the parasite must impose a cost on the host and the beaim@avidiimit or eliminate
the parasite [2,3]. Parasite avoidance behavior is found acrosd taimavhere it manifests
as behaviors such as cleaning and avoiding feces or avoiding diseasedaifics [4]. For
example, normally gregarious spiny Caribbean lobsters shun lobbsiesatry a lethal virus,
even before the diseased lobster is visibly infected [5]. Howee¢rall behaviors are anti-
parasite, as parasites can also alter the behavior of theirihostsys that are ultimately
beneficial to the parasite or its offspring [6,7].

Living in groups can further complicate host-parasite interacsomse group members can
also play a role in the regulation of anti-parasite behavior. Gekedefenses against
parasites within a social group, called social immunity, are iplogscal, behavioral or
organizational adaptations that prevent the transmission of the &89 A common
social defense is the removal of the parasitized individuals finensocial group. Indeed, in
social insects, parasitized individuals can remove themselves tinemgroup, which



corresponds to an altruistic self-removal [10], or nestmates cdifynheir interaction with
those individuals to prevent parasite transmission [6,9]. For exampl@ney bees, very
different types of stress, including exposure to the Méeoa [11,12], the microsporidia
Nosema ceranae [13,14], or immune challenge [15] have been shown to induce precocious
foraging or forager-like physiological and behavioral charattesisLeaving the colony to
perform outside activities, like foraging, limits contact in ttree, especially with castes of
great importance (e.g. queen, brood), and thus, the spread ofgsamiitthe colony [9].
However, despite parasite modification of host behavior being widespneanimals, the
underlying physiological and neuronal mechanisms are poorly understquatiadly in
social insects.

In order to better understand this phenomenon, we analyzed how twerifparasites, an
ectoparasite\{arroa destructor) and endoparasitéNgsema ceranae), affect the physiology
and the brain neurogenomic state of honey beesVailrea destructor mite infects the larval
cell immediately before capping where it feeds on the develgmnipge and completes its
reproductive cycle. It weakens the honey bee by feeding on its haplolgnd transmitting
viruses, such as deformed wing virus (DWV), which are correlatédits effect on honey
bee survivorship [16-18]Nosema species are obligate, intracellular spore-forming fungal
parasites that infect honey bee adults from emergence bgdspgethrough the hive, most
likely through the activities of cleaning and trophallaxis [X®hce a worker has ingested
Nosema spores, the spores develop in the intestine of the bee, where thenajed
microsporidian infects the epithelial cell layer of the midgwd aonsumes the energy of the
cell [20,21]. However, despit&®arroa and Nosema infections varying greatly in their
pathologies, they affect honey bee behavior and learning abilit@milar ways (see Table
1). For example, bothVarroa-infested and Nosema-infected bees showed impaired
orientation abilities at the hive entrance [22,23].

Table 1 Comparative pathologies ofVarroa destructor and Nosema ceranae

Varroa destructor Nosema ceranae
Type of parasite  ectoparasite endoparasite
Mode of action Sucks hemolymph/transmits viruses Attacks epitheliune giuth
Mode of Enters brood cell before operculation; Oral transmission between workers,
transmission phoresis-carried between cells by adult beasatrices of the hive
(males and females)
Stage(s) attacked Nymph/adult Adult
Physiological Reduced weight, metabolism, vitellogenin Increase oxidative stress; degeneration
effects titers, and proportion of normal hemocytespf gut epithelium [26]; reduced
increased ecdysteroid titers [24,25] vitellogenin level [27]; induces
pheromone (ethyl oleate) production
[28]
Lifespan decrease [12] Lifespan decrease
Behavioral effects Impaired orientation [22] Impaired orientation [29]
Accelerated maturation [11,12] Accelerated maturation [13,14]

Faster habituation and lower response  Increased sucrose response based on
probability to odor stimulus but no change PER test [31]
sucrose response [30]

Since there is a robust association between brain gene expriestii@nhoney bee and its
behavioral state [29,32,33], we measured the brain transcriptionaleshamyuced byv.
destructor andN. ceranae and determined whether they induce similar brain host responses.



We also characterized the cuticular hydrocarbon (CHC) pradflé®ney bees parasitized by
V. destructor or N. ceranae and recorded nestmate interactions in observation hives in order
to detect nestmate aggression toward parasitized bees. Indeddngihgl the immune
system of bees with lipopolysaccharides or other non-living immumellsints changed the
CHC profiles of the bees, involved in social recognition, which leadnbdified and
aggressive conspecific contacts in a laboratory-based nestmatmitien assay [34,35].
Bees infected with the virus DWYV, that showed changes in their Gidflles, were also
ejected from the hive at higher rates than healthy bees, notalfy Healthy hives [36].
Finally, we determined whether parasitism can affect the Ev@toduction of 10-HDA that
contributes to social immunity of the colony. This compound, produced in thdiloéar
glands of bees, displays antiseptic properties in the royal jelly [37].

Results

Experiment 1: Chemical analysis oNosema ceranae- or Varroa destructor-
parasitized bees

Cuticular hydrocarbon profiles

Whether parasites induced changes in the cuticular hydrocarbolepr@ikanes, alkenes,
alkynes and methylalkanes) was tested in 11 to 12 bees pey @lolays 5 and 10 post-
emergence. The hydrocarbons were extracted from control aasitzeed bees and analyzed
and identified using gas chromatography (GC) followed by mass spectromeiry (MS

We did not find new compounds in parasitized bééssdma andVarroa) as compared to
control groups. Comparisons of the relative proportions of peaks correspaodpegcific
compounds did not reveal overwhelming differences betweenNtsema-infected and
control groups (Additional file 1, Table S1). However, the comparison ofottezall
chemical profiles, via discriminant analysis, Nbsema-infected bees and their control
counterparts at days 5 and 10 showed highly significant differéocesch colony (Colony
98: Wilks’ 2 = 0.015,F3992= 7.39,p < 0.0001; Colony 120: Wilks? = 0.011F39 95=8.73,p

< 0.0001; Colony 231: Wilksz = 0.037,F7102 = 7.92,p < 0.0001; Figure 1). For each
colony of origin, the squared Mahalanobis distance betwésama-infected and control
bees at 5 days old was not significant after Bonferoni corre¢liable 2). Conversely,
Mahalanobis chemical distances for older bees (10-day-old) Westisstically significant
between infected and control bees (Table 2). The cuticular hiparcarofiles changed also
with aging in both control and parasitized bees (Figure 1, Table ®icular profiles of
worker bees were quite specific as it was possible to chyresgign between 72-100% of all
workers from each age and infected groups (Additional file 2, Table S2).

Figure 1 Nosema-infected bees developed different cuticular hydrocarbons profés.
Discriminant analysis based on the cuticular hydrocarbons profildgsama-infected and
control bees at day 5 and 10. The analysis was repeated on bees from 3 differerst @blonie
= 11-12 bees/colony and treatment). Young (5 days) parasitized and control bees did not
display different chemical profiles, but 5 days later both profiles were digsiee Table 2).




Table 2 Pair-wise squared Mahalanobis distances between the chemical ptefof
Nosema-infected and control bees at day 5 and 10

Colony # Treatment Nosema5 Control10 NosemalO
Colony 98 Control5 7.2 68.62 47.92
P =0.023 P<0.001 P<0.001
Nosemab 72.85 58.03
P<0.001 P<0.001
Control10 9.55
P =0.0055
Colony 120 Control5 6.54 77.64 74
P=0.034 P<0.001 P<0.001
Nosemab 77.93 77.45
P<0.001 P<0.001
Control10 9.59
P =0.0035
Colony 231 Control5 4.28 31.22 34.92
P =0.044 P<0.001 P<0.001
Nosema5 31.89 34.09
P<0.001 P<0.001
Control10 5.99
P =0.0057

P-values that are significant at the 5% probability after Boohi's correctionR < 0.0083) are
indicated in bold. In the treatment column, 5 and 10 indicate the @be bkes. The experiment was
repeated on bees from 3 different colonies.

For Varroa-parasitized bees, the cuticular hydrocarbon profiles were ceohpéth control
bees on day 5 only (see Methods). The discriminant analysis alscedhs&ignificant
differences overall between parasitized and non-parasitized Wé&s’ (A = 0.027,F75 253=
3.79,p < 0.0001, Figure 2). Mahalanobis chemical distances betWaeoa-infested and
control bees were highly significant and the colony of origin alsbamaimportant influence
on the cuticular hydrocarbon profiles (Table 3). Between 75 and 100%e ahdividuals
were correctly classified according to their chemical profiledd{ional file 2, Table S3).

Figure 2 Varroa-infested bees developed different cuticular hydrocarbons profite
Discriminant analysis based on the cuticular hydrocarbons profila oda-infested and
control bees. The analysis was repeated on bees from 3 different cadridR (
bees/colony and treatment).




Table 3Pair-wise squared Mahalanobis distances between the chemical ptefof
Varroa-parasitized and control bees
Treatment Varroa98 Control120 Varroal20 Control231 Varroa231

Control98 17.46 18.02 28.31 9.61 6.2
P<0.001 P<0.001 P<0.001 P=0.0015 P=10.038

Varroa98 12.38 18.19 6.4 17.07
P=0.0012 P < 0.001 P =0.032 P < 0.001

Control120 9.09 8.34 17.7
P =0.0025 P =0.005 P < 0.001

Varroal20 16.68 17.8
P < 0.001 P < 0.001

Control231 9.72
P=0.0014

P-values that are significant at the 5% probability after Boohi's correctionR < 0.0083) are
indicated in bold. The numbers 98, 120 and 231 indicate the colony origin of the bees.

The relative proportion of each hydrocarbon affected\lbgema and Varroa is listed in
Additional file 1 (Table S1). Some of them were significanffe@ed by the parasites and
age but there was no consistent effect of age and parasite ogldtive proportions of each
compound.

10-HDA levels

We compared 10-HDA levels in the headdNotema- andVarroa-parasitized bees to control
bees from the same colony (Figure 3A and B). For the comparis$dosema-parasitized and
control bees, there was no significant difference in 10-HDA $e\mit for two colonies 10-
HDA showed a significant increase with age (Figure 3A). Lewél$0-HDA did not differ
betweenVarroa-parasitized and control bees (Figure 3B).

Figure 3 Parasitism did not affect the levels of 10-HDA levels in (A)losema- or (B)
Varroa-parasitized beesThe 10-HDA levels did not differ betwe®&msema-infected and

control bees at day 5 and 10 but increase with age in colony 120 and 231 (except for control)
(Kruskall-Wallis tests: Colony 98: H = 4.58,= 0.2; Colony 120: H = 19.3P,< 0.001,

Colony 231: H = 8.572 = 0.035; * denotes significant differences after Conover-lman post-
hoc testsP < 0.05).Varroa did not modify the 10-HDA levels (Mann—Whitney tests: Colony
98: P = 0.38, Colony 120P = 0.68; Colony 231P = 0.058).

Experiment 2: Behavioral analysis ofNosema ceranae- or Varroa destructor-
parasitized bees

In two four-frame observation hives, we quantified a suite of sociaviers (antennal
contact, allogrooming, self-grooming, cleaned by another bee, trapisathnd vibration)
undertaken or received Wylosema-parasitized Nl = 40) and control beedN(= 39). No
significant differences were observed between parasitized atithyhbaes in the rate of
behavioral acts or social interactions (Figure 4A and B). Silpil®arroa-parasitized bees
did not display different behavior and were not treated differentlydsymates as compared
to control individuals | = 24 for each group) (Figure 4C and D). In addition, we did not see
any agonistic behavior toward parasitized bees during the observatiodsp@00 min for



Nosema-parasitized and 585 min for control bees; 360 min for Maitroa-parasitized and
control bees).

Figure 4 Parasitism did not induce different behavioral treatment by colony neshates.

The rate of behavioral acts or interactions did not differ betWesema-infected and control
bees A andB), andVarroa-infested and control bee€ @ndD) (Mann—-Whitney tests? >

0.05 for each behavior). The experiment was performed on two colonies (19-20 bees/state in
theNosema experiment and 12 bees/state in\aeroa experiment).

Experiment 3: Brain transcriptomics of Nosema ceranae- or Varroa
destructor- parasitized bees

The brain transcriptome modifications induced by parasitism weternd@ed in bees
originating from two different colonies using digital gene egpien (DGE) analysis. Two
DGE-tag libraries were generated for each experimental geongrol, Nosema-infected and
Varroa-infested. For each library more than 100,000,000 tags were producedketieathen
narrowed down to around 9,300 unique gene hits for the honey bee (Additio3al Table
S4). These distinct tags and their genomic count are availalheN@BI Gene Expression
Omnibus (GEO) database with the accession number: GSE41109.

The number of genes whose expression was affected in the bee brhiosdoya- and
Varroa-parasitism was markedly different. Marroa-infested bees 455 genes changed
overall (225 up- and 230 downregulated) whileNosema-infected bees only 57 genes
responded differentially (12 up- and 45 downregulated) at an adjistedue < 0.05
(Additional file 4, Table S5).

Gene Ontology analysis revealed that gene expression chandyesroa-infested brains
(represented by 265 fly orthologs) were most significantly eyeesented in the
metallopeptidase functional group with changes in both directiordeg Ba. Varroa-infested
bees showed decreased expression of glutamate and GABA recégigdd-rgenes
(GB15851, GB14954, GB13604, GB15167, GB18621), and the dopamine reéepiop],
and overexpression of ascorbate/aldarate metabolism genes (GB1708y,4GBGB14956,
GB15000), which include dopamine and serotonin metabolism [38-40]. Convduséty,
glutamate decarboyxlase 1, which synthesizes GABA neurotraesméind the GABA
neurotransmitter transporter 1B were overexpressathinoa-parasitized brains (Table 4).
Nosema-infected brains, for which only 24 genes had Flybase orthologs, showed no
significant patterns in the classification of functional groups. B¢genes that are involved
in immune and antioxidant activity, defensin-1, peroxidase, est&2sglucose oxidase,
flavin-containing monooxygenase, were upregulated.



Table 4 Functional analysis of genes regulated byarroa parasitism

Biological process/ Molecular Function P-value # upregulated # downregulated
genes genes

Metallopeptidase activity 0.00193 5 4
Ascorbate and aldarate metabolism 0.0106 4 0
GPCR, family 3, C-terminal 0.0126 0 3
Metalloendopeptidase activity 0.0127 2 4
Nucleophile 0.0150 2 3
Carbohydrate binding 0.0170 2 5
Integral/intrinsic to plasma membrane 0.0243 4 6
Glutamate receptor activity 0.0320 0 4
Pattern/ Polysaccharide binding 0.0331 1 4
Starch and sucrose metabolism 0.0338 3 1
Peptidase activity, acting on L-amino acid 0.0379 10 5
peptides

Hydrolase 0.0431 20 16
Developmental growth 0.0471 3 3
Metalloprotease 0.0482 2 2

Gene ontology biological process and molecular function categbdesvere overrepresented in the
brain transcriptomic profile are showia € 0.05).

Despite the difference in overall number of genes affectellokty parasites as compared to
controls and the 245 genes that changed betWaama andNosema parasitism (Additional

file 4, Table S5)Nosema- andVarroa- parasitized bees shared more gene changes with each
other (21 genes, Figure 5) than expected by chance (5.6 times nm&®.g@ addition,
Nosema parasitism caused a brain gene expression profile that wdarsinthe profile of
bees parasitized byarroa; except for apidermin 3 (GB30203), genes that were up- and
downregulated byNosema were also up- and downregulated\grroa, giving a significant
pattern 2 = 11.049P < 0.001, Figure 5). We also tested gene expression overlap with brain
gene expression data from nurse/forager, i.e. genes known todmpilaped in nurse brains

as compared to forager brains and the other way round [41]. We fopadtresly 8 and 34
genes affected byNosema and Varroa parasites to overlap with the nurse/forager sets
(Additional file 4, Table S5) but neither of these gene setsswasficantly similar to nurse

and forager beegZ = 0.08,P = 0.78 andy2 = 0.58,P = 0.45 forNosema and Varroa,
respectively).

Figure 5 Expression levels show similar directionality for 20 brain genes commonly
affected byNosema and Varroa parasites.For the total number of genes changed by
parasitism byarroa (N = 455 genes) dlosema (N = 57 genes), a statistically significant
number of genes occur in both liské£ 21) with 20 genes expressed in the same direction
(Exact hypergeometric probability teBt< 0.0001). Color scale for the heatmap (red to
green) indicates log2 transcription ratios where red color indicates Mpdession of the
gene in the parasitized bee and green color indicates overexpression. For egitiegene
accession number and annotation are indicated.

Using the DGE-tag libraries, we determined whether parasitested the viral landscape in
the bee brain. We looked for presence and abundance of 9 viruses: Cheoparakgsis
virus RNA 1, Chronic bee paralysis virus RNA 2, Sacbrood virus, Deformieg virus,
Black queen cell virus, Acute bee paralysis virus, Kashmir bes,Wfarroa destructor virus
1 and Israel acute paralysis virus. Only two viruses were fahtin the bee brains,



Deformed wing virus (DWV) anarroa destructor virus (Figure 6)Varroa-infested bees
had the highest levels of DWV compared to control bees and higleés & Deformed wing
virus thanNosema-infected bees (Figure 6Nosema-infected bees also had higher levels of
DWYV than control bees, at the limit of statistical significarVarroa destructor virus levels
were not statistically different across contidyroa- andNosema- parasitized bees.

Figure 6 Deformed wing virus titers increased in the honey bee brain with parassm.

Viral titers are expressed as the total number of tags in a sample foloeathiodividually
(Colony 1 and Colony 2). Deformed wing virus (DWV) levels were significantligdrign
Varroa-infested bees comparedNiosema- and control bees (Generalized Linear Model with
Cox-Reid method for estimating dispersi®ayroa vs. control:P < 0.05,Varroa vs.

Nosema: P < 0.01), while increased DWYV levels Nosema-infested bees were marginally
significant P < 0.10).Varroa destructor virus (VDV) titers did not differ between parasitized
and control bees (Fé*-values see Additional file 5, Table S6.).

Discussion

In this study, we demonstrated that two parasiestoa destructor and Nosema ceranae,
with distinct, differing pathologies both modified the physiology &madscriptomic profiles
in the brain of their honey bee host. Parasitized honey bees eghibianges in their CHC
profiles but showed no differences in behaviors between pardsdizé healthy bees. In
addition we observed no significant aggressive behavior towardstpaédees, nor any
change in social interactions.

A previous study found that bees parasitizedViayroa exhibit a modified CHC at their
emergence [42]. Our data shows that this change is lastingeudowour behavioral results
differ from recent studies that observed increased general swEigctions or aggressive
behaviors towards immune-challenged bees, but differences inghgregntal design of our
study may account for those differences. In a series of studiegased social and
aggressive behaviors towards immune-suppressed workers were obsévetaurs after
treatment in assays that were conducted in the laboratory [34,35]st@idy employed
natural conditions of a four-frame observation hive using bees that hagaesitized in the
days prior to the experiment, in order to understand if nestmatasne$o parasitized bees
within the context of general activity of the hive. Moreover we ehosfocus on bees that
were Varroa-parasitized but asymptomatic for DWV. In contrast, a second $tushd that
DWV-infected bees that exhibited deformed wing symptoms wetecttd and removed
from the hive by nestmates [36]. Thus our results do not contradiciopsestudies but
reflect the subtle nature of parasitism\arroa or Nosema that, when resulting in precocious
departure from the hive, is more likely due to altruistic setfeeal, acting as a mechanism
of social immunity. Indeed, it may be less costly for the colbay sick or parasitized bees
leave the colony of their own accord, rather than recruitingnagss to exclude those bees
via aggressive behaviors. In that case, bees might distinguisthestskbased on different
CHC profiles but not discriminate them, except in the casetocérarly sick bees that cannot
leave on their own, such as bees exhibiting deformed wing symptomals&/dound a
change of the chemical profile with age which is consistetit prievious studies (nurse vs
forager, see [43]). In honey bee hives, older bees segregate thesifsein young bees by
olfactory discrimination of cuticular hydrocarbons as they epwad to different age groups
[44]. Indeed, older bees both emit and respond to a more complex bouquetcofacuti
hydrocarbons than younger bees [43,44]. SiNosema and Varroa-parasitized bees age



faster, it is possible that they exhibited a CHC profile of leées. In addition, the CHC
profile is shaped by the genotype, nutrition, environment and physiologjeta [45,46].
Therefore, it is possible that their nestmates did not resport tparasitized bees because
their chemical profiles could not be distinguished from the chemrcdile of others bees of
different ages, physiological status and genotypes. These regiliglni the importance of
testing for biological effects within the hive when trying to draw conclusiboatehoney bee
behavior.

If parasitism byVarroa or Nosema induces precocious foraging, one would expect the
parasitized bees to show physiological changes similar tdramsition to a forager bee.
Levels of 10-HDA increased with the age of the bee confirrthiegstudy of Plettneet al.
[47], but did not change in responseNiosema or Varroa parasitism. Thus the production of
antiseptic compounds, like 10-HDA, in the food is age- or task-dependenbtreggulated

by the presence of parasites. However, further investigatidiffefent type of pathogens or
parasites, would give more insight as to whether antiseptic produzn vary according to
the infection level of the hive.

Our results also demonstrate that parasites alter the bréia bbney bee host, whether they
were parasitized at the pup&afroa) or the adult stageNpsema). In addition, twenty genes,
nearly one half of those detectedNiesema-infested bee brains, show a shared expression
pattern betweeWarroa and Nosema-infested bees. Their functions are diverse but several
genes stand out as interesting for their possible roles in maddtess, neural function and
foraging behaviorFlavin-containing monooxygenase FMO GS-OX-like 3-like (FMO3) and
torsin-like protein (torp4a) are overexpressed aneplication factor C subunit 5-like (RfC5)

is downregulated ivarroa-infested andNosema-infected bees. FMO3 is part of the FMO
family known to react to xenobiotic stress in other organisms [d&)rosophila, theTorp4a
ortholog @torsin) is involved in dopamine metabolism and locomotion [49] andRfi@b
ortholog RFC3) plays a role in neurogenesis [50], indicating that both parasitesnodify
brain function. The honey bee genBheromone biosynthesis-activating neuropeptide
(PBAN) is also over-expressed in bothrroa-infested andNosema-infected bees compared
to controls. In honey bee®BAN neuropeptide levels are significantly higher in nectar
foragers than pollen foragers [51]. In LepidopteP&AN is linked to regulation of sex
pheromone production [52], where pheromone production is JH-dependent, and JH primes
the pheromone gland in adult females to respon@BaN [53]. JH is also responsible for
“priming” the foraging behavior in honey bees, though no link has beahlisked between
PBAN and JH in honey bees.

The presence of viruses may also account for similaritiesne gxpression betwedlosema
andVarroa-parasitized bees. We found increased levels of DWV in thedddiboth types

of parasitized bees and therefore cannot exclude that the obs#raedes are actually
caused by an increase in DWV titer. DWV is a positive-sti@Neé\ picorna-like virus that
has been detected and can actively replicate in the heads [54] ansl & honey bees,
specifically the mushroom bodies, visual and antennal lobe neuropils TB&].virus is
closely associated witfarroa infestation [56] and thus it was not unusual that it occurred in
higher levels inVarroa-infested brains. On the other hand, we did not expect to find an
increase in DWV levels iN. ceranae-infected bees, as a negative correlation between these
two pathogens in the midgut of the bee was recently reported [54hwhggests that.
ceranae and DWV may compete for resources in the degenerated midgubobin the
brain, whereNosema is not found.



Despite the statistically significant number of shared géreschangeyarroa andNosema-
infested brains demonstrate different patterns of expressionmimatreflect the different
pathologies of the two parasites. Bees that were parasitiz¥drroa as developing pupae
exhibit more gene changes compared to controls than bees thahaarated witiNosema
ceranae as one-day old adults. This apparent disparity in gene expression £imagee
due to long-lasting brain developmental changes induced during pupal dewvetiogate
persist in adult bees. The genes affected\byeranae infection could not be sorted by
functional group analysis but several immune-related and antioxidans,gemduding
defensin-1, peroxidase, esterase A2, glucose oxidase, were upregulated indicating that the
blood-brain barrier in honey bees, although not well studied, may be @oimspd by a
parasitic attack. Genes involved in the oxidative response to stegesalso upregulated in
the guts ofN. ceranae-infected honey bees [58], suggesting a systemic response throughout
the honey bee in response to the microsporidian.

The impact oVarroa on the brain transcriptome suggests a decrease in learning amsymem
that may result from parasitism during development. This brajporese would explain the
actual learning impairment and losses of foragers induceWabgoa [23,59]. Based on
functional group analysi8/arroa-infested bees show decreased expression of glutamate and
GABA receptor-related genes, the dopamine recepdoxiopl, and overexpression of
ascorbate/aldarate metabolism genes. Inhibition or suppression of afetaeceptors
disrupts memory formation in honey bees [26,30,60]. GABA receptors are present throughout
the mushroom bodies [61], a region important for learning and memorygiapen
foragers [62]. GABAnergic interneurons also form part of thectfy conditioned learning
pathway [63]. Yet the simultaneous increase in the expression efrgité decarboxylase
and GABA neurotransmitter transporter with a decrease in GA&A&ptor targets signals
either compensatory mechanisms at work or a disruption in GABAneegwork. Analysis

of the neuroanatomical changes in tWarroa-parasitized brain could resolve whether
decreased expression of GABA and glutamate receptors leadsdocsion in their numbers.

The dopamine receptéxmdopl is higher in newly born cells in the mushroom body than
older cells [64] and irDrosophila, it is required for aversive and appetitive learning [65].
Finally, the cAMP pathway and its targets in the mushroom bodiesypogtant mechanisms

for learning in bees [66]. Several genes linked to the cANtPcalcium signaling cascades
are downregulated ixarroa brains:Adenylate cyclase type 10-like, Ryanodine receptor [67]
andvoltage-dependent cal cium channel subunit (GB10696).

Compared to the transcriptomic changes in the honey bee brairctoa@any the switch
from nurse to forager, we found relatively few genes that chamgessponse tdNosema
ceranae or Varroa destructor infestation. Brain expression profiles \éarroa and Nosema-
parasitized bees bear a greater resemblance to each othdp ttiee reported profiles of
typical foragers or nurses. Thus, their early departures frorhitkemay not be induced by
mechanisms of normal behavioral development, but perhaps by an alternativaismedhat
results in altruistic self-removal. Indeed, certain genes thattypically upregulated in
foraging bee brainslifos, Kr-hl) are downregulated iWarroa-infested honey bee brains
[29,41,68,69]. Foraging activity is an especially demanding actieitjyetrning and memory
in the honey bee [63], but parasitized bees seems to have deficiahdlas level (see
above). Therefore, altogether these results suggesvahaia and Nosema-parasitized bees
seem to not be true foragers, much like ;@®@ated bees that left the hive, but also
disappeared, at higher rates than control bees [10]. However, thisguire confirmation in
a more natural context (colony level).



Neither of the parasite¥arroa destructor nor Nosema ceranae, attacks the honey bee brain
directly, yet we observed transcriptional changes in the bodiheney bees in response to
parasitism. Thus, these changes, that are most likely triggeraddaction in another tissue
(e.g. midgut, fat bodies, hemolymph), highlight a link between the immsystem, the brain,
and perhaps, behavior in the honey bee. While parasitized beepantedeo behave like
foragers, by leaving the hive, their brain transcription profileggest that their behavior is
not driven by the same molecular pathways that induce fordgghgvior. Whether the
transcriptional changes observed are due to host immune responseg paoasih release or
viruses that propagate in the brain is not known. LPS-challenged bedsehlave more like
foragers than same-aged bees [15], even without parasitic ochainges, but proteomic
analysis of parasitized insects, grasshopper (by a nematodeyessel fly (byTrypansoma
brunei) detected changes in the host brain [70,71] and proteins releasiee pgrasite that
may affect host behavior [70].

Conclusion

Stress response in the honey bee to parasitisidabyoa destructor or Nosema ceranae
shows similarities in their features; both parasites induce chan@&HC profiles and similar
transcriptional profiles in the brain. That these parasitized beesiot attacked by their
nestmates suggests that they leave the hive voluntarily, perhapdqutdpebene expression
changes in the brain, showing altruistic behavior as predictedueppelet al. [10]. This
social removal may be a general and conserved response to g@aragitien that it was
observed with extremely different types of parasites: a (eitboparasite) [11,12] and a
single cell microsporidian (endoparasite) [13,14]. As to what these de@ once they have
left the hive still needs to be examined. Are they normal fosagetr with shorter life spans,
less efficient foragers due to learning and memory deftgés or do they leave the hive and
wander aimlessly in the landscape? Emerging tracking techneldigallow us to answer
these questions and determine the role of the parasitized honeyitbeetie colony. In
addition, such studies that incorporate behavioral, genomic and physalogrmaponents
will help us to better understand current worldwide declines of horeepdyaulations that are
often characterized by an unusual loss of adult bees from the colony [72].

Methods

Bees and parasites

This experiment was performed using hives of a hybridpi$ mellifera mellifera andA.m.
ligustica located at the Institut National de la Recherche Agronomiqée/ignon, France.
Nosema-treated bees were individually fed 2 uL of 50% sugar solution withixdure of
freshly extracted spores ®fosema ceranae at a concentration of 50,000 spores/uL. The
presence oN. ceranae was confirmed by PCR analysis [73]. Guts were dissecttdteand
of the experiments and no spores were found in the control bees ¢tiaiaomwn).Varroa-
parasitized bees were obtained following a similar procedureildedgdn [74]. Colonies that
were not treated with miticide were used and the queen was tagtp egg-laying so that
Varroa mites had no cells to parasitize. Meanwhile, the queen frorffeseit colony was
transferred into a queen-excluder for 7 days with an empty frahem the frame containing
new brood (young larvae) was transferred into the colony that bagesl queen and sealed
brood. The new brood on this frame was then uniformly parasitizétitypa mites. Three
weeks after the queen laid eggs in the frame enclosed in the-gxeader, the frame was



removed from the colony and newly emerging adults were pickeddamped cells in order
to verify whether the cell was infested wharroa. Varroa-parasitized bees with deformed
wings were discarded due to their extremely short lifespan.

Experiment 1: Chemical analysis oNosema ceranae- or Varroa destructor-
parasitized bees

Experiments orNosema and Varroa were performed separately but following the same
procedure. In each experiment bees from three colonies were usedla@radter their
emergence, parasitized and non-parasitized (control) Neeg(—60 bees/state/colony) were
color painted (Lackstift, Motip, Netherlands) on the thorax according to thératd colony
origin and then all transferred into a host colony thatViamsoa-treated andNosema-free. At
this age bees are easily accepted by the colony since rindgciing the recognition cues,
including cuticular hydrocarbons [75]. The hydrocarbon profiles, whiclganetically and
environmentally acquired, change progressively with age [75,76]. Bfterd 10 days in the
Nosema experiment, and after 5 days in tRarroa experiment, bees were collected and
stored at —80°C for later chemical analyMarroa-parasitized bees were not collected at day
10, because they were more difficult to find in the hive at thataagein sufficient number
for later analysis (shorter lifespan or had left the hive).

Cuticular hydrocarbon profiles

Hydrocarbons were extracted by individually immersing bees 5fominutes at room
temperature in 1,90QL of isohexane and 10QL of eicosane (C20) at 25 nd/ as an
internal standard. Each sample was concentrated under a strearaggfmto a volume of 10
uL, of which 1puL was injected into a fast gas chromatograph (GC) (Shimadzu 2014) Japa
equipped with a split-splitless inlet, a flame ionization deteaod a capillary column
Equity 5 (15 m x 0.10 mm, 0.10m film thickness). Samples were injected in split mode and
hydrogen was used as a carrier gas with a column flow of 0.55mifime oven temperature
was held at 70°C for 30 sec., increased from 70°C to 150°C at 40°C/min.150%€ to
320°C at 10°C/min., and held at 320°C for 10 min. Peaks from the paint wetdéedeand
automatically removed by comparing the profile of non-marked tegsint-marked bees
and paint diluted in isohexane.

The structure of cuticular compounds present in the profiles wasmdeed by performing

gas chromatography coupled with mass spectrometry (GC-MS). ulwof sample was
injected into a GC-MS Thermo Scientific Trace GC Ultra I&fRipped with a split-splitless
inlet, an I1ISQ electron impact ion source, and a Thermo TR-5 column 0.2 mm, 0.10

um film thickness). The column flow was 0.4 ml/min. and the oven temyeratas held at
50°C for 43 sec., increased from 50°C to 150°C at 20°C/min., from 150°C to 300°C at
10°C/min., and held at 300°C for 10 min.

For statistical analysis of the chemical profiles, only pedkst twere reproducibly
guantifiable in all samples were used. Each peak area was sliaadaccording to Reyment
[77]. To determine whether parasitized and control bees could be distidudn the basis
of their cuticular profiles and assess the profile similaatystepwise discriminant analysis
was performed with Statistica 8.0. (StatSoft® Inc.). In additidiahalanobis distances
between all pairwise groups were calculated as estimatelse chemical distances between
each groupP-values were adjusted for multiple comparisons using Bonferronifeatamn.



The effect of parasitism on the relative proportion of each compousddet@rmined by
using Mann-Whitney U tests.

10-HDA levels

Chemical compounds were extracted by crushing individual heads wlL.28f0methanol and
100l of decanoic acid (250 ng/ internal standard) for 2 min. 30 sec. at 50 Hz with a Mini-
Mill Pulverisette 23 (Fritsch, France). The solution was cergefl at 4,000 g for 40 min.
Twenty uL of the supernatant were collected, concentrated under nitrogem sirehthen
derivatized with 5uL of bistrimethylsilyltrifluoroacetamide. The solution wastaged and
left at room temperature for 40 min. The derivatized sample kes diluted in 1QuL of
isohexane and L of this solution was injected into the GC (Shimadzu 2014, Japan). The
samples were injected in split mode. Hydrogen was used asragas. Oven temperature
was set at 100°C, then increased to 200°C at 40°C/min. and to 250°C ahit0&Yd held

at 250°C for 2 min. Identification and quantification of 10-HDA were #ase retention
times of synthetic compounds (Cayman Chemical, France). Th&rmatibn of 10-HDA
compound was done by mass spectrometer (Thermo Scientific Gaddtra 1ISQ).Nosema
and Varroa effects on 10-HDA synthesis were determined by using KruskallidVand
Mann—-Whitney U tests, respectively.

Experiment 2: Behavioral analysis ofNosema ceranae- or Varroa destructor-
parasitized bees

To determine whether parasitized bees are treated diffgtbaih healthy, control bees, we
recorded social interactions between focal bees and nestméaes four-frame observation
hives. Nosema- (70 bees/state/observation hive) anthrroa-parasitized bees (30
bees/state/observation hive) were obtained as previously desdaageaiymbered (Opalith
Plattchen, Friedrich Wienold, Germany) and introduced into the observatien The two
experiments were carried out separately. We performed foaalplisg behavioral
observation on randomly-picked bees for 15 min (19-20 bees/state/observatidor hine
Nosema experiment and 12 bees/state/observation hive forvVHreoa experiment). The
regular behaviors recorded during the observation period were: antsmmtakts, allo-
grooming, cleaned by another bee, self-grooming, trophallaxis and beiaged (vibration
signal, see [78]). The agonistic behaviors were: mandibular openings,dritestinging. We
then determined whether the rate of each behavior performed doeirapservation period
differed between parasitized and non- parasitized bees using Mann-Whitney. U test

Experiment 3: Brain transcriptomics of Nosema ceranae- or Varroa destructor
-parasitized bees

Three treatment groups were used: control bees that had no pres¥ao®alfin their brood
cells, Varroa-infested bees that hadarroa in their cells, andNosema-infected bees that
received theNosema sugar solution. Each treatment group was obtained as previously
described (seBees and parasites) and then each group composed of one day old bees (

20 bees/treatment group) were housed in different plastic cages X 7.5 x 11.5 cm).
Keeping the bees in cages allowed us to remove the potentidl @ffége environment and
capture only the effect of the parasite on brain gene expressierexperiment was repeated

on 2 different colonies.



Brain dissection

After 10 days in cages, bees were sacrificed by flagzifrg in liquid nitrogen. Heads of the
bees were separated from the body and the cuticle scratétiedungical tweezers before
storing in RNAater®-ICE solution (Life Technologies) at —20°C for 16—-18 hours, according
to manufacturer’s instructions. Brains were dissected on ice andissection microscope to
remove all traces of the optic lobe and then stored at —80°C.

RNA isolation

For each cage, 3 pools of 3 bee brains were homogenized L5fi0TRIzol Reagent (Life
Technologies), phase-separated with chloroform/Trizol and the aqueows rphasved for
precipitation with 70% ethanol. The resulting aqueous-ethanol solutiohnoa@sd onto an
RNeasy mini spin column of the Qiagen RNeasy Mini Kit (Qiag&iA isolation was
performed according to the manufacturer’s instructions, startinig waishing with Buffer
RW1. Genomic DNA was removed from samples using an RNA-fidasP set (Qiagen).
RNA was quantified by spectrophotometry using the Nanodrop 1000 (Theneatifss).
Then, RNA isolated from the 3 pools was equally combined.

Digital gene expression

For each treatment, two brain pools (one per colony) were adalgaeple preparation was
performed using the DGE Dpnll Sample preparation kit (llluming¥.KC-102-1007)
according to the manufacturer's instructions. Brieflyg2of total RNA was incubated with
magnetic oligo(dT) beads. Non poly-adenylated RNA was removedebgral washes.
Reverse transcription was performed on captured RNAs followedédgynthesis of the
second strand of cDNA. Captured double stranded DNA was digested using Dpgditignl
was performed with lllumina's GEX Dpnll adapter 1 followedéawyligestion using Mmel
resulting in the release of tags. Those tags were ligatag ligimina's GEX Adapter 2,
amplified by PCR (15 cycles) and purified on acrylamide gdrdries were validated using
an Agilent DNA1000 BioAnalyzer chip, denatured using 0.1 N NaOH, dilute®igM and
sequenced on a Hiseq2000 using a Sequence by Synthesis technique.

Analysis and mapping of DGE tags

Image analyses and base-calling were conducted using the HiSegl Goftware (HCS
1.4.5.0) and RTA component (RTA 1.12.4.0). Extraction of 16 bp tags (reads weretti

for adaptor sequence) and tag counting were performed using home-made Pe
script.Sequences were first aligned (using the lllumina's semg analysis software,
CASAVA 1.8) to transcripts of thédpis mellifera genome version 4.5 downloaded from
NCBI. Only those 16 bp tags that were perfect matches wexieedt Those tags that could
not be aligned to transcripts were re-aligned to the compf@temellifera genome (version
4.5).

Mapping was also performed on sequences of honey bee virus genomesiqCiae
paralysis virus RNA 1: GenBank EU122229, Chronic bee paralysis virds REU122230,
Sacbrood virus: AF092924, Deformed wing virus: AJ489744, Black queen cell virus
AF183905, Acute bee paralysis virus: AF150629, Kashmir bee virus: AY27¥atfha
destructor virus 1: AY251269 and Israel acute paralysis virus: EF219380).



The package DESeq from Bioconductor was used to conduct the arj@8jsiSenes (i.e.
tags that matched a transcript) and tags that were aghedlto the genome were analyzed
separately. Tags that occur less than one time in a milhotwo or more samples, were
filtered from the analysis. DESeq estimates variance-mependlence in count data from
DGE-tag libraries and tests for differential expression based model using the negative
binomial distribution. Genes were considered to be differentiallyesspd between two
treatments at an adjust@evalue < 0.05. Thé&-value was adjusted for multiple testing with
the Benjamini-Hochberg procedure, which controls for false discovery rate

Analysis of gene expression profiles

Genes that overlapped between gene lists were identifiedelyiray Venn diagrams using
GeneVenn [80]. Exact hypergeometric probability test was pedd to test the statistical
significance of the overlap between two gene lists [81]. DAWID [82,83] was used to
determine the enriched functional groups, based on GO terms, within thet®rnst of
expressed genes containing those genes with Flybase orthologs.

We also determined whethBosema andVarroa modified the brain gene expression profile
in a manner consistent with some previously characterized behaploabtypes or in a
completely different way. To explore this idea, we compared pgamsite effects to
nurse/forager profiles that were obtained with microarray aisa[$d], using Chi-square
tests with Yates correction.
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Additional_file_1 as XLSX
Additional file 1: Table S1Relative proportion of each CHC compound in control and



Nosema or Varroa parasitized bees. Changes in proportion induced by parasitism were
determined with Mann—Whitney U tes € 0.05 are in bold).

Additional_file_2 as XLSX

Additional file 2: Table S2 Percentage of correct assignmentblagema-infected and

control bees based on their cuticular hydrocarbons profiles. In the treatment columdri, b a
indicate the age of the bees. The last four columns show the number of beesdlamssie
different group treatment by the discriminant analysis. The experimenepeated on bees
from 3 different colonies. Table S3 Percentage of correct assignmérfas od-infested and
control bees based on their cuticular hydrocarbons profiles. The last six columnsshow t
number of bees classified in the different group treatment by the discrimiredysia. The
numbers 98, 120 and 231 indicate the colony origin of the bees.

Additional_file_3 as DOCX
Additional file 3: Table S4Summary of DGE sequencing results. The analysis was
performed on two colonies.

Additional_file_4 as DOCX

Additional file 4: Table S5 Lists of genes affected in the bee brairNmgema or Varroa
parasitism. Corresponding honey bee g@mesophila ortholog and genes also up- or
downregulated in the brain of nurses and foragers are shown.

Additional_file_ 5 as DOCX

Additional file 5: Table S6Effects ofNosema andVarroa parasites on the prevalance of
Deformed Wing Virus an®arroa Destructor Virus levels in the bee brain. Comparisons of
viral titers (A)Nosema vs Control, (B)Varroa vs Control and (CYarroa vs Nosema using
Cox-Reid method for estimating dispersion and Generalized Linear Model (@®kLM)
statistical test.
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