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Caste-specific expression of constitutive &®&huveria bassiananduced immunity
in the antFormica exsectgHymenoptera: Formicidae)

Dimitri STUCKI, Liselotte INDSTROM & Dalial FREITAK

Abstract

One of the distinctive features of eusocial insésthe production of separate castes, each oftwépecializes in

different aspects of colony performance. As a cgusece, queens, males, and workers follow diffeesotutionary
trajectories, depending on their life histories &agks within the colony. The short-lived males &ny-lived queens
only leave the colony for reproduction, whereaskeos experience frequent contact with the surraugqénvironment.
Yet, workers often perform tasks sequentially dgriheir life. Younger workers tend brood, whereltepworkers
v forage for food. Here, we examined the expressfariree candidate genes both at the constitutivellamnd following

challenge with the entomopathogenic fun@eauveria bassian@/uILLEMIN, 1912) in males, young queens, nurses,
and foragers of the afbrmica exsect&dlYLANDER, 1846. We found no difference in the survivaldeling an infection
between queens and males or between nurses amgferdiowever, we found clear caste- and workessespecific
differences in the responseBobassianan genes associated with immune functions. In gsi@ad nurses, the expression
of antifungal genes increased, which in the queasscoupled to reduced expression of genes nattlgiiavolved in
immune responses. In contrast, in males and fosagene expression did not increase upon infeciimtead the ex-

pression of antibacterial genes declined.
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Introduction

One of the defining features of eusocial insecthésdi-
vision of reproductive labor to separate casteg $ON
1971, QRESPI& Y ANEGA 1995). Apart from fully repro-
ductive males and queens, eusocial societies peostark-
ers, which contribute to the common goods of tHergo
(such as nest building, defense, or foraging)hatex-
pense of individual reproduction. These differerés are
also reflected in the life history traits of ea@ste, such as
longevity (A:ReY 2001), morphology (MURA 2005), and
/ or behavior (BTER & WILSON 1979). For each caste,
fitness is determined / maximized by the expressfatif-
ferent sets of these life history components, aigtong-
evity in queens (KLLER 1993, QREY 2001) or mating
success and competitive sperm in malesqBsmA & al.
2005a). Given that selective pressures on worls tact
through the reproductive success of the queenstfarsd
through colony performance), worker fitness iseetfd in
traits that increase colony performance as a WkaeTER
& al. 2006, HhRPUR & al. 2014). However, life history
traits are often subject to trade-offs, and thusximiza-
tion is not possible for all traits. One such tiaithe im-

be costly (MORET & SCHMID-HEMPEL 2000, MCKEAN &
al. 2008, \ALTONEN & al. 2009). For example, fecundity
can be negatively correlated with parasite resistamDro-
sophila melanogasteviEIGEN, 1830 (McKEAN & al. 2008),
and oral exposure to bacteria has been shownwodslan
development oflrichoplusia ni(HUBNER, 1803) larvae
(FREITAK & al. 2007). These costs of immunity can be split
into maintenance costs when parasite pressurevisuhol
the activation of an immune defense upon an indecti
The optimal investment into constitutive and indig®-
mune defenses can depend on life histose@006). Thus,
depending on the life history strategy of a develeptal
stage, sex and / or caste, such trade-offs malf resliffer-
ential expression of constitutive and induced imityun
Life histories and the immune defenses in different
castes of eusocial insects are intertwinedd@smA & al.
2005b). For example, workers in most species splead
beginning of their adult life inside the relativedyotec-
tive environment of the nest, and only later diarforage
outside the colony (\WsoN 1971, GTER& WILSON 1979),
at which point they encounter an array of challenige

mune system, as immune defenses are often asswmeddluding exposure to different pathogens. Similaglyeens



spend most of their life, protected by the sogciahiunity
of the colony (REMER & al. 2007). However, before col-
ony foundation they face a solitary life stage imymhich
they search for a nest site, and they inevitalidg fa high-
er pathogen exposure ABR & al. 2006, BRUTSCH & al.
2014). By contrast, males rarely live long enoumbé sig-
nificantly affected by most pathogensaggR 2003, BAER
& al. 2005). Concomitantly, males often show weadker
mune responses than queensgB& al. 2005), or work-
ers (GERLOFF & al. 2003, \AINIO & al. 2004, BAER &
ScHMID-HEMPEL 2006). Thus the differences in life his-
tories, and divergent selection regimes that eregeas-
sociated with sex, caste and the role within tHergo

In this study we investigated the immune defersed,
the survival upon infection of unmated reprodudifepeens
and males) and two worker-classes (nurses anddmsag
in the antFormica exsect&YLANDER, 1846 We meas-
ured gene expression of nine genes, which alloveei u
process a larger set of samples (compared to scttipgn
tomics approach), and thus improved the confidénce
the obtained results. The genes were chosen tesept

immune defenses on a broad scale: We measured:gene

pression of six genes directly associated with imende-
fenses (Pro-Phenoloxidase? O, HymenoptaecinHyme
LPS-binding proteinLPS-bp Lysozyme CLysC Toll
receptor,Toll; B-1,3-glucan-binding proteim1,3g cov-
ering the different pathways of insect immune dsé=n
The PPO pathway is directed against all forms oépa
sites, and can be activated through recognitionejme
that bind to bacterial membrane components (eRS)L
or fungal cell wall components (e.$-1,3-glucan) (8-
DERHALL & CERENIUS 1998, BROWN & GORDON 2005).
Recognition of fungal pathogens also activatesTibie
pathway (BROWN & GORDON 2005). Hymenoptaecin is an
antibacterial peptide, regulated through the Imghway

(CASTEELS & al. 1993), whereas the antibacterial Lyso-

zyme C appears not to be regulated by a specificune
pathway. In addition to these immune genes we medsu
the expression of three genes with a different mamati-
onality but also show some immune functions (Argi,
Aryl; Vitellogenin,Vgl; Insulin-receptor 3IR3). Aryl-
phorin is a hemolymph storage protein with antiotital-
binding properties (#u & al. 2009). The storage protein
Vitellogenin has various functions in social ingse¢¥lo-

RANDIN & al. 2014), including some immune function-

ality (AMDAM & al. 2004, 3LMELA & al. 2015). The
Insulin-pathway serves in the regulation of resewtor-

age and consumption and has been shown to be edolv

in immune responses (W& BROWN 2006, DANGELO &
al. 2009). We included these genes to also invastigenes
that are usually not directly associated with imeue-
sponses. For simplicity we refer to these genqdedis-
tropic genes in this manuscript. We measured thetito-
tive expression of these nine genes, as well asthew
expression of these genes changed upon infectidheby
entomopathogenic fungeauveria bassian@/UILLEMIN ,
1912). Furthermore, to investigate the consequenicies
fection on each caste and worker-class (i.e., tiseepti-
bility to infection byB. bassiany we compared the sur-
vival of the ants upon infection.

Given that males are in general more frequenticief,
and exhibit lower immune defensesc(&D-HEMPEL
2011), we expected males to have lower constituéve
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Fig. 1: Experimental setup. Overview on the experm
tal setup for each colony. Per caste / class aairnrent
(Constitutive, TritonX (Tx), Beauveria (Bb)) one Ridam-

ple was collected (squares). The numbers in eagcareq
indicate the amount of individuals that were pogbed

RNA sample. The numbers in the pots indicate tit@in
amount of individuals set up for the bioassay facteof

the castes / classes (Q = Queens, M = Males, Nrsesy
F = Foragers).

els of expression in immune genes, as well as lamer
duced immune responses upon infection than quéens.
a consequence, we predicted the males to suffegheeh
mortality upon infection, compared to the queengotJ
infection, we predicted the queens to respond aiithup-
regulation of the immune genes. Thus, we expectddsn
to weakly respond to the infection in the leveimfmune
gene expression.

Because the foragers in mésirmicaspeciesre older
individuals with shorter expected residual life rslaaNGE
1967, ROSENGREN1971), we expected lower constitutive
levels of gene expression for the immune genekeang,
as well as a lower response to the infection, duint
mune senescence. As the nurses are in contactlvath
brood, and will be valuable to the colony as futfoe
agers, we expected the nurses to respond stromghet
infection by up-regulating the immune genes. Owimg
immune senescence, we expected foragers to tokheate
infection and not to change gene expression upf@t4in
tion. As a consequence, we expected the foragestso
a higher mortality upon infection, compared to tieses.

Material and methods

Sampling and bioassayWe collected queens and males
(reproductives) from field colonies located on ¢higlands
in the Tvarminne-Archipelago (FI) (Furuskar: 59° 60"
N 23° 16' 05" E, Joskab9° 50' 42" N23° 15' 21" EAI6-
ren: 59° 50' 06" N 23° 15' 50" E), between tfeaBd 21
of July 2013. In total, we collected 595 queens 56d
males from 22 colonies. Eleven of these coloniesided
385 individuals of both sexes, six colonies prodid@d0
queens only, and five colonies provided 175 matdg.o
The workers (nurses and foragers) were collectethen
3 of July 2015, from field colonies of the same risla.
In total, we collected 1300 nurses and 1300 foaffem
20 colonies. Thirteen of these colonies were theesas
those for the reproductives, whereas seven coldrads
too few workers and were replaced by different ne
for sampling of the workers. Reproductives and ordo



workers (nurses) were collected by removing a pért
the top of the mound and sampling from the nestrioi.
Outdoor workers (foragers) were collected from fibre
aging trails in the nest periphery.

(Qiagen). Subsequently we added 400 pul of the RMA i
lation reagent and for the reproductives 150 pdreibrm
(Sigma), or for the workers 150 pl 1-Bromo-5-Chjmen-
tane (Sigma). After mixing we centrifuged the sagspl

The samples were brought to the laboratory and prefor 10 min at 13,000 rpm at 4 °C. We then transféithe

pared for the experiments (Fig. 1). For queens alem
we immediately pooled five individuals per colonyda
fixed them (directly cut into small pieces) in 3@DIsol-
RNA Lysis Reagent (5 Prime). For each worker-cfass
individuals per colony were pooled and fixed in & wof
500 ul TRIsure (Bioline) and 150 ul 50mM EDTA, to
prevent RNA degradation ALLES & al. 2012). These
samples were then stored at -80 °C until furthecess-
ing to measure the constitutive gene expressiotiouwt
any treatments. Thus, for constitutive gene expoess
this resulted in a total of 17 RNA samples for dlueens,

upper, transparent phase, containing the RNA,ieva
1.5 ml tube and supplemented with 500 ul isopropano
(Sigma). After mixing, we let the suspended RNAgdre
pitate over night at -20 °C, and then centrifudes sam-
ples for 30 min at 13,000 rpm at 4 °C to sedimeatRNA.
After removal of the supernatant, we washed thiepeh
ice with 500 pl 80% EtOH (Altia Oyj) and centrifudjéor
10 min at 13,000 rpm at 4 °C. After drying the peilve
dissolved the RNA in autoclaved dgb and the worker
RNA in RNA storage solution (AMBION). We measured
concentration and quality of the RNA photospectrisime

16 RNA samples for the males, and 20 RNA samples focally with a NanoDrop (PEQ-Lab) and eliminated [iass

each worker-class. For the bioassay, we dividedetmain-
ing individuals of each sex / worker-class into roups,
each destined for one of two treatments, and pl#ueah
into one of two Fluon® coated pots (& 7 cm, h: 5 cm
with plaster lining (Fig. 1). For queens and maksch
pot per colony and treatment held 15 individuatsj for
nurses and foragers each pot per colony and treatmadl
30 individuals. The reproductives were kept sepdiraim
workers, given that during the mating flight queeams
males are solitary also under natural conditiomsnigin-
tain humidity we added an open 1.5 ml tube filleithw
water and a piece of cotton in each pot; this raaied a
relative humidity of ca. 70%. The ants were keptdb
least one day without treatment in the pots andyark
flow logistics, colonies sampled on different dayesre
grouped to be treated within a maximum of five dafts
ter collection.

At the initiation of the bioassay, we assigned ofhe
two prepared pots per colony and sex / worker-diass
infection treatment and the other to a controltireant.
For the infection treatment we used spores of tite-e
mopathogenic funguBeauveria bassianéstrain KVL
03-90) suspended in Triton X-100 (Sigma-Aldrich). 8x-
pose the ants to the fungal spores we dipped diltidu-
als separately for five seconds into a solutiontaiming
either ~ 1 x 1®spores / ml, or only Triton X-100 for the
control treatment. For the next ten days we obskthe
ants daily for mortality and removed dead ants fthm
pots. On day four after the initiation of the bisag, we
fixed three reproductive individuals from each jpo300 pl
Isol-RNA Lysis Reagent and five worker individuatsa
mix of 500 ul TRIsure and 150 pul 50mM EDTA (to pre-

DNA contamination by DNAse digest (DNase |, Rnase-
free; ThermoScientific) before cDNA synthesis (igtr
cDNA Synthesis Kit; Bio-Rad). For cDNA synthesis we
used 1 pg RNA for each sample and afterwards dilite
resulting 20 pl cDNA in 80 pl autoclaved dg

As target genes we chose six genes linked to immune
responses. We chose the three antimicrobial peyfide3-
glucan-binding proteing(,3g), Lipopolysaccharide-bind-
ing protein (PS-bp and HymenoptaecirHyma, the en-
zyme Lysozyme CllysO, and the two cascade mole-
cules Pro-PhenoloxidasBRO) and Toll receptorToll).

In addition, we selected three genes that are inettty
associated with immune responses, but have somanesm
functionality. For these we used the two storageein
coding genes Vitellogenin ¥@1) and Arylphorin Aryl),
and the insulin receptor 8R3). For simplicity we refer to
these three genes as pleiotropic genes in this saapti

A list of the primer sequences is provided in thppe-
mentary table S1 (in Appendix S1, as digital supyet-
ary material to this article, at the journal's vpetyes).

We designed gRT-PCR primers using the online Pri-
mer3 internet-based interface (http://www.ncbi.nimgov/
tools/primer-blast/) (MTERGASSER& al. 2012). Primers
were designed by the rules of highest maximumieffiy
and sensitivity to avoid formation of self- and drei-
dimers, hairpins and self-complementarity. Genezifige
primers were designed on the basis of the sequerizes
tained fromF. exsectdranscriptome (JHANSSON& al.
2013). Q-RT-PCR was performed on 384-well plategon
CFX384 Touch™ Real Time PCR Detection System (Bio-
rad) using iIQ™ SYBR® Green Supermix (Bio-Rad), with
an initiation of 3 min at 95 °C, 40 cycles of 1% s¢ 95 °C

vent RNA degradation), to measure the induced gendor denaturation and 45 sec at 58 °C for annedlexden-

expression. In pilot experiments the average intiaba
time of B. bassiandn F. exsectavas four days until the
fungus started to show an effect on the survivahefants.
The samples were then stored at -80 °C until funie-
cessing for gene expression analysis. All ants i@re
lowed for a maximum of ten days, fed daily with G02ul
Bhatkar-Whitcomb diet (BATKAR & WHITCOMB 1970)
and dead individuals were recorded and removed fnem
pots on a daily basis.

Gene expression analysisiVe first homogenized the
thawed samples in a total volume of 600 ul RNA&#oh
reagent (reproductives: Isol-RNA Lysis Reagent; keos:
TRIsure) with two stainless steel beads using sLiEisyser

sion, and a final step for 7 min at 95 °C. All ReRT-PCR
assays were run using two technical replicates;hwvere
assessed for consistency and possible outlierssamse-
quently averaged before normalization. Outliersenas-
sessed only in cases with a Ct-difference > 3 betvibe
two technical replicates, and were only removethd
more likely value could be clearly identified (1&ses in
total). Non-detects (no amplification signal witkieh gPCR
cycles) were set to the maximal cycle number (Cé.5
40), or removed in case the second technical rafgic
showed amplification.

Statistical analysis:We did not compare reproductives
and workers statistically, because the two setaofples
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were collected in different years, and an impropeato- Queens Males
col for gene expression was used in 2015 for thekevs. — al 01
To test for changes in survival upon infection Bau- EEE\_‘
veria bassianave used survival regression (Weibull dis- 087
tribution), separately for the reproductives anel Work- L 064
ers. For both models we used Nest as random eéfedt,
Treatment (TritonX, Beauveria) and Caste (Queerades), - 0.4
or Class (Nurses, Foragers), as fixed factors.iiteeac-
tion between Treatment and Caste/Class was incltaled
test for a difference in the effect of Treatmentween
gueens and males, as well as between nurses and fc
agers. Subsequently we ran post-hoc contrastsgtadju
for false discovery rates @BIJAMINI & HOCHBERG1995)
to test for pairwise differences in survival amaragtes /
classes and treatments.

To test for differences in gene expression acrastes - 0.6 -
/ classes and treatments, we first performed P@hé&om-
ponent Analysis (PCA) on the inverted normalized Ct

=2

0.2

- 00 -
T T T T T T T T T
0 2 4 6 8 10 0 2 4 6 8 10
Nurses Foragers

c-1.0—

- 0.8

Q.

Cumulative survival

F 0.4

values. We inverted the Ct-values because thepege- _ L 02 4
tively correlated with the amount of mRNA (i.e.gher W TritonX
Ct-values indicate lower gene expression levelsynia- W Beaweria = fooq

0 2 4 6 8 10 0 2 4 6 8 10

lization of the Ct values was done with the NORMA- Days after infection Days after infection

gene algorithm, which does not require referenceege ) , . . .
(HECKMANN & al. 2011). To simplify interpretation, we Fig. 2: Survival. Cumulative survival during theoassay,
used separate PCAs for constitutive and induced gen  Separated by Caste / Class (panels a - d). ThenFKt
pression. We first used unrotated PCAs for compbnentréatment is shown in black and the Beauveriartreat is
selection and retained all components with an Bigere ~ Shown in red / gray. Thin lines indicate the 95%fab

> 1.0 (Tab. S2 in Appendix S1). We then rotatecsttres ~ €nce intervals across all individuals.

of the retained components using oblique (oblimét®-  Tap. 1: Results from survival regression modelsliéfer-
tion. The rotated scores were then used as depevalen  ences in survival among Castes / Classes (Malé3ueens,
iables in linear mixed effects models to test forasso-  Foragers vs. Nurses) and Treatment (BeauveriaritsnX)
ciation of each cluster (PC) with Caste / Clastedinces  qyring the bioassay. The relative difference invisal is
(constitutive), as well as Caste / Class and Treatif-  given as the parameter estimates plus / minus atde-

ferences (induced). For induced immunity we alsb pe or (3 + SE). Separate survival regressions were perfirme
formed planned post-hoc comparisons, where we cadpa o, reproductives and workers.

for each PC the pairwise differences of infectediagt
uninfected individuals (separately for each castiags), Reproductives, 201 B+ SE z-value | p-value
and the pairwise differences between males andnguee [~ 059400 | 905 | <0.000:
or nurses and foragers (separately for the infeatetun-
infected status). Given that these were plannett@sts, Treatmer -1.05+0.0r | -18.4: | <0.000:
we did Fhis irrespective of the presence of a Sigant Caste * Treatme 051 +0.0 727 | <0.000:
interaction (RIXTON & BEAUCHAMP 2008). Colony was
added as a random factor. We here arbitrarily defire | Workers, 201¢

association of each gene with a principal compom@ant | cjas: -0.169+0.0| -2.8C 0.0050¢

strong (loading 0.67 - 1.0), moderate (loading 0.836), - )

or weak (0.0 - 0.32). Treatmer -1.252 +0.0.| -23.47 | < 0.000:
We also ran gene-by-gene linear mixed effects nspdel | Class * Treatme! 0.139+0.0| 2.0¢ 0.037:

with the inverted normalized Ct values as dependant
iables, with separate models for constitutive amticed  we used a significance thresholdoof 0.05, and correc-
gene expression. For constitutive gene expressiosp®s-  tion for false discovery rates where applicableriaton is
cified Caste / Class as fixed factor and Colonyamsiom indicated as standard errors, unless specifiedwise.
factor. For induced gene expression we specifieghffr
ment and Caste / Class as fixed factors, and Cadeny
random factor. Subsequently we ran post-hoc casttas  Survival: Infection byBeauveria bassianaignificantly
investigate how each Caste / Class responded ®Beae-  increased mortality for both queens and males:
veria-treatment (i.e., the pairwise differencegiéme ex-  p[Treatment},eens -1.05 + 0.06, z = -18.43, p < 0.0001
pression between TritonX and Beauveria, for eactteCa  p[Treatment]jyes = -0.54 £ 0.04, z = -13.40, p < 0.0001
Class). In order to compare whether the response-to (see Figs. 2a, b, Tabs. 1, S2 in Appendix S1; cetaplata
fection differed between the Castes / Classesgefegred  in Appendix S2), but the survival after infectioia ahot
to the interaction terms of the mixed effects medel differ between the two castes:

For statistical analyses we used R 3.2.E(RETEAM B[Castepeauveri= -0.08 £ 0.05, z = -1.73, p = 0.0831.
2015), with the packages survivalHERNEAU 2013) and  However, in the absence of an infection, queeng\sd
multcomp (FOTHORN & al. 2008). For all statistical tests significantly longer compared to males:

Results
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Tab. 2: Results from linear mixed effects modelstlos Caste / Class differences in scores of thecss Principal

Components reflecting constitutive gene expresdibe. average difference between reproductives @iadeQueens) and
workers (Foragers vs. Nurses) in PC scores is gigghe parameter estimates plus / minus standard(g+ SE). Sepa-

rate PCAs were performed for reproductives and @skAll p-values within each caste-group were KidRected.

Reproductives, 201 Workers, 201~
p+SE t-value adj. p-value p+SE t-value adj. p-value
PC1 -1.77 £0.1! -11.7¢ < 0.000: -1.50 £ 0.1 -7.7¢€ < 0.000:
PC- -0.18 £0.3. -0.5¢ 0.5€ -0.78 £ 0.2 -2.8¢ 0.009:
PC: -0.43 0.3 -1.21 0.47 -0.94 £ 0.3 -3.1¢€ 0.00¢
PC¢ 0.10+£0.3 0.27 0.7¢

Tab. 3: Results from gene-by-gene linear mixedotfenodels on the difference in constitutive gexgression be-
tween the reproductive castes, or the worker-ctaskee average difference between reproductivese@is. Queens)
and workers (Foragers vs. Nurses) in constituteregexpression (inverse Ct values) is given ap#nameter esti-
mates plus / minus standard ere(SE). All p-values within each caste-group weBlRFcorrected.

Reproductives, 201 Workers, 201¢
p+SE t-value adj. p-value p+SE t-value adj. p-value

Aryl 0.09£0.3 0.2t 0.8 -3.87+0.3! -10.9¢ < 0.00(1
Vgl -7.06 £ 0.4 -17.45 < 0.000: -4.49 £ 0.7. -6.3¢ < 0.000:
IR3 0.24 + 0.2 0.84 0.52 -0.86 £0.3. -2.61 0.017:
PPC -1.43+0.2! -4.9t 0.000: -1.68 £0.3 -4.92 0.000¢
Hyme 2.89£0.8 3.€ 0.003¢ 3.20£0.8. 3.94 0.000¢
LPS-bp -0.51+0.3 -1.52Z 0.2Z -1.65+0.4: -3.8¢ 0.002:
LysC -0.71+ 0.2 -2.44 0.042' -0.72+ 0.3 -2.4: 0.030¢
Toll -0.07 £0.2. -0.32 0.8 -1.12 £ 0.3 -2.84 0.011:
B1,3¢ 1.37+0.2 6.1€ < 0.000: -0.31+0.2 -1.44 0.17

B[Caste}yionx = -0.59 + 0.07, z = -9.02, p < 0.0001,
which resulted in a significant statistical intetian of
Treatment and Caste:
B[Caste*Treatment} -0.51 + 0.07, z = 7.27, p < 0.0001.
Also in the workers, infection bBeauveria bassianaig-
nificantly increased mortality in both nurses aofjers:
B[Treatment],ses= -1.25 £ 0.05, z = -23.43, p < 0.0001
B[Treatment]qes = -1.11 + 0.05, z = -24.57 p < 0.0001
(see Figs. 2c, d, Tabs. 1, S2 in Appendix S1).stmeival
after infection did not differ between the two werriclasses
B[Classkeauveri= -0.03 £0.03,z =-1.11, p = 0.27,
but in the absence of an infection, nurses survaigdi-
ficantly longer than foragers
B[Classkitonx = -0.17 £ 0.06, z = -2.8, p = 0.0068
B[Class*Treatment} 0.14 + 0.07, z = 2.08, p = 0.0372.
Gene expression in reproductivesFor the PCA of
constitutive gene expression in males and queenfrgt
four components had an Eigenvalue above one and exs1). All four PCs indicated significant effects adste,
plained 86% of the variation (Tab. S3 in Appendikx S
complete data in Appendix S2). Only PC1 showedja si
nificant effect of caste, with significantly highstores in
gueens than males (Tab. 2, Figs. Sla - d in Apgesib).
The loadings on PC1 showed a strong positive sesoTi
with the gene¥g1(0.94) and®PO (0.82), a strong nega-
tive association with the ger#d,3g (-0.90) and a mod-
erate negative association of the getyene(-0.44). All
other loadings showed only weak associations of¢he

spective genes with PC1 (Tab. S4 in Appendix Sh)s T
indicates that the gen®g1 andPPO were constitutively
more expressed in queens, and the gghgy andHyme
were more expressed in males. The gene-by-gengsanal
of constitutive gene expression mirrored the outeah
the PCA,; the pleiotropic genégl, and the two immune
genesPPO andLysC were more expressed in queens
than in males, whereas the two immune gdfaseand
£1,3g were more expressed in males than queens (Figs.
3b, d, e, g, j, Tab. 3). The caste difference ia &x-
pression ofLysC was not captured by the PCA, but the
direction of association was the same. None ofréhe
maining genes were differently expressed betweeemg
and males (Figs. 3a, ¢, f, h, Tab. 3).

Also for induced gene expression the first four eom
ponents of the PCA had an Eigenvalue above 1, and e
plained 85% of the total variation (Tab. S3 in Appix

and three of the four PCs (PC1, PC3, PC4) shovsig-a
nificant effect of treatment, as well as a sigrfitinter-
action between caste and treatment (Tab. 4). Patlrea
most of the variation (37%) and mirrored the pattier
constitutive defense. The same genes that emerged a
important in constitutive defens¥gl, PPO, LysQ also
emerged as important in induced defen3ég1( 0.91;
PPG 0.75;LysC 0.94). In additionToll showed a strong
positive association with PC1 (0.80), whereas ¢meain-
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Tab. 4: Results from linear mixed effects modelgtaneffect of Caste / Class, Treatment (Beauwesid ritonX) and
the Caste / Class by Treatment interaction on tlees of the selected Principal Components refigdtiduced gene
expression. Parameter estimates are givef @lss / minus standard error (SE). Separate PCAe werformed for
reproductives and workers. All p-values within eaalste-group were FDR corrected.

Caste / Clas Treatment Interaction

B+ SE t adj. p B+ SE ’ t ’ adj. p B+ SE ’ t ‘ adj. p
Reproductives, 201
PC1 -1.62 £0.1 -13.42 < 0.000: 0.30 £ (.12 2.t 0.033¢ -0.47 £0.1 -2.7% 0.012°
PC: 0.69£0.3. 2.1¢ 0.035:¢ -0.47+0.3. | -1k 0.14 -0.58 £ 0.4! -1.27 0.210¢
PC: 0.91+0.2 3.34 0.00z 1.71+0.2 6.2¢€ < 0.000: -1.20 £0.3! -3.0¢€ 0.006"
PC< -1.22 +0.2! -4.2¢€ 0.000: -0.57 £ 0.2/ -2.0< 0.065¢ 1.93£0.4 4.7¢ 0.000:
Workers, 201¢
PC1 -0.07 £0.1 -0.41 0.6¢ 1.61+£0.1 9.2 < 0.000: -1.34 £0.2! -5.3¢ < 0.000:
PC: -0.21 +0.1. -1.4¢ 0.2 0.40+0.1. 2.8¢ 0.00¢ -2.06 £ 0.2 -10.2¢ < 0.000:
ing genes only showed weak associations with P@b.(T In the absence of an infection the gewed, PPO,

S3 in Appendix S1). PC2 explained 19% of the vammgt  LysC Aryl, andToll were significantly more expressed in
and the loadings of two gend&®8 andLPS-bp showed queens than males, whereas the opposite was trig, 3y

a strong positive association with PQR3 0.86;LPS-bp Hyme andIR3 (Fig. 3a - j, Tabs. 5, S5 in Appendix S1).
0.87). PC3 and PC4 explained 18% and 12% of thie var After infection, the gene¥gl, PPQ, LysC andToll re-
ation, respectively. The loadings £if,3gshowed a strong mained more expressed in queens, wheiegswvas more
positive association with PC3 (0.90), wherdagl, PPO expressed in infected males than queens (Figg, 38,9,
andHymeshowed moderate negative associations withh, Tabs. 5, S5 in Appendix S1). The gefig83g Hyme
PC3 @ryl: -0.39;PPQC. -0.40;Hyme -0.38). The loading andIR3, which were male-biased in uninfected condi-
of Hymeshowed a strong negative association with PC4tions, were not differentially expressed between infected
(-0.82), that ofAryl showed a strong positive association queens and males (Figs. 3c, e, j, Tabs. 5, S5 peAgix
with PC4 (0.83), whereas the remaining genes didwed  S1). The treatment-independent queen-bias of thege
weak associations with PC4 (Tab. S4 in Appendix S1) Vg1, PPQ, LysC andToll was also reflected in the strong
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Tab. 5: Results from gene-by-gene linear mixedctgfenodels on the effect of Caste / Class, TreatiRsauveria vs.
TritonX) and the Caste / Class by Treatment inté&macmn induced gene expression. Interaction indsthe Caste by
Treatment interaction. Parameter estimates arengag@ plus / minus standard error (SE). All p-valueshiviteach

caste-group were FDR corrected.

Caste/Clas: Treatment Interaction

p+SE t adj. p p+SE ‘ t adj. p B+ SE ‘ t ‘ adj. p
Reproductives, 201
Aryl -1.15 £ 0.3¢ -2.9¢ 0.005¢ -1.76 £ 0.3 -4.7¢ 0.000: 2.29 0.5 4.31 0.000¢
Vgl -6.77 £ 0.4 -15.1¢2 < 0.000: -1.28 £ 0.4 -2.9¢ 0.010¢ 1.11 £ 0.6 1.7¢ 0.12
IR3 0.77£0.2: 3.4¢ 0.001: -0.09 £0.2; -0.42 0.6¢ -0.41+£0.3; | -1.2¢ 024
PPC -2.86 £0.3. -9.04 < 0.000: -0.78 £ 0.3 -2.61 0.023: | -0.17+£0.4. | -0.3¢ 0.7
Hyme 4.87+0.9 5.1¢ | <0.000: -0.56 £ 0.9 -0.5¢ 0.62 -6.13+1.3! | -4.5Z 0.000:
LPS-bp 0.12+0.2 0.51 0.61 -0.44+0.2: -1.91 0.093¢ | -0.42+0.3% | -1.27 0.24
LysC -1.26 £0.1! -6.4¢ < 0.000: 0.32 £0.1 1.7 0.1: -0.68 £0.2° | -2.4¢ 0.0317
Toll -1.24 +£0.2: -5.52 | <0.000: 151+0.2 6.6¢ | <0.000: | -1.25+0.3; | -3.87 0.000¢
p1,3c 0.83+0.2 3.87 0.000¢ 1.03+£0.2. 4.81 0.000: | -1.19+£0.3: | -3.87 0.000¢
Workers, 201%
Aryl -0.48+£0.2 -1.7¢€ 0.1¢ 155+0.2 5.6¢ | <0.000: | -2.30+0.3' | -5.91 | < 0.000:
Vgl -1.36 £ 0.4 -3.41 0.010¢ 0.20 = 0.4 0.4¢ 0.62 -2.74+£0.5 | -4.81 < 0.000:
IR3 0.72+0.2¢ 2.9z 0.022¢ 1.69 £0.2! 6.8 | <0.000: | -255+0.3! | -7.2z | <0.000:
PPC 0.11+0.2 0.3¢ 0.77 0.48 £0.2! 1.6¢ 0.12 -258+0.4 | -6.2€ | <0.000:
Hyme 0.97 £ 0.6 1.4z 0.2¢ -0.36 + 0.6 -0.52 0.62 -1.57+0.9 | -1.61 0.11
LPS-bp 0.11+0.3 0.37 0.77 0.60 £0.3 1.9¢ 0.079: | -2.10+0.4. | -4.8¢ | <0.000:
LysC -0.06 £0.2. -0.2 0.77 0.89 £0.2 4.: 0.000: | -1.49+0.2' | -5.07 < 0.000:
Toll -0.66 £0.3. -2.0 0.14 2.21+£0.3. 6.8z <0.000: | -1.57+0.4¢ | -3.41 0.001¢
B1,3¢ -0.07£0.2. -0.3¢ 0.77 1.70+0.2. 8.2¢ | <0.000: | -1.31+0.2' | -4.4F 0.000:

positive association of these genes with PC1, wéldwed
higher scores in queens than males, independdraaif
ment (Fig. S2a in Appendix S1, Tabs. 4, S6 in Agipen
S1). As a response to infection, queens down-régdla
Aryl, Vg1, and PPQ, but up-regulatedysC Toll, and

strong positive associations with the geAed (0.84) and
Vgl (0.98), and a strong negative association with the
geneHyme(-0.73), those on PC2 showed strong positive
associations with the gentR3 (0.80) ands1,3g(0.84),
and those oPC3 showed strong positive associations

£1,3g compared to uninfected queens, whereas the rewith the genesysC(0.83) androll (0.81). The loadings

maining genes showed no significant change (Figs.j3
Tabs. 5, S5 in Appendix S1). Males down-reguld&edd,
Hyme and LPS-bpupon infection, whereas the remain-
ing genes remained unchanged (Figs. 3a - j, Tal855
in Appendix S1). These results were also reflebte®C3
and PC4, which showed similar sex-dependent effafcts
treatment (Figs. S2c, d in Appendix S1, Tabs. 4jr56
Appendix S1). Taken together, both the analyseschan
PCA scores and gene-by-gene comparisons pointeic ov
all caste differences, as well as significant défeces in
how gene expression patterns play out in malegjaedns
following infection.

Gene expression in workersfor the PCA of consti-
tutive gene expression three components were select
which explained 75% of the variation (Tab. S3 in-Ap
pendix S1). All three components showed a significa
effect of class, and the scores of all componerdsew
significantly higher in nurses than foragers (Feg8Ba - ¢
in Appendix S1, Tab. 2). The loadings on PC1 int#ida

of both PC2 and PC3 showed also moderate positive a
sociations of these components with the géte® (0.53
and 0.42) andlPS-bp(0.58 and 0.37). The remaining load-
ings showed only weak associations (Tab. S4 in Agpe
S1). This suggests that the gehegl, Vgl, IR3 LPS-bp
LysG Toll, andg1,3gwere more expressed in nurses than
foragers, whereas only the gadgmewas more strongly
expressed in foragers. The gene-by-gene analygisi{a
agreed with the results from the PCA; nurses shoaved
higher expression of all genes excéptme and 1,39
(Figs. 4a - j, Tab. 3), whereas the géhagnewas consti-
tutively more expressed in foragers. However, #gredl,3g
was not differentially expressed between nursesfand
agers, although it was strongly associated withafrtee
PCs (Figs. 4e, j, Tab. 3).

For the PCA of induced gene expression two com-
ponents were selected, which together explained 66%
the variation (Tab. S3 in Appendix S1). Neither R©t
PC2 showed a significant effect of class, but @1 and
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PC2 showed significant effects of treatment andsclay ~ pressed between infected and uninfected nursesydret
treatment interactions (Tab. 4). PC1 explained #f%e  significantly down-regulated upon infection in fgexs
variation and the loadings on PC1 showed positdsma  (Figs. 4b, d - f, Tabs. 5, S5 in Appendix S1), a&salso
ciations for the generoll (0.73),51,39(0.93),Aryl (0.40), reflected by the PCA (Fig. S4a in Appendix S1, Tahs
IR3(0.56) and_ysC(0.64), as well as a moderate negative S6 in Appendix S1).
association for the gerdyme(-0.60). PC2 explained 15%
of the variation and the loadings on PC2 showeahstr
positive associations for the genésl (0.84),PPO(0.69)  The aim of this study was to examine the casted, an
andLPS-bp(0.67), and moderate positive associations forworker-class-dependent differences in immune resg®on
the gened\ryl (0.54), and.ysC(0.32). This suggests that and defense strategies against a fungal pathdyay-
all the investigated genes were involved in thpoeses veria bassianaWe analyzed the survival of the ants upon
to infection, and that nurses and foragers respaulife infection, the constitutive expression level ofenigenes,
ferently to immune challenge. and the expression level of these genes in expataihe

In uninfected workers, only two genes were differen infected and uninfected (control-treated) ants.fdiand
tially expressed between the two worker-classesctwh a higher baseline mortality for males comparedueeqs,
stands in contrast to constitutive gene expres3iba.gene  and, among workers, for foragers compared to nursese
Vglwas more expressed in uninfected nurses than-foraglifferences were not found when the ants had been i
ers, whereatR3 was more expressed in uninfected for- fected, althouglB. bassianaclearly reduced the survival
agers (Figs. 4b, c, Tabs. 5, S5 in Appendix S1prJp- of the ants. Nonetheless, as expected, the queens u
fection, all genes were more expressed in infentedes  regulated immune genes upon infection, whereassnale
than foragers, exceptymewhich was not differentially down-regulated gene expression across the genes. Si
expressed between infected nurses and foragers. @ag larly, as expected, nurses showed both higher icotingt
- |, Tabs. 5, S5 in Appendix S1). This is alsoeefed by  levels of gene expression, and up-regulated imngenes
PC1 and PC2, which showed no significant differsrime  upon infection, whereas foragers mostly down-retguala
tween uninfected workers, but higher scores indt#fd  expression in several of the immune genes uport-infe
nurses than foragers (Fig. S4a in Appendix S1, Tdps tion. These results may reflect immune senescencmies
S6 in Appendix S1).As a response to infection,dtdd  and foragers.
nurses showed higher expression of the gémegk IR3, Surprisingly, survival after infection did not diff signi-
LysC Toll, andp1,3gthan uninfected ones, whereas in- ficantly between queens and males, although mhtasesd
fected foragers showed lower levels fyl, IR3, and  significantly lower levels of gene expression faling in-
LysC but not forp1,3g or Toll, than uninfected ones; fection, whereas the opposite was true for the mgI€Ehis
(Figs. 4a, ¢, g - j, Tabs. 5, S5 in Appendix SHeenes stands in contrast to our expectations, and tlopiénet ob-
Vgl PPO, Hyme andLPS-bpwere not differentially ex-  servation that males are more susceptible to pattzotpan

Discussion
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females (8HMID-HEMPEL 2005), yet, agrees with an exten-

sive study on nine ant species, which also foundifto
ferences in the susceptibility ®eauveria bassianhe-
tween males and queenst& FREDERICKSON2014).
Similarly, nurses and foragers did not show a diffiee
in susceptibility to infection, although nurses thpsip-
regulated and foragers mostly down-regulated gepees-
sion upon infection. The absence of a differenceun
vival upon infection, between males and queens,bend
tween nurses and foragers may, however, have ategin
from the high dosage. This led to a high overalttale
ity, and may have reduced the resolution of thssizal
analysis. Indeed, the difference in mortality betwenales
and queens following infection was close to sigmifice
(p = 0.0831), with males being slightly more susitxp.

co-regulated upon infection ®WN & GORDON 2005).
Furthermore, in uninfected reproductives, the défees
in gene expression between males and queens largely
rored the pattern found for constitutive expressawels.
However, in control-treated workers the differeneese
much less pronounced, or absent. This suggestgénat
expression in workers is rapidly adjusted to cur@m-
ditions, in this case the laboratory environment ¢hat
the physiological status of the foragers and nucses
verge under similar conditions (IBSUTOUR& al. 2016).
The results also revealed striking differencesaw tthe
two reproductive castes, and the worker-classgoneed
upon fungal infection. Both queens and nurses gplaed
the two antifungal genes Toll receptor ghd,3-glucan-
binding protein, but only the queens down-regulated

The PCA and the gene-by-gene analysis were largelywo pleiotropic genes Arylphorin and Insulin reaap3,

congruent, and both indicated generally higher tiitise
gene expression levels in queens than males, aasvel
nurses compared to foragers. Two of the three fpta@
genes showed no significant overall differencesxjpres-

as well as the immune gene Pro-Phenoloxidase, afere
genes were down-regulated in the nurses. GivenAttyat
phorin and the Insulin pathway are involved in rgse
storage and consumption, this is consistent withek-

sion between males and queens, but, not unexpggctedlpectation that queens face a trade-off betweerstment

the egg-yolk-protein Vitellogenin was more expresse

in immune defenses and resources needed for manten

gueens than in males. Vitellogenin is commonly moreof metabolic functions. The nurses do not appedade

expressed in females given its role in oogenesis (¥
1993). In addition to its conserved functions, ayralso
be influenced by regulatory functions in immuneethsie
and longevity in social insects gAM & al. 2004). In
the workers, all pleiotropic genes were constitliness
expressed in foragers than nurses. The higher ssipre
of Vitellogenin may also be linked to increased riama
activity in the nurses. Indeed, in many speciesamfial
insects young workers lay eggs, which can be toahd
used as nutrients, or fertile and develop into wwoikid
males (HELANTERA & SUNDSTROM 2007). The differential
expression of Vitellogenin between the worker-dassay
also be linked to the reproductive ground plan tiypsis,
which states that the division of labor in socredects de-
rived from conserved reproductive regulatory netgor
(AMDAM & al. 2004, KaPHEIM & JOHNSON2017). Alter-
natively, this reflects an age-dependent decreassource
storage and reduced resource consumption in feréferH
& ROBINSON 2005, DUSSUTOUR& al. 2016).

such a trade-off, perhaps because they remaieiinsthcial
environment with nutritional and social supportd amill
not embark on a nuptial flight, followed by a satit (col-
ony founding) stage (®:MER & al. 2007), and be exposed
to environmental hazards surviving only on thearstl
fat resources (BER & al. 2006, BRUTSCH& al. 2014). In
contrast to queens and nurses, males and foragenod
respond to infection via up-regulation of the antigal
genes, but down-regulated gene expression in genera
In males, two antibacterial genes, Hymenoptaecaih an
LPS-binding protein, and the general immune germe Pr
Phenoloxidase were down-regulated following infattin
the foragers all immune genes, except the two wargl
genes (Toll ang-1,3-glucan-binding protein) were less
expressed upon infection, whereas the expressitimeof
antifungal genes remained unchanged. This indichtds
both males and foragers respond to infection bgcsel
tively down-regulating the expression of genes,civtare
not directly involved in defense against the offeqgdba-

Although the constitutive gene expression was generthogen. By contrast, queens and nurses respongyby u

ally higher in queens than in males, two immuneegen
Hymenoptaecin anf-1,3-glucan-binding protein — were
constitutively more expressed in males than in nsie€his
agrees with results obtained for the Atta vollenweideri
FOREL, 1893 (KOCH & al. 2013), and the bumblebBem-
bus terrestrigLINNAEUS, 1758) (OLGAN & al. 2011), in
which the antimicrobial peptide Hymenoptaecin alss
more expressed in males than in queens. A simidar p
tern also emerged in the workers, in which Hymeaept
cin was constitutively more expressed in foragkastin
nurses. Such a forager-bias in Hymenoptaecin wss al
found in honeybees (L & al. 2011, \ANNETTE & al.
2015), but, to our knowledge, this has not beew$hv
gated in other ants.

With respect to the induced immune responses,@#e P
and the gene-by-gene analysis were again congraieat,
indicated an induction of antifungal defenses (Vl

regulating genes involved in antifungal defenséss Sug-
gests that males and foragers respond by savingrees,
whereas queens and nurses respond by mobiliziogroes
for defense, and suggests that males and foragerstiin
general less in immune defenses than queens asdsur
(HELFT & al. 2012, KOCH & al. 2013). Given the exten-
sive variation in residual life expectancy betwesales and
queens, and between nurses and foragenai(B 1991,
ToFILSKI 2002), this may also be an important factor in
mediating patterns of immune defenses in both dlpeor
ductive castes, and in different cohorts of worketss is
also consistent with the observed male- and forages
in the Imd pathway related gene Hymenoptaecin, whic
may reflect a dependency of the Imd pathway onrage
lated life histories (MLLYMAKI & al. 2014).

In conclusion, our results highlight the role obt=
and worker-class-specific life histories in the médn of

andp1,3g in queens and nurses, but not in males or forimmune defenses, and the way these are visiblettarps

agers. Given that th&1,3-glucan-binding protein induces
the Toll pathway, it is not surprising that thesmes were

of gene expression. Both males and foragers respotud
infection by maintaining the expression levelsiiitical
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genes at the expense of presumably non-criticagdrhis
is what is expected, as males have no furtherbeyend

BAER, B. & ScHMID-HEMPEL, P. 2006: Phenotypic variation in
male and worker encapsulation response in the belebl

mat|ng and the foragers have reduced life expeytanc Bombus terrestris— ECOIOg|Cal Entomology 31: 591-596.

owing to a high extrinsic rate of mortality (V\8oN 1971,

BENJAMINI, Y. & HOCHBERG Y. 1995: Controlling the false dis-

OSTER& WILSON 1979). Queens and nurses clearly mounted covery rate: a practical and powerful approach wdtipte test-

a response against the fungus, but the queensodid s
the expense of pleiotropic gene expression. Therales
of a similar trade-off between pleiotropic gened &n-
mune genes in nurses may be due to the socialamvir
ment, which the queens are devoid of during thejrtial
flight and colony founding stage RMITAGE & BOOM-
SMA 2010). Our study highlights differences in theeisty
ment in immune functions between the reproductastes,
as well as workers of different age and tasks mataral
environment. These similarities are consistent witfer-
ent life history trajectories between males andeqseas
well as workers of different age.
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