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Abstract

Parasites pose significant challenges not only to individual hosts but also to entire social groups. We investigated the effects of parasitism by
the cestode Anomotaenia brevis on colonies of its intermediate host, the ant Temnothorax nylanderi. We evaluated changes in worker and
queen survival rates and transcriptional activity in the fat body of infected and uninfected workers, as well as in the parasite itself, in relation
to infected worker prevalence and colony size. Cestode-infected workers are known to exhibit a significantly extended lifespan compared with
uninfected workers. Here, we demonstrate that the survival rates of infected workers, uninfected queens, and uninfected workers decrease with
increasing infected worker prevalence and increase with colony size. Transcriptomic analysis revealed stress-related signatures in all workers,
regardless of infection status, as infection prevalence increased. Moreover, gene expression patterns, particularly in uninfected workers, were
strongly influenced by colony size. The transcriptional activity of the parasitic cestode also shifted with infected worker prevalence, highlighting
the complex dynamics of host—parasite interactions. These results demonstrate that parasites in social species impose colony-wide impacts
that extend beyond infected individuals, even in the absence of direct cross-nestmate infection risks. Moreover, the consequences of parasitism
can be modulated by colony size.

Keywords: parasite prevalence, parasite ecology, cestode, social insect, transcriptomics

Introduction honeybees, e.g., the presence of the microsporidian Nosema
or viruses not only increases the tendency of infected bees
to drift into foreign colonies (Fries & Camazine, 2001), but
also the acceptance of drifters by uninfected bees (Forfert
et al., 2015). Due to the strong selective pressure from par-

The disappearance or introduction of a species into an
ecosystem can have a profound impact on community struc-
ture and dynamics (Crowl et al., 2008; Zavaleta et al., 2009).
Parasites, in particular, are important drivers of biodiversity

and evolution (Hudson et al., 2006; Mouritsen & Poulin, isn?s’ soc112111 lr.lseTts havedevolved T(.)mpleX. antgarasme bf_
2002): Their presence can influence the dynamics of host aviors collectively termed as social immunity (Cremer et al,,

populations (Sinclair, 1979; Thomas & Bonsall, 2005), alter 2007, 2018), which includes changes in the int'eraction net-
competition between species (Price et al., 1986), and shift work structure (Stroeymeyt et al., 2014), ad.ap tive grooming
ecosystem energy flows (Odum & Barrett, 1971). behgwor (Stqck etal.,2023), or prqphylactlc distribution of

An intriguing aspect of parasitism is that its influence at.lt.lpathogenl.c substanges (Chapuisat et al., 2007). In ?d—
can extend beyond direct hosts, potentially impacting social dl.tlo.n’ collective behaylors such as temp crature regulation
groups and ecological communities. In the bird Phalacroco- within hpneybee colonies are affected by p arasites, as shown
rax aristotelis, nematode parasitism affects all family mem- by the link between temperature fluctuations and disease

bers, even those not directly infected (Granroth-Wilding et~ P revalence in the UK (Rowland et al., 2021) and reduced

al., 2015) and in the fish Oryzias latipe mere exposure to VI_vater sur\ﬁval of infected ccf)lonles (Ml.neflud.et al.,dZOZfl)l.
a brain parasite alters behavior, even if infection does not owever, the consequences of nestmate Intection and socia

occur (Vindas et al., 2023). We expect indirect effects of immunity behaviors on uninfected nestmates remain under-

parasitism to be particularly important in social animals, Stu_?}lled‘h . f th A .
which are often the target of parasites and pathogens (Hart ¢ host-parasite system Of the tapeworm Anomotae-

& Hart, 2018), as frequent close contacts increase the trans- nia brevis and its intermediate host, the ant Temmotho-

mission and spread of pathogens (Romano et al., 2022). In- ¥ nylanderi, is an exce;llent model to investigate p arasiFe—
deed, the risk of infection can increase with group size and induced changes in uninfected nestmates. Several studies

relatedness (Webber et al., 2017). In particular, social in- hayg showp fthat dTb nylanc?eri W(()irkers 1(11V1Iig n COl(;lr.li)e.S
sects are strongly affected by pathogens in their colonies. In ~ WIth ants intected by cysticercold cestode larvae exhuibit
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altered behavior, changes in brain transcriptional activ-
ity, and reduced survival rates compared with workers in
colonies without infected nestmates (Beros et al., 2015,
2021; Feldmeyer et al., 2016). These changes could be driven
by the pronounced phenotypic shifts, particularly in behav-
ior, of cestode-infected workers, who are unable to directly
transmit the infection to their healthy nestmates. Infected
workers are smaller, rarely take over work, and are mostly
inactive. They have a less sclerotized and pigmented cuticle
(Plateaux, 1972) and exhibit muscle atrophy (Feldmeyer et
al., 2016). Intriguingly, they exhibit a severalfold extended
lifespan (Beros et al., 2021), which could, in addition to
direct manipulation by the cestode, result from uninfected
nestmates providing increased care to infected colony mem-
bers. The infection of some workers with A. brevis has pro-
nounced colony-level consequences as well. Infected colonies
produce a male-biased sex ratio and are also more likely to
raise intercastes that are morphologically intermediate be-
tween workers and queens, both of which are known indi-
cators of colony-level stress (Scharf et al., 2012).

T. nylanderi ants become infected when they ingest ces-
tode eggs as larvae. The tapeworms then develop into cys-
ticercoid larvae, which reside in the ants’ hemolymph un-
til the final host, woodpecker, preys on the infected work-
ers (Plateaux, 1972). A. brevis cysticercoids do not remain
dormant. They instead remain physiologically highly active
and secrete proteins into their intermediate host: Of all pro-
teins in the hemolymph of infected workers, 7% originate
from the tapeworm (Hartke et al., 2023). Transcriptional
changes in various tissues of infected host workers, includ-
ing the brain, gaster, and fat body, result from altered lar-
val development as well as shifts induced by active secre-
tion from the parasite in adult hosts (Feldmeyer et al., 2016;
Sistermans et al., 2023; Stoldt et al., 2021). The latter likely
depends on parasite load, which can range from a single ces-
tode infecting an individual ant to as many as 74 cysticer-
coids (Sistermans et al., 2023). Transcriptional shifts do not
only occur in infected workers, but also in uninfected ants
from infected colonies (Feldmeyer et al., 2016; Sistermans et
al., 2023), which can be explained by the additional work-
load imposed on them due to the idleness of infected workers
(Shik, 2010). As the workload of healthy workers increases
with the prevalence of infected workers in the colony, this
could impact the survival rates of healthy nestmates, includ-
ing the queen, as well as their molecular physiology. The
prevalence of infected workers varies significantly between
colonies, ranging from a single infected individual to 70%
of the workers. Additionally, larger colonies may better mit-
igate the effects of parasite prevalence by buffering the in-
creased workload.

We aim to use this variation in infected worker prevalence
and identify its colony-level consequences on the transcrip-
tional activity of infected and uninfected workers, as well
as on the parasite itself. We complement our novel tran-
scriptomic analyses with a reanalysis of a multiyear survival
dataset of the same population (Beros et al., 2021) to un-
derstand the effects of infection prevalence on the colony
demography. While infection is known to impact colony-
level traits including those of uninfected workers, previ-
ous work pooled all infected colonies into one category
and thus did not consider between-colony variation in the
prevalence of infected workers. A higher prevalence likely
results in increased competition for care and food among
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infected workers and the queen with potential effects on
the parasite. We thus examine whether colony-level preva-
lence impacts the expression of parasite traits as well. We
expect parasites in colonies with higher parasite prevalence
to exert a stronger influence on specific host traits such
as stress, metabolism, physiology, and behavior. For both
the transcriptomic as well as the demographic analysis, we
also investigated the effect of colony size, as a larger work-
force may better handle the stress of numerous infected
individuals.

Methods

Sampling, experimental design, and sequencing
for the transcriptome analyses

We collected 153 T. nylanderi colonies in dead maple
wood between November 2019 and February 2020 in
the Lenneberg Forest in Mainz, Germany (50.011605"N
8.174941"E), of which 33 colonies contained cestode-
infected workers (rate of infected colonies was 22%). The
rate of infected colonies at this site has therefore diminished
somewhat from an earlier reported 30% in 2012 (Scharf
et al., 2012). The ant colonies were transferred to artificial
nest sites, consisting of a Plexiglas perimeter with a lid and
base made of a microscope slide. The nest sites were cov-
ered with red foil and placed into a three-chambered nest
box with a plaster floor. Each colony was fed twice weekly
with crickets and honey and provided with water ad-libitum.
We counted the number of queens, healthy workers, and
infected workers and selected 16 infected colonies with a
prevalence of infected workers between 2% and 72%. We
deliberately did not include healthy colonies in our analyses
because the influence of colony infection status on transcrip-
tional activity has already been thoroughly investigated else-
where (Feldmeyer et al., 2016; Sistermans et al., 2023; Stoldt
etal., 2021). To be included in the samples, we also required
that the colony had a queen, since her absence strongly in-
fluences the transcriptional activity in Temnothorax workers
(Negroni et al., 2021).

Note that for the transcriptomic study, we did not include
healthy colonies, as the influence of colony infection status in
itself on transcriptional activity is already known (Feldmeyer
et al., 2016; Sistermans et al., 2023; Stoldt et al., 2021). The
selected colonies varied in size (16-177 workers; mean 77
workers), which gives us the opportunity to examine a po-
tential interaction between infected worker prevalence and
colony size.

The exact ages of the colonies are not known (queens can
live for up to 20 years; Plateaux, 1986), and we cannot ex-
clude a positive correlation between colony size and age. Im-
portantly, however, they were likely all mature, since they no
longer contained any workers of the first generation, which
can be recognized by their small size, and 10 workers are
sufficient for a colony to produce sexuals (Plateaux, 1972).

Infected workers are recognizable by their yellow cuticle,
though a small (<10%) percentage of workers in infected
colonies may display the healthy brown phenotype despite
being infected (Scharf et al., 2012). Correcting “false neg-
atives” with respect to infection status requires lethal dis-
section. We did this for healthy workers that were included
in the transcriptome analysis (to ensure they were unin-
fected), while we considered cuticle coloration a sufficiently
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accurate proxy for assessing infection prevalence in the
colony as a whole.

All infected workers and a similar number of uninfected
workers were dissected in the summer of 2020. As our pri-
mary goal was to compare the transcriptional activity in the
fat body of these two standardized worker groups in re-
lation to prevalence and colony size, we did not perform
transcriptomics of the queen or foragers (while earlier sur-
vival data existed for these groups too, including uninfected
colonies; we fully capitalized on data availability in that con-
text, see the “Survival analysis” section below). The unin-
fected workers were selected at random apart from the sam-
pling location, for which we chose the position in the nest
near the brood, where the infected workers reside (Scharf et
al., 2012). This made the sample focus on young brood car-
ers, metabolically closest to the infected ants (Beros et al.,
2021).

We isolated the fat body from each worker by remov-
ing the gut and trachea from the first gaster segment, leav-
ing only the fat cells, which were placed in a vial contain-
ing 50 ul Trizol. In infected ants, we also removed the ces-
todes, located in the hemolymph around the midgut, and
placed them in a separate vial with 50 pl Trizol. Samples
were frozen on dry ice and subsequently transferred to —80
°C. To control the parasite load, which strongly influences
the gene expression of infected workers (Sistermans et al.,
2023), we selected one infected worker per colony whose
cestode number was closest to the median of 7 (min = 3,
max = 13), we did not encounter an infected worker with a
number of cestodes within this interval in one colony (colony
B; Supplementary Table S1). So, for this colony, we only have
an uninfected worker. For each colony, we included all ces-
todes from this worker and the fat body of an uninfected
nestmate. RNA was extracted using the Qiagen RNeasy ex-
traction kit, RNA extraction failed for a single sample from
an uninfected colony (colony F; Supplementary Table S1).
We sent the rest of the samples to Novogene (Cambridge,
UK) for messenger RNA library preparation using a NEB-
Next Ultra RNA Library Prep Kit. For cestode samples, a
SMARTer amplification step was performed to accommo-
date low RNA content. The libraries were sequenced on an
Illumina NovaSeq 6000 in paired-end 150-bp mode, yielding
a minimum of 9 Gb per sample. RNA sequencing (RNA-seq)
data for four of the uninfected workers were also utilized
in Sistermans et al. (2023), which were obtained using the
same protocol (see Supplementary Table S1 for a detailed
overview).

Cestode genome assembly

We generated a reference genome assembly for the cestode
A. brevis. We extracted high-molecular-weight DNA from a
pool of 29 cestodes isolated from a single infected worker.
An ultralow input library was prepared and sequenced us-
ing a PacBio Sequel II system. HiFi reads were called us-
ing DeepConsensus v1.2.0 (Baid et al., 2023) and assem-
bled using Flye v2.9.2 (Kolmogorov et al., 2019), with the
option “—pacbio-raw” to address sequence diversity within
the sample, as well as options “-i 4,” “—no-alt-contigs,”
and “-scaffold.” The resultant assembly was deposited in
the NCBI database under accession number JAUOZQO1.
The assembly was annotated with BRAKER v3.0.3 (Brtina
et al., 2021) in native mode using A. brevis RNA-seq

data—from this study, Sistermans et al. (2023), and Stoldt
et al. (2021)—and from all nuclear protein sequences of the
Cyclophyllid family available on NCBI (accessed on August
13,2023).

Mapping of RNA-seq reads

We mapped the cestode RNA reads using STAR v2.7.10b
with default parameters (Dobin et al., 2013) onto a con-
catenated reference assembly, combining the cestode genome
and the T. nylanderi genome assembly (Jongepier et al.,
2022). This approach enabled us to filter out contaminant
reads that mapped to the ant genome. We then constructed
a gene count matrix using HTSeq-count (Putri et al., 2022)
with default parameters including the discarding of multiply
mapped. For functional annotation, we BLASTed the longest
CDS isoform of each gene against the nonredundant inver-
tebrate database (retrieved August 10, 2021) using BLAST
diamond (Buchfink et al., 2014), and obtained Gene Ontol-
ogy (GO) terms for these isoforms using eggNOG mapper
against the eggNOG 5 database (Cantalapiedra et al., 2021).

For the ant RNA libraries, we first removed contaminant
sequences from A. brevis, Homo sapiens, and Escherichia
coli, as well as adaptors and vectors using FastQScreen
v0.14.0 (Wingett & Andrews, 2018). The remaining se-
quences were trimmed down to 120 bp using fastp (Chen
et al., 2018) with an N-base cutoff of 15 and mapped
against a genome assembly of T. nylanderi (Jongepier et al.,
2022) with HISAT2 v2.1.0 (Kim et al., 2015) using the “—
downstream-transcriptome-assembly” parameter. We then
obtained a genome-guided transcriptome assembly and gene
count matrix with StringTie v1.3.6 (Pertea et al., 2015).
Functional annotation was performed on the transcriptome
assembly as described above for the cestode.

Differential gene expression analysis

We split the ant dataset into infected and uninfected sam-
ples, as the influence of parasite load has been analyzed
elsewhere (Sistermans et al., 2023). We did Principal Com-
ponent Analyses (PCAs) using DESeq2 (Love et al., 2014)
in R (version 4.3.2) for the infected and uninfected work-
ers separately to illustrate graphically the consequences of
prevalence of infected workers and colony size on overall
gene expression. For the infected ants, we fitted a nega-
tive binomial distribution using DESeq2. We performed a
likelihood ratio test (LRT) linking gene expression to log-
transformed infected worker prevalence (calculated as to-
tal number of infected workers divided by the total num-
ber of workers), using parasite load (number of cysticer-
coids per ant) and colony size (total number of workers
in the colony) as reduced factors. Benjamini-Hochberg-
adjusted p-values were extracted to identify differentially
expressed genes (DEGs), the threshold for a DEG was a
Benjamini—-Hochberg-adjusted p-value of <0.05. We chose
log-transformed values of infected worker prevalence to
achieve a more even distribution of the prevalence data, min-
imizing the impact of individual outliers. The distribution
after log transformation was closer to a normal distribu-
tion (Supplementary Figure S1). Additionally, we tested the
effect of colony size by using log-transformed prevalence
and parasite load as reduced factors. The influence of the
interaction between log prevalence and colony size was as-
sessed using log prevalence, parasite load, and colony ID as

Gz0zZ Jaquieldag Zo Uo Jesn sioBuLIBYd SSOUSIOS UONBIUSWNIO(] 8P [BJ1U0 82IAI8S AQ S9vHS 1 8/81 Liedbn|oAs/S60 1 01 /10p/3[01B-80UBAPE/IN|OAS/WOD dNO dlWapede//:sdiy Woll papeojumod


https://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpaf118#supplementary-data
https://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpaf118#supplementary-data
https://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpaf118#supplementary-data
https://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpaf118#supplementary-data
https://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpaf118#supplementary-data
https://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpaf118#supplementary-data
https://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpaf118#supplementary-data
https://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpaf118#supplementary-data
https://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpaf118#supplementary-data
https://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpaf118#supplementary-data
https://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpaf118#supplementary-data
https://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpaf118#supplementary-data

reduced factors. We also examined overlapping DEGs across
the three datasets by creating a Venn diagram using Interac-
tiVenn (Heberle et al., 2015). To assess in which way tran-
scriptomic shifts in response to infected worker prevalence
were modified by colony size, we partitioned dataset into
eight large colonies and seven small colonies and rerun LRTs
with the log-transformed prevalence and a reduced factor of
1. Genes that were found to be significant in the interaction
were removed from the main factor DEG lists. We divided
DEGs identified in the main factor analyses into upregulated
and downregulated genes and performed functional enrich-
ments. First, we conducted a GO enrichment analysis with
TopGO (Rahnenfuhrer, 2022) using Fisher’s exact test and
the weight01 algorithm. We decided not to apply multiple
testing corrections to the GO terms, as the p-values obtained
from this method are not independent. We considered only
p-values below 0.01 in the GO enrichment analysis. We then
applied the same analytical procedures to the cestode, and
uninfected ant reads, with one exception. For the dataset of
uninfected workers, some of which were sequenced in 2020
and others in 2022, we included sequencing year as a re-
duced factor in all models and assessed its influence using
PCA (Supplementary Figure S2). We compared gene expres-
sion patterns between infected and uninfected workers as a
function of the two main factors and their interactions, as
well as the overlap of DEGs. It is important to note, how-
ever, that the models for the two datasets are not entirely
identical. The number of cestodes was included in the model
for the infected workers, while the year of sequencing was
included for the uninfected workers. These differences may
affect the analytical performance of the models and the re-
sults. Therefore, we report only on the overlap of DEGs but
do not test whether it is larger than expected, as the use of
different models leads to unclear expectations.

Survival analysis

We reanalyzed survival data from Beros et al. (2021) to as-
sess the consequence of infected worker prevalence on age-
specific mortality. These ant colonies were collected at the
same sampling site as our ants for the transcriptome study
and their survival had been analyzed in a period between
2014 and 2017. Day of death was available for queens and
workers from 58 colonies up to 3 years after the beginning
of the survival monitoring, from which point onwards indi-
viduals were considered censored (see Beros et al., [2021] for
details on the monitoring procedure). We modeled the haz-
ard rate of mortality using the spline-based survival model
from Royston & Parmar (2002) with one knot parameter
included in the package flexsurv (Jackson, 2016) in R (ver-
sion 4.2.3). This model allows for more flexibility in model-
ing the hazard rate of mortality trajectories compared with
usual parametric models such as Weibull or Gompertz mod-
els. We used three variables as covariates in the models.
Colony size was defined as the number of individuals in a
colony, Cat(Infected) was defined as a categorical variable
informing whether a colony include at least one infected
individual or not, and P(Infected) was defined as the pro-
portion of infected individuals in a colony. The rationale
behind two different variables relating to colony infection
was to determine whether the infection effect was linked
solely to the presence or absence of infected individuals,
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or whether mortality respond to the proportion of infected
individuals.

Note that we performed our analyses independently for
different categories of individuals, thus we estimated effects
that are not simply the result of more individuals follow-
ing mortality trajectories of infected individuals as infec-
tion prevalence increases. Analyses were performed indepen-
dently for queens (N = 58), infected workers (N = 103),
healthy nurses (N = 285), and healthy foragers (N =290). In
each case, the first set of models was run with all model com-
binations including colony size, P(Infected), and their inter-
action. A second set of models was then run for all individual
types except for infected workers with all model combina-
tions including colony size, Cat(infected), and their interac-
tion. For each model, the value of the Akaike information
criterion (AICc) was computed as a measure of the predictive
ability of the model penalized for the number of parameters
in the model and corrected for low sample size (Burnham
& Anderson, 2004). Models were ranked according to their
AlICc values and the model with the lowest value was se-
lected as the most parsimonious one. We also discuss the
models within an AICc score of 2 to the top-ranked model
with close predictive ability (see Supplementary Tables S2—
S5 for AICc rankings).

Results

Changes in gene expression in the host with
infected worker prevalence and colony size

The distribution of infected worker samples was mainly
related to prevalence at the colony level (Figure 1A). The
DESeq2 analysis identified 647 DEGs, whose expression
in the fat body was linked to the prevalence of infected
workers. In total, 339 genes were upregulated and 308
were downregulated with increasing prevalence. These
DEGs showed 19 significantly enriched GO terms (Figure
1E), 11 and 8 for positively and negatively linked genes,
respectively. Several of these GO terms are related to
peptide and protein transport, including peptide trans-
port (19 positively correlated genes) and targeting of
proteins to the ER (five positively correlated genes). We
also uncovered lipogenesis functions like lipoxygenase
pathway and lipoxin biosynthetic process (each two pos-
itively correlated genes) and negative regulation of fatty
acid transport (two negatively correlated genes). Shifts
in fatty acid transport to mitochondria (Marshall et al.,
2014) potentially indicate that infected workers alter their
need for burning fat with increasing prevalence. The fat
body tissue plays an important role in insect immunity
(Hoffmann & Reichhart, 2002). Indeed, lipoxygenase
products are important for eicosanoid signaling, involving
the lipoxygenase pathway and lipoxin biosynthesis pro-
cess (Kim & Stanley, 2021). In addition, other immune
processes were involved, such as IRES-dependent viral
translation initiation (two upregulated genes) and positive
regulation of NIK/NF-kappaB signaling (three downreg-
ulated genes). The latter signaling process is implicated
in the innate and adaptive immune system as a mediator
of inflammatory responses (Liu et al., 2017). We plotted
three differentially regulated genes and investigated their
BLAST functions (Supplementary Figure S4) to examine
whether starvation is responsible for the fat-burning
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Figure 1. Ant fat body gene expression in relation to infection status of worker and prevalence of infected workers in the colony. (A) Principal component
analysis of the infected ant transcriptome, where color signifies parasite prevalence with lighter colors representing more heavily infected colonies and
dot size represents colony size with larger dots being from larger colonies. (B) Principal component analysis of the uninfected ant transcriptome. Venn
diagrams showing the differentially expressed genes (DEGs) depending on prevalence of infected workers, colony size, and their interaction in (C)
infected workers and (D) uninfected workers. (E) Gene Ontology (GO) terms for the infected ants for the prevalence analysis, where the orange bars to
the right of the y-axis being the gene counts of upregulated DEGs and the brown bars on the left of the y-axis being the gene counts of downregulated
DEGs. (F) GO terms for the uninfected ants for the parasite prevalence analysis, where we only found enrichments for the upregulated genes with
parasite prevalence. (G) GO terms for the uninfected ants in the colony size analysis, where the hot pink bars on the right of the y-axis represent the
genes upregulated with colony size and the purple bars on the left of the y-axis represent the genes downregulated with colony size.
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physiological response. The first of these genes is
CCAAT/enhancer-binding protein (Supplementary
Figure S4A), which, when upregulated in high
prevalence colonies, can protect cells against star-
vation (Lu et al., 2014). The encoded protein is
also involved in protection against toxins from
microbial pathogens (Reddy et al., 2016). A second gene,
whose expression decreases with prevalence, Zinc finger
protein 662-like (Supplementary Figure S4B), encodes
for a protein that promotes stress-induced mitochondrial
longevity (Merkwirth et al., 2017). Zinc finger nuclease
cleavage of Bak and Bax proteins makes cells more resistant
to starvation-induced apoptosis (Cost et al., 2010). Finally,
flavin reductase (Supplementary Figure S4C), whose expres-
sion was decreased in high-prevalence colonies, indicates
a lower stress tolerance, including resistance to starvation
(Stegehake et al., 2013).

Colony size alone had little effect on gene expression in
infected workers, as we found only two DEGs that were
both downregulated with colony size, none of them over-
lapping with the DEGs for parasite prevalence (Figure 1C).
One of them was annotated as a facilitated trehalose trans-
porter Tret1-2 homologue, which is involved in cellular pro-
tection against desiccation (Kikawada et al., 2007). We iden-
tified 287 genes whose expression in infected workers was
influenced by the interaction between colony size and preva-
lence. GO enrichment analyses did not uncover any terms
with more than one gene being enriched. When we analyzed
the DEGs for the effects of infected worker prevalence in
small and large colonies, we identified only a single gene to
be differentially expressed in the small colonies. This sug-
gests that larger colonies can buffer the expression changes
of this gene associated with infection prevalence. This gene
did not yield an annotation in BLAST, but since we filtered
out untranslatable transcripts in our filtering steps, it was
clearly a gene.

The principal component analysis of uninfected worker
samples revealed two outliers (Figure 1B). As neither our
lab journal entries nor quality control of the RNA-seq sam-
ples explained their divergent gene expression, we found no
external reason to remove them, and they remained in all
subsequent analyses. However, to fairly assess the effect of
these outliers, we did an additional analysis with outliers re-
moved, which suggested that the effect of colony size hinges
to some extend on the two outliers coming from very large
colonies (see supplementary material).

The transcriptomes of uninfected workers were also in-
fluenced by the prevalence of infected workers in the colony.
Here, 134 genes significantly changed their expression solely
as a function of prevalence, with 54 and 82 being negatively
and positively correlated, respectively. We found eight GO
terms in the upregulated group with increasing prevalence,
each represented by two genes (Figure 1F). At least three of
these terms indicate stress responses, such as the response
to aluminum ions, which is usually induced during alu-
minum stress, causing an accumulation of reactive oxygen
species that destroy cell membrane integrity (Liu et al., 2022;
Sujkowska-Rybkowska, 2012). Another term, response to
carbon monoxide is also associated with oxidative stress, as
CO poisoning is generally linked to lower hemocyanin levels
(Baker & Wright, 1977). Finally, the term xanthine catabolic
process indicates that genes involved in detoxification reac-
tions changed their expression with prevalence (Battelli et
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al., 2016). Moreover, two DEGs each were linked to pro-
cesses involved in the endothelium, namely negative regu-
lation of endothelial cell differentiation and negative regu-
lation of vascular endothelial growth factor, the latter ap-
pears to play a role in thoracic closure and insect immunity
(Kipryushina et al., 2015).

Gene expression of uninfected workers was more strongly
affected by colony size than that of infected workers. Here,
we found 684 DEGs, of which 335 were downregulated
with colony size and 349 were upregulated, 22 of the to-
tal DEGs were also differentially expressed with parasite
prevalence (Figure 1D). GO enrichment analysis revealed
43 GO terms, so we only considered GO terms represented
by three or more genes here, leaving 25 GO terms (Figure
1G). With colony size, many genes changed their expres-
sion with neuronal functions, including neuron formation
(48 upregulated genes), brain development (21 upregulated
genes), adult locomotor behavior (11 upregulated genes),
neurotransmitter secretion (8 upregulated genes), neuromus-
cular synaptic transmission (8 upregulated genes), regula-
tion of synaptic plasticity (7 upregulated genes), bebavioral
response to ethanol (5 upregulated genes), several other
synaptic functions with 5 upregulated genes, and flight be-
havior (5 upregulated genes). These neurological functions
can be prevalent as the fat body can promote the pro-
duction of insulin-like peptides depending on when an in-
sect last fed (Colombani et al., 2003; Skowronek et al.,
2021). Unsurprisingly we uncover the positive regulation
of insulin secretion (5 upregulated genes) for these DEGs
as well. Other terms include antifungal humoral response
with 3 downregulated genes, which is an immune function,
and we found the GO term growth with 10 downregulated
genes.

Our transcriptome analyses identified 343 genes whose
expression was influenced by an interaction between colony
size and prevalence of infected workers in the colony.
GO enrichment analysis (Supplementary Figure S3A) re-
vealed the number of these related to the defense against
pathogens, e.g., response to fungus (7 genes), antifungal hu-
moral response (4 genes), positive regulation of NIK/NF-
kappaB signal transduction (3 genes), and Toll-like re-
ceptor 9 signaling pathway (2 genes). In total, 2 of the
DEGs we found to be differentially expressed in the small
colonies out of 17 genes and 1 of which in the large
colonies out of 8 genes. We found functional annota-
tion for two genes, one in the small colonies (considered
buffered by colony size), was phosphoinositide 3-kinase
regulatory subunit 4-like, which is involved in autophagy
(Thoresen et al., 2010). The other gene (considered ampli-
fied by colony size) was pheromone-binding protein Gp-
9-like, which has been described as a selfish gene in the
fire ant Solenopsis invicta as it is involved in queen sig-
naling and killing and is located on a social chromosome
(Gotzek & Ross, 2009; Krieger & Ross, 2005; Wang et al.,
2013).

A comparison of the influence of prevalence, colony
size, and their interaction on the transcriptional activity in
the fat body of infected and uninfected workers showed
that infected workers were more influenced by the preva-
lence of infected workers in the colony, while uninfected
workers were more affected by colony size. In both cases,
the interaction between these two main factors was im-
portant. We found some overlap in the DEGs namely 10
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for parasite prevalence, yet zero for colony size and eight
for the interaction. As noted in the methods, this com-
parison should be taken with caution as the two DESeq2
models are not identical, with one including parasite load
as a reduced factor and the other including sequencing

year.

Changes in gene expression in the cestode with
infected worker prevalence and colony size

The principal component analysis shows the data distribu-
tion as a function of prevalence of infected workers and
colony size (Figure 2A). When analyzing the effects of preva-
lence on parasitic cestodes, we found 64 DEGs, of which 18
were upregulated and 46 were downregulated. Among the
GO terms, we found only three for the downregulated genes
(Figure 2C), namely positive regulation of cell motility (three
genes), sensory perception of pain (three genes), and positive
regulation of dendrite extension (two genes). Except for the
regulation of cell motility, which is a subset of locomotion,
the terms are associated with the nervous system.

Regarding the effect of colony size on cestode gene expres-
sion, we found 116 DEGs, 74 of these genes were downreg-
ulated and 42 were upregulated. We only found three genes
overlapping with parasite prevalence (Figure 2B). Among the
downregulated genes, we encountered a single enriched GO
term, namely lipid phosphorylation with two representative
genes. Phospholipids are important energy sources for devel-
oping platyhelminths (Ghosh & Misra, 2014; Humiczewska
& Rajski, 2005), and therefore the differential lipid phos-
phorylation might be a result of A. brevis food intake de-
pending on the colony size of their hosts.

The interaction between prevalence and colony size influ-
enced the expression of 74 DEGs, for which we found two
GO terms with two representative genes (Supplementary
Figure S3B). The relevant GO terms included sensory per-
ception of pain and positive regulation of neuron apoptotic
process, both associated with neurological functions. Sep-
arate analyses for small and large colonies highlighted a
prevalence effect, particularly with 1 DEG in small colonies
and 15 DEGs in large colonies. Notably, there was no
overlap in DEGs identified between the colony size groups
in response to prevalence (Figure 2B), underscoring distinct
transcriptional responses dependent on colony size.

Survival analysis

For queens, the model including only prevalence of infected
workers (P[Infected]) as a covariate was selected as the most
parsimonious one (Supplementary Table S2). Queens in
colonies with a high proportion of infected individuals suffer
from higher mortality during life: Increasing P(Infected) by
1% corresponded to an increase of the hazard rate of mor-
tality by 9.07% (95% CI = [3.97;14.4]; Figure 3A). The
second ranked model (AAICc = 0.32) also included a neg-
ative effect of colony size (increasing colony size by 1 cor-
responded to a decrease of the hazard rate of mortality by
0.50%; 95% CI = [0.00;1.22]) in addition to the effect of
P(infected), hinting for a possible influence beneficial effect
of larger colonies on queen mortality.

For infected workers, the selected model included
colony size and P(Infected) as explanatory variables
(Supplementary Table S3). Colony size led to diminished

mortality of infected workers (increasing colony size by 1
corresponded to a decrease of the hazard rate of mortality
by 0.60%; 95% CI = [0.10;1.01]), while an increasing pro-
portion of infected individuals increased the mortality of in-
fected workers (increasing P[Infected] by 1% corresponded
to an increase of the hazard rate of mortality by 5.00%; 95%
CI = [2.06;10.10]; Figure 3B). The second-ranked model
(AAICc = 1.74) additionally included the interaction be-
tween P(infected) and colony size, but as it keeps the main
effects in the model, the main effects are therefore a robust
finding.

For healthy nurses, the top-ranked model included the cat-
egory of infection as a covariate (hazard rate of mortality
increased by 26.25%; 95% CI = [—0.12;59.59] in infected
colonies compared with noninfected ones; Supplementary
Table S4 and Figure 3C). Three alternative models were
within AAICc < 2: P(infected) was included in the second-
best model (AAICc = 0.94), Cat(infected) and colony size
in the third one (AAICc = 1.47), and no covariate for the
fourth one (AAICc = 1.74). The inclusion of a model with
no effect among the four best models (all with AAICc < 2)
means that our finding of higher mortality for nurses in in-
fected colonies is on less solid footing than our other find-
ings. While infection covariates were present in three out of
the four top-ranked models as well as being selected in the
top-ranked model, the evidence remains ambiguous for this
class of workers.

For healthy foragers, the top-ranked model in-
cluded P(infected), colony size, and their interaction
(Supplementary Table S5). P(infected) had a positive effect
on worker mortality and this effect was stronger in larger
colonies: Increasing P(Infected) by 1% corresponded to an
increase of the hazard rate of mortality by 1.94% (95% CI
= [-0.31;4.25]) for a colony size of 75 while increasing
P(Infected) by 1% corresponded to an increase of the hazard
rate of mortality by 4.58% (95% CI = [1.14;6.92]) for
a colony size of 150 (Figure 3D). Three other alternative
models to predict healthy forager mortality were sufficiently
highly ranked to merit discussing. The second-best model
included only the effect of P(infected) and colony size with-
out interaction (AAICc = 0.49), the third best one included
the effect of Cat(infected) (AAICc = 1.52) and colony size
while the third one included only the effect of Cat(infected)
(AAICc = 1.62). All top-ranked models included at least
one infection effect and most of them included colony size
as a covariate. The evidence for infection impacting forager
mortality is thus more solid than it is for nurses.

Discussion

Our survival and transcriptome analyses demonstrate that
the prevalence of cestode-infected workers and colony size
significantly affect the physiological activity and survival
rates of both infected hosts and their healthy nestmates.
Queen and infected worker mortality increases with the
prevalence of infected workers in the colony. Furthermore,
colony size alone and in conjunction with infected worker
prevalence shapes gene expression patterns not only in
infected and uninfected workers but also in the parasite
itself.

As infected workers are often even better cared for than
the queen (Beros et al., 2021), we hypothesized that both
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Figure 2. Cestode gene expression in relation to prevalence of infected workers in the colony. (A) Principal component analysis of the cestode
transcriptomes, where color signifies prevalence. Lighter colors are from cestodes from colonies with a higher prevalence of infected workers. Dot size
signifies colony size with larger dots representing larger colonies. (B) Venn diagram of differentially expressed genes (DEGs) with parasite prevalence,
colony size, and interaction between both factors, circle size being representative of the number of DEGs. (C) Significant Gene Ontology (GO) terms in
the cestode DEGs for prevalence. We only found GO terms for downregulated genes.

infected and uninfected nestmates, as well as the parasites
themselves, will exhibit increased stress with a higher preva-
lence of infected workers, reflected in their transcriptional
profiles. This hypothesis was supported by our findings:
Survival analysis revealed elevated mortality rates with in-
creasing parasite prevalence, and gene expression analysis
identified 647 DEGs. Enrichment analyses suggest that this
response stems from stress related to nutrient limitation,
as we observed upregulation of several genes involved in
lipogenesis pathways, indicative of a starvation response
(Whitehouse & Tisdale, 2001). Additionally, several trans-
port genes were differentially expressed, of which peptide
transport has been linked to starvation in multiple systems
(Ogihara et al., 1999; Tian et al., 2015; Vazquez et al.,
1985; Voigt et al., 2006). Peptide transport is also associ-
ated with lipid metabolism, supporting a differential lipo-
genesis (Toprak, 2020). We also identified modulators of
host immunity to parasites such as nematodes (Harcus et al.,
2004), including IRES-dependent viral translational initia-
tion and positive regulation of NIK/NF-kappaB signal trans-
duction. The latter signal transduction cascade can cause
weak immune reactions in parasitized organisms (Ebner et
al., 2018). The pathway directionality, as indicated by the
GO term, suggests a weakened immune response in workers
from high-prevalence colonies. This may result from star-
vation stress reducing immunocompetence, impairing their
ability to counter parasitic threats. However, causality re-
mains unclear; low initial immunocompetence could have
increased susceptibility to infection. An alternative, non-
mutually exclusive explanation is heightened parasite vir-
ulence in heavily infected colonies, driven by increased re-
source extraction from nutritionally stressed hosts. Surpris-

ingly, gene functions showed no evidence that cestodes in
heavily infected colonies experience nutritional shortages.
Instead, the parasites seem to secure sufficient resources by
intensifying extraction from their hosts. Parasite transcrip-
tomes support this, showing DEGs involved in parasite—
host communication in response to infection prevalence.
A similar phenomenon has been observed in nematodes,
where host starvation slightly increased parasite lipid con-
tent (Beames et al., 1967; Smith et al., 1996). If a similar
process occurs in the cestodes studied here, their increased
effort to extract lipids from hosts could explain the ob-
served downregulation of genes involved in fatty acid trans-
port with increasing prevalence. Confirmation of this mech-
anism would require analyzing lipid content in hosts and
parasites relative to the proportion of infected workers in a
colony.

Cestodes are enveloped in a mucin layer within their
hosts, which serves to shield them from the host’s immune
responses. However, this mucin layer also contains pro-
teins that can stimulate dendrite maturation, potentially
influencing host—parasite interactions at the cellular level
(Casaravilla et al., 2014). This process seems to also inhibit
the immune reaction of the host, creating conditions where
a neuro secretory pathway is heavily involved in parasite—
host interactions (Biserova et al., 2023). This may help ex-
plain the presence of two other neurological processes identi-
fied in our data: cell motility and sensory perception of pain.
Additionally, gut-based parasites often exploit neurological
pathways to extract resources, leveraging the properties of
the enteric nervous system (Halliez & Buret, 2015).

In uninfected ants, we expected elevated stress and
a higher risk of starvation in high-prevalence colonies.
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However, transcriptional shifts in uninfected workers were
notably lower than in infected workers, with DEG counts
slightly over one-third of those observed in infected ants.
Survival analysis provided stronger evidence for foragers,
rather than nurses, experiencing mortality costs in colonies
with high infection prevalence. Yet, foragers were not in-
cluded in our transcriptome analyses, preventing a direct
comparison of their responses to those of nurses. Our find-
ings align with a symptom of colony collapse disorder
(CCD) in honeybees, namely the increased loss of foragers
with pathogen pressure (Perry et al., 2015). This leads to
increased recruitment of young foragers who are not ade-
quately prepared for this task, which in turn makes them
more likely to be lost to the colony (Dornberger et al.,
2012). If this is also the case in our ants, we should be
able to see a transcriptomic signal in nurses of the high-
prevalence colonies to develop into foragers. The fat body
may not be the ideal tissue to observe expression changes
associated with such tasks switches, which may be more
evident in the brain and antennae (Caminer et al., 2023).
We did detect expression changes in the regulation of en-
dothelial growth factor, which could be important for divi-
sion of labor, since endothelial cells play a key role in the
juvenile hormone degradation pathway in ants that switch
their task from nurse to forager (Ju et al., 2023). A high
prevalence of infected workers could lead to a syndrome

in T. nylanderi that is comparable to CCD in honeybees.
This colony collapse, also driven by increased mortality of
the queen, could explain why highly infected colonies are
so rare in the field. One plausible explanation for foragers’
increased sensitivity to infection prevalence is that colony-
level food stress may primarily impact those responsible for
gathering food. Alternatively, the foraging workforce may
predominantly consist of older workers, who are inherently
more vulnerable (Beros et al., 2017; Blanchard et al., 2000).
Young, uninfected nurses are better equipped to cope with
the stress of cohabitating with many cestode-infected nest-
mates. Even so, functional analysis of DEGs in uninfected
nurses revealed several stress responses, particularly to ox-
idative stress, with prominent responses to carbon monoxide
and aluminum ions. Oxidative stress has multiple underly-
ing causes; for instance, uninfected nurses exhibit increased
activity levels in response to the presence of infected individ-
uals (McArdle & Jackson, 2000); they experience nutrient
deprivation (Morales et al., 2004) or mount an active im-
mune response as through trophallactic exchange they detect
the presence of the parasite (Negroni et al., 2020). Of these
three, we regard the immune response to be the most likely,
since the presence of pathogens in an ant colony have been
previously shown to elicit an immune reaction in uninfected
nestmates (Konrad et al., 2012). Nutrient deprivation may
also in part be due to the activation of the immune system,
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which is known to consume a lot of energy (Dolezal et al.,
2019).

We also tested for the effects of colony size, as a given
proportion of infection may impact small and large colonies
differently, particularly since larger colonies tend to be older
(Tschinkel, 1988). Intriguingly, cestode transcriptomes were
more influenced by colony size than by infected worker
prevalence, indicating that parasite physiology may be
shaped by colony resources or host age. Specifically, colony
size affected lipid phosphorylation in cestodes. Survival anal-
yses revealed that colony size significantly improved the sur-
vival rate of infected workers, but no link was found between
parasite prevalence and this metric, suggesting that para-
site prevalence effects were not differentially experienced by
larger or smaller colonies. The weak transcriptomic signal
associated with survival effects of colony size likely stems
from the use of younger ants in transcriptomic analyses, as
age-specific signals may be more pronounced in older in-
fected ants. While determining if an infected ant is near-
ing death remains challenging, we identified one desiccation-
associated gene responsive to colony size that may serve as a
primary transcriptomic marker for this effect. Additionally,
the data suggest that cestodes depend on stored metabolic
reserves.

The most substantial effect of colony size, however, was
observed in uninfected ants, partly due to two outlier sam-
ples from the largest colonies, as detailed in the supplemen-
tary material. This may suggest that in very large colonies,
transcriptional activity in the fat body of workers shifts.
The genes affected by colony size appear to fulfill neurolog-
ical functions. We interpret this as a homeostatic response,
particularly considering the developmental functions associ-
ated with the DEGs identified after removing the two out-
liers, considering that our analysis focused on the fat body
rather than the brain. The identification of hormonal func-
tions, such as the positive regulation of insulin secretion,
alongside neurological functions linked to development and
growth rather than exclusively to signal transduction, im-
plies a complex regulatory mechanism. Given the ongoing
communication between the fat body and brain, the pres-
ence of signal transduction functions in the fat body is
not unexpected (Skowronek et al., 2021). What the brain
and the fat body communicate about is largely unknown
aside from the production of insulin, which is heavily in-
volved in feeding behavior and locomotion in insects (Erion
& Sehgal, 2013). Likewise, we found a positive interac-
tion between colony size and prevalence on survival, sur-
vival of foragers living in bigger colonies were more af-
fected by the proportion of infected. Finally, growth and im-
munity may be influenced by colony size, which contrasts
with previous findings indicating that colony size does not
predict investment in antimicrobial defenses (Penick et al.,

2018).

Conclusion

Our study demonstrates that infected worker prevalence ex-
erts colony-wide effects, impacting not only infected indi-
viduals but also their healthy nestmates, the parasite itself,
and even queen mortality. In this monogynous species, queen
loss can lead to colony collapse, underscoring the poten-
tial severity of these effects. Such colony-wide impacts are
rarely addressed in parasitism studies. Although the group

Sistermans et al.

integration seen in social insects may be less pronounced
in other organisms, communication between healthy and
infected individuals likely plays a critical role in buffering
against fitness costs associated with parasitism. Moreover,
the observed influence of colony size on the transcriptional
activity of both healthy ants and the parasite highlights the
importance of social structure in modulating host—parasite
interactions.
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Supplementary material is available online at Evolution.
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