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Abstract

Humans and other social mammals experience isolation from their group as stressful,
triggering behavioural and physiological anomalies that reduce fitness. While social
isolation has been intensely studied in social mammals, it is less clear how social in-
sects, which evolved sociality independently, respond to isolation. Here we examined
whether the typical mammalian responses to social isolation, e.g., an impaired abil-
ity to interact socially and immune suppression are also found in social insects. We
studied the consequences of social isolation on behaviour and brain gene expression
in the ant Temnothorax nylanderi. Following isolation, workers interacted moderately
less with adult nestmates, increased the duration of brood contact, and reduced the
time spent self-grooming, an important sanitary behaviour. Our brain transcriptome
analysis revealed that only a few behaviour-related genes had altered their expres-
sion with isolation time. Rather, many genes linked to immune system functioning and
stress response had been downregulated. This probably sensitizes isolated individuals
to various stressors, in particular because isolated workers exhibit reduced sanitary
behaviour. We provide evidence of the diverse consequences of social isolation in
social insects, some of which resemble those found in social mammals, suggesting a
general link between social well-being, stress tolerance, and immune competence in

social animals.
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levels, smoking, self-neglect, and cognitive decline (Brennan et al.,

Social isolation is a topic of increasing relevance for public health,
particularly regarding an aging human population, as the negative
effects of isolation are more prevalent later in life (Courtin & Knapp,
2017; Nicholson, 2012). Moreover, the effects of social isolation have
gained increasing importance recently due to the quarantine mea-
sures being taken to avoid the spread of novel infectious diseases.
A strong reduction in social contacts presents a mortality risk, due

to its positive association with high blood pressure, high cholesterol

2019; Cacioppo et al., 2011; Pantel et al., 2013). Social isolation has
been defined in many ways, with the most general one relating to
suffering from reduced contact with group members compared to
the desired level (Hawkley & Capitanio, 2015). Not only humans ex-
perience the negative consequences of social isolation, but so do
other animals with a social lifestyle. It has been proposed that the
strength of response to social isolation may even assist to character-
ize a species’ level of sociality or interdependence of members of a
social group (Lihoreau et al., 2009; Wang et al., 2016).
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Owing to its relevance for humans, most research on social iso-
lation has been conducted on small mammals, like rats and mice, as
well as on mammals resembling humans in their social organization,
such as prairie voles. With isolation, social mammals become more
aggressive towards unfamiliar conspecifics, demonstrate less inter-
est in social interactions, and may fail to recognize their own group
members (Lukkes et al., 2009; Wise, 1974; Zhao et al., 2009). The
absence of social interactions in social mammals can also reduce
boldness and risk-taking, increase neophobia, and impede learning
processes (Fone & Porkess, 2008; Grippo et al., 2008; Pan et al.,
2009). While some experiments have demonstrated an increase in
physical activity with isolation, others have reported no change or
even a decrease (Grippo et al., 2008; Silva-Gomez et al., 2003; Weiss
et al., 2004). The behavioural responses following isolation are cor-
related with shifts in physiology and brain gene expression. The lev-
els of some stress-related hormones, such as cortisol, increase with
isolation in mammals; while others, such as corticosterone, exhibit
no clear pattern (Hawkley et al., 2012; Kanitz et al., 2004; Lukkes
et al., 2009). Social isolation is associated with the activity of the
hypothalamic-pituitary-adrenocortical axis, which regulates the
mammalian response to stress (Cacioppo et al., 2015). The absence
of social contacts also causes suppression of the immune system,
which in turn can lead to a higher risk of cancer and chronic inflam-
mation (Cruces et al., 2014; Hawkley et al., 2012; Wu et al., 2000).

Changes in the expression of genes related to stress response
and anxiety behaviours have also been linked to social isolation. For
example, in prairie voles, isolation leads to the overexpression of
corticotrophin-releasing factor, vasopressin, and oxytocin in the hy-
pothalamus. The latter two are sociality-related genes that are also
linked to anxiety-related behaviours (Pan et al., 2009). In male mice,
early social isolation leads to motor hyperactivity and behavioural
disinhibition, caused by a robust downregulation of serotonin recep-
tors in the brain (Bibancos et al., 2007). Female mice with a history
of social isolation, in contrast, exhibit higher levels of anxiety and
upregulation of brain-derived neurotrophic factors in the cerebral
cortex (Kumari et al., 2016).

Sociality has repeatedly evolved not only in mammals but also
in insects, with eusocial insects exhibiting the highest level of so-
cial organization. Social insects demonstrate a division of labour
between queens and workers, and often also between workers of
different castes, such as nurses and foragers. Social isolation has se-
vere consequences for social insects. Isolated social insect workers
die faster than grouped ones, due to lacking those resources reg-
ularly provided by nestmates and to the general stress induced by
isolation, resulting in faster respiration, faster depletion of body re-
serves, and/or inefficient digestion (Boulay et al., 1999; Koto et al.,
2015; ModImeier et al., 2013; Szczuka et al., 2011). Social isolation
also modifies behaviour. Aggression may either increase or decrease
with isolation, probably due to changes in the cuticular hydrocarbon
profile that is important for nestmate recognition, or in the brain
structure (corpora allata size) of isolated workers (Breed, 1983). For

example, while aggression towards (former) nestmates may increase

with the duration of isolation, the aggression against non-nestmates
decreases (Boulay & Lenoir, 2001; Lenoir et al., 2001). Antennation
between reunited workers following short isolation decreases,
whereas trophallaxis (social food exchange) increases (Boulay et al.,
1999; Cybulska et al., 2000; Korczynska et al., 2005; Wagner-Ziemka
et al., 2008). When social insects are isolated during development,
their developmental and/or behavioural maturation is impaired,
leading to slower growth of the mushroom body and/or a reduction
in brood-care activity (Champalbert & Lachaud, 1990; Seid & Junge,
2016). Finally, the presence of conspecifics can moderate or buffer
the stress induced by competitors or predators (Bowen et al., 2013;
Tian et al., 2017). The mechanisms of molecular response to social
isolation have rarely been studied in insects, compelling us to deter-
mine whether the phenotypic responses to isolation are regulated
via similar molecular pathways in insects and mammals. Certain be-
haviours, such as novelty-seeking or responses to social stimuli, are
controlled via similar molecular pathways in honeybees and humans,
suggesting deep evolutionary conservation of some genes (Liang
et al,, 2012; Shpigler et al., 2017).

We focused on the ant Temnothorax nylanderi, which dwells in
colonies of a few dozen workers on average, and sought to ex-
amine changes in worker phenotypes triggered by different pe-
riods of isolation. Isolated workers of T. nylanderi demonstrated
increased mortality and lower body reserves at death compared to
grouped workers (Modlmeier et al., 2013). We hypothesized that
social isolation would affect behaviour and gene expression and
that these effects would resemble and be mechanistically similar
to stress-induced responses. We predicted worker activity and
their tendency to move along the arena's edges to first increase
and then decrease with isolation, as workers initially search for
their lost colony, but later reduce activity when failing to find it
or to escape from the arena. Because social stress changes self-
grooming patterns (Denmark et al., 2010), and self-grooming is
an important aspect of social immunity in social insects (Theis
et al, 2015), we predicted that this hygienic behaviour would
decline with isolation. Isolated social mammals demonstrate less
interest in social interactions following their return to the group
(Lukkes et al., 2009; Wise, 1974; Zhao et al., 2009). We antici-
pated reduced contacts with nestmates following a lengthy period
of isolation, but more frequent contacts with nestmates follow-
ing a shorter period of isolation (a hump-shaped pattern). We
predicted that the time allocated to tending the nestmate brood
would decline, together with a general decline in social behaviours
with isolation, but we did not base our expectation on concrete
evidence from prior studies. In respect to brain gene expression,
we predicted social isolation to modify the expression of genes
controlling those behaviours that change with isolation, such as
general care behaviours (towards the brood, queen, or nestmates),
which are regulated via, e.g., vitellogenin-like A in Temnothorax
ants (Kohlmeier et al., 2018). We also predicted that the regula-
tion of immune genes would be altered, as immune suppression

is a characteristic consequence of isolation in other social animals
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(Hawkley et al., 2012). It is difficult to foresee the direction of
change. While some genes involved in immune system functioning
are downregulated with social isolation in humans, other genes are
upregulated (Cole et al., 2007). Finally, we predicted that those
genes related to improving tolerance to stressors, such as oxida-
tive stress, would be downregulated, as isolation makes social an-
imals more vulnerable to stress (Zlatkovi¢, Bernardi, et al., 2014;
Zlatkovié, Todorovié, et al., 2014).

2 | MATERIALS AND METHODS

2.1 | Antcollection and maintenance

Temnothorax nylanderi establishes colonies of a few dozen workers,
which inhabit cavities in acorns and sticks on the floor of European
deciduous forests. Colonies contain a single queen and may occupy
more than one nest (they are monogynous and polydomous; Kramer
et al., 2014). We collected 14 queenright colonies in December 2018
from Lennebergwald, near Mainz, Germany, and brought them to the
laboratory (129 + 24 workers per colony; mean + 1 SD; at least 30 lar-
vae in each colony). Each colony was kept in an artificial nest (50 x 10 x
3 mm length x width x height), placed inside a box with a plaster floor,
and divided into three chambers. Water, half a cricket, and a droplet of
honey were provided once a week. The colonies were kept in a climate
cabinet at 21°C and a photoperiod of 12:12 h light:dark cycle.

2.2 | Isolation experiment and behavioural
measurements

The experiment took place in January-March 2019. Nurses, young
workers (<1-year-old) tasked with brood care, were individually iso-
lated from 14 focal colonies for increasing durations: no isolation or
0 h (control), 1 h, 24 h (1 day), 168 h (7 days), or 672 h (28 days). For
each colony, the experiment started on a different day, between 21
and 58 days post collection (Appendix S1). Isolated workers were
placed individually in Petri dishes (5 cm diameter), each contain-
ing two tiny plates (d = 0.5 cm) with water and honey, which were
replaced twice weekly. For each isolation duration, seven workers
per colony were used, resulting in 35 workers per colony times
14 colonies, totalling 490 workers. We compared the body mass
of workers isolated for different durations (one worker per colony
and isolation duration, five workers in total per colony), but found
no changes in mass with isolation duration (p > 0.20). The following
three behaviours were recorded from the same ant in the Petri dish
of each focal worker: activity; tendency to move along the arena's
edges (hereafter, edge preference); and time spent self-grooming.
The activity was measured by video-recording the isolated worker
for 10 min and summing the time it was active/moving. Edge pref-
erence was measured by taking 60 screenshots, one every 10 s,

of the 10 min. video, measuring the distance of the worker from

the edge, and calculating the average distance in all screenshots.
Self-grooming was measured by documenting the time (for 5 min)
the worker was cleaning itself. Three additional behaviours were
recorded from different ants following the introduction of either a
nestmate larva, a dead nestmate worker, or a dead non-nestmate
worker into the isolation arena (the Petri dish): the total time the
worker spent in contact with larvae, contact duration with a nest-
mate and contact duration with a non-nestmate conspecific. These
behaviours were quantified for 10-min, based on films of separate
workers. Each worker was tested only once. We used dead work-
ers as opponents to eliminate the sources of variation in behaviour
of the tested ant workers, related to their responses to different
behaviour of live ants introduced into their isolation arena (simi-
lar to Crosland, 1990; Scharf et al., 2011). The opponents were
killed by freezing at -~20°C when all workers were taken out of the
colony for the experiment and were kept under deep-freeze. They
were singly defrosted 1 min before usage. One isolated worker per
isolation period was used for two measurements of body reserves,
based on photos taken under a stereomicroscope: the gaster width
to head width ratio and the body mass to head width ratio. Head
width is invariable in adult insects and is generally used as a meas-
ure of body size. Gaster width can vary with the amount of body
reserves, the filling of the crop, and ovary development in queens.
A previous study on the studied ant (T. nylanderi) has demonstrated
a stronger correlation between gaster-to-head width and survival
time under isolation than in groups (ModImeier et al., 2013). Mass
was measured using an analytical scale (accuracy of 0.01 mg). For
both measurements, a larger value indicates more reserves relative
to body size, similar to the body mass index. Finally, two workers
per colony and isolation period were pooled for brain gene expres-
sion analyses, to obtain a sufficient amount of RNA for the analysis
of gene expression and to reduce the between-worker variance
within each colony. All tests were conducted between 09:30-
15:30 h, with workers from the same colony being tested at the
same time of day (+ 1 h). None of the workers died a natural death
during the experiment, although several workers (<10) drowned in

the honey plate and were removed from the analysis.

2.3 | Statistical analyses

We performed all the analyses with the software R (v. 4.0.2). Before
analysis, the data were transformed into a long format with an ex-
planatory variable “measurement” containing the eight measure-
ments as levels and a response variable “value” containing the scaled
values for each measurement. As the eight measurements related to
behaviour and body reserves could be interrelated, we conducted a
multivariate mixed-effect model to quantify the effect of isolation
on those measurements. We tested for the effect of isolation dura-
tion, as a continuous variable, on the eight measurements by con-
trasting these two linear mixed-effect models, each built using the

Imer() function of the Ime4 package (by Dworkin & Bolker):
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e Full model: Imer(value ~ measurement + measurement:time +
(measurement-1|colony)
e Reduced model: Imer(value ~ measurement + (measurement-1|

colony)

We compared the models with an approximate F test based on
the Kenward-Roger approach, using the KRmodcomp() function
from the pbkrtest R package. We plotted the intercept with the con-
fidence intervals for the interaction term of each measurement with
isolation duration, which revealed that some measurements had
changed accordingly. We confirmed these multivariate analyses with
independent models (Appendix S2).

2.4 | Differential gene expression

We flash-froze two workers per colony per isolation period in lig-
uid nitrogen and transferred them to vials at -80°C. The worker
brains were dissected and placed together in Trizol. RNA was ex-
tracted using the RNeasy Mini Extraction kit (Qiagen) and was sent
to Beijing Genomics Institute (BGI) for library construction and
sequencing of 100 base pair (bp) paired-end reads using BGISeq
(for raw reads see NCBI, BioProject PRINA608848). The pooled
brains contained 0.0208-0.1201 pg of RNA. The reads were qual-
ity- and adapter-trimmed (Trimmomartic v0.39) and passed a quality
check (FAsTQC v0.11.8). We used a genome-guided assembly, and
the paired forward and reverse reads were mapped against the ge-
nome of T. nylanderi (Jongepier et al., Unpublished) (Hisat2 v2.1.0).
We assembled the RNA reads into potential transcripts (STRINGTIE
v1.3.6) based on the mappings obtained against the genome. We
extracted the transcript sequences (Grrreap v0.11.4) and used
transcripts of an open reading frame of at least 150 bp for later
analyses. The assembly of the trimmed paired reads using StringTie
resulted in 74,928 contigs, with a mean length of 3093 bp. The
transcriptome filtered after ORF length and minimum read count
comprised 41,467 contigs. We compared the transcripts to known
invertebrate gene products (protein sequences downloaded
from NCBI in April 2019, a database created using makeblastdb,
BLAsTx v2.9.0,), using an e-value threshold of 107°. We annotated
our translated transcripts (TRANSDECODER v5.5.0, and INTERPROSCAN
v5.34-73.0) for the gene ontology (GO) analysis. Later analy-
ses were conducted in R (2013). We filtered for the transcripts,
having at least 10 read counts in at least six samples. We used
DESeq2 (v1.24.0) to identify differentially expressed genes. We
used likelihood-ratio tests (LRT) to compare a full model (~colony
+ bs(isolation time)) to a reduced model (~colony). This allowed
us to identify genes affected by isolation time while controlling
for colony effects. We used the bs() function (default parameters)
from the R package splines (3.6.0) to also detect nonlinear changes
in expression over isolation time. The transcripts of interest were
checked for GO enrichment using topGO (v2.36.0) (Appendix
S3). We used the degPatterns function (with parameter minc =
3) of the R package DEGreport (v1.20.0) to cluster differentially

expressed genes according to their expression patterns over isola-

tion time (Appendix S4).

3 | RESULTS

3.1 | Changes in behaviour and body reserves

Our multivariate analysis revealed an interaction between isola-
tion duration and the behavioural and morphological measure-
ments (F8,438'3 = 2.13, p = 0.03). The slope of changes over isolation
duration differed from zero for three of our measurements: self-
grooming, contact with larvae, and contact with a nestmate, indi-
cating that they had changed with social isolation (Figure 1a). With
increasing isolation, workers exhibited shorter durations of self-
grooming and contact with adult nestmates, but longer durations
of interactions with larvae (Figure 1b-d). Activity, edge preference,
and contact with non-nestmates did not shift with social isolation.
Body reserve measurements also did not vary with the duration
of isolation. Independent analyses confirmed these findings, while
indicating that the effect of isolation on behaviour was moderate
(Appendix S1). Colonies were kept for different periods in the labo-
ratory (21-58 days) before the experiment commenced. Therefore,
workers from the one month isolation treatment of the first experi-
mental colonies and workers from the control/1 h/1 day treatment
of the last experimental colonies were tested around the same time
(Appendix S1). While isolation is confounded with time in the labora-
tory for each colony, the time varies strongly across colonies making
it unlikely that maintenance time in the laboratory can explain our
findings.

3.2 | Changes in brain gene expression

In total, 87 contigs were differentially expressed with isolation du-
ration (false discovery rate < 0.05). According to the BLASTx search
against the invertebrate database (August 2019), the products of
several differentially expressed genes were related to immune
system functioning and stress. We summarized the functions of
interesting candidate genes (Table 1). A gene encoding adenosine
deaminase 2-like decreased with isolation duration (Figure 2a).
This gene is involved in immune response, the differentiation
of monocytes, inflammatory and injury responses, phagocyto-
sis and melanization/encapsulation of foreign bodies (Novakova
& Dolezal, 2011; Zavialov et al., 2010). Aromatic-L-amino-acid
decarboxylase-like plays a role in the production of dopamine and
serotonin (Han et al., 2010; Vavricka et al., 2014). We found an
increase in its production after a single day of isolation, followed
by a decrease back to its original levels (Figure 2b). The expression
of four Cytochrome P450 genes either decreased after a single
day of isolation, or increased and then decreased with isolation
duration (Figure 2c,d). These Cytochrome P450 genes are involved
in immune defence and help to remove toxic materials such as
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FIGURE 1 (a) Multivariate analysis examining whether isolation duration affects the phenotypic measurements. Isolation affected only
self-grooming, duration of contact with larvae, and duration of contact with a nestmate. Cl stands for the 95% confidence intervals. (b) The
negative effect of isolation duration on self-grooming, (c) the positive effect of isolation duration on the duration of contact with larvae; and
(d) the negative effect of isolation duration on the duration of contact with a nestmate. In b—d, Mean + 1 SE are presented as well as all data

points (black dots).

insecticides (Yocum et al., 2018; Zhang et al., 2016). The expres-
sion of a gene involved in thermal tolerance, and probably also in
coping with other stressors (heat shock 70 kDa protein cognate 5;
Yuan et al., 2017) decreased with isolation, following an increase
after one day of isolation (Figure 2e). The expression of a gene
that encodes a protein catabolizing juvenile hormone (Juvenile
hormone epoxide hydrolase 1-like; Toxopeus et al., 2016; Allen
et al., 2018) decreased with the isolation period (Figure 2f). This
probably results in higher levels of juvenile hormones with isola-
tion, unless juvenile hormone levels are elevated in parallel with
isolation, for which we did not find any evidence. The apparent
link between the possible maintenance of higher levels of juvenile
hormone and longer durations of brood care by isolated workers
may also play a role in the ontogeny of ant behaviour, and in par-
ticular the transition from intranidal to extranidal activities in this
and other ant species. The transition from intranidal to extranidal
activities is accompanied by an increase of juvenile hormone levels
(e.g., Jaycox, 1976). Our findings - social isolation leading to an in-
crease in contacts with brood and to a decrease in the expression
of the gene catabolizing juvenile hormone (which should lead to

increased levels of that hormone) - are somewhat contradictory.
However, it is also known that extranidal workers respond readily
to brood found outside the nest (Lenoir, 1981). The expression of
a gene involved in TOR signalling (protein charybde-like; Gotoh
et al.,, 2018) decreased with isolation (Figure 2g). Interference
with this pathway is associated with stress and shortened longev-
ity (Amdam, 2011). A gene involved in controlling the inhibition of
the activity of the insect visceral muscles (Myosuppressin; Egerod
et al., 2003; Lee et al., 2015) increased with isolation (Figure 2h),
potentially interfering with food intake and digestion.

To examine whether time in the laboratory or handling could
explain the transcriptomic changes we report, we conducted two
additional comparisons. We contrasted gene expression immedi-
ately following isolation with one day isolation and 1 h isolation
with one month isolation. Five out of eight candidate genes from
our gene expression analysis were already differently expressed
after one day of isolation indicating that the detected differences
are triggered by isolation time. Similarly, we found five of eight
candidates to be differently expressed between 1 h and one
month isolation, revealing that handling alone, i.e., transfer into
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TABLE 1 Candidate genes changing their expression with the isolation of ant workers. I, D, and ID stand for an increase, a decrease, or
an increase followed by a decrease in expression with isolation duration over time and the false discovery rate (FDR), or type 1 error value is

equivalent to the p-value

Blast annotation (species) 1/D Log-fold ch., FDR

Adenosine deaminase 2-like D 1.54,5.8x 1078
(Tc)

Aromatic-L-amino-acid ID 0.04,1.2 x 107
decarboxylase-like (Tc)

Juvenile hormone epoxide D 1.22,0.0001
hydrolase 1-like (Tc)

Myosuppressin (Tc) | 1.22,0.0002

Cytochrome P450 6a2-like (Tc) ID 3.80, 0.0005

Cytochrome P450 4C1-like D 4.31,0.0006
isoform X1 (Tc)

Cytochrome P450 6a14 (Tc) ID 0.34,0.003

Cytochrome P450 4C1-like D 1.66,0.004
(Te)

Predicted heat shock 70 kDa ID 0.35,0.005
protein cognate 5 (Wa)

Something about silencing ID 0.16, 0.027
protein 10 (Tc)

Predicted protein charybde- D -0.24,0.034

like (Cc)

Function (based on previous literature)

Immunity: differentiation of
macrophages inflammatory
responses

Serotonin/dopamine production,
neurotransmission, insect immune
response

Catalyses juvenile hormone (JH)
hydrolysis; JH is involved in caste
determination, mediation of
behaviour.

Decapeptide inhibiting insect visceral
muscles, e.g., impedes food intake.

Insecticide breakdown, insect hormone
metabolism, possibly involved in the
ant immune response

Insect hormone metabolism, insecticide
breakdown, also in ants

Insect hormone metabolism, insecticide
breakdown, seasonal expression in
bees

Insect hormone metabolism, insecticide
breakdown, also in ants

Response to stress, heat stress,
upregulated under viral stress

Roles in: gene silencing, the structure of
silenced chromatin, gene regulation
during development, RNA binding

Apoptotic process, negative regulation
of signal transduction, regulation of
TOR signalling, expressed in the ant
accessory glands
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an arena, which was identical in both treatments, cannot explain
the described changes (Appendix S2). These additional contrasts
therefore confirm that isolation duration is indeed responsible for

the reported transcriptomic shifts.

4 | DISCUSSION

Social insects are surrounded by nestmates. Except for rare occa-
sions, such as during social withdrawal when workers are injured/
infected, queens found a colony, or individually foraging workers,
social interactions make up most of their daily life. Isolation over
longer periods should therefore lead to profound changes in be-
haviour and physiology. We found clear changes in brain gene ex-
pression and alterations in three important behaviours, although
the behavioural shifts were not highly pronounced. As T. nylan-
deri workers live in small societies and mostly forage on their
own, they are possibly more resilient and can withstand periods

of solitude. We found that the self-grooming sanitary behaviour
decreased with social isolation. Following isolation, ant workers
also contacted their nestmates slightly less when re-encountering
their worker sisters after hours or days. With increasing isolation
time, workers moderately increased their contacts with larvae
when given the opportunity. Other behaviours, such as activity
or the response to non-nestmates and their body reserves did not
change following social isolation. Our transcriptome analyses re-
vealed strong changes in the expression of over 80 genes in the
brains of workers following isolation. Isolated workers downregu-
lated immune and stress-related genes, indicating that isolation
causes immune suppression in social insects. This finding paral-
lels the decrease in self-grooming behaviours detected with on-
going isolation, making workers that suffer from social isolation
more susceptible to infection. Many downregulated genes have
functionalities, such as chemical stress resistance, suggesting that
social isolation may limit the ability of ants to cope with these
stressors too.
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4.1 | Behavioural and body reserve changes nestmates. Such a shift has been shown in the ant Camponotus fel-

with isolation

With increasing isolation duration, workers displayed moderately
less interest in contacting nestmates, when a nestmate worker was
reintroduced into their arena. Similar findings of lower antennation
rates following social isolation were reported in the ant Camponotus
acvapimensis (Cybulska et al., 2000). The reduced interest in nest-
mates following isolation resembles that observed in small mam-
mals, which often exhibit a reduction in social interactions, linked
to an increase in anxiety-like behaviours following social isolation
(e.g., Lukkes et al., 2009). A possible, social insect-specific cause of
the social contact reduction could be that of a gradual divergence
in the cuticular hydrocarbon profile of workers isolated from their

lah, where it led to increased aggression between nestmates follow-
ing isolation (Ichinose & Lenoir, 2009; Lenoir et al., 2001). Our focal
ants’ responses towards non-nestmates did not shift with isolation
and were generally weak. We never observed overt aggression
probably due to the generally low aggression levels in our focal spe-
cies (Beros et al., 2017), or because encounters happened outside of
the nest, which is generally defended (Scharf et al., 2012). Studies
on insects have demonstrated mixed patterns regarding changes
in aggression with isolation (Boulay & Lenoir, 2001; Breed, 1983;
Korczynska et al., 2005; Liu et al., 2011; Stevenson & Rillich, 2013).
Self-grooming is an effective sanitary behaviour used by ants to
clean their cuticle from fungal or bacterial pathogens (Tragust et al.,
2013). Itis also involved in other functions, such as homogeneization
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of the colony odour by spreading over the body the contents of post-
pharyngeal glands exchanged between ant workers via trophallaxis
and allogrooming (Soroker et al., 1995). Exposure to a pathogenic
fungus was shown to cause an increase in self-grooming but a de-
crease in allo-grooming in the ant Lasius neglectus (Theis et al., 2015).
Here, we found that workers exposed to social isolation showed a
reduction in self-grooming, which, in addition to the downregula-
tion of immune genes, is expected to make isolated workers more
susceptible to pathogens. Contact with re-introduced larvae mod-
erately increased following prolonged isolation, which could be
partially explained by the finding from earlier work on ants, of a
negative association between the intensity of larval care and self-
grooming (Westhus et al., 2014). The evidence from social mammals
is to the contrary: isolation and the deprivation of maternal care in
juvenile rats lead to their later reduction in care of their own off-
spring (Lovic et al., 2001).

Social isolation can affect activity patterns of animals. In the ant
Camponotus fellah isolated workers become more active, but only on
the first day of isolation (Koto et al., 2015). Rodents exhibit diverse
activity changes with social isolation (Grippo et al., 2008; Silva-
Gomez et al., 2003; Weiss et al., 2004). Temnothorax workers be-
come typically more active with age (Kohlmeier et al., 2017), but our
experiments found no change in activity with social isolation over
time. Caste too can have a strong influence on the response to social
isolation, with nurses being more ready to engage in social contact,
while foragers are more interested in their immediate abiotic envi-
ronment (Mazurkiewicz et al., 2016; Wagner-Ziemka et al., 2008).
Ant nurses and foragers may also differ with respect to their mor-
tality in conditions of social isolation (Boulay et al., 1999). The ten-
dency to move along the test arena's edges reflects either the risk
that the tested animal perceives or its attempt to escape a closed
area. Although this tendency has been shown to change with iso-
lation duration in rats and zebrafish (Djordjevic et al., 2012; Shams
et al., 2015), we did not observe any such change here.

Body reserves did not change with isolation. This deviates from
previous findings for the same species, which demonstrated lower
body reserves in isolated than in grouped workers (Modlmeier
et al., 2013). The difference between the two studies lies in the
fact that our workers were allowed to feed, whereas in the study of
Modlmeier et al., (2013) the workers were starved. Our finding also
contrasts those of other studies on isolated ants that have reported
digestion problems (Howard & Tschinkel, 1981; Koto et al., 2015),
which should lead to reduced body reserves. It is possible that other
nutritional deficits exist but are not detectable using this rough es-
timator, and more accurate biochemical methods are required to de-
tect an effect of social isolation.

Three confounding factors that we were unable to separate from
isolation duration might have affected our results. First, the period
that each colony was maintained in the laboratory is confounded
with isolation duration. During this period, other behavioural
changes could have taken place, such as a transition from nursing
to foraging in some workers. Foragers could be more interested in
returning brood to the nest (Lenoir, 1981), which fits the observed

behavioural change of increased interactions with brood following
isolation. Furthermore, the transition from intranidal to extranidal
activities might have been accelerated in isolated ants by the possi-
bly higher levels of juvenile hormone in the brain of isolated work-
ers (e.g., Jaycox, 1976). However, given the lifespan of Temnothorax
workers of several years and the once per annum production of new
workers, behavioural progression is unlikely to explain the observed
behavioural changes given the timeframe of our study. Second, iso-
lation is confounded with changes in nest structure (to a Petri dish),
which may also affect behaviour. However, this should have only
affected the ants in the control, as thereafter the nest structure re-
mained unmodified. Third, isolation was confounded with protein-
free nutrition and the absence of brood. In social Hymenopterans,
larvae are often responsible for breaking down the protein into
amino acids and provisioning the workers (Schultner et al., 2017).
Thus, some behavioural changes, such as higher attendance to lar-
vae upon reunification could result from a reduction in the proteins
available to the isolated workers.

4.2 | Brain gene expression changes with isolation
We demonstrate that the expression of stress or immune system-
associated genes was linked to isolation duration. The downregula-
tion of genes involved in the immune response should impede the
ability of ant workers to confront a challenge to the immune system.
Our findings thus fit the results on other group-living insects and
mammals, indicating that the deterioration of the immune system
following isolation is widespread across social animals: earwigs and
termites isolated after fungal infection died faster than those also
infected but kept in groups (Hughes et al., 2002; Rosengaus et al.,
1998), and isolated mammals have been shown to have a higher risk
of developing cancer (Wu et al., 2000). The mechanisms behind a
suppressed immune system include lower levels of hemocyte cells in
the hemolymph of isolated moths (Pavlushin et al., 2019); and lower
activity of natural killer cells and lymphocytes in lonely/isolated hu-
mans and mice than in nonlonely/grouped ones (Cruces et al., 2014;
Kiecolt-Glaser et al., 1984).

Genes related to the neutralization of toxins are downregulated
as well with isolation in our ants. These genes are involved in in-
secticide resistance in fruitflies, whiteflies, and fire ants (Brun et al.,
1996; Yang et al.,, 2013; Zhang et al., 2016). Consequently, isola-
tion should make insects more vulnerable to insecticides and tox-
ins. Isolation in small mammals leads to elevated oxidative stress in
the brain, because more reactive substances are produced and the
activity of antioxidant enzymes is lower (Huong et al., 2005; Shao
et al., 2015), suggesting that isolated small mammals cope less well
with toxic materials. Similarly, social isolation increases the expres-
sion of heat-shock proteins in mammals, and such upregulation may
help to protect the brain against reactive oxygen species (Zlatkovic,
Bernardi, et al., 2014; Zlatkovié, Todorovié, et al., 2014).

Some genes were initially expressed more intensely with short
isolation duration and then expressed less when isolation was
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prolonged. We found such a pattern for the gene encoding Aromatic-
L-amino-acid decarboxylase-like, involved in the production of
dopamine and serotonin (Han et al., 2010; Vavricka et al., 2014).
These neurotransmitters are linked to anxiety-related behaviours in
mammals (Brandao et al., 2015; Marcinkiewcz et al., 2016), and an
increase in anxiety is a typical response of mammals to social isola-
tion (Bibancos et al., 2007; Pan et al., 2009). We are not suggesting
that animals lacking social contact are more anxious. Rather, we are
reporting on a change following isolation in expression of a gene in-
volved in molecular pathways associated with anxiety in mammals.
In insects, serotonin is involved in the mediation of behaviour and
physiology, such as feeding, sleeping, and learning (Vleugels et al.,
2015). Serotonin and dopamine also play a role in the mediation of
aggressive behaviour and other social activities in ants (Kostowski
& Tarchalska, 1972; Kostowski et al., 1975; Szczuka et al., 2013). In
contrast to the observed change in this gene's expression, which
reached its peak after a single day of isolation, we did not detect
any behavioural changes. Koto et al., (2015) observed an increase in
the activity of isolated workers, but only on the first day of isolation,
which appears to correspond well to our finding: insect activity is
often positively correlated with serotonin levels (Kamyshev et al.,
1983; Kloppenburg et al., 1999).

The decrease in expression of a gene responsible for catabolizing
juvenile hormone with isolation duration could lead to higher circulat-
ing levels of juvenile hormone. In agreement, honeybees and locusts
raised/maintained in isolation demonstrated higher levels of juvenile
hormone (Breed, 1983; Huang & Robinson, 1992; Injeyan & Tobe,
1981). A gene encoding Myosuppressin, a protein involved in con-
trolling the inhibition of the activity of the insect visceral muscles, and
which could interfere with food intake and digestion, is upregulated
with isolation. The upregulation of this gene may indicate impaired
digestion in isolated workers. Isolated workers were shown to have
retained food in their foregut (Koto et al., 2015), and Myosuppressin
can inhibit foregut activity (Aguilar et al., 2004). This upregulation
may explain why the body reserve measurements did not differ be-
tween isolated and control ants: food was retained in the gut but was

not digested, leading to no observed change in morphology.

5 | CONCLUSIONS

We have demonstrated that pronounced changes in gene expres-
sion, correlated with social isolation, take place in T. nylanderi work-
ers. These changes may have adverse effects on the ants as they
indicate suppression of the immune system, lower resistance to
other stressors, interference with food intake and digestion, and
a possible increase in circulating juvenile hormone. Such changes
might contribute to a shortened lifespan in isolated workers, as de-
tected for this and other ants. We found moderate changes in social
interactions following isolation: ant workers were less inclined to
contact their adult nestmates, while increasing the durations of con-
tacts with brood. The reduction in self-grooming with ongoing isola-
tion should reduce the removal of pathogens from the cuticle and, in

combination with downregulation of immune genes, might make iso-
lated workers more prone to infection. Future studies should exam-
ine how behavioural and physiological immunity variables interact
and analyse the behavioural responses to isolation in more depth.
Such studies should also include physiological and neurobiological
factors. Only such multifaceted examinations can help us to reach
a firm conclusion regarding the comprehensive effects of isolation

in social species.
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