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Comparative studies have revealed that vasopressin–oxytocin pathways are associated with both pair bonding
and grouping behavior. However, the relationship between pair bonding and grouping behavior remains unclear.
In this study, our aimwas to identify whether two species that differ in grouping behavior display a correspond-
ing difference in their pair bonds, and in the underlying vasopressin–oxytocin hormonal pathways. Using two
species of cichlid fishes, the highly social Neolamprologus pulcher and the non-social Telmatochromis temporalis,
wemeasured proximity of pairs during pair bond formation, and thenmeasured social behaviors (proximity, ag-
gression, submission, affiliation) and brain gene expression of isotocin and arginine vasotocin (the teleost homo-
logues of oxytocin and vasopressin, respectively), as well as their receptors, after a temporary separation and
subsequent reunion of the bonded pairs. Pairs of the social species spent more time in close proximity relative
to the non-social species. Rates of aggression increased in both species following the separation and reunion
treatment, relative to controls that were not separated. Overall, whole brain expression of isotocin was higher
in the social species relative to the non-social species, and correlated with proximity, submission, and affiliation,
but only in the social species. Our results suggest that both a social and a non-social cichlid species have similar
behavioral responses to a temporary separation from a mate, and we found no difference in the brain gene ex-
pression ofmeasured hormones and receptors based on our separation–reunion treatment. However, our results
highlight the importance of isotocin inmediating submissive and affiliative behaviors in cichlid fishes, and dem-
onstrate that isotocin has species-specific correlations with socially relevant behaviors.

© 2015 Published by Elsevier Inc.

Introduction

Pair bonding, or the preferential interaction of individuals to the
exclusion of other potential partners, forms the basis for many social
interactions, and therefore represents an interesting subset of social
behavior. The processes that underlie the formation and maintenance
of pair bonds are complex, and have been studied from both a behavior-
al and amechanistic point of view (see reviewby Limand Young, 2006).
At the behavioral level, pair bonding can be broken down into three
underlying components, all of which appear to be mediated at the
mechanistic level by the vasopressin–oxytocin family of nonapeptide
hormones (see review by Lim and Young, 2006). At the first stage of
pair bonding, the individualmust bemotivated to approach a conspecif-
ic. Both oxytocin and vasopressin appear to modulate the motivation to
approach other conspecifics. Rats (Rattus norvegicus) and mice (Mus
musculus) treated with an oxytocin receptor antagonist reduced social
approach, while socially defeated rats given oxytocin showed less social
avoidance relative to controls (Lukas et al., 2011). In goldfish (Carassius

auratus), treatment with isotocin (IT, the teleost fish homologue of oxy-
tocin; Hoyle, 1999) increased social approach, while treatment with ar-
ginine vasotocin (AVT, the fish homologue of vasopressin; Hoyle, 1999)
decreased social approach (Thompson and Walton, 2004). At the sec-
ond stage of pair bonding, where individuals must be able to differenti-
ate familiar and unfamiliar conspecifics, these two nonapeptides again
appear to have important influence. For example, transgenic mice that
lack the oxytocin gene are unable to recognize familiar individuals de-
spite repeated exposure (Choleris et al., 2003; Ferguson et al., 2000),
but their ability to recognize a familiar individual can be restored by
treatment with oxytocin (Ferguson et al., 2001). Finally, at the third
stage of social bonding, the individual must form a pair bond with the
familiar conspecific such that the individual preferentially interacts
with that conspecific, to the exclusion of other potential social partners
(Lim and Young, 2006). Comparisons of closely related Microtus vole
species suggest that differences in the distribution of oxytocin and vaso-
pressin receptors are related to differences in the degree of social bond-
ing (Insel and Shapiro, 1992; Insel et al., 1994; Young andWang, 2004).
In non-mammalian vertebrates, a general AVT/IT receptor antagonist
delayed the formation of new pair bonds in the monogamous convict
cichlid (Amatitlania nigrofasciata) but did not disrupt bonds in
established pairs (Oldfield and Hofmann, 2011).
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The relationship between the capacity for pair bonding and grouping
behavior remains unclear, at both the behavioral and mechanistic level
(Goodson, 2013). For group-living species with individual recognition,
pair bonds form the basis for all subsequent within-group interactions.
Therefore, it could be predicted that group-living animals will show
stronger pair bonds relative to non-grouping animals, since they form
multiple bonds with many individuals. Alternatively, it is possible that
group-living animals have weakened pair bonds relative to non-
grouping animals, since they routinely interact with many different in-
dividuals, andmay be less selective in the choice of their social partners
than more solitary animals that interact with only their mates and off-
spring. At the mechanistic level, the vasopressin–oxytocin family of
nonapeptide hormones, as well as being linked to pair bonding
behavior, has also been implicated as the mechanistic substrate for
grouping behavior. For example, species-typical group size is related
to nonapeptide receptor distribution in estrilid finches, and treating
normally gregarious zebra finch (Taeniopygia guttata) with an oxytocin
receptor antagonist reduced their preference for associating with large
social groups (Goodson et al., 2009). Our aim in this studywas therefore
to identify whether species that vary in their grouping behavior display
a corresponding difference in the strength and resilience of their pair
bonds, and to understand the relationships among grouping, pair bond-
ing, and vasopressin–oxytocin nonapeptide hormonal pathways.

In this study, we investigated the relationships among social system,
the strength and resilience of pair bonds, and brain gene expression of
the oxytocin–vasopressin family of nonapeptide hormones in two
closely related species of Lamprologine cichlids,Neolamprologus pulcher
and Telmatochromis temporalis (Day et al., 2007). N. pulcher is a group-
living, cooperatively breeding cichlid that lives in permanent social
groups comprised of a dominant breeding pair, and up to 20 subordi-
nate conspecifics who jointly maintain and defend the territory (see re-
view byWong and Balshine, 2011).N. pulcher form pair bonds between
the dominant male and female in each group, have social bonds among
groupmembers, and are strongly aggressive to non-groupmembers. In
contrast, T. temporalis is a non-grouping species that does not show any
cooperative behaviors (Mboko and Kohda, 1999; Katoh et al., 2005; Heg
and Bachar, 2006). T. temporalis forms pair bonds only between mates,
and bonded pairs are aggressive to all other conspecifics, tolerating
only their mate and very young offspring. However, the two species
are otherwise similar. Both species are endemic to the rocky littoral
zone of Lake Tanganyika, East Africa (Kuwamura, 1986; Brichard,
1989; Konings, 1998), approximately 4–6 cm long when mature,
spawn under rocky shelters, and provide biparental care (Kuwamura,
1986; Brichard, 1989; Konings, 1998; Sefc, 2011). Both species can be
monogamous (Kuwamura, 1986; Sefc, 2011), with opportunistic polyg-
yny (Limberger, 1983; Mboko and Kohda, 1999; Desjardins et al., 2008;
Wong et al., 2012). Females are socially monogamous, although there is
genetic evidence of extra-pair paternity in both species (Katoh et al.,
2005; Dierkes et al., 2008; Hellmann et al., 2015a, 2015b).

We tested the hypotheses that a highly social, group-living species
would form pair bonds more quickly, re-establish pair bonds better fol-
lowing a perturbation, and show larger differences in brain nonapeptide
hormone gene expression after re-establishing a pair bond compared to
more solitary, non-grouping species. To do so,we performed a laborato-
ry study in which we measured behavior first during pair bond forma-
tion, and then following a temporary separation and subsequent
reunion between the bonded mates. We then measured whole brain
gene expression in the same individuals. We predicted that pairs of
the social species would spend more time in close proximity during
the initial pair bond formation, and would attempt to re-establish a
pair bond more quickly following a temporary separation relative to
the non-social species. Since IT and AVT pathways have been related
to social behavior such as aggression, submission, and affiliation across
many species, including N. pulcher (Aubin-Horth et al., 2007; Reddon
et al., 2012, 2014, 2015; Hellmann et al., 2015a, 2015b), we predicted
that whole brain expression of these genes would show a more

pronounced change following the temporary separation and reunion
in the social species relative to the non-social species (i.e., that there
would be variation in genomic reaction norms; Aubin-Horth and
Renn, 2009). Finally, beyond these predicted differences at the species
level, we predicted that we would see correlations between social be-
havior and brain nonapeptide gene expression at the individual level.

Methods

Study animals and experimental design

The experiment was conducted January–February 2014 at McMaster
University in Hamilton, ON, Canada. Fish were sexually mature,
laboratory-reared descendants ofwild-caughtfish fromLake Tanganyika.
All fishweremeasured for body size (standard length, SL) using calipers,
and body mass using an electronic scale, and sexed by examination of
the external genital papillae. Each fish was given a unique dorsal fin
clip for identification, which does not adversely affect behavior and
grows back within two weeks (Stiver et al., 2004). To form pairs, one
male andone female of the same species thatwere previously unfamiliar
with one another were placed together in a 200 L aquarium containing
3 cm of coral sand substrate, a water filter, heater, a thermometer, and
2 flowerpot halves as shelters. Pairs were formed such that the male
was always 5–15% larger than the female, which is the range of sexual
dimorphism observed in wild pairs (Balshine et al., 2001). Since
N. pulcher live and breed in social groups, each N. pulcher pair was also
housed with 2–4 small (SL b 20 mm) sexually immature individuals.
The water temperature of all aquaria was held at 26 ± 2 °C, and all
fish were fed dried prepared cichlid food ad libitum six times per
week, and kept on a 13:11 light:dark cycle.

Bonding score

To assess how rapidly each species forms pair bonds, each pair was
observed during the early phase of pair bond formation. For 3 days
after the pairs were first introduced, each pair was observed once per
day for 2 min, and scored as either ‘together’ (within a body length of
each other, using the body length of female as the reference; Dey
et al., 2013) or ‘apart’ (more than a body length apart from each
other) for the majority of the observation period.

Social bond disruption

After a 7–9 day pair bond formation phase, the pairs were randomly
assigned to either a ‘separation’ or a ‘control’ treatment. In the ‘separa-
tion’ treatment, pairs were separated for 60 min by an opaque barrier.
Thebarrierwas then removed and thefishobserved for 10min by an ex-
perienced observer. In the ‘control’ treatment, the fish remained togeth-
er with no disruption, and then were similarly observed for 10 min. For
the observation, the fish were scored as either ‘together’ or ‘apart’ using
the criteria described above. The behaviors were also scored throughout
the 10 min observation period based on an ethogram (Supplementary
Table 1). Briefly, behaviors recorded included aggressive, submissive,
and affiliative behaviors. Aggressive behaviors were displays such as ag-
gressive head-down postures and frontal displays, as well as overt ag-
gressive acts with physical contact, such as chases, rams, bites, or
mouth wrestles. Submissive behaviors are produced by these cichlids
in response to aggression from another individual, and consist of head-
up submissive postures, quivering submissive displays, aswell asfleeing
from the aggressor. Affiliative behaviors are spontaneously produced to-
wards another individual, and include behaviors such as swimming
closely in parallel, and soft touches. Both submissive and affiliative be-
haviors represent appeasement gestures, and function to reduce aggres-
sion between group members (Bergmüller and Taborsky, 2005; Dey
et al., 2013).
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Tissue sampling

The fishwere given an additional 50min to allow for any changes in
brain gene expression as a result of the separation and reunion treat-
ment (i.e., 50 min after the behavioral observation for all fish; 60 min
total following the reunion for the separation treatment fish). Each
pair was then captured, stunned by submersion in an ice bath, and the
heads severed and brains removed and preserved in RNAlater
(Invitrogen, Carlsbad, CA). Fish were dissected, the liver and the gonads
weighed, and sex confirmed. Vials containing the brainswere refrigerat-
ed at 4 °C for 12 h before being transferred to a−20 °C freezer for stor-
age until analysis of brain gene expression levels. See Table 1 for sample
sizes and measured traits of the fish used.

Analysis of gene expression by quantitative real-time PCR

We follow the guidelines of the Minimum Information for Publica-
tion of Quantitative Real-Time PCR Experiments (MIQE; Bustin et al.,
2009). Brain gene expression levels of isotocin (IT) and arginine vasoto-
cin (AVT), as well as of their receptors, were quantified using quantita-
tive real-time PCR (RT-qPCR). Cichlids possess several paralogous
receptors that bind AVT: V1a1, V1a2, V1b, and V2 receptors (Lema,
2010). The V1a2 receptor has been themost widely implicated in social
behavior in a range of fish species (Lema, 2010; Kline et al., 2011;
Huffman et al., 2012; Oldfield et al., 2013). Thus, we examined the
brain gene expression of the AVT receptor V1a2 (AVTR). There are
two paralogous isotocin receptors in fish (O'Connor et al., 2015), IT re-
ceptor 1 (ITR1) and IT receptor 2 (ITR2), and we measured both. See
O'Connor et al. (2015) for sequences of all thefive candidate genes stud-
ied, as well as the 18S reference gene, for N. pulcher and T. temporalis.
We used RT-qPCR-specific primers that were designed for use in both
species, optimized for the same conditions, andwith known efficiencies
based on previous experiments (O'Connor et al., 2015).

All assays were performed February–March 2014. Brains were
thawed and individually homogenized, and total RNA extracted using
the standard TRIzol reagent protocol (Invitrogen). The concentration
and quality of RNAwere analyzed using a Nanodrop spectrophotometer
(ThermoScientific,Wilmington, DE) and a subset fromeach specieswas
checked for integrity using anAligent RNA analysis kit (Aligent Technol-
ogies, Santa Clara, CA). All samples had an RNA Integrity Number (RIN)

higher than 8.0,which is considered acceptable for qPCR analysis (Fleige
et al., 2006; Schroeder et al., 2006). Prior to cDNA synthesis, aliquots
of 2000 ng of RNA were treated with amplification grade DNase
(Invitrogen) to eliminate genomic DNA contamination. First strand
cDNA was then synthesized from DNase-treated total RNA using
SuperScript II Reverse Transcriptase (Invitrogen), with RNaseOUT re-
combinant ribonuclease inhibitor (Invitrogen), and a mix of random
hexamer (100 ng μL−1) and oligo dT primers (500 ng μL−1), using a
96-well PCR machine (MasterCycler, Eppendorf, Mississauga, ON)
with a 42 °C incubation and 70 °C inactivation temperature.

Gene expression of individualswasmeasured using a 384-well plate
RT-qPCR machine (Light Cycler, Roche, Basel, Switzerland) using a
scaled-down version of the manufacturer's protocol, with a total vol-
ume of 15 μL comprised of 5 μL of cDNA, 7.5 μL of SYBR Green PCRMas-
ter Mix (Invitrogen), 1.5 μL of nuclease free water (Ambion, Carlsbad,
CA), and 1 μL of primer pairs. All individuals were assayed in triplicate
for a given gene on a single 384-well plate prepared using an EpMotion
liquid handler (Eppendorf, Hamburg, Germany), and themean Cq value
was used for each fish. For purposes of comparison,mRNA abundance of
each focal individual for each gene of interest was calculated relative to
the mean mRNA abundance of the control males of the non-social
species. Relative mRNA abundance of the gene of interest was then
expressed against the relative reference gene 18S, and calculated ac-
cording to the ΔΔCt method (Pfaffl, 2001).

Statistical analyses

During the early pair formation period, the observation periods that
the pair offishwas scored as ‘together’were summed, and thiswasused
as a ‘bonding’ score. During the post-treatment period, the number of
times that the pair of fish was scored as ‘together’ during the observa-
tion was summed, and this was used as a ‘proximity’ score. The total
number of aggressive behaviors, submissive behaviors, and affiliative
behaviors performed by each individual was summed, and was consid-
ered ‘aggression’, ‘submission’, and ‘affiliation’, respectively. Bonding
scores during the early pair formation period were compared between
species, and proximity scores during the post-treatment observation
period were compared between species and treatments, using cumula-
tive link models for ordinal data in the ‘ordinal’ package (Christensen,
2015). Total aggression, submission, and affiliation during the post-
treatment observation period were compared between sexes, species,
and treatments, with ‘pair’ included as a random effect to account for
non-independence of data, using generalized linear mixed models
with negative binomial error distributions and log-link functions,
using the ‘MASS’ package (Venables and Ripley, 2002; Ripley et al.,
2015).

Relative brain gene expression was compared between sexes,
species, and treatments using general linearmixedmodels,with pair in-
cluded as a random effect. The relationship between behavior (proxim-
ity score, aggression, submission, affiliation) and brain gene expression
was also considered using general linear mixed models. For only those
genes where we found an effect of sex, species, or treatment (see
above), this effect and the interaction effect were included in the
model. For all models, pair was included as a random effect.

All initial models contained two-way interaction effects, and if no in-
teraction effects were significant (all p N 0.05), then the interaction
terms were dropped from the final models. All statistics were per-
formed in R version 3.2.0 (R Development Core Team, 2015) within
RStudio (Racine, 2012).

Ethical note

Weminimized handling time and stress as much as possible during
all procedures. The methods described for animal capture, housing, and
euthanasia were assessed and approved by the Animal Research Ethics
Board of McMaster University (Animal Utilization Protocol No. 14-02-

Table 1
Measured morphological characteristics (standard length and mass) and sample sizes of
the fishes used in the current study. Data from real-time quantitative PCR (RT-qPCR)
comes from the same individuals used for behavioral data collection. However, with the
exception of N. pulcher control females and N. pulcher separation males, RT-qPCR data
were not obtained fromall individuals,which leads to different sample sizes for the behav-
ioral data and RT-qPCR data. All values are presented as mean ± standard error of the
mean (SEM).

Species Treatment Sex Data type Sample
size

Standard
length
(mm)

Mass (g)

N. pulcher Control Male Behavior 11 75.0 ± 1.6 12.4 ± 0.9
RT-qPCR 7 76.9 ± 1.7 12.8 ± 1.1

Female Behavior &
RT-qPCR

11 68.7 ± 1.6 9.4 ± 0.7

Separation Male Behavior &
RT-qPCR

9 76.7 ± 2.4 12.3 ± 0.9

Female Behavior 9 68.3 ± 1.9 9.1 ± 0.7
RT-qPCR 8 67.6 ± 2.0 8.9 ± 0.8

T. temporalis Control Male Behavior 10 67.4 ± 2.3 9.1 ± 0.5
RT-qPCR 8 68.2 ± 2.9 9.0 ± 0.6

Female Behavior 10 57.1 ± 1.5 5.0 ± 0.4
RT-qPCR 8 57.4 ± 1.8 4.8 ± 0.5

Separation Male Behavior 11 67.3 ± 1.8 8.9 ± 0.6
RT-qPCR 10 67.1 ± 1.9 8.7 ± 0.7

Female Behavior 11 55.9 ± 2.1 5.1 ± 0.4
RT-qPCR 9 57.0 ± 2.2 5.2 ± 0.5
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05), and adhered to Canadian laws, as well as the guidelines of the
Canadian Council for Animal Care and the Animal Behaviour Society/
Association for the Study of Animal Behaviour.

Results

During the early pair formation period, pairs of the social species,
N. pulcher, spent more time within a body length of one another com-
pared to pairs of the non-social species (Table 2; Fig. 1A). Pairs from
the social species also spent more time in close proximity following a
temporary separation and reunion (Table 2; Fig. 1B), with the separa-
tion–reunion treatment having no effect on proximity scores in either
species (Table 2).

Males performed more overall aggression towards their mates than
females (Table 2; Fig. 2A), and fish subjected to the separation treat-
ment performed more aggression towards their mate when reunited
relative to the control fish that were never separated (Table 2;
Fig. 2B). Females were more submissive towards their mates than
males (Table 2; Fig. 2C), but therewas no effect of the separation and re-
union treatment on rates of submission (Table 2; Fig. 2D). We found no

differences in aggression or submission based on species (Table 2), and
no differences in rates of affiliation between the pairs based on species,
sex, or treatment (Table 2).

IT brain gene expression was higher in the social N. pulcher relative
to the non-social T. temporalis, with no effect of sex or treatment
(Table 3; Fig. 3A). AVT was higher in males than in females, again with
no effect of species and treatment (Table 3; Fig. 3B).We found no differ-
ences in any of the measured receptors based on species, sex, or treat-
ment (Table 3).

Brain gene expression of IT was not related to aggression (Table 4;
Fig. 4B). Brain gene expression of IT was, however, significantly posi-
tively correlated with proximity scores (Table 4; Fig. 4A), rates of sub-
mission (Table 4; Fig. 4C), and rates of affiliation (Table 4; Fig. 4D), but
this pattern was observed only in the social species, N. pulcher
(Table 4; Fig. 4C and D). There were no significant relationships be-
tween any behavior recorded and brain gene expression of AVT, or
with any of the studied receptors (Tables 4–5).

Discussion

Are there differences in the strength or resilience of pair bonds between a
social and non-social species?

In this study, we found few differences in pair bonding behavior be-
tween the highly social N. pulcher, and the non-social T. temporalis. Our
behavioral results therefore suggest that pair bonding and grouping are
not correlated, but instead may be additive behavioral processes. We
found that pairs of the group-living, highly social N. pulcher spent
more time within a body length of one another relative to pairs of the
non-social non-grouping T. temporalis during pair bond formation,
once pair bonds were established, and following a disruption to the
pair bond. Since proximity is a common measure of the strength of
pair bonds (Williams et al., 1992), this result provides some evidence
that the social N. pulcher form stronger pair bonds than the non-social
T. temporalis. However, we found no difference between N. pulcher
and T. temporalis in the specific behaviors that were performed follow-
ing a temporary separation and subsequent reunion, which suggests
that the two species use similar behavioral strategies to re-establish a
pair bondwhen it is perturbed. We reconcile these findings by suggest-
ing that N. pulcher are more gregarious overall, and have a greater pro-
pensity to associate with conspecifics in close proximity relative to
T. temporalis, but this is not associated with a difference in pair bonding
between mates. Complex group-living behavior is thought to have
evolved from a combination of more simple social behaviors, and

Table 2
Statistical output from generalized linear mixedmodels investigating differences in bond-
ing scores based on species (socialN. pulcher vs. non-social T. temporalis); proximity scores
based on species and treatment (separation vs. control); and aggression, submission, and
affiliation based on species, treatment, and sex (male vs. female). For bonding scores and
proximity, a single scorewas used for each pair. For aggression, submission, and affiliation,
‘pair’ was included as a random effect to account for non-independence of mated pairs.
The full sample of individuals was used for all tests (see Table 1 for sample sizes). For all
tests, two-way interactions were included in the original models, and dropped from
the final models if they were non-significant. Bold italics indicate significant model terms
(α = 0.05). See Methods for full statistical details.

Behavior Model
term

Estimate Standard
error

z-Value p-Value

Early pair formation
bonding score

Species −2.07 0.65 −3.20 0.001

Post-treatment proximity
score

Species −1.23 0.59 −2.07 0.04
Treatment −0.54 0.58 −0.94 0.35

Aggression Species −0.51 0.46 −1.12 0.26
Treatment 1.17 0.46 2.53 0.01
Sex 1.08 0.46 2.36 0.02

Submission Species −0.02 0.44 −0.04 0.97
Treatment 0.36 0.44 0.81 0.42
Sex −2.90 0.60 −4.82 b0.001

Affiliation Species −0.48 0.30 −1.57 0.12
Treatment 0.26 0.30 0.87 0.39
Sex −0.20 0.30 −0.67 0.50

Fig. 1. Bonding and proximity scores, which are indicators of howmuch time pairs of fish spendwithin a body length of one another and therefore have the potential to interact, for social
N. pulcher and non-social T. temporalis cichlid fishes. Asterisks indicate significant differences between groups. Both (A) bonding scores during the early pair formation period and
(B) proximity scores during the post-treatment observation period were higher in the social N. pulcher relative to the non-social T. temporalis. See Methods and Table 2 for full statistical
details.
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gradual changes to these basic behaviors (Soares et al., 2010), and in
Tanganyikan cichlids, pair bonding is the ancestral state (Sefc, 2011),
while gregarious grouping behavior is derived. Thus, while the pair
bonds explored in the current study may form a building block in the
evolution of grouping behavior, the increased number of bonds necessi-
tated by group-living and cooperation in species such as N. pulcher does
not appear to either strengthen or dampen the basic pair bond between
mates. It has been suggested that social grouping in primates represents
an extension of pair bonding mechanisms to include non-pair individ-
uals (Dunbar and Shultz, 2007). Therefore, it would be valuable to com-
pare the strength and nature of selective bonds betweenmates in social
and non-social species with the bonds observed between other group
members in the social species.

Our results support the notion that a separation perturbed the social
pair bond relationship in both species, and behavioral strategies were
necessary to re-establish this relationship. We found that both species
were affected by a perturbation to the pair bond, and displayed in-
creased aggression towards their mate following a temporary separa-
tion and subsequent reunion. The strategies used were more biased
towards aggressive behaviors than we had a priori predicted, based on
previous research in mammalian (e.g., Boissy and Le Neindre, 1997;
Shepherd and French, 1999) and avian (e.g., Remage-Healey et al.,
2003; Lendvai and Chastel, 2008) systems, which typically reports

Fig. 2. Behavior of male and female social N. pulcher and non-social T. temporalis cichlid fishes that were either temporality separated from their mate (i.e., separation treatment) or left
together (i.e., control). Asterisks indicate significant differences between groups. There was no effect of species on fish behavior. However, (A) males produce more aggression than fe-
males, and (B) fish separated from the mates produce more aggression than control fish. (C) Females are more submissive than males, (D) with no effect of treatment on submission.
See Methods and Table 2 for full statistical details.

Table 3
Statistical output from general linear mixed models investigating differences in relative
brain gene expression based on species (social N. pulcher vs. non-social T. temporalis),
treatment (separation vs. control), and sex (male vs. female). For each test, ‘pair’ was in-
cluded as a random effect to account for non-independence of mated pairs. A subset of in-
dividuals was used for all tests (see Table 1 for an explanation of the sample sizes). For all
tests, two-way interactions were included in the original models, and dropped from
the final models if they were non-significant. Bold italics indicate significant model terms
(α = 0.05). See Methods for full statistical details.

Gene Model term Estimate Standard error t-Value p-Value

IT Species −1.21 0.55 −2.21 0.03
Treatment 0.44 0.55 0.80 0.43
Sex −0.51 0.55 −0.92 0.36

ITR1 Species −0.28 0.19 −1.51 0.14
Treatment 0.02 0.19 0.12 0.90
Sex −0.16 0.19 −0.86 0.40

ITR2 Species 0.11 0.13 0.85 0.40
Treatment 0.13 0.13 0.98 0.33
Sex −0.18 0.13 −1.39 0.17

AVT Species −0.13 0.44 −0.30 0.76
Treatment 0.10 0.44 0.23 0.82
Sex 1.02 0.44 2.34 0.02

AVTR Species 0.12 0.16 0.71 0.48
Treatment −0.07 0.16 −0.42 0.67
Sex −0.20 0.16 −1.20 0.23
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that mates have increased affiliation when reunited following a separa-
tion. We had predicted that the social N. pulcher would display in-
creased submission following a temporary separation relative to
control fish, and relative to T. temporalis.N. pulcher usemore submissive
displays than T. temporalis during staged territorial contests between
same-sex conspecifics, andN. pulcher are especially likely to use submis-
sive displays when the contestants are familiar (Hick et al., 2014). Sub-
missive displays are used as a signal that an individual is willing to take
on a subordinate position, and are an important step in the evolution of
grouping and cooperative behavior because they allow for the establish-
ment and maintenance of a stable dominance hierarchy with minimal
physical aggression (Reddon and Reader, 2015). In this study, since
we found no difference in submission rates between mated pairs
based on the separation and reunion treatment, and no difference in
submission rates between the social and more solitary species, we hy-
pothesize that subordinate displays may be specific to hierarchy forma-
tion, and are needed as an additional step in the evolution of group

formation, beyond the behaviors used to establish pair bonding. Future
research that compares the use of submissive displays inN. pulcher dur-
ing the pair bonding process between groupmembers (e.g., when a new
groupmember joins the group) and between pair bondedmates is nec-
essary to confirm this hypothesis.

Are there differences in the molecular response to pair bond disruption
between a social and non-social species?

We found no differences in the genomic reaction norms to the sep-
aration and reunion treatment between the two species (e.g., Aubin-
Horth andRenn, 2009). The functional relationship between the studied
hormonal pathways and aggression, submission, and affiliation in vari-
ous species initially led us to predict that expression levels of these
genes would bemore affected by pair bond disruption in the social spe-
cies, N. pulcher, relative to the non-social T. temporalis. However, we
found no differences in the molecular response to pair bond disruption
between the social and non-social species. We found that both species
had increased aggression following the separation and reunion treat-
ment, but we found no differences in AVT based on the treatment, de-
spite some evidence that AVT is relevant for aggression in these
cichlids.We found thatmale fishweremore aggressive, less submissive,
and had higher whole brain gene expression of AVT relative to females,
in both species. Previous studies have found differences in AVT in
N. pulcher based on social status (Reddon et al., 2015), as well as social
status and sex (Aubin-Horth et al., 2007). The consistent factor is that
AVT appears to be important in mediating aggressive behavior in
N. pulcher. The sex differences found in the current study are also consis-
tent with previous research indicating that AVT appears to play an im-
portant role in mediating male aggression in other fish species (Foran
and Bass, 1998; Godwin et al., 2000; Semsar et al., 2001; Huffman
et al., 2015), as well as in avian (Goodson, 1998) and mammalian sys-
tems (Stribley and Carter, 1999; Wersinger et al., 2002). However, we
found no differences in AVT based on the separation and reunion treat-
ment, despite the increase in aggression in both species following the
separation and reunion treatment relative to controls. It is possible
that the time period that we chose for sampling did not capture tran-
sient changes in brain gene expression resulting from our treatment.
Further, many relationships between socially-relevant behavior and
nonapeptides occur in specific brain regions (e.g., Young et al., 1998;
Greenwood et al., 2008; O'Connell and Hofmann, 2011; Godwin and
Thompson, 2012). Therefore, it is possible that there were effects of
our treatment that occurred in specific brain regions, but were not ap-
parent at the whole brain level. Further studies examining the response

Fig. 3. Brain gene expression of male and female social N. pulcher and non-social T. temporalis cichlid fishes. Asterisks indicate significant differences between groups. (A) Isotocin (IT) is
higher in the social N. pulcher relative to the non-social T. temporalis. (B) Arginine vasotocin (AVT) is higher in males than females. See Methods and Table 3 for full statistical details.

Table 4
Statistical output from general linear mixed models investigating differences in the rela-
tionship between relative brain gene expression and behavior, for genes where an overall
effect of species, sex, or treatment was found (see Table 3). For each test, ‘pair’was includ-
ed as a random effect to account for non-independence ofmated pairs. A subset of individ-
uals was used for all tests (see Table 1 for an explanation of the sample sizes). For all tests,
two-way interactions were included in the original models, and dropped from
the final models if they were non-significant. Bold italics indicate significant model terms
(α = 0.05). See Methods for full statistical details.

Gene Behavior Estimate Standard error t-Value p-Value

IT Proximity 0.52 0.18 2.94 0.005
Species 1.50 1.04 1.44 0.16
Proximity × species −0.63 0.22 −2.87 0.006
Aggression −0.01 0.07 −0.10 0.92
Species −1.21 0.55 −2.22 0.03
Submission 0.69 0.24 2.88 0.005
Species −0.46 0.59 −0.78 0.44
Submission × species −0.82 0.30 −2.73 0.008
Affiliation 0.38 0.09 4.08 b0.001
Species 0.45 0.67 0.67 0.51
Affiliation × species −0.42 0.13 −3.23 0.002

AVT Proximity −0.08 0.08 −1.00 0.32
Sex 1.00 0.43 2.33 0.03
Aggression −0.02 0.06 −0.34 0.74
Sex 1.04 0.44 2.38 0.02
Submission −0.04 0.13 −0.28 0.78
Sex 0.96 0.48 2.00 0.05
Affiliation −0.01 0.06 −0.12 0.91
Sex 1.00 0.44 2.29 0.03
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to separation and reunion at various time courses following manipula-
tion and in specific brain regions would be valuable.

We did find that brain gene expression of the nonapeptide hormone
IT was higher in the social N. pulcher relative to the non-social

T. temporalis, in accordance with its hypothesized functional role in so-
cial behavior modulation. A recent field study of the whole brain gene
expression of nonapeptide hormones and receptors revealed higher
brain gene expression of all measured nonapeptides and receptors in
wild N. pulcher relative to wild T. temporalis (O'Connor et al., 2015).
We are uncertain why in the current laboratory study, we found no dif-
ferences in AVT, or in any of themeasured receptors. An investigation of
relative levels of nonapeptides and receptors between N. pulcher and
T. temporalis across different social contexts would be useful. However,
higher brain gene expression of IT inN. pulcher relative to T. temporalis is
a consistent pattern between laboratory and field populations. Since
both species form pair bonds, but only N. pulcher displays grouping be-
havior, and has concurrent higher IT expression, our nonapeptide re-
sults suggest that the two behaviors may be modulated independently
at the neuromolecular hormonal level. This supports our hypothesis
based on the behavioral data that pair bonding and groupingmaybe ad-
ditive rather than correlated behavioral processes.

Species-specific correlations between behavior and nonapeptide brain
gene expression

We found that whole brain gene expression of IT was positively cor-
related with affiliation and submission in the highly social species,
N. pulcher. Previous research has reported a negative correlation

Fig. 4. Correlations between behavioral metrics and brain gene expression in social N. pulcher (black) and non-social T. temporalis (light gray) cichlid fishes. Isotocin (IT) is unrelated to
(B) aggression, but is positively correlated with (A) proximity, (C) submission, and (D) affiliation, in only the social N. pulcher. See Methods and Table 4 for full statistical details.

Table 5
Statistical output from general linear mixed models investigating differences in the rela-
tionship between relative brain gene expression and behavior, for genes where no effects
of species, sex, or treatmentwere found (see Table 3). For each test, ‘pair’was included as a
random effect to account for non-independence of mated pairs. A subset of individuals
was used for all tests (see Table 1 for an explanation of the sample sizes). See Methods
for full statistical details.

Gene Behavior Estimate Standard error t-Value p-Value

ITR1 Proximity −0.06 0.04 −1.74 0.09
Aggression −0.00 0.03 −0.03 0.97
Submission −0.02 0.05 −0.44 0.66
Affiliation −0.01 0.03 −0.59 0.56

ITR2 Proximity −0.03 0.03 −1.26 0.21
Aggression −0.01 0.02 −0.50 0.62
Submission −0.00 0.04 −0.10 0.92
Affiliation 0.00 0.02 0.23 0.82

AVTR Proximity 0.02 0.03 −0.55 0.59
Aggression −0.01 0.02 −0.53 0.60
Submission 0.03 0.04 0.65 0.52
Affiliation 0.01 0.02 0.42 0.68
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between circulating IT in the brain and affiliative behavior (Reddon
et al., 2015), and suggests that more submissive and affiliative
N. pulcher are both producinghigher levels of IT in thebrain, and turning
over (i.e., up-taking, breaking down, or exporting) IT at higher rates. In
either case, more submissive and affiliative N. pulcher are both produc-
ing and using higher levels of IT compared to less submissive and
affiliative N. pulcher. Further, a previous study showed that IT treatment
increases the attention to social stimuli in N. pulcher during staged con-
tests (Reddon et al., 2012) as well as increasing submissive displays in
both natural group settings in the laboratory (Reddon et al., 2014) and
in the field (Hellmann et al., 2015a, 2015b). Taken together, these re-
sults support a strong role for IT in mediating submissive and affiliative
behaviors in the social cichlid N. pulcher. Since the action of IT on
socially-relevant behaviors is likely mediated through specific brain re-
gions rather than at the whole-brain level (Young et al., 1998;
Greenwood et al., 2008; O'Connell and Hofmann, 2011; Godwin and
Thompson, 2012), it is remarkable thatwe are able to find consistent re-
lationships using a whole-brain approach in the current study. This re-
sult emphasizes the importance of IT in mediating submissive and
affiliative behaviors in the highly social, group-living and cooperatively
breeding N. pulcher. Interestingly, the T. temporalis show similar behav-
iors towards their mate when compared with N. pulcher. However, the
T. temporalis have lower whole brain gene expression of IT, and no rela-
tionship was found between their social behavior and brain gene ex-
pression. This suggests that there is not a simple up-regulation of IT
brain gene expression and a corresponding increase in affiliation and
submission towards a mate. Instead, there is a complex, species-
specific relationship, with a relationship between IT and behavior only
appearing in the social species. We found no differences in expression
levels of the receptors, but there could potentially be difference in spa-
tial patterns of these receptors in specific brain regions (e.g., Insel and
Shapiro, 1992); such a spatial pattern difference could contribute to dif-
ferences in behavior observed between species.

Conclusion

Our aim in this study was to identify whether species that vary in
their grouping behavior display a corresponding difference in the
strength and resilience of their pair bonds, and to understand the rela-
tionships among grouping, pair bonding, and vasopressin–oxytocin
nonapeptide hormonal pathways. We found that the two species use
similar behavioral strategies to re-establish a pair bond when it is
perturbed, with no difference in the resilience of pair bonds between
the social and the non-social species. However, we found higher brain
gene expression of IT in the social N. pulcher relative to the non-social
T. temporalis, with a species-specific correlation between behavior and
whole brain gene expression of IT, but only in the highly social species.
Our results highlight the importance of isotocin in mediating submis-
sive and affiliative behaviors in cichlid fishes, and demonstrate that
isotocin has species-specific correlations with socially relevant behav-
iors. Our results contribute to an increasing body of literature (see re-
view by Goodson, 2013) demonstrating that the oxytocin–vasopressin
family of nonapeptides has species-specific effects on social behavior,
and it is important to consider the life history of the species under
study when interpreting results.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.yhbeh.2015.10.015.
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