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Abstract Oxytocin-like peptides have been implicated in the regulation of a wide range of social
behaviors across taxa. On the other hand, the social environment, which is composed of
conspecifics that may vary in their genotypes, also influences social behavior, creating the
possibility for indirect genetic effects. Here, we used a zebrafish oxytocin receptor knockout line to
investigate how the genotypic composition of the social environment (G;) interacts with the
oxytocin genotype of the focal individual (G;) in the regulation of its social behavior. For this
purpose, we have raised wild-type or knock-out zebrafish in either wild-type or knock-out shoals
and tested different components of social behavior in adults. GixG, effects were detected in some
behaviors, highlighting the need to control for GixG, effects when interpreting results of
experiments using genetically modified animals, since the genotypic composition of the social
environment can either rescue or promote phenotypes associated with specific genes.

Introduction

Social genetic effects (aka indirect genetic effects) occur when the phenotype of an organism is influ-
enced by the genotypes of conspecifics. Previous work has highlighted the major potential evolu-
tionary consequences of social genetic effects (Moore et al.,, 1997, Wolf et al., 1998), with
evidence for such effects to be present both in interactions between related (e.g. mothers and off-
spring Champagne and Meaney, 2006; Wilson et al., 2004) and unrelated individuals (e.g. sexual
displays (Petfield et al., 2005), aggression Wilson et al., 2011; Sartori and Mantovani, 2013,
Santostefano et al., 2017). More recently, the importance of social genetic effects for health and
disease has also been recognized (Baud et al., 2017), which may explain the pervasiveness of the
social environment as a mortality risk in humans (Holt-Lunstad et al., 2010; Holt-Lunstad et al.,
2015). Interestingly, the potential consequences of social genetic effects for the interpretation of
research results using genetically modified organisms (GMO) has been greatly neglected. GMOs
have been widely used in behavioral neuroscience to investigate the causal role of candidate genes
and behavioral phenotypes. Typically Knock-in and Knock-out transgenics and mutants have been
used to causally link the gain or loss of behavioral function to a specific gene (Huang and Zeng,
2013). In recent years, the development of genome editing techniques, such as CRISPR-Cas%-and
TALEN-induced mutations, have increased the interest in this approach and opened the door to
studying the genetic basis of behavior in non-model organisms (Hsu et al., 2014).

Ribeiro et al. eLife 2020;9:e56973. DOI: https://doi.org/10.7554/eLife.56973

10f 10

brought to you by .{ CORE


https://core.ac.uk/display/344684794?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.7554/eLife.56973
https://creativecommons.org/
https://creativecommons.org/
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
http://en.wikipedia.org/wiki/Open_access
http://en.wikipedia.org/wiki/Open_access

eLife

Ecology | Neuroscience

However, most studies using GMO in behavioral neuroscience have ignored the potential contri-
bution of the genotypic composition of the social environment to the behavioral phenotype studied.
This is because it has been assumed that if the genetic background of these mutants is identical and
their environment has been kept constant, any phenotypic differences must come from the genetic
manipulation. However, when GMOs are incrossed or visually screened at a very young age (e.g.
using reporter genes, GFP) and thereafter raised and housed together until used in experiments,
changes in their behavior might be affected by the divergent genotypic composition of social envi-
ronments experienced by these mutants. In other words, modified behavior might be a result of
growing with their peer mutants, rather than the canonical social environment provided by wild-type
conspecifics. Such problem is particularly relevant when studying social behavior. Thus, given the ris-
ing interest in the study of social behavior in model organisms from worms to higher vertebrates, an
assessment of the potential effect of the interaction between the genotype of the individual (G;) and
the genotypic composition of its social environment (Gg), on the behavioral phenotype of interest in
GMOs used in social neuroscience is crucial.

Despite the wide variety of species-specific social behaviors, a wealth of evidence has implicated
the paralog nonapeptides vasopressin (VP) and oxytocin (OXT) and their receptors in the regulation
of different aspects of social behavior across vertebrates (Donaldson and Young, 2008,
Goodson and Thompson, 2010), suggesting a genetic toolkit role (sensu evo-devo, i.e. ancient
genes highly conserved among taxa that control the same biological process) for these nonapepti-
des in social behavior. Nonapeptides are an ancestral neuropeptide family found both in vertebrates
and invertebrates, that derived from a VP-like peptide, and that evolved along two parallel clades of
VP- and OXT-like peptides from the duplication of the VP gene in early jawed fish (ca. 500 Mya).
Both peptides have been implicated in the regulation of behavior and physiology across different
taxa, with VP being more involved in aggression and agonistic behaviors and OXT-like peptides con-
sistently acting in affiliative behaviors and species-specific social behaviors across diverse taxa (i.e.
sexual behavior, social interactions) (Stoop, 2012; Goodson, 2013). Despite this wealth of evidence
on the direct genetic effects of OXT on social behavior, social genetic effects (i.e. GixG, effects) of
OXT genotypes have never been studied.

In this study, we aimed to provide a proof of principle for GixG; effects in behavioral phenotypes
observed in GMO by assessing the occurrence of such effects in a knockout line for the OXT recep-
tor in zebrafish, a commonly used model species in behavioral neuroscience (Orger and de Pola-
vieja, 2017), which forms social groups (aka shoals, Miller and Gerlai, 2007; Miller and Gerlai,
2012) and expresses a rich repertoire of social behavior (Zebrafish Neuroscience Research Consor-
tium et al., 2013; Nunes et al., 2017). For this purpose, we studied the GixGs interaction in the
effects of the OXT gene (oxtr) in different aspects of social behavior, by raising individual zebrafish
of the WT (oxtr™*)) or knock-out genotype (oxtr™?) in different social environments (i.e. oxtr*'*)
shoal or oxtr™” shoal; Figure 1A). Since sociality encompasses motivational, cognitive and collective
behavioral traits, we have selected a set of tests that aim to characterize these different aspects at a
fundamental level: (Moore et al., 1997) the social preference and social habituation tests assess the
motivation to approach conspecifics, and how it varies with the repeated access to conspecifics;
(Wolf et al., 1998) the social recognition test, which provides an insight into the ability of zebrafish
to discriminate between conspecifics based on one-trial learning; and (Champagne and Meaney,
2006) tests of shoaling behavior that assess how well the focal individual is able to integrate itself
into an unfamiliar shoal and what influence it has on the behavior of the other shoal members.

Results and discussion

Adult zebrafish, like many other social animals, express a tendency to approach and interact with
conspecifics (social preference, Figure 1B; Engeszer et al., 2004). Here, we show that there was no
significant effect of either genotype or GixGs interaction on social preference, but there was a mar-
ginally significant main effect of G, (Table 1; Figure 1C). When fish were presented for a second
time to a shoal to measure social habituation (i.e. expected reduction in social preference), we found
a GixG;, interaction, where oxtr™” individuals raised in oxtr™” shoals express enhanced social habitu-
ation (F 44 = 5.642, p=0.022; Figure 1D). Thus, social motivation in zebrafish seems to be influenced
by the genotype of conspecifics rather than by the genotype of the individual. Hence, the increased
social habituation in oxtr™” fish does not seem to be due to reduced social motivation, but rather to
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Figure 1. Genetic variation in the social environment affects zebrafish social behavior. The contribution of the
individual genotype (G)), the genotype of conspecifics in the social group (Gg) and the interaction between the two
(GixGg) to the expression of behavioral phenotypes in zebrafish was assessed by raising oxytocin receptor mutant
fish and wild types (focal fish marked with *) in shoals of either mutants or wild types (A). Social preference,
measured by the time fish spend near a shoal vs. empty in a choice test (B, upper panel), showed a marginally
significant effect of G (C; Source data file Figure 1—source data 1). Social habituation, which consisted on a
consecutive social preference test exhibited a GixG; effect (D; Source data file Figure 1—source data 2). Social
recognition, measured as the discrimination between a novel and a familiar conspecific (E, upper panel), shows a
pure G effect (F, Source data file Figure 1—source data 3). Social integration, measured as distance to the
centroid of the shoal (G), showed a GixG; effect (H; Source data file Figure 1—source data 4). Social influence,
measured by the cohesion of the remaining shoal members (1), also showed a marginally significant GixG; effect (J;
Source data file Figure 1—source data 5). Heatmaps show the spatial distribution of a representative oxtr*/*)
individual fish raised in a oxtr™* group, during the entire trial, for both social preference (B, lower panel) and
social recognition (E, lower panel). Data is presented as mean + standard error of the mean (SEM). Sample sizes
are nine for heterogeneous groups (i.e. focal individual with different genotype from the remaining individuals in
the shoal; mutant focal in WT shoals and WT focal in mutant shoals) and 15 for homogeneous groups (i.e. focal
individual with the same genotype of the remaining individuals in the shoal; mutant focal in mutant shoals and WT
focal in WT shoals). Different letters indicate significant differences (p<0.05) between treatments as assessed by
Tukey post-hoc tests following a two-way ANOVA (D,H,J; see Table 1). An asterisk indicates a G; main effect in F.
The online version of this article includes the following source data for figure 1:

Source data 1. Effects of individual and conspecifics genotype on Social Preference.
Source data 2. Effects of individual and conspecifics genotype on social habituation.
Source data 3. Effects of individual and conspecifics genotype on social recognition.
Source data 4. Effects of individual and conspecifics genotype on social integration.
Source data 5. Effects of individual and conspecifics genotype on social influence.
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Table 1. Effect of genotype of the focal individual (G;), genotype of conspecifics present in its social
environment (G;) and the interaction between the two (GixG,) on zebrafish social behavior was
assessed using a two-way ANOVA.

~ indicates marginally significant, *p<0.05, **p<0.01, ***p<0.001. (Source data files Figure T—source
datas 1-5).

Social preference

d.f. Mean squares F Significance Partial 12
G; 1 0.023 1.731 0.195 0.038
Gs 1 0.050 3.788 0.058~ 0.079
Gi x Gs 1 0.001 0.049 0.825 0.001
Error 44 0.013

Habituation

d.f. Mean squares F Significance Partial 12
G; 1 0.058 13.927 0.001 ** 0.240
Gs 1 0.008 1.936 0.171 0.042
G; x G 1 0.024 5.642 0.022 * 0.114
Error 44 0.004

Social recognition

d.f. Mean squares F Significance Partial n?
G; 1 0.213 7.600 0.008 ** 0.147
Gs 1 0.005 0.189 0.666 0.004
G; x Gs 1 0.001 0.041 0.841 0.001
Error 44 0.028

Social group integration

d.f. Mean squares F Significance Partial 12
G; 1 39.486 24.370 <0.001 *** 0.356
Gs 1 12.565 7.755 0.008 ** 0.150
Gi x Gq 1 12.811 7.907 0.007 ** 0.152
Error 44 1.620

Social group dispersion

d.f. Mean squares F Significance Partial 2
G; 1 174.366 4.309 0.044 * 0.089
Gs 1 657.221 16.240 <0.001 *** 0.270
G; x G 1 122.980 3.039 0.088 0.065
Error 44 40.469

an heightened habituation to the stimuli, suggesting that the observed GixG; interaction effect is
related to changes in single-stimulus learning mechanisms in mutant fish rather than to changes in
social motivation.

When we tested social recognition, which is a form of social memory needed for individuality in
social interactions (i.e. differential expression of social behavior depending on identity of interacting
individual), that is known to be modulated by oxytocin both in mammals and zebrafish
(Ferguson et al., 2000; Ribeiro et al., 2020), we observed that oxtr™ individuals exhibit a deficit in
acquisition and retention of social recognition irrespective of the social environment (oxtr™ or
oxtr™) in which they were raised (F; 44 = 7.600, p=0.008; Figure 1F). Thus, in contrast to social
motivation, social memory seems to rely on the individual’'s genotype. This result is in accordance
with a recent study from our lab (Ribeiro et al., 2020) that has shown a deficit in one-trial recogni-
tion memory of both conspecifics and objects in oxt™” fish, suggesting that this deficit is not specific
to the social domain but is rather a general domain cognitive deficit.
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Given that social behavior of zebrafish mainly occurs in the context of shoaling we have also
investigated two shoaling behavior parameters: social integration and social influence. Social inte-
gration assesses how well the focal individual integrates in the social group (aka shoal), and is mea-
sured by its average distance to the centroid of the shoal (Figure 1G,H). A GixG; interaction was
found for social integration, where oxtr™” individuals raised in oxtr™” shoals exhibit a significantly
lower social integration than oxtr™” individuals raised in oxtr™’* shoals; in contrast, oxtr™’* individ-
uals exhibit high levels of social integration irrespective of the shoal type in which they were raised
(Table 1; Figure TH). Social influence assesses how the focal individual affects the shoaling behavior
of the remaining shoal members, by measuring the shoal dispersion as defined by the perimeter of
the other shoal members (Figure 11,J). The presence of a single WT (oxtr™*)) individual in a oxtr™”
shoal was enough to increase its dispersion, whereas the presence of a single oxtr™” individual in a
oxtr™*) shoal did not affect its dispersion (Table 1; Figure 1J). In summary, we show that distinct
components of social behavior are differentially affected by the genetic composition of the social
environment versus the oxtr genotype of the focal individual. Social preference shows a marginally
significant influence of the genotype of conspecifics. Social recognition exhibited a pure effect of
the individual genotype. And clear GixG, interactions were observed in the cases of social habitua-
tion and social integration. Social influence had a major contribution of the social environment, which
is also the case, to a lesser extent, with social preference. Thus, we demonstrated that genetic varia-
tion in the social environment interacts with individual genotype during the developmental acquisi-
tion of social behavior. In other words, variation in the genotypes present in the social environment
can revert particular phenotypes associated with specific genes. These results are in line with
reported interactions between other aspects of the social environment and oxytocin receptor geno-
type in the determination of social behavior phenotypes in human populations (Thompson et al.,
2011; Wade et al., 2015; McQuaid et al., 2013). Our results suggest that more caution is needed
in the interpretation of studies using transgenic or mutant individuals that are raised in cohorts of
the same genotype, and that some phenotypes observed in transgenic or mutant lines may in fact
result from GxG; interactions.

Materials and methods

Additional

Designation Source or reference Identifiers information

Genetic reagent,
TL (Danio rerio)

oxtr mutant line

Nunes et al., 2020 ZDB-ALT-190830-1

Commercial NucleoSpin Tissue MACHEREY-NAGEL # 740952.50 For oxtr mutant
assay or kit genotyping
Sequence- sense 5'- Sigma For oxtr mutant
based reagent TGCGCGAGGAAAACTAGTT-3' genotyping
Sequence- antisense 5'- Sigma For oxtr mutant
based reagent AGCAGACACTCAGAATGGTCA-3 genotyping
Software, , algorithm SPSS 25.0 SPSS RRID:SCR_002865
Software, , algorithm Imagej (Fiji) Schindelin et al., 2012 RRID:SCR_003070
Software, , algorithm Ethovision XT 11.5 Noldus Technology www.noldus.com/
ethovision

Software, , algorithm GraphPad Prism GraphPad software, www.graphpad.com

version 6.0 ¢ San Diego,

California, USA

Other B and W mini Henelec 300B Acquisition

surveillance camera rate of 30 fps
Other Webcameras Logitech HD C525 Acquisition

rate of 30 fps
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Zebrafish lines and maintenance

Zebrafish were raised and bred according to standard protocols and all experimental procedures
were approved by the host institution, Instituto Gulbenkian de Ciéncia, and by the National Veteri-
nary Authority (DGAV, Portugal; permit number 0421/000/000/2013). OXTR mutant zebrafish line
(ZFIN ID: ZDB-ALT-190830-1) was generated and provided by Dr. Gil Levkowitz (Weizmann Institute
of Science) using a TALEN-based genome editing system. The characterization of this line has been
described in Nunes et al., 2020.

All the experimental groups were formed at 4 days post-fertilization, based on the genotype of
the progenitors, before they imprint for olfactory and visual kin recognition (Gerlach et al., 2008;
Hinz et al., 2013). To evaluate genotype-environment effects, fish were raised in groups according
to the experimental design in Figure 1A and both female and males tested in adulthood (3 months
old). Sample sizes varied between nine for heterogeneous groups (i.e. focal individual with different
genotype from the remaining individuals in the shoal) and 15 for homogeneous groups (i.e. focal
individual with the same genotype of the remaining individuals in the shoal). The smaller sample size
of heterogeneous groups is due to the need of genotyping all individuals in these groups to single
out the focal individual.

Genotyping

At 3 months old, 1-week before the behavioral screenings, genomic DNA was extracted from adult
fin clips using the HotSHOT protocol (Meeker et al., 2007). All group members were fin clipped at
different fin locations, to allow their identification while being maintained together. The genomic
region of interest was amplified by PCR and sequenced to identify the focal fish in each group. The
following primers were used: sense 5'-TGCGCGAGGAAAACTAGTT-3', antisense 5'-AGCAGACAC
TCAGAATGGTCA-3'.

Behavioral assays

Video acquisition

Fish were in a tank placed on top of an infrared lightbox and video-recorded either from above
(shoal preference and social recognition tests) or laterally (group behaviour tests). Video acquisition
was done with software Pinnacle Studio 14 (Corel Corporation, Ottawa, Canada). Shoal preference,
social habituation and social recognition analyses were performed with EthoVision video tracking
system (Noldus Information Technologies, Wageningen, The Netherlands) and group behavior analy-
ses were done with the open source FIJI image-processing package (Schindelin et al., 2012).

Social preference and social habituation
The social preference test assesses the individual's sociability by observing the interactions between
conspecifics (Ribeiro et al., 2020): a focal fish was placed in a central compartment (30 x 15x10
cm) of a three-compartment tank, separated by transparent and sealed partitions. A shoal of unfa-
miliar fish was placed in one of the lateral compartments (15 x 10x10 cm), while the other contained
only water. To avoid any side bias, the stimuli were balanced across trials. After an acclimatization
period (10 min), the focal fish was released from a start box and allowed to explore the tank, while
its behavior was video-recorded for 10 min. The time spent by the focal fish near (less than two body
lengths) each compartment was quantified and used to calculate the social preference score
(SP = Time near shoal/ [Time near shoal + Time near empty]). A score above 0.5 indicates a prefer-
ence for the shoal.

The social preference test was performed twice, with 24 hr in between, and social preference
scores of both tests were used to calculate the habituation index (Hab. Score = 1- [SP1yiai2)/[SPrial1 +
SPriai2])- A score above 0.5 represents a decrease in preference to associate with conspecifics.

Social recognition

The social recognition assay to evaluate short-term (i.e. 10 min retention) social memory was
adapted from the procedure already developed in our lab for long-term (i.e. 24 hr retention) social
memory in zebrafish (Gerlach et al., 2008), and has already been used successfully in previous stud-
ies (Ribeiro et al., 2020, Madeira and Oliveira, 2017). A focal fish was placed for 10 min in the cen-
tral compartment of a three-compartment tank, separated by transparent and sealed partitions, to
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acclimatize. The focal fish was allowed to interact visually across partitions with two novel (unfamiliar)
conspecifics for 10 min. After, both stimuli were removed, one was placed in the same compartment
(familiar conspecific stimulus), while a novel conspecific was placed in the other compartment (novel
conspecific stimulus). In a second 10 min interaction, the time spent by the focal fish near each com-
partment (termed novel cue or familiar cue) was quantified and used to measure the preference for
the novel (Recognition Score = Time near Novel/[Time near Novel + Time near Familiar]). A recogni-
tion score of 0.5 indicates no preference between novel or familiar conspecifics.

Shoaling behavior

Shoaling behavior is a common behavior present in fish models and allows to determine complex
interactions between individuals. Both focal fish and social partners were recorded in the home tanks
(3.5L tank). Focal fish were tagged with fin clips for easy identification. The behaviors were video-
recorded from side view for 10 min. Two components of shoaling behavior were analyzed manually
in time bins of 8 s, using FlJI software (Schindelin et al., 2012): (Moore et al., 1997) focal fish dis-
tance to the group centroid (social integration); and (Wolf et al., 1998) the dispersion of the remain-
ing shoal members as measured by their perimeter (social influence).

Data analysis

Data were analysed using SPSS 25.0. All data sets were tested for departures from normality with
Shapiro-Wilks test. Two factor univariate ANOVA were used for comparing multiple groups. All data
sets were corrected for multiple comparisons. Tukey's Test comparisons were used as post-hocs.
Given that ANOVA is known to be underpowered for detecting significance of genotype x environ-
ment interaction (Wahlsten, 1990) we have decided to proceed with post-hoc tests for multiple
comparisons among treatments even when GG, interaction were only marginally significant
(p<0.10). Graphs were performed with GraphPad software.

Ethical approval
All experiments were performed in accordance with the relevant guidelines and regulations for the

care and use of animals in research and approved by the competent Portuguese authority (Direc¢do
Geral de Alimentacéo e Veterinéria, permit 0421/000/000/2017).

Acknowledgements

We thank IGC Fish Facility for assistance on fish maintenance and Peter McGregor for comments
and discussion on an earlier version of the manuscript. The authors declare no conflicts of interest
related to this work. This work was funded by a Fundacdo para a Ciéncia e a Tecnologia (FCT)
research grant (PTDC/BIA-ANM/0810/2014) and a FEDER grant (Lisboa-01-0145-FEDER-030627)
awarded to RFO. ARN and MST were supported by Post-doc fellowships from Fundacdo para a
Ciéncia e a Tecnologia (FCT, ARN: SFRH/BPD/93317/2013). Congento LISBOA-01-0145-FEDER-
022170, co-financed by FCT (Portugal) and Lisb0oa2020, under the PORTUGAL2020 agreement
(European Regional Development Fund). The authors declare no competing interests.

Additional information

Funding

Funder Grant reference number  Author

European Commission Lisboa-01-0145-FEDER- Rui F Oliveira
030627

Fundagdo para a Ciéncia e a  PTDC/BIA-ANM/0810/2014  Rui F Oliveira

Tecnologia

Fundacdo para a Ciénciae a  SFRH/BPD/93317/2013 Ana Rita Nunes

Tecnologia Magda Teles

European Commission LISBOA-01-0145-FEDER- Rui F Oliveira
022170

Ribeiro et al. eLife 2020;9:e56973. DOI: https://doi.org/10.7554/eLife.56973 7 of 10


https://doi.org/10.7554/eLife.56973

ELife Short report

Ecology | Neuroscience

The funders had no role in study design, data collection and interpretation, or the
decision to submit the work for publication.

Author contributions

Diogo Ribeiro, Data curation, Formal analysis, Investigation, Visualization, Methodology, Writing -
original draft, Writing - review and editing; Ana Rita Nunes, Data curation, Formal analysis, Investiga-
tion, Visualization, Methodology, Writing - review and editing; Magda Teles, Resources, Data cura-
tion, Formal analysis, Methodology, Writing - review and editing; Savani Anbalagan, Resources,
Methodology; Janna Blechman, Resources, Funding acquisition, Methodology, Writing - review and
editing; Gil Levkowitz, Conceptualization, Resources, Supervision, Funding acquisition, Methodol-
ogy, Writing - original draft, Project administration, Writing - review and editing; Rui F Oliveira, Con-
ceptualization, Resources, Data curation, Formal analysis, Supervision, Investigation, Writing -
original draft, Project administration, Writing - review and editing

Author ORCIDs
Gil Levkowitz @ http://orcid.org/0000-0002-3896-18811
Rui F Oliveira (i https://orcid.org/0000-0003-1528-618X

Ethics

Animal experimentation: All experiments were performed in accordance with the relevant guidelines
and regulations for the care and use of animals in research and approved by the competent Portu-
guese authority (Direccdo Geral de Alimentacdo e Veterinaria, permit 0421/000/000/2017).

Decision letter and Author response
Decision letter https://doi.org/10.7554/elife.56973.sa
Author response https://doi.org/10.7554/elife.56973.5a2

Additional files

Supplementary files
« Transparent reporting form

Data availability
Data used in this study is provided as supplemental material at this stage. Data available on Dryad
at doi: https://doi.org/10.5061/dryad.xwdbrvibg.

The following dataset was generated:

Database and

Author(s) Year Dataset title Dataset URL Identifier

Oliveira RF 2020 Genetic variation in the social https://doi.org/10.5061/  Dryad Digital
environment affects behavioral dryad.xwdbrvibg Repository, 10.5061/
phenotypes of oxytocin receptor dryad.xwdbrvibqg
mutants

References

Baud A, Mulligan MK, Casale FP, Ingels JF, Bohl CJ, Callebert J, Launay JM, Krohn J, Legarra A, Williams RW,
Stegle O. 2017. Genetic variation in the social environment contributes to health and disease. PLOS Genetics
13:€1006498. DOI: https://doi.org/10.1371/journal.pgen.1006498, PMID: 28121987

Champagne FA, Meaney MJ. 2006. Stress during gestation alters postpartum maternal care and the
development of the offspring in a rodent model. Biological Psychiatry 59:1227-1235. DOI: https://doi.org/10.
1016/j.biopsych.2005.10.016, PMID: 16457784

Donaldson ZR, Young LJ. 2008. Oxytocin, vasopressin, and the neurogenetics of sociality. Science 322:900-904.
DOI: https://doi.org/10.1126/science.1158668, PMID: 18988842

Engeszer RE, Ryan MJ, Parichy DM. 2004. Learned social preference in zebrafish. Current Biology 14:881-884.
DOI: https://doi.org/10.1016/j.cub.2004.04.042, PMID: 15186744

Ribeiro et al. eLife 2020;9:e56973. DOI: https://doi.org/10.7554/eLife.56973 8 of 10


http://orcid.org/0000-0002-3896-1881
https://orcid.org/0000-0003-1528-618X
https://doi.org/10.7554/eLife.56973.sa1
https://doi.org/10.7554/eLife.56973.sa2
https://doi.org/10.5061/dryad.xwdbrv1bq
https://doi.org/10.5061/dryad.xwdbrv1bq
https://doi.org/10.5061/dryad.xwdbrv1bq
https://doi.org/10.1371/journal.pgen.1006498
http://www.ncbi.nlm.nih.gov/pubmed/28121987
https://doi.org/10.1016/j.biopsych.2005.10.016
https://doi.org/10.1016/j.biopsych.2005.10.016
http://www.ncbi.nlm.nih.gov/pubmed/16457784
https://doi.org/10.1126/science.1158668
http://www.ncbi.nlm.nih.gov/pubmed/18988842
https://doi.org/10.1016/j.cub.2004.04.042
http://www.ncbi.nlm.nih.gov/pubmed/15186744
https://doi.org/10.7554/eLife.56973

ELife Short report

Ecology | Neuroscience

Ferguson JN, Young LJ, Hearn EF, Matzuk MM, Insel TR, Winslow JT. 2000. Social amnesia in mice lacking the
oxytocin gene. Nature Genetics 25:284-288. DOI: https://doi.org/10.1038/77040

Gerlach G, Hodgins-Davis A, Avolio C, Schunter C. 2008. Kin recognition in zebrafish: a 24-hour window for
olfactory imprinting. Proceedings of the Royal Society B: Biological Sciences 275:2165-2170. DOI: https://doi.
org/10.1098/rspb.2008.0647

Goodson JL. 2013. Deconstructing sociality, social evolution and relevant nonapeptide functions.
Psychoneuroendocrinology 38:465-478. DOI: https://doi.org/10.1016/j.psyneuen.2012.12.005, PMID: 2329036
8

Goodson JL, Thompson RR. 2010. Nonapeptide mechanisms of social cognition, behavior and species-specific
social systems. Current Opinion in Neurobiology 20:784-794. DOI: https://doi.org/10.1016/j.conb.2010.08.020,
PMID: 20850965

Hinz C, Kobbenbring S, Kress S, Sigman L, Miiller A, Gerlach G. 2013. Kin recognition in zebrafish, Danio rerio, is
based on imprinting on olfactory and visual stimuli. Animal Behaviour 85:925-930. DOI: https://doi.org/10.
1016/j.anbehav.2013.02.010

Holt-Lunstad J, Smith TB, Layton JB. 2010. Social relationships and mortality risk: a meta-analytic review. PLOS
Medicine 7:¢1000316. DOI: https://doi.org/10.1371/journal.pmed.1000316, PMID: 20668659

Holt-Lunstad J, Smith TB, Baker M, Harris T, Stephenson D. 2015. Loneliness and social isolation as risk factors
for mortality. Perspectives on Psychological Science 10:227-237. DOI: https://doi.org/10.1177/
1745691614568352

Hsu PD, Lander ES, Zhang F. 2014. Development and applications of CRISPR-Cas9 for genome engineering. Cell
157:1262-1278. DOI: https://doi.org/10.1016/j.cell.2014.05.010, PMID: 24906146

Huang ZJ, Zeng H. 2013. Genetic approaches to neural circuits in the mouse. Annual Review of Neuroscience 36:
183-215. DOI: https://doi.org/10.1146/annurev-neuro-062012-170307, PMID: 23682658

Madeira N, Oliveira RF. 2017. Long-Term social recognition memory in zebrafish. Zebrafish 14:305-310.
DOI: https://doi.org/10.1089/zeb.2017.1430

McQuaid RJ, Mclnnis OA, Stead JD, Matheson K, Anisman H. 2013. A paradoxical association of an oxytocin
receptor gene polymorphism: early-life adversity and vulnerability to depression. Frontiers in Neuroscience 7:
128. DOI: https://doi.org/10.3389/fnins.2013.00128, PMID: 23898235

Meeker ND, Hutchinson SA, Ho L, Trede NS. 2007. Method for isolation of PCR-ready genomic DNA from
zebrafish tissues. BioTechniques 43:610-614. DOI: https://doi.org/10.2144/000112619, PMID: 18072590

Miller N, Gerlai R. 2007. Quantification of shoaling behaviour in zebrafish (Danio rerio). Behavioural Brain
Research 184:157-166. DOI: https://doi.org/10.1016/].bbr.2007.07.007, PMID: 17707522

Miller N, Gerlai R. 2012. From schooling to shoaling: patterns of collective motion in zebrafish (Danio rerio).
PLOS ONE 7:€48865. DOI: https://doi.org/10.1371/journal.pone.0048865, PMID: 23166599

Moore AJ, Brodie ED, Wolf JB. 1997. Interacting phenotypes and the evolutionary process: I. direct and indirect
genetic effects of social interactions. Evolution 51:1352-1362. DOI: https://doi.org/10.1111/].1558-5646.1997.
tb01458.x

Nunes AR, Ruhl N, Winberg S, Oliveira RF. 2017. Social phenotypes in zebrafish. In: Allan V (Ed). The Rights and
Wrongs of Zebrafish: Behavioral Phenotyping of Zebrafish. Springer. p. 95-130. DOI: https://doi.org/10.1007/
978-3-319-33774-6

Nunes AR, Carreira L, Anbalagan S, Blechman J, Levkowitz G, Oliveira RF. 2020. Perceptual mechanisms of social
affiliation in zebrafish. Scientific Reports 10:3642. DOI: https://doi.org/10.1038/s41598-020-60154-8,
PMID: 32107434

Orger MB, de Polavieja GG. 2017. Zebrafish behavior: opportunities and challenges. Annual Review of
Neuroscience 40:125-147. DOI: https://doi.org/10.1146/annurev-neuro-071714-033857, PMID: 28375767

Petfield D, Chenoweth SF, Rundle HD, Blows MW. 2005. Genetic variance in female condition predicts indirect
genetic variance in male sexual display traits. PNAS 102:6045-6050. DOI: https://doi.org/10.1073/pnas.
0409378102, PMID: 15840726

Ribeiro D, Nunes AR, Gliksberg M, Anbalagan S, Levkowitz G, Oliveira RF. 2020. Oxytocin receptor signalling
modulates novelty recognition but not social preference in zebrafish. Journal of Neuroendocrinology 32:
e12834. DOI: https://doi.org/10.1111/jne.12834, PMID: 31961994

Santostefano F, Wilson AJ, Niemeld PT, Dingemanse NJ. 2017. Indirect genetic effects: a key component of the
genetic architecture of behaviour. Scientific Reports 7:10235. DOI: https://doi.org/10.1038/s41598-017-08258-
6, PMID: 28860450

Sartori C, Mantovani R. 2013. Indirect genetic effects and the genetic bases of social dominance: evidence from
cattle. Heredity 110:3-9. DOI: https://doi.org/10.1038/hdy.2012.56

Schindelin J, Arganda-Carreras |, Frise E, Kaynig V, Longair M, Pietzsch T, Preibisch S, Rueden C, Saalfeld S,
Schmid B, Tinevez JY, White DJ, Hartenstein V, Eliceiri K, Tomancak P, Cardona A. 2012. Fiji: an open-source
platform for biological-image analysis. Nature Methods 9:676-682. DOI: https://doi.org/10.1038/nmeth.2019,
PMID: 22743772

Stoop R. 2012. Neuromodulation by oxytocin and vasopressin. Neuron 76:142-159. DOI: https://doi.org/10.
1016/j.neuron.2012.09.025, PMID: 23040812

Thompson RJ, Parker KJ, Hallmayer JF, Waugh CE, Gotlib IH. 2011. Oxytocin receptor gene polymorphism
(rs2254298) interacts with familial risk for psychopathology to predict symptoms of depression and anxiety in
adolescent girls. Psychoneuroendocrinology 36:144-147. DOI: https://doi.org/10.1016/j.psyneuen.2010.07.003,
PMID: 20708845

Ribeiro et al. eLife 2020;9:e56973. DOI: https://doi.org/10.7554/eLife.56973 9 of 10


https://doi.org/10.1038/77040
https://doi.org/10.1098/rspb.2008.0647
https://doi.org/10.1098/rspb.2008.0647
https://doi.org/10.1016/j.psyneuen.2012.12.005
http://www.ncbi.nlm.nih.gov/pubmed/23290368
http://www.ncbi.nlm.nih.gov/pubmed/23290368
https://doi.org/10.1016/j.conb.2010.08.020
http://www.ncbi.nlm.nih.gov/pubmed/20850965
https://doi.org/10.1016/j.anbehav.2013.02.010
https://doi.org/10.1016/j.anbehav.2013.02.010
https://doi.org/10.1371/journal.pmed.1000316
http://www.ncbi.nlm.nih.gov/pubmed/20668659
https://doi.org/10.1177/1745691614568352
https://doi.org/10.1177/1745691614568352
https://doi.org/10.1016/j.cell.2014.05.010
http://www.ncbi.nlm.nih.gov/pubmed/24906146
https://doi.org/10.1146/annurev-neuro-062012-170307
http://www.ncbi.nlm.nih.gov/pubmed/23682658
https://doi.org/10.1089/zeb.2017.1430
https://doi.org/10.3389/fnins.2013.00128
http://www.ncbi.nlm.nih.gov/pubmed/23898235
https://doi.org/10.2144/000112619
http://www.ncbi.nlm.nih.gov/pubmed/18072590
https://doi.org/10.1016/j.bbr.2007.07.007
http://www.ncbi.nlm.nih.gov/pubmed/17707522
https://doi.org/10.1371/journal.pone.0048865
http://www.ncbi.nlm.nih.gov/pubmed/23166599
https://doi.org/10.1111/j.1558-5646.1997.tb01458.x
https://doi.org/10.1111/j.1558-5646.1997.tb01458.x
https://doi.org/10.1007/978-3-319-33774-6
https://doi.org/10.1007/978-3-319-33774-6
https://doi.org/10.1038/s41598-020-60154-8
http://www.ncbi.nlm.nih.gov/pubmed/32107434
https://doi.org/10.1146/annurev-neuro-071714-033857
http://www.ncbi.nlm.nih.gov/pubmed/28375767
https://doi.org/10.1073/pnas.0409378102
https://doi.org/10.1073/pnas.0409378102
http://www.ncbi.nlm.nih.gov/pubmed/15840726
https://doi.org/10.1111/jne.12834
http://www.ncbi.nlm.nih.gov/pubmed/31961994
https://doi.org/10.1038/s41598-017-08258-6
https://doi.org/10.1038/s41598-017-08258-6
http://www.ncbi.nlm.nih.gov/pubmed/28860450
https://doi.org/10.1038/hdy.2012.56
https://doi.org/10.1038/nmeth.2019
http://www.ncbi.nlm.nih.gov/pubmed/22743772
https://doi.org/10.1016/j.neuron.2012.09.025
https://doi.org/10.1016/j.neuron.2012.09.025
http://www.ncbi.nlm.nih.gov/pubmed/23040812
https://doi.org/10.1016/j.psyneuen.2010.07.003
http://www.ncbi.nlm.nih.gov/pubmed/20708845
https://doi.org/10.7554/eLife.56973

ELife Short report

Ecology | Neuroscience

Wade M, Hoffmann TJ, Jenkins JM. 2015. Gene-environment interaction between the oxytocin receptor (OXTR)
gene and parenting behaviour on children’s theory of mind. Social Cognitive and Affective Neuroscience 10:
1749-1757. DOI: https://doi.org/10.1093/scan/nsv064, PMID: 25977357

Wahlsten D. 1990. Insensitivity of the analysis of variance to heredity-environment interaction. Behavioral and
Brain Sciences 13:109-120. DOI: https://doi.org/10.1017/50140525X00077797

Wilson AJ, Coltman DW, Pemberton JM, Overall ADJ, Byrne KA, Kruuk LEB. 2004. Maternal genetic effects set
the potential for evolution in a free-living vertebrate population. Journal of Evolutionary Biology 18:405-414.
DOI: https://doi.org/10.1111/j.1420-9101.2004.00824 .x

Wilson AJ, Morrissey MB, Adams MJ, Walling CA, Guinness FE, Pemberton JM, Clutton-Brock TH, Kruuk LE.
2011. Indirect genetics effects and evolutionary constraint: an analysis of social dominance in red deer, Cervus
elaphus. Journal of Evolutionary Biology 24:772-783. DOI: https://doi.org/10.1111/j.1420-9101.2010.02212.x,
PMID: 21288272

Wolf JB, Brodie lii ED, Cheverud JM, Moore AJ, Wade MJ. 1998. Evolutionary consequences of indirect genetic
effects. Trends in Ecology & Evolution 13:64-69. DOI: https://doi.org/10.1016/S0169-5347(97)01233-0,

PMID: 21238202

Zebrafish Neuroscience Research Consortium, Kalueff AV, Gebhardt M, Stewart AM, Cachat JM, Brimmer M,
Chawla JS, Craddock C, Kyzar EJ, Roth A, Landsman S, Gaikwad S, Robinson K, Baatrup E, Tierney K,
Shamchuk A, Norton W, Miller N, Nicolson T, Braubach O, Gilman CP, et al. 2013. Towards a comprehensive
catalog of zebrafish behavior 1.0 and beyond. Zebrafish 10:70-86. DOI: https://doi.org/10.1089/zeb.2012.
0861, PMID: 23590400

Ribeiro et al. eLife 2020;9:e56973. DOI: https://doi.org/10.7554/eLife.56973 10 of 10


https://doi.org/10.1093/scan/nsv064
http://www.ncbi.nlm.nih.gov/pubmed/25977357
https://doi.org/10.1017/S0140525X00077797
https://doi.org/10.1111/j.1420-9101.2004.00824.x
https://doi.org/10.1111/j.1420-9101.2010.02212.x
http://www.ncbi.nlm.nih.gov/pubmed/21288272
https://doi.org/10.1016/S0169-5347(97)01233-0
http://www.ncbi.nlm.nih.gov/pubmed/21238202
https://doi.org/10.1089/zeb.2012.0861
https://doi.org/10.1089/zeb.2012.0861
http://www.ncbi.nlm.nih.gov/pubmed/23590400
https://doi.org/10.7554/eLife.56973

