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Using the clownfish model, this study examines how growth, feeding, and agonistic
behavior result in socially dominant or subordinate states in size- and age-matched
individuals of the clownfish, Amphiprion percula. The authors complement this work with
whole-body transcriptomics and find significant variation in genes and gene co-
expression modules related to growth and satiety-related pathways, as well as
ossification-related genes. They provide solid evidence that emerging dominants grow
more, eat more, and behave more aggressively than subordinate or solitary individuals;
these phenotypic differences are accompanied by distinct gene expression profiles,
including variation in growth- and satiety-related pathways. The work is valuable in
advancing our understanding of how the social environment regulates phenotypic
change; however, claims regarding the mechanistic role of gene expression are only
partially supported by the current analyses.
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Abstract
Central questions of animal behavior are how do individual phenotypes shape and how are
individual phenotypes shaped by dominance hierarchies. Using clownfish (Amphiprion percula) as
a model system, we investigated how individuals strategically modify their phenotype during
hierarchy formation. We tested the overarching hypothesis that interactions among size- and age-
matched rivals will lead to the emergence of social roles (dominant, subordinate, solitary),
accompanied by divergence in four aspects of individual phenotypes: growth, feeding behavior,
agonistic behaviors (aggression, submission), and gene expression. To test this, we created 30
replicates of juvenile clownfish, each comprising a size-matched pair housed together, and a
solitary size-matched individual housed separately. Our results show that an individual’s social
context shapes its growth trajectory through coordinated changes in feeding behavior, agonistic
behaviors, and gene expression. Individuals emerging as dominant within pairs grew twice as
much compared to those emerging as subordinates, while subordinate and solitary individuals
showed comparable growth. Initially, paired individuals consumed more food per capita than
solitary individuals, but this difference declined as size hierarchies became established. Agonistic
behaviors also decreased over time among paired individuals as size differences emerged.
Transcriptomic analyses revealed upregulation of conserved vertebrate growth pathways and
ossification related genes, and downregulation of satiety-associated genes, in dominant
individuals compared to subordinates and solitaries. Here we identify associations between
changes in gene expression, growth, and feeding behavior regulation that reinforce social role
differentiation during dominance hierarchy formation in clownfish. Our findings lay the
foundation for a broader framework to explore the mechanisms underpinning strategic growth in
social vertebrates.
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Introduction
Social groups, in which some individuals forgo their own reproduction and help others to
reproduce, are found in a wide variety of taxa (Rubenstein & Abbot, 2017     ). Within such social
groups, dominance hierarchies in which individuals adopt particular social positions, are
ubiquitous (Chase, 1982     ). Dominance hierarchies are determined by and subsequently
determine interactions among group members (Milewski et al., 2022     ). Such hierarchies are
commonly based on dominance and submission behaviors, where certain individuals of higher
social rank often hold power over and are aggressive toward submissive individuals in lower
social ranks (Tibbetts et al., 2022     ). While dominance hierarchies are often associated with
asymmetric aggression toward subordinates, the structure, the overall number of members, and
the number of rivals at any given social rank can vary within and among species (Drews, 1993     ).
Regardless of the exact nature of the hierarchy, dominant individuals typically enjoy priority
access to limited resources and can monopolize food, mates, and/or shelter, while subordinate
members may have to wait their turn or accept less desirable resources (Chase, 1982     ).

Being in a dominant position confers advantages leading to higher fitness, so selection is expected
to favor traits that support the acquisition of dominant positions. Social ranks, and thus the
acquisition of a dominant position, at the establishment of dominance hierarchy are
predominantly determined by costly (in terms of risk of injury, time, and energy invested)
antagonistic interactions (Chase et al., 2002     ; Tibbetts et al., 2022     ; Vieira & Peixoto, 2013     ).
During these interactions, phenotypic differences, such as fighting capacity, morphology, and
physiology, will largely determine winners and losers (Tibbetts et al., 2022     ). Winners tend to be
larger in size (López-Segoviano et al., 2018     ; Thornton et al., 2015     ; Wong et al., 2016     ), be
more aggressive (Hobson et al., 2021     ), while losers tend to be smaller in size (Buston, 2003     ;
Johnston et al., 2021     ), and submissive (Hobson et al., 2021     ; Tibbetts et al., 2022     ). Winners
and losers may also differ in their feeding behavior (Huchard et al., 2016     ; Wong et al., 2008     ).
These observations have generated a traditional view of dominance hierarchies where the
phenotypes of individuals determine their social position.

Once the initial conflict over social position is resolved, selection will favor individuals who adjust
their phenotypes in a way that maximizes the benefits in their new social position and minimizes
the costs of potential future conflicts. Indeed, empirical data suggest that most hierarchies are
somewhat stable over time (Gronenberg et al., 2008     ; Tibbetts et al., 2022     ), and this stability
can be attributed to phenotypic changes as members take on fixed social roles leading to distinctly
different phenotypes across social ranks. These distinct phenotypes are adjusted as individuals
ascend or descend within the hierarchy, thus social rank influences phenotypes of individuals. For
example, in naked mole-rats (Heterocephalus glaber), when the queen dies, non-breeding
subordinates often engage in violent competition for her role. Individuals that acquire the
dominant position will undergo rapid sexual maturation and growth, including elongation of the
lumbar vertebrae, to become the new queen; other individuals keep their subordinate positions,
and remain sexually immature and small (Johnston et al., 2021     ). This example highlights that
adjustment of phenotypes to fit social roles is favored, playing a crucial role in the maintenance of
dominance hierarchy stability. Nevertheless, processes where social rank drive the phenotype of
members within a dominance hierarchy are less well understood and often overlooked, as it can
be challenging to disentangle whether a phenotype of an individual is the cause or the
consequence of their social rank without long-term investigations of marked individuals (Milewski
et al., 2022     ).

Understanding the proximate mechanisms that facilitate phenotypic adjustments is key to
disentangling whether phenotypes are the cause or consequence of social rank, yet relatively few
studies have addressed this question. This is further complicated by the fact that, in social
vertebrates, phenotype (including gene expression) can both influence and be influenced by social
interactions, often through continuous feedback loops rather than a clear directional relationship.
Research in social mammals, such as the naked mole rats (Dengler-Crish & Catania, 2007     ), and
Damaraland mole rats (Johnston et al., 2021     ; Thorley et al., 2018     ) as well as in social fish
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(Maruska & Fernald, 2014     ; Renn et al., 2008     ), has shown that shifts in social rank are
accompanied by complex changes in hormonal and neural pathways, which lead to the observed
coordinated morphological shifts. In Damaraland and naked mole-rats, ascension to queen social
role involves changes in behavior in conjunction with rapid skeletal remodeling that occurs
without the need of pregnancy (Dengler-Crish & Catania, 2007     ). Hormonal profiling further
revealed that estrogens and androgens play nuanced, context-dependent roles in relation to an
individual’s social status (Johnston et al., 2021     ). In cichlids, transitions from subordinate to
dominant males are characterized by immediate early gene activation in the brain, followed by
changes in coloration, growth, and sexual maturation, alongside dynamic regulation of the stress
axis (Alward et al., 2020     ; Culbert et al., 2018     ; Hofmann & Fernald, 2000     ; Maruska & Fernald,
2014     ; Renn et al., 2008     ). Despite these insights, our understanding of proximate mechanisms
remains limited. Most studies, often conducted without relevant social context of an individual or
in species entirely lacking dominance hierarchies, have examined single pathways to uncover
variation in coloration (Salis et al., 2019     , 2021     ), appetite regulation (see review for teleosts:
Volkoff, 2019     ), behavior (Bender et al., 2006     ; Renn et al., 2008     ; Santema et al., 2013     ;
Solomon-Lane et al., 2022     ; see review for teleosts: St-Cyr & Aubin-Horth, 2009     ), and growth
(Beckman, 2011     ; Lu et al., 2020     ; see reviews for teleosts: Reinecke, 2010     ; Zhou et al.,
2024     ), leaving the broader molecular shifts associated with social role adoption unresolved.
Gene expression profiling offers a powerful approach to uncover coordinated changes in gene
expression across multiple pathways, providing insight into associations between the
development of social role-specific phenotypes and their underlying proximate mechanisms.

The clown anemonefish, Amphiprion percula, provides an ideal system to investigate both how an
individual’s phenotype influences its social rank and how its social rank influences its phenotype
during the formation and maintenance of dominance hierarchies. Its well-annotated genome
(Lehmann et al., 2019     ) enables transcriptomic analyses that can help characterize the molecular
patterns associated with these processes. Clown anemonefish live in close association with sea
anemones, with one social group per anemone. Each social group is composed of a breeding pair
and 0-4 non-breeders. Within each group, there is a size-based dominance hierarchy: the female is
largest (rank 1), the breeding male is second largest (rank 2), followed by non-breeders (rank 3-6)
(Buston, 2003     , 2004b     ; Buston & Cant, 2006     ). This size hierarchy represents a queue for
breeding positions: when the female of the group dies, the breeding male changes sex and
assumes the position vacated by the female, and in turn, the largest non-breeder ascends to the
breeding male role by growing and becoming sexually mature (Buston, 2003     , 2004a     ; Mitchell,
2005     ). Whenever a rank is vacated, the individual next in line ascends by growing and
modifying its phenotype to fulfill the new social role, triggering a cascade where all lower-ranked
individuals advance one rank up in a similar manner. Underlying this cascade is an
underappreciated aspect of this system (and likely many other systems) where phenotype
(including gene expression) influences the outcome of social interactions, and the outcome of
social interactions influences the phenotype (including gene expression). While some aspects of
clownfish social dynamics are well-understood, other phenotypic, physiological, and underlying
changes in gene expression associated with the formation and maintenance of the social hierarchy
of A. percula remain unexplored.

Here, our goal is to determine how phenotypes of size-matched and age-matched rivals change at
the initiation of size-based dominance hierarchies in clownfish. In other words, how members
adjust their phenotypes as they grow into their respective social roles as dominant and
subordinates, and how their ultimate gene expression patterns reflect these phenotypes. Given
that an individual’s social role is dependent on its social position (dominant, subordinate, solitary),
we tested the overarching hypothesis that interactions among size- and age-matched rivals will
lead to the emergence of social roles accompanied by divergence in four aspects of individual
phenotypes: growth, feeding behavior, agonistic behaviors, and gene expression (Fig. 1     ). We
predicted that paired size-matched rivals will grow faster than size-matched solitary individuals,
and that one of the pair will grow faster than the other, as they attempt to outgrow each other
(Desrochers et al., 2020     ; Huchard et al., 2016     ; Reed et al., 2019     ). In parallel, we predicted
that paired size-matched rivals will eat more than solitary individuals as they attempt to outgrow
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each other (Huchard et al., 2016     ). Within size-matched rival pairs, we also predicted that
agonistic behaviors (aggression, submission) will decline over time, as size differences emerge
(Wong et al., 2016     ). Finally, we predicted that individuals taking on dominant roles will show
upregulation of genes associated with ossification, growth, and appetite stimulation, consistent
with their enhanced growth trajectories (Lu et al., 2020     ; Volkoff, 2019     ; Zhou et al., 2024     ).

To test these predictions, we compared the four phenotypic aspects of juveniles housed as size-
matched pairs and size-matched solitary individuals. This experimental design allowed
individuals equal opportunity to attempt taking on the dominant social role, however, through
continuous social interactions (or in the case of solitaries, due to lack of social interactions),
individuals took on varying social roles as dominant and subordinate members. At the end of the
experiment, individual identities within pairs were verified using gene expression data or
microsatellite genotyping (see Supplementary Materials), and the larger individual in each pair
was denoted as pair rank 1 (P1), the smaller as pair rank 2 (P2), and solitary individuals as S (Fig.
1A     ). After excluding three replicates due to mortality, 27 replicates were used for downstream
analysis (N = 54 paired fish, N = 27 solitary fish). Given that all phenotypes are entirely dependent
on social context with no intrinsic baseline in this species, we arbitrarily chose P1 (dominant) as
the statistical reference group for all downstream analyses. Standard length measurements taken
at the beginning and end of the experiment were used to calculate growth over five weeks (Fig.
1A     ). Feeding behavior (Fig. 1B     ), and agonistic behaviors (aggression, submission; Fig. 1C     )
were measured weekly over five weeks, and whole-body gene expression was profiled after week
five in a subset of 15 replicates (n = 45 fish; 15 P1, 15 P2, 15 S; Fig. 1D     ) selected to represent
distinct growth trajectories across social roles. Our results show that an individual’s social context
shapes its growth trajectory through coordinated changes in feeding behavior, agonistic
behaviors, and gene expression: dominant individuals grow faster, eat more, exhibit more
aggression, and upregulate genes linked to growth and ossification while suppressing satiety
signals, compared to subordinate and solitary fish.

Results
Dominant individuals exhibit accelerated growth compared to
subordinates and solitaries
To test the prediction that paired size-matched rivals will grow faster than size-matched solitary
individuals, and one of the pair will grow faster than the other, as they attempt to outgrow each
other, standard length (SL) was measured at the beginning and end of the five-week experiment
(Fig. 1A     ). A generalized linear mixed model (GLMM) revealed a significant effect of time (DF = 1,
F-value = 159.794, p < 0.0001), social position of fish (DF = 2, F-value = 31.030, p < 0.0001), and their
interaction (DF = 2, F-value = 10.534, p < 0.0001) on fish size. At the beginning of the experiment
(t1), post-hoc Tukey tests revealed that there was no difference in the size of P1, P2, or S (all P >
0.05; Fig. 2A     ), consistent with the initial size-matching design. At the end of the experiment (t5),
P1 was significantly different from P2 and S (p < 0.001). Parameter estimates revealed that P1
individuals grew twice as much as P2 and S (Fig. 2A     .1). The model, including the fixed effects
(social position and time) and random effect (replicate ID), explained 65% of the variation in size
(R2c = .650, R2m = .527; Fig. 2A     ).

Higher food intake in paired rivals during periods of intense
conflict over size
To test the prediction that feeding behavior will be dependent on social position, and that paired
size-matched rivals will eat more than solitary individuals as they attempt to outgrow each other,
we quantified food intake. The number of bites of food taken by each fish following the first bite
was scored from videos, across five weekly timepoints (Fig. 1B     ). Due to time constraints, no
videos were recorded for solitary fish during week 1. All fish were provided equal quantities of
food, and paired individuals were separated during feeding to prevent interference. A divider was
also placed in solitary tanks during feeding as sham control. Given that P1 and P2 identities were
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Figure 1. Overview of experimental design and methods.
A) Schematic of the experimental design. Replicate groups of juvenile clownfish (Amphiprion percula) housed as size-matched
pairs (n = 30 pairs) and size-matched solitary individuals (n = 30 individuals). Standard length (SL) was measured at the
beginning and end of the five-week experiment, and individuals were denoted as dominant (P1), subordinate (P2), and
solitary (S) at the end of the experiment based on their emergent social positions. B) Feeding behavior scoring method for pairs
and solitary fish. During feeding, pairs were separated by a divider to prevent competition, divider was included in solitary
tanks as a sham control, and individuals were provided with equal amounts of pre-portioned food daily. Feeding behavior
was quantified weekly from video recordings by counting the number of bites taken by each fish over a 5-minute period
starting from the first bite. Initially, paired fish were denoted as P-max and P-min based on the total number of bites taken,
because individuals could not be reliably identified due to their similar size and lack of distinguishing markings. From week 3
onwards, bites taken were scored separately for dominant (P1) and subordinate (P2) fish, in pairs where fish could be reliably
identified based on clear size differences. C) Agonistic behavior scoring method for pairs. Agonistic behaviors (aggression,
submission) were quantified during a five-minute observation period from video recordings of paired interactions.
Aggression was quantified by the number of chases, headbutts, and bites, while submissive behavior included flees and
shakes. Initially, total aggression and submission were measured at the tank level, because fish were similar in size and
lacked distinguishing markings. From week 3 onward, agonistic behaviors were scored separately for dominant (P1) and
subordinate (P2) fish, in pairs where individuals could be reliably identified due to the emergence of clear size differences. In
the accompanying illustrations, the focal fish is shown in orange, with its partner depicted in black and white. D) Gene
expression profiling for pairs and solitary fish. At the end of the experiment (week 5), whole-body samples were collected from
a subset of individuals [n = 15 per social role: dominant (P1), subordinate (P2), solitary (S)]. To maximize detection of gene
expression patterns associated with social roles, replicates with the largest size differences between dominant and
subordinate fish were selected for transcriptomic profiling. The resulting RNA-seq data were used to compare molecular
signatures across emergent social roles. In all panels, the timeline at the top indicates when (week 1 – week 5) and how
(calipers, videos, tissue samples) data was collected.
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Figure 2.
A) Growth over time. Standard length (mm) of individuals of each social position (pair rank 1 = P1; pair rank 2 = P2; solitary =
S) over time with mean and standard error of mean (SEM). A.1) Overall growth (mm) over 5 weeks of each social position are
shown with mean (dashed lines) and SEM. B) Feeding behavior over time. Individual food intake, measured in number of
bites of size-matched pairs (P-max and P-min) vs solitary (S) individuals over time with mean and SEM. B.1) Food intake for a
subset of replicates in which dominant (P1), subordinate (P2), and solitary (S) individuals could be reliably identified due to
the emergence of clear size differences (week 3, n = 5; week 4, n = 17; week 5, n = 19), shown over time with mean ± SEM. C)
Agonistic behavior of pairs over time. Aggression (the total number of chases, bites, and headbutts) and submission
(based on the total number of flees and shakes) within pairs over time with mean and SEM. C.1) Aggression and C.2)
Submission for a subset of pairs in which dominant (P1) and subordinate (P2) individuals could be reliably identified based on
clear size differences (week 3, n = 5; week 4, n = 17; week 5, n = 19), shown over time with mean and SEM. Data points shown
jittered on all figures for visual aid, but collected at the same time.
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not initially distinguishable in videos, individuals were classified based on feeding behavior
within pairs as P-max (higher intake) or P-min (lower intake) while solitaries were denoted as S.
The best-fit GLMM revealed a significant effect of time (experimental week; DF = 4, F-value =
27.6042, p < 0.0001), social position (P-max, P-min, S; DF = 2, F-value = 58.3621, p < 0.0001), and
their interaction (DF = 7, F-value = 2.2745, p = 0.0288) on feeding behavior. Post-hoc pairwise
contrasts revealed that both P-max and P-min ate more than S early in the establishment of the
social hierarchy (weeks 1-3) (all p < 0.01); however, no significant difference was found between P-
min and S during weeks 4 and 5 (both p > 0.05; Fig. 2B     ). Significantly higher food intake was
found when comparing P-max and S during weeks 4 (p < 0.01), however, no significant difference
was found by week 5 (p > 0.05). Within pairs, contrasts revealed significant differences between P-
max and P-min throughout the experiment (all p < 0.05), except week 2 (p = 0.776). The model,
including the fixed effects (social position and time) and random effect (replicate ID), explained
55% of the variation in feeding behavior (R2c = .552, R2m = .445; Fig. 2B     ).

For a subset of replicates in which dominant (P1) and subordinate (P2) members could be
distinguished due to the emergence of clear size differences (week 3, n=5; week 4, n=17; week 5,
n=19; Fig. 2B     .1), we performed a complementary analysis using known social roles (P1, P2, S
rather than P-max, P-min, S) to test the prediction that feeding behavior will be dependent on
social position. In this subset, the best-fit GLMM revealed a significant effect of social position (P1,
P2, S; DF = 2, F-value = 29.706, p < 0.0001), but not time (weeks 3–5; p=0.104) on feeding behavior.
Post-hoc comparisons showed that P1 consistently ate more food than both P2 and solitaries (all p
< 0.0001) in these later weeks, while no significant differences were observed between P2 and
solitaries (p = 0.882). The model, including fixed effect of social position and random effect of
replicate ID, explained 63% of the variation in feeding behavior (R2c = .627, R2m = .233; Fig.
2B     .1).

Agonistic behaviors (aggression, submission) decline as social
roles stabilize
To test the prediction that in paired, size-matched rivals, agonistic behaviors will decline over time
as size differences emerge, we scored aggression and submission from weekly videos (Fig. 1C     ).
Aggression was quantified based on the sum of all bites, chases, and headbutts within pairs, while
submission was quantified by the total numbers of flees and shakes (Wong et al., 2013     , 2016     ).
Because individuals within pairs could not be reliably distinguished on video, scores reflect total
agonistic behavior per pair rather than per individual; however, aggression was typically only
displayed by one individual while submission was typically only displayed by the other.
Aggression and submission were not observed in solitary fish. The GLMM revealed that
experimental week was a significant predictor of total aggression (DF = 4, F-value = 16.073, p <
0.001). Post-hoc pairwise comparisons showed significant differences in total aggression among
most non-consecutive weeks (most p < 0.05), e.g., week 1 and 3, week 2 and 4, week 3 and 5
(Supplementary Table S3     ). Aggression within pairs declined over time (Fig. 2C     ). The model,
including the fixed effect (time) and random effect (replicate ID), explained 42% of the variation in
total aggression (R2c = .417, R2m = .306; Fig. 2C     ). Furthermore, the results showed experimental
week was a significant predictor of total submission (DF = 4, F-value = 18.055, p < 0.001). As with
aggression, Tukey’s post-hoc comparison showed significant differences in total submission among
most non-consecutive week comparisons (most p < 0.05; Supplementary Table S3     ). The model,
including the fixed effect (time) and random effect (replicate ID), explained 47% of the variation in
total submission (R2c = .476, R2m = .308; Fig. 2C     ).

For a subset of pairs in which dominant (P1) and subordinate (P2) members could be reliably
identified due to the emergence of clear size differences (week 3, n=5; week 4, n=17; week 5, n=19;
Fig. 2C     .1 & 2C     .2), we examined how aggression and submission varied with known social
roles (P1, P2). Using these distinctions, the best-fit GLMM showed that time (weeks 3–5; DF = 2, F-
value = 3.883, p = 0.02), social position (P1, P2; DF = 1, F-value = 43.478, p < 0.0001), and their
interaction (DF = 2, F-value = 7.455, p = 0.001) significantly predicted total aggression. Post-hoc
contrasts revealed a decrease in aggression over time for P1 individuals, with significant
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differences between weeks 3–4 (p = 0.0009) and 3–5 (p = 0.0001), but not 4–5 because aggression in
both weeks was close to zero (p = 0.477). No significant changes occurred for P2 fish whose
aggression in all weeks was close to zero (p > 0.05). This model explained 52% of variation in total
aggression (R²c = 0.522, R²m = 0.311; Fig. 2C     .2). Similarly, the best-fit GLMM for total submission
showed significant effects of time (weeks 3–5; DF = 2, F-value = 4.675, p = 0.012), social position (DF
= 1, F-value = 41.071, p < 0.0001), and their interaction (DF = 2, F-value = 7.374, p < 0.001). Post-hoc
contrasts indicated decreased submission over time for P2 individuals, with significant differences
between weeks 3–4 (p = 0.0004) and 3–5 (p < 0.0001), but not 4–5 because submission in both weeks
was close to zero (p = 0.526). No significant differences were found for P1 individuals whose
submission was always close to zero (p > 0.1). This model explained 48% of variation in total
submission (R²c = 0.486, R²m = 0.332; Fig. 2C     .3).

Social roles shape global gene expression patterns
To test the prediction that whole-body gene expression patterns will vary with social roles once
clear social positions have emerged (P1, P2 and S), we performed gene expression profiling on 45
individual fish (experimental groups containing paired individuals and corresponding solitaries;
N = 15 samples per social position; Fig. 1D     ). TagSeq libraries (Meyer et al., 2011     ) were
sequenced on NovaSeq 6000 (single end, 100 bp), yielding an average 8.2 million raw reads per
sample (Supplementary Table S1     ). After quality filtering, reads were mapped to the A. percula
genome (Lehmann et al., 2019     ), using STAR (Dobin et al., 2013     ), and gene-level counts were
generated with featureCounts. Genes with a mean count <10 were excluded from downstream
analysis. Differential gene expression analysis was performed using DESeq2 (Love et al., 2014     ),
with the model ∼ social position + genotype (clutch ID), and genes were considered differentially
expressed at an FDR adjusted p < 0.05. To assess global gene expression differences across social
positions, count data were rlog-transformed and used for principal component analysis (PCA)
based on Euclidean distances using the vegan package (Oksanen et al., 2017     ). PCAs were
performed on all genes, and the top 50%, top 10%, and top 5% of the most variable genes, all of
which showed consistent clustering across all pairwise PC comparisons (PC1 vs PC2; PC2 vs PC3;
PC1 vs PC3; Supplementary Fig. S3     ). Of all the examined PCAs, PC2 and PC3 with all genes
showed the clearest clustering by social position (p = 0.003), and revealed overall no significant
difference in gene expression between P2 and S individuals, with P1 individuals exhibiting more
distinct clustering (Fig. 3A     ; replicate-annotated version of Fig. 3A      in Supplementary Fig. S4     ;
for all other PCAs see Supplementary Fig. S3     ). Pairwise contrasts across social position further
confirmed no differentially expressed genes (DEGs) between P2 and S individuals (Fig. 3B     ;
Supplementary Fig. S5     ). A total of 96 DEGs were significantly upregulated in P2 individuals, and
390 DEGs were significantly upregulated in S individuals, when compared to P1. Eighty-four of
these upregulated DEGs were shared between P2 and S (Supplementary Table S4     ). A total of 37
DEGs were significantly downregulated in P2 individuals, and 130 DEGs in S individuals, when
compared to P1 individuals. A total of 25 downregulated DEGs were shared between P2 and S
individuals (Fig. 3B     ; Supplementary Table S4     ).

Gene co-expression networks associate expression patterns with
phenotypic traits
To test the prediction that global gene expression patterns will be correlated with observed
phenotypic changes in growth and feeding behavior while accounting for the individual’s social
position, a weighted gene co-expression network analysis (WGCNA; Langfelder & Horvath, 2008     )
was conducted on the rlog-transformed gene expression (GE) dataset. Unlike pairwise DEG
analysis, which treats genes independently, WGCNA identifies groups of co-expressed genes
(modules) and tests whether modules of eigengene expression are correlated with variation in
phenotypes of interest. For modules showing significant correlations with phenotypes, gene
ontology (GO) analyses were performed using Fisher’s exact tests to identify over-represented
pathways within each module. A total of 9 WGCNA modules were found (Supplementary Fig. S6     ;
only 8 modules are shown, as the 9th contained over 10,000 genes with no clear eigengene
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Figure 3. Overall gene expression profiles showed no significant differences between P2 and S, compared to
P1 individuals.

A) Principal Component Analysis (PCA) of all genes across social positions, accounting for clutch ID (genetic background),
with PERMANOVA results showing a significant effect of social position. Ellipses show the estimated confidence intervals from
a 95% multivariate t-distribution. B) Venn diagram illustrating differentially expressed genes (DEGs) from pairwise
comparisons of social positions (FDR-adjusted p-value of 0.05). Orange upward arrows and corresponding numbers
represent significantly upregulated DEGs in the first term, relative to the second, while blue downward arrows and numbers
indicate downregulated DEGs (Supplementary Table S4     ).

Genetics and Genomics | Ecology

https://doi.org/10.7554/eLife.109871.2
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://elifesciences.org/subjects/genetics-genomics
https://elifesciences.org/subjects/ecology


Vizer et al., 2026 eLife 15:RP109871.  https://doi.org/10.7554/eLife.109871.2 10 of 65

expression pattern and was therefore excluded). Of the remaining modules, four (brown, blue,
red, black) showed significant associations with the phenotypes of interest and were explored by
GO analyses (Supplementary Fig. S7     ).

Growth related genes are upregulated in dominant individuals
The brown module identified via WGCNA showed strong positive correlations with body size
(Supplementary Fig. S6     ). Subsequent GO enrichment analysis revealed enrichment for biological
process (BP) and molecular function (MF) GO terms associated with development, ossification,
morphogenesis, and cytoskeletal regulation (Fig. 4     ). From the genes associated with these GO
terms, a total of 38 genes were significantly upregulated in P1 individuals compared to P2 and S
fish (FDR p ≤ 0.05; Fig. 5A     ). These included extracellular matrix and bone development genes
(col1a2, col6a1, mmp14b, plod2, loxa), signaling factors (bmp4, tgfb1a, tgfb3, fstl1b), and regulators
of muscle and cytoskeletal function (myh7ba, tpm1, actn2b, mstna, smo, among others; Fig. 5B     ).

Dominant social role is associated with suppression of satiety
signals and altered metabolic pathway activity
While the red WGCNA module was positively associated with appetite-related gene expression, we
found no strong enrichment of appetite and metabolism related GO terms (Supplementary Fig.
S7     ). To further examine differences in appetite and metabolism across social roles, we analyzed
genes known to play a role in these processes identified in the sister species Amphiprion ocellaris
(Herrera et al., 2025     ). High-confidence A. percula orthologs were identified using a reciprocal
BLAST+ approach (Camacho et al., 2009     ) (Supplementary Table S2     ) and matched to our whole-
body expression dataset. We found a set of genes controlling appetite (ghrl, insra, irs2a, irs2b,
adycap1b, cckb) to be significantly downregulated in P1 individuals compared to P2 and S (FDR p ≤
0.01; Fig. 6     ). Similarly, genes that control energy metabolism via TCA cycle (mdh1aa, suclg1,
suclg2, sdha, ogdhb, ogdhl), and glycolysis (gapdhb, aldob, tpi1a, eno2b) were also significantly
downregulated in P1 individuals compared P2 and S individuals (Fig. 6     ).

Discussion
Here we show that in paired, size-matched rivals, individual growth trajectories are associated
with coordinated changes in feeding behavior, agonistic behaviors, and underlying gene
expression, leading to the emergence of clear social roles. We found that the individual ultimately
emerging as P1 (dominant) grew significantly more compared to individuals taking on the P2
(subordinate) role. Moreover, S (solitary) individuals showed similar growth to P2 fish (Fig. 2A     ).
To facilitate this differential growth dependent on social position, we have shown that early in the
experiment both paired individuals, P-max and P-min, ate more per capita compared to S
individuals (Fig. 2B     ). Later in the experiment, as size differences within pairs emerged, P1 ate
more than either P2 or S (Fig. 2B     .1). In conjunction with increased food intake in pairs, we have
also shown that agonistic behaviors within pairs were significantly higher at the beginning of the
experiment compared to the end of the experiment, once size differences were established (Fig.
2C     ). Furthermore, aggressive behaviors were displayed by the dominant members of pairs
while submissive behaviors were shown by subordinate fish (Fig. 2C     .1 & 2C     .2). These findings
show that coordinated changes in growth, feeding behavior, and agonistic behaviors reinforce
phenotypes that match each individual’s social role. Interestingly, in 25% of the 27 replicates, the
initially smaller fish ultimately emerged as the dominant member, demonstrating that winners
and losers were determined during early social interactions rather than being fully predetermined
by initial size differences. These behavioral and morphological shifts were mirrored at the
molecular level. P1 individuals showed significantly different gene expression profiles compared
to P2 and S individuals with P1 individuals upregulating genes linked to ossification (e.g., collagen,
myoglobin, bmp, and sost) relative to P2 and S fish (Fig. 5     ). Likewise, genes that promote satiety
signals (e.g., cholecystokinin (CCK), adycap1b) were downregulated in P1 relative to P2 and S,
consistent with their heightened appetite, suggesting appetite suppression in P2 and S individuals
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Figure 4. Gene ontology (GO) enrichment of the brown module associated with growth and ossification.

An exhaustive list of GO enrichment results for genes assigned to the brown WGCNA module (Fig. 5     ). Bubble size reflects
numbers of genes associated with each term, color indicates GO category. Terms are ordered by adjusted p-value
significance on the x-axis (–log₁₀ scale), with more significant terms on the right.
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Figure 5. P1 individuals showed upregulation of genes associated with growth and ossification.
A) Average eigengene values across social positions for the brown module. B) Heatmap of significant DEGs (FDR p-value ≤
0.05) of growth and ossification genes in the brown Biological Process (BP) and Molecular Function (MF) GO terms across the
three social positions. Samples are grouped a priori by social position (dominant, P1; subordinate, P2; solitary, S) and ordered
within each group by column dendrograms reflecting expression similarity within social positions. The row dendrograms
show relatedness among genes based on expression profile similarity across all samples. Genes that are significantly
differentially expressed between individuals of P1 vs P2 are denoted with an asterisk (*), those between P1 vs S with a double
asterisk (**), and three asterisks (***) represent both comparisons. Genes shown in bold and italics indicate significance at
an FDR adjusted p-value < 0.1.
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Figure 6. P1 individuals showed downregulation of metabolic and appetite suppression genes.
Heatmap of significantly differentially expressed genes (DEGs) (FDR p-value ≤ 0.01) of genes associated with appetite
regulation (APT), Krebs cycle (TCA), and glycolysis (GLY) pathways across the three social positions indicating genetic
background of individuals (clutch ID). Samples (columns) are grouped a priori by social position (dominant, P1; subordinate,
P2; solitary, S) and ordered within each group by the column dendrogram, which reflects expression similarity among
samples within each social position. Genes (rows) are grouped a priori by pathway (APT, TCA, or GLY), and within each
pathway group, the row dendrogram reflects relatedness among genes based on expression profile similarity across all
samples. Genes that are significantly differentially expressed between individuals of P1 vs P2 are denoted with an asterisk (*),
those between P1 vs S with a double asterisk (**), and three asterisks (***) represent both comparisons. Genes shown in
bold and italics indicate significance at an FDR adjusted p-value < 0.1.
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(Fig. 6     ). Additionally, metabolic pathway genes involved in the TCA cycle (ogdhl, ogdhb, sdha,
mdh1aa) and glycolysis (tpi1a, eno2b, gapdhb, aldob) were more active in P2 and S fish compared
to P1 (Fig. 6     ), suggesting different energy utilization strategies.

Our findings on growth across social positions are broadly consistent with previous research,
showing that size-matched rivals exhibit divergent growth trajectories based on their ultimate
social rank. P1 individuals grew significantly more than P2 (mean ± SD: 4.32 ± 2.34 mm vs. 1.89 ±
1.60 mm), consistent with earlier studies in clownfish (Desrochers et al., 2020     ; Reed et al.,
2019     ) and other social vertebrates such as meerkats (Huchard et al., 2016     ). Desrochers et al.
(2020)      also observed that P1 individuals grew 5.0 mm on average, compared to 3.1 mm for P2s
and 1.6 mm for solitary fish, in a similar time frame. Consistent with previous findings, our P1
individuals exhibited significantly greater growth (4.32 ± 2.34 mm) than P2 individuals (1.89 ± 1.60
mm) or S individuals (2.41 ± 1.55 mm). In contrast to previous findings, we did not detect a
difference between P2 (1.89 ± 1.60 mm) and S individuals (2.41 ± 1.55 mm). This contrast is likely
due to improved experimental conditions in our study, particularly by the inclusion of host
anemones, which seemed to improve the growth and condition of solitary individuals relative to
previous experiments (Desrochers et al., 2020     ; Reed et al., 2019     ; Rueger et al., 2022     ).

Furthermore, this is amongst the first studies where the adjustment of feeding behavior across
social positions has been quantified in clownfish. Despite equal food availability provided to all
individuals, we show that feeding behavior differed significantly across social ranks, with
individuals adjusting their food intake in accordance with their social roles. Similar socially
mediated regulation of food intake has been reported in Kalahari meerkats (Huchard et al.,
2016     ) and emerald coral goby (Wong et al., 2008     ). Meerkat size-matched rivals closely
monitor each other’s food intake and modulate their own in an attempt to match growth and body
size (Huchard et al., 2016     ), while emerald coral goby subordinates have been shown to “diet” as
they near their immediate dominant’s size, to avoid conflict (Wong et al., 2008     ). Our findings
suggest a comparable mechanism in clownfish, wherein feeding behavior is fine-tuned to
emerging social roles. Additionally, here we quantified aggression and submission within pairs
during the establishment of the dominance hierarchy, revealing peak agonistic interactions during
the first two weeks of the experiment. This is consistent with other evidence showing that conflict
intensity increases as size differences between individuals decrease, with the highest level of
conflict observed between size-matched rivals (Bender et al., 2005     ; Wong et al., 2016     ). Within
pairs, we show that conflict over size is resolved by taking on differing social roles via the
adjustment of growth trajectories, feeding behavior, and agonistic behaviors. Indeed week 3
onward, when pair members could be reliably identified, dominant individuals consistently
consumed more food and displayed aggressive behaviors, while subordinates ate less and
exhibited submissive behaviors, clearly reflecting the emergence of two distinct social roles. While
we cannot be certain, it is highly likely that these differences were present during the earlier
weeks as well. Likely, winners and losers emerge soon after their initial interactions (Milewski et
al., 2022     ; Wong et al., 2016     ), allowing members of the social group to adjust their social role
while progressing into their social position.

In vertebrates, growth is regulated by four major signaling pathways: the Growth Hormone
(GH)/IGF pathway, the insulin/PI3K-AKT pathway, the mTOR pathway, and the Hippo pathway
(Fuentes et al., 2013     ; Glass, 2003     ). Together, these pathways coordinate cellular processes that
promote overall growth and ossification. Their downstream effects are reflected in several
functional gene categories, including those involved in ossification, bone matrix formation and
structure, muscle development and contraction, and other structural regulators (Valenti et al.,
2020     ). P1 individuals exhibited significantly greater growth than P2 and S fish, which was
accompanied by coordinated upregulation of genes involved in skeletal and muscular
development. This growth phenotype appears to be regulated via conserved vertebrate hormonal
pathways. We found genes associated with the GH/IGF axis, including igsbp3, a proliferation-
promoting member of the IGF-binding protein family (Zheng et al., 2024     ), and mstna and mstnb,
negative regulators of muscle growth (Lee & McPherron, 2001     ), upregulated in P1 individuals,
consistent with a growth-promoting state. For the insulin/ PI3K-AKT pathway we showed
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significant upregulation of insulin receptor genes (e.g., insra, irs2a, irs2b) and several structural
and cytoskeletal genes known to be downstream targets of PI3K-AKT signaling (cap2, tln1, actn2b)
(Glass, 2010     ). The mTOR pathway, which drives protein synthesis and cellular hypertrophy
(Schiaffino et al., 2013     ), was also found to be activated as P1 individuals showed upregulation
for muscle contractile genes (myh7ba, myl1, mylpfa, tpm1, tpm2) and cytoskeletal regulators
(diaph1, fmnl3) (Gunning et al., 2008     ). Additionally, increased expression of smo, a Hedgehog
pathway gene that interacts with Hippo signaling, points to active control of tissue growth
boundaries (Kodaka & Hata, 2015     ). These four pathways appear to stimulate structural and
matrix-related genes: P1 fish upregulated bone matrix collagens (col1a2, col6a1, col6a2), matrix
remodeling enzymes (mmp14b, plod2, loxa), and morphogenetic regulators (bmp4, tgfb1a, tgfb3,
fstl1b), all contributing to bone growth and extracellular matrix turnover (Gistelinck et al., 2016     ;
van Boxtel et al., 2011     ). A key mineralization gene, ssp1, was also upregulated in P1 fish,
supporting the activation of osteogenic pathways (Windhausen et al., 2015     ). In contrast, P2 and S
individuals showed consistent downregulation of these genes and pathways, aligning with their
reduced growth. These results provide a broad framework for understanding the molecular
mechanisms of strategic growth in other social vertebrates. Pathways underlying skeletal and
muscular morphogenesis are highly conserved between mammals and fish (Howe et al., 2013     ;
Valenti et al., 2020     ), suggesting that similar molecular mechanisms may underlie skeletal
remodeling during rank transitions of meerkats and mole-rats. Nonetheless, some differences in
these pathways are expected, particularly the capacity for bone regeneration, which is present in
fish but absent in mammals (Pfefferli & Jaźwińska, 2015     ).

In our study, P1 individuals showed increased food intake compared to P2 individuals. To explore
underlying GE differences, we examined genes known to be associated with appetite regulation
and metabolism in A. ocellaris (Herrera et al., 2025     ), and found downregulation of these genes in
P1 individuals compared to P2 and S. As time since last meal can strongly alter GE profiles, all fish
were fed ∼14 hours before euthanasia; however, residual pellets may have remained, making the
exact time of last ingestion uncertain. To assess whether differences in appetite-related gene
expression could underlie the distinct feeding behaviors associated with dominant and
subordinate roles, we explored appetite suppressor genes (e.g.: cholecystokinin (CCK), cocaine-
and amphetamine-regulated transcript (CART), leptin (leptin), peptide YY (PYY), and oxytocin
(OXT)) that usually rise after feeding, as well as appetite stimulators (e.g.: ghrelin (ghrl), agouti-
related neuropeptide (AGRP), neuropeptide Y (NPY), and hypocretin neuropeptide precursor
(HCRT)), that typically increase during fasting to promote feeding behavior (Volkoff, 2019     ). We
found two appetite suppressor genes, CCK and adycap1b, to be significantly downregulated in P1
individuals. CCK functions as a short-term satiety signal, increasing after feeding and decreasing
during fasting in goldfish (Thavanathan & Volkoff, 2006     ). Similarly, adycap1b, a homolog of
PACAP2, has been shown to suppress food intake in zebrafish (Nakamachi et al., 2019     ). Of the
appetite stimulator genes, we observed downregulation of ghrl in P1 individuals compared to P2
and S. Ghrelin is traditionally classified as an appetite stimulator, typically increasing during
fasting to promote feeding (Assan et al., 2021     ; Soengas, 2021     ). However, in teleosts, ghrelin
can also act as a short-term satiety signal (Volkoff, 2019     ). The observed concurrent
downregulation of CCK, adycap1b and ghrl of P1 individuals points towards a reduced need to
suppress feeding, providing a potential mechanistic explanation for higher food intake in
dominant fish, which reinforces their social role. A similar pattern has been observed in
domesticated chickens, where rapid growth is associated with increased appetite, which is
facilitated via the decreased expression of CCK, leading to an altered satiety signal (Dunn et al.,
2013     ). Molecular signals indicative of appetite suppression were likely even more pronounced
earlier in the experiment (e.g., at week 2), when we showed increased food intake coinciding with
intense conflict over size.

Another way of thinking about these results, since all of the gene expression measures are relative
and there is no intrinsic baseline in this species, is to take the perspective of P2 individuals: P2
individuals exhibited lower food intake and upregulation of appetite-related genes associated with
satiety. Upregulation of appetite suppressor genes (CCK and adycap1b) may reflect a physiological
drive to suppress appetite. This pattern is consistent with the observed subordinate strategy of
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reduced food intake, providing a molecular basis for social position driven behavioral restraint.
Indeed, at the molecular level this reduced food intake might parallel the “dieting” behavior
observed in emerald coral goby subordinates, a strategy thought to limit growth and reduce
conflict with immediate dominants (Wong et al., 2008     ). However, this behavioral strategy in the
context of dominance hierarchies has not been demonstrated at the molecular level. Ghrl was also
significantly upregulated in P2 individuals, despite their lower food intake. In rainbow trout, it has
been shown that ghrelin-treated individuals exhibited reduced appetite, ultimately leading to a
ghrelin-induced decrease in growth (Jönsson et al., 2010     ). Interestingly, increased ghrelin
expression was also shown to be associated with increased locomotion both in goldfish and
zebrafish (Matsuda et al., 2006     ; Navarro-Guillén et al., 2019     ). Given that P2 fish tend to be
subjected to aggressive behaviors in the form of chases, increased ghrl levels may support the
need for increased movement.

From a metabolic perspective, P1 individuals also exhibited downregulation of genes involved
with aerobic metabolism (TCA cycle; ogdhl, ogdhb, sdha, mdh1aa genes) and anaerobic glycolysis
(tpi1a, eno2b, gapdhb, aldob genes). This pattern is somewhat contradictory to previous findings
(Lu et al., 2020     ; Roux et al., 2023     ; Yin et al., 2023     ), and unexpected given the increased
growth observed in P1 individuals, a process that is energetically costly and dependent on ATP
production. Some parallels can be drawn with freshwater cavefish, where fast-growing
individuals also showed downregulation of some key glycolysis genes (aldob, eno2) compared to
slow-growing counterparts (Yin et al., 2023     ), however, they found other glycolysis genes (e.g.:agl,
pfkm, gapdh, bpgm) to be upregulated in fast-growing fish suggesting a more nuanced regulation.
It is possible that P1 individuals rely on glycolysis under conditions of high food availability to
facilitate growth, but we failed to detect such signals as they are likely tissue specific and were not
detectable via our whole-body RNA-seq approach. P1 individuals also showed downregulated
insulin receptor genes (insra, irs2a, irs2b), which regulate glucose uptake and energy balance post-
feeding (Sheridan, 2021     ). This pattern may be consistent with a shift toward fatty-acid β-
oxidation metabolism, which yields substantially more ATP than glycolysis (Darvey, 1998     ) and
could support increased growth. However, we did not find any upregulated β-oxidation related
DEGs in P1 fish. The appetite and metabolic profiles of P1 individuals characterized by the
downregulation of appetite suppressors along with suppressed expression of both aerobic TCA
cycle and anaerobic glycolytic genes, is somewhat contradictory. It is likely that P1 individuals are
meeting their energy demands efficiently via increased food intake and allocating energy towards
growth, although the precise pathways remain unresolved in our data.

In contrast, P2 fish showed significant upregulation of both aerobic TCA cycle genes and anaerobic
glycolysis genes, as well as upregulation of insulin receptor genes. The pronounced upregulation
of appetite-suppressing genes, alongside the elevated ghrelin expression, suggests that P2
individuals may be experiencing an energy deficit, likely due to reduced food intake and increased
locomotory activity. Correspondingly, while it is somewhat contradictory, the upregulation of both
aerobic (TCA cycle) and anaerobic (glycolysis) metabolic genes suggests a physiological response to
meet energy demands during “dieting” behaviors. Finally, S individuals maintained a stable
appetite but showed an analogous gene expression profile of appetite and metabolic genes to P2
individuals. This may be linked to the stress of social isolation, which in larval zebrafish has been
shown to alter feeding behavior and suppress food intake (Wee et al., 2022     ). Although many
well-known appetite-regulating genes and metabolic pathway genes were not differentially
expressed, the overall expression patterns suggest that individuals modulate their molecular
phenotypes to reinforce their social roles as dominant, subordinate, and solitary members.

A striking finding of our study was the similarity in growth trajectories, feeding behavior, and
overall gene expression profiles between subordinate (P2) and solitary (S) individuals. Although
solitary individuals had the opportunity to assume the dominant (P1) role in their tanks, they
instead adopted subordinate-like characteristics, indicating that social context, not opportunity
alone, drives social role expression. Similar patterns have been anecdotally observed in the wild,
where juvenile clownfish remained small for extended periods (over four months) following the
loss of a dominant partner, only initiating changes in social role towards dominant characteristics
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upon the arrival of a new group member (personal observations of 8+ instances during two long-
term independent studies by Pete Buston and Lili Vizer). It’s almost as if these fish are remaining
dormant, until their future social position becomes clear. Comparable results have been reported
in Damaraland mole rats, where subordinate helpers and solitaries were indistinguishable both
on a morphological and on a gene expression level (Johnston et al., 2021     ; Thorley et al. 2018     )
and therefore were treated as one group of non-breeders for downstream analysis. This approach,
however, overlooks the differing social contexts these individuals experience. Other studies in
cichlids (Hesse & Thünken, 2014     ), zebrafish (Wee et al., 2022     ), and mice (Benfato et al.,
2022     ) have shown that social isolation often results in decreased growth, increased corticoid
levels, altered appetite, and behavioral changes. However, none of these studies considered
changes associated with social isolation in the ecological context of social behavior and dominance
hierarchies. Our results suggest that the presence of a social partner is essential for the
establishment of social roles, likely because progression through the social hierarchy involves
irreversible transitions in social roles (Buston, 2003     , 2004b     ), a pattern also true for
Damaraland mole rats (Johnston et al., 2021     ). Consequently, social role differentiation appears
to require mutual recognition and reinforcement within a group context.

We have used clownfish (Amphiprion percula) as a model system to investigate the role of
phenotypic plasticity during the establishment of dominance hierarchy. We showed that an
individual’s social context shapes its growth trajectory through coordinated changes in behaviors
and underlying gene expression, with dominant members strategically upregulating their growth,
while subordinates and solitaries strategically downregulating their growth. This study lays the
foundation for a broader framework to explore the mechanisms underpinning strategic growth in
social vertebrates. Future research should focus on characterizing periods of strategic
upregulation and downregulation of growth dependent on social context, with particular
emphasis on gene expression signatures. In our current study, individuals within pairs were
ultimately progressing towards rank 1 dominant female and rank 2 subordinate male roles. In
other species known to exhibit strategic growth, such as cichlids (Maruska & Fernald, 2014     ; Renn
et al., 2008     ), meerkats (Huchard et al., 2016     ; Russell et al., 2004     ), and mole rats (Dengler-
Crish & Catania, 2007     ; Johnston et al., 2021     ; Thorley et al., 2018     ) strategic upregulation of
growth cannot be disentangled from sexual maturation, due to the nature of their dominance
hierarchy. However, clownfish offers an ideal system to disentangle growth-related transcriptional
profiles from those associated with sexual maturation, as subordinate individuals of rank 3-6
exhibit strategic growth, without signs of sexual maturation (Buston, 2003     ; Buston & Clutton-
Brock, 2022     ; Reed et al., 2019     ).

In this study, we used whole-body transcriptomics, which revealed overarching expression
patterns, however, we acknowledge that this approach limited our ability to detect finer-scale
signals. Obviously, this approach cannot resolve tissue-specific gene expression changes (Lu et al.,
2020     ; Roux et al., 2023     ; Yin et al., 2023     ) which are critical for a complete understanding
social role differentiation, such as adjustments of behavior, appetite, and growth (a list we
consider non-exhaustive). To disentangle gene expression signatures associated with socially
induced phenotypes such as the strategic up- and downregulation of growth, future studies should
include sampling points aligned with the onset of these physiological shifts. Moreover, to
understand underlying pathways involved, tissue specific transcriptomics will be essential.
Sampling multiple tissues across multiple time points would disentangle nuanced regulatory
processes underlying coordinate functional shifts leading to different social phenotypes of
strategic growth. These include appetite regulation (orexigenic and anorexigenic signaling),
metabolic pathways (e.g., glycolysis, lactic fermentation, TCA cycle, fatty acid β-oxidation), growth-
regulating pathways (GH/IGF, insulin/PI3K-AKT, mTOR, and Hippo), and potential molecular
signatures to varying levels of social stress. Additionally, while laboratory studies can provide
controlled environments, complementary field-based studies will be crucial to validate laboratory
results. Once candidate hormonal or molecular pathways are identified, their functional roles
could be experimentally confirmed through targeted hormonal or CRISPR manipulation (Mitchell
et al., 2021     ). Together, these approaches provide a powerful framework for uncovering the
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dynamic, context-dependent mechanisms that regulate strategic growth and coordinated changes
associated with the establishment and maintenance of dominance hierarchies in social
vertebrates.

Methods
Adult Broodstock
We conducted these experiments at Boston University (Boston, MA, USA) during the summer of
2022. All fish used in these experiments were reared from broodstock that were wild-caught as
non-breeders (less than 30 mm in standard length) in Papua New Guinea and supplied by Quality
Marine and Sea Dwelling Creatures. The removal of non-breeders is considered a sustainable
practice because they do not directly influence the survival, growth, or reproduction of the
breeders (Buston, 2004a     ). Laboratory adult broodstock were housed as sixty pairs each in their
own 120 L tanks with sand bottom and Entacmaea quadricolor anemone habitat on rocks over a
15×15 cm ceramic tile. A detailed description of broodstock housing conditions can be found
elsewhere (Pacaro et al., 2023     ; Schlatter et al., 2022     ).

Experimental Juveniles
To obtain experimental juveniles, egg clutches of adult broodstock were monitored daily until day
8, when they were moved to closed saltwater larval rearing tanks (20 L). To stimulate hatching, egg
clutches were gently aerated using an air stone placed directly below the clutch. Multiple egg
clutches hatched simultaneously, and the larvae were reared to 30 days of age in their respective
tanks. During rearing, a daily water change of 10 L was conducted, and abiotic conditions of pH
8.1 ± 0.1, temperature 26 ± 1° C and salinity 35 ± 2 ppt were maintained. Hatched larvae were fed
rotifers (Brachionus rotundiformis) (15 rotifers ml-1) in water tinted with Nannochloropsis algae
paste (Rotigreen Nanno, Reed Mariculture, USA) between days 0-8. From day 4 until 14,
decapsulated Artemia salina nauplii (3 Artemia ml-1) were fed. From days 4 to 8, both rotifers and
Artemia were fed simultaneously to allow the larvae to gradually adjust to the transition between
food sources. Once the fish reached 14 days of age, TDO-B1 Chroma BOOST Granule (Reef
Nutrition) fish pellets were fed in addition to Artemia. Food pellets are composed of 49% crude
protein, 13% crude fat, 9.7% carbohydrates. Juvenile fish were reared to 30 days of age, after
which individuals were photographed, measured, and moved to experimental housings. All fish
used in this experiment were sexually immature juveniles (one-month-old at the beginning, two-
month-old at the end), as clown anemonefish reach sexual maturity between the ages of one and
two years old. Also, under ideal conditions, individuals can remain sexually immature for a
decade or more (Buston 2004b     ; Buston & García, 2007     ). Therefore, in this study, the
emergence of social roles and associated phenotypes do not reflect changes associated with sexual
maturation.

Experimental Housing
Experimental fish were housed in 3.5 L breeder boxes with a sea anemone (Entacmaea
quadricolor), with a mean anemone surface area of 16.263 cm2 ± 1.739. Breeder boxes were
submerged in 120 L tanks, which were part of a re-circulating saltwater aquarium system. Flow
through each 120 L tank was approximately 9 L h -1 ± 0.5 L. Abiotic conditions were monitored
regularly and maintained as constant as possible. pH (8.35 ± 0.45), temperature (26.7 ± 1.2°C) and
salinity (34.5 ± 1.5 ppt) were monitored daily by GHL profilux system and ammonia (0 ppm),
nitrite (0 ppm), and nitrate (0 ppm) were monitored weekly (API test kits, Mars Fishcare, North
America). Lighting was provided by two T5 bulbs per tank—one actinic blue and one aquablue
special (ATI North America)—delivering approximately 50 PAR. The light cycle was maintained at
12 hours light and 12 hours dark (12 h L: 12 h D). The life support system included a biomedia bed
for biological filtration and a UV sterilizer for disinfection.
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Experimental Set-Up
We tested the overarching hypothesis that interactions among size- and age-matched rivals will
lead to the emergence of social roles accompanied by divergence in four aspects of individual
phenotypes. This experimental design allowed individuals equal opportunity to attempt taking on
the dominant social role, however, through continuous social interactions (or in the case of
solitaries, due to the lack of it), individuals took on varying social roles as dominant and
subordinate members. A total of 90 juveniles, 30 from each of three clutches, were used. Using
these juveniles, we created 30 replicates with an unrelated size-matched pair housed in one
breeder box (n = 30 pairs; n = 60 individuals) and a solitary individual housed in another breeder
box (n = 30 individuals). At the end of the experiment, individual identities within pairs were
verified using either gene expression data or microsatellite genotyping (see Supplementary
Materials). This step was necessary to avoid assumptions regarding social roles and fish identity.
At the beginning of the experiment, individuals within pairs were provisionally assigned a social
rank based on initial body size; as size differences were negligible (often less than 0.1mm), the
initially larger individual does not necessarily emerge as the dominant (P1). To correct this
assumption, identities were verified at the end of the experiment using either microsatellite
genotyping or SNPs called from TagSeq data, depending on whether individuals were included in
the gene expression dataset (see Supplementary Materials). The larger individual in each pair was
classified as pair rank 1 (P1), the smaller as pair rank 2 (P2), and solitary individuals were denoted
as S.

Body Size
To measure juvenile size, fish were photographed in a Petri dish marked with grid paper under a
dissecting microscope. These photos were used to measure standard length (SL) of juveniles to 0.01
mm using ImageJ (Schneider et al., 2012     ). Once measured, we size-matched pairs and solitary
individuals as closely as possible: average size difference between individuals within these trios
was 0.66 ± 0.21mm, which is 0.08% of their average standard length.

Feeding Behavior and Agonistic Behaviors
To measure juvenile behavior, we used cameras (Olympus Stylus Tough TG-Tracker Action
camera) to record each pair and each solitary for 15 minutes, once per week, for five weeks. Note
that there were no video recordings made of tanks with solitaries during the first week due to time
constraints during experimental setup.

To measure feeding behavior, we introduced a divider to separate paired individuals prior to
feeding, which prevented them from interacting with each other, and we introduced a divider to
solitary individuals as a sham control. Then each fish was fed an identical portion of food. We
scored feeding behavior — total number of bites of food taken — for 5 minutes after the first bite
of food was taken, in both paired and solitary individuals. During the first two experimental
weeks, P1 and P2 could not be distinguished in videos because of their similar sizes and lack of
distinguishing markings. Therefore, we identified the individual who consumed more food in a
given video as P-max and the one who consumed less as P-min, and we maintained this
designation throughout the experiment unless members of a pair could be reliably distinguished.
From week 3 onward, members of a subset of pairs could be reliably distinguished due to the
emergence of clear size differences (week 3, n=5 pairs; week 4, n=17 pairs; week 5, n=19 pairs),
allowing us to score food intake separately for dominant (P1) and subordinate (P2) fish.

To measure aggression and submission in paired individuals, we scored agonistic behaviors for 5
minutes after 1 minute of acclimatization (no divider present). We scored aggression based on the
sum of all bites, chases, and headbutts between pairs (Wong et al., 2013     , 2016     ). Flees and
shakes between individuals were recorded to measure submissiveness between pairs (Wong et al.,
2013     , 2016     ). Because P1 and P2 could not be distinguished in videos during the first two
experimental weeks, we quantified aggression as a total aggression score and submission as a total
submission score for the pair, and we maintained this assignment throughout the experiment
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unless members of a pair could be reliably distinguished. However, aggression was typically
displayed by only one member of the pair. From week 3 onward, members of a subset of pairs
could be reliably distinguished due to the emergence of clear size differences (week 3, n = 5 pairs;
week 4, n = 17 pairs; week 5, n = 19 pairs), allowing us to score aggression and submission
separately for dominant (P1) and subordinate (P2) fish. Aggression and submission were not
scored for solitary individuals.

RNA Isolation and Sequencing
Following the experiment described above, all fish were preserved for gene expression profiling.
At the time of euthanasia, all fish had not been fed for over 14 hours, ensuring consistency for
downstream analysis. Before preservation, all fish (n=90) were individually cold-anesthetized
according to protocols previously used in the lab (Maytin et al., 2018     ) after which whole fish
tissue samples were immediately preserved in 200 proof ethanol. Following preservation, 15
replicates were chosen for subsequent gene expression profiling based on preliminary results
indicating that growth varied consistently with social position. To maximize our ability to detect
underlying gene expression patterns contributing to the expected growth signature (P1 > P2 = S),
15 replicates that exhibited the greatest size difference between P1 and P2 were selected for gene
expression profiling. We also controlled, to the degree possible, for genetic effects by choosing an
equal number of fish from each clutch across social positions (P1, P2, S). Fish from these 15
replicates (n=45 samples; 15 paired individuals and their corresponding solitaries) were
individually homogenized to allow equal RNA extraction from all tissues. To initially explore
overall gene expression patterns associated with coordinated changes during the emergence of
social roles, whole-body RNA-seq was performed to keep both sequencing cost and sample
requirements manageable. We acknowledge the limitations of this approach and consider this
study a hypothesis generating tool that lays the foundation for future studies.

Tissue samples were cut into smaller pieces with a razor blade and RNA was isolated using an
established phenol-chloroform DNA/RNA isolation protocol, with the modification of not adding
RNAse (Davies et al., 2013     ). Samples were eluted in 35µL of molecular biology grade water and
DNAsed using RNA Clean & Concentrator-5 kit (Zymo Research, no. R1015) according to
manufacturer’s protocol. RNA concentrations were determined using a DeNovix DS-11+
Spectrophotometer (DeNovix Inc., Wilmington, DE, USA) and RNA integrity was visualized on a 1%
agarose gel. Next, all samples were individually normalized to 100ng/25µL and sent to Genomic
Sequencing and Analysis Facility at the University of Austin, Texas, where TagSeq libraries (Meyer
et al., 2011     ) were prepared and sequenced (single end 100bp) on a NovaSeq 6000. RNA
sequencing and downstream analyses were conducted separately for each of the 45 samples (15
P1, 15 P2, and 15 S).

Raw Sequence Processing and Read Mapping
A total of 366 million raw reads were generated with average raw read counts of 8.2 million
(range: 5.4 to 11.3 million per sample; Supplementary Table S1     ). Raw reads were trimmed with
Fastx_toolkit (Hannon, 2010     ), which removed 5’-Illumina leader sequences and poly(A)+ tails.
Sequences <20bp in length with <90% of bases having quality cutoff scores <20 were also trimmed.
In addition, because degenerate bases were incorporated during cDNA synthesis, PCR duplicates
were removed from all libraries. After quality filtering, an average of 3.2 million reads per sample
remained (ranging from 2.3 to 4.4 million per sample; Supplementary Table S1     ), which were
then mapped to the Amphiprion percula genome (Lehmann et al., 2019     ) using STAR (Dobin et al.,
2013     ). Mapped bam files were used to generate per gene read counts across samples using
featureCounts. The read count file was then imported into R version 4.3.1 (R Core Team, 2021), size
factors were estimated for each sample using the median ratio method in DESeq2 (Love et al.,
2014     ) to account for differences in sequencing depth across samples. No outlier samples were
identified, and all samples (n=45) were retained for downstream analyses. Genes with a mean raw
count <10 were then removed, retaining 24,840 genes for downstream analyses. To correctly
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identify individuals within pairs and ensure they are correctly assigned to clutches, we called
single-nucleotide polymorphisms (SNPs) from TagSeq data (see Supplementary Materials), prior to
downstream analysis.

Statistical Analyses
From the total of 30 replicates, 3 replicates lost fish throughout the five-week experiment. All three
losses were within pairs. These three replicates were removed from all downstream analyses,
leaving a total of 27 replicates (N=54 paired individuals; N=27 solitary individuals). Given that all
phenotypes are entirely social context-dependent with no intrinsic baseline, in this species, we
arbitrarily chose P1 (dominant) as the statistical reference group for all downstream analyses. To
test our four hypotheses, we ran four general linear mixed models (GLMM) using the LmerTest
package (Kuznetsova et al., 2017     ) in R. We considered size as the dependent variable, with social
position of individual (P1, P2, or S), time (t1 or t5), and their interaction as the independent
variables. We considered feeding behavior as the dependent variable, with social position of
individual (P-max, P-min, or S), time (t1, t2, t3, t4, or t5), and their interaction as the independent
variables. In addition, for the subset of replicates where dominant (P1) and subordinate (P2)
individuals could be reliably distinguished (weeks 3–5), we ran a complementary GLMM using
known social roles (P1, P2, S), time (t1, t2, t3, t4, or t5), and their interaction as the independent
variables. Furthermore, we considered agonistic behavior (aggression or submission) between
individuals within pairs as the dependent variables, with time (t1, t2, t3, t4, or t5) as the
independent variable. For the subset of pairs where P1 and P2 could be distinguished (weeks 3–5),
we also ran complementary GLMMs using known social roles (P1, P2) as the independent
variables. To account for the lack of independence among individuals from the same replicate, all
our models included replicate ID as a random effect. Model assumptions were assessed by visual
inspection of residuals and fitted values; residuals were approximately normally distributed and
showed no evidence of heteroscedasticity, thus no data transformations were required. In all
cases, the best fit model was determined by carrying out a backward model selection (step
function in LmerTest package (Kuznetsova et al., 2017     ). Post hoc pairwise contrasts using
emmeans (Searle et al., 1980     ) were used to determine where differences exist between
categories.

Global Gene Expression Patterns
All gene expression (GE) analyses were carried out in R (version 4.3.1). To test for differentially
expressed genes (DEGs) across the social positions (P1, P2, and S) DESeq2 (Love et al., 2014     ) with
the model: design = ∼ genotype + social position was run. Count data were normalized and
independent pairwise contrasts across 3 social positions were computed. Genes identified as
differentially expressed were corrected for multiple testing using false discovery rate (FDR:
adjusted p < 0.05). Annotated DEGs of up- and down-regulated genes for all three pairwise
comparisons were visualized using volcano plots. To test for overall GE patterns between social
positions and genotypes, data were rlog-normalized and the effect of genotype and social position
were compared through a Principal Component Analysis (PCA), followed by PERMANOVA analysis
using Euclidean distances in the vegan package (Oksanen et al., 2017     ). To assess whether the
strength of clustering by social position differed depending on the genes included, additional PCAs
were performed on four gene subsets: (1) all genes, (2) the top 50%, (3) the top 10%, and (4) the top
5% of the most variable genes. For each subset, the first three principal components (PC1 vs PC2,
PC1 vs PC3, PC2 vs PC3) were visualized to identify axes capturing variation associated with social
position. To test for overall gene expression differences between social position and genotype,
separate PERMANOVAs were performed for each PCA using the adonis2 in the vegan package
(Oksanen et al., 2017     ).
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Gene Co-Expression Networks Associate Expression Patterns with
Phenotypic Traits
To test whether gene expression patterns are correlated with observed phenotypic changes in
growth and appetite across social positions, a Weighted Gene Correlation Network Analysis
(WGCNA) was conducted on the rlog-transformed GE dataset (Langfelder & Horvath, 2008     ).
WGCNA identifies groups of co-expressed genes (modules) and correlates eigengene expression of
each module with phenotypes of interest to determine modules of genes whose expression
correlates with trait variation. A signed network was constructed using a soft-threshold power of 6
with both the network and Topological Overlap Matrix (TOM) set to signed. Modules were
identified with a minimum module size of 600, and module merging threshold was set to 0. For
modules whose eigengene expression correlated with phenotypes of interest, gene ontology (GO)
enrichment analysis was subsequently performed using Fisher’s Exact Tests (presence/absence in
a module) to identify over-represented pathways within each module across GO divisions of
Biological Processes (BP), Molecular Functions (MF), and Cellular Components (CC) (Wright et al.,
2015     ). Genes associated with specific GO terms were explored and significant DEGs (FDR: p ≤
0.05) were extracted and visualized with ComplexHeatmaps (Gu et al., 2016     ). In the heatmap,
samples (columns) were a priori grouped by social position (P1, P2, S) and subsequently ordered
within each group by gene expression similarity, reflected by the column dendrogram.

Additionally, we tested the hypothesis that size ratio of pairs (P2 SL / P1 SL), which is indicative of
the amount of conflict remaining (Wong et al., 2016     ), would predict variation in gene
expression. This was assessed by visual inspection of the same heatmap with size ratio annotation
using ComplexHeatmaps (Gu et al., 2016     ), together with a PCA of the expression of these genes of
paired individuals (P1, P2) only. We also performed a PERMANOVA analysis using the same row Z-
score values (adonis2 function in vegan package: Oksanen et al., 2017     ) accounting for social
position and genetic background (clutch ID), using restricted permutations to account for the non-
independence of P1 and P2 within pairs was carried out. Solitary individuals were excluded from
this analysis because they lack size ratio data. We found that size ratio between pairs was not
associated with gene expression variation within social position (see Supplementary Materials;
Supplementary Fig. S8     , S10A     ).

To further investigate GE differences, we explored genes associated with growth (including
thyroid signaling), appetite regulation, metabolism, and stress (corticoid) pathways across social
positions. Specifically, we focused on genes associated with these pathways previously identified
in the sister species, Amphiprion ocellaris (Herrera et al., 2025     ). Genes identified in A. ocellaris
were used to retrieve A. percula orthologs, using a reciprocal BLAST search (BLAST+ version
2.11.0) approach (Camacho et al., 2009     ). Both BLAST searches were performed with an e-value
threshold of 0.0001 to ensure high ortholog confidence. Only gene pairs that were the best match
in both blast directions were considered as orthologs for downstream analysis. A complete list of
retrieved A. percula gene IDs were then filtered against the whole-body GE dataset, and pathways
containing significant genes associated with social position were reported (Supplementary Table
S2     ; appetite and metabolic genes shown). Of these, significant pathway DEGs (FDR p ≤ 0.01)
were visualized using ComplexHeatmaps (Gu et al., 2016     ) while taking into account genotype
and social position. In the heatmap, samples (columns) and genes (rows) are grouped a priori by
social position (P1, P2, S) and pathway (APT, TCA, GLY), respectively, with dendrograms reflecting
expression similarity within each group. For the candidate gene heatmap, we repeated the PCA
and PERMANOVA exploration and associated heatmap visualization for pairs only (as described
above), to test whether final size ratio (P2 SL / P1 SL) predicted gene expression variation within
social positions. We found that size ratio between pairs was not associated with gene expression
variation within social position (see Supplementary Materials; Supplementary Fig. S9     , S10B     ).
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Data availability
Raw FASTQ files for all gene expression samples are publicly accessible through the NCBI
Sequence Read Archive (SRA) under BioProject accession number PRJNA1280023. All data, along
with the code used for analyses and figure generation, are available on GitHub at:
https://github.com/lillentyu/A-percula-Adaption-Of-Social-Roles     . All data and corresponding
analyses are also available at Mendeley Data: https://data.mendeley.com/preview/n46dmgp9m7?
a=d6a3624b-175b-477f-b214-7ed5ac3f7823     . This repository is currently a draft and will be made
publicly accessible upon the final publication of the manuscript.

Supplementary materials
Microsatellite Genotyping and Single Nucleotide Polymorphism
(SNP) calling from TagSeq
For the 36 samples which were not part of the gene expression dataset, multiplex microsatellite
genotyping was carried out to ensure that individuals within pairs are correctly identified and
clutch assigned. This step was necessary to avoid assumptions regarding social roles and fish
identity, and the microsatellite method allowed for a reliable and cost-effective solution as a panel
with established markers was already available from previous study (Rueger et al., 2025     ). At the
beginning of the experiment, individuals within pairs were provisionally assigned a social rank
based on initial body size; as size differences were negligible (often less than 0.1 mm), the initially
larger individual does not necessarily emerge as the dominant (P1). To correct this assumption,
identities were verified at the end of the experiment. Fin-clips were taken from preserved samples
and DNA extracted using HotShot (Truett et al., 2000     ). 75 µL of alkali lysis buffer was added to
fin-clips and incubated at 90°C for 30 minutes, followed by cooling and addition of 75 µL of
neutralizing buffer. These samples were then sent for multiplex PCR and library preparation to
the Environmental DNA and Genomics Core Facility at Cornell University, and paired end Illumina
sequencing at the Genomics facility of the Cornell Bioresource Center according to previously
established protocols (D’Aloia et al., 2017     ). Haplotype data of 60 A. percula specific loci for the 36
individuals were compiled into a matrix format. Due to robustness of initial reconstruction, no
individuals or SNPs were required to be filtered. Genetic distances between individuals were
computed using the dist.gene function from the ape package in R (Paradis et al., 2004     ), applying
the “pairwise” method with pairwise deletion enabled to account for missing data. Hierarchical
clustering was then performed using the hclust Ward.D2 method (Müllner, 2013     ), and a
dendrogram was generated to visualize genetic relatedness among individuals and to assess
whether individuals had been correctly assigned to clutches (Supplementary Fig. S1A     ). Pairs
assigned incorrectly were then corrected and used for downstream analysis (Supplementary Fig.
S1B     ).
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Supplementary Figure S1. Clutch assignment validation via hierarchical clustering of microsatellite
genotypes. The dendrogram illustrates genetic relatedness among 36 individuals from three clutches, based on
microsatellite genotypes (60 loci) processed using HotShot genotyping. A) Initial assignment of individuals to their
presumed clutches, with pairs incorrectly assigned highlighted in blue and orange. Branch lengths reflect genetic
divergence; tightly clustered branches indicate sibling relationships within clutches. B) Corrected clustering after
reassignment of clutches for mismatched pairs.

Similarly, for the remaining 45 individuals, we applied a necessary correction step to avoid
assumptions regarding social role and fish identity. For these 45 individuals, we called SNPs from
our TagSeq data to assign clutch identity. Quality filtered and trimmed reads were mapped against
the A. percula transcriptome (Maytin et al., 2018     ) using Bowtie2.2 (Langmead & Salzberg,
2012     ). Generated SAM files were converted to BAM format using samtools (Li et al., 2009     ).
ANGSD (Korneliussen et al., 2014     ) then calculated pairwise identity by state (IBS) matrices,
which were used as input for hclust (Müllner, 2013     ) to visualize relatedness among the 45
individuals (Supplementary Fig. S2A     ). All individuals within pairs were then assigned to the
correct clutch (Supplementary Fig. S2B     ), which was used for downstream analyses.
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Supplementary Figure S2. Clutch assignment validation using TagSeq-derived SNPs and hierarchical
clustering. The dendrogram illustrates genetic relatedness among 45 individuals from three clutches, based on
SNPs from TagSeq data. A) Initial assignment of individuals to their presumed clutches, with pairs incorrectly
assigned highlighted in colors. Branch lengths reflect genetic divergence; tightly clustered branches indicate
sibling relationships within clutches. B) Corrected clustering after reassignment of clutches for mismatched pairs.
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Stand-alone Supplementary Tables

Supplementary Table S1. Mapped read count data. A. percula replicate, social position (P1 – pair rank 1; P2 – pair
rank 2; S – solitary) and clutch ID. Read counts of raw, filtered and trimmed sequences, and number of uniquely
mapped reads against A. percula genome using STAR, as well as the corresponding mapping efficiency.

Genetics and Genomics | Ecology

https://doi.org/10.7554/eLife.109871.2
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://elifesciences.org/subjects/genetics-genomics
https://elifesciences.org/subjects/ecology


Vizer et al., 2026 eLife 15:RP109871.  https://doi.org/10.7554/eLife.109871.2 27 of 65

Supplementary Table S2. Complete list of Amphiprion percula genes associated with appetite regulation,
glycolysis, and the TCA cycle, retrieved based on orthologs with A. ocellaris genes (Herrera et al., 2025     ).

Orthologs were identified using a reciprocal BLAST approach, and genes present in the whole-body gene expression dataset
were retained. The table includes each gene and its associated p-values from pairwise contrasts between social positions (P1
– pair 1; P2 – pair 2; S – solitary). Genes with p-value ≤ 0.01, which were visualized in the heatmap shown in the main text (Fig.
6     ), are indicated in bold italics.
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Supplementary Table S3. Post-hoc pairwise contrasts of total aggression (upper triangle) and total
submission (lower triangle), displaying p-values of all comparisons. Significant differences are denoted
with *.

Supplementary Table S4. List of significantly differentially expressed genes shared between the pairwise
comparisons of P1 vs P2 and P1 vs S (main text Fig. 3B     ).

A total of 25 genes were consistently downregulated in P1 (relative to both P2 and S), and 84 genes were consistently
upregulated in P1. Gene names are shown where available; otherwise, Ensembl gene IDs are provided.
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Stand-alone Supplementary Figures

Supplementary Figure S3. Principal component analysis (PCA) of gene expression across gene subsets and
PC axis combinations. Each panel shows a PCA scatter plot of individual samples (n = 45) colored by social
position (P1, P2, S), and shaped by genetic background (clutch ID). Rows represent gene subsets used for PCA: all
genes (A–C), top 50% (D–F), top 25% (G–I), and top 5% most variable genes (J–L). Columns represent PC axis
combinations: PC1 vs PC2 (left), PC2 vs PC3 (center), and PC1 vs PC3 (right). Ellipses show 95% confidence intervals
estimated from a multivariate t-distribution for each social position. PERMANOVA p-values indicate the effect of
social position on sample distribution, accounting for the genetic background of individuals (clutch ID). Panel B
corresponds to Figure 3      in the main text.
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Supplementary Figure S4. Overall gene expression profiles showed no significant differences between P2
and S, compared to P1 individuals.

Principal Component Analysis (PCA) of all genes across social positions, accounting for clutch ID (genetic background), with
PERMANOVA results showing a significant effect of social position. Samples are labeled, and replicates sharing the same
numeric ID are connected by lines. Ellipses show the estimated confidence intervals from a 95% multivariate t-distribution.
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Supplementary Figure S5. Volcano plot of differential gene expression between pair-wise comparisons of
social positions (P1: dominant, P2: subordinate, S: solitary) of A. percula.

Pairwise comparisons of differentially expressed genes (DEGs) between A) P1 and P2, B) P1 and S, and C) P2 and S
individuals. Significant DEGs (adjusted p < 0.05) are colored according to the social position in which they are upregulated.
The top 10 most significant DEGs in each pairwise comparison are labeled with gene name or Ensembl gene ID.

Supplementary Figure S6. Modules of genes associated with phenotypes of interest.

A) Heatmap (merging threshold of 0) of Weighted Gene Correlation Network Analysis (WGCNA) to correlate gene expression
pattern with social position (P1, P2, S), growth, appetite, orange hue and saturation of individuals. Only significant
correlations are shown while non-significant correlations are marked with dash. B) The number of genes associated with
each module found in WGCNA.
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Supplementary Figure S7. Gene Ontology (GO) terms identified in WGCNA modules showing correlation to
phenotypes of interest.

Trees generated from GO enrichment analyses using Fisher’s Exact Tests (presence/absence in a module) to identify over-
represented pathways within each module across GO divisions of Biological Processes (BP), Molecular Functions (MF), and
Cellular Components (CC). Key GO terms, marked with stars, were explored in greater detail by extracting their associated
genes and visualizing expression patterns of genes (FDR < 0.05) using heatmaps. Terms with red stars indicated GO terms
with clear pattern (heatmap shown in main text), while yellow stars indicate terms which did not show clear patterns of DEGs
dependent on social position (heatmaps not shown).
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Growth related genes are upregulated in dominant individuals and
not related to size ratio
We have identified genes associated with growth and ossification that showed strong positive
correlations with body size. For this set of genes, we tested the hypothesis that the final size ratio
of pairs (P2 SL / P1 SL), which is indicative of the amount of remaining conflict (Wong et al.,
2007     ), would predict variation observed in gene expression within social position (Fig. 5B     ).
Visual inspection of the size ratio annotation in the heatmap of these genes (Supplementary Fig.
S8     ), together with a PCA of paired individuals (P1 and P2) based on the same row Z-score values,
was used to assess whether remaining conflict explained expression variation (PERMANOVA: p =
0.858; Supplementary Fig. S10A     ). These results suggest that size ratio between pairs was not
associated with gene expression variation within social position.

Supplementary Figure S8. P1 individuals showed upregulation of genes associated with growth and
ossification. Heatmap of significant DEGs (FDR p-value ≤ 0.05) of growth and ossification genes in the brown
Biological Process (BP) and Molecular Function (MF) GO terms across the three social positions. The bottom panel
shows the size ratio (P2 SL/P1 SL) at week 5 for each replicate pair. Black bars indicate pairs with a size ratio ≤ 0.8
(more dissimilar in size), and red bars indicate pairs with a size ratio > 0.8 (more similar in size). The dashed line
denotes a size ratio of 0.8. Samples (columns) are grouped a priori by social position (dominant, P1; subordinate,
P2; solitary, S) and ordered within each group by the column dendrogram, which reflects expression similarity
among samples within each social position. The gene (rows) dendrogram reflects relatedness among genes
based on expression profile similarity across all samples. Genes that are significantly differentially expressed
between individuals of P1 vs P2 are denoted with an asterisk (*), those between P1 vs S with a double asterisk
(**), and three asterisk (***) represents both comparisons. Genes shown in bold and italics indicate significance
at an FDR adjusted p-value < 0.1.
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Dominant social role is associated with suppression of satiety
signals and altered metabolic pathway activity and not related to
size ratio
We have identified genes associated with appetite regulation and metabolism, which were
significantly downregulated in P1 individuals compared to P2 and S fish. As above, we tested the
hypothesis that the final size ratio of pairs (P2 SL / P1 SL), which is indicative of the amount of
remaining conflict (Wong et al. 2016     ), would predict variation observed in gene expression
within social position (Fig. 6     ). We found no significant effect (PERMANOVA: p = 0.844;
Supplementary Fig. S9      and S10B     ), indicating that size ratio does not explain gene expression
differences within social positions.

Supplementary Figure S9. P1 individuals showed downregulation of appetite suppression and metabolic
genes. Heatmap of significantly differentially expressed genes (DEGs) (FDR p-value ≤ 0.01) of genes associated
with glycolysis (GLY), Krebs cycle (TCA), and appetite regulation (APT), TCA cycle and glycolysis pathways across
the three social positions. The bottom panel shows the size ratio at week 5 (P2 SL/P1 SL) for each replicate pair.
Black bars indicate pairs with a size ratio ≤ 0.8 (greater size divergence), and red bars indicate pairs with a size
ratio > 0.8 (more similar in size). The dashed line denotes a size ratio of 0.8. Samples (columns) are grouped a
priori by social position (dominant, P1; subordinate, P2; solitary, S) and ordered within each group by the column
dendrogram, which reflects expression similarity among samples within each social position. Genes (rows) are
grouped a priori by pathway (GLY, TCA, or APT), and within each pathway group, the row dendrogram reflects
relatedness among genes based on expression profile similarity across all samples. Genes that are significantly
differentially expressed between individuals of P1 vs P2 are denoted with an asterisk (*), those between P1 vs S
with a double asterisk (**), and three asterisks (***) represent both comparisons. Genes shown in bold and
italics indicate significance at an FDR adjusted p-value < 0.1.
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Supplementary Figure S10. Principal component analysis (PCA) of gene expression in paired individuals (P1,
P2) based on heatmaps of A) growth, B) appetite, and metabolic genes. PCA was performed on specific gene
sets (growth: Fig 5B     ; appetite and metabolism: Fig. 6     ), (P1 and P2; n = 30) using row Z-score scaled
expression values, consistent with the heatmap scaling. Each point represents one individual. Ellipses represent
95% confidence intervals around each social position group. A PERMANOVA (adonis2; 999 restricted permutations;
shown bottom right corners), found that size ratio was not a significant predictor of gene expression variation
after accounting for social position and genetic background (A: psize_ratio = 0.858; B: psize_ratio = 0.844).

Color Data Analysis
We tested the hypothesis that orange hue and saturation will vary depending on the social position
of individuals (P1, P2, S), reflecting differences in signaling among individuals (Araújo-Silva et al.,
2023     ). We predicted that dominant and solitary individuals to develop deeper, redder orange
hues and higher saturation more rapidly than subordinates.

Methods
To measure the hue and saturation of orange color of juveniles, fish were photographed in a Petri
dish against a white background under a dissecting microscope with a Cannon DS12 camera. Using
the white background, images were color-corrected in Adobe Photoshop and color intensity was
quantified using RGB values in MATLAB, following a previously established protocol (Winters et
al., 2009     ). Using the macro “AnalyzeIntensity” (Winters et al., 2009     ), RGB values were obtained
for 10 randomly selected points (5 dorsal and 5 ventral) of the orange color area of the second half
of the body (from line between soft dorsal rays and anal fins until the line of the caudal peduncle)
of all juvenile fish. Using these 10 points, average RGB values were obtained from which hue and
saturation were calculated for all individuals. Hue values are indicative of the orange color on the
color spectrum, while saturation is indicative of the amount/strength of that given color.

Results
To test the prediction that hue and saturation will vary dependent on the social position of
individuals (P1, P2, and S), a GLMM was run. The best-fit model of hue showed that time (DF = 1, F-
value = 639.88, p < 0.001) and social position (DF = 2, F-value = 12.14, p < 0.001) were significant
predictors of hue. Post hoc pairwise comparison revealed that both at the beginning of the
experiment (t1) and at the end of the experiment (t5), P1 had a significantly different hue
compared to P2 and S (both p < 0.05), however, P2 and S showed no significant difference (p >
0.05). Furthermore, post hoc comparison revealed that all fish change in hue, becoming more
reddish-orange, over the five-week period (all p<0.001) (Supplementary Fig. S11A     ). The model,
including the fixed effects (social position and time) and random effect (replicate ID), explained
81% of the variation in hue (R2c = .811, R2m = .779; Supplementary Fig. S11A     ). The best-fit model
of orange color saturation showed that
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Supplementary Figure S11. A) Hue of individuals of three social position (pair rank 1 = P1; pair rank 2 = P2;
solitary = S) over time with mean and standard error of mean (SEM). B) saturation of individuals of social position
(pair rank 1 = P1; pair rank 2 = P2; solitary = S) over time with mean and standard error of mean (SEM). Data points
shown staggered for visual aid, but collected at the same time. time was a significant predictor of saturation
(DF=1, F-value = 870.04, p<0.01), all fish showed an increase in saturation over the experiment (Supplementary Fig.
S11B     ).

Discussion
Here we tested the hypothesis that hue and saturation will vary dependent on the social position
of individuals (P1, P2, and S). Our results showed that orange hue value decreases over time as
individuals become more reddish orange, a trend that held true irrespective of social position of
the individual. Similarly, we found that saturation value of the given color increases over time,
irrespective of social position of the individual. We expected to see varying rate of orange hue and
saturation development across the three social positions, with individuals taking on dominant
roles developing their orange coloration at a different rate from those in subordinate roles.
However, we found a mostly uniform change across our individuals. These results do not support
the hypothesis that hue and saturation vary depending on social position, contrary to expectations
from anecdotal field observations, rather suggest a set of plausible alternative explanations. First,
juveniles in our experiment were 4–5 weeks old at the time of introduction to experimental
housing, approximately three weeks older than the typical age of wild settlement, raising the
possibility that a critical developmental window for color plasticity could have been missed. All
fish at the beginning of the experiment had developed moderate orange coloration and thus were
already on a color developmental trajectory. Second, all fish experienced a uniform shift in diet
and lighting conditions upon entering the experimental tanks, which may have induced consistent
changes in coloration across individuals, masking rank-related differences. Indeed, it has been
shown before that tank background coloration in combination with varied lighting condition
affects development of A. ocellaris coloration (Yasir & Qin, 2009     ). Furthermore, dietary shifts
have also been shown to drive changes in coloration, with hue particularly being sensitive to
composition of diet (Ho et al., 2014     ; Tanaka et al., 2016     ). Moreover, changes in pigmentation
may unfold over a longer timeframe than the five weeks monitored. Third, within pairs,
subordinate individuals are ultimately expected to assume the rank 2 breeder role and therefore
may not face strong pressure to alter coloration, especially if color traits are more relevant for
interactions at lower social ranks. Together, these considerations suggest that timing,
environmental uniformity, and future reproductive potential may limit the expression or
detection of socially mediated color plasticity under laboratory conditions. Future studies should
carefully consider experimental design to minimize confounding factors and robustly test the
effects of the adoption of social roles on coloration and the effects of coloration on the adoption of
social roles.
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Peer reviews
Reviewer #1 (Public review):

Summary:

Overall, this is an interesting and well-written manuscript on a fascinating question in a
"charismatic" model system.

Strengths:

(1) The Introduction is concise, though it might be helpful to the non-specialist reader to learn
a bit more about what is known about the social control of somatic growth across diverse
species (including humans), which would help to make this work more generally interesting.

(2) The experiment is well designed.

(3) The data collected are comprehensive.

(4) The complementary analysis of both feeding and aggression/submission data with and
without known social roles is a neat idea and compelling!

Weaknesses:

The authors have addressed my concerns quite well. They now discuss the HPA/stress axis in
some detail and also examined the extent to which growth, food intake, agonistic behavior,
and/or gene expression patterns are coordinated across P1 vs P2 pairs. While still not ideal,
they now provide a reasonable rationale for using whole bodies for the transcriptome
analysis. Finally, the Discussion has been streamlined and is easy to follow.

https://doi.org/10.7554/eLife.109871.2.sa3

Reviewer #2 (Public review):

In this manuscript, the authors test growth, behavior, and gene expression in pairs of
clownfish as they establish social dominance hierarchies, examining patterns of gene
expression in these pairs after dominance has been established. The authors show solid
evidence that emerging dominant clownfish show increased growth, aggression, and food
consumption compared to their submissive or solitary counterparts, eventually adopting
distinct gene expression profiles.

Major Comments:

(1) The Introduction is comprehensive, but it could be condensed. Likewise, the discussion
could be condensed. There is considerable redundancy between the methods, the results, and
the legend in Figure 1. The authors should consolidate and remove the redundancy.
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(2) For Figure 3, the authors are showing PC2 and PC3; why is PC1 not shown? There is so
much overlap between the three groups in PC2 vs PC3; it seems unlikely that researchers
could conclusively identify any individual as belonging to a group based on the expression
profile. The ovals shown do not capture all the points within each of the groups, and
particularly the grey S oval seems misaligned with the datapoints shown.

(3) The authors indicate that the 15 replicates exhibiting the greatest size difference between
P1 and P2 were selected for gene profiling. Does this mean that each of the P1 and P2 were
pairs with each other? Have the authors tried examining the gene expression patterns in a
paired manner? E.g., for the pairs that showed the greatest size differences, do they also show
the greatest differences in gene expression? Do the P1s show the most extreme differences
from P2s that also show the most extreme P2 differences? Perhaps lines on Figure 3A
connecting datapoints from the P1 and P2 pairs would be informative.

(4) For the specific target pathways that are up- and downregulated in the different
backgrounds, I recommend that the authors include boxplots (or heatmaps) showing the
actual expression values for these targets. Figure 6 shows a heatmap for appetite-related
genes, and it would be great to see a similar graph for the metabolism and glycolysis genes; it
would also be informative to see similar graphs for hormonal and sexual maturation
pathways as well.

(5) Particularly given that there is a relatively small number of genes enriched in the
different rank conditions, I did not understand the need to do the WGCNA module analysis. I
thought that an analysis of GO terms across the dataset would have been more meaningful
than the GO term analysis shown in Figure 4, which considers only genes assigned to the
"brown WGCNA module". This should be simplified or clarified.

(6) The authors say that they have identified coordinated changes in behaviors and the
"underlying gene expression, leading to the emergence" of social roles. This is a little bit
misleading, since the gene expression analysis occurred well after the behavioral and
phenotypic differences emerged. Presumably, the hormonal and genetic shifts that actually
caused the behavioral and phenotypic difference occurred during the weeks during which
the experiment was underway, and earlier capture of the transcriptome would presumably
reveal different patterns, and ones that would be considered more causative. The authors
acknowledge this in 434-435, but it could be emphasized further.

(7) The authors have measured a number of differences between the different dominance
classes of fish. All these differences were measured relative to the other classes, but in my
view, the Solitary group was the closest to a baseline control. So, I'm not sure that it is fair to
say that "P2 and S individuals showed consistent downregulation of these genes and
pathways" (line 401). I encourage the authors to emphasize the differences in gene expression
from the "perspective" of the P1 individuals compared to the baseline of P2 and S individuals.
Line 474 says that "P2 fish showed significant upregulation" of a number of pathways. It
should be very clear what that is compared to (compared to P1, presumably?)

(8) Along the same lines, the authors say in line 514 that subordinates and solitaries
strategically downregulate their growth. I'm not convinced that this is the case: I would
consider this growth trajectory to be the default and the baseline. I would interpret that
under certain social conditions, a P1 dominant pattern of growth, behavior, and gene
expression is allowed to emerge.

Comments on revised version:

The manuscript has been carefully revised. The authors have also responded adequately to
all of my previous comments.

https://doi.org/10.7554/eLife.109871.2.sa2
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Reviewer #3 (Public review):

Summary:

The authors tested the hypothesis that interactions among size- and age-matched rivals will
lead to the emergence of social roles, accompanied by divergence in four aspects of
individual phenotypes: growth, feeding behavior, fighting behaviors, and gene expression in
clownfish.

Strengths:

The data of growth, feeding rate, and fighting behaviors support the authors claim.

Weaknesses:

The results obtained solely from the whole-body transcriptome are limited in supporting the
authors' research question. However, the revised manuscript explicitly states this as a
limitation.

https://doi.org/10.7554/eLife.109871.2.sa1

Author response:

The following is the authors’ response to the original reviews.

Public Reviews:

Reviewer #1 (Public review):

Summary:

Overall, this is an interesting and well-written manuscript on a fascinating question in a
"charismatic" model system.

Strengths:

(1) The Introduction is concise, though it might be helpful to the non-specialist reader to
learn a bit more about what is known about the social control of somatic growth across
diverse species (including humans), which would help to make this work more generally
interesting.

(2) The experiment is well-designed.

(3) The data collected are comprehensive.

(4) The complementary analysis of both feeding and aggression/submission data with
and without known social roles is a neat idea and compelling!

Thank you for the positive feedback!

Here, we investigate phenotypic plasticity associated with the adoption of social roles in the
clown anemonefish, with strategic growth being just one aspect of that plasticity. Strategic
growth, also known as social control of growth, is a fascinating form of adaptive phenotypic
plasticity, whereby individuals modify their growth and size in response to fine-scale changes
in social conditions (Buston & Clutton-Brock, 2022). In cooperative breeding systems with
high reproductive skew, particularly fishes and mammals (possibly including humans),
individuals have been shown to i) increase growth/size on the acquisition of dominant status
(Dengler-Crish & Catania, 2007; Johnston et al., 2021; Thorley et al., 2018; Van Schaik & Van
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Hooff, 1996; Walker & McCormick, 2009), ii) increase growth/size when paired with size
matched reproductive rivals (Huchard et al., 2016; Reed et al., 2019; this study), and iii)
decrease growth/size to avoid conflict (Buston, 2003; Heg et al., 2004; Wong et al., 2007). While
strategic growth is fascinating and clearly occurring in this study, we show coordinated
changes of multiple aspects of the phenotype as fish adopt social roles. Therefore, we
deliberately framed the Introduction broadly to avoid biasing the reader toward viewing
growth as the sole or main driver.

Weaknesses:

(1) I was surprised that the HPA/stress axis was not considered here at all. Wouldn't we
expect that subordinates have increased stress axis activation, which in turn could inhibit
their growth and aggressive behavior?

We also expected to see the HPA/stress axis activated in subordinates, which is why we
carried out a targeted exploration of genes known to play a role in this axis. We did not find
any genes that were significantly differentially expressed. We believe that there could be two
explanations for this. First, from a methodological perspective, it could be due to our use of a
whole-body RNA-seq, which may have masked this signal. Alternatively, the stress axis might
play a more complex role than just acting as a simple on/off switch for reduced growth. Its
activation may peak when competition over size is at its highest (during week one) or,
conversely, it may peak later and help maintain reduced growth once hierarchies are firmly
established (particularly after the dominant individual reaches its maximum size). To
understand the role of the stress axis, future studies should observe how its activation varies
over time. We acknowledge that the absence of a stress‑axis signal and its potential
explanations were not clearly discussed in the original manuscript. In the revised version, we
have addressed this in the Discussion at lines 564-567 and Methods at lines 795-797 and 802-
805.

Discussion lines 564-567 and 577-580:

“These include appetite regulation (orexigenic and anorexigenic signaling), metabolic
pathways (e.g., glycolysis, lactic fermentation, TCA cycle, fatty acid β-oxidation), growth-
regulating pathways (GH/IGF, insulin/PI3K-AKT, mTOR, and Hippo), and potential molecular
signatures to varying levels of social stress.”

Methods lines 795-797 and 802-805:

“To further investigate GE differences, we explored genes associated with growth (including
thyroid signaling), appetite regulation, metabolism, and stress (corticoid) pathways across
social positions.”

“A complete list of retrieved A. percula gene IDs were then filtered against the whole-body GE
dataset, and pathways containing significant genes associated with social position were
reported (Supplementary Table S2; appetite and metabolic genes shown).”

(2) To what extent are growth, food intake, agonistic behavior, and/or gene expression
patterns coordinated across P1 vs P2 pairs? The lack of such an analysis seems like a
missed opportunity.

We had a similar thought. Specifically, we were interested in testing the hypothesis that the
final size ratio of pairs, which is indicative of the amount of conflict remaining, would predict
gene expression. We examined gene expression within pairs to test for coordinated changes
and repeated the analysis, accounting for the pair size ratio. In both cases, we found no clear
or consistent pattern within pairs. We have included these analyses in the revised
manuscript, Methods lines 781-7946-804 and 807-814, and Supplementary Materials lines 144-
155 and 164-172 along with three new Supplementary Figures: Fig. S8, S9, S10.
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Supplementary Materials lines 144-155 and 164-172:

“We have identified genes associated with growth and ossification that showed strong
positive correlations with body size. For this set of genes, we tested the hypothesis that the
final size ratio of pairs (P2 SL / P1 SL), which is indicative of the amount of remaining conflict
(Wong et al., 2007), would predict variation observed in gene expression within social
position (Fig. 5B). Visual inspection of the size ratio annotation in the heatmap of these genes
(Supplementary Fig. S8), together with a PCA of paired individuals (P1 and P2) based on the
same row Z-score values, was used to assess whether remaining conflict explained
expression variation (PERMANOVA: p = 0.858; Supplementary Fig. S10A). These results
suggest that size ratio between pairs was not associated with gene expression variation
within social position.”

“We have identified genes associated with appetite regulation and metabolism, which were
significantly downregulated in P1 individuals compared to P2 and S fish. As above, we tested
the hypothesis that the final size ratio of pairs (P2 SL / P1 SL), which is indicative of the
amount of remaining conflict (Wong et al. 2016), would predict variation observed in gene
expression within social position (Fig. 6). We found no significant effect (PERMANOVA: p =
0.844; Supplementary Fig. S9 and S10B), indicating that size ratio does not explain gene
expression differences within social positions.”

Methods lines 781-794 and 807-814:

“In the heatmap, samples (columns) were a priori grouped by social position (P1, P2, S) and
subsequently ordered within each group by gene expression similarity, reflected by the
column dendrogram.

Additionally, we tested the hypothesis that size ratio of pairs (P2 SL / P1 SL), which is
indicative of the amount of conflict remaining (Wong et al., 2016), would predict variation in
gene expression. This was assessed by visual inspection of the same heatmap with size ratio
annotation using Complex Heatmaps (Gu et al., 2016), together with a PCA of the expression
of these genes of paired individuals (P1, P2) only. We also performed a PERMANOVA analysis
using the same row Z-score values (adonis2 function in vegan package: Oksanen et al., 2017)
accounting for social position and genetic background (clutch ID), using restricted
permutations to account for the non-independence of P1 and P2 within pairs was carried out.
Solitary individuals were excluded from this analysis because they lack size ratio data. We
found that size ratio between pairs was not associated with gene expression variation within
social position (see Supplementary Materials; Supplementary Fig. S8, S10A).”

“In the heatmap, samples (columns) and genes (rows) are grouped a priori by social position
(P1, P2, S) and pathway (APT, TCA, GLY), respectively, with dendrograms reflecting expression
similarity within each group. For the candidate gene heatmap, we repeated the PCA and
PERMANOVA exploration and associated heatmap visualization for pairs only (as described
above), to test whether final size ratio (P2 SL / P1 SL) predicted gene expression variation
within social positions. We found that size ratio between pairs was not associated with gene
expression variation within social position (see Supplementary Materials; Supplementary Fig.
S9, S10B).”

(3) What was the rationale for using whole bodies for the transcriptome analysis? Given
the hypotheses, the forebrain or hypothalamus and certain other organ systems
(e.g.,liver, gonads, skin, etc.) would have been obvious candidate tissues here. I realize
that cost is always a consideration, but maybe a focus on the fore-/midbrain could have
been prioritized.

We decided to use whole-body samples for this initial transcriptomic analysis to capture a
broad view of gene-expression differences while keeping sequencing costs and sample

Genetics and Genomics | Ecology

https://doi.org/10.7554/eLife.109871.2
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://elifesciences.org/subjects/genetics-genomics
https://elifesciences.org/subjects/ecology


Vizer et al., 2026 eLife 15:RP109871.  https://doi.org/10.7554/eLife.109871.2 50 of 65

requirements manageable. We agree with the reviewer that future work should explore
specific tissues sampled from individuals at multiple time points to disentangle
transcriptomic differences across tissue types. In our revised manuscript we explicitly state
the limitations and outline future steps in the Discussion at lines 553-564, as well as in the
Methods section we now explicitly state the rationale behind whole-body RNA-seq and
acknowledge the limitations of this approach in lines 688-692.

Discussion line 5536-564:

“In this study, we used whole-body transcriptomics, which revealed overarching expression
patterns, however, we acknowledge that this approach limited our ability to detect finer-scale
signals. Obviously, this approach cannot resolve tissue-specific gene expression changes (Lu
et al., 2020; Roux et al., 2023; Yin et al., 2023) which are critical for a complete understanding
social role differentiation, such as adjustments of behavior, appetite, and growth (a list we
consider non-exhaustive). To disentangle gene expression signatures associated with socially
induced phenotypes such as the strategic up- and downregulation of growth, future studies
should include sampling points aligned with the onset of these physiological shifts. Moreover,
to understand underlying pathways involved, tissue-specific transcriptomics will be essential.
Sampling multiple tissues across multiple time points would disentangle nuanced regulatory
processes underlying coordinated functional shifts leading to different social phenotypes of
strategic growth.”

Methods lines 688-692:

“To initially explore overall gene expression patterns associated with coordinated changes
during the emergence of social roles, whole-body RNA-seq was performed to keep both
sequencing cost and sample requirements manageable. We acknowledge the limitations of
this approach and consider this study a hypothesis-generating tool that lays the foundation
for future studies.”

(4) Given the preceding point, why was a fold-change threshold used for assessing DEGs
(supplementary Figure 3)? There is no biological justification to ever use a fold-change
threshold, especially in bulk RNA-seq analysis. This is particularly true here, where
wholebodies were used for RNA-seq analysis, which is a bit unusual. Relatively small cell
populations (such as hypothalamic neurons that regulate growth or food intake) may
show substantial gene expression variation across social types, yet will be masked by the
masses of other cells in the whole body sample. However, gene expression may still vary
significantly, albeit the fold-difference may be small. I therefore suggest a reanalysis that
omits any fold-change threshold.

We thank the reviewer for this important point, and agree that an arbitrary fold‑change
cutoff is inappropriate/unnecessary. It should be noted that this fold-change cutoff was only
used in this single figure, and all other analyses used p-values from the entire dataset. We
have removed the fold‑change threshold cutoff and corrected the Figure (previously
Supplementary Figure 3) now Supplementary Fig. S5, and all corresponding text.

(5) Why is the analysis of color (hue, saturation) buried in the supplementary materials?
Based on the hypotheses that motivated the study, color seems just as relevant as food
intake, growth, and agonistic behavior, so even if the results are negative, they should be
presented in the main paper.

We agree that color can be an important social signal, so we included color measurements in
our experimental design. However, after careful consideration of the color results, we
decided that our experimental timing and husbandry changes introduced multiple
confounding factors, preventing us from drawing confident conclusions. Specifically, our fish
were ≈1 month old at the transfer from larval to experimental tanks and had already begun
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to deepen their orange hue, before our experiment. (In the wild, they would settle at one to
two weeks of age, prior to the deepening of the orange hue). Once individuals attain a certain
hue, it seems that color development can be halted, but not reversed. The transfer also
involved changes in lighting, tank background, and diet, factors known to strongly affect
coloration (Maytin et. al., 2018). Our results show a uniform shift in orange hue and
saturation across social groups, suggesting that these confounding factors might have
dominated changes in hue.

For transparency, we report the color data in the Supplementary Materials, but we caution
against drawing any strong conclusions. In the revised Supplementary Materials document,
we added lines 231-236 recommending that future work should involve a targeted
experiment to robustly test for the effect of the adoption of social roles on coloration or the
effect of coloration on the adoption of social roles.

Supplementary Materials lines 231-236:

“Together, these considerations suggest that timing, environmental uniformity, and future
reproductive potential may limit the expression or detection of socially mediated color
plasticity under laboratory conditions. Future studies should carefully consider experimental
design to minimize confounding factors and robustly test the effects of the adoption of social
roles on coloration and the effects of coloration on the adoption of social roles.”

(6) The Discussion is sometimes difficult to follow. The authors may want to consider
including a conceptual graphic that integrates the different aspects of growth and satiety
regulation, etc., into a work-in-progress model of sorts, which would also facilitate
clearer hypotheses for future research.

Thank you for flagging that parts of the Discussion are a bit difficult to follow. In the revised
manuscript, we worked to improve readability of the Discussion. We also appreciate the
suggestion of including a conceptual schematic. For this manuscript, we refrained from
adding such a “work-in-progress” schematic, as we felt that our whole-body RNA-seq
approach and single gene expression sampling time point substantially limited our ability to
make predictions.

Reviewer #2 (Public review):

In this manuscript, the authors test growth, behavior, and gene expression in pairs of
clownfish as they establish social dominance hierarchies, examining patterns of gene
expression in these pairs after dominance has been established. The authors show solid
evidence that emerging dominant clownfish show increased growth, aggression, and
food consumption compared to their submissive or solitary counterparts, eventually
adopting distinct gene expression profiles.

Major Comments:

(1) The Introduction is comprehensive, but it could be condensed. Likewise, the discussion
could be condensed. There is considerable redundancy between the methods, the
results,and the legend in Figure 1. The authors should consolidate and remove the
redundancy.

Thank you for flagging that parts of the manuscript could be condensed, we will work on this
as we revise the manuscript.

(2) For Figure 3, the authors are showing PC2 and PC3; why is PC1 not shown? There is so
much overlap between the three groups in PC2 vs PC3; it seems unlikely that researchers
could conclusively identify any individual as belonging to a group based on the
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expression profile. The ovals shown do not capture all the points within each of the
groups, and particularly the grey S oval seems misaligned with the datapoints shown.

We understand the concern raised by the reviewer about the overlap among points in the
PCA. We have explored PC1-PC3 and found that PC2 and PC3 showed the clearest, statistically
significant clustering by social position, while PC1 did not capture any variation due to social
position. We have explored whether other factors might be masking differences, such as
genetic relatedness, tank effects, total read count per sample, and found that none of these
factors explained sample clustering. Regarding the ellipses shown around the points, they
were not intended to capture all points, but rather they show the estimated 95% multivariate
t-distribution for that given social group. We revised the figure legend (Fig. 3) to clearly
reflect this. . In addition, for transparency we have revised the Results section (lines 279-285)
and Methods section (lines 754-765) to clarify that we have performed PCAs on (1) all genes,
(2) top 50%, (3) top 25%, (4) top 5% most variable genes, and all three pairwise PC
comparisons (PC1 and PC2, and PC1 and PC3) which we show in the added Supplementary
Fig. 3S.

Results lines 279-285:

“PCAs were performed on all genes, and the top 50%, top 10%, and top 5% of the most
variable genes, all of which showed consistent clustering across all pairwise PC comparisons
(PC1 vs PC2; PC2 vs PC3; PC1 vs PC3; Supplementary Fig. S3). Of all the examined PCAs, PC2
and PC3 with all genes showed the clearest clustering by social position (p = 0.003), and
revealed overall no significant difference in gene expression between P2 and S individuals,
with P1 individuals exhibiting more distinct clustering (Fig. 3A; replicate‑annotated version
of Fig. 3A in Supplementary Fig. S4; for all other PCAs see Supplementary Fig. S3).”

Methods lines 754-765:

“To test for overall GE patterns between social positions and genotypes, data were rlog-
normalized and the effect of genotype and social position were compared through a Principal
Component Analysis (PCA), followed by PERMANOVA analysis using Euclidean distances in
the vegan package (Oksanen et al., 2017). To assess whether the strength of clustering by
social position differed depending on the genes included, additional PCAs were performed on
four gene subsets: (1) all genes, (2) the top 50%, (3) the top 10%, and (4) the top 5% of the most
variable genes. For each subset, the first three principal components (PC1 vs PC2, PC1 vs PC3,
PC2 vs PC3) were visualized to identify axes capturing variation associated with social
position. To test for overall gene expression differences between social position and genotype,
separate PERMANOVAs were performed for each PCA using the adonis2 in the vegan package
(Oksanen et al., 2017).”

(3) The authors indicate that the 15 replicates exhibiting the greatest size difference
between P1 and P2 were selected for gene profiling. Does this mean that each of the
P1and P2 were pairs with each other? Have the authors tried examining the gene
expression patterns in a paired manner? E.g., for the pairs that showed the greatest size
differences,do they also show the greatest differences in gene expression? Do the P1s
show the most extreme differences from P2s that also show the most extreme P2
differences? Perhaps lines on Figure 3A connecting datapoints from the P1 and P2 pairs
would be informative.

Yes, “15 replicates exhibiting the greatest size difference between P1 and P2 were selected for
gene profiling” refers to pairs of P1 and P2, we made sure this is clearly stated in the revised
Results (lines 266-269) and Methods (lines 686-688). Yes, we have explored gene expression
data considering the size difference between pairs, and found that it showed no clear
differences in gene expression patterns (see our response and manuscript edits above under
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Reviewer #1 point 2). We also added a version of the main text Fig. 3A which clearly labels
replicates within the PCA as Supplementary Fig. S4.

Results lines 266-269:

“To test the prediction that whole-body gene expression patterns will vary with social roles
once clear social positions have emerged (P1, P2 and S), we performed gene expression
profiling on 45 individual fish (experimental groups containing paired individuals and
corresponding solitaries; N = 15 samples per social position; Fig. 1D).”

Methods line 686-688:

“Fish from these 15 replicates (n=45 samples; 15 paired individuals and their corresponding
solitaries) were individually homogenized to allow equal RNA extraction from all tissues.”

(4) For the specific target pathways that are up- and downregulated in the different
backgrounds, I recommend that the authors include boxplots (or heatmaps) showing the
actual expression values for these targets. Figure 6 shows a heatmap for appetite-related
genes, and it would be great to see a similar graph for the metabolism and glycolytic
genes; it would also be informative to see similar graphs for hormonal and sexual
maturation pathways as well.

We have explored genes across a broad set of metabolic pathways (glycolysis, TCA cycle, lactic
fermentation, PDH complex, cholesterol biosynthesis, fatty-acid synthesis, and beta-
oxidation) and show all metabolic genes that showed significant differential expression
between P1, P2, and S in Figure 6. Overall, very few metabolism-associated genes were
significantly differentially expressed, which is why we decided to combine appetite-
regulation and metabolism-associated genes into a single figure (Figure 6). In our revised
version of the manuscript, we have modified Fig. 6 to clearly indicate which pathways the
genes belong to and modified Methods section lines 795-797 and 802-805.

Methods lines 795-797 and 802-805:

“To further investigate GE differences, we explored genes associated with growth (including
thyroid signaling), appetite regulation, metabolism, and stress (corticoid) pathways across
social positions.”

“A complete list of retrieved A. percula gene IDs were then filtered against the whole-body GE
dataset, and pathways containing significant genes associated with social position were
reported (Supplementary Table S2; appetite and metabolic genes shown).”

We also examined hormonal pathways (glucocorticoid and thyroid signaling), but did not find
genes in these pathways that were significantly differentially expressed. Finally, we would
like to clarify that our samples consist of two-month-old juvenile individuals that are sexually
immature —under ideal conditions, clown anemonefish can mature in one to two years, but
they can also remain sexually immature for a decade or more (Buston 2004; Buston & García,
2007) — which is why we did not observe distinct molecular signatures of sexual maturation.
We recognize that the sentence at line 520 was misleading, as we did not identify any gene
expression signature that we could confidently associate with signs of sexual maturation. We
have revised the sentence in the Discussion (used to be line 520, now line 543-544) as well as
in the Methods section we added lines 601-606.

Discussion line 543-544:

“In our current study, individuals within pairs were ultimately progressing towards rank 1
dominant female and rank 2 subordinate male roles.”

Methods lines 601-606:
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“All fish used in this experiment were sexually immature juveniles (one-month-old at the
beginning, two-month-old at the end), as clown anemonefish reach sexual maturity between
the ages of one and two years old. Also, under ideal conditions, individuals can remain
sexually immature for a decade or more (Buston 2004b; Buston & García, 2007). Therefore, in
this study, the emergence of social roles and associated phenotypes do not reflect changes
associated with sexual maturation.”

(5) Particularly given that there is a relatively small number of genes enriched in the
different rank conditions, I did not understand the need to do the WGCNA module
analysis. I thought that an analysis of GO terms across the dataset would have been
more meaningful than the GO term analysis shown in Figure 4, which considers only
genes assigned to the "brown WGCNA module". This should be simplified or clarified.

To clarify, GO enrichment analysis does not establish correlations with traits, it only describes
which functions or pathways are over-represented in a given gene set. That is why we began
by using WGCNA to define gene sets (modules) that are correlated to phenotypes. Our
primary rationale for WGCNA was to identify modules of co-expressed genes that show
significant statistical correlation with the phenotypes of interest (social role: P1, P2, S;
growth; and food intake). Pairwise differential expression analysis (Figure 3B) identified a
few hundred significantly differentially expressed genes, but those tests treat genes
independently and are not able to help us link coordinated changes of co-expressed genes to
phenotypes of interest. Because WGCNA is blind to traits, it first identifies groups of co-
expressed genes, which can help resolve gene expression patterns.

We therefore ran WGCNA on the rlog-transformed dataset to identify modules of co-
expressed genes that show significant correlation with phenotypes of interest. For every
module that showed such a correlation, we performed GO enrichment and carefully
evaluated the resulting GO enrichment trees (see Supplementary Figs. S6, S7). The brown
module was highlighted in the main text because it was one of the modules with a significant
correlation to growth, and its associated GO enrichment showed clear growth-related signals
that were not identified in the pairwise differential expression analysis results.

In our revised manuscript we have clarified the rationale for the analytical approaches in the
Results section at lines 297-303 and Methods section lines 767-772 and 775-779.

Results lines 297-303:

“...a weighted gene co-expression network analysis (WGCNA; Langfelder & Horvath, 2008)
was conducted on the rlog-transformed gene expression (GE) dataset. Unlike pairwise DEG
analysis, which treats genes independently, WGCNA identifies groups of co-expressed genes
(modules) and tests whether modules of eigengene expression are correlated with variation
in phenotypes of interest. For modules showing significant correlations with phenotypes,
gene ontology (GO) analyses were performed using Fishers̀ exact tests to identify over-
represented pathways within each module.”

Methods lines 767-772 and 775-779:

“To test whether gene expression patterns are correlated with observed phenotypic changes
in growth and appetite across social positions, a Weighted Gene Correlation Network Analysis
(WGCNA) was conducted on the rlog-transformed GE dataset (Langfelder & Horvath, 2008).
WGCNA identifies groups of co-expressed genes (modules) and correlates eigengene
expression of each module with phenotypes of interest to determine modules of genes whose
expression correlates with trait variation.”

“For modules whose eigengene expression correlated with phenotypes of interest, gene
ontology (GO) enrichment analysis was subsequently performed using Fisher's exact tests
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(presence/absence in a module) to identify over-represented pathways within each module
across GO divisions of Biological Processes (BP), Molecular Functions (MF), and Cellular
Components (CC) (Wright et al., 2015).”

(6) The authors say that they have identified coordinated changes in behaviors and
the"underlying gene expression, leading to the emergence" of social roles. This is a little
bit misleading, since the gene expression analysis occurred well after the behavioral and
phenotypic differences emerged. Presumably, the hormonal and genetic shifts that
actually caused the behavioral and phenotypic difference occurred during the weeks
during which the experiment was underway, and earlier capture of the transcriptome
would presumably reveal different patterns, and ones that would be considered more
causative.The authors acknowledge this in 434-435, but it could be emphasized further.

We appreciate the reviewer raising this point. In the updated version of the manuscript, we
have revised wording to convey that food intake, agonistic behavior, size and growth, and
gene expression are all changing continuously, in response to each other and in response to
social feedback (Introduction lines 133-136). An underappreciated aspect of this system (and
likely many other systems) is that phenotype (including transcriptome) influences the
outcome of social interactions, and the outcome of social interactions influences the
phenotype (including the transcriptome). Earlier capture of the transcriptome would reveal
different levels of gene expression, reflecting the state of the system at that moment in time.

Introduction lines 134-137:

“Underlying this cascade is an underappreciated aspect of this system (and likely many other
systems) where phenotype (including gene expression) influences the outcome of social
interactions, and the outcome of social interactions influences the phenotype (including gene
expression).”

(7) The authors have measured a number of differences between the different dominance
classes of fish. All these differences were measured relative to the other classes, but in my
view, the Solitary group was the closest to a baseline control. So I'm not sure that it is fair
to say that "P2 and S individuals showed consistent downregulation of these genes and
pathways" (line 401). I encourage the authors to emphasize the differences in gene
expression from the "perspective" of the P1 individuals compared to the baseline of
P2and S individuals. Line 474 says that "P2 fish showed significant upregulation" of a
number of pathways. It should be very clear what that is compared to (compared to P1,
presumably?)

We agree with the reviewer that solitary individuals are the most intuitive baseline. Indeed,
the experimental design included solitary fish because we expected they would serve as a
useful control. Without social restraint, we anticipated they would show unrestricted growth,
feeding, behavior, and associated gene‑expression patterns, similar to dominants.

We initially ran analyses using solitaries as the baseline, but after examining the results,
which showed subordinate‑like characteristics for the solitary individuals, we concluded that
solitary individuals are not an ecologically appropriate control for this context. Removing
juveniles from a social context and housing them in isolation may be stressful and can affect
physiology and behavior in ways that do not reflect a natural baseline. From a life‑history
standpoint, solitary living is not the typical state for A. percula.

For these reasons, we reanalysed the dataset using the dominant (P1) as the reference to
enable more ecologically meaningful comparisons (this choice was somewhat arbitrary,
subordinates could also have been used as the reference). Given that gene expression is
relative, we interpret results from both the dominant (P1) and subordinate (P2) perspectives
in the Discussion to provide a complete view. We have clarified wording throughout the
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manuscript to make it clear that everything is relative (Introduction lines: 159-162 and 167-
169; Methods lines: 622-625 and 726-728) as well as revised language throughout to make sure
comparisons are clear.

Introduction lines 159-162 and 167-169:

“This experimental design allowed individuals equal opportunity to attempt taking on the
dominant social role, however, through continuous social interactions (or in the case of
solitaries, due to lack of social interactions), individuals took on varying social roles as
dominant and subordinate members.”

“Given that all phenotypes are entirely dependent on social context with no intrinsic baseline
in this species, we arbitrarily chose P1 (dominant) as the statistical reference group for all
downstream analyses.”

Methods lines 622-625 and 726-728:

“This experimental design allowed individuals equal opportunity to attempt taking on the
dominant social role, however, through continuous social interactions (or in the case of
solitaries, due to the lack of it), individuals took on varying social roles as dominant and
subordinate members.”

“Given that all phenotypes are entirely social context-dependent with no intrinsic baseline, in
this species, we arbitrarily chose P1 (dominant) as the statistical reference group for all
downstream analyses.”

(8) Along the same lines, the authors say in line 514 that subordinates and solitaries
strategically downregulate their growth. I'm not convinced that this is the case: I would
consider this growth trajectory to be the default and the baseline. I would interpret that
under certain social conditions, a P1 dominant pattern of growth, behavior, and gene
expression is allowed to emerge.

We respectfully disagree with the idea that a single baseline/reference growth trajectory
exists for any individual of this species. Growth of individuals is entirely social context-
dependent: neither fast nor slow growth represents an inherent baseline. When two
size‑matched juveniles meet and compete to establish dominance, accelerated growth is the
expected trajectory. By contrast, juveniles joining an existing hierarchy are expected to
exhibit reduced growth, which minimizes conflict and facilitates their social integration.
Unlike species that show non socially mediated growth trajectories, clown anemonefish do
not have a context‑independent growth rate, rather, individuals constantly readjust their
growth according to their immediate social environment (Buston 2003).

Therefore, growth trajectories must be considered from the perspective of all group
members, because they emerge from interactions among individuals rather than reflecting
an intrinsic baseline. In this study, we were interested in the establishment of dominance
hierarchy and how individuals adjust their phenotypes during this process. By
experimentally pairing size‑matched rivals, both individuals are initially expected to pursue
the dominant trajectory, and thus neither individual represents a default state. Instead, the
outcome reflects a social decision, after which both individuals reinforce their emerging
social roles through coordinated changes. See our response and manuscript edits above
under Reviewer #2, point 7 (public reviews).

Reviewer #3 (Public review):

Summary:

The authors tested the hypothesis that interactions among size- and age-matched rivals
will lead to the emergence of social roles, accompanied by divergence in four aspects of
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individual phenotypes: growth, feeding behavior, fighting behaviors, and gene
expression in clownfish.

Strengths:

The data on growth, feeding rate, and fighting behaviors support the authors' claims.

Thank you for the positive feedback!

Weaknesses:

Gene analysis conducted in this study is not sufficient to clarify how the relevant genes
actually regulate growth and behavior.

The information obtained from whole-body gene expression analysis is very
limited.Various gene expression is associated with the regulation of fighting behaviors,
food intake, growth, and metabolism, and these genes are regulated differently across
tissues, even within a single individual. Gene expression analysis should be performed
separately for each tissue.

We understand the reviewer’s concern about whole‑body transcriptomes and agree that
tissue‑specific sampling would provide greater resolution of the mechanisms linking gene
expression to growth, agonistic behaviors, and food intake. For this initial study, however, we
deliberately chose whole‑body samples to capture a broad, unbiased view of gene expression
differences while keeping sequencing costs and sample requirements manageable. We
explicitly acknowledge the resulting interpretational limits in the Discussion (lines 497; 553–
5647), and suggest in the last paragraph that the patterns reported here should be used to
build on in future studies exploring targeted, tissue‑specific hypotheses. See our response and
manuscript edits above under Reviewer #1, point 3 (public reviews).

Clownfish undergo sex change depending on social status and body size, as the authors
mention in the manuscript. Numerous gene expressions are affected by sex change. It is
unclear how this issue was addressed.

We thank the reviewer for raising this point. Sex change and sexual maturation can indeed
drive major transcriptional shifts in clown anemonefish, but our experiment did not
encompass such a life‑history transition. All individuals in this experiment were juveniles (≈1
month old at the start, ≈2 months old at the end) and were sexually immature at these ages.
Clown anemonefish reach sexual maturation around one to two years under ideal conditions,
can delay sexual maturation for years under normal conditions (Buston 2004; Buston &
García, 2007), and sex change in the genus Amphiprion is known to take over ~5 months
(Moyer & Nakazono, 1978). Accordingly, individuals in this study were not sexually mature,
and sex change was not biologically plausible over the five-week experimental period of our
study. We recognize that the sentence at line 520 may be misleading, as we did not identify
any gene expression signature that we could confidently associate with signs of sexual
maturation. During the revisions we made sure that it is clearly stated that the fish in this
study were sexually immature. See our response and manuscript edits above under Reviewer
#2, point 4 (public reviews).

Recommendations for the authors:

Reviewing Editor Comments:

While appreciating the work presented in the manuscript, we note a few common
concerns that the authors could prioritise in their revisions:

(1) The transcriptomics
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The authors have used whole-body RNA-seq and so are constrained in the kind of
mechanistic or tissue-specific insight it can really provide. There are also questions about
how far the authors can go in linking these data to causation, given that sampling
happened after the phenotypes had already diverged.

We therefore recommend tempering the causal language, clarifying the rationale for
their analytical choices (WGCNA, fold-change threshold...), and more explicitly discussing
the limitations of the whole-body RNA-seq and what can (and cannot) be concluded from
it.

We thank the editors for these recommendations. We have addressed each point as follows:

Tempering causal language: We have revised our manuscript and tempered with language
throughout to remove wording of “influence” or “cause” and instead used “associated with”,
“correlated with”, or “suggesting”, as appropriate. We made changes to our Abstract (lines 39-
41), Introduction (lines 115-118, 121-123), and Discussion (lines 431-434, 571-574), and
Methods sections (lines 795-797). Whereas other parts of the manuscript already used non-
causal language such as Discussion lines 333, 355, 358, 381, 437, etc.

Abstract lines 39-41:

“Here we identify associations between changes in gene expression, growth, and feeding
behavior regulation that reinforce social role differentiation during dominance hierarchy
formation in clownfish.”

Introduction lines 115-118, 121-123:

“Gene expression profiling offers a powerful approach to uncover coordinated changes in
gene expression across multiple pathways, providing insight into associations between the
development of social role-specific phenotypes and their underlying proximate mechanisms.”

“Its well-annotated genome (Lehmann et al., 2019) enables transcriptomic analyses that can
help characterize the molecular patterns associated with these processes.”

Discussion lines 431-434, 571-574:

“To explore underlying GE differences, we examined genes known to be associated with
appetite regulation and metabolism in A. ocellaris (Herrera et al., 2025), and found
downregulation of these genes in P1 individuals compared to P2 and S.”

“Together, these approaches provide a powerful framework for uncovering the dynamic,
context-dependent mechanisms that regulate strategic growth and coordinated changes
associated with the establishment and maintenance of dominance hierarchies in social
vertebrates.”

Methods lines 795-797:

“To further investigate GE differences, we explored genes associated with growth (including
thyroid signaling), appetite regulation, metabolism, and stress (corticoid) pathways across
social positions.”

WGCNA rationale: We have revised our Results and Methods sections to explicitly define why
we used WGCNA and GO enrichment analysis, and how these analyses provided more
information than simple pairwise differential gene expression analysis. See our response and
manuscript edits above under Reviewer #2, point 5, (public reviews).

Fold-change threshold: In our revised manuscript, we have removed the arbitrary imposed
fold-change threshold cutoff, which was only used in that single figure. See our response and
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manuscript edits above under to Reviewer #1, point 4, (public reviews).

Whole-body RNA-seq limitations: We have revised the Methods and Discussion sections, and
see our response and manuscript edits above under Reviewer #1, point 3 (public reviews).

(2) Framing and interpretation

Several of the reviewers' comments flag that the manuscript overstates coordination or
"strategic" regulation, or where what's being treated as the baseline/derived isn't clear
(for example, whether P2/S are actively downregulating or whether P1 represents the
divergent trajectory). We recommend revisiting any wording that implies stronger
mechanistic inferences than the data actually support (and defining more clearly what is
meant by baseline and socially induced state).

We thank the editors for these comments and feedback. We have revised the manuscript to
clearly state that our system does not have the traditional baseline/socially induced states,
rather it is all social context-dependent. In particular, we have adjusted the wording
throughout the manuscript to make it clear that everything is relative, and we clarified that
our choice of P1 as the reference group was arbitrary. We have made revisions in the
Introduction (lines 159-162 and 167-169) and Methods (lines 622-625 and 726-728). See our
response and manuscript edits above under Reviewer #2, points 7 and 8, (public reviews).

We have also revised the manuscript to temper with wording that could be interpreted as
implying stronger mechanistic or directional conclusions than our data allow. We adjusted
language throughout to remove wording of “influence” or “cause” and instead used
“associated with”, “correlated with”, or “suggesting”, as appropriate. See our response and
manuscript edits above under Reviewing Editor Comments, (1) the transcriptomics
(recommendations to authors).

Reviewer #1 (Recommendations for the authors):

(1) The reader would benefit from a brief overview of the physiology and molecular basis
of somatic growth, regulation of food intake, and aggressive behavior, especially in
teleost fishes. This would also help the authors with formulating hypotheses that are a bit
more explicit when it comes to the transcriptomic part of the study.

We thank the reviewer for this suggestion, however, as another reviewer raised concerns
about the length of the Introduction as is and we felt that adding detailed paragraphs on the
physiology and molecular basis of somatic growth, food intake regulation, and aggressive
behavior would significantly increase the length of our Introduction.

As a compromise, we have revised the relevant sections of the Introduction (lines 109-115) to
point readers to key review papers and primary literature where the molecular basis of these
traits is covered in detail. We believe this approach balances the need for mechanistic context
with manuscript length constraints, while also allowing readers with specific interests to
follow up with the relevant literature.

Introduction lines 109-115:

“Most studies, often conducted without relevant social context of an individual or in species
entirely lacking dominance hierarchies, have examined single pathways to uncover variation
in coloration (Salis et al., 2019, 2021), appetite regulation (see review for teleosts: Volkoff,
2019), behavior (Bender et al., 2006; Renn et al., 2008; Santema et al., 2013; Solomon-Lane et
al., 2022; see review for teleosts: St-Cyr & Aubin-Horth, 2009), and growth (Beckman, 2011; Lu
et al., 2020; see reviews for teleosts: Reinecke, 2010; Zhou et al., 2024), leaving the broader
molecular shifts associated with social role adoption unresolved.”
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(2) I certainly agree with that statement that "Understanding the proximate mechanisms
that facilitate phenotypic adjustments is key to disentangling whether phenotypes are the
cause or consequence of social rank" (line 90f.), though maybe the authors can elaborate
a bit, as this relationship is quite dynamic and obviously goes both ways.

We agree that this relationship is dynamic and bidirectional, and we have revised the
Introduction to reflect this more explicitly. In particular, we added text noting that, in social
vertebrates, phenotype, including gene expression, can both influence and be influenced by
social interactions, often through continuous feedback loops rather than a clear directional
relationship (Introduction lines 93-96). We also revised the experimental framing in the
Introduction and Methods (Introduction lines 159-162 and 167-16972; Methods lines 622-625
and 726-728) to emphasize that phenotypes are socially context-dependent in A. percula and
that the statistical reference group was chosen for analytical clarity rather than as a true
biological baseline.

Introduction lines 93-96, 159-162 and 167-169:

“This is further complicated by the fact that, in social vertebrates, phenotype (including gene
expression) can both influence and be influenced by social interactions, often through
continuous feedback loops rather than a clear directional relationship.”

“This experimental design allowed individuals equal opportunity to attempt taking on the
dominant social role, however, through continuous social interactions (or in the case of
solitaries, due to lack of social interactions), individuals took on varying social roles as
dominant and subordinate members.

“Given that all phenotypes are entirely dependent on social context with no intrinsic baseline
in this species, we arbitrarily chose P1 (dominant) as the statistical reference group for all
downstream analyses. Given that all phenotypes are entirely social context-dependent with
no intrinsic baseline in this species, we arbitrarily chose P1 (dominant) as the statistical
reference group for all downstream analysis.”

Methods lines 622-625 and 726-728:

“This experimental design allowed individuals equal opportunity to attempt taking on the
dominant social role, however, through continuous social interactions (or in the case of
solitaries, due to the lack of it), individuals took on varying social roles as dominant and
subordinate members. This experimental design allowed individuals equal opportunity to
attempt taking on the dominant social role; however, through continuous social interactions
(or in the case of solitaries, due to the lack of it), individuals took on varying social roles as
dominant and subordinate members.”

“Given that all phenotypes are entirely social context-dependent with no intrinsic baseline, in
this species, we arbitrarily chose P1 (dominant) as the statistical reference group for all
downstream analyses. Given that all phenotypes are entirely social context-dependent with
no intrinsic baseline in this species, we arbitrarily chose P1 (dominant) as the statistical
reference group for all downstream analysis.”

(3) Much of the information in the last paragraph of the Introduction (lines 151ff.) is best
presented in the Methods section.

We respectfully disagree with this suggestion. The eLife journal format does not include a
standalone Methods section preceding the Results, so we expect most readers not to consult
the Methods before reading the Results. We believe it is important to briefly orient the reader
to the experimental approach and the ideas tested, thus providing some context before they
encounter the Results and Discussion.
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(4) What count (TPM or similar) and abundance (above count threshold in fraction of
samples) thresholds were used for the transcriptome analysis? Maybe I missed it, but
how many genes were in the analysis?

We thank the reviewer for pointing this out. We have updated our Methods section (lines 714-
719) to explicitly include filtering steps used as well as included the total number of genes
that were used in downstream analysis.

Methods lines 714-719:

“The read count file was then imported into R version 4.3.1 (R Core Team, 2021), size factors
were estimated for each sample using the median ratio method in DESeq2 (Love et al., 2014)
to account for differences in sequencing depth across samples. No outlier samples were
identified, and all samples (n=45) were retained for downstream analyses. Genes with a mean
raw count <10 were then removed, retaining 24,840 genes for downstream analyses.”

(5) Were all these genes used in PCA, and if so, why? Would it not make more sense to
only use the 50% or 25% most variable genes (which would likely enhance the separation
of social types)? Also, did the authors inspect higher-order PCs to see whether any of
them separate the social types or separate samples according to some other
variable(e.g., size, hue, feeding, any technical factors, etc.)?

We explored PCAs using four gene subsets: all genes, the top 50%, top 10%, and top 5% most
variable genes, and all pairwise PC comparisons (PC1 vs PC2, PC1 vs PC3, PC2 vs PC3;
Supplementary Fig. S3). Of all these examined PCAs, PC2 and PC3, with all genes, showed the
clearest, statistically significant clustering by social position, and more stringent filtering did
not strengthen this signal. We therefore retained all genes in the primary analysis to avoid
imposing arbitrary filtering thresholds that could exclude biologically relevant low-variance
genes. See our response and manuscript edits above under Reviewer #2, point 2, (public
reviews).

Regarding the inspection of higher-order PCs for potential confounding variables, we
examined whether genetic background (clutch ID), tank identity, and sequencing depth
explained clustering patterns across PC1–PC3 and found no evidence that any of these
variables (PCA for sequencing depth not shown). See our response and manuscript edits
above under Reviewer #2, point 2, (public reviews).

We did not explicitly explore whether body size at week 5 drove any of the observed
separation among social positions. Rather, we investigated whether size ratio, an indicator of
the amount of remaining conflict within a pair, could drive gene expression variation within
social positions. See our response and manuscript edits above under Reviewer #1, point 2,
(public review).

Regarding orange hue, we do not believe that orange hue at week 5 (the time point at which
whole-body samples were collected for gene expression profiling) represents a meaningful
socially mediated result. See our response and manuscript edits above under Reviewer #1,
point 5, (public reviews).

Considering food intake, we chose not to explore this as a potential driver of PC variation
because food intake could not be reliably assigned to all individuals at week 5. For a subset of
pairs, individuals could not be confidently distinguished in videos, and we did not want to
make assumptions that could introduce biases into the analysis.

(6) Figures 5/6: Based on the gene expression shown in the heatmaps, I cannot see how
the samples would cluster so cleanly by social type. Consider a bootstrapping analysis
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and provide bootstrap values and "confident" nodes. Also, what does "matrix" in the
legend refer to? I assume some measure of gene expression level, maybe z-scored?

We thank the reviewer for flagging this point. We acknowledge that the samples do not
cluster freely by social position in the heatmaps and we have revised our Methods (see our
response and manuscript edits above under Reviewer #1, point 2, public reviews) and Figure
captions to clearly reflect this. To clarify, samples in Figures 5 and 6 were not ordered by
unsupervised hierarchical clustering; rather, they were first grouped a priori by social
position and then ordered within each group by similarity. We chose this presentation
because it best illustrates the gene expression patterns associated with social position, which
is the primary focus of the manuscript. We have updated the figure legends of Figures 5 and
6, to clarify that the color scale previously denoted as matrix in the heatmap represents row-
scaled Z-scores of normalized gene expression values.

To assess whether social position explains a gene expression variation in an unsupervised
framework, we performed a PCA followed by PERMANOVA (using the adonis2 function in R,
999 permutations, Euclidean distance; see Author response image 1). Both analyses used the
same row Z-score-scaled expression values as shown in Figures 5 and 6. Results showed a
significant effect of social position on gene expression (PERMANOVA: A: social position p
<0.001, B: social position p < 0.001; marginal clutch ID significance p=0.015), which was
primarily driven by dominant individuals (P1) being significantly different from both
subordinate (P2) and solitary (S) individuals. To include these into our manuscript.

Author response image 1. Principal component analysis (PCA) of gene expression based on heatmaps of A)
growth, B) appetite, and metabolism genes. PCA was performed on gene sets of the main text (growth: Fig 5B
and appetite and metabolism: Fig. 6), using row Z-score scaled expression values, consistent with the heatmap
scaling. Each point represents one individual. Ellipses represent 95% confidence intervals around each social
position group. PERMANOVA results (adonis2; shown in the bottom right corners).

(7) I applaud the authors for considering genetic/relatedness effects in their experimental
design and analysis, but I am confused by the microsatellite vs. SNP analyses: why even
use microsatellites in this day and age? Were only the SNP data used as the source of
genetic information? This should be clarified.

In our experiment, paired individuals were initially assigned a temporary rank based on
their size at the start of the experiment; however, the initially larger individual (often only by
a tenth of a mm) does not necessarily emerge as the dominant (P1). To avoid any assumptions
regarding the identity of individuals in given social positions at the end of the experiment, we
needed to verify that individuals within pairs were correctly identified. For the 45 individuals
included in the gene expression dataset, this was done by calling SNPs directly from the
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TagSeq data. For the remaining 36 individuals not included in the gene expression dataset,
we opted for microsatellite genotyping, as a validated panel with established markers was
already available from a previous study (Rueger et al., 2025), making it a reliable and cost-
effective solution. We have clarified the text in the Methods (lines 630-636) and
Supplementary Materials (lines 42-49 and 65-67).

Methods lines 630-636:

“This step was necessary to avoid assumptions regarding social roles and fish identity. At the
beginning of the experiment, individuals within pairs were provisionally assigned a social
rank based on initial body size; as size differences were negligible (often less than 0.1mm),
the initially larger individual does not necessarily emerge as the dominant (P1). To correct
this assumption, identities were verified at the end of the experiment using either
microsatellite genotyping or SNPs called from TagSeq data, depending on whether
individuals were included in the gene expression dataset (see Supplementary Materials).”

Supplementary Materials lines 42-49 and 65-67:

“This step was necessary to avoid assumptions regarding social roles and fish identity, and
the microsatellite method allowed for a reliable and cost-effective solution as a panel with
established markers was already available from a previous study (Rueger et al., 2025). At the
beginning of the experiment, individuals within pairs were provisionally assigned a social
rank based on initial body size; as size differences were negligible (often less than 0.1 mm),
the initially larger individual does not necessarily emerge as the dominant (P1). To correct
this assumption, identities were verified at the end of the experiment.”

“Similarly, for the remaining 45 individuals, we applied a necessary correction step to avoid
assumptions regarding social role and fish identity. For these 45 individuals, we called SNPs
from our TagSeq data to assign clutch identity.”

Reviewer #2 (Recommendations for the authors):

(1) Line 520 indicates that individuals showed early gene expression signatures of sexual
maturation, but I did not see where those results were presented.

We have addressed this recommendation, the claim “individuals showed early gene
expression signatures of sexual maturation” was incorrect and has been removed from the
revised manuscript (Discussion lines 543-544). We have also updated the Methods section
(lines 601-606) to explicitly clarify that all individuals were sexually immature juveniles
throughout the experiment. See our response and manuscript edits above under Reviewer #2,
point 4, (public reviews).

(2) The paragraph starting at line 409 refers to GE profiles. I was confused about what
that was.

Do the authors mean GO profiles?

We did not find any modules using GO enrichment analysis which showed strong enrichment
of appetite- and metabolism-related GO terms. Therefore, we looked for differentially
expressed genes in the rlog-normalized gene expression dataset that are known to be
associated with appetite regulation and metabolism. We have revised the Discussion (lines
431-434) and Methods (lines 812-815) to explicitly state what we are referring to and avoid
confusion.

Discussion lines 431-434:

“In our study, P1 individuals showed increased food intake compared to P2 individuals. To
explore underlying GE differences, we examined genes known to be associated with appetite
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regulation and metabolism in A. ocellaris (Herrera et al., 2025), and found downregulation of
these genes in P1 individuals compared to P2 and S.”

Method lines 802-805:

“A complete list of retrieved A. percula gene IDs were then filtered against the whole-body GE
dataset, and pathways containing significant genes associated with social position were
reported (Supplementary Table S2; appetite and metabolic genes shown).”

(3) I saw several typos, e.g., Vulcano in Supplementary Figure 3.

Thank you for flagging this. We have addressed typos such as Supplementary Fig. S4 (used to
be Supplementary Fig S3) See our response and manuscript edits above under Reviewer #1,
point 4 (public reviews).

(4) The personal observations cited in 495 should be more explicit. Which author made
these observations, over how long, in how many instances?

We thank the reviewer for this comment. We have updated the text to explicitly name the
authors who made these observations, to clarify that they were made during two
independent long-term field studies, and to note that this pattern was observed in 8 or more
instances across the two field studies (Discussion lines 516-520).

Discussion lines 516-520:

“Similar patterns have been anecdotally observed in the wild, where juvenile clownfish
remained small for extended periods (over four months) following the loss of a dominant
partner, only initiating changes in social role towards dominant characteristics upon the
arrival of a new group member (personal observations of 8+ instances during two long-term
independent studies by Pete Buston and Lili Vizer).”
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