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Abstract 

Animals plastically adjust their physiological and behavioural phenotypes to conform to their social environment—
social niche conformance. The degree of sexual competition is a critical part of the social environment to which ani‑
mals adjust their phenotypes, but the underlying genetic mechanisms are poorly understood. We conducted a study 
to investigate how differences in sperm competition risk affect the gene expression profiles of the testes and two 
brain areas (posterior pallium and optic tectum) in breeding male zebra finches (Taeniopygia castanotis). In this pre-
registered study, we investigated a large sample of 59 individual transcriptomes. We compared two experimental 
groups: males held in single breeding pairs (low sexual competition) versus those held in two pairs (elevated sexual 
competition) per breeding cage. Using weighted gene co-expression network analysis (WGCNA), we observed signifi‑
cant effects of the social treatment in all three tissues. However, only the treatment effects found in the pallium were 
confirmed by an additional randomisation test for statistical robustness. Likewise, the differential gene expression 
analysis revealed treatment effects only in the posterior pallium (ten genes) and optic tectum (six genes). No treat‑
ment effects were found in the testis at the single gene level. Thus, our experiments do not provide strong evidence 
for transcriptomic adjustment specific to manipulated sperm competition risk. However, we did observe transcrip‑
tomic adjustments to the manipulated social environment in the posterior pallium. These effects were polygenic 
rather than based on few individual genes with strong effects. Our findings are discussed in relation to an accompa‑
nying paper using the same animals, which reports behavioural results consistent with the results presented here.
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Introduction
To maximise fitness in heterogeneous environments, ani-
mals must adjust their phenotypes to ever-changing envi-
ronmental conditions [1–3]. This includes matching their 
physiological and behavioural phenotypes to conform 
with the current social environment. Such social niche 
conformance [4] is likely associated with phenotypic vari-
ation among individuals, especially in response to social 
conflicts [4, 5]. The degree of sexual competition is a 
critical part of the social environment to which animals 
may adjust their phenotypes [6–8]. The degree of sexual 
competition is shaped by the density of potential mating 
partners and same‐sex competitors and leads to the sex-
ual selection of competitive traits [9–12]. In mating sys-
tems that are not strictly genetically monogamous, sexual 
selection also operates through sperm competition [13, 
14] and/or cryptic mate choice [15, 16].

Males represent the more competitive sex in most ani-
mal mating systems [17, 18]. Male investment in com-
petitive traits is costly [19], promoting the evolution of 
individual phenotypic plasticity [3] of male competitive 
traits in response to variation in the social environment. 
For example, the level of (perceived) sperm competi-
tion affects ejaculate size [20] and composition [21] and 
has been hypothesised to affect costly behavioural traits 
such as aggression [22, 23]. Although there is substan-
tial evidence suggesting that males are sensitive to key 
socio-sexual factors such as rival density, the underlying 
molecular mechanisms that enable these phenotypically 
plastic responses remain largely unclear.

Changes in morphological, physiological or behav-
ioural phenotypes in response to the social environ-
ment are mediated by mechanisms that alter how genes 
are expressed without altering the underlying genetic 
sequence [24, 25]. Gene expression analysis based on 

RNA sequencing provides a powerful tool for directly 
investigating these phenomena [26]. For example, differ-
ential gene expression studies were successfully used in 
studies on female mating preferences [27], elevated nest 
site competition [28], sex-differential ornament expres-
sion [29], the re-modelling of male mating tactics [30], 
male territory defence [31] and individual variation in 
male sexual competitive ability [32]. However, despite 
some illustrative examples (see e.g [33–35].), it remains 
generally unclear how differential gene expression allows 
for individual phenotypic plasticity in male competitive 
traits.

In this pre-registered study [36], we report on socially 
sensitive gene expression in male zebra finches (Taeni-
opygia castanotis, formerly called T. guttata), a monoga-
mous passerine bird with biparental care. Zebra finches 
show extra-pair mating in captivity [37] and have fre-
quently been used as a model in studies on mate choice 
[37, 38] and sperm competition [39, 40]. We investi-
gated whether phenotypic plasticity due to variation in 
sperm competition risk and associated social stimula-
tion is reflected in their gene expression. We conducted 
RNA-sequencing comparing the gene expression profiles 
of male zebra finches across two experimental groups 
exposed to different social environments: Single-pair 
males (low sperm competition risk) versus Double-pair 
males (elevated sperm competition risk, see Fig. 1). The 
effects of this treatment on the males’ behavioural and 
hormonal profiles have been reported in a complemen-
tary paper [41] (see Table 1 for a summary of the results 
from this paper).

As reported in our accompanying paper [41], zebra 
finch males adjusted their behavioural phenotypes to 
the manipulated social environment, indicating social 
niche conformance [4]. However, contrary to our 
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Fig. 1  Schematic representation of the experimental procedures (modified from [41]). One day after the first egg of the 2nd clutch was laid, 
we recorded the birds’ behaviours in the breeding cage (2 h). We quantified male courtship behaviour as total singing duration (min) consisting 
of song directed to the social mate (or the non-focal female in the case of the Double-pair treatment group) and undirected song (for details, see 
Supplementary Table S5 in [41]). On the following day, we took blood samples, obtaining plasma T and CORT levels. Four days after the replacement 
clutch was initiated, we staged a standardised intruder test, in which we measured the focal males’ aggressive responses against an unfamiliar 
stimulus male introduced into their breeding cage (10 min). Aggression was defined as the total time (min) the focal and the stimulus male spent 
in any aggressive interactions (for details, see Supplementary Table S6 in [41])
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pre-registered expectations  [36], there was no evidence 
that these behavioural adjustments were related to the 
elevated sperm competition risk (Table 1). We expected 
the Double-pair males to show more courtship displays, 
including songs directed towards their social mate, more 
affiliative and copulation behaviour with their social mate 
and more aggression towards competitors compared 
to Single-pair males [36]. On the contrary, males of the 
Double-pair treatment group decreased courtship rates 
(song), and when confronted with an unfamiliar intruder, 
they responded less aggressively than Single-pair males 
[41]. No other behavioural measures revealed significant 
treatment effects (see [41] for all details).

These unexpected effects suggest that in our study, 
we observed adjustment of behaviour to social factors 
other than sperm competition risk, like mild social iso-
lation. Single-pair males were deprived of direct inter-
actions with other males and females, which are typical 
of this highly social colonial breeder [42]. Consequently, 
Single-pair males reacted with increased aggression to 
the appearance of a new male. On the contrary, males 
in the Double-pair treatment showed less within-pair 
interactions (i.e., time spent courtship singing and time 
spent near their social mates) and aggression towards an 
unfamiliar intruder [41]. Double-pair males were used 
to the presence of another male and thus more tolerant 
towards novel male intruders. This is in line with stud-
ies showing that zebra finches with reduced exposure to 
social partners react more aggressively towards competi-
tors than those held in larger groups [43, 44] (for simi-
lar results in mammals and fish, see, e.g [45, 46].). Please 

note that the experimental setting was designed to study 
the subtle effects of increased sperm competition risk 
by a mild manipulation of the group constellation in the 
close proximity of the focal males. All animals were in 
acoustical and visual contact also with other conspecifics 
in other breeding cages in the same room. This was done 
to mimic more natural conditions for sperm competition 
risk of this colonial bird. While the subtle social manip-
ulation was not enough to induce robust changes in the 
testis physiology, it was enough to induce social niche 
conformance. To conclude, although not in line with our 
preregistered expectations, the social treatment induced 
behavioural phenotypic plasticity.

The current paper focuses on the gene expression pro-
files in different tissues of the same zebra finch males. For 
each male, we obtained the transcriptome from one of 
the testes and two brain regions (posterior pallium and 
optic tectum). We decided to study gene expression of 
the testes because of their central role in traits linked to 
sperm competition (plasticity in testosterone profiles and 
ejaculate traits [47]). Although our behavioural results 
did not reveal clear signatures of sperm competition [41], 
we still hypothesised that potentially subtle effects of 
sperm competition could be reflected in testes transcrip-
tomes. As for the brain, our pre-registered experimental 
design involved transcriptomic analysis of the septum 
[36], an area involved in regulating aggression [48–50]. 
For technical reasons, we could not extract a sufficient 
amount of RNA from this brain area. Thus, we analysed 
the transcriptome of the posterior pallium and the optic 
tectum.

Table 1  Summary of predictions and results of behavioural and hormonal responses to experimentally manipulated sperm 
competition risk analysed in [41]

* CORT was a pre-registered dependent variable, but without a directional hypothesis

Trait Prediction Result Response variable Breeding stages Data provenance

Singing Single-pair < Double-
pair

Single-pair > Double-
pair

Total time spent sing‑
ing (min)

Before & during egg-
laying

Breeding cage obser‑
vations

Allopreening Single-pair < Double-
pair

Single-pair = Double-
pair

Total time spent allo‑
preening (min)

Before & during egg-
laying

Breeding cage obser‑
vations

Copulations (within-
pair)

Single-pair < Double-
pair

Single-pair = Double-
pair

Within-pair copulation 
attempts (no.)

Before & during egg-
laying

Breeding cage obser‑
vations

Proximity to social mate Single-pair < Double-
pair

Single-pair > Double-
pair

Proportion of time 
in close proximity (%)

Before & during egg-
laying

Breeding cage obser‑
vations

Chasing Single-pair < Double-
pair

Single-pair > Double-
pair

Total duration of chas‑
ing (min)

During egg-laying Intruder test

Aggression total Single-pair < Double-
pair

Single-pair > Double-
pair

Total duration of ago‑
nistic interactions (min)

During egg-laying Intruder test

Plasma testosterone (T) Single-pair < Double-
pair

Single-pair = Double-
pair

T concentration Before & during treat‑
ment

Blood plasma

Plasma corticosterone 
(CORT*)

Single-pair ≠ Double-
pair

Single-pair = Double-
pair

CORT concentration Before & during treat‑
ment

Blood plasma
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We selected the posterior pallium, because it contains 
large portions of amygdala-homologue brain regions 
(arcopallium, posterior amygdala and nucleus taenia 
of the amygdala) [51, 52]. These regions are part of the 
social decision-making network [53], which modu-
lates multiple social responses, including fear/aggres-
sion towards conspecifics. The optic tectum—the first 
station of the primary visual pathway of birds—we 
selected as a control region, which we expected to be 
unaffected by the social treatment. We thus studied 
the key tissues (testis and brain) implicated in regulat-
ing male competitiveness to shed light on the molecu-
lar mechanisms underlying social niche conformance. 
The large number of individual transcriptomes allowed 
us to conduct a differential expression analysis of indi-
vidual genes between the two treatment groups without 
pooling the data of multiple individuals. Additionally, 
this large sample allowed us to perform a gene co-
expression network analysis to study if groups of genes 
with highly correlated expression (co-expression mod-
ules) were affected by the experimental treatment [54].

Results
Distinct gene expression between the testis, posterior 
pallium and optic tectum
We collected 180 tissue samples from the testis, poste-
rior pallium and optic tectum of 60 male zebra finches 
(n = 30 males per treatment level). Not all samples pro-
vided sufficient RNA, though, resulting in overall 173 
tissues samples from 60 individuals (testis Single-pair 
n = 29, Double-pair n = 30; posterior pallium Single-pair: 
n = 28, Double-pair: n = 29; optic tectum Single-pair: 
n = 28, Double-pair n = 29). Across the 173 tissue sam-
ples, a total of 21,040 genes annotated in the zebra finch 
genome [55, 56] were expressed. As expected, the over-
all gene expression patterns summarised by a principal 
component analysis clearly distinguished the three tis-
sues (Fig.  2), revealing highly tissue-specific expression 
patterns. We thus performed gene (co-)expression analy-
ses separately for each tissue. Specifically, we compared 
Single-pair and Double-pair males to identify genes and 
gene networks whose expression levels were sensitive to 
our experimental treatment.
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Fig. 2  a Principal component plot showing differential gene expression across the three male zebra finch target tissues. Each dot represents 
a single sample from testis (blue), the posterior pallium (red with a black contour) and the optic tectum (green without a contour). b-d Volcano 
plots showing differential gene expression between the two treatment levels within each target tissue. On the x-axis is the magnitude (log twofold 
change) of the difference in gene expression between the two groups (higher values indicate higher expression in the Double-pair relative 
to the Single-pair level). The y-axis displays the significance (-log10 of the false discovery rate-corrected p-value) of the differential gene expression. 
Each dot represents a single gene. Significantly differentially expressed genes are indicated as red stars
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Differential gene expression in the testis, posterior pallium 
and optic tectum of Single‑ versus Double‑pair males
At the single gene expression level, no treatment effects 
were found in the testis, and only a few treatment-
sensitive genes were identified in the posterior pal-
lium and optic tectum. Overall, 20,380 expressed genes 
were identified in the testis (TES). While the transcrip-
tomic profiles differed substantially among individual 
males, analyses restricted to individual genes did not 
reveal any differential expression between Single- versus 
Double-pair males in the testis. In the posterior pallium 
(PAL), 10 of 18,917 identified genes were differentially 
expressed between Single-pair and Double-pair males 
(Table  2). Four genes had higher expression in Double- 
compared to Single-pair males, while six genes showed 
lower expression levels in the Double-pair treatment 
(Table  2). In the optic tectum (OT), six out of 19,030 
genes had lower expression in Double-pair males than in 
Single-pair males (Table 2). One gene (predicted: MTTP) 
showed lower expression in both tectum and posterior 
pallium in Double-pair compared to Single-pair males 
(Table 2).

Treatment‑dependent expression of gene networks 
in the testis, posterior pallium and optic tectum
Complex remodelling of integrated phenotypes may be 
caused by concerted and potentially subtle expression 
changes of networks of co-expressed genes rather than by 
dramatic expression changes in single genes. The genes 
forming such co-expression networks are likely involved 
in the same or similar functional pathways [57, 58]. We 
thus applied weighted co-expression gene network analy-
sis (WGCNA) to identify groups of genes (co-expression 
modules) that changed expression in response to the 
experimental social treatment [54].

In the testis, we detected 66 modules representing clus-
ters of genes with highly correlated expression (Supple-
mentary Data Table  S1a; note that modules are named 
by arbitrary colours assigned by the WGCNA software). 
Five of these modules were differently expressed between 
the two treatment groups (Fig.  3a-e). These treatment-
sensitive modules contained between 40 and 265 genes, 
of which 8–46 were classified as hub genes, a class of 
highly connected genes within a module (Table  3). The 
statistical results for all identified modules, including 

Table 2  Differentially expressed genes between Single- versus Double-pair males in the posterior pallium and optic tectum. The 
magnitude of the difference in expression is represented by log twofold change (log2FC). Higher values indicate higher expression in 
the Double-pair relative to the Single-pair treatment level. False discovery rate (FDR) refers to p-values that were adjusted for multiple 
comparisons. The significance level was set to FDR < 0.1

Gene symbol Gene name log2FC FDR

Pallium: higher expression in the Double-pair treatment level
  MC5R Melanocortin 5 receptor 0.519 0.031

  GNA11 G Protein Subunit Alpha 11 0.163 0.044

  RND3 Rho Family GTPase 3 0.138 0.044

  Predicted: UGT8
(LOC100228968)

2-hydroxyacylsphingosine 1-beta galactosyltransferase 0.813 0.099

Pallium: higher expression in the Single-pair treatment level
  Predicted: MTTP
(LOC105759397)

Microsomal triglyceride transfer protein large subunit -2.596 0.031

  Predicted: SMAD6
(LOC105758838)

Mothers against decapentaplegic homolog 6 -0.297 0.031

  ZNRD2 Zinc Ribbon Domain Containing 2 -0.496 0.031

VAMP8 Vesicle Associated Membrane Protein 8 -0.388 0.099

TVP23A Trans-Golgi Network Vesicle Protein 23 Homolog A -0.165 0.099

  MXD1 MAX Dimerization Protein 1 -0.353 0.099

Tectum: higher expression in the Single-pair treatment level
  Predicted: MTTP
(LOC105759397)

Microsomal triglyceride transfer protein large subunit -3.244  < 0.001

  Uncharacterised (LOC115492340) - -1.937 0.005

  PNMT Phenylethanolamine N-methyltransferase -1.715 0.055

  Predicted: OASL1
(LOC100224927)

2’-5’-oligoadenylate synthase-like protein 1 -1.792 0.099

  Predicted: IFIT5
(LOC100229421)

Interferon-induced protein with tetratricopeptide repeats 5 -1.628 0.099

  Uncharacterised (LOC115492673) - -1.917 0.099
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Fig. 3  Gene co-expression network modules with significant differences between the Single-pair versus Double-pair treatment levels for the three 
target tissues. Each module represents a cluster of genes whose expression is highly correlated among individual transcriptomes (within tissues). 
Each dot represents the data from one individual male for that module (Single- and Double-pair levels are represented in blue and orange, 
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Table 3  Gene co-expression modules with significant differences between Single- and Double-pair males in the testis (TES), posterior 
pallium (PAL) and optic tectum (OT)

Modules Number of genes Number of hub genes Statistics

TES Paleturquoise 128 18 F(1,57) = 7.180, p = 0.010

TES Orangered3 40 8 F(1,57) = 5.663, p = 0.021

TES Cyan 265 38 F(1,57) = 4.654, p = 0.035

TES Lightgreen 210 46 F(1,57) = 4.581, p = 0.037

TES Saddlebrown 140 24 F(1,57) = 7.472, p = 0.008

PAL Floralwhite 108 28 F(1,55) = 8.327, p = 0.006

PAL Saddlebrown 173 59 F(1,55) = 7.251, p = 0.009

PAL Blue 1986 179 F(1,55) = 6.180, p = 0.016

PAL Darkolivegreen 160 160 F(1,55) = 4.506, p = 0.038

PAL Darkturquoise 193 47 F(1,55) = 4.137, p = 0.047

PAL Darkgreen 210 28 F(1,55) = 4.066, p = 0.049

OT Salmon 255 40 F(1,55) = 5.054, p = 0.029

OT Thistle1 48 10 F(1,55) = 4.430, p = 0.040

OT Lightyellow 190 5 F(1,55) = 4.066, p = 0.049



Page 7 of 15Riyahi et al. BMC Genomics          (2024) 25:694 	

lists of identified genes and hub genes of each treatment-
sensitive module, are summarised in Supplementary 
Table S1a-c.

In the posterior pallium, we identified 49 gene co-
expression modules (Supplementary Data Table  S2a). 
Six modules showed significantly different expressions 
between the two treatment groups (Fig.  3f-k). These 
modules contained between 108 and 1986 genes, of 
which 28–179 were classified as hub genes (see Table 3). 
The results for all identified modules in the posterior pal-
lium, including the list of all genes contained in the mod-
ules and hub genes of treatment-sensitive modules, are 
summarised in Supplementary Table S2a-c.

In the optic tectum, 40 modules were identified (Sup-
plementary Data Table S3a). Three modules were differ-
ently expressed between the treatment groups (Fig. 3l-n). 
These modules contained between 48 and 255 genes, of 
which 5–40 were classified as hub genes (see Table 3 for 
a summary of the treatment-sensitive modules and Sup-
plementary Table  S3a-c for an overview of all results, 
including the list of genes and hub genes).

Robustness of treatment effects at the level of gene 
co‑expression networks
We conducted additional randomisation tests for each of 
the three tissues using a trial shuffle method to evaluate 
if the measured treatment effects could have emerged by 
chance. We shuffled trials for 1000 times. In each trial, 
the individual eigengene values of the gene co-expression 
modules were randomly assigned to the two treatment 
groups. ANOVA was performed to identify the number 
of gene co-expression modules with false positive treat-
ment effects (Fig. 4). We aimed to identify how often it 
occurs by chance that 5 out of 66 modules in the tes-
tis, 6 out of 49 in the posterior pallium, and 3 out of 40 

modules in the optical tectum are significantly different, 
as was the case in our real data.

Analysis of the testis revealed that in 95 out of 1000 
permutations, five modules significantly differed between 
treatments (red bar in Fig.  4a). These are 9.5% of cases 
and suggest a false positive probability of p = 0.095. Thus, 
we conclude that the detected treatment effects in testis 
are likely false positives.

In the posterior pallium, six modules significantly dif-
fered between treatments in 29 out of 1000 permutations 
(2.9%, red bar Fig. 4b). Therefore, we consider our results 
in the pallium to be robust, with a probability of false 
positives of p = 0.029.

In the tectum, the analysis revealed that in 148 out of 
1000 permutations (14.8%), 3 modules significantly dif-
fered between treatments (red bar in Fig.  4c). Thus, we 
conclude that the effects we observed in the tectum are 
likely false positives (p = 0.148).

Functions of the treatment‑sensitive gene co‑expression 
modules in the pallium
To specify the biological processes associated with the 
genes of the six modules significantly affected by the 
experimental treatment in the pallium, we performed 
gene ontology (GO) enrichment analysis [59]. This analy-
sis is based on functional annotations databases, reflect-
ing the scientific community’s current understanding of 
the functions associated with each gene [60].

Four out of the six significantly affected modules 
contained significantly enriched GO terms. All 55 GO 
terms identified for the Blue module in pallium (PAL 
Blue module) were significantly enriched. PAL Saddle-
brown had 31 significantly enriched GO terms out of 
4832 identified terms. PAL Darkturquoise contained 
five (out of 5,376), and PAL Darkgreen 6 (out of 3,870) 
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significantly enriched GO terms. The other modules 
(PAL Floralwhite, containing overall 1,887 GO terms 
and PAL Darkolivegreen, containing 3,045 GO terms) 
did not present significantly enriched GO terms. The 
functional annotations of the top five significantly 
enriched GO terms for each module are summarised 
in Table 4 (for all other GO terms, see Supplementary 
Table S2d-i).

The functions of the two modules with the highest 
numbers of significantly enriched GO terms for pallial 
tissue (PAL Saddlebrown and PAL Blue) have been fur-
ther summarised as semantic space scatter plots (Fig. 5a-
b). This revealed a macro cluster of functions related to 
the G protein coupled receptor signalling pathway in the 
PAL Blue module. In contrast, in the PAL Saddlebrown 
module, a predominance of functions related to glial cell 
differentiation was evident. Cell communication and sig-
nalling were significantly enriched in the PAL Blue but 
not in the PAL Saddlebrown module. Overall, most gene 
functions of the PAL Blue module seem to be related to 
neuronal processes and signalling. On the contrary, the 
PAL Saddlebrown module mainly identifies gene func-
tions related to glial cells (see Table  4). The main func-
tions shared by both modules are related to cell migration 
and multicellular organismal processing. As for the PAL 
Darkturquoise module genes, the main functions seem 
to be associated with the activity of different neural 

receptors. The PAL Darkgreen module’s functions mainly 
relate to meiosis (see Table 4).

Discussion
In this pre-registered study [36], we hypothesised that 
elevated sperm competition risk experienced by Double-
pair males would affect gene expression in the testis and 
brain compared to Single-pair males. Contrary to our 
expectations, we did not find transcriptomic adjustment 
clearly attributable to manipulated sperm competition 
risk. The differential gene expression analysis revealed 
treatment effects only in the posterior pallium (ten genes) 
and optic tectum (six genes). However, no treatment 
effects were detectable in the testis. Similarly, at the level 
of gene co-expression networks, we observed robust dif-
ferences between the treatment groups only in the poste-
rior pallium. On the other hand, effects suggested by our 
initial analysis in the testis and optic tectum might repre-
sent false positives, as revealed by randomisation tests. In 
the following, we discuss our results for each target tissue 
and in relation to the hormonal and behavioural results 
obtained from the same individuals, which were reported 
in detail in our complementary paper [41].

We expected our analysis to reveal differential gene 
expression between the two treatment groups in the tes-
tis, especially for candidate genes previously implicated 
in male-male competition [36]. The testes are responsible 

Table 4  Top five significant gene ontology (GO) terms for biological processes within the posterior pallium (PAL) modules that were 
significantly different between treatment levels. The number of significantly enriched GO terms are indicated in brackets for each 
module

Module Top five terms Term identity

PAL Floralwhite (0) - -

PAL Saddlebrown (31) Oligodendrocyte differentiation
Glial cell differentiation
Gliogenesis
Glial cell development
Ensheathment of neurons

GO:0048709
GO:0010001
GO:0042063
GO:0021782
GO:0007272

PAL Blue (55) Neuroactive ligand-receptor interaction
Intrinsic component of membrane
Integral component of membrane
Signaling
Cell communication

KEGG:04080
GO:0031224
GO:0016021
GO:0023052
GO:0007154

PAL Darkolivegreen (0) - -

PAL Darkturquoise (5) Semaphorin receptor activity
Transmembrane signaling receptor activity
Molecular transducer activity
Signaling receptor activity
Neurotransmitter receptor activity involved in regulation of postsynaptic cytosolic 
calcium ion concentration

GO:0017154
GO:0004888
GO:0060089
GO:0038023
GO:0099583

PAL Darkgreen (6) Meiosis I
Meiosis I cell cycle process
Reciprocal homologous recombination
Homologous recombination
Reciprocal meiotic recombination

GO:0007127
GO:0061982
GO:0140527
GO:0035825
GO:0007131



Page 9 of 15Riyahi et al. BMC Genomics          (2024) 25:694 	

for sperm [61] but also androgen production, with down-
stream effects on tissues elsewhere, particularly the brain 
[62, 63]. The testes, thus, arguably constitute a target tis-
sue of major importance for uncovering the effects of 
variation in sperm competition risk on gene expression. 
Contrary to our expectation, males who had the oppor-
tunity for extra-pair mating and faced higher sperm com-
petition risk did not show clear changes in their testis 
transcriptomes. Our transcriptomic results here align 
with the behavioural and hormonal results [41] (see also 
Table 1), which show no evidence for treatment-induced 
changes in the male competitive traits studied. There are 
several possible explanations for why this was the case.

Although zebra finches have frequently been used to 
study sperm competition in the laboratory [64], they 
show strong monogamous pair bonds with low extrapair 
paternity levels. In the wild, the level of extrapair pater-
nity has been investigated in two separate populations 
and was found to be less than 2% in both [65, 66]. Fur-
thermore, the low level of sperm competition in the wild 
is consistent with the genetic architecture of the sperma-
tozoa themselves [67] and the high variation in sperm 
morphology [68]. In line with this is the rather passive 
nature of competition in this species and the low levels of 
testosterone expressed by zebra finches [41, 68–70]. The 
testosterone levels increase slightly in male zebra finches 

during their partner’s fertile window [47, 71]. However, 
this is mainly related to optimising the production of 
sperm and likely does not affect sperm competition or 
competition in general. Moreover, zebra finches are colo-
nial breeders. They prefer to breed near other conspecif-
ics [42, 72], and breeding is often socially facilitated [73]. 
Thus, the effects of sperm competition in this species can 
be considered rather minor. At the same time, we used a 
simple design to compare single pairs with double pairs. 
Although we manipulated the opportunity for extra-pair 
mating, the presence of only one other breeding pair may 
not have been a strong enough stimulus to induce robust 
changes in the male competitive traits we were studying.

Nevertheless, our treatment affected some behavioural 
traits and the transcriptomes in both brain tissues stud-
ied, indicating responses in neural functions that regulate 
behavioural phenotypes. This provides valuable evidence 
on the brain gene expression patterns underlying behav-
ioural adjustment to different social environments. Both 
brain tissues contained some differently expressed indi-
vidual genes. Although their number was rather low (ten 
in the posterior pallium and six in the optic tectum), this 
provided a first indication of social treatment-dependent 
transcriptomic changes in the brain. However, differ-
ences were much more substantial at the level of gene 
co-expression networks. Six (out of 49) co-expression 
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modules in the posterior pallium, containing 2,830 genes 
overall, showed differences between treatments. The ran-
domisation test revealed that the effects found in the pal-
lium are robust. These results imply that male phenotypic 
adjustment to the social environment was based on poly-
genic processes rather than strong effects of a few indi-
vidual genes. The enriched functional annotations of two 
gene co-expression modules, PAL Blue and PAL Dark-
turquoise, indicate modifications related to neural func-
tions in the posterior pallium. The enriched functions of 
the module PAL Saddlebrown showed changes related to 
the development and differentiation of glial and endothe-
lial cells. Together this indicates that the social treatment 
induced modifications of neural processes, which were 
accompanied by changes in the glial cells. Changes in 
endothelial cells may also indicate cerebrovascular plas-
ticity, which is needed to adjust blood supply to changes 
in the metabolic demands of neural and glial cells [74].

Such social experience-dependent modulation of gene 
expression in the posterior pallium was expected as many 
of the functions of this large brain region regulate social 
behaviours at different levels. Specifically, the samples 
from the posterior pallium contained a large portion of 
the posterior nidopallium, almost the entire arcopallium, 
the posterior amygdala and the nucleus taenia of the 
amygdala. At large, the arcopallium and nucleus taenia 
of the amygdala in birds regulate fear [75]. More specifi-
cally, this region responds to novel stimuli, such as expo-
sures to novel environments [76] or novel objects [77] 
and first encounters with conspecifics in naïve birds [78]. 
Moreover, the nucleus taenia of the amygdala is part of 
the social behaviour network, which is shared among all 
vertebrates. It comprises interconnected areas rich in sex 
steroid receptors and is implicated in a range of social 
behaviours, including aggression [53, 79, 80].

In our accompanying paper, we report that Single-pair 
males showed higher levels of aggression towards an 
unfamiliar intruder and spent more time in close proxim-
ity to their social mates compared to Double-pair males 
[41]. Hence, our social treatment led to changes in the 
neural mechanisms that control the response to famil-
iar and unfamiliar conspecifics. The transcriptomic data 
of the present paper suggests that at least part of these 
neural changes occurred in the posterior pallium and are 
likely linked to the amygdaloid functions of this area. We 
also found that Single-pair males sang less compared to 
Double-pair males, which indicates a modification of the 
neural process of their song system. The posterior pal-
lium contains the robust nucleus of the arcopallium (RA), 
which is the primary output of the telencephalic song 
system in songbirds [81]. The RA sends outputs to brain-
stem regions that innervate the avian vocal organ (syr-
inx). During song production, RA neurons are active and 

are believed to encode the acoustic properties of song 
syllables [82–84]. It is thus likely that our transcriptomic 
data also reflect some adjustments of the song produc-
tion system.

While the results we observed when analysing this 
large section of the brain are extremely helpful for our 
explorative purpose, it remains largely unclear which 
specific brain processes and regions were affected by our 
treatment. The arcopallium is a large brain region, which 
in zebra finches has been divided into six major domains 
with twenty distinct sub-regions [85]. The arcopallium 
receives inputs from numerous brain areas and is a major 
source of descending sensory and motor projections. It 
can thus be considered a key brain region of the avian 
forebrain [85]. Likewise, the avian posterior nidopallium 
is a large brain region supporting many functions, from 
working memory [86], executive functions [87] and visual 
categorisation [88] to sexual imprinting in zebra finches 
[89]. Which of these brain functions were affected by our 
treatment needs further investigation.

We also found subtle changes in gene expression in the 
optic tectum, which was unexpected. The optic tectum, 
located in the dorsal midbrain of birds, is the primary 
recipient of around 80% of retinal inputs. Its main func-
tion is the generation of orienting responses to stimuli 
of interest, especially when they are moving [90]. These 
responses are considered innate or reflexive [91]. At this 
early stage of visual processing, we did not expect to find 
plastic adjustments to our social treatment. Contrary 
to our expectation, however, six genes were differently 
expressed between the treatment levels. While the num-
ber of affected genes is very low and needs further con-
firmation, the potential effects indicate that some lasting 
adjustment to the social environment could be present 
in the optic tectum. This is an interesting finding, which 
may be explained by the organisation of the tectofugal 
visual pathway. In birds, the tectofugal visual pathway 
stretches from the retina to the optic tectum, then to 
the nucleus rotundus in the thalamus, before reaching 
the entopallium in the forebrain. The entopallium sends 
projections to higher telencephalic regions, including the 
arcopallium [92]. The arcopallium, in turn, projects back 
on the optic tectum, completing a tecto-tectal loop [93]. 
It is thus possible that the plastic changes found in the 
posterior pallium induced changes in the optic tectum 
through this loop. The tectofugal visual pathway in birds 
is involved, among other things, in perception and atten-
tion to object and shape information [88, 94, 95]. The 
projections from arcopallium to tectum could thus medi-
ate preferential attention to social stimuli, such as the vis-
ual appearance of male and female conspecifics. Another 
potentially important source of social adjustment in this 
area could be related to acoustical communication. The 
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tectal tissue we extracted contained the nucleus mesen-
cephalicus lateralis (MLd, MLv), a part of the auditory 
pathway in zebra finches [96]. This could indicate altera-
tions in basic auditory attention mechanisms and social 
acoustic stimuli detection. The neural basis of this inter-
esting phenomenon needs to be further investigated.

Conclusions
Our study indicates the importance of the social environ-
ment as a driver of phenotypic plasticity in zebra finch 
males, not only on the behavioural [41], but also at the 
gene-expression level. Manipulating the opportunity for 
extra-pair mating and, thereby, the risk of sperm com-
petition, failed to induce changes in gene expression in 
the testes. However, the social treatment affected the 
gene expression in the brains of male zebra finches. The 
changes in the posterior pallium can be associated with 
behavioural adjustments of male zebra finches to changes 
in the social environment. These social treatment effects 
were foremost apparent at the level of gene co-expression 
networks in the posterior pallium, indicating that biolog-
ical traits subject to phenotypic adjustment to the social 
environment are based on polygenic processes rather 
than a few individual genes with large effects. While 
many questions remain, the present study opens new 
doors for expanding our understanding of the mecha-
nisms behind social niche conformance.

Methods
Experimental approach and general methods
This study has been pre-registered with the Open Science 
Framework [36], and its general methods, behavioural 
phenotyping and hormone profiling have been described 
in detail in a complementary paper [41]. Here we only 
summarise the main aspects in reference to [41]. In brief, 
zebra finch breeding pairs were randomly allocated to 
one of two experimental treatment groups, Single-pair 
versus Double-pair (Fig. 1). Thus, we exposed the breed-
ing pairs to two different social environments reflecting 
two different levels of sperm competition risk and social 
stimulation. Only the males of the Double-pairs were 
exposed to sperm competition risk and direct physical 
interaction with another breeding-pair.

At the start of the experimental treatments (ca. 89 days 
after pair formation), we transferred Single-pair males to 
new breeding cages together with their established social 
mates. Double-pair males were transferred to a double-
sized breeding cage, together with their social mate and 
an additional unrelated and unfamiliar social pair. All 
birds were fitted with three additional leg rings of the 
same colour to allow for individual identification during 
behavioural observations. The provision of nest boxes and 
nesting material stimulated the birds to start breeding. 

We stimulated breeding pairs to produce two consecutive 
clutches to give the focal males enough time to respond 
to the experimental treatment. For both clutches, plastic 
dummy eggs replaced the eggs on the day they were laid. 
We removed the first dummy clutch 15 days after the first 
egg of a clutch was laid, to induce the production of the 
second clutch (replacement clutch). Data and sample col-
lection from the males were scheduled with regard to the 
timing of laying of the replacement clutch (see Fig.  1). 
This procedure ensured that the timing of data collection 
was standardised according to the reproductive cycle of 
each breeding pair, and that females were still receptive 
when male competitive behavioural traits were recorded. 
Multiple phenotypic traits were recorded per individual 
(see Table 1). Finally, on the fourth day after the first egg 
of the replacement clutch was laid, immediately after an 
intruder test (reported in [41]), we sacrificed 30 males 
from each treatment level (Double-pair and Single-pair) 
for gene expression analyses targeting testes and two 
brain areas (posterior pallium and optic tectum).

Tissue dissection
Focal males were sacrificed by decapitation. The brain 
was extracted from the skull within 3–5 min, snap-frozen 
on dry ice and stored at -80  °C until further processing. 
This was followed by extraction of the left testis (which 
usually represents the bigger testis [97]). The right testis 
was not used but reserved for flow cytometric analysis of 
cell ploidy patterns. After the mass of the extracted testis 
was measured to a precision of 0.1 µg on a standard labo-
ratory scale (Sartorius Quintex 124-1S), it was cut into 
two approximately equal pieces. One half was incubated 
for 24 h in RNAlater™ Stabilization Solution (Invitrogen, 
catalogue number: AM7021) and stored at -80  °C until 
RNA extraction. The other half was reserved for flow 
cytometric analysis of cell ploidy patterns.

We extracted the posterior pallium and optic tec-
tum, which deviates from what was declared in the pre-
registration [36], as we initially planned to analyse the 
transcriptome of the septum (a core region of the social 
behaviour network). However, the small septum region 
did not provide sufficient RNA for individual-level 
transcriptome analysis. We thus extracted larger brain 
regions with similar functions and added a control region 
from the sub-pallium (the optic tectum). Before extrac-
tion, the brains were stored for two hours at -20 °C. This 
preserved brain anatomical structures while softening 
the frozen tissue to allow dissection. The brain regions of 
interest were then extracted from the right hemispheres 
on ice using binoculars. The left hemispheres were not 
used. The anatomical areas were located and delineated 
based on visual observation of anatomical landmarks as 
referenced in the zebra finch brain atlas [98]. The pallial 
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samples were taken from a region approximating the one 
between anterior A 1.08 to posterior P 0.18 and includ-
ing the entire tissue lateral to L 1.0. It thus included a 
large portion of the posterior nidopallium, almost the 
whole arcopallium, the posterior amygdala and the 
nucleus taenia of the amygdala. We did not include the 
most dorsal parts of the telencephalon to avoid inadvert-
ently sampling from the hippocampal formation (HF) 
and the high vocal centre (HVc). The tectal samples were 
extracted approximating a region from A 2.43 to A 1.35 
and including the entire tissue lateral to L 3.0. The sam-
ples thus included all the layers of the optic tectum as 
well as parts of the torus semicircularis (TOS), substantia 
grisea et fibrosa periventriculare (SGP), nucleus mesen-
cephalicus lateralis (MLd, MLv) and nucleus isthmi (IPC, 
IM). The isolated brain regions were incubated in RNAl-
ater™ for 24 h at 4 °C and then stored at -80 °C until RNA 
extraction.

RNA isolation and sequencing
Total RNA was extracted using the RNeasy Mini Kit 
(Qiagen, catalogue number 74106) for total RNA extrac-
tions. In addition to the protocol supplied with this kit, 
RNA samples were purified with RNase-Free DNase Set 
(Qiagen, catalogue number 79254) to eliminate possible 
DNA contamination. After RNA extraction, the quality 
of extracted RNA samples was tested with the 2100 Bio-
analyzer System (Agilent). This revealed that for all of the 
samples the RNA integrity numbers (RIN) were > 8, indi-
cating high-quality RNA. Extracted total RNA samples 
were subsequently sent to the Beijing Genomics Insti-
tute (BGI, www.​genom​ics.​cn) for complementary DNA 
library construction and mRNA sequencing using the 
DNBseq platform. mRNA-seq libraries were prepared 
using the BGI in-house library preparation kit (BGI, 
www.​genom​ics.​cn) and sequenced with 100  bp paired-
end reads. Read filtering was performed by SOAPnuke 
[99]. Quality control of raw reads was performed with 
FastQC v0.11.9 [100]. On average 74 million clean reads 
were obtained for each sample, with an average Phred 
quality score of 37 after trimming.

Genome mapping
We used hisat2 v.2.2.1 [56] for mapping the reads to the 
zebra finch reference genome (GenBank assembly acces-
sion: GCF_008822105.2). We used strict mapping options 
(–no-discordant –no-mixed) to avoid mismapping. 
On average 85% of the reads per sample were uniquely 
mapped to the genome. The gtf-file of the zebra finch 
reference genome, in combination with the mapped 
reads, was used to generate the reads count using htseq-
count v.0.6.1 [55], a Python-based framework to analyse 

sequencing data (settings used: –format bam –order pos 
–mode union –stranded no –minaqual 1 –type exon).

Differential gene expression
Differential expression analyses (DEGs) concerning 
the experimental treatment were conducted with the R 
package DEseq2 (v.1.26.0) [101] separately for each tis-
sue (using the model: ~ Treatment). The false discov-
ery rate (FDR) q-value for the DEseq2 was set as default 
(FDR < 0.1). Genes with fewer than ten total reads across 
all samples for any tissue were filtered out. For visualisa-
tion, the data were normalised using the standard for-
mula (log2(counts + 1)), as suggested by the manual of the 
DEseq2 (v.1.26.0) [101] package. We used the clustering 
of samples by Principal Component Analysis to visualise 
gene expression in different target tissue types. Volcano 
plots were used to visualise differential gene expression 
between treatments separately for each tissue.

Weighed correlation network analysis (WGCNA)
Weighted correlation network analysis (WGCNA) [54] 
was used to identify clusters (modules) of highly co-
expressed genes. Modules are composed of genes with 
a similar co-expression pattern, creating a network cen-
tred on the so-called hub genes (genes with a relatively 
high number of connections with other genes within 
the co-expression network are denoted as network hubs 
[58]). Since genes act together in shared pathways and 
networks, this analysis provides additional insights into 
even subtle but network-wide expression changes related 
to the experimental treatment [57, 58]. Genes with fewer 
than ten total reads across all samples for any tissue were 
filtered out here, too. We used the variance-stabilizing 
transformed data (generated with the VST function of 
the DEseq2 R package) as input for WGCNA.

The number of genes included in this analysis for the 
posterior pallium, optic tectum and testis were 18,917, 
19,030 and 20,380, respectively. We created signed net-
works by selecting soft threshold power (β) using the 
pickSoftThreshold function (for posterior pallium β = 7, 
for tectum β = 6, for testis β = 7). We kept modules with 
a minimum module size of 30 genes. A threshold of 0.25 
was used to merge modules. We identified hub genes in 
significantly associated modules as those with gene sig-
nificance values above 0.2 and module memberships 
above 0.6. We tested for differences in module eigengene 
expression between treatments using ANOVA. All statis-
tical analyses were performed using R [102].

Functional annotation analysis
To specify the biological processes associated with the 
genes of the modules significantly affected by the experi-
mental treatment we performed gene ontology (GO) 
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[59] and KEGG (Kyoto Encyclopaedia of Genes and 
Genomes) [103] enrichment analysis, also called over-
representation analysis (ORA). This was done using the 
WEB-based toolkit g:Profiler [104] (https://​biit.​cs.​ut.​ee/​
gprof​iler/​gost; g:Profiler version e104_eg51_p15_3922dba 
[October 2021]). The analysis is based on gene annota-
tion terms, to determine differences in the processes/
functions associated with a subset of genes (in this case, 
those of each co-expression module), compared to the 
functional annotations of the full list of all known zebra 
finch genes for the same tissue. To do so, we ran a func-
tional enrichment analysis on the list of candidate genes 
(un-ordered list) for each significant module from the 
WGCNA, in relation to the experimental treatment, with 
an FDR < 0.05. The main results were further summarised 
by semantic similarity scatterplots visualised by REVIGO 
[105].

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s12864-​024-​10573-y.

Supplementary Material 1. Table S1: Supplementary information for genes 
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b) Full lists of genes of detected gene networks. Significantly differentially 
expressed modules are denoted in red. c) Hub genes of gene networks 
with significantly differential expression in relation to the experimental 
treatment. d) Gene ontology terms for the module TES Saddlebrown. e) 
Gene ontology terms for the module TES Paleturquoise. f ) Gene ontology 
terms for the module TES Orangered3. g) Gene ontology terms for the 
module TES Cyan. h) Gene ontology terms for the module TES Lightgreen.

Supplementary Material 2: Table S2: Supplementary information for genes 
and gene networks expressed in posterium pallium tissue. a) Detected 
gene networks, including ANOVA statistics for comparing Single-pairversus 
Double-pair males. Significantly differentially expressed modules are 
denoted in red. b) Full lists of genes of detected gene networks. Signifi‑
cantly differentially expressed modules are denoted in red. c) Hub genes 
of gene networks with significantly differential expression in relation to 
the experimental treatment. d) Gene ontology terms for the module PAL 
Floralwhite. e) Gene ontology terms for the module PAL Saddlebrown. f ) 
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Supplementary Material 3: Table S3: Supplementary information for genes 
and gene networks expressed in optic tectum tissue. a) Detected gene 
networks, including ANOVA statistics for comparing Single-pair versus 
Double-pair males. Significantly differentially expressed modules are 
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