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Distinct patterns of gene expression in the
medial preoptic area are related to gregarious
singing behavior in European starlings
(Sturnus vulgaris)
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Abstract

Background Song performed in flocks by European starlings (Sturnus vulgaris), referred to here as gregarious

song, is a non-sexual, social behavior performed by adult birds. Gregarious song is thought to be an intrinsically
reinforced behavior facilitated by a low-stress, positive affective state that increases social cohesion within a flock.

The medial preoptic area (mMPOA) is a region known to have a role in the production of gregarious song. However,

the neurochemical systems that potentially act within this region to regulate song remain largely unexplored. In this
study, we used RNA sequencing to characterize patterns of gene expression in the mPOA of male and female starlings
singing gregarious song to identify possibly novel neurotransmitter, neuromodulator, and hormonal pathways that
may be involved in the production of gregarious song.

Results Differential gene expression analysis and rank rank hypergeometric analysis indicated that dopaminergic,
cholinergic, and GABAergic systems were associated with the production of gregarious song, with multiple receptor
genes (e.g., DRD2, DRD5, CHRM4, GABRD) upregulated in the mPOA of starlings who sang at high rates. Additionally,
co-expression network analyses identified co-expressing gene clusters of glutamate signaling-related genes
associated with song. One of these clusters contained five glutamate receptor genes and two glutamate scaffolding
genes and was significantly enriched for genetic pathways involved in neurodevelopmental disorders associated with
social deficits in humans. Two of these genes, GRINT and SHANK?2, were positively correlated with performance of
gregarious song.

Conclusions This work provides new insights into the role of the mPOA in non-sexual, gregarious song in starlings
and highlights candidate genes that may play a role in gregarious social interactions across vertebrates. The provided
data will also allow other researchers to compare across species to identify conserved systems that regulate social
behavior.
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Background

Birdsong has been well studied in males for its role in
mate attraction and territory defense [1]. However, some
species, such as European Starlings (Sturnus vulgaris),
also sing at high rates outside of the breeding context. In
starlings, song in a non-breeding context is produced at
high rates by both males and females in flocks and is con-
sidered essential for birds to develop and practice songs
that are later used in breeding contexts [2, 3]. Song in a
non-breeding context is also considered important for
maintaining flock cohesion [4]. Although much is known
about the neural regulation of song learning and the pro-
duction of male courtship songs, relatively little is known
about the neural mechanisms that facilitate and maintain
song in gregarious contexts, which will be referred to
here as gregarious song.

Most of the existing literature has centered around the
medial preoptic area, commonly abbreviated POM in
birds and mPOA in mammals. Here we refer to the struc-
ture as the mPOA to indicate that findings may general-
ize beyond birds, as highlighted below. The mPOA is a
highly conserved structure that is well known for its role
in sexually-motivated behaviors but more recently has
also been shown to be important in the control of non-
sexual social behaviors, including gregarious song [5].
Lesions of the mPOA tend to increase gregarious song,
and the presence and activation of mu opioid receptors
(inhibitory receptors) in the mPOA stimulates song, sug-
gesting an inhibitory role for the mPOA in gregarious
song [6—8]. Studies show that a positive affective state
associated with gregarious song correlates positively with
the expression of opioid-related genes in the mPOA [9],
and downregulation of mu opioid receptors in the mPOA
reduces singing and breaks the link between positive
affect and singing behavior [8]. Results of a recent study
also show that mu opioid receptor stimulation in the
mPOA stimulates components of song (i.e., introductory
whistles), reduces a potential sign of stress (i.e., beak wip-
ing), and induces reward (i.e., a conditioned place prefer-
ence), suggesting that opioid activity in the mPOA may
both stimulate and reward gregarious singing behavior
[10]. Although opioids have been best studied, studies
focused on other candidate modulators of motivation
and reward also implicate dopamine D1 receptors [11],
endocannabinoids [12], and possibly alpha 2 norepineph-
rine receptors [13] in the mPOA in gregarious singing
behavior; however, these studies are limited by a focus on
previously-known candidate genes. There are likely many
more neurochemicals and signaling cascades within the
mPOA driving this behavior that remain to be uncovered.

The mPOA is part of a social behavior network that
is highly conserved across vertebrates [14]. We have
already found that the role of mu opioid receptors in the
mPOA identified by studies of gregarious song [8-10,
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15] extends to other non-sexual rewarding social behav-
iors in rodents (i.e., rat social play) [16]. Thus, identify-
ing novel neuromodulators within the mPOA associated
with gregarious song is expected to reveal critical, con-
served mechanisms that regulate other important non-
sexual social behaviors across vertebrates.

This study aimed to uncover potentially novel neu-
rotransmitters, neuromodulators, and hormone path-
ways within the mPOA associated with gregarious song.
To do this, we observed male and female European star-
lings singing in flocks, then performed RNA-sequenc-
ing (RNA-seq) in punches from the mPOA to compare
relative gene expression between birds that sang at low
and high rates. We applied multiple bioinformatics
approaches to gain insight into new candidate systems
associated with gregarious song. These ranged from
hypergeometric analysis to compare expression profiles
across sexes, to using multiple methods of co-expression
analyses to find likely “hub” genes associated with differ-
ences in gregarious song production that likely regulate
other prosocial behaviors in vertebrates.

Materials and methods

Animals

Twenty-two adult European starlings (11 males [with tes-
tes], 11 females [with ovaries]) were used in this study.
All starlings were trapped from the wild on a farm on the
west side of Madison, Wisconsin in October of 2019. No
specific permissions were necessary for capturing star-
lings from the wild. They are considered invasive and are
not endangered, protected, or covered under the Migra-
tory Bird Treaty Act in the United States. After capture,
all birds were housed in indoor stainless-steel cages at
the University of Wisconsin-Madison. Birds were put on
an 18L:6D cycle (lights on at 6:00am) for at least 6 weeks
to induce a state of “photorefractoriness” This is a physi-
ological state in early fall in which starlings begin to sing
in large, mixed-sex flocks [17]. All studies were approved
by the University of Wisconsin Institutional Animal Care
and Use Committee and in accordance with the Guide-
lines of the National Institutes of Health.

Behavioral observations
Focal birds were moved to indoor aviaries
(2.12%x2.4%x1.98 m) with natural tree branches and given
ad libitum access to food, drinking water, and bathing
water. Birds were in mixed-sex flocks of 8 birds (4 males,
4 females). Talk radio was played during daylight hours to
acclimate birds to voices and extraneous noise. All obser-
vations were conducted from September 2020-Novem-
ber 2020 by the same observer behind a one-way mirror.
Observations began once 4 or more birds were singing
within an aviary. For each observation period, a male or
female focal bird was selected based on the rate of song
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observed during earlier observation periods. This strat-
egy was employed to ensure a broad representation of
song rate production in the birds included in our study.
Focal observations were performed on the targeted bird
in the aviary for 20 min a day, 5 days in a row. All obser-
vations took place between 0900 and 1200 h each day.
Immediately preceding each observation, a recording
of starling song was played for 5 min to instigate sing-
ing from the aviary. Then song was measured by a point
sampling method. Every 20 s during the observation
period, the observer was cued by a quiet vibration of a
smartwatch and recorded a tally if the bird was singing.
The quantitative measure of the song was the number of
tallies that were recorded over 5 days (maximum of 300
possible). The observer also continuously recorded loco-
motion, feeding, drinking, and agonistic interactions. All
behavioral data are available in Supplementary Material
S1.

Thirty minutes after the final observation period, the
bird was caught by net in the aviary and sacrificed by
rapid decapitation. We waited 30 min as mRNA for
immediate early gene expression tends to peak 30 min
after stimulation [18]; however, for this study we were
interested in constitutive gene expression associated with
the propensity to sing. Thus, we examined relationships
between patterns of gene expression and song measure-
ments summed across the 5 test days. The brain was
flash-frozen using dry ice and stored in -80 °C freezer
until observations of the last birds were completed in
November. A replacement bird was then moved from the
cages in the animal facilities to the aviary to maintain a
total of 8 birds in an observation aviary. Once 4 or more
birds were singing again, the above protocol was repeated
until 11 male brains and 11 female brains were collected.

POM
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Tissue collection

Whole brains were cut in 200 pm sections in the coro-
nal plane using a cryostat at -15 °C and mounted onto
glass slides. Two mm punches (Fine Science Tools Sam-
ple Corer, 2 mm, Item no. 18035-02) for the mPOA were
taken from a single slice in each bird caudal to the end
of the visible tractus septomesencephalicus and rostral to
the anterior commissure, in the center of the brain sur-
rounding the 3rd ventricle (Fig. 1) then stored at -80 °C.
An example photo of an mPOA punch can be found in
Fig. 1.

RNA processing and RNA-seq

All sequencing was performed by the University of
Wisconsin-Madison Biotechnology Center’s Next Gen-
eration Sequencing Facility. The comprehensive methods
used for total RNA verification and processing for RNA
sequencing, which align with our prior work [20], are as
follows. Total RNA was extracted with the Aurum Total
RNA Fatty and Fibrous Tissue Kit (Bio-Rad, Hercules,
California). A NanoDrop One Spectrophotometer was
used to verify RNA purity and an Aglient 2100 Bioana-
lyzer was used to verify RNA integrity. The purified RNA
was stored at -80 °C until it was sent for sequencing. The
samples met Illumina input guidelines, and were then
prepared using the Illumina® TruSeq® Stranded mRNA
Sample Preparation kit (Illumina Inc., San Diego, CA,
USA). The mRNA was purified from 150ng total RNA
using poly-T oligo-attached magnetic beads for each
library preparation. Afterwards, each poly-A enriched
sample was fragmented using divalent cations. Super-
Script II Reverse Transcriptase (Invitrogen, Carlsbad,
CA, USA) was then used to synthesize fragmented RNA
into double-stranded cDNA. Random primers were used
for first strand cDNA synthesis and then second strand
c¢DNA synthesis using DNA Polymerase 1. RNase H

Fig. 1 A) lllustration created in-house of one hemisphere of the starling brain showing the location of the mPOA where punches for RNA-sequencing
were taken. Punches (2 mm diameter) were taken slightly caudal to the end of the visible tractus septomesensephalicus (TSM) and rostral to the anterior
commissure, in the center of the brain surrounding the 3rd ventricle. B) Example image of one of the mPOA punch areas
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was used to treat the double-stranded cDNA to remove
mRNA, and was then purified by paramagnetic beads
(Agencourt AMPure XP beads, Beckman Coulter). The
c¢DNA products were exposed to Klenow DNA Poly-
merase, which attached an ‘A’ base (Adenine) to the 3’
end of the blunt DNA fragments. DNA fragments were
ligated to Illumina unique dual adapters with a single
Thymine overhang on the 3’ end. This as amplified in a
Linker Mediated PCR reaction for 12 cycles using Phu-
sion™ DNA Polymerase and then purified using para-
magnetic beads. The finished libraries were assessed for
quality using an Agilent HS DNA chip (Agilent Technol-
ogies, Santa Clara, CA, USA) and assessed for quantity
using a Qubit® dsDNA HS Assay Kit (Invitrogen, Carls-
bad, CA, USA). Libraries were standardized on 2 nM and
paired-end 2x150 base pair sequencing was performed
using an Illumina NovaSeq6000 sequencer.

All samples (for 11 males and 11 females) had sufficient
raw reads, so all were included in downstream analyses.
For all analyses we used the 2021 zebra finch (Taeniopy-
gia guttata) National Center for Biotechnology Informa-
tion (NCBI) Release (2021-ZF) (GCA_003957565.4) for
gene annotation. We also examined the slightly older
2019 zebra finch (Taeniopygia guttata) NCBI Release
(GCA_003957565.2), and the European starling (Stur-
nus vulgaris) 2015 NCBI Release (GCA_001447265.1),
but found results to be highly similar, so the 2021 anno-
tation was used for all analyses because it is the most
complete in terms of annotated genes. RNA expression
was normalized using RSEM [21], a method allowing for
improved RNA-seq assembly and quantification without
a fully sequenced genome. The RSEM values for 2021
zebra finch and 2015 starling annotations can be found in
Supplementary Material S1.
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Differential gene expression analysis and rank-rank
hypergeometric analysis

All analyses below were performed in R-Studio (v.1.3)
with R (v.4.1.1).

Samples were separated by sex, then further separated
by performing a median split based on song, creating a
“low-singing” and “high-singing” group of birds within
each sex (low-singing males; n=6, high-singing males;
n=5, low-singing females; n=6, high-singing females;
n=5) (Fig. 2). We then performed a differential gene
expression (DGE) analysis between the high and low
singing groups for each sex (totaling 2 analyses) using the
EdgeR Bioconductor Package, v. 3.1.2 [22]. Although this
work concentrates on song-associated gene-expression
changes, we also performed DGE analysis comparing the
mPOA of both males and females to provide insight on
sex differences in the mPOA in a non-breeding context.

Following this, rank-rank hypergeometric overlap
(RRHO) analysis [23] was performed to compare pat-
terns of gene expression direction across sexes. RRHO
generated heatmaps that allowed us to see both congru-
ent (same direction) and discordant (opposite direction)
relationships across each sex’s expression profile (e.g.,
which genes were consistently upregulated in both high-
singing males and high-singing females, and vice versa).

WGCNA

We used the common systems biology approach
of weighted gene co-expression network analysis
(WGCNA) to create single scale gene co-expression net-
works and gene modules from gene expression data sets
[24]. RRHO showed there was statistically significantly
high overlap between the top 800 most differentially
expressed genes between males and females, so the sexes
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Fig. 2 Shows total song of individual birds in the 4 groups used in differential gene expression and rank-rank hypergeometric overlap analysis. Birds were
separated by sex, and a median split based on the total point-sampled song over 5 days was performed among males and females. Both low-singing and
high-singing males sang more than their respective singing conditions in females
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were combined for network analyses. Before network
analysis began, genes with low expression across samples
within each dataset were removed, transitioning from
21,721 original genes to 9,648 filtered genes.

For the first analysis, a weighted network of genes
(nodes) and their expression correlations (edges) were
generated, with correlations raised to a soft-thresholding
power P of 7. In this study, the p values for all WGCNA
networks were chosen following the guidelines put forth
by the authors of WGCNA [25]. We identified the 3 value
as the point in network topology analysis at which any
increase in p would lead to only marginal improvements
in the fit of the scale-free topology model. Initial param-
eters were as follows: unsupervised hierarchical cluster-
ing was used; signed mode; minimum module size=30;
deepSplit=2; MergeCutHeight=0.3. Due to our primary
interest in transcriptomic differences between the two
groups of low- and high- singing birds, we also per-
formed WGCNA’s module preservation analysis to com-
pare network connectivity between the two groups. Two
separate networks were created, one with only low-sing-
ers and one with only high-singers. Additionally, genes
not expressed in both low- and high- singing datasets
were removed to ensure networks were comparable for
module preservation analysis. WGCNA was performed
on each dataset of 8,967 genes.

Two weighted networks of genes (nodes) and their
expression correlations (edges) were generated, with cor-
relations raised to a soft thresholding power 3 of 9 and
all other parameters the same as above. We then used the
modulePreservation WGCNA function to identify which
modules of co-expressing genes showed no evidence of
being preserved between the two analyses, implying pos-
sible functional differences between those modules [26].
Analysis was performed with parallelization disabled and
nPermutations=200.

Statistics for module preservation were used to deter-
mine if a specific module defined in the low-singing
dataset (reference dataset) could also be found in the
high-singing dataset (test dataset). Results are reported
as a summary of Z-statistics (Zsummary). In short, the
Zsummary is a composite measure of the density-based
and connectivity-based preservation statistics generated
by WGCNA’s permutation test. For each module, four
connectivity-based and three density-based preserva-
tion statistics are generated, each with its corresponding
Z-statistic. These Z-statistics follow a normal distribu-
tion if the module is not preserved; a higher Z-statistic
value indicates a stronger likelihood that the preservation
statistic surpasses what would be expected by chance.
The Zsummary is calculated by taking the median of all
the connectivity and density-based Z-statistics, sum-
ming them, and dividing by two. For a detailed math-
ematical explanation of this methodology, please refer
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to the original publication [26]. A Zsummary of >10 is
indicative of high module preservation between the two
networks (e.g., blue module in low-singers is almost
indistinguishable from blue module in high-singers),
Zsummary between 2 and 10 represents moderate mod-
ule preservation, and Zsummary<2 indicates that there
is almost no preservation between modules (e.g. genes
in blue module in high-singers are almost entirely differ-
ent from those in the blue module of low-singers). The
hub genes in each module were chosen using the choos-
eTopHubInEachModule WGCNA function.

MEGENA & CTA

Multiscale embedded gene co-expression network analy-
sis (MEGENA) is a hierarchical clustering framework
that allows for the construction of gene co-expression
networks and gene modules using planar-filtered net-
works and multiscale clusters [27]. This method identifies
nested groups of highly correlated genes from a given tis-
sue sample. MEGENA, unlike WGCNA, creates a multi-
scale network, allowing one single network to include
multiple variations of gene interactions (i.e., one gene can
be found in multiple modules).

Our dataset included all animals, and genes were fil-
tered out for low expression. 11,447 genes were pro-
cessed by the MEGENA package in R. Parallelization
(nCores=8) was turned on to increase speed of analysis.
The FDR cutoff, module significance p-value, and con-
nectivity significance p-value were all set at 0.05. The
number of permutations for calculating FDR was set to
10 and the number of permutations for calculating the
connectivity significance p-value was set to 100.

To link MEGENA gene modules to song, cluster-trait
association (CTA) analysis was performed. CTA allows
us to correlate expression patterns for groups of genes
with performed behaviors. A principal components
analysis was run on each of the modules using the Modu-
lePrinComps function in the MEGENA package [27], and
the first principal component of the expression levels of
all genes within the module was used as a new variable,
known as an eigengene (see Supplementary Material S4).
This gives each gene module a representation as a contin-
uous variable for each animal and allows for behaviors to
be correlated with co-expressing groups of genes that are
likely functionally connected. Pearson correlations were
performed to compare module eigengenes with singing
condition.

Enrichment analysis

Enrichment analysis was performed on gene sets pro-
duced by DGE and RRHO and on modules created by
WGCNA and MEGENA. This method allowed us to
input a custom list of genes and determine if those genes
are over-represented in large gene sets with previously
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known functions. If a custom set of genes is overrepre-
sented in a functionally known gene set, it is notated as
“significantly enriched”. These previously identified gene
sets include molecular pathways, drug actions, diseases,
and many others. Enrichment of all MEGENA modules
was performed using the moduleGO function in the
DGCA package in R for general exploration [28]. Follow
up enrichment tools for investigating our lists of interests
included ToppCluster [29], GeneOntology [30, 31], and
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Fig. 3 (A) Venn diagram showing the overlap in expression of the 800
most differentially expressed genes relative to high singers when com-
paring males and females. B) Heatmap generated by rank-rank hypergeo-
metric overlap analysis comparing high-singing and low-singing males
and females in the medial preoptic area (MPOA) with p-values indicating
the significance of the overlap between the top 800 most differentially
expressed genes within each quadrant. Warmer colors represent higher
proportions of overlap, while cooler colors represent lower portions of
overlap. Examples of perfect correlations and perfect anti-correlations are
included above for reference. The mPOA shows very similar expression
profiles in males and females, with significant overlap in concordant gene
expression, but no significant overlap in discordant gene expression
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STRING [32]. All basic gene functions listed were found
using GeneCards [33]. STRING included the most wide-
spread enrichment analysis, so all significant STRING
enrichments for gene groups of interest are reported in
the additional information.

Results

Males and females overlap in their patterns of differential
gene expression

A full list of genes from most to least differentially
expressed with directionality information of expres-
sion change (upregulated in high-singers=positive sign,
downregulated in high-singers=negative sign) is pro-
vided in Supplementary Material S2. In males, 51 genes
had an adjusted p-value (Benjamini-Hochberg False Dis-
covery Rate (FDR)) of less than 0.05, with 1,389 genes
having a raw p-value of less than 0.05. In females, only 4
genes had an adjusted p-value of less than 0.05 and had
888 genes with a raw p-value less than 0.05.

Previous work has shown that top differentially
expressed genes that did not meet threshold for FDR
were successfully validated with qPCR [34], so we expect
many genes with a raw p-value of 0.05 to still be biologi-
cally meaningful. Due to the large amount of differen-
tially expressed genes with a p-value of less than 0.05,
we performed rank-rank hypergeometric overlap analy-
sis to uncover genes concordant in males and females.
Males and females showed remarkable similarity to
one another, with high-singing and low-singing groups
showing significant overlap across sexes (low-singers:
p<.0001, high-singers: p<.0001) (Fig. 3). Out of the
top 800 most differentially expressed genes (~top 7%
of annotated genome), we found 305 genes consistently
upregulated and 226 genes consistently down-regulated
in male and female high-singing birds. Enrichment anal-
ysis in STRING for concordant expressing genes across
sexes showed significant enrichment for neuromodula-
tors associated with motivated behaviors such as dopa-
mine and acetylcholine as well as enrichment for GABA
and glutamate (Table 1). Additionally, ToppCluster-
enrichment showed many genes associated with autism,
wherein affiliative social communication is heavily
impacted.

Our DGE analysis comparing males and females found
1,194 genes with a raw p-value less than 0.05, with 685 of
these genes significantly upregulated in males relative to
females, and 509 upregulated in females relative to males.
Thirty-eight of the genes significantly upregulated in
females were linked to the W chromosome (ChrW) of the
2021 Zebra finch NCBI genome annotation. These genes
did not contain any notable enrichment. In this annota-
tion, there were 165 ChrW-linked genes, but 123 of these
genes were excluded due to low counts across groups.
This left 4 ChrW genes not significantly upregulated in
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Table 1 Genes of interest that differ in the mPOA of low- and high-singing European starlings
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Gene Symbol Gene Function Group difference  p-value
Acetylcholine-related
CHAT choline O-acetyltransferase Catalyzes acetylcholine High > Low female=0.009,
production male=0.001
SLC5A7 solute carrier family 5 member 7 High-affinity choline High > Low female=0.002,
transporter male=0.012
CHRM4 cholinergic receptor muscarinic 4 Acetylcholine receptor High>Low female=0.026,
male <0.001*
Dopamine-related
SLC18A2 Solute Carrier Family 18 Member A2 Monoamine transporter Low >High female=0.004,
male=0.003
DRD2 Dopamine Receptor D2 Dopamine receptor High > Low female=0.087,
male=0.036
DRD5 Dopamine Receptor D5 Dopamine receptor High > Low female=0.03,
male <0.001
NTSR1 Neurotensin Receptor 1 Neurotensin receptor High > Low female=0.07,
male=0.017
PPP3CC Protein Phosphatase 3 Catalytic Subunit Downstream regulation of High>Low female=0.045
Gamma dopaminergic signaling male=0.029
GABA-related
GABRB3 Gamma-Aminobutyric Acid Type A Receptor  GABA receptor subunit High>Low female=0.012,
Subunit Beta3 male=0.004
GABRAS5 Gamma-Aminobutyric Acid Type A Receptor  GABA receptor subunit High > Low female=0.066,
Subunit Alpha5 male <0.001*
GABRD Gamma-Aminobutyric Acid Type A Receptor  GABA receptor subunit High > Low female=0.014,
Subunit Delta male=0.004
LRRTM1 Leucine Rich Repeat Transmembrane Neuronal Regulates presynapse assem- High > Low female=0.03,
1 bly in GABA synapses male=0.029
Glutamate-related
GRIN1T Glutamate lonotropic Receptor NMDA Type Glutamate receptor subunit ~ High >Low female=0.03,
Subunit 1 male=0.002
GRIK3 Glutamate lonotropic Receptor Kainate Type Glutamate receptor subunit ~ High>Low female=0.047,
Subunit 3 male=0.007
GRIA2 Glutamate lonotropic Receptor AMPA Type Glutamate receptor subunit ~ High>Low female=0.011,
Subunit 2 male <0.001
GRMS5 Glutamate Metabotropic Receptor 5 Glutamate receptor High > Low female=0.051,
male=0.003
GRIA1 Glutamate lonotropic Receptor AMPA Type Glutamate receptor subunit ~ High>Low female=0.011,
Subunit 1 male<0.001
SHANK2 SH3 And Multiple Ankyrin Repeat Domains 2 Encodes scaffolding for High > Low female=0.011,
excitatory synapse male=0.004

*Indicates significant false discovery rate

females relative to males. Three hundred eighty-three
of the genes upregulated in males were linked to the Z
chromosome (ChrZ). These genes were enriched for mul-
tiple metabolic processes. There were 1084 ChrZ-linked
genes for this annotation, but 508 did not have differen-
tial expression data due to low counts. This left 193 ChrZ
genes not significantly upregulated in males relative to
females. Full EdgeR results of DGE analysis comparing
males and females (upregulated in females=positive sign,
upregulated in males=negative sign) can also be found in
Supplementary Material S2.

Birds show differences in gene connectivity across singing

condition

For the initial WGCNA analysis, 15 modules were iden-
tified (see Supplementary Material S3), however, no
module eigengenes significantly correlated with song.
Although it did not reach significance (p=.086), the
greenyellow module was most closely associated with
song and consisted of 93 genes. It contained three gluta-
matergic signaling genes (GRM2, GRIN2A, SLC17A6),
a cholinergic receptor gene (CHRNAS5), and a GABA
receptor subunit (GABRD).

For the module preservation analysis, we found mul-
tiple modules that were not preserved between low- and
high- singers. For the high-singer dataset, WGCNA
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identified 16 modules of genes, while 12 modules were
identified in the low-singer dataset. Module preservation
analysis identified 3 gene modules with a Zsummary<2
and were therefore not preserved between the two analy-
ses (Fig. 4). All module preservation analysis results and
genes in the modules of interest can be found in Supple-
mentary Material S3. One of these 3 was the grey mod-
ule, which consists of genes that are “unassigned” to any
module produced, so this module was not investigated
further. The non-preserved pink module consisted of 241
genes and was significantly enriched (in STRING) for
glutamate-related genes (Fig. 5). This includes CACNG3
and CACNGS5, both AMPA receptor regulatory pro-
teins, and this module’s hub gene (the most connected
gene) was SHISA6, which is thought to enable ionotropic
glutamate receptor binding activity. The pink module
also showed enrichment for GABAergic synapse, con-
taining the GABA transporter SLC6A1 as well as the
GABA receptor subunit GABRD, which was one of the
previously identified differentially expressed genes. The
pink module contained the immediate early gene EGR1,
growth-hormone inhibiting hormone SST, in addition
to two estrogen-related genes. This included GEPRI,
an estrogen receptor, and CITED4, which enhances
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estrogen-dependent transactivation. The magenta mod-
ule of 147 genes was also not preserved across singing
condition, however, was not significantly enriched for
any notable neural pathways.

A co-expressing module of glutamatergic genes
significantly correlated with song

MEGENA identified 542 nested modules. CTA identified
145 of these modules’ eigengenes (1st principal compo-
nent) that significantly correlated with singing condition.
Due to the numerous modules related to behavior, we
performed an overlap analysis using the GeneOverlap
package [35] to determine which of these modules were
significantly enriched for the 305 differentially-expressed
genes in high singers. In our efforts to minimize inter-
pretational noise due to extremely large module size, we
further filtered those modules by removing those that
contained more than 150 genes and had less than 5 dif-
ferentially expressed genes, leaving 30 modules of inter-
est (see Supplementary Material S4).

Seven of these modules were significantly enriched
in STRING for glutamate pathways. Module #237 con-
tained multiple glutamate receptor genes (GRMS5,
GRIA1, GRIA2, GRIN1, GRIN2B) and glutamate synapse
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Fig. 4 WGCNA module preservation analysis results between low-singing and high-singing starlings depicted as a Zsummary, a composite value of
Z-statistics representing module connectivity and density, mapped against module size. The grey module is excluded. If a module had a Zsummary <2,
it was considered not preserved across conditions. Pink and magenta were the only modules not preserved across condition, while all other modules

maintained some form of preservation in both singing groups
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Genes previously identified for a role in glutamatergic signaling are indicated by black circles. The large gene in the center (SHISA6) is the hub gene of this
module identified by WGCNA. Protocols for identifying modules of interest are provided in the “Methods” section

scaffolding genes (SHANK2, HOMER2). This mod-
ule contained genes that were significantly enriched for
genetic pathways previously identified in human neuro-
developmental disorders linked to social impairments.
Hub genes for module #237 were GRIA1, ADGRB3, and
SIPA1L1 (Fig. 6). Two other modules were significantly
enriched for thyroid hormone receptor binding including
nuclear receptor co-repressor and co-activator (NCOR1,
NCOAS®). See Table 2 for information regarding the par-
ent module (the larger module that a module of interest
is nested in), hub genes, and eigengene-song p-values for
standout MEGENA modules of interest. We plotted the
relationships between the genes of interest identified by
MEGENA and found significant positive Pearson corre-
lations between song and GRIN1 and SHANK?2 expres-
sion (Fig. 7) based on the raw p-value, however, we did
not correct for multiple testing. The other 21 modules
showed no notable significant enrichment and were not
investigated further.

Discussion

Using multiple bioinformatics approaches we have iden-
tified several candidate genes associated with the produc-
tion of gregarious song in European starlings. Male and
female birds show consistent patterns of song-associated
gene expression, with elevated dopamine-, acetylcholine-,
and GABA-related expression in the mPOA associated
with high singing rates. We also identified a co-express-
ing complex of glutamate-related genes closely associated
with song, most of which have been previously linked to
phenotypes wherein social interactions are heavily dys-
regulated [36, 37].

Male and female singing groups show remarkably similar
gene expression profiles

Our comparison of DGE results through RRHO revealed
that low- and high-singing birds had similar genes upreg-
ulated and downregulated across sexes. We found this
particularly interesting as low- and high-singing groups
were created by median split of singing rate within each
sex, not a median split across singing rates for all birds
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5 connections were excluded from visualization. Genes previously identified for a role in glutamatergic signaling are indicated by black circles. The large
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provided in the “Methods” section

combined. In terms of raw singing rate, high-singing
females (mean song=17.2) were less similar to high-
singing males (mean=64.8) than low-singing males
(mean=8.667). Despite this, our RRHO comparison
showed that the high-singing females’ expression profile
was more similar to that of high-singing males, with over
500 genes in concordant expression out of the top 750
most differentially expressed genes. This is noteworthy as
it suggests that these genes are not simply representative
of motor activity.

We did not find any obvious sex differences in song-
related directionality as our most differentially expressed
genes across singing condition remained largely the same
across males and females. However, in our DGE analy-
sis comparing males and females independent of singing
condition, we found over 200 genes significantly differen-
tially expressed between sexes. Although many of these
genes were enriched for various metabolic processes,
we did not find significant differences in sex steroid spe-
cific metabolism genes, such as CYP19A1 or the SRD5A
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Table 2 MEGENA modules of interest

Module Parent Number of  Hub Genes Eigen-
Module Genes in (number of gene-
Module connectionsin  Song
module) p-value
31 8 59 KCNS2(17) 0.027
HIVEP2(14)
FLRT2(14)
203 31 54 KCNS2(17) 0.026
237 48 114 ADGRB3(22) 0.025
SIPATLT(21)
GRIA2(17)
602 237 16 GRIA1(12) 0.021
603 237 17 DOCK3(11) 0.01
300 71 17 EPHA7(10) 0.011
345 84 115 NCOA6(21) 0.043
CELSR3(20)
RBM5(18)
RAP2A(17)
KMT2A(16)
783 345 99 NCOA6(21) 0.027
CELSR3(20)
RBM5(18)
RAP2A(17)
KMT2A(16)
572 203 46 KCNS2(17) 0.028
HIVEP2(14)
FLRT2(14)

variants (see Supplementary Material files), which
encode for aromatase and 5a-reductase respectively. This
may be surprising given that the mPOA is a steroid sen-
sitive, sexually differentiated brain region [38, 39]. How-
ever, sex differences in protein or gene expression in the
mPOA are commonly linked to steroid hormone concen-
trations [40], which are extremely low in non-breeding
condition starlings [41]. It thus may be in the absence of
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high circulating testosterone and estradiol that sexually
differentiated expression related to sex steroids is absent.
We do see that androgen receptor (AR) and estrogen
receptor (ESR1 and ESR2) expression may be marginally
higher in female high-singers, but not in males. The bio-
logical relevance of these differences must be explored in
future research [10, 42].

We also found that 38 genes linked to the avian female-
specific ChrW were upregulated in females relative to
males. This result is consistent with the expectations set
by the sex-specific nature of the ChrW [43, 44]. Only 4
ChrW genes analyzed by DGE did not show significant
differential expression across the sexes and 123 had insuf-
ficient counts to perform DGE analysis. Considering
there is limited female-specific positive selection of genes
on the avian ChrW, this outcome is not unexpected [45].
It is plausible that many of these genes may have redun-
dant paralogs on the Z chromosome and others, reduc-
ing detectable expression differences across sexes. These
findings contribute to a growing body of knowledge
regarding the female songbirds’ genome that has been
historically understudied.

Neurotransmitter systems previously implicated in social
behavior are differentially expressed across singing
condition

We found that multiple dopamine-related genes were
differentially expressed across singing condition. These
included D5 (a D1-like receptor) and D2 receptors, a
dopamine transporter (SLC18A2), a protein phospha-
tase (PPP3CC), and neurotensin receptor (NTSRI).
Dopamine in the mPOA in birds and rodents stimulates
sexual motivation [46-48], including sexually-moti-
vated birdsong [49]; and the mPOA directly accesses the
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Fig. 7 Pearson correlations between the expression (RSEM expected counts) of two glutamate related genes (GRIN1, SHANK2) and total song. Both
genes were part of MEGENA modules whose eigengene significantly correlated with singing condition in cluster trait analysis. Total song is total number
of point samples recorded over 5 days of observation. Dark red line indicates significant correlation based on raw p-value. Please note that these do not

include corrections for multiple testing
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mesolimbic dopaminergic system through projections to
the ventral tegmental area (VTA), which is well-known to
be involved in motivation in numerous sexual and non-
sexual contexts [50-52]. It is thus possible that differen-
tial patterns of dopamine-related gene expression in the
mPOA regulates motivational aspects of singing behavior.

Prior research on starlings demonstrates that optimal
levels of D1 dopamine receptor stimulation in the mPOA
facilitate sexually-motivated male song [53, 54]; how-
ever, its role in gregarious song has not been extensively
studied. Previous research has found strong, positive lin-
ear correlations between D1- but not D2-like receptor
density within the mPOA and gregarious song in male
starlings [11]. This is inconsistent with recent work study-
ing undirected song in zebra finches, which is similar
to gregarious song in that it is performed in flocks in a
non-sexual context [5, 55]. It was found that peripheral
administration of the D2 receptor antagonist haloperidol
reduced the rate of undirected song in male zebra finches,
while the D1 receptor antagonist SCH23390 had no effect
[56]. One likely reason of these conflicting findings is sim-
ply because antagonists were not injected directly within
the mPOA; however, the effects of dopamine receptor
manipulations in mPOA on gregarious song have not
been tested. Our findings that D5 and D2 are upregulated
in birds singing high rates of gregarious song suggest that
dopamine receptors in mPOA may regulate song across
contexts but this must be experimentally tested.

We also found multiple acetylcholine genes upregu-
lated in high-singing starlings, including choline O-acet-
yltransferase (CHAT), a choline transporter (SLC5A7),
and a muscarinic cholinergic receptor (CHRM4). Multiple
immunolabeling studies have shown high concentrations
of cholinergic proteins in the song control system in the
zebra finch brain [57-59], and cholinergic stimulation of
the HVC via carbachol modulates zebra finch song [60].
However, the literature regarding its role in brain regions
involved in social behavior is limited. A study in rats
found that a direct injection of a cholinergic receptor ago-
nist into the anterior hypothalamic-preoptic area induced
22 kHz ultrasonic vocalizations, which are associated
with an anxiety-like, negative emotional state [61, 62].
Although gregarious song is a vocalization associated with
positive emotional state [5], it may be that acetylcholine
acts within the mPOA to induce emotionally-salient vocal
behavior, however, this needs to be investigated further.

Genes for GABA Type A (GABA,) receptor subunit
beta3 (GABRB3), alpha5 (GABRAS5), and delta (GABRD)
were upregulated in high-singing birds. GABRD was
also a member of the module most associated with song
in our first WGCNA analysis. Individual gene defi-
ciencies in both GABRA5 and GABRB3 are strongly
associated with reduced prosocial behavior in mice,
including reductions in social exploration, contact, and
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vocalizations [63—-65]. Similarly, dysregulated GABRD
expression throughout pregnancy causes mouse dams to
keep an increased distance from their pups postpartum
[66]. These studies involved global manipulation of these
genes and therefore did not identify specific regions of
action. Our findings suggest that the mPOA is one region
wherein GABA, receptor binding may influence social
interactions, making it a promising region to perform
viral manipulations of GABA , subunit receptor genes to
understand their specific contributions to the regulation
of behavior across social contexts.

Given that a body of research, reviewed in the intro-
duction, demonstrates a role for mu opioid receptors
in the mPOA in gregarious song and the reward that
accompanies singing behavior, it was somewhat sur-
prising that opioid-specific genes did not turn up in our
analyses. This was unexpected, as downregulation of mu
opioid receptors in the mPOA reduced song [8]. How-
ever, a previous study in the nucleus accumbens revealed
the effect of opioid receptor stimulation on gregarious
song to be small, only occurring when the highest recep-
tor agonist dose was given [15]. Given this, it is possible
that the expression signal of opioid related genes in the
mPOA may also not have been a high enough magni-
tude to be detected by RNA-seq. Additionally, past stud-
ies reveal curvilinear, inverted U-shaped relationships
between mu opioid receptors and gregarious song [67],
which may be missed by the current analysis and is some-
thing to examine in future studies.

Multiple approaches implicate glutamatergic signaling
genes in the mPOA in the production of gregarious song
DGE, RRHO, and both co-expression network analyses
we performed uncovered numerous glutamate-related
genes related to singing condition. This is particularly
of note, as WGCNA and MEGENA use single-scale
and multi-scale topologies, respectively, to cluster func-
tionally related genes together, and both analyses high-
lighted glutamatergic systems as being related to singing
condition. Many of these glutamatergic-related genes
coincided with enriched pathways for major depressive
disorder and neurodevelopmental disorders, which are
both characterized by social dysregulation, and depres-
sion is specifically associated with anhedonia [68-70].
Given that gregarious song is highly social and tightly
associated with a reward (i.e., hedonic) state [10, 71],
these findings suggest that the mPOA is a key, yet under-
studied, site in which glutamate regulation acts to influ-
ence rewarding, gregarious social interactions [5].

One of the modules related to song that we identified
using MEGENA contained seven glutamate receptor and
synapse scaffolding genes, all of which have been genes of
interest in studies of neurodevelopmental disorders with
socio-communicative deficits [36, 37, 72, 73]. One gene
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functionally implicated in the regulation of social inter-
actions we found that significantly correlated with song
was NMDA receptor subunit, GRIN1. GRIN1 knockdown
mice have been identified and used as an autism model
[37, 74, 75], and loss of GRIN1 activation in corticotropin-
releasing factor neurons in male naive mouse increases
social stress [76]. Another functionally similar gene we
found correlated with gregarious song was SHANK?2, a
glutamatergic synapse scaffolding gene [77, 78]. SHANK2
knockdown mice have also been proposed as an autism
model [36, 79, 80], and its knockdown has been shown to
induce deficits in sociability in naive mice [81] and reduce
parental bond in dams [82]. Interestingly, it was found
that activation of the mPOA via DREADDS reestablishes
social bonding in these mothers, highlighting the region-
specific importance of SHANK?2 in affiliative interactions.
Our identification of GRIN1 and SHANK2 as possible
candidate genes that act within the mPOA to regulate
gregarious behaviors is consistent with this literature.

One hub gene identified in WGCNA associated with
singing condition was SHISA6, an auxiliary AMPA recep-
tor subunit [83], while another hub gene identified in
MEGENA was GRIA1, another AMPA receptor subunit.
Although there is no research on the functional role of
SHISA6 in the mPOA, recent work in mice has shown
that increased SHISA6 expression in the nucleus accum-
bens (NAc) is linked to decreased social interaction in
mice [84]. Additionally, antagonism of AMPA receptors in
the NAc increases social interaction in social avoidant rats
[85]. The NAc is indirectly connected to the mPOA, as it is
part of a motivation and reward circuit that receives input
from the VTA, which as previously mentioned, receives
input from the mPOA [50, 51, 86]. The NAc also contains
direct, reciprocal connections with both the VTA and
mPOA [87-89]. The NAc has also been shown to regu-
late gregarious song in starlings [10, 15, 90], so our mPOA
results suggest the possibility that AMPA receptors act
across this reward circuit to modulate the production of
song. Due to their identification as hub genes associated
with the glutamatergic AMPA receptor complex, SHISA6
and GRIAI standout as excellent candidates for direct
manipulation in the mPOA to uncover their specific role
in the motivation and production of gregarious song.

Conclusions

Using multiple bioinformatics approaches, we have iden-
tified multiple candidate genes within the mPOA that
may play a role in producing gregarious song in star-
lings further enhancing our understanding of the genetic
underpinnings of a complex social behavior. Stand-
out genes include DRD2, GRIN1, and SHANK?2, due to
their previously identified in role in prosocial, affiliative
behaviors. Although RNA-seq allows for a thorough
analysis of the neuromodulators within a given region,
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it is important to note that this research is exploratory
in nature and targeted manipulations of these candidate
genes are required before drawing definitive conclusions
of their role in gregarious song. Additionally, this study
used bulk RNA-seq, which does not consider the vari-
ous cell types in the mPOA. In an analysis of the mouse
POA, over 70 different neuron and glial cell types were
identified [91]. The starling mPOA likely contains simi-
lar cellular diversity, so it is possible our analysis missed
song-related genes that are limited to specific cell-types.
Lastly, we did not perform individual hub gene validation
using common methods such as quantitative polymerase
chain reaction (qPCR). We note that the effectiveness of
qPCR to validate RNA-seq is not clear due to differences
in probe bias between the methods [92-95], so we do not
believe this reduces the validity of our findings.

This study provides a detailed characterization of the
genetic profile of an integral part of the brain’s social
behavior network, and the included data will allow other
researchers to examine and compare genes across other
social behaviors and species. Furthermore, because of the
highly conserved nature of the mPOA across vertebrates,
our candidate genes of interest may regulate prosocial,
affiliative behaviors across taxa.
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