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SUMMARY

We present the transcriptomic changes underlying the development of an extreme neuroanatomical
sex difference. The robust nucleus of the arcopallium (RA) is a key component of the songbird
vocal motor system. In zebra finch, the RA is initially monomorphic and then atrophies in

females but grows up to 7-fold larger in males. Mirroring this divergence, we show here

that sex-differential gene expression in the RA expands from hundreds of predominantly sex
chromosome Z genes in early development to thousands of predominantly autosomal genes by

the time sexual dimorphism asymptotes. Male-specific developmental processes include cell and
axonal growth, synapse assembly and activity, and energy metabolism; female-specific processes
include cell polarity and differentiation, transcriptional repression, and steroid hormone and
immune signaling. Transcription factor binding site analyses support female-biased activation of
pro-apoptotic regulatory networks. The extensive and sex-specific transcriptomic reorganization of
RA provides insights into potential drivers of sexually dimorphic neurodevelopment.

In brief

Friedrich et al. demonstrate extensive transcriptomic sex differences underlying the sexually
dimorphic development of vocal nucleus RA in the songbird brain. They find sex-specific gene
regulation linked to distinct biological processes, developmental shifts in the relative signal from
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sex chromosome to autosomal genes, and evidence of female-biased pro-apoptotic regulatory
networks.
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INTRODUCTION

Sex differences in neurodevelopmental processes give rise to lifelong sex differences in
physiology, behavior, and health outcomes. Numerous brain sex differences have been
reported that range in biological scale, but relatively few gross neuroanatomical sex
differences have been documented thus far in vertebrates. A vast body of research has
demonstrated the pivotal role sex steroid hormones play in sexual differentiation of neural
tissue (Arnold and Gorski, 1984; Cooke et al., 1998). In contrast, much less is known about
the roles of genetic sex differences, or about the transcriptome dynamics underlying the
establishment of sex differences in the developing brain.

One of the most drastic known sexual dimorphisms in the brain is that of the song control
regions in the zebra finch ( 7aeniopygia guttata), a songbird species in which only males sing
(Zann, 1996). Zebra finches acquire their song through vocal imitation, a rare trait observed
in only a small number of mammals (humans, cetaceans, pinnipeds, and possibly elephants
and bats) and three groups of birds (songbirds, parrots, and hummingbirds) (Janik and
Kndrnschild, 2021; Jarvis, 2019). The brain system that drives song behavior is a network of
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pallial, basal ganglia, and thalamic components (Figure 1A) comprising two interconnected
circuits: the direct vocal-motor pathway, necessary for song production (Nottebohm et al.,
1976, 1982), and the anterior pathway, necessary for song learning and adult song plasticity
(Bottjer et al., 1984; Brainard and Doupe, 2002; Scharff and Nottebohm, 1991; Sohrabji

et al., 1990). The robust nucleus of the arcopallium (RA), in particular, shows extreme
sexual dimorphism in zebra finches (Figure 1B), being over five times larger in adult males
compared with females (Nixdorf-Bergweiler, 1996). The RA is the main output nucleus

of the telencephalic song system, and lesions of the RA severely disrupt song (Nottebohm
et al., 1976). In the RA, signals from the anterior pathway converge with those of the

direct vocal-motor pathway, and outputs are sent to brain-stem regions that innervate the
avian vocal organ (syrinx) and coordinate respiration (Vicario, 1991). In terms of behavioral
function, RA neurons are active during song production and are thought to encode the
acoustic properties of song syllables (Hahnloser et al., 2002; Kimpo and Doupe, 1997;
Leonardo and Fee, 2005; Yu and Margoliash, 1996).

The zebra finch RA undergoes major sex-specific morphological changes that overlap with
the critical period for song learning. In contrast to the striking sexual dimorphism seen

in adulthood, the RA appears monomorphic in young zebra finches (Figure S1A, top

row). Over the first 3 weeks posthatch, the RA grows equally in volume in both sexes
(Nixdorf-Bergweiler, 1996). Around 20 days posthatch (DPH), several days before males
produce their first song-like vocalizations (i.e., subsong), the RA’s growth trajectory begins
to diverge; the male RA begins increasing in volume, and the female RA begins decreasing
in volume. By 50 DPH, about the time when males are singing rudimentary, plastic song, the
RA is already highly dimorphic (Figure S1A, bottom row) and approximates adult volumes
(Nixdorf-Bergweiler, 1996). Over this 20-50 DPH window of development, sex-specific
shifts in the RA’s cytoarchitecture drive the observed volumetric growth in males and the
regression in females. In males, the expanding volume of the RA is driven by increases in
cell size and decreases in cell density, with no apparent change in total cell number (Bottjer
et al., 1986). In contrast, the shrinking volume of the female RA is driven by the loss of
neurons (Nordeen and Nordeen, 1988a), as well as a decrease in soma size (Konishi and
Akutagawa, 1985). Due to these cellular changes, the adult male RA is characterized by
more numerous, large, widely spaced cells, and the adult female RA is characterized by
fewer, small, tightly packed cells (Figure 1B). In tandem with morphological dimorphism,
the RA develops sex differences in innervation from afferents (Burek et al., 1994; Konishi
and Akutagawa, 1985; Mooney and Rao, 1994; Nordeen and Nordeen, 1988a; Nordeen et
al., 1992), cell survival (Kirn and DeVoogd, 1989), and excitability properties (Adret and
Margoliash, 2002; Olveczky et al., 2011; Zemel et al., 2021) (summarized in Figure 1C).

In addition, developmental sex differences in expression levels have been characterized for
several genes in the RA (Nevue et al., 2020; Tang and Wade, 2011; Wade et al., 2005; Wang
etal., 2015b; Wild et al., 2001).

Considering the multifaceted and rapid nature of sex differentiation in the RA, we reasoned
that many genes spanning a wide array of functional networks must be recruited to
orchestrate sex-specific developmental programs. We also hypothesized that the RA’s
transcriptome would mirror its sexually dimorphic growth trajectory, in that male and
female gene expression would look more similar at monomorphic stages than dimorphic

Cell Rep. Author manuscript; available in PMC 2022 August 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Friedrich et al.

RESULTS

Page 4

stages of development. To test these ideas, we characterized developmental changes and sex
differences in the transcriptomic landscape of the RA. We used laser capture microdissection
and bulk RNA sequencing (RNA-seq) to assay the male and female transcriptomes of the
RA at the outset (20 DPH) and the peak (50 DPH) of its divergent growth trajectory
(Nixdorf-Bergweiler, 1996). We show that the male and female RAs start out with similar
transcriptomes, where sex differences in gene expression are mostly due to sex-linked

genes, and then undergo two massively gene-rich and functionally distinct developmental
programs.

Sex and age affect the RA’s transcriptome

To characterize the transcriptome dynamics underlying the development of the drastic sexual
dimorphism of the zebra finch song nucleus RA, we evaluated the effects of sex and age

on the RA’s genome-wide gene expression. We collected RA tissue from male and female
juveniles (n = 5-7 per group) at 20 DPH, when the RA is monomorphic, and at 50 DPH,
when the volume of the RA is over five times greater in males (Nixdorf-Bergweiler, 1996).
We used laser capture microdissection to precisely extract the RA, from which we isolated
high-quality total RNA for sequencing (see Figure S1B and STAR Methods for details). We
found no evidence of sample outliers or batch effects based on hemisphere, RNA isolation
batch, read depth, or sequencing lane. In total, we evaluated the expression levels for 21,955
zebra finch genes, of which 11,541 were associated with human orthologs in Ensembl.

To visualize the sample-to-sample variation and high-dimensional structure in our data, we
performed a principal-component analysis (PCA) using the 500 genes with the highest
variance across all samples. When plotting the first two principal components, which
accounted respectively for 35% and 13% of the variance, the samples fell into three distinct
clusters; the 20 DPH males and females intermixed within a single cluster, while the 50
DPH animals separated into male and female clusters (Figure 2A). Thus, when male and
female RAs are mostly monomorphic (20 DPH), their transcriptome signatures closely
resemble one another, and when male and female RAs have become dimorphic (50 DPH),
the RA transcriptome signatures separate into sex-specific clusters. When all assessed genes
(n =21,955) were included, the 20 DPH groups remained clustered together, but could be
bisected by a diagonal line through the cluster (Figure S2). In sum, the high-dimensional
structure revealed by the PCA was in line with our hypothesis that the RA’s transcriptome
would parallel its morphological divergence.

Our statistical model detected significant effects (adjusted p < 0.01) of sex and age as

main factors, and paired contrasts of specified groups (see group contrasts table in STAR
Methods) yielded 3,394 developmentally regulated differentially expressed genes (DEGS) in
males, 1,803 developmentally regulated DEGs in females, 339 sex-biased DEGs at 20 DPH,
and 4,262 sex-biased DEGs at 50 DPH (Table S1). Among all these DEGS, 1,446 showed a
sex + age interaction, i.e., their developmental trajectories were significantly sex dependent.
Notably, many fewer genes were sex differential at 20 DPH relative to 50 DPH, consistent
with our prediction that male and female RAs would show more similar gene expression
profiles when the RA is monomorphic.
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To validate the DEG analysis, we compared our results with published mRNA and protein
expression patterns in the RA, focusing on the relative trends for each gene, and found
consistent sex differences and developmental changes for SCN3B and SCN4B, which are
associated with sex differences in key excitable properties of RA projection neurons (Zemel
etal., 2021). We also found consistent sex differences and/or developmental changes for
SCAMP1 (Tang and Wade, 2011), VIM (Tang and Wade, 2016), PVALB (Braun et al.,
1991), ROBO1 and SLIT1 (Wang et al., 2015b), and GAP43/NEUM (Clayton et al., 2009).
We also analyzed the subset of DEGs in male development that are known RA markers
published in the Zebra Finch Expression Brain Atlas, ZEBrA (Lovell et al., 2020). Positive
and negative RA markers show respectively higher and lower expression in the adult male
RAs than in the surrounding arcopallium in the sagittal plane, such that the boundaries of
the RA are clearly evident in the /n situ hybridization pattern. Of the 73 RA markers that
were DEGs in male development, 27 of 32 (84%) positive markers increased with age, and
all 41 (100%) negative marker genes decreased with age (Table S2). Thus, the vast majority
of developmentally regulated DEGs in males changed in the direction consistent with their
adult male RA marker type. Assuming that most RA marker patterns emerge or intensify
between 20 DPH and adulthood, this congruence provides further validation of the RNA-seq
data.

Developmental changes in the RA’s transcriptome are predominantly sex specific and
more drastic in males

Massive shifts in the RA’s transcriptome were apparent from the high number of
developmentally regulated DEGs. Developmentally regulated DEGs were evenly distributed
between directions of regulation (870 up- and 933 downregulated in females, and 1,686

up- and 1,709 downregulated in males); however, many more genes shifted their expression
levels in males compared with females (Figure 2B). In addition, the absolute log, fold
changes of developmentally regulated DEGs were larger in males (1.06 mean; 0.78 median)
than in females (0.87 mean; 0.63 median). These data strongly suggest that, compared

with females, RA development in males recruits a broader gene network and undergoes
more drastic shifts in expression level changes. Sex-specific developmentally regulated
DEGs (n =978 in females; n = 2,569 in males) outweighed shared ones (n = 825),

further supporting the idea that the male and female RAs undergo distinct developmental
programs. Interestingly, of the 825 DEGs that changed developmentally in both sexes,

760 (92%) changed in the same direction, and of these, only 70 were significant for

an interaction between sex and age. Collectively, these findings provide evidence that
sex-specific development of the RA is coordinated by largely nonoverlapping gene networks
unique to each sex and suggest that shared developmental DEGs may be part of a sex-neutral
developmental program.

Male-biased expression of Z-chromosome genes dominates early transcriptome sex
differences in the RA

The majority of sex-biased DEGs at 20 DPH had positive logs fold-change values, indicating
greater expression in males than in females (Figure 2B, top left). Given that males are the
homogametic (ZZ) sex, and that zebra finches lack global dosage compensation (Itoh et

al., 2007, 2010), we suspected that many of these male-biased genes would be on the Z
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chromosome. Indeed, 295 (87%) of the 339 DEGs from the 20 DPH sex contrast were on the
Z, and all of them showed male-biased expression. In contrast, only 413 (10%) of the 4,262
DEGs from the 50 DPH sex contrast were on the Z, of which 388 (94%) were male biased.
This overrepresentation of Z-linked DEGs at 20 DPH but not 50 DPH (Figure 3A) shows
that sex differences in gene expression are dominated by sex chromosome genes early in

RA development and then expand to thousands of autosomal genes as RA becomes sexually
dimorphic. We note, however, that, while the Z-linked proportion of DEGs decreased with
age, the total number of Z-linked DEGs increased. This indicates that additional Z-linked
genes are coming into play as the RA becomes more dimorphic, and that sex-differential Z
gene expression persists across this developmental window. Mirroring the sex-biased DEGs,
sex expression ratios of all detectable genes across the genome showed a strong signal of
male-biased expression from Z-linked genes at 20 DPH, but also evidence of developmental
changes, namely large increases in the proportion and degree of sex-biased expression from
autosomal genes at 50 DPH (Figure 3B). We interpret this as further evidence that sex
differences in the RA’s transcriptome are largely dominated by sex chromosome genes early
on and then expand through the emergence of sex-differential autosomal gene expression

as development progresses. This suggests, in turn, that early sex differences in RA gene
expression may be primarily driven by sex differences in gene dosage, while those in

later stages reflect more diverse mechanisms, for example, steroid hormones and other
transcriptional regulators.

Because we aligned RNA-seq reads to a male zebra finch genome assembly, we could

not evaluate W-chromosome-specific genes in that analysis. We did assess W-chromosome
genes, however, by performing a detailed manual curation to better define its gene content
in zebra finches. We found a large set of putative pseudoautosomal genes present on both
the Z and the W chromosomes (n = 58; see W:Z pairs on Table S3), a subset of which were
DEGs (n = 28). Interpretation of sex differences for these should be taken with caution, as
some reads from female samples that did not align to the genome may relate to these W
copies. Nonetheless, these DEGs represent only a small proportion of the Z-linked DEGs,
and ultimately, the overwhelming male bias across Z-linked DEGs is entirely consistent
with the lack of global dosage compensation in this species (Itoh et al., 2007, 2010). A
very limited set of genes (n = 15) was found to be unique to the W (see W unique on

Table S3), with few (n = 5) showing evidence of sex-differential expression based on
public transcriptome data mapped to NCBI’s RefSeqs (annotation release 106). /n situ
hybridization for LOC116806961, which encodes a novel protein with elements of possible
retroviral-related origin, revealed very low to undetectable expression throughout the brain,
including the RA. This gene did, however, show intriguing female-specific expression
restricted to the lateral ventricle (Figure S3A), potentially within the proliferative zone
(DeWulf and Bottjer, 2002, 2005), providing clear evidence of regional sex differences in
brain expression of a W-specific gene in a bird. /n7 situ assay for LOC116806962, a W
paralog of the PIM1L family of kinases, replicated a broad brain distribution (Kong et

al., 2010). Neither of the W-specific probes we tested showed evidence of sex-differential
expression within the RA. Collectively, these findings suggest that W-specific genes play at
most a limited role in the developmental sex differences of the RA transcriptome, although
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further examination of W-specific gene expression within the RA is needed to settle this
issue.

A hierarchical clustering analysis of all Z-linked genes appearing in at least one DEG

set (n = 509) clustered most Z-linked DEGs (n = 431) into clusters 1-3 (Figure 3C),

all higher in males and differing only in degree of developmental regulation. Only a

small number of Z-linked DEGs were higher in females (i.e., cluster 5 in Figure 3C),
showing developmental increases in females and/or decreases in males, which could reflect
gene-specific dosage compensation. Gene ontology (GO) overrepresentation analysis (ORA)
of these clusters identified one significant enrichment: protein lipidation (GO:0006497) in
cluster 3. These clusters also contained DEGs with functions relevant to developmental
processes. Among these, cathepsin L (CTSL; cluster 3) showed sex-specific developmental
regulation, decreasing only in females, to become male biased at 50 DPH. We confirmed
this pattern via /n situ hybridization, which also revealed CTSL to be a strong positive RA
marker in males (Figure 3D, left). The related cathepsin B (CTSB) was also developmentally
regulated, increasing more in males than in females. CTSL and CTSB are both lysosomal
cysteine proteases that have been linked to a wide array of functions in the brain, including
extracellular matrix remodeling, neuropeptide synthesis, and apoptosis (Felbor et al., 2002;
Funkelstein et al., 2010; Hook et al., 2012; Vidak et al., 2019). They may also play

a role in synapse formation (Felbor et al., 2002; Stahl et al., 2007), and extracellular

CTSL can directly stimulate axon growth /in vitro (Tohda and Tohda, 2017). Assuming
conserved function across vertebrates, the sex difference in CTSB/L could leave RA
neurons more susceptible to lysosomally mediated apoptosis in females, while providing
more neuroprotection and support for synapse organization and axon growth in males. In
contrast, lipoprotein lipase (LPL; cluster 1), a discrete positive marker of the adult male

RA (Figure S3B) that has been linked to lipid metabolism, neuronal differentiation, and
neurite extension (Paradis et al., 2004), showed developmental increases in both sexes but
was not significantly male biased at either age, a pattern supported by /7 situ hybridization
(Figure 3D, right). Thus, some Z-linked genes show similar expression patterns across sexes,
suggesting they may be linked to sex-neutral developmental processes in the RA.

Molecular pathways regulated during RA development are highly sex specific

To gain insight into the biological processes and molecular pathways of sex-differential

RA development, we tested each DEG set for significantly enriched GO terms using

both a competitive ORA and a noncompetitive gene set enrichment analysis (GSEA).

We found substantial consensus between the results of the ORA and the GSEA, both
revealing that GO enrichments for developmentally regulated DEG sets were quite different
between sexes (summarized in Tables 1 and 2; all GO terms are reported in Tables S4

and S5). Significant themes unique to female development were related to hormones, cell
polarity, cell movement inhibition, glial and oligodendrocyte differentiation, transcriptional
regulation, and negative regulation of voltage-gated potassium channels. In addition, we
observed female-specific enrichments related to immune signaling and RNA-mediated
posttranscriptional gene silencing. These two enrichments are particularly intriguing in
light of emerging evidence that neuroimmune signaling and microRNAs (miRNAs) may
influence sex differentiation in the brain (McCarthy et al., 2015; Morgan and Bale, 2012). Of
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the miRNAs that were DEGs, a few showed higher expression in males. Notably, MIR2954,
a Z-linked gene unique to birds, showed male-biased expression at both 20 and 50 DPH.
This miRNA shows considerable sex-biased expression across several tissues in the adult
zebra finch, including the brain (Lin et al., 2014), and is regulated in response to song
exposure, with a slight increase in males and decrease in females (Gunaratne et al., 2011).
The other sex-biased miRNA was MIR9-1, which showed no sex difference at 20 DPH,

but was significantly higher in males by 50 DPH. MIR9-1 is a variant of MIR9, which

is known to regulate a suite of genes in the developing vertebrate brain, in turn affecting
neuronal proliferation, migration, differentiation, and axon development (Radhakrishnan and
Alwin Prem Anand, 2016). In contrast to female development, themes associated with DEGs
in male development were related to cell morphogenesis and growth, development and
maturation of axonal projections, metabolic and energetic processes, synapse organization
and neurotransmission, and voltage-gated ion channel activity.

While the 20 DPH sex contrast was associated only weakly with a type | interferon
pathway, many of the sex-specific developmental enrichments mentioned above also
emerged for sex-biased DEGs at 50 DPH, including most of the GO themes for male
development. In addition, the ORA results turned up several GO terms uniquely enriched
in the 50 DPH sex contrast, including histone binding, transcription corepressor activity,
transcription coregulator activity, response to monoamines, response to catecholamines,
mRNA processing, cell-cell signaling involved in cardiac conduction, and cerebral cortex
GABAergic interneuron differentiation. For these enrichments unique to the 50 DPH sex
contrast, females expressed most of the associated genes at higher levels than males (Table
S6). Finally, functional enrichments for the sex + age interaction DEGs contained many of
the same themes as those for the paired contrasts; however, a few unique GO enrichments
emerged, including B-catenin binding, insulin secretion, and insulin-like growth factor
binding.

While it was possible that hundreds of sex-specific developmentally regulated DEGs would
converge on similar functions, we did not find evidence of such convergence; not only

were developmental DEGs mostly nonoverlapping between sexes, the related GO term
enrichments were also highly sex specific. The fact that many GO themes associated with
sex-specific development reappeared in the 50 DPH sex contrast and sex + age interaction
results further supports the idea that major shifts in the RA’s transcriptome reflect functional
divergence between sexes. The paucity of significant enrichments for the 20 DPH sex
contrast may reflect a true lack of functional sex differences at this age or, alternatively, may
be due to fewer DEGs, human orthologs, or functional annotations for Z-linked genes.

Expression pattern clusters of sex + age interaction DEGs show distinct GO enrichments

Hierarchical clustering on all sex + age interaction DEGs (n = 1,446) identified nine clusters
with unique developmental dynamics and sex differences (Figure 4A). When assessed by
ORA (Table S7), the smaller clusters 4-9 did not yield significantly enriched terms, with the
exception of chromatin binding and p-catenin binding for cluster 6. Clusters 1-3, in contrast,
which together contained 1,006 (70%) of all sex + age interaction DEGs, were uniquely
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enriched for different biological processes, demonstrating that directionally coordinated
shifts in gene expression were associated with distinct functional networks.

Cluster 1 comprised 470 genes that became male-biased over development through an
increase in males and/or a decrease in females, with GO enrichments being largely
metabolic and mitochondrial processes. One example was solute carrier family 4 member
4 (SLC4A4), which codes for a sodium bicarbonate cotransporter and has been implicated
in activity-dependent metabolic coordination between astrocytes and neurons (Ruminot
etal., 2019). SLC4A4 was expressed at similar levels in 20 DPH RA and increased
developmentally only in males, a pattern corroborated by /n situ hybridization (Figure

4B, top right). This increase appears to be part of a large network of enriched cellular
energetics pathways that evolves to support the energy demands of large male RA neurons
(Adret and Margoliash, 2002). While not part of a significant enrichment set, cluster 1 also
encompassed genes linked to growth and development. Pleiotrophin (PTN), for example,
encodes a secreted cytokine required for dendrite development in newborn hippocampal
neurons (Tang et al., 2019) and implicated in neuronal differentiation, axon growth, and
synapse formation (Gonzalez-Castillo et al., 2015). PTN was developmentally regulated in
a sex-dependent manner; it was similarly expressed in males and females at 20 DPH, but
became a strikingly male-specific positive marker of the RA at 50 DPH (Figure 4B, bottom
left). The diffuse signal distribution among darkly stained cell bodies suggests PTN mRNA
may be present in neurites, where it could act locally in supporting the growth of axons

or dendrites, potentially contributing to the greater dendritic arborization of RA neurons in
males compared with females (Gurney, 1981).

Cluster 2 contained 260 genes that became female biased over development through
marked decreases in males and showed GO term enrichment related to axon development,
synapse assembly and organization, neurotransmission, and voltage-gated potassium
channels. A striking example was the gene that encodes stathmin 1 (STMN1), a cytosolic
phosphoprotein that destabilizes microtubules (Curmi et al., 1999). Downregulation of
STMNL1 is necessary for normal dendritic arborization in cerebellar Purkinje cells (Ohkawa
et al., 2007) and axon formation in hippocampal cells (Watabe-Uchida et al., 2006). The /n
situ pattern (Figure 4B, top left) confirmed high expression within the RA at 20 DPH in
both sexes and persistent high expression in females at 50 DPH, but substantially decreased
expression in males at 50 DPH. This developmental trend appears to continue, as STMNL1 is
an exquisitely high-contrast negative marker of the adult RA (Lovell et al., 2020). Given the
neuromorphogenic effects of STMNL1 suppression in mammalian neurons, downregulation
of STMNL1 in the male RA may encourage the elaboration of axons and/or dendrites.

Cluster 3 genes became female biased through increases in females and/or decreases in
males and were associated with GO terms like negative chemotaxis, voltage-gated ion
channels, transcription cofactor binding, and synapse organization. Chemotaxis is a key
part of neural circuit development that involves directing the growth of cells and neurites
through both attractive and repellent factors (Dickson, 2002; Song and Poo, 2001). Notably,
five of six cluster 3 DEGs associated with negative chemotaxis (SEMA3F, SLIT1, NRG3,
FLRT2, and SEMAJ4D) decreased over development in males only, and one (SEMA5SA)
increased in females only. This sex-specific regulation of chemorepulsive cues provides
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a potential channel through which sex differences in RA afferents may be established.
Likewise, 15 of 20 (75%) of the subset of cluster 3 DEGs linked to synapse organization
exhibited developmental decreases in males, but no developmental regulation in females.
Combined with the predominance of synapse and axon development-related enrichments in
male but not female development, these findings suggest that genes involved in orchestrating
connectivity are more widely regulated in males. Cluster 3 also showed enrichment for
voltage-gated calcium channels, including several al subunits (CACNA1H, CACNA1D,
CACNAI1B, and CACNALLI). Calcium voltage-gated channel subunit al E (CACNALE),
another a1 subunit and a known negative marker of the adult male RA (Friedrich et al.,
2019), was in cluster 6, whose overall pattern closely resembled that of cluster 3 (Figure
4A). CACNALE showed similar expression between males and females at 20 DPH but

was selectively downregulated in the RA over male development (Figure 4B, bottom right).
CACNALE codes for an R-type voltage-gated calcium channel that limits depolarization in
mammalian hippocampus (Bloodgood and Sabatini, 2007; Wang et al., 2015a). This raises
the possibility that developmental downregulation of CACNAZ1E in males contributes to the
male-specific increases in action potential amplitude observed in developing RA neurons
(Zemel et al., 2021).

Sex differences in specific gene families

Based on the RA’s multifaceted dimorphic development, we hypothesized that several key
gene families and functional themes related to regulation of transcription, cell growth, and
apoptosis would show developmental changes and/or sex differences in the RA, as well

as genes related to sex steroid hormones and intrinsic neuronal excitability. While there
were indications of these gene families in the GO analysis results, more directed term-based
searches of the zebra finch gene descriptions revealed substantial sets of related sex-biased
and developmental DEGs (Table S8). For instance, consistent with volumetric growth of
the male RA, many growth factor genes showed male bias, including FGF2, which has
been shown to reduce pyknosis in the female RA when administered exogenously (Nordeen
et al., 1998). Males also expressed higher levels of NTRK2, a BDNF receptor, consistent
with previous reports implicating the BDNF signaling pathway in sexually dimorphic song
system development (Akutagawa and Konishi, 1998; Chen et al., 2005; Dittrich et al., 1999;
Johnson et al., 1997). Importantly, several genes that promote apoptosis showed female
bias (e.g., EVA1A, AATK, ANKDD1A), while in contrast, genes that suppress apoptosis
showed male bias (e.g., CFLAR, DDIAS, NIBANL1). In line with a role for sex steroids in
song system masculinization, males expressed higher levels of genes encoding sex steroid
metabolism and biosynthesis enzymes (e.g., HSD17B4, HSDL2, SRD5A2). Many voltage-
gated ion channel genes were female biased at 50 DPH, largely due to developmental
decreases in males; however, some genes exhibited large male-specific developmental
increases, including SCN4B, which is associated with the developmental emergence of
large sex differences in resurgent sodium current and spiking rates of RA projection neurons
(Zemel et al., 2021).

Almost 200 DEGs were found to encode transcription factors (TFs), including genes with
some of the largest male-biased fold changes in this dataset (e.g., SIX2 and NKX2-8).
Notably, this included TFs on the Z chromosome with male-biased expression at 20 DPH
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(BDP1, BTF3, GTF2H2, and RFX3), representing candidate sex-linked TFs that might

be exerting broad regulatory actions at this early age. As a follow-up, for each of the
paired contrast DEG sets, we examined whether the TF binding sites (TFBSs) for DEGs
that encode TFs showed enrichments in the promoters of the corresponding DEG set. We
found significant TFBS enrichments in the DEG sets for male and female development
(Figure 5A, left and middle), but the largest set of enriched TFBSs was seen in the 50
DPH sex contrast (Figure 5A, right). The majority of these were from DEG TFs that
showed female-biased expression, most of which have been associated with pro-apoptotic
function (Table S9). One notable example was KLF11, whose TFBS was enriched in all
three DEG sets (Figures 5A, S4A, and S4B); thus, KLF11 may regulate extensive gene
networks that control key processes like cell death in RA development. The enriched
TFBSs from male-biased DEG TFs were mostly linked to anti-apoptosis or anti-hypoxia
protection. These findings solidify apoptosis as a major pathway regulated in concert with
the emergence of the RA’s sex dimorphism, and point to specific transcriptional networks
that regulate cell survival and death. Analysis of non-DEG TFs, which were a larger set
than DEG TFs, also showed evidence of TFBS enrichment in the promoters of DEG sets
(Figure S4C). Enriched TFBSs from non-DEG TFs were mostly overlapping across all DEG
sets (not shown) rather than specific to a given comparison, suggesting they may relate to
broad developmental processes. Furthermore, the fact that these enriched TFBSs are from
non-DEG TFs suggests they are not directly mediating the emergence of sex differences in
the RA’s transcriptome in the period examined here. Of course, it is possible these TFs are
sex-differentially expressed prior to 20 DPH, or that they influence expression indirectly by
interacting with DEG TFs.

Consistent with previous studies reporting a lack of expression and no sex or developmental
differences in estrogen receptor mRNA within the RA (Gahr, 1996; Jacobs et al., 1999),

the estrogen receptor genes ESR1 and ESR2 had relatively low abundance and were
nondifferential across all comparisons. Furthermore, there was no evidence of TFBS
enrichment for ESRs in the analysis of non-DEG TFs (Figure S4C). Androgen receptor
(AR) was also somewhat low in abundance but showed an intriguing increase in females
(Figure S5). We were unable to confirm this finding, as the AR transcript is undetectable by
our standard /n situ protocol, requiring a radioactive approach (Kim et al., 2004). AR was
included in the TFBS enrichment analysis for DEG TFs, but no enrichment was found for its
binding site in DEGs (Figure 5A). The lists of DEGs containing TFBSs for AR and ESR1 in
their promoters are provided in Table S9.

DISCUSSION

Understanding how sex differences in the brain manifest requires that we understand the
molecular factors orchestrating their development. Using RNA-seq to assay gene expression
during a window of neural sex differentiation, we observed large-scale sex differences and
developmental shifts in the transcriptome of the sexually dimorphic nucleus RA. Previous
studies have assessed developmentally regulated genes in the male RA (Clayton, 1997; Mori
and Wada, 2015; Velho et al., 2007; Wada et al., 2006) and HVC (Mori and Wada, 2015; Shi
et al., 2021), and one recent study reported sex differences in song nuclei transcriptomes of
30 DPH zebra finches treated with an estrogen synthesis inhibitor (Choe et al., 2021). While
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providing some insight into genes involved in the hormone sensitivity and masculinization
of song nuclei, these studies either assessed developmental changes only in male song nuclei
that are already sexually dimorphic or examined a single age, and thus did not address
developmental dynamics in gene expression. By evaluating the combined effects of sex and
age on the RA’s transcriptome, our study provides novel insights into how gene expression
changes in a sex-dependent manner during sexually dimorphic brain development.

Previous high-throughput studies comparing male and female gene expression in developing
brains generally found fewer sex differences than our study; however, they assayed larger
and more heterogeneous brain areas (Diddens et al., 2021; Tomaszycki et al., 2009; Wada
et al., 2006). While some of these studies used follow-up histochemical methods to assay
expression in specific brain nuclei, our approach of quantifying gene expression directly
from microdissected tissue is more efficient and sensitive in detecting differential genes.
In addition, the RA’s discreteness combined with direct laser capture from Nissl-stained
sections allowed for extremely precise extraction of RA cells. Crucially, our study was
also designed to minimize several confounds that have an impact on gene expression,

yet are often not adequately addressed, including behavioral state, circadian rhythms, age
variability, and genetic relatedness.

We found evidence that wide-ranging, sex-specific gene networks are associated with
sexually dimorphic developmental pathways. In line with our initial hypothesis that
developmental changes in the RA’s transcriptome would mirror the RA’s sexually
dimorphic growth trajectory, the transcriptional landscape of the RA indeed followed its
morphological sex divergence. Fewer than 400 genes were sex biased at 20 DPH, whereas
over 4,000 genes were sex biased at 50 DPH—more than a 10-fold increase over this pivotal
developmental window. We also identified age-dependent contributions of autosomal versus
sex chromosome genes to these genome-wide sex differences; Z-linked genes made up the
vast majority of sex-biased genes at 20 DPH but not 50 DPH, consistent with the notion
that early sex bias in sex chromosome gene expression might affect subsequent sexual
differentiation (Arnold, 2009).

Our study puts forth solid evidence that the RA undergoes two distinct, sex-specific
developmental programs carried out by largely nonoverlapping gene networks. For one,
most developmentally regulated genes were specific to one sex. The majority of DEGs

that were common to both male and female development tended to change in the same
direction and to a similar extent, suggesting these genes may be involved in basal
developmental processes necessary for both sexes. Furthermore, we did not find evidence
of functional convergence, as RA development was characterized by highly sex-specific GO
term enrichments, with little to no overlap between sexes. The developmental program in
males appears to recruit networks involved in cellular energetics, cell morphogenesis and
growth, axon formation and myelination, cell excitability, and multiple synaptic processes,
including assembly, organization, and neurotransmission. In contrast, female development
seems to be linked to hormone and immune signaling, negative regulation of cellular
movement, cell polarity, glial cell differentiation, and various mechanisms of gene silencing.
Focused examination of specific gene families and functions revealed developmental and
sex-biased regulation of many genes encoding growth factors, apoptosis regulators, sex
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steroid enzymes, voltage-gated ion channels, and TFs. A subset of TFs showed binding site
enrichment within their corresponding DEG sets, suggesting their role in modulating broad
developmental gene networks. These findings identify molecular players and pathways that
differentiate the male from the female RA, and that may serve as the molecular substrate
of RA sexual dimorphism. This includes some genes (e.g., BDNF) and pathways (e.g.,
apoptosis, cell growth, synapse formation) previously linked to neural sexual dimorphism
(Akutagawa and Konishi, 1998; Chen et al., 2005; Dittrich et al., 1999; Johnson et al.,
1997; Mccarthy et al., 2017), but we also identified numerous novel sex differences in gene
expression whose mechanistic link to sex-specific development has yet to be established.

A common feature of sexually dimorphic brain regions, including the RA, is sensitivity

to sex steroid hormones, particularly estrogen (reviewed in Wade and Arnold, 2004).

Most notably, the administration of estradiol to young female zebra finches prompts the
development of masculinized song nuclei and singing in the female zebra finches (Adkins-
Regan and Ascenzi, 1987; Adkins-Regan et al., 1994; Gurney, 1982; Gurney and Konishi,
1980; Pohl-Apel and Sossinka, 1984; Simpson and Vicario, 1991a, 1991b). However, sex
steroids alone are insufficient to fully determine sex differences in the song system. For
one, estrogen-induced masculinization of females is partial (Adkins-Regan et al., 1994;
Gurney, 1982; Gurney and Konishi, 1980; Simpson and Vicario, 1991b), and efforts to
block masculinization of the male song system by inhibiting estrogen signaling produce only
modest effects (Ball et al., 1994; Choe et al., 2021; Merten and Stocker-Buschina, 1995;
Wade et al., 1999). Most tellingly, in a gynandromorph zebra finch that was genetically male
on one side of its body and female on the other, song nuclei, including the RA, were smaller
on the genetically female side, demonstrating the insufficiency of circulating hormones to
fully masculinize the song system (Agate et al., 2003). Recent work suggests that early RA
gene expression may be largely unaffected by estrogen manipulation (Choe et al., 2021),
and in line with previous studies (Gahr, 1996; Jacobs et al., 1999), we found no evidence
that estrogen receptor gene expression was sex biased or developmentally regulated.

Taken together, these results imply that brain sex differences are in part determined by
hormone-independent and cell-autonomous mechanisms. One such potential mechanism

is differential expression of sex-linked genes. In our study, sex-biased genes at 20 DPH
were overwhelmingly Z linked. In addition to identifying the specific set of Z-chromosome
genes that are differential in the RA at the outset of its divergent growth trajectory, our
findings show that sex differences in Z-linked gene expression precede the development of
gross morphological sex differences. This is consistent with the hypothesis that differences
in sex chromosome gene expression may affect early developmental processes associated
with the RA’s sexually dimorphic transformation. We note, however, the possibility that
the transcriptome sex differences we detected at 20 DPH may be unrelated to the sexually
dimorphic development of RA. Alternatively, they might reflect sex differences in RA cell
type composition, such as greater numbers of nonneuronal cells in males (Nordeen and
Nordeen, 1996) or perhaps other nuanced sex differences yet to be described for RA.

We must also consider extrinsic factors that could initiate sexual dimorphism in the RA,;
in particular, the presynaptic influences from the RA afferents HVC and LMAN. Around
30-35 DPH, the RA is innervated by the premotor song nucleus HVC (Burek et al., 1994;
Konishi and Akutagawa, 1985; Nordeen and Nordeen, 1988b). The HVC is commonly
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described as present only in males, but tract tracing (Gurney, 1981; Shaughnessy et al.,
2019) and optical imaging of neural activity (Wang et al., 1999) suggest that this projection
also forms in females, although probably less robustly, if only because the HVC has many
fewer cells in females than in males (Burek et al., 1994; Konishi and Akutagawa, 1985;
Nordeen and Nordeen, 1988b). Early HVC lesions block subsequent increases in volume
and soma size in the male RA (Akutagawa and Konishi, 1994) and prevent estrogen-induced
masculinization of the female RA (Herrmann and Arnold, 1991), consistent with a major
role of HVC afferents in RA masculinization. In contrast, the LMAN-to-RA projection is
comparable between the sexes around 20 DPH, but undergoes a gradual loss of neurons

in females that ultimately results in a weaker projection compared with males (Nordeen
etal., 1992). Early lesions of the male LMAN block subsequent increases in RA volume
and cell number (Akutagawa and Konishi, 1994; Johnson and Bottjer, 1994), and there is
evidence that neurotrophins transported from the LMAN modulate cell survival in the RA
(Johnson et al., 1997). Based on the known influences and transformation of both these
projections during the age window we examined, we reason that some of the gene regulation
we observed in the RA may result from developmental changes and sex differences in

these major RA inputs. For example, these afferents could modulate expression of key cell
survival or growth genes in the RA in a sex-dependent manner.

We acknowledge that not all genes and pathways identified in this study necessarily
contribute directly to sexually dimorphic properties in the RA, and some sex-biased genes
may actually serve to prevent sex differences (de Vries, 2004); thus, further experimentation
is required to evaluate candidate genes. Moreover, given the RA’s cytoarchitectural changes
(e.g., cell size, number, and density) during development, bulk RNA-seq data limit our
ability to draw conclusions about expression per cell or cell type. Nonetheless, marked sex
differences in developmental gene expression are a prominent feature of the RA, and several
enrichments identified in our GO term analyses suggest cell-type-specific processes. For
example, the observation that glial cell differentiation was enriched in female development
is intriguing, considering that early sex differences in nonneuronal RA cells have been
hypothesized to contribute to sexual differentiation of the RA (Nordeen and Nordeen, 1996).
We also note that adult transcriptome sex differences, including some Z-linked genes, have
been described in the premotor song nucleus HVC of other songbird species, regardless of
sex differences in singing (Ko et al., 2021). Therefore, an open question for future studies is
whether the developmental sex differences in the RA’s transcriptome described here relate to
sex differences in zebra finch singing.

In sum, while little is known about the ontogeny of sexual brain dimorphism in any species,
our study clearly illustrates how the emergence of the RA’s dimorphism is associated

with massive, sex-specific shifts in the RA’s molecular landscape that point to unique,
active processes underlying both male growth and female regression. The sheer extent

of the transcriptome sex differences we detected vastly exceeds those of previous studies
that analyzed larger areas or whole brains. While this difference may be partially due to
methodological advantages conferred by unique cytoarchitectonic features of avian brains,
and/or the robustness of the RA’s dimorphism, it raises the salient possibility that averaging
gene expression levels across broad brain areas could mask or minimize sex differences
that become apparent only when comparing more discrete brain regions or cell populations.
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In line with this, we note that the sex-biased expression ratios we detected (both for the
Z-linked and for the autosomal genes) are considerably higher than those previously seen
using whole-brain samples on microarrays (Itoh et al., 2007). Importantly, our finding that
early sex-biased gene expression is predominated by sex chromosome genes supports the
growing evidence that sex-linked genes contribute to sexual differentiation of the brain, and
to the emergence of a major brain dimorphism. Last, our results suggest the involvement of
noncanonical pathways, significantly expanding the realm of potential targets and drivers of
brain sex differences for future studies.

Limitations of the study

While providing extensive data on the development of transcriptome sex differences in one
of the most dimorphic brain nuclei known, the present study does not address possible

sex differences in specific cell types in the RA, a question that requires single-cell/nucleus
sequencing. In addition, we have identified numerous candidate genes that may play a role
in the sexually dimorphic differentiation of the nucleus RA, but establishing causal links will
require gene manipulation approaches. Last, our study focused on morphological changes,
so we have not examined possible links between the identified molecular sex differences and
the emergence of sex differences in singing behavior.

STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should be
directed to and will be fulfilled by the lead contact, Claudio V. Mello (melloc@ohsu.edu).

Materials availability—This study did not generate new unique reagents. All plasmids
used for /n situ hybridization are part of the zebra finch brain cDNA ESTIMA collection,
previously described in Replogle et al. (2008), and are available upon request in the Mello
lab.

Data and code availability—AIll RNA-seq data generated in this study have been
deposited at NCBI’s GEO (GEO: GSE191296) and are publicly available as of the date

of publication. All code and custom functions used for RNA-seq analyses were written in

R using RStudio and various Bioconductor packages, and are available online (Friedrich,
2022). Codes used for transcription factor analysis were written in Python and are

available online (Andrade and Velho, 2022a; 2022b). Any additional information required to
reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Zebra finches (Taeniopygia guttata, castanotis)—All procedures involving live birds
were approved by the OHSU Institutional Animal Care and Use Committee, and are in
accordance with NIH guidelines. All juveniles (used for RNAseq and /n situ hybridization
analyses) and most adults (used for /n situs only) were obtained from our breeding colony;
some additional adults used for /n situ hybridization only were purchased from a commercial
supplier (Magnolia Bird Farm). All birds were kept under a 12:12 light/dark cycle and
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supplied daily with seed, millet spray, water, egg food, cuttlebone, soluble grit, and kale ad
libitum. Juveniles were raised by both parents in single family breeding cages, where they
remained until the target day post-hatch (20 or 50 DPH) was reached. Captive zebra finch
clutches often hatch over a period of several days, so to minimize age variability within
groups, we devised a method to track the exact age of each juvenile. We used nontoxic food
coloring to dye down feather patches in distinctive patterns (e.g. red head, green flanks)

on hatch day, then transitioned to leg banding around 10 DPH. Sex was determined around
10 DPH using a PCR protocol (see PCR sexing in Method details), and later confirmed
postmortem by gonad inspection. From a total of 21 juveniles (5 males exactly 20 DPH, 5
females exactly 20 DPH, 6 females 47-50 DPH, and 5 males 46-50 DPH), we generated a
total of 22 samples for RNA-seq as one 50 DPH female gave rise to two samples, one from
each hemisphere. Sex was integral to our experimental design, therefore individuals of both
sexes were included, and interaction effects between sex and age were examined as part of
the statistical analysis. To minimize relatedness as a confound, the 21 juveniles born of 11
different breeding pairs were assigned pseudorandomly to groups such that siblings would
not be contrasted against each other in paired comparisons (see group contrasts table below),
i.e., we paired a 20 DPH male and a 50 DPH sibling female, or a 20 DPH female and a 50
DPH sibling male. For /n situhybridizations, an additional set of 12 total juveniles, aged 20
DPH (3 males and 3 females) and 50 DPH (3 males and 3 females), were obtained from our
breeding colony and euthanized within £ 2 days of the target age.

Group contrasts table

Result set name Groups contrasted DEG type

Female development 20 DPH females vs 50 DPH females  Developmentally regulated in females
Male development 20 DPH males vs 50 DPH males Developmentally regulated in males
20 DPH sex contrast 20 DPH females vs 20 DPH males Sex-biased

50 DPH sex contrast 50 DPH females vs 50 DPH males Sex-biased

Sex + age interaction  All four groups Developmentally regulated in a sex-dependent manner

METHOD DETAILS

PCR sexing—The sex of juvenile birds was determined using the PCR sexing protocol
described by Soderstrom et al. (2007). This protocol utilizes two sets of primers that
uniquely target the gametologs of the CHD gene on the Z and W chromosomes, producing
a W-specific fragment of 179 bp and a Z-specific fragment of 242 bp. Blood samples were
collected from live juveniles around 10 DPH. After cleaning the area with an ethanol wipe,
a sterile 30 gauge needle was used to gently lance the blood vessel immediately distal to
the bird’s knee. A small droplet of blood was absorbed onto a sterile piece of filter paper
that was then placed into a microcentrifuge tube. To suspend the blood, 1 mL of distilled
water was added to each sample tube and mixed via inversion. Samples were allowed to
rest at room temperature for 30 min before being centrifuged at 15,000 x g for 3 min.

The supernatant was carefully extracted and discarded, leaving behind a small volume of
collected blood cells and the filter paper. To each of these sample tubes, 200 pL of a 5%
suspension of Chelex 100 (Bio-Rad Laboratories) in distilled water was added. The tubes
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were incubated for 30 min at 56°C, vigorously vortexed for 10 s, and suspended in boiling
water for 8 min. After boiling, samples were vortexed again for 10 s, then centrifuged for

3 min at 15,000 x g to sequester Chelex beads at the bottom of the tube. From each tube,
2.5 L of supernatant was extracted and used as template in a 25 uL PCR reaction that

also contained: 10X PCR Reaction Buffer (Invitrogen), 50 mM MgCl, (Invitrogen), 10 mM
dNTP mix (Invitrogen), 10 uM W-Forward primer GGGTTTTGACTGACTAACTGATT,
10 uM W-Reverse primer GTTCAAAGCTACATGAATAAACA, 10 uM Z-Forward primer
GTGTAGTCCGCTGCTTTTGG, 10 uM Z-Reverse primer GTTCGTGGTCTTCCACGTTT,
1 unit Platinum Tag DNA polymerase (Invitrogen), and nuclease-free water. The reaction
was run for 30 cycles on a thermocycler: 94°C for 30 s, 56°C for 45 s, and 72°C for 45

s. Finally, 5 pL of amplified PCR product mixed with 2 L loading dye was run on a 2%
agarose gel to assess band patterns.

Animals and tissue preparation—Upon reaching the target age, juveniles intended
for RNA-Seq experiments were removed from their home cage and quickly euthanized
by decapitation. To minimize the acute effects of variability on behavioral (e.g., singing),
sensory (e.g., hearing song), and social states (e.g. isolation), which are known to induce
changes in brain gene expression (Dong et al., 2009; George et al., 2019; Gunaratne et
al., 2011; Mello et al., 1992; Whitney et al., 2014), as well as minimize circadian effects,
juveniles were euthanized within 20 min of lights-on, and no singing was observed for
any juvenile in this time window. The additional set of 12 juveniles used for /n situ
hybridizations were also obtained from our breeding colony, noting that these birds were
collected at various times during the day. All brains were rapidly dissected into hemispheres,
placed in a plastic mold, covered in chilled TissueTek OCT (Sakura Finetek USA, Inc.;
Torrance, CA), and flash frozen by placing molds into a slurry of pulverized dry ice and
isopropanol. Once frozen, brains were transferred to a —80°C freezer for storage until
cryosectioning.

In situ hybridization—We performed /n situ hybridization on RA sections from juvenile
male and female brains (n = 3—4 per sex per age) to provide independent validation of the
RNA-seq data, as well as to characterize the expression patterns of select DEGs in more
detail, including their expression in the arcopallium outside RA. Typically, each probe was
minimally hybridized to brain sections from a test bird and from one bird from each age
and sex group. In a few cases we also performed /n situ hybridization on brain sections
from an adult male. When choosing genes for /n situ hybridization, we looked for DEGs
that a) showed high absolute log, fold changes in relevant contrasts, b) were located

on chromosome Z or W, c) were representative of an expression pattern cluster, d) had
functional annotations of interest, or some combination thereof.

Digoxigenin (DIG)-labeled riboprobe synthesis and 7 situ hybridization was performed as
described in Carleton et al. (2014). Briefly, cDNA clones from the ESTIMA collection
(Replogle et al., 2008) were selected based on their alignment to and specificity for the
target locus (Lovell et al., 2020). Clones were grown overnight in LB medium supplemented
with 1% ampicillin. Plasmids were isolated with a QIAprep Spin Miniprep Kit (Qiagen),
digested with BssHII (NEB) to release the cDNA insert, and purified using a QlAquick
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PCR purification kit (Qiagen). We used 2 pg of template DNA for reverse transcription

to generate antisense riboprobes. Riboprobes were synthesized using T3 RNA polymerase
(Promega) and DIG RNA labeling mix (Roche). Riboprobes were then purified using a
Sephadex G-50 column and stored at —80°C until use.

Brains were sectioned at 10 um on a Leica CM1850 cryostat and mounted onto charged
microscope slides. Prior to hybridization, slides were briefly fixed for 5 min at room
temperature in 3% paraformaldehyde and acetylated for 10 min in a solution containing
1.35% triethanolamine and 0.25% acetic anhydride. For each gene hybridized, efforts were
made to reduce experimental variability including fixing, acetylating, and hybridizing all
slides at the same time with the same batch of solutions. Slides were hybridized overnight

at 65°C in a hybridization solution consisting of 50% formamide, 2X SSPE, 2 pg/uL tRNA,
1 ug/uL BSA, 1 pg/uL polyA, and 2 uL DIG-labeled riboprobe in DEPC-treated H20. The
next day, slides were washed in 50% formamide 2X SSPE solution followed by two 30

min washes in 0.1X SSPE at 65°C, agitated every 10 min. Following the high stringency
washes, the sections were briefly permeabilized in TNT (100 mM Tris—HCI pH 7.4, 150 mM
NaCl, 0.3% Triton X-100) and blocked in TNB (100 mM Tris—HCI pH 7.4, 150 mM NacCl,
0.36% wiv BSA, 1% skim milk) for 30 min in a humidified chamber at room temperature.
Slides were then incubated in an alkaline phosphatase conjugated anti-DIG antibody (Roche,
1:600) in TNB for 2 h in a humidified chamber at room temperature. Slides were then
washed twice for 15 min in TMN (100 mM Tris—HCI, 150 mM NaCl, 5 mM MgCl2) and
developed for 1-3 days in filtered BCIP/NBT Substrate Solution (PerkinElmer) at room
temperature.

Laser capture microdissection—Several precautions were taken to limit RNA
degradation by ribonucleases (RNases), including the use of RNase-free materials, cleaning
equipment and work areas with RNase Away (Molecular BioProducts), and frequently
changing gloves and staining solutions. Frozen brains were taken from the —80°C freezer,
allowed to equilibrate to ~ —18-20°C in the cryochamber for 30 min, and sectioned on a
Leica CM1850 cryostat at 12 pm thickness. As sectioning advanced through the brain, Nissl
staining of parasagittal sections mounted on regular glass slides was used to assess brain
anatomy until the medial edge of RA was visible. PEN membrane glass slides (Leica, No.
11505158) were labeled then UV treated for 15 min on a TFX-20M transilluminator (Life
Technologies). Brain sections containing RA were mounted onto UV-treated PEN slides,
with the exception of every 12th or 16th section, which was mounted on a frosted glass
slide and Nissl stained to assess the level of RA. To avoid freeze-thaw cycles between the
successive mounting of multiple sections onto each slide, four sections at a time were cut
and arranged on the cryostage using RNase-free paint-brushes, then mounted simultaneously
onto a room temperature PEN slide. As soon as sections had fully adhered, slides were
transferred to 50 mL Falcon tubes containing chilled 100% ethanol and stored within the
cryostat. Sectioning continued until the extent of RA was collected. Slides were then stained
at room temperature, one at a time, using a series of ethanolic solutions prepared from
RNase-free ethanol, cresyl violet acetate, and NanoPure water in 50 mL Falcon tubes

to minimize hydration-activated RNase activity during staining. Specifically, slides were
immersed for 30 s in each the following: 100% ethanol, 95% ethanol, 75% ethanol, 4%
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cresyl violet in 75% ethanol, 75% ethanol, 95% ethanol, 100% ethanol, and again in 100%
ethanol. Ethanol series solutions were changed out every 4-6 slides, and the cresyl violet
staining solution was pipetted onto each slide to avoid contaminating the stock.

Laser capture microdissection was performed immediately after staining on a Leica LMD
6500. The surrounding work area and equipment were wiped down with RNase Away
(Thermo Scientific) before beginning laser capture each day. Tissue was collected into 0.5
mL microcentrifuge tube caps containing 40-70 L of RLT buffer (Qiagen) spiked with 10
pL of p-mercaptoethanol per 1 mL of buffer. The laser path around RA was conservatively
drawn around the core of RA, excluding the surrounding cells with elongated morphology,
and we confirmed successful capture by inspecting collection tube caps (Figure S1B).

Once laser capture for 2—4 slides was complete, collection tubes were carefully closed and
removed from the collection device, vortexed for 30 s, then immediately placed on dry ice.
To minimize RNA degradation, this procedure was repeated in batches of 2—4 slides until the
whole of RA was captured, then collection tubes were transferred to a —80°C freezer until
RNA isolation. All RA tissue was microdissected and immersed in RNA-stabilizing solution
within 1 h after staining.

RNA isolation and RNA-seg—Sample tubes were thawed in a gloved hand until no
particulate was visible in the solution, then vortexed for 30 s. RNA was isolated using the
RNeasy Micro Kit (Qiagen) with on-column DNase digestion. RNA isolation was performed
in randomized batches of 4-5 samples and according to Kit instructions with two exceptions:
1) an additional 80% ethanol column wash was performed immediately after the first, and

2) the RNase-free water used to elute the RNA was incubated on the column for 10 min
prior to centrifuging to increase RNA vyield. Isolated RNA samples were stored at —-80°C
until submission to the OHSU Massively Parallel Sequencing Shared Resource. We opted
not to pool samples, and thus retained information about individual sample variability while
maximizing statistical power. RNA quality was assessed on a Bioanalyzer 2100 using the
high sensitivity RNA 6000 Pico Kit (Agilent). The median RIN for all samples was 8.6,

and all but one sample (RIN = 6) had a RIN exceeding 7. cDNA libraries were generated
using the SmartSeq v4 PLUS kit (Takara Bio USA). Paired end sequencing (2 x 100 bp) was
performed on the NovaSeq 6000 S4 flow cell (Illumina) to a target depth of 50 M reads per
sample.

Quality control and trimming were performed prior to genome alignment using trimmomatic
(v0.36) (Bolger et al., 2014), and no issues were detected from FastQC (v0.11.9) (Andrews,
2010) reports. Splice-aware STAR (v2.6.1) (Dobin et al., 2013) was used to align reads

and generate read counts per gene based on the bTaeGutl_v1.p zebra finch assembly
(GCF_003957565.1) and associated genome features from the NCBI Taeniopygia guttata
Annotation Release 104. At the time of this analysis, this was the best annotated zebra finch
genome assembly in NCBI.

Curation of zebra finch W chromosome genes—To curate zebra finch W
chromosome genes (Table S3), we first retrieved the full list of chromosome W genes
from the zebra finch genome (all chromosome W RefSeqs from bTaeGutl.4.pri). We note
that while bTaeGutl.4.pri derives from a male, it artificially includes the W chromosome,
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which is derived from a previous female assembly (bTaeGut2.pat.W.v2). We then identified
all W genes annotated with a gene symbol or description, and sorted those with annotated
copies on both the W and Z chromosomes from those with an annotated copy on the W
only. Next, for unannotated W chromosome genes (with LOC annotations and/or ambiguous
gene descriptions), we used genome-wide BLAST searches with the respective predicted
transcripts to search for other possible copies of the gene. We classified BLAST hits with
>50% of the query and >70% identity as representing significant hits indicative of another
copy of the gene. Genes with significant hits to the Z were classified as Z-W pairs, whereas
those with no hits to the Z were classified as W unique, noting that some of the latter

also showed other hits to the W and/or to some autosomes. Two of these were identified

as members of a previously described zebra finch expansion of the PIM1L kinase gene
(Kong et al., 2010), noting that they were previously unassigned to a chromosome as an
assembled zebra finch W chromosome was then unavailable. Other cases could represent
evidence of other gene duplications/expansions on the W and/or autosomes, but some could
also represent repetitive elements and/or assembly artifacts. W unique genes were further
assessed for evidence of expression in a range of zebra finch tissues based on publicly
available transcriptome data mapped to W chromosome genes in the current zebra finch
genome assembly and accessible through NCBI’s RefSeq (Annotation release 106). We also
assessed brain expression by /n situ hybridization for two W genes with available ESTIMA
clones (LOC116806961 and LOC116806962), noting that a possible sex difference for
LOC116806962 may have been masked by nonspecific signal arising from shared domains
with other PIM1L paralogs.

QUANTIFICATION AND STATISTICAL ANALYSIS

Differential gene expression—All code and custom functions used for RNA-seq
analyses were written in R using RStudio and various Bioconductor packages (Friedrich,
2022). Briefly, STAR output tables were used to create a sample-by-gene count matrix.

This count matrix was used as input to DESeq2 (v1.30G1) (Love et al., 2014), which
performed filtering, normalization, and regularized log transformation. A sample PCA was
generated based on variance transformed values. To determine significantly differentially
expressed genes (DEGSs), a negative binomial generalized linear model was fit to the data
with sex and age as main factors with a sex + age interaction. Wald tests were performed

on user-specified contrasts to determine: developmentally-regulated genes within each sex;
sex-biased genes within each age; and genes significant for a sex + age interaction. To
improve detection and diminish the multiple testing problem, independent filtering for each
test was performed using the mean of normalized counts as a filter statistic. Genes with a
Benjamini-Hochberg-based false discovery rate (FDR) < 0.01 were considered significant,
and are referred to as DEGs. For visualization only, log, fold change values were shrunk
using the ‘ashr’ method (Stephens, 2017). Because none of the juveniles sang in the 20

min window between lights-on and sacrifice, we did not remove genes known to be singing-
regulated (Dong et al., 2009; Mello and Clayton, 1994; Whitney et al., 2014) from our result
sets.

Hierarchical clustering analysis—To identify groups of genes that showed similar
differential expression profiles, we performed hierarchical clustering using the degPattern()
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function from clusterProfiler (v3.18.1) (Yu et al., 2012). Only DEGs were considered and
used as input for clustering analyses. From the regularized log transformed count matrix of
relevant genes, the degPattern() function composes a distance matrix based on correlations
between group means of gene expression, then constructs a hierarchy of clusterings based on
that distance matrix.

Gene ontology (GO) analyses—To identify GO terms that were significantly enriched
in our DEG sets, we used functions from clusterProfiler (v3.18.1) (Yu et al., 2012)

to perform over-representation analysis (ORA) as well as gene set enrichment analysis
(GSEA). Unlike ORA, GSEA does not require delineation of DEGs from non-differential
genes. Instead, GSEA ranks the log-fold changes of all assessed genes to test for
significantly coordinated shifts in gene pathways (Subramanian et al., 2005). Because
these analytical tools are based on annotations that refer to human orthologs, zebra finch
genes were mapped to their corresponding human orthologs based on HGNC symbol. For
over-representation analyses, DEG sets were compared against a background of all assessed
zebra finch genes with human orthologs in Ensembl (n = 11,541). Only enrichment terms
with Benjamini-Hochberg adjusted p values < 0.05 and supported by at least 5 DEGs were
considered. Excluded from this analysis were genes that could not be assigned to a human
gene (n = 10,414), either due to differing gene symbols, or because there was no ortholog
in the human genome. Thus, zebra finch-specific genes (e.g. as previously described in
Wirthlin et al., 2014) are missing from these functional analyses.

Transcription factor binding site analysis—Genomic sequences and coordinates for
all annotated zebra finch genes were obtained from NCBI (bTaeGutl_v1.p, Annotation
Release 104) and sequences of interest (promoter regions defined as —1000 to +500 bp
relative to the transcription start site) were then selected using custom Python code (Andrade
and Velho, 2022b). To identify possible transcription factor binding sites (TFBS) in these
sequences, we first identified 529 transcription factors (TFs) (Table S8) by searching gene
descriptions for the phrase “transcription factor”, as well as searching for genes annotated
with GO:0003700 (DNA-binding transcription factor activity) among all DEGs and non
DEGs identified in this study. We then retrieved all position weight matrices (PWMSs)
available in the JASPAR database (Portales-Casamar et al., 2010) for the TFs expressed

in RA (339 out of 529), including 120 DEGs and 219 non-DEG TFs. To quantify the
occurrence of potential TFBSs of both DEG and non-DEG TFs in DEG promoters, we
used a scanning tool called FIMO (Find Individual Motif Occurrences; Grant et al., 2011),
where genome subsequences and PWMs were integrated and transformed into a ranked list
of motif occurrences. To evaluate the random effects of putative TFBS detection against a
possible biological bias, we implemented a Monte Carlo analysis simulating samples with
the same size as the DEG gene sets for each comparison, but with randomly selected genes
from the entire set of assessed genes; a total of 20,000 simulations were run per each TF.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Transcriptomic divergence in the RA mirrors the extent of the RA’s sexual
dimorphism

RA transcriptome dynamics follow distinctly sex-specific developmental
trajectories

Early dominance of Z-linked sex differences switches later to autosomal
differences

Transcription factor analyses point to pro-apoptotic regulatory networks in
females
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Cell death of afferent LMAN projection neurons in females
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Figure 1. Sexually dimorphic development of the song nucleus RA

(A) A simplified schematic of the song nuclei and their connections, shown from a
parasagittal view. Note that not all connections are shown. Black fills indicate the direct
motor pathway (DMP) and white fills indicate the anterior forebrain pathway (AFP). Black
dashed box indicates area shown in (B) and in the /in situ hybridization images shown

in Figures 3D and 4B. Abbreviations: HVC, proper name; LMAN, lateral magnocellular
nucleus of the anterior nidopallium; RA, robust nucleus of the arcopallium; Area X, proper
name; DLM, dorsal lateral nucleus of the medial thalamus; nXlIts, motor nucleus of the
tracheosyringeal part of the XllIth cranial nerve; rAM, nucleus retroambigualis medialis.
(B) Nissl stains of parasagittal 10 pm brain sections from adult zebra finches showing RA
(indicated by arrowheads) and surrounding arcopallium. Scale bar, 250 pm.

(C) Developmental timeline of sex differences in the RA. Text boxes (top) denote
approximate timing of afferent innervation from the RA’s main afferents LMAN and HVC.
Arrows denote ages used to generate RNA-seq data for this study; for the corresponding
Nissl images, see Figure S1. Information summarized from Adret and Margoliash (2002),
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Figure 2. Sex-specific developmental changes in RA transcriptome
(A) PCA plot of all RNA-seq samples. The 500 most variant genes were used to calculate

principal components (PCs), and the first two PCs are plotted. Sample group is indicated by
color. The 20 DPH male (green) and female (yellow) samples cluster together, while the 50
DPH samples cluster by sex (female, orange; male, blue). For a PCA plot of all RNA-seq
samples based on all assessed genes (n = 21,955), see Figure S2.
(B) MA plots of DEGs for sex and age contrasts. Positive log, fold-change values indicate
higher expression in males for sex contrasts (top) and higher expression at 50 DPH in

age contrasts (bottom). Negative values indicate higher expression in females (top) and at
20 DPH (bottom). Blue and gray points represent differential and nondifferential genes,
respectively. Triangles represent genes with log, fold changes >|4|. Log, fold-change values
were shrunk for visualization using the “ashr” method (Stephens, 2017). The differential
expression statistics for all genes examined is presented in Table S1. For an examination

of DEGs in male development that are known RA markers published in the Zebra Finch
Expression Brain Atlas, ZEBrA (Lovell et al., 2020), see Table S2.
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Figure 3. Sex and age differences in RA expression of autosomal and Z-linked genes
(A) Sex-biased genes by chromosome at 20 and 50 DPH. Number of DEGs per chromosome

was normalized to the total number of genes on each chromosome to account for differences
in chromosome length and gene density.

(B) Histograms of sex-biased expression (log, M:F) for all genes on autosomes (black) and
the Z chromosome (red) at 20 and 50 DPH.

(C) Expression pattern clustering for all Z-chromosome DEGs. Points denote values for
individual genes and are left-right jittered to prevent overplotting; box plots denote group
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median values (thick horizontal lines), 25th to 75th percentiles (box bounds), and most
extreme values up to 1.5 times the interquartile range (vertical whiskers); diagonal lines
connect mean group values across age in each sex. Number of genes per cluster is displayed
above each plot.

(D) Expression of sex-differential chromosome Z genes in the developing RA. Shown are /n
situhybridization photomicrographs of parasagittal sections at the core of the RA. Scale bar,
250 um. The ESTIMA clones used for riboprobes were CTSL (cathepsin L), DV957210,
and LPL (lipoprotein lipase), CK313328. For curation of W-chromosome genes, see Table
S3; for evidence of brain expression of a W-chromosome gene, see Figure S3A; for LPL
expression in the adult male RA, see Figure S3B.
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Figure 4. Sex and age differences in RA expression of DEGs that show an interaction between
sex and age

(A) Expression pattern clustering for DEGs that were significant for an interaction between
sex and age. Plot explanation is as in Figure 3C. Number of genes in each cluster is
displayed above each plot.

(B) Expression of genes significant for an interaction between sex and age in the developing
RA. Shown are /n situ hybridization photomicrographs of parasagittal sections at the core of
RA. Scale bar, 250 um. The ESTIMA clones used for riboprobes were STMN1 (stathmin 1),
CK311233; SLC4AA4 (solute carrier family 4 member 4), CK305917; PTN (pleiotrophin),
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CK314329; and CACNALE (calcium voltage-gated channel subunit a1l E), FE728835. For
overrepresentation analysis (ORA) of GO terms for sex + age interaction DEG clusters, see
Table S7.
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Figure 5. Transcription factor binding site analysis of DEG transcription factors
(A) Transcription factor binding site (TFBS) enrichments in female development (left), male

development (middle), and 50 DPH sex contrast (right) DEG sets. DEG transcription factors
with significantly enriched binding sites are shown in black, except for KLF11 (blue); DEG
transcription factors with no significant enrichment of binding sites are shown in gray,
except for androgen receptor (AR; orange). Red dashed line denotes statistical signficance

boundary.

(B) Venn diagram depicts overlaps in DEG transcription factors with enriched TFBSs from
all contrasts in (A). Only one DEG transcription factor (KLF11) shows TFBS enrichment
in all DEG contrast sets. For other overlapping sets, see Table S9. For further details on

the KLF11 TFBS, see Figures S4A and S4B. For TFBS analysis of non-DEG transcription
factors, see Figure S4C. For the full list of identified DEG TFs, see Table S8 (“transcription
factors” tab). For evidence of female-specific developmental increase in expression of AR,

see Figure S5.
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