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SUMMARY

Although the genetic triggers for gonadal sex differ-
entiation vary across species, the cell biology of
gonadal development was long thought to be largely
conserved. Here, we present a comprehensive anal-
ysis of gonadal sex differentiation, using single-cell
sequencing in the embryonic chicken gonad during
sexual differentiation. The data show that chicken
embryonic-supporting cells do not derive from the
coelomic epithelium, in contrast to other vertebrates
studied. Instead, they derive from a DMRT1+/PAX2+/
WNT4+/OSR1+ mesenchymal cell population. We
find a greater complexity of gonadal cell types than
previously thought, including the identification of
two distinct sub-populations of Sertoli cells in
developing testes and derivation of embryonic ste-
roidogenic cells from a differentiated supporting-
cell lineage. Altogether, these results indicate that,
just as the genetic trigger for sex differs across verte-
brate groups, cell lineage specification in the gonad
may also vary substantially.

INTRODUCTION

The gonads of vertebrate embryos follow one of two divergent

fates: ovary or testis formation. Before gonadal sex differentia-

tion, the gonads are initially morphologically identical between

the sexes (Wilhelm et al., 2007b). They develop as thickenings

of coelomic epithelium on the ventromedial surface of the em-

bryonic kidneys, overlying a medulla of epithelial-like cords

(Rotgers et al., 2018). Initially, the undifferentiated gonads of

both sexes comprise the same population of transcriptionally

similar somatic cells (Stevant et al., 2019; Nef et al., 2019).

The direction of gonadal sex differentiation (ovary or testis) de-

pends upon sexually dimorphic differential gene expression

(Munger and Capel, 2012). Mammals have an XX:XY sex chro-
This is an open access article under the CC BY-N
mosome system, in which the Y chromosome-linked SRY gene

initiates testis formation in XY embryos by triggering pre-Sertoli

cell formation (Berta et al., 1990; Sinclair et al., 1990; Gubbay

et al., 1990; Koopman et al., 1991). Pre-Sertoli cells are the first

cell type to differentiate in the presumptive testis (Svingen and

Koopman, 2013; Lin and Capel, 2015; Liu et al., 2016). They

form testis cords that enclose germ cells, which enter mitotic

arrest. Sertoli cells are thought to direct other cells down the

testicular pathway (Albrecht and Eicher, 2001; Habert et al.,

2001).

Lineage mapping and recent single-cell transcriptomics anal-

ysis in the mouse embryo indicate that the supporting Sertoli

cells and most steroidogenic Leydig cells of the incipient testis

have a common origin, derived from coelomic epithelium that

proliferates on the surface of the embryonic (mesonephric) kid-

neys (Karl and Capel, 1998; Lin et al., 2017; Stévant et al.,

2018; Nef et al., 2019; Stévant and Nef, 2019). These multipo-

tent cells express the Wilm’s Tumor protein 1 (Wt1) and Ste-

roidogenic factor 1 (Sf1) transcription factors (Rotgers et al.,

2018; Stévant et al., 2018). In the mouse, Wt1 expression is

maintained, and Sf1 expression is downregulated in cells after

the pre-Sertoli cell-developmental program (Zhang et al., 2015).

The conversion applies to the steroidogenic fetal Leydig cell

lineage, in which Sf1 expression is maintained, Wt1 expression

declines, and Notch signaling is activated (Liu et al., 2016).

Data in the mouse indicate that some fetal Leydig cells can

derive from the neighboring mesonephric kidney (Rotgers

et al., 2018).

In mammalian embryos with an XX genotype, the homolo-

gous cell type to the pre-Sertoli cell is the pre-granulosa cell

(Albrecht and Eicher, 2001). SRY is absent in XX embryos.

Instead, stabilized R-SPO1/WNT/b-catenin signaling has a

key role in ovarian (pre-granulosa) differentiation (Chassot

et al., 2014; Tomizuka et al., 2008; Ottolenghi et al., 2007;

Parma et al., 2006). The so-called supporting-cell lineage of

the gonads forms pre-granulosa rather than Sertoli cells,

also derived from a Wt1+ precursors that represses Sf1 (Maa-

touk et al., 2008; Jordan et al., 2003; Chen et al., 2017). These

cells encircle developing germ cells, forming primordial
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follicles, while thecal cells differentiate around them (Nicol and

Yao, 2014; Liu et al., 2015). Hence, the initial cell-fate decision

in the embryonic gonad centers on the pre-Sertoli versus pre-

granulosa dichotomy.

As in males, granulosa cells of female mammalian embryos

derive from a Wt1+ precursor-cell population that represses

Sf1 expression (Chen et al., 2017). The epithelial-derived cells

undergo two waves of proliferation to generate Foxl2+ non-pro-

liferative and then Lgr5+ proliferative pre-granulosa cells, with

the latter generating the definitive follicle pool postnatally

(Mork et al., 2012; Rastetter et al., 2014; Gustin et al., 2016).

Other cells of the developing ovary include non-steroidogenic

stromal cells and steroidogenic thecal cells. Thecal cells are ho-

mologous to the Leydig cells of males, also expressing Sf1. As

has been established for the Leydig cell population in males,

the thecal cells of females are thought to derive from both

coelomic epithelial and mesonephric sources (Rotgers et al.,

2018). In themouse, thecal cells differentiate after birth, involving

interaction between granulosa and germ cells (Liu et al., 2015).

Although proper gonadal development is essential for

reproduction, vertebrates shows a remarkable diversity of

gonadal sex-determining mechanisms, ranging from egg tem-

perature to different genetic switches among fishes, amphib-

ians, reptiles, birds, and mammals (Smith et al., 1999a; Mat-

suda et al., 2007; Yoshimoto et al., 2008; DeFalco and Capel,

2009; Hattori et al., 2012; Capel, 2017; Kaneko et al., 2015;

Ge et al., 2017; Sun et al., 2017). Despite that variety, devel-

oping vertebrate gonads comprise the same cells types as

those described above, namely supporting cells, steroido-

genic cells, and germ cells. It has long been assumed that

the pathways of cell-lineage specification are hence

conserved among vertebrates. Here, we describe cell-lineage

specification during gonadal sex differentiation in the

chicken embryo using single-cell transcriptomics, refuting

that assumption, and providing new insights into vertebrate

gonadogenesis. Similar to other birds, chickens have a ZZ

male : ZW female sex-determining system, in which the

Z-linked DMRT1 gene is required for testis formation and

autosomal FOXL2 for ovary formation (Smith et al., 2009a;

Major et al., 2019). Sampling more than 30,000 cells and

profiling the entire gonad across time points before, during,

and after sexual differentiation in this model, we present

the most detailed analysis of vertebrate gonadal cell fate

specification reported to date. The data reveal fundamental

differences between the chicken and the mouse that reflect

evolutionary plasticity in how the gonad is assembled. We

find that the pivotal supporting cell lineage is not derived

from the coelomic epithelium in chicken, but from a PAX2+/

OSR1+/WNT4+/DMRT1+ cell population of mesenchymal

origin. Significantly, PAX2+ cells migrate into the gonad from

the mesonephros, a new phenomenon associated with verte-

brate gonadal development. During gonadogenesis, we find

greater cellular complexity than previously appreciated, iden-

tifying two sub-populations of transcriptionally distinct Sertoli

cells and derivation of the steroidogenic lineage from differen-

tiated supporting-cell-type precursors. We identify several

new markers of gonadal cell types. Altogether, the data

shed new light on vertebrate gonadogenesis.
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RESULTS

Transcriptional Clustering of Cell Populations in
Embryonic Chicken Gonads
To study chicken gonadal sex differentiation, the 103Chromium

systemwas used to perform single-cell sequencing using whole,

left male and female gonads before (E4.5; stage 25), during (E6.5;

stage 30), and after (E8.5; stage 35 and E10.5; stage 36) the

onset of gonadal sex differentiation (Figure 1A) (Zaccanti et al.,

1990; Smith and Sinclair, 2004). Entire gonads were dissected,

dissociated to single cells, and processed through the 103 chro-

mium system. After quality filtering, a total of 33,247 cells were

sequenced, across 14,259 genes, with an average of 1,857

reads counted per cell, across 779 unique genes per cell;

47.46% of all the sequenced cells (15,780) belonged to female

samples, whereas the remaining 52.54% (17,467 cells) were

male (Table S1). Overall, 12% of the whole dataset were E4.5

cells (3,991), 21.9% from E6.5 (7,286), 31.6% (10,514) from

E8.5, and 34.5% (11,456) from E10.5 samples; 2,250 cells be-

longed to E4.5 female samples, 1,741 for E4.5 male, 3,171 for

E6.5 female, 4,115 for E6.5 male, 4,370 for E8.5 female, 6,144

for E8.5 male, 5,989 for E10.5 female, and 5,467 for E10.5

male. Cells were visualized in global t-Distributed Stochastic

Neighbor Embedding (t-SNE) plots (Figures 1B and 1C) (Maaten

andHinton, 2008). At E4.5, cells for bothmales and females clus-

tered in the center of the t-SNE, whereas cell-lineage progres-

sion over time correlated with cluster expansion to the periphery

of the plot (Figures 1B and S1A). Considering only the E4.5 data,

male and female cells overlapped in the t-SNE plots, consistent

with that time point representing morphologically undifferenti-

ated tissue before gonadal sex differentiation (Figure S1A).

Sex-specific, transcriptionally clustered cells emerged at E6.5,

consistent with the onset of known gonadal sex differentiation

in the chicken model (Figures S1A, S2, and S3) (Chue and Smith,

2011).

Gonadal cells were clustered based on transcriptional similar-

ity. Clustering identified 23 transcriptionally distinct cell clusters,

covering the two sexes at different developmental stages (Fig-

ure 1C). Among the different cell populations, cluster 4 contained

the greatest number of cells (Figures 1B, 1C, and S1C), repre-

senting 27% of the total cells sequenced. More than 70% of

the cells were contained in the largest five clusters, whereas

11 of 23 clusters represented less than 1% of the total

sequenced cells (Figure S1C). The proportion ofmale and female

cells in each cluster was evaluated to identify only-male and

only-female clusters, consistent with the sexual differentiation

process (Figure S1D). Clusters (c) 5, 15 17, and 20 constituted

primarily of male cells, whereas clusters 7, 8, 9, 10, 13, and 19

were characterized as primarily female (>75%). The remaining

clusters shared an equal contribution of male and female cells.

We evaluated the proportion of different developmental time

points evaluated (E4.5, E6.5, E8.5, and E10.5) for each cluster

(Figures S1E and S1F). Clusters 8, 16, 19, 22, and 23 had the

highest composition (>75%) of E4.5 cells, whereas clusters 5,

9, 13, 18, and 20 did not contain any E4.5 cells, linking these

clusters to sexual differentiation or cell migration into the gonad.

More than 75% of c20 cells belonged to E10.5 samples. Further-

more, a cell phase analysis was performed to detect cell
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Figure 1. Chicken Gonadal Single-Cell Sequencing Identified 23 Distinct Clusters

(A) Schematic diagram of the procedure used to generate chicken gonad single-cell RNA-seq.

(B and C) Visualization of the 33,247 sequenced cells in a t-SNE plot. Cells are color-coded by the sample of origin (B) or by cluster (C).

(D) Heatmap containing the top differentially expressed genes for each cluster and known gonadal cell markers.

(E) Dotplot of curated genes selected as population markers for each of the different clusters.
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differences in the proliferation rates among the clusters (Fig-

ure S1G). Most clusters showed more than 50% of the cells in

G1. Clusters 11 and 22 showed the greatest level of cell prolifer-

ation, with more than 75% of the cells in G2/M or S phase, which

is common in precursor or stem-like cells. Clusters 6, 18, 20, and

23 had more than 80% of their cells in G1, indicative of a quies-

cent profile.

Identification of Gonadal Cell Populations
To characterize the cell populations present in the datasets, dif-

ferential gene expression analysis was performed across the 23

clusters (Table S2). A heatmap showing the top differentially ex-

pressed genes was generated (Figure 1D). Using enriched

curated marker gene expression, we were able to assign cell

types or cell type precursors to 22 of the 23 different clusters.

To study cell lineage progression throughout the developmental

time, sample and stage-specific t-SNE plots were generated

(Figures S2 and S3).

Cluster 1 corresponded to an endothelial cell population pre-

sent in both sexes (highly expressing SOX18 and CDH5),

whereas c2 were (coelomic) epithelial cells expressing keratins

(e.g., KRT7 and KRT18) and PITX2. Cluster 4 was an interstitial

cell population, with enriched expression of mesenchymal

markers as well as extracellular matrix-related transcripts

(COL3A1, COL1A2, POSTN, DCN, and ACTA2). Cluster 20 was

also an interstitial population limited to males, expressing higher

levels of collagens, POSTN, DCN, and ACTA2 than in c4, with

more than 90% being present at E10.5. C5 were pre-Sertoli cells

or Sertoli cells, expressing high levels of the markers AMH,

SOX9, HEMGN, and DMRT1. Interestingly, c15 was a male-

restricted population that also expressed SOX9, AMH, and

DMRT1 but at lower levels than the c5 (Sertoli cell) (Figures 1D

and S2A). This population expressed higher levels of GSTA2

(Glutathione S-transferase alpha 2) and CBR4 (carbonyl reduc-

tase 4) and was also characterized by low-level expression of

mitochondrial genes. When the low-level expression of mito-

chondrial genes was removed from the dataset, the c15 popula-

tion showed transcriptional similarity to the c5 pre-Sertoli and

Sertoli population (Figures S3C–S3E), suggesting a sub-popula-

tion of male-supporting cells. This c15 population was labeled

‘‘Sertoli type 2 cells.’’

Fetal Leydig cells as a discrete steroidogenic population were

never apparent in the global t-SNE. Rather, when t-SNE plots for

only male gonads were generated, a sub-population of Sertoli

cells clustered separately from the predominant Sertoli cluster

(Figure S2B). This sub-population included male cells that clus-

tered with thecal cells in the global t-SNE (females; c13 see

below), expressing makers such as CYP17A1 and StAR (Fig-

ure S2B). There are currently no distinctive markers that distin-

guish between fetal Leydig and thecal cells, in any species

(Rotgers et al., 2018). The clustering of this male subset with

thecal cells supports the notion of a shared (steroidogenic)

transcriptome.

In presumptive female gonads, c7 were identified as pre-

granulosa cells, expressing the diagnostic markers FOXL2,

CYP19A1, and FGFR3. C13 comprised theca cell precursors

because of high expression of the steroidogenic markers

CYP17A1, STAR, CYP11A1, and HSD3B1. Intriguingly, c9 ex-
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pressed both granulosa and theca cell markers, indicating an in-

termediate differentiation state or a progenitor cell type of both

lineages. We labeled these cells ‘‘thecal-granulosa intermedi-

ate’’ cells (Figure 1D). C10 also expressed higher levels of kera-

tins (KRT7, KRT18, and KRT19) but was largely female specific

from the later stages and expressed the known ovarian cortically

enriched genes, OVEX and Estrogen receptor-alpha (ESR1E)

(Andrews et al., 1997; Carré-Eusèbe et al., 2009). This population

was, therefore, labeled ‘‘ovarian cortex.’’

Clusters 6, 11, 12, 17, and 21 were all identified as germ cells,

expressing the markers DAZL, DDX4 (VASA), and CLDN1. How-

ever, clear transcriptional differences among these clusters were

apparent, correlating with stages of germ-cell development. C11

was mitotically active, expressing CDK1, BIRC5, UBE2C, and,

as noted above, more than 75% of them were in G2/M or S. In

contrast, c6 had the highest number of cells in a non-proliferative

state (G1) (Figure S1G). C12 expressed the high levels of mito-

chondrial genes and low levels of ribosomal genes, whereas

C17 expressed high levels of ribosomal proteins and low levels

of STRA8. C17 and C21 expressed the pluripotency marker,

POU5F3. The divergent fate ofmale and female germ cells began

at E8.5 when sex-specific transcriptional differences became

apparent (clustering separately) (Figure S3B). C22 represented

erythrocytes, highly expressing hemoglobin genes.

Cluster 3 was observed at E4.5 and across other develop-

mental stages. The defining feature of this cluster was low-level

expression of mitochondrial genes, whereas there were no

differentially expressed transcripts that were unique to this

cluster. When the mitochondrial genes were removed from the

analysis, the cells became distributed across the coelomic

epithelium cluster (Figures S3C–S3E). All other clusters in the

datasets were all limited to E4.5 and were spatially validated

as contamination from neighboring tissue, because of the

difficulty of dissecting the small gonadal primordium away

from surrounding tissues at this earliest developmental stage.

These extra-gonadal clusters were c8, c14, c16, c18, and c19)

(see Figure S4). C23 expressed podocyte/glomeruli markers,

such as NPHS2 and PODXL (Figure 1D). After filtering out the

cells of extra-gonadal origin, 12 gonadal cell state clusters

remained.

Spatial Validation of the Different Cell Types in
Embryonic Chicken Gonads
Using differential gene expression analysis, novel diagnostic

markers were identified for cell populations present in the differ-

entiating gonad (Figure 1E). To validate these populations, in situ

hybridization at E10.5 was used, followed by immunohistochem-

istry for SOX9 (Sertoli cell marker) or FOXL2 (pre-granulosa

marker). In the ovary, SOX18+ endothelial cells were located in

the medulla, scattered between FOXL2+ pre-granulosa cells.

KRT7-expressing cells were located in the ovarian cortex. Inter-

stitial cells in the female gonad (POSTN+) were located in the jux-

tacortical medulla and in the medulla, non-overlapping with

either cortical or supporting cells. OSR1 transcription factor

was identified as a newmarker for avian pre-granulosa cells, co-

localizing with FOXL2+ cells in the gonadal medulla. CYP17A1

marked steroidogenic theca cells of the medulla. Germ cells

(DAZL+) were primarily located in the cortical area.



In the male gonad at E10.5, SOX18 positive endothelial cells

(c1) were located in the interstitium between SOX9+ testicular

cords (Figure 2). KRT7 delineated coelomic epithelium covering

the testis (c2). POSTN+ cells delineated interstitial cells between

the SOX9+ testis cords. The novel Sertoli cell marker TOX3 co-

expressed with SOX9 in developing testis cords (Figure 2).

CYP17A1 identified Leydig cells in the interstitium outside testis

cords but also marked some cells within the cords. This sug-

gests that either a sub-population of the supporting cells may

also be steroidogenic, or that the interstitial steroidogenic line-

age may actually derive from the supporting cell lineage. In

males, GSTA2 marked c15 cells, the Sertoli-type 2 cells with

stronger expression levels in the peripheral testicular cords.

GSTA2, therefore, marked a sub-population of SOX9+ Sertoli

cells. Lastly, DAZL was used to identify germ cells in the gonad,

located inside the testicular cords and surrounded by SOX9+

Sertoli cells.

Supporting Cell Lineage Is Not Derived from Coelomic
Epithelium in Chicken
In mouse, the coelomic epithelium is central to gonadal develop-

ment, giving rise to both the supporting cell lineage and substan-

tially contributing to the steroidogenic lineage (DeFalco and Ca-

pel, 2009; Mork et al., 2012; Lin et al., 2017). To assess the

contribution of the coelomic epithelium in chicken, lineage

tracing was carried out via in ovo electroporation of GFP. Elec-

troporation only targets epithelia, allowing the labeling of the

coelomic epithelium and its derivatives. Twenty-four hours after

electroporation, GFP was localized in the coelomic epithelium

(Figure 3A). By E8.5 (after the onset of gonadal sex differentia-

tion), GFP was localized only in the coelomic epithelium and un-

derlying interstitium, not in the supporting cell population. GFP

expression was mutually exclusive with anti-M€ullerian hormone

(AMH) and SOX9 (Sertoli markers), and Aromatase (pre-granu-

losa marker) (Figure 3B). The supporting cell lineages in chicken

are, therefore, not derived from the coelomic epithelium, as re-

ported in mouse, human, and turtle (DeFalco and Capel, 2009).

Instead, the coelomic epithelium contributes to the interstitial

cell population. Lineage tracing of nuclear GFP electroporated

at E2.5 followed by in situ hybridization with the cell typemarkers

outlined above revealed that the coelomic epithelium cells

generate non-steroidogenic interstitial cells. Nuclear GFP co-

localized with the interstitial markerPOSTN but not with support-

ing cells of the medullary cords or steroidogenic or endothelial

markers (Figure 3C).

Supporting Cell Progenitors Are a PAX2+/DMRT1+/
OSR1+/WNT4+ Mesenchymal Cell Population
To elucidate the cellular composition of the early embryonic

gonad before sexual differentiation, t-SNE plots were generated

containing both male and female E4.5 samples (Figure 4). As ex-

pected, male and female cells were present in all cell-state clus-

ters, consistent with the bipotentiality of the early undifferenti-

ated gonad (Figure 4A). Of the original 23 cell-state clusters, 11

were present in the E4.5 dataset: c1 (endothelial), c2 (epithelial),

c3 (low mitochondrial expressors), c4 (interstitial), c6 (germ

cells), c7 (pre-granulosa), c8 (neuronal), c16 (kidney tubules),

c19 (glial), c22 (red cells), and c23 (podocytes) (Figure 4B). A styl-
ized plot of this data is shown in Figure 4C. Transcriptomic infor-

mation from these clusters was used to select at least one

marker per cluster (Figure 4D), and whole mount in situ hybridi-

zation was conducted on E4.5 embryos. Results confirmed

that c1, c8, c16, c19, and c23 were of extra-gonadal origin

because marker genes were expressed outside the gonads.

These included SOX18 (c1), TAGLN3 (c8), SOX10 (c19), MIOX

(c16), and NPHS2 (c23) (Figure S4). Two examples are shown

in Figure 4E. MIOX expression was detected in the surrounding

mesonephros and DECORIN (DCN) in the midline mesentery

(black arrow), whereas other transcripts were of neuronal or neu-

ral crest origin, or endothelial cells (Figure S4).

The remaining E4.5 clusters represented bona fide gonadal

cell populations. Despite the fact that at E4.5 gonads are

morphologically undifferentiated, transcriptionally discrete cell

populations could be identified in both sexes. Keratin 7 (KRT7)

expression delineated the coelomic epithelial cells (c2), whereas

DAZL delineated the germ cells (c6) (Figure 4E). We identified a

mesenchymal population, which had a pre-granulosa-type tran-

scriptional profile (c7), and we considered these to be the ‘‘sup-

porting cell lineage’’ progenitors, present in both sexes. These

cells had a molecular signature of four highly expressed genes:

the transcription factors DMRT1, OSR1, and PAX2, and the

signaling molecule WNT4 (Figure 4F). After in situ immunostain-

ing, DMRT1 protein co-localized with PAX2, OSR1, and WNT4

transcripts in the mesenchyme (Figure 4G). WNT4 and OSR1

were among a list of genes that were female enriched in the

pre-granulosa cell population of females (see Figure 2), suggest-

ing that the supporting cell progenitors have a female bias or are

female-primed before gonadal sex differentiation. Taken

together with the lineage tracing, the data indicate that the sup-

porting-cell lineage in chicken derives from mesenchyme of in-

termediate mesoderm origin, specifically from cells with a

PAX2+/DMRT1+/OSR1+/WNT4+ molecular signature.

PAX2 Marks Supporting Progenitors That Migrate into
the Chicken Gonadal Primordium
In chicken, we detected PAX2mRNA in the gonadal primordium

at E4.5, where it co-localized with DMRT1+ medullary cells. To

further define this novel expression pattern, immunofluores-

cence was performed (Figure 5). In both sexes, PAX2 protein

was expressed the medullary area of the gonad over E4.5–

E6.0, not co-localizing with cortical the marker, cytokeratin.

PAX2 was also expressed in the tubules and renal corpuscles

of the adjacent mesonephric kidney. Furthermore, PAX2+ cells

were frequently detected in a cord-like pattern connecting the

gonad and mesonephros, suggesting that PAX2+ cells were

migrating into the gonad, either as naive mesenchyme or as

de-differentiated mesonephric cells that had undergone an

epithelial tomesenchyme transition (Figures 5A and 5B, white ar-

row). Not every cell in the medulla of the gonad was positive for

PAX2 (see Figure 5C), pointing to two different mesenchymal

populations. PAX2 and DMRT1 proteins were expressed in the

same medullary compartment in females (Figure 5A) and males

(Figure 5B), confirming the single-cell RNA sequencing (RNA-

seq) data. From E6.0, the onset of gonadal sex differentiation,

PAX2 protein levels declined in the gonad (Figure 5A). This cor-

responded with DMRT1 upregulation in males (Figure S5A).
Cell Reports 31, 107491, April 7, 2020 5



Figure 2. Spatial Validation of the Different Cell Populations

In situ hybridization against different cell-population markers in both male and female gonads at E10.5. Immunohistochemistry against FOXL2 (females) or SOX9

(males) was used to delineate the supporting-cell population. Scale bar: 50 mm.
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Figure 3. Lineage-Tracing Coelomic Epithelial-Derived Cells

TOL2-GFP was electroporated in the coelomic epithelium at E2.5.

(A) GFP expression at 24 h, 72 h, or 6 days after electroporation. Counterstained for tubulin.

(B) Immunofluorescence for male (AMH and SOX9) or female (Aromatase) supporting-cell markers and GFP at E8.5.

(C) In situ hybridization for POSTN (interstitial cell marker), CYP17A1 (steroidogenic cell marker), SOX18 (endothelial cell marker), and GSTA2 (Sertoli type-2

marker) in E8.5 GFP+ gonads.
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(legend on next page)
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This indicated that either cell immigration had ceased or that

PAX2 expression was downregulated at the onset of sexual dif-

ferentiation. These results identify PAX2 is a novel early marker of

the supporting cell progenitors in chicken. The embryonicmouse

gonad did not express Pax2 (Figure S5B), consistent with the

supporting cell lineage of mice deriving not from the gonadal

mesenchyme but from the coelomic epithelium.

Pseudotime Reconstruction Traces Embryonic
Granulosa Cell Specification and the Origin of
Embryonic Thecal Cells
Cell lineage trajectory analysis was performed to elucidate the

origin and differentiation of the pre-granulosa and thecal cells

in females. Pseudotime analysis based on transcript profiling

enabled a clear reconstruction of embryonic pre-granulosa and

thecal cell trajectories in the female gonad. The single-cell

RNA-seq data reported here showed that chicken embryonic

pre-granulosa cells derive directly from the DMRT1+/OSR1+/

PAX2+/WNT4+ supporting progenitors first detected at E4.5. Fig-

ure 6A shows these trajectories over time, with a developmental

split at the E6.5. Most cells followed one pathway, whereas a

smaller but significant population followed a different pathway.

Walktrap data on the transcriptional clusters showed that the

major pathway represented a pre-granulosa trajectory, charac-

terized by cells that upregulated the granulosa markers,

FOXL2, CYP19A1 (Aromatase), and maintenance of OSR1 and

WNT4 (Figure 6B). From E6.5, a sub-population of these cells

gave rise to a population transcriptionally intermediate between

pre-granulosa and thecal cells (Figure S2G). This intermediate

population expressed markers of both pre-granulosa and thecal

cells, such as FOXL2 together with CYP17A1 at E8.5 (Figure 6B).

By E10.5, these cells had largely downregulated FOXL2 and

CYP19A1 and were expressing steroidogenic markers, such as

StAR, and CYP11A1, together with CYP17A1 (Figure 6B).

FOXL2, CYP19A1, and OSR1 characterized the pre-granulosa

pathway (Figures S6C–S6E). In addition, the transcription factor

ARX, which is linked to interstitial and thecal cell development in

mouse, was instead associated with the pre-granulosa lineage in

chicken (Figure S6F). The thecal cell pathway was characterized

by increased expression of many thecal-related steroidogenic

genes, such as CYP17A1, CYP11A1, StAR, and 3bHSD1 and

downregulation of pre-granulosa markers (Figures S6G–S6J).

These data indicate that, in the chicken embryo, embryonic

thecal cells derive directly from embryonic pre-granulosa cells.

Rather than a stem progenitor pool, the precursor cells are

recognized as functional pre-granulosa cells because they ex-

press CYP19A1 from E6.5, and indeed, estrogen produced by

CYP19A1 is required for ovarian formation in birds (Hirst et al.,
Figure 4. Cellular Composition of the Gonadal Primordium at E4.5

Bi-dimensional t-SNE plot generated by combining E4.5 samples.

(A and B) Cells are color-coded by sex (A) or by the whole dataset clusters (B).

(C) Schematic representation of the different clusters at E4.5.

(D) Dotplot of genes selected as population markers for each of the different clu

(E) In situ hybridization and sections of E4.5 embryos for different gonadal popula

(white arrows), Mesonephros (white arrowheads), and mesentery (black arrowhe

(F) Early supporting-cells markers shown by whole mount in situ hybridization an

(G) Co-localization of DMRT1 protein (brown) with supporting cell markers (purp
2018). To confirm this observation, we conducted tissue section

fluorescence in situ hybridization for the thecal marker CYP17A1

mRNA, followed by immunofluorescence for the pre-granulosa

marker, aromatase (the protein product of the CYP19A1 gene).

At E8.5, most of the CYP17A1 mRNA was indeed localized to

a distinct sub-population of medullary cells, separate to those

expressing Aromatase. (Figure 6D, white arrows). Furthermore,

a subset of cells was identified that expressed both Aromatase

andCYP17A1 (Figure 6D, arrowheads). This supports the finding

derived from the trajectory analysis that embryonic thecal cells in

the chicken derive directly from pre-granulosa cells. These cells

exhibit sequential upregulation of the steroidogenic markers

CYP17A1, CYP11A1, and StAR, and a downregulation of the

pre-granulosa markers.

Sertoli Cell Specification and the Origin of Fetal Leydig
Cells
The supporting cell lineage was already apparent at E4.5 as a

PAX2+/DMRT1+/OSR1+/WNT4+ population of mesenchymal

cells (c7) in both sexes (Figures 4B and S2A). By E6.5 (stage

30) in males, this cell population had rapidly upregulated known

Sertoli cell markers, including DMRT1, SOX9, and AMH (c5). A

trajectory analysis was performed considering the male-only

data and, specifically, the supporting (c5 and c7), steroidogenic

(c9 and c13), Sertoli-type 2 cluster (c15), and low mitochondria

clusters (c3). The resulting uniform manifold approximation and

projection (UMAP) indicated that the DMRT1+/SOX9+/AMH+

Sertoli cells appeared at E6.5, represented by two distinct

populations (Figures S7A–S7C). One of these populations

comprised a mix of c7 and E6.5 c5. Although a trajectory

from E4.5 could not be established, this population must repre-

sent supporting cells transitioning into Sertoli cells because

they were present at developmental stage E6.5, the time of

gonadal sex differentiation. The other Sertoli cell population

comprised the E8.5 and E10.5 stages, showing another marked

transcriptional shift between E6.5 and E8.5, hitherto unreported

(Figures S7A and S7B).

A small group of c13 cells clustered with the Sertoli cells,

which expressed steroidogenic markers (CYP17A1, CYP11A1

and StAR). These cells were provisionally identified as fetal

Leydig cells and were present at E8.5. and E10.5 (Figures 6G

and S2A). Because these cells clustered transcriptionally with

Sertoli cells, the data suggest that in males, as in females, the

steroidogenic lineage may also derive from functionally differen-

tiated supporting cells. To test this proposal, fluorescent in situ

hybridization was performed for the expression of the fetal

Leydig marker CYP17A1, followed by AMH immunofluores-

cence, in E8.5 testis sections (Figure 6E). CYP17A1 was
sters.

tion markers. Sections are presented underneath each whole mount. Gonads

ads) are indicated.

d tissue sections at E4.5. Gonads denoted by white arrows.

le) in gonadal medulla.
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Figure 5. PAX2 Marks a Mesenchymal Cell Population in the Embryonic Chicken Gonad

(A) Time series of PAX2 protein expression in male and female gonads by immunofluorescence. Cytokeratin marks the coelomic epithelium (arrowheads). PAX2+

cells are also frequently detected connecting the gonad to the mesonephros (arrows).

(legend continued on next page)
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expressed outside the testis cords, in presumed fetal Leydig

cells (Figure 6F, white arrows), but also in a subset of AMH+ Ser-

toli cells (Figure 6F arrowheads). These data suggest that fetal

Leydig cell progenitors may be derived from a subset of Sertoli

cells in the chicken.

In the UMAP plots, the Sertoli type 2 cells (c15) were transcrip-

tionally distinct and a developmental trajectory between these

and the Sertoli population was not evident (Figures S6A–S6C).

The Sertoli type 2 cells, which had low expression of mitochon-

drial genes, clustered with a small fraction of the other low-mito-

chondrial-expressing cells (c3). Most of these c3 cells clustered

independent of the other Sertoli populations, indicating that they

are not closely related. To further validate the two Sertoli sub-

populations, in situ hybridization was performed in E10.5 gonads

for GSTA2, highly expressed in the Sertoli-type 2 cells but lowly

expressed in Sertoli cells (Figures 1D and S6D). GSTA2 was

strongly expressed in supporting cells around the periphery of

the testis, with weaker expression in those cells more deeply

located (Figure 6H). This was complementary to the mRNA

expression pattern of Sertoli cell markers, such as DMRT1 and

SOX9, which were more strongly expressed in testis cords that

were basal (adjacent to the mesonephros) (Figure 6H). These

cells may represent a stem-like sub-population of Sertoli cells,

or they represent a functionally distinct sub-population.

The fact that a clear Sertoli trajectory could not be discrimi-

nated suggests that the genetic program driving Sertoli cell

development is rapidly engaged between E4.5 and E6.5, and a

second stage of differentiation occurs from E6.5 to E8.5. The in-

clusion of more developmental time points at E5.5 and E7.5

could be important for defining a smooth Sertoli trajectory

analysis.

DISCUSSION

The study described here provides several new insights into

vertebrate gonadogenesis. Although previous studies in mam-

mals have examined gonadal development at the single cell level

using cells enriched for a specific somatic compartments or

postnatal stages (Green et al., 2018; Stévant et al., 2018,

2019), this is the first report, to our knowledge, covering the

entire gonad during sexual differentiation. As such, the data

reveal fundamental differences between chicken and mouse,

which point to evolutionary plasticity in gonadal cell lineage allo-

cation. In the mouse embryo, recent data indicate that the sup-

porting, non-steroidogenic interstitial and fetal steroidogenic

cell lineages all derive from a common multipotent progenitor

population (Stévant et al., 2018, 2019). Here, we analyzed

more than 30,000 cells and identified at least three transcription-

ally distinct gonadal progenitor populations before sexual differ-

entiation in the chicken model: coelomic epithelium and two

types of mesenchyme (PAX2+ and PAX2�). We find that the

key supporting cell lineage in chicken derives from a mesen-

chymal cell population not derived from the coelomic epithelium
(B) PAX2 expression in the E5.5 urogenital system, counterstained with DAPI.

(C) PAX2 expression in an E4.5 gonad, counterstained with DAPI. Some medulla

(D) Comparison of PAX2 and DMRT1 expression in E5.5 gonads. Both proteins a
as in the mouse. These supporting cell progenitors are marked

by a specific molecular signature of PAX2/OSR1/DMRT1/

WNT4 expression. Both pre-thecal and pre-granulosa cells

derive from a pre-granulosa cell type in females, and this may

also apply to the derivation of fetal Leydig cells from the Sertoli

cell lineage inmales. This indicates that the gonadal cells are first

primed to form supporting cells, a sub-population of which gives

rise to the steroidogenic lineages.We also report the presence of

two transcriptionally distinct pre-Sertoli cell populations. This

feature may be unique to the avian lineage or may be shared

with mammals but has previously gone undetected.

At least two distinct mesenchymal cell populations are present

in themedulla of the embryonic chicken gonad, one giving rise to

the supporting and then steroidogenic lineages, and the other

giving rise to POSTN+ non-steroidogenic interstitial cells. The

latter derive at least partially from the coelomic epithelium, as re-

vealed by lineage tracing, in which cells undergo an epithelial to

mesenchyme transition and migrate into the interior (medulla) of

the gonad. However, we cannot exclude a possible contribution

to this population from a resident mesenchymal of mesonephric

source. As development proceeded, the interstitial cell popula-

tion in males split into two distinct types (early and late). The

functional significance of these two types of interstitial cells is

not clear, but the ‘‘late’’ interstitial cells may be progenitors of

the peritubular myoid cell cells because they express the myoid

ACTA2marker and Tropomyosin 1 (Jeanes et al., 2005). Vascular

endothelial cells could be detected in embryonic chicken gonads

from the earliest stages. These cells likely derive from outside the

gonad. We have previously reported that mesenchymal cells

migrating into the male chicken gonads from the mesonephros

from E6.0 give rise to PECAM+ endothelial cells (Smith et al.,

2005).

Before sexual differentiation, both male and female bipotential

chicken gonads have a population of supporting progenitor cells

of nephrogenic mesenchymal origin. We identify those cells as a

migratory population that enters the gonad and expressesPAX2/

OSR1/DMRT1/WNT4. This is the first implication of the PAX2

transcription factor in vertebrate gonadal development. The

fact that this gene is not expressed in mouse gonads is in agree-

ment with the observation that the supporting cell lineage in the

mouse derives not from resident mesenchyme but the coelomic

epithelium (Karl and Capel, 1998). Another gene identified in our

study was OSR1 (Odd-skipped related 1), which encodes a zinc

finger transcription factor. This gene was expressed in the E4.5

supporting cell lineage of both sexes, and expression was main-

tained in the pre-granulosa lineage of females but was shut down

in the Sertoli cell lineage of males. Previous studies have shown

that Osr1 is required for the formation of the urogenital meso-

derm and, hence, the gonads, in the mouse (Wang et al.,

2005). However, there is no information on the potential role of

this gene in the gonad per se. In the chicken, OSR1 expression

was maintained in the pre-granulosa cell lineage and, hence, is

linked to ovarian development, pre-dating FOXL2 and
ry cells are PAX2� (arrows).

re expressed in the medullary cells of female and male gonads.
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Aromatase upregulation. Both PAX2 and OSR1 warrant further

functional analysis in the chicken.

The single cell RNA-seq analysis reported here indicates that

the supporting cell lineage is initially female-biased in the avian

model. The E4.5 supporting cell lineage of both sexes clustered

transcriptionally with the pre-granulosa cell lineage (c7). These

two cell types shared a large number of diagnostic transcripts,

including OSR1, WNT4 and DMRT1, while pre-granulosa cells

also expressed additional cell-type specific markers. Male and

female supporting cells at E4.5 were transcriptionally compara-

ble (Figure 4A), with the exception of elevated Z-linked genes

in males (ZZ) and expression of W-linked genes in females

(ZW), as reported previously in bulk RNA-seq (Ayers et al.,

2013). Transcriptional divergence of the male and female sup-

porting cell lineages in early gonads was first apparent at E6.5,

consistent with the known onset of morphological sex differenti-

ation (Zaccanti et al., 1990). At this stage, sexually dimorphic

lineage restriction was evident. As gonadal development pro-

ceeded in females from E4.5, the transcriptional signature of

OSR1/WNT4/DMRT1 was maintained and expression of genes

such as FOXL2 andCYP19A1marked the differentiation of these

cells into pre-granulosa cells. Such female-biased priming has

also been reported in mouse gonadal somatic cells, despite

the different sex-determining trigger (Jameson et al., 2012). In

the chicken, we propose that OSR1/WNT4 and low-level

DMRT1 expression channel the supporting cell population to-

ward a female fate. In males, elevated DMRT1 is expected to

antagonize those genes, diverting development toward the Ser-

toli cell fate. Our data support the notion of cell-autonomous sex

identity in birds (Zhao et al., 2010). Under this scenario, while

supporting cells are primed to be female, the presence of ZZ

or ZW chromosomes in each cell (specifically, DMRT1 expres-

sion level) would determine supporting cell fate.

This study reports for the first time the origin and lineage tra-

jectory of embryonic pre-granulosa and thecal cells in the avian

model. In chicken, pre-granulosa cells first differentiate and then

a sub-population of these cells gives rise to embryonic thecal

cells. In contrast, in the mouse, these cells emerge sequentially

from a common undifferentiated progenitor pool (Stevant et al.,

2019). The pre-granulosa ‘‘parent’’ cells in chicken derive from

a common proliferative precursor population of mesenchymal

origin that express PAX2/DMRT1/OSR1/WNT4. As the female

gonad commences sexual differentiation (E4.5-E6.5), PAX2

expression is shut down and FOXL2/CYP19A1 expression are

upregulated (Major et al., 2019). FOXL2/CYP19A1/OSR1/
Figure 6. Specification and Differentiation of Supporting and Steroido

UMAP visualization of the female supporting (c7), ‘‘intermediate’’ (c9), and theca

(A and B) Cells are color-coded by developmental stage (A) or by cluster (B). Arr

(C) E8.5 left female-gonad tissue-section fluorescence in situ hybridization for CY

DAPI as the counterstain. Dashed box represents the high-power view area.

(D) High-power view of the gonad shown in (C). Supporting cells express Arom

Aromatase-negative cells (white arrows). In addition, some Aromatase-positive m

(E) E8.5 left male-gonad tissue-section fluorescence in situ hybridization for CYP1

counterstain. Dashed box represents the high-power view area.

(F) High-power view of the gonad shown in (F). Supporting cells express AMH (blu

(white arrows). In addition, some AMH+ medullary cord cells also express CYP17

(G) Normalized expression of CYP17A1 on a t-SNE visualization of all male cells

(H) In situ hybridization expression patterns for SOX9, DMRT1 (Sertoli cells), and
WNT4 is maintained in most of these cells and their descen-

dants, identifying them as pre-granulosa cells. Between E6.5

and E10.5, as subset of these pre-granulosa cells acquire an ‘‘in-

termediate’’ fate as they transition into steroidogenic thecal cells.

The molecular trigger for specifying this subset of cells is

unknown.

The expression pattern of genes encoding steroidogenic en-

zymes sheds new light on the hormonal output of the gonadal

medulla. In females, the thecal cell lineage (expressing

CYP11A1 and CYP17A1), has the capacity to synthesize andro-

genic substrates that would diffuse into adjacent pre-granulosa

cells, where Aromatase (encoded by CYP19A1) converts these

steroids into active estrogens. Given the essential role of estro-

gen for ovary formation in birds and other egg-laying vertebrates,

this implies that at least two medullary cell types are required for

ovarian development. In the chicken, we recognize the precur-

sors of the embryonic thecal cells, not as a progenitor pool,

but as differentiated estrogen-producing pre-granulosa cells.

We also identify steroidogenic thecal cells in the avian embryonic

ovary, which in the mouse are not apparent until after birth

(Rotgers et al., 2018).

The single-cell RNA-seq data described here provide new in-

formation on fetal Sertoli cell specification and testis develop-

ment. In contrast to the female dataset, a clear Sertoli trajectory

could not be constructed for males. Instead, Sertoli cells

emerged as a distinct cell type at E6.5 (c5). However, these cells

shared some key transcripts with E4.5 supporting cells (c7),

namely DMRT1, indicating that they almost certainly derive

from this population. Indeed, the male cells within the c5 cluster

included many cells from the male E4.5 c7 cluster. On the male-

only UMAP, two Sertoli populations were evident: those contain-

ing predominantly E6.5 cells, and those containing predomi-

nantly E8.5/E10.5 cells. The lack of a trajectory from E4.5, E6.5

and E8.5/10.5 suggests that this lineage rapidly upregulates

genes involved in Sertoli cell specification. Indeed, in the mouse,

a dynamic genetic program is rapidly engaged during Sertoli cell

specification and differentiation, with thousands of genes upre-

gulated over a short period (Stévant et al., 2018). Of all Sertoli

cell transcripts expressed at E6.5, only DMRT1 was enriched

in the E4.5 supporting-cells dataset. DMRT1 was one of only

two Z chromosome-linked genes that we find differentially ex-

pressed in the critical supporting cell progenitors at E4.5 before

overt gonadal sex differentiation. The other was ZOV3, which en-

codes a transmembrane immunoglobulin family protein. Howev-

er, ZOV3 is expressed in the medulla of both sexes and is linked,
genic Cell Lineages

(c13) cells.

ows delineate inferred developmental trend.

P17A1 mRNA (red) together with Aromatase immunofluorescence (green) and

atase (blue arrows). CYP17A1 mRNA is localized outside medullary cords in

edullary cord cells also express CYP17A1 (arrowheads).

7A1mRNA (red) together with AMH immunofluorescence (green) and DAPI as

e arrows). CYP17A1mRNA is localized outside medullary cords in AMH� cells

A1 (arrowheads).

.

GSTA2 (Sertoli type 2 cells) in E8.5 testis.
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Figure 7. Gonadal Sex Differentiation in the Chicken and Comparison to that in Mouse, Based on the Current Study

(A) Schematic representation of cell lineage specification in the embryonic chicken gonad. Data based upon cell lineage tracing and single-cell RNA-seq, color

coded by cluster. PAX2/DMRT1/OSR1/WNT4+ cells derived from the mesonephros, either as undifferentiated mesenchymal progenitors or as cells that are de-

differentiated from nephrons. During ovary formation, this population loses PAX2 expression and cells differentiate into FOXL2/CYP19A1+ (Aromatase) pre-

granulosa cells. A subset of these cells gives rise to fetal thecal cells. During testis formation, PAX2, OSR1, and WNT4 are all downregulated, whereas DMRT1

levels remain elevated. SOX9, AMH, and HEMGN expression are upregulated as Sertoli cells differentiate. Fetal Leydig cells either derive from a subset of Sertoli

(legend continued on next page)
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not to the testis, but to ovarian development in birds (Kunita

et al., 1997). These data support our previous proposition that

DMRT1 is the sex-linked molecular switch for Sertoli cell forma-

tion and, hence, testis development in birds (Smith et al., 2009a;

Hirst et al., 2017a).

We identified two distinct Sertoli cell populations in the embry-

onic chickengonad. The first, discussedabove, expressedknown

Sertoli cell markers, such asDMRT1, SOX9, andAMH. We recog-

nized these as differentiated Sertoli cells from E6.5 of develop-

ment. The Sertoli type 2 sub-population was also apparent from

these time points and expressed lower levels of SOX9 and other

male markers. The two Sertoli populations did not show a transi-

tional relationship in pseudotime. The Sertoli-type 2 population

also exhibited unusually low expression of mitochondrial genes.

When these genes were removed from the analysis, the Sertoli

and Sertoli type-2 populations remained distinct. Low levels of

mitochondrial gene expression have been linked to a stem cell

state (Ahlqvist et al., 2015; Zhang et al., 2018). It is, therefore,

possible that the type 2 cells may, in fact, be a stem Sertoli popu-

lation, lowly expressing typical Sertoli markers as well as mito-

chondrial genes. In situ hybridization validated these two Sertoli

populations, with the type 2 cells located peripherally. Hence,

theremay be two functionally distinct Sertoli cell populations, pre-

viously considered to be a homogeneous population. Recent sin-

gle-cell RNA-seq in the mouse did not detect such sub-popula-

tions of Sertoli cells, although it did not sample the entire

gonadal cell population, only the Sf1-sorted cells (Stévant et al.,

2018). The possibility, therefore, remains that two distinct Sertoli

sub-populations also exist in themouse, with an additional meso-

nephric contribution to this cell type.Using electronmicroscopyof

embryonic rabbit and human gonads,Wartenberg (1978) and col-

leagues (Wartenberg et al., 1991) first suggested a dual origin for

mammalian Sertoli cells, providing ultrastructural evidence for a

proposed population derived from the coelomic epithelium and

a population derived from the mesonephros. More recent genetic

and cell tracing studies in the mouse have led to the conclusion

that the pre-Sertoli cell lineage derives from the coelomic epithe-

lium, although a contribution from mesonephric mesenchyme

could not be excluded (Karl andCapel, 1998; Stévant et al., 2018).

With regard to Leydig cells, studies in the mouse indicate that

most of these cells derive from the common coelomic epithelial-

derived progenitor pool that also generates the Sertoli cell line-

age. We provide evidence here that the Leydig cell population

in the chicken may derive from the differentiated Sertoli cell pop-

ulation (because the thecal cell derive from the pre-granulosa

population). Male cells with a steroidogenic profile (c13) clustered

with both Sertoli cell groups at E6.5 and E8.5/E10.5, expressing

both Sertoli (SOX9, AMH) and Leydig (CYP17A1, CYP11A1)

markers. Double staining for CYP17A1 mRNA (Leydig), together

with AMH, confirmed a subset of Sertoli cells that expressed

both markers. Furthermore, a number of cells expressing the
cells (as for thecal cells in females) or interstitial cells. The interstitial cells of mal

ACTA2 peritubular myoid cells.

(B) Proposedmodel of supporting cell-lineage origin in the chicken andmousemo

coelomic epithelium (cyan). In the chicken, we report that the origin of the suppo

epithelium contributes to the gonadal epithelium and the interstitial cells.

(C) Schematic representation of the spatial distribution of the different cell-gona
CYP17A1 mRNA had low or no expression of AMH protein. We

postulate that these cells may represent Sertoli cells transitioning

to a Leydig phenotype. However, an alternative possibility is

that some Sertoli cells have a steroidogenic profile, explaining

the expression of CYP17A1 in this cell type, in addition to

the fetal Leydig cell population. The steroidogenic enzyme,

3b-HSD, for example, which is required for testosterone synthe-

sis, is restricted to Sertoli cells in the embryonic chicken testis

(Lambeth et al., 2016). However, only a subset of Sertoli cells ex-

pressed CYP17A1, and other steroidogenic enzymes were ex-

pressed outside the testis cords, including StAR and CYP11A1

(encoding cholesterol side chain cleavage enzyme). Using lineage

tracing in the chicken embryo, Sekido and Lovell-Badge (2007)

concluded that the steroidogenic (Leydig) lineage derives from

the mesonephros. Our single-cell (scRNA)-seq data agree with

this conclusion, although Leydig cell lineage progression appears

to involve a Sertoli intermediate state.

This study provides several new insights into vertebrate gona-

dogenesis. It provides the report of cell lineage specification in

the entire gonad, rather than a subset of sorted cells. The study

reveals greater cellular complexity to the embryonic gonad than

previously reported. We find that assembly of the gonad differs

substantially between mouse and chicken models. A summary

of these findings is shown in Figure 7. Based on lineage tracing,

the coelomic epithelium in the chicken does not contribute to the

supporting cell population but contributes non-steroidogenic

interstitial cells. Instead, the supporting-cell lineages derive

from a PAX2+/DMRT1+/OSR1+/WNT4+ cell population present

in both sexes by E4.5 (stage 25). Because OSR1 and WNT4

expression are maintained in females but shut down in males,

we further suggest the embryonic chicken gonadmay be primed

to a female fate unless diverted by elevated levels of Z-linked

DMRT1. The Sertoli cell lineage can be divided into two tran-

scriptionally distinct sub-populations, and pre-thecal cells derive

directly from a differentiated granulosa-cell precursor in chicken

via an intermediate stage (Figure 7A). This may also apply to

the Leydig lineage in males. We conclude that, just as the

genetic trigger for gonadal sex determination can differ among

vertebrates, so too, can the cellular assembly of the gonad (Fig-

ure 7B). Future research should focus on functional analysis of

novel transcription factor genes uncovered in this study, in

particular, PAX2 in the early gonad, OSR1 in ovarian differentia-

tion, and TOX3 in testicular differentiation. This current study

provides a high-resolution single-cell RNA-seq resource for

further analysis of cell-lineage specification during vertebrate

gonadogenesis.

STAR+METHODS

Detailed methods are provided in the online version of this paper

and include the following:
es also differentiate into two types (early and late) and give rise to stromal and

dels. In themouse, all gonadal populations are reported to differentiate from the

rting population is a mesenchymal population (purple), whereas the coelomic

dal subsets in the chicken gonad, color coded by cluster.
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Nef, S., Stévant, I., and Greenfield, A. (2019). Characterizing the bipotential

mammalian gonad. Curr. Top. Dev. Biol. 134, 167–194.

Neph, S., Kuehn, M.S., Reynolds, A.P., Haugen, E., Thurman, R.E., Johnson,

A.K., Rynes, E., Maurano,M.T., Vierstra, J., Thomas, S., et al. (2012). BEDOPS:

high-performance genomic feature operations. Bioinformatics 28, 1919–1920.

Nicol, B., and Yao, H.H. (2014). Building an ovary: insights into establishment

of somatic cell lineages in the mouse. Sex Dev. 8, 243–251.

Ottolenghi, C., Pelosi, E., Tran, J., Colombino,M., Douglass, E., Nedorezov, T.,

Cao, A., Forabosco, A., and Schlessinger, D. (2007). Loss of Wnt4 and Foxl2

leads to female-to-male sex reversal extending to germ cells. Hum. Mol.

Genet. 16, 2795–2804.

Parma, P., Radi, O., Vidal, V., Chaboissier, M.C., Dellambra, E., Valentini, S.,

Guerra, L., Schedl, A., and Camerino, G. (2006). R-spondin1 is essential in

sex determination, skin differentiation and malignancy. Nat. Genet. 38,

1304–1309.

Quinlan, A.R., and Hall, I.M. (2010). BEDTools: a flexible suite of utilities for

comparing genomic features. Bioinformatics 26, 841–842.

Rastetter, R.H., Bernard, P., Palmer, J.S., Chassot, A.A., Chen, H., Western,

P.S., Ramsay, R.G., Chaboissier, M.C., and Wilhelm, D. (2014). Marker genes

identify three somatic cell types in the fetal mouse ovary. Dev. Biol. 394,

242–252.

Rotgers, E., Jørgensen, A., and Yao, H.H. (2018). At the crossroads of fate-so-

matic cell lineage specification in the fetal gonad. Endocr. Rev. 39, 739–759.

Sato, Y., Kasai, T., Nakagawa, S., Tanabe, K., Watanabe, T., Kawakami, K.,

and Takahashi, Y. (2007). Stable integration and conditional expression of

electroporated transgenes in chicken embryos. Dev. Biol. 305, 616–624.

Scialdone, A., Natarajan, K.N., Saraiva, L.R., Proserpio, V., Teichmann, S.A.,

Stegle, O., Marioni, J.C., and Buettner, F. (2015). Computational assignment

of cell-cycle stage from single-cell transcriptome data. Methods 85, 54–61.

Sekido, R., and Lovell-Badge, R. (2007). Mechanisms of gonadal morphogen-

esis are not conserved between chick and mouse. Dev. Biol. 302, 132–142.
Cell Reports 31, 107491, April 7, 2020 17



Sinclair, A.H., Berta, P., Palmer, M.S., Hawkins, J.R., Griffiths, B.L., Smith,

M.J., Foster, J.W., Frischauf, A.M., Lovell-Badge, R., and Goodfellow, P.N.

(1990). A gene from the human sex-determining region encodes a protein

with homology to a conserved DNA-binding motif. Nature 346, 240–244.

Smith, C.A., and Sinclair, A.H. (2004). Sex determination: insights from the

chicken. BioEssays 26, 120–132.

Smith, C.A., McClive, P.J., Western, P.S., Reed, K.J., and Sinclair, A.H.

(1999a). Conservation of a sex-determining gene. Nature 402, 601–602.

Smith, C.A., Smith, M.J., and Sinclair, A.H. (1999b). Expression of chicken ste-

roidogenic factor-1 during gonadal sex differentiation. Gen. Comp. Endocri-

nol. 113, 187–196.

Smith, C.A., McClive, P.J., Hudson, Q., and Sinclair, A.H. (2005). Male-specific

cell migration into the developing gonad is a conserved process involving

PDGF signalling. Dev. Biol. 284, 337–350.

Smith, C.A., Roeszler, K.N., Hudson, Q.J., and Sinclair, A.H. (2007). Avian sex

determination: what, when and where? Cytogenet Genome Res. 117,

165–173.

Smith, C.A., Roeszler, K.N., Ohnesorg, T., Cummins, D.M., Farlie, P.G., Doran,

T.J., and Sinclair, A.H. (2009a). The avian Z-linked gene DMRT1 is required for

male sex determination in the chicken. Nature 461, 267–271.

Smith, C.A., Roeszler, K.N., and Sinclair, A.H. (2009b). Robust and ubiquitous

GFP expression in a single generation of chicken embryos using the avian

retroviral vector, RCASBP. Differentiation 77, 473–482.

Smith, T., Heger, A., and Sudbery, I. (2017). UMI-tools: modeling sequencing

errors in Unique Molecular Identifiers to improve quantification accuracy.

Genome Res. 27, 491–499.

Stévant, I., and Nef, S. (2019). Genetic control of gonadal sex determination

and development. Trends Genet. 35, 346–358.
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