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The mechanisms underlying sex determination are astonishingly
plastic. Particularly the triggers for the molecular machinery, which
recalls either the male or female developmental program, are highly
variable and have evolved independently and repeatedly. Fish show a
huge variety of sex determination systems, including both genetic
and environmental triggers. The advent of sex chromosomes is
assumed to stabilize genetic sex determination. However, because
sex chromosomes are notoriously cluttered with repetitive DNA and
pseudogenes, the study of their evolution is hampered. Here we
reconstruct the birth of a Y chromosome present in the Atlantic
herring. The region is tiny (230 kb) and contains only three intact
genes. The candidate male-determining gene BMPR1BBY encodes a
truncated form of a BMP1B receptor, which originated by gene du-
plication and translocation and underwent rapid protein evolution.
BMPR1BBY phosphorylates SMADs in the absence of ligand and thus
has the potential to induce testis formation. The Y region also con-
tains two genes encoding subunits of the sperm-specific Ca%* channel
CatSper required for male fertility. The herring Y chromosome con-
forms with a characteristic feature of many sex chromosomes,
namely, suppressed recombination between a sex-determining factor
and genes that are beneficial for the given sex. However, the herring
Y differs from other sex chromosomes in that suppression of recom-
bination is restricted to an ~500-kb region harboring the male-specific
and sex-associated regions. As a consequence, any degeneration on
the herring Y chromosome is restricted to those genes located in the
small region affected by suppressed recombination.
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he mechanisms underlying sex determination are astonish-
ingly plastic. Particularly the triggers for the molecular ma-
chinery, which recalls either the male or female program, are
highly variable and have evolved independently and repeatedly
(1-8). Fish show a rich diversity of sex determination systems,
including both genetic and environmental triggers (1, 9, 10).
Adaptive hypotheses prevail in explaining the evolution of the
various sex-determining triggers that guarantee a stable sex ratio
of the population. Genetic sex determination is generally
explained to be stabilized through the evolution of sex chromo-
somes, when sexually antagonistic selection links the genetic sex
determiner to a locus that is beneficial to the same sex or even
antagonistic to the opposite sex (11-15).
The Atlantic herring (Clupea harengus) is one of the most
abundant vertebrates on Earth. Neither its karyotype (16) nor
the male and female linkage map (17) indicated the presence of
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sex chromosomes. Unexpectedly, our analysis of the Atlantic
herring genome revealed a Y chromosome having a minute
male-specific region (~230 kb), a small sex-associated region
(~300 kb), and a large pseudoautosomal region (~30 Mb) cor-
responding to chromosome 8 in the reference assembly (17).
Here we reconstruct the birth of this chromosome involving two
gene duplications followed by rapid protein evolution of the
candidate male-determining gene BMPRIBBY.

Results

Identification of the Sex-Determining Region. The sex-associated
region was identified by genome-wide association analysis using
whole-genome sequencing data aligned to the reference genome
(17). We compared SNP (single nucleotide polymorphism) allele
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frequencies between eight males and eight females by y* analysis
(Dataset S1); 765 SNPs spanning ~160 kb on chromosome 8
showed significant allele frequency differences (P < 1.0 x 107'%)
(8I Appendix, Fig. S14). Analysis of SNP genotypes across the
sex-associated region for the 16 fish revealed that males were
heterozygous (XY), whereas females were homozygous (XX) for
most sex-associated SNPs (SI Appendix, Fig. S1B). Thus, males
are the heterogametic sex. An additional 17 Atlantic herring of
unknown sex followed this pattern perfectly with individuals ei-
ther being heterozygous or homozygous across the sex-associated
region. The sequence of this region in the current assembly (17)
represents the female haplotype (SI Appendix, Fig. S1B). In
conclusion, herring chromosome 8 can now be split into chro-
mosome (Chr) X and Y.

To characterize the male-specific region on ChrY, we exam-
ined the sequence of all unplaced scaffolds from the current
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assembly (Methods) (17). Two unplaced scaffolds, 18 and 229,
showed regions of high identity with the female-specific se-
quence on ChrX (SI Appendix, Fig. S1 C and D). These regions
were interrupted by male-specific sequences that are present in
only one copy in males (Fig. 1 A and B). We also analyzed data
from six individually sequenced Pacific herring of unknown sex
(18) and found that four had no coverage in the male-specific
regions, whereas two had a single copy of the male-specific re-
gions (Fig. 1B). The results provide evidence that the male-
specific region evolved prior to the divergence of the Atlantic
and Pacific herring that separated ~2 My before present (19).
We used the Xdrop method (20) for targeted resequencing of
long DNA molecules (up to ~100 kb) from the borders between
the male-specific and the flanking region. The alignment of these
reads to our ChrY assembly confirmed a correct orientation and
did not reveal any gaps in the alignment (SI Appendix, Fig. S1D).
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Fig. 1. Assembly of chromosome Y in Atlantic herring. (A) Assembly and annotation of male-specific region (red), sex-associated region (orange), and
flanking pseudoautosomal region (blue). Some genes (annotated as “_like"”) within the male-specific region show partial similarity with known proteins. LTR
track, long terminal repeats. d, nucleotide sequence divergence between ChrX and Y in 500-bp windows. (B) Normalized copy number of sequenced indi-
viduals (eight female and eight male Atlantic herring and six Pacific herring of unknown sex) across the male-specific and sex-associated regions. Regions with
high coverage marked with an asterisk overlap repetitive sequences. (C) Genetic differentiation (Fst) in 50-kb overlapping windows between males (n = 8)
and females (n = 8) across ChrY. The SDR is indicated by a vertical line. The male-specific region was not included in this analysis, since it is missing on ChrX.
(Inset) Fst values in the near vicinity of the SDR.
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Our assembly of the ~230-kb male-specific region of ChrY
shows that the male-specific sequence is split into two parts
(Fig. 14, in red) separated by an ~110-kb sex-associated region
(Fig. 1B, in orange) that is well assembled and annotated (17). It
contains 13 genes that are present on both X and Y, as indicated
by equal sequence depth in males and females (Fig. 1B). The
region showing strong genetic differentiation between males and
females is remarkably sharp and only extends for ~300 kb from
~21.0 to ~21.3 Mb on ChrX (Fig. 1C), and the male-specific
region together with the sex-associated region extends for ~500
kb on ChrY (SI Appendix, Fig. S1). These results imply that there
is no meiotic recombination in the male-specific regions (red)
and no or at least suppressed recombination in the sex-associated
regions (orange) (Fig. 14). The genes located in the region
showing strong genetic differentiation between X and Y are
listed in SI Appendix, Table S1. The nucleotide distance between
X and Y in the sex-associated region located between the male-
specific regions (d = 0.96%; Fig. 14) is only 2.5-fold higher than
the estimated average nucleotide distance between Atlantic and
Pacific herring (~0.4%), implying either a divergence time of ~5
My or ongoing genetic exchange in the sex-associated region.

The male-specific region contains only three intact genes—
CATSPERG, CATSPER3Y, and BMPRIBBY—that all are of
high interest for male function (Fig. 14). In addition, we iden-
tified other genes annotated ab initio, but these were not well
supported by RNA-seq data from gonadal tissue; one of these,
POL-like, is of retroviral origin. CATSPERG and CATSPER3Y
encode subunits of the sperm-specific Ca>* channel CatSper that
is required for sperm function and male fertility in mouse, hu-
mans, and sea urchin (21-25). A phylogenetic tree analysis shows
that the substitution rates of CATSPERG in Atlantic herring and
its orthologs in other teleost are similar, consistent with a
maintained function as a CatSper subunit (S/ Appendix, Fig. S2).
CATSPER3 exists in two copies, CATSPER3Y in the male-
specific region and a pseudoautosomal copy, CATSPER3A, ~1
Mb apart from the Y copy (Chr8, 22,259,380 to 22,268,493 bp).
We estimate that CATSPER3Y arose by duplication about 15
Mya (SI Appendix, Fig. S3). Although the two CATSPER3 genes in
herring are closely related, CATSPER3Y is more well conserved
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compared with paralogs in other species (SI Appendix, Fig. S3),
suggesting that its function is maintained. By contrast, two findings
suggest that CATSPER3A is nonfunctional: its exon—intron organi-
zation is not intact, and the dN/dS ratio of nonsynonymous (dN) to
synonymous (dS) substitutions is close to 1.0, which is characteristic
for pseudogenes.

The third gene in the male-specific region BMPRIBBY en-
codes a severely truncated form of BMPR1B (bone morphoge-
netic protein receptor 1B), a transmembrane protein that hosts
an intracellular Ser/Thr kinase domain and is a member of the
TGFp receptor family. Components of TGFp signaling control
the development of male gonads (4). Sequence comparison of
BMPRIBBY with the paralogs BMPRIBA and BMPRIBB on
chromosomes 7 and 21, respectively, demonstrated that BMMPRIBBY
is more closely related to BMPRIBB (SI Appendix, Fig. S4).
Transcriptome analysis of testis RNA revealed two isoforms
with different 5’ start sites (S- and L-BMPR1BBY) containing
only coding sequences corresponding to exon 7 to 11 of the au-
tosomal paralogs (SI Appendix, Fig. S4). In summary, BMPRIBBY
is a truncated copy of BMPRIBB that has been translocated
to chromosome 8§; it is a strong candidate for being the male
sex-determining factor.

We genotyped 200 individuals with known sex for the presence
of BMPRIBBY. The high consistency between the X/Y genotype
and sex phenotype (94%; SI Appendix, Table S2) demonstrates
strong association to sex determination. Eleven out of 12 dis-
crepancies between genotype and phenotype concerned XY fe-
males carrying BMPRIBBY, suggesting that the herring Y may
not show full penetrance. Such incomplete penetrance of a
young genetic sex determination system has also been observed
in the northern pike (26).

Tissue Expression of Genes from the Male-Specific Region. We
compared the tissue expression of BMPRIBBY, CATSPER3Y,
CATSPERG, and the autosomal copies BMPRIBB and CAT-
SPER3A, as well as two other TGFp signaling genes, the anti-
Miillerian hormone (AMH) and its cognate receptor (AMHR?2),
involved in vertebrate sexual development. No expression of
CATSPER3A was detected. The comparison revealed that the
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Fig. 2.

Evolution of the ChrY-specific BMIPR1BBY gene and protein. (A) Schematic representation of herring BMPR1BB and BMPR1BBY proteins showing the ar-

chitecture of BMP receptors and highlighting the absence of the extracellular, transmembrane and GS-box domains in the truncated BMPR1BBY. (B) dS and dN
phylogenetic trees of BMPR1BB (Herring A) and BMPR1BBY (Herring Y) compared to BMPR1BB in other species. (C) Crystal structure of the intracellular domain of
human BMPR1B (PDB 3MDY, amino acids 206 to 500, red) and a model of herring BMPR1BBY (blue). Yellow color represents the N-terminal extension of L-BMPR1BBY
compared to S-BMPR1BBY. Orange color indicates amino acid substitutions between BMPR1BB and BMPR1BBY. N, N terminus; C, C terminus.
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three Y-specific genes were only expressed in males as expected
(SI Appendix, Fig. S5). BMPRIBBY and, surprisingly, also
CATSPER3Y were expressed in both testis and brain, whereas
CATSPERG showed testis-specific expression. The autosomal
copy of BMPRI1BB was more broadly expressed with the highest
level in gonads; female gonads showed higher transcript levels
than male gonads (SI Appendix, Fig. S5B). As expected, AMH
and AMHR?2 were highly expressed in male and female gonads
(8I Appendix, Fig. S5 D and F), consistent with their important
roles in sex determination and gonad differentiation.

Rapid Protein Evolution of BMPR1BBY. The predicted structure of
the autosomal herring BMPR1BB and the canonical vertebrate
BMPRI1 receptor is similar (Fig. 24) (27). The BMPRIBBY
transcripts are lacking exons 1 to 6 of the autosomal BMPRI1BB
(SI Appendix, Fig. S4) that encode the extracellular, transmem-
brane, and part of the intracellular domain (Fig. 24). These
domains mediate ligand binding, receptor activation, and mem-
brane localization and entail the phosphorylation sites of the GS
loop. Amino acid alignment of BMPR1BBY and BMPR1BB
from herring and other fish reveals more than 40 changes that have
occurred since BUPRIBBY arose (SI Appendix, Fig. S4C). The rate
of dS and dN substitutions between BMPRIBBY and BMPRIBB is
0.12 and 0.07, respectively, yielding a dN/dS ratio of 0.58, a dramatic
and highly significant (P < 107>') increase compared with dN/dS
ratios of 0.01 to 0.02 in other branches of the tree (Fig. 2B and SI
Appendix, Fig. S6). We estimate that BMPRIBBY arose by dupli-
cation about 20 Mya (SI Appendix, Fig. S6).

We built a structural model of the intracellular domain of
herring BMPR1BBY and BMPR1BB based on human BMPR1B
(Fig. 2C). Both herring BMPRI1BB protein folds are essentially
identical to that of the human paralog (Ca root-mean-square devi-
ation of 0.008, 0.077, and 0.073 A for BMPRI1BB, L-BMPR1BBY,
and S-BMPRI1BBY, respectively; SI Appendix, Fig. S7 and Table S5),
suggesting that the truncated form may still display Ser/Thr kinase
activity.

To conclude, BMPRIBBY shows an accelerated protein evo-
lution typical for sex-determination genes (28) but appears to
maintain the BMPR1B protein fold.

Physiological Activity of BMPR1BBY. TGFp signaling by the anti-
Miillerian hormone (AMH) system is critically involved in sex
determination (29). BMPR1BB, a type-I TGFp receptor, is ac-
tivated by ligand-bound type-II receptor and, in turn, phos-
phorylates the transcription factor SMAD. AMH-induced
signaling occurs primarily via SMADS phosphorylation and to
some extent via SMAD1 and SMADS (30). To probe the kinase
activity of truncated BMPRBBY, we established an in vitro re-
porter system for SMAD activation (Fig. 34 and Methods). The
system consists of a Gal4 transcriptional activator coupled to the
transactivation domains of SMAD1 and SMADS5, which are
specific for AMH signaling (31), and a UAS-Luc reporter driving
luciferase expression. We tested three different scenarios: 1) the
canonical AMH-signaling machinery including herring AMH,
AMHR?2, and BMPR1BB; 2) the canonical AMH machinery for
which BMPR1BB has been replaced by either S-BMPR1BBY or
L-BMPRI1BBY; and 3) the canonical AMH machinery supple-
mented by either S-SBMPR1BBY or L-BMPR1BBY (Fig. 3 B-E).
Phosphorylation levels of SMAD1 did not differ significantly when
BMPR1BB was replaced by either SSBMPR1BBY or L-BMPR1BBY
(Fig. 3 B and D). By contrast, SSBMPR1BBY is fourfold more active
than BMPR1BB in SMADS phosphorylation (Fig. 3C). Both SMAD1
and SMADS activity were enhanced when both BMPR1BB and
S-BMPR1BBY were present (Fig. 3 B and C). No significant increase
of SMADI1 and only low increase of SMADS phosphorylation were
recorded after addition of L-BMPR1BBY (Fig. 3 D and E). Thus, S-
and L-BMPRIBBY can substitute for BMPRIBB in activating
SMAD1 and SMADS.

24362 | www.pnas.org/cgi/doi/10.1073/pnas.2009925117

Next, we examined whether S- and L-BMPR1BBY synergize
with canonical AMH signaling. To this end, AMHR2, BMPR1BB,
and S- or L-BMPRI1BBY were tested either in the presence or
absence of the AMH ligand. While canonical AMH signaling
(AMH, AMHR?2, and BMPR1BB) was clearly stimulated by AMH
(SI Appendix, Fig. S84), AMH did not modulate S- or L-BMPR1BBY-
mediated signaling when associated with AMHR?2 (S Appendix, Fig.
S8 B and C). Moreover, S- or L-BMPR1BBY-mediated signaling via
SMADI1 phosphorylation was unaffected when AMH was expressed
without its cognate receptor AMHR?2 (SI Appendix, Fig. S8 D and E),
indicating that BMPR1BBY-mediated signaling is not further modu-
lated by the AMH ligand. Finally, in the absence of AMH, the pres-
ence or absence of AMHR?2 did not affect S- or L-BMPR1BBY-
induced signaling (Fig. 3F), while differential synergistic effects were
observed for BMPR1BBYs when expressed together with the whole
AMH machinery (AMH ligand, AMHR?2, and BMPR1BB; Fig.
3B-E).

In summary, BMPR1BBY has maintained its enzymatic ac-
tivity despite the severe truncation and the accelerated evolution
at the protein level. S- and L-BMPR1BBY-mediated signaling re-
quires neither the presence of the AMH ligand nor the AMHR?2 re-
ceptor or the autosomal BMPR1BB, yet is able to enhance canonical
AMH signaling. Thus, the Y-linked receptor has the enzymatic fea-
tures to act as an upstream regulator of male gonad development.

CatSper3Y and CatSperG Are Essential Components of the Herring
Sperm Proteome. The location of two CatSper genes on the
herring Y chromosome is intriguing because CatSper has been
thought to be lost in several metazoan lineages including fish
(32). We revisited this issue and identify here CatSper genes in
many but not all fish genomes (Fi%. 4 A and B and Dataset S2).
CatSper is a uniquely complex Ca®* channel that consists of at
least nine different subunits CatSperl-CatSper4, CatSperB,
CatSperG, CatSperD, CatSperE, and CatSperZ. The Atlantic
herring genome contains all CatSper genes except CatSperZ (33)
(Dataset S2). Using mass spectrometry (MS), seven CatSper
subunits including CatSper3 and CatSperG were identified in
mature herring sperm (Datasets S3 and S4). Signaling pathways
control CatSper and, thereby, sperm motility, navigation, and
fertilization from marine invertebrates to mammals (34-36). The
CatSper channel is gated open by membrane voltage and alka-
line pH;. Three signaling events are key to CatSper activation in
sperm of the sea urchin Arbacia punctulata: hyperpolarization of
the membrane potential V,,, by a K* channel CNGK (37, 38)
followed by repolarization via hyperpolarization-activated and
cyclic nucleotide-gated (HCN) channels, so-called pacemaker
channels (39, 40), and alkalization by a sperm-specific voltage-
gated sodium/proton exchanger (SNHE or SLC9C1) (41). The
activity of the SLCIC1 exchanger and HCN channel is modu-
lated by cAMP, which is synthesized by a soluble adenylate cy-
clase (SAC or adcyl0 gene). Remarkably, all these signaling
proteins upstream of CatSper are present in herring sperm,
suggesting that CatSper and Ca”* also control motility of herring
sperm (Fig. 4C and Dataset S4). Two functionally important
variations are striking. First, herring sperm carry an HCN-like
(HCNL) channel that is distinct from classic HCN channels and
falls into a new gene subfamily (42). HCNL1 in zebrafish sperm,
unlike classic HCN channels, is proton-selective and not cAMP-
sensitive (42). Although herring sperm carry the HCNL?2 isoform
that has not yet been characterized functionally, structural fea-
tures underlying proton permeation are conserved between
HCNLI and HCNL2 (34). Second, the zebrafish CNGK channel
is also gated not by cyclic nucleotides but by alkaline pH;, indi-
cating that the cellular messengers in fish sperm are protons
rather than cAMP or cGMP (42, 43). These results suggest that
herring sperm employ a signaling pathway for fertilization that
combines signaling proteins and mechanisms from marine in-
vertebrates, zebrafish, and mammals. As more signaling molecules
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Fig. 3. Analysis of BMPR1BBY signaling. (A) Schematic of the UAS-Gal4-Smad-AD reporter assay for quantifying the degree of SMAD1 and SMADS5 phosphorylation
upon application of different combinations of TGFf ligands and receptors (see Methods for detailed information). In absence of AMHR2 or BMPR1BBY-induced
stimulations, the Gal4-Smad-AD fusion protein remains in the cytoplasm and therefore does not activate transcription of the UAS-4 promoter driving expression of the
luciferase. In this situation, only background luciferase expression levels are recorded and set a blank value. In presence of an active type | receptor, the Gal4-Smad-AD
fusion proteins are selectively phosphorylated by the receptor through the Smad-AD domain and then translocate to the nucleus. Here they bind and transactivate the
UAS-4 promoter through its Gal4 DNA binding domain, which leads to transcription of the luciferase gene. The resulting luciferase activity thus strictly correlates to the
degree of activation (phosphorylation) of the Smads, which in turn is a measure of the specific upstream signals elicited by the various combinations of ligands and
receptors. AD, specific transactivation domains of the different SMADS. (B-E) Normalized luciferase intensities relative to controls after transfection of different
combinations of herring AMH, AMHR2, BMPR1BB, and S- and L-BMPR1BBY. (F) Normalized luciferase intensities relative to controls using the SMAD1 reporter after
transfection of different combinations of herring AMH, AMHR2, BMPR1BB, and S- and L-BMPR1BBY.

are identified, the herring data strengthen an emerging picture of  Discussion

evolutionary significance: sperm preferentially adopt unique, sperm-  BMPRIBBY is a very strong candidate sex-determining factor in
and species-specific signaling molecules and pathways that are  the Atlantic herring. It is clearly the best candidate out of the
tuned to their respective habitat of reproduction (35). only three genes in the male-specific region because of the well-

In summary, we conclude that the herring Y-specific region . S
contains genes encoding two proteins, CatSperG and CatSp- established role for TGF/BMPR signaling in sexual development

er3Y, expected to be essential for sperm function based on the .(29)' Its presence is strongly cprrelateq with the' male phenotype,
functional conservation of the CatSper channel in both invertebrates it shows an accelerated protein evolution, and it can replace the
and vertebrates. AMH/BMPR1B/AMHR pathway for SMAD phosphorylation.
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The dN/dS ratio of 0.58 for BMPRIBBY is dramatically higher
than the dN/dS = 0.01 to 0.02 for the autosomal paralogs (S
Appendix, Fig. S6). However, a dN/dS ratio of 0.58, well below
1.0, may be explained by relaxed purifying selection or a com-
bination of positive selection at some sites and purifying selec-
tion at other sites. Our findings that the structural modeling
predicts a conserved protein structure as well as its conserved
kinase activity strongly suggest that the latter is the correct ex-
planation. An important topic for future studies will be to further
characterize the expression pattern of BMPRIBBY and in par-
ticular explore if it is expressed during early testis development
at the sex determination stage. However, such experiments are
challenging in a pelagic fish that does not reproduce in captivity.

The herring Y chromosome provides a unique opportunity to
reconstruct the birth of a sex chromosome due to the relatively
small size of the male-specific region that is not overloaded with
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repetitive DNA and other junk material like most other sex
chromosomes. The evolutionary process must have started with
the emergence of a truncated copy of BMPRIBB that was
translocated to chromosome 8 (Fig. 5). The truncation assigned
a new protein function to the gene. At the same time, because of
the loss of its 5 end including the promoter and intron 1,
BMPRIBBY must have lost the expression regulation of the
autosomal gene and most likely acquired a new spatial and
temporal expression pattern required to trigger male gonad de-
velopment. Such transcriptional rewiring of emerging sex-
determining genes, in particular if derived from gene duplica-
tion of a downstream gonadal factor, has been postulated to be a
hallmark of sex chromosome evolution (4, 44).

The insertion of the duplicated fragment from chromosome 21
into chromosome 8 created a region of nonhomology that cannot
recombine in meiosis. Thus, a proto Y was formed and maintained
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by suppressed recombination ab initio. It is likely that CATSPER3
and CATSPERG were already colocalized on the ancestral chro-
mosome 8 when BMPRIBBY arrived on the scene because they
are located on the same chromosome in many teleosts (SI Ap-
pendix, Table S3). In goldfish, the two genes are <1 Mb apart.
Possibly the next step was duplication of CATSPER3 and its
translocation near BMPRIBBY during or after the duplication
event (Fig. 5). The synteny in that region is highly conserved
across vertebrates, including CATSPER3 and the homeobox gene
PITX1, although CatSper genes have been lost in birds and many
teleosts (SI Appendix, Fig. S9, and Fig. 4). Notably, this region is
more rearranged in the herring than in other vertebrates (SI Ap-
pendix, Fig. S9), suggesting that chromosomal rearrangements
contributed to the evolution of the Y-specific region. A third event
was the incorporation of CATSPERG into the Y-specific region
and its loss from a pseudoautosomal location. Finally, CAT-
SPER3A underwent the fate of most duplicated genes, namely,
degeneration, because it was redundant and CATSPER3Y
benefited from its tighter linkage to the male sex-determining
gene. By this process, a minimal sex-determining region (SDR)
has evolved in the Atlantic herring; the region does not recombine
with chromosome X and contains only three functional genes, a
candidate male-determining factor and two genes essential for
sperm function.

It is possible that the SDR in herring as present today is much
younger than the emergence of the BMPR1BBY gene about 20
Mya (SI Appendix, Fig. S6), as indicated by the modest sequence
divergence in the sex-associated region which rather suggests a
divergence time of a few million years (Fig. 14). However, it is
possible that there is ongoing genetic exchange (recombination
or gene conversion) between X and Y in this region. In fact, one
of the Pacific herring chromosomes included in Fig. 1B may
represent a recombinant haplotype because it appears X-like
over the BMPRIBBY-CATSPER3Y region but Y-like over
CATSPERG. It will be of considerable interest to further explore
the evolution of this SDR region in a closely related clupeid like
the sprat (Sprattus sprattus).

The association of BMPRIBBY with CATSPER3Y and CAT-
SPERG in the herring SDR is consistent with one of the most
characteristic features of sex chromosomes, namely, suppressed
recombination between a sex-determining factor and genes
beneficial for that sex (11-15). However, the Atlantic herring Y
differs from most previously described sex chromosomes as this
suppressed recombination has not spread along the chromo-
some. The region showing strong genetic differentiation between
males and females is remarkably small and extends only over
~300 kb despite the existence of the herring Y for at least a few
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million years. As a comparison, the Y chromosome in the
threespine stickleback, which is less than 26 My old, has a non-
recombining region of 17.5 Mb that shows extensive degenera-
tion (45). Unlike the stickleback Y chromosome, the herring Y
does not lack any gene present on the X chromosome; it only
carries three additional genes that are likely essential for male
development and function. Any degeneration that may have
occurred is expected to be restricted to the genes located in the
sex-associated region showing sequence divergence between X
and Y (SI Appendix, Table S1).

Methods

Whole-Genome Sequence Analyses. We analyzed whole-genome sequence
(WGS) data of 16 individuals with known sex, collected from Atlantic and
Baltic with on average ~12X sequence coverage (19). The reads were aligned
to two assemblies of the Atlantic herring genome (17, 19), and high confi-
dence SNPs were called as described (17, 19). A genome-wide association
analysis for the detection of sex-associated regions was done by comparing
allele frequency between males and females with a y? test using read counts
extracted from sites called in the older assembly (19). The depth of coverage
across the chromosome-based genome assembly (17) was extracted using
GATK:DepthOfCoverage (version 3.5.0) (46). The data were converted to
normalized depth 1-kb windows, and we compared the depth between males
and females. No Animal Care and Use Committee approval was required be-
cause the herring were not harvested specifically for research purposes.

Assembly of the Chromosome Y Region. The assembly of the Y region is based
on two unassigned scaffolds (18 and 229) and parts from an earlier version of
our current PacBio-assembly of the herring genome (17), which is based on a
male Atlantic herring, but only the ChrX region was included in the previ-
ously reported assembly (17). The Y assembly presented here was validated
by investigating uniformity of depth of coverage of individual PacBio reads
across the assembled sequence.

We used eight males and eight females to estimate the genetic differ-
entiation between males and females by Weir-Cockerham Fsr (47) using
vcftools v0.1.16 (48) in 50-kb overlapping windows across chromosome Y.

Annotation of the Male-Specific Region. We identified male-unique regions
on unassigned scaffolds from the current PacBio-based herring assembly
which was not annotated by the Ensembl annotation pipeline (https:/www.
ensembl.org) because the male-unique region was not included in this as-
sembly (17). Thus, we annotated these regions by the annotation pipeline
implemented by National Bioinformatics Infrastructure Sweden based on
the Maker package (version 3.01.02) (49) (https:/github.com/NBISweden/
GAAS, version 2019-07-11). We first generated an evidence-built annotation
based on protein similarity using Uniprot (50) (downloaded August 11,
2016). We also generated an ab initio built annotation by first training
Augustus (version 2.7) (51) using 1,213 genes annotated by Ensembl (17).
Then we combined the two annotations to generate the final annotation.
We manually curated BMPR1BBY by comparing it with the autosomal copy
on chromosome 21 and generated the final gene structure. In addition, we
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used GenScan (52) to do another round of ab initio annotation which was
merged with the Maker annotation.

To validate the structure of the gene model we conducted 3' RACE and
Nanopore whole-transcriptome and gene-specific cDNA sequencing. Total
RNA was prepared from the testis of an adult Atlantic herring using the
RNeasy Mini Kit (Qiagen). The 3’ RACE reaction was performed with 1 pg
RNA using the FirstChoiceTM RLM-RACE Kit (Thermo Fisher Scientific). Nes-
ted RACE PCRs were performed in a 25-uL reaction containing KAPA HiFi
Fidelity Buffer with MgCl,, 0.32 mM dNTPs, 0.4 uM each of the forward and
reverse primer, 0.8 U KAPA HiFi DNA Polymerase (Kapa Biosystems) and 1 pL
of the ¢cDNA or Outer RACE PCR product (1:5 dilution) as PCR template.
Amplification was carried out following the program: 95 °C for 5 min, 35
cycles of 98 °C for 20 s, 58 °C for 30 s and 72 °C for 1 min, and a final ex-
tension of 10 min at 72 °C.

Targeted Resequencing Using Xdrop. To confirm the orientation of the male-
specific region in relation to the flanking pseudoautosomal region we used
the Xdrop method for targeted sequencing of long DNA molecules (20).
Primer pairs for the amplification of fragments from the male-specific region
in the near vicinity of the border to the pseudoautosomal region were
designed. The following primer pairs were used to amplify a fragment in the
vicinity of CATSPER3Y: for dPCR, FW-TGCACTAGTGGGTGACTACCAA and R-
TGTAAGACACCAGAATTTCCCCAC (product size 173 bp, Tm = 76.25 + 0.08
°C), and for qPCR, Fw-TACTCAGATGGCCGACGAAATCTTTA and R-GCG-
TCAAAGACGTTATATCCGC (product size 111 bp, Tm = 77.88 + 0.11 °C). For
the amplicon from the scaffold18 region, the following primers were used:
for dPCR, FwW-ACCGGCTTTATCCATCCGTC and R- AGTGACGAAAACGAAACC
GTC (product length 165 bp, Tm = 76.97 + 0.08 °C), and for qPCR,
Fw:CTTCGGATCTGCACGATTCAC and R-TCAGAAGACCGGAGACTGGA (prod-
uct length 127, Tm = 80.98 + 0.11 °C). The reactions were run in a final
volume of 10 pL, of which 5 pL were of dPCR mix, 0.5 pL of gqPCR dye, 0.4 uL
of 10 pM primer pair, and 0.1 pL of water. The enrichment and Nanopore
sequencing of the genomic regions was performed by Samplix services
(https://samplix.com/).

Genotyping Sex-Specific Markers. We genotyped 200 individuals for the
presence/absence of BMPR1BBY. These samples had accurate sex records and
were collected from two localities, Bjérkofjarden, Kattegat and Brofjorden,
Skagerrak (19). The following primer pair was designed using primer3 with
default settings, bby-fw CCAGACTGACTTGTGGTTCC and bby-R CTTCCCAGC
AACAAGATGG, giving a 132-bp product with a melting temperature of
85.89 + 0.07 °C (average and SD, respectively). The PCR reactions were
composed of 5 pL SYBR Green PCR Master Mix (Applied Biosystems by
Thermo Fisher Scientific), 1 uL of primer pair working solution at a concen-
tration of 4 uM, and 4 pL of the DNA samples at a final concentration of 1 ng
per reaction. Control reactions with no template were included at all points
to spot any primer dimer formation. PCR was done using a QuantStudio 6
Flex instrument (Applied Biosystems by Thermo Fisher Scientific) with the
thermal profile 2 min at 50 °C and 2 min at 95 °C, followed by 40 cycles of
15sat 95 °C, 30 s at 57 °C, and 30 s at 72 °C. Melting curves were generated
with incubation for 15 s at 95 °C, 1 min at 60 °C, and 15 s at 95 °C. The ramp
rate between the two last steps was 0.05 °C/s. Primer sequences are also in S/
Appendix, Table S4.

Nanopore Sequencing. Total RNA (500 ng) from testis was converted into
cDNA following the Oxford Nanopore Technologies (ONT) protocol for rapid
cDNA sequencing with the SuperScript IV reverse transcriptase (Invitrogen).
To improve yield of full-length cDNA the incubation times were extended to
50 min at 50 °C and 20 min at 42 °C. The ¢cDNA was amplified with LongAmp
polymerase (NEB) and click primers (cPRM, ONT) for 14 cycles with 6 min
elongation. Sequencing was done as partial runs on R9.4 and R9.5 flow cells
as 1D reads. BMPR1BBY and CATSPERG were amplified from testis cDNA
with LongAmp and internal primers and in combination with the ONT for-
ward and reverse adaptor primers in order to capture the full transcript.
PCR products were sequenced using the LSK309 1d? ligation sequencing
protocol (ONT).

Genomic Alignments. Similarity between CATSPER3Y and BMPR1BBY and
their presumed homologous autosomal loci was assessed by performing
local alignments of the genomic nucleotide sequence, including flanking
regions, of the two Y-specific gene copies against genomic sequence frag-
ments, extracted from assembly version Ch_v2.0.2 (GCA_900700415.1) that
covered the potentially orthologous autosomal genes. The targets were
identified from the Ensembl-provided annotation of the herring genome
(Database version 99.202). The alignments were performed using Clustal
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Omega version 1.2.3 (53) using default parameters and analyzed in R (54)
using the package “ape” version 5.3 (55).

We compared the gene content in the sex-associated region on X and Y
using Clustal Omega version 1.2.3 (53) implemented in “ape” R package
version 5.3 (55) as described above.

Phylogenetic Analysis by Maximum Likelihood (PAML). First, we collected a
reference set of CATSPER3 and BMPR1BB genes from the ENA database.
After manual inspection of the possible transcripts, we retained the option
for each species that most closely resembled the herring Y copy. Second, in-
frame nucleotide alignments spanning the extent of the Y-specific copies
were generated for both genes. For BMPR1BB, which is highly conserved,
the nucleotide alignments were already in frame, as verified by the “trans”
function from "ape” and subsequent comparison with the reference se-
quences. For CATSPER3, which is more variable, PAL2NAL (56) was used to
translate the amino acid alignment to a nucleotide equivalent using the
reference ¢cDNA sequences. In both cases, ambiguous positions were dis-
carded during the rate analysis. Next, we extracted the taxa represented in
each alignment from the Fish Tree of Life (57) to generate unrooted guide
trees for the PAML analysis. These trees were edited to split the herring
entry into a Y-specific and autosomal copy, and for CATSPER3, the coela-
canth was added as an additional unresolved branch. Finally, the alignments
and guide trees were fed into the “codeml|” module of PAML version 4.9 (58)
and run under three different models: 1) All branches evolve at the same
rate (NULL model). 2) Only the “herring Y-" (for BMPR1BB) or the “herring
A-" (for CATSPER3) branch has a unique rate (two-rates model). 3) Both the
“herring Y” and “herring A" branches have a unique rate (three-rates model).

The models were then compared using a likelihood ratio test statistic,
which was evaluated against a y?-distribution with degrees of freedom equal
to the difference in estimated parameters between the compared models.
The PAML control files, guide trees, and alignments used are found at
https://github.com/nimarafati/Atlantic_herring_SDR.

We used dS values from the PAML analysis to estimate divergence times
by extracting fossil-calibrated LCA estimates from the Fish Tree of Life (57)
and dividing the time interval proportionally to the lengths of the terminal
and internal branches.

Structure Modeling. Structural prediction of the intracellular domain of
BMPR1BB, full-length L-BMPR1BBY, and full-length S-BMPR1BBY was per-
formed using the RaptorX server (59), which gave the best models using
Protein Data Bank 3MDY (human BMPR1B) (60) as the template. Structure
alignments and protein representations were generated using the PyMOL
Molecular Graphics System (Version 1.3, Schrédinger, LLC).

Preparation and Mass Spectrometric Analysis of Flagella from Herring Sperm.
The preparation of flagella from C. harengus sperm was as described (39)
using Herring Ringer’s (HR) solution instead of artificial seawater. Briefly,
sperm were washed two times with HR (in mM: 206 NaCl, 7.2 KCl, 2.1 CaCl,,
3.1 MgCl, 10 Hepes/NaOH, pH 7.6) (61). Hepes was used for buffering in-
stead of NaHCOs. Sperm suspension was sheared 20 times by centrifugation
for 30 s at 75 x g and 4 °C through a 40-pm mesh of a cell strainer (BD
Biosciences). Flagella were washed in HR and stored as pellet.

Flagella protein (20 pg) was subjected to GeLCMS as described (62) with
the following modifications: excision of 10 gel slices, use of Proteome Dis-
coverer Rev. 2.2, C. harengus protein sequences from National Center for
Biotechnology (NCBI) release GCF_900700415.1 (date April 16, 2019) sup-
plemented with additional sequences (Dataset S4), recalibration of precursor
MS spectra, precursor mass error tolerance 8 ppm, MS/MS mass error toler-
ance 0.6 Da, oxidation of Met, phosphorylation at Ser, Thr, Tyr, and
N-terminal pyro-Glu as variable, Cys-Propionamide as static modification.

Bioinformatic Analysis of CatSper Genes. All fish genomes available from NCBI
(https://www.ncbi.nlm.nih.gov/genome/) as of March 11, 2020, were ana-
lyzed for the presence of highly conserved B actin as positive control. The
whole-genome shotgun databases (WGS) for these genomes were searched
with TBlastN (https:/blast.ncbi.nlm.nih.gov/Blast.cgi7?PROGRAM=tblastn) for
B actin, using the Danio rerio (zebrafish) sequence as query. Genomes which
were unsearchable or yielded poor hits were excluded. The research resulted
in 271 genomes, which were evaluated for the presence of CatSper? to
CatSper4 and CatSperB, CatSperG, CatSperD, and CatSperE. We then per-
formed TBlastN searches in the WGS databases of fish genomes using pre-
viously annotated protein sequences for CatSper1 to CatSper4 and CatSperB,
CatSperG, CatSperD, and CatSperE of Lepisosteus occulatus (spotted gar),
Latimeria chalumnae (coelacanth), Callorhinchus milii (elephant shark),
Salmo salar (Atlantic salmon), Esox lucius (northern pike), and Carassius
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auratus (goldfish). The search was recursive, whenever more closely related
sequences were identified. Candidates were evaluated according to e value
until outgroup genes were found; a rigid cutoff by e value was ineffective.
Candidate genes were predicted by genewise (https://www.ebi.ac.uk/Tools/
psa/genewise/) (63) using closely related validated sequences as template. To
validate candidates, we employed phylogenetic tree analysis. Trees were
constructed from the candidate genes, the query sequences and other val-
idated CatSper genes (e.g., Mus musculus [mouse], for full list, see Dataset
S2). For CatSper1 to CatSper4, representative members from related ion
channel families were used as outgroup (CACNA and SCN channels of mouse
and zebrafish, TPCN and TRP channels of zebrafish). CatSperB, CatSperG,
CatSperD, and CatSperE served as each other’s respective outgroup. Se-
quences were aligned using the MAFFT (multiple alignment using fast
Fourier transform) tool version 7 (https:/mafft.cbrc.jp/alignment/server/) (64,
65) with the iterative refinement strategy called E-INS-I strategy and oth-
erwise default parameters. Gap Strip Squeeze (https://hcv.lanl.gov/content/
sequence/GAPSTREEZE/gap.html) was used to remove regions of the multi-
ple sequence alignments which contained gaps in more than 90% of the
sequences. Trees were subsequently calculated using the PhyML online tool,
which is a phylogenetic tool that employs a maximum likelihood (ML) al-
gorithm (http://www.atgc-montpellier.fr/phyml/) (66). Tree improvement
was set to SPR (subtree pruning and regrafting), and branch support was set
to y>-based aLRT (approximate likelihood ratio test). Otherwise the default
settings were unchanged. Branch support for single CatSper1 to CatSper4
clades was always maximal; thus, CatSper1 to CatSper4 candidates that fell
into these clades were considered validated. Branch support for outgroup
clades (CACNA, SCN, and TRP) was maximal, and candidates which were
sorted to the outgroup genes were discarded. For CatSperB, CatSperG,
CatSperD, and CatSperE, branch support was always close to maximal; thus,
candidates falling into these groups were considered validated.

RNA Preparation and Expression Analysis. Total RNA was extracted from the
gonad, heart, spleen, kidney, gills, intestine, hypothalamus and saccus vas-
culosus (BSH), and brain without BSH (brain) of three adult male and three
female Atlantic herring using the RNeasy Mini Kit (Qiagen). RNA was reverse
transcribed into cDNA with a High-Capacity cDNA Reverse Transcription Kit
(Thermo Fisher Scientific). Real-Time PCR with SYBR Green chemistry was
performed for BMPR1BB, CATSPER3Y, CATSPERG, AMH, and AMHR2 in 10 pL
reactions of SYBR Green PCR Master Mix (Thermo Fisher Scientific), 0.3 pM
primers, and cDNA template, with a program of an initial denaturation of
10 min at 95 °C followed by 40 cycles of 95 °C for 15 s and 60 °C for 1 min.
TagMan Gene Expression assay (Thermo Fisher Scientific) containing 0.30 uM
primers and 0.25 pM BMPR1BBY TagMan probe (Integrated DNA Technol-
ogies) was performed to compare the relative expression levels of
BMPR1BBY. ACTIN was used as the housekeeping gene in all expression
assays. All of the primers and probes are listed in SI Appendix, Table S4.
The expression of CATSPER3A in gonads and brain was investigated by RT-
PCR. Briefly, cDNA was produced with the High Capacity cDNA Synthesis kit
(Thermo Fisher Scientific), without RNase inhibitor. As this kit does not
contain any oligo-dT primer, that was added to the reaction master mix to a
final concentration of 5 mM [Oligo(dT)qg primer; Thermo Fisher Scientific].
Primer pairs were designed with the NCBI tool (S/ Appendix, Table S4). RT-
PCRs were run with the AmpliTag Gold DNA Polymerase with Buffer Il and
MgCl, (Thermo Fisher Scientific) together with dNTPs (ANTP Mix, 5 mM each)
at a final concentration of 200 mM each. Primer pairs were added to a final
concentration of 0.4 mM each, and the working concentration of DNA po-
lymerase was 2 U/reaction. The total sample amount was 40 ng in a final
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volume of 10 pL. The reactions were incubated according to the following
profile: 95 °C for 10 min, 35 cycles of 95 °C for 15 s, 57 °C for 30 s, 72 °C for
1 min, followed by 72 °C for 5 min. All reactions were checked by gel elec-
trophoresis. No detectable amplification was observed for either primer pair.

Transfection Experiments. Full-length clones for AMH, AMHR2, and autoso-
mal BMPR1BB as well as L-BMPR1BBY and S-BMPR1BBY clones were
designed including a fish consensus Kozak sequence (67), synthesized and
cloned (GenScript) into the expression vector pcDNA3.1 (-) (Thermo Fisher
Scientific).

Medaka spermatogonial stem cells (Sg3) were cultured as previously de-
scribed (68). For transfection, cells were grown to 80% confluency in six-well
plates and subsequently transfected with 5 pg expression vectors using the
FuGene (Roche) reagent as described by the manufacturer.

For monitoring differential activation of Smads upon selective AMH,
AMHR2, BMPR1B, or S- or L-BMPR1BBY expression, Sg3 cells were seeded in
six-well plates and cotransfected with a combination of four kinds of plas-
mids (Fig. 3A): 1) an expression plasmid which encodes a fusion protein (31,
69) (Smad1-AD-Gal4-DBD or Smad5-AD-Gal4-DBD; 300 ng per well) that will
translocate to the nucleus upon phosphorylation by the different TGFB3s and
in return transactivate the UAS-4 promoter through its Gal-4 DNA binding
domain; 2) a reporter plasmid, which codes for luciferase under the control
of a minimal promoter, which contains UAS sequences (UAS-luc, Firefly lu-
ciferase; 300 ng per well); 3) plasmids coding for the different ligands and
receptors to be tested for signaling activity [either pcDNA3.1(-)-AMH,
pPcDNA3.1(-)-AMHR2, pcDNA3.1(-)-BMPR1BB, pPcDNA3.1(-)-S-BMPR1BY,
PcDNA3.1(-)-L-BMPR1B or a control plasmid (empty pcDNA3.1(-)); 400 ng per
well]; and 4) a Gaussia luciferase expression plasmid for normalization
(pCMV-GLuc; 5 ng per well). After 24 h, cells were washed with 2x PBS so-
lution and lysed with 75 pL of passive lysis buffer (Dual Luciferase Reporter
Kit Assay; Promega) and then subjected to luciferase assay. Firefly luciferase
activity (UAS-luc reporter constructs) was quantified using the Dual Lucif-
erase Reporter Assay System (Promega) and normalized against cotrans-
fected Gaussia luciferase expressing plasmid. Datasets are the results of at
least four independent cell transfections and luciferase measurements.
Statistical significance was assessed by means of the Wilcoxon-Mann-
Whitney test (n = 4 or 8). Raw data are in Dataset S5.

Data Availability. The reference genome used in this study is deposited in
European Nucleotide Archive (ENA) (PRJEB31270) and the sequence of the
SDR together with its annotation as well as other sequences and codes used
in this study are available on Github: https:/github.com/nimarafati/Atlantic_
herring_SDR. Variant calls used in the x>-analysis were from Ref. 19 depos-
ited in Dryad (5r774). Also, Samplix and cDNA data generated for this study
are deposited in ENA (PRJEB38031)
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