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A single gene orchestrates androgen variation
underlying male mating morphs in ruffs

Jasmine L. Loveland*?*1, Alex Zemella**1, Vladimir M. Jovanovi¢3#, Gabriele Méller®,
Christoph P. Sager®, Barbara Bastos®’, Kenneth A. Dyar®, Leonida Fusani®%, Manfred Gahr",
Lina M. Giraldo-Deck’, Wolfgang Goymann™°, David B. Lank'®, Janina Tokarz®,

Katja Nowick®, Clemens Kiipper'*

Androgens are pleiotropic and play pivotal roles in the formation and variation of sexual phenotypes. We
show that differences in circulating androgens between the three male mating morphs in ruff sandpipers
are linked to 17-beta hydroxysteroid dehydrogenase 2 (HSD17B2), encoded by a gene within the
supergene that determines the morphs. Low-testosterone males had higher HSD17B2 expression in blood
than high-testosterone males, as well as in brain areas related to social behaviors and testosterone
production. Derived HSD17B2 isozymes, which are absent in high-testosterone males but preferentially
expressed in low-testosterone males, converted testosterone to androstenedione faster than the
ancestral isozyme. Thus, a combination of evolutionary changes in regulation, sequence, and structure
of a single gene introduces endocrine variation underlying reproductive phenotypes.

estosterone is instrumental for the devel-
opment of the male reproductive tract,
sperm production, secondary sex charac-
teristics, skeletal muscle mass, and ex-
pression of social behaviors, including
those that are sexual, aggressive, and courtship-
related (I-5). Although both sexes produce
testosterone, males generally have higher
circulating testosterone concentrations than
females (4, 6-8). In males, testosterone is syn-
thesized primarily in the testes, with its pro-
duction controlled through a feedback-control
loop in the hypothalamic-pituitary-gonadal (HPG)
axis. Male testosterone levels typically peak dur-
ing the breeding season (9, 10) but vary con-
siderably between individuals depending on life
history, reproductive trade-offs, and alternative
mating tactics (2, 11, 12). Usually, dominant ter-
ritorial males have high levels of circulating tes-
tosterone while subdominant males or males
that use alternative mating tactics, such as
sneaking, have low testosterone levels (I1).
Testosterone levels fluctuate diurnally and
seasonally, but a proportion of the variation
between individuals may have a genetic basis
and quantitative genetic studies have sug-
gested substantial heritability for testosterone
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in tetrapods (Z3). In humans, 65% of variation
in serum testosterone concentrations between
male twins was explained by genetics (14).
Genome-wide association studies provided a
number of candidate genes for testosterone
variation including the sex-hormone binding
globulin locus and multiple loci on the X chro-
mosome (8, 15, 16). In addition, genes expressed
along the HPG and hypothalamic-pituitary-
adrenal (HPA) axes have been studied for their
contributing roles to the rate of testosterone
production and metabolism (17, 18), including
the use of prohormones such as dehydroepi-
androsterone to avoid costs of high circulating
testosterone (19). However, a detailed charac-
terization of genetic variants linked to testoster-
one concentrations, including a confirmation
of functional effects on testosterone production
or metabolism, has so far remained elusive.
Species with multiple reproductive morphs
often exhibit systemic androgen variation be-
tween male types. Ruffs (Calidris pugnax) fea-
ture three mating morphs that are fixed for
life: independents, satellites, and faeders. The
morphs show nearly discrete differences in size,
plumage ornamentation, aggressive behav-
ior, and courtship behavior (20) (Fig. 1, A and
B). During the mating season, males of the
most common independent morph compete ag-
gressively with each other to establish a domi-
nance hierarchy on leks. The most competitive
independents display on small lek courts to
entice visiting females. Satellites, with their con-
spicuous pale plumage ornaments, co-display
submissively with selected independents and
mate opportunistically when their independent
partners are momentarily distracted (21, 22).
Faeders, the rarest and smallest males, have
no ornamental feathers but mimic females in
appearance and behavior to sneak copulations
(23). Breeding males exhibit clear morph varia-
tion in circulating androgens (20, 24, 25). In-
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dependents have high circulating testosterone
levels but low levels of androstenedione, a less
potent androgen and testosterone precursor
and metabolite. The nonaggressive satellite
and faeder males show the reverse pattern
(Fig. 1B). The morphs are differentiated by
an autosomal supergene that arose through
a chromosomal inversion about 3.8 million
years ago (Mya) and harbors about 100 genes,
including several involved in steroid metabo-
lism (20, 26). Faeders carry the oldest inversion
haplotype whereas the satellite haplotype arose
through a rare recombination only 0.07 Mya (27).
Since one inversion breakpoint is homozygous-
lethal, faeders and satellites always carry an
ancestral independent haplotype and a de-
rived morph-specific haplotype (20, 26). Here,
we capitalize on the existing natural endocrine
and genetic contrasts between reproductive
morphs to identify and characterize the major
genes related to the pronounced androgen
differences between males.

Supergene-linked loci show differential
expression and allelic imbalance

‘We sampled adult males from all three morphs
during the breeding season, when the differ-
ences in androgen levels and social behaviors
are most distinct (20, 25). To examine transcrip-
tomic differences, we performed RNA-Seq
on tissues highly relevant to behavior or the
production/metabolism of sex steroid hor-
mones: brain (seven areas), pituitary glands,
adrenal glands, liver and testes. Sampled brain
areas comprised nine brain nuclei that include
parts of the social behavior network, meso-
limbic reward pathway (28, 29), and seroto-
nergic system. These nuclei are either expected
to have high expression of sex steroid receptors
(preoptic area, lateral septum, nucleus taeniae,
hypothalamus), contain major populations of
dopamine neurons (ventral tegmental area
and substantia nigra), serotonin neurons (raphe),
or are involved in executive functions in birds
(caudal nidopallium, a putative partial homolog
to the mammalian prefrontal cortex) (30) (fig. S1).
Hypothalamus samples included anterior, ven-
tromedial, lateral, and posterior hypothalamic
nuclei (see supplementary materials for details).

Genome-wide, we found a large number of dif-
ferentially expressed genes in pairwise compar-
isons of morphs considering all tissues (faeders
versus independents: 1762; satellites versus in-
dependents: 1438; faeders versus satellites: 1395.)
The supergene region had a notable enrichment
of differentially expressed genes [faeders versus
independents (odds ratio = 8.15, P-adjusted =
2.15e-15); satellites versus independents (odds
ratio = 5.56, P-adjusted = 8.66e-12); faeders
versus satellites (odds ratio = 3.05, P-adjusted =
6.13e-05)] (Fig. 1, C to E, and table S1). Consistent
with the evolutionary histories of their differ-
ent haplotypes, faeders and independents—
which carry the most divergent haplotypes
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Fig. 1. Gene expression between male morphs is concentrated in the
supergene region. (A) Male ruff morphs differ in ornamental plumage and
supergene haplotypes. (B) Morph-specific concentrations of circulating testosterone
(n = 36), androstenedione (n = 25), aggression and courtship (n = 26). The

morph model differentially expressed genes in pairwise comparisons. (C) Faeder
versus independent (n = 26). (D) Satellite versus independent (n = 27) and

(E) Faeder versus satellite (n = 19), aligned to karyoplots for a subset of
representative scaffolds. The supergene region is magnified on right panels

with recently recombined areas shaded in dark gray. Each circle is a differentially
expressed gene; red and blue circles denote higher and lower expression levels in
the first versus second morph, respectively. The top differentially expressed
genes with the largest absolute log, fold change are labeled. Karyoplot shading
denotes gene presence (black) and absence (white). Gene density plot calculated
in 10° base pair (bp) windows. Kruskal-Wallis tests followed by Wilcoxon rank
tests with Bonferroni adjusted P-values were used in (B), asterisks indicate *P <
0.05, **P < 0.01, ***P < 0.001. (B) modified from (38).

(20, 26, 27)—had the highest number of differ-
entially expressed genes with a relatively even
distribution across the inversion region (Fig. 1C).
By contrast, there was a notable absence of
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differentially expressed genes in recently re-
combined regions of the satellite haplotype in
the satellite versus independent comparison
(Fig. 1D), although these regions harbored many
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differentially expressed genes in the faeder ver-
sus satellite comparison (Fig. 1E). The spatial
pattern of differentially expressed genes suggests
an important role for cis regulatory elements
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in controlling expression of nearby loci in the
inversion region.

Next, we examined variation in gene expres-
sion by tissue. Principal component analysis
revealed clear clustering and separation by
organ and then brain area, with one cluster
representing samples from lateral septum
and preoptic area, which are adjacent brain
areas (fig. S2). Hypothalamus, pituitary, and
adrenal glands, three tissues prominently in-
volved in the regulation of systemic androgen
levels, stood out with large numbers of dif-
ferentially expressed genes (fig. S3). In most
tissues, comparisons involving independents
had more differentially expressed genes than
those of the faeder versus satellite comparison
(fig. S3).

Recombination between non-inverted and
inverted haplotypes is exceptionally rare (31),
and as a result the derived faeder and satel-
lite haplotypes have accumulated mutations
leading to the presence of distinct inversion al-
leles. This allowed us to quantify allele-specific
expression from RNA-Seq data across differ-
ent tissues (fig. S4). Faeders showed allelic
imbalance in 87 of 97 measurable protein-coding
genes, spread throughout the entire inversion
region. In satellites, we detected imbalance in
68 of 79 measurable protein-coding genes; how-
ever, regions that recently recombined with
the independent haplotype showed fewer genes
with allelic imbalance than the non-recombined
regions.

HSD17B2 expression and isozyme
variation differentiates ancestral from
derived morphs

To identify candidate genes for the distinct var-
iation in circulating androgens between morphs
(Fig. 1B), we investigated individual differen-
tially expressed genes associated with the su-
pergene that showed pronounced expression
differences between independents and the
other two morphs, particularly in tissues re-
lated to androgen regulation and metabolism.
Differences in circulating androgen concen-
trations among male morphs may arise from
changes in the expression of genes encoding
steroidogenic enzymes (18, 32), gonadotropins
and their receptors (33), or receptors for sex
steroids (34). However, neither gonadotropin,
androgen nor estrogen receptors were dif-
ferentially expressed among ruff morphs [fig.
S5, see also (24)]. Instead, the top candidate
for morph differentiation was the 17-beta hy-
droxysteroid dehydrogenase 2 gene (HSD17B2),
whose enzymatic product converts testoster-
one to androstenedione, estradiol to estrone,
and 20-alpha dihydroprogesterone to proges-
terone (35). HSD17B2 belongs to a large family
of more than a dozen highly multifunctional
HSD17B enzymes that catalyze conversions be-
tween 17-Keto steroids and 17-beta hydroxy
steroids (36, 37). Although the full HSD17B
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family has not been extensively studied in birds,
ruff HSD17B2 is likely functionally homologous
to the human enzyme as all conserved func-
tional domains are present (38) and the gene
synteny is high.

The ruff HSD17B2 gene is located within a
nonrecombined area of the supergene and
stood out among inversion genes because it was
a top differentially expressed gene with strong
allele-specific expression of the inversion al-
lele in faeders and satellites (Fig. 2A). In mul-
tiple tissues—including the hypothalamus, a
brain area essential to androgen regulation
in vertebrates—HSDI17B2 had lower expression
in independents than in satellites or faeders
(Fig. 2, B and C). It also showed a strong bias
toward the inversion allele in most tissues (Fig.
2D and fig. S4), including all brain areas inves-
tigated (range of inversion allele-specific ex-
pression proportion in satellites: 80 to 100%;
faeders: 91 to 100%) (fig. S4).

The expression bias toward the inversion
allele is puzzling because simulation models
predicted that inversion haplotypes accumu-
late deleterious mutations (39). The coding
sequences for HSDI7B2 show several non-
synonymous mutations, including four amino
acid substitutions shared between faeders and
satellites (Fig. 3A). Notably, a selection test
using a branch model and annotated HSD17B2
sequences from six related Charadriiform spe-
cies revealed strong selection signatures on
the satellite and faeder haplotypes with three
of their four shared residues (A235S, L279F,
1329T) being positively selected (fig. S6). In
addition, the variation in circulating androgens
between independents and the two inversion-
carrying morphs suggests that the enzymatic
activity of HSD17B2 has not deteriorated; on the
contrary, it appears to have increased (Fig. 1B).

To evaluate whether and how these muta-
tional changes altered enzymatic function, we
investigated the molecular interactions in ruff
HSD17B2 variants with testosterone and its co-
factor nicotinamide adenine dinucleotide (NAD")
in silico, and determined their enzymatic ki-
netics for testosterone conversion through
in vitro assays. Since HSD17B2 is anchored in
the membrane of the endoplasmic reticulum
(40), we used a truncated protein structure with-
out amino acids in the transmembrane to-
pology as in (41) for the in silico computer
simulation. We restricted the comparison to
ruff homodimers as they should be the pre-
dominant dimers found in faeder and satel-
lite cells, given the widespread allele-specific
expression favoring derived HSDI17B2 alleles.
The homology models revealed lower AGuyinging
values in satellite and faeder than independent
HSD17B2 isozymes, suggesting higher binding
affinities for both testosterone and NAD" in the
two derived isozymes compared to the ances-
tral isozyme (Fig. 3B). Moreover, in satellite and
faeder isozymes, testosterone was closer to the
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residues that initiate and perform the catalytic
reaction, suggesting enhanced substrate bind-
ing, catalysis, and product release in derived
variants (Fig. 3, C and D).

We then performed enzymatic assays in vitro,
comparing ruff homodimers (Fig. 3A). All
isozymes retained function but varied in their
enzymatic characteristics (Fig. 3, E and F).
Satellite and faeder homodimers showed higher
maximum velocity (v,,,,) for testosterone con-
version than the independent homodimer. The
isozymes also showed significant variation in
their Michaelis constants (Kj,), indicating that
the faeder and satellite homodimers require
a lower and higher substrate concentration,
respectively, than that of the independent to
achieve half v,,,,. The resulting utilization
rates (U,,q./Kyr) were more than three times
higher for the faeder than for the independent
homodimer, with the satellite homodimer show-
ing intermediate rates (Fig. 3F). To understand
how individual mutations in the faeder and
satellite isozymes affect kinetics of the derived
variants, we next examined engineered variants
(Var-1 to Var4) with different combinations of
the four shared residues for in vitro tests. As pre-
viously predicted (38), a single amino acid change
(L279F, represented by Var-1) led already to a
two times greater utilization rate in comparison
to the independent isozyme (Fig. 3F).

Androgen and gene expression variation
in male testes and blood

The male testes are the primary organs for
testosterone synthesis but HSDI17B2 was not
differentially expressed in this tissue (Fig. 2C).
To examine androgen production in testes, we
quantified testosterone and androstenedione
concentrations through a radioimmunoassay.
Based on the known circulating androgen lev-
els and differences in HSD17B2 activity, we
predicted that satellites and faeders would
have high levels of androstenedione and low
levels of testosterone in testes, and the re-
verse pattern in independents. Contrary to our
expectations, we found that testes of satellites
and faeders had, on average, seven to eight
times higher testosterone and 20 times higher
androstenedione concentrations than indepen-
dents (Fig. 4A).

To illuminate regulatory variation that may
underlie the unexpected testicular androgen
profiles of satellites and faeders, we conducted a
detailed analysis on gene expression variation
between morphs in this tissue. This revealed,
first, an overrepresentation of differentially
expressed genes with the gene ontology terms
“steroid hormone biosynthetic process” and
“hormone metabolic processes” in both faeders
and satellites, compared with independents
(fig. S7). Examining expression differences be-
tween the major genes involved in androgen
synthesis, we detected high variation during the
early catalytic steps in this pathway with higher
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Fig. 2. Differential expression

and allelic imbalance in HSD17B2
across tissues and morphs.

(A) Gene expression in faeders

(n [birds, samples] = 9, 63) and
satellites (n = 10, 63) for loci in
inverted regions shown as biallelic
expression (log, fold change, y-axis)
relative to independents (n =17, 103)
and proportion expressed from
respective inversion alleles (x-axis).
Genes (circles) colored according to
inversion allele-specific expression
(ASE) bias. Dashed lines represent no
difference in gene expression (hori-
zontal) and no allelic bias (vertical). B
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expression of STAR, CYPIIAI, and CYPI7AI in
satellites and faeders than in independents
(Fig. 4, B and C). Other genes such as HSD3B2
and even HSDI17B3—responsible for the re-
verse conversion of androstenedione to tes-
tosterone (Fig. 4B)—were highly but similarly
expressed in all three morphs, and we found
no evidence of altered expression of genes
involved in steroid transport (table S2). This
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suggests that differentially expressed genes
early in the androgen synthesis pathways in-
stigate morph variation in androgens in the
testes. Notably, HSD17B2 was not differentially
expressed in testes and its overall expression
was about 25 times lower than expression of
HSDI17B3 (Figs. 2C and 4C). Our results were
fully consistent with an earlier study on morph
differences in a few selected genes of the an-
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drogen synthesis pathway (24) and point to
functional requirements such as the need of tes-
tosterone for sperm production constraining
HSDI7B2 expression variation in testes.

To inspect morph variation in androgens,
we compared androstenedione and testoster-
one concentrations in blood plasma and testes
(fig. S8). In independents, we found strong
positive relationships between concentrations
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Fig. 3. Derived HSD17B2 isozymes show faster testosterone conversion
than the ancestral isozyme. (A) Variable residues among ruff HSD17B2
isozymes and engineered mutant variants (Var-1 to Var-4) tested for enzymatic
activity. Relative to the ancestral (independent) allele, mutated residues shared by
satellite and faeder alleles are in orange; position numbers from XP_014797711.1.
(B) In silico model predicts better binding affinity (lower values) for testosterone and
NAD" in faeders and satellites than independents. (C) Predicted three-dimensional
monomeric structure of independent HSD17B2 (gray) zoomed in to the binding pocket
with testosterone (cyan) and NAD* (pink). Residues (N196, S223, Y236, K240)

from the canonical “NSYK" catalytic tetrad of short chain dehydrogenase/reductase
enzymes (light green). Residues that are mutated in satellite and faeder isozymes
(red) feature in close vicinity to the binding pocket. (D) In silico models reveal shorter
atomic distances (in Angstroms) between testosterone and functional catalytic
“SYK” (S223, Y236, K240) sites in satellite and faeder variants, indicating potential for
faster catalytic turnover than with the independent variant. (E) In vitro rates of
testosterone conversion for different isozymes across a range of substrate
concentrations. IND, independent; SAT, satellite; FAE, faeder; VAR, variant. Error bars
are +SD from three replicates. (F) Michaelis-Menten kinetics calculated from (E).

of both androgens (table S3). In satellites and
faeders, this was also the case between andro-
stenedione and testosterone concentrations
measured in the testes, but not for correlations
involving plasma testosterone, which circu-
lates in very low concentrations in these morphs.
One explanation is that HSDI7B2 is differentially

Loveland et al., Science 387, 406-412 (2025)

expressed in the blood of morphs. However,
HSDI7B2 expression and activity in blood is
typically either absent or rarely detected (42, 43).
To explore this conundrum, we conducted fur-
ther RNA-Seq in nine males to compare HSD17B2
expression in blood between morphs. This
revealed extreme morph variation in blood
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HSD17B2 expression, much higher than in all
other tissues examined. Consistent with low
activity reported in human blood (42, 43) and
their own high circulating testosterone con-
centrations, HSDI17B2 expression was nearly
absent in independents. Conversely, HSD17B2
was highly expressed in faeders and satellites,
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Fig. 4. Sources of androgen variation between male morphs in testes
and blood. (A) Morph-specific testicular testosterone and androstenedione
levels including effect sizes (Cohen's d) for pairwise comparisons

(n = 36). (B) Simplified androgen biosynthesis pathway showing key
enzymes responsible for steps from cholesterol to testosterone.

with a strong bias toward the derived allele
(Fig. 4D). It remains unclear which blood cells
overexpress HSDI7B2 in faeder and satellites
because, unlike mammals, red blood cells in
birds are nucleated. This localized hyperac-
tivity of HSD17B2 in the blood of the two low
testosterone morphs may represent an evolu-
tionary innovation that effectively limits the
pleiotropic actions of testosterone outside of
the testes. High HSD17B2 activity in the blood
and hypothalamus of faeders and satellites
then results in fast metabolism of testosterone
and alters the HPG feedback loop that controls
testicular androgen synthesis.

Taken together, our findings imply that a
combination of changes in regulation and cod-
ing sequence of the HSDI17B2 gene resulted in
increased testosterone conversion of derived
variants. The supergene-induced suppression
of recombination likely accelerated the evolu-
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Sat, satellite; Fae, faed

tion of the derived variants. The changes of this
single gene are expected to have widespread
consequences through genetic and hormonal
pleiotropy. First, HSD17B2 itself is multifunc-
tional and metabolizes other sex steroids in
addition to testosterone (44). One of these,
estradiol, is also required to mediate effects
on territorial mating behaviors in many bird
species (45-47). Future studies should exam-
ine how the changes to HSD17B2 affect the
conversion rates of its other substrates. Second,
the substrates of HSD17B2 are highly pleiotropic
signaling molecules that coordinate physio-
logical and developmental processes and can
foster the evolution of correlated traits (48-51).
Vertebrate genomes contain hundreds to thou-
sands of response elements for sex steroid re-
ceptors that may alter gene expression (52, 53).
For example, the swift metabolization of tes-
tosterone in the blood of low testosterone morphs

24 January 2025

er.

HSD3B2
Progesterone -»>
CYP17A1l
HSD3B2
17-OH-Progesterone ---»
CYP17A1l
HSD3B2
Androstenedione (A4) ---»
HSD17B3HHSD17BZ
HSD3B2
Testosterone (T) -
SRD5A1
SRD5A2
Dihydrotestosterone (DHT)
HSD17B2 HSD17B2
3000 iy o 0 _—-——
2
c 2&\0, 754
2 2000 S c
7] o 9
o g€ O -~--—1
aQ > 0
X c Q
@ 1000+ o o
8 o 257
o
m
0 -ee> 0
@®Independent ®Satellite ®Faeder

(C) Testicular expression of genes shown in bold in (B) (n = 28). (D) Blood
HSD17B2 expression and allele-specific expression (n = 9). Asterisks
denote statistically clear differences, P-values are Benjamini-Hochberg
corrected (*P < 0.05, **P < 0.01, ***P < 0.001). Ind, independent;

will starve androgen receptors in target tissues
of one of their most significant ligands and
severely affect systemic responses that have
evolved over millions of years. In the case of
ruffs, the changes in circulating androgens may
underlie the profound differences in male ag-
gression that exist between morphs and may be
at the heart of the pronounced sexual antago-
nism that has been introduced by the inversion
alleles (54). Identifying how androgen levels are
altered genetically opens new avenues for un-
derstanding the evolution of diverse reproduc-
tive phenotypes, antagonistic pleiotropy, and the
regulation of social behaviors.
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