VOL. 198, NO. 4 THE AMERICAN NATURALIST OCTOBER 2021

A Common Endocrine Signature Marks the Convergent

Evolution of an Elaborate Dance Display in Frogs

Nigel K. Anderson,' Eric R. Schuppe,? K. V. Gururaja,>* Lisa A. Mangiamele,** Juan Carlos
Cusi Martinez,>* H. Priti,** Rudolf von May,”* Doris Preininger,® and Matthew J. Fuxjager"jt

1. Department of Ecology, Evolution, and Organismal Biology, Brown University, Providence, Rhode Island 02906; 2. Department of

Neurobiology and Behavior, Cornell University, Ithaca, New York 14850;

3. Research and Development Center and Science Media Center,

Indian Institute of Science Campus, Gubbi Labs, Bengaluru, India 560012; 4. Department of Biological Sciences, Smith College, Northampton,
Massachusetts 01063; 5. Departamento de Herpetologia, Museo de Historia Natural, Universidad Nacional Mayor de San Marcos, Avenida
Arenales 1256, Jesus Maria, Lima 14, Peru; 6. Centre for Ecological Sciences, Indian Institute of Science, Bangalore, India 560012; 7. Biology
Program, California State University Channel Islands, Camarillo, California 93012; 8. Vienna Zoo, 1130 Vienna, Austria; and Department of

Evolutionary Biology, University of Vienna, 1090 Vienna, Austria

Submitted May 13, 2020; Accepted May 4, 2021; Electronically published August 31, 2021

Dryad data: https://doi.org/10.5061/dryad.3n5tb2rhh.

ABSTRACT: Unrelated species often evolve similar phenotypic solu-
tions to the same environmental problem, a phenomenon known as
convergent evolution. But how do these common traits arise? We
address this question from a physiological perspective by assessing
how convergence of an elaborate gestural display in frogs (foot-
flagging) is linked to changes in the androgenic hormone systems
that underlie it. We show that the emergence of this rare display in un-
related anuran taxa is marked by a robust increase in the expression
of androgen receptor (AR) messenger RNA in the musculature that
actuates leg and foot movements, but we find no evidence of changes
in the abundance of AR expression in these frogs’ central nervous sys-
tems. Meanwhile, the magnitude of the evolutionary change in mus-
cular AR and its association with the origin of foot-flagging differ
among clades, suggesting that these variables evolve together in a mo-
saic fashion. Finally, while gestural displays do differ between species,
variation in the complexity of a foot-flagging routine does not predict
differences in muscular AR. Altogether, these findings suggest that
androgen-muscle interactions provide a conduit for convergence in
sexual display behavior, potentially providing a path of least resis-
tance for the evolution of motor performance.
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Introduction

Animal life is replete with examples of convergent evolu-
tion, whereby similar traits independently emerge in dif-
ferent lineages to solve the same environmental problem
(Morris 2003, 2008; Losos 2011). Many view convergence
as strong evidence of phenotypic adaptation (Endler 1986;
Harvey and Pagel 1991; Schluter 2000) and thus leverage
the phenomenon as a natural experiment to study how
fitness-enhancing traits can (or cannot) arise (Stewart
et al. 1987; Losos 1992; West and Cohen 1996; Taylor and
McPhail 2000; Kolbe et al. 2011; Mahler et al. 2013; Ord
et al. 2013; Corcoran and Hristov 2014; Zhang et al. 2016;
Young et al. 2019). A prime example is the research exploring
the molecular and genetic bases of convergent evolution.
This work has helped firmly establish our understanding
of the role that genetic systems play in shaping trait adap-
tation (Chen et al. 1997; Yokoyama and Radlwimmer 2001;
Wittkopp et al. 2003; Fry et al. 2009; Steiner et al. 2009; Li
et al. 2010; Liu et al. 2010), including several highly com-
plex traits, such as monogamy and subterranean living (Pas-
coal et al. 2014; Partha et al. 2017; Heyduk et al. 2019;
Young et al. 2019). However, we remain unable to address
many other important aspects of how convergence unfolds.
For example, we know relatively little about its physiolog-
ical basis (Fischer et al. 2019; Gallant and O’Connell 2020).
Do similar traits arise in unrelated taxa via the same changes
to the systems that “make organisms work,” or might different
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species gain similar adaptations through different mech-
anistic modifications? These questions are particularly rele-
vant to behavioral traits, which rely on coordination among
many body systems (brain, muscles, hormones, etc.).

One physiological route by which selection can modify
behavior is through the endocrine system. Hormones serve
as messengers to coordinate the function of multiple body
systems, and they regulate many fitness-related traits (Adkins-
Regan 2005). Selection can drive the evolution of hormone-
signaling systems largely by changing the underlying mo-
lecular pathways through which endocrine action occurs
(King and Millar 1995; Denver 1999; Forsyth and Wallis
2002; Heyland et al. 2005). This phenomenon is perhaps
best studied with regard to androgenic and estrogenic sex
steroids (Hau 2007; Adkins-Regan 2008; Ketterson et al.
2009; McGlothlin et al. 2010; Fuxjager and Schuppe 2018;
Cox 2020), which mediate the reproductive morphology
and behavior of most vertebrates (Adkins-Reagan 2005). For
example, adaptive shifts in sexual phenotype are often asso-
ciated with changes in densities of sex steroid receptors (e.g.,
androgen receptor [AR] and estrogen receptor) at specific
sites within the nervous and musculoskeletal systems (Ca-
noine et al. 2007; Rosvall et al. 2012; Bergeon Burns et al.
2013; Fusani et al. 2014b; Fuxjager and Schlinger 2015;
Johnson et al. 2018). Behavioral traits that mediate inter-
actions among conspecifics, like sexual displays, are also sex
steroid dependent (Bass 2008; Bass and Remage-Healey 2008;
Zornik and Kelley 2011) and can arise convergently (Trill-
mich and Trillmich 1984; Ord et al. 2013). Thus, sex steroid
system evolution may also play a role in this process. One
possibility, for instance, is that the convergent evolution of
certain behavioral traits is marked by similar modifications
to the underlying mechanisms of sex steroid action. However,
an alternative scenario is that the same behavioral trait in
two unrelated species is mediated by entirely different ste-
roid system adaptations. Rarely (if ever) have studies ex-
plored these possibilities within a strong evolutionary frame-
work, leaving a major gap in our knowledge of how hormone
systems support adaptation of the vertebrate reproductive
phenotype.

We address these ideas by describing hormonal signa-
tures that mark the convergent evolution of frog “dance”
displays. A hallmark of these displays is an elaborate ges-
tural signal called the “foot-flag,” which males produce by
extending a hind limb above their head while rotating it
backward in an arc. Foot-flagging is critical to mediating
male-male competition for access to mates and/or breed-
ing areas (Preininger et al. 2013), as studies suggest that it
has arisen to augment sociosexual communication when
acoustic signals are masked by environmental noise (Prei-
ninger et al. 2009; Grafe et al. 2012). Indeed, all foot-flagging
species live and reproduce in extremely noisy habitats (e.g.,
fast-flowing streams, waterfalls; Hodl and Amézquita 2001;
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Biju et al. 2014; Grafe and Tony 2017). We see foot-flagging
behavior in at least eight genera, many of which are sepa-
rated by millions of years of evolution (fig. 1). In this way,
the foot-flagging display is an excellent example of conver-
gent evolution, in which the same elaborate gestural display
has repeatedly evolved in distinct anuran lineages to help
solve the same social and ecological problems. Still, foot-
flagging routines can vary slightly among species, particu-
larly with respect to their overall complexity. Some taxa in-
corporate forms of toe tapping into their displays, whereas
other taxa have evolved the ability to perform two simul-
taneous foot-flags with both hind limbs (Hodl and Amézquita
2001). Thus, studying foot-flagging also provides an oppor-
tunity to investigate behavioral diversity within a lineage
and to link it to underlying physiological changes.

Research on the hormonal basis of foot-flagging has fo-
cused on Bornean rock frogs, or Staurois parvus. This work
shows that the androgenic steroid testosterone (T) stim-
ulates foot-flagging (Mangiamele et al. 2016). Moreover, the
ability to produce this display appears to have evolved
alongside a 10-fold increase in AR expression in the thigh
musculature, which actuates the elaborate hind limb move-
ments of the foot-flag (Ptikryl et al. 2009), compared with
species that do not foot-flag (Mangiamele et al. 2016). Thus,
this work supports the hypothesis that selection drives the
emergence of foot-flagging in part by enhancing the effects
of androgenic steroids on certain muscle groups. Similar work
in birds and lizards reveals that complex gestural displays
(i, increased modifications to a species’ display routine) ap-
pear to coevolve with dramatic increases in AR expression
within select parts of the muscular system (Fuxjager et al.
2015; Johnson et al. 2018; Schuppe and Fuxjager 2019). Func-
tionally, these populations of AR are thought to help re-
shape parameters of performance, which endow individuals
with novel behavioral abilities necessary for display. Such
effects can occur via androgen-dependent changes to mus-
cle growth, fiber type composition, and calcium handling
(Michel and Baulieu 1980; Sassoon et al. 1987; Brantley et al.
1993; Holmes et al. 2007; Fuxjager et al. 2012). Similarly, AR
action within the muscle can feedback to the nervous sys-
tem (Rand and Breedlove 1995), potentially regulating how
cells in the spinal cord control motor output (Schlinger
etal. 2018). With this work in mind, we investigate whether
convergence in foot-flagging behavior is associated with
similar increases in AR transcript abundance within the
thigh muscles and/or central nervous system (CNS).

We approach this idea by performing several analyses
that together paint a broad picture of the evolutionary re-
lationship between foot-flagging behavior and AR expres-
sion. First, we test whether the presence or absence of foot-
flagging in unrelated frog species predicts levels of AR
transcription in the thigh muscles. If convergent evolution
of this behavior occurs through similar modifications to
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Figure 1: Family-level anuran phylogeny showing the distantly related clades from which we study foot-flagging behavior. Colored branches
and corresponding colored boxes represent families from which we sampled foot-flagging and non-foot-flagging species, with green indicating
Micrixalidae, blue indicating Ranidae, and orange indicating Hylidae. We compared the foot-flagging species in Micrixalidae with the non-
foot-flagging species Pyxicephalus adspersus in Pyxicephalidae; thus, it is included in the green box and denoted by a black outline. Note that
the estimated evolutionary distance between Micrixalidae to P. adspersus is similar to the evolutionary distance between Staurois parvus and its
non-foot-flagging relatives (see “Methods”). Gray branches highlight families that contain foot-flagging species that are not sampled in this
study. Asterisks denote the foot-flagging taxa, whereas crosses denote the non-foot-flagging taxa. The phylogeny was pruned from Moen
(2016), a family-wide phylogeny generated from the well-resolved phylogeny by Pyron and Weins (2011). Photographs by W. Hadl (D.
kamagarini) and D. Preininger (S. parvus and M. kottigeharensis) and used with permission.

the androgenic system, then we expect to see a positive re-
lationship between these two variables after accounting
for shared evolutionary history. In this analysis, we also
look for a correlation between foot-flagging and AR ex-
pression in the CNS. Work in birds shows that species
with high levels of AR in their muscles to support gestural
display may also maintain elevated AR expression in other
tissues, including much of the brain and spinal cord (Feng
etal. 2010; Fuxjager et al. 2012). We therefore tested whether
this pattern also occurs in foot-flagging frogs or whether

we see evidence of tissue-specific increases in AR expres-
sion alongside innovations in foot-flagging. Next, we
probe whether correlated evolution between foot-flagging
and AR expression varies across the anuran phylogeny in
a mosaic fashion, which refers to differences in coevolu-
tionary linkage between variables among taxa (Thompson
2005; Swanson et al. 2006; Felice and Goswami 2018). This
seems possible, considering that steroid systems evolve in
response to various environmental and/or neutral factors
(Adkins-Regan 2008; Fuxjager and Schuppe 2018; Schuppe



et al. 2020). We therefore test this idea by conducting
phylogenetic independent contrast comparisons (Garland
1992; Garland et al. 1999). Third, we examine whether
standing variation in thigh muscle AR levels differs be-
tween foot-flagging species and their non-foot-flagging
relatives. Sexually selected traits are often more variable
than other traits at both phenotypic and genotypic levels
(Ryan and Keddy-Hector 1992; Pomiankowski and Moller
1995; Rodriguez and Greenfield 2003; Hosken and Stockley
2004; Johnston et al. 2013), and thus we expect that levels of
AR transcription are more variable in foot-flagging species,
assuming that this trait is sexually selected. Fourth, we test
whether differences in the overall complexity of foot-
flagging routines among a small group of closely related frogs
predict differences in AR levels within the muscular system
and CNS. Past work finds that taxa with more complex ges-
tural display routines express higher levels of AR in their
muscles but not in certain parts of their CNS (but see
statement above; Fuxjager et al. 2015). Collectively, these
analyses address several different patterns of AR expres-
sion that might emerge in the motor system to support
convergent innovations in sexual behavior.

Methods
Animals

All appropriate governmental and university authorities
approved the methods described below. We used muscle
and CNS tissue from 11 different frog species—five of which
are known to foot-flag and six of which do not (fig. 1; ta-
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ble 1). All non-foot-flagging species were selected because
they were the closest relatives to the foot-flagging taxa that
we could reasonably obtain, with the exception of Xenopus
laevis, which was used as an out-group. Accordingly, the
foot-flagging Staurois parvus was paired with non-foot-
flagging relatives within the same family, whereas the foot-
flagging Dendropsophus kamagarini was paired with non-
foot-flagging relatives in the same genus. The three species
of Indian dancing frogs from the genus Micrixalus were
paired with a non-foot-flagging relative from a different fam-
ily, Pyxicephalidae. Despite these taxonomic designations,
groups of foot-flagging and non-foot-flagging species within
our study (including the Pyxicephalid and the Micrixalids)
are separated by similar spans of evolutionary time. We es-
timated evolutionary time by taking the known divergence
of Micrixalidae from Ranidae ~90 million years ago (Roe-
lants et al. 2004) and comparing this value with the branch
length proportions of our phylogeny. For example, S. parvus
shared a common ancestor with the two non-foot-flagging
Ranids in our study ~60 million years ago, while the recently
diverged foot-flagging Micrixalus spp. all shared a common
ancestor with the non-foot-flagging Pyxicephalid ~70 mil-
lion years ago. By contrast, the foot-flagging and non-foot-
flagging Dendropsophus in our study were separated from
each other by roughly half this time (~30 million years)
compared with our Ranidae and Micrixalus species. Finally,
as an additional comparison, we included the non-foot-
flagging X. laevis in our study. Xenopus laevis diverged
from the other taxa (Micrixiladae, Ranidae, Hylidae, etc.)
~150 million years ago.

Table 1: Foot-flagging species and their close non-foot-flagging relatives used in our study

Sample size (n)

Neural

Foot-flagging Population Thigh (brain and
Species Family behavior source muscles spinal cord)
Lithobates pipiens Ranidae Absent CS 5 3
Lithobates catesbeianus Ranidae Absent CS 5 6
Staurois parvus Ranidae Present® ZC 7 4
Pyxicephalus adspersus Pyxicephalidae Absent CS 8 10
Micrixalus kottigeharensis Micrixalidae Present® WwC 8 6
Micrixalus niluvasei Micrixalidae Present® WwC 8 8
Micrixalus elegans Micrixalidae Present” WwC 9 9
Dendropsophus leucophyllatus Hylidae Absent CS 9 10
Dendropsophus marmoratus Hylidae Absent CS 6 7
Dendropsophus kamagarini Hylidae Present* WwC 6 6
Xenopus laevis Pipidae Absent CS 5 4

Note: ZC = individuals from zoo collection; WC = individuals collected from wild population; CS = individuals obtained from commercial supplier but

bred and reared in seminatural conditions (see “Methods”).
* Grafe et al. (2012).
* Gururaja (2010); Preininger et al. (2013); Biju et al. (2014).
¢ Amézquita and Hodl (2004).
4 Included as an out-group in the omnibus analysis.
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We used only reproductively active adult males of each
species. This was verified by (i) conducting detailed be-
havioral observations of active courtship (displaying) and/
or sexual behavior (mate clasping) or (ii) documenting
the presence of nuptial toe pads and/or enlarged testes dis-
covered during dissection (see below). We obtained spe-
cies by collecting them from the field or by acquiring them
from private suppliers (including the Vienna Zoo) who
rear and breed frogs in conditions that closely mimic the
species’ natural environment (e.g., outdoor breeding ponds,
large indoor breeding enclosures with appropriate vegeta-
tion, temperature, humidity). Studies show that captive
frogs housed in this manner maintain steroid hormone
profiles that are similar to wild-caught individuals (Cod-
dington and Cree 1995; Germano et al. 2009; Narayan et al.
2010), helping ensure that species differences in androgenic
systems are not attributed to housing conditions. For field-
collected specimens, we captured Micrixalus species dur-
ing the breeding season in India, with M. niluvasei and M.
kottigeharensis coming from Agumbe Hobli (Karnataka
state) and M. elegans coming from Honey Valley Estate (Kar-
nataka state). We captured D. kamagarini during the breed-
ing season at Los Amigos Biological Station in Peru.

We euthanized individuals via rapid decapitation and
immediately dissected the thigh muscular system and CNS
(whole brain and spinal cord). As described elsewhere (Man-
giamele et al. 2016), we focused on thigh muscles because
they actuate the major movements that underlie the foot-flag,
including femoral extension, rotation, and retraction (Ptikryl
et al. 2009). We also focused on the whole CNS, as past work
shows that AR expression can be higher in these tissues (even
when measured at similar gross levels) in species that per-
form complex gestural displays (Feng et al. 2010; Fuxjager
et al. 2012). Note that we combined brain and spinal cord
samples, creating a single sample of neural tissue for each
species. For all dissections, we first preserved tissues with
RNAlater at 4°C overnight to allow infiltration into the tis-
sue and then transferred them to a —80°C freezer accord-
ing to the manufacturer instructions. The one exception
was Lithobates catesbeianus thigh muscle; these tissues
were too large to immerse in RNAlater in a manner that
was consistent with the other samples, so we quickly froze
them on dry ice. Past work suggests that flash freezing does
not appreciably influence measures of gene expression (in-
cluding AR messenger RNA [mRNA]) in muscle and neu-
ral tissue (Fuxjager et al. 2015). All samples were stored
continuously at —80°C until further processing (see below).

RNA Isolation and Reverse Transcription

Before extracting RNA from each sample, we carefully re-
moved any trace of tissue that was not muscle or CNS
(e.g., bone fragments, skin). We then homogenized each

sample in TRIzol reagent at medium speed for 30 s using
a rotor/stator homogenizer. We then used Zymo Direct-
zol RNA miniprep kits (Zymo Research, Irvine, CA) to
extract RNA, adding a phenol-chloroform separation step
to the procedure before proceeding to manufacturer’s in-
structions. After this procedure, we ran samples on a 1%
agarose gel to verify RNA integrity and to confirm the ab-
sence of genomic DNA. We ended this workflow by mea-
suring RNA concentrations with a NanoDrop (Thermo-
Fisher, model 1000) and storing the samples at —80°C until
further processing. All sample concentrations were greater
than 300 ng/uL.

We reverse transcribed RNA samples into complemen-
tary DNA (cDNA). To begin the process, we treated sam-
ples with RNase-free DNase I (New England Bioscience)
at 37°C for 20 min to ensure that traces of genomic DNA
were digested. We then subjected samples to a heat-
deactivated step at 75°C for 10 min to inactivate DNase
enzyme and thus prevent interference with cDNA synthe-
sis. Next, we added oligo (dT),, and dNTPs to 1 ug of total
RNA for each sample, incubating the mixture at 65°C for
5 min and then on ice for 1 min. We followed this step by
adding additional ingredients to mediate the reverse tran-
scriptase reaction, including SuperScript IV reverse tran-
scriptase, SuperScript IV buffer, dithiothreitol, and RNase-
OUT. We incubated samples at 55°C for 10 min, followed
by 80°C for 10 min, following the manufacturer’s instruc-
tions. When finished, we ran samples on a 1% agarose gel
and NanoDrop to confirm that cDNA was synthesized.

Identification of AR mRNA Sequence

We amplified segments of AR and glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) genes in each spe-
cies included in our study. We accomplished this using
degenerate AR primers and GAPDH primers, which were
developed in tingara frogs (Chakraborty and Burmeister
2010; Mangiamele et al. 2016). We performed polymerase
chain reactions (PCRs) using 40 ng from the CNS and
thigh muscle tissue of each species, mixing this with 0.5 uM
of forward primer, 0.5 uM of reverse primer, and OneTaq
2X master mix (New England Biolabs). We first ran reac-
tions at 96°C for 5 min and then subjected each sample
to 35 cycles of 96°C for 30 s, 55°C (AR) or 57°C (GAPDH)
for 30 s, and 68°C for 30 s. We completed these reactions
with a final extension step at 68°C for 5 min. PCR products
were then run on a 1% agarose gel and imaged to confirm
that amplified fragments equaled their expected size. Finally,
we excised PCR products from the gel and purified them
using a GeneJET PCR purification kit (ThermoFisher). We
then sent these samples to Eton Bioscience for Sanger
sequencing. Transcripts among the species were highly
homologous, with AR (between 81% and 95%) and GAPDH



(between 82% and 98%) exhibiting strong sequence identity
among anuran taxa.

Relative Quantitative PCR

We used quantitative PCR (qPCR) to measure levels of
AR transcript (mRNA) expression in thigh muscle and
CNS tissue of all 11 species. When using this technique,
accurate quantification of any gene of interest requires
that transcript abundance be standardized to an internal
control gene (i.e., housekeeping gene), which is expressed
equally across all tissues/samples subject to experimental
comparison. The use of one housekeeping gene is a com-
mon practice, assuming that it is constitutively expressed
for the tissues under investigation (Bauer et al. 2018; No-
wicki et al. 2020; Sikkink et al. 2020). Here, we use the
housekeeping gene GAPDH, which is a stable reference
gene in frogs (Park et al. 2006; Nogawa-Kosaka et al.
2010; Trujillo et al. 2015) and is suitable for both skeletal
muscle (Jemiolo and Trappe 2004; Mahoney et al. 2004;
Touchberry et al. 2006) and neural tissues (Gebhardt et al.
2010; Stassen et al. 2015). Moreover, we confirmed that

Hormonal Basis of Behavioral Convergence 527

amplification levels of GAPDH were similar among spe-
cies for both thigh muscles and neural tissue (two-way
ANOVA; species effect: F 5,3 = 1.22, P = .28; tissue ef-
fect: F, 53 = 2.93, P = .09; species X tissue: F\; ;3 = 1.54,
P = .13). Only one species in our study—S. parvus—
showed signs of higher GAPDH specifically in the CNS
compared with the other taxa (albeit not enough to drive
a statistically significant effect in our analysis above). To
verify that this particular species did not influence any of
our findings regarding differences in AR in the CNS, we
reran analyses that incorporated these variables without
S. parvus and found no difference in any statistical out-
come (¢t = 1.015, A <0.01, P = .340). Thus, any per-
ceived anomaly in GAPDH expression in the CNS of S.
parvus had little effect on our results.

Detailed descriptions of qPCR workflow, optimized to
study gene expression in nonmodel frog species, are
outlined elsewhere (Mangiamele et al. 2016). Briefly, we
performed reactions using an Applied Biosystems Quant-
Studio 3 machine with species-specific primers (table 2)
designed from the amplified segments of the AR and
GAPDH genes described above. We followed best practice

Table 2: Forward and reverse primers for each species used in quantitative polymerase chain reaction (qPCR)
to measure androgen receptor (AR) expression and gylceraldehyde-3-phosphate dehydrogenase (GAPDH) expression
in the thigh musculature and neural tissue

Species, gene

Forward primer

Reverse primer

Staurois parvus:

AR AATGCCTTTGCCCACTTCAC

GAPDH CAACAACATACATGGGGGCATC
Xenopus laevis:

AR TGCCAGCCTATCTTCCTGAATG

GAPDH ACAGTCCATGCTTTCACTGC
Lithobates pipiens:

AR AATGCCTTTGCCCACTTCAC

GAPDH CAACAACATACATGGGGGCATC

Lithobates catesbeianus:
AR

AATGCCTTTGCCCACTTCAC

GAPDH CAACAACATACATGGGGGCATC
Micrixalus kottigeharensis:

AR TGACAACAACCAGCCTGACA

GAPDH CTGGCTCCTCTTGCAAAGGT
Micrixalus niluvasei:

AR TGACAACAACCAGCCTGACA

GAPDH CTGGCTCCTCTTGCAAAGGT
Micrixalus elegans:

AR TGACAACAACCAGCCTGACA

GAPDH ACTGTCCATGCTTACACTGC

Pyxicephalus adspersus:
AR
GAPDH

Dendropsophus leucophyllatus:

AR
GAPDH

GGACATGTTTGGTGTCATCTCTC
GTCCATGCTTACACTGCTACAC

AGTGGGCAAAGGCATTACCA
GTCCATGCTTACACTGCTACAC

AACCAGCCTGACAGTTTTGC
ACCATGAAAAGGCTTCTGC

AGCAAAGCAAAGCTGTGCTGG
ACTTTTCCGACAGCCTTTGC

AACCAGCCTGACAGTTTTGC
ACCATGAAAAGGCTTCTGC

AACCAGCCTGACAGTTTTGC
ACCATGAAAAGGCTTCTGC

TGGTAATGCCTTTGCCCACT
AGCATGGACAGTGGTCATCA

TGGTAATGCCTTTGCCCACT
AGCATGGACAGTGGTCATCA

TGGTAATGCCTTTGCCCACT
ATGTTCTGTCCAGCACCTCT

AGAAGTTGGGTAATCTGAAGGC
ATGTTCTGTCCAGCACCTCTG

ATAAGGCCCATCCAGGAGTACT
ATGTTCTGTCCAGCACCTCTG
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Table 2 (Continued)

Species, gene

Forward primer

Reverse primer

Dendropsophus marmoratus:

AR AGTGGGCAAAGGCATTACCA
GTCCATGCTTACACTGCTACAC

GAPDH

Dendropsophus kamagarini:

AR AGTGGGCAAAGGCATTACCA
GTCCATGCTTACACTGCTACAC

GAPDH

ATAAGGCCCATCCAGGAGTACT
ATGTTCTGTCCAGCACCTCTG

ATAAGGCCCATCCAGGAGTACT
ATGTTCTGTCCAGCACCTCTG

guidelines for designing robust and effective gPCR prim-
ers, which are outlined elsewhere (Nolan et al. 2006; Bus-
tin et al. 2009; Johnson et al. 2014). Each qPCR reaction
contained 100 ng of cDNA, 0.9 mM of forward primer,
0.9 mM of reverse primer, and SYBR green master mix
(Applied Biosystems). We ran reactions with the following
parameters: 50°C for 2 min, 95°C for 10 min, and 40 cycles
of 95°C for 15 s and 60°C for 1 min. We then ran a final
dissociation stage that consisted of 95°C for 15 s, 60°C
for 30 s, and 95°C for 15 s. We always included no-template
controls in our runs, none of which showed evidence of
amplification. We ran all samples in duplicate, using the
standard curve method to quantify relative expression
of AR based on pooled cDNA samples from muscle and
CNS tissue of multiple individuals (Pfaffl 2001). Reaction
efficiencies for all qPCR runs used in our data set were
between 90% and 110%, reflecting best practice in the
field.

We also implemented two main standard quality con-
trols for our data. First, we checked that dissociation curves
of both genes in all species produced a single sharp peak.
This indicates that our reactions reliably amplified a single
amplicon across taxa. Second, we used mRNA values asso-
ciated with cycle threshold levels that did not exceed 35,
which is considered the threshold above which contamina-
tion can influence the results (Nolan et al. 2006). The raw
data have been deposited in the Dryad Digital Repository
(https://doi.org/10.5061/dryad.3n5tb2rhh; Anderson 2021).

Statistical Analyses

We used a pruned ultrametric phylogenetic tree of anu-
rans from Pyron and Wiens (2011) for all of our analyses.
This tree includes all of the species used in our current
study; however, two species in the tree—M. niluvasei and
Dendropsophus parviceps—were recently split into addi-
tional taxa. In both cases, we collected individuals at or near
populations whose sequences are included in the original
Pyron and Wiens (2011) phylogeny, and thus our (i) Mi-

crixalus fuscus is similar to M. niluvasei and (ii) D. kama-
garini is similar to D. parviceps.

We first tested whether there is correlated evolution be-
tween foot-flagging behavior and levels of AR mRNA ex-
pression in thigh muscle and CNS tissues (see above). We
conducted this analysis using the phylolm package (Ho
et al. 2018) and thus ran a phylogenetic linear regression
model with the presence or absence of foot-flagging as-
signed as a categorical independent variable and species’
average AR mRNA level assigned as a continuous depen-
dent variable. We simultaneously fitted the two models
with maximum likelihood estimates of Pagel’s coefficient
of relatedness A to estimate phylogenetic signal and ac-
count for relatedness between species (Pagel 1999; Revell
2010). This approach allows traits to evolve under modi-
fied Brownian motion (BM) in which 0 < A < 1. Esti-
mates of A that are closer to 0 indicate that traits are evolv-
ing in a way that is more independent of the phylogenetic
relatedness across taxa, whereas estimates of A that are
near (or at) 1 indicate that traits are evolving under com-
plete BM.

We next wanted to examine whether patterns of the cor-
related evolution between foot-flagging and AR expression
in thigh muscle showed signs of differing across three ma-
jor anuran clades. We conducted this analysis using a phy-
logenetic independent contrast (PIC) comparative approach,
in which the interclade relationship of correlated evolution
is assessed through the magnitude of single PIC values for
each clade (Felsenstein 1985; Garland 1992). This method
allowed us to qualitatively compare the contrast in AR tran-
script levels in thigh muscle between foot-flagging species
and non-foot-flagging relatives between anuran clades while
simultaneously conserving phylogenetic relatedness. To do
this, we used the PIC function from the package ape (Para-
dis et al. 2004) to first calculate standardized, single PIC
values for each clade, contrasting the mean AR values of
foot-flagging species to non-foot-flagging species. To en-
sure that each clade had only two nodes for the contrast,
we took the PIC from the most recent nodes that connect
our non-foot-flagging and foot-flagging species. We then
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compared the subsequent standardized PIC values for each
clade, interpreting a higher PIC score as evidence that, within
a given clade, the foot-flagging species evolved higher lev-
els of AR mRNA in thigh muscle than non-foot-flagging
relatives. Furthermore, to evaluate differences in the evolu-
tionary response of thigh muscle AR among clades, we com-
pared observed PIC values with simulated PIC values derived
from a null distribution of thigh muscle AR values gener-
ated from non-foot-flagging species. To do this, we created
a normal distribution of AR mRNA levels from the mean
and standard deviations associated with each non-foot-
flagging species. We then used values from this distribution
to simulate AR values 100 times across our entire phylog-
eny (including the foot-flagging species) under a single-rate
BM model using the fastBM function from the R package
phytools (Revell 2012). We constrained our models to value
ranges seen only in our non-foot-flagging species, and after
each simulation, we calculated PIC values at the focal nodes
for our three clades. We then compared these simulated
PIC values from the null model with our actual observed
PIC scores. In total, we repeated this procedure 100 times,
using the proportion of times that simulated PIC values ex-
ceed the observed PIC values as a P value that reflects a dif-
ference between the data (null vs. observed).

Because elements of sexually selected traits often show
greater standing variation than non-sexually-selected traits
(Ryan and Keddy-Hector 1992; Pomiankowski and Moller
1995; Rodriguez and Greenfield 2003; Hosken and Stockley
2004; Johnston et al. 2013), we assessed whether standing
variation in AR levels of the thigh musculature differed be-
tween foot-flagging and non-foot-flagging taxa. We there-
fore calculated variance in AR abundance in thigh muscle
for each species, then we ran F-tests to compare the variance
of each foot-flagging species with that of its non-foot-
flagging relatives. Higher standing variation in foot-flagging
species may indicate that trait’s potential susceptibility to
evolution by sexual selection (David et al. 2000). We recog-
nize that variation in AR expression may also come from
qPCR measures, but such effects should be distributed
equally among taxa in our analysis.

Last, we tested whether species variation in the com-
plexity of foot-flagging routines was associated with spe-
cies differences in AR of the thigh muscle and neural tissue.
Often, foot-flagging is one component of a multimodal dis-
play in which frogs also vocalize and perform a series of
other gestures (e.g., toe taps). Micrixalus species seem to each
possess a similar number of these display components in
their signaling routines, and thus we can focus on only the
foot-flagging component to define differences in the com-
plexity of their display repertoire. Thus, we define foot-
flagging display complexity by the number of limbs simul-
taneously used in the display. We compared three Micrixalus
species: M. niluvasei and M. kottigeharensis, which have
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simpler foot-flagging routines (single foot-flags), and M.
elegans, which has more a complex routine (simultaneously
foot-flags with both hind limbs). Using the package lme4
(Bates et al. 2014), we compared these species by running
linear models in which species was the independent vari-
able and AR mRNA abundance was the dependent vari-
able. Significant effects were followed by a Tukey’s honestly
significant difference post hoc analysis.

All analyses were run in R Studio (https://www.rstudio
.com), an integrated environment for R (https://www.r
-project.org). We used the standard Tukey method to iden-
tify and remove extreme outliers from the data set (values
that were three times greater or lower than the population
interquartile range; Tukey 1977). Accordingly, this heuris-
tic suggested removing one value each for S. parvus, L. cates-
beianus, and Dendropsophus marmoratus. We then applied
alog transformation to our raw data to ensure that they were
normally distributed for subsequent parametric analyses.

Results
Interspecific Variation across Anuran Phylogeny

If similar modifications to the androgenic system underlie
the convergent evolution of foot-flagging behavior, then
distantly related taxa that produce this display should
similarly express elevated AR in the thigh muscles com-
pared with non-foot-flagging frogs. We tested this idea by
quantifying AR transcript abundance in the thigh muscle
and CNS of five unrelated foot-flagging taxa, as well as their
non-foot-flagging relatives. Our phylogenetic linear regres-
sion model shows that the presence of foot-flagging posi-
tively predicts high levels of AR expression in the thigh
musculature (f = 4.093, A <0.01, P = .003; fig. 2a) but
not in the CNS (t = 1.071, A <0.01, P = .312; fig. 2b).
Moreover, species differences in muscular AR abundance
are not associated with AR abundance in the CNS (¢t =
1.347, A < 0.01, P = .211). These results therefore collec-
tively point to correlated evolution between foot-flagging
behavior and AR levels in the peripheral tissues that actuate
this signal.

Mosaic Correlated Evolution between Foot-
Flagging and Muscular AR

We next explored whether correlations between foot-
flagging and muscular AR differed across the phylogeny by
comparing PIC values among the clades (fig. 3). For Stau-
rois parvus and the Micrixalus species, PIC values were
high—0.0230 and 0.0312, respectively—and both were sta-
tistically distinguishable from PIC values derived through a
simulated null scenario (both species: P < .01). Mean-
while, the PIC value between Dendropsophus kamagarini
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Figure 2: Boxplots of androgen receptor (AR) messenger RNA expression in the thigh musculature (a) and neural (central nervous system;
b) tissue between foot-flagging and non-foot-flagging species. For each boxplot, the central line represents the median of the data; the top
and bottom of the box represent the first and third quartiles, respectively; and the whiskers represent 1.5 times the interquartile range. Sig-
nificant differences between groups (P < .05) are denoted with an asterisk.

and its non-foot-flagging relatives was much lower—
0.0117—and it was statistically indistinguishable from
the null model (P = .320). These results indicate that dif-
ferences in AR transcript abundance in hind limb muscles
between foot-flagging taxa and their non-foot-flagging rel-
atives were greatest for both the Micrixalus frogs and the
Ranids.

Intraspecific Variation between Foot-Flagging
and Non-Foot-Flagging Species

We compared levels of standing variation in muscular AR
expression of the different species within each clade, ex-
pecting that foot-flagging species would show greater var-
iation than their non-foot-flagging relatives. This predic-
tion is based on the observation that components of sexual
traits often show greater phenotypic variation than non-
sexual ones. Indeed, our analyses show significant species
differences in patterns of standing variation in AR tran-
script abundance of the thigh musculature (fig. 4). For Ra-
nidae, S. parvus shows higher standing variation compared
with its non-foot-flagging relatives (Lithobates pipiens: Fs , =
1,533.2, P <.001; Lithobates catesbeianus: F,, = 204.3,
P < .001). For Micrixalidae, Micrixalus niluvasei (F,, =
11.78, P = .004) and Micrixalus elegans (Fy, = 31.67,
P <.001) both show higher standing variation compared
with the non-foot-flagging Pyxicephalus adspersus. How-
ever, we also find that standing variation is similar between
some foot-flagging species and their non-foot-flagging rel-

atives. Micrixalus kottigeharensis (F, , = 3.201,P = .148)
shows levels of standing variation similar to P. adspersus,
whereas D. kamagarini shows standing variation similar
to both Dendropsophus leucophyllatus (Fy s = 4.133, P =
.135) and Dendropsophus marmoratus (Fs s = 0.305, P =
.219). These findings partially conform to our expectations
of variation in a sexually selected trait, if sexual selection in
fact drives the evolution of foot-flagging.

Interspecific Variation within the Family Micrixalidae

In a final analysis, we examined whether species variation
in the complexity of foot-flagging routines predicts rela-
tive levels of AR in thigh muscles and CNS in Micrixalus
frogs. Past work shows that M. kottigeharensis foot-flags
by extending and lifting one hind limb at a time, slowly
arching it outward and then backward to display translu-
cent gray foot webbing. Similarly, M. niluvasei extends,
lifts, and arches one hind limb at a time to display dark
reflective foot webbing. By contrast, M. elegans exhibits
a more complex display routine, in that either it foot-flags
one leg at a time like the other two taxa or it simulta-
neously extends both hind limbs backward while arch-
ing the appendages to display bright white foot webbing.
In this sense, M. elegans maintains a more complex display
repertoire than its congeners. Contrary to our initial pre-
dictions, we find no difference in AR mRNA levels among
these three species with respect to the thigh muscles
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Figure 3: Plots showing cladal differences in correlated evolution between foot-flagging thigh muscle androgen receptor (AR) messenger
RNA expression. The phylogeny on the left showcases the foot-flagging and non-foot-flagging species that are members of each clade
(denoted by separate gray boxes; top to bottom: Ranidae, Micrixalus, and Hylidae). Asterisks denote foot-flagging species, whereas crosses
denote non-foot-flagging species. Adjacent to the phylogeny are the single phylogenetic independent contrast (PIC) scores, with higher scores
representing a higher contrast in thigh muscle AR transcript level between foot-flagging and non-foot-flagging species. Note the P values, which
indicate whether the observed PIC value was significantly different (P < .05) than the PIC value derived from a simulated null distribution.

(Fa,, = 0.36,P = .70; fig. 5). However, we do find a spe-
cies difference in AR transcript abundance in the CNS
(Fa2 = 59.1, P <.001; fig. 5), with post hoc tests show-
ing that M. elegans expresses less AR mRNA in neural tis-
sue than either M. kottigeharensis (P < .001) or M. niluvasei
(P <.001), although the latter two species were statistically
indistinguishable from one another (P = .310).

Discussion

Through a series of comparative analyses, our findings sug-
gest that convergent evolution of a novel display in frogs
arises through common adaptations to the androgenic hor-
mone system. This conclusion is based on a positive corre-
lated evolutionary relationship between an unusual dance
display—the foot-flag—and significantly elevated levels of
AR transcription in the musculature that actuates this be-
havior (Ptikryl et al. 2009). Importantly, such a relationship
is not evident in the nervous system, a finding that is con-
trary to past work that indicates that gross measures of AR
in the CNS are similarly higher in taxa that produce highly
elaborate gestural displays (Feng et al. 2010; Fuxjager et al.
2012). Accordingly, we hypothesize that elevated AR in the
thigh muscles is an adaptive trait, given that androgenic ac-
tivation of these receptor populations likely promotes foot-

flagging behavior when males compete for access to female
mates and resources (Mangiamele et al. 2016; Mangiamele
and Fuxjager 2018). Selection for foot-flagging may there-
fore proceed in unrelated taxa by driving similar specializa-
tions to the endogenous androgenic system of specific tissues
within the body.

We also report evidence that the magnitude of the evo-
lutionary change in thigh muscle AR and its association
with the origins of foot-flagging vary among species. For
instance, we find striking phylogenetic differences in con-
trast values for thigh muscle AR between foot-flagging spe-
cies and their non-foot-flagging relatives. For Staurois par-
vus and the Micrixalus species, levels of muscular AR result
in a high PIC value compared with their non-foot-flagging
relatives. However, for Dendropsophus kamagarini, AR lev-
els appear to evolve only a slight increase alongside the
emergence of foot-flagging. Explaining why these differ-
ences exist is challenging because the answer is likely linked
to a host of factors related to each of the species’ biogeog-
raphy, ecology, physiology, and so on (see below for a dis-
cussion of physiological factors). Nonetheless, the results
suggest that the robust correlated evolution between foot-
flagging displays and components of the androgenic system
evolves in a mosaic fashion, whereby the rate and magni-
tude of change in endocrine phenotype differs among taxa.
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Standing variation in muscular AR is generally greater
in many foot-flagging frogs compared with their non-foot-
flagging relatives. These effects are most pronounced in
S. parvus and the Micrixalus frogs (except for M. kottige-
harensis). Past work suggests that standing variation itself
provides a route for selection to drive phenotypic adapta-
tion (Prezeworski et al. 2005; Chenoweth and McGuigan
2010; Lai et al. 2019; Olofsson et al. 2019), with several stud-
ies pointing out that many sexually selected traits are far
more variable than ones not under sexual selection (Ryan
and Keddy-Hector 1992; Pomiankowski and Moller 1995;
Rodriguez and Greenfield 2003; Hosken and Stockley 2004;
Johnston et al. 2013). Thus, greater variation in muscular
AR in foot-flagging frogs could provide a route for hormone-
mediated gestural displays to evolve and perhaps even serve
as a signature of these effects over time. Discussion of how
this variation is maintained while under intense selection
is beyond the scope of this article (but see Tomkins et al.
2004; Bonilla et al. 2016), and questions remain about why
other foot-flagging species like D. kamagarini do not show
greater standing variation in AR. Nevertheless, these dif-
ferences speak to the complex history of the coevolutionary
ties between innovation in anuran display behavior and AR
levels.

Finally, we find no evidence that levels of muscular AR
transcription in the Micrixalus frogs vary with the overall

complexity of their foot-flagging routines. Micrixalus ele-
gans can produce foot-flags with either one hind limb or
both hind limbs simultaneously, whereas the other two
Micrixalus spp. foot-flag with only one leg at a time (Biju
et al. 2014; M. J. Fuxjager, D. Preininger, and K. V. Guru-
raja, personal observations). Past work in other species
indicates that muscular AR positively correlates with the
overall complexity of species’ display routines, particularly
when complex displays are considered as those in which
more discrete movement patterns are deployed in a signal-
ing routine (sensu Fuxjager et al. 2015). Our findings in
frogs do not support this idea, showing instead that a more
complex foot-flagging routine does not necessarily occur in
species that express more AR in their thigh. It is possible
that the species differences in the complexity of foot-
flagging routines are not great enough to observe a marked
difference in muscular AR expression or that selection for
foot-flagging in this family has driven the evolution of thigh
vmuscle AR to a level that is functionally suitable to support
the behavior and all of its variations. Alternatively, it is also
possible that these particular differences in display complex-
ity among Micrixalus are associated with differences in the
androgenic regulation of the specific spinal cord motor cir-
cuits that control coordination of limb movements (Erulkar
and Soller 1980). Testing this hypothesis would require mea-
suring AR expression in lumbar spinal cord motoneurons via



Q
N—

Thigh Muscle AR (Arbitrary Units)

M. elegans| M. kottigeharensis M. niluvasei

Hormonal Basis of Behavioral Convergence 533

b)

5 * ‘
2 4 ‘
c
)

5 |
Y
5 3
<
o
<
g 2 |
[}
(2}
g
©
3 1
T ==
0

M. elegans M. kottigeharensis M. niluvasei

Figure 5: Boxplots showing the androgen receptor (AR) messenger RNA expression in the thigh musculature (a) and neural (central nervous
system; b) tissue of three Micrixalus species that vary in the complexity of their foot-flagging display. Micrixalus elegans has a more complex
display routine, in which it either foot-flags with one leg or extends both legs simultaneously. Micrixalus kottigeharensis and M. niluvasei have
less complex display routines, in which they extend only one leg at a time. Each species’ boxplot denotes individual AR expression values, with
the central line representing each species’ median and the top and bottom lines representing the first and third quartiles, respectively. The
whiskers show 1.5 times the interquartile range. Significant differences between groups (P < .05) are denoted by an asterisk.

in situ hybridization, as qPCR can measure only overall tis-
sue expression and not AR levels in specific cell populations.

Of course, we also find that M. elegans, the species with
the more complex foot-flagging routine, shows significantly
lower levels of AR transcripts in its neural tissue compared
with the other Micrixalus taxa. On one hand, this result
seems counterintuitive given that one might not expect a spe-
cies with a more complex display routine to have less AR
expression (see comments above). Yet these data are consis-
tent with the idea that positive evolutionary relationships be-
tween elaborate gestural signaling and AR (or other mech-
anisms that enhance androgenic action such as through
cofactors or local T synthesis) arise at the level of skeletal
muscle and not the nervous system. This notion also lines
up with our results showing no association between foot-
flagging behavior and AR in the CNS more generally across
all taxa in this study, as well as the broader idea that any
number of ecological, physiological, and/or phylogenetic
factors influence the evolution of the androgenic system in
amosaic fashion (at least through a macroevolutionary lens).

Androgenic Hormone Systems as a Physiological
Conduit for Behavioral Innovation

Understanding the physiological basis of behavioral evo-
lution is a major goal of organismal biology. Our data ad-

dress this topic by pointing to androgenic hormone sys-
tems as a powerful conduit for the emergence of novel
reproductive displays. In other words, when sexual selec-
tion favors the evolution of behavioral traits that demand
specialized performance capability, it may proceed by si-
multaneously driving the evolution of AR systems in the
associated skeletal muscles (Fusani et al. 2014a; Fuxjager
and Schlinger 2015; Schuppe and Fuxjager 2019). Such ef-
fects can alter an organism’s performance landscape, al-
lowing individuals to produce novel motor patterns and
altogether new types of behavior (Regnier and Herrera
1993a; Chambon et al. 2010; Wyce et al. 2010; Fuxjager
etal. 2017). This idea nicely dovetails with our current un-
derstanding of how androgens influence muscle—namely,
they can regulate muscle cell growth (Michel and Baulieu
1980; Brantley et al. 1993), fiber type composition (Sassoon
etal. 1987; Holmes et al. 2007), calcium handling (Fuxjager
etal. 2012), and even morphological features of the tissue’s
innervating motor neurons (Rand and Breedlove 1995).
Such effects occur in a wide range of species, suggesting
that androgens’ ability to influence muscle structure and
function is a trait that arose deep within the vertebrate lin-
eage. Bearing all of this in mind, we expect that AR-muscle
interactions create an evolutionary path of least resistance
in which selection can more easily refine the evolution of
motor control (sensu Schluter 1996).
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From the perspective of evolutionary endocrinology,
our data also support principles of the evolutionary po-
tential hypothesis (EPH), which posits that components
of sex steroid signaling systems can evolve independently
of each other (Finch and Rose 1995; Hau 2007). Such ef-
fects may explain how changes in the reproductive phe-
notype arise during the course of evolution; for example,
increasing receptor levels in one specific target tissue ver-
sus another may support the emergence of a particular
trait. In our case, we see increases in AR expression in thigh
muscles but not in the CNS of species that generate foot-
flags, which (as we propose above) may represent a tissue-
specific change to the androgenic systems that help medi-
ate the display’s performance. We also find that AR in the
thigh muscle of foot-flagging frogs is not associated with
AR expression in the CNS itself. This result also buoys
the idea that changes in AR expression can occur indepen-
dently across different target tissues (at least on a macro-
evolutionary scale), as elevated expression of AR appears
to arise in muscle without a concomitant increase in AR ex-
pression elsewhere. Of course, our measures of AR expres-
sion in the CNS are quite gross—foot-flagging species may
therefore show higher levels of AR in a few specific brain
areas related to motor control, which in turn could be re-
lated to AR in the thigh. Such an effect would still support
the EPH, as it would further reveal exquisite tissue- and/or
nuclei-specific differences in AR expression linked to be-
havioral evolution. Future work will explore this issue by
examining how neuroendocrine control changes to sup-
port the emergence of foot-flagging displays.

We should also note that EPH is fully consistent with
our finding of mosaic correlated evolution between foot-
flagging and AR abundance. In fact, bridging these two
frameworks potentially provides insight into likely com-
plexity of hormone systems diversification. We expect
that species variation in the threshold at which androgen
action regulates display output (Gupta et al. 1974) plays
an important role in determining the extent to which AR
levels evolve in a given frog. For instance, the Micrixalus
species and S. parvus may transcribe higher levels of AR
in the thigh muscle because they all require more robust
androgenic stimulation of the musculature to generate a
foot-flag compared with D. kamagarini. This pattern could
be the result of species differences in circulating T levels
among the taxa in our study; for example, Micrixalus
spp. and S. parvus may have lower levels of circulating T
relative to D. kamagarini and thus need higher levels of
AR in their thigh to support the necessary androgenic reg-
ulation of these tissues. Another possibility is that higher
or lower levels of AR evolve to balance species differences
in the composition of intracellular machinery that trans-
duces AR’s effect. If, for instance, D. kamagarini expresses
abundant coactivator in its thigh (which enhances andro-

genic effects on the genome), then lower levels of AR ex-
pression may be sufficient to sustain foot-flagging. Certainly,
species vary markedly in cofactor expression profiles, lend-
ing credence to this idea (Fuxjager and Schuppe 2018). A
final explanation is that functional effects of AR differ
across anurans because of variation in the genomic enrich-
ment of androgen response elements (AREs), which is where
ligand-bound AR interacts with the DNA to regulate gene
expression (Fuxjager et al. 2016; Cox 2020). If taxa such as
Micrixalus spp. and S. parvus have relatively lower genetic
enrichment of AREs, then expressing more AR may be one
way (among many) to overcome these effects.

Endocrinology of Convergent Evolution

More broadly, we hypothesize that endocrine systems play
an important role in facilitating convergent evolution of
several traits across the tree of life. This idea is based on
two main lines of evidence. First, hormones often show
functional biases toward the regulation of certain behav-
iors. Neuropeptides are prime examples—oxytocin and
its homologues mediate pair bonding and social attach-
ment in mammals, birds, and fish (Oldfield and Hofmann
2011; Pedersen and Tomaszycki 2012; Scheele et al. 2013;
Numan and Young 2016), whereas arginine vasopressin
and its homologues typically regulate facets of territorial-
ity, aggression, and/or species recognition among mam-
mals and fish (Insel et al. 1994; Young 1999; Bester-
Meredith and Marler 2001; Oldfield and Hofmann 2011).
As discussed above, AR similarly shows functional biases,
influencing sexual motor control in a wide range of species
through actions at the level of the muscle (Sassoon et al.
1987; Brantley et al. 1993; Regnier and Herrera 1993b; Veney
and Wade 2004; Holmes et al. 2007; Feng et al. 2010; Fux-
jager et al. 2015; Mangiamele et al. 2016; Schuppe et al.
2017; Johnson et al. 2018; Schuppe and Fuxjager 2019).
Taken together, these findings suggest that selection on
specific suites of behavior may occur most efficiently through
targeted effects on distinct arms of the endogenous endo-
crine system.

The second line of support for our hypothesis centers
around the fact that endocrine systems are likely highly
labile, easily responding to selection pressure. This is be-
cause even slight changes to the expression profile of hor-
mone receptors and their underlying signaling machinery
can confer major changes to the functional outcome of
hormone action, particularly with respect to behavior. In-
deed, changes to systems of gene regulation—such as re-
ceptor expression—can provide a powerful pathway for
phenotypic adaptation (Abzhanov et al. 2006; Rebeiz et al.
2009; Manceau et al. 2011). Researchers even speculate
that when gene regulation facilitates evolution, phenotypic



change can occur more rapidly (Harrison et al. 2012). Fu-
ture work will be needed to explore this idea further. Ide-
ally, we can begin to produce large-scale comparative stud-
ies that chart how hormone receptor distributions change
over time and potentially change alongside adaptive shifts
in behavior. Such work certainly promises to uncover key
insights into how selection leverages endocrine function-
ing to solve common environmental problems that ani-
mals face.

Conclusions

Our work suggests that convergent evolution of an an-
uran dance display is associated with similar modifica-
tions to the androgenic hormone system, specifically, in-
creased AR expression in the thigh musculature; however,
the evolutionary path of this relationship varies across
taxa. These data support the hypothesis that androgen-
muscle regulation provides a common conduit for selec-
tion to drive the evolution of adaptive motor command.
We suspect that this occurs because hormone systems ex-
hibit a propensity to govern specific behavioral traits, making
them evolutionary paths of least resistance for phenotypic
innovation.
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