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Abstract

Social hierarchies are ubiquitous in social species, yet the mechanisms underlying social status
are unclear. In the African cichlid fish Astatotilapia burtoni, males stratify along a dominance
hierarchy that varies based on testes mass, coloration, and behavior. Using androgen receptor
(AR) mutant A. burtoni generated using CRISPR/Cas9, we find that two AR genes control social
dominance. AR, but not AR ¢, is required for testes growth and bright coloration, while AR,
but not AR, is required for the performance of reproductive behavior and aggressive displays.
Neither receptor is required for attacking males. Analysis of AR double mutants revealed that ei-
ther AR is sufficient for attacking males. Social status in A. burtoni males is modularly con-
trolled by AR« and AR, indicating that these genes have undergone subfunctionalization.

One Sentence Summary: Genetic dissection of social dominance in a cichlid using
CRISPR/Cas9 gene editing reveals dissociable roles for distinct androgen receptor genes.

Main text

Social animals - such as humans, non-human primates, mice, and fish - often organize
into hierarchies (/). Within these social hierarchies dominant and non-dominant individuals ex-
ist, differing markedly along multiple behavioral and physiological dimensions. Dominant indi-
viduals typically behave more aggressively and have more mating opportunities than non-domi-
nant individuals. Higher-ranking animals also tend to have higher levels of sex steroid hormones
such as androgens (e.g., testosterone) and estrogens and larger gonads. Despite these compelling
patterns, the mechanistic basis of social status remains to be established. Understanding what
controls social status is important for several reasons. For instance, the underlying mechanisms
of social status likely are involved in an animal’s ability to interpret and navigate their social
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environment successfully, the mechanisms of which are unclear (2). Moreover, while it is known
that social status can profoundly impact physical and mental health (3), the underlying molecular
mechanisms are not known.

The African cichlid fish Astatotilapia burtoni is a particularly well-powered species for
resolving this question (2, 3). In the laboratory, as in nature, male A. burtoni exist as either non-
dominant or dominant in a social hierarchy (Fig. 1A-B). A clear axis of trait variation delineates
the two social statuses. Non-dominant individuals are drably colored, possess small testes, flee
from dominant individuals, and have low levels of androgens (Fig. 1A). Dominant individuals
exhibit bright coloration, possess large testes, perform aggressive and reproductive behaviors,
and have high levels of androgens (Fig. 1B).

In A. burtoni, as well as other systems, it has been hypothesized that androgen signaling
promotes dominant social status (4). Androgens exert their effects by binding to the androgen re-
ceptor (AR) (5). Once bound by androgens, AR alters the expression of numerous genes with
varying, and at times fine-scale, effects on physiology, morphology, and behavior. For example,
pharmacological blocking of AR in male 4. burtoni inhibits courtship but not aggressive behav-
ior, suggesting the existence of context-specific and modular control of behavior via AR signal-
ing (6, 7). However, pharmacological approaches are limited due to the potential for off-target
effects. Additionally, due to a whole-genome duplication (WGD) event specific to teleost fish
(8), A. burtoni possesses two AR genes - ARa and AR (Table S1). Thus, it is unclear whether
pharmacological manipulations block ARa, ARS, or both, indicating that pharmacological ma-
nipulations cannot definitively determine which AR regulates social status in these systems. Sim-
ultaneously, this WGD event provides a boon for disentangling the role of genetic sub-function-
alization after duplicating (9). With this in mind, we used gene editing to produce novel A. bur-
toni AR mutants and performed a suite of experiments interrogating the mechanistic bases of
their contributions to social dominance.

We generated mutant fish possessing frameshift AR« or AR [ alleles using CRISPR/Cas9
gene editing (/0). Two single-guide RNAs against AR« or AR and Cas9 mRNA (71, 12) were
injected into embryos at the single-cell stage (/3) after which frameshift mutant alleles were
identified for both genes. AR mutants possessed a total deletion of 50 basepairs (bp) (AR0)
and AR mutants possessed a deletion of 5 bp (ARf34) (Fig. 1C). For the wild-type and mutant
alleles we determined the predicted amino acid sequences and protein tertiary structure (fig. S1)
(/4). Both mutant alleles contained premature stop codons that yielded predicted truncated
amino acid sequences compared to wild-types (fig. S1A-B). Analysis of the predicted tertiary
structure of wild-type and mutant ARa and AR revealed profound differences, with mutant ver-
sions of each protein lacking the complex tertiary structure observed in the wild-type versions
(fig. S1C-D). Thus, the frameshift alleles we generated for AR and AR are highly likely to be
completely non-functional. Gy injected fish were then outcrossed with wild-type fish to generate
heterozygous mutants (that were subsequently intercrossed). Heterozygous mutants of either
genotype (ARa?™ or ARB*"") were crossed to yield offspring of homozygous wild-types
(AR or ARB"""), heterozygous mutants (ARa*"" or AR**"), and homozygous mutants
(ARa#4 or AR44).

Do AR mutants display altered patterns of social dominance? To address this, we housed
adult male fish from each cross for 4-12 weeks in stable dominant tanks (Fig. 1D), a housing en-
vironment that has been shown previously to reliably permit the full suite of social dominance
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traits (7, 15, 16). Fish were then assayed for three key traits related to social dominance: colora-
tion, behavior, and testes mass (/7) (Fig. 1E-G). First, individuals were removed and photo-
graphed (Fig. 1E; Supplementary Materials) followed by fin-clip removal (for subsequent geno-
typing). Each fish was then placed into a dyad assay tank (Fig. 1E-F). In a dyad assay a focal fish
(in this case, a fish from the stable dominant tank) is housed with a smaller stimulus male, three
females, and a terra cotta pot simulating a potential mating site (9) (Fig. 1F). For the next two
days fish were recorded from 8am-2pm. At 2 pm on the second day, focal fish were removed
from the dyad assay tank and standard length, body mass, and testes mass were recorded. Blood
was also collected for analysis of androgen levels. There was no effect of ARa or ARf genotype
on standard length or body mass (fig. S2).

Variation in testes mass was measured first. We found that both AR« or AR are required
for normal testes mass, but in different directions. For instance, ARa44 males had testes that
were larger than those seen in ARo males (Fig. 2A). On the other hand, ARB44 and AR
males had smaller testes than ARB*"" males and ARS*" males had larger testes than ARF44
males (Fig. 2B). Based on these findings, we predicted that AR/ mutants would lack dominant-
typical coloration (7).

Dominant male 4. burtoni typically express bright yellow or blue coloration while non-
dominant males appear drab (/7) (Fig. 1A-B). Visual inspection showed that, while ARo4"" and
ARo%4 males looked no different than ARo"* males (Fig. 2C), AR mutant males looked pro-
foundly different than ARB""" males, which possessed dominant-typical yellow coloration (/7)
(Fig. 2D). Hierarchical clustering confirmed these observations (Supplementary Materials; fig.
s3 and fig. s4). To determine what specific colors were different between AR mutant males and
ARB¥"™ males, we performed quantitative analysis on images of each fish (Supplementary Mate-
rials). ARS*" males differed significantly from AR mutant males for several colors (Fig. 2E-F;
fig. S5). For example, ARB*"" males possessed more “very dark yellow” (hex: #55551C) pixels
than ARB**males, which had more dark yellow pixels than ARS#4 males (Fig. 2E), while
ARpB44 males had more “dark grayish yellow” (#80806A) pixels than both ARB*** and AR
males (Fig. 2F). Therefore, ARf is required for dominant coloration, while AR« is not.

Given the above observations we formed several hypotheses for what to expect from the
behavior analysis of mutant fish. Specifically, we anticipated that ARo%4 and ARo4"" males
should exhibit normal levels of dominant behavior, while ARB4"* and AR fish should exhibit
decreased levels of dominant behavior (/7). Strikingly, the exact opposite was true. All repro-
ductive behaviors in ARo. mutant males were virtually abolished (Fig. 3A; fig. S6A-D ). ARa.
mutant males performed significantly fewer aggressive displays (lateral displays) than AR
males (Fig. 3B), while attacks directed towards males were unaffected in ARo. mutant males (fig.
S6E-F). ARo. mutant males did not differ from ARo*"" males in the number of times they fled
from the stimulus male (fig. S6G); however, ARo4“ males fled significantly more from females
compared to AR males (Fig. 3C). Importantly, there was no effect of AR genotype on how
often the stimulus females bit the focal male (Fig. 3D), suggesting these effects were not due to
higher aggression from the stimulus female towards the AR mutant focal males. ARBZ4"!
and ARS#4 fish did not differ from ARS""* males for all behaviors (Fig. 3E-F; fig. S6) except for
one, flee from female. Specifically, both ARS4"" and ARB“ fish fled from females more than
ARB¥" males (Fig. 3G), coinciding with the findings for this behavior in ARo. mutants (Fig. 3C).
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As with ARa, there was no effect of AR on how often the stimulus females bit the focal male
(Fig. 3H).

We were surprised that ARa was required for the performance of an aggressive display
(lateral display), but neither it nor AR} was required for attacking other males. This suggests 1)
either AR is sufficient for attacking other males, or 2) an AR-independent mechanism controls
attacks directed towards males. We were able to test the first hypothesis by generating AR dou-
ble mutants through breeding strategies (Supplementary Information). Given that some AR mu-
tant males were severely injured in the dyad assay (see Supplementary Information), we used a
modified dyad assay in which the focal fish was isolated physically from the three females and
stimulus male using two transparent, perforated plastic barriers on either side (fig. S7A). This ap-
proach is sufficient for testing our hypothesis about the role of either AR in controlling aggres-
sion specifically given previous work (7, 15) showing males perform lateral displays at males on
the other side of a barrier and also attack the stimulus male through the barrier (fig. S7B-C).

We assayed four AR double wild-type (ARa,B*"*") males and six AR double mutant
(ARoa,B44) fish. Three of the ARa.,344 fish were found to be female, which was not determined
until dissection where the presence of ovaries was confirmed. ARa.,3 """ males weighed more
than ARa,44 males and females (fig. S8A) and were greater in standard length than ARa., 344
males (fig. S8B), suggesting that AR regulates body size in line with findings in AR mutant mice
(18). Like ARP mutant males, ARa,344 males had extremely small testes compared to
ARa, B males (Fig. 4A). As with AR mutants, ARo.,344 males lacked the dominant-typical
coloration seen in ARa, """ males and were indistinguishable from ARa,3#4 females (Fig. 4B).
Hierarchical clustering confirmed this observation (fig. S9). Quantitative image analysis revealed
that ARa, 3" males differed from ARa,4“ males and females for several colors (Fig. 4C-D;
fig. S10). For example, ARa,3*"* males possessed more “very dark grayish lime green”
(#475547) and “dark grayish lime green” (#6A806A) pixels than ARa,34“ males and females,
which were indistinguishable from one another (Fig. 4C-D).

In addition to the effects described above, we observed striking differences in aggressive
behavior between ARa, " and ARa., 4444 fish (Fig. 3E-H). ARa.,B*"*"**males per-
formed significantly higher levels of lateral displays and attacks directed towards the stimulus
male compared to ARa,3#4 males and females (Fig. 4H-I). Indeed, none of the ARa,344 fish
performed these behaviors. Surprisingly, both ARa, 4444 males and females performed lateral
displays directed towards females, while none of the ARao, """ males performed this behav-
ior (fig. SI1A). ARa,p4444 males also directed attacks towards females more than
ARa,Brvivivt males (fig. S11B), but this difference did not reach significance (P=0.06). Previ-
ous work has shown that female A. burtoni perform these acts of aggression towards one another
(19). Indeed, the stimulus females in our assays assay were seen attacking and performing lateral
displays at one another (data not shown). Therefore, the aggressive behaviors performed by
ARa,p4444 males and females appear to be female-typical. Our findings support the first hy-
pothesis that either AR is sufficient for male-directed attacks, demonstrating further evidence for
highly modular control of social dominance traits by AR genes.

To determine whether observed effects on dominance traits in AR mutant A. burtoni
could have been be due to abnormally low levels of androgens (20, 21), we measured levels of
testosterone and 11-ketotestosterone (11-KT) in all fish. ARo44 and ARo4*" males had levels of
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testosterone and 11-KT that were indistinguishable from ARo*"* males (fig. S12A-B). AR
and ARF“"'males had levels of testosterone that were not different from ARA""" males (fig.
S12C). ARL4“ males possessed higher levels of 11-KT compared to ARS4* and ARS"" males
(fig. S12D), which is in line with previous work in AR mutant female mice, which have intact
gonads and significantly higher levels of 5-alpha dihydrotestosterone, the functionally similar
metabolite of testosterone found in mammals, compared to wild-types (22). AR, f4444 males
and females had levels of testosterone that were not different from AR, """ males (fig.
S12E). Like ARpB44males, AR, 4444 males had significantly higher levels of 11-KT com-
pared to AR, """ males, while AR, 4444 females were not different from either group
(fig. S12F). These findings collectively indicate that the observed perturbations in dominance
traits in AR mutants are not due to abnormally low levels of androgens.

These data present coherent evidence for remarkable modularity in the control of social
status in male 4. burtoni. AR is required for most dominant behaviors and testes regression but
not dominant coloration, while AR/ is necessary for dominant coloration and testes growth, but
not dominant behavior. Both AR« and AR/ play a role in minimizing whether males flee from

females. Finally, either AR is sufficient for males to attack other males (Results summarized in
Fig. 4J).

Male A. burtoni constantly survey the social environment waiting for an opportunity to
achieve social dominance (2). Previous work in 4. burtoni has shown males can and do de-cou-
ple specific aspects of dominance traits as a function of variation in specific aspects of social in-
formation (2). For instance, immediately after the recognition of social opportunity, ascending A.
burtoni immediately turn on their bright coloration, an act that is then followed by the perfor-
mance of dominance behaviors if the social opportunity persists (/7). Non-dominant males will
turn on bright colors and perform dominant behaviors when larger dominant males cannot see
them, but immediately turn off their colors and cease dominant behaviors when the dominant
male can see them (23). Dominant males are also able to uncouple coloration and behavior from
physiological state in order to deceive neighboring males that are larger than them (24). The abil-
ity to uncouple coloration, physiology, and behavior depending on the social environment re-
flects a sophisticated social calculus (2). Our results suggest that this social calculus may be con-
trolled by distinct AR genes. The current findings extend and expand on theories on the roles of
androgen signaling in mediating complex suites of physiological and behavioral responses that
contribute to successful social interactions (4, 7, 25, 26).

Considering the critical role of sex steroid hormone signaling systems in mediating suites
of traits that culminate in reproduction, many have wondered: what is the evolutionary fate of
duplicated genes that are necessary for the functions of steroid hormones (8, 27-31)? Here,
through genetic dissection using CRISPR/Cas9 gene editing, we provide compelling evidence
that AR and AR have been subfunctionalized, the process by which each duplicated gene re-
tains a subset of ancestral functions (9). Indeed, most or all of the affected traits in ARx or ARS
mutant A. burtoni have been shown in an array of species to be controlled by a single AR gene
(32-37). In A. burtoni, we have shown the control of these types of traits is distributed over AR«
and ARp, but some redundant function exists. Whether the subfunctionalization of AR genes in
A. burtoni contributes to their remarkably dynamic social system remains an open question.
Given the ascent of genome editing tools like CRISPR/Cas9 gene editing, this question can now
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be tested in other species with a range of social systems, life histories, and evolutionary trajecto-
ries.
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Figures and Figure Legends
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Fig. 1. Understanding the control of social dominance by androgen receptors in Astatoti-
lapia burtoni. (A) Non-dominant and (B) dominant male A. burtoni differ in terms of a variety of
traits that reflect their social status. (C) We used CRISPR/Cas9 gene editing to generate A. bur-
toni that possess frameshift AR or ARS alleles. (D to G) Experimental strategy for testing the
functions of ARa and AR/ in the control of social dominance. Predicted Cas9 cleavage sites are
located to the left of letters highlighted in gray. Bolded 3-letter sequences indicate a PAM se-
quence. PAM=Protospacer Adjacent Motif. wt=wild-type. d=deletion. (N,) indicate the number
of bases not shown in actual gene sequence for clarity.
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Fig. 2. ARa and AR play distinct roles in the control of testes mass and coloration. (A)
ARov males have smaller testes than ARa“4 males, while ARo4"" males were not different than
either group. (B) ARS""" males have larger testes than ARB** males, which have larger testes
than AR males. (C) AR« mutant males do not look different than AR males (D) while
AR mutant males lack the dominant-typical yellow coloration seen in ARB""*" males. (E)
ARp¥" males possessed more “very dark yellow” (#55551C) pixels than ARB4** males, which
had more dark yellow pixels than ARB%4 males, (F) while AR3#“ males had more “dark grayish
yellow” (#80806A) pixels than both ARB4"" and ARB4 males. wt=wild-type. A=frameshift dele-
tion. Circles represent data points for individual fish. Crosses represent MeantSEM.
*HEEP<0.0001; **P <0.01; *P <0.05.
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Fig. 3. Dissociable roles of ARa and AR in the regulation of social behavior. (A) ARo. mu-
tant males quivered at females significantly less than AR " males. (B) ARa mutant males per-
formed lateral displays at males significantly less than ARo. """ males. (C) ARo44 males fled
from females significantly more than ARa. """ males, (D) but there was no effect of AR geno-
type on the number of times focal males were bit by females. (E and F) There was no effect of
AR genotype on quiver at female or lateral display at female, (G) but ARS mutants fled from
females more than ARS""* males. (H) There was no effect of ARS genotype on the number of
times focal males were bit by females. wt=wild-type. m=male. f=female. A=frameshift deletion
in both AR« and AR alleles. Circles represent data points for individual fish. Crosses represent
Mean+SEM. ***P < (0.001; *P < 0.05.
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Fig. 4. Analysis of AR double mutants highlights the modular control of social dominance
by ARa and ARS . (A) ARa. 34444 males had smaller testes than ARo.,3*"»*"* males. (B) ARS
mutants, ARa,34444 males and females lacked the dominant-typical coloration observed in
ARa vt males. (C) AR males possessed more “very dark grayish lime green”
(#475547) (D) and “dark grayish lime green” (#6A806A) pixels than ARa.,34/444 males and fe-
males, which were indistinguishable from one another. (E) AR, 3*"»"* males performed more
lateral displays (F) and border fights directed towards the stimulus male than ARa.,3#444 males
and females. (G) A summary of the current findings in the form of a working model. wt=wild-
type. A=frameshift deletion. Circles represent data points for individual fish. Crosses represent
Mean+SEM. **P <(0.01; *P < 0.05.
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Supplementary Information
Supplementary Results
Injuries to focal males

We found that 2 ARo#*" males and 1 ARo4“ had damaged fins; 1 injured fish from each
of these respective groups died on day 2 before the extractions. Injuries to these fish were likely
caused by attacks from the stimulus male as these males fled at high levels from males compared
to fish that were not injured (average flee from maletSEM= 74.4+43.29 and 12.16+5.72 for in-
jured and uninjured fish, respectively) and fled from females at levels similar to uninjured fish
(average flee from femaletSEM= 0.83%0.60 and 1.41+0.26 for injured and uninjured fish, re-
spectively. No ARa*" males exhibited injuries and all survived the assay. No injuries were ob-
served in ARB""™', ARB*M, or AR fish.

Materials and Methods:
Generation of frameshift alleles for ARo and AR using CRISPR/Cas9 gene editing

Fish were bred and used at Stanford University from a colony derived from Lake Tangan-
yika (38) in accordance with AAALAC standards.

We generated fish with mutant AR« or AR alleles using an approach similar to that of
Juntti et al (/3). Mutations of either gene were induced by injection of two single-guide RNAs
(sgRNA) simultaneously targeting regions upstream from the DNA binding domain (DBD) and
ligand-binding domain (LBD) within exon 1 for AR« and exon 2 for ARp. For ARa, we designed
sgRNAs targeting sequence ARa-A, 5’-ACTGTGGCGGATACTTCTCG-3’, and sequence ARa-
B, 5’-GGTGCGCAAACTGTGACGCG-3’, whose cut sites were separated by 178 basepairs
(bp). For AR, we designed sgRNAs targeting sequence ARB-A, 5°- GGGAAACATGTGTT-
CTCTAC-3’, and ARB-B, 5’- GGGGGAAAGAAGAACTCCAT-3’ whose cut sites were sepa-
rated by 21 bp. We generated each sgRNA using cloning-free sgRNA synthesis (39). For in-
stance, to synthesize sgRNA targeting ARo-A (gARa-A) we annealed oligonucleotide-ARa-A
(oligo-ARa-A), which contained the ARa-A target sequence, and oligo-2, a generic oligo that we
used for all sgRNA synthesis reactions (see Table S2 for all oligo sequences). gARa-B, gARB-
A, and gARB-B were synthesized in the same manner.

We waited for 30 min of fertilization and then injected single-cell embryos with the two
sgRNA targeting ARo or ARPB. We delivered ~1 nl of each sgRNA, 60 ng/ml nls-zCas9-nls
mRNA, and 0.3% Texas-Red-conjugated dextran (3,000 MW; Life Technologies). In ~5-week
embryos injected with gARa-A and gARa-B, we PCR amplified a 536-bp amplicon spanning
the ARo-A and ARa-B target sites with the primers ARaFlankF, 5’-CCCAGTGCAC-
TCTAACTCCG -3’ and ARaFlankR, 5’ - TTTAAGGGTACGACCTCGGC -3°, and Sanger se-
quenced the product with ARaFlankR (MCLabs). We performed the same procedure for em-
bryos injected with gARB-A and gARB-B by PCR amplifying a 642-bp amplicon with the pri-
mers ARBFlankF, 5° - CCATCCCACCTCCAAGAGTC -3’ and ARBFlankR, 5’ - GAG-
GACAGGCCGATGATGAA -3’ , and Sanger sequenced the product with ARBFlankF
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(MCLabs). We saved fish showing evidence of mutations in ARa or AR and crossed these fish
to wild-types. These G1 offspring carried a variety of indel alleles, so we selectively propagated
an allele for each gene predicted to result in a loss of function (i.e., a 50-bp deletion for ARa and
a 5-bp deletion for ARP). We intercrossed G1 fish from different founders to obtain biallelic AR
mutants (4Ra*?), heterozygous ARo. mutants (ARa*""), and AR wild-types (ARo™™) or bial-
lelic ARPB mutants (4RBY*), heterozygous ARP mutants (ARBY™), and 4R mutants (ARBY™).

Establishing stable dominant tanks

Social dominance is reliably induced when males have ample opportunity to establish a
territory and access to females to mate with (7, 40). This social opportunity can be established
using stable dominant tanks, wherein 5-8 size-matched males are housed in a 32-gallon tank with
10-15 females and 5 potential mating sites that are represented by halved terra cotta pots. We
housed males from either cross in separate stable dominant tanks for 4-12 weeks. Each stable
dominant tank contained males that were matched by the particular cross they arose from. The
age of males included in the dyad assays ranged from 6-10 months. 2-3 age- and size-matched
males from a given stable dominant tank were ran through separate dyad assays simultaneously.

Photography

Fish were removed from their tank and placed for ~20 seconds on a white paper towel to
dry them off. Then, fish were immediately placed onto a white paper towel within a light cham-
ber that contained a ruler for scale and photographed using a Sony camera (Sony Alpha NEX-C3
16 MP; shutter speed=1/80; aperture=4.5; white balance=+0.0) mounted on a tripod. 6-10 photos
were taken to increase the likelihood of capturing an image during which the fish were not oper-
culating. Fish were fin-clipped (see “Genotyping”) and immediately moved to their dyad assay
tank. This whole process took ~45 seconds. Images were transferred from the camera SD card to
a computer (Mac). We were unable to take photos of one ARS*" fish, two AR fish, and one
ARV fish.

Quantitative image analysis in AR mutants

JPEG images with the highest resolution and where the fish was not operculating were
chosen for analyses. To perform quantitative analysis of photos, we first cropped the fish out of
the rest of the image using the Lasso Selection tool in Preview. Cropped images were then ana-
lyzed using R code (colordistance package: https://CRAN.R-project.org/package=colordistance),
which computes the proportion of pixels in an image occupied by each color. For AR« fish, if 15
or more fish (two-thirds of fish analyzed) had a zero value for a given color, this color was not
considered for further analysis. For AR/ fish, if 16 or more fish had a zero value for a given
color, this color was not considered for further analysis. For ARa; £ fish, if 7 or more fish had a
zero value for a given color, this color was not considered for further analysis. We measured the
proportion of pixels occupied by 84 colors for AR« fish, 83 colors for AR fish, and 76 colors for
ARa; pfish.

Fin-clipping and DNA extraction
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After photographing the fish, they were immediately fin-clipped. Using ethanol-cleaned
scissors, a 1-2 mm portion of the anal fin was excised and placed into an individual PCR tube.
This was repeated for the rest of the fish ran on a given day and the scissors were cleaned thor-
oughly with ethanol between each fin-clipping. To extract DNA, 180 ul of NaOH (50 mM) was
added to the sample, which was incubated at 94 C for 15 minutes. Then, 20 ul of Tris-HCL
(ph=8) was added directly into the sample, which was then vortexed and spun down using a min-
icentrifuge for 5 seconds. The samples were then placed at -20C for at least 15 minutes before
PCR amplification of mutated regions of ARa or ARS (see “Generation of frameshift alleles for
ARa and ARP using CRISPR/Cas9 gene editing”).

Dyad assay setup

Each dyad assay was conducted in 8-gallon tanks with enough gravel spread evenly to
cover the bottom of the tank and a half terra cotta pot (simulating a potential mating site) in the
middle. An air stone supplying oxygen to the water was present in each tank. Each dyad assay
tank was visually isolated from nearby tanks using black plastic barriers between and behind
tanks. After fish were photographed and fin-clipped (see Fin-clipping and DNA extraction) they
were immediately transferred to the tank. Three stimulus females and one stimulus male were
collected from community tanks and then added to the dyad assay tank. We aimed to always in-
clude gravid females but if this could not be accomplished 1-2 females who were obviously not
brooding were included. Stimulus males were chosen based on being smaller than the focal male
based on visual inspection. The standard length of the stimulus male was measured after each as-
say and ranged from being 8-25% smaller than the focal male. Notably, before the assay the
stimulus females had never interacted visually, chemically, or physically with the stimulus or fo-
cal males and neither had the focal and stimulus male interacted with each other. This process
was then repeated for all the other males for which dyad assays were ran. 2-3 dyad assays were
ran simultaneously.

A Wifi-enabled camcorder (Canon VIXIA HF R80) was then mounted on tripod placed
in front of each tank. Recording began the next day (day 1) at 9am and was started remotely us-
ing the Wifi function, preventing any disturbance from the experimenter to start recording. Re-
cordings were stopped remotely at 2pm when the fish were fed. The day after (day 2), recording
commenced in the same fashion except at 2pm focal fish were removed and tissue was harvested
for physiological measurements and blood was collected.

Scoring behavior

Behavior was scored during 30-minute intervals on day 1 and day 2. The first 30 minutes
of scoring for day 1 and day 2 started from the first observation of behavior performed by the fo-
cal male after lights on. If an hour elapsed and the fish did not perform a behavior, scoring in the
morning was stopped and zero occurrences was recorded for all behaviors for that time point.

On day 1 and day 2, the final 30 minutes before lights on—from 1:30 to 2:00 pm—were also
scored. Based on previous work, multiple types of behavior were quantified (38): subordinate be-
havior (flee from male or flee from female); territorial or agonistic behaviors (lateral display,
chase male, bite male, and bite female); and reproductive behaviors (chase female, quiver, lead
swim, pot entry, and dig). Fleeing was defined as a rapid retreat swim from an approaching fish.
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Lateral displays are aggressive displays classified as presentations of the side of the body to an-
other fish with erect fins, flared opercula, and trembling of the body. Biting was defined as the
male lunging a short distance towards a fish and biting it on its side and floating backwards a
short distance. Chase was defined as a rapid swim directed towards a fish. Chase male, bite male,
and bite female are considered attack behaviors. Chase female was grouped with reproductive
behaviors because they are a normal component of the courtship repertoire. Quiver was defined
as a rapid vibration of the body by the male with presentation of the anal fin egg spots to a fe-
male, and lead swim was defined as swimming towards the shelter accompanied by back-and-
forth motions of the tail (waggles) as the male attempted to lead a female towards the pot. We
defined pot entry as any time the focal male entered the half terra cotta pot and digging as any
time the male scooped gravel from inside its pot or around its pot into its mouth and subse-
quently released it around its pot. Videos were scored in Scorevideo (Matlab). The results of
scoring videos were saved into log files that were subjected to a variety of analyses using custom
R software. Behaviors across the four 30-minute intervals were averaged (average # of behav-
ior/30 minutes) and statistical analyses were performed on these values.

Modified dyad assay setup and scoring

Fish included in the modified dyad assay setup were handled in the same way as in the
normal dyad assay setup in terms of photography and fin-clipping. The tanks were setup differ-
ently, however. Two perforated, transparent, acrylic barriers were placed in the 8-gallon tank to
separate the focal fish from three females on one side and one stimulus male on the other. We
scored multiple aggressive behaviors in this setup. As with the normal dyad assay setup, we
scored aggressive displays: lateral displays that directed at the stimulus male or the stimulus fe-
males. We also scored attack behaviors called border fights, which involved the focal fish attack-
ing the stimulus fish across the acrylic barrier and is typified by head-on lunges and rams against
the barrier with an open mouth.

Morphological and steroid hormone analyses

Focal fish were assessed for standard length, body mass, and testes mass (corrected for
body mass). Blood samples were also collected with capillary tubes from the caudal vein, centri-
fuged for 10 min at 5200g, and the plasma was removed and stored at —80 °C until assayed. Im-
mediately after blood collection fish were killed by cervical transection. Testes were removed
and weighed. Testes mass could not be recorded for one ARo4*" and one AR04“ male that died
before the end of the assay. SL, BM, and testes mass were not recorded for two ARB4* males.

Plasma testosterone and 11-ketotestosterone (11-KT) levels were measured using com-
mercially available enzyme immunoassay (EIA) kits (Cayman Chemical Company, Ann Arbor,
MI, USA) as previously described and validated for this species (Maruska and Fernald, 2010b).
Briefly, for testosterone and 11-KT assays, a 1-5 pl sample of plasma from each subject was ex-
tracted three times using 200 pl of ethyl ether and evaporated under a fume hood before re-con-
stitution in EIA assay buffer. EIA kit protocols were then strictly followed, plates were read at
405 nm using a microplate reader (UVmax Microplate Reader; Molecular Devices, Sunnyvale,
CA, USA) and steroid concentrations were determined based on standard curves. All samples
were assayed in duplicate. Two AR males could not be assayed for testosterone or 11-KT due
to possible contamination and blood was not collected for one ARS4" male. One ARo4*" and one
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AR044 male could not be assayed for testosterone or 11-KT because they died before the end of
the assay (see Main Text). One ARo"""* and one AR044 male could not be assayed for testos-
terone or 11-KT because their plasma was mistakenly discarded.

Statistics and clustering

All statistical tests were performed in the R statistical computing environment or Prism
8.3. We used One-Way ANOV As for all traits tested. Following a significant main effect for an
ANOVA, Tukey’s post-hoc tests were used for pairwise comparisons. An individual t-test was
used to compare testes mass between ARa,3*"*" males and ARa.,3#4 males. Differences were
considered significant at p<0.05.

To cluster fish based on their coloration, we computed the Euclidean distances between
all animals using the R function dist. We input these distances into the R function Aclust. Com-
plete linkages were used to build the hierarchical dendrograms in fig. S3, fig. S4, and fig. S10.
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Supplementary Figures and Legends

A ARa I

Gene Amino acid sequence

AR | (N,,) SSPPNNMNQSSSSAFAECDSTVADTS (N, )

ARc* | (N,,) SSPPNNMNQSSSSAFAEC*

B ARpB

Gene Amino acid sequence

ARB™ | (N3g4) FESSRE (N ,5) GKQKYLCASKNDCTIDK (Ny,g) *

ARBY | (N,ge) FESRTH (N, , ) AETPVCQQE*

/ Predicted tertiary structure \

ARo wt ARa A

ARB A /
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Fig. S1. Predicted amino acid sequence and tertiary structure of wild-type and mutant
forms of ARa and ARP. (A) Amino acid sequence for the wild-type version of

AR (ARa) and the mutant version of ARa (ARa4), with the latter containing a premature stop
sequence (indicated by the red asterisk) induced by a frameshift mutation. (B) Amino acid se-
quence for the wild-type version of ARS (ARf"") and the mutant version of ARS (ARS4), with the
latter containing incorrect amino acids (indicated in red font) and a premature stop sequence (in-
dicated by the red asterisk) induced by a frameshift mutation. (C) Computer modeling
(Phyre2(14)) predicts from the ARa™ amino acid sequence extensive tertiary structure in the
ARa* protein that is absent from that predicted from the ARo* amino acid sequence. (D) Com-
puter modeling (Phyre2(/4)) predicts from the ARS™ amino acid sequence extensive tertiary
structure in the AR protein that is absent from that predicted from the ARA* amino acid se-
quence. (N;) indicate the number of bases not shown in actual gene sequence for clarity.
wt=wild-type. A=frameshift deletion.

17


https://doi.org/10.1101/2020.04.03.024190
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.04.03.024190; this version posted April 5, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

AR
/A B N
12+ __ 8.0-

’g ns g ns

S 10- = 7.5

& 5

A ] ; o .

é 8 8%-.— = 7.0 Lo

> 6 %@ T 65 °§"

© 10 c 7 Cb

(@) © (0]

o 5 Q0
RS TR
,\\ﬂ%\“& g\\@S@& y

AR

s T

Té)\ ns g ns

G104 % c 7.5 ©

AN L2 3 S

@ s-i b 2 704 o

£ 5 = ©% g

? 6- o (‘% 654F 8

s} & ©
Ty o D
SHPH SPTH

N /

Fig. S2. No effects of AR genotype on body mass and standard length. There was no effect of
ARa (A and B) or AR (C and D) genotype on body size or standard length. wt=wild-type.
A=frameshift deletion. Circles represent data points for individual fish. Crosses represent
Mean+SEM. ns=not significant.

18


https://doi.org/10.1101/2020.04.03.024190
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.04.03.024190; this version posted April 5, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

O wt/wt
O At
o O N/A
(\! -
o
7o)
o
s
o 2
[0) AN
s b
g 5
o
> 1 0dd

0.00
l

Fig. S3. Results of hierarchical clustering of AR« fish by color. Each branch with a distinct
colored circle at the tip represents a fish from a given genotype. Fish form clusters that are unre-

lated to genotype, confirming visual qualitative observations that ARa mutant males do not look
different than AR males.
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Fig. S4. Results of hierarchical clustering of ARS fish by color. Each branch with a distinct
colored circle at the tip represents a fish from a given genotype. ARSY and ARS*"*" males fall
into two distinct clusters, while ARV males are split nearly equally between those two clusters,
confirming visual qualitative observations that AR males look different than AR /""" males
and reflecting an intermediate coloration pattern in AR"* males.
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Fig. S5. ARp is necessary for the normal expression of numerous colors. (A to J) ARB""
males exhibit a larger proportion of pixels for several colors compared to ARS mutant males. (K
and L) AR mutant males show a greater proportion of pixels for two colors compared to AR
males. (M to O) ARB*" males show a greater proportion of pixels for three colors compared to
ARfB44 males but ARS%* males were not different from either group for these colors. (P and Q)
For two colors, ARB" males had a greater proportion of pixels than AR3¥“ males but not
ARp¥" males. (R) For one color, AR$44 males had more pixels than AR males, (S to T)
while for two colors AR344 males had a greater proportion of pixels compared to both groups.
(V) ARB#* males had more pixels for one color. wt=wild-type. A=frameshift deletion. Circles
represent data points for individual fish. Crosses represent MeantSEM. ****P<0.0001;
*¥*%P<0.001; **P <0.01; *P < 0.05.
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Fig. S6. Effects of AR genotype on different social behaviors. (A to D) AR« is required for the
performance of numerous reproductive behaviors. (E and F) AR« is not required for attacking
the stimulus male. (G) ARa genotype does not affect the number of times males flee from the
stimulus male. (H and I) ARa genotype does not affect the number of times males bite females
or are bit by the stimulus male. (J to M) ARf is not required for reproductive behaviors or (N and
O) attacking the stimulus male. (P) ARf genotype does not affect the number of times males flee
from the stimulus male. (Q and R) AR genotype does not affect the number of times males bite
females or are bit by the stimulus male. wt=wild-type. A=frameshift deletion. Circles represent
data points for individual fish. Crosses represent Mean+SEM. ns=not significant. *P < 0.05.
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Fig. S7. Scoring behavior during modified dyad assays. (A) A modified dyad assay was used
to assess aggression. The focal fish was separated physically from the stimulus male and females
by a transparent, perforated, acrylic barrier. (B and C) A. burtoni will perform border fights at
either sex and perform lateral displays at either sex during modified dyad assays.
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Fig. S8. AR, genotype affects body mass and standard length. (A) ARa, " males
weighed more than ARa,3#4 44 males and females (B) and were greater in standard length than
AR 344 44 males. wt=wild-type. A=frameshift deletion in both AR« and AR alleles. Circles
represent data points for individual fish. Crosses represent Meant=SEM. **P < 0.01; *P < 0.05.
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Fig. S9. Results of hierarchical clustering of AR ¢,/ fish by color. Each branch with a distinct
colored circle at the tip represents a fish from a given genotype. ARa.,3*"*" males form a cluster
that is distinct from ARa.,3#“ males and females, confirming visual qualitative observations that
ARo. " males look different from ARa.,344males and females ARB44.
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Fig. S10. AR« genotype affects whole-body coloration. (A) ARa, ¥ males had a greater
proportion of pixels for one color compared to than ARa.,3#444 males and females. (B and C)
ARa. 3 444 males expressed more pixels for two colors than ARa 3" males and

ARa, 4444 females. (D) ARa, 34444 females expressed more pixels for one color compared to
ARa vt males. wt=wild-type. m=male. f=female. A=frameshift deletion in both AR and
ARp alleles. Circles represent data points for individual fish. Crosses represent Mean=SEM.
**%P<0.001; **P <0.01; *P < 0.05.

27


https://doi.org/10.1101/2020.04.03.024190
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.04.03.024190; this version posted April 5, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

A B
© 45y I 10097 S
®© |_<|> Q
& o)
=) s °
© E 104 = E
g3 S g 601
KN I
o® SE 40
°2°1 L B8
g + B~ 20 Jf
& o & |
1 0 0 L e

Fig. S11. Effects on female-directed aggression. Requirement of both ARa and AR for
male-directed aggression. (A) ARa,3#444 males performed more lateral displays directed to-
wards females than ARa, ¥ males. (B) There was a statistical trend (omnibus ANOVA
P=0.06) for an effect of AR} genotype on attacks directed towards females. wt=wild-type.
A=frameshift deletion. Circles represent data points for individual fish. Crosses represent
MeantSEM. *P < 0.05.
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Fig. S12. Effects on AR genotypes on testosterone and 11-ketotestosterone levels. (A and B)
ARa genotype has no effect on testosterone or 11-ketotestosterone (11-KT) levels. (C) ARS gen-
otype has no effect on testosterone levels, (D) but AR3%“males have higher levels of 11-KT than
ARBY* and ARB*" males. (E) ARa.3 genotype had no effect on testosterone levels, (F) but

AR 34444 had higher levels of 11-KT than ARa.,B*" males. wt=wild-type. A=frameshift
deletion. Circles represent data points for individual fish. Crosses represent Mean+SEM. *P <
0.05.
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Supplementary Tables and Legend

Gene Name/Alias | Description Alias Location
ar androgen receptor ARa NW_005179415
LOC102296288 androgen receptor-like | ARB NW_005179497

Table S1. Gene information. Background was gathered from NCBI
(https://www.ncbi.nlm.nih.gov/gene/?term=androgen+receptor+burtoni) on 4. burtoni ARs.

sgRNA Oligo-1 Oligo-2
AAAAGCACCGACTCGGTGCCACTT TTTCAAGTTGATAAC
gARa-A TTAATACGACTCACTATAGGACTGTGGCGGATACTTCTCGGTTTTAGAGCTAGAAATAG GGACTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAAAAC

AAAAGCACCGACTCGGTGCCACTT TTTCAAGTTGATAAC
gARa-B TTAATACGACTCACTATAGGGGTGCGCAAACTGTGACGCGGTTTTAGAGCTAGAAATAG GGACTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAAAAC

AAAAGCACCGACTCGGTGCCACTT TTTCAAGTTGATAAC
gARB-A TTAATACGACTCACTATAGGGGGAAACATGTGTTCTCTACGTTTTAGAGCTAGAAATAG GGACTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAAAAC

AAAAGCACCGACTCGGTGCCACTT TTTCAAGTTGATAAC
gARB-B TTAATACGACTCACTATAGGGGGGGAAAGAAGAACTCCATGTTTTAGAGCTAGAAATAG GGACTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAAAAC

Table S2. Oligonucleotides used to synthesize single-guide RNA (sgRNA). We synthesized
sgRNA by annealing oligo-1, which was specific to each target site, to oligo-2, a generic oligo
that allows for amplification of the sgRNAs. g=guide. AR=androgen receptor.
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