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Abstract

Background: Male-male competition and female mating preference are major mechanisms of sexual selection,
which influences individual fitness. How male-male competition affects female preference, however, remains poorly
understood. Under laboratory conditions, medaka (Oryzias latipes) males compete to position themselves between a
rival male and the female (mate-guarding) in triadic relationships (male, male, and female). In addition, females
prefer to mate with visually familiar males. In the present study, to examine whether mate-guarding affects female
preference via visual familiarization, we established a novel behavioral test to simultaneously quantify visual
familiarization of focal males with females and mate-guarding against rival males. In addition, we investigated the
effect of familiarization on male reproductive success in triadic relationships.

Results: Three fish (female, male, male) were placed separately in a transparent three-chamber tank, which allowed
the male in the center (near male) to maintain closer proximity to the female than the other male (far male). Placement
of the wild-type male in the center blocked visual familiarization of the far male by the female via mate-guarding. In
contrast, placement of an arginine-vasotocin receptor mutant male, which exhibits mate-guarding deficits, in the
center, allowing for maintaining close proximity to the female, did not block familiarization of the far male by
the female. We also demonstrated that the reproductive success of males was significantly decreased by
depriving females visual familiarization with the males.

Conclusions: Our findings indicated that, at least in triadic relationships, dominance in mate-guarding, not
simply close proximity, allows males to gain familiarity with the female over their rivals, which may enhance
female preference for the dominant male. These findings focusing on the triadic relationships of medaka may
contribute to our understanding of the adaptive significance of persistent mate-guarding, as well as female
preference for familiar mates.
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Background

For successful production of offspring, it is important
for males of many animal species to outcompete other
males (male-male competition) and be selected by fe-
males as their mating partner (female mate choice) [1].
Male-male competition and female mate choice are

* Correspondence: takeuchi@okayama-u.ac,jp

1Department of Biological Sciences, Graduate School of Science, The
University of Tokyo, Tokyo, Japan

SGraduate School of Natural Science and Technology, Okayama University,
Okayama, Japan

Full list of author information is available at the end of the article

( ) BiolMed Central

considered to be major constituents of mating strategies
and many studies of these behaviors have been per-
formed individually. For example, social dominance in
male-male competition prominently increases repro-
ductive success in many animals, such as zebrafish [2],
tropical mockingbirds [3], and macaques [4]. In addition,
the innate criteria for female choice of mating partners
differ among species. For example, feather length in the
long-tailed widowbird [5], body colour pattern in the
guppy [6], and the courtship song in the cricket [7] are
criteria for mate choice. The interaction between male-
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male competition and female mate choice, however, re-
mains poorly understood. To address this issue, we fo-
cused on mate-guarding behavior in triadic relationships
(male, male, and female). Mate-guarding is the behav-
ioral process of maintaining close proximity to a (poten-
tial) mating partner to prevent rivals from mating with it
[8-13]. As mate-guarding involves triadic relationships,
including both male-male interactions and male-female
interactions,, we consider that this triadic relationship
allow us to study the effects of male-male competition
to female mate choice.

In the present study, we used medaka fish (Oryzias
latipes), which robustly exhibit mate-guarding behavior
under laboratory conditions [14]. In triadic relationships
(male, male, female), medaka males maintain their pos-
ition between the female and the rival male without ag-
gressive behavior. As sexually mature medaka female
have a short reproductive cycle (24-h) and spawn eggs
once each morning [15-17], medaka fish is an interest-
ing model for the study of mating-related behavior. Me-
daka males exhibit this mate-guarding irrespective of the
mating period, and mate-guarding dominance outside of
the mating period positively correlates with male mating
success [14]. Generally, persistent mate-guarding is
thought to have a high energy cost, which would reduce
male survival rate [18], and it therefore remains an open
question whether there is some benefit of the persistent
mate-guarding, such as enhancement of male reproduct-
ive success, in medaka fish.

In addition, medaka females discriminate conspecific
males by visually-mediated individual recognition and
prefer to mate with visually familiar males (males that
maintain close proximity to females before spawning)
[19]. In some other species, social familiarization nega-
tively affects mating preference. For example, female
guppies discriminate unfamiliar (novel) males from visu-
ally familiarized males and prefer to mate with the un-
familiar male [20]. Mating preference for unfamiliar
mates is thought to be important for maintaining high
genetic variance in offspring [21]. In contrast, the adap-
tive significance of mating preference for familiar mates
has not been extensively investigated, as there are only
limited examples of this preference [22, 23]. Some mon-
ogamous rodents, such as prairie voles, prefer to mate
with familiar mates, where the formation of a pair bond
is important for parental investment [24]. Medaka fish,
in contrast, never maintain a monogamous relationship
[16] and the adaptive significance of the female mating
preference of medaka is unknown.

The behavioral characteristics of male mate-guarding and
female mating preference in medaka led us to hypothesize
that females become visually familiarized with dominant
males that exhibit persistent mate-guarding and that the so-
cial familiarization enhances female preference for the
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dominant males. In this study, we improved previous be-
havioral tests [14, 19], which allows males to exhibit mate-
guarding while blocking visual familiarization of females
with rival males in a triadic relationship. We performed this
test using vasotocin receptor V1a2 mutant males that did
not exhibit mate-guarding behavior to investigate the rela-
tive contribution of proximity and active mate-guarding be-
havior to the maintenance of mating preferences and male
reproductive success. Here we provide results on behaviour
involved in triadic interactions that support this hypothesis.

Results

Establishment of a novel behavioral test to quantify
visual familiarization

To examine whether dominance of persistent mate-
guarding enhances familiarization with females while at
the same time blocking the female’s familiarization with
rival males, we modified the previous behavioral tests [14,
19] and established a novel behavioral test using a tank di-
vided into three zones with two walls (Fig. 1a). First, we
placed a female in the larger zone on one side and exam-
ined whether the female could become visually familiar-
ized with the wild-type (WT) male in the “far” or “near”
zones. To quantify visual familiarization, we performed a
female mating receptivity test by calculating the latency to
mate with the male of interest, which negatively correlates
with female receptivity toward the male. We previously re-
ported that the latency to mate with visually familiarized
males is significantly shorter than that with unfamiliar
males [19]. One male was placed in either the “far” or the
“near” zone, separated by transparent or opaque walls
(Fig. 1b-d) in the evening before mating. In this setup, the
latency to mate in the opaque wall group (“Near: WT,
Wall: opaque”) was significantly longer than that in the
transparent wall groups (“Near: WT, Wall: transparent”
and “Far: WT, Wall: transparent”; Kruskal-Wallis: chi-
squared = 14.931, df=2, P =0.0005. post-hoc Steel test:
“Near: WT, Wall: opaque” VS “Near: WT, Wall: transpar-
ent”, P =0.0008; “Near: WT, Wall: opaque” VS “Far: WT,
Wall: transparent”, P =0.033; Fig. 1e). Additionally, in the
opaque wall group, the number of courtship behaviors
(male mating activity) did not significantly decrease, sug-
gesting that low female receptivity toward the male in this
group was not derived from decreased male activity (Add-
itional file 1a). These findings indicated that females could
become familiarized with males in either the near or the
far zone, and confirmed that the female and male could
become visually familiarized under this setup.

Effect of mate-guarding on female visual familiarization

Next, we placed the two males and one female in the
three zones, which allowed the male in the near zone
(near male) to maintain closer proximity to the female
than the male in the far zone (far male), and performed
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Fig. 1 Novel visual familiarization system with separation condition (a) Time-course of the female mating receptivity test. A case of far focal male
is shown. See the Materials and Methods for details. (b-d) Separation conditions for the female mating receptivity test in dyadic relationships. Fish
were randomly picked from two communal tanks each containing four males and four females and the same males were used several times in
the three conditions. (b) “Near: WT, Wall: opaque” The female couldn’t see the male in the near zone and mated with it in the next morning. (c) “Near:
WT, Wall: transparent” The female could see the male in the near zone from a close proximity and mated with it in the next morning. (d) “Far: WT, Wall:
transparent” The female could see the male in the near zone from some distance and mated with it in the next moring. (e) Visual familiarization en-
hanced female receptivity even if the male was located in the far zone. Mean + SEM. ***P < 0.0001
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a mate-guarding test (Fig. 2a-b). The WT male in the
near zone exhibited mate-guarding over the WT male in
the far zone (Mann—Whitney U test: “WT experimental
group” VS “WT negative control”, U =3.50, N; =N, =
11, P <0.0001; Fig. 2d, Additional file 2). On the follow-
ing morning, we calculated the latency to mate with the
far male in dyadic relationships (Fig. 2a) and found that
the presence of the WT male in the near zone signifi-
cantly decreased female receptivity toward the far male
(Kruskal-Weallis: chi-squared = 6.806, df=2, P=0.0333.
post-hoc Steel test: “Far: WT, Wall: transparent” VS
“Far: WT (focal), Near: WT, Wall: transparent”, P =
0.047; Fig. 2e). In this experimental group, the number
of courtship displays was not significantly less than that
in control group (Kruskal-Wallis: chi-squared = 1.0216,
df=2, P=0.6. Additional file 1b), confirming that low
female receptivity toward the far male was not derived

from decreased male activity. These findings indicated
that the presence of the near male blocked visual
familiarization of the far males. We also investigated
whether mate-guarding behavior of the near male was
required to block visual familiarization with the far male.

To clarify this issue, we used arginine-vasotocin receptor
2 (V1a2) knockout (KO) males generated by TALEN
(Transcription Activator-Like Effector Nucleases) methods
[25, 26] as the near male (Fig. 2c). Previously, we reported
that V1a2 KO males exhibit defective mate-guarding be-
havior under free-swimming conditions [14]. The mate-
guarding test (Fig. 2a) confirmed that Va2 KO near males
did not exhibit mate-guarding behavior (Mann—Whitney
U test: “Via2 KO experimental group” VS “Via2 KO
negative control”, U =55.5, Ny = N, = 11, P = 0.759; Fig. 2d,
Additional file 3). The V1a2 KO near male did not main-
tain its position between the female and the far male,
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Fig. 2 Avoiding enhancement of female receptivity to the subordinate males by mate-guarding. (a) Time-course of the mate-guarding test and female
mating receptivity test. (b-¢) Separation conditions for the female mating receptivity test in triadic relationships. Fish were randomly picked from two
communal tanks each containing four males and four females and the same males were used several times in the three conditions. (b) “Far: WT (focal),
Near: WT, Wall: transparent”: two WT males were placed in the far and near zones, respectively. The female could see them and mated with the far
male in the next morning. (c) “Far: WT (focal), Near: V1a2 KO, Wall: transparent” one WT male and one V1a2 KO male were placed in the far and near
zones, respectively. The female could see them and mated with the far WT male in the next morning. (d) Mate-guarding by near males in the separ-
ation condition. V7a2 KO near males didn't exhibit mate-guarding, whereas WT near males did. The significantly higher guarding indices in the experi-
mental groups compared with those in the merged control groups indicate that near males exhibit mate-guarding. Mean + SEM. ***P < 0.0001. (e)
Mate-guarding by the near male suppressed the enhancement of female receptivity to the far male. When V7a2 KO males were used as the near males,
the mean latency to mate with the far males wasn't significantly different from that when there was no near male. Mean + SEM. *P < 0.05

although there was no significant difference in the proxim-
ity to the female between the WT near male and the Via2
KO near males (Mann—Whitney U test: U =57, Ny =N, =

11, P =0.832; Additional file 4). The placement of a Via2
KO in the near zone did not affect the latency to mate
with the far male (Kruskal-Wallis: chi-squared = 6.806, df
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=2, P=0.0333. post-hoc Steel test: “Far: WT, Wall: trans-  female receptivity to the near male (Mann—Whitney U
parent” VS “Far: WT (focal), Near: Via2 KO, Wall: trans-  test: U =50, N; = N, = 11, P = 0.507; Additional file 6b). As
parent”, P=0.924; Fig. 2e). Additionally, there was no  V1a2 KO males showed courtship behaviors less fre-
significant difference between the number of courtship  quently than WT males (Mann—Whitney U test: U = 32.5,
display in this group (“Far: WT (focal), Near: Via2 KO, N;=N,=11, P=0.02; Additional file 7), we could not in-
Wall: transparent”) and that in control group (“Far: WT,  vestigate female receptivity toward the V1a2 KO males.
Wall: transparent”) (Kruskal-Wallis: chi-squared = 1.0216,

df=2, P=0.6. Additional file 1b). Furthermore, we con-  Requirement of persistent mate-guarding for high male
firmed that the free swimming velocity (Mann—Whitney =~ mating success

U test: U=7, N;=N,=5, P=0.310; Additional file 5b) We previously reported that mate-guarding positively
and visual response and locomotion ability (Mann—Whit-  correlates with male reproductive success [14]. Here we
ney U test: U=9, Ny =N,=5, P=0.532; Additional file examined whether visual familiarization is required for
5c-d) were normal in mutant males, suggesting that the  the male reproductive success. On the evening before
high female receptivity toward WT far males was not due  mating, we performed the dominance test and judged
to abnormal movement of the Va2 KO near males. These ~ which male was dominant (6 successive days; Fig. 3a).
results demonstrated the necessity of mate-guarding, ra- The duration of the mate-guarding was significantly dif-
ther than mere spatial proximity, for inhibiting the forma-  ferent in 5 of 9 groups, while not in 4 groups (the two
tion of familiarity between the female and the rival male.  males were considered to be equivalent). After the dom-
Taken together, our findings indicate that mate-guarding inance test, for 3 of the 6 days, the three fish were
enhanced visual familiarization with the dominant male allowed to freely swim, whereas on the other 3 days, we
and blocked the female’s familiarization with the subor-  added a separation procedure in which the females were
dinate male, at least under this experimental condition. visually familiarized with non-dominant males (subor-
Furthermore, the presence of the far male did not affect  dinate males and equivalent males). The next morning,
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we performed the paternity test and calculated the effect
of the separation procedure on the mating success rate
(Fig. 3a). The separation procedure significantly decreased
the mating success rate of the dominant (N=5) and
equivalent (N =4) males (Wilcoxon signed-ranks test: 7'=
3, N=9, P=0.036; Fig. 3b and c). These findings suggest
that persistent mate-guarding increased male reproductive
success by blocking the familiarization of the female and
the rival male, and confirmed the importance of recent
familiarization in the development of mating preference in
females.

Discussion

Mate-guarding had been considered as a type of male-
male competition and several studies have demonstrated
that mate-guarding increases male fitness by monopolizing
the mating opportunities [18, 27]. Many studies have
quantified male aggressive behavior towards intruder
males as mate-guarding and focused on the interference
with a rival male’s approach toward the female, which is
one component of mate-guarding. It has remained unclear,
however, whether mate-guarding affects male reproductive
success [28] via inhibiting the female preference for the
rival male. Here we established a novel behavioral test that
allows males to exhibit mate-guarding as well as to block
visual familiarization of rival males with females in a tri-
adic relationship. Using this setup, we demonstrated that
the medaka female likely becomes familiarized with the
dominant male during mate-guarding over the subordinate
male, leading to a preference of the female for the domin-
ant male (Fig. 4). Although our data could not exclude the
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possibility that mate-guarding specific effects promote fe-
male receptivity, we could not demonstrate a mate-
guarding effect on female receptivity in this setup (Add-
itional file 6b). Furthermore, at this time, it is impossible
to detect whether mate-guarding promotes female recep-
tivity without familiarization, because the guarding target
(female) can see the dominant male, which results in
familiarization.

A previous study reported that a medaka female famil-
iarized with two medaka males exhibited almost the
same receptivity to both males [19]. In this experiment,
two males could not exhibit mate-guarding behavior due
to spatial restriction in the small tank. Therefore, it was
suggested that familiarity itself was sufficient to generate
receptivity. Taken together, although mate-guarding it-
self may promote female receptivity, it likely enhances
female mating preference via promoting familiarization
with the female and blocking familiarization between the
female and rival male.

In various species, females tend to choose the domin-
ant male as their mating partner [29-32] and this choice
provides indirect fitness benefits to females by confer-
ring genetic advantages to the offspring [33]. Thus, in
medaka fish, social familiarization may provide oppor-
tunities for females to select socially dominant males
that win male-male competitions and frequently exhibit
mate-guarding. Females may use guarding behavior as a
cue indicating the guarding male’s high social dominance
status relative to rival males. Furthermore, considering
that many fish species avoid mating or grouping with
parasitic individuals [34], female mating preference for
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familiar males may allow female medaka to prevent mat-
ing with possibly infected unfamiliar males and to mate
with familiar males whose health has been assessed by
the female during familiarization.

These findings will enhance our understanding of the
adaptive benefit of persistent mate-guarding. Although
persistent mate-guarding is reported in monogamous spe-
cies in which parental care is necessary for offspring
growth [24], medaka fish are not monogamous. Here we
demonstrated that a mutant near male that did not exhibit
mate-guarding, but maintained close proximity to the fe-
male, did not block the visual familiarization of the female
with the far male (Fig. 2e). Furthermore, visual
familiarization between the female and male was required
for maintaining the mating success rate (Fig. 3). Our la-
boratory experiments suggest that persistent mate-
guarding allows dominant males to increase their fitness
by enhancing the preference of the female for the domin-
ant male in medaka fish. Mate-guarding in some internal
fertilization species is considered to be an adaptive behav-
ior that minimizes extra-pair copulation during female fer-
tile periods. In these species, the last male to mate with
the female tends to have the highest reproductive success,
as males can remove the sperm of former males by the
ejaculation of new sperm [35, 36]. In contrast, in external
fertilization species like medaka fish [19], the first male to
induce female spawning has the advantage of producing
offspring, as a high probability of fertilization results from
the close proximity of males to females in ejaculation and
the timing of ejaculation coordinated with female egg re-
lease [37]. Furthermore, in some fish species the females
are able to determine the timing of their spawning. For ex-
ample, medaka females spawn only when they accept
courtship from a preferred male and otherwise reject
spawning by escaping from the males [19]. Taken together,
being selected by a female as a mating partner might be
more important for a high probability of fertilization in
medaka than in internal fertilization species.

Our studies suggest that females prefer to mate with
males that dominantly exhibit mate-guarding behavior.
Future studies should investigate whether similar inter-
actions between female preference and mate-guarding
occur in other species, particularly monogamous species,
because some monogamous species exhibit both mate-
guarding and preference for familiar mates [23, 38, 39].
For example, prairie voles exhibit agonistic behavior to-
ward non-mates (mate-guarding), while they show affili-
ation toward a mate [39]. These behaviors have only
been described in dyadic setups, however, and whether
mate-guarding activates preference for mates and blocks
pair-bonding with non-mates is unknown. Further com-
parative studies are required to elucidate the interaction
of female mating preference and male-male competition
in the behavioral interactions underlying social bonding
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via individual recognition. In addition, as the present
study was performed under laboratory conditions using
a laboratory bred strain, ecological studies using natural
populations under natural conditions will be essential to
further elucidate the adaptive and evolutionary signifi-
cance of the interaction between male-male competition
and female mating preference.

Conclusions

Although male-male competition and female mating pref-
erence have been investigated in various animals individu-
ally, the interaction between them is largely unknown.
Here we found that mate-guarding, not simply close prox-
imity, led to familiarization with the female while at the
same time blocking the female’s visual familiarization with
the other male in medaka fish. Thus some behavioral com-
ponent of mate-guarding is likely to increase the salience
of the male’s appearance to facilitate familiarization. In
addition, we found that persistent mate-guarding until
spawning was required for high mating success. These
findings suggested that mate-guarding allows males to gain
familiarity with the female over their rivals, which may en-
hance female preference for the dominant male.

Methods

Ethical note

The work in this paper was conducted using protocols
specifically approved by the Animal Care and Use Com-
mittee of the University of Tokyo (permit number: 12—07).
All efforts were made to minimize suffering, following the
NIH Guide for the Care and Use of Laboratory Animals.

Fish and breeding conditions

Medaka fish were maintained in groups in plastic aquar-
iums (13 cm x 19 ¢cm x 12 cm [height]). All fish were
hatched and bred in our laboratory. Sexually mature male
(1.7 2.6 cm) and female (1.8 2.4 cm) medaka 3~
5 months of age producing fertilized eggs every morning
were used. The water temperature was ~28 °C and light
was provided by standard fluorescent lamps for 14 h per
day (08:00-22:00).

Female mating receptivity test

To quantify the motivation of a female to mate with a
male of interest, a female mating receptivity assay was
performed as previously described with minor modifica-
tions [19]. Fish were randomly picked from two commu-
nal tanks each containing four males and four
females. On the day before the assay, “one male and one
female (Figs. 1b-d)” or “two males and one female (Figs.
2b-c)” were placed in a tank and then separated in the
evening (20:00-21:00) by two walls to create a female
zone, a near zone including one of the males, and a far
zone including the second male (“female zone”: 6.5 cm x
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19 cm x 12 cm [height], “near zone” and “far zone”: each
3.25 cm x 19 cm x 12 cm [height]) (Fig. 1a). These walls
could either be transparent or opaque to allow us to
examine the effect of familiarization on female mating
receptivity. The next morning (10:00-12:00) the two
walls (Figs. 1b-d, 2b-c) and the non-focal male (Figs. 2b-
c) were removed from the tank and only the focal male
was left with the female. Mating behavior was recorded
for 5 min. Based on the recording, the timing of the
male quick-circle courtship displays and copulations
followed by spawning by the pair were determined. We
compared the interval between the first male courtship
and the first mating (latency to mate) in each group. The
latency to mate negatively correlates with female mating
receptivity. We confirmed the normal male mating activity
in each group by comparing the number of courtships
(Additional file 1, Additional file 6¢). The same trios were
used for female receptivity tests and mate-guarding tests.

Mate-guarding test

A mate-guarding test to evaluate whether males exhib-
ited mate-guarding in individual experimental conditions
was performed as previously described with minor mod-
ifications [14]. Fish were randomly picked from two
communal tanks each containing four males and four fe-
males. One female and two males were placed separately
in an aquarium divided into three zones (Fig. 2a) by two
transparent walls in the same way as the female mating
receptivity test,, and their behavior was recorded from
the bottom of the aquarium in the evening (20:00 to
21:00). All male pairs were size-matched. As a negative
control group (merged group), we performed the same
experiment using virtually merged trios, recording one
female and two males one by one, each placed in a sep-
arate aquarium. We converted video files into 21 image
sequences per 5 s, and manually spotted the head and
tail positions of the three medaka fish using Image]
(NIH, Bethesda, MD, USA) to calculate the center posi-
tions as the body positions. Based on the positions of
the female (xp yg), the male in the far zone (far male)
(xmp Yme), and the male in the near zone (near male)
(XM Ywvm), the relative positions of the near male (X, Y)
were calculated when the female and far male positions
were defined as (0, 0) and (1, 0), respectively. We spot-
ted the relative positions of the near male and defined a
circle with center (1/2, 0) and radius 1/2 as the “guard-
ing circle”. When the near male was within the guarding
circle, the angle between the vectors from the near male
to the female and from the near male to the far male
was obtuse. The probability of being in the guarding cir-
cle was defined as the “guarding index”. The significantly
higher guarding indices in the experimental groups com-
pared with those in the merged groups indicate that the
near males in the experimental groups exhibit mate-
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guarding. The next morning (10:00-12:00) the two walls
and one of the males (i.e. non-focal male; either near or
far male) were removed from the tank and the other
male was left with the female, and the female mating re-
ceptivity test was performed.

Visual response and locomotion ability test (Optomotor
response)

An optomotor response test to check the visual response
and locomotion ability was performed as previously de-
scribed [40] with minor modification. The apparatus is
shown in Additional file 5a. The medaka were placed in
a fixed 15-cm-diameter circular tank with a water depth
of 2 cm. A striped cylinder positioned on a rotatable
metal disk driven by a motor. At first, the fish was trans-
ferred into the circular tank and adapted to the apparatus
for ~1 min. Next, we recorded free-swimming for 1 min to
calculate the velocity. Finally, the optomotor response was
recorded for 1 min after adaptation to the cylinder rotation.
A series of frames was analyzed using the software UMA-
Tracker (http://ymnk13.github.io/UMATracker/).

Dominance test

A dominance test to determine which male is dominant
in mate-guarding was performed as previously described
[14]. We used one WT male and one transgenic (homo-
zygote olvas:gfp) male and compared the degree of mate-
guarding behavior in the presence of a female. All male
pairs were size-matched. We measured the relative loca-
tions of the three fish and calculated the probability of
the WT male being in the guarding circle when the fe-
male and transgenic (homozygote olvas:gfp) male posi-
tions were defined as (0, 0) and (1, 0), respectively. We
defined this probability as the “guarding index of WT
males”. We also calculated the probability of the trans-
genic (homozygote olvas:gfp) male being in the guarding
circle when the female and WT male positions were de-
fined as (0, 0) and (1, 0), respectively. We defined this
probability as the “guarding index of transgenic (homo-
zygote olvas:gfp) males” and compared this index with
that of WT. A higher guarding index indicates higher
dominance in the mate-guarding behavior compared
with the other male. We performed this dominance test
for 6 days using the same 3 fish (6 trials) and compared
the average guarding index of the two males for 6 days.
In 5/9 groups, either the WT or transgenic male was
dominant. In 4/9 groups, they were equal (i.e., no signifi-
cant difference between their mean guarding indices.
Mann—Whitney U test: P> 0.05).

Paternity test
After the dominance test, a paternity test was performed
as previously described [14] with minor modification
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(Fig. 3a) using a separate procedure to examine whether
visual familiarization is required for dominant males to
maintain their high mating success rate. After the dom-
inance test, for 3 of the 6 days, the 3 fish were allowed
to freely swim in the same tank without any procedure
until mating. On the other 3 days, we added a separation
procedure in which the females were visually familiar-
ized with non-dominant males (subordinate males and
equal males), i.e., the males that did not dominantly
exhibit mate-guarding, until mating. The next morn-
ing, we collected fertilized eggs from the female and
genotyped the progeny. Transgenic fish were distin-
guished from WT fish by the GFP fluorescence of the
primordial germ cells. Using this method, we mea-
sured the mating success rate of the non-subordinate
males (dominant males and equal males) and evalu-
ated the effect of the separation procedure on the
mating success rate.

Statistical analysis

To examine whether visual contact affects female mating
receptivity to males and whether mate-guarding by near
males affects female mating receptivity to far males, we
compared the latency to mate between each experimen-
tal group and that of the control group using the
Kruskal-Wallis test (post-hoc Steel test) implemented in
EZR (Saitama Medical Center, Jichi Medical University,
Saitama, Japan). To determine whether WT males and
Vl1a2 KO males exhibited mate-guarding (mate-guarding
test), we compared the guarding index of males of each
genotype in the experimental groups with that of the
negative control using a Mann—Whitney U test imple-
mented in Prism 6 (GraphPad). Furthermore, to examine
other behavioral phenotypes of the Via2 KO males, the
free-swimming velocity, the ratio of fish angular speed to
strip speed in the optomotor response test, and the court-
ship frequency of Via2 KO males were compared with
those of WT males using a Mann—Whitney U test imple-
mented in Prism 6 (GraphPad). In the dominance test, we
compared the guarding index of two males for 6 days using
the Mann—Whitney U test implemented in Prism 6
(GraphPad) and judged which male was dominant in each
group. To analyze the effect of visual familiarization on the
mating success rate, we compared the non-subordinate
male mating success rate in the no separation group with
that in the separation group using the Wilcoxon signed-
ranks test implemented in Prism 6 (GraphPad). All p values
are two-tailed.

Availability of data and materials
The datasets supporting the conclusions of this article
are included within the article and its additional files.
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Additional files

Additional file 1: The normal male mating activity in the female mating
receptivity test. (a) The visual familiarization didn't significantly affect the
motivation to mate of males. Mean + SEM. Kruskal-Wallis: chi-squared =
6.686, df =2, P=0.0353. post-hoc Steel test: “Near: WT, Wall: opaque” VS
“Near: WT, Wall: transparent”, P=0.115; “Near: WT, Wall: opaque” VS “Far:
WT, Wall: transparent”, P=0.689. (b) The existence of the near male didn’t
significantly affect the motivation to mate of the far male. Mean + SEM.
Kruskal-Wallis: chi-squared = 1.0216, df =2, P=0.6. (PDF 106 kb)

Additional file 2: Mate-guarding movie of the WT male in the separate
condition. The WT near male maintains its position between the female
and the far male even in the separate condition. This movie is played at
quadruple speed. (MOV 39999 kb)

Additional file 3: Mate-guarding movie of the V7a2 KO male in the
separate condition. The V7a2 KO near male didn't maintain its position
between the female and the far male. This movie is played at quadruple
speed. (MOV 35412 kb)

Additional file 4: Distance between the female and the near male under
the separation condition. There was no significant difference in the distance
between the female and the WT near male or the V7a2 KO near males in
mate-guarding test. Mean + SEM. (PDF 58 kb)

Additional file 5: No significant defect in visual capacity or locomotion
in V1a2 KO males. (a) Apparatus for analysis of the optomotor response
described previously [40]. (b) The moving velocity for 1 min of free-swimming
V1a2 KO males did not differ significantly from that of WT males. Mean = SEM.
Mann-Whitney U test: U=7, Ny =N, =5, P=0310. (c-d) Integrated angular
velocity during 1 min of free-swimming in (c) WT and (d) V7a2 KO males. Each
line indicates the raw data of five individual fish. (e) Ratio of the mean
fish angular speed to mean stripe speed. Mean + SEM. Mann-Whitney U
test: U=9, Ny =N, =5, P=0.532. (PDF 197 kb)

Additional file 6: No significant effect of the presence of a far male to
the female receptivity. (a) A Separation condition for the female mating
receptivity test in triadic relationships. “Far: WT, Near: WT (focal), Wall:
transparent”: two WT males were placed in the far and near zones,
respectively. The female could see them and mated with the near
male in the next morning. (b) The presence of a far male didn't
affect the female receptivity to the near male. Mean + SEM. (c) The
existence of the far male didn't significantly affect the motivation to
mate of the near male. Mean + SEM. Mann-Whitney U test: U= 39,
Ni=N,=11, P=0.161. (PDF 109 kb)

Additional file 7: Low motivation for courtship behavior in V7a2 KO males.
V1a2 KO males exhibited courtship behavior less frequently than WT males.
Mean + SEM. Mann-Whitney U test: U= 325, Ny =N, =11, P=0.02. (PDF 62 kb)
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