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The mechanisms by which cancer evolves and persists in natural
systems have been difficult to ascertain. In the Xiphophorus
melanoma model, a functional oncogene (Xiphophorus melanoma
receptor kinase Xmrk) has been maintained for several million
years despite being deleterious and in an extremely unstable
genomic region. Melanomas in Xiphophorus spp. fishes (platyfishes and swordtails) have been investigated since the 1920s, and,
yet, positive selection that could explain the maintenance of Xmrk
has not been found. Here, we show that Xiphophorus cortezi
females from two populations prefer males with the spotted
caudal (Sc) melanin pattern, which is associated with the presence
of the Xmrk oncogene and serves as the site of melanoma formation within this species. Moreover, X. cortezi females prefer males
with an enhanced Sc to males with a reduced Sc pattern. RT-PCR
analysis confirms tissue-specific Xmrk expression within the Sc
pattern in X. cortezi. Because of the association of Xmrk with the
Sc pigment pattern and the fact that melanoma formation augments this visual signal, sexual selection appears to be maintaining
this oncogene because of a mating preference for Sc, as well as the
exaggeration of this male trait. At the individual level, decreases
in viability and fecundity because of Xmrk and subsequent melanoma formation may be mitigated via increases in mate acquisition. At the population level, maintenance of this oncogene appears to be under frequency dependent selection, as we detected
female preference for males without Sc in a third population that
had higher frequencies of Sc in females.
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T

he evolutionary origin of cancer may be an inevitable
outcome of multicellularity, cell replacement, and genetic
changes (1, 2). Yet this does not explain how cancer can (and
does) persist over evolutionary time. Although seemingly counterintuitive, several cancer cell lineages recently have been
shown at the genetic level to be under positive selection (for
review, see ref. 3). For example, strong directional selection has
been detected in the coding regions flanking the mammalian
testis-determining gene (Sry) in humans and primates (4), despite Sry expression in human prostate cancer (5). However, the
maintenance of such oncogenes is generally considered the
byproduct of genomic conflict (6) and antagonistic coevolution
(e.g., maternal-fetal interactions) (7, 8). One recent study has
even implicated a possible tradeoff involving sexual selection: A
shorter CAG repeat region within the androgen receptor gene
can increase fertility but may also increase an individual’s risk of
developing prostate cancer (9). Genes with oncogenetic potential could benefit an individual if their expression is necessary for
and/or enhances a phenotype under sexual selection. Pigment
patterns function as sexually selected signals across extremely
diverse taxa (10), with the most desirable mate often having the
most pronounced visual trait (for review, see ref. 11). Sexual
selection for enhanced pigment patterns would result in the
increased propagation of pigment cells used in creating the trait.
Because increasing the size of a pigment pattern can also be
characteristic of melanoma formation, we examined the possibility that sexual selection could contribute to the maintenance
of a cancer-causing gene.
www.pnas.org兾cgi兾doi兾10.1073兾pnas.0803851105

The study of hybrid crosses within Xiphophorus spp. and the
resulting melanomas led to the initial realization that cancers can
have a heritable basis (12). More recently, nonhybrid melanoma
formation has also been confirmed in three species of Xiphophorus (13, 14), including X. cortezi. In both hybrid and nonhybrid
melanomas, overexpression of the Xmrk oncogene occurs within
species-specific macromelanophore patterns (13, 15). X. cortezi
is polymorphic for the macromelanophore pigment pattern
spotted caudal (Sc) and the associated Xmrk oncogene (13, 16).
Xmrk is an essential component for the expression of the Sc
phenotype in X. cortezi (13, 15) (Fig. 1) and can be located on the
X and/or Y chromosomes (19). Therefore, malignant melanoma
formations originating from the Sc macromelanophore pattern
have been documented in both sexes of X. cortezi (13, 16) (Fig.
2B). All individuals with the Sc phenotype have at least one copy
of Xmrk. However, because of the incomplete penetrance of Sc,
individuals that lack phenotypic expression of Sc can also have
one or two copies of Xmrk (16). Screening six populations of X.
cortezi for the Xmrk genotype has confirmed previous results (13,
15) of the consistent association between the Sc phenotype and
the Xmrk genotype (i.e., the Xmrk genotype was found in all 98
Sc individuals screened) (A.A.F. and S. Tanda, unpublished
work).
Using standard dichotomous choice tests, we examined female
mate preference for the macromelanophore pattern Sc in three
populations (Cebolla, Tanute, Conchita) of X. cortezi. In the first
experiment, we examined whether there was a preference for
larger Sc-patterned males that could explain the correlation
between Sc and the Xmrk oncogene, as the overexpression of
Xmrk can enhance this pigment pattern (13, 15). We used time
associating with a stimulus as a measure of mating preference.
Association time has been shown to be indicative of mate
preference in fishes, such as in the closely related swordtail,
Xiphophorus nigrensis, where association time was correlated
with male mating success in the field (21, 22) and Gambusia
holbrooki, where association time was correlated with male
mating success in the laboratory (23). In addition, a recent study
conducted on X. nigrensis found that association time is a more
consistent and repeatable estimate of female preference than
other female behaviors (24). In the second experiment, we
examined whether the frequency of the Sc phenotype in a
population could influence the strength of preference for Sc
given the increased costs associated with having two copies of the
Xmrk oncogene (16, 19).
We found that Cebolla females spent significantly more time
associating with the large Sc treatment than the small Sc
treatment (Fig. 3) (mean large Sc time ⫽ 471.6 ⫾ 27.9 s, mean
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Fig. 1. Xmrk and protooncogene expression in X. cortezi. Semiquantitative
RT-PCR analyses using the same template primers for the oncogene (Xmrk,
bottom bands of upper image) and protooncogene (top bands of upper
image). In each of the three wild-caught individuals, all of which did not have
visible melanoma formation, the Sc tissue was associated with both Xmrk and
protooncogene expression, whereas in the nonpigmented control tissue (C),
only the protooncogene was expressed. The housekeeping gene, ␤-actin, is
included as a loading control (17). A 15-bp insertion associated with the
protooncogene in X. cortezi accounts for the fractionation of the two bands
by gel electrophoresis (A.A.F. and S. Tanda, unpublished data). This small
insertion was found in the predicted signal peptide sequence at the beginning
of the protooncogene. Polymorphisms within this region of the oncogene and
protooncogene are common in individuals derived from wild populations of
several Xiphophorus spp. (18).

small Sc time ⫽ 345.4 ⫾ 26.2 s, Paired-Samples T test: t18 ⫽ 2.49,
P ⬍ 0.02). This disparity is important because the Sc pigment
pattern increases in size with melanoma formation (13). Theoretical studies suggest that even weak female mating preferences
can produce strong selection on male traits (25). Therefore, the
results of this first experiment provide compelling evidence for
the continued evolutionary maintenance of a known oncogene
through its role in the augmentation of a visual signal used in the
selection of mates.

Fig. 2. Sc phenotype in X. cortezi. (A) X. cortezi male collected from Tanute,
with an average expression of Sc on the caudal fin (nonmalignant). (Scale bar,
5 mm.) (B) X. cortezi male from Conchita with malignant melanoma extending
from Sc into the caudal peduncle. Histopathology confirms malignant melanoma in this individual, classified as a melanophorous-macromelanophorous
polymorphic melanoma (20 and A.A.F. and P. Bowser, unpublished data). Note
on this male that substantial portions of the sword and caudal fin have
sloughed-off, which ultimately impairs swimming ability. Specimens were
photographed on the day they were collected in December 2005. (Scale bar,
5 mm.)
13504 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0803851105

Fig. 3. Female preferences for enhanced Sc phenotypes. The time that
females from the Cebolla population spent associating with the large Sc
treatment compared with the small Sc treatment, as well as with an average
size Sc compared with no Sc. Bars represent the mean ⫾ SEM.

When females were given a choice between Sc and non-Sc
males, we detected a significant preference for Sc males in two
populations of X. cortezi (Tanute: mean Sc time ⫽ 496.8 ⫾ 29.8 s,
mean non-Sc time ⫽ 289.5 ⫾ 24.3 s, t18 ⫽ 4.26, P ⬍ 0.001;
Cebolla: mean Sc time ⫽ 474.9 ⫾ 30.1 s, mean non-Sc time ⫽
327.4 ⫾ 23.6 s, Paired-Samples T test: t20 ⫽ 2.85, P ⬍ 0.01). These
two populations are found in separate drainages (Table 1) that
are genetically divergent (26); therefore, female preferences for
the Sc phenotype appear widespread in X. cortezi. Because of the
association between Sc and Xmrk, female preference for Scpatterned males would also act to maintain the Xmrk oncogene.
However, females from the third population (Conchita), which
had the highest percentage of Sc females (Table 1), discriminated against Sc males, preferring to associate with non-Sc males
(Fig. 4) (Conchita: mean Sc time ⫽ 343.2 ⫾ 27.4 s, mean non-Sc
time ⫽ 475.0 ⫾ 28.2 s, Paired-Samples T test: t26 ⫽ ⫺2.41, P ⬍
0.02). Therefore, when the frequency of females with Sc is high
in a population, there appears to be direct selection against
female preference for males with Sc because individuals with Sc
always have Xmrk, and offspring carrying two copies of Xmrk
have both reduced viability (16, 19) and potential for a shorter
reproductive lifespan (see following paragraph).
Traditionally, nonhybrid melanoma formation was thought to
be an artifact of housing Xiphophorus spp. in the laboratory (13,
16) because individuals with melanomas were not found in the
field or in museum collections. However, in a single day of
collecting X. cortezi for this study, we found five males and one
female of the 99 individuals surveyed with melanomas originating from Sc in the Conchita population. The rate of disease
progression in wild populations is not known. In a laboratory
setting, the formation and progression of melanomas in Xiphophorus spp. can take months before lethality (14), during
which time males court and appear able to mate with females,
thereby passing on the Xmrk oncogene. However, unlike Xiphophorus variatus, which is only known to develop melanomas
during senescence (i.e., ⬎18 months old) (13), the incidence of
melanoma formation in nonhybrid X. cortezi is highest in sexually
active males that are 9–12 months old (13). Kallman (16)
documented the presence of severe melanomas in nonhybrid X.
cortezi by 7 months of age. Xiphophorus spp. are thought to be
able to live 2 years in natural populations (13, 27), and one study
based on otolith counts of wild-caught X. nigrensis estimated that
a 39-mm male (i.e., average male size for individuals in this
study) would reach sexual maturity at ⬇4.5 months of age (28).
Therefore, melanoma formation in X. cortezi males occurring
within this first year would represent a substantial decrease in an
individual’s reproductive lifespan. Whether increased male atFernandez and Morris

Table 1. Percentage of Sc phenotype by sex across three study sites
Population

Drainage

Tanute

Tampaón

Cebolla

Moctezuma

Conchita

Moctezuma

Sex

Sc
individuals

Total
individuals

Sc
percentage

Male
Female
Male
Female
Male
Female

19
1
31
0
23
9

63
47
75
30
81
57

30.2
2.1
41.3
0.0
28.4
15.8

tractiveness associated with the Sc phenotype compensates for
the potential reproductive loss because of early mortality is
unclear. The greater incidence of melanoma formation in X.
cortezi males, compared with females (13), is consistent with our
results, demonstrating a mating advantage for male X. cortezi
with larger Sc pigment patterns.
It has been hypothesized that female mating preferences for
traits that make males more visible could have initially evolved
as the result of a preexisting sensory bias (29). Once present,
these preferences can be maintained through direct selection
because of reduced mate search costs (30, 31). Thus, female
preference for Sc patterns (and larger Sc patterns) in males may
reflect a general bias for more visible males (i.e., with more
pigmented area). In fact, X. cortezi females from the Conchita
population have been documented to prefer males with more
melanin irrespective of location (i.e., individual bars or a single
larger bar with the same area) (32). However, X. cortezi females
from the Conchita population discriminate against Sc-patterned
males, despite the increased visibility of these males because of
their pigmentation. We suggest that that the bias for more
pigment in X. cortezi males has become more refined, possibly
because of the increase in mating costs associated with choosing
males with Sc (and Xmrk), outweighing the benefits to females
of reduced mate search cost. The greater frequency of Sc in
females at Conchita would increase the probability of producing
offspring with two copies of Xmrk. These offspring are more

Fig. 4. Female preferences for Sc across populations. Primary y axis (left, gray
bars) represents the mean amount of time females spent with painted Sc males
minus the time spent with the non-Sc males across all four trials. Bars represent
the mean ⫾ SEM. Positive values indicate preference for Sc males, whereas
negative values indicate discrimination against Sc males. Secondary y axis
(right, white bars) represents the proportion of females with Sc phenotype for
each of the three populations (all Cebolla females lacked Sc).
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likely to have melanomas that shorten their reproductive lifespan
(13, 16). In addition, there is evidence that offspring with two
copies of Xmrk may be nonviable (19). A negative relationship
between male ornamentation and an indicator of male viability
has also been detected in guppies (33), and such relationships are
expected to influence the extent and direction of the selection on
female mating preferences.
Explaining how a functional Xmrk has been evolutionarily
maintained within divergent Xiphophorus spp. has remained a
considerable challenge. Remarkably, Xmrk has become more
efficient since its origin, incorporating two gain-of-function
mutations within its coding region that lead to ligandindependent dimerization (12). Because Xmrk is always correlated with specific macromelanophore patterns (13, 15), these
patterns have been suggested to play a key role in maintaining
Xmrk (12, 34). Despite this, we are aware of only one other study
that has detected selection for a macromelanophore pattern
(34), and this study was conducted on Xiphophorus helleri, which
lacks the Xmrk genotype (15). It is intriguing that both patterns,
dabbed (X. helleri) (35) and spotted (X. coretzi) (16) caudal, are
determined by autosomal genes and are not sex-linked. To date,
however, the only mechanism that has been proposed to explain
the preservation of Xmrk, which is located on the sex chromosomes (19), is the genetic hitch-hiking model (36). Although the
genetic hitch-hiking model can increase the frequency of neutral
or even slightly deleterious mutations, it necessitates close
proximity on a chromosome (36). Thus, at least in the case of X.
cortezi, which has retained a functional Xmrk oncogene despite
the autosomal determination of Sc, this mechanism does not
seem applicable.
Rapid morphological evolution, common for traits under
sexual selection (37, 38), can increase an individual’s susceptibility to cancer (1). Here, we present a system in which the onset
of melanoma formation is advantageous for the acquisition of
mates. This research provides evidence of sexual selection acting
to favor the evolutionary maintenance of an oncogene. X. cortezi
female preference for males with enhanced Sc phenotypes
explains the continued genetic correlation between Xmrk and S,
and may have an epistatic basis (39) with a mating advantage
associated with a larger Sc compensating for the deleterious
Xmrk. The fact that all Xiphophorus spp. that have maintained a
functional Xmrk have a coupled macromelanphore pigment
pattern (15) provides additional support that these genetic
entities work synergistically in their capacity to enhance visual
signals used in sexual selection.
Methods
Specimen Collection and Housing. All fish used in these experiments were
collected from the following natural populations in San Luis Potosı́, Mexico:
Arroyo Tanute (N 21.39.123, W.99.02.127); Arroyo Cebolla (N 21.23.472, W
98.59.885); and Arroyo Conchita (N 21.33.500, W 98.59.320). Representative
samples were collected as adults during two field seasons: December 2005
(Conchita and Tanute) and January 2007 (Cebolla). Upon return to the United
PNAS 兩 September 9, 2008 兩 vol. 105 兩 no. 36 兩 13505
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All adult individuals collected were scored upon capture in December 2005 (Tanute, Conchita) and January
2007 (Cebolla). Juveniles were excluded from survey because of variance in the developmental timing of Sc
expression.

States, the fish were individually housed at Ohio University in 19-L tanks and
visually isolated from one another for a minimum of 4 weeks before conducting female preference tests. All fish were maintained under standard laboratory conditions throughout the experiments, which included a 12L:12D cycle,
daily feeding (Tetramin flakes), and a constant temperature of 22°C.
Male Treatments. Pairs of males were matched for standard length within ⫾2
mm. Because X. cortezi females prefer males with symmetrical barring (40, 41)
and have polymorphic preferences for males with vertical bars (42), males
were also paired according to their bar state (i.e., not differing by more than
a total of three vertical body bars), bar symmetry, and overall similarity in
melanin pigment patterning. Paired males were always from the same population. All males used as stimulus males lacked the Sc pattern. Each experiment used seven pairs of stimulus males, with the exception of the experiment
testing for preferences of large Sc vs. small Sc (Cebolla population), which used
eight pairs. We randomized which pair of males was used with each female.
We tested 19 females from Tanute, 21 females from Cebolla, and twentyseven females from Conchita. All females were wild-caught. In the investigation of female preferences for the presence of Sc phenotype, one male in each
pair was randomly chosen to receive a painted Sc treatment of average size
using the antiseptic dye, Dr. Naylor’s Blu-Kote dye (H. W. Naylor Co., Inc.) (43),
whereas the other male received a mock water painting. The size of the Sc
phenotype applied to males was consistent and representative of the average
Sc expression for the population being tested, based on measurement of
wild-caught males from that site (see supporting information (SI) Text and
Figs. S1 and S2). Nineteen females from the Cebolla population were tested for
their preferences of the enhanced Sc phenotype. Males in this experiment
randomly received either a small Sc phenotype (⬇20th percentile of expression) or a large Sc phenotype (⬇80th percentile), giving the female a choice
between large Sc and small Sc. This experiment was conducted with females
from the Cebolla population only, and females were tested 5 weeks after we
conducted the presence-absence Sc experiment. In both experiments, each
female was tested with the same pair of males twice; however, the treatment
that each male received was switched each test day. Switching males between
treatments allowed us to control for any unforeseen behavioral or phenotypical differences between the pairs of stimulus males. Within 3– 4 h, the
antiseptic dye fades, which makes it possible to switch males between treatments on test days. We randomized which pair of males was tested with each
female. All observation trials, including the painting of treatments in these
trials, were conducted by A.A.F. to reduce variation in the painting of males.
Female Preference Tests. We used a standard dichotomous-choice test design
(for tank description, see ref. 32). A twin light fixture with Vitalite fluorescent
bulbs (Durotest) was hung 30 cm above the tank, ensuring that females were
not dark-adapted during the 8-min acclimation. After acclimation, we recorded the time the female spent associating in the zones adjacent to male
stimuli for 8 min. After the first trial, the positions of males were switched to
control for positional bias. Following reacclimation, the second 8-min trial was
conducted. Two days later, the female and male pair was tested again with the
only difference being that we switched the male who received the painted Sc
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treatment. In the investigation of enhanced Sc phenotypes, the treatment
each stimulus male received was also switched across test days (e.g., large Sc
treatment on first test day and small Sc treatment on second test day). Previous
research in our laboratory has demonstrated that the use of Dr. Naylor’s
Blu-Kote dye does not adversely affect male behavior and that these painted
phenotypes elicit female responses similar to natural phenotypes (43). We
used the total time a female associated with each treatment as an indicator of
female mate preference. A female was considered to have a side bias when she
did not enter both choice zones during the two trials on that test day.
RT-PCR. Two wild-caught males from Cebolla (January 2007) and a wild-caught
female from Tanute (December 2005) were killed to determine the specificity
of protooncogene and oncogene expression. Two tissue samples (⬇20 mg
each) were taken from each individual for purification of total RNA: one
sample from the Sc pattern and the other from a nonpigmented region on the
side of fish (control). Total RNA from these animal tissues was extracted by
using the Qiagen RNeasy Mini Kit. The manufacturer’s instructions were
followed, including a homogenization with QIAshredder and an on-column
DNase I digestion step (RNase-Free DNase Set, Qiagen) to extract total RNA.
Total RNA was eluted in 50 l of RNase-Free H2O. The Qiagen QuantiTect
Reverse Transcription Kit was used to synthesize the first strand cDNA from 26
ng of total RNA. cDNA equivalent to 2.6 ng of total RNA was subjected to
amplification (LA Taq Kit, Takara). The following primers were used to amplify
␤-actin: sense primer 5⬘-TGGACTTTGAGCAGGAAATG and antisense primer 5⬘AATGCCACATGATTCCATAC (17). For the amplification of oncogene and protooncogene products, the following primers were developed: sense primer 5⬘CTAACCGGACCGTCTTCATG, located just upstream of the translation initiation site, and antisense primer 5⬘-TTGAGGTAGTGATTGTCCAG, located at the
beginning of exon 2. The final concentration of the primers was 100 nM. cDNA
and amplification was done under the following conditions: initial denaturation at 95°C for 5 min, then 33 cycles of denaturation at 95°C for 60 s,
annealment at 60°C for 60 s, extension at 72°C for 30 s, followed by a final
extension at 72°C for 5 min. Pilot experiments with the ␤-actin primer set
indicated PCR amplification was exponential between cycles 29 and 35 under
these PCR conditions. A 10-l aliquot of the amplification products was
fractionated by electrophoresis on an 8.0% polyacrylamide gel in 1X TBE (45
mM Tris-borate, 1 mM EDTA) buffer and visualized after staining with SYBR
Green (Invitrogen) and UV transillumination. The gel image was taken with a
Gel Logic100 system (Kodak).
All analyses comply with laws of the United States and the Animal Care
Guidelines of Ohio University (Animal Care and Use Approval L01– 01).
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