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The fish genus Xiphophorus (family Poeciliidae) currently includes 22 species that
are naturally distributed in freshwater drainages of Mexico, Guatemala, Belize, and
Honduras. These fishes have been placed into three broad phylogenetic groups:
platyfishes (Fig. 1A), northern swordtails (Fig. 1B), and southern swordtails {Fig.
1C)"2, Swordtails are thus named because of the pronounced horizontal extension
of the caudal fin, referred to as a sword, seen in males.

In most cases, Xiphophorus fishes are hybrids between distinct species. Hybrid
fish are generated by natural means (i.e., closed matings) or by artificial insemi-
nation. Hybrid offspriflg often show distinct phenotypic characteristics not typi-
cally observed in the parent species. Thus, highly ornamental strains can be
derived from such matings, making these fishes very popular among hobbyists, In
other cases, hybridization leads to abnormalities; hybrid fishes may spontaneous-
ly develop malignant tumors or show an increased susceptibility to induction of
neoplasia by chemical or physical means. The discovery of such characteristics
conceptually steered experiments more than 60 years ago and remains the basis of
experiments that employ these fish today.

In addition to their use in

. A

cancer research, Xiphophorus
fishes are used in numerous
other fields of study. In fact,
there is increasing interest in
using the powerful genetics
provided by the Xiphophorus
model system to study multige-
netic phenotypes. The number
of Xiphophorus research studies
appearing in peer-reviewed sci-
entific journals has steadily
increased from the 1930s to the
1990s and jumped 60% from
the 1980s to the 1990s (Fig. 2).
Because Xiphophorus models
hold significant unexploited T
potential, they undoubtedly
will remain the focus of future
experimentation, as well,

Basic Biology and
Care

Xiphophorus fishes are
small; adults typically range in

L
10 mm

size from 20 to 50 mm stan- FIGURE 1. Examples of a platyfish, a northern

fi swordtail, and a southern swordtail. (A} X. macu-
dard .]ength (measured from latus plat’yfish {P8 strain); (B} X. nezahualcoyot!
the tip of the mouth to the {Ocampo strain), a northern swordtail; and (C) X.
base of the tail). Although no helleri (Lance strain), a southern swordtail.
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FIGURE 2. Numbers of Xiphophorus publications by decade from
1840 to present. Data for the decade beginning with the year 2000
represents an estimate based on manuscripts pubiished in the
first two years. These data were derived from a searchable bibli-
ography malntained by the Xiphophorus Genetic Stock Center

{XGSC) and posted at www.xiphophorus.org. The bibliography

currently contains 1,595 Xiphophorus citations.

extensive studies have been performed on the lifespan of these fish-
es, they typically live two to three years.

Depending on the specific strain, these fishes may not show pro-
nounced sexual dimorphism/secondary sexual characteristics; nev-
ertheless, mature males always develop a modified anal fin known
as the gonopodium. This highly specialized fin, which differs from
one taxon to the next, is used to transfer sperm packets or “sper-
matozeugmata® to the females®. Embryonic development takes
place internally and lasts ~30 days®. Inseminated females can store
sperm for longer than 10 months, resulting in the possibility of
“mixed” broods. Therefore, when breeding Xiphophorus fishes for

TABLE 1. Fish species/stocks maintained at the XGSC.

latyfish Species.

research, one must take great care to avoid unintended insemina-
tions and offspring that are derived from different males.

Gravid Xiphophorus females normally bear well-developed,
minute (~6 mm) fry, which are quickly capable of procuring food
independently. Because Xiphophorus fishes occasionally cannibalize
their own young, caretakers typically separate newly born broods
from their parents. Brood intervals vary between 22 and 45 days.
Broods can vary greatly in number from 1 to 160, with such vari-
ability derived from species/strain/individual differences and envi-
ronmental variables.

Xiphophorus fishes develop rapidly within their first few months
and typically reach maturation at two to six months. Xiphophorus
fishes possess a sex-linked locus known as “p;?” which regulates the
age at maturation and thus ultimately determines adult size’. Allelic
combinations of this gene can lead to pronounced differences in
size between siblings”®, Perturbation of this locus, such as within
certain hybrids (presumably due to inadequate gene regulation),
can lead to fishes that do not mature and continue to grow. In
extreme cases, these fishes may live out their entire lives without
ever reaching maturity®.

Xiphophorus fishes are typically maintained in aquaria at den-
sities of approximately one fish per 4.4 liters and no greater than
one fish per 2 liters, A variety of water sources are used in aquar-
ium systems (e.g., chemically dechlorinated municipal water, car-
bon-filtered water, ultraviolet (UV)-sterilized water, ozonated
water). These fishes are typically maintained in 210-27°C water
at a pH of 6.5-7.5—similar to conditions they encounter over
much of their natural geographic range. Xiphophorus fishes are
omnivorous. They can be fed commercially available foods devel-
oped for the pet industry, and have been raised on a diet of flake
foods, tubifex worms, freeze-dried or live brine shrimp (Artemia
sp.), water fleas (Daphnia sp.), and “liver paste!®,” or a combina-
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tion of these. Fry do better with small food items, such as live
brine shrimp. Overfeeding, which can lead to excessive levels of
nitrogenous wastes and undesired bacteria in the aquarium,
should be avoided.

Artificial insemination is used to perform certain crosses
between individual fish and for the creation of some hybrid fish. In
a straightforward procedure originally developed by Eugenie
Clark™,, the male is anesthetized and gentle pressure is applied to
the ventral regions near and around the gonopodium. Sperm
packets are collected by pipetting and can briefly be stored in a
0.7% NaCl solution. The sperm packets are then injected through
the urogenital sinus and into the gonoduct of an anesthetized
female.

Xiphophorus fishes are typically anesthetized using MS-222
(Sigma-Aldrich, St. Louis, MO) in working concentrations ranging
. from 0.02-0.04% (pH 7.0). This same compound, when used at
higher concentrations (i.e., 0.06% or greater), can be used to euth-
anize these fishes. The preparation of these working solutions and
buffered concentrated stocks is detailed at www.xiphophorus.org/
research.htm.

The Xiphophorus Genetic Stock Center

Because Xiphophorus fish are often used in genetic research,
careful husbandry and stock maintenance with exact and traceable
records are critical. Research groups in different parts of the world
should, when possible, use the same strains to allow direct compar-
ison and potential pooling of experimental results. In the early
1930s, to address the lack of available platyfish, swordtail, and
hybrid strains with well-known genetic backgrounds, Myron
Gordon, a scientist at Cornell University (Ithaca, NY), traveled to
Mexico and neighboring countries and collected fish from their
wild habitats, Gordon brought fish, including X. helleri and X, mac-
ulatus, back to New York and bred them in the laboratory'2, He
assigned a unique and sequential number to each experimental
cross and maintained meticulous notes regarding phenotype and
breeding. Over some 30 years, Gordon’s laboratory moved from
Cornell University to the New York Aquarium (Brooklyn, NY), and
subsequently to the American Museum of Natural History (New
York, NY), all the while maintaining a sizeable number of
species/strains'?2. Gordon provided fish for many individuals,
including researchers and hobbyists, and published hundreds of
scientific and lay articles. His laboratory effectively became the
Xiphophorus Genetic Stock Center (XGSC) and was taken over by
his student Kiaus D. Kallman, who maintained and expanded the
center over the ensuing 32 years'3,

The XGSC, which is presently housed at Southwest Texas State
University (San Marcos, TX), carries all 22 described species com-
posing 64 strains of Xiphophorus (Table 1). Since these strains are
inbred, with some having undergone >90 generations of sib-sib
matings, experimental results derived from hybrid crosses can be
readily repeated. Information regarding the XGSC can be found at
www.xiphophorus.org.
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Xiphophorus Genetic Models

The Xiphophorus genetic system possesses many of the character-
istics of an informative and useful animal model, including: (1) ease
of generating large numbers of animals; (2) availability of well-main-
tained inbred stocks and strains; (3) ability to perform genetic cross-
es among phenotypically diverse animals, with the capacity for pro-
ducing fertile offspring; (4) a well-marked gene map; (5) availability
of robust genetics allowing assignment of orthology with human
genes, and enabling molecular genetic approaches for mechanistic
investigation; {6) well-characterized molecular markers and cloned
genes that can be used as tools for research investigations among var-
fed scientific disciplines; and (7) availability of established cell lines
for in vitro studies. ,

Development of the Xiphophorus genetic system and its employ-
ment in varied scientific fields can be traced to pioneering studies
indicating that after interspecies hybridization, certain hybrid prog-
eny become susceptible to spontaneous tumor development!4-1?,
Results from these early Xiphophorus tumor crosses established the
presence of what we now term “oncogenes” and were the initial
indications that loss of gene function could be associated with
tumorigenesis, thus indicating the existence of tumor-suppressor
genes.

As an example of the ability of the Xiphophorus model systems
to dissect complex genetic phenomena, we describe the application
of Xiphophorus interspecies hybrids to the study of “spontanecusly
developing” (i.e., not chemically or physically induced) melanoma
and compare two such crosses. A more detailed treatment of
Xiphophorus hybrid models can be found in a recent review??,

Gordon—-Kosswig Melanoma Model

The Gordon—Kosswig (G-K) melanoma model™ serves as a para-
digm for studying the role of dominant oncogenes and recessive
tamor suppressor genes in tumor development, and has been used in
numerous studies of the etiology of melanoma in Xiphophorus'®-2L,
The X. maculatus X chromosome carries a macromelanophore pig-
ment pattern marker gene designated Sd (spotted dorsal).
Melanocytes derived from Sd become hyperplastic within the X, hel-
leri genetic background. Thus, backcross hybrids produced by the
mating scheme (X. maculatus Jp 163 A x X. helleri) x X. helleri (Fig.
3A) develop spontaneous malignant melanomas. In the first-genera-
tion backcross (BC, ), half of the offspring inherit the Sd pigment pat-
tern gene, and of those, haif (25% of the progeny) exhibit hyperplas-
tic pigment cell expression and half (25% of the progeny) develop
malignant melanoma characterized by invasive nodular melanotic
lesions!®-2L,

Comparative biochemical, histological, and cytological studies
of melanin-containing cells from G-K backcross hybrid fishes show
a marked decline in the differentiated state of pigment cells in
tumors?, Within lightly pigmented BC, hybrids, cells differentiate
only to an intermediate stage and undergo limited cell division,
Cells in malignant melanomas derived from heavily pigmented fish
are obviously neoplastic and retain rapid, unlimited cell divi-
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sion202223, Malignant melanomas from these fishes are histopatho-
logically, ultrastructurally, and biochemically very similar to their
mammalian counterparts?*26, This point is underscored by the
observation that fish melanoma cells are able to proliferate in a
manner very similar to human melanoma cells when transplanted
into athymic mice?*. These early studies and many others cumula-
tively document the considerable similarity between melanomas in
fishes and those in mammals, including humans.

The current inheritance model for mendelian segregation of
phenotypes in the G-K melanoma model predicates two required
genetic events: oncogenic potential of the Sd macromelanophore
pigment pattern gene (or a locus tightly linked to it), and concomi-
tant loss of autosomal tumor suppressor gene copies derived from
X. maculatus. This tumor suppressor locus is termed DIFF, to

A
X maculatus (Jp 163 A) X. helleri (Sara)
. -
S Sd-XMRK: h A .
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X
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DIFFR/ DIFfh piFFm/ DiFfh  DIFFR/ DIFFR DIFFM/ DIFFh
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FIGURE 3. Examples of two Xiphophorus models of spontaneous
melanoma. (A) The Gordon-Kosswig hybrid metanoma cross. The
inheritance of two genomic regions: linkage group (LG) XXIV {Sd,
Xmrk-2) and LG V (DIFF). Parentheses indicate specific strain
codes. The BC, hybrid depicted on the bottom left exhibits inva-
sive melanoma causing necrosis of the dorsal fin region, which

. oceurs spontaneously in 25% of BC, hybrids simply as a result of
the interspecies cross. (B) Cross between X, variatus and X. hel-
Jeri, involving the Pu?z macromelanophore pigment paitern. The
pigment pattern is strongly enhanced, and a range of phenotypes
is seen in the backcross generation. Fish are one year of age =
two months.

account for the difference in the degree of differentiation of
melanin-producing cells within the BC, progeny. Studies conduct-
ed over the past several years have demonstrated that the X. macu-
latus X chromosome harboring the Sd macromelanophore pigment
pattern contains two tightly linked copies of an epidermal growth
factor receptor- (EGFR; HER-1-) related sequence??, These genes
are termed Xmirk-1 and -2 (ref. 29). Xmrk-2 is overexpressed (on
both RNA and protein levels} in hybrid-derived melanoma tissues
relative to the other copy {Xmrk-1), which is expressed in most nor-
mal tissues at moderate or low levels?72>31. Experiments also indi-
cate that the overexpression is consistent with promoter
hypomethylation within melanotic tissues derived from hybrids®.
In addition, Xmrk-2 has been shown to harbor two critical muta-
tions in the extracellular domain giving its protein a ligand-inde-
pendent constitutively active state?, The results of these, and other,
experiments have cumulatively suggested that Xmrk-2is the prima-
ry oncogene implicated in the G-K model.

The DIFF gene was shown to be autosomal and localized to an
area within Xiphophorus linkage group (LG) V (refs 23,34-39). A
fish homolog in the cyclin-dependent kinase inhibitor gene family
(CDKN2; alternatively known as P16, INK4) was mapped to the
DIFF position on LG V. This gene is termed CDKNZX, and its
inheritance has been genetically associated with heavy and light
pigmentation phenotypes and the development of melanoma (i.c,
the hypothetical expectation for DIFF) in a number of different
Xiphophorus UV-inducible hybrid models, and the G-K sponta-
neous melanoma modeP™#2, Within BC; hybrids, CDKN2X allelic
copies derived from X, maculatus and X, helleri are differentially
expressed in several tissues including melanomas*!. Thus, CDKN2X
is a very strong candidate gene for the hypothetical DIFF tumor
suppressor’®+2, Highlighting the relevance of this observation,
numerous studies in humans and rodents have also implicated a
CDKN2 gene family member (CDKN2A, P16} as the most com-
monly affected locus in melanomas®>#*, Thus, association of a relat-
ed Xiphophorus gene with melanoma formation is a provocative
discovery.

Pu? Model System

Other Xiphophorus species harbor macromelanophore pig-
ment pattern loci similar to Sd. One such pattern is referred to as
Pu? and is found in populations of X. variatus'®, Pu? differs from
Sd in that it codes for pigment cells on the flanks as opposed to on
the dorsal fin. In addition, fish harboring this pigment pattern
tend to develop melanomas only at advanced ages (i.e., >1.5 years
of age)*#8, Backcross hybrids using X. helleri as the recurrent
parent (Fig. 3B} are either heavily or lightly pigmented, with the
former showing a higher incidence of melanoma®”#, This result is
analogous to the G-K model. Genetic analysis of the Pu” model
reveals a fundamental difference since evidence indicated an
absence of a tumor suppressor effect derived from the IG V
genomic region®. In contrast to the G-K model, analysis of addi-
tional data suggests that another autosomal linkage group (LG
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IIT), is implicated in Pu’-derived pigment cell proliferation3”,
Molecular cloning of an implicated locus or loci within this
genomic region remains our future goal,

The potential importance and possible future exploitation of
this model should not be underestimated. From 1973 to 1990, the
incidence of cutaneous malignant melanoma (CMM) within the
US population rose ~94%, more than any other cancer®>, The
median age at CMM diagnosis in Caucasian US inhabitants was
57.0 years of age for males and 50.0 years of age for females,
although ~35% of diagnoses are in people younger than 45 years of
age®®, Because human melanoma studies are inherently retro-
spective, there is a clear need for experimental animal models suit-
able for investigation of the interaction of genetic and environ-
mental factors in melanomagenesis, and especially the function of
aging as a risk factor for developing such disease. While there are
several animal models useful for the study of aging with regard to
cancer®>%, melanoma models are lacking. The Pu? models should
prove highly valuable for studying the development of melanoma
late in life.

Other Xiphophorus Tumor Models
A total of 231 possible hybrid crosses can be produced between
~ the 22 described species of Xiphophorus. However, this number is
dwarfed by consideration of the influence of individual and popu-
lation variability on results observed after hybridization. As an
example, Kallman employed two different alleles of Sd derived from
the same river system in hybrid crosses to X. couchianus. The pig-
ment pattern was strongly phenotypically enhanced in one case,
but suppressed for the other'?%, In addition, experimental manip-
ulations can contribute to the great utility of these models. For
example, work conducted within the last decade has shown that
hybrid fish can be induced to develop melanoma after exposure to
UV radiation®*, It has also been shown that these models are
amenable to inclusion of chemical exposure regimens!®*-2, In

TABLE 2. Examples of various Xiphophorus tumor models?.

addition to melanoma, the carcinogen N-methyl-N-nitrosourea
{MNU) induces a number of other cancers in hybrids (e.g., neu-
roblastomas, neurofibromas, fibrosarcomas, and rhabdomyosarco-
mas'®%-62), A partial list of Xiphophorus crosses resulting in tumor
susceptibility is presented in Table 2,

Other Uses of Xiphophorus

In addition to their use for cancer research, Xiphophorus fishes
are actively being used in the study of evolution 6364, sex determi-
nation®%, endocrinologys®, ethology and behavioral ecolo-
gy, toxicology’”>, parasitology’®”’, and immunology’®”, In
fact, within the US, we estimate that there are 11 laboratories cur-
rently employing these fishes for behavioral and evolutionary stud-
ies. Over the past 15 years, great strides have been made in under-
standing the evolutionary relationships of Xiphophorus fish as evi-
denced by several key manuscripts describing new northern sword-
tail species?, and delineating the phylogenetic relationships of alf 22
species?%2, These studies also address the evolution of the sword,
a male secondary sexual characteristic not present or greatly
reduced in platyfish taxa.

Within the behavioral field, use of platyfishes and swordtails has
also raised great interest as discoveries have been made regarding
female mate preference; these studies raise the possibility that
behavioral traits could predate and contribute to the evolution of
external morphological characters”#2%5. Because of the pro-
nounced interest in this promising field of research, new technolo-
gies have recently been developed to facilitate study of these fish-
es”'73, The great diversity of Xiphophorus species/strains undoubt-
edly helps provide the raw material for numerous behavioral stud-
ies. It also seems certain that study of hybrids and the effect of
hybridization on behavior will be undertaken in the near future.
Coupling such work with gene mapping, and the powerful genetics
inherent in the Xiphophorus system, should result in the identifica-
tion of key loci implicated in behavioral processes.

: (X macidatis Jp. 163 B XX anders) x X; andes
g rhébuléius Jp 163A x'X ' coUchtanus) X X cotl

he fema!e parent is Ilsled farst (i s
he!!en backcrossed to a fe

< *Fibrosarcoma, retlnobiastoma, melannﬁc hyperp gm ntatlon, :
fF|brosarcoma neuroblastoma - ; : ;
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(1995).
summary 22. Vielkind, U. Genetic control of celf differentiation in platyfish-swordtait

Xiphophorus fishes and their hybrids have been used for over 70
years to study a number of biological phenomena. The relative ease
of maintenance, small size, and the availability of a stock center
resource, greatly contributes to their utility. The ability to create fer-
tile hybrid fish that show useful phenotypic manifestations of traits
derived from their parental progenitors uniquely positions them
for use as vertebrate animal models. Although researchers have
extensively used them for the study of melanoma, increasing inter-
est in studying other cancers, and in altogether other fields of sci-
entific inquiry is driving further usage of these animals in a variety
of different model systems. Indeed, it appears that the study of the
diminutive fish Xiphophorus will continue for some time to come.

Received 1/11/02; accepted 1/25/02.
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