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Iutroduction 
The traditional approaches to the study of biology (e.g., 

anatomy, physiology, embryology, genetics) have given way 
to new tactics and disciplines that reflect the progress and 
sophistication of methods of investigation generated by advanced 
technology. A new generation of scientists has emerged who 
use a scientific jargon that is strange to the ears of veteran 
investigators. Modern methodology and narrowing our fields 
of vision have led to isolation and compartmentalization of 
methods of biological study. lt is our perception that in recent 
years too many of us in the scientific community have been 
work.ing in circles of ever decreasing diameter so that we have 
become experts in, and restricted our efforts to, specific tech­
nologies and highly esoteric fields of investigation-some of 
us have even chosen to devote our lives to specific molecules. 
It is our premise that as a result, microcosms of study have 
r~sulted, each having their sphere of technique and savvy, as 
F1g. 1 suggests. We believe that too many ofus have lost sight 
of the "big picture" and the fundamental question. However, 
the isolated subdisciplines would, if joined together, yield 
~1ore rapid major advances in comprehending broad scientific 
1~sues and problems. We need to refocus on questions of sig­
mficance and determine what the information derived from 
our experimental manipulations means in the context of a 
whole, living organism. In this regard, fundamental knowledge 
?f the genetics and physiology of an appropriate test organism 
1s an essential prerequisite for designing and comprehending 
molecular biologicaJ protocols. 

The genus Xiphophorus, a group of freshwater teleosts, has 
~en toute~ for many years as an extraordinary research model 
for addr~ssmg .fu~d~mental questions covering several biological 
and medJCal dJSClphnes (Powers 1989; Schreibman et al. 1986, 
1987, 1991). In this treatise, Xiphophorus will be used to illus­
trate ~he value ?f combining the apparently disparate fields of 
~enetlcs, phys10logy, and molecular biology (the primary 
mterests of the authors of this article) to camprehend the nature 
of the reproductive system. Thus, the major objectives of this 
p~per are (i) to introduce (or reintroduce) an animal with spe­
Cial research utility; (ii) to define genetic and neuroendocrine 
control of reproduction as a problern of fundamental impor­
tance and significance; (iii) to review the current state of our 
knowledge in three spheres of study, genetics, neuroendocrine 
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physiology, and molecular biology; and (iv) to present new 
:vvays of looking at old problems, essentially suggesting meld­
mg separate spheres of influence into a single one with a 
specific, defined focus. 

The genus Xiphophorus 
The genus Xiphophorus, family Poeciliidae, comprises 22 

species, several of which have commanded special scientific 
interest. The two species that have been studied most exten­
siveJy for 80 years are Xiphophorus maculatus, the southern 
platyfish, and Xiphophorus helleri, the green swordtail. 

Xiphophorus maculatus occurs in the lowlands of southern 
Mexico, from the Rio Jamapa, Veracruz, across northern 
Guatemala into Belize (Kallman 1975). Three sex chromosomes, 
X, W, and Y, occur in natural populations of X. rnaculatus; 
thus females may be WX, WY, and XX and mal es XY and YY 
(Table 1; KaUman 1975, 1984, 1989). Unlike mammals, the 
sex chromosomes of Xiphophorus are similar to each other and 
possess homologaus loci (Kallman 1975; Nanda et al. 1992, 
1993). Several stocks have been inbred for more than 80 gener­
ations, thus providing us with fish with a high degree of 
homozygosity. Platyfish in natural populations range in stan­
dard length (SL) from 18 to 45 mm (approximate mean, 23 mm) 
and in body weight between 0.5 and 3 g, for both sexes. 

GENETICS 

FIG. 1. The question (see text). 
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TAilLE 1. Scx-dctcrmining mechunisms and P gene polymorphism in lO species of Xiphophorus 

Taxon Fernales Males P gene polymorphism 

X. maculatus 
X. milleri 
X. ~·aritllus 

X. andersi 
X. pygnweus 
X. nigremis 
X. cf. momezumae 
X. c:orrezi 
X. alvarezi 

WY WX XX 
XX 
XX 
XX 
XX 
XX 
XX 
XX 

WY 

XY YY 
XY 
XY 
XY 
XY 
XY 
XY 
XY 

yy 

On X and Y, W has early factor 
On X and Y 
Restrictcd to Y 
Restricted to Y 
Restricted to Y 
Restricted to Y 
Restricted to Y 
Restricted to Y 

X. helleri Not known Not known 
Factars on W and Y not the same 
Adult size of males is correlated 

Norc: From Kuliman (1989). 

TAßLE 2. Advantages of Xipltophorus as an experimental model 

Studicd for morc than 60 years in thc Iabaratory and field. Weil in 
cxccss of 1000 papers published 

Thc only vertcbrate known in which a key life-history trait (age at 
sexual maturity and perhaps longevity may be controlled by natural 
variations at a single locus 

Thc Xiplwphorus gcnc map is onc of the most extensive among verte­
bratcs in numbcr of assigned genes, ranking closc to the maps of 
man, rat, mause, and cow 

Most extensive longitudinal study (from birth to death) of the inter­
action of brain, pituitary, and gonadal factors rclated to reproduc­
tive physiology. Reproductivc system structure and function similar 
in muny ways to that of mammals 

Extensive study of the molccular biology of thc scx chromosomes, 
cspccially of thc locus regulating normal and abnormal pigment 
formation 

Thc only systcm in which mclanomas can be produccd spontaneously 
by simple gcnetic crosscs of two spccies of Xiphophorus 

Scrves as a Iabaratory model for applied studies in aquaculture, 
gravitational biology, controlled life-support systems, and analysis 
of ecological pcrturbations 

Thc gcnctics Iabaratory (formally nt New York Aquarium) maintains 
40 stocks of 20 specics of Xiphophorus. Each stock is weil charac­
tcrizcd gcnctically, cspecially for pigmentation, biochcmical markers, 
scx dctermination,lifc-history traits, gcographical distribution, and 
histocompatibility 

Somc stocks highly inbred (brothcr-sister matings for 80 genera­
tions); somc have becomc homozygous and do not reject tissue 
transplants exchangcd among mcmbcrs of the same stock 

The Xiphoplwrus gcnomc is thought to rcpresent the busic vertebrute 
gcnome (Ohno 1967), muking it nttractive for evolutionury studies 

The grcen swordtail has a somewhat wider distribution. It 
is found from the Rio Nautla, Veracruz, castward towards 
Guutemala, Belizc, and into Honduras. It inhabits small streams 
from neur the coast into the highlands at eievatians approach­
ing 1400 m abovc sca Ievel. Green swordtails are broadly 
sympatric with platytish in thc lowlands, but hybrids have 
never bcen found. Muture males range in size from 24 to 
65 mm (SL) and thcir mass varies correspondingly. At matu­
rity. males develop a long "sword" from elongated ventral 
caudal lin rays, an appendage that is missing in the platytish. 

Xiphophnrus serves to cornbine the disciplines of genetics, 
neuroendocrine physiology, and molecular biology. Our choice 
of Xiphophorus as a modcl system is appropriate because this 
tish is thc only vertebrate known in which a key life~history 
trait, that is, age at sexual maturation, and apparently life-

with sex ratio and P gene 
polymorphism 

TABLE 3. Gene-regulated endocrine-based processes in Xiphophorus 

Age and size at puberty - BPG axis development 
Sex determination 
Growth rate and final body size 
Number and quality of gametes 
Sccondary scx characters 
Longevity 
Pigment patterns 
Endocrine abnormalities (e.g., melanomas, thyroid tumors, pituitary 

cysts) 

TABLE 4. The nine known P alleles of X. maculatus, their associated 
pigment factors, and X or Y linkage and geographical origin 

P factor 

p9 
pH 
p6 

*P4 
*P~ 

Pigment factor, sex chromosome, and origin 

Sp1-X Jp, DrSd-X Jp, Sl·Y Cp, N2-Y Cp 
+-Y Bp (2x), ArSr-Y Jp 
Dr-Y Bp, +-Y Bp 
SpK-Y BP (2x), Mr-Y Bp (2x), MrSd-Y Bp, Rs-Y Bp, 

Av-Y Bp, Ir-Y Bp, +-Y Bp, +-X Up 
+-Y Bp, fSd-X Up 
N1-Y Bp, TySr-Y Bp, CpoSd-Y Bp, lr-Y Bp 
Asr-Y Cp, +-Y Bp 
Br-Y BP 
N1-X Bp 

NoTE: Thc P factor.; are listed in order of size at sexual maturation. The pigmcnt genes 
huve becn dcscribcd previously (Kallman 1975). Gcographical origin: Jp, Rfo Jamapa; 
Cp, Rio Coutzacoalcos; Up, Rio Usumucinta system; Bp, Bclizc Rivcr. From Kallmun 
(19!!9). 

*P l'actors prcviously identilicd. 

span, may be controlled by natural variations at a single Iocus. 
Table 2 provides additional reasons for our bias towards 
Xiphophorus. 

Genetics 
In Table 3 we present examples of associations between 

genome and physiological processes in Xiphophorus. 
In 1973 we reported that differences in the age and size at 

sexual maturation (puberty) are determined by a multiple allelic 
series at a gene locus on the sex chromosome; we terrned this 
the P locus ( Kaliman and Schreibman 1973; Kaliman et al. 
1973). Each of the alleles is closely linked to pigment genes, 
which thus serve as phenotypic markers for P. 

Nine P alleles have riow been identified in X. maculatus 
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TARLE 5. Age at sexual maturity at five homozygous genotypes of platyfish 

p Pigment 
genotype pattern Sex 

ptp! DrSp9 r:JCJ 
p!p! DrSp 1 99 
p2p2 Sr Sr CJCI 
p2p2 Sr Sr CJCJ 
p2p2 Sr Sr CJCJ 
p3p3 lrlr CJO' 
p4p4 BrBr 0'0' 
p4p4 BrBr O'CJ 
p5pS N1N1 99 
NoTE: Modilied from Kaliman and Borkoski (1978). 
a;, fish rnised in isolation; m, mass culture. 
11Fish arc 23 mm in length. 

Maturity 
n (weeks, ±SE) Treatment'~ 

23 7.9±0.2 
Sb 8.0 m 
8 13.5±0.2 
4 10.8±0.8 

12 14.6±0.3 m 
17 12.6±0.3 m 
46 26.5±0.6 m 
3 24.7±2.67 

164" 34-104 i, m 

cSome females still with undevelopcd gonads ut 73 weeks. 

(Table 4; Kaliman 1989), four in the swordtail X. multilineatus, 
and two or three alleles in several other species of the genus. 
As far as is known, each P allele is species specific. Table 5 
lists examples of various P gene combinations, the pigment 
gcnes that mark them, and their effect on the age and size at 
sexual maturation. There is no evidence for preferential asso­
ciation of certain P factors with certain color genes; each P 
allele can be linked to a variety of pigment factors. For example, 
pl is limited to four color genes and P3 to seven (Kallman 
1989). Basic Mendelian genetic crosses enable us to ~'synthe­
sizell offspring with a variety of combinations of P alleles linked 
to different pigment genes. In addition, because of the special 
sex-determining mechanisms in Xiphophorus, we are also able 
to generate various gender ratios, including all"male progeny. 

It is not entirely correct tostatethat the P locus controls the 
age at maturity or the size at maturity I because these two 
demographic parameters are intimately linked. In X. maculatus, 
if individuals of a given genotype are raised under different 
environmental conditions, they will mature at widely different 
ages and sizes. This is, of course, the well-known phenomenon 
of environment-genotype interaction. However, two different 
P genotypes raised under identical conditions will always 
mature at different ages and sizes. However I in other species 
(e.g. 1 X. multilineatus) the P genotypes are more clearly cor­
related with size at maturity rather than with age. By varying 
rearing conditions the age at maturity can be changed, but size 
at maturity stays constant. In other words, by changing the 
conditions one modulates the age (the growth rate) at which 
the genetically specitied size at maturity is attained. 

Because it is awkward in discussions to talk about P alleles 
that control age and size at maturity, as well as for brevity's 
sake, we will maintain in this presentation that P factors con­
trol age at maturity and we will refer to the alleles as early and 
late P factors. 
. Regardless of the underlying genetic relationship between 

stze and age at maturation, in males the growth rate declines 
sharply or ceases altogether at sexual maturation · thcrefore 
indi~iduals with genotypes for "early" maturati~n remain 
relahvely small throughout their adult life-span, whereas those 
with "lat~" genotypes will grow relatively large (Kallman 
~nd Schreibman 1973). The size difference between genotypes 
1s less ~ell marked in females, who continue to grow after 
maturatwn. 

Two patter~s of inheritance can be recognized in the genus. 
In some spectes (e.g., X. maculatus and X. milleri) alleles for 
both early and late maturation may be present on both X and 

Y chromosomes. Individuals can bebred that are either homo­
zygous or heterozygous for early or late P factors, and early 
and late genotypes are not restricted to a particular sex. The 
P locus is most closely linked to the macromelanophore gene 
and also to genes for xanthophore and pterinophore pigmenta­
tion and the sex locus. 

The genetic cross presented below illustrates how the P gene 
system works. This cross is used frequently in our protocols, 
for it provides early- and late-maturing siblings of both sexes. 
This enables us to separate chronological age from physio­
logical age in our studies of reproductive system development. 
A female of X. maculatus heterozygous for an early (P 1) and 
a late (PS) factor was mated to a male heterozygous for two 
early factors (P1 and P2). The following macromelanophore 
factors served as marker genes for the P alleles: Sp (spot sided) 
for P1, N (nigra) for p5, and Sr (stripe sided) for p2. The 
cross can then be written as follows. 

F 1 (The progeny derived are mal es and females that mature at 
different sizes and ages.): 

Males 

X-Sp Y -Sr (P1 P2) 

X-NY -Sr (P5 P2) 

Fernales 

X-Sp X-Sp (P1 P1) 

X-NX-Sp (P5 P1) 

For example, males with P1 P2 genotype mature at 14 ± 0.3 
weeks and 21.4 ± 0.3 mm and males with P5 p2 at 33.2 ± 
0.8 weeks and 35.2 ± 0.5 mm. A similar relationship between 
age and size exists in early-maturing (P1 P2) and late maturing 
(P5 P 1

) females (Kai Iman and Schreibman 1973; Kaliman and 
Borkoski 1978). 

A different pattern of inheritance is present in many species 
of swordtails. in which the P gene polymorphism is restricted 
to the Y chromosome. However, in X. helleri the pattern of 
sex determination is still unknown (see Table 1 ). The X chromo­
somes of these species always carry the early P allelesl whereas 
the Y chromosomes carry the factors for early I intermediate, 
or late maturation. Consequently, some males mature at the 
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FIG. 2. A schematic representation of the BPG axis depicting its 
relationship with receptor argans of environmental cues. Hormones 
involved in this axis are indicated within their appropriate organ; 
arrows indicate paths of movement of humoral agents and feedback 
controls (see text). CNS, central nervous system; PNS, peripheral 
nervaus systcm; 2°, secondary; N' Trans, neurotransmitters; N' pep­
tides, nruropeptides. 

same age and size as females, whereas other males may take 
twice as long to attain maturity, and size varies correspond­
ingly. Because the polymorphism is restricted to the Y chromo­
somes, age and size at maturity of males is inherited paternally. 
Individuals homozygous for late maturation do not occur under 
natural conditions and also cannot be bred in the laboratory. 
In the absence of crossing~over, factors that effect behavior 
and pigmentation have become linked to specific P alleles. 

Neuroendocrine physiology 

We set out to understand the neuroendocrine basis of the 
genetic control of sexual maturation and, hopefully, to clarify 
the nature of the P gene. Table 6 lists the specific features of 
the reproductive system of Xiphophorus that makes it attrac­
tive for study. Our work on the genetic and neuroendocrine 

TABLE 6. Xiphophorus maculatus: Features ofthe reproductive system 

Interna) insemination by copulation 
Interna) fertilization 
Sperm storage within female 
Follicular gcstation . . . 
Multiple broods from a single msemmat10n 
Free-swimming newborn 
Usually 20-40 animals per brood 
28 days between broods on year-round basis 
Age at maturity genetically det~rmined (2-12 months) at P locus 

marked by linkage to body ptgment genes 
Sexually dimorphic body structure . 
Gonopodium development, an index of androgen product10n 
Garnetagenesis until death 
Average life-span of 2.5 years 

NoTE: From Schreibman et al. 1990. 

TABLE 7. Neu~oendocrine-physiological time table 
for Xiphophorus development 

Available for: 
multiple forms of GnRH 
GTH I, GTH li 
neuroregulatory peptides (completc for at least 7) 
steroids 
gametogenesis 
secondary sex characters 
maturational changes in receptor argans 

control of reproductive system development in Xiphophorus 
has been summarized and the significance assessed in recent 
reviews (Halpern-Sebold et al. 1986; Schreibman et al. 1986, 
1987, 1990, 1991; Schreibman and Margolis-Nunno 1987). Our 
research has established the sequence of interactive develop­
mental events (a "calendar," so to speak) in the brain­
pituitary-gonad (BPG) axis that culminates in the ability of 
the organism to produce viable gametes (see Table 7). 

The neuroendocrine agents responsible for regulating BPG axis 
structure and function (e.g., gonadotropin-releasing hormone 
(GnRH), gonadotropic hormones (GTHs), steroid-synthesizing 
enzymes) are already present in neonatal platyfish (Schreibman 
et al. 1982a, 1982b, 1991). What was needed was to clarify 
the specific role of the genome and identify the mechanisms 
that arebestrate the activities leading to sexual maturity. 

Wehave found that there are distinct changes in the distribu­
tion and relative quantity of immunoreactive (ir) peptides, neuro­
transmitters, and pituitary and gonadal hormones during the 
life-span of platyfish. These and other physiological alterations 
can be related to genotype, age (physiological and (or) chrono­
logical), and sex and are especially drarnatic at the time of repro­
ductive system maturation (cf. Schreibman et al. 1982a, 1982b, 
1982c, 1987, 1991; Halpern-Sebold and Schreibman 1983). 

The relationship among three brain nuclei (nucleus olfacto­
retinalis, NOR; nucleus preopticus periventricularis, NPP; 
nucleus lateralis tuberis, NLT) containing immunoreactive 
gonadotropin-releasing hormones (ir-GnRHs), the pituitary 
gland, the gonad, and the sensory organs that convey environ­
mental cues to the BPG axis is illustrated in Fig. 2. lt has been 
demonstrated that numerous ir-fibers emanate in all directions 
from the NOR, and processes can be clearly delineated between 
this nucleus and the two other ir-GnRH-containing nuclei, the 
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FIG. 3. A schematic representation of the Xiphophorus sex chromosome. Broken line between macromelanophore patterns (Xmrk) and P 
Jocus indicates unresolved positional relationship of two loci (see Fig. 4). 

pineal gland (habenula nucleus region), the olfactory tract, the 
optic nerve, and the pituitary gland (Schreibman et al. 1982a; 
Halpern-Sebold and Schreibman 1983; Münz et al. 1981; 
Demski 1984). ir-GnRH appears in the NOR early in develop­
ment in both early (at 5 weeks) and late (at 9 weeks) maturers. 
At the initiation of the maturation process, ir-GnRH appears 
in the NPP and very soon after in the NL T. These events 
directly precede the proliferation of the gonadotropes in the 
ventral caudal pars distalis (vCPD) of the pituitary gland and 
the subsequent maturation of the gonads. The attainment of 
sexual maturity in males is revealed by the final transforma­
tion of the anal fin into a gonopodium, a process dependent 
upon increasing Ievels of androgen. 

The pituitary gland of neonatal platyfish is characterized by 
equal areas of neurohypophysial and adenohypophysial tissue. 
W ith the exception of the gonadotropes in the vCPD, all cell 
types characteristic of the mature gland are present in their 
characteristic regional distribution in neonatal fish (Schreibman 
1964, 1986). Cells containing both ir-gonadotropin (ir-GTH; 
reactive with antibody generated against the ß-subunit of a 
number of teleostean GTHs) and ir-GnRH (reactive with anti­
body generated against the synthetic mammalian peptide) can 
be identified in 1-week-old fish in the periodic acid - Schiff 
positive (PAS+) cells of the pars intermedia (PI) and in clusters 
of cells in the lateral regions of the caudal pars distalis (CPD); 
gonadotrophs of the vCPD are represented by only a few scat­
tered, isolated ir-cells (Schreibman et al. 1982a). The gonado­
tropes of the PI are numerous at 1 week of age, while those 
of the vCPD begin to appear just prior to the onset of sexual 
maturation and soon increase markedly in nurober, size, and 
activity. 

There is a direct relationship between the number of ir-GnRH­
containing neurons in the brain and the number of ir-GTH­
containing CPD and PI cells in the pituitary in both early 
and late maturers frorn 1 week to adulthood. In adult early and 
late maturers, the nurober of ir-cells in the PI is similar, but 
late maturers have significantly fewer ir-cells in the CPD 
(Halpern-Sebold et al. 1986; Halpem-Sebold and Schreibman 
1983). In both genotypes, the initial appearance of ir-GnRH 
in the NPP and NL T of the brain occurs just prior to the 
proliferation of gonadotropes in the CPD. 

The results of our recent sturlies (Magliulo-Cepriano and 
Schreibman 1992; Magliulo-Cepriano et al. 1994) demoostrate 
that variant forms of GnRH (salrnon (s), chicken II (eil)) and 
G!H (GTH ßl, GTH ßll) are present at defined stages of 
X1phophorus development and that they are associated with 

specific morphological regions of the brain and pituitary gland. 
sGnRH and GTH ßl are already clearly present by 2 weeks of 
age. ciiGnRH and GTH ßll are not seen until the onset of 
puberty. Similarly, there is a specific regional and chronological 
distribution in Xiphophorus of neuropeptides and neurotrans· 
mitters that have been implicated in GnRH and GTH synthesis 
andrelease (Magliulo-Cepriano et al. 1993; Magliulo-Cepriano 
and Schreibman 1993; Margolis-Nunno et al. 1985, 1987; 
Schreibman and Halpern 1980). These studies suggest, there­
fore, that different forms of GnRH and GTH are associated 
with different aspects of reproductive system development and 
function and that neuropeptides aret in some yet to be deter­
mined way, related to coordinating BPG axis interaction. 

In platyfish gonads, the enzymes essential for steroid synthesis 
(3ß-hydroxysteroid dehydrogenase and glucose-6-phosphate 
dehydrogenase) are seen in the Leydig cells of the youngest 
males examined (3 days old). At a similar age in females, 
these enzymes are localized in the stroma of the ovaries, which 
essentially comprise previtellogenic oocytes (Schreibman et al. 
1982b; M.P. Schreibman and R. van den Hurk, unpublished). 
At the time of sexual maturation, in both males and females, 
cells containing these enzymes become more numerous and 
more intense in their histochemical response. Soon they dis­
play a pattern of enzyme distribution characteristic of fully 
developed gonads (Schreibman et al. 1982b; M.P. Schreibman 
and R. van den Hurk, unpublished). 

Molecular biology 

The fundamental question persists: What is the where, when, 
how, and why of the P gene? In recent years there has been 
a surge of activity resulting from the development of sophisti­
cated technology enabling us to approach the que.~tions that 
have been with us for so long. Figure 3 depicts the current 
working model of the structure of the sex chromosome of 
Xiphophorus. This information has essentially been derived 
from genetic linkage data and molecular mapping sturlies (see, 
for example, Anders et al. 1973; KaUman 1975; Morizot et al. 
1991; Schartl and Adam 1992). 

The long-term sturlies to understand the genetic regulation 
of melanoma formation in Xiphophorus have provided a giant 
step in isolating and characterizing the P gene. In many spe­
cies of Xiphophorus, individuals exhibit melanophore patterns 
composed of !arge, intensely black pigment cells (macro­
melanophores) arranged as irregular spots superimposed on a 
uniform olive-gray body coloration formed by small black 
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pigment cells (micromelanophorcs) and xanthophores arranged 
in a reticular pattern (Gordon 1927). More than 60 years ago 
it was discovcred that hybrids derived from matings between 
platyfish with macromelanophores on their dorsal fin and 
unspotted swordtails (X. helleri) spontaneously develop malig­
nant melanomas (Gordon 1927; Hauster 1928; Kosswig 1928). 
Shortly thereafter, it was recognized that the occurrence of 
tumors in hybrids is due to a single locus (the macromelanophore 
locus) of X. maculatus that "interacted" with the X. helleri 
genome ( Gordon 1931; Kosswig 1929). This interaction was 
subsequently defined as the effect of modifying genes (presence 
of intensifying genes contributed by X. helleri and (or) absence 
of repressing genes from X. maculatus) in the hybrid genome, 
which act specifically on the macromelanophore locus ( Gordon 
1958; Atz 1962; Kosswig 1965; Zander 1969; Kaliman 1970). 
However, the situation is more complex. The same macro­
melanophore patterns occur in all the different platyfish popula­
tions. Yet the macromelanophore alleles are population specific, 
as are their modifier systems. Therefore, a more appropriate 
view is that macromelanophore factors and their regulatory units 
within a population constitute a co-adapted genetic system that 
brings about species-specific patterns (Kallman 1970). 

In a typical cross, a female X. maculatus that carries the 
X-chromosomal macromelanophore gene Sd (spotted dorsal) 
is mated to X. helleri, which does not carry the corresponding 
gcne. The F 1 hybrid shows enhancement of the Sd phenotype. 
Backcrossing of the F1 hybrid to X. helleri results in offspring 
that segregate into 50% that have not inherited the Sd locus 
and are phenotypicalJy like the X. helleri parental strain and 
50% that carry the macromelanophore locus and develop 
melanoma. The severity of the atypical pigment cell hyper­
plasia ranges from benign (pigment cell overgrowths) in some 
individuals (phenotype like the F 1 hybrids) to highly malig­
nant growths in othcrs, where the melanomas are invasive, 
exophylic, and fatal to the individual. Based on the classical 
crossing experiments involving the Sd factor of the Jamapa 
stock of X. maculatus, a genetic model has been proposed to 
explain tumor formation in Xiphophorus (Ahuja and Anders 
1976). The sex-linked macromelanophore locus was formally 
equated to a melanoma oncogene locus, whose critical consti­
tuent was designated "tumor-gene" (Tu). Melanoma formation 
then was attributed to the uncontrolled activity of Tu. In non­
tumoraus fish, Tu activity was proposed to be negatively con­
trolled by regulatory genes or tumor-suppressor genes (R genes, 
corresponding to the modifying genes mentioned above). 
For the crossing experiment outlined above, this means that 
X. maculatus contains the Tu-Sd locus on the X chromosome 
and the corresponding major R on an autosome, while X. helleri 
is proposed not to contain this particular Tu locus and its 
corresponding R. According to the model, backcrossing ofthe 
Tu-containing hybrids to X. helleri results, in effect, in the 
progressive replacement of R-bearing chromosomes from 
X. maculatus by R-free chromosomes of X. helleri. The step­
wise elimination of regulatory genes is thought to allow expres­
sion of the Tu phenotype, leading to benign melanoma if one 
functional allele of R is still present or malignant melanoma if 
R is absent (for review see Anders et al. 1984). However, it 
should be noted that it is similarly compatible with the crossing 
data to attribute Tu activity to the presence of intensifying genes 
contributed by X. helleri chromosomes in the hybrid genome. 
Whether this model also applies to other macromelanophore 
factors and (or) to "foreign" species other than X. maculatus 
has been questioned (Veilkind et al. 1989). This suggests still 
other tumor-suppressor systems. 

TABLE 8. Isolating and understanding the P gene 

1. Establish a physical map of the P-gene region of the sex chromo­
some using rare cutting restriction enzymes and pulsed-field gel 
electrophoresis 

2. Identify CpG islands within the physical map. These islands are 
indicative of structural genes 

3. Clone CpG islands and flanking DNA 
4. Identify candidate genes using Southem analysis ofvarious P alleles 
5. Confirm that the candidate gene is responsible for the P pheno­

type, using select genetic crosses and gene transfer along with 
evaluation of reproductive system development. 

Reintroduction of the regulatory genes of X. maculatus by 
crossing melanoma-bearing hybrids to X. maculatus leads to 
a retum to the normal phenotype in the progeny of the suc­
ceeding backcross generations, always using X. maculatus as 
the recurrent parent (Anders et al. 1984). This demonstrates 
that the macromelanophore gene (or the oncogene Tu) itself 
remains structurally unaltered during the process of activation 
via hybridization. Four years ago the gene at the Tu locus was 
cloned (Adam et al. 1988; Schartl1988; Wittbrodt et al. 1989). 
The Tu gene is called Xmrk, the Xiphophorus melanoma receptor 
kinase. This was accomplished by applying "reverse genetics," 
determining the location of the chromosome, finding nearby 
genetic markers, and isolating the correct candidate genes. 

How can this information on Xmrk and melanoma help in the 
isolation and characterization of the P gene? So far no unequiv­
ocal unique gene product for the P locus has been defined, 
either on the RNA or protein Ievel. This precludes cloning of 
the P gene by classical methods of recombinant DNA tech­
nology. The single remaining alternative for a molecular 
approach is the application of positional cloning or, as termed 
earlier, reverse genetics. The first step for positional cloning 
is to localize precisely the gene or Iocus to a chromosomal 
region. The next step, once the chromosomal position of the 
gene in question has been completely resolved, would be the 
isolation of molecular marker sequences. Such molecular 
markers will provide the access to a physical map. In a third 
step this map can be used to sort and orient genomic clones 
that cover the region of interest by chromosome walking or 
chromosome jumping, using cosmid or YAC (yeast artificial 
chromosomes) clones. Thus, the whole chromosomal region 
can be isolated molecularly. Identification of transcripts encoded 
in that region will ultimately lead to the isolation of candidate 
genes (see Table 8). 

For the positional cloning strategy the conditions in 
X. maculatus are very good, Mapping the P gene locus to the 
sex chromosomes in close proximity to a specific pigmentation 
locus has already been accomplished through our genetic 
studies (Kallman and Schreibman 1973; KaUman and Borkoski 
1978). The whole complex resides towards the telomeric region. 
This has important implications for our cloning approach 
towards the P gene. What is encouraging is that in the chromo­
somal region that is close to the telomere, recombination fre­
quencies are equal to much shorter physical map distances 
than on the rest of the chromosome or even in the region close 
to the centromere. One centiMorgan (cM) in Xiphophorus 
averages to approximately 600 kilobases (kb) (Morizot et al. 
1991). This means that the P gene is much closer to the Xmrk 
gene, which is our starting point for the chromosome walk, 
than we had previously expected. 

After the first segme11t of this strategy was set, our next goal 
was to find molecular marker sequences and to get a physical 
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FIG. 4. (A) A model for the evolution of a duplicated locus near the P gene. I. Situation in ancestral Xiphophorus. X and Y, sex chromosomes 
or their precursors; broken line, site of meiotic nonhomologaus recombination event. ll. Result of the recombination, the mutant X is lost in 
meiosis; Y, recent sex chromosome of Xiphophorus (see text). proto-onc, proto-oncogene. onc, oncogene. (B) Schematic map of X. maculatus 
sex chromosome: loci, clones available, proposed P location (see text). 

map of the sexchromosomal regionaraund the P locus. First, 
information was provided through our studies on the melanoma­
inducing oncogene, which is not only closely linked to the 
macromelanophore locus or even part of it but which is also 
in the vicinity of the P gene (see above). The melanoma onco­
gene was cloned by applying reverse genetics. A molecular 
marker (pXX21) was isolated (Adam et al. 1988). U sing this 
marker as a probe, a full-length transcriptional clone was iso­
lated from a melanoma cDNA library. More than 30 kb of the 
genomic region was then cloned. This spans the entire tran­
scribed region and up to 1 kb of the 5' upstream regulatory 
region (Adam et al. 1991). Large parts have been sequenced, 
thus providing the first sequence tagged site (STS) on the sex 
chromosome of X. macu/atus 

Southern blot analysis with molecular probes from the Xmrk 
oncogene as a probe on DNA from a I arge number of fish with 
and without macromelanophore patterns obtained from natural 
populations and Iabaratory stocks, as well as their hybrids, 
revealed the following genomic organization of this chromo­
somal region. The Xmrk gene exists in two copies in the genome 
of Xiphophorus. One copy is present on each of the sex chromo­
somes (including W, X, and Y of X. maculatus) as a bona tide 
proto-oncogene serving in a so far unknown physiological 
function. It encodes a membrane receptor tyrosine kinase. 

Xiphophorus maculatus, as well as several other species of 
Xiphophorus that carry a macromelanophore locus with a 
predisposition for melanoma formation, has a secend copy of 
Xmrk. This copy is an oncogene and is responsible for the 
neoplastic transformation of cells of the macromelanophore 
lineage in hybrids (e.g., with X. helleri). 

Linkage analysis revealed that both copies of Xmrk are 
located within a distance of approximately 1 cM on the sex 
chromosomes (Fig. 4; Schartl 1990). This distance is roughly 
equivalent to 600 kb of physical map distance. A complemen­
tary DNA (cDNA) and genomic clones for the proto-oncogene 
have been cloned and partially sequenced, thus providing the 
second STS (sequence tagged site) on the sex chromosome. lt 
became now clear that the Xmrk oncogene arose through a 
gene duplication event during the evolutionary history of the 
genus. A nonhomologaus recombination event occurred with 
another locus that we have designated D with exon I of proto­
oncogene Xmark, cxactly 3' of codon 10. This event generated 
the additional copy of Xmrk with a new promoter (Fig. 4). 
Suppression of this new Xmrk promoter (which is in fact 
derived from the D locus) by the tumor suppressor locus R 
(located on linkage group V) in parental X. maculatus and its 
deregulation in hybrids explain the genetics of melanoma for­
mation in Xiphophorus (Adam et al. 1993). The D locus is 
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under scrutiny in the Iabaratory. It is of potential importance, 
because it might provide the third STS on the sex chromo­
some. The gene duplication model would predict that the D 
Jocus is also linked to Xmrk. The D locus is an amplified 
sequence in the Xiphophorus genome. Studies using double 
fluorescence labeHing of Xmrk and D locus probes are under­
way to show the linkage of both. Sequences from the D locus 
are already available. Genomic clones have been isolated and 
sequenced. Similarly, cDNA clones were obtained by screen­
ing a melanoma celllibrary. With the three molecular markers, 
Xmrk proto-oncogene, Xmark oncogene, and D locus, a region 
ofthe sex chromosome is covered to which within I cM at the 
borders the P gene is located as inferred from the combination 
of genetic linkage data and molecular mapping (Fig. 4). The 
next Ievel of resolution that is needed for cloning the P gene 
is to establish a long-range map by pulsed-field electrophoresis. 
This has becn started using rare cutting enzymes that produce 
fragments in the 100- to 500-kb range. The regions around 
the Xmrk proto-oncogene and oncogene have been mapped 
(Ziegler and M. Schart!, unpublished). Enzymes that produce 
!arger fragmentswill be used to link both regions. In parallel, a 
genomic library in yeast artificial Chromosomes with X. macu~ 
Iatus DNA as an insert has been produced (J. Wittbrodt and 
M. Schartl, unpublished). From this library the clones spanning 
the sex chromosomal region marked by the above-mentioned 
STS or Xmrk and eventually D can be isolated. These clones 
can then be used for the identification of transcripts and finally 
for finding candidate genes for the P locus. This information 
will be most useful in our attempt to isolate the P gene. We 
propose to use a similar approach, which is summarized in 
Table 8. Finally, it is absolutely essential to have a good 
animal system to ultimately test if an isolated DNA sequence 
has the characteristics of what we expect for the P locus. 

Summary 

In summary, we have an animal model that has enabled us 
to identify a specific locus on an identified chromosome that 
is directly correlated with a physiological process. We can 
produce combinations of P alleles in animals of either gender 
at will. The reproductive system has been dissected at various 

Ievels of the BPG axis and studied in order to create an neuro­
endocrine time table for development. In addition, we have 
utilized modern molecular biological technology and thinking 
to close in on the P Iocus. Wehave taken major steps towards 
resolving how to isolate and characterize the P gene; this is 
certain to advance our understanding of how genotype regu­
lates physiological processes. 

Finally, we have seen how three fields of investigation have 
been pursuing similar questions but within their own spheres 
of influence. It has been our intention to demoostrate that the 
energies, expertise, and technologies of these seemingly diverse 
fields of study need to be integrated within the sphere of the 
BIO QUESTION to be answered (Fig. 5). In this way we 
anticipate rapid advancement towards a comprehensive under~ 
standing of genomic control of reproduction and, indeed, of 
the physiological process in general! 
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