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ABSTRACT

Analysis of genotypes of 76 polymorphic loci in more than 2600 backcross hybrid individuals
derived from intra- and interspecific genetic crosses of fishes of the genus Xiphophorus (Poeciliidae)
resulted in the identification of 17 multipoint linkage groups containing 55 protein-coding loci and
one sex chromosome-linked pigment pattern gene. Multipoint linkage analyses identified highly
probable gene orders for 10 linkage groups. The total genome length was estimated to be ~18
Morgans. Comparisons of the Xiphophorus linkage map with those of other fishes, amphibians and
mammals suggested that fish gene maps are remarkably similar and probably retain many syntenic

groups present in the ancestor of all vertebrates.

HE construction of genetic linkage maps has
proved to be a powerful tool in genetic studies
of animal and plant genomes. The availability of de-
tailed linkage maps can allow identification and local-
ization of genes controlling simple and complex traits.
The localization of specific genes on the linkage map
can lead to molecular cloning of these genes by “re-
verse genetics” approaches (ORKIN 1986). Of more
immediate benefit is the utilization of linked flanking
markers to trace the inheritance of introgressed genes
through subsequent generations. While the most
rapid method for development of detailed linkage
maps has involved the utilization of restriction frag-
ment length polymorphisms (RFLPs) at anonymous
DNA sequences, it is equally important to include
sequences coding for proteins of known function. A
primary benefit of linkage maps of protein-coding loci
is the study of the origin and evolution of gene ar-
rangements in a variety of taxa.

Gene maps of mammals, especially mouse and man,
have expanded exponentially during the past decade,
featuring identification of at least one multipoint syn-
tenic or linkage group in more than 30 species (LAL-
LEY et al. 1988). This rapid development has sparked
renewed interest in comparative gene mapping with
the consequent identification of a number of autoso-
mal and sex chromosome-linked segments which have
been highly conserved during the approximately 100
million years of mammalian evolution (STALLINGS and
SiciLiaNo 1983; WoMack 1987). By contrast, gene
mapping in nonmammalian vertebrates has proceeded
much more slowly: substantial numbers of loci, almost

' To whom correspondence should be addressed.
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invariably coding for histochemically visualized pro-
teins, have been assigned to linkage groups only in
salmonid fishes (JOHNSON, WRIGHT and MAY 1987),
poeciliid fishes (MoORrizoT 1989; MORIZOT, SCHULTZ
and WELLS 1989), and in frogs of the genera Rana
(WRIGHT and RiCHARDs 1987) and Xenopus (GRAF
1989).

Comparisons of fish and amphibian gene maps with
those of mammals have identified several syntenic
associations apparently conserved through more than
400 million years of vertebrate divergence. The syn-
teny of glucosephosphate isomerase and peptidase D
genes residing on human chromosome /9 and con-
served in at least 10 other mammals finds counterparts
in Rana, Xenopus, salmonid fish and poeciliid fish.
Apparent human chromosome 15 homologs also have
been demonstrated in frogs and fishes; mitochondrial
isocitrate dehydrogenase (/DH), sorbitol dehydrogen-
ase (SORD), and mannosephosphate isomerase (MPI)
genes are syntenic in Xenopus laevis (GRAF 1989), and
mitochondrial IDH, muscle pyruvate kinase (PKM2),
and MPI genes are linked in poeciliid fishes (LESLIE
1982; MorizoT 1983; MORIZOT and SicILIANO 1979).
The numerous examples of conserved linkages among
fishes have been reviewed previously (MorizoT 1984,
1987, 1989, 1990; MorizoT and SICILIANO 1983a;
MOoRIZOT and SICILIANO 1984).

It seems likely that gene arrangements conserved
between fishes and mammals reflect the pattern of the
ancestral vertebrate. Thus, expansion of fish gene
maps will provide a valuable tool for reconstruction
of chromosome rearrangement events in mammalian
lineages. Partly for this reason, we have performed
numerous intra- and interspecific genetic crosses using
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TABLE 1

Strains of Xiphophorus species used in genetic crosses

Strain Drainage, country Year(s) collected
Taxon symbol of origin or obtained
L. Platyfish species group

X. andersi and Rio Atoyac, Veracruz, Mexico 1981
X. couchianus Xc Rio Santa Catarina, Rio Grande drainage, Nuevo Leon, Mexico 1961
X. maculatus Jp 163 A Rio Jamapa, Veracruz, Mexico 1939
Jp 163 B Rio Jamapa, Veracruz, Mexico 1939
w-]p Rio Jamapa, Veracruz, Mexico 1971
Cp Tributary to Rio Coatzacoalcos, Veracruz, Mexico 1971

Bp Belize River, Belize 1966, 1979
Ghost Domesticated stock 1979
X. milleri mil Tributary to Laguna Catemaco, Veracruz, Mexico 1982

I1. Northern swordtail species group

X. montezumae mont Rio Ojo Frio, Rio Panuco system, San Luis Potosi, Mexico 1981
X. n.sp. cf. montezumae cf. mont  Rio Salto de Agua, Rio Panuco system, San Luis Potosi, Mexico 1965

X. nigrensis nig Rio Choy, Rio Panuco system, San Luis Potosi, Mexico 1972, 1979
X. n.sp. cf. nigrensis cf. nig Rio Coy, Rio Panuco system, San Luis Potosi, Mexico 1974
X. pygmaeus 1944 Rio Huichihuayan, Rio Panuco system, San Luis Potosi, Mexico 1972

II1. Southern swordtail species group
X. alvarezi Dol Rio Dolores, Rio Usumacinta system, Alta Verapaz, Guatemala 1968
X. clemenciae clem Rio Sarabia, Rio Coatzacoalcos system, Oaxaca, Mexico 1968
X. helleri Cd Rio Jamapa, Veracruz, Mexico 1932
Mah*® Mahogany Creek, Belize 1974
Pop Tributary to Rio de la Pasion, Rio Usumacinta system, Alta Ve- 1968
rapaz, Guatemala
Sa Rio Sarabia, Rio Coatzacoalcos system, Oaxaca, Mexico 1963, 1968

“ Collected by Davib M. WILDRICK and generously donated to our laboratory.

platyfishes and swordtails (Xiphophorus, Poeciliidae).
In addition to their value as model systems for a
variety of human neoplasms (VIELKIND, KALLMAN and
MorizoT 1989), the almost complete interfertility and
high level of genetic variability (KALLMAN and ATz
1966; MORIZOT and SICILIANG 1982c) and the avail-
ability of a number of highly inbred strains (KALLMAN
1975) make Xiphophorus an ideal organism for gene
mapping using classical genetic methods. Extensive
genetic analysis of pigment pattern and other poly-
morphisms (BOROWSKY 1984; KALLMAN 1975, 1984)
further enhances the number of genes available for
linkage analyses.

Previous gene mapping studies in Xiphophorus have
utilized hybrids between 15 species of the genus
(LECHNER and RADDA 1987; MEYER and SCHARTL
1979; RAUCHENBERGER, KALLMAN and MORIZOT
1990; ROSEN 1979; SCHARTL and SCHRODER 1987),
but have centered upon melanoma-producing X. hel-
leri X X. maculatus hybrids backcrossed to X. helleri
(AHUJA, ScHWAB and ANDERS 1980; SICILIANO, MOR-
1zoT and WRIGHT 1976; VIELKIND, KALLMAN and
MorizoT 1989). For this reason only a subset of the
more than 70 identified protein and enzyme polymor-
phisms (MORIZOT and SICILIANO 1984) has been stud-
ied for joint segregation in genetic crosses. To date,
descriptions of six autosomal linkage groups compris-
ing some 20 protein-coding loci have been published
(Morizot 1983; MORIZOT, GREENSPAN and SICILIANO

1983; MoRr1zoT and SICILIANO 1979, 1982a, 1982b,
1983b; Morizot, WRIGHT and SICILIANO 1977);
other assignments have been summarized in the re-
view literature (MorizoT 1984, 1987, 1989) to max-
imize utilization by other investigators of the linkage
map during its construction.

We present here the results of linkage analyses of
76 loci in a total of more than 2600 backcross hybrids
produced from 87 different intra- and interspecific
matings. Fourteen multipoint, independently assort-
ing linkage groups are described and three additional
multipoint linkage groups are designated as unas-
signed due to incompleteness of independent assort-
ment tests. Multipoint linkage analyses suggest defin-
itive gene orders for 10 linkage groups. Eight addi-
tional independently assorting loci could provide
markers for the remainder of the 24 pairs of acrocen-
tric chromosomes (HINEGARDNER and ROSEN 1972).
Data supporting 32 new assignments to the Xiphopho-
rus gene map are presented and recombination esti-
mates among loci previously assigned to linkage
groups I-VI are updated.

MATERIALS AND METHODS

Animals used: Parental stocks and species used to pro-
duce hybrids are listed in Table 1. Cross types, mostly first
backcrosses, and numbers of offspring used for linkage
analyses are presented in Table 2. Most informative are
hybrids between taxa belonging to different species groups
in which genetic differences are maximized and often fixed.
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TABLE 2

Hybrid pedigrees contributing to offspring used for linkage analyses

Type of cross” Pedigrees’ No. of hybrids
I. Intraspecific crosses
A. Xiphophorus maculatus
(Jp 163 A X Bp) X Jp 163 A 160, 4076, 4080, 4126 125
(Jp 163 A X Bp) X Bp 4104, 4112 25
(Jp 163 B X Bp) X Bp 4093, 4097 44
(Cp X Bp) X Bp 4083, 4091 41
(Ghost X Bp) X Ghost 4101 75
(Jp 163 A X Cp) X Jp 163 A 90, 98, 99, 104, 137 99
B. Xiphophorus helleri
(Mah x Cd) x Cd 192 111
IL. Interspecific crosses
A. Within platyfish species group
((Xc X w-]p) X Xc) X Xc 4035, 4043 53
(Jp 163 A X and) X and 4779 138
(Jp 163 A X and) X Bp 4736 97
(Jp 163 A X mil) X mil 4953, 5050, 5057 80
(Jp 163 A X mil) X Jp 163 A 176, 187, 5011 76
(Jp 163 A X mil) X w-Jp 4972 75
B. Within northern swordtails
(mont X cf. mont) X mont 4794, 4809 109
(mont X cf. mont) X cf. mont 4750 25
(pyg X nig) X nig 5010, 5012 63
((pyg X nig) X nig) X nig 5162 15
(pyg X nig) X pyg 4245 24
(pyg X cf. nig) X nig 4234, 4327 45
(nig X cf. nig) X cf. nig 4237, 4264, 4280, 4286, 117
4291, 4295, 4315
(nig X cf. nig) X cf. nig 4191, 4247, 4253, 4306, 4313 133
((pyg X nig) X nig) X pyg 5049 25
C. Between platyfishes and northern swordtails
(mil X nig) X nig 5055 17
((mil X nig) X nig) X mil 5094 30
D. Between platyfishes and southern swordtails
(Dol X mil) X Dol 4989, 4991, 4997 150
(clem X mil) X clem 5353, 5357, 5384, 5489 157
((clem X mil) X clem) X clem 5662 16
(clem X Jp 163 A) X clem 133 18
(Sa X Bp) X Sa 161, 180 19
(S8a X Jp 163 Ay X Sa 44, 70, 100, 157, 164, 165, 241
172,174, 181
((Sa X Jp 163 A) X Sa) X Sa 76 12
(Sax]Jp 163 A) X Jp 163 A 72,109, 163, 164, 165,175 95
(Pop X Jp 163 A) X Pop 103, 108 70
((Pop X Jp 163 A) X Pop) X (Pop X Jp 163 A) 108b* 96
(Pop X Jp 163 A) X Jp 163 A 101, 107, 116, 117 74
(Cd X Jp 163 A) X Cd 106 5
(Cd X Jp 163 A) X Jp 163 A 102, 105, 126 19

“ Cross types indicate only type of parents and do not imply sex; many sex-reciprocal crosses were constructed.

" Pedigree numbers <2000 are numbers assigned at the University of Texas Science Park Fish Genetics Laboratory; numbers >2000 are
numbers assigned at the Fish Genetics Laboratory of the New York Aquarium.

" Pedigrees 164 and 165 are found in two cross types because they were produced by artificial insemination of a hybrid female with a

mixture of X. helleri and X. maculatus sperm.

“ Pedigree 108b was derived by an inadvertant mating of an early-maturing backcross hybrid male with his hybrid mother; loci segregating

as intercrosses were excluded from linkage analyses.

For this reason it is usually not particularly important how
many generations a stock has been inbred. Most matings
were made utilizing artificial insemination (CLARK 1950). In
many cases sex- and/or parental strain-reciprocal backcross
hybrids were produced. Fish were maintained at densities
no greater than 1.4 individuals/liter in aquaria at the New
York Aquarium and University of Texas Science Park and
fed two to three times daily.

Tissue preparation: Fish were sacrificed following ice
anesthesia and some or all of the following tissues were
dissected immediately upon death: blood plasma, erythro-
cytes, brain, eye, gill, skeletal muscle, liver, pancreas, head
kidney, spleen, foregut, hindgut, testis, ovary, fin, and heart.
Tissue preparation procedures follow those described by
MORI1zOT, WRIGHT and SICILIANO (1977). Stored tissues
and/or extracts were held at —80°.
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TABLE 3

Protein-coding loci polymorphic in Xiphophorus genetic crosses

Gene, Fish gene,

protein protein Buffer

symbol® symbol” Gene, protein name EC No-* Subunits Tissue® system’
ACO1 sAH Aconitase-1 (cytosolic) 4.2.1.3 1 L TC
ACO2 mAH Aconitase-2 {mitochondrial) 4.2.1.3 1 M TEB
ADA ADA Adenosine deaminase 3.5.4.4 1 M TEB, TC
AMY AMY a-Amylase 3.2.1.1 1 P TEB
ATP None Adenosine triphosphatase 3.6.1.3 >2 B&E TEB
CAl CAH-1 Carbonic anhydrase-1 4.2.1.1 1 B&E TEB
CKMM CK-A Creatine kinase, muscle form 2.7.3.2 2 M TEB
ENO2 ENO-2 Enolase-2 (muscle) 4.2.1.11 2 M TEB
ES1 EST-1 Esterase-1 3.1.1. 1 M TEB
ES2 EST-2 Esterase-2 3.1.1. 1 M, B&E TEB, TC
ES3 EST-3 Esterase-3 3.1.1. 1 L TEB, TC
ES4 EST-4 Esterase-4 3.1.1. 1 L TEB
ES5 EST-5 Esterase-5 3.1.1. 1 L TEB
ES6 EST-6 Esterase-6 3.1.1. 1 M TEB
ES7 EST-7 Esterase-7 3.1.1. 1 M, B&E TEB
FH FH Fumarate hydratase 4.2.1.2 4 M TEB
GAA aGLU a-glucosidase, acid 3.2.1.20 4 L TC
GALTI UGHUT-1  Galactose-1-phosphate uridylyltransferase-1 2.7.7.12 2 L TC
GALT?2 UGHUT-2  Galactose-1-phosphate uridylyltransferase-2 2.7.7.12 2 L TC
GAPDI GAPDH-1 Glyceraldehyde-3-phosphate dehydrogenase-1 1.2.1.12 4 B&E, M TEB, TC
GAPD2 GAPDH-2 Glyceraldehyde-3-phosphate dehydrogenase-2 1.2.1.12 4 M TEB, TC
GAPD3 GAPDH-3 Glyceraldehyde-3-phosphate dehydrogenase-3 1.2.1.12 4 T TEB, TC
GDA GDA Guanine deaminase 3.5.4.3 2 L TEB
GDH GDH Glucose dehydrogenase 1.1.1.47 2 L TC
GLA aGAL a-Galactosidase 3.2.1.22 22 L TC
GLNS GLAL Glutamine synthetase 6.3.1.2 8? B&E TEB
GLO LGL Glyoxalase I 4.4.1.5 2 M ™
GLYDH GLYDH Glycerate dehydrogenase 1.1.1.29 2 L TC
GOT1 AAT-1 Glutamate-oxaloacetate transaminase-1 (cytosolic) 2.6.1.1 2 M TEB
GOT2 AAT-2 Glutamate-oxaloacetate transaminase-2 (mitochondrial)  2.6.1.1 2 M TEB, TC
GOT3 AAT-3 Glutamate-oxaloacetate transaminase-3 (cytosolic) 2.6.1.1 2 L TEB, TC
G6PD G6PDH Glucose-6-phosphate dehydrogenase 1.1.1.49 2? B&E TEB
GPI1 GPI-1 Glucose phosphate isomerase-1 5.3.1.9 2 M TEB, TC
GPI2 GPI1-2 Glucose phosphate isomerase-2 5.3.1.9 2 M TEB, TC
GUKI1 GUK-1 Guanylate kinase-1 2.7.4.8 1 B&E TEB, TC
GUK2 GUK-2 Guanylate kinase-2 2.7.4.8 1 B&E TC
GUK3 GUK-3 Guanylate kinase-3 2.7.4.8 1 M TEB
HB HB Hemoglobin 4? RBC TEB
HEX bGLUA Hexosaminidase 3.2.1.30 >1 L TEB

Electrophoresis and histochemical staining: Vertical
starch gel electrophoresis was performed using previously
described methods (MoRr1ZoT and SCHMIDT 1990; MORIZOT,
WRIGHT and SICILIANO, 1977; SICILIANO and SHAW 1976),
using lots of hydrolyzed potato starch supplied by Con-
naught Laboratories (Toronto, Ontario) and StarchArt
(Smithville, Texas). Tissues and buffer systems used for
resolution of each protein product are listed in Table 3.
Polyacrylamide gels (7%) were used for separation of a-
amylase allozymes (HARRIS and HOPKINsoN 1977). Histo-
chemical visualization procedures followed the methods of
Mori1zoT and SCHMIDT (1990). We have chosen to follow
standard human nomenclature where possible for locus
names (MCALPINE et al. 1988), but have included in Table
3 the symbols recommended for fish loci in a proposed fish
gene and protein nomenclature system (SHAKLEE et al.
1989).

Electrophoretic phenotypes and genotype assignments:
Most heterozygous electrophoretic patterns in F, hybrids
agreed with expectations predicted from subunit structures

in other vertebrates (MANCHENKO 1988). Because pheno-
types of parental stocks were known in almost every case,
genotypic assignments as homozygotes or heterozygotes
were unambiguous, even in the few cases where three or
four alleles were segregating. Illustrations of more than 50
polymorphic locus products have been presented in previous
publications (e.g., MORIZOT and ScHMIDT 1990; MoRrizoT
and SICILIANO 1984). Probable subunit structures of poly-
morphic proteins are listed in Table 3.

Segregation and linkage analyses: Goodness-of-fit to 1
homozygote: 1 heterozygote backcross segregation expec-
tations was tested at each locus by chi-square analysis in each
cross type and in the total data. All loci segregating as
intercrosses were excluded from segregation and linkage
analyses. Because 76 loci were studied, the effect of multiple
comparisons was taken into account. Each test was consid-
ered to be significant if the goodness-of-fit x? exceeded
11.57 (P = 0.00067) to yield an overall 5% level of signifi-
cance.

Two tests for genetic linkage were used. In preliminary
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Gene, Fish gene,

protein protein i ) o, Buffer'

symbol” symbol® Gene, protein name EC No-* Subunits Tissue system
IDH1 sIDH-1 Isocitrate dehydrogenase-1 (cytosolic) 1.1.1.42 2 L TEB
IDH2 sIDH-2 Isocitrate dehydrogenase-2 (cytosolic) 1.1.1.42 2 L TEB
LDHB LDH-B Lactate dehydrogenase B 1.1.1.27 4 L TC
LDHC LDH-C Lactate dehydrogenase C 1.1.1.27 4 B&E TC
MAN aMAN a-Mannosidase 3.2.1.24 >2? B&E TEB
MDHI1 sMDH-1 Malate dehydrogenase-1 (cytosolic) 1.1.1.37 2 M TC
MDH2 sMDH-2 Malate dehydrogenase-2 (cytosolic) 1.1.1.37 2 M TC
ME ME Malic enzyme 1.1.1.40 4 M TEB
MP5 MP-5 Muscle protein-5 (troponin?) 4? M TEB
MPI MPI Mannose phosphate isomerase 5.3.1.8 1 M TEB, TC
NP2 PNP-2 Nucleoside phosphorylase-2 2.4.2.1 3 B&E TEB’
PEPA PEPA Peptidase A 3.4.11 2 M TB
PEPB PEPB Peptidase B 3.4.11 2 M TEB
PEPC PEPC Peptidase C 3.4.11 2 B&E TB
PEPD PEPD Peptidase D 3.4.13.9 2 M TB
PEPS PEPS Peptidase S 3.4.11. 6? M TEB
PEPX PEPX Peptidase “X” 3.4.11 2? M TB
PGAMI PGAM-1 Phosphoglycerate mutase-1 5.4.2.1 27 L TEB
PGAM2 PGAM-2 Phosphoglycerate mutase-2 5.4.2.1 2 M TEB
PGD PGDH Phosphogluconate dehydrogenase 1.1.1.43 2 M TEB, TC
PGK PGK Phosphoglycerate kinase 2.7.2.3 1 M TEB
PGM PGM Phosphoglucomutase 5.4.2.2 1 M TEB
PK1 PK-1 Pyruvate kinase-1 2.7.1.40 4 B&E TEB
PK2 PK-2 Pyruvate kinase-2 2.7.1.40 4 M TEB
PPl PP-1 Inorganic pyrophosphatase-1 3.6.1.1 27 M TC
PP2 PP-2 Inorganic pyrophosphatase-2 3.6.1.1 2? B&E TC
PVALBI PARV-1 Parvalbumin-1 1 M TEB
PVALB2 PARV-2 Parvalbumin-2 1 M TEB
PVALB3 PARV-3 Parvalbumin-3 1 M TEB
SOD1 sSOD-1 Superoxide dismutase-1 (cytosolic) 1.15.1.1 2 M TEB
TF TF Transferrin 1 Pl, B&E TC
TPI1 TPI-1 Triose phosphate isomerase-1 5.3.1.1 2 B&E TEB
UMPHY  None Uridine 5’-monophosphate phosphohydrolase 3.1.3. 2? L TC
UMPK NPK Uridine monophosphate kinase 2.7.4 1 B&E TEB
UPI# None Uncharacterized phosphatase-1 3.1.3.2? 1? B&E TC

“ Gene and protein symbols usually are designated in agreement with standardized human genetic nomenclature (see MCALPINE ¢t al.

1988).

* Standard nomenclature for fish genes and proteins proposed by SHAKLEE et al. (1989).
“ Standard enzyme nomenclature of the International Union of Biochemistry, Nomenclature Committee (IUBNC 1984).
“ Tissues are those routinely used for isozyme resolution: B&E, combined brain and eye samples; L, liver; M, skeletal muscle; P, pancreas;

Pl, blood plasma; RBC, red blood cells (hemolysates); T, testis.

* Buffer systems and histochemical staining procedures are presented in detail in MoRiZoT and SCHMIDT (1989): TEB, tris-EDT A-borate,
pH 8.0; TG, triscitrate, pH 7.0; TM, tris maleate, pH 7.4; TB, tris-borate, pH 8.0.
/ Previously termed *“acid phosphatase” by MORIZOT and SICILIANO (1984).

€ Probably an “acid phosphatase” locus.

analysis pairwise comparisons in individual cross types were
assessed by contingency x* analysis (MATHER 1957) using
the LINKAGE-1 computer program of SUITER, WENDEL
and CASE (1983). The entire data set was then analyzed for
two-point and multipoint linkage by log-likelihood methods
using the computer program MAPMAKER (LANDER et al.
1987). For any number of segregating loci MAPMAKER
evaluates all gene orders and computes the log likelihood of
the observations and the maximum likelihood estimate of
recombination value for each adjacent interval. For two-
point data, the evidence for linkage can be presented as the
lod score (MORTON 1955),

2(8) = logio{L(8)/L/2)

where 0 (0 < 6 < '2) is the recombination value and L(f) the

likelihood of the observations at an assumed recombination
value 6. The lod score is the log)o of the odds of the evidence
for linkage (6 < 0.5) vs. no linkage (¢ = 0.5). By maximizing
the above function the maximum likelihood estimate of 8
() and the lod score at 0, z(f), can be calculated. A lod score
of 3.0 is considered to be significant evidence for linkage
(MorTON 1955).

Initial evidence for linkage groups was obtained from
MAPMAKER by grouping sets of markers that had pairwise
lod scores =3.0 and 8 values of 0.4 or smaller. Multipoint
mapping of these suggested groupings was performed by
choosing a set of loci and considering all possible gene orders
and their associated log likelihoods. An order was consid-
ered definite if its likelihood was 10* times larger than the
likelihood of any other gene order; such a set of loci was
called an anchor map. Subsequently, other markers were
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TABLE 4

Segregation of polymorphic loci in Xiphophorus backcross hybrids

No. of No. of
informative informative
Locus matings Homozygotes Heterozygotes X2 ar” Locus matings Homozygotes Heterozygotes x4t
ACOI 31 496 437 3.73 HB 1 6 4 0.40
ACO2 19 217 241 1.26 HEX 1 68 70 0.03
ADA 45 732 748 0.17 IDH1 23 195 193 0.01
AMY 4 69 72 0.06 IDH2 41 580 616 1.08
ATP 3 71 102 5.56 LDHB 15 169 187 0.91
CAl 4 129 157 2.74 LDHC 8 165 184 1.03
CKMM 28 542 593 2.29 MACR® 41 645 665 0.31
DIFF 11 101 86 1.20 MAN 2 24 22 0.09
ENO2 1 66 71 0.18 MDH1 19 364 366 0.01
EST 22 281 282 0.00 MDH?2 20 335 375 2.25
ES2 36 365 380 0.30 ME 5 103 133 3.81
ES3 44 542 539 0.01 MP5 8 117 116 0.00
ES4 5 67 60 0.39 MPI 40 618 603 0.18
ES5 5 72 64 0.47 NP2 9 254 268 0.38
ES6 1 5 4 0.11 PEPA 5 143 134 0.29
ES7 11 151 150 0.00 PEPB 22 297 302 0.04
FH 2 58 51 0.45 PEPC 3 73 60 1.27
GAA 1 7 8 0.07 PEPD 4 100 129 3.67
GALTI 22 316 326 0.16 PEPS 50 679 718 1.09
GALT2 1 16 18 0.12 PEPX 3 56 49 0.47
GAPD1 41 558 547 0.11 PGAM1 1 29 31 0.07
GAPD2 4 85 55 6.43 PGAM2 6 112 112 0.00
GAPD3 7 44 44 0.00 PGD 37 577 605 0.66
GDA 22 420 452 1.17 PGK 7 67 71 0.12
GDH 14 208 160 6.26 PGM 39 511 515 0.02
GLA 13 183 182 0.00 PK1 12 126 174 7.68
GLNS 15 272 301 1.47 PK2 24 506 515 0.08
GLO 3 64 86 3.23 PPI 4 131 156 2.18
GLYDH 13 231 223 0.14 PP2 1 9 9 0.00
GOT1 4 94 76 1.91 PVALBI 16 209 231 1.10
GOT2 14 311 338 1.12 PVALB2 33 468 470 0.00
GOT3 3 126 141 0.84 PVALB3 5 75 78 0.06
G6PD 29 490 500 0.10 SOD1 3 78 52 5.20
GPI] 44 681 713 0.74 TF 47 644 669 0.48
GPI2 14 378 372 0.05 TPI1 25 561 570 0.07
GUK1 13 307 321 0.31 UMPH 1 27 441 407 1.36
GUK2 6 73 107 6.42 UMPK 15 281 292 0.21
GUK 3 3 135 119 1.01 UP1 3 54 79 4.70

“ For 76 comparisons, x%.s = 11.57.

 Macromelanophore pigment pattern genes (sex chromosome-linked) of platyfish species group.

added to this map one at a time and allowed to take any
location relative to the existing map of anchor loci. Likeli-
hood calculations were made for each possible location and
all maps with likelihoods 100 times less than the most likely
map were considered to be excluded. For each multipoint
cross, recombinants were also counted and an order was
determined parsimoniously by minimizing the frequency of
multiple recombination events.

An estimate of the total map length of the genome was
calculated from the numbers of recombinants and nonre-
combinants for each locus pair (A. CHAKRAVARTI, L.
LASHER and ]. REEFER, unpublished results). This method
used the maximum likelihood approach and is a variation
of the method proposed by HULBERT ef al. (1988).

RESULTS

Backcross hybrids: Three broad cross type cate-
gories resulting from 87 matings produced a total of

2614 backcross hybrids for the current analysis (Table
2). The number of polymorphic loci per cross varied
from two to 41 but averaged more than 20 loci per
cross (augmented by the high proportion of hybrids
between species groups). Detailed presentation of in-
formative loci and alleles in each cross is prohibitively
space consuming, but is available for crosses of interest
from the first author.

Electrophoretic phenotypes of protein-coding
loci: Table 3 lists resolution conditions and brief
characterizations of the 74 polymorphic protein prod-
ucts assayed. Most heterozygous electrophoretic pat-
terns agreed with predictions from previously deter-
mined subunit structures (MANCHENKO 1988), with
several notable exceptions. PGAM1, GLA, MDH2
and CKA are presumed to be dimeric in most verte-
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TABLE 5

Genetic linkages supported by significant LOD scores (Z > 3.0),
maximum likelihood recombination frequency estimates, and
provisional linkage group assignments

Locus pair bxse z Linkage group
ACO2 PP1 0.28 = 0.04 6.6 X
ACO2 PVALB2 0.02+0.01 345 X
ADA G6PD 0.17 £ 0.01 857 1
ADA PGD 0.29+0.01 39.2 I
AMY GLNS 0.10+0.03 15.2 VI
AMY GUK3 0.04 £0.02 22.0 VI
AMY NP2 0.20 £ 0.06 3.4 VI
AMY TF 0.15+£0.03 16.7 A2
AMY UMPK 0.23 x 0.04 6.5 VI
ATP GAPDI 0.00+0.00 138 111
ATP GUK2 0.02+0.02 11.2 HI
ATP ME 0.07 £ 0.04 8.5 11
CAl MACR 0.13+£0.02 39.1 XXIV
ENO2 GPI2 0.04 £0.02 30.5 11
ENO2 PK2 0.04+0.02 314 11
ES1 ES4 0.03+0.02 234 \%
ES1 GLYDH 0.18+£0.03 13.2 Vv
ES1 MDH?2 0.31+0.03 114 v
ES2 ES3 0.24 +0.02 40.7 11
ES2 ES5 0.30 £ 0.05 3.1 11
ES2 LDHC 0.34 £ 0.04 3.0 14}
ES3 ES5 0.01 £0.01 38.4 I
ES3 LDHC 0.23 +£0.04 7.8 I
ES3 MPI 0.28+0.02 343 II
ES3 PK2 0.16 £ 0.02 39.7 1
£S5 MPI 0.20 £ 0.04 8.0 14
ES5 PK2 0.10 £ 0.04 8.3 1t
ES7 GAPDI 0.26 + 0.04 7.8 11I
ES7 GUK2 0.26 £ 0.04 5.3 111
ES7 ME 0.31 £ 0.04 5.0 11
GALT] HEX 0.29 + 0.04 4.8 VIII
GALT? PGAM?2 0.04x0.02 41.9 VIl
GALT2  IDH2 0.09 £ 0.05 5.6 VII
GAPD1 GUK2 0.24+0.03 10.2 III
GAPDI  ME 0.05+0.02 30.8 1
GAPD2  PEPC 0.34 £ 0.04 3.1 U3
GADP3 TPl 0.01£0.01 238 X111
GDA PEPS 0.22+0.02 495 XII
GDH PEPX 0.09+£0.03 16.2 U2
GLNS GUK3 0.09 £0.02 254 VI
GLNS NP2 0.29 £ 0.04 6.3 VI
GLNS TF 0.12+0.02 60.6 VI
GLNS UMPK 0.21 £0.03  20.1 VI
GLYDH  MDH2 0.09+0.02 63.1 A
GLO GPI1 0.33 £ 0.04 3.7 v
GLO PEPD 0.30 £ 0.05 3.4 18%
GOT2 GPI1 0.13+0.01 78.1 v
GoT2 PEPD 0.18+0.03 144 1v
GOT2 PK1 0.17+0.03 16.2 1v
GOT3 MDH1 0.35 + 0.03 5.2 Ul
G6PD PGD 0.16 £ 0.01  72.7 I
GPI1 PEPD 0.05+0.01 49.8 v
GPI1 PK1 0.06 £0.02 54.7 v
GPI2 PK2 0.15+0.02 70.1 18
GUK? PGM 0.23+£0.04 10.1 X
GUK2 ME 0.09+0.03 17.2 I
GUK3 NP2 0.20 £ 0.04 9.0 VI
GUK3 TF 0.10£0.02 242 VI
GUK3 UMPK 0.17+0.03 1938 Vi
NP2 TF 0.19+0.03 228 VI
PEPA TPl 0.07+0.02 252 X111
PGAM!  PGK 0.13 £ 0.04 7.8 X1
PPI PVALB2  0.27 £0.04 6.2 X
TF UMPK 024 +£0.02 255 \%!

brates, but in Xiphophorus hybrids interallelic hetero-
dimers are only sometimes (MDHZ2) or never observed
(Mori1zoT and SiciLIANO 1984). Lack of heterodimer
formation has been noted in CKA (=CKMM) isozymes
of other fishes, and in vitro heterodimer production
has been achieved (FERRIS and WHITT 1978). Assign-
ment of variants in some presumably multilocus sys-
tems (especially hexosaminidase and hemoglobin) will
require further characterization in fishes. Subcellular
localization has rarely been studied directly in fishes
through organelle purification; inferences usually are
based upon relative activity variation among tissues.

Pigment pattern phenotypes: Expression in hybrids
of macromelanophore pigment patterns of the platy-
fish species group ranged from complete absence to
malignant melanoma (KALLMAN 1975; KALLMAN and
ATZ 1966; VIELKIND, KALLMAN and MoRIZOT 1989).
Data from crosses with reduced expression were ex-
cluded from segregation and linkage analyses of ma-
cromelanophore genes. Benign and malignant mela-
noma phenotypes controlled by the DIFF gene
(AHUJA, ScHWAB and ANDERS 1980), previously called
Mel Sev by SicILIaANO, MORIZOT and WRIGHT (1976)
and MoORIZOT and SiciLiaNO (1983b), were scored
only in some X. helleri X X. maculatus- and X. clemenciae
X X. maculatus-derived backcrosses; other regulatory
elements appear to be involved in X. couchianus X X.
maculatus and X. andersi X X. maculatus melanomas
(VIELKIND, KALLMAN and MoR1zoT 1989).

Inheritance of phenotypes in backcross hybrids:
Segregation analyses of the 76 loci studied are pre-
sented in Table 4. Overall, assayed loci segregate in
all informative cross types in excellent agreement with
Mendelian expectations; the observed level of segre-
gation distortion probably is insufficient to interfere
significantly with accurate assessment of genetic link-
age.

Linkage analyses: Joint segregation data were ob-
tained for more than 60% of the 2850 possible pair-
wise comparisons, ranging from one to more than
1000 informative individuals. The complete data set
can be obtained from the first author upon request.

Statistically significant lod scores, recombination
estimates and standard errors are presented in Table
5. From these data 56 loci can be assigned to 17
multipoint linkage groups, for which the most likely
gene orders are illustrated in Figure 1. Pairwise com-
parisons are sufficient to document independent as-
sortment of 13 of these linkage groups, which we
designate as Xiphophorus multipoint linkage groups I-
XIIIL. Three other groups, designated Ul1-U3 (unas-
signed linkage groups) are as yet incompletely tested
for independent assortment from LGs I-XIII. All 16
of the above groups assort independently from LG
XXIV, the sex chromosome linkage group to which
the macromelanophore locus and carbonic anhydrase-
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FIGURE 1.—Summary of the Xiphophorus linkage map. Key to symbols is given in Table 3. Arabic numbers are recombination percentages.
Linkage group designations are given as Roman numerals or boldface symbols above chromosome segment representations.

1 are assigned. The linkage groups designated here
are intended to supplant those defined in earlier Xiph-
ophorus gene map summaries.

Alternative gene orders with relatively high likeli-
hood are noted in Figure 1. Many crosses lack one or
more informative markers in particular multipoint
linkage groups, resulting in few data to distinguish
between likely orders. Additional cross types currently
being produced should provide further definition of
correct gene orders.

Genome map length: The estimate of the total map
length of the Xiphophorus genome was 18.25 Morgans
(M). By considering all map lengths that have likeli-
hoods which are at most 100 times less than the
maximum likelihood, the total map length can be
estimated to be between 14 and 26 M with approxi-
mately 95% confidence.

DISCUSSION

The development of fish gene maps, while painfully
slow in the past, promises to undergo rapid expansion
in the future as DNA-level technologies become
widely utilized. The large number of chromosomes
marked by isozyme loci in Xiphophorus interspecific
hybrids should allow very rapid linkage group assign-
ment of DNA restriction fragment length polymor-
phisms cross-hybridizing either with heterologous
probes or probes cloned from Xiphophorus cDNA or
genomic libraries (SCHARTL 1988; VIELKIND and Dip-

PEL 1984; ZECHEL et al. 1988). A saturated linkage
map will facilitate identification and cloning of genes
controlling tumorigenesis and tumor progression
(MAUELER, RAULF and SCHARTL 1988; SCHWAB et al.
1978, 1979; VIELKIND, KALLMAN and MoR1zoT 1989;
WITTBRODT et al. 1989), genes controlling age and
size of sexual maturation (KALLMAN and BORKOSKI
1978), and perhaps genes involved in quantitative and
meristic traits used for species discrimination.

Two loci, IDHI and DIFF, previously assigned to
Xiphophorus linkage groups do not appear in the gene
map presented here. IDHI was assigned to LG IV
(MoR1zOT and SICILIANO 1982a) on the basis of loose
linkage (41% recombinants, N = 305) to GPI1. Log-
likelihood analysis results in a lod score of <3.0, failing
to meet our criterion for significance. Additional
crosses are required to confirm the earlier assignment.
Collection of linkage data is made difficult by the
extreme lability of IDHI1, a cytosolic liver-specific
isozyme which loses activity rapidly in frozen tissues
and extracts.

Three studies have suggested linkage of DIFF of X.
maculatus to LG V markers (AHUJA, SCHWAB and
ANDERS 1980; MoRr1zoT and SIiCILIANO 1983b; Sici-
LIANO, MOR1ZOT and WRIGHT 1976). DIFF has been
proposed to promote macromelanophore pigment cell
precursor differentiation (VIELKIND 1976) and to be
nonfunctional or absent in X. helleri. The DIFF phe-
notype in particular backcross hybrids is benign mel-
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anomas (loss of one functional copy) or malignant
melanomas (loss of both DIFF functional alleles). The
DIFF gene has always been narrowly discussed in the
context of pigment cell abnormalities in X. helleri X
X. maculatus-derived backcross hybrids. But melanosis
and melanoma are of regular occurrence also in other
interspecific hybrids not involving the above two spe-
cies (ATz 1962) and it is immaterial whether or not
the recipient species has its own set of macromelan-
ophore genes. For this reason a more correct view of
DIFF may imply a locus with species-specific alleles
that is present in all members of the genus. This view
also circumvents the difficulty of having to postulate
a segment on a maculatus chromosome that has no
homolog in X. helleri. Whether in other hybrids a
similar relationship exists between melanoma severity
and the absence of one or both species-specific DIFF
factors remains to be explored.

As in the case of IDHI, the loose linkage of DIFF
with EST (36.9% recombinants, N = 130) fails to meet
our criterion for significance. Highly variable recom-
bination between DIFF and ESI has been discussed
previously (VIELKIND, KALLMAN and MORIZOT 1989).
In view of the consistent findings by several labora-
tories of association with LG V, we view the linkage
group assignment as confirmed but the map position
as uncertain.

Our estimates of total map length of the Xiphophorus
genome suggest that tests of linkage of any new,
randomly located markers with the endpoint loci of
currently identified linkage groups should allow link-
age detection in ~76% of cases. Completeness of
pairwise recombination estimation will be enhanced
significantly by backcrosses currently being produced
using hybrids between northern and southern sword-
tails and between northern swordtails and platyfishes.
New linkages from these crosses should increase the
number of genes assigned to the 17 multipoint linkage
groups and further reduce the number of crosses
required for linkage group assignment of new pig-
ment, protein, or DNA markers.

With regard to future studies, our estimate of the
total map length of the Xiphophorus genome allows
some interesting predictions. Given a genome length
of ~18 M and a difference in size of the largest and
smallest chromosome of no more than 8-fold, the
largest and smallest chromosomes can be estimated to
have genetic lengths of 1.33 M and 0.17 M, respec-
tively, assuming proportionality between physical and
genetic distances. Furthermore, since Xiphophorus ge-
nomes contain approximately 20% of the DNA of the
average mammalian cell (HINEGARDNER and ROSEN
1972), the physical lengths of the largest and smallest
chromosomes can be roughly estimated as 44 Mb and
6 Mb, respectively; thus, the largest Xiphophorus chro-
mosome may be smaller than the smallest human

chromosome. More importantly, the apparently small
physical length per map unit in Xiphophorus (~0.3
Mb/cM) suggests that molecular analysis by physical
techniques is well within current capabilities. Identi-
fication of particular genes by reverse genetic strate-
gies thus could be considerably simpler in Xiphophorus
than in mammalian species.

Many of the linkages listed in Table 5 have been
demonstrated in multiple cross types, suggesting vir-
tually no chromosome rearrangement among Xipho-
phorus species (but see the comments of KALLMAN and
ATz (1966) and KALLMAN (1971) concerning the ex-
istence of several unlinked macromelanophore loci in
X. cortezi). Comparison of the Xiphophorus map with
the five linkage groups identified in the confamilial
genus Poeciliopsis (LESLIE 1982; MORIZOT, SCHULTZ
and WELLS 1989) identifies homologues of Xiphopho-
rus LGs I, II, and IV, the only groups with loci
mapped in common. Extension of such comparisons
to gene maps of salmonid fishes (JOHNSON, WRIGHT
and MAY 1987; WRIGHT, JOHNSON and MAy 1987)
identifies four probable homologues to Xiphophorus
LGs I, II, IV and XII and no certain cases of linkage
group divergence. Homology of salmonid LG 6 with
Xiphophorus 1.G I can be predicted by comparison of
each to LG 1 of Lepomis sunfishes (PASDAR, PHILIPP
and WHITT 1984; WHEAT, WHITT and CHILDERS
1973).

The striking similarities among fish gene maps sug-
gest substantial retention of primitive vertebrate gene
arrangements during teleost evolution. Therefore,
comparison of fish, amphibian, and mammalian gene
maps promises to allow identification of plesiomorphic
syntenic groups present in the ancestor of vertebrates.
This hypothesis has been discussed in detail by MoRr-
1zoT (1990) and we will limit discussion here to new
data confirming long term evolutionary conservation
of specific autosomal segments. The linkage of a glu-
cose phosphate isomerase locus to peptidase D in
Xiphophorus LG 1V, in Poeciliopsis (MORIZOT, SCHULTZ
and WELLS 1989), salmonids (WRIGHT, JOHNSON and
May 1987), and frogs of the genera Rana (WRIGHT
and RICHARDs 1987) and Xenopus (GrRaF 1989) iden-
tify homologues of a segment of human chromosome
19 conserved throughout vertebrate evolution. Hu-
man chromosome 135, to which mitochondrial isocit-
rate dehydrogenase, sorbitol dehydrogenase, muscle
pyruvate kinase, alpha-mannosidase A, and mannose
phosphate isomerase have been assigned (MCALPINE
et al. 1988), likewise has apparent homologues both
in fishes and amphibians. In both poeciliids (compos-
ited from homologous Xiphophorus and Poeciliopsis
linkage groups) and salmonids, mitochondrial isocit-
rate dehydrogenase and mannose phosphate isomer-
ase genes are syntenic; in Xiphophorus, muscle pyru-
vate kinase also resides in LG 1I. Linkage group 3 of
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the frog Xenopus laevis comprises mitochondrial iso-
citrate dehydrogenase, a mannose phosphate isomer-
ase locus, and sorbitol dehydrogenase (GRAF 1989).
Finally, in Rana pipiens, mannose phosphate isomerase
is linked to an alpha-mannosidase locus (WRIGHT and
RicHARDS 1987). Thus in amphibians or fishes link-
ages of five genes syntenic on human chromosome 15
are observed, indicating persistence of an ancestral
vertebrate syntenic association.

Map locations of expressed gene duplicates in fishes
suggest a further retention of ancestral chordate pat-
terns produced by chromosome or chromosome set
duplications. For example, duplicate isocitrate dehy-
drogenase genes (coding for mitochondrial and cyto-
solic isozymes), pyruvate kinase genes, and glucose
phosphate isomerase genes are located in Xiphophorus
LGs IT and IV. Xiphophorus LG IV also contains a
glutamate-oxaloacetate transaminase locus, as does
LG 13 of salmonids, the homolog of Xiphophorus LG
II. Distribution in “lower” vertebrates of syntenic
associations of human chromosome 15 and 79 markers
further suggest their origin by chromosome duplica-
tions: linkage of sorbitol dehydrogenase to glucose
phosphate isomerase and peptidase D loci in salmonids
(WRIGHT, JoHNsSON and MAY 1987) and of sorbitol
dehydrogenase to isocitrate dehydrogenase and man-
nose phosphate isomerase loci in Xenopus (GRAF 1989)
exemplifies this type of nonrandom association. Lac-
tate dehydrogenase and peptidase loci further evi-
dence such associations: peptidase B in Xenopus is
linked to mannose phosphate isomerase and mito-
chondrial isocitrate dehydrogenase; the apparently
homologous linkage group in poeciliid and salmonid
fishes contains lactate dehydrogenase A, while in ranid
frogs lactate dehydrogenase B is syntenic with man-
nose phosphate isomerase. Alternately, lactate dehy-
drogenase B and peptidase B are syntenic in many
mammals (e.g., human chromosome 12) and in sal-
monid fishes. An argument could be made that these
apparently nonrandom associations arise from mis-
taken presumptions of homology across taxa, but to
us this seems unlikely for well studied isozyme systems
such as lactate dehydrogenase (MARKERT, SHAKLEE
and WHITT 1975) and peptidases (FRICK 1983), or for
apparently single gene coded isozymes such as sorbitol
dehydrogenase and mannose phosphate isomerase. A
second hypothesis (MoRIzOoT 1990) suggests that hu-
man chromosomes 11, 12, 15 and 19 arose by two
duplications of an ancestral vertebrate chromosome
(consistent with OHNO’s (1970) hypothesis of multiple
tetraploidization events in chordate lineages) and that
translocations occur preferentially among ancestral
homeologues. Such preferential translocations could
account for the linkage in Xiphophorus LG XIII of
triosephosphate isomerase and glyceraldehyde-3-
phosphate dehydrogenase loci to peptidase A and

peptidase C and a glyceraldehyde-3-phosphate dehy-
drogenase locus in LG U3, rather than the frequently
observed synteny of peptidase B and glyceralydehyde-
3-phosphate dehydrogenase in mammals (e.g., human
chromosome 12, cat syntenic group B4 and bovine
group U3 (LALLEY et al. 1988)). Far too few data are
as yet available to test such hypotheses convincingly,
but mapping of more duplicated, expressed genes in
fishes (such as glyceraldehyde-3-phosphate dehydro-
genase-4 and triosephosphate isomerase-2) should
provide new insights into primitive vertebrate genome
organization. Regardless of whether evolutionarily
conserved chromosome segments are maintained be-
cause of functional constraints (WAGNER, Cox and
ScHOEN 1985) or reflect historic variability in trans-
location frequencies, the fact that some segments have
persisted throughout vertebrate evolution has been
amply documented. The new problem to be addressed
is estimation of the rates and types of chromosomal
rearrangements which have occurred during the di-
vergence of vertebrate lineages.

The authors are grateful for the excellent technical assistance of
Lisa CLEPPER, LELA LIMMER, KERRY MCENTIRE and MAUREEN
ScaMIDT, for the excellent art support of JOHN RILEY, computer
programming by JILLIAN REEFER, and secretarial assistance of
CaroL HiLDMAN. This research was supported in part by National
Science Foundation grant 19355 (D.C.M.) and National Institutes
of Health grants CA44303 (R. S. NarN and D.C.M.), GM33771
(A.C.) and Research Career Development Award HD00774 (A.C.).
Numerous collecting permits during the past two decades from the
Secretaria de Pesca, Mexico, have enabled the Xiphophorus colonies
to be established.

LITERATURE CITED

Anuja, M. R, M. ScHwasand F. ANDERs, 1980 Linkage between
a regulatory locus for melanoma cell differentiation and an
esterase locus in Xiphophorus. j. Hered. 71: 403-407.

ATz,]J. W., 1962 Effects of hybridization on pigmentation in fishes
of the genus Xiphophorus. Zoologica 47: 153-181.

Borowsky, R., 1984 The evolutionary genetics of Xiphophorus,
pp- 235-310 in Evolutionary Genetics of Fishes, edited by B. J.
TURNER. Plenum Press, New York.

CLARK, E., 1950 A method for artificial insemination in viviparous
fishes. Science 112: 722-723.

Ferris, S. D., and G. S. WHITT, 1978 Genetic and molecular
analysis of nonrandom dimer assembly of the creatine kinase
isozymes of fishes. Biochem. Genet. 16: 811-830.

FrIcK, L., 1983 An electrophoretic investigation of the cytosolic
di- and tripeptidases of fish: molecular weights, substrate spec-
ificities, and tissue and phylogenetic distributions. Biochem.
Genet. 21: 309-322.

GRrAF, ].-D., 1989 Genetic mapping in Xenopus laevis: eight linkage
groups established. Genetics 123: 389-398.

Harris, H., and D. A. HopkinsoN, 1977 Handbook of Enzyme
Electrophoresis in Human Genetics. American Elsevier, New
York.

HINEGARDNER, R., and D. E. RosEN, 1972 Cellular DNA content
and the evolution of teleostean fishes. Am. Nat. 106: 621-625.

HucgrerT, S. H., T. W. IroTT, E. J. LEGG, S. E. LINCOLN, E. S.
LANDER and R. W. MICHELMORE, 1988 Genetic analysis of
the fungus, Bremia lactucae, using restriction fragment length
polymorphisms. Genetics 120: 947-958.



Xiphophorus Linkage Map 409

Jomnson, K. R., J. E. WRIGHT JRr. and B. May, 1987 Linkage
relationships reflecting ancestral tetraploidy in salmonid fish.
Genetics 116: 579-591.

KALLMAN, K. D., 1971 Inheritance of melanophore patterns and
sex determination in the Montezuma swordtail, Xiphophorus
montezumae cortezi Rosen. Zoologica 56: 77-94.

KaLiman, K. D., 1975 The platyfish, Xiphophorus maculatus, pp.
81-132 in Handbook of Genetics, Vol. 4, edited by R. C. KING.
Plenum Press, New York.

KalLLMaN, K. D., 1984 A new look at sex determination in poe-
ciliid fishes, pp. 95-171 in Evolutionary Genetics of Fishes, edited
by B. J. TURNER. Plenum Press, New York.

KaLLMmaN, K. D, and J. W. ATz, 1966 Gene and chromosome
homology in fishes of the genus Xiphophorus. Zoologica 55: 1-
16.

Kariman, K. D., and V. Borkoskl, 1978 A sex-linked gene
controlling the onset of sexual maturity in female and male
platyfish (Xiphophorus maculatus), fecundity in females and
adult size in males. Genetics 89: 79-119.

LALLEY, P. A., M. T. DavissoN, J. A. M. GRAVES, S. J. O’BRIEN,
T. H. Robperick, D. P. DOOLITTLE and A. HILLYARD,
1988 Report of the committee on comparative mapping.
Cytogenet. Cell Genet. 49: 227-235.

taNDER, E. S, P. GREEN, |. ABRAHAMSON, A. BarLow, M. J. Davy,
S. E. LiNncoLN and L. NEWBURG, 1987 MAPMAKER: an
interactive computer package for constructing primary genetic
linkage maps of experimental and natural populations. Ge-
nomics 1: 174-181.

LLECHNER, P., and A. C. RADDA, 1987 Revision des Xiphophorus
montezumae/cortezi-komplexes und neubeschreibung einer sub-
spezies. Aquaria 1987: 189-196.

Lesiig, J. F., 1982  Linkage analysis of seventeen loci in poeciliid
fish (Genus: Poeciliopsis). J. Hered. 73: 19-23.

MANCHENKO, G. P, 1988 Subunit structure of enzymes: allozymic
data. Isozyme Bull. 21: 144-158.

MARKERT, C. L., J. B. SHAKLEE and G. S. WHITT, 1975 Evolution
of a gene. Science 189: 102-114.

MATHER, K., 1957 The Measurement of Linkage in Heredity. Me-
thuen, London.

MAUELER, W., F. RAULF and M. SCHARTL, 1988 Expression of
proto-oncogenes in embryonic, adult, and transformed tissue
of Xiphophorus (Teleostei: Poeciliidae). Oncogene 2: 421-430.

MCALPINE, P. ., C. BOUCHEIX, A. ]J. Paksrtis, L. C. STRANC, T. G.
BErRENT and T. B. SHOws, 1988 The 1988 catalog of mapped
genes and report of the nomenclature committee. Cytogenet.
Cell Genet. 49: 4-38.

MEYER, M. K., and M. ScHARTL, 1979 Eine neue Xiphophorus-
Art aus Vera Cruz, Mexiko (Pisces: Poecilitdae). Senckenb.
Biol. 60: 147-151.

Morizor, D. C., 1983 Tracing linkage groups from fishes to
mammals. J. Hered. 74: 413-416.

Morrzor, D. C., 1984 Biochemical loci assigned to multipoint
linkage groups in poeciliid fishes of the genera Poeciliopsis and
Xiphophorus, pp. 330-333 in Genetic Maps 1984: A Compilation
of Linkage and Restriction Maps of Genetically Studied Organisms,
Vol. 3, edited by S. J. O’BRrIEN. Cold Spring Harbor Labora-
tories, Cold Spring Harbor, N.Y.

Morizot, D. C., 1987 Linkage maps of biochemical loci in the
fish genera Poeciliopsis and Xiphophorus (2N = 48), pp. 414-
416 in Genetic Maps 1987: A Compilation of Linkage and Restric-
tion Maps of Genetically Studied Organisms, Vol. 4, edited by S.
J. O’'Brien. Cold Spring Harbor Laboratories, Cold Spring
Harbor, N.Y.

Morizor, D. C., 1989 Linkage maps of biochemical loci in non-
salmonid fishes, pp. 4.160-4.163 in Genetic Maps: Locus Maps
of Complex Genomes, 5th edition, edited by S. J. O’BrIEN. Cold
Spring Harbor Laboratories, Cold Spring Harbor, N.Y.

Morizot, D. C., 1990 Use of fish gene maps to predict ancestral

chordate genome structure, pp. 207-234 in Isozymes: Structure,
Function, and Use in Biology and Medicine, edited by Z.-1. OcITA
and C. L. MARKERT. Liss-Wiley, New York.

MorizoT, D. C., ]J. A. GREENsPAN and M. ]. SiciLiano, 1983
Linkage group VI of fish of the genus Xiphophorus (Poeciliidae):
assignment of genes coding for glutamine synthetase, uridine
monophosphate kinase, and transferrin. Biochem. Genet. 21:
1041-1049.

MorizoT, D. C., and M. E. ScHMIDT, 1990  Starch gel electropho-
resis and histochemical visualization of proteins, pp. 23-80 in
Applications of Electrophoresis and Iseelectric Focusing in Fisheries
Management, edited by D. H. WHITMORE. CRC Press, Boca
Raton, Fla.

MorizoTt, D. C., R.J. ScHULTZ and R. S. WELLS, 1989  Assignment
of six enzyme loci to multipoint linkage groups in fishes of the
genus Poeciliopsis (Poeciliidae): designation of linkage groups
I11-V. Biochem. Genet. 28: 83-95.

MorizoT, D. C., and M. ]. SiciLiaNo, 1979 Polymorphisms, link-
age and mapping of four enzyme loci in the fish genus Xipho-
phorus (Poeciliidae). Genetics 93: 947-960.

MoRIZOT, D. C., and D. C. SiciLiaNO, 1982a Linkage group IV
of fish of the genus Xiphophorus (Poeciliidae): assignment of
loci coding for pyruvate kinase-1, glucosephosphate isomerase-
1, and isocitrate dehydrogenase-1. Biochem. Genet. 20: 505
518.

MORIZOT, D. C., and M. J. SiciLiaNo, 1982b  Linkage of guanylate
kinase-2 and glyceraldehyde-3-phosphate dehydrogenase-1 in
fishes of the genus Xiphophorus (Poeciliidae): designation as
linkage group II. J. Hered. 73: 163-167.

Morizor, D. C., and M. J. SiciLiaNo, 1982¢ Protein polymor-
phisms, segregation in genetic crosses and genetic distances
among fishes of the genus Xiphophorus (Poeciliidae). Genetics
102: 539-556.

MorizoT, D. C., and M. J. SiciLiano, 1983a  Comparative gene
mapping in fishes, pp. 261-285 in Isozymes: Current Topics in
Biological and Medical Research, Vol. 10, edited by M. C. RAT-
TAZZI, J. G. SCANDALIOS and G. S. WHITT. Alan R. Liss, New
York.

Morizot, D. C., and M. ]. SiciLiaNo, 1983b  Linkage group V of
platyfishes and swordtails of the genus Xiphophorus (Poecili-
idae): linkage of loci for malate dehydrogenase-2 and esterase-
1 and esterase-4 with a gene controlling the severity of hybrid
melanomas. JNCI 71: 809-813.

Morizot, D. C., and M. J. SiciLiaNO, 1984 Gene mapping in
fishes and other vertebrates, pp. 173-234 in Evolutionary Ge-
netics of Fishes, edited by B. J. TURNER. Plenum Press, New
York.

MorizoT, D. C., D. A. WRIGHT and M. J. SicIL1ANO, 1977 Three
linked enzyme loci in fishes: implication in the evolution of
vertebrate chromosomes. Genetics 86: 645-656.

MorTON, N. E,, 1955 Sequential tests for the detection of linkage.
Am. J. Hum. Genet. 7: 277-318.

OHNo, S., 1970 Evolution by Gene Duplication. Springer-Verlag,
Berlin.

ORKIN, S. H,, 1986 Reverse genetics and human disease. Cell 47:
845-850.

PAsDAR, M., D. P. PHILIPP and G. S. WHITT, 1984 Linkage
relationships of nine enzyme loci in sunfishes (Lepomis: Cen-
trarchidae). Genetics 107: 435-446.

RAUCHENBERGER, M., K. D. Kariman and D. C. Morizor,
1990 Monophyly and geography of the Rio Panuco basin
swordtails (genus Xiphophorus)y with descriptions of four new
species. Am. Mus. Novit. No. 2975, 41 pp.

RoseN, D. E., 1979 Fishes from the upland and intermontane
basis of Guatemala: revisionary studies and comparative geog-
raphy. Bull. Am. Mus. Nat. Hist. 162: 267-376.

SCHARTL, M., 1988 A sex chromosomal restriction-fragment-



410 D. C. Morizot et al.

length-marker linked to melanoma determining Tu-loci in
Xiphophorus. Genetics 119: 679-685.

SCHARTL, M., and J. H. SCHRODER, 1987 A new species of the
genus Xiphophorus Heckel 1848, endemic to northern Coa-
huila, Mexico (Pisces: Poeciliidae). Senckenb. Biol. 68: 311~
321.

ScHwAB, M., S. ABDO, M. R. AHUJA, G. KOLLINGER, A. ANDERS,
F. ANDERs and K. FRESE, 1978 Genetics of susceptibility in
the platyfish/swordtail tumor system to develop fibrosarcoma
and rhabdomyosarcoma following treatment with N-methyl-N-
nitrosourea (MNU). Z. Krebsforsch. 91: 301-315.

ScHwaAB, M., G. KOLLINGER, J. Haas, M. R. AHuja, S. ABDO, A.
ANDERS and F. ANDERS, 1979 Genetic basis of susceptibility
for neuroblastoma following treatment with N-methyl-N-nitro-
sourea and X-rays in Xiphophorus. Cancer Res. 39: 519-526.

SHAKLEE, J. B., F. W. ALLENDORF, D. C. MOoRrIzoT and G. S. WHITT,
1989 Genetic nomenclature for protein-coding loci in fish:
proposed guidelines. Trans. Am. Fish. Soc. 118: 218-227.

SICILIANO, M. J., D. C. Mor1zoT and D. A. WRIGHT, 1976  Factors
responsible for platyfish-swordtail hybrid melanoma—many or
few?, pp. 47-58 in Melanomas: Basic Properties and Clinical
Behavior, Vol. 2, edited by V. RILEY. S. Karger, Basel.

SICILIANO, M. ]., and C. R. SHaw, 1976 Separation and visuali-
zation of enzymes on gels, pp. 185-209 in Chromatographic and
Electrophoretic Techniques, edited by 1. SMiTH. Wm. Heine-
mann, London.

STALLINGS, R. L., and M. J. StciLiaNo, 1983 Evolutionary con-
servatism in the arrangement of autosomal gene loci in mam-
mals, pp. 313-321 in Isozymes: Current Topics in Biological and
Medical Research, Vol. 10, edited by M. C. RaTTaAzzl, J. G.
ScanDpALIOs and G. S. WHITT. Alan R. Liss, New York.

SUITER, K. A., J. F. WENDEL and J. S. Cask, 1983 LINKAGE-1:
A PASCAL computer program for the detection and analysis
of genetic linkage. J. Hered. 74: 203-204.

VIELKIND, |. R., and E. DIPPEL, 1984 Oncogene-related sequences

in xiphophorin fish prone to hereditary melanoma formation.
Can. J. Genet. Cytol. 26: 607-614.

VIELKIND, J. R., K. D. KALLMAN and D. C. Morizor, 1989
Genetics of melanomas in Xiphophorus fishes. J. Aquat. Anim.
Health 1: 69-77.

VIELKIND, U., 1976 Genetic control of cell differentiation in
platyfish-swordtail melanomas. J. Exp. Zool. 196: 197-204.
WAGNER, R. P., S. H. Cox and R. C. SCHOEN, 1985 A coordinate
relationship between the GALK and the TK1 genes of the

Chinese hamster. Biochem. Genet. 23: 677-703.

WHEAT, T. E., G. 8. WHITT and W. F. CHILDERS, 1973 Linkage
relationships of six enzyme loci in interspecific sunfish hybrids
(genus Lepomis). Genetics 74: 343-350.

WITTBRODT, ., D. ADAM, B. MALITSCHEK, W. MAUELER, F. RAULF,
A. TELLING, S. M. ROBERTSON and M. SCHARTL, 1989 Novel
putative receptor tyrosine kinase encoded by the melanoma-
inducing Tu locus in Xiphophorus. Nature 341: 415-421.

WOMACK, J. E., 1987 Comparative gene mapping: a valuable new
tool for mammalian developmental studies. Dev. Genet. 8:
281-293.

WRIGHT, D. A., and C. M. RICHARDS, 1987 Linkage groups in
the leopard frog, Rana pipiens, pp. 417-421 in Genetic Maps
1987: A Compilation of Linkage and Restriction Maps of Genetically
Studied Organisms, Vol. 4, edited by S. J. O’BRIEN. Cold Spring
Harbor Laboratories, Cold Spring Harbor, N.Y.

WRIGHT, |. E., K. R. JoHnsoN and B. May, 1987  Synthetic linkage
map of salmonid fishes (Salvelinus, Salmo, Oncorhynchus), pp.
405-413 in Genetic Maps 1987: A Compilation of Linkage and
Restriction Maps of Genetically Studied Organisms, Vol. 4, edited
by S. J. O’BRIEN. Cold Spring Harbor Laboratories, Cold
Spring Harbor, N.Y.

ZECHEL, C., U. SCHLEENBECKER, A. ANDERS and F. ANDERS, 1988
v-erbB related sequences in Xiphophorus that map to melanoma
determining Mendelian loci and overexpress in a melanoma
cell line. Oncogene 3: 605-617.

Communicating editor: R. E. GANSCHOW



