Genetic Mapping in Mammals:
Chromosome Map of Domestic Cat

Stephen J. O’Brien and William G. Nash

The chromosomal location of genetic
determinants was first suggested in 1903
by Sutton, who presented a cytological
explanation of genetic segrégation and
independent assortment in grasshoppers
(1). The experimental proof of residence
of genes on chromosomes was provided
independently by Bridges, using Dro-
sophila (2), and by Creighton and

During adaptive radiation of mammali-
an speci€s, considerable numbers and
types of chromosome duplications,
translocations, inversions, and rear-
rarigements have become polymorphic
and subsequently fixed in a manner that
has resulted in a certain amount of gene
shuffling (6-10). Nonetheless, the occur-
rence of homologous gene-enzyme sys-

Summary. A genetic map of 31 biochemical loci located on 17 feline syntenic
(linkage) groups has been derived by somatic cell genetic analysis of cat-rodent
hybrids. Most of these syntenic groups have been assigned to one of the 19 feline
chromosomes. Comparative linkage analysis of the feline biochemical loci and
homologous human loci revealed considerable conservation of linkage associations
between the primates and the Felidae (order Catnivora). Many of these same linkage
groups have not been conserved in the mutine genome. The genetic and evolutionary
implications of comparative mapping analysis among mammialian species are dis-

cussed.

McClintock, studying maize (3). The
growth of linkage maps in scores of
prokaryotic and eukaryotic species over
the past half century has been substan-
tial, to the degree that extensive genetic
maps of representative species of most
animal and several plant phyla have been
derived (4). Analysis of polytene chro-
mosome banding patterns (in certain dip-
teran insects such as Drosophila) and
recently developed G- and Q-banding
patterns (5) of vertebrate chromosomes
have provided methods for discrimina-
tion of individual chromosomes and
subchromosomal regions. The combina-
tion of genetic linkage analysis and chro-
mosome banding has permitted the su-
perimposing of genetic linkdage maps
onto chromosomes in several species.
These and additional developments have
provided insight to comparative genetic
mapping, which now includes the study
of linkage and chromosome rearrange-
ments in evolution (6).
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téems in mammals and similar chromo-
some banding patterns in primates has
permitted the study of conserved and
nonconserved linkage associdtions be-
tween man and other primates, between
man and mouse, and to a very limited
extent between additional mammalian
species (6). Pearson, de Grouchy, and
Meera-Khan and theit collaborators
have described chromosome arm Homol-
ogies and included syntenic enzynie loci
for virtually every chromosome arm of
man ahd Pongidae primates (chimpan-
zee, gorilla, and orangutan), indicating a
strict conservation of linkage associa-
tions during primate evolution (6-8). The
dramatic findings of Lalley, Francke,
and their collaborators have indicated
the retention of homologous syntenic
associations of at least 14 erizyme groups
seen in both micé and man (6, 9, 10). In
about as many cases, murine genes ho-
mologous to human loci are not linked,
an indication that considerable subchro-
mosomal rearrangement had occurred
subsequent to the divergence of primates
and rodents 80 million years ago. The
comparative mapping data for other
mammalian species are sparse so far,
although cettain linkage associations ob-

served in man and mouse are similarly
conserved in rat, rabbit, hamster, cow,
and dog (6).

The domestic cat (Felis catus) has
served as an important animal model for
years in studies of physiology, oncology,
neurochemistry, and genetics (11, 12).
Feral cats are generally polymorphic for
8 to 15 morphological loci, and many of
these loci are fixed in different allelic
combinations in the more than 100 regis-
tered ‘‘breeds’’ of the domestic cat (12).
An unfortunate gap in the analysis of
research findings has been the lack of a
genetic map of the cat. We present here
the results of a long-term somatic cell
genetic analysis of biochemical loci of
the domestic cat. A genetic map of 17
linkage groups including 33 loci was de-
rived. Thirty-one of the loci are homolo-
gous to genes previously mapped in man,
primates, and mouse. A striking obser-
vation is the conservation of human-
feline linkage associations in contrast to
human-rodent and feline-mouse compar-
ative linkage maps where more than half
of the linkages have been reassorted.

Derivation of a Syntenic Map of the
Cat by Somatic Cell Genetics

Interspecific somatic cell hybrids pro-
vide an important technology for gene
mapping because it is possible to gener-
ate hybrids that preferentially segregate
the chromosomes of one parental species
in different combinations among the hy-
brid clones. Concordant expression and
loss of two genetic markérs (for exam-
ple, antigens and isozymes) form the
basis for identification of a syntenic
group in the segregant parent. The syn-
tenic groups, which are analogous to
linkage groups derived from sexual ge-
netic crosses (/3), presumably represent
groups of loci that reside on individual
chromosomes. The empirical definition
of a syntenic group of multiple loci de-
pends on two important observations: (i)
the concordant appearance of the mark-
ers in a hybrid panel, and (ii) substantial
discordancy with all the other markers
followed in the same cross. In addition,
concordant segregation of gene markers
and specific chromosomes identified by
banding techniques permits the assign-
ment of the syntenic groups to individual
chromosomes. These parasexual tech-
niques have provided detailed genetic
maps of man, mouse, and several pri-
mates in cumulative studies over the past
decade (13-15).

We have derived a feline syntenic map
based on concordant segregation of iso-
zyme markers in 645 primary hybrid
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colonies and 158 subclones derived from
20 fusions of nine different types (Table
1). The hybrid crosses consisted of four
operational classes: (i) mouse X diploid
cat: series 17, 18, 46, and 17 subclones;
(ii) mouse X heteroploid cat cell lines,
series 1, 2, 3, 5,7, 9, and 21; (iii) Chinese
hamster X diploid cat, series 36, 44, 49,
and 49 subclones; and (iv) Chinese ham-
ster X heteroploid cat, series 34 and 39.
Each of the hybrids retained the entire
rodent genome and segregated feline
chromosomes in different combinations.
The hybrid clones were each expanded
to 107 to 10® cells, harvested, and elec-
trophoretically typed for the presence or
absence of 31 feline isozymes. The elec-
trophoretic pattern of hybrid and paren-
tal cell extracts developed for several
gene enzyme systems is shown in Fig. 1.
The names of each isozyme and the
genetic symbol are listed in (16, 17).
Muitiple hybrid crosses were analyzed
to circumvent difficulties inherent in in-
dividual cat X rodent crosses. For exam-
ple, two enzyme markers, PEPA and
GSR, which were the only members of
their respective syntenic groups, could
not be adequately separated by electro-

phoresis in mouse X cat hybrids but
were readily scored in hamster X cat
hybrids (Fig. 1). Further, of the 31 gene
enzyme systems examined here, seven
are polymorphic for electrophoretic allo-
zyme variants in cat populations (I8).
Since all the cat parents were outbred,
occasional polymorphic enzymes co-mi-
grated in one group of cat X mouse
hybrids but were separable in another
cat X mouse hybrid. This case occurred
in the typing of esterase-D, where alter-
native felirie allozymes, A and B, had
different mobilities, one of which (A)
was identical to the homologous mouse
enzyme, esterase-10* (Fig. 1) (I8). Only
the crosses between feline parents ho-
mozygous for ESD-B and murine Es-10*
were useful in following feline ESD. Fi-
nally, the use of multiple crosses with
different cat parents served as a control
for spurious concordance because of
chromosomal translocations or single
unexplained concordance of nonhomolo-
gous chromosomes seen occasionally in
interspecies hybrid analyses (/4).

The following enzymes expressed
heteropolymeric forms in hybrids:
MDHI1, PEPA, PEPS, MEI1, GLO, NP,

Table 1. Cat mapping crosses: The parent cells used in preparation of hybrids are: RAG (43), a
murine renal adenocarcinoma line resistant to 6-thioguanine because of a mutant hypoxanthine-
guanine phosphoribosyl transferase (HPRT); NclAcll0 (44), NIH-3T3 murine embryo,
thymidine kinase deficient (TK™); E36 (45), Chiniese hamster lung cell line (HPRT™); CRFK
(46), Crandel feline kidney cell; FL.-74 (47), a feline lymphoblastoid cell line infected with feline
leukemia virus; FEF (48), a feline embryo cell provided by Dr. P. Fischinger, National Cancer
Institute, National Institutes of Health; F47, a feline sarcoma cell line provided by Dr. M. B.
Gardner, Urniversity of Southern California. Feline tissues were obtained from the NIH cat
colony maintained at Poolesville, Maryland. Fresh feline peripheral lymphocytes were isolated
from heparinized venous blood by sedimentation in Plasmagel prior to hybridization (49).
Somatic cell hybrids were prepared with B-propiolactone-inactivated Sendai virus (series 1-21)
or PEG-1000 (series 34-49), as described (43, 50). Hybrid colonies were picked in cloning
cylinders and expanded for isozyme analysis (50, 51). The feline chromosome constitutions of
the five hybrids which were used to derive secondary subclones were: mouse X cat (i) 1711—
Al, Bl, B2, B3, B4, C2, F2, X; (ii) 1722—A2, B1, B4, C1, C2, D2, D4, El, E3, FI1, F2; (iii)
17F1—Al, A3, B1, B3, B4, C1, C2, D1, D2, D3, D4, E1, E3, F2, X; hamster X cat (iv) 49A10—
Al, A2, A3, B1, B2, B3, B4, C1,C2, D1, D2, D3, D4, F2, X; (v) 49A42—A3, B3, B4, C2, E3, X.
A chromosome was scored as positive if five or more metaphases (of 50 examined) contained
the feline chromosome [see (23)]. D, diploid feline parents. H, heteroploid feline cell line as

parent.
Feline cell Hybrids
En-
Cross (series Rodent Pri- En- zymes
No.) cell Name Tissue Hlllary tz;;relz s(cg(r)c?)d
NoJ (No.)
Mouse
17, 46 RAG Fresh Lymphocytes (D) 88 80 26
17 subclones RAG Fresh Lymphocytes (D) 3 123 26
18 NclAcl0 Fresh Spleen (D) 43 27 26
1,2,3 RAG FL-74 Lymphoma (H) 76 25 24
5,21 RAG FEF Embryo fibro- 102 24 26
blast (H)
7,9 RAG CRFK  Kidney fibro- 56 49 29
blast (H)
Chinese hamster
36 E36 Fresh Embryo fibro- 26 25 22
blasts (D)
44, 49 E36 Fresh Lymphocytes (D) 70 52 27
49 subclones E36 Fresh Lymphocytes (D) 2 35 27
34 E36 CRFK  Kidney (H) 47 43 26
39 E36 F47 Sarcoma (H) 137 45 23

LDHA, LDHB, G6PD, SODI1, PGD,
IDH1, ACP2, GSR, GPI, ESD, HKI1,
and PP (Fig. 1) (16). The feline hypoxan-
thine-guanine phosphoribosyl transfer-
ase (HPRT) had an identical electropho-
retic mobility to that of mouse and ham-
ster. Feline HPRT, however, was ther-
molabile (compared to the rodent
enzyme). Heat denaturation curves in
positive hybrids had intermediate pat-
terns that were consistent with hetero-
polymer formation (/9). Hexosaminidase
A could not be scored for heteropoly-
mers because the rodent forms were very
weak and difficult to resolve. The 11
remaining enzyme systems fail to form
heteropolymers in hybrids positive for
the feline enzyme. The distribution of
the feline enzymes that form hetero-
polymers agrees in each case with the
predictions made concerning the subunit
composition of the homologous human
enzyme (20). That is, feline enzymes
homologous to multimeric human en-
zymes all form heteropolymers in hybrid
cells, while monomeric enzymes do not.

A matrix of the cumulative frequen-
cies of discordant clones in the crosses
with fresh diploid feline tissues free of
chromosome rearrangements is present-
ed in Table 2. The concordant presence
or absence of two isozyme markers in a
group of differentially segregated pri-
mary hybrids was taken as preliminary
evidence that the structural genes encod-
ing these enzymes were syntenic. The
data from 77 primary hamster X cat
hybrids are presented above the diagonal
axis and the data from 80 primary mouse
X cat hybrids are presented below the
axis. Concordant groups, which were
arbitrarily defined as those with discor-
dancy frequencies less than 0.1, are en-
closed in boxes flanking the diagonal
axis (21). By way of example, PGM3 had
a discordancy frequency of 0.0 with both
ME] and GLO in hamster X cat hybrids
as did MEI with GLO. In the 80 mouse X
cat hybrids the discordancy frequencies
were MEI-PGM3 (0.028), MEI-SOD2
(0.091), and SOD2-PGM3 (0.091). Thus,
the four markers MEI, PGM3, SOD2,
and GLO define a single syntenic group.
Each of these markers exhibited consid-
erable discordancy (D > 0.1) with the
other gene-enzyme systems segregating
in these crosses. The confirmation of a
syntenic group was obtained by follow-
ing the same markers in secondary sub-
clones of five primary clones which were
positive for the operative syntenic group
(see legend to Table 1). ,

A maximum of 17 syntenic groups is
defined by these data (Table 3). Seven of
these groups contain two or more mark-
ers, while ten have only a single marker.
The linkage groups represent a minimum
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Fig. 1. Composite electropherograms of isozyme systems using extracts of parental and somatic cell hybrid (MXC, mouse X cat; HXC, Chinese
hamster x cat) cells. The parental cells include cat, CRFK and FC1; mouse, RAG; Chinese hamster, E36. Cell homogenates were prepared for
each of the hybrids by sonication and stored at —70°C (51). The presence of feline enzymes was determined after gel electrophoresis and
histochemical development of 31 gene-enzyme systems with the use of modifications of isozyme procedures developed for homologous murine
and human isozymes (51, 52). The feline gene-enzyme system was scored as positive when the feline isozyme or the feline-rodent heteropolymer
(with multimeric enzymes) was detected after histochemical overdevelopment. In general, the intensity and sensitivity of detection depended on
the individual enzyme (53); however, a retrospective analysis of the weaker feline systems (MDH1, HK, PEPS, PEPA, GAPD) demonstrated that
when 5 percent or more metaphases contained the feline chromosome to which an enzyme had been mapped, the enzyme was detected. The
remaining isozyme systems were detected at even lower chromosome (gene) dosage. HPRT was assayed by thermolability measurements since
the murine HPRT is relatively stable at 70°C over 15 minutes, whereas the feline enzyme becomes inactive under the same conditions (19).
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of 15 feline chromosomes since only 14
groups could be monitored in the ham-
ster X cat crosses and 13 groups were
defined in the mouse X cat crosses.
Genes for SOD!, PEPS, and HK1 could
only be scored in mouse X cat hybrids,
while GSR, PP, and PEPA were re-
solved only in hamster X cat hybrids.
Thus, we could not exclude the possibili-
ty that GSR, PP, and PEPA are on the
same chromosome as SODI, PEPS, or
HK], since GSR, PP, and PEPA cannot
be resolved in hybrids where SODI,
PEPS, and HK can be scored. At least
one marker on each of the remaining 12
syntenic groups was scored with all hy-
brids. The chromosome assignments
(see below) resolved certain of these
matters by specific assignment of PEPS,
HKI, SODI, and PP to individual feline
chromosomes.

Each of the syntenies was confirmed
in at least two crosses involving hetero-
ploid feline parents in addition to those

represented by the data in Table 2. Con-
versely, occasional concordancies that
were characteristic of a particular cross
were not taken as conclusive evidence
for synteny (for example, see NP-LDHA
in mouse X cat crosses, Table 2). Fur-
ther confirmation of the chromosomial
basis of the syntenic groups is provided
by the assignment of specific syntenic
groups to individual feline chromo-
somes.

Chromosome Assignment of Feline

Syntenic Groups

The feline karyotype consists of 19
pairs of chromosomes (22). Each of
these chromosomes can be individually
identified by trypsin-Giemsa banding
(Fig. 2). Feline chromosomes are largely
metacentric and submetacentric, while
murine RAG chromosomes are mostly
telocentric. Metacentric RAG chromo-

somes are all the result of centric fu-
sions. Cat chromosomes can be readily
distinguished from mouse chromosomes
by their respective patterns of G banding
in centromere regions. The centromere
region of cat chromosomes is consistent-
ly negatively stained, whereas this re-
gion is markedly positively stained in
mouse chromosomes. Reliable identifi-
cation of cat chromosomes with G band-
ing of E36-Chinese hamster X cat hy-
brids is possible but more difficult since
several hamster chromosomes have a
banding pattern very similar to certain
cat chromosomes.

Thirty-three representative primary
hybrids from the diploid crosses (mouse
X cat: 15 from series No. 17, 2 from No.
18, 2 from series No. 46; hamster X cat:
14 from series No. 49) were karyotyped
and scored for the frequency of each
feline chromosome present in a back-
ground of rodent chromosomes. Fifty
metaphase spreads for each hybrid in the

Table 2. Frequencies of asynteny of 31 gene-enzyme systems in rodent X diploid feline crosses. Above the axis of this matrix are the cumulative
frequencies of discordancy (asynteny) of enzyme markers in hamster X cat crosses involving fresh diploid feline parent tissue (77 primary

hamster x diploid cat

MDH ACPI  MEL  PGM3
MDH [0.0 .068 | - .263
ACPL |- 0.0 | - .353
MEL 257 - 0.0 0.0
PGM3  .281 = .028 0.0
GLOL - - - -
sop2  .083 - .091 .09l
NP A4 197 .188
MPI 147 - 240 .23
HEXA - - - _
PKM2  .214 - 254 .232
LDHB  .246 - .306  .343
PEPB  .169 -~ 274 303
TPI 146 - .395 486
GAPD - - - -
LDHA  .255 - 182 .214
ACP2 - - - -
G6PD  .500 - .600  .600
HPRT  .713 - .810 .836
PGM  .219 - 241 268
PGD  .194 - .190 .208
IDHL  .214 - .188 -
SODL  .216 - 167 L1T4
ADA .19y - .348  .349
GSR - - - -
AKL 316 - .261  .304
GPI  .239 - .184 .200
ESD  .467 - .563 .600
PEPS  .246 - 250 .262
HKL  .573 - 671 .681

GLOl SoD2 NP  MPI HEXA PKM2 LDHB PEPB TPI  GAPD
282 - .360 .178  .174 .188 .203 .232 .293 .087
429 - .386 .273 - .200  .317  .318  .343 .105
0.0 =~ - - - - - - - -
0.0 = .100 .200 .200 .133 .111  .158 .158 .313
0.0 = .700  .371  .167  .143  .343  .392 476 .378
- 0.0 - - - - - - - -
- ,167 [0.0  .154  .091  .054] .354  .314  .465 .270
- .300 {.041 0.0 .023  .029] .304 .333  .488 .167
- - - - 0.0 .054  .186  .214  .186 .220
- - .063 .095 - 0.0 214 267 .333  .267
- .250 181 .l94 - 197 (0.0 043 0.0  .070
- .333 .176 .l49 - ,188 | .080 0.0 .073  .095
- - 262 .293 - .341 | .08 0.0 0.0 .080
- - - - - - - - - 0.0
- 167 .079 .122 - .138  .391  .394  .605 487
- - - - - - 458 L479  .537 .486
- .250 .566 .595 - .635  .403  .425  .333 -

- .333 .827 .848 - .900  .734 .753 .578 -

- .333 .205 .211 - .203  .312  .263 .302 -

- 273 .179  .205 - .85 .269 .237  .3T2 -

- 273 .167 .l94 - .273  .138  .226 .200 -~

- J167  .148  .196 - 273 .188  .208 .4l -

- 167 .235 .2u6 - 234,362 284  .395 -

- .583 .300 .227 - .27 .217  LT4 - -

- .250 .200 .189 - 210 .315 .236 .268 -

- - .531 .600 - .762  .586  .593 .116 -

- 455,303 .313 - .279  .188  .172 .34l -

- - 671 .688 - .662  .600  .625  .545 -




panel were scored, and isozyme extracts
from hybrids at the same cell passage
were analyzed for feline enzyme expres-
sion. Preliminary chromosome assign-
ments of syntenic groups were con-
firmed by concordance of chromosome
and syntenic groups in 41 subclones of
three mouse X cat hybrids (23). Data on
the frequency of discordance between 11
feline syntenic groups and 19 cat chro-
mosomes in a total of 74 hybrids (33
primary hybrids and 41 subclones) (Ta-
ble 4) confirm the assignments of 26
genes on 12 syntenic groups to the indi-
cated cat chromosome (Tables 3 and 4).
The remaining five syntenic groups each
contain a single isozyme marker, ADA,
GPI, GSR, PEPA, and AKI. Although
provisional assignments are suggested
for these markers, further analysis is
required to confirm their location. We
therefore have indicated these groups as
unassigned {for example, Ul, U2, U3
. . in Table 3).

Comparative Genetic Mapping in

Mammals

The development of a genetic map of
biochemical loci in the cat permits the
comparison to genetic maps of homolo-
gous genes previously derived in man, in
primates, and in the mouse (6, 8, 13-15).
A list of 61 genes mapped in man which
are homologous to genes located in
mouse or in the cat is presented in Table
5. The genes are arranged in order of
their location on human chromosomes
for direct comparison with the other spe-
cies. A number of important observa-
tions are evident on examination of Ta-
ble 5.

Of the 17 linkage groups described in
the cat (Table 3), the linkage associations
of the 31 included loci which correspond
to those seen in man with three excep-
tions. The first exception involves the
position of IDHI. In humans, IDH]! is
linked to MDH] and ACPI (chromo-

some 2) while in cats, IDHI is linked to
PGMI and PGD (chromosome Cl1). A
discordance of IDHI and MDHI[-ACPI
is also observed in maps of chimpanzee,
gorilla, orangutan, and rhesus monkey,
which possess no metacentric homolog
to human chromosome 2 (8, 15). In the
chimpanzee, this genetic material is con-
tained on two acrocentric chromosomes
(chimpanzee chromosomes 12 and 13)
homologous to human chromosome
arms 2p and 2q. Apparently, human
chromosome 2 was derived from an end-
to-end fusion between the telomeres of
the more ancestral primate telocentric
chromosomes (7, 24). The second excep-
tion is that NP is linked to PKM2-MPI-
HEXA (chromosome B3) in cats, while
in man NP is on a separate chromosome
(chromosome 14) from PKM2-MPI-
HEXA (chromosome 15) (13-15). The
linkage association of NP with PKM2-
MPI and HEXA is conserved in pigs and
rhesus monkeys but is broken (with re-

hybrids, crosses 36, 44, and 49, Table 1). Below the axis are the asynteny frequencies for mouse X diploid cat crosses (80 primary hybrids,
crosses 17 and 46, Table 1), Dashes indicate comparisons where data could not be obtained for technical reasons (see text). Boxes include
asynteny frequencies of individual syntenic groups (27).

LDHA ACP2 GEPD HPRT
MDH L4088 .625  LUUG L u66
ACPL  .6l4 .595  .326 .400
ME1 - - - -
PGM3  .444 ,353  ,313 .500
GLO1  .254 490 .765 .760
sop2 - - - -

NP J442 440,231,269
MPI 431 .5Q2 .500 .548
HEXA  .233 .286  .317 .457
PKM2  .400 .286 .667 .188
LDHB  .120 - JU65  L467
PEPB  .125 - .486 .48l
TPI .250 - 415 .558
GAPD - - .278 .532
LDHA [0.0 .085 | .542 .548
ACP2 |- 0.0 .306  .320
G6PD  .526 - 0.0 .055
HPRT  .820 - [.096 0.0
PGM 221 - .714  .850
PGD 179 - .623  .889
IDH1  .129 - .633 .781
sopl .170 - 577 .615
ADA .309 - .552 .778
GSR - - - _
AK1 227 - .600 .783
GP1 203 - 649 825
ESD 531 - L4819 .333
PEPS  .260 - .635 . TU6
HK1 618 - .286 .259

PGML  PGD IDHL SOD1 ADA  GSR
.377  .400 .358 .263 .14l  .244
.625  .625 .548 .250 .140 .23l
.368 444,235 .250 .222  .222
159 .152 .136 .579  .295 490
.708  .667 .638 .474  .260  .191
394 446,369 .421  .269  .348
.261  .348 ,209 .065 .217  .167
.133  .200 .214 .113 .214  .200
.348  .306 .375 444 .219  ,200
406 .353 .409 474,203 .216
488  .432 ,500 .563 .300 .237
462 .472  .M21 .333  .100  .175
.296  .216 .206 .632  .344h  ,uu7
469  .375 435 .556 .409  .413
714,676 .687 .368  .354  ,229
6.0  .047 .063] .556 .26  .668
.07L 0.0 .048| .611  .358 ,651
.063  .097 0.0 | .396 .250 .659
222 .273 .156 0.0  .278  .389
.329  .254 478 .348 0.0  .184
- - - - - 0.0
.273  .348 .313 .304 .u78 -
.208  .192 .290 .241 .235 -
433 .419 448 .500  .524 -
348 .255 .360 .372 .246 -
667  .632 .667 .722 .594 -

AKY GPI  ESD PP  PEPA
J417  .288  .46T7 .382 .368
.440 450  .500 .585 .389
.158  .316 .118 .222 .156
.583  .154  .250 .246 .171
.24l .542  .549 447 .159
.375  .303 .607 .304 .186
.286  .239  .111 .119 .222
L1430 267 .333 .143 .194
.396 .319 .508 .406 .209
.347 420 471 371 .214
L429 447 571 .600 .167
.300  .351  .488 .378 .200
L4200 L176 .222  .258  .1u6
.286  .292  .347 .409 .231
.280  .536  .524 .609 .122
- - - - .24h
.469  .154  .390 .227 .356
426,210 .328 .226 .432
478 706 .316 .250 .262
.375 .571  .556 .412 .156
.341  .333  .353 317 .222
.310  .460  .457 478 .205
0.0 .438  .600 .422 .205
.273 0.0 .382 .227 .289
.769  .467 0.0  .393 .0T1
.250  .246  .522 - -
.652  .573  .321 - -




spect to NP only) in chimpanzee and
man (6), an indication that dual chromo-
somes for these markers are a recent
primate acquisition. The third exception
is the placement of HKI and PP on two
chromosomes (D2 and D4) in the cat
while these groups are linked in both
mouse and man. The separation of these
markers may be a recent Felidae devel-
opment (25).

The linkage homology of feline genes
with human loci is nearly as faithful as
the degree of agreement between chim-
panzee and man (6, 8, 26). Except for the
chromosome 2 separation discussed
above, the chimpanzee genetic map is
identical to the human chromosomal
linkages. Karyologic comparison of
chimpanzee and human chromosome
banding has revealed that while only one
chromosome fusion occurred in human
speciation, six pericentric inversions oc-
curred between man and chimpanzee,
eight between the chimpanzee and the
gorilla, and nine between the chimpan-
zee and the orangutan (7, 8). The karyo-
types of various members of the Felidae
family have also been shown to be evo-
lutionarily conservative, with only a
handful of chromosome fusions (or fis-
sions) and pericentric inversions being
evident in the divergence of the felids
(22).

A number of linkage associations evi-
dent in cats and primates are conserved
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Table 3. Feline genetic map. Gene symbols
are for genes listed in (16). Also included are
two previously X-linked loci; O, orange (38);
and BVRI, BALB virus restriction (39).

Feline
chromo- Gene

some
Al ESD

A2 LDHA, ACP2

A3 MDH1, ACP1

Bi PEPS
B2 MEI1, PGM3, GLO, SOD2
B3 NP, MPI, PKM2, HEXA
B4 TPI, PEPB1, LDHB, GAPD
C1 PGM1, PGD, IDH1
C2 SODI
D2 HK
D4 PP
X G6PD, HPRT, BVRI, O
ui* ADA
U2+ GPI
U3* GSR
(OF: PEPA
Us* AK1

*Syntenic groups still unassigned to feline chro-
mosomes.

in the mouse genome; however, almost
as many are disrupted (Table 5). Listed
in Table 5 are 21 of 23 possible human
chromosomes which contain known fe-
line and murine homologs; human chro-
mosomes 5 and 22 were not informative.
This same list contains representative
loci from 17 (of 20 possible) murine chro-
mosomes presented; mouse chromo-
somes 13, 15, and 16 do not contain
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Fig. 2. Trypsin Giemsa-banded karyotype of Felis catus and idiogram from diploid cultured
feline lymphocytes. Chromosome names follow the convention of Wurster-Hill and Gray (22).
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known loci that are homologous to
mapped human or feline genes. Of 17
murine linkage groups that contain loci
homologous to mapped human loci, nine
are disrupted in the human genome (mu-
rine chromosomes 1, 2, 5,7, 8,9, 10, 11,
and 14). Two of these, mouse chromo-
somes 2 and 7, contain genes whose
homologs are distributed on three differ-
ent human chromosomes. Conversely, at
least eight human linkage groups are
rearranged in the murine genome (human
chromosomes 1, 2, 6, 10, 11, 12, 15, and
16). Clearly, a substantial amount of
chromosome exchange has occurred in
rodent evolution or conversely in pri-
mate-feline evolution (depending on
which arrangement, if either, is ances-
tral).

The human karyotype consists largely
of bi-armed chromosomes (13, 27), and
many of the enzyme loci under discus-
sion have been located on specific chro-
mosome arms [named arbitrarily p and q
(Table 5) (27)]. When one examines the
comparative linkages of murine loci and
human chromosome arms, the linkage of
subchromosomal groups often appears
to be evolutionarily conserved. Of the
eight human linkage groups found to be
discordant in the murine genome, seven
appear to involve breaks across centro-
meres, leaving the linkages of chromo-
some arms intact (Table 5) (6, 27). Only
human chromosomes 1, 11, and 15 ap-
pear to require breaks in chromosome
arms. From this perspective, then, it
seems that a majority of subchromoso-
mal linkage associations have remained
intact in mammalian evolution despite
numerous gross cytological rearrange-
ments. These chromosome arm ex-
changes continue in modern times, as
evidenced by the recent description of
two feral mice populations, CB and CD,
which as a result of extensive indepen-
dent Robertsonian translocations, exhib-
it karyotypes consisting of nine metacen-
tric chromosomes (28). The normal
mouse karyotype consists of 20 telocen-
tric chromosomes (29).

At least three distinct models of chro-
mosome evolution have been presented
on the basis of comparative cytogenetic
analysis of more than 1000 mammalian
species (30-33). The fusion hypothesis
(30) states that the ancestral chromo-
some number was high (2n being equal to
approximately 96) and that rampant fu-
sion led to modern mammalian metacen-
tric chromosomes. The fission hypothe-
sis (31, 32) states conversely that ances-
tral mammals had as few as 14 chromo-
somes and that centromere fission
associated with pericentric inversions
produced the modern modal numbers (2n
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Table 4. Chromosome assignment of feline syntenic groups. Seventy-four hybrid clones were karyotyped and tested for feline isozymes at the
same cell culture passage. The frequency of asynteny of isozyme markers and individual feline chromosomes is presented for each syntenic
group. N is the number of hybrids typed for both enzyme and karyotype for each assignment.

Feline enzyme (assignment)

Feline MEI NP LDHB  PGMI
chromo-  psp  LDUA ﬁgf}f PEPS lggl\g; MPL  PEPBI  PGD  SODI HK  pp D8
some (A1) o e (B1) Pl S Ve TP IDH €2 (D2 (D4 5
B (B3) (B4) Ch

Al 286 345 203 308 297 357 53 a0 423 375 .39
A2 286 415 467 313 493 459 255 615 320 156 469
A3 643 643 552 379 307 320 489 554 333 563 455
B 571 571 337 288 267 211 489 185 320 469 364
B2 143 286 436 362 360 375 468 477 M0 213 A0
B3 643 500 232 207 273 (040 164 489 323 400 273 318
B4 571 714 315 186 288 “T64 532 262 280 515 .406
Ci 214 071 500 638 394 527 562 672 174 242 631
C2 500 643 426 211 446 356 286 622 320 485 439
DI 143 433 255 448 227 427 405 319 600 333 313 .530
D2 286 143 415 544 308 438 444 234 656 424 554
D3 143 143 254 518 246 432 411 304 609 348 313 554
D4 .286 143 .527 .638 .397 .573 527 250 677 292 657
El 214 214 327 525 328 467 419 319 585 160 531 561
E2 214 214 209 508 254 480 459 340 631 375 548 545
E3 643 643 345 569 448 473 432 248 563 217 750 545
Fi 214 214 455 576 353 587 S14 271 662 280 563 .636
2 214 357 600 393 559 507 472 388 338 423 344 545
X 786 500 300 304 415 271 362 643 417 667 313
N 14 14 55 60 69 i6 16 50 66 25 33 s

Table 5. Chromosomal position of 61 homologous enzyme loci in cat, man, chimpanzee, and mouse. The human, chimpanzee, and mouse data are
derived from (6, 14~16, 27). The human chromosome arm (p or q) is indicated where regional mapping has been reported. The bases for homology
of feline isozyme systems with human isozymes are derived from the recommendations of the International Committee on Comparative Gene
Mapping (6): (i) similar substrate specificity (ACP1, ACP2, PEPBI, PEPS); (ii} similar tissue distribution (ACP1, ACP2); (iii) characteristic
extreme pI (LDHA, LDHB); (iv) similar response to specific inhibitors (AK1); (v) formation of heteropolymers with homologous mouse isozyme
(GLO, G6PD, GPI, GSR, HK1, HPRT, IDHI, LDHA, LDHB, MDH1, ME1, NP, PEPA, PEPS, PGD); (vi) only a single form observed (ADA,
AKI1, GAPD, GLO, G6PD, GPI, GSR, HEXA, MPI, NP, PGD); and (vii) by process of elimination SOD2 is thought homologous since SOD]1 is
identified by heteropolymer forms and this form is the only one remaining (54). The specific biochemical characteristics of each isozyme are
discussed in (52).

Human Cat gene Chromosome position Human Cat gene Chromosome position

chromo- and human Cat Primate M chromo-  and human Cat Primate M
some (mouse) a (chimpanzee) ouse some (mouse)* a (chimpanzee) ouse
ip PGM1 (Pgm-2) C1 1 4 10q GOT1 (Got-1) 8 19
1p PGD (Pgd) C1 1 4 ilp LDHA (Ldh-1) A2 9 7
1p ENO1 (Eno-1) i 4 11p HBB (Hbb) 7
1p AK?2 (Ak-2) 1 4 1ip ACP2 (Acp-2) A2 9 2
ip GDH (Gpd-1) 4 12p GAPD (Gapd) B4 10 6
ip FUCA (Afuc) 4 12p TPI (Tpi) B4 10 6
ip AMY-1 (Amy-1) 3 i2p LDHB (Ldh-2) B4 10
1p AMY-2 (Amy-2) 3 12q PEPB (Pep-2) B4 10 10
1q PEPC (Dip-2) 1 13q ESD (ES-10) Al 14 i4
2q IDH1 (Idh-1) Ci 12 | 14q NP (Np-1) B3 15 14
2p MDH1 A3 13 15q MPI (Mpi-1) B3 16 9
2p ACPI (Acp-1) A3 i3 i2 15q PKM2 (Pk-3) B3 16 9
3 GALB (Bas) 9 15q HEXA B3 16
3 GPX 2 15q IDH2 (Idh-2) 7
4p* PEPS (Pep-7) Bi 5 15pt SORD (Sdh) 2
4 PGM2 (Pgm-1) 3 5 16q APRT (Aprt) 8
4q ALB (Alb-1) 5 16p HBA (Hba) il
6p FLA/HLA (H-2) 5 i7 i7q TK (Tk-1) 19 il
6p C4 (Ss) 17 i7q GALK (GIk) 19 11
6p GLO (Glo-1) B2 N 17 i8q PEPA (Pep-1) U4 17 18
6q SOD2 (Sod-2) B2 5 19pt GPI (Gpi-1) U2 20 7
6q PGM3 B2 5 19 PEPD (Pep-4) 7
6q ME1 (Mod-1) B2 5 9 20q ADA U1
7q GUSB (Gus) 6 5 20 ITP 15
Tpt MDH2 (Mor-1) 5 21q SOD1 (Sod-1) C2 22 16
7 ASL (Ash) 5 21 IFREC (IfRec) 16
8p GSR (Gr-1) U3 7 8 Xq G6PD (Gé6pd) X X X
9q AK1 (Ak-1) uUs i1 2 Xq HPRT (Hprt) X X X
9p ACOIl 11 Xq GLA (Ags) X X
10pt PP (Pyp) D4 10 Xq PGK (Pgk-1) X X
10p* HK (Hk-1) D2 i0

*The designation of the mouse gene is in parentheses. The human and cat genes have the same designation. fIndicates that regional mapping assignment includes

indicated arm plus a portion of the other arm.



= 48). The modal hypothesis (33) states
that ancestral mammals had a karyotype
of 2n = 40 to 56, with subsequent radia-
tion of chromosome number in both di-
rections by modern mammals. Persua-
sive data in favor of each of these models
have been presented, and components of
each model appear to have been opera-
tive in mammalian evolution. Only re-
cently have chromosome banding data
been applied to these questions (34, 35).
Comparison of specific chromosome re-
gions holds much promise not only in
indicating the ancestral chromosomal ar-
rangement but also in the specific dissec-
tion of the rearrangements that have
occurred between biological species, ge-
nera, families, and orders. Although it is
not immediately clear which linkage map
presented here is more ancestral (the
mouse or the cat and human), the com-
parative cytogenetic and linkage analysis
of the three species offers a new dimen-
sion to solving the evolutionary puzzle.
A comparative analysis of the chromo-
some banding homologies between ho-
mologous human and feline chromo-
somes (by linkage criteria) revealed sev-
eral regions of probable homology and
others that differed by various chromo-
some rearrangements.

Discussion

The somatic cell genetic approach has
provided many biochemical gene assign-
ments in several mammalian species in-
cluding man, mouse, chimpanzee, goril-
la, orangutan, and rhesus monkey (6, 8,
14). The technology is particularly useful
with loci for which detectable allelic
variation is lacking as is the case for
more than 60 percent of mammalian loci
(18, 36, 37). The data presented above
provide a biochemical genetic baseline
for genetic analysis of the cat. Thirty-one
enzyme structural genes plus two previ-
ously mapped X-linked loci, orange O
coat color (38), and BVRI, a retrovirus
restriction locus (39), have been placed
in 17 syntenic groups which repre-
sent chromosomal linkage groups of the
cat.

The genetic map of the cat is similar
~ith respect to linkage arrangements to
the map of homologous loci of man and
Pongidae primates despite evolutionary
divergence of these species for 80 million
years. This conservation of linkage asso-
ciation is retained to a limited extent in
rodent evolution on the subchromosomal
level but not on the gross chromosomal
level, where numerous chromosomal ex-
changes have been evident. The appar-
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ent similarity of the feline and human
linkage map may decrease as the number
of genes mapped and their regional loca-
tions become more extensive. The G-
banded karyotypes of homologous feline
and human chromosomes are often dis-
similar with only limited subchromoso-
mal regions of banding homology (40).
Thus, although the linkage data present-
ed here are persuasive, a further expan-
sion of the feline genetic map is indicated
in order to more precisely resolve the
scope and extent of chromosome rear-
rangements which have certainly oc-
curred since divergence of the primates
and the felids.

The selective basis for these apparent
conservations of linkage associations is
not obvious. Chno and others (41) have
speculated that the X-chromosome loci
do not exchange with autosomes in
mammalian species because of the con-
straints of X inactivation and subsequent
dosage compensation during develop-
ment. Autosomal linkages of related
genes [such as Amylase duplications
seen in multiple mammalian species and
even in Drosophila (4, 42), or mammali-
an globin chain genes (/5)] may repre-
sent recent gene duplication not vyet
transposed or rather cis-dependent inter-
action or regulation of structural genes.
One should also not exclude the notion
that there is no adaptive value in the
arrangements per se, rather that evolu-
tionary divergence has generated a state
of genetic inertia which functions ade-
quately, while random mutational rear-
rangements almost invariably confer a
selective disadvantage on the carrier.
Thus, the ancestral arrangements would
be analogous to a thermodynamic sink
which requires a substantial activation
energy (selective advantage) to rear-
range in an adaptive manner.

It may be important to note that the
same genes that are conserved in their
linkage arrangements are likewise under
selective constraints in man, mouse, and
cat with respect to genetic variation (36).
Of 57 homologous loci studied for genet-
ic variation in the three species, a large
group (60 percent) are invariant in all
three species, while a second group (20
percent) comprises a polymorphic clus-
ter of genes that tend to be polymorphic
in most mammalian species (36). Thus,
there appears to be detectable evolution-
ary constraints on both the tolerance for
genetic variation as well as the chromo-
some location of enzyme structural
genes in mammals. The resolution of the
genetic basis of these constraints holds
promise in the dissection of mammalian
gene action and evolution.
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The Most Distant Known Galaxies

It is now possible to see astronomical
objects at distances of many billions of
light-years, with continuing gain in depth
as new observational techniques are
tried and old techniques are refined.
Such distances are already appreciable
fractions of the scale of the universe
itself, which means that we may be able
to see far enough to witness the forma-
tion of luminous objects (galaxies and
quasars), the epoch that Sandage (/) has
picturesquely called the edge of the
world. In this article I review the situa-
tion at present, especially with regard to
the discovery and spectroscopic study of
distant galaxies.

The recessional velocities of galaxies
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derived from Doppler shifts are correlat-
ed with their distances, which can be
estimated from their apparent bright-
nesses or angular sizes. This relationship
is linear for small velocities and is more
or less independent of direction in the
sky: the hypothesis that we are not privi-
leged in our vantage point leads to the
concept of a uniformly expanding uni-
verse. These velocities, or redshifts, are
measured by the dimensionless number

= (Ao — Ae)Ae, Where A, is the ob-
served wavelength of a spectral line and
\e is the laboratory wavelength. In the
following it will be assumed that the
redshift is a strict function of distance
and consequently of the travel time of
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light from the galaxy. The value of the
proportionality factor between redshift
and distance is controversial: a redshift
of unity is believed to correspond to a
distance somewhere between 5 billion
and 9 billion light-years. This review will
stress redshifts as the paramount method
for determining relative distances. The
enterprise of obtaining redshifts for dis-
tant galaxies is almost exclusively the
story of optical techniques because of
the concentration of strong spectral fea-
tures in the optical band and the favor-
able signal-to-background ratio.

In the expanding universe picture
sketched above, galaxies should evolve
in various ways because, as time goes
by, more and more gas is locked up in
stars or stellar remnants (2) (unless there
is counterbalancing replenishment by in-
falling gas). In addition, the abundance
of heavy elements such as iron should be
smaller in a young galaxy than in an
older galaxy of the same total mass,
since less time has elapsed for their
synthesis in the cores of stars. The sup-
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