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Abstract. Phylogenetic associations among six close- 
ly related South American felid species were defined by 
changes in protein-encoding gene loci. We analyzed 
proteins isolated from skin fibroblasts using two-di- 
mensional electrophoresis and allozymes extracted from 
blood cells. Genotypes were determined for multiple in- 
dividuals of ocelot, margay, tigrina, Geoffroy 's  cat, 
kodkod, and pampas cat at 548 loci resolved by two-di- 
mensional electrophoresis and 44 allozyme loci. Pheno- 
grams were constructed using the methods of Fitch- 
Margoliash and neighbor-joining on a matrix of Nei 's  
unbiased genetic distances for all pairs of species. Re- 
sults of a relative-rate test indicate changes in two-di- 
mensional electrophoresis data are constant among all 
South American felids with respect to a hyena outgroup. 
Allelic frequencies were transformed to discrete char- 
acter states for maximum parsimony analysis. Phylo- 
genetic reconstruction indicates a major split occurred 
approximately 5-6 million years ago, leading to three 
groups within the ocelot lineage. The earliest diver- 
gence led to Leopardus tigrina, followed by a split be- 
tween an ancestor of an unresolved trichotomy of three 
species (Oncifelis guigna, O. geoffroyi, and Lynchailuris 
colocolo) and a recent common ancestor of Leopardus 
pardalis and L. wiedii. The results suggest that modern 
South American felids are monophyletic and evolved 
rapidly after the formation of the Panama land bridge 
between North and South America. 
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Introduct ion 

Evolution of the cat family Felidae is characterized by 
an ancient ancestry combined with rapid, recent diver- 
sification. The ancestors of modern cats first appear in 
the fossil record about 35 million years ago (MYA) 
during the Oligocene (Savage and Russell 1983; Mar- 
tin 1989). However, ancestral forms of extant felids 
first appear only 13-15 MYA during the Miocene (Sav- 
age and Russell 1983; Werdelin 1985; Collier and 
O'Brien 1985), and fossil evidence strongly suggests 
most modern species evolved more recently. For ex- 
ample, fossils indicate some of the earliest species to di- 
verge from other fel ids--such as serval (Leptailurus 
serval) (Turner 1985), cheetah (Acinonyxjubatus) (Fic- 
carelli 1984; Turner 1987), caracal (Caracal caracal) 
(Savage and Russell 1983; Turner 1987), and puma 
(Puma concolor) (Kurten 1976; Van Valkenburgh et al. 
1990)--evolved as recently 3-5 MYA. Other fe l ids--  
such as jungle cat (Felis chaus) (Kurten 1968) and do- 
mestic cat (Felis catus) (Clutton-Brock 1987)--first  
appear in fossil deposits between 4,000 and 100,000 
years old. At present, 37 extant species are distributed 
throughout the world in a variety of habitats (Nowak 
1991). Due to its recent evolutionary history, phyloge- 
netic representation of the Felidae offers insight into the 
maintenance and segregation of genetic polymorphisms 
among rapidly evolving species. 
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Previous research using microcomplement fixation of 
serum albumin (Collier and O'Brien 1985), DNA hy- 
bridization (Benveniste 1985), allozymes (O'Brien et al. 
1987), and sequence analysis of mitochondrial DNA 
(Janczewski 1992) has revealed three major groups 
within the Felidae. The earliest branch diverged ap- 
proximately 12 MYA and led to the small, spotted, 
South American cats. The second group radiated ap- 
proximately 8-10 MYA and is comprised of small cats 
(including the domestic cat) located in the Mediter- 
ranean region. The most recent group includes the Pan- 
thera genus and several species of intermediate-sized re- 
lids distributed world-wide. 

The South American group, also named the ocelot 
lineage, is distinguished by an intriguing pattern of evo- 
lution. In contrast to its ancient ancestry, evidence sug- 
gests that extant species of South American felids are 
of very recent origin. An intermediate predecessor of the 
South American group (F. lacustris or F. rexrodenosis) 
first appears in the fossil  record only 4-5  MYA 
(Werdelin 1985). Fossils of present-day Leopardus spp. 
found in South America are approximately 1.5-2.5 MY 
old (Berta 1983) and only 0.3-0.4 MY old in southern 
North America (Kurten and Anderson 1980). These 
species remain essentially endemic to South and Cen- 
tral America and consist of the ocelot (Leopardus 
pardalis), margay (Leopardus wiedii), tigrina (Leopar- 
dus tigrina), Geoffrey's cat (Oncifelis geoffroyi), kod- 
kod (Oncifelis guigna), pampas cat (Lynchailurus colo- 
colo), and Andean mountain cat (Oreailurus jacobita). 
Little is known of the elusive mountain cat; however, 
the common ancestry of the remaining six species is 
suggested by a shared karyology characterized by a re- 
duction in chromosome number from 38 to 36 and pos- 
session of a metacentric C3 chromosome (Wurster-Hill 
and Centerwall 1982; Modi and O'Brien 1988). 

Although the existence of the ocelot lineage is 
strongly supported, the phylogenetic relationships be- 
tween the included species are not clear. For example, 
the number of genera proposed for the ocelot group 
varies from one to four. (See Nowak 1991; Leyhausen 
1979; Hemmer 1978; Ewer 1973.) Consequently, phy- 
logenetic analysis of the ocelot lineage would serve the 
dual purpose of estimating the extent and character of 
molecular genetic diversity maintained and segregated 
within closely related species and helping to clarify the 
Felidae classification. 

Our approach in reconstructing the ocelot lineage 
phylogeny was to survey broad regions of the genome 
at one time by employing two techniques to detect 
changes in protein-encoding gene loci: two-dimension- 
al protein electrophoresis (2DE) and allozyme elec- 
trophoresis (1DE). Phylogenetic reconstruction is pos- 
sible because of the stochastic accumulation of changes 
within the genome since two species last shared a com- 
mon ancestor. These changes can be expressed as an ob- 
servable change in protein charge or molecular weight. 

However, it is clear that rates of change vary among 
genes within the taxonomic group considered (Dayhoff 
1978; Li et al. 1985). Consequently, using many loci 
provides an overall average measure of genetic differ- 
ences among related species and improves the proba- 
bility that the gene trees accurately depict species phy- 
logeny (Nei et al. 1985; Pamilio and Nei 1988). 

Two-dimensional protein electrophoresis has proven 
to be a powerful method for phylogenetic studies of oth- 
er mammalian taxa such as bears (Goldman et al. 1989) 
and primates (Goldman et al. 1987; Janczewski et al. 
1990). Conservative estimates indicate a sample of 400 
protein-encoding gene loci isolated by 2DE is equiva- 
lent to surveying 100,000 nucleotides (Goldman and 
O'Brien 1993). We include an allozyme data analysis as 
an independent data set based on protein-encoding gene 
systems that have been even more informative in phy- 
logenetic reconstruction (Nei 1987; Arise and Aquadro 
1981; O'Brien et al. 1985). 

Materials  and Methods  

Sample Preparation. Primary fibroblast cell lines were cultured from 
skin punch biopsies of the species listed in Table 1. Outgroup species 
consisted of a felid from the pantherine lineage, jaguar, Panthera on- 
ca (PON), and spotted hyena, Crocuta crocuta (CCR), as a nonfelid 
representative from within the carnivore order. Preparation of proteins 
for two-dimensional  electrophoresis  fol lowed the methods of 
Janczewski et al. (1990) with the exception of a change in the incu- 
bation time for radiolabeling with 35S-methionine from 4 h to 18 h. 
Lysates from each individual were stored at -70°C.  

Two-Dimensional Electrophoresis. Proteins were separated by 
2DE using the protocol developed for the investigator 2-D Elec- 
trophoresis System (Millipore Corp 1991). This system offered tech- 
nological advances which improved resolution and precision. In the 
first stage of isoelectric focusing, we employed analytical-tube gels 
(18 cm × 1 mm inner diameter) manufactured with an inert thread 
running the length of the gel. Approximately 10-15 pol of cell lysate 
(150,000 cpm/gl) was loaded onto the gel. Separation of proteins oc- 
curred at 100 ~tamps/gel over an 18 volt-hour (V-h) interval. 

Prior to separation by SDS-PAGE, tube gels were removed from 
the chamber, chilled, extruded from the tube into equilibration buffer, 
and soaked for 2 rain. Gels were then applied to 14% Duracryl 
acrylimide slab gel for separation by molecular weight. Optimal res- 
olution was achieved by increasing the concentration of the running 
buffer in the upper chamber to 4× instead of 2× as specified in the 
Millipore protocol. Gels were run at a maximum voltage of 500 V and 
dried, and protein spots of differing intensity were visualized using 
sequential autoradiography of 2, 7, and 21 days. 

Allozyme Analysis. Allozyme data were generated using samples 
of erythrocyte, leukocyte, and fibroblast proteins isolated from indi- 
vidual species. All three tissue extracts from multiple individuals of 
each species were applied to starch gels and stained for specific pro- 
tein-encoding gene loci listed in Table 5 following the methods of 
O'Brien et al. (1983, 1985). Confirmation of allozyme shifts between 
different tissue extracts was required for acceptance of a mobility dif- 
ference in order to exclude epigenetic tissue isozyme variation. 

Data Analysis. Allelic frequencies for each locus were estimated 
from individual genotypes and used to calculate Nei 's unbiased ge- 
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Table 1. Species list 

No. of 
Species (code) Common name individuals 2DE 1DE Sources 

Crocuta crocuta (CCR) Spotted hyena 2 X - -  
Leopardus pardalis (LPA) Ocelot 3 X X 

Leopardus tigrina (LTI) Tigrina 3 X X 

Leopardus wiedii (LWI) 

Lynchailurus colocolo (LCO) 

Oncifelis geoffroyi (OGE) 

Margay 1 X X 

Pampas cat 3 X X 

Geoffroy's cat 3 X X 

Oncifelis guigna (OGU) Kodkod 2 X X 

Panthera onca (PON) Jaguar 2 X X 

Henry Doorly Zoo, Omaha, Nebraska 
Octagon Wildlife Park, Fort Meyers, 

Florida; Cheyenne Mountain Zoo, 
Colorado Springs, Colorado 

Blijdorp Zoo, Rotterdam, The 
Netherlands; Cincinnati Zoo, 
Cincinnati, Ohio 

Blijdorp Zoo, Rotterdam, The 
Netherlands 

Blijdorp Zoo, Rotterdam, The 
Netherlands; Cincinnati Zoo, 
Cincinnati, Ohio 

Washington State University, 
Pullman, Washington; Blijdorp Zoo, 
Rotterdam, The Netherlands 

Zoologica National de Chile, Santiago 
Chile 

National Zoological Park, Washington, DC; 
Johannesburg Zoological Garden, 
Johannesburg, South Africa 

netic distance (Nei 1978) between all pairs of species examined us- 
ing Biosys-1 (Swofford and Selander 1981). Phenograms describing 
the associations among the species were constructed from the distance 
matrix using Fitch-Margoliash and neighbor-joining algorithms from 
Phylip version 3.4 (Felsenstein 1991). Character data were generat- 
ed for each species by transforming allelic frequencies into discrete 
states. These data were subsequently analyzed by maximum parsi- 
mony using the program PAUP version 3.0 (Swofford 1991). 

Results  

Phenetic Analysis 

Two-Dimensional Protein Electrophoresis Data 
Over 800 protein spots were resolved by two-di- 

mensional electrophoresis. Based on optimal resolution 
in all individuals examined, we selected 548 protein-en- 
coding gene loci for our analysis (Fig. 1). Protein poly- 
morphisms were visualized as either a vertical shift in 
molecular weight or as a horizontal displacement of a 
spot due to change in charge (Fig. 2). In this analysis, 
46 of the 548 presumptive loci varied between species 
with invariant proteins serving as positional markers for 
variable proteins. Most (42 of 46) of the variable pro- 
teins were single-step shifts in charge (Table 2). Dis- 
tributions of electromorphs at each variant locus among 
the species examined are presented in Table 3. 

Values for Nei's unbiased genetic distance were es- 
timated for all pairwise combinations of species (Table 
4). Each species was approximately equidistant (D = 
0.0206 -_ 0.002; N -- 548 loci) from the outgroup 
species of Crocuta crocuta (CCR). Using a fossil date 
of approximately 35 MYA since the felids and C. cro- 
cuta last shared a common ancestor (Martin 1989), we 

estimate rate of change for the 2DE metric to be 0.028% 
per million years. 

Phenograms were constructed using Fitch-Margo- 
liash least squares and neighbor-joining algorithms on 
variable loci (N = 46). Since the remaining 502 loci 
were invariant, there were no differences in overall tree 
topology between phenograms based on 548 compared 
with 46 variable loci. Three major groups were resolved 
within the ocelot lineage (Fig. 3). The earliest species 
to diverge from an ancestral species of the five South 
American cats was the tigrina, L. tigrina. The other 
five species assorted into two groups: the first a pairing 
of L. pardalis and L. wiedii and the second a trichoto- 
my of O. guigna, O. geoffroyi, and L. colocolo (Fig. 
3A,B). Using the KITSCH algorithm, which uses the 
Fitch-Margoliash method under the presumption of mol- 
ecular clock (with contemporaneous species tips), the 
order of the trichotomy changes slightly, but the ap- 
proximate time of ocelot lineage divergence (12 MYA) 
and C. crocuta-felid split (35 MYA) are both support- 
ed (Fig. 3C). 

Allozyme Analysis 
Forty protein-encoding gene loci were resolved us- 

ing starch gel electrophoresis (1DE). Of these, 22 al- 
lozyme loci were variable among the species examined 
(Table 5). Genetic distance varied between 0.143 and 
0.277 within the ocelot lineage (Table 6). Phenetic 
analysis of 1DE data lent (Fig. 4) support to the over- 
all topology and three groups by 2DE. The slightly ear- 
lier divergence of L. tigrina is observed followed by the 
three-species group of O. guigna, O. geoffroyi, and L. 
colocolo and a more recent pairing of L. wiedii and L. 
pardalis. The presumption of a molecular clock using 
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Fig. 1. A Leopardus tigrina. Autoradiogram of two-dimensional gel 
of skin cell fibroblast proteins labeled with 35S-methionine. B 
Schematic illustration of 548 loci used in the analysis. All variant loci 
were characterized by alleles with differing isoelectric points (hori- 
zontal shifts in position). Invariant loci are closed ellipses and vari- 
ant loci are open ellipses. 

the phenetic distance matrix causes rearrangements of 
some of these species, emphasizing the sensitivity of the 
topology to differing rates of evolution. 

Character State Analysis 

Two-Dimensional Protein Electrophoresis 
Transformation of the 2DE data set presented in 

Table 3 to a presence-absence code produced 108 char- 
acters that were analyzed as cladistic characters in a 
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Fig. 2. An example of interspecific variat]on at a homologous lo- 
cus (see Fig. 1B), between Leopardus tigrina (left), heterozygous with 
alleles A and B and Leopardus pardalis (right), homozygous for al- 
lele B. Allele B is positioned directly right of allele A (arrow) in both 
species. 

Table 2. Categories of protein variation across 548 loci resolved 
by 2DE 

No. of Fraction 
Category loci of total 

Invariant 502 0.916 
Variant 46 0.083 

Acidic and basic 41 0.893 
Missing 2 0.042 
Missing and other 3 0.063 
Two-step variant 3 0.063 

maximum parsimony analysis using PAUP (Swofford 
1991). A heuristic search for the most parsimonious 
trees produced seven equally parsimonious trees of 113 
steps. However, no consistent tree topology was deter- 
mined with consensus algorithm of Adams (1972), strict 
(Sokal and Rohlf 1981), and majority rule (Margush and 
McMorris 1981). 

We repeated the heuristic search using a bootstrap re- 
sampling of the data set. After 100 iterations, the ma- 
jority-rule consensus tree had poor support for all nodes 
(22-45%). An input tree identical to the tree derived 
from the distance matrices (Figs. 3A, 4A) had a length 
of 117 (four steps longer than the shortest tree) and is 
illustrated for limb length, homoplasy per limb, and 
consistency index in Fig. 5A. We conclude that the par- 
simony analysis of 2DE data does not provide adequate 
support for resolving this group, although neither does 
it conflict with the conclusions of the phenetic analysis. 

Allozyme Data 
Transformation of genotypes into 97 character states 

for analysis by maximum parsimony also failed to re- 
solve the associations among the six species. A heuris- 
tic search yielded one tree of 58 steps. After 100 itera- 
tions of a bootstrap analysis, low values for nodes within 
the tree gave little support for species associations. 
However, as seen with 2DE data, an increase in tree 
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Table 3. Distribution of protein phenotypes pooled across individuals within each of seven felid species and one hyena for 46 variable loci 
resolved by 2DE (Fig. lb) a 

Species 

Protein CCR LCO LPA LTI LWI OGE OGU PON 

1 A AB AB AB AB AB A A 
2 B A A A AB A AB AB 
4 AB AB A A A A AB A 
6 AB AB AB AB AB AB AB AB 
7 AB AB AB B B AB B AB 
8 A AB AB B B AB B AB 
9 BC B B AB BC AB AB B 

10 AB B AB A B B B A 
11 A AB B AB B AB AB B 
12 B B B B B B AB B 
13 AB B AB B AB B B M 
14 AB AB A AB A AB AB AB 
15 AB A A AB A A A A 
16 AB B AB AB B B AB B 
17 B B AB AB B B AB B 
18 B AB AB AB B AB AB AB 
19 B A A AB A A AB AB 
20 B AB AB AB AB AB AB AB 
21 AB A A AB B AB A B 
22 AB B B A B B B B 
23 AB A AB AB A AB A AB 
24 A A AB AB A AB AB AB 
26 B B B AB B B B B 
27 A AB A A A A AB AB 
28 B AB B AB B B B B 
29 AB AB AB A A AB AB AB 
30 B AB AB AB AB AB AB AB 
31 C AB AB AB A A AB AB 
32 B AB B B B B AB AB 
33 A AB AB AB A B B AB 
34 A AB B B AB AB A A 
35 AB AB AB AB A AB AB AB 
36 A A AB AB A AB B AB 
37 AB AB AB B B AB AB B 
38 B AB B B B AB B AB 
39 AB AB B AB B AB AB AB 
40 AB AB AB AB A B AB AB 
41 A A AB AB A A AB A 
42 B B B B B B AB B 
43 N N AN AN A N N N 
45 B A A A A A A A 
46 AB B AB B B B B B 
47 N B BN BN B BN BN N 
49 BN B AB B B B AB B 
50 N A A A A A A A 
51 N B B B B B B B 

a A = acidic, B = basic, C = two steps basic, N = missing. Allele M = unscorable for technical reasons. Species code see Table 1 

l e n g t h  o f  f o u r  s t ep s  d e r i v e d  the  i d e n t i c a l  t ree  de t e r -  

m i n e d  b y  p h e n e t i c  m e t h o d s  (Fig.  5B) .  

Comparison of Genetic Distance Values 

W e  c o m p a r e d  the  g e n e t i c  d i s t a n c e  v a l u e s  o f  b o t h  1D E 

a n d  2 D E  d a t a  w i t h  p r e v i o u s  r e s e a r c h  on  c l o s e l y  re la t -  

ed  m a m m a l i a n  s p e c i e s  p e r f o r m e d  in  o u r  l a b o r a t o r y  

(Ta b l e  7). T h e  c o m p a r i s o n  i n d i c a t e d  2 D E  v a l u e s  for  the  

S o u t h  A m e r i c a n  l i n e a g e  w e r e  l o w e r  t h a n  e xpe c t e d .  Va l -  

ue s  f r o m  the p r e s e n t  s t u d y  re f l ec t ed  an  overa l l  t r end  tha t  

p r e v i o u s l y  u n r e s o l v e d  loci ,  d e t e c t e d  by  i n c r e a s e d  s en -  

s i t iv i ty  in  2 D E  m e t h o d s ,  w e r e  d i s p r o p o r t i o n a l l y  i nva r i -  

ant .  In  c on t r a s t ,  1DE da ta  w e r e  fa i r ly  c o n s i s t e n t  w i t h i n  

the  Fe l idae .  M i n i m u m  g e n e t i c - d i s t a n c e  v a l u e s  for  the  

oc e lo t  l i n e a g e  w e r e  a p p r o x i m a t e l y  f o u r  t i m e s  t h o s e  es -  
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Table 4. Nei's unbiased genetic distance for all 548 loci (above diagonal) and for 46 variable loci (below diagonal) resolved by 2DE 

CCR LCO LPA LTI LWI OGE OGU PON 

CCR ***** 0.019 0.022 0.019 0.022 0.021 0.021 0.016 
LCO 0.274 ***** 0.003 0.009 0.007 0.003 0.004 0.008 
LPA 0.312 0.032 ***** 0.005 0.001 0.003 0.005 0.007 
LTI 0.277 0.123 0.061 ***** 0.009 0.006 0.008 0.003 
LWI 0.319 0.087 0.015 0.120 ***** 0.007 0.008 0.008 
OGE 0.308 0.033 0.037 0.084 0.091 ***** 0.003 0.006 
OGU 0.305 0.050 0.066 0.115 0.107 0.034 ***** 0.006 
PON 0.228 0.105 0.096 0.043 0.099 0.075 0.086 ***** 

A. 

~ L. wiedii 

| IL. pardalis 
3.4 

] .... J ' ~ ~ - - - ~ u .  gu,g 
I °~-70. geoffroyi 

] I 3a L. tigrina 
ol~.6p, onca 

~_ i . . ~  ~ z2.1 C. crocuta 

B. 

~~ L. wiedii ~.~ 

~-~L, pardalis 
,.8 I ~ O .  guigna 

o.a " o s 1.s L~ OLEO. geoffroyi 
z.z L. tigfina tLJ~--L" colocolo 

• nca 
~ _,..-../ 2z .z  C. crocuta 

C. 

t 
9.7 

Z.Z 

, I d~ ~o 4 4 
35 38  

~ L. wiedii 

L. pardalis 

z.o Io~ 1"6 O. geoffroyi 

Q.~3 I 1.6 L. CO]OCO]O 
I 1.9 --0. guigna 

z.1 L. tigrina 

2.1 P. onca 

C. crocuta 

Fig. 3. Phenetic analysis of two-dimensional electrophoretic data (N 
= 46 variable protein loci) based on a distance matrix of Nei (1978) 
unbiased minimum genetic distance (Table 4). All trees generated us- 
ing Phylip 3.4 computer package• Trees derived from (A) neighbor- 
joining and (B) Fitch-Margoliash least squares (average percent stan- 
dard deviation = 17.3) methods were drawn using branch-length 
values representing estimated % genetic distance• (C) Tree derived 
under the molecular clock hypothesis, assuming equal rates of change 
among all lineages, using Fitch-Margoliash least-squares method 
with contemporary tips (average percent standard deviation = 25•7). 

t imated for the most  recent ly  evolved  fel id group, the 
Panthera genus. 

Discussion 

The phylogenet ic  analysis  of  six species of  small  South 
Amer ican  cats of  the ocelot  l ineage based  upon 548 

prote ins  reso lved  by  2DE plus 40 a l lozyme loci  af- 
f i r m e d  the c lo se  m o n o p h y l e t i c  r e l a t i o n s h i p  o f  the 
species and provided  support  for their resolut ion into 
three dist inct  groupings.  The earl iest  d ivergence  led to 

L. tigrina, fo l lowed by an ambiguous  t r ichotomy of  

three species,  O. guigna, O. geoffroyi, and L. colocolo, 
and last ly the more recent associat ion of  L. pardaIis and 
L. wiedii. This scheme was supported by phenetic analy- 
ses of  both 2DE and a l lozyme data sets (Figs. 3, 4). 

Because of  the recency of  divergence combined  with 
the slow rate of  change for the tested protein loci, the 
pars imony analysis  was not par t icular ly  informat ive as 
all the trees had high degrees of  homoplasy  due to trans- 
miss ion of  shared ancestral  characters  ( symples iomor-  
phies).  This si tuation can overwhelm phylogenet ica l ly  
informat ive  character  d ivergence  (synapomorphies  or 
shared der ived characters)  and obscure the actual evo- 

lut ionary relat ionship (Rogers 1984; Menot t i -Raymond 
and O 'Br i e n  1993). Nevertheless ,  a max imum parsi-  
mony analysis  of  the present  data did not contradict  the 
phenetic inference (Fig. 5) derived from genetic distance 
matr ices  based  on allele f requency differences.  

The associat ion of  L. pardalis and L. wiedii is con- 
sistent with the karyotypic  data which l ink these species 
due to their sharing of  a unique delet ion of  chromosome 
D2 (Modi  and O 'Br i e n  1988). Fur thermore  a mul t i -  
variant analysis  of  skull morphology  grouped these two 
taxa together,  but suggested an associat ion with L. ti- 
grina as well  (Glass and Mart in 1978). This morpho-  
logical  associat ion with L. tigrina is inconsis tent  with 
the present molecular  data, which might be explained by 
loss of  shared pr imit ive  morphologica l  features in oth- 
er species of  this l inkage. 

In an attempt to resolve the topology of  South Amer-  
ican l ineage,  we per formed  j ackkn i fe  analysis  using 
Asian golden cat (Profelis temmicki), leopard  cat (Pri- 
onailurus bengalensis), d o m e s t i c  cat  (Felis catus), 
jaguarundi  (Herpailurus yagouaroundi), and the puma 
(Puma concolor) as a l ternat ive  fe l id  outgroups.  Al-  
though jackknife  analysis offers no statistical test of sig- 
nif icance in phylogenet ic  analysis ,  it a l lowed us to es- 
t imate  the relat ive influence of  using different  species 
as the outgroup for the overal l  topology.  Using both 
Fi tch-Margol iash and neighbor-joining algorithms, 2DE 
data spli t  into the same three groups i r respect ive of  the 
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Tab le  5, Distr ibut ion of  al leles  at po lymorphic  loci  def ined by 1DE (1 = most  common allele;  0 = unscorable  for technical  reasons) ~ 

LCO LPA LTI LWI  OGE OGU PON 

AK-1 1 1 l 1 0.8 1 1 

ALB 1 1 1 0.8/1 1 1 1 

CPK-B 1 1 2 1 1 1 1 
DIA-A 0.5/1 1 I 1 1 1 0 

DIA-C 0.3 0.4 1 0.8 1 1 2 

ESU-1 1/2 1 1 1 1 1 1 

CA-2 1 1 1 1 1 1 0.5 

G6PD 1 0.8 1 0.8 1 1 1 
GPT 1/2 1 2 1 2 1 2 

GSR 1 1/2 1 1 1 1 2 

IDH-1 1 1 0 0.8 1 1 1 

MDH-1 1 1 1/2 1/2 1 1 1 

ME-1 1 0.8/1 1 1 1 0.8 1 

MP1 O. 8 1/2 i 2 1 1 1 
NP 1 1 1 1 1 1 1.5 
PEP-C 1 1/2 1 1 1.5/2 1.5/2 0.9 

PGD 1 1/2 1 1 1 1/2 1 

PGM-1 1 0 1 1 0.5/1 1 0.5/1 

PGM-3 0.8 0 1 0.8 1 0 0.5/1 

PK 0 1 0 1 1 1 1.5 
SOD-2 1 1 1 1 1 1 0.9 

TF 1 0.3 2 1 1 1 2 

Invariant  loci  included: ACP-1, CAT, ESc~, GLO, GOT-l, GOT-2, GPI, GUS-B, HBB, HK-1, 1DH-2, LDH-A, LDH-B, MDH-2, PEP-B, PGAM, 
PP, TPI. Alle le  names represent  re la t ive electrophoret ic  mobi l i ty  re la t ive to an arbitrary type = 1.0. Gene abbreviat ions fol low human nomen-  

clature (McAlp ine  et al. 1985) 

Tab le  6, Matr ix  of Nei ' s  unbiased genetic distance based on allel ic 

frequencies  at 40 a l lozyme loci  

LCO LPA LTI L W I  OGE OGU PON 

LCO ***** 

LPA 0.211 ***** 

LTI 0.193 0.245 ***** 

L W I  0.185 0.168 0.252 

OGE 0.168 0.210 0.153 

OGU 0.202 0.143 0.219 

PON 0.404 0.391 0.326 

0.277 ***** 

0.210 0.144 ***** 

0.543 0.425 0.442 

felid outgroup. Allozyme data were less robust but con- 
sistently paired the L. pardalis with the margay, L. 
wiedii. 

Originally proposed by Zuckerkandl and Pauling 
(1962), the concept of a molecular clock can be used to 
estimate divergence times when the rate of change for 
each metric is linear and constant among all lineages 
within the phylogeny considered. Previous studies with 
primates and ursids reveal that 2DE estimates show a 
proportionality with evolutionary time (Wayne et al. 
1991). Similarly, our study reveals an equivalent rate of 
change among all felid species with respect to the out- 
group of C. crocuta. Assuming a constant metric, rep- 
resented by the Fitch-Margoliash algorithm modified to 
accommodate contemporary tips (Fig. 3), we estimate 
that the two major groups of South American felids di- 
verged between 5 and 6 MYA. The subsequent radia- 
tion within the ocelot lineage was estimated to have oc- 

curred 2-5 MYA. This interval coincides with the esti- 
mated time of formation of a land bridge between North 
and South America between the late Miocene (Martin 
1989) and the late Pliocene (Wayne et al. 1991). Prior 
to this period, no mammalian carnivores were present 
in South America (Patterson and Pascual 1972). 

Recent radiation of extant species of South Ameri- 
can felids is consistent with high rates of extinction 
and reevolution of adaptive forms observed in carni- 
vores. Typically, this basic pattern consists of total ex- 
tinction of the lineage followed by the reevolution of the 
same adaptive type (Martin 1989). High rates of speci- 
ation over a short interval result in a significant amount 
of random segregation of ancestral genetic polymor- 
phisms among extant species within a monophyletic 
lineage (Wu 1991). Therefore, our inability to com- 
pletely resolve the ocelot lineage using a broad screen- 
ing survey of the genome is probably attributable to the 
short time since the six species last shared a common 
gene pool. 

Clearly, the number of changes in protein-encoding 
loci detected between each pair of species using 2DE is 
very few relative to the abundance of ancestral poly- 
morphisms. This is particularly obvious in the parsi- 
mony analysis. Even though we employed twice the 
number of loci (using higher-resolution technology) 
previously  reported (Goldman et al. 1987, 1989; 
Janzcewski et al. 1990), the proportion of variable loci 
declined. Consequently, estimated rate of change for the 
2DE metric in cats was 34 times less than the value de- 
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Fig. 4. Phenetic analysis of allozyme electrophoresis (N = 40 pro- 
tein-encoding gene loci) based on a distance matrix of Nei (1978) un- 
biased minimum genetic distance (Table 6). All trees generated 
using Phylip 3.4 computer package. Trees derived from (A) neigh- 
bor-joining and (B) Fitch-Margoliash least-squares (average percent 
standard deviation = 10.8) methods were drawn using branch-length 
values representing estimated % genetic distance. (C) Tree derived 
under the molecular clock hypothesis, assuming equal rates of change 
among all lineages, using Fitch-Margoliash least-squares method 
with contemporary tips (average percent standard deviation = 15.7). 

A, 

29/19 

17/14 -L. wiedii 
4/3 
F ~ ( 9 / S L .  pardalis 

7/S z/1L~ e/L~z~-L, colocolo 
L ~ O. geoffroyi 

lO/a L. tigrina 

P. onca 

C. crocuta 

B. 

r-~-- L. wiedii 

~ L .  pardalis 

< 1  s/' L. colocolo 

1 6 / s ~  O'gu'~na 
L~J-O. geoffroyi 

14/z L. tigrina 
17/3 P. oi~ca 

Fig. 5. Maximum parsimony analysis of allele frequencies coded in- 
to presence and absence data. Numbers on each limb correspond to 
No. steps/No, homoplasies required to construct tree. Both trees con- 
structed using a user-defined tree based on the topology estimated by 
phenetic analysis (Figs. 3, 4). In both data sets, an increase of four 
steps in total tree length recapitulated the corresponding phenetic tree. 
A Two-dimensional electrophoresis data: N = 108 character states, 
tree length = 117 steps, CI = 0.583. B Allozyme data: N = 97 char- 
acter states, tree length = 62 steps, CI = 0.774. 

Table 7. Interspecies genetic distance estimates using 2DE and allozyme data sets 

Genus a 2DE 1 DE Reference 

Apes a (7 spp.) 0.014-0.159 0.072-0.548 
Ursus (5 spp.) 0.028-0.060 0.018-0.108 
Canis (3 spp.) 0.036-0.240 
Mustela (4 spp.) 0.081-0.320 
Panthera (5 spp.) 0.003-0.015 b 0.034-0.229 
Ocelot lineage 0.001-0.009 0.143-0.277 

Janczewski et al. (1990) 
O'Brien et al. (1985); Goldman et al. (1989) 
Wayne and O'Brien (1987); Wayne et al. (1989) 
O'Brien et al. (1989) 
O'Brien et al. (1987) 
Present study 

a Except for the apes, all groups of species are within a single genus. For the apes, the values include human, chimpanzees, gorilla, orangutan, 
and gibbons (Janczewski et al. 1990) 
b (JPS and SJO, unpublished observation) 

termined for primates (Goldman et al. 1987). This dis- 
crepancy emphasizes the dependence of 2DE protein 
evolutionary rates on the geologic time interval. Both 
primates and bears evolved gradually over the past 25 
MY compared with the shorter interval of 10 MYA for 
the Felidae. We suggest further confirmation of the 
phylogenetic relationships among the cats of the ocelot 

l ineage  us ing  a gene ,  or genes ,  w i t h  a m o r e  rapid m u -  
tation rate. 
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