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Abstract. The genetic structure of natural populations of the domestic cat was examined at
the microgeographic level (in the Spanish city of Barcelona) and the macrogeographic level (in
Catalonia in Spain, and in upper midwestern USA) using frequency data for seven monogenic
morphological traits. At the microgeographic IeveI in the city of Barcelona there was no
evidence for nonrandom mating within colonies, and estimates of between-colony gene flow
were quite high. At the macrogeographic level, the populations fl'om Catalonia and upper
midwestern USA differed in two major respects: (i) The Catalan populations were in
reasonably good agreement with expectations of Hardy-Weinberg equilibrium while the
North American populations showed some evidence of the Wahlund effect (overall heterozygote deficiency indicating population substructuring). (ii) In the Catalan populations,
approximately fifty per cent of the genetic differentiation between populations could be
explained by geographical separation while in North America only four per cent of the total
differentiation was attributable to geographical distance.
Keywords. Cats; population genetics; Hardy-Weinberg equiiibrium; spatial autocorrelation; gametic disequilibrium; Catalonia; midwestern USA.

1.

Introduction

The genetics of cat populations, for characters such as coat color and pattern, and
anatomical characteristics, has been well studied throughout much of the world (Todd
1977; Lloyd 1985; Klein et al. 1988; Ruiz-Garcia 1988, 1990a, b, c, d, 1991, 1993, 1994a,
1997a, b; Lloyd and Todd 1989; Klein 1993; Vinogradov 1994 and others). In the present
study we have analysed the genetic structure of two cat populations at two geographic
levels. Microgeographic level: There has been to this point no study of the detailed
microgeographic structure of this species (with the exception of Ruiz-Garcia 1989,
1991, 1993, 1994b). A population-genetic study of a single population in a city and
the smaller units of which it is comprised (colonies) would be of great importance in
the establishment of the relative contributions of various forces in the distribution
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of genetic variation. Accordingly, we have studied the cat population of Barcelona
(in Catalonia, Spain) subdivided into a series of'colonies' geographically isolated from
each other. Our main interests were: (i) To study the possible existence of HardyWeinberg equilibrium at the O and S loci in these cat colonies. (ii) To study the degree of
heterogeneity: Certain mammalian species have an enormous amount of genetic
heterogeneity within and between their populations due to relatively low levels of gene
flow, which can cause the appearance of genetic differences through stochastic and
historical processes (De Fries and McClearn 1972; Nygren 1980; Patton and Feder
1981; Chesser 1983; Daly and Patton 1990; Preleuthner and Pinsker 1993; Lorenzini
et al. 1993), or through selective processes (Nero et al. 1992), or both. On the other
hand, other mammals have a high level of gene flow and these shape their populations
such that high levels of genetic differences do not exist between them (Schwartz and
Armitage 1980; Baker 1981; Foltz and Hoogland 1983; Lidecker and Patton 1987;
Berry et al. 1990; Hartl et aI. 1993). (iii) To look for the possible existence of a significant
spatial structure of the allele frequencies and of the genetic diversity found in these cat
colonies in Barcelona. (iv) To look for the possible existence of gametic disequilibrium
in pair combinations of the loci studied in this population.
Macrogeographic level: We studied the genetic structure of different cat populations
at the macrogeographic level. For this, we chose to look at cat populations fi'om two
different settings to determine the relative importance of historical and migrational
processes in the determination of allele frequency distributions. Our populations were
taken from within a natural range of Fells sylvestris f . catus in the last two millennia
(Catalonia, Spain) and from recently colonized territory well outside the original range
(upper midwestern USA). We studied: (i) Hardy-Weinberg equilibrium at the O and
S loci in Catalonia and in upper midwestern USA, (ii) comparison of genetic diversity,
heterogeneity and estimates of gene flow among the two macrogeographic regions, and
(iii) comparative analysis of the dependence of the genetic distances on the geographical
distances between the cat populations in Catalonia (Spain) and upper midwestern USA.
2.

2.1

Materials and methods

Characters studied and areas sampled

The phenotypes of the cats were recorded directly from observations of animals. The
genetic nomenclature used is in accordance with the Committee on Standardized Genetic
Nomenclature for Cats (1968). The genetic characteristics studied included (Robinson
1959, 1977; Wright and Walters 1982): a sex-linked gene (O, o; orange [mutant; epistatic
to the observation of the A locus] vs non-orange [wild]); and the autosomal loci A(A, a;
agouti [wild] vs non-agouti [mutant recessive; epistatic to the observation of the T locus]);
T(t § t b, Ta; striped or mackerel tabby [wild; recessive to T ~ but dominant to tb] vs
blotched tabby [-mutant recessive] vs Abyssinian tabby rmutant dominant]); D(D, d;
I-wild] vs dilution [mutant recessive]); L (L, l; [-wild] vs long hair [-mutant recessive]);
S(S,s; piebald white spotting [mutant dominant] vs wild); W(W, w; dominant white
[-mutant dominant; epistatic to all the other colours] vs normal colour [-wild]).
Data on the phenotypes of the cats of Barcelona were recorded by direct observations of individual animals in their 'home' territories. One of the authors (M. R.-G.)
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sampled cats in this city in 1989-1990 and he provided food for and individually
recognized every one of the cats sampled. Each cat was identified with a particular
colony without any doubt. A photographic register of every cat was done. Each cat
sampled was a stray, an alley-cat, a feral cat or a 'pseudo-wild'. The colonies were
clearly separated from other such populations by geographical distances which ranged
from around 1000m to 7000m, with a mean value of 4212m. Defined in this way, the
number of colonies studied in Barcelona was 11.
For the macrogeographic study, we analysed data for several Catalonian populations: Barcelona (709 cats), Granollers (158), Castelldefels (208), Rural Gava (322),
Sitges (204), Vilanova i la G eltrfi (118), Tarragona (216) and Torto sa (146) (Ruiz-Garcia
1988, 1990a, b, c, d, 1991, 1993, 1994a, and unpublished). We also analysed data for
populations sampled in upper midwestern USA: Duluth (155), Stevens County (306)
and Minneapolis/St. Paul (337) in Minnesota; Rapid City (243) in South Dakota; Polk
County (452) in Wisconsin; Chicago (281) and Champaign (228) in Illinois; Quad Cities
(292) in Illinois/Iowa; Cleveland (171) in Ohio; Lawrence (180) and Goodland (70) in
Kansas; Denver (286) in Colorado; Omaha (220) in Nebraska; Bloomington (117) in
Indiana; St Louis (866) in Missouri; and Bowling Green (768) in Kentucky (Klein et aI.
1988; Dunn et al. 1989; Lloyd and Todd 1989).

2.2 Analysis
2.2.1

At the microgeographic level

(a) Hardy- Weinberg equilibrium. We calculated the Wright F statistics by the method of
Nei and Chesser (1983). The results were practically identical to those obtained with
Weir and Cockerham's (1984) method. F~s was tested for significant difference from
zero by ~2 = NtF 2 (k - 1) with k(k - 1)/2 degrees of freedom (Li and Horvitz 1953),
where N t is the total sample size and k the number of alleles. Unfortunately, the only
loci where these statistics may be calculated are O and S because they are the only loci
where we can distinguish between homozygotes and heterozygotes. The other loci
show dominant-recessive patterns. In the case of the sex-linked O locus, only the
females can be used in calculation of the Fls statistic because it is the sex where one can
distinguish homozygotes and heterozygotes. In Barcelona we could not determine the
sex of each cat by direct observation. Thus use of the fls statistic applied at the O locus
was precluded. For this reason, a G test (Sokal and Rohlf 1981) was performed to test
random mating at the O locus. At the S locus, we considered the non-white spotting
animals as ss, the animals with spotting grades 1-5 as heterozygotes (Ss), and the
animals with white spotting grades 6-9 as homozygotes (SS) (Dreux 1975).
(b) Genetic diversity, genetic heterogeneity and gene flow. For each of the sampled loci,
we calculated the genetic diversity ( = expected heterozygosity) in the total population
and in the individual colonies, following Nei (1973, 1987). The Fsv genetic differentiation index (corrected for sampling error) and its respective chi-square test were used to
measure genetic heterogeneity (Workman and Niswander 1970). To quantify the
possible differences in heterogeneities introduced by each locus, we used the F test of
Fisher and Snedecor (Workman and Niswander 1970). Using the Fsa. statistics, we
obtained indirect estimates of N m (the product of effective population size and the
migratory rate per generation) by the infinite island model of Wright (1969), and by the
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n-dimensional island model (Takahata 1983; Crow and Aoki 1984; Slatkin 1985b).
Chesser (1991a, b) and Chesser et al. (1993) showed that the application of Wright's
island model to microgeographical levels in mammals with social structure can be
incorrect. Nevertheless, the result of human-mediated transport of cats between
colonies within a city can approach an island model (Ruiz-Garcia 1994b, 1997b).
(c) Spatial autocorrela~ion analysis in the cat population of Barcelona. We applied
a spatial autocorrelation to the cat colonies (11) studied in Barcelona. There are
different analytical techniques applied to perform a global spatial autocorrelation
analysis (Sokal and Wartenberg 1983; Sokal et aI. 1986, 1987, 1989; Ruiz-Garcia 1994b,
1997b; Ruiz-Garcia and Jordana 1997): (i) Estimation of statistical heterogeneity at
each locus--for this we used the X2 values obtained from the F~a- analysis: (ii)
Calculation of autocorrelation coefficients and correlograms--we used the Moran's
I index (Sokal and Oden 1978a, b). In this study we have chosen five distance classes
(DC): 1DC, 0-1971 m; 2DC, 1971-4015 m; 3DC, 4015-5126m; 4DC, 5126-5968m;
5 DC5968-7306 m. These particular distances were chosen to optimize the allocation of
locality pairs (an equal number of point pairs) within each distance class. Other spatial
autocorrelation analyses with different numbers of distance classes and different
network connections (Gabriel and Sokal network, Delaunay triangulation) were also
performed. In all cases we obtained the same results. To determine the statistical
significance for autocorrelation coefficients, the Bonferroni procedure was used (Oden
1984). (iii) Similarity analysis of the correlograms. To determine the similarity between
the correlograms, we calculated the Manhattan distance matrix (Sneath and Sokal
1973) between the correlogram variable pairs generated with the Moran's I index. This
analysis is useful to determine whether each one of the genetic variables studied has
been subjected to the same spatial evolutionary agent. Sokal and Wartenberg (1983)
and Sokal et al. (1986,1987,1989) showed by means of simulation studies that correlogram
pairs generated by the same evolutionary spatial processes have Manhattan distances
lower than 0.1 in the case of Moran's I index. For this reason we considered the
percentage of Manhattan distance values lower than 0.1 between correlogram variable
pairs to compare to the 5% type I error.
(d) Gametic disequilibrium and epistasis. The seven loci analysed are unlinked because
they are on different chromosomes or far apart on the same chromosome (Robinson
1977). Nevertheless, we have studied the possible existence of gametic disequilibrium to
investigate the possibility that different evolutionary events could affect these diverse
alleles simultaneously. There is only one published study about this question (Hedrick
1985). Accordingly, the following statistics were calculated: /) (extent of gametic
disequilibrium; Turner 1968; Hedrick 1985), Q (a statistic associated with the /3
and distributed like a chi-square with one degree of freedom; Hill 1974) and f(correlation coefficient for gametic disequilibrium; Hill and Robertson 1968). All of these
statistics were applied to the total Barcelona sample. For the seven diallelic loci
analysed, 21 different pairs of allele combinations could be obtained. However, it is
only possible to obtain 14 pairs of allele combinations due to the existence of epistatic
phenotypic phenomena between some of these genes. Specifically, epistasis was seen for
pairs W-O, W-a, W-t b, W-d, W-S, O-a and a-t b. The concept of epistatic selection is
not to be confused at any time with the concept of phenotypic epistasis in the expression
of different loci (Hedrick et al. 1978; Weir 1990), which does not allow classification of
the phenotype expressed for a given locus because of phenotypic presence of the expression
of another locus. The existence of epistasis generates an interesting problem for the
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process of obtaining estimates of the allele frequencies of those alleles involved, since
the epistasis can hide a bias of the real allele frequencies in the case where gametic
disequilibrium exists between the loci involved in epistasis. To evaluate the possible
incidence of epistasis associated with gametic disequilibrium, a computational simulation (program developed by M. R.-G.) was done assmning the maximum possible gametic
disequilibrium (D) for the sample sizes analysed and for different pairs of epistatic loci
for the cat population of Barcelona. This analysis allows determination of what sort of
quantitative differences could exist between the estimated frequencies of hypostatic
alleles implicated in epistasis assuming the existence of different magnitudes of gametic
disequilibrium and the frequency estimates of the same alleles under the assumption
that there is no gametic disequilibrium associated with epistatic phenomena.
2.2.2 At the macrogeographic level

(a) Hardy-Weinberg equilibrium. The F~s statistic was applied to determine the
possible existence of Hardy-Weinberg equilibrium for the O and S loci at the
macrogeographic level in Catalonia and upper midwestern USA.
(b) Genetic diversity, genetic heterogeneity and gene flow. We obtained the genic
diversity, and the FST and gene flow statistics for the cat populations of Catalonia and
upper midwestern USA which were previously defined at the microgeographical level.
(c) Relationships between genetic and geographical distances between cat populations at
the macrogeographic level. Genetic relations between populations were established by
the calculation of one measure of genetic distance: Nei's distance (Nei 1972). Dendrograms were constructed to detect possible clustering by using the U P G M A algorithm
for the Nei distance. The matrices of genetic distances were compared with matrices of
geographical distance. The geographical distances in Catalonia were taken in kilometres (road atlas distances) and in North America by great circle distances (air
distances) calculated from the latitudes and longitudes of the sampled populations
(Spuhler 1972) which is expressed as
D = arcos [cos X(,)"cos X(j) + sin X(~).sin X(j).cos [ Y(0"Y(J)1],
where X(n) and Y(,,)are the latitude and longitude of the nth population. To ascertain
possible relationships between the genetic distance matrices and the geographical
distance matrices, Mantel's test (Mantel 1967; Hubert et al. 1981) was used. In this work
Mantel's statistic was normalized using the Smouse et al. (1986) technique, which
converts Mantel's statistic into a correlation coefficient. To determine whether the type
of data might have some influence on the correlations, linear, logarithmic, exponential
and power functions were used. Using a Monte Carlo simulation (2000 permutations)
9and an approximate Mantel t test, the significance of the correlations obtained was tested.
3.

Results

3.1 Phenotypic frequencies, gene frequencies and Hardy-Weinberg equilibrium at the
mierogeographic and macrogeographic levels.
The genetic profile of the cat population of Barcelona, broken down into colonies, is
given in table 1. There was no significant statistical deviation between the observed
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Table 1. Genetic profiles of cat colonies studied in Barcelona and in the total Barcelona cat
population.
Allele* frequency

Barcelona colonies
A
B1
B2
B3
C
D1
D2
E1
E2
E3
E4

Sample
size

O

a

~-b

d

l

S

W

64
31
66
82
50
39
61
34
30
143
109

0.24
0.27
0.14
0.12
0.10
0"13
0.10
0.25
0-07
0.20
0.13

0'73
0-65
0.71
0-68
0.67
0.68
0.68
0.65
0.65
0.74
0.68

0.37
0
0-34
0.30
0.33
0.31
0'25
0
0-42
0-12
0-29

0.22
0'37
0.18
0.31
0-32
0.32
0"18
0.25
0.33
0-31
0.17

0-12
0
0
0-11
0
0
0-13
0
0'32
0.17
0.14

0.19
0.28
0.27
0-26
0.39
0.28
0-23
0.44
0.33
0.23
0.26

0.008
0
0
0.006
0
0
0
0
0,035
0
0-005

0.16

0-70

0.27

0.27

0-13

0.26

0-003

Barcelona total

*Alleles: O, orange (sex-linked); a, non-agonti; t b, blotched tabby pattern; d, dilute colour; l, long hair; S,
piebald white spotting; W, dominant white.

Table 2. Analysis ofF statistics at the 0 and S loci at the microgeographie (Barcelona--only
S locus) and the macrogeographic (upper midwestern USA) levels.

Barcelona colonies
S locus 1-5"

FIT

FTs

)~2

d.f.

Fsv

X2

d,f.

0.0007

-0.017

NS

1

0.017

24.66**

10

29-08**
27-33**

1
1

0.0325
0-0042

83,12"*
19-86"*

8
8

Upper midwestern USA
0 locus
0-1786
S locus 1-5
0-1110

0.1509
0.1072

white spotting grades 1-5 as heterozygotes
**P < 0.001; NS, not significant
Fir, FTs, Fsa, by the method of Nei and Chesser (1983)
* 1-5,

frequencies and those expected in Hardy-Weinberg equilibrium at the O (G test) and
S (Fis statistic) loci for all colonies studied in Barcelona (11 colonies and for the total
sample of this city (table 2).
For the macrogeographic-level analysis, we applied the F statistics at both the O and
S loci. In the case of Catalonia (see Ruiz-Garcia 1991) we observed the same situation as in
the microgeographic-level analysis. There was no significant deviation at O and S loci from
Hardy-Weinberg equilibrium. The case of the upper midwestem USA populations was
absolutely different. The O locus showed a significant excess of homozygotes (F~s = 0.1509,
;~2 = 29"08, P < 0.001), as did the S locus (F~s = 0-1072, 7~2 = 27-33, P < 0.001) (table 2).

3.2

Genetic differentiation and theoretical 9ene flow at the microgeographic level

Genie-diversity analysis of the cat colonies in Barcelona gave a mean value of
F~ r = 0.031 + 0.014. Each colony had, on average, 96-86% of the total genie diversity
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found in the total cat population of Barcelona. Nevertheless, we observed significant heterogeneity in all alleles [-O (FsT = 0"022), t~(Fsv= 0'0736), d(FsT = 0"0235),
I(Fsr = 0"0686), S(F'sT = 0"0168), W(F'sT-- 0"0136)-] except the a allele, and in the total value
for the seven analysed loci (F~T =0"0317; ZX2= 262"5, 70d.f., P <0"001). Some alleles
(? and l) introduced significantly more heterogeneity than other alleles (a and I41)(F test of
Fisher and Snedecor). The direct estimated gene flow at this level ranged from 7.6 to 6.3.
3.3

Spatial autocorrelarion analysis at the microgeographic level

Spatial autocorrelation analysis was applied to the seven loci analysed for the cat colonies
of Barcelona, and to the mean expected heterozygosity (genic diversity) (table 3). Only two
out of the 40 (5%) autocorrelation coefficients were significant, and only one out of eight
(12.5%) global correlograms was significant. These values were not significantly greater
than the 5% type I error. This means that there was no spatial structure in the distribution
of these genetic variables (only differentiation at long &stance was found for allele S).
The percentage of correlogram pairs that had a Manhattan distance of below 0.1 was
19-04%, which is not significantly above the type I error of 5%. This means that there
are no causes (or very few) that had influenced in the same way the spatial structure of
each one of the genetic variables studied.
.

3.4

,

J

.

.

.

.

Gamericdisequilibrium and epistasis at the microgeographic level

Table 4 shows the results from the analysis of the gametic disequilibrium found in the
sample of cats in Barcelona. Of the 14 allele combinations studied, only three showed
significant values (O-T, i3 = 0.0268; O-S,/) = 0.0218; D-L,/~ = -0"0387). Nevertheless,
a significant structure of gametic disequilibrium does not exist globally in the Barcelona population. The percentage of allele combinations showing significant gametic
disequilibrium values (3/14 = 21.4%) is not significantly different from the type I error
Table 3. Spatial a u t o c o r r e l a t i o n with M o r a n ' s indexes of seven allele frequencies,
average coefficients, a n d spatial a u t o c o r r e l a t i o n of expected m e a n h e t e r o z y g o s i t y for
B a r c e l o n a cat p o p u l a t i o n ( m i c r o g e o g r a p h i c level). D i s t a n c e classes are identified b y
u p p e r class limit only.
D i s t a n c e class (in metres)

Allele
0
a
t
d
I
S
W
Average
Heterozygesity

1971

4015

5126

5968

7306

Correlogram
probability

0'05
-0'45
-0.31
- 0.36
- 0.22
-0.03
-0'38*
- 0"24
- 0"35

- 0"25
0"07
-0.19
- 0.12
- 0.04
0.24
0.12
- 0.03
0'20

- 0'08
0"05
0.07
- 0.08
- 0.21
0.15
-0.09
- 0'04
- 0.25

- 0'26
-0"09
-0.01
0.00
- 0.06
-0.02
-0.13
- 0.08
- 0-28

0"04
--0-08
-0.06
0.06
0.03
-0.84"*
-0.02
- 0'11
0"18

1"000
0"387
0.979
0.790
1-000
0.002
0-199
NS
0.455

* P < 0-05; **P < 0"01.
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Table 4. Estimated gametic disequilibrium statistics for the Barcelona cat
sample for 14 allele pair combinations.
Allele pair
O-T
O-D
O-L
O-S
A-D
A-L
A-S
T-D
T-L
T-S
D-L
D-S
L-S
L-W

/~

F

Q

d.f.

0.0268
0.0027
0.0155
0.0218
-0.0236
- 0.0030
- 0.0009
- 0.0072
0.0408
-0,0143
-0'0387
- 0'0099
- 0"0116
0'0004

0.1679
0.0194
0-1422
0.1518
-0-1155
-0.0192
- 0.0047
- 0.0359
0.2873
-0.0716
-0"2477
- 0'0509
- 0"0775
0-0232

4.36*
0.10
3.05
12.67"
2-92
0.44
0.09
0-09
2.79
0-71
4"56*
0-64
0"81
0"09

1
1
1
1
1
1
1
1
1
1
1
1
1
1

Probability
P < 0.05
NS
NS
P < 0.001
NS
NS
NS
NS
NS
NS
P <0-05
NS
NS
NS

/?, Extent of gametic disequilibrium
Correlation coefficient of gametic disequilibrium
Q, Statistic asymptotically chi-square distributed measuring the significance of
gametic disequilibrium

of 5% (X2 = 1'65, 1 d.f., NS). That is, the dynamics of most of these genes is independent
from that of the other genes analysed.
Figure 1 shows the result of computation simulations to determine the possible
deviations which would occur if the relations between epistatic loci concealed large
gametic disequilibrium among themselves, taking into account the reported allele
frequencies in the cat population of Barcelona, where epistatic phenomena have not
been considered. The locus that produces the most epistases is W. For allele pairs
involving W, the difference between the calculated frequency values and those that
would occur in the case of maximum possible gametic disequilibrium was minimal.
The epistasis of 0 over a, in case of an association with a strong gametic disequilibrium, could be somewhat more important in the correct determination of the frequency
of a. We can imagine a value for D of 30% of the maximum possible gametic
disequilibrium for this allele pair, which is higher than those encountered for any of the
other 14 allele combinations studied. In this case, the oscillation range of frequency of
a would be 0.0205 (see figure 1).
Figure 1. Computer simulations to determine in the Barcelona total sample the amount of differences that
could exist between the estimated frequencies of hypostatic alleles implicated in epistasis assuming possible
extreme magnitudes of gametic disequilibrium and the allele frequency estimates of the same alleles under the
assumption that there is no gametic disequilibrium associated with epistatic phenomena according to the
different sample sizes obtained. #, Allele frequency obtained assuming no gametic disequilibrium for a given
allele pair; &, maximum allele frequency with maximum possible gametic disequilibrium for the specific
sample size analysed; $, minimum allele frequency with the maximum possible gametic disequilibrium for the
specific sample size analysed; *, maximum possible gametic disequilibrium for allele pair in epistasis for the
sample size analysed;~ extreme allele frequencies obtained if we consider a value for gametic disequilibrium
of 30% of the maximum possible gametic disequilibrium for the sample size used.

Genetic strucrure of cat populations

107
EPISTASIS W-t ~

EPISTASIS W-O

0.3-

O.29

0.162

o2Bs

oN

==

g

o.~ss

~

0.154.

g ~o.2a
027

0.152
0.15

I

I

,

0

]

I

0.001

0.032

0,265
~ , I
.... ] ' "
I
-0.O3-0.~2-0.015-0,01-0.005

I

I

] "
~ C 5

O~.O0~
D Gametic DIsequilibrium

D Gametic Disequilibrium

EPISTASIS W-d

EPISTASIS W-a
O.71

0,28 -

o

027

~ ~_~--~.
0.26
-0.02

I
~,015

I
O.01

I
-0.005

IO

O.OC6

D Gametic Disequilibrium
13Gametic Disequilibrium

EPISTASlS W-S
EPISTASIS a-t b

-~

0.29-

0.25u_
0.262

I

..0.~

[

[

.0.001

0

I

023

I

0.19

O,O01 0 , ~ . ~ . ~

D Gametic Disequilibrium

EPISTASIS O-a
0.745 0

-

m

0.645 !

I

I

I

.0.04~-0.02--0.01

I

0

I

I

I

I

I-

[

I

l

I

~,~_:~.13 .o.11 .0.c~ .oo7 .0os -a.o3 ~.oI o.oi o.o3 o o~
F ~
D Gametic Disequilibrium

I

I

I

0.01 0.02 0.03 0.04

D Gametic Disequilibrium

Figure 1

Manuel Ruiz-Garcia and Keith K. Klein

108

Table 5. Genetic differentiation and gene flow in cat populations of Catalonia and upper
midwestern USA (macrogeographic level).
Upper midwestern USA

Catalonia

F'ST

Z2

d.f.

Nm'

Nm~

O
a
tb
d
I
S
W

0"0076
0"0069
0-0214
0-0165
0-0289
0"0089
0"0009

28"4**
22-8**
41"5"*
61"1"*
108"6"*
33-1"*
3"6

6
6
6
6
6
6
6

32"6
35'9
11-4
14"9
8'4
27'9
262.2

23"9
26'4
8-4
10-9
6"2
20'5
192.6

Mean value

0'0130

299"2**

42

Locus

F'ST
0"0128
0"0057
0-0862
0-0213
0"0181
0'0089
0"0026
0"0222

Z2
127"8"*
56"8**
857"7**
212'3"*
179"6'*
88-5**
260**
1574.9"*

d.f.

Nm'

Nm~

15
15
15
15
15
15
15

19"2
43-5
2"6
11"5
13-6
27'8
91.7

16'9
38"2
2"3
10"1
11"9
24'5
80'6

105

Nm, gene flow from an infinite island model; Nm,, gene flow from an n-dimensionaI island model.
Direct value for gene flow in Catalonia: Nm' = 18"9; Nm~ = 13-9
Direct value for gene flow in upper midwestern USA: Nm' = 10-9; Nm~ = 9.6
* * P < 0"01

The case where epistasis associated with strong gametic disequilibrium could
introduce a stronger deviation between the allele frequencies obtained and the real ones
would be that of a-t b. In a case of extreme gametic disequilibrium, the frequency of t b
could oscillate in a range of 0"1246. Nevertheless, in part of the non-agouti (black)
animals it is possible to observe the tabby (T) phenotypes and gametic disequilibrium
was not detected in these animals. Assuming D values of 30% of the maximum possible
gametic disequilibrium, the oscillation range was 0"039. Therefore, in the hypothetical
case of a gametic disequilibrium covered by epistasis, the frequency of tb could be the
most skewed and erroneous of those studied, although probably not of an extraordinary magnitude.

3.5

Genetic differentiation and theoretical gene .flow at the macrogeographic level

Table 5 shows the genetic differentiation and gene flow at a macrogeographic level in
Catalonia (Spain) and in upper midwestern USA. The FsT value for Catalonia was
0.013, very small but significant. All alleles, except IV,,showed significant heterogeneity.
Some alleles such as I and t b introduced significantly more genetic heterogeneity than
a or W (F Fisher-Snedecor test). Gene flow (Nm) ranged from 18.9 to 13.9. In the case of
upper midwestern USA, all seven loci and the total Fs.r showed significant heterogeneity. The average Fsr was 0.0222, slightly greater than the mean value for Catalonia. This
was logical, because the area of upper midwestern USA is considerably greater than
that of Catalonia. Nm ranged from 10.9 to 9.6.

3.6

Phenoyrams and Mantel's test at the macrogeographical level

In figure 2 we show the U P G M A phenetic analysis fi'om Nei's genetic distance for the
Catalonian and upper midwestern US cat populations. In the first one, we show that
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Figure 2. UPGMA phenetic analysis from Nei's genetic distance (1972). (A) Catalan cat
populations. BAR, Barcelona; SIT, Sitges; URCAS, Urban Castelldefels;VIL, Vilanova i la
Geltrfi; RGA, rural Gava; GRA, Granollers; TARR, Tarragona; TORT, Tortosa. (B) Upper
midwestern US cat populations. DULTH, Duluth, Minnesota; STE.CO, Stevens County,
Minnesota; CHAMP, Champaign, Illinois; CHICA, Chicago, Illinois; DENVER, Denver,
Colorado; BOWLG, Bowling Green, Kentucky; Q. CIT, Quad Cities, Illinois and Iowa;
R. CIT, Rapid City, South Dakota; OMH, Omaha, Nebraska; GOODL, Goodland, Kansas;
P. COUN, Polk County, Wisconsin; MINN/ST.P, Minneapolis/St. Paul, Minnesota; BLOO,
Bloomington, Indiana; LAWR, Lawrence, Kansas; ST.LOUIS, St. Louis, Missouri; CLEVE,
Cleveland, Ohio.

the two populations most distant geographically from Barcelona, namely Tarragona
and Tortosa, are also the most distant genetically from Barcelona in the phenogram.
On the other hand, the genetic relationships in the phenogram for upper midwestern
US cat populations are apparently not related to the geographical distances between
them. To test the association between geographical and genetic distances for the cat
populations, Mantel's test was used. In Catalonia, for the Nei distance, geographical
separation explained between 30-88% (power function; r = 0"55573; Monte Carlo
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simulation: of 2000 random permutations, one-tailed prob. = 0.029) and 49.40% (linear
regression; r = 0-70285; Monte Carlo: of 2000 random permutations, one-tailed prob.
=- 0"0070) of the genetic separation. In all cases, the association between geographical
and genetic distances was significant for Catalonia. The better association was with the
linear model. On the contrary in upper midwestern USA, for the Nei distance,
geographical separation explained 2.54% (power function; 1-=0-15926; Monte Carlo:
of 2000 random permutations, one-tailed prob. = 0.1070) and 4.32% (linear regression;
r --- 0"20796, Monte Carlo: of 2000 random permutations, one-tailed prob. = 0.0810) of
the genetic separation. There was no significant association in either model between the
geographical and genetic distances for upper midwestern USA.
4.

4.1

Discussion

Hardy-Wein.berg equilibrium

Studies on cat populations typically yield evidence for Hardy-Weinberg equilibrium
for both morphological and allozymes markers (O'Brien 1980; Ritte et al. 1980; Allan
et al. 1981; Auer and Bell 1981; Van de Weghe et al. 1981; Brown and Brisbin 1983;
Nozawa et al. 1985; Juneja et at. 1991). In the case of Barcelona (microgeographic level)
and in Catalonia (macrogeographic level), we confirmed the findings of HardyWeinberg equilibrium for O and S loci. This is in agreement with the results obtained in
the spatial autocorrelation analysis applied to Barcelona's colonies. Nevertheless, in
the case of upper midwestern North American populations, there was a significant excess
of homozygotes at the 0 and S loci. An important explanation for this is the Wahlund
effect, which predicts an excess of homozygotes when the sample is taken from multiple
mixed populations. In the case of North America, the origins of the cat populations are
extremely varied, and there are strong historical reasons to believe that the origin of the cat
echoes the origin of the human populations of the area, which are themselves quite varied
(Morril and Todd 1978; Anderson and Jenkins 1979; Ruiz-Garcia 1990a).
4.2 Genie diversity analysis, genie differentiation, population structure and gene.flow at
the rnicrogeographic and macrogeooraphic levels
The genie diversity for the loci studied was very high. In Barcelona, H t = 0.298. In
a group of Spanish populations, H t = 0"306 (Ruiz-Garcia 1993), and in the group of the
upper midwestern US populations, H t --0-380. There is a slightly greater genic
diversity in the North American populations compared to the Iberian populations.
This greater genie diversity in the North American populations could be due to the
mixture of cat populations coming from different European origins.
At the microgeographic level, most of the genetic diversity is confined within the
colonies. This is in agreement with observations for other species, for instance human
populations (Lewontin 1972, 1974). At this level the observed differentiation was much
smaller than that observed for other mammals (Patton and Feder 1981; Chesser et al.
1982; Chesser 1983; Sheffield et aI. 1985). At the macrogeographical level, the genetic
differentiation between populations was very much smaller than that observed in other
species (Ruiz-Garcia i991, 1993; Bigalke et al. 1993; Lorenzini et aI. 1993; Preleuthuer
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and Pinsker 1993). This suggests that the effective population size must be large enough
to resist the strong effects of stochastic processes, although significant genetic heterogeneity was found. This can produce relatively high levels of gene flow among the
populations studied. There are several methods available to estimate Nm. For a variety
of reasons--the chief of which are (i) inadequacies of demographic data; (ii) insufficient
historical knowledge; (iii) high rate of gene flow in cat populations (Ruiz-Garcia 1993,
Klein et al. 1988); (iv) the small number of loci studied; and (v) the nonavailability of
new mutants limited to the populations studied--we cannot employ many of the
methods used to analyse gene flow elsewhere (Slatkin 1981, 1985a; Franco et al. 1982;
Easteal 1986; Waples 1987). For our analysis we used an infinite island model and an
n-dimensional island model. The results obtained by the use of this model are quite
similar to those from either a hierarchical model (Slatkin 1985a) or a two-dimensional
stepping-stone model (Crow and Aoki 1984), but not to a one-dimensional steppingstone model (Slatkin 1985b).
The influence of selection by humans in this model is not clear. Probably human
selection was very important in the origin and conservation of all of the mutants
described thousands of years ago in different parts of the world, but the most important
explanation for the distribution of these mutants in the world was (and is) due to the
gene flow associated with human movements (Todd 1977, 1978). In this study the
possible indirect action of human selection was neutralized because no fancy cats seen
(which were very few) were included in the calculation of allele frequencies.

4.3

Gametic disequilibrium and epistasis

Of the allele combinations studied in the cat population of Barcelona, only three gave
significant, though relatively small, values of gametic diseq Fuilibrium. This means that
the dynamics of the greater part of the genes analysed are independent of each other.
The low percentage of Manhattan distances lower than 0.1 between pairs of correlograms shows that each variable follows a different spatial history in this city, which is in
agreement with the gametic-disequilibrium results. Attention is called to the negative
gametic disequilibrium between O and ~. In other studies as well, an inverse relationship has been detected between O and t b (Blumenberg and Lloyd 1980; Symonds and
Lloyd 1987; Ruiz-Garcia 1988, 1989). This could be caused by a typically urban
selective effect like that described by the cited authors. However, other cat populations
should be studied for gametic disequilibrium between O and t b before making a conclusive assertion in this direction since this type of disequilibrium between O and t b
apparently does not exist in other populations that are being analysed in this manner
(M. Ruiz-Garcia, in preparation). In the other two cases of significant gametic
disequilibrium in the total cat population of Barcelona (see table 4) it is difficult to
determine the causes that produce them. Hedrick (1985) affirmed that mutation,
hitchhiking, genetic drift and gene flow were improbable causes of gametic disequilibrium in the four cat populations that he studied. He concluded that some type of
epistatic selection (whether natural or more probably artificial or both) could be the
cause of his results. However, this is not clear (M Ruiz-Garcia, in preparation). It is
noteworthy that many of the gametic-disequilibrium values found in the cat population
of Barcelona are different in sign and intensity from those reported by Hedrick (1985)
for the populations of Amsterdam, Lahore, Montreal and Portsmouth.
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4.4

Old vs new populations at the macrogeographic level

These differences observed at the macrogeographic level are primarily attributable to
the relative age of the populations, and the homogenizing effefcts of gene flow. The
extent of the differences between the two regions may be seen with Mantel's test. The
correlation of Nei's distance and spatial separation was considerably better for the
Catalonian populations (r=0"702) than for the North American populations
(7"= 0.208). These differences between the Catalonian and North American populations
are probably reflections of the very different histories of these two groups. The
Catalonian populations represent the 'mature' condition which results from long
evolutionary history where the forces of gene flow, drift (and, perhaps, selection) have
led to a global spatial structuring of the population, while the North American
populations are still in the early stages of an evolutionary progession which will
eventually lead to a more highly spatially structured state. While it is beyond the scope
of this study, this analysis could be extended to such problems as isolation by distance
in matire Old Would populations, and the rate of genetic structuring (or homogenization) in the younger American populations. Examination of these questions awaits
further studies.
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