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ABSTRACT. We have studied linkage disequilibrium in natural populations of Trypanosoma cruïi. the agent of Chagas’ disease, by 
analyzing (i) a set of 524 stocks from the whole geographical range of the parasite, characterized at four gene loci coding for enzymes; 
(ii) a subsample of 121 stocks characterized at 12 enzyme loci; and (iii) a subset of 386 stocks from six locations in Bolivia, characterized 
by four enzyme loci. Our results show that the linkage disequilibrium reaches the maximum possible value, given the observed allelic 
frequencies, for almost all the locus pairs. This result is most consistent with the hypothesis that genetic recombination is absent or 
very rare in T. cru5 natural populations. Partition of the linkage disequilibrium variance for the six Bolivian populations shows that 
both inter- and intrapopulation components are substantial and that the relationships among the components are Dlls < DST, and 
D’2,s < DzSp These inequalities are interpreted as the result of an interplay between genetic drift, rare or absent mating, and clonal 
selection in generating linkage disequilibrium in T. cruzi populations. 

E have earlier proposed on the basis of isozyme data that W Mendelian sexuality is absent or very rare in natural 
populations of Trqrpaizosoma (Schizotrypanum) cru5  (8), and 
that these populations exhibit a complex multiclonal structure 
(1 2). These hypotheses are supported by the presence of a strong 
linkage disequilibrium in that some isozyme genotypes are ubiq- 
uitous and are sampled numerous times in places very distant 
from each other and in very different ecosystems, whereas the 
vast majority ofthe theoretically possible recombinants are lack- 
ing. We present here the results of a statistical study of this 
linkage disequilibrium. 

MATERIALS AND METHODS 
Two data sets were obtained from studies of isozyme variation 

in Trypanosoina cru5  stocks collected from many localities of 
North, Central, and South America (Table I). The first set was 
a study of four enzyme loci in each of 524 stocks. The four loci 
studied are as follows: glucose-6-phosphate isomerase (Gpi), 
isocitrate dehydrogenase (Idh),  malic enzyme 2 (?1fe-2), and 
phosphoglucomutase (Pgm) (see ref. 12). Twenty different ge- 
notypes were found (Table II); the genotypes are inferred on the 
assumption that the genome of T. cruzi is diploid (7, 9, 12). 
The second set of data consists of a subsample of 121 of the 
524 stocks, assayed for 11 additional isozyme loci; the 15 loci 
combined yield 43 different genotypes (12). The 1 1 additional 
loci are aconitase (Acon), adenylate kinase (Adk),  glucose-6- 
phosphate dehydrogenase (G6pd), glutamate dehydrogenase 
NAD+ (Gdlz Nad+), glutamate dehydrogenase NADP+ (Gdh 
Nadp-t), leucine aminopeptidase (Lap),  malate dehydrogenase 
(Mdh), malic enzyme 1 (Me- I ) ,  peptidase 1 (Pep- I ) ,  peptidase 
2 (Pep-i?), and 6-phosphogluconate dehydrogenase (6Pgd). 

A linkage disequilibrium variance was calculated for the four 
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loci assayed in the total sample of 524 individuals and for 12 
loci in the subsample of 121 stocks. Among these 121 stocks, 
four exhibited mixtures of two different genotypes (1 2) .  In the 
calculations, different genotypes identified within the same host 
were counted as separate stocks. Three loci were not used for 
the linkage disequilibrium study, because they are monomor- 
phic or nearly so: Acon, Adk, and Mdh. 

Our samples include more than 25 stocks from each of six 
localities in Bolivia, which made it possible to evaluate the 
relative magnitude of linkage disequilibrium due to geographicai 
differentiation. Linkage disequilibrium parameters proposed by 
Ohta (5) were calculated for these six localities using the four- 
locus data. A randomization test (4) was performed for each 
parameter in order to determine the statistical significance of 
the estimates. 

The many alleles observed at most of the loci studied yielded 
an enormous number of possible linkage disequilibrium asso- 
ciations. To bring the data to a manageable size, we have re- 
corded the most frequent allele of each locus as “allele 1” and 
lumped together all the remaining alleles as “allele 2.” This 
collapsing of alleles usually leads to underestimating linkage 
disequilibria (13, 14). The data show that at nearly every locus 
the most frequent allele has a frequency above 0.50 whereas 
other alleles have frequencies below 0.20. Thus. the loss of 
information due to lumping alleles is not particularly large in 
the present analysis. 

RESULTS 
Linkage disequilibrium amongjõur allo=yme loci in the total 

sarnple. The first set of data included 524 stocks assayed for 
variation at four enzyme loci (Gpi, Idjz. Me-2. and Pgm) (see 
Tables I and II). The frequencies of allele 1 at these four loci 
were 0.601, 0.607, 0.590, and 0.601, respectively. ,411 the pair- 
wise linkage disequilibrium values were at. or near, the maxi- 
mum possible for the observed allelic frequencies (Table III). 

The statistical significance of the observed linkage disequilib- 
rium values was tested as follows. First, we obtained a single 
statistic linkage disequilibrium variance for the population as: 

for all i, j = 1, 2, . . . , n, where DE, is the usual linkage dis- 
equilibrium value between the ilh and the jth loci (I), and n is 
the number of loci studied. Second, because the statistical prop- 
erties of either DI, or DZp are unknown, we performed a ran- 
domization test (4) to determine the statistical significance of 
the observed DZp. The allelic combinations of the four loci were 
randomized by permutating the allelic composition of each locus 
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TABLE I. Geographic origin of the 524 stocb of Trypanosoma cruzi studied at four gene loci and their composite isozyme genotype or zymodene.' 

Number of Number of . 
Locality Zymodeme stocks Locality Zymodeme stocks 

Colombia 

Ecuador 

Peru 

BbCivia . . ' 

Puerto Ele 

Guayaquil 

Ucayali 

Yungas 

Chiwisivi 

Cochabamba 

- .  

Comarapa 

Santa CNZ 

Sucre 

Camiri 

Tupiza 

Tarija 

Alto Beni 

Potosi 
Vallegrande 

2 

10 

10 

2 
39 

2 
39 

2 
39 
40 

2 
39 
32 

16 
28 
39 
40 

10 
32 
39 

2 
37 
38 
39 
40 

32 
39 
40 

2 
38 
39 
40 

2 
25 
39 

2 

7 - 

7 
i 

7 - 

5 

1 

1 

10 
11 

14 1 
2 

15 
10 

1 
9 
8 
4 
7 
1 
2 

24 
3 

23 
1 
8 

16 
4 
2 
1 
6 
7 

45 
9 

31 
14 
8 
1 

20 
4 
1 
1 
1 
8 

Venezuela 
Miranda 
Portuguese 
Cojedes 
Aragua 
Bannas 
Carabobo 

French Guiana 
Montjoly 
Montsinery 
Cacao 

Panamana 

Cachicuyu 

Cucumen 
Monte Patria 

Arrayan 
Chanaral 
Locality Xb 

Goias Goiana 

Locality Xh 
Bélem 

Chile 

Brazil 

Espinto Santo 
Sao Paulo 

Minas Gerais 
Locality Xb 
Valle Grande 
Rio Grande 
Bahia 

Honduras 
Tegucigalpa 

Ad exico 
Locality Xb 

USA 
Locality Xh 

2 
2 
2 
2 
2 
2 

1 
2 
2 
3 
8 
2 

2 
39 
32 
32 
39 
32 
32 
40 

2 
31 

3 
2 

27 
35 
36 

2 
2 

31 
2 

10 
39 
40 
30 

10 

2 

14 

1 
1 
4 
1 
1 
1 

1 
5 
2 
1 
1 
1 

2 
3 
1 
1 
1 
1 
1 
1 

1 
2 
1 

1 
1 
1 
1 
4 
3 
1 
1 
1 

1 

1 

1 

2 

7 - 

7 - 

a See Table II. 
Exact location is not known. 

independently of the other three loci and D2, was calculated for 
each set of the randomized data. This procedure was repeated 
150 x , and the resulting D',values were plotted in a distribution 
histogram. Then the observed DZ, was compared to the distri- 
bution obtained by the random permutation. If fewer than 5% 
of the values of Dzp in the distribution were larger than the 
observed D2,, the observed DZ, would be considered statistically 
significantly greater than zero at  the probability level P = 0.05. 
This procedure is believed to provide a nearly exact test for the 
null hypothesis. The largest value of D2, derived from the ran- 
domization test was 0.000375, whereas the DZp estimated from 
the experimental data was 0,0547, about 145 x as large as the 
largest value obtained based on the null hypothesis that alleles 
of different loci are associated at random. Thus, linkage dís- 

equilibrium is indeed highly significant in the total sample of 
T. crici .  

Linkage diseqiiilibriumfor 12 enzyme loci. In order to study 
the extent of linkage disequilibrium among loci representing a 
larger portion of the genome, we analyzed data for 12 poly- 
morphic loci in 121 T. crici  stocks. The linkage disequilibrium 
values were calculated for all the 66 pairwise comparisons pos- 
sible for a data set of 12 loci. Most of these linkage disequilibria 
were nearly at the maximum values for the observed sets of 
allelic frequencies. The disequilibrium variance (DZp) for this 
data set was 0.0 153, whereas the D', value drived from random 
permutation fell between 0.000189 and 0.000568. Therefore, 
the linkage disequilibrium among these 12 enzyme loci is again 
highly significant. 
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TABLE II. The 20 genotypes (zymodemes) inferred from the study of 
four isozyme loci. Alleles at each locus are numbered consecutively start- 

ing with 

Genotype Gpi Idh Me-2 Pgm 
1 
2 
3 
8 

10 

16 
25 
26 
'7 
28 
30 
31 
32 
35 
36 
37 
38 
39 
40 

_. . L4 

~~ 

5'5 I / I  
515 I/I 
5/6 I / I  
5/5 l i 1  
5/5 I / I  

6/6 I / I  
5/5 I/I 
4/4 2/2 
414 212 
4/4 2/2 
1/3 2/2 
313 2/2 
313 2/2 
414 2/2 
4/4 2/2 
414 2/2 
2/4 2/2 
2/4 2/2 
314 2/2 

5'5 1 4  . 

414 2 n  
414 313 
4/4 313 
4/4 818 
4 1  313 

2/4 113 
2/4 1/3 
3/3 8/S 
313 9/9 
313 4/4 
616 11/11 
616 11/11 
616 10112 
5/5 515 
5/5 9/9 
51.5 611 O 
5/5 10/10 
51.5 611 O 
5/5 4'1 I 

.7J - 313 

Numbering of the zymodemes is according to ref. 12. 

Linkage diseqirilibriuin aiuong geographically separated pop- 
ulations. We evaluated the geographical component of linkage 
disequilibrium using the data for six Bolivian localities for which 
suitable sample sizes were available. The localities are Chiwisi- 
vi, Cochabamba, Santa Cruz, Sucre, Tupiza, and Tanja, with 
143, 26, 37, 48, 99, and 33 stocks, respectively (Table I). We 
followed the calculation procedures and designations of linkage 
disequilibrium components given by Ohta (5).  For a subdivided 
large population, the total linkage disequilibrium variance can 
be partitioned into a component due to genetic differentiation 
among subpopulations and a component due to linkage disequi- 
libria within subpopulations. Ohta (5) derived two ways of par- 
titioning the total linkage disequilibrium variance of a large 
population into corresponding components based on two alter- 
native views of the genetic architecture of subdivided popula- 
tions. 

According to the first view, the total variance of linkage dis- 
equilibrium includes a component due to allelic differentiation 
at paired loci (D2sT) and a component due to linkage disequi- 
libria within subpopulations (DZIS), which Ohta defined as fol- 
lows: 

and 

where gj.k is the frequency of the gametic type consisting of the 
ilh allele of the first locus and the jrh allele at the second locus 
in the kth population, and x , . ~  and are the frequencies of the 
ilh allele at the first locus and the j t h  allele of the second locus, 
respectively. The expectation, E, is taken over the subpopula- 
tions. 

Alternatively, the total variance of linkage disequilibrium can 
be viewed as composed of a portion accounted for by gametic 
differentiation at paired loci among subpopulations (D''I,), and 

TABLE III. 
theoretically 
Si-x pairwise 

Observed pairwise linkage disequilibrium (DoBSI and their 
' maximum values for the observed allelic frequencies. 
comparisons are made between the four loci assayed in 524 

stocks of T. cruzi. 

DOES DMAX DOE~DMAX 
Dl2 0.2362 0.2362 1 .o0 
DI, 0.2314 0.2354 0.98 
D,4 0.2360 0.2398 0.98 
D23 0.2319 0.2319 1 .o0 
D,, 0.2363 0.2363 1 .o0 
D34 . 0.2314 0.2354 - -0.98 

a portion representing linkage disequilibrium in the total pop- 
ulation (D'2sT), which are defined 

r 1 

and 
r 1 

The total variance (D'ET) was defined by: 

D'lT = E 2 (gd,k - ,Tiyj)' . [ id 1 
It can be shown that these parameters are related as follows: 

DZET > D2ES 4- DZsT and DZIT = DfzIs + D f 2 S T .  (B) 

Because DZIT is the total variance, significant values greater 
than zero for any one of the four components will ensure Sig- 
nificant differences from zero for D21T. Thus, it is not necessary 
to test DZIT for statistical significance if the other components 
are significant. A randomization test was applied to each of the 
four components. Each randomization test corresponded to a 
particular null hypothesis and involved a specific permutation 
procedure. For example, in testing the component D',,, the null 
hypothesis specified was that there was no linkage disequilib- 
rium within any local population. The permutation procedure 
randomized the genotype at each locus independently of all the 
other loci within each local population; DZ,, was calculated for 
the randomized data. This procedure was repeated l5Ox as 
before. 

The observed disequilibrium for the intrapopulation com- 
ponent (DZES) was about 20 x as large as the upper limit observed 
for this component in the randomization test (O. 1585 vs. 0.0083, 
see Table IV). The variance of the disequilibrium for the total 

TABLE IV. Observed variance components of linkage disequilibrium for 
.four allozyme loci in six Bolivian populations of T. cruzia and range 

obtained in the randomization tests for the same components. 

Range obtained in the 
Observed randomization tests 

DlIS 0.1585 0.0000 to 0.0083 
0.2068 0.0000 to 0.0417 

DIZIS 0.1681 0.0000 to 0.0300 

D21T 0.3856 

D'ST 

D'Z, 0.2 188 0.0000 to 0.001 5 

See Table I. 
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population (D'2sT) was 0.2188 (Table IV) which was more than 
100 x larger than the largest D'*, obtained in the 150 random 
permutations. Thus, both of these variance components are very 
highly significant, and the disequilibrium component for the 
total population is larger than the intrapopulation component. 
The observed D2, was 0.2068 (about 5 x larger than the largest 
value in the random permutation test); the observed DZIs was 
O. 168 1 (5.6 x as large as the largest value in the randomization 
test), indicating that the geographical differentiation due to ga- 
metic differences as well as that due to allelic differences for 
paired loci are also_ highly signjficgnt. Detailedinfgpation_r_e- 
garding the relative importance of each component can be ob- 
tained from the partitioning proposed by the inequality and 
equation (B). Using the inequality, 43% of the joint variance 
(i.e. DZIs + DZST) is due to linkage disequilibrium within local 
populations, and about 57% is due to geographical differentia- 
tion. The partitioning by the second method (the equation) in- 
dicates that about 43% of the total variance is due to geograph- 
ical differentiation (DIZIs) whereas 57% can be accounted for by 
the disequilibrium in the total population (DIZST). 

DISCUSSION 
We have analyzed linkage disequilibrium between various 

pairs of gene loci coding for enzymes in a large number of stocks 
derived from various hosts and representing a significant eco- 
geographical range of the distribution of the species T. crud (see 
ref. 12 and Table I). The analyses demonstrate that there is large 
linkage disequilibrium between alleles at paired loci. The dis- 
equilibrium obtains for all 12 polymorphic loci and hence, pre- 
sumably, over a substantial portion of the genome of the par- 
asite. The linkage disequilibrium values for almost all the locus 
pairs studied are at about the maximum possible for the ob- 
served allelic frequencies, which indicates that associations 
among alleles at different loci are almost complete and that 
recombination is rare or absent even within local populations. 
In this connection, we note that in the wild barley, Hordeurn 
spontaneum, a predominantly self-fertilizing species (selfing rate 
above 99%), Zhang, Saghai-Maroff, & Allard (unpubl. data) have 
found that although there were large amounts of linkage disequi- 
libria, the observed number of different genotypes was much 
larger for any given number of loci than the number observed 
in the present study. This indicates that the small amount of 
outcrossing observed in the wild barley (under 1%) is sufficient 
to generate and maintain new gametic types in the population. 
Thus, the results obtained in the present study support the prop- 
osition that genetic exchanges are rare or absent in T. er& 
natural populations and that these populations have an essen- 
tially clonal structure (8, 12). 

The hypothesis that the apparent absence of recombination 
can be accounted for by founder effects that dispel the oppor- 
tunity for genetic exchange between different T. cru5 genotypes 
( 3 )  is not corroborated by careful analysis of the microdistri- 
bution of T. cruzi genotypes in Bolivia; radically dissimilar ge- 
notypes very often occur in close sympatry (same human host, 
same insect vector), which provides maximum opportunity for 
mating (2, 6, 9-1 1). 

Ohta (5) has suggested that the relationships among the four 
components of total disequilibrium are useful for infemng the 
role of the evolutionary processes yielding the observed non- 
random associations between alleles at different loci. She has 
shown that the relationships DZls < D', and D'Z,s > D'2sT 
should hold whenever migration among subdivisions is limited. 
On the contrary, when natural selection is primarily responsible 
for linkage disequilibrium but not for local differentiation, one 
would predict DZST < DZIs and D'21s < D'ZST, because the num- 

ber of gametes with favorable combinations of alleles would 
- increase in every population. The relationships in our analysis - 

of four isozyme loci in six localities of Bolivia are DZs, > DZls 
and D'21s < The relationship DZST > DZls suggests that 
allele frequencies among local populations are very different as 
a result of genetic drift due to limited migration. But the rela- 
tionship D'21s < Df2ST indicates that the differentiation of ga- 
metic frequencies is small compared to the linkage disequilib- 
rium in the total population. In fact, all the allelic associations 
are in the same direction in all the six localities for all the six L 

possible locu_s pairs. Although absence of recombination is prob- 
ably largely responsible for the observed complete associations, 
mutations at one locus or another could break such perfect 
associations. Thus, the population structure reflected by D'21s < 
DIZsT suggests that clonal selection favoring particular gene com- 
binations (particular natural clones) is partly responsible for the 
observed linkage disequilibria. 

In conclusion, the two relationships observed, DzIs < D2sT 
and D'21s < DfZST, seem to indicate an interplay between genetic 
drift, absence of recombination, and clonal selection. Genetic 
drift would lead to differentiation of allele frequencies among 
local populations, whereas rare or absent recombination would 
maintain favored gene combinations in all the subpopulations. 
Clonal selection could interfere in both directions; some gene 
combinations would be favored in many or all populations 
("generalist genotypes"), but other gene combinations could be 
selected for by local factors (leading to differentiated popula-* 
tions). We have shown (1 2) that some T. cruzi genotypes are 
widespread over very large geographical areas and various eco- 
logical conditions and so behave like "generalist genotypes." 
This situation could be due to clonal selection favoring some 
gene combinations over many populations. On the other hand, 
we have shown in Bolivia (1 1) a highly significant correlation 
between the frequencies of different T. cruzi genotypes on the 
one side and altitude and longitude on the other side. This is 
compatible with the hypothesis of differential local adaptation 
of T. cruzi genotypes to climatic factors; in this case, clonal 
selection would lead to differentiated populations. 
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