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Abstract

Apis mellifera scutellata was introduced to Brazil in 1956 and Africanized honeybee populations have now spread
from Argentina to the southwestern United States. Temperate climatic restrictions seem to be a natural limit to
Africanized honeybee expansion around parallels 35° to 40° SL. We used allozyme loci (Mdh-1 and Hk-1) and
mtDNA haplotypes to characterize honeybee populations in southern Brazil and Uruguay and define a possible
transition area between Africanized and European bees. Samples of 194 bee colonies were collected from ten
localities between 30°-35° SL and 52°-59° WL. The mtDNA restriction patterns of these colonies were obtained
through digestion of the mitochondrial genome by Eco RI, or by digestion by Bgl II and Xba I of the cytochrome B
locus and the COI-COII intergenic region, respectively. The distribution limit of African bee colonies, i.e., those
populations with only the African mtDNA haplotype and with a high proportion of African genes as shown by allozyme
analysis, is located in northern Uruguay, with a hybridization zone located farther south in Uruguay. A gradual cline
from north to south was observed, confirmed by mtDNA, racial admixture, and genetic distance analyses. No
evidence of either gametic disequilibrium between nuclear markers or cytonuclear disequilibrium among the nuclear
and mtDNA genotypes was detected, suggesting that the hybridization process has been completed.
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Introduction

A sub-Saharan subspecies, Apis mellifera scutellata,

was introduced to Brazil in Rio Claro, São Paulo state, in

the mid-1950s to improve honey production in neotropical

conditions (Kerr, 1967). Populations of Africanized honey-

bees, expressing scutellata-like reproductive, foraging, and

defensive behavior, spread rapidly from that area to as far

south as mid-Argentina and to southern Texas due to their

high adaptability to tropical ecological conditions. During

this expansion, they hybridized with European bees (A. m.

ligustica, A. m. mellifera, and A.m. iberica) that had been in

the region since the XVIII century. These Africanized bees

arrived in the United States in 1990 and presently occupy

part of the states of Texas, Arizona, New Mexico, and Cali-

fornia (Rowell et al., 1993; Sanford, 1995).

Malate dehydrogenase (Mdh-1) and hexokinase

(Hk-1) allozymes have usually been used to characterize A.

mellifera populations or determine their racial composition

(Badino et al., 1983; Sheppard and McPheron, 1986;

Spivak et al., 1988; Lobo et al., 1989; Del Lama et al.,

1988, 1990; Lobo, 1995). Nuclear and mitochondrial DNA

polymorphisms (Hall, 1986, 1990; Smith and Brown, 1988;

Hall and Muralidharan, 1989; Oldroyd et al., 1992;

Sheppard et al., 1991a,b; Clarke et al., 2001), and, more re-

cently, microsatellites (Estoup et al., 1993, 1994, Franck et

al., 1998) have proven to be very useful molecular markers

for honeybee population genetics.

Although they occupy a large area of South America,

Africanized bees have not been able to colonize in southern

latitudes greater than 35°. Morphometric and molecular

studies carried out by Sheppard et al. (1991a) in samples

from Argentina demonstrated no Africanized bees live be-

yond the area between the 30°-35° SL parallels. This border

zone lies a little farther to the south than that originally sug-

gested by Kerr et al. (1982). However, mtDNA and

morphometric analyses of 35 Uruguayan bee colonies re-

vealed both hybrid and European bee colonies (Burgett et

al., 1995).

Genetics and Molecular Biology, 26, 1, 47-52 (2003)

Copyright by the Brazilian Society of Genetics. Printed in Brazil

www.sbg.org.br

Send correspondence to Marco Antonio Del Lama. E-mail:
dmdl@power.ufscar.br.

Research Article



The present study, carried out to further characterize

bee populations in southern Brazil and Uruguay, used nu-

clear (Mdh-1 and Hk) and cytoplasmatic (mtDNA) genetic

markers to establish more precisely the southern limit of

Africanized honeybee expansion in South America.

Material and Methods

Samples of 194 colonies (50-100 adult workers) from

ten localities in Southern Brazil and Uruguay were col-

lected: Santa Maria (29°42’ SL, 53°40’ WL), 19 hives;

Alegrete (29°49’ SL, 55°49’ WL), 21 hives; Porto Alegre

(30°05’ SL, 51°11’ WL), 15 hives; Rivera (30°54’ SL,

55°32’ WL), 19 hives; Paysandu (32°20’ SL, 58°05’ WL),

20 hives; Durazno (33°26’ SL, 56°32’ WL), 20 hives;

Rocha (33°29’ SL, 54°20’ WL), 20 hives; Mello (33°54’

SL, 54°12’ WL), 20 hives; Ombues de Lavalle (33°55’ SL,

57°48’ WL), 20 hives; and Montevideo (34°54’ SL, 56°04’

WL), 20 hives. The bees were transferred to glass tubes and

kept at -20 °C in the Genetics Laboratory at FMRP-USP.

All samples were taken from colonies located in apiaries

begun with captured swarms and unmanaged for queen re-

placement.

Total DNA of one adult worker thorax from each col-

ony was extracted using published methods (Sheppard and

McPheron, 1991). The DNA was digested with Eco RI

endonuclease following manufacturer specifications. The

restriction fragments generated by the enzyme were

electrophoresed in 1.1% agar gels in TBE buffer for 5 h at

5 V/cm, stained with ethidium bromide (0.01 mg/mL), and

visualized under UV light. The Eco RI restriction patterns

of mtDNA make it possible to discriminate subspecies of

African or European origin (Smith and Brown, 1988; Hall

and Muralidharan, 1989; Sheppard et al., 1991a, Rinderer

et al., 1991). Since direct Eco RI digestion of mtDNA pro-

duced no clear pattern, the cytochrome B locus was ampli-

fied by PCR and the fragment obtained was digested with

Bgl II. Colonies classified as European (presence of the Bgl

II site) had their mtDNA amplified for the COI-COII

intergenic region and digested by Xba I, which revealed a

restriction site in A. m. ligustica, but not in A. m. mellifera

bees. The amplification and digestion products were ana-

lyzed by electrophoresis in 1.2% agar gels (at 5 V/cm for

5 h) stained with ethidium bromide and visualized under

UV light. The primers used and the conditions for amplifi-

cation and restriction were those described by Crozier et al.

(1991) and Hall and Smith (1991).

Five bees per colony were electrophoretically ana-

lyzed for Mdh-1 and Hk-1 polymorphisms, as previously

described by Del Lama et al. (1988, 1990). Mdh and Hk

phenotypes were used to estimate allelic frequencies, verify

genetic equilibrium of the populations for these loci and de-

termine the racial admixture, according to the Krieger et al.

(1965) method. F-statistics values, genetic distances among

populations according to Nei (1978) and Cavalli-Sforza

and Edwards (1967), and the respective dendrograms were

estimated with the Biosys-1 program (Swofford and

Selander, 1981). Linkage disequilibrium between Mdh-1

and Hk loci was analyzed according to Weir (1990). Possi-

ble associations among nuclear and mitochondrial geno-

types were verified by the Woolf test (1955) and by the

method of Asmussen et al. (1987) for estimating the

cytonuclear disequilibrium and its significance. This re-

quired grouping of the Mdh80 and Mdh65 alleles and re-

spective genotypes, as they characterize European

populations; the mtDNA patterns were classified as Afri-

can (scutellata) or non-African haplotypes (mellifera,

ligustica or “Portuguese”).

Results

About 83% of the colonies exhibited the African mi-

tochondrial type, which, however, was not uniformly dis-

tributed throughout the area studied. This finding made it

possible to characterize two genetically distinct popula-

tions. The first was made up of colonies having only the Af-

rican pattern (Santa Maria, Porto Alegre, Rivera, and

Mello); the second group of populations was formed by

colonies with African and European haplotypes, or having

a high proportion of either an African (Paysandu, Durazno,

and Rocha) or a European pattern (O. Lavalle and Montevi-

deo) (see Table 1, Figure 1A).

Observed Mdh-1 and Hk-1 genotype frequencies in

nine out of the ten populations were in accordance with the

Hardy-Weinberg equilibrium model (χ2 values shown in

Table 2). Homogeneity tests showed significant differences

for the Mdh-1 (χ2 = 204.8; p < 0.001) and Hk (χ2 = 210.6;

p < 0.01) allele frequencies in these populations.

A negative correlation was found between the Mdh100

frequency and latitude (r = -0.76; p = 0.01) or longitude

(r = -0.77; p = 0.009), while the Mdh80 frequency was sig-

nificantly correlated with latitude (r = 0.77, p = 0.009) and

longitude (r = 0.74, p = 0.01). No significant correlation
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Table 1 - Distribution of mtDNA patterns (scutellata, ligustica, mellifera

or Portuguese haplotypes) in bee populations from southern Brazil and

Uruguay.

Localities n scutellata mellifera ligustica Portuguese

Santa Maria 18 18 (100%)

Porto Alegre 13 13 (100%)

Rivera 17 17 (100%)

Paysandu 19 15 (79%) 3 (16%) 1 (5%)

Durazno 18 15 (83%) 3 (17%)

Rocha 17 16 (94%) 1 (6%)

Mello 20 20 (100%)

O.Lavalle 13 4 (31%) 4 (31%) 5 (38%)

Montevideo 20 10 (50%) 5 (25%) 5 (25%)

Total 155 128 (82.6%) 12 (7.7%) 11 (7.1%) 4 (2.6%)



was observed between the Mdh65 frequency and latitude or

longitude. A significant positive correlation was observed

between the Hk100 frequency and latitude (r = -0.73;

p = 0.016) or longitude (r = 0.72; p = 0.02).

Racial admixture estimates (Table 3, Figure 1B)

showed that the Santa Maria, Porto Alegre and Mello popu-

lations had similar racial compositions, with a high propor-

tion of African genes (about 67%), while the Paysandu,

Durazno, Rocha, O. Lavalle and Montevideo populations

had an Africanization level varying from 48% to 18%, with

the African component decreasing in populations farther to

the southwest.

A highly significant FST value was observed for the

Mdh-1 (FST = 0.102; χ2 = 381.07, p < 0.001) and Hk

(FST = 0.110; χ2 = 205.25, p < 0.001) loci. These results in-

dicated genetically heterogeneous populations. A

nonsignificant FIS value corroborated the observation that

the genotypic frequencies were in accordance with the ge-

netic equilibrium model.

Cavalli-Sforza and Edwards’ genetic distances (Fig-

ure 2) clustered the populations into two groups: the first in-

cluded the Santa Maria, Alegrete, Porto Alegre, Rivera and

Mello populations; the Rocha, Paysandu, Durazno, O.

Lavalle and Montevideo populations constituted the second

group. A similar clustering was obtained using Nei’s

method (1978), except for the inclusion of the Rocha popu-

lation in the cluster from southern Uruguay. This distribu-

tion fitted the mtDNA restriction patterns well and, as

expected, the racial admixture estimates.

No evidence of linkage disequilibrium between the

Mdh-1 and Hk alleles was detected (Table 4), indicating no

preferential associations among the Mdh and Hk genotypes

in these bees. When all the populations were considered, a

highly significant cytonuclear disequilibrium was found

between the African:non-African haplotypes and the

Mdh-1 phenotypes. However, such a disequilibrium was

not found in populations in which both African and Euro-

pean mtDNA haplotypes were present. Furthermore, no as-
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Figure 1 - A - Distribution of mtDNA haplotypes in honeybee popula-

tions sampled in Uruguay and southern Brazil. Black denotes proportion

of haplotypes having African origin (A. m. scutellata), while white de-

notes proportion of haplotypes having European origin (A. m. ligustica, A.

m. mellifera and Portuguese*). *See text. B - Admixture estimates for Af-

rican and European subspecies contributions to population structure based

on allozyme data. Black denotes relative contribution from African origin

and white denotes contribution from combined European sources.

Table 2 - Allele frequencies and χ2 values for genetic equilibrium tests at the Mdh-1 and Hk loci in Apis mellifera populations from southern Brazil and

Uruguay.

Localities Mdh100 Mdh80 Mdh65 χ2 Hk100 Hk87 χ2

Santa Maria 0.695 ± 0.033 0.268 ± 0.032 0.037 ± 0.014 0.290 0.563 ± 0.035 0.437 ± 0.035 0.004

Alegrete 0.699 ± 0.031 0.280 ± 0.031 0.018 ± 0.009 1.790 0.557 ± 0.034 0.443 ± 0.034 0.316

Porto Alegre 0.749 ± 0.035 0.240 ± 0.035 0.016 ± 0.100 1.382 0.600 ± 0.040 0.400 ± 0.040 0.000

Rivera 0.675 ± 0.043 0.325 ± 0.043 2.433 0.592 ± 0.044 0.408 ± 0.044 0.283

Paysandu 0.350 ± 0.033 0.615 ± 0.034 0.035 ± 0.013 2.580 0.860 ± 0.024 0.140 ± 0.024 2.679

Durazno 0.410 ± 0.035 0.575 ± 0.035 0.015 ± 0.010 2.950 0.885 ± 0.022 0.115 ± 0.022 6.869*

Rocha 0.490 ± 0.035 0.500 ± 0.035 0.010 ± 0.010 5.816 0.682 ± 0.033 0.318 ± 0.033 0.005

Mello 0.680 ± 0.033 0.300 ± 0.032 0.020 ± 0.010 2.486 0.610 ± 0.034 0.390 ± 0.034 0.025

O.Lavalle 0.325 ± 0.033 0.590 ± 0.035 0.085 ± 0.027 1.495 0.950 ± 0.015 0.050 ± 0.015 0.030

Montevideo 0.335 ± 0.033 0.655 ± 0.033 0.010 ± 0.010 1.440 0.885 ± 0.022 0.115 ± 0.022 0.460

Table 3 - Racial admixture estimates in honeybee populations from

southern Brazil and Uruguay, according to the Krieger et al. (1965)

method, based on allele frequencies of Mdh-1 and Hk loci (for parental

frequencies, see Lobo et al., 1989).

Racial admixture estimates

Localities scutellata mellifera ligustica

Santa Maria 0.658 ± 0.031 0.284 ± 0.031 0.057 ± 0.021

Alegrete 0.684 ± 0.065 0.316 ± 0.065 0.010 ± 0.000

Porto Alegre 0.695 ± 0.106 0.304 ± 0.106

Rivera non convergent data

Paysandu 0.278 ± 0. 072 0.662 ± 0.080 0.059 ± 0.056

Durazno 0.316 ± 0.124 0.684 ± 0.124

Rocha 0.480 ± 0.044 0.519 ± 0.044

Mello 0.642 ± 0.088 0.350 ± 0.088

O. Lavalle 0.182 ± 0. 138 0.647 ± 0.192 0.169 ± 0.198

Montevideo 0.267 ± 0.097 0.733 ± 0.097



sociation between nuclear and mitochondrial genotypes

was found when cytonuclear disequilibrium or Woolf tests

were applied to the Paysandu, Durazno, Rocha, O. Lavalle

and Montevideo populations.

Discussion

Our results showed a high proportion of bee colonies

with the African mtDNA haplotype, a finding similar to

that described by Burgett et al. (1995). However, its geo-

graphic distribution was very heterogeneous. Colonies

from southern Brazil and northern Uruguay had only the

African type. Colonies with both African and European

patterns were observed in localities farther south, sustain-

ing the hypothesis that this area represents a zone of hybrid-

ization between Africanized and European bees (Kerr et

al., 1982; Burgett et al., 1995).

Comparing our data with those previously described

for Argentina (Sheppard et al., 1991a), we verified that

southern Brazil and northern Uruguay, where bees with an

exclusively African mtDNA haplotype were found, corre-

sponded to the northern-most region described by those au-

thors. The central region, or transition zone, in Argentina,

where there was a lower proportion of swarms with African

mtDNA, corresponded to the southern Uruguayan locali-

ties. Because it is located in more southerly latitudes than

the areas we studied, the third zone described by Sheppard

et al. (1991a), characterized by a low concentration of

Africanized swarms, had no counterpart in Uruguay.

A new mtDNA pattern was detected in some colonies

of the Rocha and Durazno samples. This haplotype was

first reported in Argentine bees (Sheppard et al., 1991a).

Although it was not found in a study by Sheppard et al.

(1991a) carried out with samples from São Paulo state, it

has subsequently been observed in that same region (Del

Lama MA, unpublished observations). Evidence has re-

cently been found that the probable Old World source of

this pattern is Portugal, where it occurs in higher frequency

than in Spain, where it is also found (W.S. Sheppard, un-

published observations; L. Garnery, unpublished observa-

tions).

Racial admixture estimates correlated well with the

mtDNA results. Populations where colonies exhibited only

the African haplotype (Santa Maria, Porto Alegre, Rivera

and Mello) had a relatively high proportion of African

genes (around 65%). As the proportion of African genes in

the other populations (Paysandu, Durazno, Rocha, O.

Lavalle and Montevideo) decreased, so did the African

mtDNA pattern proportion. However, these results demon-

strated a certain degree of racial admixture even in popula-

tions where the African haplotype was fixed (southern

Brazil and northern Uruguay). Although the first evidence

obtained by the mtDNA analysis indicated an expansion of

Africanized bees primarily as a continuous maternal Afri-

can lineage (Smith et al., 1989; Hall and Muralidharan,

1989), nuclear genes clearly pointed to a certain degree of

racial admixture, arguing against previous hypotheses that

the continent was colonized by natural dispersion of the

original African swarms.

Bee samples appeared to consist of almost exclu-

sively of A. m. scutellata and A. m. mellifera nuclear genes.

The Apis mellifera ligustica contribution to the hybrid was

very low, with values close to zero, except for the Lavalle

sample (17%). However, the proximity of this region to

Mercedes, where beekeeping is based on European bees

usually imported from the USA, may explain this finding.

A very small contribution of ligustica genes to the

Africanized bee has also been demonstrated in samples

from other Brazilian localities (Lobo et al., 1989; Del Lama

et al., 1990). The low nuclear contribution of the ligustica

subspecies to the Africanized hybrid contrasted with the

similar frequencies of ligustica and mellifera mtDNA

haplotypes, a discrepancy that has yet to be explained.
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Figure 2 - Clustering analysis of genetic distances (Cavalli-Sforza and

Edwards, 1967) among Africanized honeybee populations from southern

Brazil and Uruguay using the UPGMA method of clustering.

Table 4 - Linkage disequilibrium coefficients (D ± S.D.) between Mdh-1

and Hk-1 loci in samples of Apis mellifera workers from southern Brazil

and Uruguay.

Localities D ± S.D. χ2

Alegrete 0.0031 ± 0.0220 0.0207

Porto Alegre 0.0065 ± 0.0247 0.0771

Rivera -0.0369 ± 0.0280 0.5576

Paysandu 0.0069 ± 0.0161 0.1862

Durazno -0.0105 ± 0.0164 0.6318

Rocha -0.0022 ± 0.0234 0.0115

Mello 0.0332 ± 0.0225 0.3762

O. Lavalle -0.1050 ± 0.0107 0.7921

Montevideo -0.0014 ± 0.0149 0.0089



Controversy over the relative contribution by Apis

mellifera scutellata and European subspecies to the genetic

makeup of Africanized honeybees has been engendered by

apparent discordance of data from mitochondrial DNA

(Smith et al., 1989; Hall and Muralidharan, 1989; Sheppard

et al., 1991a,b) and allozymes or morphology (Lobo et al.,

1989; Del Lama et al., 1990; Sheppard et al., 1991a,b).

Allozymic and morphological character analyses suggest

that about 20 to 30% of the genes of established populations

of Africanized honeybees are of European ancestry (Lobo

et al., 1989; Del Lama et al., 1990), whereas mtDNA

haplotypes from such populations have been assigned al-

most exclusively to Apis mellifera scutellata (Smith et al.,

1989; Hall and Muralidharan, 1989; Sheppard et al.,

1991b). Hypotheses explaining the paucity of European

mitochondrial DNA found in Africanized populations in-

clude subspecific differences in reproductive rates and

other fitness parameters in the tropics, sizeable differences

in colony densities, and asymmetrical fitness of hybrids

with European or African matrilines.

However, assessment by Sheppard et al. (1999) using

a composite haplotype approach, showed that mtDNA from

honeybee colonies collected in Argentina was composed of

a mixture of haplotypes most likely derived from both

sub-Saharan and North African honeybee subspecies. Over

25% of the African mtDNA found in these Africanized col-

onies expressed a pattern found in North African honey-

bees (Apis mellifera intermissa from Morocco), but not in

sub-Saharan Apis mellifera scutellata sources. Similar re-

sults were obtained in Africanized honeybee samples from

nineteen Brazilian localities (K.M. Ferreira, unpublished

results). These data could explain discrepancies among

studies based on the allozyme, morphological, and mtDNA

data reported above.

Genetic distance analysis according to the Nei (1978)

or to the Cavalli-Sforza and Edwards (1967) similarly al-

lowed the establishment of two population groups: the first

included the samples from southern Brazil and northern

Uruguay (Santa Maria, Alegrete, Porto Alegre, Rivera and

Mello); the second clustered the populations from

Paysandu, Durazno, Rocha, O. Lavalle and Montevideo.

These results fitted the mtDNA and allozyme data well. Ge-

netic distance between populations seemed to be associated

with distances between them. Geographically closer bee

populations showed lower interpopulational differentia-

tion, suggesting a “stepping-stone” gene-flow model. A

higher genetic flow among neighboring populations would

be expected because bees do not travel distances large

enough to alter the genetic structure of populations hun-

dreds of kilometers away.

A clinal variation of the Mdh-100 and Mdh-180 allele

frequencies with latitude was found. Latitudinal clines have

been demonstrated at the Mdh-1 locus in natural popula-

tions in Italy (Badino et al., 1984) and in introduced popu-

lations in North and South America (Del Lama et al., 1990,

Lobo et al., 1989, Nielsen et al., 1994). These clines

provide evidence that Mdh-1 phenotypes experienced dif-

ferential temperature-mediated selection; additional evi-

dence for this assumption comes from the differences in the

thermostability of Mdh-1 allozymes (Cornuet et al., 1995).

However, these clines have also been regarded as evidence

for hybridization events rather than selection (Badino et al.,

1984; Del Lama et al., 1990, Lobo et al., 1989, Smith and

Glenn, 1995). Clinal variation of the Mdh-1 alleles ob-

served in our samples could be better explained by hybrid-

ization than by selection because parallel clines were

observed for Hk alleles and mellifera mtDNA haplotypes.

Absence of gametic disequilibrium among the Mdh

and Hk alleles indicated no gametic preferential association

of the Mdh-1 and Hk-1 alleles. A highly significant

cytonuclear disequilibrium between the African mitochon-

drial haplotype and the Mdh100 allele was observed when all

samples were considered. However, this disequilibrium

merely reflected the inclusion of populations whose colo-

nies have only the African mtDNA haplotype. When the

populations which segregate African and European

haplotypes were analyzed, the cytonuclear disequilibrium

was no longer observed. These findings indicated that there

were no preferential associations among nuclear and mito-

chondrial markers, a result also confirmed by the Woolf

test.

Our results confirmed the existence of a transition

area of genetically distinct honeybee populations in South-

ern Brazil and Uruguay and that the southern limit of occu-

pation in South America by Africanized colonies was

located between the 30°-35° parallels. Because of random

mating (Mdh-1 and Hk-1 loci are under genetic equilib-

rium, and non-significant FIS values), absence of gametic

disequilibrium between these loci, and absence of cito-

nuclear disequilibrium among nuclear and mitochondrial

markers, we considered that the Africanization process of

the honeybee populations of Uruguay has been completed.
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