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Summary &mdash; Adult Apis

mellifera workers were electrophoretically examined in at least 7 enzyme
loci. Five loci were found to exhibit polymorphism (Est-1, Est-3, PGM-1, HK-1 and MDH-1) in the Africanized bee populations from Brazil and from Central America (Costa Rica and Honduras). Genetic
variation was not observed for Est-1 and HK-1 in the bee samples from Italy and Germany, and for
PGM-1 in the Italian bee sample. Genotypic frequencies at the MDH-1 and HK-1 loci in the Honduras sample are in disagreement with that expected for Hardy-Weinberg equilibrium, suggesting an
incipient process of mixture between pre-existing European bees in this country and the Africanized
swarms that came from South America. Racial admixture estimates based on MDH-1 data indicate
that the Africanization level of Central American honeybees is less than for bees from Southeast and
Northern Brazil.
Africanized
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INTRODUCTION
Before 1956, the populations of Apis mellifera L existing in South America were of
European origin. In that year, queens of
Apis mellifera adansonii (or Apis mellifera
scutellata according to Ruttner, 1981)
were introduced to the Rio Claro region,
State of São Paulo, Brazil. After the accidental escape of 26 African queens, the
formation of "Africanized bees" started to
occur in the South American continent

(Michener, 1975). These original

swarms

must have intercrossed with the bees of

European origin,

since Kerr and Bueno

(1970) showed that African and Italian
bees were not reproductively isolated.
The expansion and occupation of new territories by these Africanized swarms occurred rapidly and led to a widespread replacement by Africanized bees of
populations originating from European
bees.
A relatively larger proportion of genes
from European races is expected in Africanized hybrid populations in regions of
Latin America in which apiculture was
more active before the introduction of Africanized bees, as is the case for Southern
Brazil, Uruguay and Northern Argentina.

This gene flow originating from European
bees may also modify the gene pool of the
present migratory populations in Central
America. Some investigators believe that
the relative importance of the gene flow
originating from European races as a
mechanism in the genetic interpopulation
differentiation of Africanized bees is small
or absent (Cornuet, 1986; Ruttner, 1986).
Morphometric (Daly and Balling, 1978),
isozymic (Nunamaker and Wilson, 1981)
and nuclear and mitochondrial DNA (Hall,
1988; Hall and Muralidharan, 1989; Smith
et al, 1989) studies showing few differences between Africanized bees and samples
of Apis mellifera scutellata have given support to this assumption. However, similar
studies based on the analysis of a larger
number of polymorphic loci and colonies
have clearly indicated that part of the variability observed among Africanized bee
populations may be the consequence of
the different levels of racial admixture
shown by these populations throughout
their area of distribution (Lobo, 1986; Del
Lama et al, 1988; Lobo et al, 1989).

Among the enzyme polymorphisms exhaustively studied in Apis mellifera, MDH,
HK and PGM have shown the highest levels of heterozygosity and therefore represent the genetic markers that reveal most
clearly the genetic relationships among
population clusters in this species. MDH in
particular is an informative system showing distinct allelic frequencies in some subspecies of Apis mellifera (Contel et al,
1977; Badino et al, 1983, 1984, 1985; Nunamaker et al, 1984).
Two biochemical markers known for
this species, MDH-1 and HK-1, are particularly useful for estimating the level of genetic differentiation between European
and Africanized Apis mellifera populations.
The MDH-1 locus has 3 variants, 100, 80
and 65, which exhibit markedly distinct frequencies in Apis mellifera scutellata, Apis
mellifera mellifera and Apis mellifera ligus-

(see Contel et al, 1977; Badino et al,
1983, 1984, 1985; Nunamaker et al, 1984).
tica

The 100 variant of the HK-1 locus is vir-

tually fixed in European populations (Sheppard and Berlocher, 1985; Sheppard and
McPheron, 1986; Del Lama et al, 1988)
and the 83 variant occurs at high frequency in Brazilian Africanized bees, indicating
its probable African origin (Del Lama et al,

1988).
The objective of the present study was
to compare the data concerning the gene
frequencies of these markers among different populations of Africanized and European bees. Data for these systems obtained
in bees from Central America (Costa Rica
and Honduras) are reported for the first
time.

MATERIALS AND METHODS
The Apis mellifera sample analyzed consisted of
4 population groups: 1), Africanized Apis mellifera collected from 9 geographical regions of Bra-

zil: João Pessoa (Jop), Recife (Rec), Salvador
(Sal), Vicosa (Vic), Luiz Antonio (Lua), Brasilia
(Bra), Rio do Sul (Ris), São Joaquim (Sjo), and
Taquari (Taq). Figure 1 represents the sites of
the Brazilian bee samples used for electrophoretic studies in this work. 2), Africanized Apis
mellifera from 2 regions in Central America: La
Garita, Costa Rica, and Catacamas (Olancho),
Honduras. These samples were collected in August 1987 and January 1988, respectively. 3),
Apis mellifera carnica from Tübingen, FRG.
Most of these bees are probably the result of hybridization of carnica queens with other races
occurring at this site and therefore would not
represent pure strains. The nests analyzed were
obtained on 3 different occasions and the results were pooled: 4), Apis mellifera ligustica
from 2 sites in Italy, ie, Bologna and Seregno

(Milan).
The nests represent swarms collected in nature and maintained in apiaries. The number of
colonies analyzed for each location is presented
in table I. Except for São Joaquim, the number
of colonies analyzed per location was 15 or
more. Eight workers were analyzed per colony,
except for João Pessoa (5 workers per colony).

Est-3, PGM-1, HK-1 and MDH-1). Genetic
variation was not observed for Est-1 and
HK-1 in the bee samples from Italy and
Germany, and for PGM-1 in the Italian bee

sample.
TableI shows the gene frequencies for
these markers. In agreement with previous
studies (Del Lama et al, 1988; Lobo et al,
1989), MDH-1 and HK-1 loci proved to be
highly polymorphic in all Africanized bee
populations and showed marked differences in relation to the European populations.
However, the Est-1, Est-3 and PGM-1 loci
showed low heterozygosity levels.

Five enzyme systems corresponding to 7
gene loci (Est-1, Est-3, PGM-1, HK-1, SOD,
MDH-1 and MDHm) were studied by starch gel
etectrophoresis in all populations sampled. Two
additional gene loci (ME and a-GPDH) were
studied in Africanized bees. In addition, ACON-2
and LAP were analyzed in Africanized populations of Brazil and Central America, respectively. For polymorphic loci, allozyme designations
are based on relative mobilities, with decimal
points omitted.
Four enzyme systems (esterases, phosphoglucomutase, hexokinase and superoxide dismutase) were studied using the Tris-EDTAmaleate-magnesium, pH 7.4 (Spencer et al,
1964) buffer system; the other enzymes were
studied in the Tris-citrate, pH 8.0 (Detter et al,
1968) buffer system. Gel and sample preparation and the experimental conditions have been
reported in previous papers (Del Lama et al,
1985, 1988). Enzyme activity was visualized by
the techniques of Harris and Hopkinson (1976).

RESULTS
Of the gene loci studied, 5 proved to be
polymorphic in Africanized populations
from Brazil and Central America (Est-1,

Table II shows the levels of heterozygosity observed and expected at the MDH1, HK-1 and PGM-1 loci from HardyWeinberg equilibrium for the Africanized
populations of Brazil and Central America.
The data demonstrate that these populations, with the exception of Recife and
Honduras, are in equilibrium for the 3 systems studied. No equilibrium was observed
for the MDH-1 and HK-1 loci for the Honduras population, and a significantly lower
than expected intralocus heterozygosity
was observed owing to the excess of homozygotes. This equilibrium was also reflected in the expected levels of mean heterozygosity estimated from these three
loci.
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Table III lists racial admixture data estimated for some Africanized populations by
the maximum-likelihood method of Krieger
et al (1965), using the data for allele frequencies at the MDH locus. In the present
study, we used estimates of MDH from Badino et al (1983) for ligustica and the estimates of Nunamaker et al (1984) for mellif-

and scutellata (see Lobo et al, 1989).
It can be seen that the populations from
the Center-West (Bra) and Northeast (Rec
and Jop) of Brazil have a larger proportion
of African genes than the populations from
Southern Brazil (Sjo and Taq) and from
Central America (Cos and Hon).
era

DISCUSSION
The present results show a high level of
genetic similarity among Africanized bee
populations, in agreement with observations on populations resulting from a recent introduction, with a short time for expectations for subsequent differentiation.
Under these conditions, genetic markers
with high levels of polymorphism and racial differentiation should be expected to
be able to reveal incipient processes of
population differentiation.

Ruttner (1986) suggests that the distribution of MDH gene frequencies in Europe
and Africa agrees with the hypotheses existing on the center of origin and infraspecific diversification of Apis mellifera.
The most

important observation in the

present analysis of Africanized bee populations from Brazil and Central America is
that the most frequent MDH and HK alleles
in European races show slightly higher frequencies in the samples from Central
America and Southern Brazil than in the
samples from Northern and Southeast Brazil. This tendency causes the separation of
these 2 population groups into different
clusters upon analysis of genetic similarity
and leads to higher estimates of admixture
of European races for Central America and
Southern Brazil. Similar observations have
been reported in a previous study on Brazilian samples (Lobo et al, 1989).

These results may be explained by raisthe hypothesis that the rapid migration
rate of Africanized bees during the initial
phase of expansion (Kerr et al, 1982) may
have favored a phenomenon of interracial
hybridization of different rates in different
geographic regions. The migratory waves
that first reached the Brazilian Northeast
and Center-West found, in the local climatic conditions (favorable annual cycles of
humidity and temperature) and in the limited local beekeeping activity, favorable conditions for a rapid replacement of preexisting honeybees and for a smaller gene
flow from European races. In the Brazilian
South and Southeast, the hybridization
process may have lasted over a larger
number of generations as a result of different factors such as climatic conditions that
permitted lower growth rates for Africanized populations, the existence of a well-

ing

developed beekeeping industry, especially
in Rio Grande do Sul (Nogueira-Neto,
1972) and attempts at artificial hybridization after the expansion of Africanized
bees by massive rearing and distribution of
European queens (Goncalves et al, 1972).
In Central America, estimates of racial
admixture such as those observed here
may be explained by progressive hybridization of the bees during their migration
through the Northern part of South America and through Central America. Despite
uncertainly over the mechanism responsible for the racial admixture, we believe that
the genetic similarities of these populations
justify the clustering observed. Other explanations, such as similar selective pressures, would meet serious difficulties since
they involve marked differences in climatic
pattern between Honduras-Costa Rica
and Southern Brazil, especially with respect to the existence of a prolonged cold
season in the latter.

The HK and MDH data observed in the
Honduras sample suggest that this is a mi-

gratory population undergoing

a more re-

cent colonization process than the Costa

Rica sample. The lack of Hardy-Weinberg
equilibrium in the Honduras population,
with the simultaneous absence of heterozygotes in the 2 systems, agrees with the
pattern expected during the first generations resulting from the migration of new
genes in the population (Cavalli-Sforza
and Bodmer, 1981).
It is important to note that a possible difference in gene frequency between sexes
results in a decrease in the rate at which
equilibrium is reached in haplodiploid systems (see Harti, 1972). Thus, the Honduras population can be considered as a
population in search of equilibrium, in contrast to the Costa Rica population which
seems to be more stable in terms of the effects of migration of new African genes.
Data on more northerly regions along the
present migratory front (Guatemala and
Mexico) may provide more information regarding this question.
Even

though

the present data demon-

strate that the gene flow of

European

rac-

significant in Central American
samples (Costa Rica and Honduras) than
in populations from Northern and Central
Brazil, they do not permit us as yet to select with precision which of the 2 possible
phenomena may be occurring in this rees

is

more

gion:
&mdash;

The

populations of Africanized bees

Central America are
different from the Africanized swarms that
appeared after the process of Africanization started from São Paulo State in 1957,
due to a progressive hybridization during
their migration;

currently colonizing

The migratory populations of Africanized bees currently colonizing Central
America may have large percentages of
African admixture, with levels almost equal
to those of the original African bees, and
the higher degree of racial admixture in&mdash;

volving European races observed here is a
transitory phenomenon caused by an incipient period of population growth. When
growth reaches saturation the percentages

lie : 15 colonies et Apis mellifera carnica
d’Allemagne fédérale : 36 colonies).
L’électrophorèse a été réalisée sur des
homogénats bruts et individuels d’ou-

of admixture now observed will be substantially modified. Thus, the Africanization
process currently under way in Central
America may be very similar to that which
took place in the State of São Paulo and in
Southeastern Brazil 30 years ago.
As there is ample information available
on the biology of the honey bee and history of its introduction, it should be possible
to improve our understanding of evolutionary processes underlying the genetic
structure of Africanized bee populations.
New information concerning other genetic
markers and populations could be used to
test the assumptions presented here.

tris-EDTA-maléate-magnésium (pH 7,4) et
tris-citrate (pH 8,0). La préparation du gel
et de l’échantillon et les conditions expéri-
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vrières adultes. Huit ouvrières ont été analysées par colonie. Neuf systèmes enzymatiques ont été testés par électrophorèse
sur gel d’amidon : estérase (Est), phosphoglucomutase (PGM), hexokinase (HK), superoxide dismutase (SOD), malate déshydrogénase (MDH), enzyme malique (ME),
aconitase (ACON), a-glycérophosphate
déshydrogénase (&alpha;-GDPH) et leucine aminopeptidase (LAP), mais tous n’ont pas été
analysés dans toutes les populations.
Deux systèmes tampons ont été utilisés :

Cinq loci ont présenté un polymorphisme (Est-1, Est-3, PGM-1, HK-1 et
MDH-1) chez les populations d’abeilles
africanisées du Brésil et d’Amérique centrale. On n’a pas observé de variabilité génétique pour Est-1 et HK-1 dans les
échantillons d’abeilles italiennes et carnoliennes, ni pour PGM-1 dans les échantillons d’italiennes. L’observation la plus importante de cette étude en ce qui concerne
l’abeille africanisée est que les allèles de
MDH et d’HK les

Résumé &mdash; Estimation de la différenciation
de
populations
génétique
d’abeilles africanisées du Brésil et
d’Amérique centrale par l’analyse des
isozymes. Les loci de 7 enzymes au
moins ont été étudiés par électrophorèse
sur des échantillons d’abeilles africanisées
provenant de 9 lieux différents du Brésil
(188 colonies) et d’Amérique centrale
(Honduras : 19 colonies, Costa Rica : 29
colonies) et sur des échantillons d’abeilles
européennes (Apis mellifera ligustica d’Ita-

plus fréquents chez les
européennes présentent des fréquences légèrement plus élevées dans les
races

échantillons d’abeilles africanisées d’Amérique centrale et du sud du Brésil que dans
ceux du nord et du sud-est du Brésil. Cette
tendance provoque la séparation de ces 2
groupes de populations en nuages différents lors de l’analyse de similarité génétique et conduit à des estimations plus élevées de mélange des races européennes
en Amérique centrale et dans le sud du
Brésil.

abeille africanisée / variabilité génétique / différenciation génétique / fréquence allélique / isozyme

Zusammenfassung &mdash; Genetische Differenzierung durch Isozymanalyse von afrikanisierten Honigbienen aus Brasilien
und Mittelamerika. Proben von afrikanisierten Honigbienen aus neun verschiedenen Orten in Brasilien (188 Völker) und
aus zwei Ländern Mittelamerikas (Honduras [19 Völker], Costa Rica [29 Völker])
und Proben aus europäischen Bienenvölkern (Apis mellifera ligustica aus Italien [15 Völker] und Apis mellifera carnica
aus Deutschland [36 Völker]) wurden an
mindestens sieben Enzymloci elektrophoretisch untersucht.

Material und Methoden. Die Elektrophowurde an Homogenisaten von einzelnen Arbeitsbienen durchgeführt. Es wurden 8 Arbeiterinnen pro Volk analysiert.
Neun enzymatische Systeme wurden mit
horizontaler Stärkegelelektrophorese ge-

Die wichtigste Erkenntnis unserer gegenwärtigen Analyse der afrikanisierten
Bienenpopulationen von Brasilien und Mittelamerika war, da&szlig; die in europäischen
Bienenrassen am häufigsten vorkommenMDH und HK etwas höhere
in den Proben von Mittelamerika und Südbrasilien als in den Proben
von Nord- und Südostbrasilien haben.
Diese Tendenz verursacht bei einer Analyse der genetischen Ähnlichkeit die Trennung der beiden Populationen in verschiedene Cluster und führt zu höheren
Schätzungen für die Durchmischung mit
europäischen Rassen in Mittelamerika und
Südbrasilien.
den Allele

von

Frequenzen
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rese

Esterase, Phosphoglucomutase,
Hexokinase, Superoxid Dismutase, Malatdehydrogenase, Malic Enzym, Aconitase,
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