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ABSTRACT Frequencies are reported for restriction fragment-length polymorphisms (RFLPs) at
a highly polymorphic nuclear locus in Old and New World honey bee populations. The distribution
of these (RFLPs) alleles (composed of MspI and Ddel variants) had been found previously to be
discontinuous among groups of Old World honey bee subspecies, which included A. mellifera
mellifera L. (west European), A. m. ligustica Spinola, A. m. caucasica Gorbachev (east European),
and A. m. scutellata Lepeletier (African). In this study, ancestry in New World bees was inferred from
allele identities and frequencies at this locus in combination with mitochondrial DNA types. In bees
from the United States, collected before the invasion of African bees, east and west European alleles
were found at frequencies of 83 and 17%, respectively, which is consistent with previously identified
nuclear and mitochondrial DNA markers. Colonies from two neotropical countries, Mexico and
Honduras, had African mitochondrial DNA and high frequencies of African nuclear DNA alleles.
Consistent with previous findings, east European alleles were absent or detected at low frequencies
in these colonies. However, west European alleles were found at frequencies from 26 to 31%. These
results suggest that queen offspring of the African queens first introduced into Brazil mated with west
European drones, incorporating neutral markers that have since remained in the expanding pop-
ulation of feral African bees. The results point to little paternal introgression from managed east
European colonies encountered by the African bees spreading through the neotropics.
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HoNEY BEE, Apis mellifera L., subspecies group into
four major evolutionary lineages: east (and southeast)
European (C), west (and north) European-Saharan
African (M), sub-Saharan-African (A), and near-east-
ern (O). These groups were first established through
morphometrics (Ruttner et al. 1978, Ruttner 1988).
The classification of subspecies into lineages C, M, and
A has been substantiated by allozyme frequencies
(Badino et al. 1982, Cornuet 1986, Sheppard and Huet-
tel 1988), mitochondrial DNA (mtDNA) restriction
sites (Cornuet and Garnery 1991, Smith 1991),
mtDNA sequences (Garnery et al. 1992), nuclear
DNA microsatellites (Estoup et al. 1995), and unique
sequence nuclear DNA restriction fragment-length
polymorphisms (RFLPs) (McMichael and Hall 1996).
Recent molecular evidence placed the west Saharan
subspecies, A. m. intermissa Buttel-Reepen, within the
A lineage rather than the M lineage (Garnery et al.
1992, Franck et al. 1998) and placed A. m. caucasica
Gorbachev within the C lineage (McMichael and Hall
1996).
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The first honey bee introduced to North America
was A. m. mellifera L., from western and northern
Europe, in 1622 (Sheppard 1988, 1989). Apis mellifera
ligustica Spinola, A. m. carnica Pollmann, and A. m.
caucasica from eastern Europe were introduced in the
mid- to late 1800s (Pellet 1938, Oertel 1976, Kent 1988,
Sheppard 1989). East European bees, particularly A.
m. ligustica, became predominantly used for beekeep-
ing due to their docility and productivity. Apis mel-
lifera scutellata Lepeletier from South Africa were
brought to Brazil in the late 1950s. Since then, African
swarms established self-sustaining feral populations
that expanded through most of the neotropics and into
the subtropics of South and North America. In neo-
tropical regions, the resident European bees, largely
confined to managed apiaries, were subject to African
paternal introgression and were replaced conse-
quently by “Africanized” progeny.

DNA markers have been effective in revealing pro-
cesses involved in the expansion of the African bee
population in the New World (Hall 1991, 1992a, 1999).
With mtDNA, the feral neotropical population was
shown to be composed of unbroken African matrilines
spreading as swarms (Hall and Muralidharan 1989,
Smith et al. 1989, Hall and Smith 1991). Nuclear DNA
RFLPs, characteristic of east European bees, were
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virtually absent in feral African colonies, indicating
that there had been limited paternal introgression
from managed European colonies (Hall 1990). How-
ever, frequencies of African alleles at another locus
were lower in feral neotropical populations than in
South African populations (Hall 1992b, Hall 1998),
suggesting greater levels of African-European hybrid-
ization than that observed in the earlier study. Pater-
nal introgression specifically from west European bees
into the feral African population could account for
these different findings. Markers characteristic of each
of these three subspecies groups would allow that
hypothesis to be evaluated and would provide a more
comprehensive view of hybridization in the neotro-
pical populations.

We have described alleles found in Old and New
World honey bees at a highly polymorphic, anony-
mous, nuclear locus, called 178, corresponding to a
randomly cloned fragment of honey bee DNA (Mc-
Michael and Hall 1996). The alleles were composed of
pairwise, coupled (cis), combinations of MspI and
Ddel RFLPs, most of which were identified in indi-
vidual drones (haploid males). In principal coordinate
analyses, the alleles were found to cluster exclusively
into three groups corresponding to three of the four
main honey bee lineages (samples from the lineage O
were not included in the study). In that study, the
distribution of the alleles at locus 178 in New World
populations had been reported: west and east Euro-
pean alleles were found in U.S. bees; west European,
east European, and African alleles were found in neo-
tropical bees. Here, frequency data are reported for
the same 86 alleles, obtained primarily from drone
samples. The allele frequencies reveal a level and
specificity of African and European introgression not
observable in the previous RFLP studies.

Materials and Methods

Honey bee samples used for this study were ob-
tained as larvae or pupae. Previously described pro-
tocols were followed for the collection and preserva-
tion of the brood samples (Hall 1986, 1990). The
samples used previously for the identification of the
RFLP alleles at locus 178 (McMichael and Hall 1996)
were included in determining the allele frequencies.
These samples were workers (diploid females) from
Old World European populations and drones from Old
World African and New World populations. The num-
ber of colonies sampled and the total number of alleles
identified in each population are listed in Table 1.
Samples from Europe were provided by B. Vaissiere
(INRA, Avignon, France) and J.-M. Cornuet (INRA,
Montpellier, France). Samples from South Africa
were collected from four locations in the Transvaal, in
January 1990 by H.G.H., with the assistance of G.
Pretorius (Plant Protection Institute, Pretoria), R.
Crewe (University of Witwatersrand, Johannesburg),
and beekeepers of South Africa. Samples from Hon-
duras, as feral swarms or managed colonies established
from feral swarms, were obtained from 1990 to 1992 by
H.G.H. and A. Suazo (Escuela Agricola Panamericana,
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Zamorano). Samples from Mexico were obtained in
1988 by H.G.H., as feral swarms from Tapachula, Las
Choapas, and San Andrés Tuxla, or as managed colo-
nies established from feral swarms from Tapachula.
The swarms came from bait hives maintained by the
Secretariat of Agriculture and Hydrologic Resources
(SARH). Samples from the United States were from
managed colonies from Florida, collected by H.G.H.;
Kansas, provided by O. Taylor (University of Kansas);
Hawaii (queens from Kona Queen Company); and
Arizona, as a closed breeding population representing
US. bees (Page et al. 1982, Severson et al. 1986),
provided by J. Martin, G. Waller, G. Loper, and E.
Erickson (Carl Hayden Bee Research Center, USDA-
ARS, Tucson).

The procedures used for total DNA isolations and
for nuclear DNA RFLP analyses with clone 178 as a
probe on blots are described in a previous report
(McMichael and Hall 1996). The characterization and
naming of the alleles are also in the earlier report.
MtDNA types (west European, east European, Afri-
can) of the colonies used in this study either had been
determined in previous studies (Hall and Muralidha-
ran 1989, Hall 1990, Hall and Smith 1991) or were
determined more recently for this study by polymer-
ase chain reaction (PCR)-RFLP procedures (Crozier
et al. 1991, Hall and Smith 1991).

Ddel variants were difficult to identify in workers
due to fragment superimposition, precluding the de-
termination of allele frequencies. Only in the Old
World European worker samples could most of the
Mspl and Ddel variants be identified. Because both
alleles of an individual worker could not always be
identified, allele frequencies were estimated as the
fraction of the total number of alleles identified.
Honey bee queens mate with a number of drones from
distant colonies. Thus, the genotype of workers from
a colony represent the local population, although the
maternal genotype, and possibly some paternal geno-
types would be overrepresented.

Because of the larger number of alleles found in the
New World, especially in the African populations, and
the difficulty of identifying Ddel variants in workers,
allele frequencies came from haploid drone brood.
Frequencies were calculated as a fraction of the total
number of alleles detected, as described by Hall
(1992b). Drones are parthenogenetic progeny of the
queen, thus alleles in drones from the same colony
reflect her genotype. At least two drones were ana-
lyzed per colony. When two alleles were found (het-
erozygous queen), each was counted once. When
only one allele was found, the allele was counted once
(if six or more drones per colony had been analyzed,
which was not done in this study, one allele found
would have been counted twice; a >98% probability
that the queen was homozygous). The total number of
alleles expected to be found for frequency counts
would be twice the number of colonies tested, i.e., the
two alleles of all queens.

For the populations A. m. mellifera, United States,
neotropical African (Mexico and Honduras, with Af-
rican mtDNA, pooled), and South Africa (Table 1),
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the allele frequency distributions were evaluated for
selective neutrality with programs provided in the
Arlequin package (Schneider et al. 1997). Slatkin’s
exact test (Slatkin 1994) was used to compare the
observed frequencies with the expected frequencies
under selective neutrality based on Ewens sampling
distribution.

Results

Frequencies of the 86 alleles of locus 178 found in
samples of Old and New World populations are given
in Table 1. The collective frequencies of west Euro-
pean, east European, and African alleles in New World
populations indicate the relative contributions of
these three groups of honey bee subspecies. In U.S.
populations, east and west European alleles were
found at collective frequencies of 83 and 17%, respec-
tively. The frequency of east European alleles was
comparable to that determined with other east Euro-
pean markers in an earlier study, in which the alter-
nate alleles were assumed to represent west European
ancestry (Hall 1990). The U.S. samples came largely
from managed colonies, and these frequencies reflect
the preferred use of east European bees for beekeep-
ing. Managed colonies in southern Mexico, sampled
about 15 mo after the African bee invasion, that had
east European mtDNA, had only east and west Euro-
pean alleles at 63 and 37%, respectively. Thus, these
colonies had not yet reared new queens that would
have mated with African drones. East European
mtDNA and one east European allele at locus 178 were
found in a single swarm from Honduras.

In neotropical colonies with African mtDNA, from
Honduras and Mexico, the alleles at locus 178 were
primarily African (Table 1). Virtually no east Euro-
pean alleles were found. In contrast, west European
alleles were found at substantial levels (26-31%).
Three of the colonies tested were feral swarms from
southern and central Mexico, which, at the time of
collection, were just behind the expanding front of the
African population. All three queens in these colonies
were heterozygous for an African and a west Euro-
pean allele.

For the populations tested, the allele distributions
were found not to deviate significantly from those
predicted under selective neutrality (Slatkin’s exact
test, P = 0.95; A. m. mellifera, P = 0.3879; US., P =
0.4055; New World African, P = 0.8290; South African,
P = 0.8831).

Discussion

The alleles at locus 178 were found to be distributed
discontinuously among the samples tested that be-
longed to three of the four main honey bee lineages:
east European, west European, and African (Mc-
Michael and Hall 1996). The primary conclusions of
the current study come from the collective frequen-
cies of alleles within these groups, because the fre-
quencies of individual alleles were subject to sampling
error. Testing was largely limited to haploid drones to
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identify the complex allelic band patterns. Drones
reared in the same colony reflect the genotype of the
mother queen, and, thus, the number of samples are,
in effect, limited to the number of colonies. Sixty
characters define the alleles: MspI and Ddel sites plus
insertions and deletions, which could generate a very
large number of possible combinations. Many of the
alleles were found only once, and many probably
remain to be found. Nevertheless, the frequencies of
the individual alleles that were found indicate that a
small proportion are the most common and a larger
proportion are rare. These frequency distributions
would be expected for neutral alleles.

As a consequence of the sampling, a minor propor-
tion of the alleles at locus 178 were found in both the
Old and New World. The small overlap is particularly
notable for the African alleles. The ancestry of the
alleles found only in the New World was based on
their clustering with alleles from the Old World (Mc-
Michael and Hall 1996). Evidently, sampling for this
study selected subsets from the Old World different
from subsets that were imported to the New World.
Sampling errors of the New World populations were
probably much lower. Because of genetic bottlenecks
resulting from importations, total numbers of alleles
may be much less. For example, the west European
alleles found in the United States were the same as
those found in Mexico, and most of the African alleles
found in Mexico were also found in Honduras.

The alleles at locus 178 provide a more complete
view of the contributions of honey bee subspecies
groups to New World populations. Nuclear RFLP
markers found previously were specific either for east
European or African bees, but alternate alleles were
common to two subspecies groups, and no alleles were
specific for west European bees (Hall 1990, 1992b).
Thus, a west European contribution to populations
could not be detected and could only be inferred. In
this study, a higher level of European alleles in feral
neotropical African colonies was revealed than that
seen with east European markers alone but that had
been suggested by a later study using African markers
(Hall 1992b). Consistent with the previous reports,
east European alleles at locus 178 were nearly absent.

The composition of the neotropical population re-
sulting from the African bee invasion has been in-
tensely debated (Hall 1992a, Rinderer et al. 1993, Hall
1999). The Africanization of European apiaries pri-
marily by African paternal introgression has not been
questioned, but the extent of European paternal in-
trogression into the feral African population has not
been resolved. Morphometric evidence suggests that
neotropical bees are African-European hybrids (Buco
et al. 1987), but in regions of the neotropics where
African bees have been long established, both man-
aged and feral colonies are more African than Euro-
pean, based on morphology, behavior, and genotype
(Fletcher 1988, Taylor 1988, Lobo et al. 1989, Hall
1990, Lobo and Krieger 1992). Subspecies proportions
determined from allozyme frequencies of malate de-
hydrogenase (MDH) pointed specifically to a west
European ancestry ranging from 16% in Central Amer-
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ica to 26% in bees from southern Brazil (Lobo et al.
1989, Lobo and Krieger 1992). These percentages
must be interpreted in light of allele-sharing between
European and African bees and unknown ancestral
gene frequencies (Sheppard 1988, Lobo et al. 1989,
Lobo and Krieger 1992). Nevertheless, these results
with allozymes are consistent with our DNA findings
for locus 178, indicating a substantial west European
contribution to the neotropical African population.

The presence of west, but not east, European mark-
ersin the feral African population may be the result of
larger population sizes of west relative to east Euro-
pean bees in the area where African bees were re-
leased or in other areas of the neotropics into which
African bees spread (Sheppard et al. 1991). Italian and
German farmers brought A. m. ligustica and A. m.
mellifera, respectively, to their settlements in south
and southeastern Brazil (Gongalves 1974, Lobo et
al.1989, Gongalves et al. 1991) and Argentina (Kerr et
al. 1982). Apis mellifera caucasica and A. m. carnica
were also introduced (Ruttner 1986, Kent 1988). In
contrast to the United States, the contribution of A. m.
ligustica in the neotropics was minor despite consid-
erable importation (Kent 1988), although this subspe-
cies was found concentrated in certain areas: Argen-
tina (Kerr et al.1982, Sheppard et al. 1991), Costa Rica
(Kent 1988, Spivak 1991), and Mexico, particularly the
Yucatan (Kent 1988, Rinderer et al. 1991). There is
little indication that significant introductions of east
European bees were made or were successful in cen-
tral and northeastern Brazil (Lobo et al. 1989), the
Guianas, Suriname (Taylor 1977), or Panama (Roubik
1982, Boreham and Roubik 1987). New World African
bees may have descended primarily from daughter
queens of the introduced queens distributed in large
numbers to beekeepers (Rinderer et al. 1993). If so,
considerable hybridization might have occurred with
the resident European bees, which at that time in that
area of Brazil were predominantly the west European
A. m. mellifera (Kent 1988, Lobo et al. 1989, Lobo and
Krieger 1992).

After African bees enter an area, European bees and
their hybrids seem to disappear over time. Selection in
tropical environments is probably largely responsible,
although other hybrid deficiencies, for example lower
metabolic capacities (Harrison and Hall 1993), might
also reduce their survival. Despite the predominance
of west European bees in most of the neotropics and
the concentration of east European bees in other areas
before the African bee invasion, virtually no European
mtDNA, west or east, is found in the feral African
population (Hall and Muralidharan 1989, Smith et al.
1989, Hall and Smith 1991). Thus, even after repeated
backcrossing with African drones, strongly “African-
ized” European matrilines do not become adapted to
the tropics and do not survive in the feral population.
A low level of east European nuclear DNA markers
was found in feral African colonies as they first en-
countered European populations along the expanding
front, but apparently such hybrids did not persist in
more established African populations. After initial hy-
bridization of the introduced African bees with A.m.
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mellifera in Brazil, subsequent selection could have
eliminated most European genes but may have left
genes or markers that were neutral, perhaps such as
the 178 west European alleles, which remained in the
genetic pool at a relatively constant frequency.
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