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ABSTRACT Within an anonymous region of honey bee DNA (locus 227) digested with Alul,
informative restriction fragment-length polymorphisms (RFLP) were found in Southern blots with
a cloned honey bee DNA probe. The probe was subcloned, so that smaller sections of the locus could
be analyzed with the polymerase chain reaction (PCR). Further screening of these amplified sections
revealed additional useful RFLPs with Hinfl. The informative Alul and HinfIl polymorphic sites were
mapped to a narrow section of the original probe. A total of 14 sub-alleles was found in this region
of which five were found only or predominantly in our African samples (Apis mellifera scutellata
Lepeletier), three were found only or predominantly in our east European samples (A. m. ligustica
Spinola’ A. m. carnica Pollman, and A. m. caucasica Gorbachev), one was found predominantly in our
west European samples (A. m. mellifera L. and A. m. iberica Goetze). Significant associations were
found between the Alul and HinfI sub-alleles, reinforcing their subspecies group specificity.

KEY WORDS African and European honey bees, restriction fragment-length polymorphisms, poly-

merase chain reaction, allele frequencies

RESTRICTION FRAGMENT-LENGTH polymorphisms (RFLP)
have been found in honey bee mitochondrial DNA
(mtDNA) and nuclear DNA (nDNA) that distinguish
African and European groups of subspecies (Hall
1986, 1990, 1992a, 1992b; Smith and Brown 1988;
McMichael and Hall 1996). These markers have been
valuable in identifying African bee swarms inter-
cepted at Florida deep-sea ports (Hall 1992¢) and in
revealing processes involved in African bee spread in
the New World (Hall and Muralidharan 1989, Smith et
al. 1989; Hall 1990; reviewed in Hall 1991, 1992a, 1999).

The nDNA RFLPs were first detected in Southern
blots with cloned, radiolabeled probes. The technical
complexity of this method (Southern 1975, Hall 1995)
makes it difficult to analyze the numbers of samples
involved in population studies. Methods based on the
PCR (Saiki et al. 1988) have been used to facilitate
testing for both mtDNA and nDNA markers. We and
other investigators have developed ways to identify
effectively honey bee mtDNA types from RFLPs in
PCR-amplified regions (Crozier et al. 1991, Hall and
Smith 1991, Garnery et al. 1993, Nielsen et al. 2000).
Within nuclear DNA, we have identified random am-
plified polymorphic DNA (RAPD) (Williams et al.
1990) and amplified fragment-length polymorphisms
(AFLPs) (Vos et al. 1995) that appear to be specific to
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either African or European bees (Suazo et al. 1998,
Suazo and Hall 1999). Other investigators have used
microsatellites to establish phylogenetic relationships
among honey bee subspecies (Estoup et al. 1995). As
with mtDNA, we are amplifying valuable nDNA re-
gions to make RFLPs, first detected in Southern blots,
easier to analyze (Hall 1998). As discussed below, the
different PCR-based methods have advantages and
disadvantages to be considered, depending on the
application (Sunnucks 2000). PCR-RFLP analysis
serves our purpose as a reliable, consistent, and tech-
nically easy way to distinguish African and European
honey bees.

Previously, we reported on one nDNA polymorphic
locus in which African-specific RFLP alleles were first
detected with Southern blots and of which smaller
sections were subsequently amplified with the PCR
(Hall 1998). We have found other useful loci with
alleles of different specificity. As described in this
report, subregions of a honey bee nDNA locus, 227,
were amplified. From within these subregions, RFLP
patterns generated with Alul and Hinfl, referred to as
sub-alleles, were found to be characteristic of differ-
ent groups of honey bee subspecies. The informative
sites for these enzymes were mapped. Frequency data
were obtained for these sub-alleles in Old and New
World African and European samples. The PCR-
RFLPs at this locus increase the number and broaden
the specificity of available DNA markers to identify
African and European bees and to follow introgression
between the two.
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Table 1.

Honey bee samples

No. of
bees

No. of

. Reference
colonies

Subspecies/ Population Country Location

South Africa Johannesburg 3 6 McMichael and Hall 1996
Pretoria 21 42
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Former Yugoslavia
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Rep. Of Georgia
US.A.

A. m. caucasica
New World European 105D

48 Severson et al. 1986, Page
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et al. 1982

“Bees maintained in research apiaries.

? Colonies maintained in an experimental apiary in Ile d’Yeu, France.
¢ Five drones per colony were used to determine the queen genotype from which the sub-allele frequencies were calculated.

Materials and Methods

Honey Bee Samples and DNA Isolation. Honey bee
samples were obtained either as larvae, pupae, or
adults of drones (haploid males) and workers (diploid
females). The origins and numbers of colonies are
listed in Table 1. Samples from Europe were grouped
as either west European (A. m. mellifera and A. m.
iberica) or east European (A. m. ligustica, A .m. carnica,
and A. m. caucasica) as suggested by mitochondrial
and nuclear DNA markers (Garnery et al. 1992, Arias
and Sheppard 1996, McMichael and Hall 1996, Smith
et al. 1997, Franck et al. 2000). Samples from Tucson,
AZ, were from a closed breeding population repre-
senting bee stocks from across the United States (Page
etal. 1982, Severson et al. 1986). South African samples
were A. m. scutellata. One to three individuals per
colony were tested. DNA was isolated from drone
pupae and isolated thoracic muscles of adult workers
as described in Hall (1986, 1990) and with anionic
columns as suggested by the manufacturer (Qiagen,
Palo Alto, CA). For Southern blot analysis, drone
samples were used, primarily because of their simple
haploid pattern of restriction fragments.

Probe Description and Screening for Polymor-
phisms. Probe 227 (P227) is a 9.2 kilobase pair (kb)
fragment of anonymous, single copy, honey bee DNA
inserted into the PstI site of plasmid pBR322. The
methods used to construct the library, from which
P227 was selected, and the Southern blot procedures
used to initially seek RFLPs are described by Hall
(1986, 1995).

Subcloning. For analysis by the PCR, P227 was sub-
cloned. Restriction sites of enzymes contained within

the polycloning site of vector pGEM3Z (Promega,
Madison, WI) were mapped in P227 using standard
double digests (Sambrook et al. 1989). Three enzymes
were selected, Xhol, Sphl, and HindIII, that divided the
probe into four suitably sized sections amplifiable by
standard PCR (Fig. 1): section 1 (S1), from the ter-
minal PstI site (position 0) to the Xhol site (position
2500) (2.5kb), section 2 (S2) from the Xhol site to the
Sphl site (position 3900) (1.4 kb), section 3 (S3) from
the Sphl site to the HindIII site (position 7100) (3.2
kb), and section 4 (S4) from the HindIII site to the
second terminal PstI site (position 9200) (2.1 kb). The
vector and fragments of P227, digested with the ap-
propriate pairs of enzymes, were separated by agarose
gel electrophoresis, excised from the gel, electro-
eluted from the agarose (in dialysis bags, in concen-
trated Tris borate buffer; Sambrook et al. 1989), pu-
rified on anionic resin columns (Qiagen), precipitated
and washed with ethanol, and dissolved in water. The
digested and purified vector and the P227 fragments
were ligated by standard procedures and used to trans-
form competent DH5«a cells (Life Technologies,
Gibco BRL, Gaithersburg, MD). White colonies (with
inserts) grown on medium with X-gal were selected.
Insert sizes were verified by electrophoresis after re-
striction of the isolated plasmids. Subclones corre-
sponding to each section were used separately as ra-
dioactive probes with the original blots to find the
sections that contained the informative polymorphic
sites. Subclones revealing informative polymorphisms
were sequenced ~500 bases from their terminal ends
(University of Florida, Interdisciplinary Center for
Biotechnology Research, ICBR). From these terminal
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Restriction enzyme cleavage site map for locus 227 and the amplifiable polymorphic sections. (I) General map

of locus 227 with the enzyme sites used to subclone the different sections. (II) Position of Alul and HinfI sites in the
polymorphic section 3 extended (P227-S3xt). (IIT) P227-S3ter used to distinguish sub-alleles Alul-B and Alul-J. Locus 227
was divided into four sections, S1 to S4, defined by the restriction sites Xhol, Sphl, and HindIIL Squares and circles correspond
to Alul and HinfI sites, respectively. Open and closed symbols represent monomorphic and polymorphic sites, respectively.
Letters in parentheses are the sub-alleles that have indicated Alul and HinfI sites. Position of restriction sites, in base pairs,
are indicated to the right (Alul) or left (HinfI) side of the map. Primers used to amplify each region are indicated in brackets
above and below each diagram. A single individual star indicates the polymorphic HinfI site at position 6300, resulting in allele
HinfI-G that is west European-predominant (A. m. melliferaand A. m. iberica). P227-S3ter (far right) includes the polymorphic
site that distinguishes sub-alleles Alul-B (common) and Alul-] (African).
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Fig. 2. Restriction digest profiles of P227-S3xt (I), and
P227-S3ter (II) with Alul. AF = African sub-alleles, CO =
common sub-alleles and EU = European sub-alleles. Alleles
in the upper panel are the same as the lower panel. M50,
M100, and M250 are molecular size standard, 50, 100, and 250
bp ladders, respectively (Life Technologies). Fragment sizes,
in base pairs, are shown to the right. DNA samples amplified
were all from drones. See text for explanation of the fragment
patterns. Sub-alleles Alul-B and Alul-J are difficult to distin-
guish in RFLP patterns of P227-S3xt (I) but are clearly
distinguishable in Alul digests of P227-S3ter (II).

sequences, primer sequences were selected using the
computer software package OLIGO 5.0 (National Bio-
science, Plymouth, MN).

Amplification and RFLP Analysis of PCR Products.
Almost the entire S3 of P227 with the adjacent end of
S4 was amplified as one segment, referred to as section
3 extended (P227-S3xt). Primers used were [1] 5'-
AGAAGGAAAGAAGAAACGGATGAAC-3'  within
S3 (position 4030) near the Sphl site and [2] 5'-CG-
GAGGAGTGGTAATAATGGAAGC-3'  within S4
(position 7496) near the HindIII site (Fig. 1). Ampli-
fications were performed in 25 ul of 50 mM Tris-HCI
pH 9.2, 16 mM (NH,),SO,, and 1.8 mM MgCl,, con-
taining 200 uM of each dAN'TPs, 250 nM of each primer,
with 1.12 U of Taqg DNA polymerase and 0.12 U of Pwol
DNA polymerase (taken from a stock mixture con-
taining nine units of Tag DNA polymerase and one
unit of Pwol DNA polymerase; Boheringer Mannheim,
Indianapolis, IN). Fifty to 250 ng of genomic DNA
were used per reaction (the highest amount of DNA
was used when DNA was extracted from thoracic
muscles of adult honey bees). Amplifications were
performed in a PTC-100 or PTC-200 thermocycler
(M] Research, Watertown, MA), and the following
profile was used: 95°C for 2 min followed by 33 cycles
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each at 94°C for 45 s, 57°C for 45 s, and 68°C for 4 min
with a final extension at 68°C for 10 min. A second
section near the Sphl terminus of S3 (position 4030 -
4300), referred to as P227 section 3 terminal (P227-
S3ter), was amplified using primer [1] from P227-S3xt
and primer [3] 5-CACTTTTTCAAAAGAGCGTG-
CAAAG-3' (position 4300) (Fig. 1). The solution for
amplifying P227-S3ter was as for P227-S3xt, except
that 1.0 mM MgCl, and one unit of Tag DNA poly-
merase were used (Life Technologies GIBCO BRL).
The amplification profile for P227-S3ter was as follows:
95°C for 2 min followed by 35 cycles of 94°C for 45 s,
60°C for 45 s, and 72°C for 30 s with a final extension
of 5 min at 72°C. Following the protocols in Hall 1998,
P227-S3xt was screened for 22 restriction endonucle-
ases, some of which had been used in the initial screen-
ing with southern blots: Haelll, Hinfl, Mspl, Dral,
Avall, BamHI, EcoRI, Ddel, AfII1, Bgll, Nrul, Stul, Bcll,
Nhel, BstXI, EcoRV, Spel, Hpal, Nsil, BglIl, Ncol, and
Styl. Promising polymorphisms found between nine
African and nine European unrelated drones were
tested in a larger sample size consisting of 48 unrelated
African and European drones. The restriction en-
zymes Alul and Hinfl were found to generate infor-
mative polymorphisms.

The Alul and Hinfl restriction sites for the different
sub-alleles were mapped using the procedure de-
scribed by Her and Weinshilboum (1995). Primers
were radioactively end labeled with ¥**P and used as
probes in Southern blots containing partially digested
DNA from PCR products of samples corresponding to
each sub-allele. Autoradiography of these blots re-
vealed the position of the restriction sites with respect
to the primer used as probe.

Sub-Allele Counts and Data Analysis. The different
sub-allelic fragment patterns generated by Alul and
HinfI were identified in haploid drones and were de-
ciphered in diploid workers. Each pattern identified
from the amplified sections from the original P227 is
considered a sub-allele. Sub-alleles were named using
the enzyme name followed by a letter; for example,
Alul-A. Drones were used to determine the queen
genotypes according to Hall (1998), from which sub-
allele frequencies were obtained. The haplotype of
each drone was assigned a combination of two letters
corresponding to the sub-alleles produced by Alul and
Hinfl. These combinations are referred to as compos-
ite sub-alleles. Composite sub-alleles in drone samples
were used to determine the queen’s genotype from
which composite sub-allele frequencies were ob-
tained, and to generate a contingency table in which
sub-allele frequency associations for Alul and Hinfl
was determined. Sub-allele association was evaluated
for independence using a Fisher exact test with a
contingency table (under the null hypothesis of no
association) based on the metropolis algorithm from
the computer software package RxC (M. Miller,
University of Arizona: http://www.public.asu.edu/
~mmille8/rxc.htm). Frequency data from workers
were obtained from direct counts of Alul and Hinfl
sub-alleles. Observed and expected heterozygosities

(H,ps and H,,,) were calculated as described in Nei
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Relative frequencies of Alul sub-alleles of locus 227 in African and European populations

African United West European East European
Sub-allele South Africa S?;Izs France Spain Ttaly Austria Rep of Georgia
(A. m. scutellata) (A. m. mellifera) (A. m. iberica) (A. m. ligustica) (A. m. carnica) (A. m. caucasica)
(N) 108 60 10 13 42 24 19
A? 0.1600 0.0500
Al 0.3090 0.0250 0.3000 0.6923 0.1667
B 0.0570 0.0583 0.0417 0.0789
b
Db
E 0.1000 0.9211
F 0.0410 0.0667
r 0.0260 0.7417 0.6500 0.3077 1.0000 0.7917
J 0.4070 0.0083
C (A)) 0.5670 0.0083 0.0500
Cgg (LE) 0.0260 0.8417 0.6500 0.3077 1.0000 0.7917 0.9211
H,ps 0.4567 0.3000 0.3000 0.4615 0.0000 0.1667 0.1579
exp 0.7080 0.4314 0.4850 0.4260 0.0000 0.3438 0.1454
H,,; and H,,,: Observed and expected heterozygosities. N, number of workers tested. C,y and Cgg: Collective sub-allele frequencies in

African and east European honey bees, respectively.
“Sub-alleles predominantly found in A. m. scutellata samples.

b Sub-alleles not detected in workers and found only in two drone samples.

¢ Sub-alleles predominantly found in east European bees.

(1978, 1987), with the computer software package
GENETIX version 4.02 (Belkhir et al. 2001).

Recombination and Sub-Allele Identity Changes.
Recombination between polymorphic sites was eval-
uated for all pairwise sub-allele combinations by over-
laying the restriction site profile of two sub-alleles.
Restriction site profiles of sub-alleles generated from
recombination between every polymorphic site were
compared with the paired profiles for changes in sub-
allele identity or formation of new sub-alleles. For five
paired inter-site regions for each enzyme, Alul and
Hinfl, 36 and 10 possible sub-allele combinations, re-
spectively, were evaluated.

Results

Initial screening (as in Hall 1986) using P227 as a
probe in Southern blots revealed informative poly-
morphisms with Alul. Nine alleles were found of
which six were found only in our African samples and
three were found only in our European samples. P227
was divided in four amplifiable sections defined by the
positions of the Xhol, Sphl, and HindIII restriction
sites: section 1 (S1) from position 0-2500; section 2
(S2) from position 2500-3900; section 3 (S3) from
position 3900-7100; and section 4 (S4) from position
7100-9200. All polymorphic bands resulting from Alul
digests were detected when both section 3 (S3) and
section 4 (S4) subclones of P227 were used as probes.
S4 detected only one polymorphic Alul site located at
the terminal end adjacent to S3 (determined from the
sequence). RFLP analysis of the amplifiable P227-S3xt
also revealed polymorphisms with HinfI.

Alul Polymorphisms. Alul digestions of P227-S3xt
region revealed nine sub-alleles (Fig. 2). Sub-alleles A,
C, D, and ] were found at a collective frequency of
56.7% in the South African A. m. scutellata samples
(Table 2). Sub-allele A was found in the A. m. scutellata
and the west European A. m. mellifera samples at

frequencies of 16.0 and 5.0%, respectively. Sub-allele
J was found at a 40.7% frequency in the African sam-
ples. Sub-allele J was absent from both east and west
European samples but present at a very low frequency
(0.8%) in the U.S. samples. Sub-alleles C and D were
found only in two African drones and were absent in
all our worker samples. Two sub-alleles, I and E, were
predominantly European. Sub-allele I was found at
frequencies of 100.0 and 79.1% in the east European
samples of A. m. ligustica and A. m. carnica, respec-
tively, and 65.0 and 30.7% in the west European sam-
ples of A. m. mellifera and A. m. iberica, respectively.
Sub-allele T was absent from our samples of A. m.
caucasica but found at a low frequency (2.6%) in the
A. m. scutellata samples. Sub-allele E was found in our
A. m. caucasica samples at a frequency of 92.1% and
was absent in all the African and other European
samples. Sub-alleles I and E were found at a collective
frequency of 84.2% in the U.S. samples. Sub-alleles B
and Al were common to African and European sam-
ples. Sub-allele F was found in South African and U.S.
samples.

The African sub-alleles A and C share a 1430 bp
fragment (Fig. 2). Sub-allele A is distinguished from
sub-allele C by having a 924 bp and a 480 bp fragment
rather than a 1404 bp fragment. African sub-allele D
has a unique 2834 fragment. African sub-allele Jshares
a 2354 bp and a 220 bp fragment with the common
sub-allele F. Loss of an Alul site between these frag-
ments (position 4250) results in a 2574 bp fragment in
the east European (A. m. caucasica) sub-allele E and
common sub-allele B, which migrates close to the 2354
bp fragment. Sub-allele [ is distinguished from sub-
allele F, and more clearly from sub-allele E, by having
a215bp (which co-migrates with the 220 bp fragment)
and a 125 bp fragment rather than a 340 bp fragment.
However, African sub-allele J and common sub-allele
B are difficult to distinguish because of the close mi-
gration of the 2354 bp and 2574 bp fragments and the
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Table 3. Relative frequencies of Hinfl sub-alleles of locus 227 in African and European populations
African United West European East European
- nite:
Sub-Allele South Africa States France Spain Ttaly Austria Rep of Georgia
(A. m. scutellata) (A. m. mellifera) ~ (A. m. iberica)  (A. m. ligustica) ~ (A. m. carnica) ~ (A. m. caucasica)
(N) 108 60 12 14 41 24 19
e
D 1.0000 0.2583 0.4390 0.1458 1.0000
P 0.4167 0.5610 0.6667
G 0.2083 1.0000 1.0000 0.1875
H 0.1167
Cp (F) 0.4167 05610 0.6667
Cur(G) 0.2083 1.0000 1.0000 0.1875
Hp,s 0.0000 0.5000 0.0000 0.0000 0.8780 0.4167 0.0000
0.0000 0.7026 0.0000 0.0000 0.4926 0.4991 0.0000

exp

H,,s and H,,,: Observed and expected heterozygosities. N, number of workers tested. Cgg and Cyg: Collective sub-allele frequencies in

east and west European honey bee, respectively.

“ Sub-alleles not detected in workers and found only in two drone samples.

" Sub-alleles predominantly found in east European bees.
¢ Sub-alleles predominantly found in west European bees.

220 bp and 215 bp fragments. Sub-alleles B and J can
be distinguished by amplifying and digesting a shorter
section (P227-S3ter), which contains the polymorphic
Alul site at position 4250. The presence of a 270 bp
fragment (uncut) identifies the B sub-allele, whereas
its absence identifies the J sub-allele. The European
sub-allele I has a unique 1650 bp fragment.

Genotypes that cannot be distinguished include:
A/A from A/C, A1/Al from A1/C, and A/I from C/L
The inability to distinguish these genotypes can cause
some inaccuracy in the frequencies determined for
both sub-alleles A and Al. Sub-allele C was found at
such low frequencies (found only in one drone among
our samples, corresponding to a frequency of 0.3%)
that it would not result in many uncertain genotypes.

Hinfl Polymorphisms. Five sub-alleles were re-
vealed with Hinfl, of which two, F and G, were found
only in our European samples. Sub-allele F was found
only in east European samples at frequencies of 56.1%
in A. m. ligustica and 66.7% in A. m. carnica (Table 3).
Sub-allele G was fixed in the west European samples,
a 100.0% frequency in both A. m. mellifera and A. m.
iberica, and was found at an 18.8% frequency in the
A. m. carnica samples. Sub-allele H was found only in
the U.S. samples at an 11.7% frequency. Sub-alleles
F, G and H were found at a collective frequency of
74.2% in the U.S. samples. One sub-allele (C) was
found only in our South African A. m. scutellata sam-
ples at a frequency of <1.0%. Sub-allele D was com-
mon to African and European samples.

Sub-alleles C, F, G, and H each have unique frag-
ments of 400, 380, 250 and 225, and 470 bp, respectively
(Fig. 3). Indistinguishable genotypes include C/C
from C/D and G/G from G/D.

A strong association between Alul and Hinfl sub-
alleles was found (P < 0.0001 = 0.000 Fisher exact test)
(Table 4). Although the Alul and Hinfl sites are
present along the same stretch of DNA, which is the
same locus, the sites are at independent positions and
may have formed at different evolutionary stages.
Some strong associations are to be expected but not
necessarily. Where strong associations are found, they

mutually reinforce their discriminating power and,
hence, the value of these markers for diagnostic pur-
poses. For example, Alul-I, a predominantly east Eu-
ropean sub-allele, was generally found associated with
HinfI-F, a sub-allele that may be specific to east Eu-
ropean bees. African Alul sub-alleles were found as-
sociated with the single African or single common
Hinfl sub-alleles.

Alul and HinfI sub-alleles together, along with the
other undetected polymorphisms, define the actual
alleles or haplotypes. However, if the patterns from
the two enzymes were not dealt with separately, the
composite patterns would often be too complex to
decipher, particularly in diploid, heterozygous, work-

AF EU COo 8
H

D bp

— 40

380

—250
— 225

Fig. 3. Restriction digestion profile for P227-S3xt with
Hinfl. AF, CO, EU, and M100 are as in Fig. 2. See text for
explanation of the fragment patterns.
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Table 4. Composite sub-allele frequencies for Alul (first letter)
and Hinfl (second letter) sub-alleles obtained from drone samples

Population

United States

Composite sub-allele
South Africa

N 20 30
AlI-D 15 (0.385)
A“D 5 (0.128)
B-D 5 (0.128)
C-D 1 (0.026)
DD 1 (0.026)
Je-ct 2 (0.051)
Je-D 9 (0.231)
B-H 7 (0.119)
E'-D 8 (0.136)
E-D 2 (0.034)
F-H 5 (0.085)
I-F 28 (0.475)
r-Ge 7 (0.119)
"-D 1 (0.026) 2 (0.034)
Total 39 59

n, number of colonies used. Drones were used to determine the
queen’s genotype from which composite sub-allele frequencies were
obtained.

“ African-specific or predominant sub-alleles.

b East European-specific or predominant sub-allele.

“West European-specific or predominant sub-allele.

ers. Thus, the most feasible approach is first to collect
and interpret the information from each enzyme and
later to combine the data found in single individuals to
identify composite alleles or sub-alleles. Fourteen
composite sub-alleles were found in the African and
the U.S. populations, of which five were African-spe-
cific and four were European-specific (Table 4). A
composite sub-allele was African or European-specific
if one of its sub-alleles was African or European-spe-
cific.

Observed heterozygosity values for the sub-alleles
found with Alul were higher in South African and west
European bees compared with east European bees
(Tables 2 and 3). Compared with the Alul sub-alleles,
heterozygosity values found with Hinfl sub-alleles
were higher in east European bees compared with
South African and west European bees.

Recombination and Sub-Allele Identity Changes.
Sub-allele identity changes as a consequence of pos-
sible recombination between the polymorphic sites of
every possible pairwise combination of sub-alleles
were determined. Such events would be rare because
of the close linkage between the sites, especially be-
tween the Hinfl sites. The five polymorphic Alul sites
could result in 32 sub-alleles, nine of which have been
found. A total of 144 differently paired inter-site re-
gions could exist among the nine sub-alleles. Recom-
bination within 27 of these paired regions would result
in sub-allele identity changes. Recombination within
only seven regions would create African or European
sub-alleles: recombination between sites 4250 and
5680 of African sub-allele A and common sub-allele B
would form European sub-allele I, between any of the
sites (3 regions) of European sub-allele I and common
sub-allele F would form African sub-alleles Jor A, and
between any of the sites of common sub-alleles B and
F would form African sub-allele J and European sub-
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allele E. Recombinations between other sub-alleles
would result in the change in identity of an African
sub-allele to another African sub-allele or in the loss
of a European or African sub-allele and the creation of
a common or new sub-allele. The five polymorphic
HinfI sites could result in 32 sub-alleles, five of which
have been found. A total of 40 differently paired inter-
site regions could exist among the five sub-alleles.
Recombination within 19 of these paired regions
would result in sub-allele identity changes. Recombi-
nation within 12 of these regions would result in the
loss of a European sub-allele and the creation of a
common or new sub-allele.

Discussion

Differences in DNA, detected with a number of
methods, serve as valuable genetic markers. The meth-
ods differ in their level of technical difficulty and the
quality and complexity of genetic data obtained (Sun-
nucks 2000). Multilocus methods, such as RAPD and
AFLP, are technically convenient and reveal large
numbers of markers. Generally, the data obtained by
these methods are not of the highest quality. Most
RAPD and AFLP markers are dominant, that is, ho-
mozygous and heterozygous individuals cannot be dis-
tinguished. RAPD and AFLP analyses do not target
specific sequences in the genome. Thus, bands can be
generated from contaminating DNA of microorgan-
isms or other sources (Ayliffe et al. 1994, Rabouam et
al. 1999). RAPD has been criticized for artifacts often
generated, as well as low reproducibility and reliabil-
ity, thereby making comparisons among laboratories
difficult (Pérez et al. 1998). The bases for the poly-
morphisms detected in RAPD are not well under-
stood.

Single-locus methods, involving RFLPs and micro-
satellites, can be technically difficult but produce data
of high quality. Alleles are codominant, that is, both
can be identified in heterozygous diploid organisms.
Thus, these markers are useful for following introgres-
sion and for conducting parental analyses. Specific
regions of DNA are targeted, and amplified DNA is less
likely to be from contaminants. The bases for the
different RFLP and microsatellite patterns are well
understood. Microsatellite patterns are easy to inter-
pret. RFLP patterns can be simple or very complex,
sometimes making data interpretation difficult.

Both the technical implementation and data inter-
pretation of RFLP analyses have been greatly simpli-
fied with the PCR. Informative DNA regions, digested
with the restriction enzymes, are not visualized with
probes but, rather, are amplified. The regions of the
genome are generally shorter than those detected
with probes, and banding patterns are less complex.
Different allelic forms can be amplified, thereby fa-
cilitating the mapping of restriction sites. Conse-
quently, more narrow informative regions can be se-
lected and amplified, thereby further simplifying band
patterns. Large numbers of samples can be tested for
PCR-RFLP markers. The quality of the data remains
high, except that heteroduplex artifacts can be gen-
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erated from heterozygous individuals (Anglani et al.
1990), as can occur with RAPD analyses (Novy and
Vorsa 1996). Also, some allelic forms can be prefer-
entially amplified (Hare et al. 1996).

With Southern blots, we found a number of loci
carrying useful RFLPs that distinguish African and
European bees. To make these markers more readily
available and easier to use, we have selected se-
quences from the original probes to amplify the re-
gions with the PCR. One region, 227, has alleles re-
vealed with the restriction endonucleases Alul and
HinfT; alleles specific to or predominant in either Af-
rican or European groups of honey bee subspecies.
Digests with the two enzymes must be done sepa-
rately, as patterns from double digests are too com-
plex. Even with single enzymes, some complex pat-
terns are generated. The allelic bands can be difficult
to identify in diploid workers but are much easier to
identify in haploid drones. The combinations of sub-
allelic patterns, from separate Alul and HinflI digests of
individual drones, identify the composite sub-alleles.
From analysis of several drones from the bee colonies,
the genotypes of the mother queens, from which the
drones are parthenogenetically derived, are deter-
mined. Queen genotypes are used to determine the
frequencies of composite sub-alleles. After the allelic
patterns are initially identified in drones, the patterns
can be more-easily recognized in workers from which
frequencies can be obtained.

Sub-alleles of 227 generated by Alul and HinfT dis-
tinguish bees in the African (A. m. scutellata), west
European (A. m. mellifera and A. m. iberica), and east
European (A. m. ligustica, A. m. carnica and A. m.
caucasica) groups of subspecies, making this a partic-
ularly valuable locus for identification. Frequency
data of these sub-alleles in U.S. bees reflect the con-
tributions of different subspecies introduced by
European settlers to North America (Pellet 1938,
Nelson 1967, Oertel 1976) and is consistent with
those found for alleles at other polymorphic loci (Hall
1990, McMichael and Hall 1996). Most of the 227
sub-alleles in the United States are east European,
which reflects the preference of the Italian honey bee
A. m. ligustica among beekeepers. West European
bees were introduced into North America long before
east European bees. Because of their defensive be-
havior, they became less popular among beekeepers
(Pellet 1938, Oertel 1976). The A. m. caucasica sub-
allele Alul-E, present at a low frequency in the U.S.
samples, reveals a genetic contribution of this subspe-
cies also.

The distribution of alleles in honey bee populations,
as a result of natural events, is further complicated by
frequent human transport of bees, adding to the dif-
ficulty of assigning subspecies specificity to the alleles.
In the Old World, introduction of Italian queens from
Ttaly to France brings A. m. ligustica into areas where
A. m. mellifera evolved (Garnery et al. 1998a, 1998b).
The composition of the Iberian bee population is al-
ready the result of a similar, but much earlier, natural
migration and introgresssion of north African bees
(Smith et al. 1991, Franck et al. 1998). European bees
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have been brought to South Africa (Fletcher 1973,
1978). In the New World, the honey bee populations
came primarily from a few European and one African
subspecies. However, there were other minor intro-
ductions. For example, A. m. lamarckii Cockerell from
Egypt, and perhaps some near-eastern subspecies,
were introduced into the United States in the early
18th century (Pellet 1938, Oertel 1976). Poor adapt-
ability of European bees to tropical environments and
of African bees to temperate environments probably
prevented the establishment of these subspecies in the
presence of the better-adapted, resident bees. Nev-
ertheless, their genes may have introgressed and per-
sisted to some extent. Evidence has been found in
mtDNA of the non-scutellata African introductions
into North and South America (Sheppard et al. 1999).
Likewise, some nuclear DNA may persist from these
early natural and artificial introductions and may ex-
plain the distribution of some of the 227 RFLP alleles.
For example, the sub-allele Alul-F, found at low fre-
quencies in both the United States and South Africa,
may reflect the early non-scutellata African introduc-
tions into North America. European predominant sub-
alleles, such as Alul-I, found in South Africa, may be
aremnant of the unsuccessful European introductions
there. Sub-allele AluI-A1 is found at a high frequency
in A. m. iberica, at intermediate frequencies in A. m.
scutellata, and at very low frequencies in the U.S.
samples. This sub-allele may be common and specific
to African subspecies, but present in the Iberian pen-
insula and in North America as a result of human-
assisted importations.

Locus 227 is the second nDNA locus we have de-
scribed to be first detected with probes and subse-
quently made analyzable with the PCR. The first locus
had African-specific sub-alleles, whereas locus 227 has
sub-alleles specific to or predominant in three major
groups of honey bee subspecies. These markers can be
applied to a wide range of genetic studies including
the characterization of population genetic variation,
the spread of African bees in the New World, and
introgression of their genes into the resident Euro-
pean populations.
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