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Summary — Sequence information (363 bp) was obtained following polymerase chain reaction
(PCR) ampilification for portions of the ATPas 6 and COIll mitochondrial genes for 8 commercial and
2 feral honeybee hives. Only 2 alleles were found; these differed by 6 base substitutions, which im-
plies that they diverged before honeybees colonized Europe.
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INTRODUCTION

Allozymes, morphological markers and
cuticular hydrocarbons have been consid-
ered as potential tools for the identification
of honeybee strains, especially for moni-
toring the spread of the Africanized bees
through South and Central America
(Smith and Brown, 1987). The use of cut-
icular hydrocarbons seems promising, but
their heritability is unknown (Smith and
Brown, 1987).

Biometrical studies and earlier DNA
studies only involved the sites where spe-
cific enzymes cleave DNA. Such informa-
tion allows a characterisation of honeybee
races, but generally is not sufficient to de-
termine lineages within races. Sequencing
DNA greatly increases the volume of infor-
mation and therefore improves our ability
to distinguish strains. We report here a
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method of sequencing honeybee mito-
chondrial DNA (based on the polymerase
chain reaction, PCR) and have used the
sequences obtained to characterise both
Australian feral and commercial strains.
Also, we are able to sequence DNA from
single bees, thus allowing the develop-
ment of rapid diagnostic tests for particu-
lar strains.

Once information is available in terms
of the sequence of nucleotides of mtDNA
from various strains, any new strain can
not only be identified as such to the extent
allowed by the variation actually uncov-
ered, but its relationship along the mater-
nal line to other strains determined.

This present research provides infor-
mation on the genetic composition of feral
and commercial strains by sequencing a
region of the ATPase 6 and COIll mito-
chondrial genes.
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MATERIALS AND METHODS

Bees were supplied by the University of West-
ern Sydney, the Department of Agriculture
(Western Australia) and several commercial
beekeepers. Total DNA was extracted by one of
2 methods: from single bees using the method
of Crozier et al (1991); and total DNA enriched
with mitochondrial DNA was extracted (Crozier
et al, 1989) from the thoraces of 12 bees from
each hive, homogenized gently in 18 ml of ho-
mogenizing solution.

Samples were amplified using 2 oligonucleo-
tide primers (CGATTATCAGCAAATTTAATTT-
CTG and GTATACCTTGAAATGTTCTITC-
TCG) and Tag polymerase (United States
Biochemical Corporation) in an inovonics® ther-
mal cycler for 40 cycles under the following con-
ditions: denaturation at 92 °C for 1 min, anneal-
ing at 53 °C for 1 min, extension at 70 °C for 1
min. The product was purified by phenol/
chloroform extraction and the DNA precipitated
with the addition of 0.1 vol of 3 M NaAc and 2.5
vol of 95% ethanol.

Direct sequencing using the Sequenase ver-
sion 2.0 sequencing kit (United States Biochem-
ical Corp) from single-stranded PCR product
was achieved by a modification of the protocol
of Kessing et al (1989). Ampiifications were
achieved by asymmetric PCR of double-
stranded product, and the latter was precipitat-
ed by adding 0.1 vol of 7 M NH,Ac and 2.5 vol
of 95% ethanol. The DNA was pelleted, washed
twice with 70% ethanol, dried and resuspended
in TE buffer. The primer was annealed to the
template DNA at 65 °C and allowed to cool
slowly to below 35 °C. DTT and [0-35S]dATP
were added and the mixture allowed to label at
room temperature for 15 min. Aliquots of this
mixture were added to the 4 termination mixes,
prewarmed to 37 °C for 4 min. The termination
reaction was allowed to continue for 15 min at
37 °C before the stop solution was added. The
completed reactions were denatured at 95 °C
for 5 min before loading onto the gel.

Sequence information was analyzed using
the Nucleic Acids Analysis System package
(Genesearch, Broadbeach, Queensland) run on
an Apple 1l computer. Divergence between al-
leles (d) was estimated by Kimura's (1980)
method. Theoretically, the time since diver-
gence (1) can be estimated from t = d/r, where r
is the rate of divergence bet:zen the 2 se-

guences (Nei, 1987). Unfortunately, the rate of
evolution of Apis mtDNA is unknown.

RESULTS AND DISCUSSION

Sequences were obtained from samples of
10 hives. Partial sequences were obtained
for an additional 10 commercial hives (not
presented here) all of which have the more
popular allele.

There are 6 substitutions between se-
quences A and C. The nucleotide diversity
(Nei, 1987) is approximately equal to
0.005.

Based on the sequence data of figure 1,
the mean divergence (and 95% confidence
limits) between the 2 mtDNA haplotypes
detected is 0.0167 + 7 x 10-4. This figure is
relatively large, but comparison with those
for Drosophila species (Baba-Aissa and
Solignac, 1984; DeSalle et al, 1986; La-
torre et al, 1988; Satta et al, 1988) shows
that such values are not uncommon. Given
the smaller effective population size of so-
cial insects (Crozier, 1980), persistence of
these alleles for so iong is unexpected and
may indicate their origin from more than
one group of subspecies in Europe (Smith,
1991).

Two patterns of sequence divergence
are evident in comparisons between spe-
cies of Drosophila (DeSalle et al, 1987).
The initial rate reflects the high rate of syn-
onymous substitutions, while subsequent
divergence results from the slow accumu-
lation of replacement substitutions. The
high rate of nucleotide divergence ob-
served here (> 2%) can thus be attributed
to the accumulation of synonymous substi-
tutions. A decrease in rate is therefore ex-
pected with saturation at these sites, for
Drosophila when mtDNAs differ by approx-
imately 8%.

Although no estimates of divergence
times for subspecies of Apis are available,
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Fig 1. The nucleotide sequences obtained rom the ATPase 8, intergenic and COlIll region. 363 bases
were sequenced for A. The amino acids correspond to the codon directly below in A. The amino acid
resulting from the base substitution in C—J is in brackets. Dots represent bases which are the same
as in A (A was taken from a commercial colony in Richmond, NSW. B was from a feral colony located
300 km north of Perth. J was from a second feral colony located 300 km north of Perth. C—J were ob-
tained from commercial hives of Italian and Caucasian origin).
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it is safe to assume that the rate of evolu-
tion is > 2% sequence divergence per mil-
lion years, as Apis mtDNA evolves more
rapidly than those reported for other in-
sects (Crozier et al, 1989). Considering
European distribution patterns, Apfis has
existed there for 50 000 years at most
(Ruttner, 1988). Therefore the time of di-
vergence must have occurred well before
such strains colonized Europe. Sequence
data from the cytochrome b gene (SK, un-
published observations) supports the val-
ue obtained from the region reported here.

It is unlikely that these alleles arose in
Australia after the bees were introduced,
as this implies an incredible rate of evolu-
tion. However, it is a possibility that bees
from another subspecies were sequenced,
such as A m mellifera which was intro-
duced to Tasmania. This is less likely than
our explanation, as the bees donated were
identified by expert beekeepers as either
A m caucasica or A m ligustica.
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Résumé — Deux aliéles mitochon-
driaux anciens chez les abeilles austra-
liennes. Les études biométriques et les
premieres études de I'ADN impliquaient
seulement les sites ou des enzymes spéci-
fiques clivent I'ADN. Une telle information
permet la caractérisation des races
d'abeilles mais n'a généralement pas la
puissance nécessaire pour délimiter des li-
gnages a l'intérieur des races. Le séquen-
gage de I'ADN augmente considérable-

ment le volume d'information et améliore
ainsi notre capacité a distinguer des sou-
ches les unes des autres. Nous rapportons
dans cet article une méthode de séquen-
cage de I'ADN mitochondrial (basée sur la
technique de Polymerase chain reaction
(PCR)). Nous pouvons séquencer de
FADN d'abeilles isolées, ce qui nous per-
met le développement de tests de diagno-
se rapide de souches particuliéres. Les sé-
quences obtenues dans cette étude, en
utilisant 'ATPase 6 et les génes mitochon-
driaux COIlll ont permis de caractériser des
souches australiennes sauvages et com-
merciales. L'ADN total a été extrait par
I'une des 2 méthodes suivantes :

— a partir d'abeilles unigues, en utilisant la
méthode de Crozier et al (1991);

— en utilisant la méthode de Crozier et al
(1989) a partir d'ADN total, enrichi avec de
I'ADN mitochondrial provenant du thorax
de 12 abeilles de chaque ruche, homogé-
néisé doucement dans 18 ml de solution
d’homogénéisation. Le séquengage direct
de produit de PCR simple brin fut obtenu
en modifiant le protocole de Kessing et al
(1989) et analysé en utilisant le Nucleic
Acids Analysis System Package (Gene-
search, Broadbeach, Queensland) qui
fonctionne sur ordinateur Apple Il. La di-
vergence entre aliéles (d) fut estimée par
la méthode de Kimura (1980). La divergen-
ce moyenne entre les 2 alléles détectés,
déterminée d'aprés les séquences de la fi-
gure 1, est de 0,0167 £ 0,0007 (intervalle
de confiance de 95%). Bien que l'on ne
dispose pas d'estimations de temps de di-
vergence pour les sous-espéces d'Apis, on
peut affirmer raisonnablement que le taux
d'évolution est > 2% de divergence de sé-
quence par million d'années, étant donné
que I'"ADN mitochondrial d'Apis évolue plus
rapidement que celui des autres insectes.
Si I'on considére les schémas de sa distri-
bution en Europe, Apis existe depuis, au
plus, 50 000 ans. Par conséquent, le mo-



Two ancient mitochondrial alleles in Australian honeybees 625

ment de la divergence a di se situer bien
avant que les souches ne colonisent I'Eu-
rope. Les séquences obtenues par l'analy-
se du gene du cytochrome b confirment
nos résultats. Il est peu probable que ces
alléles soient apparus aprés l'introduction
des abeilles en Australie, car cela impli-
querait un taux d'évolution trop important.
Cependant, il est possible que nous ayions
séquencé I'ADN d'abeilles d'une autre
sous-espéce, comme A m mellifera, qui a
été introduite en Tasmanie. Cela est moins
probable que notre explication car les
abeilles ont été identifiées par des experts
comme étant A m caucasica ou A m ligus-
tica.

AND mitochondrial / variation génétique
| Apis mellifera / évolution / Australie

Zusammenfassung — Zwei alte mito-
chondriale Allele bei australischen Ho-
nigbienen. Biometrische und frihere
DNA-Untersuchungen betrafen nur die
Stellen, wo spezifische Enzyme die DNA
spalten. Solche Informationen gestatten
zwar die Charakterisierung von Rassen
der Honigbiene, aber ihnen fehlt gew6hn-
lich die Aussagekraft, um Abstammungsii-
nien innerhalb der Rassen zu bestimmen.
Die Sequenzierung von DNA vermehrt den
Umfang der Information betrachtlich und
verbessert damit unsere Fahigkeit zur Un-
terscheidung von Stdmmen.

Wir berichten hier Uber eine Methode
der Sequenzierung (Spaltung in Einheiten)
von mitochondrialer DNA (beruhend auf
der polymerase-Kettenraktion, PCR). Wir
sind in der Lage, die DNA einzelner Bie-
nen zu sequenzieren und damit schnelle
Diagnosetests fir spezielle Stamme zu
entwikkeln. Die Sequenzen fiir die mito-
chondrialen Gene von ATPase 6 und COIll
wurden in dieser Studie benutzt, um so-
wohl Stamme von australischen Wildvél-

kern wie von kommerziellen Standen zu
charakterisieren.

Die gesamte DNA, angereichert mit mi-
tochondrialer DNA (Crozier et al, 1989)
wurde aus dem Thorax von 12 Bienen
jeden Volkes extrahiert und vorsichtig in
18 ml einer Homogenisierungsldsung ho-
mogenisiert. AuBerdem wurde die gesam-
te DNA des Genoms einzelner Bienen
nach der modifizieten CTAB-methode
(Boyle et al, 1989) isoliert. Direkte Sequen-
zierung von einstrédngigen PCR-Produkten
wurden durch Modifizierung des Protokolls
von Kessing et al (1989) erreicht. Die Ana-
lyse wurde nach dem Nucleic Acids Analy-
sis System Package {Genesearch, Broad-
beach, Queensland) auf einem Apple Il
Computer durchgefiihrt. Die Distanzen (d)
wurden nach der Methode von Kimura
(1980) geschéatzt. Die Zeitspanne seit der
Divergenz (t) wurde nach der Formelt=
d/r geschéatzt, wobei r die Divergenzrate
zwischen den beiden Sequenzen darstellt
(Nei, 1987).

Nach den Sequenzdaten von Abbildung
1 betrédgt die mittlere Divergenz (mit 95%
Vertrauensgrenzen) zwischen den beiden
entdeckten Allelen 0.0167 + 7 x 10~4. Ob-
wohl es fiir die Subspezies von Apis keine
Divergenzdaten gibt, kann man mit einiger
Sicherheit annehmen, daB die Evolutions-
rate > 2% Sequenzdivergenz pro Million
Jahre betragt, da sich die Apis-mtDNA
schneller entwickelt als von anderen Insek-
ten berichtet wird (Crozier et al/, 1989).
Nach dem europaischen Verbreitungsmus-
ter hat Apis dort seit héchstens 50 000
Jahren existiert (Ruttner, 1988). Deshalb
muB der Zeitpunkt der Divergenz vor Ein-
dringen dieser Stamme nach Europa gele-
gen sein. Die Sequenzdaten des Cyto-
chrom b-Gens (SK, nicht publiziert)
unterstiitzen die Werte aus der hier ange-
fihrten Region. Als alternative Erklarung
konnte eine andere Subspezies (als A m Ii-
gustica und A m caucasica) nach Austra-
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lien eingefihrt worden sein, doch gibt es
darUber keine Angaben.

mitochondriale DNA / genetische Varia-
tion / Apis mellifera / Evolution / Austra-
lien
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