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Summary — The mitochondrial DNA of Africanized honey bees having a mtDNA haplotype known
from the African subspecies Apis meliifera scutellata, was analysed for the location of 6 mitochondri-
al genes by hybridization to mitochondrial gene probes from Saccharomyces cerevisiae. Genes for
the small and large ribosomal RNAs, cytochrome oxidase subunits |, Il and Il and apocytochrome b
were positioned relative to the mitochondrial DNA fragments generated with 6 different restriction en-
donucleases utilized singly or in combination. Results show that these genes are in the same rela-

tive positions as Drosophila genes.

Africanized honey bee / mitochondrial gene / gene mapping / restriction endonuclease / mo-

lecular hybridization

INTRODUCTION

Mitochondrial DNA (mtDNA) has recently
been the focus of a number of molecular,
genetic and evolutionary studies (Wilson
et al, 1985; Tzagoloff and Myers, 1986;
Avise et al, 1987; Moritz et al, 1987). In
multicellular animals, mtDNA is a circular
molecule of approximately 16 kb carrying
a set of highly conserved genes through-
out the species and phyla studied so far

* Correspondence and reprints

(Wilson et al, 1985). The complete deter-
mination of nucleotide sequences of
mtDNA in man (Anderson et al, 1981),
mice (Bibb et al, 1981), cattle (Anderson
et al, 1982), Xenopus (Roe et al, 1985)
and Drosophila yakuba (Clary and Wol-
stenholme, 1984) revealed genes for 2 ri-
bosomal RNAs, 22 tRNAs, 3 subunits of
cytochrome oxidase, 2 subunits of
ATPase, apocytochrome b and 7 coding
regions for different subunits of the NADH
dehydrogenase (Mariottini et al, 1986).

Abbreviations: mitochondrial gene abbreviations are explained in the legend to figure 3.
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These studies showed conservation of
gene content but revealed a distinct gene
order among phyla and different tRNA po-
sitions (Clary and Wolstenholme, 1985;
Dubin et al, 1986). Partial sequencing
work in honey bee mtDNA has been com-
pleted by Crozier et al (1989), encompass-
ing the COIl and COIl genes. Here we re-
port on the location of 6 mitochondrial
genes in the honey bee determined by het-
erologous hybridization with mtDNA gene
probes from Saccharomyces cerevisiae.

MATERIALS AND METHODS

Samples of ~ 300 white-eyed pupae, 11 days
old, were collected from 2 Africanized colonies
kept at the Laboratério de Abelhas, Depto de
Ecologia Geral, USP, Sao Paulo. Mitochondrial
DNA was isolated from purified organelles ac-
cording to the procedure of Moritz et al (1986).

Restriction enzyme digestion, agarose gel
electrophoresis, Southern transfer of DNA frag-
ments to Hybond-N filters (Amersham), prepara-
tion of nick-translated radioactive DNA probes
and hybridization conditions were as described
in Sambrook et al (1989). Mitochondrial DNA
from yeast petite mutants was prepared as
described by Nobrega and Nobrega (1986).
The yeast petite strains used are described in
table 1.

Hybridization with heterologous yeast probes
was performed overnight in 6 x SSC, 0.1% Sar-

osyl, 50 pg/mi denatured carrier DNA at 40 °C.
The filters were initially washed in 2 x SSC,
0.1% Sarkosyl at room temperature prior to au-
toradiography. After the first exposure the filters
were washed in more stringent conditions by in-
cubation in"thie wash solution for 1 h at 45, 50,
55 or 60 °C with autoradiography after each
wash to determine the location of the DNA
bands most homologous to the probe utilized.

Rehybridization of filters to new probes was
carried out after removal of the radioactive
probe by incubation at 45 °C for 15 minin 0.4 N
NaOH followed by washes in 2 x SSC. The fil-
ters were exposed to X-ray film to ensure com-
plete removal of label before re-use.

RESULTS AND DISCUSSION

Single and double digestions used for hy-
bridization studies are shown in figure 1
and table Il and results of a typical hybridi-
zation experiment are shown in figure 2.
Hybridizations clearly indicated gene posi-
tion except for the COIlll gene. In this case

‘(fig 2, lanes 9 and 10), there is a strong la-

beling of the second EcoRl miDNA band
(3 950 bp) but there is always a weaker la-
beling of the first (9 400 bp) and third
(3200 bp) band as well. This result was
not improved with the increased stringen-
cy. We decided to place COIll at the first
EcoRI fragment (3 400 bp) due to results
of double digest with EcoRIl and Clal that

Table I. Saccharomyces cerevisiae petite mutants utilized as probes.

Petite Gene Size of mtDNA References

repeating unit

(kbp)

DS400/A12 Apocytochrome b 7,6 Nobrega and Tzagoloff (1980)
DS6/407 Cytochrome oxidase subunit / 3,7 Bonitz et al (1980)
DS200/A1 Cytochrome oxidase subunit // 4,5 Coruzzi and Tzagoloff (1979)
DS40 Cytochrome oxidase subunit /// 41 Thalenfeld and Tzagoloff (1980)
DS80 Small ribosomal RNA 2,6 Li and Tzagoloff (1982)
DS631 Large ribosomal RNA 3,5 Dujon (1980)
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Fig 1. Ethidium bromide stained mitrochondrial DNA of Apis mellifera scutellata digested with diffe-
rent restriction enzymes and electrophoresed in 0.9% agarose gels. 1, lambda DNA digested with
Haelll (the 6 larger DNA fragments are 4.1; 2.4; 2.1; 1.8; 1.3 and 1.0 kb long respectively); 2, Hindill/
EcoRl; 3, Accl/EcoRl; 4, EcoRV/EcoRl; 5, EcoRl; 6, Clal; 7, Clal/EcoR!; and 8, Xhol/EcoRl.

split the second EcoRI fragment (3 950 bp)
(Arias et al, 1990). Autoradiography of this
digest after hybridization with COIll probe
showed strong signal at the first EcoRl
fragment (9 400 bp), no labeling of Cla/
pieces and a weak signal at the third Eco
Rl fragment (3 200 bp) band. A mitochon-
drial gene map based on hybridization with
yeast probes appears in figure 3.

The introduction of African bees (Apis
mellifera scutellata) to Brazil in 1956 fol-
lowed by dispersal of descendents
throughout South and Central America
stimulated investigators to look for molecu-

lar markers to study the process of African-
ization. Restriction fragment polymorphism
in honey bee mtDNA has been widely
used to provide molecular markers for
such studies (Moritz et al, 1986; Smith,
1988; Smith et a/, 1989; Hall and Muralid-
haran, 1989; Smith and Brown, 1990;
Sheppard et al, 1991).

The size of mtDNA in Apis mellifera has
been estimated at around 16 kb long
(Smith, 1988; Arias et al, 1990) and is simi-
lar in size to that reported for Drosophila
yakuba (Clary and Wolstenholme, 1984)
and man (Cann ef al, 1987). Major gene
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rable ll. Apis mellifera mtDNA fragment sizes after restriction endonuclease digestion.

Enzymes Hindllil2 Accl@  EcoRV2a EcoR/ Cla/ Clal2 Xhola Accla
EcoR/ EcoR!  EcoRl! EcoR!  EcoA! Hindill

Fragment 7000 4 530 5300 9400 13000 9400 5 450 11 000

3950 3950 4100 3950 1480 3200 3950 4 400
Sizes 3200 3200 3950 3200 1200 1200 3950 700
1230 2850 3200 800 900 3200 500
(bp) 1170 1720 900 500
500 800
500
Total 16550 16750 16550 16550 16480 16900 16550 17100

2 Double digestion.

123 456 78 910

it { i

11 12

Fig 2. Composed autoradiographs of representative hybridization experiments of yeast mitrochon-
drial gene probes to Apis mellifera scutellata mtDNA restriction fragments. Digestion was carried out
with EcoRl (lanes 1, 3, 6, 8, 10, 12); Clal (lanes 2 and 4); Accl/Hindlll (lane 5); EcoRI/Hindlll (lane 9);
EcoRI/EcoRV (lane 7) and Clal/EcoRlI (lane 11). Probes utilized correspond to the following genes:
large rRNA (lanes 1 and 2); small rRNA (lanes 3 and 4); cytochrome oxidase subunit | (lanes 5 and
6); cytochrome oxidase subunit |l (lanes 7 and 8); cytochrome oxidase subunit Il (lanes 9 and 10)
and apocytochrome b (lanes 11 and 12). The position and size (base pairs) of the corresponding
mtDNA fragments is shown.
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Fig 3. Physical map of mitochondrial genome of
presumptive Apis mellifera scutellata. The
16 600 bp circular genome has been linearized
at the EcoRl site located between the rRNA
gene and the COI gene. The position of hybridi-
zable regions for 6 mitochondrial gene probes is
show as open bars. The shaded areas within
correspond to the estimated location of the co-
ding region for each gene, assuming that there
is no gene overlap and taking into account pu-
blished data for the large rDNA gene (Viasak et
al, 1987) and the segment that encompasses
the cytochrome oxidase subunits | and Il (Cro-
zier et al, 1989). CO|, li and llI: cytochrome oxi-
dase subunits 1, 2, and 3 respectively; COB:
apocytochrome b; SrRNA: small ribosomal RNA
and LrRNA: large ribosomal RNA.
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order is identical in Xenopus, Homo, Bos
and Mus (Moritz et al, 1987), although in-
versions and transpositions are frequent,
chiefly among tRNA genes (Clary and Wol-
stenholme, 1985; Wolstenholme et al,
1987). Studies in fishes suggest that there
is conservation of major gene order in the
phylum Chordata (Moritz et al, 1987).

Sequence data reported to date from
honey bee mtDNA describe a set of 6 con-
secutive genes (tRNAs for Leu, Asp, Lys
and Trp, COI, COIll) and the large rRNA
gene in Apis mellifera ligustica (Crozier et
al, 1989 and Vlasak et al, 1987, respec-
tively). Compared to Drosophila, Apis gene
order displays translocations of 3 of the 4
tRNA genes. Such tRNA transpositions
have been documented between most or-
ders (Dubin et al,1986; Haucke and Gellis-
sen, 1988) but no transposition affecting
respiratory complex subunits have been
found.

Conditions of reduced stringency were
utilized to map, by hybridization to yeast
probes, the corresponding honey bee
mitochondrial genes. Most hybrids re-
mained intact after washes in 2 x SSC and
60 °C indicating a considerable degree of
similarity. Yeast probes are available for in-
dividual mtDNA genes and have been
used successfully in mapping organelle
genes (Macino, 1980; Spithill et al, 1983;
Borkhardt and Olson, 1986). Concerning
our difficulty in positioning the COIll gene,
it is interesting that Spithill et af (1983) re-
ported extensive hybridization of the yeast
COIlll probe to several non-adjacent
mtDNA fragments in Leishmania tarento-
lae.

Our results reveal a conserved gene or-
der between Apis mellifera and Drosophila,
and reinforce the inversion detected be-
tween invertebrate and vertebrate ge-
nomes concerning the large and small ri-
bosomal subunit genes (fig 4).
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Fig 4. Comparative mitochondrial gene maps. A, mice (Bibb et al, 1981), B, Drosophila yakuba (Clary
and Wolstenholme, 1985); and C, Apis mellifera scutellata (present work).
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Résumé — Localisation des génes sur
I'’ADN mitochondrial issu d'Apis mellife-
ra scutellata chez des abeilles africani-
sées. L'ADN mitochondrial (ADNmt) est
une molécule circulaire longue d'environ
16 a 18 kb. La détermination compléte des
séquences de nucléotides chez I'homme,
la pieuvre, la vache et la drosophile a
montré que le nombre de génes et leur or-
ganisation sont restés quasiment inchan-
gés au cours de ['évolution, l'ordre ne
changeant qu'entre les phyla et principale-
ment parmi les génes d'ARN,. Nous avons
determiné la position de 6 génes dans la

molécule d'ADNp; issue d'abeilles présu-
mées africanisées. Les mitochondries pro-
venant d'environ 300 nymphes aux yeux
blancs ont été purifiées par centrifugation
dans un gradient de saccharose. L'ADNy
a été extrait et purifié. Les échantillons ont
été digérés soit seuls, soit en combinaison
avec les endonucléases suivantes : Accl,
Clal, EcoRl, EcoRV, Hindlll et Xhol (fig 1,
tableau Il). Les fragments ont été séparés
sur des gels d'agarose a 0,9% et transfe-
rés sur des filtres Hybond-N. Des sondes
spécifiques pour les principaux génes mi-
tochondriaux (COIl, COIl, COIil, CytB,
sous-unité ribosomale petite et grande) (ta-
bleau I) ont été obtenues a partir des mu-
tants «petite» de la levure Saccharomyces
cerevisae et marqués par nick translation.
L'hybridation a été faite en une nuit a
40 °C dans 6 x SSC, du Sarkosyl a 0,1%
et 50 ug/ml d'ADN porteur dénaturé. Nous
avons utilisé une température basse
(40 °C) afin d'obtenir la formation d'hybride
avec les sondes de levure hétérologues.
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Aprés autoradiographie, les filtres ont été
lavés successivement dans 2 x SSC, Sar-
kosyl a 0,1% a 45, 50, 55 et 60 °C avec
autoradiographie aprés chaque lavage
pour révéler les bandes ayant la plus gran-
de stabilité d'hybride. La figure 2 donne les
résultats. Nous avons construit une carte
des génes pour I'abeille africanisée d’aprés
les résultats de l'hybridation (fig 3). Le
géne COIll est placé sur le premier frag-
ment EcoRl bien que la sonde montre une
homologie avec les 2 autres fragments
EcoRl. La comparaison avec les cartes du
génome de la drosophile et de la souris
montre qu'entre les 2 insectes, 'ordre des
génes est conservé et que l'on retrouve
l'inversion déja mise en évidence entre les
génes de I'ARN ribosomal des Vertébrés
et ceux des Invertébrés.

abeille africanisée / gene mitochon-
drial / cartographie de génes / endonu-
cléase de restriction / hybridation mole-
culaire

Zusammenfassung — Lage von Genen
in der von Apis mellifera scutellata ab-
stammenden mitochondrialen DNA afri-
kanisierter Bienen. Die mitochondriale
DNA (mtDNA) ist ein ringférmiges Molekiil
von etwa 16 bis 18 kb Lange. Die vollstan-
dige Bestimmung der Nukleotid-Sequenz
bei Mensch, Xenopus, Rind und Drosophi-
la haben gezeigt, daB Gengehalt und ihre
Organisation wahrend der Evolution in
hohem MaBe unverandert geblieben sind;
sie zeigen nur beim Vergleich zwischen
Tierstammen Unterschiede in der Anord-
nung, und zwar vorwiegend bei Genen der
tRNA. Wir bestimmten die Lage von sechs
Genen des mitochondrialen DNA-Molekiils
der Afrikanisierten Biene, die vermutlich
von Apis mellifera scutellata abstammt.
Von ungefahr 300 weiBaugigen Puppen
wurden die Mitochondrien durch Zentrifu-

gierung im Sucrosegradienten gereinigt.
Die mtDNA wurde aus den Organellen ex-
trahiert und gereinigt. Die Proben wurden
fur sich oder gemeinsam mit folgenden
Endonukleasen abgebaut: Accl, Chal,
EcoRi, EcoRV, Hindll, und Xhol (Abb 1
und Tabelle II). Die Fragmente wurden in
0.9% Agarosegel getrennt und auf
Hybond-N-Filter (bertragen. Spezifische
Untersuchungen auf die mitochondrialen
Hauptgene (COIl, COIll, COIll, CytB, kleine
und groBe ribosomale Untereinheit; Tab I)
wurden mittels geeigneter "petite” Hefemu-
tanten durchgefihrt und mit Nick-
Translation markiert. Die Hybridisierung
wurde {ber Nacht in 6 x SSC, 0.1% Sarco-
syl und 50 pg/ml denaturierter Trager-DNA
bei 40 °C durchgefiihrt. Wir benutzten nie-
drigere Temperaturen (40 °C), um Hybrid-
bildungen mit den heterologen Hefeson-
den zu ermoglichen. Nach der Autoradio-
graphie wurden die Filter sukzessive in 2 x
SSC, 0.1% Sarkosyl bei 45, 50, 55 und
60 °C gewaschen, mit Autoradiographie
nach jedem Auswaschen; damit sollten die
Bande mit der héchsten Hybrid-Stabilitat
aufgedeckt werden. Die Ergebnisse
werden in Abbildung 2 gezeigt. Wir haben
nach den Hybridisierungsresultaten eine
Genkarte fur die afrikanisierte Honigbiene
konstruiert (Abb 3). Das COIlll-Gen kam
auf dem ersten EcoRI-Fragmen zu liegen,
obwohl die Sonde eine Homologie mit den
anderen beiden EcoRI-Fragmenten zeigte.
Diese Karte zeigt bei Vergleich mit den
Genkarten von Drosophila und Maus
(Abb 4} eine konservative Genanordnung
bei den beiden Insekten und deckt diesel-
be Inversion auf, die schon friher bei den
ribosomalen RNA-Genen zwischen Verte-
braten und Invertebraten gefunden wurde.

afrikanisierte Biene / mitochondriales
Gen / Genkarte / Endonuklease / mole-
kulare Hybridisierung
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