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Mitochondrial DNA restriction fragment length polymorphisms were identified that clearly distinguish
Aspergillus flavus, A. parasiticus, and A. nomius. Mitochondrial DNAs of A. flavus and A. parasiticus were

found to be circular, and their size was estimated size to be 32 kilobases. A restriction map was constructed for
the mitochondrial genome of an A. parasiticus isolate by using four restriction endonucleases. Four genes tested
were found to have the same order as in the mitochondrial genome of A. nidulans. The mitochondrial genome

of A. nomius was estimated to be 33 kilobases.

The taxonomy of the Aspergillus Section Flavi, commonly
referred to as the Aspergillus flavus group of fungi, is
controversial (21). Members of this group include isolates
used in Oriental food fermentations, A. oryzae (Ahlb.) Cohn
and A. sojae Sakaguch & Yamada, and isolates that spoil
food, A. tamarii Kita, A. flavus Link ex Fries, A. parasiticus
Speare, and A. nomius Kurtzman and Hesseltine. A. flavus,
A. parasiticus, and A. nomius are of considerable agricul-
tural importance because of the ability of some isolates to
produce aflatoxins (22, 25). Aflatoxin B1 is the most carci-
nogenic natural product known. The economic importance
of these fungi has prompted a search for characters that
unequivocally identify individual members of this group (21,
22, 26).

Mitochondrial DNA (mtDNA) sequence diversity has
been used in a number of studies to differentiate between
fungi and to establish relationships between them. Nucleo-
tide differences between individuals can be identified by
using restriction endonucleases which cut the DNA at spe-
cific recognition sequences. Fragments of different size are
generated when individuals differ in their DNA sequence;
these are called restriction fragment length polymorphisms
(RFLPs). RFLPs of mtDNA have proven to be useful for
determining relatedness among the basidiomycetes (1), the
oomycetes (14, 15, 28), and the ascomycetes (8, 10, 17, 19,
20, 23, 24, 39, 40, 44).
Kozlowski and Stepien (24) suggested the use of RFLP

analysis of mtDNA to assist the resolution of phylogenetic
relationships among the 18 "groups" of the genus Aspergil-
lus. These 18 groups are not accredited taxa and serve only
as convenient categories for distinguishing the strains (13).
These authors examined the restriction endonuclease cleav-
age patterns of mtDNA from single isolates of A. nidulans
(11) from the A. nidulans group, A. wentii from the A. wentii
group, A. awamori and A. niger from the A. niger group, and
A. oryzae and A. tamarii from the A. flavus group. Restric-
tion fragment patterns generated by EcoRI and Hindlll
double digestion were unique for each strain. The success of

* Corresponding author.
t Present address: Plant Cell Biology Research Centre, School of

Botany, University of Melbourne, Parkville, Victoria 3052, Austra-
lia.

t Present address: Plant Pathology Department, University of
California, Davis, CA 95616.

this limited study revealed the potential for more detailed
analysis of the taxonomy of the genus.
The major aim of this study was to identify mitochondrial

markers that correlate with distinct morphological and bio-
chemical characters of A. flavus, A. parasiticus, and A.
nomius. A second aim was to use restriction endonucleases
to investigate the sequence diversity of these fungi and to
use this information to examine relationships between iso-
lates. As part of this study we have established the size of
the mitochondrial genome of these fungi and the gene order
of four genes within the genome. We investigated 16 isolates
of A. flavus, 17 isolates of A. parasiticus, and a 1 isolate of
A. nomius that were collected from 14 countries, as well as
23 A. flavus isolates and 1 A. nomius isolate that were
collected from southern India.

MATERIALS AND METHODS
Fungal isolates and growth conditions. The fungal isolates

used in these studies are described in Table 1. International
(Intl) isolates 1 to 36 were selected to represent diverse
geographic origins, morphology, and mycotoxin production.
The Commonwealth Scientific and Industrial Research Or-
ganisation Division of Food Processing isolates were kindly
supplied and characterized morhpologically by J. I. Pitt,
Commonwealth Scientific and Industrial Research Organisa-
tion, North Ryde, New South Wales, Australia. An unusual
nonaflatoxigenic A. parasiticus isolate (CP-461) was gener-
ously provided by R. J. Cole, U.S. Department of Agricul-
ture, Agricultural Research Service National Peanut Re-
search Laboratory, Dawson, Ga. The Indian isolates, 1 to
25, were from a variety of sources within southern India and
were collected at the International Crops Research Institute
for the Semi-Arid Tropics (ICRISAT). Indian field isolates
were sampled from soil and plant material by plating onto A.
flavus and parasiticus (AFPA) medium (34), which selects
for fungi of the A. flavus group. Cultures were maintained on
malt extract agar at 30°C for 8 to 12 days.

Isolation of aflatoxins. Aflatoxin production was assessed
after 8 days of growth on a semisynthetic liquid medium (9).
Aflatoxins B1, B2, G1, and G2 were assayed by thin-layer
chromatography (35).

Nucleic acid isolation from Aspergillus species. Mycelial
mats for DNA extraction were prepared from conidia that
had been grown on malt extract agar for 7 to 8 days at 30°C
and had been dispersed into a liquid suspension by using
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Tween 20. The conidial suspensions were inoculated into
2-liter flasks containing 800 ml of malt extract broth. The
suspensions containing 105 to 106 conidia per ml were shaken
at 300 rpm for 24 h at 30°C. The mycelial mats were collected
by vacuum filtration through Miracloth and frozen at -80°C.
Mycelia (20 to 40 g [wet weight]) were frozen in liquid
nitrogen and ground with a mortar and pestle to a fine frozen
powder. The powder was suspended in a minimum volume
of extraction buffer (20 mM Tris hydrochloride [pH 8.5], 250
mM NaCl, 25 mM EDTA [pH 8.0], 0.5% sodium dodecyl
sulfate [SDS]). DNA was extracted by using procedures
modified from those of Raeder and Broda (36). The slurry
was homogenized in extraction buffer-phenol-chloroform
(10:3:7) for 30 min at 75 rpm to extract protein. The
suspension was centrifuged for 1 h at 9,000 rpm. The upper,
aqueous phase was removed, added to 0.54 volume of
isopropanol, and stored overnight at -20°C. The precip-
itated DNA and RNA were pelleted for 30 min at 3,000 rpm.
The pellets were rinsed in 70% ethanol and suspended in 9 ml
of 10 mM Tris-1 mM EDTA-1.2 g of CsCl per ml-3 ,ug of
bisbenzimide per ml.

Nuclear DNA, ribosomal DNA, mtDNA, and RNA were
separated by centrifuging in bisbenzimide gradients (16) at
40,000 rpm for 48 h, and DNA bands were removed under
UV light (366 nm). The dye was removed from the isolated
fractions by extraction three times in an equal volume of
saturated isobutanol solution. The samples were precipitated
with ethanol and suspended in 10 mM Tris-1 mM EDTA.

Restriction enzyme digestion. Restriction endonucleases
used in this study includeAsel (ATTAAT), ClaI (ATCGAT),
DraI ('1T'AAA), EcoRI (GAATTC), HindIII (AAGCTT),
Hinfl (GANTC), NsiI (ATGCAT), PvuII (CAGCTG), RsaI
(GTAC), XbaI (TCTAGA), and XhoI (CTCGAG). DNA was
incubated with a twofold excess of endonuclease (3 U/4Lg of
DNA) at 37°C (65°C for TaqI) for 16 h to ensure complete
digestion; the buffers recommended by the manufacturers
were used. Reactions were terminated by adding 5 x loading
buffer (0.1% SDS, 75 mM EDTA, 50% glycerol, 0.1%
bromophenol blue) or by adding EDTA (to give a final
concentration of 20 mM), precipitating the DNA, and sus-
pending it in 1 x loading buffer.
Agarose gel electrophoresis. Agarose gel electrophoresis

was used to separate restriction fragments ranging in size
from 400 base pairs (bp) to 40 kilobase pairs (kb). DNA
samples that had been digested with restriction endonu-
cleases were fractionated by electrophoresis in 0.8% agarose
gels and run in Tris-acetate-EDTA buffer (40mM Tris, 5 mM
sodium acetate, 1 mM EDTA [pH 7.8]) at 80 mA for 3 to 4 h.

TABLE 2. mtDNA fragments from petite mutants of
S. cerevisiae used as probes for hybridization

Probe Origin and description of mtDNA gene fragments

E3..... 305-1,958-bp fragment containing the 5' end of
LrRNA gene (41)

P2 ..... 5-kb fragment of SrRNA gene (41)
DS6/A422 ..... 5.3-kb fragment containing exons 3-7 or 8 from

cytochrome c oxidase subunit I gene (3)
DS31..... 4.5-kb framgent containing cytochrome c oxidase

III gene (43)
DS400/NI..... 431-bp fragment containing exon 1 from apocy-

tochrome b gene (32)
DS14..... 4.1-kb fragment containing ATPase subunit 6

gene (27)
pScm5..... 704-bp fragment containing 5' terminus of cy-

tochrome c oxidase subunit II gene (6)
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FIG. 1. Restriction fragment patterns of mtDNAs of Aspergillus Section Flavi isolates A. flavus (f) and A. parasiticus (p), digested with
Hinfl and fractionated by polyacrylamide gel electrophoresis. The isolates shown (Intl isolates 1 through 12, corresponding to the isolates in
Table 1) represent 7 of the 13 different RFLP patterns (A through M) that were observed among the Hinfl-digested Intl isolates 1 through 36
and Indian isolates 1 through 25 (summarized in Tables 3 and 4). The arrows indicate species-specific polymorphic bands. The 0.59-kb band
(in the absence of the 0.49- and 0.48-kb bands which are characteristic of A. nomius isolates) is present only in A. flavus isolates. The 0.54-kb
doublet is present only among A. parasiticus isolates. HaeIII-digested phage M13mpl9 DNA was used as a size marker either alone (lane
marker*) or together with HindIll-digested phage A DNA (lane marker). From top to bottom, the sizes of the phage M13mpl9 bands are 2.5,
1.6, 0.88, 0.37, 0.31 (doublet), 0.25, 0.21, 0.17, 0.16, 0.12, 0.11, and 0.10 kb. Sizes of marker fragments are indicated at the right of the figure.

Bacteriophage lambda DNA digested with HindIII and
phage M13mpl9 DNA digested with HaeIII were used as
size markers. The gels were stained with ethidium bromide
(1 ,ug/ml) and destained with distilled water, and the DNA
bands were visualized on a UV transilluminator and photo-
graphed.

Polyacrylamide Gel Electrophoresis of mtDNA. mtDNA
fragments ranging in size from 20 to 700 bp, generated by the
restriction endonucleases AseI, DraI, Hinfl, and RsaI, were
fractionated by electrophoresis in 5% polyacrylamide gels
(33) and run in Tris-borate-EDTA (TBE) buffer (50 mM Tris,
42 mM boric acid, 1 mM EDTA [pH 8.0]) at 100 V for 2 to 3
h. Separation of DNA fragments was improved by the
addition of sodium acetate (50 mM) to the lower gel tank
buffer. The gels were stained and photographed by following
the same procedure used for agarose gels.

Hybridization probes. Saccharomyces cerivisiae petite
mutants used for mapping the mitochondrial genomes are
listed in Table 2. Radioactively labeled hybridization probes
were prepared by random-primed synthesis of DNA, using
Escherichia coli DNA polymerase I (Klenow fragment) (12).

Hybridization conditions. mtDNA was examined by South-
ern blot hybridization analysis (42). mtDNA that had been
fractionated on agarose gels was transferred onto PAL
Biodyne nylon membrane, and the DNA was fixed by
baking, as specified by the manufacturer. Membranes were
wetted briefly in preheated (65°C) hybridization solution (3 x
SSC [lx SSC is 0.15 M NaCl plus 0.015 M sodium citrate],

0.1% SDS, 0.05 g of skim milk powder per liter) (modified
from reference 37). Membrane-bound mtDNA fragments
were hybridized to denatured probe (boiled for 5 min) in a
minimum volume of hybridization solution in sealed plastic
bags at 50°C. After hybridization, bound membranes were
washed in 3 x SSC-1% SDS twice for 30 min each at 45°C.
Following washing, the membranes were blotted but not
allowed to dry before exposure to Kodak X-Omat TM AR
GBX-2 diagnostic X-ray film for 12 h to 5 days at -80°C with
intensifier screens.
Membrane regeneration. The [32P]DNA probes were re-

moved from the membranes before reprobing by microwav-
ing at the maximum setting in 0.1% SDS-0.1x SSC for 5

min. Filters were stored wet in 2x SSC prior to reprobing.
Analysis of data. The DNA relatedness between isolates

was assessed by the method of Nei and Li (30). Enzyme-
digested mtDNAs were separated side by side on gels, and
restriction patterns were compared. Fragments which mi-
grated the same distance during electrophoresis were con-
sidered to be identical, although in some cases the fragments
may have been unrelated. The proportion of fragments in
common was used to estimate the proportion of nucleotide
base substitutions per nucleotide position and was calculated
as a nucleotide sequence divergence value (p), p = (-In F)Ir,
where p is an estimate of the proportion of nucleotide base
substitutions per nucleotide position, r is the number of
nucleotide base pairs for the restriction endonuclease recog-
nition site (31), and F is the proportion of DNA fragments

= AA B
1 2 3 kb

'.2-5
-1*6

-0'88

-o*37'
--0-31
-025
-021

-017

-O*16
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FIG. 2. Restriction fragment patterns of mtDNAs of Aspergillus Section Flavi isolates A. flavus (I) and A. parasiticus (p), digested with
RsaI and fractionated by polyacrylamide gel electrophoresis. The isolates (Intl isolates 1 through 12, corresponding to the isolates in Table
1) represent four of the seven different RFLP patterns (A through G) that were observed among the RsaI-digested Intl isolates 1 through 36
(summarized in Tables 3 and 4). The arrows indicate species-specific polymorphic bands. The 0.9-kb band is present only in A. flavus isolates.
HaeIII-digested phage M13mpl9 DNA was used as a size marker either alone (lane marker*) or together with HindlIl-digested phage DNA
(lane marker). From top to bottom the sizes of the phage M13mpl9 bands are 2.5, 1.6, 0.88, 0.37, 0.31 (doublet), 0.25, 0.21, 0.17, 0.16, 0.12,
0.11, and 0.10 kb. Sizes of marker fragments are indicated at the right of the figure.

shared by any two strains and is estimated from RFLP data,
F = 2n-Ir,(nx + ny), where n, is the number of fragments in
common between two isolates and nx and ny are the total
numbers of fragments displayed by each isolate (30).
For each restriction endonuclease, F values were deter-

mined for each pair of fungal isolates. F values were allo-
cated into one of two groups according to the number of base
pairs recognized by the restriction endonucleases that were
used to digest the DNA (i.e., r = 4 or r = 6). Individual p
values were calculated from each of these F values. Individ-
ual p values were weighted according to the number of
mtDNA fragments generated by each restriction endonucle-
ase, and a mean p value was determined for each pair of
isolates. This mean p value is probably related to the time
since two organisms shared a common ancestor; a smaller p
value indicates a shorter elapsed time (15). Dendrograms
were constructed from the genetic distance data by un-

weighted pair group method arithmetic average clustering
(UPGMA) analysis with the NT-SYS program (38).

RESULTS

Identification of mtDNA RFLPs. mtDNAs from Intl iso-
lates 1 through 12 were digested with 11 restriction endonu-
cleases. RFLPs were detected among these isolates when
mtDNAs were digested with Hinfl (Fig. 1), RsaI (Fig. 2),
AseI, and DraI. No RFLPs were generated among these

isolates when the mtDNA fractions were digested with CIaI,
EcoRI, HindIII, NsiI, PvuII, XbaI, or XhoI.
Fragment sizes generated by Hinfl, RsaI, AseI, and DraI

were determined for each isolate, and a limited number of
restriction enzyme fragmentation patterns were identified
among these isolates. The fragment sizes which define the
observed patterns are recorded in Table 3, and the isolates
associated with these patterns are recorded in Table 4.
Isolates were clearly differentiated into A. flavus and A.
parasiticus groupings on the basis of their DNA fragmenta-
tion patterns when digested with these enzymes.
The ability of Hinfl and RsaI to consistently differentiate

A. flavus, A. parasiticus, and A. nomius was tested by using
a more extensive range of isolates: Intl isolates 13 through
36. A. flavus and A. parasiticus isolates consistently gener-
ated RFLPs that distinguished between these fungi (Tables 3
and 4). A. nomius Intl isolate 16 generated a unique frag-
mentation pattern when digested with these enzymes (Tables
3 and 4). A further selection of isolates, Indian isolates 1
through 25, were also digested with Hinfl. All the Indian A.
flavus isolates exhibited RFLPs peculiar to this species
(Tables 3 and 4). A. nomius Indian isolate 3 generated a

unique fragmentation pattern (Tables 3 and 4).
Isolates that produced identical fragmentation patterns

were evaluated for biochemical and provenance similarities.
None of the pattern groupings correlated with the ability of
isolates to produce mycotoxin. RFLPs generated by Hinfl

kb
-2'5
-106

-048

-0437
-0-31
-0-25
-0-21

-017
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TABLE 3. Molecular sizes of mtDNA fragments generated by restriction enzyme digestion of A. flavus, A. parasiticus,
and A. nomius mtDNA Intl and Indian isolatesa

mtDNA fragment sizes (kb) for restriction endonuclease digestion pattern:

EcoI Hinfl

A (f, p)b B (n)b C (p) A (f) B (f) C (f) D (f) E (f) F (f) G (f) H (p) I (p) J (p) K (p) L (n) M (n)

10 4.8 4.8 4.8 4.8 4.8 4.8 4.8 4.8 4.8 4.8 4.8 4.8
9.5 9.5 3.8 3.8 3.8 3.8 3.8 3.8 3.8 3.8 3.8 3.8 3.8 3.8 3.8
9.0 9.0 3.2dc 3.2d 3.2d 3.2d 3.2d 3.2d 3.2d 3.2d 3.2d 3.2d 3.2d 3.2d 3.2d
7.0 7.0 7.0 2.8 2.8 2.8 2.8 2.8 2.8 2.8 2.8 2.8 2.8 2.8 2.8 2.8

7.2 1.7d 1.7d 1.7d 1.7d 1.7d 1.7d 1.7d 1,7d 1.7d 1.7d 1.7d 1.7d 1.7d
2.95 1.6

2.8 2.8 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5
1.8 1.8 1.8 1.45 1.45
1.3 1.3 1.3 1.32 1.32 1.32 1.32

1.3d 1.3d 1.3d 1.3d 1.3 1.3 1.3d 1.3 1.3d 1.3d 1.3 1.3 1.3d
1.23 1.23 1.23

1.12
1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2
1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.1

1.02 1.02 1.02d
1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
0.95 0.95 0.95 0.95 0.95
0.91 0.91d 0.91 0.91d 0.91d 0.91 0.91 0.91d 0.91d 0.91 0.91d 0.91d

0.87 0.87
0.81d 0.81d 0.81d 0.81d 0.81d 0.81 0.81d 0.81d 0.81d 0.81d 0.81d
0.76 0.76 0.76 0.76 0.76 0.76 0.76 0.76 0.76 0.76 0.76 0.76d 0.76

0.72
0.66d 0.66d 0.66d 0.66d 0.66d 0.66d 0.66d 0.66d 0.66d 0.66d 0.66d 0.66d
0.59 0.59 0.59 0.59 0.59 0.59 0.59 0.59 0.59

0.58
0.55 0.55 0.55 0.55 0.55 0.55 0.55 0.55 0.55
0.54 0.54 0.54 0.54 0.54 0.54 0.54 0.54 0.54 0.54 0.54 0.54 0.54

0.537 0.537 0.537 0.537
0.49 0.49
0.48 0.48

0.47 0.47 0.47 0.47 0.47 0.47 0.47 0.47 0.47 0.47 0.47
0.43 0.43 0.43 0.43 0.43 0.43 0.43 0.43 0.43 0.43 0.43
0.41 0.41 0.41 0.41 0.41 0.41 0.41 0.41 0.41 0.41 0.41 0.41 0.41

0.39 0.39
0.38d 0.38d 0.38d 0.38d 0.38d 0.38d 0.38d 0.38d 0.38d 0.38d 0.38d 0.38 0.38
0.37 0.37 0.37 0,37 0.37 0.37 0.37 0.37 0.37 0.37 0.37

0.35 0.35
0.33d 0.33d 0.33d 0.33d 0.33d 0.33d 0.33d 0.33d 0.33d 0.33d 0.33d

0.31 0.31
0.32 0.32 0.32 0.32 0.32 0.32 0.32 0.32 0.32 0.32 0.32

0.29 0.29
0.27 0.27

0.24 0.24 0.24 0.24 0.24 0.24 0.24 0.24 0.24 0.24 0.24
0.22 0.22 0.22 0.22 0.22 0.22 0.22 0.22 0.22 0.22 0.22
0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15
0.13 0.13 0.13 0.13 0.13 0.13 0.13 0.13 0.13 0.13 0.13

a Patterns as recorded in Table 4.
b Abbreviations: f, A. flavus; p, A. parasiticus; n, A. nomius.
c d indicates a doublet (two bands of indistinguishable size).
d Boldface type indicates species-specific fragments.

digestion showed some associations with geographical origin flavus and A. parasiticus isolates examined, with the single
of the A. flavus isolates. Patterns A, B, D, and E (Tables 3 exception of A. parasiticus Intl isolate 27. However, A.
and 4) were not found in Indian isolates. Patterns C and G nomius Intl isolate 16 and Indian isolate 3 generated identical
were found predominantly in Indian isolates and represent 8 restriction patterns, which were different from those of the
and 13 of the 23 Indian isolates, respectively (Table 5). These other isolates.
differences are highly significant (X2df = 6 = 24.42; P < The fragmentation pattern for Intl isolate 16 and Indian
0.005). isolate 3 is consistent with a 1-kb insertion into the 9-kb
To examine the possibility that these mtDNA RFLPs were EcoRI fragment and a 0.15-kb insertion into the 2.8-kb

generated as a consequence of size variation, we digested EcoRI fragment. The number of EcoRI sites, however, has
mtDNA of these isolates with EcoRI (Fig. 3). EcoRI cuts the been conserved. The size of the A. nomius mitochondrial
mitochondrial genome of these fungi into a small number of genome was therefore estimated to be 33 kb.
fragments. The EcoRI patterns were identical for all A. Assessing genetic relationships. The proportion of frag-

APPL. ENVIRON. MICROBIOL.
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TABLE 3-Continued

RsaI DraI AseI

A (f) B (f) C (f) D (p) E (p) F (p) G (n) A (f) B (f) C (f) D (f) E (p) F (p) A (f) B (f) C (f) D (p)
2.5 2.5 2.4 2.4 2.4 2.4 2.4 2.4 1.48 1.48 1.48

2.4 2.4 2.4 2.4
2.3 2.3 2.3 2.3
1.8 1.8 1.8 1.8
1.6 1.6 1.6 1.6
1.5 1.5 1.5 1.5

1.4 1.4 1.4 1.4
1.3

1.2 1.2 1.2
1.16

1.12 1.12 1.12 1.12
1.08 1.08 1.08 1.08
0.9 0.9 0.9

0.83

0.79d 0.79d 0.79d 0.79d

0.75
0.71d
0.66
0.62
0.49d
0.45
0.44d
0.43d
0.39
0.41
0.37d
0.33
0.32
0.31
0.29d
0.28
0.27d
0.25
0.23
0.22
0.20
0.19
0.18

0.75
0.71d
0.66

0.49d
0.45
0.44d
0.43d
0.39
0.41
0.37d
0.33
0.32
0.31
0.29d
0.28
0.27d
0.25
0.23
0.22
0.20
0.19
0.18

0.75
0.71d
0.66
0.62
0.49d
0.45
0.44d
0.43d
0.39
0.41
0.37d
0.33
0.32
0.31
0.29d
0.28
0.27d
0.25
0.23
0.22
0.20
0.19
0.18

0.75
0.71d
0.66
0.62
0.49d
0.45
0.44d
0.43d
0.39
0.41
0.37d
0.33
0.32
0.31
0.29d
0.28
0.27d
0.25
0.23
0.22
0.20
0.19
0.18

2.3
1.8
1.6
1.5

1.4

1.2

1.12
1.08

0.83
0.82

0.76
0.75
0.71d
0.66
0.62
0.49d
0.45
0.44d
0.43d
0.39
0.41
0.37d
0.33
0.32
0.31
0.29d
0.28
0.27d
0.25
0.23
0.22
0.20
0.19
0.18

2.3
1.8
1.6
1.5

1.4

1.2

1.12
1.08

0.83

0.79d

0.75
0.71d
0.66
0.62
0.49d
0.45
0.44d
0.43d
0.39
0.41
0.37d
0.33
0.32
0.31
0.29d
0.28
0.27d
0.25
0.23
0.22
0.20
0.19
0.18

2.4
2.3
1.8
1.6
1.5
1.43
1.4

1.2

1.08

0.83

0.79d

0.75
0.71
0.66

0.49d
0.45
0.44d
0.43d
0.39
0.41
0.37d
0.33
0.32
0.31
0.29d
0.28
0.27d
0.25
0.23
0.22
0.20
0.19
0.18

1.66 1.66
1.62 1.62

1.45 1.45
1.32 1.32

1.15 1.15

1.10 1.10

0.95 0.95

0.89 0.89
0.78
0.77 0.77
0.76 0.76

0.74
0.62 0.62
0.6d 0.6d
0.56 0.56
0.52 0.52
0.48 0.48
0.46 0.46
0.43 0.43

0.39
0.40
0.38

0.33 0.33
0.30 0.30
0.28 0.28
0.26 0.26
0.25 0.25
0.21 0.21
0.19 0.19
0.17 0.17
0.16 0.16

1.66
1.62

1.45
1.32

1.15

1.10

0.95

0.89

0.77
0.76
0.74
0.62
0.6d
0.56
0.52
0.48
0.46
0.43

0.40
0.38

0.33
0.30
0.28
0.26
0.25
0.21
0.19
0.17
0.16

1.66 1.66
1.62 1.62

1.45 1.45
1.32 1.32

1.15 1.15
1.12
1.10 1.10

1.02
0.95 0.95

0.92
0.89 0.89
0.78
0.77 0.77
0.76 0.76

0.62 0.62d
0.6d 0.6
0.56 0.56d
0.52 0.52
0.48 0.48
0.46
0.43 0.43

0.39
0.40
0.38

0.34
0.33 0.33
0.30 0.30
0.28 0.28
0.26 0.26
0.25 0.25
0.21 0.21
0.19 0.19
0.17 0.17
0.16 0.16

2.0
1.66

1.12d
1.51 1.07
1.45 1.02

0.98
1.29 0.93
1.15 0.85

0.79
0.71

1.02 0.68
0.59
0.56

0.89 0.53
0.78
0.77 0.49
0.76 0.48

0.45
0.62 0.42
0.6 0.37
0.56d 0.36
0.52 0.34
0.48 0.32
0.46 0.31
0.43 0.26

0.23
0.40 0.25

0.22
0.34 0.21
0.33 0.209
0.30 0.20
0.28 0.17
0.26 0.165
0.25 0.162
0.21 0.15
0.19 0.14
0.17 0.13
0.16 0.12

0.11
0.10
0.09
0.08
0.07

1.12

1.02d
0.98

0.85
0.79
0.71
0.68
0.59
0.56
0.53
0.50
0.49
0.48
0.45
0.42
0.37
0.36
0.34
0.32
0.31
0.26
0.23
0.25
0.22
0.21
0.209
0.20
0.17
0.165
0.162
0.15
0.14
0.13
0.12
0.11
0.10
0.09
0.08
0.07

1.23
1.19d

1.12 1.12d

1.02
0.98
0.93
0.85
0.79
0.71
0.68
0.59
0.56
0.53
0.50
0.49
0.48
0.45
0.42
0.37
0.36
0.34
0.32
0.31
0.26
0.23
0.25
0.22
0.21
0.209
0.20
0.17
0.165
0.162
0.15
0.14
0.13
0.12
0.11
0.10
0.09
0.08
0.07

1.02
0.98

0.85
0.79
0.71
0.68
0.59
0.56
0.53
0.50
0.49
0.48
0.45
0.42
0.37
0.36
0.34
0.32
0.31
0.26
0.23
0.25
0.22
0.21
0.209
0.20
0.17
0.165
0.162
0.15
0.14
0.13
0.12
0.11
0.10
0.09
0.08
0.07

ments shared between each pair of Intl isolates 1 to 12 and
the corresponding sequence divergence (p) values are pre-
sented in Table 6. A dendrogram representing the relation-
ships between these isolates was calculated from the p
values and is presented in Fig. 4. A. parasiticus Intl isolates
8 and 10; A. parasiticus Intl isolates 2 and 12; and A. flavus
Intl isolates 4 and 7 were not differentiated by using these
endonucleases. This analysis was not applied to the entire
collection because of the considerable labour involved in
isolating sufficiently large amounts of mtDNA, uncontami-
nated by nuclear DNA.

Location of restriction endonuclease cleavage sites in
mtDNA. To examine the size, structure, and organization of
the mitochondrial genomes ofA. flavus Intl isolate 1 and A.
parasiticus Intl isolate 10, the positions of the recognition

sites for the restriction endonucleases ClaI, EcoRI, PvuII,
and XhoI were determined from single and double digests.
These restriction enzymes were chosen because they cleave
the mitochondrial genome into a moderate number of frag-
ments (Fig. 5). These two isolates generated identical restric-
tion fragment patterns when digested with these enzymes.
The total genome size was calculated by summing the
PvuII-generated mtDNA fragments and found to be approx-
imately 32 kb. A restriction endonuclease site map was
constructed for these four enzymes. The genome was found
to be circular. A linear restriction endonuclease site map was
constructed with the origin shown at the XhoI site between
the genes coding for apocytochrome b (cobA) and the large
ribosomal RNA (LrRNA) (see Fig. 6). This linear map has
the 5'-+3' direction of the LrRNA sequence reading from left
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TABLE 5. Association of Hinfl RFLPs with geographical
location among A. flavus isolatesa

Country of No. of isolates with patternb:
origin A B C D E F G

India 0 0 8 0 0 2 13
Other countries 1 1 2 2 7 2 1

a Data are summarized from Tables 1 and 4. Significance of differences
tested by using chi-square analysis (40a) is as follows: X2df = 6 = 24.42, i.e.
highly significant.

b Patterns as defined in Table 4 and Fig. 1.

to right. The precise orientation to two EcoRI sites could not
be confirmed by these digestion. The sites represented by
dotted lined in Fig. 6 indicate one of the two possible
arrangements.

Localization of mitochondrial genes. Seven mitochondrial
genes of A. parasiticus Intl isolate 10 were localized to
mtDNA fragments by Southern blot hybridization with
mtDNA fragments from petite mutants of S. cerevisiae.
Autoradiograms of Southern blot hybridization of two genes
coding for cytochrome c oxidase subunits I and II (oxiA and
oxiB, respectively) localized within the mitochondrial ge-
nome are presented in Fig. 5. The positions of four genes
coding for LrDNA, apocytochrome b (cobA, also localized
by Southern blot hybridization), and cytochrome c oxidase
subunits I and II are presented on the mtDNA map in Fig. 6.
A further three genes coding for the ATPase subunit 6 (oliI),
the small rRNA (SrRNA), and cytochrome c oxidase subunit
III (oxiC) were localized on the three EcoRI fragments
arranged consecutively between the cobA and LrRNA genes
in the 5'-+3' direction. The failure of any of these restriction
enzymes to cut these EcoRI fragments, however, prevented
unequivocal determination of the order of these fragments
(and hence the genes encoded) within the mitochondrial
genome.

DISCUSSION

All A. flavus and A. parasiticus mitochondrial genomes
were identical in size and were estimated to be 32 kb. No
insertions were identified in the A. flavus and A. parasiticus
mitochondrial genomes. In contrast to A. flavus and A.
parasiticus, A. nomius has a slightly larger mitochondrial
genome with insertions at two sites.
The size of the mitochondrial genome of members of A.

flavus, A. parasiticus, and A. nomius is similar to that ofA.
nidulans, which is 33 to 37 kb (4). These fungal genomes are
smaller than most other mtDNAs. Fungal mitochondrial
genomes vary in size between 18.9 kb in Torulopsis glabrata
(7) and 176 kb in Agaricus bitorquis (18). These variations
are apparently due to deletions and insertions which are
collectively termed length mutations. In the yeasts Dekkera
spp. and Brettanomyces spp. (19), and between A. nidulans
and A. nidulans var. echinulatus (sexually reproducing fungi
[11]), insertion of untranslated sequences comprising introns
or spacer regions between genes have been have been
identified as the source of mitochondrial genome size varia-
tion.
The mitochondrial gene orders of A. flavus Intl isolate 1

and A. parasiticus Intl isolate 10 appeared to be identical,
because identical fragment patterns were generated when
mtDNAs of these isolates were digested with either single or
double digests of ClaI, EcoRI, PvuII, and XhoI. In the
mitochondrial genome of A. parasiticus Intl isolate 10, four

APPL. ENVIRON. MICROBIOL.
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FIG. 3. Restriction fragment patterns of mtDNAs of Aspergillus
Section Flavi isolates A. flavus (f), A. parasiticus (p), and A. nomius
(n), digested with EcoRI and fractionated by polyacrylamide gel
electrophoresis. The isolates shown (Intl isolates 16, 17, 18, 27, 28,
and Indian isolate 3, corresponding to the isolates in Table 1)
represent all the different RFLP patterns (A through C) that were
observed among the EcoRI-digested Intl isolates 1 through 36 and
Indian isolates 1 through 25 (summarized in Table 4). HaeIII-
digested phage M13mpl9 DNA was used as a size marker, together
with HindIll-digested phage A DNA (lane marker). From top to
bottom the sizes of the marker bands that are evident are 23, 9.4,
6.5, 4.3, 2.5, 2.3, 2.0, 1.6, and 0.88 kb. Sizes of marker fragments are
indicated at the right of the figure.

genes examined (LrRNA, oxiA, oxiB, and cobA) were ar-
ranged in the same order as in the mitochondrial genome of
A. nidulans (4). This conservation of gene order between
these genomes of less closely related Aspergillus species
suggests that sequence diversity among the mtDNA of these
isolates was not generated by rearrangement of DNA se-
quences involving inversions and translocations. Similarity

A. parasiticus isolates A.flavus isolates
FIG. 4. UPGMA cluster dendrogram of nucleotide sequence

divergence (p) values calculated from mtDNA RFLP data for A.
flavus and A. parasiticus Intl isolates 1 through 12. Isolate numbers
correspond to those in Table 1. The extent of nucleotide sequence
diversity is indicated by a scale at the left of the diagram which
ranges from 0, when all individuals exhibit the same nucleotide
sequence, to 1, when each individual in unique.

in mitochondrial genome size and similar gene arrangement
(among the limited number of genes able to be precisely
located) between A. flavus, A. parasiticus, and A. nidulans
suggest that there may be extensive conservation in the
general composition of mtDNA of the genus Aspergillus,
with sequence variation (identified by Kozlowski and
Stepien [24]) limited entirely to the spacers and introns.
Polymorphism in the mitochondrial genomes of A. flavus

and A. parasiticus was identified in this study to predomi-
nate in the A+T-rich regions, presumably of the intergenic
spacers or introns. The disproportionate identification of
RFLPs generated by restriction endonucleases that recog-
nize AT sequences is consistent with the extremely A+T-

TABLE 6. RFLPS and nucleotide sequence divergence estimates for A. flavus and A. parasiticus Intl isolates 1 through 12

Isolate Proportion of common fragmentsa or p valueb for isolate:
no. 1 2 3 4 5 6 7 8 9 10 11 12

1 161/342 162/339 165/337 166/340 164/338 165/337 162/339 166/339 162/339 162/340 161/342
2 0.0101 164/343 162/341 164/342 164/342 162/341 170/343 164/343 170/343 170/345 171/342
3 0.0093 0.0103 166/344 167/342 166/345 166/344 165/344 162/346 165/344 166/346 164/343
4 0.0047 0.01081 0.0074 169/341 168/341 170/340 163/342 169/342 163/342 163/343 162/341
5 0.0050 0.0085 0.0066 0.0022 168/342 169/341 165/343 171/343 160/344 165/344 164/342
6 0.0065 0.0085 0.0081 0.0032 0.0039 168/341 163/343 167/343 163/343 163/345 164/342
7 0.0047 0.0108 0.0074 0.0000 0.0022 0.0032 163/342 166/342 163/343 163/343 162/341
8 0.0093 0.0022 0.0095 0.0100 0.0077 0.0107 0.0100 165/344 172/344 172/346 170/343
9 0.0045 0.0089 0.0148 0.0027 0.0005 0.0054 0.0072 0.0082 165/344 167/346 164/343
10 0.0093 0.0022 0.0095 0.0100 0.0082 0.0107 0.0105 0.0000 0.0082 172/346 170/343
11 0.0098 0.0032 0.0095 0.0105 0.0082 0.0012 0.0105 0.0010 0.0071 0.0010 170/345
12 0.0101 0.0000 0.0103 0.0108 0.0085 0.0085 0.0033 0.0022 0.0089 0.0022 0.0032

a Above the diagonal: number of common fragments/total number of fragments.
b Below the diagonal: nucleotide sequence divergence (p) values.

tI'S9
1*3 kb._
1-3 kb.
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FIG. 6. Restriction map of the mitochondrial genome of A. parasiticus Intl isolate 10. The circular mitochondrial genome has been

linearized at the XhoI site between the cobA and the LrRNA genes in the 5'-to-3' direction. The upper part of the figure shows the recognition
sites for the four restriction-mapped enzymes. EcoRI sites represented by dotted lines show one of two possible arrangements within the
mitochondrial genome. The positions of hybridizable gene probes are shown as boxes. Gene abbreviations are those described in the text.

rich nature of most fungal mitochondrial genomes. Identifi-
cation of fewer polymorphisms in G+C-rich regions of the
genome is consistent with the observation of Ayala and
Kiger (2) that different DNA sequences in the same genome
vary in sequence divergence. The conservation of the G+C-
rich regions of the mitochondrial genome of these fungi may
reflect the necessity of gene conservation for function of the
encoded product.
RFLPs identified by Hinfl, RsaI, AseI, and DraI digestion

unambiguously distinguished A. flavus and A. parasiticus
isolates. RFLPs identified by Hinfl and RsaI digestion were
also able to distinguish A. nomius isolates. Cloning of the
variable fragments should provide appropriate probes for
differentiating A. flavus, A. parasiticus, and A. nomius by
hybridization to total DNA. RFLPs generated by Hinfl
digestion of mtDNAs showed associations with geographic
location. No RFLPs were found which correlated with
mycotoxin production capabilities or source material. This
contrasts with an RFLP analysis of Cochliobolus mtDNA,
which clearly distinguished between producers of a host-
specific toxin (16). An alternative means of analyzing the
diversity of the A. flavus group would be to examine the
sequence diversity of the nuclear genome of these fungi (29).
Although mtDNA is reported to evolve at a rate 10 to 100
times faster than nuclear DNA in animals (5), the relative
rates of evolution in filamentous fungi are unknown.
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