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A total of 99 strains of 11 Alternaria species, including 68 strains of seven fungi known to produce
host-specific toxins, were subjected to analysis of restriction fragment length polymorphism (RFLP) in nuclear
ribosomal DNA (rDNA). Total DNA was digested with Xbal, and the Southern blots were probed with a nuclear
rDNA clone of Alternaria kikuchiana. The hybridization gave 17 different RFLPs from the 99 strains. On the
basis of these RFLPs, populations of host-specific toxin-producing fungi could not be differentiated from one
another nor from nonpathogenic A. alternata. Each population of the toxin-producing fungi carried rDNA
variants. Nine different types, named Al to A6 and B1 to B3, were detected among the toxin-producing fungi
and nonpathogenic A. alternata. All of the populations contained the type A4 variant, and the other rDNA types
were also shared by different toxin-producing fungi and A. alternata. In contrast, Alternaria species that are
morphologically distinguishable from A. alternata could be differentiated from A. alternata on the basis of the
rDNA RFLPs. Polymorphisms in rDNA digested with Haelll and Mspl were also evaluated in 61 Alternaria
strains. These restriction enzymes produced 31 variations among all of the samples. The seven toxin-producing
fungi and nonpathogenic A. alternata could not be resolved by phylogenetic analysis based on the RFLPs,
although they could be differentiated from the other Alternaria species studied. These results provide support
for the hypothesis that Alternaria fungi known to produce host-specific toxins are intraspecific variants of 4.

alternata specialized in pathogenicity.

There are seven plant diseases caused by Alternaria species
in which host-specific toxins are responsible for fungal patho-
genicity (28, 33). Participation of host-specific toxins in estab-
lishment of plant diseases is one of the most clearly understood
mechanisms of host-selective pathogenesis (28, 33, 40, 50).

In previous years, particular species names were adopted for
the following five Alternaria fungi known to produce host-
specific toxins: Alternaria kikuchiana, a host-specific AK toxin
producer causing black spot of Japanese pears (23, 45); A.
mali, an AM toxin producer causing alternaria blotch of apples
(32, 39, 48); A. longipes, an AT toxin producer causing brown
spot of tobacco plants (16, 20); and two biotypes of A. citri, a
producer of ACRL toxin, which causes brown spot of rough
lemons (10, 37), and a producer of ACTG or ACT toxin, which
causes brown spot of tangerines (17, 18, 34). The other two
toxin-producing fungi have been identified as pathogenic vari-
ants within A4. alternata. Grogan et al. (11) reported the
occurrence of a stem canker of tomatoes and characterized the
causal agent as A. alternata f. sp. lycopersici because of its
morphological similarity to 4. alternata. The tomato patho-
gen was later found to produce host-specific toxins, named
AAL toxins (4, 5). The causal agent of Alternaria black spot
of strawberries was designated the strawberry pathotype
of A. alternata, because the pathogen was morphologically
identical to A. alternata and appeared to produce host-specific
toxins, named AF toxins (21, 24, 30). The chemical structures
of these host-specific toxins, except for the AT toxin of A.
longipes, have already been elucidated (4, 5, 10, 17, 18, 23, 24,
32, 48).
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Nishimura et al. (27, 29, 31) observed that these fungi are all
similar in conidial morphology, although they lack the sexual
cycle. The measurements of conidial size were statistically
within the range of the descriptions for the collective species A.
alternata (Fries) Keissler (8, 25, 27, 29, 31, 41). A. alternata is
fundamentally a ubiquitous, saprophytic fungus. Each patho-
gen has a distinct and limited host range due to production of
a particular host-specific toxin, and thus it is possible to
distinguish one type of pathogen from another (27, 29). On the
basis of these features of the toxin-producing fungi, Nishimura
et al. (27, 29, 31) proposed that they be classified as patholog-
ical variants (pathotypes) of A. alternata. However, this hypoth-
esis has not been accepted widely because of the difficulties in
taxonomic classification of species within the genus Alternaria,
which are due partly to the lack of sexual stages (8, 25, 41, 42,
51).

The taxonomy of the genus Alternaria has been recently
reviewed (42, 51). Identification of some Alternaria species still
offers considerable difficulties, owing to their high variability
and polymorphism, which occur even in pure cultures (42, 51).
The classification of small-spored species, including host-
specific toxin-producing fungi, has been particularly confused,
because of the simple and convergent morphology of conidia
and facultative parasitism, resulting in an ambiguous host
range (42, 51).

Molecular approaches are used increasingly in taxonomy
and systematics of filamentous fungi (6). DNA-DNA and
rRNA-ribosomal DNA (rDNA) homology analyses have been
successfully employed in bacterial taxonomy, and extension of
this method to fungi is forthcoming (6). Restriction fragment
length polymorphisms (RFLPs) and nucleotide sequences of
nuclear tDNA have also been shown to provide valuable
information for taxonomy and systematics in fungi (2, 6, 12, 13,
22, 35, 49). DNA-DNA homology analysis suggested a close
relationship among Alternaria fungi known to produce host-
specific toxins and also between them and nonpathogenic A.
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TABLE 1. Strains of Alternaria species used in this study and TABLE 1—Continued
known to produce host-specific toxins
own e
Origin IDNA Strain type
Strain RFLP type Location Source® I I
Location Source®  I? 1 -
M-30 Tottori TU A4 R22
A. kikuchiana® T-32 Tottori TU A2 R3
No. 15A Tottori TU A2 R3 NAF-1 Aichi NU A2 R3
IFO6444 Unknown® IFO A4 R2 NAF-2 Aichi NU A2 NT
T88-4 Tottori THES B2 R4 NAF-3 Aichi NU A2 NT
T88-8 Tottori THES Bl RS NAF-4 Aichi NU A2 NT
T88-54 Tottori THES A5 NT NAF-5 Aichi NU A2 NT
T88-64a Tottori THES B2 R2 NAF-6 Aichi NU A2 R3
T88-154 Tottori THES A2 R3 -
T88-165 Tottori THES A4 R6 A. alternata 1. sp. lycopersici ]
T88-186 Tottori THES A5 NT AL-4 Mie NU A5 Rl
91H-18 Aichi NU A2 R7 AL-12 Mie NU A5 Rl
91H-27 Aichi NU A4 RS No. 91080804 Mie MARC A4 R2
g}g ‘él.(f:hl gg g:f gz 2 [FO, Institute for Fermentation, Osaka, Japan; TU, Laboratory of Plant
1fu Pathology, Tottori University, Tottori, Japan; THES, Tottori Horticultural
G31 G!fu NU B3 R8 Experimental Station, Tottori, Japan; NU, Plant Pathology Laboratory, Nagoya
G90-A2 Gifu NU Al NT University, Aichi, Japan; FTRS, Fruit Tree Research Station, Ibaraki, Japan;
A85-2 Aichi NU Bl RI10 NFTES, Nagano Fruit Tree Experiment Station, Nagano, Japan; JTY, Yoko-
85-10 Aichi NU Bl RI10 hama Center, Japan Tobacco Inc., Kanagawa, Japan; JTL, Leaf Tobacco
Nu89-22 Aichi NU A3 NT Research Laboratory, Japan Tobacco Inc., Tochigi, Japan; ATCC, American
Type Culture Collection, Rockville, Md.; MARC, Mie Agricultural Research
A. mali Center, Mie, Japan.
M-71 Unknown TU A6 R15 & RFLP type based on Xbal restriction patterns.
- € RFLP type based on Haelll and MsplI restriction patterns. NT, not tested.
21\219 X;g;?own ;UU gzl gig 4 The Japanese pear pathotype (27, 29). Produces AK toxin. Host plant, Pyrus
serotina var. culta.
irom el N G 0 T . |
1 The apple pathotype (27, 29). Produces AM toxin. Host plant, Malus pumila
Ku-15Ro Aomori FTRS A5 NT var. domestica.
Ku-16Ro Aomori FTRS A5 R17 & The tobacco pathotype (27, 29). Produces AT toxin. Host plant, Nicotiana
Ku-161 Aomori FTRS A5 NT species.
Ku-221 Aomori FTRS A4 NT % The rough lemon pathotype (27, 29). Produces ACRL toxin. Host plant,
: Citrus jambhiri.
AIZII\\/I/?;) lri t145 II‘\IZ;:I)II; ngl-}-]SE’S 2‘5‘ 113—1[.7 ‘ The tangerine pathotype (27, 29). Produces ACT or ACTG toxin. Host plant,
C. reticulata.
‘:m'g}'i g:g;ﬁg ggg 2: gfg / The strawberry pathotype (27, 29). Produces AF toxin. Host plant, Fragaria
-7 ananassa.
AM-91-8 Nagano NFTES AS NT % The tomato pathotype (27, 29). Produces AAL toxin. Host plant, Lycopersi-
Ha-1 Nagano NFTES A6 R20 con esculentum.
No. 40 Nagano NFTES A2 RI12
No. 42 Nagano NFTES B2 NT
No. 64 Nagano NFTES A4 R21
A. longipes® - alternata (19). Kuninaga and Yokozawa (19) investigated DNA
AT-204 Aichi NU A5 R8 b h 1 . isol £ Al .
IFO6149 Unknown IFO B2 R11 ase. S?quen(‘:e omology amopg ﬂlﬂ? 1S0. ates. O: te’:’lana
IFO6381 Unknown IFO B3 R2 fungi, including four host-specific toxin-producing fungi and
86-1 Kanagawa JTY A4 NT nonpathogenic A. alternata, by DNA-DNA reassociation kinet-
No. 122-2 Tochigi JTY A5 NT ics. Isolates of the toxin-producing fungi and nonpathogenic A.
5. ( P g Iung p g
No. 122-3 Tochigi ITY A5 R8 alternata shared high values of DNA homology that were
ATL-5 Kagawa JTL A4 R2 s & &y
ATL-6 Tocg:hi ; 1L ‘A3 RI12 similar to the values detected between isolates of the same
ATL-7 Tochigi JTL A3 NT species. In contrast, much lower values of DNA homology
ATL-9 Tottori JTL A3 RI12 were found when the toxin-producing fungi and A. solani were
ATL-10 Tottori JTL A4 R6 compared (19). The sample size in that work seemed to be
ATL-11 Tochigi JIL A4 NT inadequate to provide definitive data on the genetic relation-
q p [ g
ﬁ%ig ?’ate JTL A5 R13  ghips between these fungi. We previously analyzed rDNA
A1 yamagata T A% NI RFLPs of 322 isolates of A. kikuchiana collected from 14
ATL-23 Twate & ITL A5 NT locations in Japan and detected eight rDNA variations within
ATL-26 Fukushima JTL A3 NT the popu}ation ‘(1). We supposed that populations of the
ATL-28 Fukushima JTL A4 R6 host-specific toxin-producing fungi and A4. alternata should
A citri show some of the same rDNA variants as in A. kikuchiana only
" ATCC 38962" United States ATCC A4 R2 if they could be categorized as pathological variants of A.
ATCC 38963 United Statess ATCC A4 R2 alternata. The purpose of this study was to characterize Alter-
4 dl . naria species by rDNA restriction patterns at the species level
o 1’;’7”“"" Iwate U A1l Rig 2nd to clarify genetic relationships among the host-specific

toxin-producing fungi for assessment of their taxonomy and
Continued pathogenic specialization.
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TABLE 2. Strains of Alternaria species used in this study

Origin rDNA RFLP
Strain # type
Location Source® I 1
A. alternata®
IFO31188 Kagawa IFO A4 R2
IFO31189 Unknown® IFO A2 R2
IFO31805 Unknown IFO A5 R14
IFO4026 Unknown IFO A6 R1
ATCC 66981 United States ATCC AS R23
ATCC 66982 United States ATCC AS R23
ATCC 66983 United States ATCC A3 R12
0-94 Tottori TU B2 R2
A. bataticold
Abl Unknown NU (o7) R24
IFO6187 Unknown IFO Cc7 R29
03-05009 Unknown NIAR Cc7 NT
03-05010 Chiba NIAR c7 NT
A. dauci®
Adl Unknown NU C4 R25
Ad2 Unknown NU C3 NT
03-05012 Saitama NIAR C4 NT
A. panax*
Apxl Shimane NU Cé6 R26
Apx2 Shimane NU C6 NT
Apx11 Shimane NU C6 NT
Apx12 Shimane NU Cé6 R27
Apx22 Shimane NU C6 NT
A. porri’
Ap0 Unknown NU Cs R28
Ap28 Unknown NU Cs NT
Ap29 Unknown NU Cs NT
A. sesami Se-V Unknown NU C8 R30
A. solani
Al6 Shimane SU C1 R31
Al7 Shimane SU C2 NT
Al8 Shimane SU C1 NT
A425 Unknown NU C1 NT
A426 Unknown NU C2 NT
AsII Mie NU C1 NT
IFO7516 Kanagawa IFO c2 NT

“IFO, Institute for Fermentation, Osaka, Japan; ATCC, American Type
Culture Collection, Rockville, Md.; TU, Laboratory of Plant Pathology, Tottori
University, Tottori, Japan; NU, Plant Pathology Laboratory, Nagoya University,
Aichi, Japan; NIAR, National Institute of Agricultural Resources, Ibaraki,
Jagan; SU, Laboratory of Plant Pathology, Shimane University, Shimane, Japan.

RFLP type based on Xbal restriction patterns.

¢ RFLP type based on Haelll and Mspl restriction patterns. NT, not tested.

4 Nonpathogenic.

¢ Unknown, but in Japan.

f Host plant, Ipomoea batatas.

& Host plant, Daucus carota.

% Host plant, Panax ginseng.

¢ Host plant, Allium cepa.

J Host plant, Sesamum indicum.

% Host plants, members of the family Solanaceae.

MATERIALS AND METHODS

Fungal strains. A total of 99 strains, including 68 strains
from seven Alternaria fungi producing host-specific toxins, 8
strains of nonpathogenic A. alternata, and 23 strains from an
additional six Alternaria species, were used in this work. Their
origins and host plants are shown in Tables 1 and 2. The strains
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were maintained on potato sucrose agar.

RFLP probe. \ phage clone Altl was used as a hybridization
probe for detection of nuclear rDNA variation in Alternaria
species. Altl was selected as a nuclear IDNA clone containing
two copies of the entire rDNA unit from a genomic library of
A. kikuchiana 15A (46).

DNA extraction. Fungal strains were grown in 50-ml por-
tions of potato dextrose broth in 100-ml Erlenmeyer flasks at
28°C. Total DNA of each strain was prepared from the
resulting mycelia by the method of Adachi et al. (1).

Recombinant N phage DNA was isolated by the plate lysate
method (38).

Hybridization. Fungal DNA was digested to completion
with restriction endonucleases (Toyobo) by using standard
methods (38). Total DNA was digested with restriction en-
zymes that recognize specific six-nucleotide-long sequences
and fractionated in a 0.8% agarose gel (LO3; Takara). Total
DNA was also cleaved with restriction enzymes that recognize
four-nucleotide-long sequences and separated in 1.2 and 3.5%
agarose gels (Nusive 3:1; FMC). The fractionated DNA was
transferred to a Hybond N+ nylon membrane (Amersham) by
the alkaline transfer method (36).

The Altl probe was labeled by randomly primed incorpora-
tion of [«-*?P]dCTP (ICN Biochemicals Inc.) with a random-
primer DNA-labeling kit (U.S. Biochemical Corp.) (9). Hy-
bridization was carried out in 5X SSPE (1X SSPE is 0.18 M
NaCl, 10 mM NaH,PO, [pH 7.7], and 1 mM EDTA) contain-
ing 5X Denhardt’s solution (38), 0.5% sodium dodecyl sulfate,
100 pg of sonicated salmon sperm DNA per ml, and 50%
formamide at 42°C. Hybridized blots were washed at 65°C; the
final wash was done with 0.1X SSPE-0.1% sodium dodecyl
sulfate.

Statistical analysis. The levels of relatedness between
rDNA RFLP types were determined by the method of Nei and
Li (26). RFLP types were evaluated for the presence or
absence of hybridized fragments at specific positions. Data
from separate hybridizations of Haelll and Mspl digests with
the Altl probe were combined for analysis. The similarity
coefficient (F) for the TDNA types was estimated from the
RFLP data by using the formula F = 2N_/(N, + N,), where N,
is the number of restriction fragments shared by two rDNA
types, x and y, and N, and N, are the total numbers of
restriction fragments in rDNA types x and y, respectively (26).
A dendrogram was constructed from the similarity coefficient
data by using the unweighted pair group method with arith-
metic average clustering (44).

RESULTS

Polymorphisms of rDNA restriction patterns in Alternaria
species. Restriction endonuclease Xbal was used to cleave
total DNA of each strain, because our previous study on rDNA
RFLPs in an A. kikuchiana population demonstrated that it
gave the best pattern variability (1). The Xbal-digested DNA
was probed with a nuclear rDNA clone, Altl, isolated from A.
kikuchiana (46). The hybridization produced 17 different pat-
terns from 99 strains of Alternaria species studied (Fig. 1). We
also used restriction enzyme EcoRI to detect RFLPs in rDNA.
EcoRlI restriction patterns were not as polymorphic among the
strains as those obtained with Xbal and gave no subgroups
within Xbal RFLP types (data not shown).

The distribution of rDNA variation within the Alternaria
species used is shown in Table 3. On the basis of the distribu-
tion patterns of the IDNA variants, Alternaria fungi known to
produce host-specific toxins could not be differentiated from
one another nor from nonpathogenic 4. alternata. Populations
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FIG. 1. RFLPs of representative strains of rDNA types in Alterna-
ria species. Total DNA was cleaved with Xbal and fractionated in a
0.8% agarose gel. The Southern blot was hybridized with 32P-labeled
Altl DNA. The lane designations correspond to the rDNA types in
Tables 1, 2, and 3. The sizes (in kilobases) of marker DNA fragments
(HindlIlI-digested A DNA) are indicated on the left.

of the toxin-producing fungi, except for A. citri, contained
multiple rDNA variants (Table 3). We could use only one
strain each of the two biotypes of A. citri, pathogenic to
tangerines and rough lemons, because these have never oc-
curred in Japan. Nine types of IDNA, Al to A6 and B1 to B3,
were detected among populations of the toxin-producing fungi
and nonpathogenic A. alternata, and eight of them were
identical to TDNA types observed previously in 4. kikuchiana
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(1). Type B1 tDNA occurred only in A. kikuchiana, but the
other eight types were shared by two or more fungi producing
different host-specific toxins. Type A4 rDNA was found in all
populations of the seven toxin-producing fungi and also in
nonpathogenic A. alternata (Table 3). Thus, Xbal RFLPs could
not differentiate the toxin-producing fungi, correlating with the
original species designation and pathogenicity.

In contrast, populations of six Alternaria species that are
morphologically distinguishable from A. alternata did not carry
the same rDNA variants possessed by A. alternata and the
toxin-producing fungi (Fig. 1 and Table 3). Eight rDNA types,
C1 to C8, were detected among 24 strains of these six species.
Although populations of A. dauci and A. solani contained some
rDNA variants, all of the eight types were species specific
(Table 3).

We employed restriction enzymes Haelll and Mspl for
grouping of strains of Alternaria species in more detail, because
such enzymes could provide more polymorphisms in rDNA
restriction patterns. We analyzed the RFLPs in 61 strains,
including 30 strains of seven fungi producing host-specific
toxins, 8 strains of nonpathogenic A4. alternata, and 8 strains of
six other species. Total DNA digested with each enzyme was
separated in both 1.2 and 3.5% agarose gels for exact evalua-
tion of the banding patterns. Haelll and Mspl produced 7 to 9
and 10 to 12 resolvable fragments, respectively, in the strains
studied. In total, Haelll and Mspl gave 27 and 33 different
resolvable fragments, respectively. Strains were evaluated for
the presence or absence of hybridized fragments with specific
electrophoretic mobility. On the basis of the complete set of
data, 31 variant types of rDNA, named R1 to R31, were
identified (Table 4). As examples, banding patterns obtained
with various rDNA types are shown in Fig. 2. Twenty-three
RFLP types, R1 to R23, were detected in populations of the
toxin-producing fungi and A. alternata (Tables 1, 2, and 4).
Among them, seven types were shared by different toxin-
producing fungi and nonpathogenic A. alternata. Strains of
Alternaria species that are morphologically different from A.
alternata carried different rDNA types, R24 to R31 (Table 2).

Phylogenetic analysis of Alternaria species. We inferred the
phylogenetic relationships among strains of Alternaria species
from RFLPs in Haelll- and Mspl-digested rDNA. A cluster
analysis of the RFLP data was used to calculate the similarity

TABLE 3. Distribution of rDNA variation in Alternaria species measured by RFLP analysis using Xbal

Species

No. of strains® with IDNA type®:

Al A2 A3

2

A6

B1 B2 B3 C1 Cc2 C3 C4 Cs C6 Cc7

. kikuchiana 1 4 1
mali 1 1
longipes 4
citri¢

citri¢

. alternata strawberry pathotype 1 7

. alternata f. sp. lycopersici

Nonpathogenic A. alternata 1
A. bataticola

A. dauci

A. panax

A. porri

A. sesami

A. solani

AS
2
7
6

BN RN
b= e e = N WD

w N

3 2

- NN

1

@ Strains used are shown in Tables 1 and 2.

b See Fig. 1.

© The causal agent of brown spot of rough lemons.
4 The causal agent of brown spot of tangerines.
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TABLE 4. Data set showing presence and absence of restriction fragments at 60 positions hybridizing to a
nuclear rDNA clone of A. kikuchiana
Presence or absence?® of restriction fragments as determined by restriction enzyme:
RFLP type
Haelll Mspl
R1 1111110100 0000000000 1000000 1101010000 1111100000 0000000000 100
R2 1111110100 0000100000 0000000 1101010000 1111100000 0000010000 000
R3 1111110100 0100000000 0000000 1101010000 1111100000 0100000000 000
R4 1111110100 0000001000 0100000 1101010000 1111100000 0000000100 000
R5 1111110100 0010010000 0000000 1101010000 1111100000 0010001000 000
R6 1111110100 0001000000 0000000 1101010000 1111100000 0001000000 000
R7 1111110101 1000000000 0000000 1101010000 1111100000 1000000000 000
R8 1111110100 0000000001 0000000 1101010000 1111100000 0000000001 000
R9 1111110100 1000000000 0000000 1101010000 1111100000 1000000000 000
R10 1111110100 0100000000 0000000 1101010000 1111100000 0100010000 000
R11 1111110100 0100100000 0000000 1101010000 1111100000 0100010000 000
R12 1111110100 0010000000 0000000 1101010000 1111100000 0010000000 000
R13 1111110100 0000000100 0000000 1101010000 1111100000 0000000001 000
R14 1111110100 0000000001 0010000 1101010000 1111100000 0000000001 010
R15 1111111000 0000000000 0010000 1101010000 1111100000 0000000000 001
R16 1111110100 1000000000 0000000 1101010000 1111100010 0000000000 000
R17 1111110100 0000000001 0000000 1101010000 1111100000 0000000010 000
R18 1111111000 0000001000 0000000 1101010000 1111100000 0000000100 000
R19 1111110100 0000100000 0000000 1101010000 1111100000 0001000000 000
R20 1111110100 0000000000 0010000 1101010000 1111100000 0000000000 001
R21 1111110100 0000000001 0000000 1101010000 1111100000 0000100000 000
R22 1111110100 1000000000 0000000 1101010000 1111100000 0000010000 000
R23 1111110100 0000001000 0000000 1101010000 1111100000 0000000100 000
R24 1111110000 0000000000 0000100 1101011001 1111000000 0000000000 001
R25 1111110000 0000000000 0000001 1101011000 1111111000 0000000000 000
R26 1111110110 0000000000 0000000 1011100010 1111000001 0000000000 000
R27 1111110110 0000000000 0000000 1101100010 1111000000 1000000000 000
R28 1111110000 0000000000 0000001 1101010101 1111001000 0000000000 000
R29 1111110000 0000000000 0001010 1101010101 1111000000 0000000000 001
R30 1111110000 0000000000 0001000 1101010101 1111010000 0000000000 000
R31 1111110000 0000000000 0000001 1101010100 1111100100 0000000000 000

41, presence; 0, absence.

coefficients between the RFLP types, and a dendrogram was
constructed by using the unweighted pair group method with
arithmetic average clustering (Fig. 3). The dendrogram did not
identify any genetic clusters among the Alternaria fungi known
to produce host-specific toxins, corresponding to the original
species and pathogenicity designations; all of the toxin-produc-
ing fungi clustered in a single genetic group together with
nonpathogenic 4. alternata at a similarity level of 84% (Fig. 3).
However, the other species that are morphologically distin-
guishable from A. alternata were grouped in other clusters on
the dendrogram. RFLP types detected in A. bataticola and A.
sesami and in A. dauci, A. porri, and A. solani clustered
together at similarity levels of 84 and 86%, respectively.

DISCUSSION

The smallest species group level of the genus Alternaria has
been prescribed on the basis of the following differential
diagnostic criteria: arrangement of conidia on the host and in
culture; conidial shape, color, septation, and measurements;
surface ornamentation of conidia; nature of the conidial beak
or secondary conidiophores; conidiophore characters; forma-
tion of chlamydospores or gemmae; and unique culturing
characters (42, 51). The genus can be generally divided into
two groups, small spored and large spored. The small-spored
group, including the host-specific toxin-producing fungi, is
more difficult to differentiate between similar species than the
large-spored group, because of simplicity and intraspecific
variability of conidial morphology, even in pure cultures.

Phytopathological characters, such as host specificity, have also
been used as criteria for identification of Alternaria specimens.
Although host specificity seems to provide a good identifica-
tion match in some cases, such pathology indicators seem to
have caused confusion in the taxonomy of the genus (42).

During many past years, particular Alternaria species names
have been adopted for five of the seven fungi whose pathoge-
nicity and host specificity are dependent on host-specific toxins.
Nishimura et al. (27, 29, 31) observed that the seven toxin-
producing fungi all have conidial morphology similar to that of
a collective species, A. alternata. Regardless of similarity in
conidial morphology, however, they have distinct host ranges.
Thus, Nishimura et al. (27, 29, 31) proposed that all of these
fungi be given the valid and correct name A. alternata, inde-
pendently of their pathogenicity, and be designated as different
pathotypes of A. alternata, corresponding to their host speci-
ficity. Yu (51) reported that isolates of A. kikuchiana, A. mali,
A. alternata {. sp. lycopersici, and the strawberry pathotype of 4.
alternata displayed enough characteristics in common with
standard stock cultures of A. alternata. His comparison of
conidia from in vitro cultures showed that their measurements
agree with the published description of 4. alternata (8, 25, 41,
51).

Simmons (42) opposed the hypothesis proposed by Nish-
imura et al. (27, 29, 31), mainly because of the lack of an
adequate description of patterns of conidial catenulation.
Simmons (42) reported that, in addition to conidial size range,
three-dimensional sporulation patterns are critical to the dif-
ferentiation of similar species in the small-spored group. On
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FIG. 2. RFLPs of representative strains of rDNA types in Alterna-
ria species. Total DNA was cleaved with Haelll (A) or Mspl (B) and
fractionated in a 3.5% agarose gel. The Southern blot was hybridized
with 3?P-labeled Altl DNA. The lane designations correspond to the
rDNA types in Tables 1 and 2. As an example, the hybridization
patterns of 19 of 31 types are shown. The sizes (in kilobases) of marker
DNA fragments are indicated on the left.

the basis of his criteria, A. alternata conidia are produced in a
loose, three-dimensional tuft of branching chains under spe-
cific conditions of growth and Alternaria fungi whose conidia
are produced in a single linear chain under the same conditions
are another taxon, even if their conidia show the same size
range. Furthermore, A. longipes has been reported to form
larger-sized conidia than A. alternata (42, 51).

Our results based on Xbal RFLP analysis of nuclear IDNA,
however, demonstrated the close relationships among A. alter-
nata and all of the host-specific toxin-producing fungi: specific
RFLP patterns were not detected among the fungi, correlating
with the original species designation and host specificity. In
some cases, strains of different toxin-producing fungi shared
the same rDNA variation, although single populations produc-
ing the same toxins contained various rDNA variants. In
contrast, Alternaria species that are morphologically distin-
guishable from A. alternata revealed rDNA RFLPs different
from those of A. alternata. Among nine rDNA types detected
in populations of the toxin-producing fungi and A. alternata,
eight types were identical to RFLP types previously detected in
an A. kikuchiana population (1). The eight variant types have
been reported to differ in the lengths and presence of the
restriction sites in spacer DNA outside the coding regions for
rRNAs (1). On the basis of the restriction profiles of an
additional type A6 rDNA, type A6 probably differs from the
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FIG. 3. Dendrogram showing the level of genetic relatedness of 31
rDNA RFLP types (R1 to R31) detected in Alternaria species. The 31
types were identified on the basis of the data set of RFLP profiles
shown in Table 4. An unweighted pair group method with arithmetic
average clustering dendrogram was constructed from the similarity
coefficients calculated from the RFLP data. Alternaria species carrying
respective rDNA types are shown in parentheses. Abbreviations: Aa,
A. alternata; Ak, A. kikuchiana; Am, A. mali; Al, A. longipes; Aas, the
strawberry pathotype of A. alternata; Aal, A. alternata f. sp. lycopersici;
Acr, A. citri causing brown spot of rough lemons; Act, 4. citri causing
brown spot of tangerines; Ab, A. bataticola; Ase, A. sesami; Ad, A.
dauci; Apo, A. porri; Aso, A. solani; Apa, A. panax.

other eight types in a similar manner. These results strongly
suggest that the seven toxin-producing fungi and A. alternata
should not be differentiated from one another at the species
level.

Phylogenetic analysis based on Haelll and Mspl polymor-
phisms in rDNA indicated that all of the toxin-producing fungi
and A. alternata cluster in a single genetic group. Previous
studies of filamentous fungi have shown that IDNA RFLPs can
represent genetic relationships within and between fungal
species (2, 6, 13, 22, 49). We previously observed that IDNA
RFLP types reflected the multilocus genotypes of individuals
of A. kikuchiana measured by DNA fingerprinting with nuclear
repetitive DNA sequences (1). Thus, this study provides strong
support for the hypothesis of Nishimura et al. (27, 29, 31) that
Alternaria fungi producing host-specific toxins should be char-
acterized as pathotypes of A. alternata which are intraspecific
variants specialized in pathogenicity, depending on host-spe-
cific toxins. Morphological differences previously reported
among the toxin-producing Alternaria fungi (42, 51), if any,
should be evaluated as intraspecific variability. To establish a
firmer basis for the pathotype hypothesis, we are now compar-
ing nucleotide sequences of the intergenic transcribed spacer
regions of TDNA among Alternaria fungi, because these se-
quences have been reported to provide reliable information for
classification of fungal species (12, 35).
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The length and restriction site polymorphisms in nuclear
rDNA repeats have precedents in other eukaryotic species,
including fungi (3, 6). However, A. alternata appeared to carry
a relatively high level of variation in the rDNA units. In
Saccharomyces cerevisiae, detailed analysis has shown that
variant forms of IDNA differ by a number of small insertions,
deletions, and point mutations in the intergenic region in
rDNA repeats (43). We are now further characterizing the
variations in Alternaria IDNA by comparing the nucleotide
sequences of the intergenic regions.

A. alternata is perhaps the most cosmopolitan of fungal
species. It grows on many substrates and grows as a saprophyte
on the surfaces of living roots, leaves, seeds, and other plant
parts. A. alternata also grows as a weak pathogen causing
opportunistic disease in a number of crops, because all fungi
belonging to A. alternata possess a general aggressiveness, that
is, an ability to penetrate plant tissues or artificial membranes
(27, 29, 31). These characteristics suggest that the pathogens
appear in an agroecosystem after nonpathogenic, saprophytic
strains acquire the ability to produce host-specific toxins
effective against certaip susceptible host genotypes. Koch et al.
(15) proposed the hypothesis that a direct relationship between
phylogenetic and pathogenicity groupings within species might
be expected if pathogenicity is controlled by many genes
distributed throughout the fungal genome; an indirect relation-
ship might result from geographical or mating isolation of
individuals having the same pathogenicity type if pathogenicity
is controlled by only a few genes. Since no direct correlations
between rDNA variant distribution and host-specific pathoge-
nicity were observed in populations of the toxin-producing
fungi, pathogenic specialization within A. alternata might be
controlled by a small number of genes involved in host-specific
toxin biosynthesis.

There are many fungi containing intraspecific variations,
designated formae speciales and races, that differ in host
specificity. However, knowledge of the chemical or molecular
basis of pathogenic specialization within any single species is
very limited (7). Thus, Alternaria fungi producing host-specific
toxins seem to be good models for studying the potential and
development of pathogenic specialization in phytopathogenic
fungi, because their host-specific toxins have already been well
characterized as chemical determinants of host-specific patho-
genicity (29, 33). To assess the molecular basis of pathogenic
specialization of Alternaria pathogens, we have established
gene manipulation techniques with Alternaria fungi and are
now attempting to clone the genes required for host-specific
toxin biosynthesis (14, 47).

With the development of molecular technology, new molec-
ular markers have become available for fungal taxonomy and
systematics. The simple and often convergent morphology of
fungi has frequently led to confusion and difficulty in the
classification of similar species. Classification of the genus
Alternaria at the species level has also been faced with consid-
erable difficulties (42, 51). RFLPs and nucleotide sequence
polymorphisms in nuclear IDNA might provide useful markers
for classification of Alternaria species, as shown in other fungi
(2, 12, 13, 22, 35, 49). Phylogenetic analysis based on Haelll
and Mspl RFLPs suggested genetic similarity between A.
bataticola and A. sesami and also among A. dauci, A. porri, and
A. solani, although the sample size might not be enough to
provide a definitive conclusion. More detailed analysis of their
genetic relationships by using more strains is in progress. We
assume that such technology could simplify the systematic
classification of species within the genus Alternaria and also
other fungal genera.
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