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Abstract
yzed genetic variability within a global collection
rghum ergot pathogen Claviceps africana by using
equencc analysis, random amplified microsatellite
sis, and amplified fiagment length polymor) analysis. Distinct groups of Claviceps

primers were designed for specific detection of C.
and other species. AFLP analysis allowed assessintraspecific variation in C,afiicana, and hlgh
etic similarity were observed among Australanese isolates andU.S./Mexican/African iso-

Introduction
ergot, caused by Claviceps africana, has recently
tablished in the United States. The pathogen
as restricted to Asia and Africa, but has since
South America, Australia, Japan, the United
other regions (2, 18). In 1997, ergot was found
Rico as well as the lower Rio Grande Valley of
and spread northward as far as Nebraska and
Mississippi (25). Sorghum ergot threatens sorction in a number of states and is of concern to
genetic analysis of the sorghum ergot path-

f isolates found in the United States with those
egions, and lead to a rapid means of pathogen
owever, Claviceps is not a widely studied gennumber of studies of the genetics and population
of C. afiicana is not large.

Clavicepspurpurea is the most widely studied species
in the genus Claviceps (6, 7, 12). Levels of genetic variaafricana (18) have
tion within C.purpurea (12) and
been assessed with random amplified polymorphic DNA
(RAPD). In C.purpurea, DNA fragments resulting from
PCR amplification of genomic DNA with a single RAPD
primer distinguished more than 20 C. purpurea isolates,
with most strains fiom specific hosts grouping together. In
28 geographically diverse C. africana isolates, 65 RAPD
primers amplified uniform, species-specific patterns, and
seven primers could be used to distinguish four groups of
isolates, but little variation was observed within groups
(18). In terms of molecular taxonomy, phylogenetic analyses comparing ribosomal DNA sequences place the
Clavicipitales within the unitunicate perithecial ascomycetes (8, 14,20).
The amplified fragment lengthpolymorphism (Amp)
technique (24) is a relatively new DNA fingerprintingtechnique that has become a valuable and powerful method to
study population structure in fungi.The AFLP technique
selectively amplifies a small portion, usually < 0.4%, of the
DNA fragments resulting from a complete double restricttion enzyme digest of genomic DNA. AFLPs have several
advantages relative to other tools commonly used to assess
genetic variation, including high reproducibility, large
information content per reaction, theoretical neutrality of
the markers detected, and dispersal of markers detected apparently randomly throughout the entire genome (15).
AFLP analysis has become a valuable tool for identifying
previously undetected levels of genetic diversity, especially
among isolates within a species of h g a l pathogens, and
for identifying genetic markers associated with important
biological, ecological, and phylogenetic characters (1, 17,
19). We analyzed strains of C. africana with AFLPs and
found that the technique provided significant information
about genetic variation within the ergot pathogen that was
consistent with the results of RAPD analysis (18) in reconstructing recent patterns of pathogen migration.
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Cultural Variation in C. africana

We have 233, mostly single conidial, isolates of C. afncana
in our collection, with 80 from the mainland United States,
33 from Puerto Rico, 5 1 from India, 14 from Australia, 17
from Africa, 9 from Japan, 8 from Mexico, 11 from Brazil,
5 from El Salvador, and 5 from Thailand, that we can work
with in specialized containment facilities (16) not available
elsewhere in the United States. Isolates are stored cryogenically at the Central Cell Repository of the National
Cancer Institute at Ft. Detrick, Maryland both as dry mycelial plugs (fiom PDA cultures) and in 10%dimethyl-sulfoxide cryoprotectant. As outgroup species, we use C. purpurea (ATCC 34699, ATCC 34501), Clavicepsfirsiformis
(ATCC 26019), Claviceps sorghicola (23), and Claviceps
paspali from Paspalum grasses.
C. purpurea and C.firsiformis grow faster than C. afdcana, and C, fusiformis has "feathery" colony edges. C.
sorghicola has a "smooth" appearance and produces a
brown pigment, wbich is especially prominent on the underside of the colony. Cultures of C. afncana from different
geographic locations grown on potato dextrose agar at 2224°C in darkness vary in growth rate (0.79-2.54 &day)
and colony morphology. Cultures from Texas grow slowly,
with irregular margins and lumpy colony surfaces, while
those from Kansas include some with similar morphology
to those from Texas as well as others with a 'laised" colony morphology andlor feathery colony margins. Indian
and Australian isolates generally have smooth colony surfaces and less restricted growth. Thai cultures have slowgrowing, hard, dark, brown areas interspersed with smooth
or lumpy, white areas of growth. We also have cultures that
are intermediate between the smooth and lumpy phenoltypes andlor that appear to sector for this phenotype.

Molecular Analysis of Claviceps africana
We used three different molecular techniques to characterize genetic variation in C. afi.icana including DNA sequence analysis, RAM analysis, and AFLP analysis. We
cloned and sequenced the P-tubulin intron 3 region of 40
Claviceps isolates representing five species, and the EF-1a
intron 4 region (21) of 11 isolates from the same five species. A very small amount of intra-specific variation was
observed in the two regions, and the differences in sequence could be used to separate the five Claviceps species.
We also used RAM and AFLP analyses to assess intraspecific variation in C. africana. RAM analysis (9,lO) is a
PCR-based method that uses primers containing microsatellite sequences and degenerate anchors at the 5' ends,
and has been used to evaluate variation in several fungal
species (9, 10). We used the primers described by Hantula

CCA, CGA, and GT. PCR was
Elmer 9600 thermal cycler with pr
tion conditions (9). The annealing temperature
ded upon the primer used: 64OC for CCA 61°C f~
58°C for GT, and 49OC for ACA. P
arated in 1.4%agarose gels in 0.5 x
with ethidium bromide. Three sets o
reproducible banding patterns and could be used to
entiate species. Amplified DNA fra
-200-2000 bp in length, characteristic
for each species (22).
AFLPs were generated for C, africana (22)
AFLP Analysis System 11 (Life Technologies Inc.,
ersburg, MD). The AFLP reactim products were
~ separated by electrophoresis through
with 3 2 and
uring 6% (wlv) polyacrylamide DNA sequencing ge
taining 7.5 M urea. Autoradio
exposing Kodak BioMax MR-2
Rochester, NY) to the dried gel
ature. Autoradiographswere scanne
for the presence or absence of bands. Bands of 75-29
wen scored by using Proscore version 2.36 (DNA
Inc., Nashville, TN). Binary matrices consisting
(denoting absence of a band) and "1"s (denoting p
of the band) were analyzed to obtain simple matching c
ficients among the isolates by us
(Exeter Biological Software, Se
matching coefficients were clus
trees using the SAHN clustering option and the unwe
pair-group method with arithmetic average
algorithm in NTSYS-pc. We analyzed 20 C.

were MsetC and EcoRI+AG, and the resulting AFLP patterns were highly reproducible.
When AFLP data were analyzed using the UPGMA
algorithm within NTSYS-pc (Fig. 29-I), different Claviceps species ranged in similarity from S 60% to approximately 75%. Based on AFLP analysis, C. sorghicola, which
causes sorghum ergot in Japan, was more closely related to
C. nfiicana than were either C. purpurea or C. firsiformb
(22). Indian and Australian isolates also were approximately 90% similar, and shared several polymorphic
bands. These findings and those from the RAM data and the
RAPD data (18) allare consistent with the hypothesis that
the Indian and Australian isolates are closely related. C. a$
ricana isolates from South Africa (Cla-56 and Cla-58) were
nearly identical to those from the United States, and shared
a 111 bp band not present in either the Australian (Cla-2
and Cla-3) or Indian (Cls-1 through Cls-4) isolates.
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lam. Tlaesexndian isolates were identical to other C. afEicana isolates based on ptubulin and EF-lasequences (21).
Thus, we consider these isolates to be C, a f r i c m rather
than C. sorghi. These Indian isolates also were identified as
C a f i a n a by Bogo and Mantle (3) based on morphology
and the presence of the alkaloid dihydroergosme.
Some isolates had unique AFLP bands that distinguished them &omother isolates fiom the same geographic
location. Thus, a substantial amount of genetic variation
exists within C. afiicana. Even amongst the isolates h m
the United States, there is some variation (isolates are
approximately 95% similar), which indicates that several
clonal genotypes of the pathogen are present.
In 1997, ergot was observed in Mexico prior to being
found in the mainland United States. Puerto R i m isolates
could have originated from the mainland United Stabs
following its establishment there, or from a third location,
which could have been the source for the epidemics in
Mexico and the mainland United States. Tht hi& (95%)
similarity between isolates from South Africa and the United States implicates Africa, rather thanIndia or Australia,
as the original source of the isolates responsible for the
1997 epidemics in Puerto Rico and the mainlazd United
States. Support for this hypothesis includes t h e m v e r y of
isolates with iden.tical RAPD patterns from both South
Africa and the Americas (18). Based on RAPDs (18), isolates from the United States all represented a single clone,
although the isolates tested were collected in Texas in a
single year.

Conclusions and Future Research
AFLP analysis of C. africanp isolates shows that Indian,
Australian, and Japanese isolates, and U.S., Mexican, and
African isolates are related to one another but fall into two
group. These results are consistentwith those obtained by
RAW analysis (18) and reflect existing patterns in sorghum seed trade. Within each of these groups, AFLP variation exists, which indicates the presence of multiple genotypes in each region. Mechanisms responsible for the observed variation could include mutation, or more recently
characterized modes of genetic change such as chromosome alterations, cytoplasmically transmitted genetic elements, or transposonactivity (13). The parasexud cycle can
occur in CImiceps sp. (4), but it i s not known if it occurs in
C,africana.Greaterknowledge of the role of the sexual cycle, and whether it occurs in areas of recent introduction,
e.g., the United States, could help estimate the pathogen's
ability to reasrange existing genetic variation and formnew
genotypes that could complicate the deployment of longterm contMl'm@sures.
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The AFLP method should be useful in further studies
of ergot species diversity and in the monitoring of pathogen
migrations. Further analysis of greater numbers of isolates
from diverse regions including Africa, India, Australia,
South and Central America, and the United States will
allow associations of AFLP patterns with pathotype diversity, host of origin, and/or geographic origin to be made.
The resulting associations may help predict future migrations and changes in the population composition of this
potentially rapidly spreading pathogen. Furthermore, analysis of genotypes that are present regionally over a period
of years can be used to determine whether the same genotypes cause disease every year, whether the pathogen can
survive between seasons on alternative hosts, e.g.,johnsongrass, and whether initial inoculum is composed of immigrant genotypes from ather regions. These data will provide
a better overall picture of the population genetics and
dynamics of C.africana in regions of new introduction and
lead to predictions regarding the epidemiology of the disease.
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