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Randomly amplified polymorphic DNA fingerprinting, which is based on PCR with arbitrary 10-nucleotide
primers, were used to analyze genetic diversity among isolates of the endophytic ascomycete Epichloë typhina,
which were collected at a single field site from a population of one of its hosts, the grass Bromus erectus. One
of the polymorphic randomly amplified polymorphic DNA PCR products occurred in all isolates as single
bands with different but closely related sizes. Two of the size variants of this product were cloned and
sequenced, and they were found to represent the same DNA sequence, except for a stretch of tandem repeats
of the trinucleotide AAG z TTC, which differed in size, consisting of 8 and 18 repeats, respectively. Tandem
repeats of this type are called microsatellites. Oligonucleotides were synthesized corresponding to portions of
the sequence flanking the microsatellite and were used for PCR amplification of the loci from the genomic
DNAs of different Epichloë isolates. A single PCR product was found for most isolates, indicating that the
sequence represented a single genetic locus. Five alleles that could clearly be distinguished in size were found
in a population of 91 field isolates. PCR with (AAC)8 and (AAG)8 as primers yielded a number of amplified
bands from genomic DNA of Epichloë isolates, indicating that these types of microsatellites occur frequently in
the genome of this fungus. A survey of all fungal DNA sequences currently deposited in the DNA sequence
databases of EMBL and GenBank revealed that microsatellites of different repeating units are widespread in
fungi. Our findings indicate that microsatellite-containing loci may be used as molecular markers for popu-
lation studies of Epichloë species and many other unrelated fungi.

Microsatellites, which are also known as short tandem re-
peats or simple sequence length polymorphisms, are stretches
of tandem mono-, di-, tri-, and tetranucleotide repeats of vary-
ing lengths (1, 21). Such sequences are widely dispersed in
eukaryotic genomes (1, 7, 21), including those of fungi (15);
they are also present but less frequent in prokaryotic genomes.
Oligonucleotides corresponding to microsatellites have widely
been used as fingerprinting probes to identify RFLP polymor-
phisms among DNA samples from different individuals (1, 15),
as illustrated by the recent use of labeled (CAT)5 to fingerprint
restricted DNAs of various fungi (4). The loci containing mi-
crosatellites themselves are also ideal markers for studies of
gene flow and genetic variation because they are often highly
polymorphic, containing a wide range of repeats, and because
they usually undergo Mendelian inheritance. When amplified
by PCR with specific flanking primers, different alleles of a
microsatellite-containing locus can readily be identified by their
different sizes. Applications for microsatellite markers include
genome mapping, paternity and kinship analyses, clone or
strain identification, and population genetic studies including
estimations of population size and assignment of inbreeding
coefficients. Compared with randomly amplified polymorphic
DNA (RAPD) PCR, restriction fragment length polymor-
phism, and isozyme markers, microsatellite markers can be
analyzed with considerably less material, even if it is old or
partially degraded. For studies of plant-associated fungi, mi-
crosatellite markers have the added advantage that the analysis
can be performed directly in planta if the flanking primers are
sufficiently specific.
Microsatellite loci have been used extensively to character-

ize mammalian genomes (1, 20, 21) and have received growing
attention as markers for plant genetics (13, 24). To our knowl-
edge, microsatellite loci have thus far been used in only three
cases for studies of fungi, and in all of these cases they were
used for fungal strain identification (11, 12, 18).
Our long-term goal is to use molecular markers to study the

biodiversity and population genetics of the grass endophyte
Epichloë typhina (Clavicipitaceae, Ascomycotina) at several
field sites in the Jura mountains of Switzerland, where it fre-
quently colonizes Bromus erectus, the dominant grass species.
The population genetics of Epichloë species has recently re-
ceived much attention (3, 19). These fungi grow asymptomati-
cally and act as mutualistic symbionts during the vegetative
phase of their grass hosts, producing alkaloids that protect
them from herbivores; however, they later sterilize the hosts by
producing reproductive stromata in place of the developing
inflorescences (3, 19). For population biologists, such patho-
gens, which are termed ‘‘castrators’’ (2), are highly interesting
in an evolutionary dimension since they fix the genotype of the
host and thus may increase their medium-term chances of
persistence but at the same time compromise the genetic di-
versity of the host and thus their chances of survival in the long
term. A group of closely related fungi, represented by the
genus Acremonium, have evolved into a completely nonpatho-
genic lifestyle (3, 19). They grow asymptomatically as mutual-
istic symbionts throughout their life in their host grass; they do
not affect its sexual reproduction but grow into its inflores-
cences and thus are clonally transmitted through seeds to the
next host generation (3). In this case, the fungi increase their
medium-term chances of persistence through perfect adapta-
tion to the life cycle of their host, but they may compromise
their own genetic diversity and thereby their chances of sur-
vival in the long term. Interestingly, a molecular analysis of
tubulin genes in Acremonium strains recently revealed that
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these fungi may not be completely asexual but may diversify by
sexual hybridization with Epichloë species (17, 22).
Here, we describe the characterization of a polymorphic

microsatellite-containing locus in E. typhina which was initially
identified by RAPD PCR, the development of a specific PCR
test to characterize this locus, and the analysis of this locus in
a natural field population of fungi.
Moreover, we report the identification of additional poten-

tial microsatellites in Epichloë species by PCR with trinucle-
otide repeat motifs of 24 bases as primers. This method, which
has recently been used to study diverse genomes of plants and
animals (6), can be used profitably with genomic DNA from
fungi. It provides a quick test for establishing the likelihood of
finding useful microsatellite markers in a particular organism
before embarking on library screens, and it allows one to
choose the best probes for screening genomic libraries.
We have also screened the fungal sequences deposited in the

GenBank and EMBL DNA sequence databases for the occur-
rence of mono-, di-, and trinucleotide repeat motifs, and we
report the relative abundance of different microsatellite re-
peats in fungi.

MATERIALS AND METHODS
Biological materials. All biological materials were collected from Nenzlinger

Weide, a species-rich limestone grassland in the Swiss Jura mountains. Stromata
of E. typhina were collected separately from 66 infected B. erectus plants at the
field site. Stromata were peeled off the plant tillers with a sterilized razor blade.
An additional 25 Epichloë strains were isolated from vegetative samples of B.
erectus collected at the field site, according to published procedures (9). All
fungal strains were maintained on potato dextrose agar and were grown in liquid
culture (10). Fungal material was freeze-dried prior to DNA extraction.
DNA extraction. Fungal DNA was prepared according to the method de-

scribed by Zolan and Pukkila (28). DNA was measured by Hoechst dye staining
and then by fluorography with the TKO 100 fluorometer (Hoeffer Scientific
Instruments, San Francisco, Calif.).

Identification of DNA polymorphisms by PCR. Strain-specific DNA finger-
prints of the genomes of different Epichloë strains were generated by RAPD
PCR with RAPD primer T-14 (AATGCCGCAG, Operon Technologies Inc.,
Alameda, Calif.) according to the method described by Williams et al. (26). A
specific fingerprint of the fungal DNA was visualized following electrophoresis in
1.5% (wt/vol) agarose, in TAE buffer (0.04 M Tris acetate, 1.0 mM EDTA), and
staining with ethidium bromide. A subset of the fungal strains were tested by
PCR with (AAC)8 and (AAG)8 repeat primers. In this case, the annealing
temperature was 458C.
Cloning and sequencing of alleles of a microsatellite-containing locus. Puta-

tive alleles 62A and 62B generated by RAPD PCR were isolated after prepar-
ative electrophoresis in 1.5% (wt/vol) SeaKem GTG agarose (FMC Bioproducts,
Rockland, Maine)–TAE using the Geneclean II kit (Bio 101 Inc., La Jolla,
Calif.). The isolated bands were inserted into the pCR II cloning vector (Invitro-
gen, San Diego, Calif.) by TA cloning and were transformed into Escherichia coli
bacteria. Recombinant plasmid DNA was isolated by the alkaline lysis method
(16). Single-stranded DNA was prepared and sequenced by using the Sequenase
version 1.0 DNA sequencing kit (U.S. Biochemical, Cleveland, Ohio).
Nucleotide sequence accession numbers. The sequences of the Epichloë mic-

rosatellite loci and flanking DNA have been deposited in the EMBL database
(accession number X91791).
PCR primers. PCR primers were designed to complement the DNA sequence

flanking the microsatellite region of alleles 62A and 62B according to the criteria
described by Innis and Gelfand (8). The sequences of the forward and reverse
primers are 59-CGC ACA ATA CGT CAG CTA GGA ATG-39 and 59-CCT
GAA TCA ACT TTG CTA TCA GGC-39, respectively.
Detection of a sequence containing a fungal microsatellite. Specific primers

were used to amplify the microsatellite-containing loci from Epichloë stromata
and from each fungal isolate grown in culture. Amplification reactions were
performed in volumes of 25 ml containing 10 mM Tris-HCl (pH 9.0), 50 mMKCl,
1.5 mMMgCl2, 0.01% (wt/vol) gelatin, 0.1% (wt/vol) Triton X-100, 200 mM each
dATP, dCTP, dGTP, and dTTP (Pharmacia, Uppsala, Sweden), 0.2 mM each
primer, 50 ng of genomic DNA, and 0.25 U of Super Taq DNA polymerase
(Stehelin & Cie, Basel, Switzerland). Amplification was performed in a DNA
Thermal Cycler (microtiter plate format; MJ Research, Inc., Watertown, Mass.)
programmed for 30 cycles consisting of 1 min at 948C, 2 min at 658C, and 3 min
at 728C and then a final extension for 10 min 728C. The PCR products were
fractionated in 2.0% (wt/vol) agarose, in 0.53 TBE buffer (0.045 M Tris-borate,
0.001 M EDTA), or in 3% (wt/vol) Metaphor (FMC Bioproducts) agarose in
TAE buffer, and were detected by staining with ethidium bromide.

FIG. 1. Agarose gel electrophoresis of Epichloë RAPD bands produced by primer T-14. Lanes: 1, molecular size markers (100-bp ladder with the 300-, 400-, and
600-bp markers indicated in the left margin); 2 to 12, amplification products from 11 of 91 different Epichloë isolates from a natural field population. The bands
designated 62A and 62B are putative alleles of the same genetic locus.

3944 GROPPE ET AL. APPL. ENVIRON. MICROBIOL.



Sequence searches. The programs BLAST and FASTA of the University of
Wisconsin Genetics Computer Group (5) were used to search all fungal se-
quences deposited in the GenBank and EMBL DNA sequence databases. The
Epichloë microsatellite-containing allele was included in the BLAST search. All
possible mono-, di-, and trinucleotide repeat combinations were included in the
FASTA searches. Permutated and complementary repeats were searched and
recorded simultaneously. Complementary stretches of 20 bp or more were re-
corded for the FASTA search (25).

RESULTS
Identification of DNA polymorphisms among isolates of E.

typhina by RAPD PCR. DNA fingerprints of Epichloë strains

isolated from infected B. erectus were generated by RAPD
PCR by using Operon primer T-14. All DNA samples gave
reproducible fingerprint patterns of 14 to 18 bands (Fig. 1).
The banding patterns were consistent in duplicates within a
single run and in subsequent runs. The majority of the RAPD
bands were the same size in the various fungal isolates (as
expected for individuals of the same species). Some individual-
specific polymorphisms were observed. Two polymorphic
bands were closely related in size and appeared to segregate in
the different fungal isolates tested (Fig. 1). These bands were,
therefore, thought to be alleles of a single genetic locus.

FIG. 2. Sections of sequencing gels of recombinant clones representing bands 62A and 62B (highlighted in Fig. 1). The polymorphic portions of the clones
containing either 8 or 18 AAG repeats (microsatellites) are marked. The DNA sequences immediately flanking the microsatellite are identical. The sequence parts
outside the sections shown are also identical.
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Cloning and sequencing of two microsatellite-containing al-
leles and design of specific primers. Two of the polymorphic
bands (named 62A and 62B) identified by RAPD PCR (Fig. 1)
were purified and cloned. Sequencing of multiple recombinant
clones from each band revealed that the bands were alleles and
that the alleles were identical except for a stretch of tandem
trinucleotide repeats (AAG z TTC). The 62A allele is 370 bp in
length and contains a stretch of 18 AAG z TTC repeats,
whereas the 62B allele is 340 bp in length and contains a
stretch of 8 AAG z TTC repeats (Fig. 2). The difference in the
number of repeats accounts for the different sizes observed on
the RAPD PCR gels. Homology searches in the EMBL and
GenBank DNA sequence databases revealed no significant
matches for the sequences flanking the microsatellite. We do
not know at present whether all or part of this sequence is
expressed. Sequence data from the microsatellite-containing
alleles were used to design specific PCR primers complemen-
tary to regions flanking the microsatellite loci.
Screening of B. erectus endophytes by PCR. By using the

allele-specific PCR primers, the microsatellite-containing locus
was invariably amplified with DNA isolates prepared from 66

individual Epichloë stromata taken at the field site from B.
erectus and from 25 additional endophyte strains isolated from
B. erectus leaves and grown in culture. Amplification was re-
producible with the same allele size resulting from subsequent
amplifications from the same strain. The allele sizes correlated
with band sizes observed after RAPD PCR (Operon primer
T-14) with the same strains. At least five unique PCR product
size classes were identified by standard agarose gel electro-
phoresis (Fig. 3). The large allele corresponding to clone 62A
was present in 25.3% of the Epichloë population, three medi-
um-size alleles were present in 6% of the population, and the
small allele corresponding to clone 62B was present in 65.9%
of the population. Two samples tested (2.2% of the popula-
tion) contained three allele sizes (Fig. 3, lanes 9 and 10).
Control PCRs without DNA (Fig. 3) or with DNA samples
from unrelated fungi or from B. erectus (not shown) did not
yield any amplification products.
Screening of genomic Epichloë DNA by PCR with trinucle-

otide repeats as primers. PCR amplifications were performed
using oligonucleotides corresponding to the most frequent mi-
crosatellite sequences found in fungal database searches as
primers. (AAG)8 and (AAC)8 primers produced multiple
bands in PCRs of different Epichloë isolates, indicating that
these sequences are prevalent in the endophyte genome. Re-
producible, isolate-specific bands ranging from 300 to 1,800 bp
in length were observed with both primers. Between 10 and 12
bands were distinguishable with the (AAC)8 primer (Fig. 4,
upper panel). Between 8 and 10 bands were distinguishable
with the (AAG)8 primer (Fig. 4, lower panel). PCR using
(AT)12 and (AAT)8 yielded smears rather than a banding pat-
tern. The consistency of banding patterns seen with the differ-
ent fungal isolates indicates that these sequences are consis-
tently represented in the Epichloë population. It is probable
that many of these sequences have variable lengths at a given
locus, as shown in detail for the locus represented by alleles
62A and 62B (Fig. 1 to 3).
Sequence searches. Homology searches of fungal sequences

in the GenBank and EMBL DNA sequence databases were
made with all possible mono-, di-, and trinucleotide motifs, as
was described for plants by Wang et al. (24). Poly(A) repeats
corresponding to mRNA sequences in the database were re-
moved from the analysis. A total of 626 microsatellite alleles
(Table 1) were found in sequences of 31 fungal species (Table
2). These included 501 microsatellite alleles found in Saccha-
romyces cerevisiae. The most abundant repeats in fungi were

FIG. 3. Amplification of Epichloë genomic DNA with specific primers. Lanes: 1, molecular size markers (sizes of bands in base pairs, indicated in the left margin);
2 to 10, duplicate amplification products resulting from PCR of nine Epichloë isolates; 11, a control amplification without DNA.

TABLE 1. Abundance of microsatellites with sizes of 20 bp or
more in fungal genomic sequences currently deposited

in the GenBank and EMBL databases

Repeated nucleotide(s) (permutation[s];
complementary sequence[s])

No. of
microsatellites

AT (TA) ......................................................................................... 263
A (T)............................................................................................... 160
AAT (ATA, TAA; TTA, TAT, ATT)........................................ 50
AAC (ACA, CAA; TTG, TGT, GTT)....................................... 22
AAG (AGA, GAA; TTC, TCT, CTT)....................................... 21
ATC (TCA, CAT; TAG, AGT, GTA)....................................... 19
AC (CA; TG, GT) ........................................................................ 17
AG (GA; TC, CT) ........................................................................ 15
AGC (GCA, CAG; TCG, CGT, GTC)...................................... 14
CCA (CAC, ACC; GGT, GTG, TGG)...................................... 11
C (G) .............................................................................................. 10
CCT (CTC; TCC; GGA, GAG, AGG) ..................................... 9
ACG (CGA, GAC; TGC, GCT, CTG)...................................... 8
ACT (CTA, TAC; TGA, GAT, ATG)....................................... 5
CCG (CGC, GCC; GGC, GCG, CGG) .................................... 2
CG (GC) ........................................................................................ 0

Total............................................................................................ 626
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(AT)n followed by (A)n, (AAT)n, (AAC)n, (AAG)n, (ATC)n,
(AC)n, (AG)n, (AGC)n, (CCA)n, (C)n, (CCT)n, (ACG)n,
(ACT)n, and (CCG)n. No (CG)n repeats were found.

DISCUSSION

We describe a new method for identification of microsatel-
lite-containing loci within genomic DNA. This method involves
sequence analysis of segregating, polymorphic RAPD bands
which are closely related in size. In our system, two such bands
were sequenced and were shown to contain trinucleotide re-
peats of varying lengths. Repeat length differences corre-
sponded precisely to size differences of polymorphic bands
seen by RAPD fingerprinting.
Specific primers flanking the microsatellite-containing loci

allow PCR amplification of single polymorphic bands from
genomic DNA (14). Multiple alleles were observed following
PCR amplification of genomic DNAs from 91 isolates from a
single population of Epichloë typhina on B. erectus. Two of the
fungal isolates tested carried multiple allele sizes. Stromatal

DNA was used in one of these cases; thus, the multiple bands
may have resulted from fertilization events between fungal
genotypes differing in the size of their alleles. In the other case,
DNA came from a culture of haploid fungal material grown
out from the host plant. A third example of multiple alleles was
observed when PCR was performed directly on infected plant
material containing haploid fungal material (unpublished
data). The amplification of multiple bands from haploid fungal
material could be the result of multiple endophyte infections
within a single host or of previous hybridization of multiple
fungal strains within one host. This phenomenon has previ-
ously been observed between different endophyte species in
Festuca arundinacea (17, 22) and is thought to be a driving
force in the evolution of the taxon.
We used repeat motifs of 24 bases as primers to screen DNA

samples by PCR for the presence of microsatellites. This
method, which has been recently used for fingerprinting of
diverse genomes from plants and vertebrates (6), differs from
the random amplified microsatellite polymorphism PCR
method (27), which uses repeat primers with 59 and 39 anchors

FIG. 4. Agarose gel electrophoresis of PCR bands produced on amplification of Epichloë DNA with 24-mer trinucleotide repeats as primers. (Upper panel) AAC8
primer. (Lower panel) AAG8 primer. Lanes: 1, molecular size markers (sizes of bands in base pairs, indicated in the left margin); 2 to 8, duplicate amplification products
resulting from PCR of seven Epichloë isolates.
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in combination with RAPD primers for identification of repeat
loci, and from methods for the detection of specific microsat-
ellites with unique primers. The primers and annealing condi-
tions were chosen to ensure that only microsatellites of lengths
sufficient to be polymorphic in any given population would be
identified (25). This method scans the genome for repeat se-
quences which are within 2,000 bases and in opposite orienta-
tion of each other. Banding patterns resulting from PCR of
Epichloë DNA using (AAG)8 and (AAC)8 as primers showed
that these repeat motifs are present in the Epichloë genome on
multiple occasions. This suggests that it should be possible to
find other microsatellite regions for use in studies of this spe-
cies.
Homology searches of fungal sequences deposited in DNA

sequence databases revealed that microsatellite loci are wide-
spread in fungi and that they are abundant enough for use as
markers for fungal genetics. A total of 626 repeat motifs of 20
bp or longer were found in sequences from 31 fungal species.
The large number (501) of repeats found in S. cerevisiae most
likely reflects the active effort to sequence the yeast genome
rather than a bias toward repeat formation in that species.
Even when these sequences were removed from the analysis,
125 repeats from 30 fungal species remained. This number is
comparable to the result of 130 microsatellite sequences found
in 13 plant species and is deemed abundant enough to encour-
age use of these markers for plant genetics (24).
Repeat frequencies in plants and fungi are similar. The most

abundant repeats found in plant (13, 24) and fungal (Table 1)

sequences were (AT)n and then (A)n. Intermediate abun-
dances in both plants and fungi were found for (AAT)n,
(AAC)n, (AAG)n, (AGC)n, (AC)n, and (AG)n repeats. No
(CG)n and only two (CCG)n motifs were found in fungi and
neither were found in plants. Valle (23) described the high
frequency of (AT)n repeats, as opposed to other dinucleotide
repeats, on yeast chromosome III. Relative repeat frequencies
found in mammalian database searches were considerably dif-
ferent from those seen with plants and fungi, with (AC)n being
by far the most common dinucleotide repeat, followed by
(AG)n and (AT)n (6). Again, (CG)n was shown to be very rare.
(CAG)n was the most common trinucleotide repeat, followed
by (AAT)n and (TCC)n (20). The scarcity of (CG)n and
(CCG)n repeat motifs may reflect the fact that GC dinucleo-
tides are unstable because they are susceptible to methylation
and subsequent deamination to form TG (28).
The frequency of microsatellite loci in fungal genomes

should encourage their use as markers for studies of fungi.
Data from databank homology searches and/or repeat PCR
should provide directions for designing probes to isolate clones
from genomic libraries. Alternatively, microsatellite loci may
be developed as described in this paper. Segregating polymor-
phic bands may be identified by RAPD PCR, cloned, and
sequenced, and specific, microsatellite-flanking primers may be
developed.
The occurrence of at least five different alleles at the mi-

crosatellite-containing locus described here in a single popu-
lation of E. typhina demonstrates that this fungus is genetically
diverse in nature. Using PCR with the allele-specific primers,
we have also detected amplification products with different
lengths in a wide variety of Epichloë isolates from various host
plants from all over the world (unpublished data). Thus, the
microsatellite marker will be useful for estimations of Epichloë
diversity on local, regional, and global scales. Application of
this and other microsatellite markers will allow us to estimate
gene flow within and between Epichloë populations.
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