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Introduction 
Microsatellites, or simple sequence 
repeats (SSRs), are DNA sequences that 
consist of tandem repeats of 1–6 nucle-
otides, found at varying frequencies in 
the genomes of just about every known 
organism and organelle (1). They belong 
to a class of highly mutable genomic 
sequences known as variable number of 
tandem repeat (VNTR) elements (2,3) 
that show extensive levels of intraspecific 
polymorphisms in both eukaryotic (4–6) 
and prokaryotic (7,8) genomes. Because 
of their ease of use, co-dominance, and 
high levels of polymorphism (9), micro-
satellites have been particularly valuable 
in genome mapping, forensics, paternity 
testing, population genetics, conservation 
or management of biological resources, 
and molecular typing of microbial strains 
(9–12).

Both the identification and devel-
opment of microsatellite markers represent 
significant challenges. This is especially 
true in the case of organisms for which 

there are little or no sequence data and 
where the development of microsatellite 
markers requires the protracted steps of 
generating clone libraries and sequencing 
them (9,13). For species with known 
genome sequences, in silico scanning of 
genome databases using bioinformatics 
tools can be used to identify microsatel-
lites and to design primers targeting these 
regions (5,11). However, genome sequences 
are available for relatively few eukaryotes 
and providing these is generally beyond 
the limited budgets of most research 
programs. Also, microsatellite loci in 
some instances cannot be employed across 
distantly related species (14) and they 
usually need to be identified and charac-
terized de novo for each species, which can 
be a time intensive and expensive exercise. 
In general, the success with which micro-
satellite markers are obtained and the size 
of clone libraries to be constructed are 
related to the frequency of occurrence of 
microsatellite sequences in the genome of 
interest (15,16). However, the frequency of 
microsatellites observed in the genomes of 

plants, animals, fungi and prokaryotes has 
been reported to be significantly different 
(5), and in some cases researchers have 
reported extreme difficulty in obtaining 
any microsatellite sequences (17).

A number of methods are available to 
identify microsatellites (17). Of these, the 
most commonly used methods employ 
targeted enrichment of DNA for microsat-
ellites (16,18). One is known as inter simple 
sequence repeat PCR (ISSR-PCR) (19). 
In this procedure, ISSR primers, which 
contain microsatellite motifs and three 
anchoring nucleotides at the 5′ terminal 
end, are used to amplify regions of the 
genome that are thought to be abundant 
in microsatellites. The PCR products 
are cloned and subsequently sequenced 
to determine the presence of microsat-
ellite sequences (20). More recently, DNA 
enrichment strategies involving hybrid-
ization with probes containing micro-
satellite sequences to genomic DNA 
fragments have been introduced (16). After 
exclusion of the non-hybridized DNA 
that presumably lacks repeat regions, the 
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remaining microsatellite-rich fragments 
are cloned and sequenced to identify the 
microsatellite sequences. One of these 
approaches, known as fast isolation by 
AFLPs of sequences containing repeats 
(FIASCO), also uses amplified fragment 
length polymorphism (AFLP) (21) to 
aid in the enrichment process. Both the 
ISSR-PCR and FIASCO methods have 
been widely used in contemporary studies 
to isolate microsatellites from a wide 
variety of different eukaryotic species 
(22–25).

Development of new microsatellite 
markers has been streamlined to some 
extent by optimizing the numerous steps 
in microsatellite identification and subse-
quent sequencing throughput, to make 
the process cheaper, more efficient and 
more successful (15,16). However, using 
the currently available methods, certain 
factors—such as cloning efficiency, the 
necessity to sequence large numbers 

of cloned fragments, and the need for 
a multitude of hybridization probes 
for enrichment—limit the success rate 
of microsatellite isolation. The recent 
appearance of next-generation sequencing 
such as Roche 454 genome sequencing 
(26), which uses pyrosequencing, raised 
the question of whether this could facil-
itate more effective production of micro-
satellites.

Materials and methods
In this study, the 454 Life Sciences/Roche 
GS-FLX genome sequence system (Roche 
Applied Science, Penzburg, Germany) 
(26) was used for the identification of 
microsatellite sequences, directly from 
microsatellite-enriched genomic DNA. 
To provide a broadly applicable test, we 
evaluated this method on three unrelated 
eukaryotes with little genome infor-
mation available: Fusarium circinatum 

(a fungal ascomycete), Sirex noctilio (a 
hymenopteran insect), and Deladenus 
siricidicola (a tylenchid nematode).

DNA extraction and microsatellite 
 enrichment
DNA was extracted from F. circinatum, 
S. noctilio and D. siricidicola as previ-
ously described (27,28). The methods 
used to enrich genomic DNA for micro-
satellites were adopted from existing 
ISSR-PCR (19) and FIASCO protocols 
(16,27), but without cloning the micro-
satellite-containing DNA. ISSR-PCR 
enrichment was used for F. circinatum, the 
FIASCO enrichment method was used 
for D. siricidicola, and both enrichment 
methods were used for S. noctilio. For 
the ISSR-PCR, the following primers 
were used: ISSR1 (5′-DDB(CCA)5-
3′), ISSR2 (5′-DHB(CGA)5-3′), ISSR3 
(5′ YHY(GT)5G-3′), ISSR4 (5′-HVH 
(GTG)5-3′), ISSR5 (5′-NDB(CA)7C-3′), 
ISSR6 (5′-NDV(CT)8-3′), and ISSR7 
(5′-HBDB(GACA)4-3′). For FIASCO, 
the following probes were used: (CAC)7, 
(AAG)7, (TCC)7, (CA)10, (CT)10, (AG)10, 
and (GACA)5.

Pyrosequencing
For each microsatellite-enriched genomic 
DNA pool, 5 μg were analyzed on the 
Roche 454 GS-FLX platform at Inqaba 
Biotech (Pretoria, Gauteng, South 
Africa). For F. circinatum, a single-lane 
sequencing run using portioned sections 
of the PicoTiterPlate was performed. 
Single runs were carried out for the S. 
noctilio and D. siricidicola DNA libraries, 
each using one section of the PicoTiter-
Plate. Sample preparation and analytical 
processing such as base calling, were 
performed at Inqaba Biotech using the 
manufacturer’s protocol.

Microsatellite discovery
Sequence reads for F. circinatum, S. 
noctilio, and D. siricidicola were assembled 
using the ContigExpress component 
of the Vector NTI software package  

Table 1. Sequence Data Generated and Microsatellites Characterized from Deep Sequencing of Libraries

Species
Sequence data  
generated (Mb)

Sequence  
reads

Contigs and  
singletons

Sequences containing  
microsatellitesa

Sequences with amplifiable  
microsatellite sequencesb

F. circinatum (ISSR) 1.67 8644 1692 1644 (97%) 231 (14%)

S. noctilio (FIASCO)
1.47 7016

1840 463 (25%) 336 (18%)

S. noctilio (ISSR) 1013 512 (50%) 159 (15%)

D. siricidicola (FIASCO) 1.22 6388 1040 421 (40%) 296 (28%)

a�Sequences that contain microsatellites that are larger than 100 bp in size. (Percentages in parentheses show amount from original contig and single reads.)
b�Microsatellites that are not within 20 bases of the terminal regions of the sequence. (Percentages in parentheses show the proportion of the amplifiable microsatel-
lites relative to the total number of microsatellite-containing contigs/singletons.)
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Figure 1. Distributions of microsatellite repeat classes for the organisms of interest. Percentages were 
calculated according to the total number of microsatellites for a respective class divided by the total 
microsatellites identified for that organism.
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(Invitrogen, Carlsbad, CA, USA). 
After sorting the assembled contigs and 
remaining single reads according to size, 
all contigs or single reads shorter than 
100 bp were discarded from further study 
as they can complicate subsequent primer 
design.

All contigs or sequences longer than 
100 bp were searched for microsatellites 
using the MSatFinder interface (www.
genomics.ceh.ac.uk/msatfinder). For this 
purpose, perfect microsatellite repeats 
were identified using a regex-directed 
search engine. The minimum number of 
repeat motifs used to flag a sequence as 
containing a microsatellite was 12 repeats 
for mononucleotide motifs and 5 repeats 
for the remaining repeat classes (di-, 
tri-, tetra-, penta-, and hexanucleotides). 
The search was performed for sequences 
only containing microsatellites such as 
mono- to hexanucleotide repeats, per 
the definition of a microsatellite region 
(10). Tab-delimited files were generated 
from the searches using the MSatFinder 
web interface, and converted to spread-
sheet files for use in Microsoft Office 
Excel 2007 (Microsoft Corp., Redmond, 
WA, USA) for subsequent data analysis 
including sorting according to size, deter-
mination of repeat class numbers, and 
average repeat length, using the data filter 
command in Microsoft Excel.

Sequences were filtered according 
to the position of the microsatellite 
contained within the sequence data. This 
was done in Microsoft Excel, as the results 
file from the MSatFinder contained the 
start and stop positions of the microsat-

ellites. Since primers should be located 
in regions flanking the microsatellite 
sequences, those sequences starting 
within 20 bp from the 5′ terminal region 
or ending within 20 bp of the 3′ terminal 
region of the sequence were discarded. 

Table 2. Polymorphic Microsatellite PCR Primers Designed for F. circinatum
Locus Name GenBank accession no. Repeat sequence Primer name Primer sequence Annealing Temperature (°C)

FCM-2 FJ436307 (TTTC)6

FCM-2A CGGAAGCAATCAGGACATTT
50

FCM-2B GAGCATGATGTCTCTCGAAGC

FCM-3 FJ436308 (CATGAG)6

FCM-3A CAGTATGATAAGGCACCCATGT
53

FCM-3B GACTGACCCCTTGCCCTTAT

FCM-4 FJ436309 (TTCTT)5

FCM-4A TGGTCCCGGCTCATTTACTA
50

FCM-4B AAAAGAAGACCCGCCTGATG

FCM-6 FJ436310 (GTGC)7

FCM-6A GATGGAGATGAATGGGGAAA
50

FCM-6B GCCTCAGGTTGGTCTGGTTA

FCM-7 FJ436311 (AGGAGA)5

FCM-7A ACGGCAGTGAAAAGAAGCAT
50

FCM-7B CAAGACCCTCTTGGCATCTC

FCM-9 FJ436312 (CAACGA)8

FCM-9A CGACGACGACGACAACGAC
60

FCM-9B CTCCTCTTTGGCCCTCTTG

FCM-16 FJ436313 (CATCCA)18

FCM-16A CGGATGAGAAAGCGAGAGAG
50

FCM-16B GGTGGATCACAGACCACAAA

FCM-19 FJ436314 (A)13

FCM-19A GCGTCTTCCTCTGCCATTT
50

FCM-19B TAAGATTGAGGTTGTGCGGTTG

FCM-20 FJ436315 (ACTGT)9

FCM-20A GCTGATCGAAGCCAATCG
50

FCM-20B TGACTACGCCAGAAGAGACG

FCM-23 FJ436316 (CACTT)8

FCM-23A GGAGGTTATTGTCCGTCTCAA
50

FCM-23B ACTGAGGTGTGCCAAGCTGT

FCM-24 FJ436317 (TGATTG)7

FCM-24A
GACAGTTAGTCAGTCT-

TAGTCTCG 45
FCM-24B GTCTCTTGCAGTCACAATCAC

FCM-25 FJ436318 (TGTCT)6

FCM-25A TGATTCCTCCTGCCTCATTC
50

FCM-25B TAGGGCGATGTCTCTGGTTT

FCM-26 FJ436319 (A)12

FCM-26A CAAACCGGCCAGAGACAG
45

FCM-26B TTCTCCAACCACCCTTGAAC

Figure 2. Average repeat length of all microsatellites discovered for each repeat unit class. Repeats 
were measured as the total number of times a motif was repeated. The average was taken for all 
microsatellites identified in a specific repeat class.
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This step was performed to streamline 
future design of primers for amplification 
of microsatellite markers.

To compare the sequence similarity 
between the microsatellites discovered 
in S. noctilio using ISSR-PCR versus 
FIASCO methods, the sequences that 
were amplifiable from each method (159 
in ISSR-PCR; 296 in FIASCO) were 
used in ContigExpress to construct 
contigs. Sequences with >95% sequence 
similarity including the microsatellite 
regions were assembled into a contig. 
Manual searching through these contigs 
was performed to determine if they 
contained shared sequences generated 
from the two methods, which allowed 
for an estimation of sequence similarity 
between the two methods.

To determine whether the technique 
displayed any bias toward a certain micro-
satellite repeat class, the distribution of 
microsatellites from genome sequences 
of taxa related to the studied organisms 
were downloaded from GenBank (www.
ncbi.nlm.nih.gov). These organisms were 
the insect Apis mellifera, the nematode 
Caenorhabditis elegans, and the fungus 
F. verticillioides. Their sequences were 
searched for microsatellites using the 
MSatFinder web interface with the same 
selection criteria as that for F. circinatum, 
S. noctilio, and D. siricidicola.

Comparison between next-generation 
sequencing and traditional cloning 
and sequencing
The number of microsatellites generated 
following traditional cloning and 
sequencing was determined for F. circi-
natum to assess the efficiency of next-
generation sequencing. The pooled ISSR 
amplicons for this fungus were cloned 
using the pGEM-T easy cloning kit 
(Promega, Madison, WI, USA). Cloned 
inserts (≥100 bp) were amplified from a 
total of 100 recombinant colonies using 
vector-specific primers and standard 
PCR conditions. PCR products were 
purified with the Invitek MSB Spin 
PCRapace cleanup kit (Berlin, Germany) 
and sequenced using Applied Biosystems’ 
BigDye version 3.1 sequencing kit and 
ABI 3130xl Sequencer (Foster City, 
CA, USA). The resulting sequences were 
analyzed and filtered as described in the 
“Microsatellite discovery” section.

Microsatellite primer design 
and testing for F. circinatum
Following successful identification of 
microsatellites in F. circinatum, sequences 
were analyzed for primer design. In order 
to increase the possibility of targeting 

polymorphic loci, sequences were chosen 
that had a higher-than-average repeat 
number in comparison to the average 
repeat number for each microsatellite 
repeat class for F. circinatum. Primers were 
developed using the Primer3 web-based 
interface (primer3.sourceforge.net) (29), 
and then tested for reproducible ampli-
fication using standard PCR conditions, 
with annealing temperatures altered 
according to primer sequence. Primer 
pairs were tested for their ability to amplify 
polymorphic bands by using them in 
PCR reactions that included eight F. circi-
natum isolates from different geographic 
regions. For this purpose, amplicons were 
separated and visualized using 12% PAGE 
(30) and Syber Gold (Molecular Probes, 
Inc., Eugene, OR, USA). To confirm the 
identity of the microsatellites, amplicons 
were purified and sequenced as described 
in the previous paragraph.

Results
Microsatellite enrichment 
and DNA pyrosequencing
To enrich genomic DNA for microsatel-
lites, the ISSR-PCR (19) and FIASCO 
(16,27,31) methods were used. FIASCO 
enrichment using di-, tri-, and tetranu-
cleotide repeat probes of the extracted S. 
noctilio and D. siricidicola genomic DNA, 
produced amplicons with a wide range of 
sizes, which appeared as smears following 
agarose gel electrophoresis. ISSR-PCR 
enrichment of the F. circinatum and S. 
noctilio DNA using primers with di-, tri-, 
and tetranucleotide repeats produced a 
defined number of amplicons that could 
be visualized as distinct bands on agarose 
gels. After pooling the enriched DNA for 
the respective individuals, it was subjected 
to Roche 454 GS-FLX pyrosequencing, 
which generated 1.67 Mb of sequence for 
F. circinatum, 1.22 Mb for D. siricidicola, 
and 1.47 Mb for S. noctilio (Table 1). These 
sequences represented large numbers of 
individual sequence reads, the majority 
of which could be assembled into contigs 
(Table 1).

Microsatellite discovery and analysis
Analysis of the assembled contigs and 
single reads (≥100 bp) revealed that 
the fungal data set contained the most 
(97%) microsatellite regions (Table 1). 
Only 41% of the sequences generated 
for the insect and nematode harbored 
microsatellites. However, a much higher 
proportion of the animal microsatellites 
was suitable for subsequent conversion to 
amplifiable markers. At least 70% of the 
nematode and 45% of the insect micro-

satellites were situated toward the middle 
of contigs or sequence reads, while most 
of the fungal microsatellites (85%) were 
located within 20 bp of the ends of a 
contig or sequence read. Overall, 495 of 
the S. noctilio sequences harbored micro-
satellite motifs that were flanked by 
regions suitable for designing primers for 
PCR amplification. For D. siricidicola, 
296 such motifs were identified, while 
231 were indentified for F. circinatum. 
For S. noctilio, more potentially ampli-
fiable microsatellites were identified using 
FIASCO than ISSR-PCR enrichment 
(Table 1), and of these, only 10% shared 
high sequence similarity, suggesting that 
the two enrichment protocols targeted 
different microsatellite regions.

Analysis of the relative abundance of 
the various potentially amplifiable micro-
satellite classes revealed similar trends in 
the three species examined (Table 1 and 
Figure 1). In all cases the di- and trinu-
cleotide repeat classes were much more 
abundant than the mono-, tetra-, penta-, 
and hexanucleotide classes. In general, 
the average length of the microsatellite 
repeat motif also decreased with motif 
complexity (Figure 2). The only exception 
was for the nematode D. siricidicola that 
had, on average, more repeats in the tetra- 
and hexanucleotide motifs than in the di- 
and trinucleotide motifs. These results 
were comparable to those obtained from 
the analysis of complete genome sequences 
for related organisms (A. mellifera, C. 
elegans, and F. verticillioides) using similar 
filtering and microsatellite search criteria 
(Figures 1 and 2).

Comparison between next-generation 
 sequencing and traditional cloning 
 and sequencing
To evaluate the efficiency of our new 
method for microsatellite discovery, we 
compared it to the traditional approach 
that involves cloning and Sanger 
sequencing. Of the 100 cloned inserts 
considered, all harbored microsatellites 
at their 3′ and 5′ prime ends. Sequence 
analysis using the same criteria as described 
in “Comparison between next-generation 
sequencing and traditional cloning and 
sequencing” (in “Materials and methods”) 
revealed that eight of the cloned inserts 
harbored microsatellite motifs that are 
potentially amplifiable. Of these, four 
represented dinucleotide motifs and four 
represented trinucleotide repeats.

Microsatellite mark-
ers for F. circinatum
To determine whether the microsatellite 
discovery procedure described here allows 
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for the identification of regions that can 
be converted to amplifiable microsatellite 
markers, we used the sequence information 
for F. circinatum. We designed 28 primer 
pairs to amplify microsatellite regions, 19 
of which allowed amplification of single 
fragments in the expected size range. Their 
evaluation on a collection of F. circinatum 
isolates using PAGE rendered 13 primer 
pairs that yielded polymorphic amplicons 
for the isolates (Table 2). Sequencing of 
the amplicons (GenBank accession nos. 
FJ436307–FJ436319) showed that all of 
the primer pairs amplified the targeted 
microsatellite loci.

Discussion
This study marks one of the first that 
employs Roche 454 technology for 
sequencing DNA libraries enriched for 
microsatellites. Our approach of deep 
sequencing enriched nematode, insect 
and fungal genomic DNA facilitated the 
identification of large numbers of micro-
satellite-containing sequences. In fact, the 
number of sequences produced using this 
method resulted in the identification of 
more microsatellite sequences (by at least 
1 order of magnitude)  than what is usually 
generated in studies based on regular 
cloning technologies (16). This method 
substantially increased the throughput 
of microsatellite discovery by excluding 
the time-consuming steps of cloning and 
subsequent clone sequencing.

The frequency and length of the 
various microsatellite classes identified 
for the organisms in this study closely 
resembled those of related taxa for which 
whole-genome sequence information is 
available (Figure 1). The microsatellite 
classes in A. mellifera, C. elegans, and F. 
verticillioides have frequencies and corre-
sponding repeat numbers that are not 
substantially different to those identified 
for S. noctilio, D. siricidicola and F. circi-
natum, respectively (Figures 1 and 2). 
These relative abundance values are 
also comparable to those observed in a 
previous survey of eukaryotic genomes (5). 
For example, trinucleotide motifs were 
found to be more abundant in fungi than 
animals, while dinucleotide motifs were 
more abundant in animals than in fungi 
(5). Sirex noctilio was the only exception 
as we found no pentanucleotide microsat-
ellite motifs (Figure 1) (5), which could 
be a function of the insect’s evolutionary 
history (15). The new method presented 
here, therefore, is not biased for specific 
microsatellite repeat classes.

The difficulties associated with 
developing microsatellite markers for 

eukaryotes (16) and fungi in particular 
(11,17,32) are well documented. These 
difficulties mostly arise from the small 
genome size and/or the low genomic abun-
dance of microsatellite loci (11,17,32).  
The fact that we did not encounter penta-
nucleotide microsatellites for S. noctilio 
(Figure 1) is probably a manifestation of 
the latter problem, where microsatellites 
are not only relatively rare, but certain 
classes of microsatellites also have limited 
distribution. Despite these potential 
limitations, the new technique allowed 
us to identify a large number of poten-
tially amplifiable microsatellite motifs 
for the two animal and the fungal repre-
sentatives (Table 1). For S. noctilio and 
D. siricidicola, 16–29% of the sequenced 
contigs/singletons harbored potentially 
amplifiable microsatellite motifs, which 
is comparable to those reported in many 
animal microsatellite discovery studies 
(33–36). For the fungus, at least 12% 
of our contigs/sequence reads harbored 
microsatellites from which primers could 
be designed, which is within the range 
that has been reported previously for 
fungi (11,17,32). Our findings for F. circi-
natum are also consistent with those of 
previous studies, where no amplifiable 
microsatellites were found using Sanger 
sequencing of cloned ISSR amplicons 
(37) and FIASCO-enriched (unpublished 
data) libraries. Therefore, the relatively 
low number of microsatellites identified 
for this fungus most likely reflects the 
limited representation of microsatellites 
in the genome of F. circinatum.

The enrichment procedure employed 
in any microsatellite study is an important 
consideration. Our results clearly showed 
that ISSR-PCR targets significantly more 
microsatellites than FIASCO, although 
the latter method yielded more sequences 
that are potentially transformable into 
PCR markers (Table 1). This may be due to 
the fact that ISSR-PCR employs primers 
that contain microsatellite sequences, the 
application of which results in sequences 
containing microsatellites at their 
terminal ends. As such, these terminal 
microsatellites lack suitable f lanking 
regions for primer design and thus, are 
not directly convertible to amplifiable 
markers. For this reason, we excluded all 
contigs and sequence reads with microsat-
ellites located only in the terminal regions. 
Although considerable sequence infor-
mation was lost in this way, large numbers 
of sequences—comparable to those 
identified using FIASCO—remained, 
from which primers could potentially 
be designed. We also performed direct 
comparisons of the two methods in terms 
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of frequency distribution of microsatellite 
class and microsatellite length for the 
two S. noctilio genomic DNA libraries, 
enriched using the two methods. In this 
case, no significant differences (P > 0.05) 
were found (Figure 1). This is in contrast 
to anecdotal evidence (17) suggesting 
that ISSR-PCR enrichment preferen-
tially leads to the isolation of short micro-
satellites (17). We therefore believe that 
either enrichment protocol can be used 
to characterize microsatellites for any 
organism of interest. However, we suggest 
that the more labor-intensive FIASCO 
method only be used in cases where 
specific microsatellite classes are needed, 
as enrichment with specific microsat-
ellite probes will facilitate their quick 
identification. When there is no need 
for the identification of a specific micro-
satellite class, ISSR-PCR is an excellent 
enrichment option, as numerous micro-
satellites and microsatellite classes can 
be identified rapidly. Furthermore, in 
cases where microsatellite loci are excep-
tionally rare, the ISSR-PCR–based deep 
sequencing approach will be valuable. 
Even if microsatellites are not situated 
toward the middle of contigs, genome 
walking procedures could still be used 
to convert the terminal microsatellites to 
amplifiable markers.

Eliminating the construction of 
microsatellite-enriched clone libraries 
and substituting Sanger sequencing with 
pyrosequencing significantly enhances 
the cost-effectiveness of microsatellite 
discovery. For F. circinatum, a total of 231 
amplifiable microsatellites were identified 
from the pyrosequencing data after one 
sequencing run using pooled ISSR-PCR 
products. In contrast, only eight ampli-
fiable microsatellites were discovered fol- 
lowing Sanger sequencing of 100 cloned 
ISSR-PCR fragments. To obtain the same 
number of microsatellites as generated 
from our pyrosequencing data, approx-
imately 2800 additional clones would 
have to be sequenced. However, in reality, 
the number of clones will be substantially 
greater since our estimate assumes a 100% 
sequencing success and the presence of 
usable microsatellite sequences in all 
clones. At the time of this study, the cost 
of generating the 1692 unique sequences 
that were obtained for F. circinatum 
through pyrosequencing would have been 
62% greater if Sanger sequencing was 
employed. When only amplifiable micro-
satellites are considered, pyrosequencing 
resulted in a 276% cost reduction per 
microsatellite. As technology develops, 
the price of identifying new microsatel-
lites with pyrosequencing will be further 

reduced, allowing for even cheaper devel-
opment of microsatellites.

In order to show that the microsatellite 
regions that were sequenced were also 
useful for the development of polymorphic 
markers, we synthesized primers flanking 
29 microsatellite regions in F. circinatum. 
Of these, 19 produced single amplicons, 
and their application on a set of only eight 
F. circinatum isolates showed that 13 
primer pairs targeted polymorphic micro-
satellite loci (Table 2). Thus, in a space of 
2 months, we were able to identify more 
PCR-based molecular markers than have 
previously been available for this species 
(37,38). What makes the technique 
described here particularly powerful is 
that while 29 microsatellite regions were 
chosen for analysis, a further 212 micro-
satellite regions were available for testing, 
without requiring any further cloning or 
sequencing. In addition, we were able to 
be selective regarding the regions used 
to develop primers. This is in contrast 
to previous studies with severe limita-
tions in the amount of available sequence 
(37). Therefore, despite the fact that no 
sequence data are available for a specific 
species, our approach of microsatellite 
enrichment and deep sequencing genomic 
DNA libraries makes it possible to rapidly 
develop many of these powerful genetic 
markers.

The results of this study clearly demon-
strate that sequencing essentially all 
enriched PCR amplification products for 
microsatellite regions using 454 genome 
sequencing technology represents a 
superior alternative to conventional 
screening of clone libraries using Sanger 
sequencing. This methodology for micro-
satellite discovery is much more robust 
than cloning and sequencing individual 
fragments, which is substantially more 
time consuming and delivers few micro-
satellite markers from a large library. It 
is possible to generate high-confidence 
sequence data that can be used to identify 
microsatellite regions in approximately 
one week. This technique also enables the 
sequencing of larger amounts of microsat-
ellite-containing DNA that might have 
been lost due to inherent inefficiencies in 
the cloning of these fragments (17). This 
considerable saving of time and effort 
makes the development of microsatel-
lites a much more certain and reasonable 
exercise for most research groups.
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