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Intoduction

Summary

In the present study, 3217 UniGene sequences of Neurospora crassa downloaded from
the National Center for Biotechnology Information (NCBI) were mined for the
identification of microsatellites or simple sequence repeats (SSRs). A total of 287
SSRs detected gives density of 1SSR/14.6 kb of 4187.86 kb sequences mined suggests
that only 250 (7.8%) of sequences contained SSRs. Depending on the repeat units, the
length of SSRs ranged from 14 to 17 bp for mono-, 14 to 48 bp for di-, 18 to 90 bp for
tri-, 24 to 48 bp for tetra-, 30 for penta- and 42 to 48 bp for hexa-nucleotide repeats.
Tri-nucleotide repeats were the most frequent repeat type (88.8%) followed by di-
nucleotide repeats (5.9%). An attempt was also made with the help of bioinformatics
approach to find out primer pairs for identified SSRs and primers were found only for
239 sequences. But, this part needs experimental validation. Annotation of SSRs
containing sequences was also carried out.

© 2006 Elsevier GmbH. All rights reserved.

organism (Davis and Perkins, 2002) for important

Neurospora crassa, the causative agent of
an orange mold infestation in French bakeries
(Perkins, 1991) is a non-pathogenic, filamentous
ascomycete fungus with 43Mb genome size that
contains ~10,620 predicted protein-coding genes
and has became a popular experimental model
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animal and plant pathogens. Diverse research
programs centered on Neurospora have ranged
from formal population and molecular genetics to
more recent studies of development, photobiology,
circadian rhythms, gene silencing, etc.
Microsatellites (simple sequence repeats (SSRs))
are short repeat motifs (1-6 bp) that are present in
both protein coding and non-coding regions of DNA
sequences (Gupta et al., 1996; Toth et al., 2000;
Katti et al., 2001) and shows a high level of length
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polymorphism due to insertion or deletion muta-
tions of one or more repeat type (Tautz and Renz,
1984). Different taxon varies in abundance of
different types of SSRs (Hancock, 1999) and these
are present in greater abundance in non-coding
regions than coding SSRs (Hancock, 1995). Abun-
dance of SSR sequences in different genomes have
been estimated originally via hybridization experi-
ments (Tautz and Renz, 1984; Panaud et al., 1995)
or database searches (Richard and Dujon, 1996;
Toth et al., 2000). These studies were mainly based
on the over-represented coding regions and limited
by the partial genomic sequences available. Ex-
pressed sequence tags (ESTs), which represent the
expressed part of genome also serve as source of
SSRs (Liu et al., 1999).

Ideal molecular markers should be highly poly-
morphic, provide reproducible results and be
simple to assay (Field et al., 1996). Detection of
SSRs facilitates the development of SSR markers
which fulfills the criteria of ideal markers therefore
useful in numerous DNA- and PCR-fingerprinting
experiments for strain typing of a variety of
filamentous fungi and yeasts without prior knowl-
edge of their abundance and distribution in the
investigated fungal genomes (Lieckfeldt et al.,
1992; Meyer et al., 2003) and are also useful across
a number of related plant species (Holton et al.,
2002; Thiel et al., 2003). Previously SSRs were
identified in the genomes of nine phylogenetic
diverse fungal genera: Aspergillus nidulans, Cryp-
tococcus neoformans, Encephalitozoon cuniculi,
Fusarium graminearum, Magnaporthe grisea,
N. crassa, Saccharomyces cerevisiae, Schizosac-
charomyces pombe and Ustilago maydis (Karaoglu
et al., 2004).

Present study deals with the identification of
microsatellites in UniGene sequences of N. crassa,
which helps in the development of SSR markers
and to annotate SSR containing sequences.
UniGene is a database (available at NCBI) which
contains sequences of well-characterized genes
as well as hundreds of thousands novel EST
sequences.

Materials and methods

Retrieval of UniGene sequences and
detection of SSRs

A number of 3217 UniGene sequences of N. crassa
(Ncr.seq.uniq) were downloaded from the NCBI.
The harvesting of the SSRs was done using a perl
script downloaded from www.missouri.edu. The

minimum length of SSR was fixed at 14 bp according
to criteria used by Gupta et al., 2003. The Poly A
and Poly T repeats were not considered as SSRs due
to their presence of mRNA/cDNA sequences at the
3 end.

Primer designing for SSRs

A pair of primers flanking each SSR was designed
using Primer3 software (www.genome.wi.mit.edu/
cgi-bin/primer/primer3_www.cgi). Primer3 picks
primers according to the specified parameters. In
the present study, default parameters of the
Primer3, viz. the optimum primer size as 20.0
(the range was 18-27), the optimum annealing
temperature as 60.0 (the range was 57.0-63.0) and
the range of %GC content as 20-80, were taken for
primer designing.

Annotation of SSR containing sequences

Annotation of all the SSR containing sequences
was determined on the basis of >=70%
similarity against non-redundant (nr) protein data-
base entries. It was performed using program Basic

Local Alignment Search tool (BLAST), variant
BLASTX, available at NCBI (http://www.ncbi.
nlm.nih.gov/blast). The resulting proteins

obtained during similarity search were classified
into their respective groups and looked for SSR in
proteins.

Results
Screening of N. crassa sequences for SSRs

In the present study, 3217 UniGene sequences of
N. crassa available at NCBI were searched for
microsatellites with a minimum length of 14bp. A
total of 287 SSRs detected from 4187.86 kb of data
screened, excluding Poly A and Poly T. Depending
upon the length of the repeat unit itself (1-6 bp),
the lengths of SSRs varied from 14 to 48bp,
respectively.

Frequencies of N. crassa SSRs with different
repeat types

Only a subset of 250 sequences contains 287 SSRs,
suggesting that merely 7.8% of sequences contained
SSRs, which represent average density of one SSR/
14.6 kb. Figure 1 shows the frequencies of SSRs with
mono-, di-, tri-, tetra-, penta- and hexa-nucleotide
repeat units. The most frequent repeat type found
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within the UniGene sequences of N. crassa were tri-
nucleotide repeats (88.8%) followed by di-nucleo-
tide (5.9%) and tetra-nucleotide repeats (3.1%),
respectively. Whereas, mono-, penta- and hexa-
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Figure 1. Frequency distribution of different repeat
types identified in UniGene sequences of N. crassa.

nucleotide repeats were present in equal (.7%)
frequencies (Fig. 1).

The observed frequency of different repeat
types comprising the SSRs is presented in
Fig. 2(a)-(d) and summarized in Table 1. Identified
SSRs belongs to only one type of mono-nucleotide,
six different types of di-nucleotide repeats, 43
different types of tri-nucleotide repeats, nine
different types of tetra-nucleotide repeats and
two types of penta- and hexa-nucleotide repeats,
respectively.

Among mono-nucleotide repeats, only (C)n re-
peats were found. The most abundant repeats were
(CT)n and (CA)n followed by (GT)n, (TA)n, (TC)n
in di-nucleotide and (CAG)n followed by (CAA)n,
(ACA)n, (CCT)n, (GAA)n, (AGC)n repeats in
tri-nucleotide repeats. Whereas tetra-, penta-
and hexa-nucleotide repeats had almost equal
frequency.
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Figure 2. Frequency distribution of (a) mono- and di-, (b) tri-, (c) tetra-, (d) penta- and hexa-nucleotide repeat motifs

in UniGene sequences of N. crassa.
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Table 1. Summary of in silico mining of UniGene 1201
sequences of N. crassa 1004 50%
é
Parameters Values £ 809
a: 1 o7

Total number of sequences searched 3217 o 07 2525%
Total number of SSRs identified 287 S 407 17.17%
Total number of sequences containing single 220 201 7.58%
SSRs
Number of sequences containing two SSRs 24 Predicted  Putative  Hypothetical  Others
Number of sequences containing three SSRs 5 Protein Type
Number of sequences containing four SSRs 1
Total number of sequences containing 287 250 Figure 3. Distribution of SSR containing sequences
SSRs according to the proteins that they encode.
Repeat type
Mononucleotide 2 (0.7)" absence of a homolog in the protein sequence
D‘f‘”dfou_dde ;7 (5-9) database. Further, matched proteins were searched
Trinucleotide (gg’ 8 for SSRs but no protein was found to contain SSR.
Tetranucleotide 9 (3.1)
Pentanucleotide 2 (0.7)
Hexanucleotide 2 (0.7) . .
Total length of sequences searched (kb) 4187.86 Discussion
Density of SSRs One/

14.6 In the present study, UniGene sequences of N.

*Data in parentheses is the percentage value of the repeat type.

Designing of primers for SSRs

Out of 287 SSRs detected the primers could be
designed only for 239 (83.3%) SSRs and 48 (16.7%)
remaining sequences did not produce any accep-
table primers. These 239 SSRs for which primers
were designed include 10 di-, 221 tri-, 5 tetra- 1
penta- and 2 hexa-nucleotide repeats. The details
of the accession numbers of UniGene sequences of
N. crassa, repeat motif of SSRs for which primer
were designed, length of repeat unit, primer
sequences, annealing temperature and product
size are available as Supplementary information.

Annotation of N. crassa sequences
containing SSRs

To determine the function of SSR containing
sequences, the 250 sequences from which SSRs
were mined were annotated against the nr protein
database available at http://www.ncbi.nlm.nih.
gov. For a large number 198 (79.2%) of sequences,
annotations were available (Fig. 3) of which 50
(25.25%) were predicted proteins, 99 (50%) were
hypothetical proteins, 15 (7.58%) were putative
proteins and 34 (17.17%) belonged to different
functional classes. Only 52 (20.8%) sequences could
not be assigned to any specific class due to the

crassa retrieved from NCBI were mined for SSRs and
these SSRs were used for designing the markers.
Further, all SSR containing sequences were anno-
tated as far as possible.

N. crassa is known to have the highest SSR density in
nine taxonomically different and completely se-
quenced fungal genomes including A. nidulans, C.
neoformans, E. cuniculi, F. graminearum, M. grisea,
Saccharomyces  cerevisiae,  Schizosaccharomyces
pombe and U. maydis (Karaoglu et al., 2004). In the
present study, a total of 287 SSRs were detected in
UniGene sequences of N. crassa giving density of 1SSR/
14.6 kb. However, the frequency of SSRs detected in
this study was lower than the frequencies of SSRs
found in fungal genomes: 1SSR/2.7kb in N. crassa,
1SSR/3.3kb in M. grisea, 1SSR/3.9kb in Saccharo-
myces cerevisiae, 1SSR/4.0kb in Schizosaccharomyces
pombe, 1SSR/6.6kb in U. maydis, 1SSR/9.6kb in C.
neoformans, 1SSR/12.5kb in F. graminearum, 1SSR/
12.5kb in A. nidulans and 1SSR/15.6kb in E. cuniculi
(Karaoglu et al., 2004). Moreover, the frequency was
also lower then EST derived SSRs reported in earlier
studies on plants: 1SSR/3.4kb in rice, 1SSR/8.1kb in
maize, 1SSR/7.4kb in soybean, 1SSR/11.1kb in
tomato, 1SSR/6.0kb averaged over six different
species including barley, maize, rice, rye, sorghum
and wheat (Varshney et al., 2002), 1SSR/1.67 kb in
wheat (Morgante et al., 2002), 1SSR/14kb in poplar
and 1SSR/6 kb in Arabidopsis (Cardle et al., 2000).
However, the density of SSRs in UniGene sequences of
N. crassa (1SSR/14.6 kb) is higher than density (1SSR/
20kb) found in cotton (Cardle et al., 2000). This
variation occurs due to difference in quantity of data
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analyzed. Though due to differences in mutability and
the bias in mismatch repair system, non-random
distribution of SSRs occur this could lead to the fact
that SSRs are over-represented in certain genomes
(Harr et al., 2002). However, it is well-known that
total SSR contents in fungal species are not influenced
by the genome sizes (Karaoglu et al., 2004). Study on
genomes of five different plant species (Aspergillus
thaliana, rice, soybean, maize and bread wheat)
shows that the densities of SSRs in transcribed regions
were generally higher than in genomic DNA (Morgante
et al., 2002) while our results are not consistent with
these findings.

The abundance of the different repeats in the
SSRs as detected in UniGene sequences of N. crassa
was variable, so that the SSRs with different repeat
motifs were not evenly distributed. These results
are similar with earlier findings, which shows that
the abundance of different repeats varied exten-
sively depending upon the species examined (Toth
et al., 2000). We excluded poly A and poly Trepeats
due to which their number is underrepresented in
the study. The SSRs with tri-nucleotide repeats
(88.8%) were most abundant in UniGene sequences
of N. crassa. This abundance of tri-nucleotide
repeats is in agreement with results of earlier
studies in N. crassa genome (Karaoglu et al., 2004)
and also in several crop species where tri-nucleo-
tide repeats were found to be abundant (Scott
et al., 2000; Varshney et al., 2000; Gupta et al.,
2003). Di-nucleotides (5.9%) were the second
abundant repeat type followed by tetra- (3.1%),
mono- (0.7%), penta- (0.7%) and hexa- (0.7%)
nucleotide repeats. In earlier studies on Neuro-
spora genome (Karaoglu et al., 2004) AG/GA
repeats were found to be predominant among di-
nucleotide repeats while in our study no AG/GA
repeats were found. It has been reported that (AT),
and (CT), is the most common repeat motif in
plants and insects (Lagercrantz et al., 1993). In our
study (CT), repeat were abundant while no (AT),
repeat were detected. The smaller repeat motifs
were found to be predominant among SSRs identi-
fied and as the length of repeat unit increases their
occurrence decreases. This may be because longer
repeats have higher mutation rates, therefore less
stable (Wierdl et al., 1997). Furthermore, di-
nucleotide and tri-nucleotide repeat stretches
found to be longer than other repeats.

The primers could be designed successfully for a
very large number (239, 83.3%) of SSRs (see
Supplementary table). But, it was not possible to
design the primers for remaining SSRs (48, 16.7%)
due to sequences flanking both ends of the SSRs was
inadequate in size to design the primers. However,
primer designing must be experimentally validated.

The primers designed in the present study using
data mining would be useful for a variety of
purposes, e.g., gene tagging, genetic mapping
and population studies etc. A further study is
needed to experimentally prove the aforemen-
tioned part.

It has been proposed that numerous SSRs are the
hot spots for recombination (Jeffreys et al., 1998;
Templeton et al., 2000) especially di-nucleotide
repeats are preferential sites for recombination
due to their high affinity for recombination
enzymes (Biet et al., 1999). SSRs may affect DNA
replication (Field and Wills, 1996) and also plays
important role in regulation of gene activity
(Sandaltzopoulos et al., 1995). Some SSRs, found
in upstream activation sequences, serve as binding
sites for a variety of regulatory proteins (Lue et al.,
1989; Csink and Henikoff, 1998). In addition to this,
the presence of repeated sequences within proteins
has been detected in all organisms examined
(Marcotte et al., 1998). In the present study,
similarities of SSR containing UniGene sequences
were searched in nr protein database using BLAST
available at NCBI (http://ncbi.nlm.nih.gov/blast)
to find SSRs in proteins encoded by these sequences
and to annotate the SSR containing sequences. Out
of 250 SSR containing sequences, annotations were
available only for 198 (79.2%) sequences and not
even a single SSR were found in matched protein
sequences. Sequences for which annotations were
available categorized into different classes of
proteins (predicted, hypothical, putative and
others) and for the remaining 52 (20.8%) SSR
containing sequences, no homology could be found
because for a large fraction of the genomes, no
obvious function has yet been assigned. In Arabi-
dopsis, functions for only 57% of gene sequences
were assigned, which represents a good source for
annotating sequences, but is still inadequate.

UniGene sequences of N. crassa were system-
atically searched for SSRs using the “ssr_finder.pl”
perl program. This approach saves both costs and
time, given a sufficient amount of available
UniGene sequences of N. crassa. The identified SSRs
are useful for the development of SSR markers,
which helps in genetic diversity studies and reveals
variation in genomes. Annotation of SSR containing
sequences provides an opportunity to examine the
functional diversity of different proteins.
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Erratum to “In silico mining in expressed
sequences of Neurospora crassa for identification
and abundance of microsatellites”

[Microbiol. Res. 162 (2007) 250-256]

Asheesh Shanker™, Ashutosh Singh, Vinay Sharma

Department of Bioscience and Biotechnology, Banasthali Vidyapith, Banasthali 304022, Rajasthan, India

Unfortunately, in the original article published in Microbiological Research 162/3 (2007) Arabidopsis
thaliana has been misprinted to Aspergillus thaliana on page 5, line 8.

The correct sentences should be:

Study on genomes of five different plant species (Arabidopsis thaliana, rice, soybean, maize and bread
wheat) shows that the densities of SSRs in transcribed regions were generally higher than in genomic DNA
(Morgante et al., 2002) while our results are not consistent with these findings.
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