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Abstract With the development of high-throughput
sequencing techniques, transcriptome sequencing
projects which provide valuable resources for design-
ing simple sequence repeat (SSR) primers have been
carried out for many plants. However, the utility of
SSRs for molecular breeding depends on genome-
wide distribution and coverage, as well as moderately
high allelic variability, in the available SSR library. In
this study, we characterized the exonic SSRs devel-
oped from the publicly available Populus genome as a
case study to determine their value for molecular
breeding. As expected, our results confirmed that
microsatellites occurred approximately three times
less often in coding regions than in non-coding
regions. Mutability test also showed that exonic SSRs
contained less allelic variability than intronic SSRs.
More importantly, exonic SSRs were unevenly dis-
tributed both among and within chromosomes. Large
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exonic SSRs deserts were observed on several chro-
mosomes. Differential selection between paralogous
chromosomes, at the gene level, appears to be
responsible for these SSR deserts, though the mech-
anisms that cause chromosome-specific SSR deserts
are not known. This work provides ample evidence
that the candidate gene approach based on unigenes
identified from transcribed sequences may not be the
best strategy to identify highly polymorphic SSRs.
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Introduction

Molecular breeding is the use of genetic markers to
assist and accelerate conventional breeding and
selection. Simple sequence repeats (SSRs) or micro-
satellites are tandem repeats of short DNA sequences
which are abundant and widespread in all eukaryotic
genomes (Toth et al. 2000). SSR markers are one of
the most important and powerful genetic tools for
molecular breeding. Microsatellites owe their vari-
ability to an increased rate of mutation compared to
the other neutral regions of DNA (Li et al. 2002). Due
to their high mutability, microsatellites are also
thought to play a significant role in genome and
gene evolution by creating and maintaining quanti-
tative genetic variation (Kashi et al. 1997; Tautz et al.
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1986). The priming sequences of microsatellites are
normally conserved within species and may even be
transferable among taxa within genera (Castillo et al.
2008; Yin et al. 2009). Their high transferability
makes microsatellites one of the most powerful
genetic markers for syntenic studies (Yin et al.
2004). Using SSRs, it is feasible to build a genotyp-
ing platform which facilitates the study of alternative
individuals and/or species within the context of a
macro-genetic system and to validate genetic discov-
eries among alternate pedigrees. Because of their
high variability, ubiquity, and co-dominance, micro-
satellites have been used as versatile molecular
markers that have wide-ranging applications in the
field of genetics.

The sequencing capacity available to biological
scientists has increased in an exponential manner, and
with it the number of complete draft plant genomes
continues to grow (Lyons and Freeling 2008).
However, the genetic resources available to a plant
researcher vary significantly depending on the focal
species. Many plant researchers still struggle to study
and manipulate valuable traits with limited genetic
tools. For plants with limited genomic/genetic
resources available, developing molecular markers
is an important step for detecting genetic loci
underlying traits of interest, and SSR markers are
widely accepted as the most desirable molecular
markers for molecular breeding. Compare to whole
genome sequencing, transcriptome sequencing is an
attractive and efficient alternative way for identifica-
tion, discovery, and characterization of genes in
different organisms (Lijoi et al. 2007). Transcribed
sequences also provide valuable resources for devel-
oping SSR markers (Castillo et al. 2008; Khanal et al.
2008). However, the utility of SSR markers in
molecular breeding is mainly determined by their
distribution in the genome, coverage of the genome,
and variability. Supported by the US Department of
Energy (DOE), the genome of a black cottonwood
(Populus trichocarpa) tree, Nisqually-1, has been
completely sequenced and publicly released (Tuskan
et al. 2006). The achievement of the Nisqually-1
genome sequence offers us an opportunity to charac-
terize the exonic SSRs in the genome of a represen-
tative woody plant. In this paper, our objectives were
to: (1) characterize the distribution and coverage of
exonic SSRs in the Nisqually-1 genome, (2) reveal
the exonic SSR deserts in the poplar genome, and (3)
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investigate the allelic variability of exonic SSRs
compared to SSRs in the neutral regions of DNA.

Materials and methods

Genome sequences were obtained from the Populus
genome browser (http://shake.jgi-psf.org/cgi-in/search
GM?db=Poptrl_1) and data for exonic SSRs were
collected from the SSR primer resources developed
by Yin et al. (2009). Among the 45,555 predicted
protein-coding gene loci in the Populus genome
(Tuskan et al. 2006), we examined approximately
30,000 gene models which were unambiguously
mapped to sequence scaffolds along 19 chromosomes
of the Populus genome (about 80% of the total gen-
ome length) and showed high conservation with the
Arabidopsis gene set. The distribution of exonic
microsatellites among chromosomes was evaluated
by the observed number of exonic microsatellites
compared to their expectations using a Poisson cal-
culation. The expected number of exonic SSRs /; in
chromosome i would be a sample from a Poisson
distribution

Ai = miLi/ZLi, (1)

where m; is the observed number of exonic SSRs on
chromosome i and L; is the length of A, T, C, G
designation on chromosome i. The probabilities of
P(m; < 4;) and P(m; > 4;) were calculated at
o = 0.05 and a = 0.01 significant levels. To explore
the SSR distribution within each chromosome, we
created 2-Mb sliding windows along each chromo-
some. The abundance or disparity of exonic SSRs
within each window was determined based on the
above statistical method, except that chromosome i
was replaced with window i. Visual plotting of
exonic SSRs on each chromosome was produced by
the Mapchart software (Voorrips 2002).

The identification of paralogous chromosomal
segments in the Populus genome resulting from
“salicoid” duplication events was described by
Tuskan et al. (2006). Blocks of the same color
represented the paralogous chromosomal segments.
Segmentally duplicated gene pairs were identified by
BLASTp as described by Yang et al. (2008) with

settings of e-values <1x 1072 ; minimum conserved
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region width >100 bp; and conservation identity
>70%.

The efficacy of the SSR markers for genetic
analyses was determined by genotyping of 24 genet-
ically diverse Populus adenopoda genotypes sampled
in the suburban areas of Nanjing, China. In total, 96
SSR primer pairs were synthesized and used in the
test. Among these primer pairs, 48 amplified micro-
satellites in exons, and the rest amplified microsat-
ellites in introns. To minimize the effect of
confounding factors on allelic variation, priming
sequences of all primer pairs were located in coding
regions and the tested microsatellites had identical
lengths in the SSR database. PCR reactions were
performed as described by Yin et al. (2004). Poly-
morphic differences among the tested individuals
were used to calculate the polymorphism information
content (PIC) associated with each SSR marker using
the following formula (Keim et al. 1992):

PIC=1-> P}, (2)
i

where n is the total number of alleles detected for a
SSR marker, and P; is the frequency of the ith allele.

Results
Exonic SSRs distribution in Nisqually-1 genome

In an earlier study, a total of 148,428 SSR primer
pairs were identified and created from the unambig-
uously mapped sequence scaffolds of the Nisqually-1
genome (Yin et al. 2009). In the present paper, we
specifically collected the information and analyzed
data for exonic SSRs from this comprehensive SSR
database. In total, we identified 5,989 SSR primer
pairs (about 4% of the total) that amplified microsat-
ellites in transcribed sequences of the Populus
genome. On average, exonic SSRs occurred approx-
imately every 47 kb of DNA within the Populus
genome. The Poisson distribution tests (Table 1)
revealed that exonic SSRs were distributed unevenly
among chromosomes. Ten chromosomes had more
exonic SSRs than expected by chance alone; six
chromosomes contained fewer than expected; and
only three chromosomes had exonic SSRs that did not
significantly depart from the expected numbers. By

creating 2-Mb sliding windows along each chromo-
some, we further explored SSR distribution within
chromosomes (Supplementary Table 1). The results
showed that the exonic SSRs were also distributed
unevenly within each chromosome. In total, we
created 146 sliding windows on the 19 chromosomes
of the Populus genome. Among these windows, 51
were overabundant with exonic SSRs, 46 were sparse
with exonic SSRs, and 46 contained exonic SSRs that
did not significantly depart from the expected num-
bers. Thus, the distribution of exonic SSRs was
uneven both among and within chromosomes.

Large exonic SSR deserts observed in Nisqually-1
genome

Coverage of exonic SSRs was evaluated using heat
plots for each chromosome (Fig. 1). In the plotting
chart, large exonic SSR regions lacking SSRs (i.e.,
SSR “deserts”) were found on chromosomes III, V,
X, XII, XVII, XVII and XIX, encompassing DNA
regions of several million base pairs. The extant
Populus genome arose from an ancient whole-
genome duplication event known as “salicoid”
duplication and appears to have evolved from ten
ancestral chromosomes (Tuskan et al. 2006). Based
on the homology among chromosomes, we found that
many of the exonic SSR deserts had duplicated
segments on other chromosomes. In Fig. 1, it is
noteworthy that exonic SSR densities diverged on
some of the paralogous chromosomal segments. To
explore whether the differential loss of exonic SSRs
on the paralogous segments is due to loss of the
corresponding genes or the corresponding motifs, we
analyzed the genes containing SSRs on the paralo-
gous segments between chromosome I and chromo-
some III (Supplementary Table 2), which shared two
duplicated regions. In the upper duplicated region on
chromosome I, 160 exonic repeat motifs were
present. On its duplicated segment on chromosome
III, 36 of these repeat motifs were maintained, 113
lost, and 11 of these repeat motifs were in paralogous
genes on unmapped scaffolds. Among the 113
missing repeat motifs, 47 (41.6%) were due to loss
of the corresponding genes, and 66 were due to loss
of the corresponding motifs; whereas the lower
paralogous region on chromosome I contained 65
exonic SSR repeat motifs. On its duplicate segment
on chromosome III, three of these repeat motifs were
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Table 1 Distribution test of exonic SSRs among chromosomes of Populus by the Poisson calculation

Chromosome  Length of Observed  Observed  Observed Expected Distribution test ~ No. of A, T.G,C
AT G, C SSRs in SSRs in SSRs in SSRs in P(m;; < Jij) or gene readings
readings exons UTRs transcripts  transcripts  P(my; > Aij) of genes

LG_I 31073085 526 240 766 660 0.000%** 3168 3714996

LG_II 23365393 410 205 615 496 0.000%** 2681 3169289

LG_III 17446680 198 106 304 370 0.000%#*~ 1849 2241785

LG_IV 15079815 203 98 301 320 0.148 1433 1624733

LG_V 16635682 0 0 0 353 0.000%**~ 1701 1957848

LG_VI 17657228 314 169 483 375 0.000%* " 1966 2402959

LG_VII 11904284 202 83 285 253 0.021%* 1286 1462110

LG_VIII 15448287 279 148 427 328 0.000%** 1979 2344995

LG_IX 12408518 253 103 356 263 0.000%** 1627 1879011

LG_X 19213814 331 178 509 408 0.000%* " 2337 2732426

LG_XI 13171956 193 68 261 280 0.138 1275 1465093

LG_XII 13024900 179 66 245 277 0.029*~ 1274 1464484

LG_XIII 11495653 168 105 273 244 0.032%F 1155 1358065

LG_XIV 13682591 200 124 324 291 0.025%* 1422 1635836

LG_XV 10190784 179 86 265 216 0.001%* 1208 1318402

LG_XVI 12122487 175 83 258 257 0.469 1297 1490746

LG_XVII 5444010 21 5 26 116 0.000%*~ 454 513598

LG_XVIII 12437986 127 78 205 264 0.000%#*~ 889 1385337

LG_XIX 10250695 66 20 86 218 0.000%*~ 933 1042867

Total 282053848 4024 1965 5989 5989 29934 35204580

* Significant at o = 0.05; ** significant at o = 0.01; “—” following the “*” indicates less than the expected number at the

corresponding significant level; “+” following the “*” indicates more than the expected number at the corresponding significant

level

maintained, 51 missed, and ten of these motifs were
in paralogous genes on unmapped scaffolds. Among
the 51 missing repeat motifs, 25 (49.0%) were due to
loss of the corresponding genes, and the other ones
were due to loss of the corresponding motifs. Thus,
on average, 45.3% of exonic repeat motifs that were
missing on the duplicated chromosomal segments
were due to loss of the corresponding genes, and
54.7% of them were due to loss of the corresponding
motifs.

Allelic variability of exonic SSRs

High mutability makes SSRs one of the most desirable
molecular markers for genetic analyses. In this paper,
we designed an experiment to test the allelic variabil-
ity of exonic SSRs among 24 P. adenopoda genotypes
and to compare their mutability with that of micro-
satellites located in introns. Out of the 96 selected
exonic primer pairs from the Nisqually-1 resource,
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only seven failed to amplify product in the selected
P. adenopoda genotypes (Supplemental Table 3). The
successful amplification rate was 92.7%. In an earlier
study, the transferable rate of SSR primer pairs
developed from Nisqually-1 genome sequences to
P. adenopoda was found to be relatively low (75%)
(Yin et al. 2009). The high success rate in this study
may be largely related to exonic-anchored primer sites
among alternative Populus species. The allele num-
bers and PIC value revealed by each primer pair are
demonstrated in Fig. 2. According to this Figure, over
70% of exonic SSRs generated one allele per locus; in
contrast, more than 85% intronic SSRs generated two
or more alleles per locus. The average allele number
for genetic loci encompassing exonic microsatellites
was 1.40 vs. 3.28 for genetic loci encompassing
intronic microsatellites. PIC values were also signif-
icantly different between intronic and exonic micro-
satellites. According to the PIC values, intronic SSRs
were ranked as moderately to highly informative with
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Fig. 1 Visual plotting of exonic SSRs along each Populus
chromosome. The leftmost vertical bar is the physical length
ruler scaling in Mb. In this figure, each chromosome
corresponds to two vertical bars, with the left bar showing

an average PIC of 0.403; whereas exonic SSRs were

extremely uninformative with an average PIC of
0.072.

Discussion

Microsatellites are generally found in genomic posi-
tions free from genetic selection; recent studies have
attributed various functional roles to microsatellites
(Jewell et al. 2006). There is direct evidence that
microsatellites can function as transcriptional acti-
vating elements (Li et al. 2002), and there is some
evidence suggests that even microsatellites in non-

LG X LG_XI LG _Xn LG X LG av LG _xXv LG _xwi LG_xvi LG_xXvin LG Xix

the chromosomal homology and the right bar displaying the
positions of exonic SSRs. Fragments in the same color indicate
the duplicated chromosomal segments resulted from the
salicoid duplication event, as described by Tuskan et al. (2006)

coding regions may have functional significance
(Kashi et al. 1997). Microsatellites were found to
play roles in many human neurodegenerative disor-
ders (Reddy and Housman 1997) and in some human
cancers (Lothe 1997). Thus, microsatellites may
contain functional importance relative to the corre-
sponding DNA sequence. Results from this study
indicate that genes containing microsatellites are
under selection. The evidence is as follows: first, the
frequency of microsatellites is three times lower in
the coding regions than in the neutral regions.
Second, the allelic variability of exonic SSRs is
much lower than that of intronic SSRs. Third, the
exonic SSRs are found to be differentially lost in the
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Fig. 2 Comparison of
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segmentally duplicated gene pairs in the Populous
genome.

In an earlier study on genomic SSRs, no large SSR
deserts were observed across the Populus genome
(Yin et al. 2009); in contrast, huge exonic SSR deserts
were found on many poplar chromosomes in the
present study. Meanwhile, we noted that the exonic
SSRs were differentially lost on the paralogous

@ Springer

segments among chromosomes. Most eukaryotic
genomes have numerous duplicated genes, many of
which appear to have arisen from one or more cycles
of ancient polyploidy (paleopolyploidy). Following
paleopolyploidy, there is extensive loss of duplicated
genes (Adamsa and Wendel 2005) and/or gene
subfunctionalization (Adamsa et al. 2004; Blanc and
Wolfe 2004). Cytological studies reveal that all extant
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Populus species exist in the diploid form with a
haploid numbers of chromosomes equal to 19 (Smith
1943). However, the Populus genome has experienced
three separate ancient genome-wide duplication
events, with the most recent event contained within
the Salicaceae (Tuskan et al. 2006). Analyzing the
exonic repeat motifs on the paralogous chromosomal
segments in the Populus genome revealed that the
majority of the exonic repeat motifs were missing on
their duplicated segments. Nearly half of the missing
motifs were due to loss of the corresponding genes
and the rest were due to loss of the corresponding
motifs. These results implied the extensive loss of
duplicated genes and gene subfunctionalization in the
Populus genome after salicoid duplication. The
mechanism leading to and the functional relevance
of this phenomenon are not known at this time.

The exonic SSRs are useful for syntenic studies
and have an important use to anchor BACs because
they are more conserved than the intronic and
intergenic SSRs. The transcribed sequences provide
valuable resources for developing SSR markers.
However, the transcribed sequences are commonly
redundant and only represent a portion of the putative
genes (Lijoi et al. 2007; Susko and Roger 2004;
Wang et al. 2005), which will lead to redundant
amplification and limit the genome range covered by
the exonic SSRs. Moreover, based on the allele
numbers and PIC values derived from 24 unrelated
P. adenopoda genotypes, exonic SSRs were found to
be much less polymorphic than intronic SSRs.
Normally, SSRs with PIC value >0.5 were consid-
ered as highly informative markers that would likely
be useful in tracking the economically important
traits in breeding populations (Ren et al. 2009).
Results in this paper indicated that exonic SSRs with
PIC value >0.5 were scarce (Fig. 2). To our knowl-
edge, this is the first study to carry out extensive
investigation specifically on exonic SSRs at the
genome-wide level. While genome structure always
varies among alternative genotypes and among
related species, this study provides a valuable refer-
ence to evaluate exonic SSRs and their applications
for molecular breeding.
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