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Abstract
The distribution of microsatellites in exons, and their association with gene ontology (GO) terms is explored to elucidate
patterns of microsatellite evolution in the common sunﬂower, Helianthus annuus. The relative position, motif, size and level
of impurity were estimated for each microsatellite in the unigene database available from the Compositae Genome Project
(CGP), and statistical analyses were performed to determine if differences in microsatellite distributions and enrichment within
certain GO terms were signiﬁcant. There are more translated than untranslated microsatellites, implying that many bring
about structural changes in proteins. However, the greatest density is observed within the UTRs, particularly 5 UTRs. Further,
UTR microsatellites are purer and longer than coding region microsatellites. This suggests that UTR microsatellites are either
younger and under more relaxed constraints, or that purifying selection limits impurities, and directional selection favours
their expansion. GOs associated with response to various environmental stimuli including water deprivation and salt stress
were signiﬁcantly enriched with microsatellites. This may suggest that these GOs are more labile in plant genomes, or that
selection has favoured the maintenance of microsatellites in these genes over others. This study shows that the distribution of
transcribed microsatellites in H. annuus is nonrandom, the coding region microsatellites are under greater constraint compared
to the UTR microsatellites, and that these sequences are enriched within genes that regulate plant responses to environmental
stress and stimuli.
[Pramod S., Perkins A. D. and Welch M. E. 2014 Patterns of microsatellite evolution inferred from the Helianthus annuus (Asteraceae)
transcriptome. J. Genet. 93, 431–442]

Introduction
Microsatellites are highly polymorphic regions in the
genome, composed of tandem repeats of 1–6 bp long
sequences. Alleles are typically treated as size length polymorphisms and variation appears to arise through incremental increases or decreases in the number of repeats
(Hancock 1999; Ellegren 2000). It is generally accepted
that the variability of these loci is due to their repetitive
nature and increased incidences of polymerase slippage during replication (Levinson and Gutman 1987). The mutation
rates of microsatellites, while variable, are unusually high,
ranging from 10−5 to 10−2 per locus per generation (Weber
and Wong 1993; Ellegren 2000). For comparison, estimations of substitution rates for the nuclear genomes of multicellular organisms vary from 10−10 to 10−8 per base per
generation (Nachman and Crowell 2000; Baer et al. 2007)

∗ For correspondence. E-mail: sreepriyapramod@gmail.com.

and recent estimates from mutation accumulation experiments in Arabidopsis thaliana suggest that plant nuclear
genomes mutate at a rate between 10−9 and 10−8 per base
per generation (Ossowski et al. 2010).
Until the late 1990s, it was widely believed that
microsatellites were largely restricted to noncoding regions
of the genome. The high mutation rate was seen as a potentially disruptive force. The few microsatellites known to
be located within exons of the genome were associated
with hereditary neurodegenerative diseases such as Huntington’s chorea and Fragile-X syndrome in human populations (Gatchel and Zoghbi 2005). Availability of expressed
sequence tag (EST) and whole genome sequence databases
of organisms revealed that microsatellites are present as
much as 10–20% of all examined open reading frames (Li
et al. 2002). There are multiple explanations for this prevalence of microsatellites in organismal transcriptomes. It may
suggest that transcribed microsatellites are most likely to
evolve if there are relatively few constraints limiting their
birth and expansion (Haasl and Payseur 2013). Genome
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composition bias may also enhance the frequency with which
microsatellites evolve neutrally in some species (Tian et al.
2011). However, it has also been proposed that selection
favours the origin and expansion of microsatellites that can
play an active and positive role in generating functional
genetic variation (King and Kashi 2009). While, neutrality seems the most appropriate null hypothesis to explain
the prevalence of microsatellites in genes, several observations consistent with a selective advantage for transcribed
microsatellites have been made. For example, microsatellites in plants are preferentially associated with unique DNA
sequences and not with other classes of repetitive DNA
(Morgante et al. 2002). Since purifying selection in repetitive regions of genomes may be weaker, we might infer
that microsatellite evolution is selectively favoured in genes
and other nonrepetitive regions of plant genomes implying a beneﬁcial role. Although, traditionally viewed as neutrally evolving sequences, a body of literature has explored
the theoretical possibility of functional and beneﬁcial roles
of microsatellites (Trifonov 2004; Li et al. 2004; King
et al. 2006). Further, empirical work has described several
mechanisms by which microsatellites inﬂuence phenotypes
(Li et al. 2004; Kashi and King 2006; Gemayel et al. 2010).
In this study, we consider the different hypotheses that
can explain the prevalence of microsatellites in organismal
transcriptomes through an analysis of their frequency and
distribution within a UniGene database of the common sunﬂower, H. annuus. H. annuus is native to North America
and is found in diverse habitats suggesting that populations may be locally adapted (Heiser et al. 1969; Kane and
Rieseberg 2007). Further, it has become a model system for
studying plant evolutionary genomics. It is now known that
microsatellite encoding genes are expressed in natural populations of this species and that some of these genes are differentially expressed in different populations (Pramod et al.
2012). With this bioinformatics study, we hope to provide the
reader with useful insights on candidate genes in H. annuus
that are likely to be inﬂuenced by microsatellite expansion
and contraction.

Materials and methods
Data collection

To identify as many of the microsatellites present in
the H. annuus transcriptome as possible, available transcriptomic sequences were mined for these repetitive elements. The H. annuus UniGene assembly (assembly ID:
HELI_ANNU.CSA1) was downloaded from the Compositae Genome Project (CGP) website (http://cgpdb.ucdavis.
edu/asteraceae_assembly/). This UniGene assembly contains 31,605 unique sequences including 10,796 contigs and
20,809 singletons that were generated from 93,428 EST
sequences belonging to multiple cultivars and strains of
H. annuus using the assembly software CAP3 (Huang and
Madan 1999). An exhaustive search for microsatellites in
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this database was conducted using the software package
SciRoKo ver. 3.4 (Koﬂer et al. 2007). SciRoKo reports
motif size, motif type (e.g. GA), and level of impurity in
the microsatellites. A standardized motif type (e.g. GA,
CT = GA) is also reported. In this search, microsatellites
were deﬁned as repetitive sequences with motif sizes ranging from 1 to 6 bp. Also, only repeated sequences of 15
or more bases in length were classed as microsatellites;
that roughly translates into a minimum copy number of 15,
eight, ﬁve, four, three, and three for mononucleotide, dinucleotide, trinucleotide, tetranucleotide, pentanucleotide, and
hexanucleotide repeats respectively. Microsatellites were not
required to be pure; that is, interruptions in the repeat motif
were deemed acceptable within limits. SciRoKo uses a mismatch variable penalty value to score the purity of repetitive sequences. For the purposes of this study, imperfect or
impure repetitive sequences were classed as microsatellites if
their mismatch penalty was four or less, with the maximum
number of continuous mismatches allowed being three. Only
repetitive sequences meeting these criteria were classiﬁed as
microsatellites and utilized for further analyses.
Different selection pressures are likely to inﬂuence
microsatellite birth, maintenance, expansion, contraction and
death in different domains of transcribed sequences (Kelkar
et al. 2011; Sawaya et al. 2012). For this reason, the relative position of microsatellites with regard to start and stop
codons was inferred to determine whether microsatellites
were in the 5 UTR, the translated or coding sequence, or
the 3 UTR. The position of start and stop codons in UniGene sequences (nucleotide) containing microsatellites were
inferred by comparing potentially homologous sequences in
the completely annotated dicot genome of A. thaliana, using
the Linux based software package ESTScan ver. 2.0 (Iseli
et al. 1999; Lottaz et al. 2003). The information on A.
thaliana start and stop codons was speciﬁed using the matrix
parameter, ‘m’ which was set to specify the pre-built A.
thaliana scoring matrix (At.smat) available with ESTScan
package as the comparison matrix. Multiple predicted amino
acid sequences for transcripts are compared to known amino
acid sequences in A. thaliana to infer the positions of start
and stop codons. The main advantage of the algorithm utilized by the software is that it corrects for frameshift errors
inherent in single pass EST sequences prior to predicting
translated sequences.
The frequency of different homopolypeptide repeats is
also of great interest to the study of transcribed microsatellites. Translating microsatellites should result in repetitive amino acid sequences including homopolypeptide
sequences and different microsatellite motifs should code
for speciﬁc repeat types. It seems likely that the different properties of amino acids should result in differing selection pressures acting on different microsatellite
motifs in translated regions for this reason (Faux et al.
2005). ESTScan was also utilized to extract the translated
amino acid sequence encoded by each coding region from
the input nucleotide sequence. These sequences were then
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screened for homopolypeptide repeats using a custom Perl
script.
Data analysis

If microsatellites with speciﬁc motifs destabilize genes when
present in speciﬁc domains, then evolutionary constraints
should be more extreme resulting in a rarity, or absence of
those classes of microsatellites in the transcriptome. Conversely, if certain classes of transcribed microsatellites confer adaptive advantages, it is conceivable that the transcriptome would be selectively enriched with these classes of
microsatellites. Chi-square analyses were conducted to test
whether differences and similarities in microsatellite prevalence among different domains of transcripts are signiﬁcant. The relative abundances of microsatellites with speciﬁc repeat motifs were estimated for each exonic domain
(5 UTR, coding and 3 UTR). However, certain domains or
regions of domains may be overrepresented in EST-derivedsequence data, and the direction of bias is unknown. To deal
with potential ascertainment biases, microsatellite frequency
within domains was standardized relative to the total amount
of sequence attributed to each domain; that is, mean densities of microsatellites (NRegion ) within regions were utilized
to quantify prevalence, as opposed to counts (NRegion ). Density is measured as number of microsatellites sampled per
2000 base pairs of a region (1).
N Region ‘x’ = (NRegion ‘x’ /total number of bases sampled
in region ‘x’)∗ 2000

(1)

Chi-squared tests were used to infer whether observed frequencies of microsatellites across exonic regions were consistent with the expectation of neutrality, that the number
of microsatellites detected is dependent on total amount
of sequence. Mononucleotide, dinucleotide and trinucleotide
nucleotide repeat density were analysed separately. Adjusted
standardized residuals from a chi-squared test indicating
the deviations from neutral expectations given the dataset,
are also reported. All statistical analyses were performed
using R statistical package ver. 2.15.0 for Windows (R Core
Development Team 2012).
Beyond microsatellite density, patterns associated with
speciﬁc characteristics of microsatellites in the transcriptome may also provide evidence for differential levels of
constraint, or perhaps directional selection. Less constrained
regions should not only harbour more microsatellites, but
the microsatellites present would also be older and, lacking
constraints, may grow longer. To determine whether speciﬁc
classes of microsatellites have signiﬁcantly different length,
Kruskal–Wallis rank sum tests (Kruskal and Wallis 1952)
were implemented in the R package ‘pgirmess’ (Giraudoux
2011). KW tests are nonparametric extensions of ANOVAs.
A nonparametric test was selected because microsatellite
length is not normally distributed and transformations of this
variable also failed to satisfy the assumption of normality
in part due to the large sample size. This approach was

used to test whether microsatellite length signiﬁcantly differs
(i) between the three exonic regions, (ii) between different
motif size classes, and (iii) by an interaction effect between
region and motif size. Repeat length was included as a predictor variable to determine if microsatellite length might be
inﬂuenced by factors such as greater mutability observed in
smaller repeat size classes. Once an effect of region, motif
size or interaction effect was detected, KW multiple comparisons with Bonferroni corrections (Ott and Longnecker 2008)
were performed as implemented in the R package ‘pgirmess’
(henceforth referred to as KW multiple comparison test), to
determine the exact region, motif size, or the speciﬁc interaction
effect, that significantly contributed to the observed differences.
Other characteristics of microsatellites that may lend in
understanding their evolution in the transcriptome are substitutions. Substitutions within microsatellite tracts can result
in interruptions of the repetitive sequence. These interruptions are referred to as impurities, and they have a stabilizing effect on microsatellites (Ellegren 2004). To determine if levels of impurity differ signiﬁcantly among the three
exonic regions, KW tests were conducted. This nonparametric test was used for the same reasons associated with issues
of normality that led to its use in the analysis of microsatellite lengths. As per purely neutral expectations, a positive
correlation can be expected between the number of impurities and length, as there is a greater tendency to accumulate mutations with increasing time or age, as indicated by
the length of the microsatellite. Hence, an analysis of covariance (ANCOVA) was performed with impurities as a continuous dependent variable, and length and region as the continuous and nominal predictor variables, respectively. Hence,
effects on impurities resulting from variance in lengths were
accounted for when determining the effect of region. Speciﬁc
signiﬁcant effects detected by the KW test were identiﬁed
using a Bonferroni corrected KW multiple comparison test.
The evolutionary lability of genes should vary. Hence,
microsatellites should be more prone to evolve in genes
under weaker purifying selection. However, if transcribed
microsatellites play a constructive evolutionary role, they
should be favoured in genes that require constant ‘tuning’
in response to environmental ﬂuctuations, or following the
invasion of novel habitat. To infer whether gene function
inﬂuences the likelihood that a microsatellite is present, the
relative frequency of microsatellites within different gene
ontologies was compared. GO was inferred by identifying
likely homologues in A. thaliana with known or putative
gene function as catalogued by The Arabidopsis Information Resource (TAIR, Lamesch et al. 2012). Homology
and GO were both inferred using basic local alignment
search tool (BLAST) analyses with BLASTX (Altschul
et al. 1997) and the ‘Refseq’ protein database of A. thaliana
(TAIR GO database release 2013-09-07). To identify GOs
within the H. annuus transcriptome exhibiting microsatellite enrichment, hypergeometric tests were used to determine whether unigenes ascribed to speciﬁc GOs are more
likely to encode for microsatellites than expected by chance
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(Tavazoie et al. 1999). Analyses were conducted using the
GO Term enrichment tool within AmiGO ver. 1.8 (Carbon
et al. 2009). BLASTX hit identiﬁers (accession numbers) of
genes with microsatellites were used as the input query data.
The frequency of microsatellites within GOs was compared
to that for genes lacking microsatellites with identiﬁable
A. thaliana homologues. This approach was taken to prevent any potential ascertainment bias resulting from potential increased probability of identifying genes from certain
GOs when comparing H. annuus transcripts to those of A.
thaliana. Due to the number of tests conducted, Bonferroni
corrected signiﬁcance thresholds were utilized to reduce the
chance of type I error. To test the prediction that GOs under
weaker purifying selection will be enriched for microsatellites in all regions, a region-wise analysis of enrichment was
also performed using AmiGO ver. 1.8. Further, to test for
associations between speciﬁc microsatellite motif types and
gene classes, motif types with the highest density within each
region were analysed using AmiGO.

Results
Microsatellite distribution

A total of 6057 microsatellites were identiﬁed from 31,605
unigene sequences. Exonic domains for 4555 of these
microsatellites were inferred (5 UTR, coding and 3 UTR).
The remaining 1502 were excluded from analyses because
they lacked information regarding the domain in which
microsatellites are located. Microsatellites in the unigene
database of H. annuus were numerically more common in
coding regions than in UTRs (ﬁgure 1). However, density of
microsatellites in 3 UTRs is nearly twice that, and density
in 5 UTRs is 11-fold greater than that of coding sequences
(table 1). Greater density in the UTRs suggests fewer
constraints limiting microsatellite birth in these regions.

Table 1. Density of microsatellites found in the coding region
and untranslated regions (UTRs) of the Helianthus annuus
transcriptome.

Region

Total number of
base pairs (bp)

Number of
microsatellites

Density (number
of microsatellites
per 2 kbp)

Coding
UTR
5 UTR
3 UTR

2,472,710
1,029,636
133,163
896,473

2082
2473
1243
1230

1.7
4.8
18.7
2.7

Figure 1 depicts the distribution of microsatellites by repeat
size in the three exonic regions (5 UTR, coding and 3 UTR).
Raw frequencies of motif size classes differed signiﬁcantly
among the three regions (χ 2 = 2257.523, df = 10, P <
2.2e-16). This result reﬂects the relative preponderance of
trinucleotide and hexanucleotide repeats in coding regions
compared to that observed in UTRs. Their relative prevalence in coding regions is consistent with constraints limiting
the expansion of microsatellites that are likely to generate
frameshift mutations. Mononucleotides, dinucleotides and
trinucleotides were signiﬁcantly enriched in the dataset as
compared to tetranucleotide, pentanucleotides and hexanucleotide repeats (χ 2 , P < 0.001). This observation suggests
that smaller motif size classes are likely to be more abundant in the transcriptome due to their higher mutability. Dinucleotides are more densely distributed within the 5 UTRs,
while mononucleotides are overrepresented in 3 UTRs. A
large proportion of these mononucleotides are likely to be
polyadenine chains, and these were excluded from further
analyses.
Length

The minimum tract length of microsatellites mined from the
unigene database is 15 bp. The mean length of microsatellites

Figure 1. Observed counts of different microsatellite motif size classes in the three
exonic regions of H. annuus. Numbers on the x-axis are for length of microsatellite
repeat motifs (e.g. 1, mononucleotides; 2, dinucleotides, etc.).
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is 24.9 bp (±10.4 SD). Mean microsatellite lengths differ
signiﬁcantly between the motif size classes (KW test, P <
2.2e-16), and decrease with increasing motif size (KW multiple comparisons test, P < 2.2e-16). However, several statistical outliers for length were found to be trinucleotide
and hexanucleotide repeats in the coding region. There is
a signiﬁcant effect of motif size as well as exonic region
on microsatellite length (KW test, P < 2.2e-16). The mean
length of microsatellites in coding regions is signiﬁcantly
shorter than those in 3 UTRs and 5 UTRs (KW multiple comparison test, P < 0.005) (ﬁgure 1 in electronic supplementary
material at http://www.ias.ac.in/jgenet/). However, trinucleotide repeats were not signiﬁcantly longer in UTRs relative to those in coding regions (KW test, P = 0.0541). In fact,
the mean length of trinucleotide repeats in coding regions is
marginally greater than that in UTRs. The interaction effect
of region and motif size on length of microsatellites is also
signiﬁcant (KW test, P < 2.2e-16). That is, microsatellites in
UTRs are signiﬁcantly longer than translated microsatellites.

Effect of motif type
Mononucleotides: A/T repeat frequencies are signiﬁcantly

enriched within the UTRs, while C/G repeats are overrepresented in coding regions (χ 2 = 26.1804, df = 2, P < 0.001).
The region-wise distribution of adjusted standardized residuals from the chi-square test of A/T repeats and C/G repeats
are shown in ﬁgure 2.
Dinucleotides: The motifs were standardized as (i) AT, grouping AT and TA, (ii) AC, grouping AC, CA, TG and GT, and
(iii) AG, grouping AG, GA, TC and CT. CG dinucleotides
were absent from 5 UTRs, coding regions, and 3 UTRs of
genes in the H. annuus unigene dataset with identiﬁable

start or stop codons. There is a signiﬁcant difference in
the frequencies of different motif types (χ 2 = 159.4487,
df = 4, P < 2.2e-16). The adjusted standardized residuals
from the chi-square test indicating regions where frequencies of motif types deviate from neutrality, are shown in
ﬁgure 3. AG dinucleotides are the most abundant, with AGs
in 5 UTR accounting for nearly 57% of all dinucleotides
in exonic sequences. ACs also have their greatest density
within 5 UTRs. However, ATs are most abundant within
3 UTRs. There is no signiﬁcant difference in lengths between
standardized motif types AG, AC and AT across regions
(KW test; ns, not signiﬁcant).
Trinucleotides: Ten standardized motif types were reported.
There is a signiﬁcant difference in frequencies of the motif
types in different regions (χ 2 = 252.2668, df = 18,
P < 2.2e-16). All motif types are enriched within the
coding region compared to the UTRs. The most abundant motif type found within 5 UTR and 3 UTR are AAGs
and AATs, respectively. Microsatellite motifs including
CpG islands within them were signiﬁcantly underrepresented within the H. annuus dataset (χ 2 = 159.4487, df
= 4, P < 2.2e-16). The adjusted standardized residuals
from the chi-square analyses relate departures from a random distribution of standardized motif types across exonic
domains (ﬁgure 4). Sample sizes for tetranucleotide, pentanucleotide and hexanucleotides were too small to repeat
these analyses for microsatellites with longer standardized
motifs.
Relation between impurity and length

The ANCOVA performed using microsatellite length as a
continuous covariate revealed that exonic region has a signiﬁcant inﬂuence on the number of interruptions harboured

Figure 2. Adjusted standardized residuals from a chi-square test on frequencies of
standardized mononucleotide repeat types in the H. annuus transcriptome, depicting the
deviation from the expected number of counts assuming that there is no motif by domain
relationship inﬂuencing the distribution of microsatallites in the transcriptome.
Journal of Genetics, Vol. 93, No. 2, August 2014
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Figure 3. Adjusted standardized residuals from a chi-square test on frequencies of
standardized dinucleotide repeat types in the H. annuus transcriptome, depicting the
deviation from the expected number of counts assuming that there is no motif by domain
relationship inﬂuencing the distribution of microsatallites in the transcriptome.

by microsatellites (F2,1 = 38.751, P < 2.2e-16). Further,
coding region microsatellites have signiﬁcantly more impurities per base relative to microsatellites in the UTRs (KW
multiple comparison test, P < 2e-16). This result is consistent with greater directional selection favouring interruptions in coding region microsatellites, greater purifying selection limiting interruptions in UTR microsatellites,
or both.
Abundant homopolypeptide tracts

The relative frequencies of amino acid repeats observed in
the H. annuus transcriptome is depicted in ﬁgure 5. There
are signiﬁcant differences in the frequencies of amino acids
found as homopolypeptide tracts (χ 2 = 1225.286, df = 19,

P < 2.2 e-16). Alanine, cysteine and tryptophan homopolypeptide tracts were absent for H. annuus transcriptome. The majority of codons within tracts classiﬁed as
homopolypeptide repeats in this study are largely perfect
repeats of the microsatellite motif with a mismatch frequency
of 0.045 (SD 0.052). This ﬁnding implies that fewer than
14% (3 × 4.5%) of codons within these tracts include a nonsynonymous mutation. However, this value is likely dependent on the criteria used to deﬁne microsatellites previously
described.
GO enrichment

Microsatellite containing genes were broadly classiﬁed as
belonging to GOs associated with biological processes (P),

Figure 4. Adjusted standardized residuals from a chi-square test on frequencies of
standardized trinucleotide repeat types in the H. annuus transcriptome, depicting the
deviation from the expected number of counts assuming that there is no motif by domain
relationship inﬂuencing the distribution of microsatallites in the transcriptome.
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Figure 5. Number of amino acids found as homopolypeptide repeats in the H. annuus transcriptome.

cellular components (C) or molecular functions (F). There
is signiﬁcant enrichment of microsatellites in a total of 18
GO classes (table 2). Figure 2 in electronic supplementary
material shows the detailed relationship among these GO
terms. All biological processes (P) terms are associated with
plant responses to various stress and stimuli. The GO terms

with signiﬁcant microsatellite enrichment in each region are
reported in table 3. GO terms for biological processes associated with response to chemical and organic stress, and stimuli
were significantly prominent in transcripts in 3 UTR and 5 UTR,
whereas the only biological processes term with signiﬁcant
enrichment in coding region is the term for root hair elongation.

Table 2. Most speciﬁc GO terms with signiﬁcant enrichment of microsatellites in the H. annuus transcriptome. Analyses were performed
using the AmiGO module.
GO term

Aspect

P-value

Sample frequency

Background frequency

GO:0009725 response to hormone stimulus
GO:0009719 response to endogenous stimulus
GO:0008150 biological process
GO:0042221 response to chemical stimulus
GO:0009628 response to abiotic stimulus
GO:0010033 response to organic substance
GO:0097305 response to alcohol
GO:0033993 response to lipid
GO:0009651 response to salt stress
GO:0006970 response to osmotic stress
GO:1901700 response to oxygen-containing compound
GO:0009737 response to abscisic acid stimulus
GO:0006972 hyperosmotic response
GO:0050896 response to stimulus
GO:0006810 transport
GO:0005634 nucleus
GO:0003700 sequence-speciﬁc DNA binding
transcription factor activity
GO:0001071 nucleic acid binding transcription factor activity

P
P
P
P
P
P
P
P
P
P
P
P
P
P
P
C
F

0.000099
0.000162
0.000314
0.000573
0.000662
0.000725
0.00108
0.00152
0.00161
0.00249
0.00303
0.00316
0.0034
0.0059
0.00746
0.000344
0.000427

252/2308 (10.9%)
276/2308 (12.0%)
2036/2308 (88.2%)
554/2308 (24.0%)
465/2308 (20.1%)
410/2308 (17.8%)
141/2308 (6.1%)
154/2308 (6.7%)
171/2308 (7.4%)
178/2308 (7.7%)
370/2308 (16.0%)
122/2308 (5.3%)
69/2308 (3.0%)
860/2308 (37.3%)
464/2308 (20.1%)
912/2308 (39.5%)
164/2308 (7.1%)

728/8919 (8.2%)
813/8919 (9.1%)
7574/8919 (84.9%)
1807/8919 (20.3%)
1488/8919 (16.7%)
1293/8919 (14.5%)
377/8919 (4.2%)
421/8919 (4.7%)
477/8919 (5.3%)
503/8919 (5.6%)
1166/8919 (13.1%)
322/8919 (3.6%)
159/8919 (1.8%)
2970/8919 (33.3%)
1512/8919 (17.0%)
3124/8919 (35.0%)
446/8919 (5.0%)

F

0.000427

164/2308 (7.1%)

446/8919 (5.0%)
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Table 3. Most speciﬁc GO terms with signiﬁcant enrichment of microsatellites in the H. annuus transcriptome within each region.
Analyses were performed using the AmiGO module.
Region
3 UTR

5 UTR

GO term

Aspect P value

Sample frequency Background frequency

GO:0009414 response to water deprivation
GO:0009415 response to water stimulus
GO:0006970 response to osmotic stress
GO:0009651 response to salt stress

P
P
P
P

0.00169
0.00223
0.00727
0.01

27/392 (6.9%)
27/392 (6.9%)
45/392 (11.5%)
43/392 (11.0%)

216/8919 (2.4%)
219/8919 (2.5%)
503/8919 (5.6%)
477/8919 (5.3%)

GO:0042221 response to chemical stimulus

P

0.0304

192/723 (26.6%)

1807/8919 (20.3%)

P
C
C
C
F
F
F

0.0239
1.24E-10
0.0353
0.0353
2.39E-05
0.000442
0.0026

30/1037 (2.9%)
473/1037 (45.6%)
948/1037 (91.4%)
948/1037 (91.4%)
144/1037 (13.9%)
9/1037 (0.9%)
86/1037 (8.3%)

113/8919 (1.3%)
3124/8919 (35.0%)
7802/8919 (87.5%)
7802/8919 (87.5%)
792/8919 (8.9%)
11/8919 (0.1%)
446/8919 (5.0%)

F

0.0026

86/1037 (8.3%)

446/8919 (5.0%)

GO:0048767 root hair elongation
GO:0005634 nucleus
GO:0005623 cell
Coding GO:0044464 cell part
GO:0003676 nucleic acid binding
GO:0005199 structural constituent of cell wall
GO:0003700 sequence-speciﬁc DNA binding
transcription factor activity
GO:0001071 nucleic acid binding transcription factor activity

Discussion
The distribution of microsatellites in the H. annuus unigene database was used to assess competing hypotheses that
explain microsatellite prevalence in plant transcriptomes.
This study reveals that microsatellites are present in 19% of
all transcripts in the sunﬂower unigene database. The largest
proportion of these microsatellites is located within the coding regions (ﬁgure 1). However, coding regions compose
71% of the average transcript with an identiﬁable start or stop
codon. From the perspective of density, microsatellites per
base pair are far more common within the UTRs. This relative prevalence of microsatellites in UTRs is consistent with
that of other surveys of transcriptomes (Wren et al. 2000;
Subramanian et al. 2003; Lawson and Zhang 2006; Hong
et al. 2007; Mun et al. 2006). Greater density of microsatellites is likely to be explained in part by weaker constraints
limiting the birth and expansion of microsatellites in noncoding sequences. Microsatellites are highly prone to indel
mutations by means of slip-strand mispairing (Levinson and
Gutman 1987), and it seems intuitive that indels in coding
sequences are likely to obstruct normal gene function. Hence,
the observed densities of microsatellites are consistent with
the expectations that there are fewer evolutionary constraints
acting on the expansion of microsatellites in UTRs relative
to coding sequences. However, it is also conceivable that this
disparity in density has been fueled in part by directional
selection favouring microsatellite expansion in UTRs.
Microsatellite density within UTRs is also unequal,
5 UTRs have six times greater density than do 3 UTRs. This
suggests that 5 UTRs either have much reduced constraints
limiting microsatellites in these regions relative to 3 UTRs,
or that directional selection has favoured their expansion
within 5 UTRs. In the absence of any general observation that 3 UTRs are under greater constraints, this ﬁnding
could be consistent with a functional role for microsatellites.
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For example, microsatellites may evolve preferentially to
regulate transcription and translation relative to the frequency at which they evolve to regulate mRNA stability.
However, other explanations for this ﬁnding are possible.
One piece of evidence that runs counter to this interpretation, concerns the actual counts of microsatellites in 5 and
3 UTRs. These are roughly equal. Hence, greater densities
in 5 UTRs may simply reﬂect the fact that 5 UTRs are in
general shorter, rather than being more prone to evolving
regulatory microsatellites.
The distribution of microsatellites within the coding
regions of the H. annuus transcriptome indicates a higher
prevalence of trinucleotides and hexanucleotides when compared to the remaining motif size classes, supporting
predictions from studies suggesting that elongation or contraction of these microsatellites should be less likely to cause
frameshift mutations (Metzgar et al. 2000; Wren et al. 2000).
These results are also consistent with studies in other plants
such as A. thaliana and rice (Lawson and Zhang 2006),
Brassica rapa (Hong et al. 2007), Medicago tunculata (Mun
et al. 2006) as well as animals such as mice and humans
(Wren et al. 2000; Subramanian et al. 2003). Evolutionary
constraints on microsatellites could also be inferred from
their mean length, with shorter than average tracts indicating stricter evolutionary constraints. Observed mean tract
lengths in the UTRs are greater than those in the coding regions, again indicating greater constraints on the coding regions or greater lability of the UTRs. This may also
indicate a completely neutral phenomenon since the coding
region in general experiences greater constraints, which in
turn is reﬂected in the mean tract lengths of microsatellites.
Further, trinucleotide repeats are not signiﬁcantly shorter in
coding regions suggesting that there are fewer constraints
limiting the expansion of microsatellites that are less likely
to generate frame-shift mutations. This ﬁnding suggests that
greater average microsatellite length in UTRs reﬂects greater
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lability of microsatellites with other motif lengths, principally dinucleotides and tetranucleotides, in UTRs.
There was a length constraint on a majority of the
microsatellites identiﬁed. However, a few outliers were also
identiﬁed. This is noteworthy because the majority of the
long microsatellites identiﬁed in this screen are from the
coding regions, and these microsatellites are variable in
natural populations (Pramod et al. 2011). According to
Garza et al. (1995), shorter microsatellite tracts have low
mutation rates and longer ones have higher mutation rates.
This likely reﬂects the increased opportunity for slippedstrand mispairing presented by longer microsatellite tracts
(Levinson and Gutman 1987; Hancock 1999; Ellegren 2004).
There is a near linear relationship between impurities harboured, and the length of the microsatellite tract. This ﬁnding is consistent with the expectations of neutrality given that
mutations are likely to accumulate with time. Analyses controlling the length of the tract show that microsatellites in
the coding regions harboured signiﬁcantly more interruptions
per base pair than microsatellites in the UTRs. Since impurities reduce microsatellite mutation rates, this ﬁnding is consistent with the expectation that directional selection favours
stabilization of microsatellite tracts in coding regions. However, this ﬁnding also implies that purifying selection acts
differently depending on the region or domain where the
transcribed microsatellite is located. Dokholyan et al. (2000)
suggested that UTRs are likely to harbour greater numbers
of pure microsatellite tracts, since these noncoding regions
exhibit higher tolerance for mutation. This ﬁnding may also
indicate that impurities in UTR microsatellites are subject to
purifying selection, enhancing or maintaining the mutability
of these microsatellites. If true, this supports the hypothesis regarding the ‘tuning ability’ of microsatellites in UTRs,
suggested by King et al. (1997) and Trifonov (2004). Purifying selection may in essence be limiting the accumulation of impurities in some exonic domains, while directional
selection favours the increased stability afforded in others.
Purity of a tract may also correlate with age since
microsatellites are likely to accumulate point mutations by
neutral processes. Hence, purer tracts in UTRs could be relatively young compared to the coding region microsatellites,
suggestive of recent ‘seeding’ of these UTR microsatellites.
This may also indicate that a large proportion of evolutionary
novelty in genomes is derived from sequence variation in the
UTRs of genes. Although the 5 UTRs form a relatively small
proportion of the cis regulatory elements of a gene, these
results point towards a more important role for microsatellites in UTRs when compared to changes brought about by
microsatellites within the amino acid coding sequences. The
relative importance of gene regulation over changes in the
gene product has been explored as early as the 1960s (Britten
and Davidson 1969). Several studies have since considered
the importance of evolutionary changes brought about by
gene regulation (Fay and Wittkopp 2008; Bradley et al. 2010;
Wittkopp 2010). The prevalence of microsatellites in UTRs
of H. annuus as well as several other such surveys (Wren

et al. 2000; Subramanian et al. 2003; Lawson and Zhang
2006; Mun et al. 2006; Hong et al. 2007) may point towards
the relative importance of microsatellites in gene regulation.
Observed differences in the frequency of microsatellites
with different repeat motifs across exonic regions are signiﬁcant. While this ﬁnding is unlikely to be an artifact of
genomic sequence composition biases, the absence of a complete genomic sequence for H. annuus makes it difﬁcult to
rule out this argument. However, observed trends in frequencies of microsatellite motifs are suggestive of different
selective pressures. The most abundant microsatellites in the
5 UTRs of H. annuus were AGs (among dinucleotides) and
AAGs (among trinucleotides), which are also observed to
be most abundant in A. thaliana (Lawson and Zhang 2006).
Anecdotal evidence from other plant species has suggested
an involvement of AGs and AAGs in 5 UTRs in transcription and translation regulation (Zhang et al. 2004; Newcomb
et al. 2006). Similarly, AREs or AT-rich repeats in 3 UTRs
may modulate gene expression changes by inﬂuencing the
stability of the transcript (Mignone et al. 2002). Our study
has found signiﬁcant enrichment of AT and AAT repeats in
the 3 UTR, suggesting a possible prevalence of gene regulation by modulating transcript stability. The absence of CG
repeats as well as signiﬁcantly low densities of trinucleotide
motifs containing ‘CG’ in the transcriptome, suggest that
CpG island methylation may not be a common mechanism
by which exonic microsatellites regulate transcription rates in
H. annuus. Genome composition bias may be in part responsible for the absence of CG microsatellites as well. Plants
including other members of the Asteraceae, family of sunﬂowers, are known to have relatively A/T rich genomes
(Smarda and Bures 2012). However, composition bias and
neutrality alone are not likely to explain the distribution of
microsatellites as AT microsatellites are not that common relative to other standardized motifs in the transcriptome, and
exons tend to be less A/T biased than genomes as a whole
(Smarda and Bures 2012).
Marcotte et al. (1999) observed an increased presence
of homopolypeptide stretches encoded by microsatellites in
proteins of eukaryotes as compared to prokaryotes, leading them to suggest that microsatellites could have played
a role in the evolution of eukaryotes. Several other studies have also suggested similar evolutionarily advantageous
roles for homopolypeptides (Gerber et al. 1994; Shimohata
et al. 2000; Mularoni et al. 2007). The homopolypeptide
tracts encoded by microsatellites in the H. annuus unigene database are comparable to distributions in A. thaliana
as reported by Lawson and Zhang (2006) (ﬁgure 6).
Amino acids encoded by more codons are likely to have
enhanced ability to form homopolypeptide tracts, since these
tracts are encoded by nonhomogenous and hence stable
microsatellite tracts. Glycine repeats form the most abundant
homopolypeptide stretch in this database. Although glycine
is encoded only by four different codons, it has the simplest structure among amino acids, increasing its likelihood
of forming homopolypeptide stretches. Homopolypeptides of
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Figure 6. Comparison between percentages of amino acid repeats in the H. annuus and A. thaliana transcriptomes. The A. thaliana data
was obtained from (Lawson and Zhang 2006).

serine are also abundant in the database and serine
has six different codons. Proline homopolypeptides exhibit
similar levels of abundance, but only has four codons.
Homopolypeptide chains of two out of the three amino acids
that were absent from the H. annuus database, cysteine and
trypthophan match expectations from other such surveys
(Wren et al. 2000; Lawson and Zhang 2006). Homopolypeptides of cysteine are thought to result in abnormal cross
links due to their ability to form sulphide bridges. Similarly,
tryptophan and tyrosine result in bulky structures that are
highly unstable (Wren et al. 2000). Alanine homopolypeptide tracts were found to be abundant in A. thaliana database,
but are absent in H. annuus database, this may be due to
biases introduced by the nature of sequences sampled.
Microsatellite prevalence within GO classes were also
tested to determine whether genes that might require frequent ‘tuning’ are enriched for these unstable genetic elements. Signiﬁcant enrichment of microsatellites in H. annuus
is observed in GO terms associated with biological processes
that involve plant response to stress, biotic and abiotic stimuli. These GO terms consistently were shown to be
enriched in the 3 UTRs and 5 UTRs. Biological processes
term for ‘root hair elongation’, which is also a plant
response for increasing water and nutrient uptake, is found
to be enriched within the coding region. Hence, all three
regions exhibit enrichment within genes that can regulate
the response of plants to various environmental stresses and
stimuli. Lawson and Zhang (2006) did not observe a statistically signiﬁcant enrichment of microsatellites in any GO
terms in A. thaliana, but signiﬁcant enrichment was observed
in genes associated with biological processes GO terms;
‘response to stress’ and ‘response to biotic stimulus’ in rice.
The highest enrichment of 5 UTR and coding microsatellites
has been found in GO categories associated with genes that
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are involved in response to various abiotic stresses including salt, osmotic, and heavy metal stresses. Moreover, motifs
most prevalent in 5 UTRs and 3 UTRs of H. annuus are
known to inﬂuence transcription, translation as well as transcript stability. That is, UTRs of genes involved in stress
response are enriched with highly mutable microsatellites,
suggesting that selection may favour microsatellite formation within these genes. However, it is conceivable that genes
within these GO terms are more labile than others.
This study of microsatellite distribution in the H. annuus
transcriptome provides insights regarding the evolution of
these unstable genetic elements. Their distribution is nonrandom within the transcriptome with densities greatest
in the UTRs, particularly 5 UTRs. Microsatellites in the
UTRs also tend to be longer. These patterns are generally
consistent with those found in other plant transcriptomes
(Lawson and Zhang 2006). While these patterns may result
from neutral evolutionary processes, they are also consistent with a functional role for microsatellites in gene regulation. We ﬁnd microsatellites in the UTRs to be more
pure. This may reﬂect greater evolutionary lability of UTRs
relative to coding regions, but it is also consistent with
purifying selection limiting mutations that would stabilize
microsatellite tracts. Further, there is a high prevalence of
microsatellite repeat motifs associated with known mechanisms by which microsatellites inﬂuence gene expression.
Support for functional role is also provided by the prevalence of UTR microsatellites within genes that regulate plant
responses to environmental stimuli; that is, UTR microsatellites are more common within genes that might require
constant ‘tuning’ during adaptive evolution. While these
results are intriguing, gene expression studies will lead to a
better understanding of transcribed microsatellite evolution,
and the validity of the ‘tuning knob hypothesis’.
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