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Abstract

Microsatellites, also known as simple sequence repeats, are short (1-6 bp long) repetitive DNA sequences present in chloroplast
genomes (cpDNAS). In this work, chloroplast genomes of eight species (Glycine canescens, G. cyrtoloba, G. dolichocarpa, G.
falcata, G. max, G. soja, G. stenophita, and G. tomentella) from Glycine genus were screened for cpSSRs by utilisation of MISA perl
script with a repeat size of >10 for mono-, 5 for di-, 3 for tri-, tetra-, penta- and hexa-nucleotide, including frequency, distributions,
and putative codon repeats of cpSSRs. According to our results, a total of 1273 cpSSRs were identified and among them, 413
(32.4%) were found to be in genic regions and the remaining (67.6%) were all located in intergenic regions, with an average of 1.04
cpSSRs per kb. Trinucleotide repeats (45%) were the most abundant motifs, followed by mononucleotides (36%) and dinucleotides
(11.8%) in the plastomes of the Glycine species. In genic regions, trimeric repeats, the most frequent one reached the maximum of
70.7%. Among the other repeats, mono- and tetrameric repeats were represented in proportions of 25.7% and 3.6%, respectively.
Interestingly, there were no di-, penta-, and hexameric repeats in coding sequences. The most common motifs found in all plastomes
were A/T (97.8%) for mono-, AT/AT (98%) for di-, and AAT/ATT (41.5%) for trinucleotides. Among the chloroplast genes, ycfl
had the highest number of cpSSRs, and G. cyrtoloba and G. falcata species had the maximum number of genes containing cpSSRs.
The most frequent putative codon repeats located in coding sequences were found to be glutamic acid (21.2%), followed by serine
(15.5%), arginine (8.3%) and phenylalanine (7.8%) in all species. Also, tryptophan, proline, and aspartic acid were not detected in all
plastomes.
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Introduction

The genus Glycine, which is a member of Leguminosae and Davies, 2007). Gene duplications can also affect
family, includes two subgenera namely glycine and soja. The organelle evolution by positive selections in chloroplast
subgenus soja contains annual cultivated soybean G. max and genes (Erixon and Oxelman, 2008). Microsatellites or simple
its presumed wild progenitor G. soja, native to northeastern sequence repeats are tandem repeated motifs (1-6 bp long)
Asia. These species are diploid (2n=40) and interfertile and are distributed throughout the three eukaryoti genomes:
(Hymowitz and Singh, 1987; Sakai et al., 2003; Carter et al., nucleus, chloroplast and mitochondria (Powell et al., 1995;
2004). Glycine subgenus is composed of 16 wild perennial Soranzo et al., 1999). The mono-, di-, tri- and tetranucleotide
species, indigenous to Australia and Papua New Guinea repeats are accepted as main types of microsatellites
(Hymowitz, 1970; Doyle et al., 2004). These species have (Ellegren, 2004) and length of the microsatellite is one of the
various chromosome numbers, including diploid (2n=40), most important factors affecting mutation rate. The potential
tetraploid (2n=80), aneudiploid (2n=38), and aneutetraploid utilization of SSRs in plant molecular genetics was first
(2n=78) (Singh and Hymowitz 1985). Chloroplasts have their demonstrated at the beginning of 1990s in the Glycine
independent genome encoding some proteins used in subgenus soja, which is a subdivision of the annual cultivated
phtosythesis and many other metabolic activities. The size of soybean G. max and its presumed wild progenitor G. soja
chloroplast genomes are ranged from 110 to 200 kb, bearing (Akkaya et al., 1992; Morgante and Olivieri, 1993). Lately,
about 30-50 different RNA and a few protein coding genes SSR markers have been effectively used in different Glycine
(Sugiura, 1995). Chloroplast genome structure is highly taxa. In a study, population genetic structures of 77 wild
conserved in terrestrial plants and contains two inverted Japanese soybean populations (G. soja) were analyzed using
repeats (IR) with large-single-copy (LSC) and small single- 20 microsatellite primers (Kuroda et al., 2006). SSR and SNP
copy (SSC) regions (Palmer, 1990). It is accepted that gene elements (single-nucleotide polymorphism) elements were
duplication is the main force for genetic variation and could used to analyze genetic diversity in G. max and G. soja from

lead to formation of new genes and gene functions (Schmidt
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Table 1. Details of chloroplast genomes for Glycine species.

Plant Species

Genome size (bp)

Accession Number”

G+C content (%)

Glycine canescens 152518 NC_021647 35.33
Glycine cyrtoloba 152381 NC_021645 35.31
Glycine dolichocarpa 152804 NC_021648 35.31
Glycine falcata 153023 NC_021649 35.33
Glycine max 152218 NC_007942 35.37
Glycine soja 152217 NC_022868 35.38
Glycine stenophita 152618 NC_021646 35.32
Glycine tomentella 152728 NC_021636 35.33
*Genbank database (http://www.ncbi.nIm.nih.gov/genome/).
400 353 ® Genic
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Repeat types

Fig 1. Total number of different repeats in genic and intergenic regions of all Glycine species.

four geographic regions of China (Li et al., 2010). In another
study, the natural population structures and genetic diversities
of 40 wild soybean (G. soja) populations obtained from
China were analyzed by using 20 microsatellites (Guo et al.,
2014). In addition to nuclear SSRs, chloroplast SSRs are
commonly used in Glycine taxa studies for evaluation of
population genetic structure and genetic diversity levels
(Powell et al., 1996a; Shimamoto, et al., 2000; Xu et al. 2002;
He et al., 2012). An interesting feature of cpSSRs is their
non-recombinant, uniparentally inherited nature and they
consist of typically mononucleotide motifs repeating 8 to 15
times (Navascués and Emerson, 2005). The main objective of
this study was to identify SSRs in chloroplast genomes of
Glycine species for estimating of their occurrence and
distribution in both coding and noncoding regions. Also,
putative amino acid repeats were investigated in coding SSR
regions.

Results
Presence and frequency of cpSSRs

A total of eight chloroplast genomes of Glycine species were
screened for existence of cpSSRs and a total of 1273 cpSSRs
were identified, of which 413 (32.4%) were in genic regions
and 860 (67.6%) were in intergenic regions (Table 2), based
on the annotated coding sequences of Glycine species in
NCBI genome database. Also, an average frequency of
cpSSR was found to be 1.04 cpSSR per kb and G+C (%)
frequency contents of the Glycine species were closely
similar, ranged from 35.31 to 35.38 (Table 1). Data from the
chloroplast genomes of Glycine species showed that total
numbers of cpSSRs ranged from 153 (in G. soja and G.
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stenophita) to 174 (in G. falcata) (Table 2). Among the
Glycine species, the highest numbers of cpSSRs (56) were
detected in coding regions of G. max and G. soja, whereas
the lowest number of cpSSRs (41) was detected in coding
regions of G. cyrtoloba. There were no di-, penta-, and
hexameric repeats in genic regions of all plastomes (Table 2).
Presence of mono-, di-, tri-; and tetra-, and absence of penta-
and hexameric repeats were confirmed in all Glycine species
by our study. Also, penta- and hexameric repeats were not
observed in plastomes of G. canescens, G. cyrtoloba, G.
dolichocarpa, and G. tomentella, and G. max and G. soja,
respectively. When the number of chloroplast genes
containing cpSSRs was analyzed, it was found that G.
cyrtoloba and G. falcate had the highest gene number (41)
and frequency (32.28%), respectively (Table 3). Also, the
maximum number of cpSSRs was found in ycfl gene (7-9
times) in all plastomes of Glycine species. Furthermore, four
repeats were present in rpoCl and ndhA genes of G.
dolichocarpa and G. stenophita species and three repeats
were in rpl16, ndhA, trnK, pasA, rpoC1, rpl16, clpP and ycf2
genes of various Glycine species.

Distribution and motif types of cpSSRs

Among the repeat types, the most abundant one was found to
be tri- (45%), followed by mono- (36%), di- (11.8%), tetra-
(5.8%), penta- (0.8%), and hexanucleotide (0.6%) (Fig. 1 and
Table 2). While trimeric repeats (70.7%) were predominant
in genic regions, monomeric repeats were found to be
widespread in intergenic regions. Although, dimeric repeats
were detected abundantly, they were not located in genic
regions.


http://www.ncbi.nlm.nih.gov/genome/

Table 2. Frequency (%) of the genic and intergenic cpSSRs for Glycine species based on motif size.

Species Mono Di Tri Tetra Penta Hexa
G. l. G. l. G. . G. . G. l. G. l. T.
Glycine canescens 8.2 28.3 0 119 227 227 12 44 0 0 0 0.6 159
(13) (@45 (© (19 (6) (k6) (2 ) © (© (O @)
Glycine cyrtoloba 3.2 32 0 152 217 229 12 32 0 0 0 0.6 157
(5) (50) (0) (24) (34) () (2 () (O (© (O ()
. . 8.5 28 0 105 219 233 12 54 0 0 0 12 164
Glycine dolichocarpa
y P (14) (@46 (© A7) (B6) (B) (2 (9 © (© (©O O
. 8.1 31.7 0 9.7 208 219 11 44 0 1.8 0 05 174
Glycine falcata
y (14 (65 (© @17 @6 (3) (2 B O G O @)
Glycine max 9.7 27.2 0 129 258 194 06 3.2 0 1.2 0 0 155
(150 (42) (0) (200 (400 (30) (1) (G O @ (© (0
Glycine soja 9.9 26.8 0 132 264 189 06 3 0 1.2 0 0 153
(15 @41 (© (0 @40 (29 @1 G © @ © (©
Glycine stenophita 9.9 216 0 105 229 242 19 712 0 1.2 0 0.6 153
(15 (@3 (© @16 (B B7) (3 (A1) © 2 (O Q)
. 9.5 25.9 0 114 223 234 12 57 0 0 0 0.6 158
Glycine tomentella
Y (15 @) (© (38 () (1) @ (O © © © @)
Total 1273
G: genic I: intergenic, numbers within parentheses represent absolute number of microsatellites. Also, mono, di, tri, tetra, penta, and hexa show the repeat types.
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Fig 2. The most frequent motif types of all Glycine species for mono-, di-, and trimeric repeat types.

The motifs A/T (97.8%), AT/AT (98%) and AAT/ATT
(41.5%) had the highest frequencies for mono-, di-, and and
trimeric in all plastomes, respectively (Fig. 2). The highest
numbers of motifs for tetra-, penta-, and hexameric repeats
were: AAAT/ATTT and AAATTG/AATTTC in G.
canescens, AAAT/ATTT and AGGGAT/ATCCCT in G.
cyrtoloba, AAAT/ATTT, AAATTC/AATTTG and
AAATTG/AATTTC in G. dolichocarpa, AAAT/ATTT,
AAAAT/ATTTT, AAATC/ATTTG, AATAG/ATTCT and
AAATTG/AATTTC in  G. falcata, AATC/ATTG,
AGAT/ATCT and AACAG/CTGTT in G. max and G. soja,
AAAT/ATTT, AAATT/AATTT, AATAG/ATTCT and
AGATAT/ATATCT in G. stenophita, and AAAT/ATTT and
AAATTG/AATTTC in G. tomentella. Interestingly, G. max
and G. soja had the same cpSSR motifs for all types. In genic
regions, A/T (98.1%) and AAG/CTT (43.8%) motifs were
prevalent for mono-and trimeric repeats in studied Glycine
species, respectively.

Putative codon repeats

Trimeric repeats in genic regions were analyzed for putative
amino acid codons (Table 4). A total of 853 putative codon
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repeats were identified and according to our results, glutamic
acid (21.2%) was the predominant amino acid in triplets,
followed by serine (15.5%), arginine (8.3%), and
phenylalanine (7.8%) in Glycine species. The codon repeats
were ranged from 102 (in G. max and G. soja) to 118 (in G.
tomentella). Although, glutamic acid was the most abundant
in six Glycine species (except for G. max and G. soja),
glutamic acid and serine codons were in equal numbers (21)
in G. max and G. soja species. Tryptophan, proline, and
aspartic acid were absent in all plastomes of Glycine species.
Interestingly, G. max and G. soja had the same putative
codon repeats and numbers.

Discussion

Most of the genomic SSRs are located in nuclear genome and
they can be classified into three types based on their locations
in the genome: nuclear SSRs (nuSSRs), chloroplast SSRs
(cpSSRs), and mitochondrial SSRs (mtSSRs) (Kalia et al.,
2011). In this research, cpSSRs were screened in eight
Glycine species by using bioinformatics tools and a total of
1273 cpSSR were identified with an average frequency of
1.04 cpSSR per kb. It is lower than that of 13 Poaceae species,



Table 3. Frequency (%) of chloroplast genes bearing cpSSRs.

Glycine Species

Number of Chloroplast Genes

Genes with cpSSR  Genes with cpSSR %

Glycine canescens 127 37 29.13
Glycine cyrtoloba 127 41 32.28
G. dolichocarpa 127 39 30.71
Glycine falcata 127 41 32.28
Glycine max 128 36 28.12
Glycine soja 131 36 27.48
Glycine stenophita 127 40 31.50
Glycine tomentella 127 38 29.92

Table 4. Total occurrences of codon repeats in coding DNA sequence of Glycine chloroplast genomes.

e g & s = S5
8 2 & § z o § £ £%%
Codons Encoded ] £ S = € @ c 2 523
aminoacid & & T . © O & e ZE2
residue s o ©° © o 6 88
o [
GGA/GGG/GGC/GGT Glycine 6 6 6 6 6 6 6 6 48 (5.6)
GCA/GCG/GCCI/GCT Alanine 3 3 3 3 3 3 3 3 24 (2.8)
GTA/GTG/GTCIGTT Valine 3 3 3 0 3 3 3 3 21(2.4)
CTAICTG/CTCICTTITTAITTG Leucine 6 6 6 6 6 6 6 6 48 (5.6)
ATA/ATC/ATT Isoleucine 3 3 3 3 3 3 3 3 24 (2.8)
TGC/TGT Cysteine 0 3 0 0 3 3 3 0 12 (1.4)
ATG Methionine 6 6 6 6 6 6 6 6 48 (5.6)
TACITAT Tyrosine 6 6 6 6 6 6 6 6 48 (5.6)
TTC/TTT Phenylalanine 9 6 9 9 9 9 6 9 66 (7.8)
TGG Tryptophan 0 0 0 0 0 0 0 0 0 (0)
CCA/ccG/ccce/cCcT Proline 0 0 0 0 0 0 0 0 0(0)
TCA/TCT/TCC/AGC/AGTITCG Serine 15 15 15 15 21 21 15 15  132(15.5)
ACAJACG/ACC/IACT Threonine 3 3 3 3 3 3 3 3 24 (2.8)
AAC/AAT Asparagine 3 3 3 3 3 3 3 3 24 (2.8)
CAAICAG Glutamine 3 6 6 6 6 6 6 6 45 (5.2)
GAC/GAT Asparticacid 0 0 0 0 0 0 0 0 0 (0)
GAAIGAG Glutamicacid 27 18 24 24 21 21 21 24 180 (21.2)
AAAIAAG Lysine 3 0 3 3 3 3 0 0 15 (1.8)
CGAJ/CGG/CGCICGT/AGAIAGG Arginine 6 10 6 6 13 13 10 6 70 (8.3)
CACICAT Histidine 3 3 3 3 3 3 3 3 24 (2.8)
Total occurrences of codon repeats (853) 105 100 105 102 118 118 103 102

(1.36 cpSSR per kb) (Melotto-Passarin et al., 2011), olive
species (1.47 cpSSR per kb) (Filiz and Koc, 2012), major
species of pine family (9.79 cpSSR per kb) (Filiz and Koc,
2014) and Solanum lycopersicum EST-SSRs (expressed
sequence tags) (1.3 SSR per kb) (Gupta et al., 2010) which
however, is higher than that of Eucalyptus EST-SSRs (0.37
SSR per kb) (Ceresini et al., 2005) and Citrus EST-SSRs (0.5
SSR per kb) (Palmieri et al., 2007). Trimeric repeats are seen
more commonly in monocot plant species, whereas
monomeric repeats are more common in dicot plant species
(Lawson and Zhang, 2006). There is conflict between given
data and our findings. It was found that trimeric repeats
(45%) were the most common, followed by mono- (36%) and
dimeric repeats (11.8%) in the present study. Similar results
such as cpSSRs in olive species (Filiz and Koc, 2012) and
Brasssicaceae family (Gandhi et al., 2010), and EST-SSRs in
some cereal species (Varshney et al., 2002). were reported by
previous studies. Trimeric repeats (70.7%) were predominant
in coding regions of studied Glycine species. In higher
eukaryotic genomes, tri- and hexanucleotides are more ample
in coding regions (Metzgar et al., 2000) and this is consistent
with our results. Based on motif analysis, A/T was
predominant motif in monomeric repeats in Glycine-species.
The results from previous studies such as cpSSRs in olive
(Filiz and Koc, 2012), Poaceae (Melotto-Passarin et al.,
2011), rice (Rajendrakumar et al. 2007) and Eucalyptus
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species (Rabello et al., 2005) were in agreement with our
findings. For dimeric repeats, AT/AT was found to be ample
motif in experimental Glycine species. Similar findings were
reported in cpSSRs of rice (Rajendrakumar et al., 2007),
EST-SSRs of Citrus (Shanker et al., 2007), SSRs of organelle
genomes of major cereals (Rajendrakumaret al., 2008),
cpSSRs of some Poaceae species (Melotto-Passarin et al.,
2011), cpSSRs of Brassicaceae family (Gandhi et al., 2010)
and cpSSRs of olive species (Filiz and Koc, 2012). AT
repeats are plentiful in plant species; in contrast, AC repeats
are common in animal species. Hence, this difference is
important criteria for plant and animal genomes (Powell et
al., 1996b) and our findings support this given information.
For trimeric repeats, AAT/ATT was prominent in Glycine
species and this data was consistent with 22 chloroplast
genomes of algal species in Chlorophyta (Kuntal et al.,
2010). Especially, the same cpSSR motifs existed in
plastomes of G. max and G. soja. These species belong to
subgenus Soja and it is presumed that G. soja is wild
progenitor of G. max (Carter et al., 2004). Hence, it can be
suggested that they have similar gene pool and the same
cpSSRs motifs in their plastomes because of the phylogenetic
relationship. In general, intergenic cpSSRs (67.6%) were
more ample than genic cpSSRs (32.4%) in Glycine species.
This data was in agreement with previous studies done with
Asteraceae (Timme et al., 2007), Fabaceae (Saski et al.,



2008), Solanaceae (Daniell et al.,, 2006), Brassicaceae
(Gandhi et al., 2010), Poaceae (Melotto-Passarin et al., 2011),
Oleaceae (Filiz and Koc, 2012), Vitaceae (Jansen et al., 2006)
and Theaceae (Camellia) families (Yang et al., 2013). It can
be said that intergenic regions commonly include more
cpSSRs in comparison with genic regions in higher plant
species. From previous studies, five most frequent types of
amino acid codons in the nuclear genomes of Arabidopsis
and rice were identified. These are serine (27.5%), proline
(11.9%), glycine (11.8%), glutamic acid (11.4%) and
glutamine (6.2%) for Arabidopsis, and alanine (26.4%),
glycine (22.4%), proline (13.1%), serine (10.1%) and
arginine (5.8%) for rice.

Only tryptophan is not detected in Arabidopsis, while all
amino acids are present in rice genome (Lawson and Zhang,
2006). In Glycine species, glutamic acid (21.2%) codons
were predominant, followed by serine (15.5%) and arginine
(8.3%). There is a similarity between our findings and the
data from the studies done on rice and Arabidopsis. In these
studies, it was found that glutamic acid in Arabidopsis, and
serine and arginine in rice were observed abundantly.
Furthermore, tryptophan was not detected in the plastomes of
Glycine species. Different amino acid repeats are related with
different classes of proteins. Acidic and polar amino acid
repeats are connected with transcription factors and protein
kinases while serine repeats are connected with membrane
transporter proteins (Alba et al., 1999). Our findings may be
associated with functional selections on amino acid repeats in
the encoded proteins of Glycine plastomes. Also, previous
data showed that SSR expansions in protein-coding regions
can cause a gain-or-loss gene function with frameshift
mutation (Li et al., 2004), suggesting that SSRs identified in
this study may affect the gene structures and variations in
Glycine species. Changes in the gene order and content in
chloroplast genomes could be produced by gene duplication,
gene or intron loss, transposition, inversion, and indels (Lee
et al., 2007). Putative codon repeats in genic regions and
cpSSRs in genes may be affected by genomic dynamics in
evolution of Glycine chloroplast genomes. In Poaceae,
cpSSRs are present in ndh (NADH dehydrogenase), rps
(ribosomal proteins), trn (tRNA), and rpl (ribosomal
proteins) gene clusters (Melotto-Passarin et al., 2011).
Similarly, there are cpSSRs in psaA, psaB, and ycf2 genes of
Nuphar advena and Ranunculus macranthus (Raubeson et al.,
2007). The maximum number of cpSSRs was found in ycfl
gene in Glycine species and there is disagreement between
our finding and the studies done previously.

Materials and Methods

The complete chloroplast genome sequences of eight Glycine
species were retrieved from NCBI genome database
(http://www.ncbi.nlm.nih.gov/genomes) (Table 1). The
identifications of chloroplast microsatellites were done by
MISA perl script (MlcroSAtellite identification tool)
(http://pgrc.ipk-gatersleben.de/misa/), which is able to
identify the number and distribution of perfect microsatellites
as well as compound microsatellites (interrupted by a certain
number of bases with a repeat size of >10 for mono-, 5 for di-
, 3 for tri-, tetra-, penta- and hexa-nucleotide). The presence
of repeats in genic and intergenic regions was determined by
using the coding sequence annotation information available
in the GenBank genome database
(http://www.ncbi.nlm.nih.gov/genome/). In addition, cpDNA
sequences were screened for G+C% content using Bioedit
7.2.5 version and coding cpDNA sequences were analyzed in
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predicted three-nucleotide repeats which accept encoding
amino acids for putative codon repetitions.

Conclusion

In the present study, in silico analysis of cpSSRs in eight
Glycine species were evaluated using MISA perl script. Also,
putative codon repetitions were analyzed using tri-nucleotide
repeats in coding regions. A total of 1273 cpSSRs were
identified and tri-nucleotide (45%) was found to be the
highest repeat type. The most frequent putative codon repeat
was found as glutamic acid (21.2%) in coding regions.
Among the chloroplast genes, ycfl was found to be contained
the highest number of cpSSRs, and G. cyrtoloba and G.
falcata species were included the maximum number of genes
containing cpSSRs. In conclusion, our results could be a
scientific basis for future cpDNA studies related with Glycine
taxa.
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