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Rice is considered one of the most important cultivated
ps because it supplies food for one-half of the world-

an populations and occupies the second rank for

consumption after wheat [1]. Egypt is ranked 15 with
4,600,000 tons among the countries with the highest rice
production, and is the biggest producer in the Near East
region (world rice production, 2015). More attention is paid
to the production of rice in the lower bay of the Nile River.
However, due to limited water resources, rice cultivation has
been limited in Egypt. Moreover, a dramatic loss of diversity
in rice has been observed in the last centuries [2]. Therefore,
producing new rice cultivars is urgently needed, not only to
meet the demand of world population, but also to overcome
such problems of abiotic and biotic stresses.
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A B S T R A C T

Understanding the population structure and genetic diversity is a very important goal to

improve the economic value of crops. In rice, a loss of genetic diversity in the last few

centuries is observed. To address this challenge, a set of 22 lines from three different

regions – India (two), and Philippines (six), and Egypt (14) – were used to assess the

genetic diversity and the features of population structure. These genotypes were analyzed

using 106 SSR alleles that showed a clear polymorphism among the lines. Genetic diversity

was estimated based on the number of different alleles, polymorphism information

content (PIC), and gene diversity. A total of 106 SSR alleles was identified from the 23 SSR

loci and used to study the population structure and carry out a cluster analysis. All SSR loci

showed a wide range of the number of different alleles extended from two (one loci) to

seven alleles (three loci). Five and eight loci showed high PIC and gene diversity (� 0.70),

respectively. The results of population structure are in agreement with cluster analysis

results. Both analyses revealed two different subpopulations (G1 and G2) with different

genetic properties in number of private alleles, number of different alleles (Na), number of

effective alleles (Ne), expected heterozygosity (He), and Shannon’s Information Index (SII).

Our findings indicate that five SSR loci (RM 111, RM 307, RM 22, RM 19, and RM 271) could

be used in breeding programs to enhance the marker-assisted selection through QTL

mapping and association studies. A high genetic diversity found between genotypes which

can be exploited to improve and produce rice cultivars for important traits (e.g. high

agronomic features and tolerance to biotic or/and abiotic stresses).
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The increase in the production and in the ability to
resist the abiotic stresses can be achieved through a crop
improvement effort [3]. This depends on the availability of
genetic diversity existing in the rice cultivars that could be
integrated in breeding programs. Thus, studying and
quantifying the genetic variation among different genetic
backgrounds is considered a vital goal to expand the
diversity among cultivars. This diversity can be useful for
producing high-yield cultivars in combination with resis-
tance to abiotic stresses such as drought and salt, which are
the most important abiotic stresses in Egypt (FAO, 2004).
Two ways can be used to address the genetic variability:

� based on morphological traits;
� based on differences in the DNA detected by DNA

molecular markers.

Assessing genetic diversity based on morphological
traits have some shortcomings, including the influence by
the environmental factors, the lack of resolution power
that is required for discriminating between very closely
genotypes, and time consuming since many locations and
years should be investigated to achieve the goal [4]. On the
other hand, the development of molecular DNA markers
results in significant advances in the evaluation of the
genetic diversity in many crop species [4].

Among these DNA markers, single sequence repeats
(SSR) provide a high level of polymorphism that can be
utilized to study diversity between species [5]. Thus, SSR
markers are very useful and had been used before to study
genetic diversity in rice [2,6,7]. Genetic diversity in earlier
studies was described using cluster analysis to figure out the
relatedness between genotypes. Advances in population
structure have led to the development of many pieces of
software that provide a better understanding of the genetic
structure of the population. Among these pieces of software,
STRUCTURE produces meaningful clusters based on Hardy–
Weinber disequilibrium and linkage disequilibrium (LD)
caused by admixture between populations [8]. Taking into
account the LD between individuals improves clustering
results [9]. This leads to fruitful usefulness of the genetic
diversity that can be used in breeding programs to produce
new cultivars carrying genes for increasing the yield and the
resistance to abiotic stresses.

The objectives of this study are:

� to assess the population structure in the elite 22 selected
rice lines;
� to assess the mount of genetic diversity among them

using SSR markers;
� to compare the genetic properties among subpopulation.

2. Material and methods

2.1. Plant materials

In total, a diverse collection of 22 Egyptian and exotic
rice (Oryza sativa L.) genotypes (India and Philippines)
were randomly selected and used in this study. The
genotypes were supplied by the Agricultural Research

Center (ARC, Giza, Egypt), the International Rice Research
Institute, (Los Banos, Philippines), and the National Small
Grain Collection (USDA, ARS, USA). A list of the used rice
genotypes together with details are presented in Table 1.

2.2. DNA isolation

Total genomic DNA was extracted from fresh seedling
leaves for each genotype. Young leaves from eight-week-
old rice plants were cut as tissue samples for DNA
extraction. DNA was isolated from these genotypes as
described by McCouch et al. [10].

2.3. Microsatellite markers analysis

In total, twenty-three rice microsatellite markers for
23 loci representing at least one microsatellite marker
from chromosomes (1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11 and 12)
(Table 2) were selected for genotyping the rice lines
[11,12]. All Rice Microsatellites (RM) used were dinucleo-
tide repeats, whereas RM552, RM144, RM19 and RM307
had a trinucleotide or complex motif. Microsatellite
amplifications, polymerase chain reaction and fragment
analysis were carried out as reported by [11] and [12].
Table 2 shows the fragment detection for SSR markers used
in this study. RM designation, chromosomal location,
motif, annealing temperature (C), repeat category and
expected fragment size (bp) of the amplified loci were
reported by [11] and [12].

2.4. Genetic diversity and AMOVA

The summary statistics of the marker data such as gene
diversity, and polymorphism information content (PIC)
were calculated using PowerMarker software V 3.25 [13].

Table 1

List of the rice cultivars used in this study.

Number of

genotype

Genotype

Name

Origin Subspecies

Group

1 IR 20 Philippines Indica

2 IR 22 Philippines Indica

3 IR 24 Philippines Indica

4 IR 50 Philippines Indica

5 IR 64 Philippines Indica

6 IR 74 Philippines Indica

7 Bala India Indica

8 IET 1444 India Indica

9 Arabi Egypt Japonica

10 Agamy M1 Egypt Japonica

11 Nahda Egypt Japonica

12 Yabani M1 Egypt Japonica

13 Yabani M7 Egypt Japonica

14 Yabani 15 Egypt Japonica

15 Yabani lulu Egypt Japonica

16 Giza 14 Egypt Japonica

17 Giza 171 Egypt Japonica

18 Giza 172 Egypt Japonica

19 Giza 177 Egypt Japonica

20 Giza 178 Egypt Indica/Japonica

21 Giza 181 Egypt Indica

22 Gz 1386-5-4 Egypt Indica

SSR: single sequence repeats.
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 PIC value as a relative value for each marker according
he amount of existing polymorphism was described by
].
The value of PICs was calculated using the following

ula:

i ¼ 1�
Xn

j¼1

P2
ij�
Xn�1

j¼1

Xn

k¼jþ1

2P2
ijP

2
ik

ere Pij and Pik are the frequencies of the jth and kth
les for marker i. The gene diversity is calculated as the
bability that two alleles randomly selected from the

 sample be different. The common biased estimator of
 gene diversity for marker i can be estimated using the
rementioned equation by dropping the last part as fully
cribed in [15] and [16].
Analysis of molecular variance (AMOVA) with 1000 per-
tations, number of different alleles, effective number of
les, the expected heterozygosity, and Shannon’s
rmation Index (SII) were performed using GeneAlEx

1 [17].

 Population structure and clustering

The population structure (PS) was used to reveal
ether or not there are subgroups. The PS implied using

 Bayesian model-based software program STRUCTURE
 [8]. In this analysis, the SSR markers were converted to
s. 0 in order to cover all possible polymorphisms. As a
ult, a number of 106 SSR alleles were obtained and used
he analysis. The program was set on 100,000 as burn-in
ation, followed by 100,000 Markov chain Monte Carlo
MC) replications after burn-in. The admixture and

allele frequencies correlated models were selected. The
population structure analysis was run with five indepen-
dent iterations. The number of subpopulations (k) ranged
from 1 to 10. The estimated likelihood value of data
[lnP(D)] from the STRUCTURE output was plotted against
the ad hoc statistics Dk. The best k value was determined
according to Evanno et al. [18]. The change rate in the log
probability of data between k values that best demons-
trates the population structure-based on maximizing log
probability or the value at which LnP(D) reaches a plateau
was illustrated using Microsoft Excel 2010.

The cluster analysis of all genotypes was done using
Jaccard’s dissimilarity index as a proximity matrix, as
described by Jaccard in 1908. A neighbor-joining (NJ)
relationship using parsimony substitution models and an
unweighted pair group method with arithmetic mean
(UPGMA) was carried out using R software package. All
graphical analyses were done using Microsoft Office Excel
2010.

3. Results

The PIC, gene diversity, and number of different alleles
per locus are presented on Fig. 1. The 23 SSR loci were used to
determine the genetic diversity. The gene diversity and PIC
averaged 0.62 and 0.57, with ranges of 0.38–0.79 and
0.34 and 0.76 (Fig. 1a). The RM271 locus showed the highest
PIC and gene diversity among all SSR loci. The number of
different alleles per locus extended from two for marker
RM161 to seven for markers RM144, 307, and 474 (Fig. 1b).
The major allele frequency had an average of 0.50 with a
range extended from 0.27 to 0.72 (data not shown).

A total of 106 alleles were detected from a set of 23 SSR
loci on a panel of 22 rice genotypes. STRUCTURE analysis

le 2

markers, chromosomal location, motif, annealing temperature (C), repeat category and expected fragment size.

mber SSR primers Chromosomal

location

Motif Annealing

temperature

(Tm, 8C)

Repeat

category

Expected fragment

size (bp)

RM 5 1 (GA)14 55 di 84

RM151 1 (TA)23 55 di 197

RM6 2 (AG)16 55 di 163

RM154 2 (GA)21 60 di 106

RM22 3 (GA)22 55 – 194

RM55 3 (GA)17 55 di 213

RM307 4 (AT)14(GT)21 55 Complex 104

RM161 5 (AG)20 60 di 116

RM 413 5 (AG)11 50 di 65

 RM133 6 (CT)8 60 di 224

 RM162 6 (AC)20 60 di 130

 RM11 7 (GA)17 55 di 115

 RM118 7 (GA)8 60 di 106

 RM408 8 (CT)13 55 di 109

 RM433 8 (AG)13 50 di 215

 RM215 9 (CT)16 55 di 126

 RM285 9 (GA)12 55 – 205

 RM271 10 (GA)15 55 di 65

 RM 474 10 (AT)13 55 di 195

 RM552 11 (TAT)13 55 tri 153

 RM144 11 (ATT)11 55 tri 208

 RM19 12 (ATC)10 55 tri 195

 RM277 12 (GA)11 55 di 108

 single sequence repeats.
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software was used to study the population structure (i.e.
genetic relatedness) and determine the subpopulations (k)
of the 22 rice genotypes based on the distribution of the
106 SSR alleles evaluated in this study. The best number of
subpopulations was determined by plotting the number k

against the calculated likelihood value [lnP(D)] obtained
from STRUCTURE runs. Obviously, lnP(D) showed to be an
increasing function of k for all the values observed (Fig. 2a).
Structure simulation described that the calculated average
of lnP(D) against k = 2 was addressed to be the best k,
indicating that two subpopulations could include all the
22 rice genotypes with the highest probability. This can be
also confirmed by plotting the number k against Dk. A
sharp peak was found for k = 2 (Fig. 2b). Therefore, a k value
of two was chosen to demonstrate the genetic structure of
the 22 rice genotypes (Fig. 3). The estimated population
structure suggested that genotypes with partial member-
ship exhibited distinctive identities (e.g., Bala and Yaba-
ni_M1).

A significant divergence was found among subpopula-
tions and average distance (expected heterozygosity)
among genotypes in the same subpopulations (Table 3).

Subpopulation 1 (G1) included genotypes from different
parts: Egypt, India, and the Philippines, while all genotypes
in subpopulation 2 (G2) were from Egypt. In our cluster
analysis, two subclusters can be distinguished (Fig. 4): C1
and C2. C1 included 12 genotypes: six genotypes from the
Philippines (IR 20, IR 22, IR 24, IR 50, IR 64, and IR 74), four
genotypes from Egypt (Arabi, Agamy, M1 Nahda, and
Yabani M1), and two genotypes from India (Bala and IET
1444). C2 included the other 10 genotypes from Egypt
(Yabani M7, Yabani 15, Yabani lulu, Giza 14, Giza 171, Giza
172, Giza 177, Giza 178, Giza 181, and Gz 1386-5-4). The
genetic distance between genotypes in C1 ranged from
0.75 to 0.86, while it ranged from 0.48 to 0.90 in C2.
Noticeably, four Egyptian genotypes were grouped and
cluster with Indian and Philippian genotypes. Interesting-
ly, the genotypes in each subgroup (G1 and G2) detected by
STRUCTURE were the same genotypes identified using the
Jaccard and UPGMA (C1 and C2) distance-based methods.
Within and among two subpopulation groups of rice
genotypes, the components of the total genetic variation
were estimated by AMOVA (Table 4). The analysis showed
that the within-population diversity explained most of the

Fig. 1. Distribution of genetic diversity of 106 SSR markers used in the genetic diversity analysis 22 rice genotypes. (a). Gene diversity and Polymorphic

Information Content (PIC) for each marker, and (b) number of different alleles per loci.
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etic diversity (74%) when compared to among-popula-
 diversity (26%).

The number of loci with a private allele for each
otype in both subpopulations is presented in Fig. 5a and
he G1 contained the highest number of loci with private
les (102) than in G2 (70). In G1, the number of loci with
ate alleles ranged from 7 (IR 20) to 10 (IR24) with an

rage of 8.5 per locus. The number of loci with private
les in G2, on the other hand, ranged also from 7 (Giza

 and Yabani_lulu) to 10 (Yabani_M7), with an average
even per locus.

Table 5 shows the allelic pattern for each locus across
two subpopulations. The highest number of different
alleles (Na) in both populations was five. Of these five, two
markers (RM474 and RM19) were found in both popula-
tions. The lowest Na in G1 was found in seven loci with two
alleles and two loci with one allele in G2. The number of
effective alleles ranged from 1.18 (RM552, 151, 154, and
161) to 3.60 (RM5) in G1 and from 1 (RM162 and 433) to
4.54 (RM22). All loci in both subpopulations did not show
any heterozygosity. The expected heterozygosity was
calculated for each locus in both populations. The highest
expected heterozygosity in G1 was found for RM5 (0.72)
and for RM22 (0.78) in G2. Of those loci in G2, two loci
(RM162 and 433) showed also zero expected heterozygos-
ity. Shannon’s Information Index (SII) ranged from 0.29
(RM151, 154, 161, and 552) to 1.42 (RM5) in G1, while it
extended from 0 (RM162 and 433) to 1.52 (RM22). On
average, both populations showed approximately an equal
number of different and private alleles. The number of
effective alleles was higher in G2 (2.412) than in G1
(2.232). G2 showed a higher expected heterozygosity than
G1. The polymorphic locus in G1 was 100%, while it was
91% in G2.

4. Discussion

The PIC values of the 22 SSR loci showing high values
extend from 0.34 to 0.76 (Fig. 1a), with an average of
0.57. This average indicates higher genetic diversity
among the rice genotypes selected in this study. PIC
presents the informativeness of SSR loci and their features
to detect differences among genotypes [1]. Of the 22 SSR

2. Population structure analysis of rice genotypes using 106 SSRs; (a)

s the average log–likelihood value (using STRUCTURE), (b) shows DK

iffering numbers of subpopulations (k). Within the population (using

UCTURE). Unfilled square point refer to the best k = 2.

3. Estimated population structure of 20 rice genotypes (k = 2). The y-axis corresponds to the subgroup membership, and the x-axis to the genotype. G

Table 3

STRUCTURE-based analysis showing significant divergences among

subpopulation and average distances (expected heterozygosity) among

individuals in the same subpopulation.

Subpopulation

groups

FST Heterozygosity Number of

genotypes

G1 0.4645 0.2008 6 (Philippines),

4 (Egypt), 2 (India)

G2 0.3429 0.2373 10 (Egypt)
nd G2). Stands for a subpopulation. The genotypes from the Philippines are marked by (1), from India by (2), and from Egypt by (3).
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loci, five (RM19, 11, 22, 271, and 307) showed very high
PIC values (0.70 < PIC > 0.76). These high SSR loci can be
used to expand the genetic basis of the current genotypes.
Similar average PIC values were reported by some authors
[3,19–22]. Basically, there are many factors that affect PIC
values, including the breeding mode of the species, the
genetic diversity in the selected genotypes, the population
size, the genotypic method, and locations of primers in the
genome used for the study [23]. High gene diversity was
found in the current genotypes ranging from 0.37 to 0.79,
with an average of 0.62. This result is in close agreement
with the finding reported by [3] in 82 rice genotypes. The
SSR loci showed a high variation of the number of different
alleles that ranged from 2 for RM161 to 7 alleles for three
loci (RM144, 307, and 474), with an average of 4.5 alleles
per locus. Similar results were obtained by [24]. Of the
23 loci, the number of different alleles of 11 SSR loci (RM5,
55,118, 133, 154, 215, 271, 277, 413, 433, and 474) was
reported by [1] in a set of 82 rice genotypes. Three loci
(RM133, 154, and 271) showed the same number of
different alleles in the present study and [3]. A high
significant correlation was found between the number of
alleles and both PIC (r = 0.71**) and gene diversity
(r = 0.78**). This indicates a further explanation for the

high genetic diversity found among the 22 rice genotypes.
These SSR loci are highly fruitful and can be used for
genetic diversity studies.

In this study, 106 SSR alleles, obtained from the 23 SSR
loci, were used to estimate the population structure of
22 rice genotypes from three parts: Egypt, India, and
Philippines. SSRs have been established in previous
studies as DNA markers that show a high level of
polymorphism in plants [25]. The 22 rice genotypes were
grouped into two subpopulations with significant diver-
gence among subpopulations (P > 0.001). Similar findings
were reported by [23]. The analysis of AMOVA revealed a
high genetic diversity within populations (74%). The
genetic diversity among subpopulation was low, with
26%. This low genetic differentiation among genotypes
may be due to gene flow that resulted from the movement
of seeds [26]. Farmers tend to exchange seeds in order to
maximize the diversity of local germplasms. This leads to
an increase in the distribution of alleles among different
populations regardless of their geographical distance
[27]. A high genetic diversity among populations (92.12%)
and a very low genetic diversity within populations
(7.88%) were reported by [2] in five rice populations.
On the other hand, the genetic diversity was distributed
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Fig. 4. Cluster analysis (C) based on the genetic distance for the 20 rice genotypes.

Table 4

Analysis of genetic differentiation among and within two subpopulation groups of rice genotypes by AMOVA.

Source of variation df SS MS Est. Var. % P value

Among subpopulations 1 122.861 122.861 8.916 26 0.001

Within subpopulation 20 511.867 25.593 25.593 74 0.001

Total 21 634.727 34.510 100 0.001

AMOVA: analysis of molecular variance; df: degrees of freedom; SS: sum of squares deviation; MS: mean squared deviation; Est. Var.: estimates of variance
components; %: percentage of total variance contributed by each component.
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with 4% among populations (12 populations), 70% among
individual, 25% within individual, and 1% among region
for 375 rice genotypes [23]. The high level of polymor-
phism found among the genotypes in G1 (100%) and G2
(91%) can be exploited in breeding programs to maximize
the genetic diversity [24].

The results of UPGMA cluster analysis was in agreement
with population structure. All the 22 genotypes were
clustered to two groups with the same genotypes as
revealed by STRUCTURE. Genetic distance (Fig. 4) ranged
from 0.48 to 0.90, indicating the magnitude of the genetic
diversity among the elite genotypes. Obviously, the C1
(cluster 1) that represented population 1 (G1) showed
higher genetic diversity than C2. This is not surprising,
since C1 included 12 genotypes covering three different
regions (Egypt, India, and Philippines), while G2 (or C2)
showed low genetic diversity because it contained
genotypes from one region (Egypt).

The two populations showed an observable variation in
loci carrying private alleles (Fig. 5a and b). On average, G1
carried a higher number of loci with private alleles than G2,
indicating the existence of a high genetic diversity among
G1 genotypes. The private alleles provide a unique genetic
variability in certain loci. Moreover, the information
gained from the presence of private alleles is quite fruitful
to identify high-diverse genotypes that can be integrated
in breeding programs as parents to increase the allele
richness in the gene banks [28,29].

Each population showed a specific allelic pattern (Table
5). The SSR loci in both populations showed a very slight
difference in the range of the different alleles (Na) and the
effective alleles (Ne). No heterozygosity was observed in

5. Distribution of private alleles in each population: (a) population 1

 and (b) population 2 (G2).

le 5

n allelic patterned: number of different alleles (Na), number of effective alleles (Ne), expected heterozygosity (He) and Shannon’s Information Index (SII)

ach locus and across populations.

ci Population 1 (G1) Population 2 (G2)

Na Ne He SII Na Ne He SII

5 5.00 3.60 0.72 1.42 4.00 1.92 0.48 0.94

6 2.00 1.80 0.44 0.64 3.00 2.63 0.62 1.03

11 5.00 2.57 0.61 1.23 3.00 2.78 0.64 1.06

22 4.00 3.13 0.68 1.24 5.00 4.55 0.78 1.56

133 2.00 2.00 0.50 0.69 3.00 2.17 0.54 0.90

215 2.00 1.38 0.28 0.45 4.00 2.38 0.58 1.09

271 4.00 2.88 0.65 1.20 2.00 2.00 0.50 0.69

277 3.00 3.00 0.67 1.10 3.00 2.63 0.62 1.03

307 4.00 1.71 0.42 0.84 4.00 2.94 0.66 1.22

413 2.00 1.95 0.49 0.68 2.00 1.47 0.32 0.50

552 2.00 1.18 0.15 0.29 3.00 2.63 0.62 1.03

55 4.00 2.40 0.58 1.08 4.00 3.33 0.70 1.28

118 3.00 2.88 0.65 1.08 3.00 1.85 0.46 0.80

144 4.00 2.67 0.63 1.13 5.00 2.50 0.60 1.23

151 2.00 1.18 0.15 0.29 3.00 2.63 0.62 1.03

154 2.00 1.18 0.15 0.29 4.00 3.57 0.72 1.31

161 2.00 1.18 0.15 0.29 2.00 1.47 0.32 0.50

162 4.00 2.88 0.65 1.20 1.00 1.00 0.00 0.00

285 4.00 2.48 0.60 1.11 3.00 1.85 0.46 0.80

433 3.00 2.57 0.61 1.01 1.00 1.00 0.00 0.00

474 5.00 2.12 0.53 1.20 5.00 3.57 0.72 1.42

19 5.00 3.00 0.67 1.31 5.00 3.13 0.68 1.36

408 2.00 1.60 0.38 0.56 2.00 1.47 0.32 0.50

ean 3.26 2.23 0.49 0.88 3.22 2.41 0.52 0.92
 0.25 0.15 0.04 0.07 0.25 0.18 0.04 0.08
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any SSR locus due the highly homozygosity of the
genotypes. Moreover, rice is a self-pollinated crop and
hence SSR markers should indicate only one allele per
locus. Therefore, the observed heterozygosity should be
zero. However, the range of the expected heterozygosity
was higher in G1 (0.15–0.72) than in G2 (0–0.78). The
expected heterozygosity (He) of loci describes very
important information for genetic variability in population
genetics [30]. All SSR loci in G1 presented Shannon’s
Information Indices (SII) within a range of 0.19–1.42. Of the
23 SSR loci, two (RM162 AND RM433) showed no SII in G2.
This indicates all loci are informative in the G1 due to its
diverse genotypes. High positive correlations were found
between SII and Ne in both G1 (r = 0.89**) and G2 (0.93**).

The G1 provides a useful source of genetic diversity in
rice because it included genotypes from three different
parts (Egypt, India, and Philippines). These genotypes can
be used in future breeding programs to maximize the
genetic diversity in rice. Such diversity could be very useful
in marker-assisted selection and genome-wide association
studies by creating multi-parent advanced generation
inter-cross (MAGIC).

5. Conclusion

The result of this work demonstrates the advantages of
SSR markers for studying the genetic diversity among rice
genotypes. Studying the genetic diversity among individ-
uals within populations is very useful in selecting the
genotypes as candidate parents in future breeding pro-
grams to improve the target traits in rice. Furthermore, it is
recommendable to understand the allele pattern in
subpopulations, since it sheds light on the informative
loci that can be effectively used to study genetic diversity.
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