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Abstact An agronomic gene pool of wheat

(Triticum aestivum L.) was constructed through

recurrent selection. In present research, 24 wheat

SSR markers determining 25 loci on 14 different

chromosomes were used to evaluate the gene

pool. Thirty parents used as original materials in

recurrent selection were also assessed. In total,

115 alleles were detected in gene pool with an

average of 4.6, ranging from 2 to 9 alleles per

locus. Statistical test showed that genetic diver-

sities had no significant difference between the

gene pool and the 30 parents. Principle coordi-

nates analysis revealed that the individuals of the

gene pool were mainly divided into three groups,

which was consistent with the result of cluster

analysis based on genetic distance matrix of the

gene pool. Cluster analysis was carried out based

on Euclidian distance calculated upon five mor-

phological trait values and the results showed

that most individuals were in a group while the

others scattered. Correlation analysis of genetic

distance matrix and Euclidian distance matrix

showed no significant correlation between two

matrices. The results suggest that the gene pool

is improved after several cycles of selection,

while genetic variation is still maintained. There-

fore, the gene pool is suitable for further

breeding program.
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Introduction

Recurrent selection is a population improvement

strategy, which can employ multiple parents in

one program and accumulate favorable alleles

while maintaining genetic diversity. It was

applied in allogamous crop of maize at first,

and subsequently extended to autogamous crops.

Now, recurrent selection has been applied in

many crops such as barley, rice, soybean and oat

(Parlevliet and Ommeren 1988; Veillet et al.

1996; Wilcox 1998; Elizondo Barron et al.

1999). In wheat, many studies indicated that

recurrent selection could be applied to improve

percentage of grain protein (Loffer et al. 1983;

Delzer et al. 1995), kernel weight (Busch and

Kofoid 1982; Wiersma et al. 2001), grain yield
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(Olmeda-Arcega et al. 1995) and resistance to

diseases (Jiang et al. 1994).

Evaluation of the effect of recurrent selection is

commonly based on the targeted morphological

traits. Morphological traits are easily to be

detected, but are often influenced by the environ-

ment. In recent years, the development of molec-

ular markers provided new approaches for

evaluating genetic variation on DNA level and a

variety of molecular markers had been used to

assess genetic diversity in recurrent selection pop-

ulation. Restriction fragment length polymor-

phism (RFLP) markers were used to evaluate the

genetic diversity of recurrent selection in oat (De

Koeyer et al. 1999). Using random amplification of

polymorphic DNA (RAPD) markers, Yuan et al.

(2004) analyzed the genetic diversity among pop-

ulations and breeding lines from recurrent selec-

tion in Brassica napus. Microsatellites (SSR), have

been used to assess genetic variation in rice, wheat,

barley and sorghum (McCouch et al. 1997; Röder

et al. 1998; Struss and Plieske 1998; Djè et al. 2000).

In maize, Huang et al. (2004) estimated the genetic

diversity of recurrent selection population using

SSR markers. It was more reliable to determine

individual genotype by combining molecular mar-

ker and morphological traits (Franco et al. 2001).

Combining molecular markers and morphological

traits would precisely reveal genetic variation in

breeding program of recurrent selection, but there

is still no such research in wheat up to the present.

The use of male sterility reduces the labor

required for hand crossing and increases crossing

efficiency, facilitating application of recurrent

selection in wheat. Many studies have showed

that the sterility was easily to be maintained and

restored and no significant side effects of cyto-

plasm were found in D2-type cytoplasm male

sterile (CMS) line of wheat (Wu et al. 1995; Liu

et al. 1999, 2002). These results suggest that D2-

type CMS line is a material of potential in hybrid

wheat breeding and recurrent selection program.

Using D2-type CMS line, we had constructed a

wheat (Triticum aestivum L.) recurrent selection

population (agronomic gene pool) in which many

excellent agronomic traits had high frequencies.

The objectives of this study were: (1) to detect the

genetic diversity of the gene pool constructed

through recurrent selection; (2) to assess the

agronomic value of the gene pool for wheat

improvement and further application.

Materials and methods

Establishment of gene pool through recurrent

selection

The D2-type CMS line msD2-CA8057 was used as

male sterile material and 30 elite varieties and

breeding lines (P1~P30), possessing either good

performance or special features, such as high

yield, good quality, drought tolerance and disease

resistance (Table 1), from six provinces of China

were utilized as parents during recurrent selection

process, and mass selection procedure was applied

in this breeding program. In 1994, the CMS line

and 30 parents were planted in field in a 2 · 3-plot

matrix. Each plot contained 10 rows with 1 m in

length and 0.25 m in width. The array of materials

in the rows was CMS, P1, CMS, P2, CMS, P3 ...

CMS, P29, CMS, P30, in order that the parents

could cross randomly with CMS lines. In the next

year (1995), seeds of the CMS rows were har-

vested and mixed together, then the mixed seeds

were planted with the 30 parents as array as the

year before. In flowering season of 1996, male

sterile plants were marked (some of the plants in

the CMS rows had been restored). Seeds from the

marked plants were harvested and mixed together

in harvest season, and then planted as male sterile

materials in the next cycle. During the followed

proceeding, male sterile individuals were further

selected for multi-agronomic characters: plant

structure type, plant height, spike type and resis-

tant to powdery mildew of wheat in field. During

the recurrent selection process, selection pressure

was low in first several cycles, and then increased

with the advance of recurrent selection cycles. The

selection pressure had been arrived 8% in recent

years. After several cycles of selection under high

intensity, gene pool had been established. In May

of 2004, 104 individuals of gene pool were

randomly selected and denoted as L1~L104. Five

morphological traits of the selected individuals

were surveyed. Leaves from the 104 individuals

and the 30 parents were sampled for genomic

DNA extraction.
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Morphological traits

The five surveyed morphological traits were plant

height, number of spikes of each plant, spike

length, number of spikelets per spike and leaf

area (leaf area = leaf length · leaf width · 0.78)

(Table 2).

SSR analysis

Total genomic DNA was extracted by the CTAB

method described by Saghai-Maroof et al. (1984).

The sequence and character of wheat SSR prim-

ers were from Röder et al. (1998); Song et al.

(2005) and website (http://wheat.pw.usda.gov/

ggpages/SSRclub/Sourdille/). 150 pairs of wheat

SSR primers covering whole genome of wheat

were screened, and finally 24 pairs of primers

determined stable, legible, and polymorphic

bands were chosen in present research (Table 3).

Polymerase chain reactions (PCR) were per-

formed in a volume of 20 ll using a thermocycler

(Whatman Biometra T1 Thermocycler, Göttin-

gen, Germany). The reaction mixture contained

Table 2 Morphological
traits of the gene pool

Height
(cm)

Number of
spikes/plant

Spike length
(cm)

Number of
spikelets/spike

Leaf area
(cm2)

Max 86.0 36.0 15.5 52.0 42.12
Min 55.0 6.0 6.5 20.0 9.83
Mean 70.7 17.0 10.6 39.9 22.24
Stand deviation 20.96 20.52 5.58 12.08 17.98

Table 1 Thirty parents
materials used in the
recurrent selection
program

Number Varieties/lines Origin Time of
release
(20 century)

Main features

P1 Zhongyou9507 Beijing 90S High quality
P2 Keyi-1 Beijing 90S High yield
P3 Jing9428 Beijing 90S High quality
P4 V2 Jiangsu 80S Powdery mildew resistance
P5 Shan225 Shanxi 90S High yield and quality
P6 NC235 Beijing 90S Drought tolerance
P7 Gaoyou503 Hebei 90S High quality
P8 Xiaoyan22 Shanxi 90S High yield
P9 Jingdong8 Beijing 90S High yield and water saving
P10 Y98206 Hebei 90S High yield
P11 Bpm17 Beijing 80S Powdery mildew resistance
P12 Bpm16 Beijing 80S Powdery mildew resistance
P13 Jinan17 Shandong 90S High quality and yield
P14 M8003 Shanxi 80S Stripe rust resistance
P15 HP6172 Hebei 90S High yield
P16 Xiaoshan211 Beijing 90S Powdery mildew resistance
P17 S11–20 Beijing 90S Drought tolerance
P18 NC212 Beijing 90S High quality and drought tolerance
P19 Gaocheng8901 Hebei 90S High quality and yield
P20 960789 Hebei 80S Drought tolerance
P21 935031 Hebei 90S High yield
P22 920576 Hebei 80S Drought tolerance
P23 Shi4185 Hebei 90S High yield and water saving
P24 Hp87-1 Hebei 90S Powdery mildew resistance and early

mature
P25 Hp4589 Hebei 90S Drought tolerance
P26 Hp36 Hebei 90S Leaf rust resistance
P27 Wenqian1 Henan 90S High yield
P28 BY22 Beijing 80S Early mature and drought tolerance
P29 T9021813 Hebei 90S High yield
P30 Nongda152 Beijing 90S High yield
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10 mM Tris-HCl (pH 8.0), 10 mM KCl, 2 mM

MgSO4, 8 mM (NH4)2SO4, 0.05% NP-40, 150 lM

dNTPs, 0.2 lM primers, 50 ng template DNA and

1 U Taq DNA polymerase. PCR reactions were

programmed for an initial step for 3 min at 94�C,

followed by 39 cycles of 45 s at 94�C, 45 s for

annealing at primer-specific temperature and 45 s

for extension at 72�C, then a final step at 72�C for

5 min.

The amplification products were separated on

4% denaturing polyacrylamide gel for about

40 min with constant power of 75 W and visual-

ized by silver staining method.

Data analysis

The presence or absence of each single fragment

was coded by 1 or 0, respectively and scored for a

binary data matrix. The number of alleles in the

30 parents and the gene pool was counted

respectively. Frequency of each allele was

calculated and compared between the 30 parents

and the gene pool. Genetic diversity was calcu-

lated according to the formula of Nei (1973):

Genetic diversity = 1�
X

P
2

ij

where Pij is the frequency of the jth allele for ith

locus summed across all alleles for the locus. The

Student’s t-test was used to estimate the signifi-

cance of difference in genetic diversity between

the 30 parents and the gene pool.

Nei’s genetic distances were computed for each

pair of lines in the 30 parents and for each pair of

individuals in the gene pool using NTSYS-pc

(Version 2.1) software (Rohlf 2000). The signif-

icance of difference in genetic distance was

estimated by Mann-Whitney U test between the

30 parents and the gene pool.

Principal coordinates analysis (PCoA) was

performed based on the SSR dataset to examine

Table 3 Designation,
chromosomal location,
repeat motif, number of
alleles and genetic
diversity values of the 30
parents and the gene pool
for the SSR markers

a Xbarc163 and Xbarc278
have 5 alleles in gene
pool, respectively

Designation Chromosomal
location

Repeat
motif

No. of
alleles

Genetic
diversity of
30 parents

Genetic
diversity of
gene pool

CFA2263 2AS (CA)24 8 0.8 0.66
Xbarc292 2DL (ATT)18 4 0.6 0.65
Xbarc45 3AS (ATT)10 4 0.23 0.22
Xbarc321-3A 3AS (CT)14(CA)17 8 0.72 0.78
Xbarc324 3AS (ATT)23(AT)3 5 0.65 0.53
Xbarc284 3AL (ATT)11(ATG)8(ATT)13 4 0.23 0.3
Xbarc314 3AL (CT)16 3 0.18 0.07
Xbarc68 3BS (TC)3(TATC)6 + 7 5 0.79 0.65
Xbarc321-3D 3DS (CT)14(CA)17 3 0.58 0.58
Xbarc163 4BL (ATT)20 6a 0.76 0.75
Xbarc288 4DS (ATT)10 2 0.46 0.44
Xbarc117 5AS (CA)14 3 0.53 0.37
Xbarc319 5AL (ATT)25 9 0.75 0.82
Xbarc216 5BS (CT)22 8 0.71 0.78
Xbarc130 5DS (CT)8(CA)9 2 0.23 0.38
Xbarc286 5DL (ATT)15 3 0.57 0.57
Xbarc320 5DL (TTC)11(CGT)4 2 0.28 0.15
Xbarc322 5DL (CT)20 4 0.65 0.71
Xgwm182 5DL (CT)18 4 0.62 0.49
Xbarc175 6DL (ATT)12 + 16 2 0.48 0.5
Xbarc273 6DL (ATT)13 4 0.57 0.41
CFA2028 7AS (CA)21 5 0.68 0.62
Xbarc275 7AL (ATT)18 5 0.47 0.56
Xbarc278 7BL (ATT)15 6a 0.67 0.72
Xgwm437 7DL (CT)24 8 0.76 0.82
Minimal 2 0.18 0.07
Maximal 9 0.8 0.82
Total 117 13.97 13.53
Mean 4.7 0.56 0.54
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the internal genetic structure of the gene pool. An

UPGMA cluster analysis was undertaken based

on the genetic distance matrix and a dendrogram

was constructed. To test the goodness of fit of the

clustering to the genetic distance data, the

cophenetic correlation coefficient was calculated.

All the trait values were standardized and Euclid-

ian distances between individuals were calculated

based on the standardized trait values. Another

UPGMA cluster analysis was performed based on

Euclidian distance matrix producing a second

dendrogram and the cophenetic correlation coef-

ficient was computed. Correlation coefficient of

genetic distance matrix derived from SSR data

and Euclidian distance matrix was calculated to

detail the correlation of molecular markers and

morphological traits.

Results

SSR analysis

The 24 SSR markers detected 25 loci on 14

different chromosomes. In total, 117 alleles were

detected in the 30 parents while 115 alleles were

detected in the gene pool. The number of alleles

per locus was on average 4.7 in the 30 parents and

4.6 in the gene pool, with a range from two

(Xbarc228, Xbarc130, Xbarc320 and Xbarc175)

to nine (Xbarc319). Considering different ge-

nomes, it was shown that the largest number of

alleles per locus occurred in the B genome (6.3)

compared with A (5.4) and D (3.5) genomes

(Table 4). For different homologous chromosome

groups (without group 1 data), the largest allele

number was detected in groups 2 and 7 in the

30 parents (group 2 was largest in the gene

pool), whereas the least number was observed in

group 6.

Frequency of each allele in the 30 parents and

the gene pool was compared. The results revealed

that there were 44 alleles whose frequency vari-

ations were large than 10 percent. These alleles

were in 18 loci, accounting for 72 percent of total

loci. The allele frequency variation indicated the

genetic constitution of the gene pool had been

different from that of the 30 parents.

Genetic diversity

The mean value of genetic diversity of the total

loci in the gene pool (0.54) was slightly smaller

than that in the 30 parents (0.56), but the range of

variation in the gene pool (0.07–0.82) was larger

than that in the 30 parents (0.18–0.8) (Table 3). In

the gene pool, the mean values of genetic diver-

sity for the A, B and D genomes were 0.49, 0.73

and 0.52, while they were 0.52, 0.73 and 0.53 in the

30 parents (Table 4). The largest value occurred

in the B genome, which was consistent with

previous studies (Huang et al. 2002; Khlestkina

et al. 2004). For different homologous chromo-

some groups (without group 1 data), it was shown

that the largest genetic diversity value was found

in group 7 (0.68) followed by group 2 (0.66) and

the least was group 3 (0.45) in the gene pool;

whereas in the 30 parents the genetic diversity

value in group 2 was largest (0.7) followed by

group 7 (0.65) and the least was group 3 (0.48)

(Table 4). It could be observed that genetic

diversity was basically accordant in the 30 parents

and the gene pool. Although the genetic diversity

of the gene pool was smaller than that of the 30

parents on most genomes and homologous chro-

mosome groups (Table 4), statistical test revealed

that it had no significant difference between

genetic diversities of the gene pool and that of

the 30 parents.

Table 4 Number of alleles and genetic diversity in the 30
parents and the gene pool considering different genomes
and Homologous Chromosome groups

No. of
alleles

Genetic diversity of
the 30 parents

Genetic diversity of
the gene pool

Genome
A 5.4 0.52 0.49
B 6.3a 0.73 0.73
D 3.5 0.53 0.52
Homologous Chromosome group
1 – – –
2 6 0.7 0.66
3 4.6 0.48 0.45
4 4b 0.61 0.6
5 4.4 0.54 0.53
6 3 0.53 0.46
7 6c 0.65 0.68

In gene pool, a, b and c values are 5.8, 3.5 and 5.8,
respectively
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Genetic distance

Genetic distance of the 30 parents was 0.91 on

average with a range from 0.08 to 2.12, by

comparison, that of the gene pool averaged 0.64

and ranged from 0.05 to 1.65 (Table 5). The

distributions of genetic distance in the 30 parents

and the gene pool were quite different (Fig. 1).

Evaluation of difference of mean value showed

that there was a significant difference in genetic

distance between the gene pool and the 30

parents.

Principle coordinates analysis (PCoA) and

cluster analysis

PCoA result based on SSR data of the gene pool

showed that most of the 104 individuals clustered

in three distinct groups, but there were still high

variations between and within groups (Fig. 2).

Dendrogram based on the genetic distance

matrix of the gene pool was shown in Fig. 3. The

cophenetic correlation coefficient was 0.66, indi-

cating that cluster result had a good fit to the

genetic distance matrix. The gene pool could be

divided into three main groups at 0.57 point: A

(24 individuals), B (26 individuals) and C groups

(22 individuals), which was consistent with the

result of PCoA analysis (Figs. 2, 3). Mean value

of genetic distance within the three main groups

was calculated, respectively, and analysis of var-

iance was performed to evaluate difference of the

mean values among the three groups. The results

showed that the three clusters had significant

difference one another (Table 6).

The dendrogram derived from cluster analysis

of morphological traits was shown in Fig. 4. The

result of clustering had a good fit to the

Euclidian distance matrix with cophenetic corre-

lation coefficient 0.71. Clustering result showed

that most individuals were in a group while the

others scattered. The result indicated that phe-

notypes of individuals in the gene pool became

relatively uniform under high selection pressure.

Correlation coefficient of genetic distance matrix

and Euclidian distance matrix was 0.038, show-

ing no significant correlation between the two

matrices.

Discussion

Different number of alleles has been detected in

wheat using microsatellite markers. Huang et al.

(2002) reported an average allele number of 18.1

in 998 gene bank accessions of hexaploid wheat

originated from 68 countries of five continents.

Khlestkina et al. (2004) found an average allele

number of 6.6 in 54 Siberian old and modern

common spring wheat varieties. Roussel et al.

(2005) reported an average allele number of 16.4

in 480 wheat varieties originating from 15 Euro-

pean geographical areas and released from 1840

to 2000. The average number of allele obtained in

this study was 4.7 in 30 parents. The value was

lower than most previous studies, but it was

comparable with Zhang’s results, which detected

5.5 alleles per locus in Chinese 43 wheat varieties

(Zhang et al. 2002).

After cycles of recurrent selection, the genetic

variation in the gene pool didn’t statistically

decrease, indicating genetic diversity was main-

tained in the gene pool. It was consistent with the

result from Brassica napus (Yuan et al. 2004).

Table 5 Genetic distances of the 30 parents and the gene
pool

30 parents Gene pool

GDmax 2.12 1.65
Gdmin 0.08 0.05
Mean 0.91 0.64
Stand deviation 0.2648 0.2014

Fig. 1 Distribution of genetic distance in 30 parents and
gene pool
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Fig. 2 Two-dimensional
principle coordinates
analysis of gene pool

Fig. 3 Dendrogram
resulting from an
UPGMA cluster analysis
based on genetic distance
of gene pool
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Genetic distance within the gene pool was

significantly different to that within the 30 parents

(Table 5, Fig. 1). This result didn’t mean that the

variation was severely decreased under high

selection intensity. In our research, most loci in

30 parents are homozygous, whereas a majority of

loci in gene pool are heterozygous after recurrent

selection. Hybridization and recombination may

have caused the significant reduction of genetic

distance. In maize, Huang et al. (2004) reported

that genetic distance was reduced but not

significantly after two cycles of recurrent selec-

tion, in which base population evaluated was

heterozygous.

PCoA and clustering analysis based on SSR

data showed that a majority of individuals in gene

pool clustered in three distinct groups: A, B, and

C groups, and the analysis of variance in genetic

distance among the three groups indicated that

significant difference was found between each two

of them. It may reflect that favorable genes or

alleles assembled in most individuals after elim-

inating disadvantageous genetic background in

the gene pool; on the other hand, it is possibly

Table 6 Results of analysis of variance among three main
groups in the gene pool

Mean difference A B

A – –
B 0.04095** –
C –0.03037* –0.07131**

* P < 0.05
** P < 0.01

Fig. 4 Dendrogram
resulting from an
UPGMA cluster analysis
based on Euclidian
distance of gene pool
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related to the distributive difference of different

favorable genes or alleles, especially quantity trait

loci (QTLs) in population.

We detected no correlation between the SSR

data and morphological data in present study,

which was consistent with the result obtained by

Marić et al. (2004). But Hamza et al. (2004)

reported a relatively high correlation between

morphological traits and SSR markers in Tunisian

winter barley. Therefore, correlation between

molecular markers and morphological traits

should be further studied.

In conclusion, the microsatellite analysis in this

study revealed that the genetic diversity was

maintained in gene pool after recurrent selection,

while the gene pool had become convergent

whether on DNA level or on morphological

traits. The effect of recurrent selection is evident

and the gene pool is suitable for further wheat

breeding program.
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