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Abstract Genetic diversity of 56 radish accessions, repre-
senting nearly all the typical types and origins of cultivated
radish germplasms conserved in the National Mid-term
Genebank for Vegetables of China, was assessed with
amplified fragment length polymorphism (AFLP) and
random amplified polymorphic DNA (RAPD) markers. A
total of 72 and 128 polymorphic bands were generated by
the 12 selected RAPD primers and eight AFLP primer
combinations respectively. A moderate correlation with the
value of r=0.66 was observed between AFLP and RAPD
markers. The total 200 polymorphic bands were integrated
to assess the genetic diversity of 56 radish accessions. The
Jaccard similarity coefficients between the accessions varied
from 0.30 to 0.83 with the mean of 0.54. Cluster analysis
classified the germplasms into three groups of var. hortensis
Becker, var. sativus, and var. niger Kerner. The three-
dimensions scatter plot of principle coordinate analysis
(PCA) further divided var. hortensis Becker germplasms
into two separate groups. The results indicated that the
genetic diversity harbored among var. hortensis Becker
germplasms was very abundant, which could be further
exploited for radish genetic improvement.
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Introduction

Radish, Raphanus sativus L., 2n=2x=18, an edible root
vegetable of the Brassicaceae family, is one of the staple
vegetable crops in Asia, especially in China, Japan, and
Korea. Cultivated radish has been classified into many
varieties according to the morphology of its edible root and
different usages, such as R. sativus var. sativus (European
small radish), var. hortensis Becker (East Asian big long
radish), var. niger Kerner (black radish), var. chinensis
Gallizioli (Chinese oil radish), and var. caudatus Hooler
and Anderson (tail-podded radish) (Lu et al. 2008). The
open pollination habit helped the species to accumulate
abundant variations. It was reported that even the flora
morphology exhibited great variations among the radish
accessions (Kobayashi et al. 2006). Those variations
offered abundant genetic resources for radish genetic
enhancement. As a result, appraisal on the genetic diversity
of radish will be greatly conducive to the utilization and
improvement of radish germplasm.

Many molecular markers, such as random amplified
polymorphic DNA (RAPD) (Yamagishi et al. 1998;
Matveeva et al. 2002; Huh and Ohnishi 2003; Madhou et
al. 2005) and amplified fragment length polymorphism
(AFLP) (Huh and Huh 2001; Huh and Ohnishi 2002), have
been applied respectively to estimate the genetic diversity
of radish. Multiple types of makers were also employed
simultaneously to examine genetic diversity of radish
germplasm. Morphological traits and RAPD markers were
utilized to survey the genetic variations of radish (Rabbani
et al. 1998; Pradhan et al. 2004). RAPD, inter simple
sequence repeat (ISSR) and sequence-related amplified
polymorphism (SRAP) makers were employed to investi-
gate the genetic diversity of late-bolting radish accessions
(Liu et al. 2008). Chloroplast and mitochondrial DNA
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sequence polymorphisms in combination of polymerase
chain reaction—restriction fragment length polymorphism
(PCR-RFLP) technique were used to elucidate the diversity
and evolution of wild and cultivated radish (Yamagishi
2004; Yamane et al. 2005; Lu et al. 2008). The combination
of different markers provided more comprehensive infor-
mation for genetic diversity evaluation.

The genetic resource of radish is very abundant in China.
Up to now, more than 2,100 radish accessions have been
conserved in the National Mid-term Genebank for Vegetables
located in the Institute of Vegetables and Flowers, Chinese
Academy of Agricultural Sciences. Evaluation and exploita-
tion of the diversity of those germplasms are crucial for radish

In this study, RAPD and AFLP markers were employed
to estimate the genetic diversity of radish germplasms
conserved in National Mid-term Genebank for Vegetables
of China, with the aims of offering useful information for
efficient utilization and conservation of radish genetic
resources.

Materials and Methods
Plant Materials

To make the tested radish samples can represent the genetic
resources conserved in National Mid-term Genebank for

genetic resources management and breeding programs.

Table 1 List of passport information of the 56 tested radish accessions

No. ID* Name Origin Variety No. ID Name Origin Variety
RO1 VOI1A1071 Xiasheng Zhejiang(CN)  Vathortensis R29 VOI1A0552 Xiaowuying Liaoning Var hortensis
CN
R0O2 VOI1A0971  Youchaiye Shanghai(CN)  Vathortensis R30 VO1A0748  Shui Sl(land)ong Var hortensis
CN
R0O3 VOI1A0127 Yixia Fujian(CN) Vathortensis  R31  VOI1A0559  Xiangyanghong Lgaon)ing Var hortensis
CN
R04 VOI1A0170 Duanye 13 Guangdong Vathortensis  R32  VO1A0222  Xiaowuyeshui H(ebei%CN) Var hortensis
CN
RO5 VOI1A1170 Baifentuan Slgichlzan Vathortensis  R33  VO1A0074  Wujinghong Beijing(CN)  Varthortensis
CN
R0O6 VOI1A0512 Chunbai J i(angs)hu(CN) Vathortensis R34 VO1A0899  Xiaoyingzao Shanxi(CN)  Vathortensis
RO7 VO1A0528 Liushizao Jiangshu(CN)  Vathortensis R35 VOI1A0058  Yanghua Anhui(CN)  var. sativus
R0O8 VOI1A1067 Dashan Zhejiang(CN)  Vathortensis R36  VO1A1967 Wnale AVRDC Var hortensis
R09 VOI1A1062 Huangpen Zhejiang(CN)  Vathortensis R37 VOIA1968 Qingtou Tibet(CN) Var hortensis
R10 VOI1A1084 Yidianhong Zhejiang(CN)  Vathortensis R38 VOI1A1972  Kerike Russia Var hortensis
R11  VO1A0860 Huguanbai Shanxi(CN) Vathortensis  R39  VO1A1973  Yizhehengding  Japan Var hortensis
R12  VOI1A1017 Dangdishui Xingjiang(CN)  var. sativus R40 VOI1A1974 Onishaier Russia Var hortensis
R13  VOIA0889 Gueguang Shanxi(CN) Vathortensis  R41  VO1A1975 Huaye Korea Varhortensis
R14 VO1A0956 Qingchai 2 Shanxi(CN) Varhortensis R42  VO1A1982  Fekete Hungary var. niger
R15 VOI1A0395 Wugqing Hubei(CN) Varhortensis  R43  VO1A1834  Jiebailiche Russia var. sativus
R16 VO1A0862 Jixiebai Shanxi(CN) Varhortensis R44 VO1A1835 Tuohefu Russia var. sativus
R17 VOI1A0160 Qingyuancui Gansu(CN) Varthortensis R45 VO1A1836  Waerlante Russia var. sativius
R18 VOI1A0051 Zhujiaza Anhui(CN) var. sativus R46 VOI1AI1844 Dongyuanhe Russia var. sativius
R19 VO1A0393 Qingtou Hubei(CN) Vathortensis  R47 VO1A1302 Clipo France var. sativus
R20 VOI1A0549 Qiaotouqing Liaoning(CN)  Vathortensis R48 VOI1AI1822 Suofeite Russia var. sativus
R21 VO1A0045 Baishan Anhui(CN) Vathortensis  R49 VO1A1823 Kexieniya Ukraine var. sativus
R22 VOI1A0145 Shuiluobo Gansu(CN) var. sativus R50 VOI1A1824 Genji Ukraine var. sativus
R23 VOI1A1127 Yanzhi Shichuan(CN)  Vathortensis R51 VO1A0070 Xinglimei Beijing(CN)  Vathortensis
R24 VOI1A0397 Zuixiantao Hubei(CN) Varhortensis R52 b Sardo Italy var. sativus
R25 VOI1A0161 Wenxiandog Ganshu(CN) Varthortensis  R53 b Chunbai 2 Hubei(CN)  Vathortensis
R26 VOI1AO0119 Hongpi Shichuan(CN)  Vathortensis R54 b YR baichun Korea Var hortensis
R27 VO1A0107 Hongmamubang Shichuan(CN)  Vathortensis R55 b R1010 Korea Varhortensis
R28 VOI1A1123  Shijihong shichuan(CN)  Vathortensis R56 b Baiguang Korea Var hortensis

 Representing the identification number in the Catalog of Vegetable Germplasm Resources in China 1992, 1998

® These varieties are the newly collected germplasm and no ID has been assigned to them yet

CN is abbreviation of China; AVRDC is abbreviation of Asia Vegetable Research and Development Center
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Vegetables at large, the sampling strategy was adopted that
only the germplasms with typical or representative pheno-
types from each province in China and other countries were
sampled. However, the germplasms of var. chinensis and
var. caudatus were not conserved in the Mid-term Gene-
bank. Consequently, a total of 56 radish accessions,
representing the types of R. sativus var. sativus L., var.
hortensis Becker, and var. niger Kerner, were selected in
the study. In which, “Fekete” was the only germplasm
belonging to var. niger that conserved in the Mid-term
Genebank. Most of those radish germplasms were landraces
collected in 1980s. The names, accession numbers (ID),
and origins of the tested materials are listed in Table 1.

Molecular Marker Analysis

Young leaves from 10 individuals of each accession were
randomly collected and mixed for genomic DNA isolation.
The genomic DNA was isolated with the method of 2%
CTAB as described by Tang et al (2007).

RAPD reactions were performed in 10-pl volumes
containing 30 ng genomic DNA, 1.5 mM MgCl,, 125 uM
each of dNTPs, 1.2 uM random primer, and 0.65 U Tagq
polymerase. Amplification was carried out with the
program of one cycle of 94°C for 2 min, followed by 40
cycles of 94°C for 40 s, 36°C for 90 s, 72°C for 90 s, at
last, 5 min extension at 72°C. PCR products were resolved

by electrophoresis on 1.5% agarose gel, stained with
ethidium bromide and photographed under UV light.

AFLP analyses were conducted according to Vos et al.
(1995) with minor modifications. One hundred nanograms
of DNA was digested with 3 U Msel and 1.5 U EcoRI
restriction enzyme and ligated with adaptors by 1.5 U T4
ligase under the reaction condition of 37°C for 4 h,
followed by 22°C for 4 h and then 65°C for 10 min, at
last, stored at 4°C. Preamplification was carried out with
the primer combination of MO02 and EO00. Selective
amplifications were performed in 20 pl volume containing
1.25 mM MgCl,, 2 mM each of dNTP, 1.2 uM Msel and
EcoRI primer pair, 0.65 U Tag polymerase, and 2 ul
preamplification product. Amplification products were
resolved on 6% denaturing PAGE gel and visualized by
silver staining as described in the Gene Print® STR
Systems (Promega).

Data Analysis

Polymorphic markers were manually scored as binary data
with presence as “1” and absence as “0.” Only clear and
unambiguous bands were included in the analysis. Data
analyses were conducted using the NTSYS-pc2.10e soft-
ware according to its manual (Rohlf 2000). Dendrograms
were constructed with the method of unweighted pair group
method with arithmetic mean (UPGMA) based on the

Table 2 Primers used for RAPD and AFLP analysis and the detected polymorphism

Primer Sequence (5'-3") Polymorphic Bands Total Bands Polymorphic Rate (%)

RAPD S201 GGGCCACTCA 5 8 62.5
S25 AGGGGTCTTG 8 9 88.9
S27 GAAACGGGTG 3 6 50.0
S297 GACGTGGTGA 4 7 57.1
S300 AGCCGTGGAA 3 7 429
S31 CAATCGCCGT 9 12 75.0
S333 GACTAAGCCC 13 17 76.5
S36 AGCCAGCGAA 5 8 62.5
S38 AGGTGACCGT 8 12 66.7
S40 GTTGCGATCC 2 5 40.0
S499 CCCCCTATCA 5 8 62.5
S516 CTCTGCGCGT 7 10 70.0

AFLP E14-M49 EcoRI-AT/Msel-CAG 32 51 62.7
E13-M59 EcoRI-AG/Msel-CTA 19 49 38.8
E20-M59 EcoRI-GC/Msel-CTA 17 41 41.4
E16-M48 EcoRI-CC/Msel-CAC 14 43 32.6
E41-M60 EcoRI-AGG/Msel-CTC 13 38 342
E13-M49 EcoRI-AG/Msel-CAG 12 36 333
E41-M50 EcoRI-AGG/Msel-CAT 11 32 344
E16-M47 EcoRI-CC/Msel-CAA 10 37 27.0
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similarity matrices calculated with Jaccard coefficient.
Correlation between the AFLP and RAPD similarity
matrices was assessed by the Mantel test, which assumes
that the two matrices were obtained independently.
Principal coordinate analysis (PCA) was performed to
further elucidate the relationship among the tested radish
accessions.

Results
RAPD and AFLP Polymorphisms

In the RAPD analysis, 79 random primers were initially
screened and 12 RAPD primers yielding sharp, poly-
morphic, and reproducible bands patterns were selected to
evaluate radish genetic diversity. The number of bands and
the degree of polymorphism revealed by each primer are
given in Table 2. A total of 109 distinct bands were
generated in the RAPD analysis, with 72 bands being
polymorphic. The polymorphic bands for each primer
varied from two to 13, with an average of 6.0 polymorphic
bands. The proportions of polymorphic bands produced by
the selected primers ranged from 40.0% to 88.9%, with the
mean polymorphic proportion of 66.1%.

Among the 30 AFLP primer combinations tested on
radish accessions, distinct and polymorphic products were
obtained from eight primer combinations that produced 327
DNA fragments, 128 of which were polymorphic (Table 2).
The total number of DNA bands per primer combination
ranged from 32 to 51, while the number of polymorphic
bands per primer combination varied between 10 and 32.
On average, 16.0 polymorphic bands were detected for each
AFLP primer combination. The polymorphic rates pro-
duced by the selected primer combinations varied from
27.0% to 62.7% with the mean polymorphism of 39.1%.

Genetic Relationships among Radish Germplasms

The binary data matrices yielded by RAPD and AFLP were
used to estimate genetic similarity of the tested germ-
plasms, respectively. The pairwise similarity coefficient
detected by RAPD markers varied from 0.32 to 0.90 with
the mean of 0.61, while the pairwise similarity coefficient
detected by AFLP markers ranged from 0.23 to 0.85, with a
mean of 0.50. The matrices of similarity coefficients
calculated by AFLP and RAPD analyses were compared
using regression analysis performed by Mantel test. A
moderate correlation with the value of r=0.66** was
observed between AFLP and RAPD markers.

The total 200 polymorphic bands produced by RAPD
and AFLP were integrated into one matrix to assess the
genetic diversity of 56 radish accessions. The pairwise
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Jaccard coefficients varied from 0.30 to 0.83, with a mean
of 0.54. The similarity coefficient matrices obtained by the
integration of AFLP and RAPD, AFLP, and RAPD were
compared using the Mantel test. A high correlation
coefficient was observed between the integrated data with
AFLP (r=0.96**) and RAPD (r=0.85*%*), respectively.

Dendrogram constructed by UPGMA separated the 56
radish accessions into three groups (Fig. 1). Group I was
primarily comprised of 45 East Asian big long radish
accessions mainly from China, Japan, and Korea, except for
“Kerik” and “Onisaier” from Russia. Group II consisted of
10 European small radish accessions from Europe, with the
exception of “Dangdishui” collected from Xinjiang, China.
The only black radish germplasm of “Fekete” collected
from Hungary was assigned to group IIL
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Fig. 1 UPGMA dendrogram of 56 radish accessions with 72 RAPD
and 128 AFLP polymorphic markers
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The germplasm in group I could be further divided into
six subgroups. Subgroup I consisted of 13 accessions
collected from China, with the exception of “Kerike” from
Russia. Subgroup II included 22 accessions from China
with the exception of “Huaye” from Korea and “Onishaier”
from Russia. Subgroup III contained three accessions, with
the distinguishable trait of heat tolerance. Subgroup IV
comprised four newly introduced germplasms (“Chunbai 2,”
“YR baichun,” “R1010,” and “Baiguang”) with the known
agronomic trait of late-bolting in spring. “Guoguang” and
“Yizhehengding” were assigned into subgroup V, indicating
the underlying distinct genetic variations harbored by them.
Subgroup VI only included the accession of “Xinlimei” with
the distinct trait of pink flesh.

PCA was employed to further elucidate the genetic
relationships among the tested germplasms. The first,
second, and third PCA accounted for 15.9%, 8.0%, and
5.3% of the total variations, respectively. The three-
dimensions scatter plot divided the 56 radish accessions
into four groups (Fig. 2), which was similar with the results
of UPGMA cluster analysis. All the accessions of East
Asian big long radish, collected from Japan, Korea, Russia,
and China, were classified into group I-A and group I-B,
which spread along the third PCA, showing remarkable
genetic diversity harbored among them. Group II comprised
10 accessions, which were all European small radish.
The other three accessions of European small radish
(“Zhuajiaza,” “Yanghua,” and “Shui”) originated in China
were classified into East Asian big long radish but not into
European small radish, which was probably due to the

Fig. 2 Principle coordinate
analysis of 56 radish accessions
with 72 RAPD and 128 AFLP
polymorphic markers

I-A

05 -

03 f

frequent gene flow with big long varieties by natural or
artificial hybridizations. “Fekete” from Hungry with black
skin of root was also distinguished from the other varieties
and formed group III.

Discussions

In this study, 66.1% bands generated by RAPD assay were
polymorphic, which was lower than the polymorphic
proportion of 78.2% detected by RAPD among Pakistan
radish germplasms (Rabbani et al. 1998), 88.5% among
Australian radish cultivars (Pradhan et al. 2004), 85.4%
among late-bolting radish cultivars (Liu et al. 2008), and
82% in wild radish population (Raphanus raphanistrum L.)
(Madhou et al. 2005). As for AFLP marker, the poly-
morphic rates of 58.4% and 76.5% were detected among
wild radishes (Huh and Huh 2001) and cultivated radish
varieties (Muminovic et al. 2005), respectively. However,
in this study, the average polymorphic proportion yielded
by AFLP was only 39.1%, which was significantly lower
than that of the previous researches. The relatively low
polymorphism acquired in this study probably resulted
from the different primers selected and sampling strategy.
The qualities of amplification products were given more
attention than the polymorphism during the process of
primer screening. Meanwhile, the genetic variations exten-
sively existed among the individuals of the accession for
conserved germplasms. The randomly mixed sampling
strategy could represent the different individual genotypes

I-B &s4
O var.hortensis Becker
1 Xyvar. sativus

i O var. niger Kerner
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in the accession, however, at the cost of decreasing
polymorphism among the accessions. Consequently, the
relatively low polymorphism detected by molecular
markers did not totally mean the low degree of genetic
diversity harbored in the tested radish germplasms.

Furthermore, it was reported that the average genetic
similarities of 0.70 and 0.78 were detected by AFLP in 68
cultivated radish varieties (Muminovic et al. 2005) and by
RAPD in 35 late-bolting radish cultivars (Liu et al. 2008),
respectively. Those data were higher than that acquired by
AFLP (0.50) and RAPD (0.61), respectively, in this study,
indicating more abundant genetic diversity harbored in the
tested radish germplasms.

The combination of polymorphic information derived from
different marker systems was expected to decrease the effect
of their independent inaccuracies. In this study, the RAPD and
AFLP data were integrated to elucidate the genetic relation-
ships among the radish germplasms.

Dendrogram constructed by the integration of RAPD
and AFLP data clearly classified the radish germplasm into
groups of var. hortensis Becker, var. sativus, and var. niger
Kerner. Moreover, the var. hortensis accessions could be
further divided into six subgroups. In the subgroups, the
accessions with the known trait of heat tolerance and late-
bolting in spring were distinguished from the other East
Asian big long radish gemplasms and formed separate
subgroups, respectively. Xinlimei, a well-known landrace
collected from Beijing, China, with the unique trait of pink
flesh, formed separate subgroup, indicating it has different
genetic background in comparison with the other East
Asian big long radish accessions. In addition, “Guoguang”
and “Yizhehengding,” with unavailable data of their genetic
backgrounds up to now, exhibited distant relationships with
the other East Asian big long radish accessions. As a result,
more attentions should be paid on the two germplasms for
traits identification and valuable gene mining.

PCA exhibited similar genetic relationships among the
germplasms as UPGMA cluster analysis. Furthermore,
PCA distinctly classified the accessions of var. hortensis
Becker into two groups, exhibiting abundant diversity
harbored among the accessions of var. hortensis Becker.

Generally, the molecular markers of RAPD and AFLP
classified the radish accessions into varieties of var.
hortensis Becker, var. sativus, and var. niger Kerner, which
were in agreement with the relationships determined by
AFLP and ISSR analyses (Muminovic et al. 2005) and
chloroplast DNA sequence variations of trnK/matK (Lu et
al. 2008). Moreover, the results showed diverse genetic
differences among these germplasms, which could be
exploited for radish genetic improvement. The study
offered primary information for core collection and utiliza-
tion of radish germplasms conserved in National Mid-term
Genebank for Vegetables of China.
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