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To find out an efficient and accurate way to estimate the genetic relationship among cultivars having within-
variety genetic variation by using different types of approaches, we compared among-varieties genetic sim-
ilarity estimated based on individual samples and also on bulked population samples of six Japanese turnip
(Brassica rapa ssp. rapa) cultivars using RAPD and ISSR markers. In both individual- and bulked-samples-
based approaches, 37 individuals were sampled from each cultivar, amplified individually and also as bulked
DNA, respectively. Genetic similarity matrices among six cultivars were estimated based on four similarity
measures estimated with 125 or 124 polymorphic bands scored in the individual- or bulked-samples-based
approach, respectively, and the correlations between the similarity matrices were calculated to evaluate the
degree of agreement between matrices. Correlations between similarity matrices calculated based on individ-
uals on the one hand and those calculated based on bulked samples on the other were also high and signifi-
cant in all combinations of the four similarity measures. Use of computational analysis indicated that 6 to 8
individuals per cultivar were enough to accurately estimate similarity with the individual-based approach.

Key Words: Brassica rapa ssp. rapa, Random amplified polymorphic DNA (RAPD), Inter-simple sequence
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Introduction

RAPD and ISSR markers are widely employed to reveal ge-
netic variation in many plant species because they do not
require knowledge of genomic sequences and also because
these protocols are relatively simple, rapid and cost effective
(Bussell et al. 2005, Semagn et al. 2006, Agarwal et al.
2008). When evaluating the genetic relationship between
varieties which have genetic heterogeneity in each variety
using such technology, heterogeneity should be taken into
consideration by sampling multiple individuals from each
variety (Yu and Pauls 1993, Segovia-Lerma et al. 2003). It
is also desirable to use a number of individuals that may
contain all the alleles that constitute each population and
variety. That is, a number of individuals that include the vari-
ability within each variety will allow for the determination
and suitable evaluation of genetic variability. Moreover,
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analysis of multiple individual genotypes per variety pro-
vides highly informative data about a population’s genetic
structure (Yu and Pauls 1993, Ghérardi et al. 1998). How-
ever, these practical applications are still limited in cases
where a large number of populations need to be examined.
One approach to overcome this limitation is to bulk genomic
DNA samples. Bulked DNA drastically reduces the number
of samples that need to be processed, which allows the
generation of genetic information in a shorter period at a
cheaper cost (Fu 2000). Bulked DNA has been used to inves-
tigate genetic variation among cultivars of several species
including alfalfa (Segovia-Lerma ef al. 2003), flax (Fu et al.
2003a), radish (Muminovi¢ et al. 2005) and Brassica napus
(Mailer and May 1999). In some species, although suitable
bulk-size and the congruity between genetic relationships
estimated from individual samples on one hand and from
bulked population samples on the other have been investi-
gated, the species and variety used were not uniform.

B. rapa, including turnip (ssp. rapa), is an allogamous spe-
cies owing to its self-incompatible system, thus turnip culti-
vars are expected to be genetically heterogeneous, especially
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when they are indigenous cultivars. Turnip differentiated
into over 100 local varieties in each district after it was intro-
duced in Japan (Yoshikawa and Yui 1991, Shinohara 1984).
To assess the genetic relationships among such local varie-
ties of turnip, the number of individuals should be so large
that they can sufficiently capture the heterogeneous varia-
tion within a cultivar. When trying to use bulked population
samples of local turnip varieties in the future, the congruity
between estimated genetic relationships based on individ-
ual samples and on bulked population samples is also indis-
pensable. From this point of view, we conducted a study to
compare variation between individual and bulked popula-
tion samples of Japanese turnip (Brassica rapa ssp. rapa)
cultivars using RAPD and ISSR markers. In this study, we
also determined the number of individuals per cultivar that is
necessary to capture the genetic variation within a cultivar
with a simple computational approach.

Materials and Methods

Plant materials and DNA preparation

Six Japanese commercial varieties of turnip (Brassica
rapa ssp. rapa), Kamo-sugukina, Hinona-kabu, Tennoji-
kabu, Kuretsubo-kabu, Nozawana and Hakuba, provided by
Noguchi Co. (Saitama, Japan), were used. Thirty-seven
seedlings were randomly collected for each cultivar, and
then DNA of individual samples was extracted from the first
leaf of seedlings by the CTAB method (Rogers and Bendich
1988). In the individual-based approach, DNA of 37 individ-
uals was individually used as template for PCR. In the
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bulked-samples-based approach, 500 ng of DNA from each
individual plant was mixed, and the mixed DNA solution
was analyzed in the same way as the individual-based ap-
proach.

RAPD and ISSR amplification

Primers were chosen by prior analysis. RAPD analysis
was performed using 10 random 10-mer primers (Operon
Co.) (Table 1). RAPD PCR was carried out in a 10 pl volume
containing 5-20ng genomic DNA, 1X PCR (2mM Tris-HCI
pH 8.0, 10 mM KCI, 2mM MgCl,, 10 uM EDTA, 0.1 mM
DTT, 0.05% Tween 20 and 0.05% Nonidet P-40), 200 uM
dNTPs, 0.5 uM primer and 0.25 U Taq polymerase HS
(Takara Bio Inc.). Amplification was performed with a PTC-
100 thermal cycler (MJ Research Inc. USA) programmed for
3min at 94°C, followed by 35 cycles of 1 min at 94°C, 1 min
at 38°C and 1 min at 72°C. The reaction was terminated with
a final step of Smin at 72°C, followed by soaking at 4°C
until recovery. For ISSR analysis, 10 ISSR primers from
primer set No. 9 (Biotechnology Laboratory of University
of British Columbia, Vancouver, B.C., Canada) were used
for PCR (Table 1). These primers were mostly 17- to 18-mers.
Amplification was carried out as for RAPD PCR except for
primer concentration, which was 0.2 uM in the reaction mix-
ture. Amplification was programmed for 3 min at 94°C,
followed by 35 cycles of 30 sec at 94°C, 1 min at 53°C and
2 min at 72°C and a final 10-min extension at 72°C, and
by holding at 4°C. Amplification products were separated
by electrophoresis through a 1.5% (w/v) agarose gel in
1X TAE. DNA bands were stained with ethidium bromide,

Table1. Sequence of primers employed and the number of scored total and polymorphic bands based on RAPD and ISSR analysis

Individual-based approach

Bulked-samples-based approach

Name of primers Sequences (5'-3") Total no. of bands N(z)' fobfai(()i]sy?;(;f),?lc Total mo. of bands N(:). fobfar:l(;lzgoo/rf))?w Size range (bps)
OPA-1 CAGGCCCTTC 7 7 7 3 600-3300
OPA-2 TGCCGAGCTG 4 4 9 4 700-2700
OPA-3 AGTCAGCCAC 4 2 3 1 700-1700
OPA-4 AATCGGGCTG 4 3 9 7 8004000
OPA-7 GAAACGGGTG 5 5 8 5 <500-4000
OPA-8 GTGACGTAGG 3 3 4 2 600-2300
OPA-9 GGGTAACGCC 3 3 5 5 700-3000
OPA-10 GTGATCGCAG 6 6 10 8 600-3800
OPA-11 CAATCGCCGT 9 9 9 7 500-3500
OPA-20 GTTGCGATCC 5 4 8 5 600-3500
UBC-807 (AG)sT 17 17 22 19 6004300
UBC-808 (AG)C 4 3 16 14 8004500
UBC-810 (GA)T 8 8 13 11 7004500
UBC-811 (GA)C 13 12 10 5 650-5000
UBC-812 (GA)A 12 12 10 7 800-5000
UBC-813 (CT)sT 4 4 7 6 2000—>5000
UBC-814 (CT)A 5 5 4 1 2000-5000
UBC-815 (CT)sG 7 7 9 7 950-5000
UBC-822 (TC)sA 6 6 6 2 1800—5000
UBC-823 (TC)C 5 5 7 5 600-5000
Total 131 125 (95%) 176 124 (70%)

@ polymorphism rate.
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visualized under UV light and photographed. RAPD and
ISSR bands were scored manually as present (1) or absent
(0). Only distinct major bands were chosen for this study.

Data analysis

Genetic similarity among the six cultivars was calculated
using four similarity measures. Nei’s index for genetic simi-
larity (Nei 1972) and Wright’s Fst based similarity (1-Fst;
Wright 1951) were calculated for individual data. Jaccard’s
similarity coefficient (Jaccard 1901) and simple matching
(SM) similarity index (Sneath and Sokal 1973) were calcu-
lated for bulked-samples data. Correlation coefficients be-
tween the four different similarity matrices were calculated
and their significance was tested by using the Mantel matrix
correspondence test using 10,000 random permutations
(Mantel 1967). Genetic relationships among cultivars were
investigated by cluster analysis using the unweighted pair-
group method with arithmetic mean (UPGMA) based on ge-
netic distance matrices for individual data (i.e., Nei’s genetic
distance and Fst) calculated from the similarity indices or
the bulked-samples data (i.e., 1-[Jaccard coefficients] and 1-
[Simple matching index].

To determine the number of samples that are necessary to
accurately estimate similarity among cultivars, we conduct-
ed a simple computational analysis. The correlation between
genetic similarity calculated from data with a complete
dataset (i.e., from 37 individuals) based on a genetic distance
(Nei 1972) and the genetic similarity based on a partial
dataset (i.e., dataset with m (m=2, 4, 6, 8, 12, 14, 16, 18) in-
dividuals selected randomly from the 37 individuals) were
calculated. We replicated the above calculation 1000 times,
and calculated the minimum, maximum, and mean of corre-
lation coefficients for each m.

Results

After preliminary screening of 20 RAPD and 100 ISSR
primers, 10 primer combinations for each marker system
(i.e., RAPD and ISSR) produced good amplification prod-
ucts and were chosen for RAPD and ISSR analysis. Twenty
primer combinations used in this study amplified 125 and
124 polymorphic bands in the individual- and bulked-
samples-based approaches, respectively (Table1). In the

Individuals M

MB

individual-based approach, amplification of 37 individual
DNA per primer detected clear variations within each vari-
ety (Fig. 1). Although the band pattern was the sum of varia-
tion within the variety most detected by the individual meth-
od in bulk, there was also a band which was not detected.

Similarity matrices among six cultivars were calculated
with four different similarity measures, and correlation co-
efficients between matrices were estimated (Table 2). Corre-
lation coefficients between two similarity measures based
on individual samples (i.e., Nei vs. 1-Fst) and one between
two similarity measures for bulked population samples (i.e.,
Jaccard vs. SM) both exceeded 0.99. Correlation coefficients
between a similarity measure calculated on individual sam-
ples on one hand and those calculated on bulked population
samples on the other were also high and highly significant (P
<0.01). Of them, the correlation between similarity matrices
based on individual and bulked samples was highest (0.873)
between Nei and Jaccard, suggesting that Jaccard’s similari-
ty coefficient is a better similarity measure than SM for
bulked population samples, assuming that the similarity esti-
mate based on individual samples is closer to true genetic
similarity than one based on bulked population samples.
UPGMA trees constructed on the basis of individual- and
bulked-samples data had the same topology among different
similarity (or distance) measures (Fig.2), indicating that
similarity estimates based on bulked population samples
were so close to the those based on individual samples that
we could estimate a similar pattern of genetic diversity
among varieties. The branch length of Hakuba, however,
was longer in trees based on individual data (Fig.2A and
2B) than in trees based on bulked-samples data (Fig. 2C and
2D), indicating that the estimates of genetic similarity might
be biased at some level by using bulked population samples
instead of population samples.

Using computational analysis to determine the number of
individuals that were necessary for the individual-based ap-
proach, we obtained the minimum, maximum, and mean
correlation between genetic similarity calculated from data
with the complete dataset (i.e., dataset with 37 individuals)
on one hand and the genetic similarity calculated on a partial
dataset (i.e., dataset with m (m=2, 4, 6, 8, 12, 14, 16, 18) in-
dividuals) on the other (Fig. 3). As the number of individuals
per cultivar increased so too did the correlation with genetic

Individuals M

Fig.1. ISSR banding patterns produced by primer UBC-815 primer with bulked sample (lane; B) and 37 individual samples of B. rapa ssp. rapa
cv. Hinona-kabu. The arrow shows a rare band detected in the individual-based approach. M is a 500 bp ladder DNA.
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Fig.2. UPGMA trees based on genetic distance estimated by using
RAPD and ISSR among six cultivars. The trees were constructed on
the basis of Nei’s genetic distance (A), Fst (B), 1-Jaccard coefficient
(C) and 1-Simple matching coefficient (D). N: Nozawana, T: Tennoji-
kabu, Ka: Kamo-sugukina, Hi: Hinona-kabu, Ku: Kuretsubo-kabu, Ha:
Hakuba.

similarity. However, the degree of increase in the correlation
was larger when the number of individuals was smaller. The
correlation between datasets based on four individuals (m=
4) and the complete dataset was already 0.9275, which was
higher than 0.8737 (Nei vs. Jaccard), shown in Table 2. The
mean correlation was 0.987 at m=6 (Fig. 4A) and 0.992 at m
=8 (Fig. 4B), respectively.

Discussion

In RAPD or AFLP analysis, when evaluating the consisten-
cy of an individual method and a bulk method from the de-
gree of coincidence of the band pattern detected, in many
cases, it is inharmonious (Fu et al. 2003b, Mailer and May
1999). Michelmore et al. (1991) found that rare RAPD
markers could not be detected in bulks when the allele was
contained in the DNA mixture at less than 10%. Lower-
frequency or unique alleles present in only a few individuals
may have been diluted to such an extent that they were not
amplified efficiently (Segovia-Lerma et al. 2003). The rare
band detected in the individual-based approach disappeared
in the bulked-sampled-based approach in this study (Fig. 1).
A band pattern is simplified in a bulk method and is effective
for characterization of a variety (Kolliker er al. 2001). Al-
though the band pattern of individual and bulk methods is
not necessarily coincident, the major difference in the genet-
ic relationship between varieties is not found in some cases
(Fu et al. 2003a, Kolliker et al. 2001). Divaret et al. (1999)
reported that scoring the most representative bands of one
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Fig.3. Correlation coefficients between the genetic identities based
on all data vs. each m revealed by 1000 times simulation. The values
of minimum, maximum and mean for each correlation are shown.

population is not necessarily equivalent to scoring all the
bands existing in this population. The more frequent bands
as well as the intense bands were characteristics of one pop-
ulation. In this study, scoring only of the clear band of the
method according to individual and each bulk method was
carried out independently, and high coincidence was ob-
tained between genetic-relatedness. However, in the bulk
method, use of a small sample size produces distortion in the
detection of rare alleles (Divaret et al. 1999, Fu ef al. 2003b,
Mailer and May 1999). On the other hand, if sample size of
bulk becomes large, a large difference in banding pattern
will no longer be found (Divaret ef al. 1999). This shows the
importance of evaluating the number of individuals which
include variance of the variety used for analysis (Yu and
Pauls 1993). Further, determining the minimum number of
individuals by which the variety within a species is charac-
terized increases the efficiency of analysis, and it provides
reliability to a result.

Fujimoto and Yamagishi (1996) used 12 individuals were
per cultivar to investigate the phylogenetic relationships of
Sugukina and turnip by RAPD analysis. In this study, we
used 37 individuals for each cultivar to determine the num-
ber of individuals necessary for capturing the genetic varia-
tion within a cultivar. We estimated genetic similarity based
on data with a different number of samples, and found that
the correlation between genetic similarity calculated on the
complete dataset (with 37 individuals) and similarity on a
partial dataset (with m individuals) was close to 1 even when
m was small (Fig. 3). This result indicates that 37 individuals
were sufficient to evaluate the genetic relationship among
cultivars.

Our findings have several implications for RAPD and
ISSR analysis of genetic relationships in Japanese turnip.
First, high correlations between different similarity mea-
sures for individual samples and bulked population samples
indicate that genetic similarity among cultivars is stable (i.e.,
highly congruent) between different measures and also
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Fig.4. Correlation coefficients between genetic identities based on all
data vs. each m=6 (A) and m=8 (B) revealed by 1000 times simula-
tion. The values of minimum, maximum and mean for each correlation
are shown.

between different approaches (individual- and bulked-
samples-based), suggesting that the latter approach can detect
genetic relationships that are quite close to the former ap-
proach. Second, by simple computational analysis, the rapid
increase of correlation coefficients indicates that the mini-
mum number of individuals to assess genetic variation was
4. Since the correlation coefficients among genetic similari-

ties were close to 1 for datasets with 6 and 8 individuals per
cultivar, 6 to 8 individuals are desirable to be used as sam-
ples per cultivar to capture the genetic variation profiling a
cultivar. This result can serve as a basis of determination of
the number of individuals in a bulk method, when evaluat-
ing genetic similarity among Japanese cultivars of B. rapa
ssp. rapa broadly from now on.
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