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Asstract: Sudden Death Syndrome (SDS) caused by the soil borne fungus Fusarium selani is a major soybean
disease. Resistance to this fungus is controlled by quantitative trait loci (QTLs). This study was aimed at
identifying simple sequence repeat (SSR) markers linked to the QTLs conditioning SDS resistance. A rmapping
population was constructed by crossing the resistant soybean line GC87018-12-28B-1 with the susceptible
line GC89045-13-1. One hundred and four recombinant inbred lines (RILS) were obtained via the single
seed descent technique. Fifteen-linkage groups were ¢onstructed from daia derived from 106 SSR markers.
Inoculation was accomplished by the infested soil technique in the greenhouse conditions and phenotypic
data were recorded. Broad-sense heritability of disease severily was 56% of the total variation. A QTL with
LOD score of 2,53 was identified to locate on linkage group ] as a cluster of four SSRmarkers. This QTL was
previously unidentified for confem‘ng resistance to the SDS.
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Kevworos: soybean sudden death syndramc Fusanum solani, simple sequence repeat markers, quantitative
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INTRODUCTION

Sudden death syndrome (SDS), caused by the
soitborne fungus Fusarium solani (Mart.) Sace. L.sp.
glycines (Burk.) Snyd. & Hans, isan lmp‘ortant disecase
devastating major soybean production counmes such
asthe US, ' Argentina, ? Brazil, Jand’l'halland APlants
infected with Fusarium solani show leal chlorosis and
necrosis. In mare severely infected plants, the leaflets
drop off, leaving the petioles attached. Pod abortion
subsequently may occur in the late reprod uctive stage
of growth, resulting in heavy yield loss. | L

Evaluation of SDS resistance can be accomplished
by field testing and greenhouse moculauon The more
popular greenhouse techniques are the infested oat
grain technique’®and sorghum seed techmque

Stephen et al* reporied that SDS resistance in

soybean was controlled by asingle domidant gene Rfs1-

in greenhouse conditions. In contrast, studying in a
different mapping population, Njiti et al” found that the
resistance was conditioned by quantitative traitioci. In
addition, Hnetkovsky et al® reported multigenic
inheritance of SDS resistance in the soybean population
‘Essex’ x '‘Forrest’.

In the last two decades, DNA markers, both
hybridization based and PCR based, were developed
and applied to assist in plant breeding programs. Two
applications of DINA markers are as genetic milestones
for mapping and tagging traits of interest, and as
indicators of genetic diversity* Simple sequence repeats
{S5Rs) are PCR based markers that were firstintroduced
to evaluate human genetics and later applied to plant
breeding. SSR markersare potential breeding tools due
to their abundance and high polymorphism.
Additionally, the markers distribute well throughout
the soybean genome.'®!! They have been used in
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soybean research forinvestigation of genetic similarity
and relalionship” DNA fingcrpriming” and genetic
mapping"’. The objective of this experiment was to
verify the QTLs undertying SDS resistance and identify
SSR markers linked 1o them,

MareriaLs anp MeTHODS ;
Mapping Population i

The mapping population in this experiment was
constructed {rom the cross betwe‘en GCB9045-13-1
(the susceptible parent) and GC87|'018 12-2B-1 (the
resistant parent). Seeds of the parents were kindly
provided from the Asian Vegeiable Research and
Development Center (AVRDC) through its Asian
Regional Center located at Kasetsart University,
Kamphaeng Saen, Thailand. The F, seeds were soWn to
produce F, seeds for subsequent plz;mmgs through F,
seeds via'single seed descent technique. Individual F
plants were harvested and trealali as recombinant
inbredlines. Finally, 104 recombinant inbred lines (RILs)
were obtained and used for gene mapping,

Disease Scoring }

A soil infested 1echnique® was employed to
determine the reactions of the RILs to the pathogen.
The experiment was laid out in a Completely
Randomized Design withthree replic‘ations havingone
plant grown in a 3-inch styro[oam cup as an
experimental unit. Fusarium solahi inoculum was

prepared [rom macrospores collected from cultured

plates. The concentration of inoculum was dituted with
distilled water 10 2,500 spores/ml. The bottom hall of
each styrofoam cup was filled with sterilized soil and
overtaid with 0.5 mi of inoculum. The remaining soil
was topped up and overlaid with another 0.5 ml
inoculum. Five 10 six seeds from eath RIL were sown
ina 5" plastic pot comainingslerilizet!i mixed soil. Each
two-week-old seedling waslransplan‘ted toastyrofoam
cup and kept in a plastic bucket which can
accommodate upto 106 cups, makmga replicate. There
were aliogether 4 buckets in this experiment, viz. 3
buckets with infested soil and a control bucket with no
inoculation. The buckets were ﬁlled!with water up o
1.5 inches deep to saturate the soil. A solution of
complete fertilizer was applied weekly with irrigation
water. Suscepiible planis began 1o show foliar disease
symploms three weeks after inoculation. Disease
severity was scored as phenotypic data following Njiti

ct al.” In their system, higher scores represent more
susce ptibility.

Rils genotyping
The young leaves from RILs were collected. DA
extraction was done with DNeasy Plarfu Kits, according
t

Scicnccﬂ.;ia 30 (200%)

to manufacturersinstructions (QIAGEN Inc._, Valencia,
CA,USA). The DNA concentration was adjusted 1o 25
ng/ml. SSRmarkers, zs surveyed from soybean genomic
markers", were purchased {rom Research Genetics,
Inc. (Huntsville, AL, USA). The 20 ml reaction PCR
mixtures contained 25 ng of genomic DNA, 1.5 mi
MgCl,, 0.15 mM of 5" and 3" end primers, 200 mM of
each nucleoude 1x PCRbufferand 0.5 unitof Tag DNA
polymerase. DNA amplification was carried out by
holding the temperature a1 94°C for 2 min, followed by
denaturation at 94°C for 30 sec, annealing at S0°C for
1 min, and extension at 72°C {or 1 min for 35 cycles,

and a final extension at 72°C for 2 min. PCR products
were separated on 4% MewaPhor agarose (FMC
BioProducts, Rockland, ME, USA) gels and run for 1
hour in a 100V electrophoresis set. The DNA bands
were stained by ethidium bromide to identify the PCR
products.

QTL AnalYsis and Heritability Estimation

Genotypic scores obtained from all primers were
used as genetic data for linkage construction. Linkage
analysis was accomplished using MAPMAKER/Exp
version 3.0."" LOD score and percent of recombination
allowed for map construction were 3.00 and 50,
respectively. Mapping and QTL analysis were
completed by the mQTL program. The association
between each marker and disease scoring was
confirmed by group comparison t-test with unequal
variances,'” between the plants carrying marker from
resisiant vs. susceptible parents.

Broad-sense heritability (h?), a ratio of genotypic
variation over phenotypic variation of disease severity
was estimated from the equation, h? = g?/c? +6%)."*
Where ¢* and (g’ +67) are genotypic and phenotypic
variances of soybean disease scoring, respectively
(Table 1). Genotypic variance was calculated by 62 =
(MSB-MSW)k. Where MSB and MSW are the mean
square between lines and within lines, respectively.
MSE itsel{is the estimate of *. The denominator, k, is
calculaied by the formula k = (n. - Zn%/n.)/(s -1).Sis
the numberof RHL.s (104 inthiscase), n, isthenumber
of plantsinthe i® RIL(1-3 inthis case), and n. isthe total
number of plants in the RILs (307 in this case).

REesuLts

Polymorphism of SSR Markers and Linkage
Construction

The SSR primers from the soybean genomic map
covering 20 linkage groups of saybean were surveyed
upon DNA of the two parents. One hundred and six SSR
primers were identified as polymorphic markers and
then used to amplify and map on DNA of the 104 Rlis
and their parents. Upon linkage analysis of all

—— e
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Toble 1. Analysis of variance of disease severty inthe RiLs.  LSD_ | value forthis mean contrast was 1.007. Broad-
sense heritability wasestimated ash’=0.56. indicating
SOV DF  Meao square  F-value  EMS that this QTL is moderately herttable and revealed o

© high likelihood of success in improvement for SDHs
resistance in this population.

Berween lines 103 MSB = 1.052  4.68"* G ka?,
Within lines 203 MSW = 0.225 a
Total 306

Markers Associated with SDS Sesistance
** significant diflerence at the probabiliny g 01 The identified QTL underlying SDS resistance was
located on linkage group J. Four SSR markers were
polymorphic markers, eighty-one were assigned into
15 linkage groups. The other 25 markers were found
unlinked. All grouped markers are listed in Table 2. @ : _
Based on the constructed linkage map'®, the names of - e
linkage groups of the markers were given. Onaverage, - : N
five markers were located on each linkage group and e Cosacatactante % P ananelt
the average genetic distance between two adjacent ' : '
markers was 22.82 ¢M. An example of DNA bands in
Fig 1 wasamplified by marker Satt183, The upperband
inthe first lane obtained from GC89045-13-1 represents
the susceptible band and was scored as A. The lower
band in the second lane derived from GC87018-12-
2B-1 represents the resistant band and was scored as
B. The bands in the other lanes belong to the Rils.

P —

Heritability Estimation
Analysis bf variance [or severity of the disease score
is givenin Table 1. Significant difference was detecied  Fig 1.DNA bands obtained from amplification using market

at P < 0.01. Highly significant mean contrast between Saul83, separated by 4% metaphore gel and stained by
the two parents was also detected from the same ethidium bromide. Lanes are as [ollow; lane 1:
analysis. The mean disease score of GC87018-12-2B susceptible parent GC89045-13-1: lane 2: resistant par-
-1, the resistant pareru was 1.5 whereas the mean of ent GCB7012-12-28-1; the other lanes (above and
GC89045-13-1, the susceptible parent was 4.5. The below) are RlLs.

Table 2. The consensus soybean linkage groups based upon alignments with those reported by Cregan i al. (1999).

Group Consensus linkage group S5R markers
1 Al 531155, sat276, saud54, sa01300, satt) 74, sau200, sait545
2 B1 satt359, sa1453 .
3 B2 sattD66, saindnd
4 c2 sat 100, sarel34, san202, sau277, sau286, san289, saur307, 531365, san 4G
5 Dibsw satQB9, sarl33, satil4l, sareds50, san546, sannls57, sals42, sau’49
4] D2 sa1£301, saet389, sal397, sausSld
7 E sat124, satt263, sat452, sait483, sa11398
8 F satt ]33, sanl 14, sc1033, sarl46, sau269
9 G 5a1094, sauQ12, 521064, sawll5, sanl38, sanl9t, «anl99, sau288, saudod,
salt472, satSi7, san566. sai594
10 H sarl 18, sau1222, 5211469, saus4l santB1l, sa10302, saued434
11 1 satt062, santlad, sat330, san292
12 J satt 183, sar456, sctD01, sct063, 5au285, 1046
13 K satt167, sauw349
14 L8] sat121, sau250, sau308, sauw32l, sou463
15 O satl73, sau2s9

Unlinked salth0%, sau 309, sauld39, sa087, «arl 13, satl 15, satil26. sa11l29, 1180,
satt187, sautl92, sau 97, san2s4, 257, at1204 sar359. sand2 . o143l
salt436, 5311488, sau560, saus70, san571, 51583, saud0l
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Table 3. Comparison of disease scores on the RILs carrying markers from the resistant vs the susceptible parenus.

Markers  RILs carrying resistant band  RILs camrying susceptible band Prob. of F-test® Prob. of t-test®
Sait183 1.19 = .31 1.49 + 0.63 0.000 0.0031
Sau4ds56 1.19 = Q.32 L.45 + 0.62 0.021 0.0117
Scid65 1.17 = 0.29 1.44 + 0.64 0.015 0.0055
SciQ01 1.26 = 030 1.42 = 0.60 . 0.000 0.0073

* F-test for equaity of varanees beowesn the RILs carrying SSR mackers lrom the resistant vs the susceptible parencs.

¥ tatest B difference in mean discuse saares between the RILs carrying SSR markers from the resisiant vs the suseepuible parents,

found associated with the QTL, Saut 183, Satt456, 5¢t065

and 5ct001 (Fig 2). The peak of the QTL with LOD of Satt285, Sct046

2.53 was 0.2 cM below the most tightly linked marker

Satt 183. Data obiained from regression of the disease

score on the marker score revealed that Sait183 had 46.4 cM

the strongest effect on the QTL, with a probability of %

0.006. Markers Satt456 and Sci065 were located at the

same positionat 1.2 cM above Satt183. Satt456 showed ___Sit_t"ﬁﬁ, Scl065

anassociation probability 0{0.012, while Sct065 linked 1.2 ¢M Sa183

to QTL at the probability of 0.015. The other linked - LOD=2 .33

marker, Sct001, was 2.0 cM below Sau183 (1.8 cM 20eM ¢ 001

below the peak) with P = 0.015.
The significance of the linked markers was

individually analysed by at-test with unequal variances

among the RILs carrying the 55R bands {rom resistant

vs. susceptible parents. All four markers showed
significant difference in mean disease score between
both groups of RILs (Table 3). The probabilities of t’
(significance level at an eifective df) for markers
Sattl83, Sau456, Sci065 and SctO01 were 0.0031,
0.0117, 0.0055 and 0.0073, respectively.

DiscussioN

Three major groups of SSR markers, Sat, Sait and
Sct, with the respective tandem repeats of AT, ATT and
CT, were employed in this study. The percentage of
polymorphism ol SSR markers surveyed uponthe two
parcnts waslow. In general, the genetic variation among
recommended soybean varieties is so low that
polymorphic markers could incorporate only
approximately 60% of the whole genetic distance of
the soybean genome. Alow level of genetic diversity in
cultivaied soybean has also been reported.”™ The
cumulative genetic distance of the soybean genome is
3103.4cM."" Moreover, the genome regionsinto which
SSR markers could not be incorporated included the
ones containing QTLs underlying Fusarium solani
reststance that were previously reporied.®'®

The puative QTL was Jocated on linkage group §.
A cluster of four markers constituted the QTL
underlying SDS resistance in this experiment. The
probability of the markers in Table 3 had a significant
association with the score of leaf scorch. Significant
difference between the mean disease score of the Rils

Fig 2. Location of SSR markers on the liakage group J of the
soybean genome and the new QTL underlying -
resistance to SD5.

carrying SSR marker from the resistant parent against
that from the susceptible parent was confirmed by the
t-testin Table 3. Thisimplies that the smaller probability
ofthet-test, the closerthe genetic distance from marker
Lo QTL, which may not be quite true as the eflective df
varied {rom one comparison another. The df variation
was due to occasional difficulty in scoring bands and
incomplete PCR reactions for some RiLs with certain
SSR primers, which resulted in missing data points, If
the diisnot a consideraiion, then Satt183 was expected
o show a greater probability than both 5at1456 and
5ct001, as confirmed in Table 3. Foreach marker, Rils
were grouped based on either resistani or susceptible
band. The severity scoresamong the two groups can be
compared usingat-test. The mean genotypic scores for
the resistant group of Rlls were significantly lower
thanthose of the susceptible ones forall markers. This
clearly revealed that the resistant lines received a
resistant gene from the resistant parent, GC87018-12-
2B-1.

The broad-sense heritability from this population
was moderately high(h?=0.56), implying that the QTL
controling SDS resistance in this populaiion should be
easily translerred 1o their progenies. New cultivars or
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lines can be improved via conventional methods, such
as pedigree selection with a possible integration of
marker-assisted selection (MAS), if needed. The
favorable allele can also be transferred into new
improved lines by gene pyramiding using backcross
breeding. The linked markers can also be employed o
facilitate identification ol resistant lines without going
through the tedious screening process.
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Abstract

A highlevel of genetic diversity was identifted within 15 accessions of yardlong l;ean from Thailand.
Bangladesh, China, Laos. Philippincs and Taiwan using STMS analysis based on cowpea Vigna
anguiculata ssp. unguiculara primer-pairs. Accessions clusiered into three distinct groups. at a 0.67
cocfficient of similarity, with no corrglation to geographical origins. Three pairs of accessions appearcd
to be simifar indicating that each pair was of the same accession and most likely originated {rom the
same geographicallocation. STMS primers designed from the cowpea genome were highly transferable
1o other Vigna species. STMS analysis with these primers also revealed a very high level of vanation
between six Wigna species, which clusiered into three groups at a 0.5 coefficient of similarity. Group A
represented the African Vigna species yardlong bean and cowpea, while groups B (mungbean,
blackgram and moih bean) and C (nice bean and adzuki bean) represented the Asian Vigha species.
& 2005 Elsevier B.V. All rights rescrved.

Keywords: Yurdlong bean; Vigna species; Sequence tagged microsatellite site {(STMS), Genelic diversity
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1. Introduction -

The legume genus Vigna comprises about 75-80 species originating from regions of
Africa, America and Asia. The genus has been subdivided into seven subgenera based on
morphology and their centers of origin (Maréchal et al., 1978, 1981). Two of these
subgenera contain important grain legumes classified by centers of origin: African Vigna
species (Vigna group) and Asian Vigna species {Ceratotropis group). Group Vigna
contains the important species of V wunguiculate, which contains the subspecies
unguicufata (cowpea) and sesquipedalis (yardlong bean). Cowpea is believed to have
originated in Africa with greatest diversity in western parts of Africa and India, while
yardlong bean is found mostly cultivaled in southeast Asia (Maréchal et al., 1978;
Pandey and Westphal, 1989; Takeya and Tomooka, 1997; Xu and Zong, 1993). Group
Ceratotropis comprises 16 species, of which 10 are wild species and 6 are cultivated
pulses including adzuki bean (V. angularis), rice bean (V. wumbellata), mungbean
(V. radiata), blackgram (V. munge), bambara groundnut (V. subterranea) and moth bean
(V. aconitifolia).

The Tropical Vegetable Research Center (TVRC), Kasetsart University, Thailand, has a
large collection of yardlong bean germplasm from within the country-and from other
countrics within Asta. The germplasm has been morphologically characterized and found
to conlain variation among accessions. However, morphological studies alone do not
provide sufficient information to understand genetic diversity within the species, as well as
relaicdness to related species. Molecular analysis can provide additional information on
genetic diversity that would be uscful for breeding programs through selection of diverse
parents.

Molecular analysis of germplasm diversity would provide information to plant

improvement programs regarding the level of genetic variation within and between species.
This information would then be used to select diverse parents of the same species or to
identify the most closely related parents for interspecific crossing, to increase heterosis and
incorporate desirable genes from more diverse backgrounds into elite germplasm (Henry,
1997). .
Several molecular marker techniques have been used to measure genetic diversity of a
range of plant species. Random amplified pelymorphic DNA (RAFPD) was first developed
by Williams et al. (1990) and is still among the most widely used because the technique is
simple and relatively inexpensive (Harris, 1999). RAPD analysis has proven effective for
diversity studies in several legume species, including mungbean {(Kaga et al,, 1996;
Santalla et al.,, 1998), adzuki bean (Yee et al., 1999), blackgram (Kaga et al., 1996) and
cowpea (Mignouna et al., 1998).

Microsateliites, or simple sequence repeats (SSR), are tandem repeats of very shott
DNA sequences (1-6 bp) (Akkaya et al., 1992). They are abundantly found in eukaryotes
{(Hamann et al., 1995; Powell et al., 1995; Yu et al., 1999). The variability in microsateilite
sequences can be detected by a PCR-based technique, sequence tagged microsatellile site
(STMS), which uses primers designed to the ftanking sequences to amplify the internal
repeat sequences (Beckmann and Soller, 1990). The resulting locus-specific amplification
products often exhibit considerable iength differences due o variations in the number of
repeats (Gupta et al., 1996; Hiittel et al., 1999; Weising et al., 1992). STMS analysis has
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been used 1o study geneiic diversity in various leguine species such as mungbean (Yu et al..
1999), cowpea (Li et al., 2001), chickpea (Choumane et al., 2000) and field pea (Ford et al.,
2002). -

The objectives of this study were to determine the level of genetic variation among
yardlong bean accessions originating from Thailand, Philippines, China, Bangladesh, Lzos
and Taiwan and (o analyse the genetic relatedness between yardlong bean to six other
cultivated Vigna species, including mungbean, blackgram, rice bean, adzuki bean, moth
bean and cowpea,

2. Mailerials and methods
2.1. Plant material

A total of 15 accessions of yardlong bean and 6 cultivated Vigna species, originating
from seven Asian countries, were provided by the TVRC. Kasetsart University, Thailand
(Table 1). Total genomic DNA was extracted from three plants per accession using the
modified CTAB method of Taylor et al. {1995).

Table 1
Fifteen yardiong bean accessions and six Vigna species originating from the TVRC collection at Kasetsart
University, Thailand

Common pame Accession Species Country
African Vigna .
Yardlong bean VUo7 Vounguicular ssp. sesquipedalis Thailand
vulez Thailand
VU157 Thailand
vuiI63 Philippines
vUi64 Philippines
VU169 Philippines
vuiel China
VU189 China
vUi96 China
VU173 Bangladesh
VUl Bangladesh
VU176 Bangladesh
vuol4 Laos
yulog Taiwan
VU200 Taiwan
Cowpea V5001 Vounguicudara ssp. unguiculare Thatland
Asian Vigna
Mungbean uTt V. radiata Thailand
Blackgram PSL2 Vonungo Thailand
Rice bean Miyazaki V. wmbellute Japan
Adzuki bean Adzuki V. angularis Japan
Moth bean Mothbean V. aconarifolia Taiwan

-
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2.2. PCR amplification

Twenty-seven pairs of cowpea STMS primers developed by Li et al. (2001) were used in
STMS PCR assays. Each 25 !l PCR reaction comained 50 mM KCI, 10 mM Tris-HCi (pH
8.0), 3 mM MgCl;, 0.24 mM of each dNTPs, 0.3 uM of each forward and reverse primer,
50 ng of genomic DNA and 0.5 units of DNA polymerase DyNAzyme™1] (Finnzyme,
Finland). PCR reactions were performed as follows: initial denaturation at 94 °C for 2 min,
foliowed by 35 cycles of denaturing at 94 °C for 1 min; annealing temperature at 60-65 °C
for 1 min and extension at 72 °C for 2 mun. with a fina! extension at 72 °C for 7 min.

The amplified products were separated on 6% denaturing polyacrylamide gels run in
TBE (Tris-base, beric acid, EDTA) buffer. The gels were stained with silver nitrate for
30 min. The Phil74/Hinfl DNA ladder (Promega, USA} was used as standard molecular
weight marker.

2.3. Generic diversity analysis

Clearly distinguishable amplified bands were scored as *1° and ‘0’ based on band
{allele) presence and absence, respectively. Sizes of amplified bands were estimated using
PhotoCaptMW® (Vilber Lourmat, France). Pair-wise similarities were obtained using the
simple matching (SM) coefficients (Legendre and Legendre, 1983} within NTSYS-pe
Version 2.0 (Rohlf, 1998). The similarity matrix was used in cluster analysis with the
unweighted pair-group method with the arithmetic average (UPGMA) to dcmonstrate
genetic relationships among the accessions and species.

Table 2

 Listof 16 cowpea STMS primers developed by Li et al. (2001) and the number of detected alleles in yardiong bean

and related Vigna species
Number STMS  Number of alleles
PAMETS  vardlong bean® Cowpea Mung bean Black gram Rice bean  Adzuki bean Moth bean

YM22
VM26
VM27
VM28
VM30
VM3l
VM33
VM34
YM35
10 VM35
i VM7
12 VYMaig
I3 VM40
14 VMé68
15 VM7
16 VM7I

" Representing number of alleles detected by STMS primers in 15 yardlong bean accessions and | accession of
each of the other Vigna species.
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3. Results
3.1. Genetic diversity of yardiong bean

Of the total 27 STMS primer-pairs screened, 16 STMS primer-pairs successfully
amplified a usable DNA marker from all yardlong bean accessions. Of these, seven markers
were polymorphic (Table 2). The level of polymorphism detected per primer pair varied
from 2 to 6 alleles with an average of 3.4 alleles. The similarity detecled among accessions
at these loci ranged from 33 to 100% (Table 3). The dendogram demonstrated that three
accession clusters existed when the similarity scale was intersected at a value of 0.67 on the
(-1 scale where 1: complete similarity (Fig. 1). Accessions “VUD17" from Thailand and
VU199 from Taiwan clustered together A, *VU200" from Taiwan and ‘VUI96" from
China formed another cluster C, and the rest formed clusier B. The STMS profiles for
accession pairs VU163’ and ‘VUI164" from Philippines, ‘VUI173" and *VUI174" from
Bangladesh, and ‘VU200" und ‘VU196' from Taiwan and China, were identical to each
ather.

3.2. Genetic relationship between yardlong bean and related Vigna species

Nine of the 16 STMS primer-pairs assessed were only able to amplify genomic DNA of
yardlong bean and cowpea, but not from the other species. However, four STMS primer-

VUOIL7{Tha)
[ (A}

' VUI99(Thi)

VU157{Tha}
V153{Chi)

VU164(Phil)
L’UIGJ{Phil)
- —— VU I189{Chi)

v )
l— U169(Phil)
VUI76{Ra)

VU174

’VUI 73(Baj

VUL62(Tha)

VUG 4{Laos)
JVUZOG(Tai)

(<)

]\JUI%(Chi)

— —— T — T —— ]

0.50 .63 0.75 (.88 1.00
Coefficient

Fig. |. UPGMA dendrogram of 15 yardlong bean accessions generated from STMS analysis.

tomm

dmzize
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Table 4
Similarity matrix of six Vigna species generated from STMS analysis

Yardlong bean Cowpea Mungbean Blackgram Rice bean  Adzuki bean  Moth bean

Yardlong bean 1.00

Cowpea 093 1.00

Mungbean 0.00 0.00 1.00

Blackgram 0.07 0.07 0.87 1.00

Rice bean 0.00 0.00 0.53 0.53 1.00

Adzuki bean  0.00 0.00 0.53 053 0.67 1.00

Moth bean 0.00 0.00 0.60 0.67 0.53 0.60 1.00

pairs (VM22, VM27, VM37 and VM70) that amplified clear bands with yardlong bean
DNA, could amplify DNA from all Vigna species and a further three amplified DNA from
all species except for moth bean (Table 2). Where a band was not amplified, the locus was
considered to be absent; therefore, the diversily among the Vigna species was analysed by
incorporating data from alt 16 primer pairs with genetic similarity ranging from 0 to 93%
(Table 4). The Vigna species clustered into three groups (Fig. 2), when the dendrogram was
transected at 0.5 on the 0-1 scale. Cluster A consisted of cowpea and yardlong bean '
accessions representing the African Vigna. Clusters B and C contained all.other accessions
representing the Asian Vigna. Cluster B contained mungbean, blackgram and moth bean,
and cluster C contained adzuki bean and rice bean.

l‘r’anllongbcan i
L (A)
pwpez

—— Muzgbean

{B)

Blackgram

Mothbean

Ricebran

<€)

-Adzukibean

— T T T T L e | T T 7T T T T T T ™
om 0.024 0.47 2.70 0.95

Coefficient

Fig. 2. UPGMA dendrogram of yardlong bean and six related Vigna species. generated from STMS analysis.
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4. Discussion
4.1 Transferability of cowpea STMS 1o other Vigna species

The STMS primers used in this study originated from cowpea with 60% being able to
amplily genomic DNA from all of the yardlong bean accessions assessed. The high
transferability of cowpea STMS primers to amplify yardiong bean DNA was not surprising
since these are subspecies of the same species V. unguiculara. Nevertheless, 44% of the
cowpea STMS primers that amplified yardlong bean DNA were also able to amplify DNA
from mungbean, blackgram, rice bean and adzuki bean, while only 25% could amplify moth
bean DNA as well. This indicated a level of microsatellile sequence conservation among
species. The low level of transferability of cowpea STMS primers to moth bean was reftected
in the low level of genetic similarity between moth bean, and cowpea and yardlong bean.

Transferability of STMS primer sequences has recently been shown across other legume
species (Choumane et al., 2000, Ford et al., 2002; Pandian et al., 2000). Pandian et al.
(2000) reported that 21 of 22 field pea {(Pisiin sativam) STMS primers tested amplified
genomic DNA in cultivars of Vicia, Lens and Cicer species, while 11 out of 22 chickpea
{Cicerarietinum) STMS primers tested produced fragments in cultivars of Vicia, Lens and
Pisum species.

4.2. Generic diversity of yardlong bean

The level of genetic similarity detected among the I35 accessions of yardlong bean,
based on allele frequency, varied from 33 to 100% using STMS analysis. The range of
variation detected using STMS primers was quite high compared to previous studies that
have used STMS to detect variation within species of legumes (Li et al., 2001; Yu et al.,
1999). STMS primers are specific in detecting repeiitive DNA in the genome.
Microsalellite sequences are abundant throughout plant genomes, are hypervariable
and are thus more likely 10 mutate through evolutionary forces (Cregan et al., 1994). STMS
analysis separated the yardlong bean accessions into three groups; however, the clustering
of accessions was not correlated to geographical origin. Yardiong bean is found widely
cultivated in Asia, especially southeast Asia with accessions exhibiting a high level of
morphological diversity.

Three pairs of accessions appeared to be identical, which were *VU163" and *VUI64°
from Philippines, *VUI173" and 'VUI174" from Bangladesh, and ‘VU200" and 'VUI9&’
from Taiwan and China, respectively. Interestingly, accessions VU200’ and ‘VUI96
originated from different countries but were identical. The reason for this may be that they
were collected from the same geographical location but were given different accession
numbers or alternatively, the same accessions were sent (o different germplasm collections
before being forwarded to the TVRC collection in Thailand. The degree of genetic
diversity delected by STMS analysis correlated with the level of morphological diversity
for these accessions (TVRC Report, unpublished data). Germplasm passport data such as:
stem colour, internode colour, leaf shape, colour of flower keel, colour of flower wings, pod
colour and seed coat Iexture of these accessions showed that there were no differences
within each pair of similar accessions.
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4.3. Genetic relationship benveen yardiong bean and related Vigna species

STMS analysis clearly separated Vigna species into the African Vigna (cowpea and
yardlong bean) and Asian Vigha (mungbean, blackgram, rice bean, adzuki bean and moth
bean) groups. These results comelated with taxonomic relationships in Vigna established
using RAPD and RFLP analysis (Fatokun et al., 1993; Kaga et al., 1996) where the Asian
and African Vigna groups were clearly differentiated. Within the Asian Vigna group,
mungbean and blackgram clustered closely to moth bean; while rice bean and adzuki bean
clustered together. The STMS analysis of Vigna species was based on only one accession
per species. Further analysis using several accessions per species may produce a more
accurate identification of the genetic diversity between these species.
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AssTRACT: Seeds of mungbean varieties KPS 2 VC 6468-11-18, their F| and F, were Ireated with gamma rays
{Cs-137 source) at the dose ol 500 Gy. The M| sceds were sown in the ficld with the controls {(non-irradiated
seeds) and bulk-harvested. The M, seeds were sown 10 observe their characters and number of muwanis in
each poputation. Among over 430,000 plants observed. irradiated F, population gave the highest frequency
of muwants at 0.168%. followed by F,, VC 6468-11-1B, and KP5 2 a1 0.165%, 0.152%, and 0.142%,
respectively. Mutant characters were grouped as chlorophyll, teaf, Nower, and pod mutants. Chlorophyl!
mutations inctuded albino, coppery leal, light-green leal, variegated leal, waxy leal, white streak leal ai:d
xantha leal. Leal mutations were lanceolate leal, narrow-rugose leal, mullipte leallet, reund-cuneate leal,
uniloliate leafl, and wrinkled teal. The flower murtant was cock’s comb raceme while the pod mutant was a
lobed one. All mutants were purified for genetic study and possible uses of the traits.

Kerworos: Vigna radiata, mungbean, gamma rays, mulants.

InrRoDUCTION

Mungbean (Vigna radiata (L.} Wilczek) (2n=2x 22)
is a self-pollinated legume originated in South Asia. Tt
is an economically important crop in India, Pakistan,
Thailand, Vietnam, Myanmar, and China with the
combined planted area of over 5 million ha. The crap
is considered rather wild as it still gives low seed yield
(<1 vha), with uneven maturity. This opens an ample
room lor munghean breeders to improve the crop.
Besides natural genetic variatton availablein munghean
germplasm collections, mutation techniquesare proven
useful in obtaining novel traits and creating genetic
variability. Gammairradialion as amutagen caninduce
uselul as well as harmful mutation in planist-?. Singh
and Sharma® isolated a few peniafoliate and tetafoliate
mutants {rom the gamma rays- and ethyl
methanesulphonate (EMS) - treated mungbean. These
mutants showed a significant increase in dry maiter
production, total chlorophyll content and yield, as
compared to their parents in M, and M, generations.
Santes?, and Bah! and Gupta® described the mutant
characters and their inheritance in mungbean and
reported that vaniegated, multifoliata, xantha, chlorina,
albino, uniloliata were each controlled by a recessive
gene. Variation in quantitative traits by mutation
breeding was also reported by several scientists®!''
The major Lrasts were seed yield, seed size, pods per

plant, seeds per pod, daysto maturity, and piant hagha,
Additiorally, Wengpiyasatid et al'? reported an
improvement in resistance to powdery mildew,
Cercospora leal spot, and cowpea weevil through
gamma radiation induced mutation.

The objective of this study istoinduce mutation in
four mungbean populations using garmma radiationto
determine the mutation frequency, observe the mutant
traits and purily them {or possible uses.

MateriaLs anD METHODS

~ceds of the parental lines, ‘Kamphaeng taen 2
(KP> 2)designatedas P, and VC 6468-11-1Bdeagnated
as P, were obtained from the Asian Region Centerofthe
Asian Vegetable Research and Development Center
(ARC-AVRDC), Kasetsart University, KamphaengSaen,
Nakhon Pathom, Thailand. KPS 2 is a popular Thai
mungbean culiivar sown over 150,000 ha annually,
owing Lo us high yielding, shiny seed coat with
moderately large seed size (~66 g per 1000 seeds),
green hypocotyl, and moderately resistantto powdery
mildew and Cercospora leal spot diseises. VO 6468-
11-1Bisanelite breeding line with a dull seed coatand
a large seed size (~70 g per 1000 scecds), purple
hypecotyl, and resistant 1o both diseases.

Crosses were made using KPS 2asthe lemale parent.
The parents and F| seeds were sown in the successive
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scason. Afl Foseedlings had purple cotyledons
confirming that they were derived [rom crossed seeds,
since the purple hypocotyl i= dominant to the green
one. Anothersetofl F| sced was also made in parallel o
the production of I, sceds Thus, all lour munghean
populations (P, P,, f'l‘and F Ywere finally obtained in
that same season. The inital M wceds were determined
for germination percentage in cach populstion and
converied tothe seed weightol 156,187,199 anid 212
g for KPS 2, VC6408-11-10, , and F, respecuively
Each amount is equivalent 10 ~2300 seeds that can
readily germinate.

The gamma irradiator used inthisstudy isnstalled
at the Gamma lrradiation Service and MNuclear
Technology Research ( cneer (GISC), Kiresart
University, Bangkok. 1t wi manufactured by J.L

ScicnceAsia 31 {2005,

Shepherd &r Associates, underthe Model MARK 1-30,
Serial No 1116, loaded with 45300 Curies of Cs-137
havingahalf-life o[ 30.12 years. The gammairradiator
was calibrated 1o irradiate 500 Gy of gammarays o the
seed lots for 82 minutes The tate of 500 Gy was found
to produce much variance while leaving over 60% of
the surviving planis®?. The M, seeds were sown in the
field surrounded by non-irradiated population as the
control. The M, seeds were bulk-hanvesied in each
populatiea. There were 776,512, 11.02,and 8.72 kg
from KPS 2 VC6468-11-1B, F. and F,, respeclively.
The seedswere dritled in rows, alier which ithe mutants
were periodically observed right aller permination. In
each visit to the field, the mutant plants were marked
with bamboo sticks for subsequent observations. Data
were recorded on churacters and number of the

Tabie 1. Amount of M, mungbean seed sown, number of seedlings germinated, and aumber of mutants found in

the populations of KPS 2, VC640B-11-[B, their F and F,.

Populations - M, seeds, - No.;of seedlings " Mutant Type = _ Total Percent of
" - sown (kg)  germiinated - Albino(tethal) Chlorophyll Lealiype Flower Pod . mutants
KPS . 2776 127,880 . 113 S 15 0 7 182 0.143
VC6468-11-1B -5.12 - C8tro8 45 26 45 0 8: 124 0.152
F AN 11.02 134,607 - 164 16 © 35 . H 10. 2206 0‘1681
F 8.72 89,647 105 8 - .29 0 6 7148, 0165,
Toral " 32.62 433,842 427 F: 144 1 31 o680 0.157
lable 2. Types and nurmber of mutants found in M, pianis of the four munghean populations.
Mutant ‘characters L% T -, _Populations ; “Total
KPS 2 Ve 6168-11-1B - F, F, i o
L. Chl&;:.lgphyu m\;\ir:{tirdnl‘ 5 i R— - 1,
Albing - - 113 45 164 - 2105 . 427
Coppery leal 1~ 0 S0 o . 3,
‘Light green leaf e 2 3 0 7
Variepated leaf .3 3 4 3 p2
\Vu-."-y teaf 2 s . 5 o 13
Whiite sirezk leal B - 2 2 3 8
*Xantha leal ' 19 13 2 2 36
2 Leaflet mutation
Lanceelate lealler 2 2 - L = n
Multiple leafler. 29 3 JAS I - . B RN
, Martow’rugose leafléy - 2 1 ) 0 3
Round-cuneat leafler 0 ] 0 1 1
~ Umifoliaie leal : 2 a By ! 3
Wrinkled leal 0 5 4 0 9
3. Flower mutation
Cock’s comb raceme 0 i i o 1
4. Pad mutation . ‘ ] -
‘Lobed - pod e SRR m 8 {o 6. I 3t
Total MR 124 226 148 680
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wription of the mutant characters found in M, plants of the four mungbean pryjntauons,

: MuLant. ':é}iaifaclcrs E?

:"hlnrophyll mutauou
) !\”Jlmr :

i Cnppcr)_[e’af
Lighi-green leaf
Variepated Jeat.

o Waooy - leaf
:\‘r'lulr.'.'.

Lighter green leave
Persistent varieg

’JL: "‘l‘,‘;i[ X

= 1.::“:1 n.uuuon
r S B
; CMultiple leafl
- Marrow-rugose Jeal
Round cuncat teal
Umfohal_c leal
; Wnuklcd leal
3 FEow:,r ruulm-.m
S mka comb FACE IME

R.-l.-_em;-' look like cooks

'Pird mut:.liinq‘
- Lobed pod

mutants. At marurity, each mutant plant was individualty
harvested. The remaining planis were bulk-harvested
{or M, seeds and sown for further observation.
Field cultural practices on this experiment were
conducted based on standard management for
mungbean grown in Thailand. Briefly, the seeds were
drilled in rows of 50 crm apart at the rate of 20 seeds per
a meter. Weeds were controlled by pre-emergence
spraying of Imazathapyr at 250 g(aiYha. Late weeds
were eradicated by hand weeding twice at 15 and 30
daysafter sowing. Insects were controlled by spraying
with triazophose (Hostathion 40% FCat the rate of 40
cc per 20 liters of water when the insect population was
building up beyond the theeshiold lovel frrigation water
was applied during the cropping season as nevded.

Resutts anD Discussion

Since the gamma rate of 500 Gy was almost at
Lethal Dose-30 (LD-50) for mungbean', the M| seed
lost its germination up to 20-30% [rom the ellect of
irradiation. Some seedlings showed either albino or
xanthaleafl, and died prematuiely. A number ol muzant
planis wereideniifiedin M, generation and the mutation
percentages in KPS 2, VC0468-11-1B, F and F,
population were 0.142, 0.152, 0.168, and 0.165,
respectively (Table 1). The percentages were much
smaller than that reported by Srichot' and
Thengpimyn' who found the mutant rate el upto 1-
4% in both qualitative and quantitative traits. In our

Entlrely white eaves. Seedlings survived for les
Copper-like colur Imﬂe[ begmnm;, from fowenng . ull harvesting
13 compared o normal leaves
ied yellow-green leaves I
-‘Normal leaf _~.h1p; with pale waxy lcaftel
- White streak from edge to middle.ven 2
Orange yellow 1o light yellomsh white, survived’ fuir only 2- 3 weeks afier germinaun

Character descriptions

s-than 2 weeks afier geqminauon

; .l'lougéled middle leaflec with broader lateral leaflec
Compound leafl with 4 - 9 leafets per leal

. Nartow and clongated leafler
Short petiole, round leaf,
Single ‘leaf, did not set pod
Leafl has wrinkled characler -

did not sct pod

comb, dul not sey pod

Distinct lcibcs._nri pod 'possfbly d'ue 1 semi-sienliy -

experiment, no distinct mutant plants were found
regarding yield components, possibly duetosuchalow
mutant rate.

The mutants found were mainiy of leal chlorophyll
mutation such as albino, coppery leaf, light-preen leaf,
variegated leaf, waxy leaf, white sireak leal, and xantha
leal. Leal mutations were lanceolate leaflet, narrow-
rugose leaflet, muluple leafler, round-curneat leaflet,
unifoliatelealand wrinkled leaf. Flower mutation gave
looks like cock’s comb with pollen sterility. Similar
mutants werealso reported by Famseejan etal”, Santas?,
and Srichot™. A lobed pod mutation with fewer seeds
per pod was aluo found. This trait may associate with
pariial stertlity, causing constriction atthe poinat whier
there was undeveloped seed The number of mutants
found and their descriptions are shown in Table 2 and
3. These mutants were not found in the control
populations. Therefore, they were considered the real
mutants and not the results of genetic recombination
between the parental lines.

Charadrerictics of leaflet rmunants are sho
1, while thesr of the other types are glivenin Fig 2
unifoliate leafl mutant was also sterile, in agreement
with that reported by Santos'. The muram producedd
numerous flower buds but failed 1o open. The round-
cuneat leaflet mutant produced flowers batis pollen
scattered all over the corolla and thus expressed partial
sterility, However, coppery leal, variegated leal, waxy
leaf, white cteak feaf, lanceolate leallet, nurrow-rugose
leaflet, multiple teaflet, and wrinkled teal were [enile

wriin Fig
BT
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Fig 1. Leaf mutant vanation found in the M, planta {a} live multiple leafle, (b) lanceolaie leall (0} normal tnlohate leal, (d)
narrow-rugose leaf, (¢) round-cuneat leafler, (I} seven muluple leal, (g) unilolie leal, {t) wnukled leaf.

Fig 2. Chlocophyll, flower, and ped mutations found in the M, plants () albine. () coppery leal, (¢) hight-ereen leal, (d)

variroated leafl, () waxy leal, () white streak leal (g) xantha leal (1) coch

Sel.
with low yield. The variegated leal and narrow-rugose
leal mutarus produced only few pods while waxy leal
produced pods with lean seeds. These mutants have
been reported by a number of scientists," % but we
have found themall in oneexperiment, possibly due 1o
the high population used (up 10 433 842 seedlings).
Although not statistically signilicant, the rate of

scomb pemne, (1) lubed pod due 10 sporse seed

muation was slightly hisherint and F a5 compared
1o the pavents, sinee the progenies are muore
hoterazygous than the parents. The heterozygous
genotypes have more posaable tarsct alleles 1o mutate
thanthe pure line parent - However, the mutation rate
in this experinients is rather low and thus the result
needstao be conflivmed in more experiments. The mutant
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plants were individually harvested for 2 consecunive
geneiations Lo establish pure mutant lines for furthes
studies Al mutants were bred-true and can be utilized
in breeding and genetic study. Some muluiple lealla
lines set profuse pods that might be useful as a marker
for mungbean yield improvement in the future.
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QUANTITATIVE INHERITANCE OF RESISTANCE TO Pb\\'DERY MILDEW
DISEASE IN MUNGBEAN (Vigna radiata (L.) Wilczek ) -

W. SORAJJAPINUN', S. REWTHONGCHUM', M. KOIZUMI',
and P. SRINIVES™”

SUMMARY

Powdery mildew disease caused by the fungus Erysiphe polygoni
D.C. is devastating 1o mungbean growing in sever2l countries including
Thaitand. Inheritance of resistance to powdery mildew was studicd using
progeny from the cross between moderately resistant KPS 2 (Py) and
resistant VO 6468-11-1A (P;). Six populations viz, Py, Py, Fi, F;, PF|,
and P,F, were sown in a randomized complete block design with six
replications at Kasetsart University, Kamphacng Saen Campus, Thailand
to study the genetic contrdl of powdery mildew resistance. Genetie effects
were determuned with generation mean analysis as proposed by Gamble
(1962). The results showed that VC 6468-T1-1A had 2 lower rate of
disease deveiopment than KPS 2. Mean infection in the F; and F,
populations fell at the midparent tevel, while P,F, had a similar level of
resistance as ils recurrent parent. In céntrast, backeross to the moderately
resistant parent, {P,F,) produced progeny as the resistant as the Fy and ;.
Addhive gene action was found to play a major role in controlling
powdery mildew resistance in mungbean. Thus, 3 breceding method
employed for self-pollinatcd species, such as the pedigree, bulk, or single
seed descent selection should be effective in selecting for powdery mildew
resistani genotypes in the progenies derived from this cross.

Key words: Powdery mildew, Erysiphe polygoni, mungbean, Vigna radiata, inheritance

Powdery mildew, caused by the fungus Erysiphe polygoni D.C., 1s a major
discase found widely in mungbean planting areas. Breeding for resistance is the best way 1o
avoid yield loss due 10 diseasc infestation. A promising mungbean line, VC 6468-11-1A, 15
predominantly resistant, with large sced size, and high yield (Xiao, 2002). Its resistance
genes are inherited from the varieties ML-3, ML-5, and ML-6 from India (Femandez and
Shanmugasundaram, 1988).

The powdery mildew disease starts from the lower teaves and spreads upwards
under favorable conditions, as in a dry cool season (AVRDC, 1987). Yicld losses Up of 1o
20-40% have been reported (Reddy et al., 1994). The damage is more serious when the
cpidemic staits at the seedling stages. The white myceclia covering the infecied plants
eventually adversely affect the plants’ physiological processes. However, field infection
reportedly vanied with changing seasons. Humphry er a/. (2003) found different races of the
pathogen prevailing in two seasons in Quecnsland, Australia. Thus, the same pathogen

! The World Vegetalle Center-AVRDC - Asian Regional Center (AVRDC-ARC), Kasetsart Universily,
Kamphaeng Sacn, Makhon Pathomn 73140, Thaitand '

° Depariment of Agronomy, Kasetsart University, Kamphaeny Sacn, Nakhon Pathom 73140, Thailand
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races may not attack mungbean grown in diffcrent seasons or locations. Therefore, genetics
of resistance to powdery mildew in mungbean is rather location/scason specific and need to
bc addressed each time a breeding program against the discase is set up. Horzontal
resistance genes should be stacked into novel inungbean lines in order 1o secure a broader
and more reliable discase resistance management program.

[nheritance of resistance 1o powdery mildew in mungbean has been reported to
be controlled by a single dominant gene in the breeding line VC 1560A (AVRDC, 1981) as
well as in the breeding line ATF 3640 (Humphry ef al., 2003). However, it was reported to
be controlled by two dominant gencs in the RUM breeding line from India (Reddy er af.,
1994) and three genomic regions were also found to harbor Quantitative Trait Loci (QTL)
that explained up 10 58% of the total variation in disease reaction (Young ef al, 1993).
Chaitieng er al. (2002) reported that the F; population derived from the cross between a
modcrately resistamt breeding line, VC 1210A, and a susceptible wild refative (Vigna
radiata var. sublobata. accession TC 1966) showed a continuous distribution and resistance
was treated as a quantitative trait. They detected 2 RFLP loci associated with a major QTL
conferring up 10 65% of the total variation in resistance. Humphry et al. (2003) identified
RFLP ftanking markers closely linked to the QTL conferring resistance to powdery mildew
and recommended their application for improving futurc breedig programs of mungbean.

The application of chemical fungicides is an effective means for controling
powdery mildew in mungbean but has adverse effects on health and the environment,
Development of resistant varieties is a safc and economic way for discase control.
Information on genetic inheritance of disease resistance in miwngbean is a prerequisite,
especially when the trait is quantitatively inherited. There are several genctic models
available for the analysis of gene effects through generation mean analysis (GMA) as
proposed by Anderson and Kempthorne {1954), Hayman (1958), and Gamble (1962).

The promising mungbean lines being developed at the Asian Regional Center of
the Asian Vcegetable Research "and Development Center (ARC-AVRDC), Kasetsan
University, Thailand are increasingly resistant 16 powdery mildew. Inn this experiment, the
genetic control of resistance in a cross between a moderately resistant and a highly resistant
mungbean was studied using GMA analysis.

MATERIALS AND METHODS

The two parental mungbeans used in this study were the cultivars ‘Kamphaeng
Saen 2° (KPS 2, P} and the breeding line VC 6468-11-1A (P;). KPS 2 was selected from
the cross BPlglab-3//CES44/ML-3//CES1D-21/PHLV 8. It is cumently the most popular
mungbean cultivar grown in Thailand, occupying over 200,000 ha annually. Since iis
resistance comes only from the cultivar ML-3, it is moderately resistant to powdery mitdew
in Thailand. VC 6468 is derived from the cross VC 6040 x VC 6209. VC 6040 camies
resistance trmts from ML-3 and ML-6, while VC 6209 derives it$ resistance from ML-3 and
ME-5. This makes the line highly resistant to the disease. F seeds were obtained using KPS
2 as the female parent, The F, plants were backcrossed 1o P, and P, to produce P,F, and
P,F| progemics, respectively. Fy secds were collected from self:pollinated pods on the F,
plants,

A total of six generations, wz. Py, Py, F\, Fi. PiFy, and P;F; were sown in a
randomized complete block design with six replications at Kasctsart  University,



Kamphaeng Sacn Campus, Thailand. Each replication was surrounded by preplanted border
rows of a highly susceptible variety, CN 60, which scrved as spreader rows. The treatments
were sown 30 days later. Data were recorded on percent disease infeetion per plant (PIP)
and per leaves (PIL) 30 days after sowing, then transformed 1o the scale of 14 and 1-5
{AVRDC, 2004), as shown in Table 1. Genetic cffects of the discase rating were
determined from the generation means based on the equations derived by Gamble (1962},
as follows:

m = F),
a = P\F\-P;Fy, ‘
d = l/ZP.-!/2P1+F,-4F;+2P.F|+2P1F1 .

aa "4F2+2P|F|+2P2F| N
ad = -1/2P+1/2P; + P;F,- P;F,,and
dd = P+Py+4F,-4PFi- 4P,F, .

The six estimated effects represent mean (m) effects, additive (a) and dominance
(£} gene effects, and the three types of digenic epistatic effects (aa, ad. and dd).
Significance of each estimate was judged from a t-lest against its standard error cstimate.
Upon significance testing, another analysis was performed including only major cffects.
Then the dewiation of the new estimates from the perfect fit (6 components) estimates were
determined from a Chi-square (x") test as follows:

) (0i-E)
X —Z——*ﬁ

where OF is the new value of the / estimate and £i is the perfect fit value of the
corresponding estimate. The degree of freedom required for checking the significance of
the x* is the difference in the number of parameters between the two analyses.

Table 1. Disease reaction scaling based on percentage of powdery mildew infection on
plants and leaves of mungbean.

Percent infection per plant (PIP) Percent infection per leaf (PIL)
Scale % infected Scate % infccted
1 <i0 ] . <5
2 . Hi- 30 2 6-10
3 31-60 3 It-25
4 >60 4 26-50

5 >50

RESULTS AND DISCUSSION

The results of the present study revealed that both parents, KPS 2 and VC 6468-
11-1A, showed variable responses in percent infection per plant (PIP) and infection per leaf
(PIL) (Table 2). KPS 2 had PIP and PIL ratings of 2.38 and 2.62, while VC 6468-11-1A
had 1.25 and 1.36, respectively. VC 6468-11-1A had lower discase development than KPS
2. The F; and F, populations showed average discase infection levels close to the mid-
parent, at PIP of 1.95 and [.83, and PIL of 1.88 and 1.98, respectively. Since resistance
levels among the parents were not sharply different, disease reactions in the progenies were
Table 2. Average scale of disease infection per plant and per leaf in six mungbean

. generations.
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Generation Scale of infection per plant  Scale of infection per leaf

(PI1P) (PIL)
P, (KPS 2) 2.38 ’ 2.62a
P, (VC 6468-11-1A) 1.25¢ . 1.36d
Fi (P:xP2) 1.95b i.88cd
F; (F, selfing) 1.83b 1. 98hc
P,F, (Fyx Py) 2.03b 2.13b
P,Fy (Fy x P}) 1.25¢ 1.70d
F-test hid i
CV% 30.34 33.65

** Significant ar .01 tevel of probability.
Means within 2 column followed by the same letter are not different at the .05 fevel by DMRT.

still within the moderaely resistan? scalces. In the backcross to the susceptible parent (P, F)),
PIP was 2.03, while PIL was 2.13 (Table 2). Backcross progeny of the reststant parent
(PF;) gave as low a scaling fevel as the resistant parent (1.25 and 1.70 for PIP and
PIL. respectively). This showed that inhentance of powdery mildew resistance from a
moderately resistant x highly resistant cross is governed by quantitative trait loci.

Gene cffects governing the powdery mildew resistance were significant only for
the additive parameter {Table 3). The non-significant epistatic components were removed
from the model and another analysis was done on the othef three major parameters: m, a,
and d (Table 4) The génc effects upon removal of epistatic componenls were not
significantly different from the perfect fit with six components. The ' values from the
estimate of PIP and PIL were 3.86 and 0.21, respectivély. Both were less than the 124,5 at
df=3 (7.81). Thus, it can be concluded that the additive gene effect was stilt the ‘most
importani componcnt controlling powdery mildew resistance in this mungbean cross.

Table 3. Estimates of the six-parameter gene effects from scaling data of powdery mildew
discase from the mungbean cross KPS 2 x VC6468:11-1A.

Gene effects PiP PIL

M 1.832 0.041** 1.98-0.155*"
A 0.53° 0.188** 0.43%0.204*
D -0.1750.707 -0.3740.776
Aa -0.26* 0.677 -0.271 0.743
Ad -0.08:0219 -0.19*0.238
Dt 0.82° 1.027 : 0.35°0.117

*.** Significant a1 .05 and .01 levels of probability, respectively.

AVRDC (1981), Reddy et al. (1994), and Humphry et al. {2003) reported that
major genes control powdery mildew discase resistance in mungbean. On the other hand,
Chainieng er af. (2002) found that the F, from the cross between a moderately resistant line
with a susceptible line showed a continucus trait distribution and resistance can be treated
as a quantitative trait. Young er al. (1993) found three genomic regions responsible for
powdery mildew resistance. A more stable resistance nught be established by combining
the quaniitative genes with the major genes. The quantitative “maodifying genes™ can add a

Table 4. Estimates of three-paramcter gene cffects from the scabmg data of powdery
mildew disease in the mungbean cross KPS 2 x VCG6468-11-1A.
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Gene effects PIP PIL

m 2.1270.69** 2.260.75**
a 0.61 20.11** 0.62°0.15**
d -0.99°1.64 -0.72°1.79

*.** Significant at and .Q1 level of probability.

buffer to the resistant cultivar and thus help in prolonging the lifespan of a resistant
cultivar.

The above conclusion confirms that the breeding methods emploved for sclf-
pollinated specics, such as the pedigree, bulk, or single seed descent sefection, should be
cffective in breeding for mungbean genotypes resistant 10 powdery mildew i this
population.
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SIGNIFICANCE OF HETEROSIS AND HETEROBELTIOSIS IN AN F, HYBRID
OF MUNGBEAN (Vigna radiata {L.) Wilczek) FOR HYBRID SEED PRODUCTION

R. SOEHENDI' and P. SRINIVES'-
SUMMARY

The increase in mungbean (Vigna radiaia {L.) Wilczek) production
volume comaes mainiy from the increase in mungbean-cultivated area. A
possible breakthrough for this production limitation is to exploit hybnd
vigor of the F; for possible production of hybrid varicties. The magnitude
ol hybrid vigor is normally presented in terms of heterosis (H =
superionty of the F| hvbrid over its parental mean) and heterobeltiosis (Hb
= supenornity of the Fy hybrid over its betier parent). However, the
sigmficance of H and Hb in each cross has rrely been fested. We are
proposing a simple t-test method for evaluating the sigmificance of H or
Hb m each cross using daa obtained {rom individual plants. As an
example, helerosis and helerobeltiosis were estimaled i four cross
combinations involving three diverse mungbean genotypes. The data were
collected on plant height, nimber of leaves/plant, leaf arcafplant, number
ol pods/plant, pod length, number of seeds/pod, [00-seed weight, and
vield/plant. All crosses showed significant yield heterosis over the mid-
parent and better-parent. Crosses showing heterosis for prain yield afso
showed heterosis for pod length, number of seeds per pod, and plam
height. However, only plant height expressed heterobeltiosis. Superionity
over the mid-parent tor gram yield ranged from 52.2 to 95.7%, and thint
over the betier parent ranged from 31.8 to 78.5%. The-highest heterosis
over the mud- and better parent was shown in the cross SMxEM. In self-
pollinated crops, hyvbrid sceds can be produced using a male sterile line as
the female parent. The detected vield heterosis must be reasonably high to
compensate for the cost of seed production.

Key words: {igna radiata, munghbean, heterosis, heterobeltiosis, 1-test

Mungbean (Figna radiata (L) Wilczek} 1s an important source of protein in ndia.
Indonesia. Myanmar. Pakistan, Thailand, Victnam, among other countries. Farmers grow it
as a supplemental crop or cash crop. Mungbean is the shortesi maluring ficld crop.
However. its yicld is low compared to other grain legumes. The annual increase
production comes mainly from the increase 1n cultivated area. Yield productivity is not
casilv achieved by the current methods of cultivar mmiproventent and cultural practices.
Using hybrid cuitivars can improve the vield limitation in purc hine cultivars,

Hceierosis or hyvond vigor is manifesied by F| hybrids. Hybrid varicties have
contributed greatly worldwide to the production of many crop species, including the inost
important food crops such as maize and rice. The commercial exploitation of heterosis has

t Department of Agronomy. Kasetzart University. Kanphaeng Saen Camgnes, Nakhon Pathorn 73140, Thailand
" Indonestan Leguames and Tuber Crops Rescarch Institute (JLETRI). Malang 6510, Indoncsia
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been one of the drving forces behind the rapid ahd extensive developent of sced
producuon. Heicrosis breeding has allowed yicld breakthroughs in scveral crops. inciuding
cross-poltinated. often cross-pollinated. and sell-pollinaied specics. The exploiiation of
heterosis to mise productiviiy in grain Jegumes, as in any other crop. depends on three
major Tactors: the magnitude of heterosis: [easibility of targe-scale production of hybrid
sceds: and npe of gene action involved. Helerosks may take the form of an iucreisc in
vield. size. number of plant parts. chemical componenis, and discase resistance. The hybrid
is 2 plant ©vpe resulting from the fusion of dissimilar gamncics or those having heterozvgous
gene pairs for a panticular character. Heterosis and heterobeltiosis are normally expressed in
pereentige without testing for sigmificance. If the stiandard error associated with cach
generlion mean is great. the high heterosis mav not be statistically significant. and thus.
the dala would not convince a sced company 1o commrcially produce the hybrid.

Ahn er al. (2004) applied a paired t-test 1o identify significant differences among
11 Japenica nice cultivars and their 44 F; hybrids. The 1cst was based on the merage
hetcrosis of cach trait across all crosscs rather than on a per cross basis. Thus the plani
breeder cannot utilize the information for sclection of a particular hybrid but rather for
comparnson belween traits showing different significamt levels. Singh et al. (2004) used the
pooled ecrror mean square from the ANOVA 1ablc 10 calculate the standard error of
diffcrence for testing the significance of heterosis and heterobelliosis in 45 hybrids derived
from crosses of 10 bread wheat cultivars. In their test. it is required that the ¢rror variance
associated with all crosses is assumed homogeneous so that a pooled error vanance can be
used for lesting the significance of all crosses. This assumpnion is rather difficult to mect.

cspectally when the plant breeder is working with diverse breeding matenials, Our fest

utilizes varances associated with the particudar generation imvolved in the test 1o calculale
the standard error of estumate of H and Hb. This helps reduce the magnitude of the standard
error. nuking the test more sensitive.

The objective of this study were: 1) to examine a general 1-test method for
detcnmining the significance of heteresis and heterobeltiosis lrom each cross combination,
using data for vield and major agronomic characters in mungbean; and 2) (o determine the

prercquisitcs in cominercially producing an Fy hvbrid for mungbean sced production,

MATERIALS AND METHODS

Plant materials

Three mungbean genotvpes, namely small-muliiple leaflet (SM), large-muliiple
leafiet (LM). and normal-tnfoliate (NT) were crossed during June to August 2002 at
Kasetsan University-Kampliaeng Saen Campus (KU-KPS). Nakhon Pathom Province.
Thailand. The small-rmuliiple 1caflet {SM) was cbtained from gamma-irradiated mungbean
{Snnives er al, 2000). The large-nuliiple leaflel (LM} parent is a BCy progeny having the
cuttivar "Kamphaeng Sacn 17 as the recurrent parent and the large-inultiple leafler mutant
(V3926) lrom the Asian Vegelable Research and Development Center {AVRDC). Taiwan
as donor parent {Kowsurat ¢f afl. 1999). The normal-trifoliate. VC6463-11-1B is an
advanced breeding line carrving powdery mildew resistance genes. 11 was denved from
crossing VC 6040A and VC 6209-1 at she Asian Regional Center of the AVRDC. To
miniinize the environmental effect under the growing condition, the parenis ind Fs were
sown with gwo plants per pot i 10-inch pots fitled with mmixed potied soil. Thc pots wese
placed in an open arca receiving fuld sunshine. Each genotvpe consisted of 20 plants. Al
the optimum reconmended practices for mungbean growth were applicd (Park. 1978). At
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50 days after sowing, the leaf arca was measured using the leaf area meter model L1-3160
(Licor, Inc., Lincoln, Nebraska, USA). At harvest, ten random plants were mcasured for
plant height {cm), number of leaves per plant, leal arca per plant {em?). number of pods per
plant. pod length (cm), number of seeds per pod, [00-seed weight (g), and wield per plant
{g)- .
Significance testing of heterosis .

For cach F, cross, percent heterosis (%H) and heterobeltiosis (%Hb) for a
particular trait were calculated as follows:

“%H =(fv’. —W]x 100/ MP , and
%Hb = (F\ - Pi)x 100/ P,

Where: F = mean obscrvation of the F, progenies from the total of ny
plants,
MP = mean obscrvation of both parents from n, + n, planis, and
P; = mean observation of the i™ parent from n; plants for Py, and

n; plants for P,.

Stgmficance of H and Hb were determincd by a t-test as follows:

t-test for H = F-MP and
S,

t-test for Hb el i
Sy

where Sy and Sy are the standard error of estimates of H and Hb which can be derived as
shown 1n the attached note.

The degree of freedom (df) for each test was obtained by summing up the df of
each generation involved in the estimate. Thus, the df for testing H is (ny-1)+{(n-1 1+ {n;-1),
and the df for testing Hb s {n,-1}{n;-1), 1 = 2 or 3, depending on whether the high parent is
PyorP,.

RESULTS AND DISCUSSTON

All the charactiers observed from the cross SMxLM were similar to those from its
reciprocal cross (LMxSM) and the data from both sets could be combined 10 gain degrees
of freedom for the t-test. It was our intention io separately test the sigmificance of each
Cross.

Seced yield per plant in the normal-trifoliate (NT), small-mubiple leaflet (SM), and
large-multiple leaflet (LM) werc 12.47, 10.56, and 8.70 g/plant, respectively. The F, of
SMxLM gave the highest sced yield (F8.85 g) among the progenies {Table 1). All four
crosses showed significant heterosis over the mid- and better parent for seed yield.
Superionty over the mid-parenl ranged from 52.2 to 95.7% (Table 2), while those over the
better parent ranged from 31.8 10 78.5% (Table 3). The highest heterosis, both over mid-
and betier parents, was found in SMxLM.
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Table 1. Yield, yicld components, and agronomic characicrs of three mungbean lines and
their Fys grown at Kasetsad University, Kamphzaeng Saen Campus, Thailand,
Late Rainy Scason, 2002 ‘

Mungbean Seed yicld/ No. of No. of 100-seed weight
genotypes plant (g} pods/plant seeds/pod (2)
Value i+ SE
SM 10.56 £ 0.45 430+ 1.7 96+ 0.3 257+ 0.07
LM 8.70 £ 0.51 13.3£09 109+ 0.4 605+£0.13
NT 1247+ 0.98 179+ 09 1.5+ 0.5 599+ 0.10
SMX LM F, 1885+ 1.02 282+ 1.7 116+ 03 5.80+0.26
LM X SM F, 17.90 + 0.80 271 £1.2 11.5+£03 $.77+0.26
SMXNT F, 17.55 + 0.8] 30+1.2 11.8+ 03 479+ 0.27
LMXNT F, 1643 £ 1.20 200+£1.2 122+ 04 6.70 £ 0.2]
Mungbean Pod length Plant height No. teaves Leal area/
genotypes {(em} © {cm) per plant plant (cm’)
Value + SE '

SM 465013 47+ 1.1 660+ 5.9 1054+ 127.0
LM 8§.75+0.20 49+ 0.4 7807 971 + 169.4
NT 970+ 0.28 42204 122+ 0.9 1153+ 1452
SMXLM F, 820021 55+0.8 168+ 30 1884 4 2425
LM X SM F, 825+ 0.21 55+0.38 16.4+2.4 1800 £ 246.0
SMNXNT F, 8§95 0.14 53+1.2 15622 1824 + 2774
EM X NT Fy 10.00 £ 0.26 51£0.6 13013 1751 + 189 8

Even though NT had the highest seced yield of the three parents, its hybrids had
fower heterosis and heterobeitiosis vaiues than those from the other parents. Crosses
showing heterosis for sced yield also gave heterosis for pod length, number of seeds per
pod. plant height, and leaf area per plant. Chopra (1994) reported a high degree of heterosis
for seed wield and its components in almost all grain legumes, which are cssentially self-
pollinated.

The highest number of pods per plant (43.0) was found in the parent SM and in the
Fy of SMxNT (31.0). The heterosis was not significant over either mid- or better parent,
except only in the cross LMxNT  (28.2%). All crosses having SM as a parent showed
negative heteroheltiosis for number of pods per plant (Table 3) indicating that SM had a
very high nunber of pads. .

Number of seeds per pod in the hybrids ranged from 11.5 to 12.2 (Table 1). SM
had the lowest number of sceds {9.6) compared to LM and NT (10.9 and 1.3,
respectively), All four crosses showed significant heterosis ranging from 8.9 10 13.2%
(Table 2), but heterobeltiosis was not significant, ranging from 2.6 to 6.4 % (Table 3).

Onc hundred sced weight of SM was the lowest (2.57 g) compared 1o the parents

LM and NT (6.05 and 5.99 g, respectively). The hybrid LMxNT showed the largest sced
size and had significant heterosis and heterobeltiosis,
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SM had ithe shortest pod and thus the hybrid SMxNT expressed a negative
heterobeltiosts of 7.7% (Table 3). The hybrid LMxNT had the longest pods (10.0 em). AR
cross combinations showed significant heterosis ranging from 8.4 1o 24.7% (Table 2).

Plant height showed significant heterosis and  heterobeltiosis in all  cross
combinations. The hybrid SMxLM and its reciprocal gave taller plants than the other
crosses (Table 1). The range of significant heterosis and heterobeltiosts varied from 12.2 to
19.1% (Table 2) and from 4.3 to 12.8%, repectively (Table 3). The hybrid SMxNT gave
the highest value both for heterosis and heterobeltiosis.

The small-multiple Teaflcts (SM) had the highest average number of leaves (66.0),
as compared to LM and NT which had 7.8 and 12.2 leaves, respectively. The F, derived
from SM showed negative values for both heterosis and heterobeltiosis. The Fy of LMxNT
showed significant heterosis (30%; Table 2), but not hetcrobeltiosis (6.6%; Table 3).

For leaf area per plant, all crosses showed significant heterosis and heterobeltiosis.
Heterosis values ranged from 64.9 1o 86%, while heterobeltiosis valaes raiged ivorn 51.9 to
78.8%. The highest value was found in the cross SMxLM (Table I).

Our findings agreed well with a number of previous studies. A high degree of
heterosis was reporied in the Fis of various grain legumes, such as pigeon pea, pea, and
fentil (Singh et al., 1975)..In mungbean, Khattak ef of. (2000) found heterosis over the mid-
parent for pod clusters on the main siem in the cross VC 3902A x ML-5. Chen er al. (2003)
reported that a Korcan mungbean vanety (K7) gave F, progenies with significant
heterobeitiosis for sced yield in many crosses. In these studies, the magnitudes of heterosis
were dependent upon the genotype of the parents.

in self-pollinated plant specices, it is rather easy 1o produce hybrid seed if male sterile
lines are available and can be used as the female parent. Cross and Schulz (1997) discussed
a development in chemical induction of male sterility. Therc are at least four classes of
chemical agents, wviz. plant-growth regulators and substances that disrupt  fleral
development, metabolic inhibitors, inhibitors of microspore development, and inhibitors of
pollen fertility. Since the hybrid seeds must be harvested from the female parent only, the
magnitude of heterosis should be sufficiently high to compensate for the cost of producing
open-pollinated seceds in self-pollinating crops. Qur significant test show that heterosis
obtained from two diverse mungbeans was sizable and worth exploring further.

Hybnd rice breeding has been very successful in China since the 1970s. With the
development of photo-thermo-sensitive genic male sterile (P/TGMS) or environment-
sensitive genic male sterile (EGMS) lines, a two-line breeding sysiem has been developed
as a simplified altermative 1o the traditional three-line breeding that requires a male-sterile
line, a stentity maimainer line, and a fertility restorer (Yuan, 1992). The two-line breeding
system is much simplified since an EGMS line can serve as a sterile line under one
environmental condition and can propagate itself under different covironments. The ability
to maintain sterility makes EGMS lines practicable as a female to cross with other lines. in
recent vears, a number of two-line hybrids have been commercialized in China, and several
other Astan countries have established hybrid breeding programs using EGMS hnes (Lu er
al., 1994; Li and Yuan, 2000).

With the success in the use of hybrid rice varictics, the possibility of using hybrid
munghean should be exptored. The high heterosis identified in this study and by Chen er af.
(2003) are encouraging. However, a large-scale production of hybrid seed is possible only
when a male sterility system 1s available, coupled with the availability of insect pollen
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vectors. Generally, legume pollen is heavier than that of cercals and thus could not be
ciffectively transferred by wind, These are interesting topics for mungbean breeders to
investigate in the future. A male sterile line, if available, should open up a large dimension
of vield improvement through the use of hybrid seed in mungbean.

CONCLUSIONS

The vield supertority of the Fy hybrid over the mid- and better parents is cvident in
mungbean, A simple t-statistical test was developed to help support evidence of heterosis
and heterobeltiosis. The test ts sufficiently sensitive to be able to conclude that mid-parent
and better parent heicrosis occurred in varying degrees for seed yield and its components.
The highest mid- and beiter parent heterosts for sced yield were 95.7% and 78.5%,
respectively, found in the cross SMxLM. Commercialization of hybrid cultivars in
mungbean can be justified by the significam heterosis for yield. Future rescarch should be
directed to making feasible, among oihers, the reduction of manpower required for hybnd
seed production. :

Note on derivarion method for Sy and Sy

]
I
I
=
1+
il

H .
— 2 -
= Py P2
LI
2 2
Using the property of expectation {Stecl and Torrie, 1980; Chapter 5, topic 5.10) then,
Vanance'of H = VarlE - P b
22
= VF‘, + VPI + V:I M

(assuming no covariation between generations).

VF, VP, VP,
= —+t —— + —-
n, 4n, 4n,
SSF, SSP, SSp, -

+ + .
ndn, -1} 4n,(n,-1}) dn;(n,-1)
Where  vF,, VPi,and VP. are the variances of the mean of each generation; and
V. VP, VP, 8SF,SSp, and ssp, are varances and sums of squares of the specified

generations, respectively.

Then. the standard crror of estimate of H (or Sy) = W,
¥

In the same manner, variance of Hb can be obtained from

Variance of Hb = Var(F- f’;).
. VR VP SSF, . SSP,
= - " .
n, m; n(n, - 1) n/(n;- 1}

and §,, = +varianceof Hb.
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ABSTRACT

Regulation of nodulation and nitrogen fixation in legume plants relies mainly on the
interaction hetween the host plant and the symbiotic bacteria. The purpose of this study was
to identify quantitative trait loci (QTLs) for nodulation and nitrogen fixation characters in a
soybean [Glycine max (1.} Merr.] population. Simple sequence repeat (SSR) markers were
utilized to identify QTLs for the number of nedules per plant, nodule fresh and dry weight
per plant, plant dry weight, and acetylene reduction activity (ARA) in 136 Fy-derived
recombinant inbred lines (RILs) from the cross ‘SI2’ x ‘Suwon 157, A genetic linkage map
was constructed using 85 simple sequence repeat (SSR} markers onto 20 linkage groups
covering 1094 M. Using single-factor analysis of variance (SF-ANOVA) and multiple-
regression analysis, five QTLs were associated with the number of nodules per plant. For the
QTLs linked to linkage group (LG) O, Satt529 on LG J, Satt440 on LG I, and Satt157 on LG
D1b+W the positive alleles were derived from ‘Suwon 1577, whereas at the QTL linked to
Satt385 on LG Al the positive allele was from ‘SJ2°. The QTLs conditioning the nodule fresh
wéight were linked to Sat_l108 and Sat 274 in LG O, and Sct_001 in LG J, with the positive
alleles derived from ‘Suwon 157°, whereas the positive allele of Satt545 on LG Al was derived
from SJ2’. Sat_274 and Sat_108 on LG O, and Sait260 on LG K were associated with QTL
conditioning nodule dry weight, with the positive allele of ‘Suwon 157°. There were four QTLs
associated with plant dry weight, viz. Sat_274 and Sat_038 on L.G O, Sct_001 on LG J, and
Satt440 on LG I, with all the positive alleles from ‘Suwon 157°. Finally, Sat 274 ont LG O and
Satt157 on LG Dib+W were linked to QTLs conditioning ARA, with the paositive alleles were
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from ‘Suwon 157°. These data demonsirated that effective marker-assisted selection may be

feasible for improving modulation and nitrogen fixation in soybean. The existence of a
major QTL on LG O conditioning greater than 10% of the phenotypic variation in
. nodulation and nitrogen fixation characters provides an opportunity to select progeny lines

in a segregating population.

INTRODUCTION

Nodulation of soybean [Glycine max (L.) Merr.] is a
developmentally complex process requiring interaction
between Bradyrhizobium and the plant host, which is
regulated by both genotypic and environmental factors
{Gresshoff, 1990). A number of plant alleles controlling
nodulation have been identificd. The rf; allele was found
to be associated with restriction of nodulation in a broad
range of Bradyrhizobium strains (Caldwell, 1966), wherecas
the dominant allele Rj; conditioned an ineffective
nodulation in strain USDA7, 14 and 122 (Devine et al,
1991). The dominant allele Rf: conditioned an ineffective
nodulation inoculated with USDA33 (Vest, 1970). Rj. was
a dominant allele controlling an ineffective nodulation wpon
inoculation with USDA61 (Vest and Caldwell, 1972). The
two recessive genes rjs and rjs, are found to be responsible
for non-nodulating “NN5’, a mutagenized from ‘Williams’.
Pracht et al. (1993) confirmed that nod139 induced from
‘Bragg’, carrying the non-nodulating gene allelic to NNS.
Hypernodulation in soybean mutants was controlled by rj
(Vuong et al., 1996, Vuong and Harper, 2000) and rjs
(Vuong et al, 1996), wherecas supernodulation was
controlled by afs (Kolchinsky et al., 1997).

The potential of N; fixation can be observed by plant
charactgrs, viz. numtber of nodules per plant, fresh
nodule weight per plant, dry nodule weight per plant,
dry plant weight, and ARA (Pazdernik et al., 1996; King
and Purcell, 2001). Nitrogen fixation activity incrcases
sharply . after flowering stage and gradually decreases
after green pod stage. Although the ARA method is a
direct measurement of the activity, it is sometimes not
sufficiently sensitive for determination of mitrogen
fixation (Patterson and LaRue, 1983). In order to
evaluate fixation efficiency of a soybean-Bradyrhizobium
intcracﬁqon, all of the above-mentioned components
should ‘be determined. Then, a plant breeder could

|

Key words: soybean, quantitative trait loci, SSR marker, Na-fixation.

compile all the fixation components into soybean
brecding lines by accumulating the favorable markers
linked to these .components.

With the advent of DNA marker technology, QTLs
can be detected and located in the plant genome
(Tanksley et al., 1989; Van et al., 2004}. Desirable gene
associated with agronomic traits can be selected via its
linkage to easily detectable markers (Yu et al, 2005).
SSR marker has several advantages in genetic mapping
studies because it is co-dominant, high in heterozygosity,
rapid, reliable, abundance, and highly polymorphic
(Akkaya et al., 1992). In addition, the SSR labeled M13
{-21) primer is more specific in amplifying the repeated
DNA sequence and can be widely used in a multiplexed
manner, although the marker alleles per primer are
reduced in expense of the specificity (Schuelke, -2000).

In this study, SSR mapping was utilized to identify
QTLs associated with Np-fixation components in the
Fo-derived RILs created from a cross between ‘SJ2° and

“‘Suwonl57". Number of nodules per plant, fresh nodule

weight per plant, dry nodule weight per plant, dry plant
weight, and ARA were included as Nj-fixation
components,

MATERIALS AND METHODS

Mapping Population

One hundred and thirty-six RlLs derived from a cross
between a Thai cultivar ‘SJ2° and a Korean cultivar
‘Suwon 157" were used. The Rlls were developed at
Kamphaeng Szen Campus of Kasetsart University,
Thailand by single seed descent method originating from
a different F; plant during December 2000 - December
2003. Finally, 136 Fs lines were obtained and treated as
the RIls. The two cultivars were chosen as parental
lines in this study because of their polymorphism in
N,-fixation components (Tanya et al., 2005).
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Table 1. Mean squares and expected mean squares (EMS) from the analysis of variance for Np-fixation components.

Source of ° df No. of Nodule fresh  Nodule dry  Plant dry ARA EMS
variation nodules/plant wtfplant (g) wtfplant (g)  weight (g)  (umole CyHu/fplfhr)

Between RlLs 135 587 0.339%* 0.017** 0.74%* 45.5%* o + 20k
Ervor 136 73 0.056 0.005 0.15 150 a
Heritability (&) 0.78 0.72 0.55 0.66 0.50

Genotypic Data

Genomic DNA was exiracted from 3 leaflets at Rj
stage using the protocol modified from Lambrides et al.
(2000). The extraction buffer consisted of 1 mM
Tris-HCl pH 80, 5 mM EDTA, 5 mM NaCl, 20%
sodium dodecyl sulfate (SDS) and sodium bisulfide was
used After genomic DNA was extracted with § M
KOAc and resuspended in TB  buffer, DNA
concentration was measured using F-4500 Fluorescence
Spectrophotometer  (Model F-4500, Hitachi, Tbaragi,
Japan). A total of 195 SSR and 7 SSR labeled M13
(-21) primiers were used for this study. The PCR reaction
for*SSR followed the suggestion by Diwan and Cregan

(1997), while the reaction for SSR labeled with M13
" (-21) followed Schuelke (2000). Initially, the forward
primers were labeled with fluorescent color tags
(Applied Biosystems, Foster City, CA, USA), viz. blue
(6-FAM), vellow (NED), and green (HEX). The SSR
reaction contained the genomic DNA (10 ng/ul), 10x
Buffer (w/Mg(Cly), 2.5 mM of each dNTP, 2 unit Tag
DNA polymerase, and 5 yM Primer Mix. Each PCR
cycle consisted of 25 sec of denaturation at 94°C, 25 sec
of annealing at 46°C, and 25 sec of extension at 68°C on
PCT-225™  Thermal  Controller (MJ  research,
Watertowﬁ, MA, USA). The PCR process was repeated
for 32 cycles. The reaction mixture for SSR labeled M13
(-21) primers contained genomic DNA (10 ng/ul), 10x
Buffer (w/MgCl), 2.5 mM of each dNTP, 2 unit Taq
DNA polymerase, 5 M forward primer with M13 tail,
10 1M reverse primer, and fluorescent labeled with M13
{-21). Two PCR steps were run; the first step required
30 sec of denaturation at 95°C, 45 sec of annealing at
54°C, and 45 sec of extension at 72°C for 30 cycles, the
second stép required 30 sec of denaturation at 95°C, 45
sec of annealing at 53°C, and 45 sec of extension at
72°C for 10 cycles. The PCR product quality was
checked by 3% agarose gel before mixing into a set of 6
primers. The 2 gl PCR mixture was taken into a new
well with 2 gl mixture of a standard size cockrail

consisied of 200 (A formamide deionized, 100 ;4 loading
buffer, 40 ! Genscan 500 (500X1.). The final mixture
was loaded in ABI Prism® 377 sequencer (Applied
Biosysterns, Foster City, CA, USA). The GeneScan
Analysis software, version 2.1.1 (Applicd Biosystems,
Foster City, CA, USA) and the Genotyper~ software,
version 2.0 (Applied Biosystems, Foster City, CA, USA)
were used to analyze the allele size and gel image.

Phenotypic data analysis

The RILs and parental soybeans were inoculated with
B. japonicum strain DASA 01026 and planted in a
completely randomized design with 2 replications. The
method modified from Somasegaran and Hoben (1985)
was used to measure five phenotypic traits, viz. number
of nodules per plant, nodule fresh weight per plant,
nodule dry weight per plant, plant dry weight, and ARA.
Phenotypic data were collected from two plants per each
replicate.  The phenotypic assay for Np-fixation
components were conducted at the Laboratory of the Soil
Microbiology Group, Soil Science Division, Department
of Agriculture, Bangkok in Thailand during March to
November 2003.

Statistical analysis

The difference between Rlls in each component trait
was deterruined by an analysis of variance (ANOVA)
using SAS program (SAS, 1999-2000). The expected
mean square (EMS) components (Table 1) were used to
estimate the heritability of each trait from the formula b’
= 0;12/’(0;12 + Uzlr), where or° and o are the variance
components associated with RILs and error; r is number
of replications (= 2 in this case).

Construction of linkage map and QTL analysis

In each trait, a single factor amalysis of variance
{SF-ANOVA) was used to evaluate the association
between the genotypic and phenotypic data. The
significant markers from SF-ANOVA were assigned into



}
i
'

354

Tanya P et al.

Table 2. SSR markers linked to QTLs associated with the number of nodules per plant,

Markers LG SF-ANOVA® Allelic means SLG-Regr” MLG-Regt®
» R’ R? rR?
] (%) Suwon 157 SI2 P (%) P (%)
Satt385 Al 0.0186 4.10 46 53 0.0186 4.10 0.0373 298
Satt180 Cl1 00126 4.65 45 52 0.0148 4.51 - -
Satt294 Cl 0.0196 4.15 45 52 - - - -
Satt041  DIb+W  0.0462 3.02 52 46 - - - -
Satt1S7  DIb+W  0.0204 401 52 45 0.0210 4.09 0.0489 2.75
Satt314 H 0.0391 341 44 50 0.0391 341 - -
Satt440 | 0.0075 5.49 53 45 0.0075 5.49 0.0279 3.54
Satt529 1 0.0341 357 52 45 0.0321 3.68 0.0030 6.84
Sct_001 J 0.0274 3.77 52 45 - - - .
Sart388 L 0.0175 4.77 52 45 - - - -
Sat_038 0 <0.0001 18.51 55 40 <0.0001 21.98 <0.0001 17.04
Sat_108 0 <0.0001 16.25 55 a1 - - - -
Sat_109 0 <0.0001 14.87 55 42 - - . -
Sat_190 0 0.0008 8.15 53 43 - . - -
Sat_274 0 0.0001 10.36 55 44 . - . -
Sart123 0 0.0381 342 52 46 - - - -
Satt153 0 <0.0001 15.64 55 41 - - - .
Sai331 0 0.0008 8.38 54 44 . - . -
Satt581 0 <0.0001 11.77 55 43 - - - -
33.15

*SF-ANOVA: single factor analysis of variance.

"SLG-Regr: multiple regression with markers on each linkage group. .
“MLG-Regr: multiple regression with all significant markers from the SLG-Regr model.

each linkage group. Then, a multiple regression analysis
was conducted by including all the significant markers on
that linkage group in the model (SLG-Regr) to detect
unique QTLs. Then, all the significant markers from the
SLG-Regr analysis and unlinked single markers identified
from SF-ANOVA were combined in a multiple linkage
group regression model (MLG-Regr) to identify the
markers linking to the trait. The regression analysis was
forward and stepwise selection of the significant markers
at P < 0.05. The percent of phenotypic variation explained
by the markers was estimated from the coefficient of
determination (R%) from MLG-Regr using SAS program
(SAS, 1999-2000). The MAPMAKER program version 3.0
(Lincoln et al., 1993) was used to construct linkage maps
from the genotypic data. Markers were assigned to linkage
groups using LOD threshold of 3.0 and maximum distance
of 50 Fcl\i Map distance was estimated using Kosambi
mapping function.

g
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RESULTS

A total of 202 SSR markers were used to construct a
genetic linkage map. The map covered about 1094 cM
with 78 SSR and 7 SSR labeled M3 (-21) primers. The
average distance between two adjacent marker loci was
about 12.9 cM.

Significant differences among RILs were observed in
the nodulation and nitrogen fixation characters including
nodule dry and fresh weight and ARA (Table 1}. The
heritability estimates were moderate in the ARA to high
in the number of nodules per plant, implying that these
traits can be effectively improved through selection.

The SF-ANOVA identified ninefeen markers as
potentially associated with QTLs for the number of
nodules per plant at P < (.05 (Table 2). Individually,
these markers accounted for 3.02 to 1851 % of the
phenotypic variation. Nine markers were assigned on
LG O, two markers each on LG C1, DI1b+W, and J,
while the rest four markers on LG AL H, I, and L were
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Table 3. SSR markers linked to QTLs controlling the nodule fresh weight per plant.
!

Markers LG SF-ANOVA® Allelic means SLG-Regr® MLG-Regr’
. Nodule fresh wi/plant (g)
R’ _ R’ R’
_ P (%)  Suwon 157 s12 P (%) P (%)
Satt385 Al 0.0171 4.20 0.920 1.089 . - - -
Satt545 Al 0.0184 427 0.920 1.092 0.0184 427 0.0075 424
Satt380 ] 0.0388 3.48 1.082 0924 - - - - -
Sart4 [4 I 0.0211 446 1091 0.910 - - - -
Sat529 J 0.0172 4.49 1088 0909 - - - -
Sct_001 ] 0.0090 5.26 1092 > 0900 0.0263 429 0.0296 2.69
Sat(388 L 0.0219 445 1.068 0.893 - - - -
Sat_038 0 <0.0001 16.39 - 1.137 0.802 - - - -
Sat_108 0 <0.0001 13.43 1.137 0.831 0.0054 5.28 0.0018 6.15
Sat_109 0 <0.0001 12.74 1.139 0.843 - - - -
Sat_190 o 0.0019 7.00 1.096 0.879 - - -o- -
Sat_274 0 <0.0001 19.65 1.194 0.828 <0,0001 1933 <0.0001  20.83
Satt123 0 0.0064 5.84 1.102 . 0.903 - - - -
Satt153 0 <0.0001 14.73 1117 0.816 - - - -
Sat331 6] <0.0001 12.70 1.152 0.854 T - - -
Satt581° 0 <0.0001 17.84 1.185 0.833 - - -
' 3391

*SF-ANOVA: singlc factor analysis of vanance.

*SLG-Regr: multiple regression with markers on each linkage group.
‘MLG-Regr: multiple regression with all significant markers from the SLG-Regr model.

not linked with the other markers. SLG-Regr for the
two markers on LG ClI, the two markers on LGD1b+W,
the two markers on LG I, and the nine markers on LG
QO retained Satt180 on LG Cl, Satt157 on LG DI1b+W,
Satt529 on LG J, and Sat_038 on LG O, indicating the
existence of a single QTL for the number of nodules on
each linki*_ige group. The MLG-Regr analysis with the
seven independent markers retained five of these seven
SSR markers. For the QTL linked to Satt385 on LG Al
the positive allele was derived from ‘Suwon 1577,
whereas at the other four QTLs the positive alleles were
from ‘Si2’. MLG-Regr accounted for 33.15% of the
phenotypic variation in the number of nodules.

Sixteen markers were associated with the nodule fresh
weight per plant at P < (.05 using SF-FANOVA (Table
3). Each marker accounted for 3.48 to 19.65% of the
“ total variation of this trait. QTELs on LG I, I, and O
increased nodule fresh weight by “‘Suwon 157 alleles,
whereas “SJ2' provided the positive alleles at QTL on
LG Al Satt545 on LG Al, Sct 001 on LG J, and
Sat_108 and Sat 274 on LG O were detected by
SLG-Reg{ analysis. It is intcresting to note that all of

these four markers identified using SLG-Regr analysis
were also retained even after MLG-Regr analysis. This
indicated that two independent QTls on LG O were
associated with nodule fresh weight. Sct_001 on LG J,
Sat_108, and Sat_ 274 on LG O were found to be
associated with the positive alleles from ‘Suwon 1577,
whereas ‘SJ2° provided the positive alleles at QTL on
LG Al. The amount of phenotypic variation explained
by these four QTLs was 33.91%.

Based on SF-ANOVA, twelve markers were detected as
potentially linked to QTLs for the nodule dry weight per
plant at P < 0.05 (Table 4). Individually, these markers
showed variation from 1.67 to 13.27% among RILs. All
markers indicated that all ‘Suwon 157" alleles increased
dry nodule weight. SLG-Regr analysis for the four markers
retained Satt414 on LG J, Sait260 on LG K and two
markers (Sat_108 and Sat_274) on LG O. This analysis
indicated that Sat_108 and Sat_274 have detected unique
QTLs. MLG-Regr analysis with four markers identified by
SLG-Regr analysis confirmed that QTLs conditioning the
nodule dry weight per plant were linked to markers
Satt260 on LG K and Sat_108 and Sat_274 on LG O. At
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Table 4. SSR Markers linked t0 QTLs associated with the nodule dry weight per plant.

Tanya P et al

Markers LG SF-ANOVA® Alletic means SLG-Regr” MLG-Regr
Nodule dry wt/plani(g)
RZ RE R2
| P (%) Suwon 157 sSI2 P (%) P (%)
Satd 14 ] 0.0254 4.20 0.236 0.198 00214 4.48 - -
Sct_001 1 0.0409 3.25 0236 0.202 - - - -
Satt260 K 0.0279 3.64 0234 0.199 00279 364 0.0446 2.60
Sat_038 0 <0.0001 10.72 0.244 0.183 - . - -
Sat_108 0 <0.0001 10.97 0247 0186 00125 4.66 0.0005 8.38
Sat_109 0 0.0001 167 0.228 0216 - - - -
Sat_190 0 0.0034 6.21 0240 0.194 : - - -
Sat_274 o <0.0001 13.27 0.255 0.187  0.0001 1218 <0.0001 17.76
Satt123 0 0.0376 344 0.237 0.203 - - - -
Satt153 0 0.0004 9.24 0.239 0.186 - - - -
Sau331 o 0.0006 8.7t 0.248 0.193 - - - -
Satt581 0 <0.0001 13.65 0.256 0.187 - - - .
i 28.74
"SF-ANOVA: single factor analysis of variance,
hSLG~R¢:01' multiple regression with markers on each linkage group.
MLG-Regr multiple regression with all s:gmﬁcam markers from the SLG-Regr modcl
Table 5; SSR markers linked to QTLs associated with the plant dry weight.
Markers LG SF-ANOVA® Allelic means SLG-Regr MLG-Regr
§ Plant dry wt (g)
R2 R2 RE
P (%) Suwon 157 SI2 P (%) P (%)
Satd40 I 0.0293 3.68 2.07 184 0.0293 3.68 0.0069 4.80
Sat215 J 0.0205 4.43 2.09 1.83 - - - -
$att380 I 0.0058 6.12 2.11 1.80 - - - -
Satt4 14 J 0.0019 7.98 2.13 1.77 - - - -
Sart529 | 0.0016 7.73 212 177 - - - -
Sat596 J 0.0053 6.39 211 1.79 - - - -
Sct_001 J. 0.0006 8.79 2.13 1.76 0.0023 8.30 0.0029 6.18
Sat388 L 0.0339 3.82 2.05 1.81 - - - -
Sat_038 o <0.0001 12.69 2.13 1.69 <0.0001 1382 0.0320 291
Sat_108 0 <0.0001 11.76 2.14 1.72
Sat_109 0 <0.0001 11.76 1.88 1.81 - - - -
Sat_190 0 0.0026 6.55 209 1.78 - - - -
Sat_274 0 <0.0001 14.75 220 1.73 0.0190 4.06 <0.0001 14.17
Satti23 0 0.0376 3.44 206 1.84 - - . -
Sait153 o <0.0001 11.49 2.11 1.71 - - . -
Satt331 0 0.0005 8.99 2.15 1.78 - - - -
SattS81 0 <0.0001 14.02 2.20 174 - - - -
t 28.06

*SF-ANOVA: single factor analysis of variance.

"SLG-Péegr: multiple regression with markers on each linkage group.

MEG-Regr: multiple regression with all significant markers from the SLG-Regr model.
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Table 6. SSR markers linked to QTLs associated with acetylene reduction activity.

Markers . LG SE-ANOVA® Allelic means SLG-Regr® MLG-Regr®

' (ARA pmole CHypl/hr)

' R? . R? R

. P (%) Suwon 157 s P (%) P (%)
Satt04l  Dib+W 0.0324 3.50 10.58 8.68 - - - -
Satt157°  DIb+W 0.0147 4.46 10.61 8.49 00125 481 00021  6.18
Satt388 L 0.0239 4.32 10.50 8.48 - - - -
Sat_038 0 0.0023 3.76 1083 8.23 - - - -
Sat_108 0 0.0436 3.03 10.25 8.77 - - - -
Sat_109' 0 0.0449 3.06 11.07 7.96 - - ST
Sat_274 0 <0.0001 11.92 11.24 8.16 <.0001 1236 <0.0001 1234
Satt153 0 00135 4.57 10.30 8.47 - - - -
Satt331° 0 0.0012 791 11.02 8.21 - - - -
Satt58i 0 0.0002 10.17 11.25 8.21 - - - -

' ' 18.52

*SE-ANOQVA: single factor analysis of variance.

"SLG-chJr: multiple regression with markers on each linkage group.
*MLG-Regr: multiple regression with all significant markers from the SLG-Regr model.

these three marker loci, the ‘Suwon 157 allele increased
nodule dry weight per plant. The multiple regression
analysis accounted for 28.74% of the variation in nodule
dry weight per plant among progeny.

The initial SF-ANOVA of plant dry weight detected
seventeen SSR markers associated with QTLs for dry
plant weight (Table 5). Each of these markers is located
on LG I, LG J, LG L, and LG O. Individually, these
markers accounted for 3.44 to 14.75% of the variation in
plant dry weight. At all QTLs, the *Suwon 157" allele
incrcased plant dry weight. Both SLG-Regr and
MIG-Regr analyses identified four significant markers,
viz. Satt440 on LG I, Sct 001 on LG J, Sat_038 and
Sat_274 on LG O. The multiple regression analysis
accounted for 28.06% of the phenotypic variation.

Ten markers were identified by SF-ANOVA as being
potentially associated with QTLs conditioning ARA at P
< 0.05 (Table 6). Each marker accounted for 3.03 to
11.92% of the phenotypic variation in ARA among
progeny. At all marker loci, the ‘Suwon 157" alleles
increased ARA. Combined MLG-Regr with SLG-Regr
analyses revealed that only two markers, Sattl157 on LG
Dib+W and Sat 274 on LG O were associated with
ARA. These two markers linked to QTLs conditioning
ARA explained [8.52% of the total variation for ARA.

DISCUSSION

When compared with the heritability, the combined R
explaining the QTL in each fixation component may not
be high. The MLG-Regr analysis accounted for less than
3391% of the phenotypic variation in nodule fresh
weight (Table 3). For the ARA, only 18.52% of the
phenotypic variation was explained (Table 6). However,
the heritability estimates varied from 50 to 78%
depending on the phenotypic traits (Table 1). This would
suggest that the other QTLs remain undetected, the
markers were not linked to the true QTLs, the
heritability estimate was poor, or that the ecpistatic
interaction effects remain undetected. This may be
partially due to the incomplete genomic coverage using
only 202 SSR markers. More SSR markers should be
used in combination with other type of markers to fill up
the gaps in each linkage map and to identify more
markers tightly linked to QTLs for each N-fixation
component.

Our experiment identified different markers from the
carlier works, possibly due to different parents used in
developing the mapping population and phenotyping. Of
specific interest .in this study was a major QTL
associated with the N-fixation components on LG O.
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The nnn:)r ones were located on LG Al, Dib+W, 1, ]
and K. Cregan et al. (1999) reported that Ry, allele for
conditioning nodulation was located on LG DIb+W,
while Rj: allele for conditioning ineffective nodulation
was found on LG J in three mapping populations, viz.
59 F; plants from G. max x G. soja, 240 RlLs from
Minsoy x Noir, and 57 F, plants from Clark x Harosoy.
The genes Rjz for ineffective nodulation, Rmd for
powdery mildew resistance and Rps2 for phytophthora
root and stem rot resistance were located on the classical
linkage group 19 in the BARCH4 x Clark63 population
(Devine et al., 1991). A study from the progenies
derived from two isolines of a soybean cultivar
‘Williains’ showed that LG J was related to classical
linkage éroup 19 with certain common loci such as R,
Rind, and Rps; (Polzin et al., 1994). A gene for
supermodulation (nzs) was linked to the RFLP anchor
markers on LG H (Kolchinsky et al., 1997).

The results from the present study indicated that
marker-aided selection may be effectively feasible for
enhancing nodulation and nitrogen fixation in soybean.
The existence of a major QTL on LG O conditioning
more than 10% of the phenotypic variation in nodulation
and nitfogen-fixing ability provides an opportunity to
select lines in a segregating population. However, further
confirmation will be needed for the markers detecting
variation.

'
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Abstract

To Ffacihitate wansfer of bruchid resistance 10 azuki beun {(Vigna
angrfarisy from s cclatives s interspecitic mapping population was
wade between rice bean, V. wmbeflara, and the related wild species
U nakashimae, The V. wnbellerta parent is complesely resistant and
V. nakashinien is compleicty susceptible o the hruchid bestks pests,
azuki bean weevit (Cellosobruchus chinensisy and cowpean weevil
(C. macriarns). There is very low cross compatibitity between
12 vonbetlio and azuki beon, Therctore, 1 that crosses
with both V. warbellata and V. angrdaris withouwt the need for embryo
reseire, 15 used as a bndging specics, A genctic Wnkage map was
constructied based on an interspecific Fr mapping population between
V.o umbeffara and V.nakashiorae consisting of 74 plants. A 1onal of 175
DNA marker loei (74 RFLPs and 101 SSRs) were mapped on to 11
linkage proups spanning a totid length of 632 cM. Scgregation
distortion was obscrved but only three markers were not linked to
any lakage eroup duc to severe sceregation distortion. This interspe-
cific zenome map was comparcd with the genome map of azuki bean.
OF 121 commen markers on the 1wo maps, 114 (94.2%) were located
on the same linkage groups in both maps. The marker order was
highly vonscrved between the two menome maps. Fifty 15 plants that
produced sufticient seeds were nsed for quantitietive trait locus (QTL)
anadysis and locwing genes) for C chinensis and €. maculatus
resistance in V. wmbelfata. The resistance reaction of these Fa plants
Witfered between C. chinensis and C. maculatus. Both resisiances were
guantitsively inberited with no Fa plants completely susceptible to
C. chinensis or C. maocadatus, Onc putative QTL for reststunce 10 eacly
of these bruchid species was tocuted onwdiffecent linkaye groups. Other
putative QT Ls associed with resistance 1o both C. chinensis and
C. mucubnins were localized on 1he sume linkage gronp 1. Linked
murkers associzicd with the bruchid-reststaat QTL will Lacilitatc their
teansfer o azuki bean breeding lins.

nokashimaog,

Kev words:
C. maealaius — comparative mapping — quantitubive trait loci

Fiena species are an important source of protein for people,
particularly intropical Africy and Asia and several Vignu species
have been domesticated in Asia. Among them the cultigens,
mungbesen [V radiara (L) Wilczek]. black gram (V. mungo (L.}
Hepper] ind azuki bean {1 sngudaris (Willd ) Obhwi & Ohashi]
ace economically most importaat. Rice bean V. umbellata
{Thunb.) Ohwi & Olashi] is occasionally cultivated sn different
parts of South-cast and East Asia. It grows prolificalty and is

used for its green pods. seeds or for forage.
!

Cm e

Kannondat, Tsukuba 303-8602. Japan:

Vigna wmbelluta — Callosohruchus chinensis —

*Corresponding author.

A major production constraint of the Asian Vigna is
susceptibility to bruchid beetles (Coleoptera: Bruchidue) that
eat seeds of legumes in storage. The inost imporiant of the
bruchid beetles are uzuki bean weevils (Callosobructiug chinen-
sis 1.y and cowpea weevils (C. macutanes F.) (Southgate 1979).
Bruchid beedes first infest Vigna species in the field where the
adult bruchid lays eges on young pods, hatched larvae bore
through the pod wall and feed while remaining concealed
within seeds (Southgate-1979). When the crop is harvested and
stored the bruchid contnues feeding and cventually coines out
as an adult and causes secondary infestation. which can resuit
tn total destruction of a seed lot within a period of 3—4 months
(Banto and Sunchez 1972). Hence a major objective of Vigna
breeding programines 15'to produce bruchid-resistant varieties.
The most studied source of bruchid resistance is an accession
of wild mungbean. TCI966 [ V. radiute vic, sublobata (Roxb. )
Verde]). which has complete resistancé to azuki bean weevils -
and cowpea weevils (Fujii et al. 1989). The resistance in
TCI1966 is controlled by a single dominant gene (5r) (Kitam-
ura ¢t al. 1988). which has been mapped with molecular
markers {(Young et al. 1992, Kaga und Ishimoto 1998) and
successfully used in a breeding programune (Tomooka et al.
1992). Wild black gram (V. nnwgo var. silvestris Lukoki.
Marechal & Otoul) is also reported o be bmmune to
C. chinensis and C. maculaies (Fujii u al. 1989, Dongre et al,
1996). -

In order to develop azuki bean culliivars with resistance to
both bruchids, the germplasm collection of wzuki bean has
been evaluated but no good sources of resistance have been
found and most accessions are completely susceptible (Tomo-
oka et al. 2000, Kashiwaba et al. 2003, N. Tomooka. uupub-
tished data). Bruchid-rcsistant sowrces in V. radiata var.
sublobata and V. numgo var. sifvestris mentioned above are
not cross computible with azuki bean and so new suitable
sources of bruchid-resistant germplism are needed for the
development of azuki cultivars with resistance 10 these weevils.
Evatvation of a Figne species core collection revealed new
resistance sources with o high levél of bruchid resistince
(Tomooku ¢t al. 2000). Among the resistant sources, cultivated
vice bean (¥ wmhelfaral is considered o be potentially the
most useful because many sccessions show complete resistance
1o the bruchids and 1t is 1 cultivated species (Kashiwalba et al.

www bluckwell-synergy.com
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2003). The chemicals responsible for bruchid resistance in
V. umbellata (cv. Menaga) have recently been identified (US
Patent 6.770.63082). These chemicals are ali derivatives of the
flavanoid naringenin. two of the derivatives being isomers of
the other two. Transfer of bruchid resistance from V. wnbellata
to susceptible nzuki bean is difficult due 10 cross incompali-
bility. As an alternuative approach to genc transfer the use of a
bridging species has Leen proposed (Tomooka et al. 2000).
Species of the V. minima complex. V. minima (Roxb.) Ohwi
& QOhashi, :V. rivkinensis {Ohwi) Ohwi & Ohashi and
V. nakashimae (Ohwiy Ohwi & Ohashi, have been suggesied
as the most suitable bridging specics between V. umbellata and
V. angufaris (Vaughan et al. 2005).

Restriction {raginent length polymorphisms {(RFLPs) und
simple sequence repeitts {SSRs or microsutellites) are widely
employed (o coustruct linkage maps and mapping ol agro-
nomically important traits in many crop plants because they
are highly informative and reproducible. In Vigna species. SSR
markers have been developed in cowpens | V. unguicuinta
(L.) Walpers] (Li et ab, 2000), mungbean (Kumar et al. 2002)
and azuki bean (Wung ct al, 2004b). In ¥Figna crops. genetic
linkage maps have been constructed for mungbean, cowpea
wnd azuki bean and used to map genesfguantitative trait loci
{QTLs) for sced weight in mungbean and cowpea, bruchid
resistance and powdery mildew resistance in inungbean (see
Kuga et al. 2005 for review). o -

The study reported here analysed an interspecific cross
between rice bean (V. wmbellaza) showing complete resistance
and V. nakushimae showing complete susceptibility to bru-
chids. The resulting > population was used 1o construct i
genetic inkage mup and address the following objectives:

I Analyse the inheritance of the bruchid resistance in a cross
between ¥, umbellata and V. nakashimae;
2 Locate the bruchid-resistance gene(s) on the genome map;
3 Compare the genowme nap developed with that of azuki bean.
1

!
Materials and Methods

Plant materials: Bruchid-resistant cultivated rice boan (Vigna umbel-
fata) accession JP100304 was used as the femake parent in a cross wirh
the  bruchid-susceptibic, wild  species. & nokaxfivnae  sccession
JPI07879. produced at the National Instiewic of Agrobiological
Scicnecs, Tsukuba. fapan. The V. unthellata accession was a landrace
from Nepal and the V. nakashimae secession originated from a wild
population collected in Nagasuki prefecture, Japan. Both accessions
camc from the National {nstitute of Agrobiologicul Scicnces Genebank,
Tsukubu, Japan. The wild specics V. nakeashimaee 15 a bridgiag specics
between rice bein wnd azuki bean and wis the male parentin this cross.
An Fy plaas (V. wmbellatn x V. pokashimae) wis grown in a green-
house. Among 131 F; sceds planted 74 85 individuals grew normally.

Bicassay of bruchid resistance: Calleverhruchny clincasis (azukt beun
weevils) and C. wnncudarus {cowpea weevils) were reared on mungbean
seeds in an incubator at 30°C and 70% rclative humidity and used to
evaluate resistance in the parents and ¢ seeds of Fy individuals that
produced sufficient sceds for the assity. Between 15 and 20 F sceds from
individual Fy planis and 20 seeds from parcnis were placed on 9 cm
diamerer Peert dishes with the hilum oricnied down on some sticky tpe.
Twenty (10 males and 10 females) newly cmereed bruchid adulis were
wtraduced into cach Patri dish for 24 h. The infesied sceds werg
nuintzined in incubatars ar 30°C and 70% rcfative humidity. Tweaty
days afier inscct introduction. the awnber of damaged sceds was
recorded daily and the dumiaged sceds prompiby renvoved from the Pewnid
dish. A danraged {susceptibie) seed was considesed g0 be onc (rom which

an inscct had cmerged. As the generation time for bruchids is about
30 days under these expenimental conditions the evaluation was contin-
ued until 50 days after inscct introduction. Dita recording was then
terminated o avoid counting sccond -generition infostation. Seeds that
showed no surface dumage were further exannined for internal dumage
by X-ray analysis (model TV-PBO-C, SOFTEX, Tokyo. Japin).

DNA extraction: Genomic DNA was extracted {rom lcaves of 74
individual F» plants and puarcnts by the methiod of Dirager and Scots
{198%). DNA concentration was adjusied o 200 agipl far RFLP
analysis and 1o | ag/pt for SSR analysis by compiring with known
concentrations of standard ADMA on o 1.53% agarose gel.

RFLP amalysis: Genomic DNA from parents was digesied with six
restriciton enzymes (Bgltl, Dral. EcoR1. EcoRV. fHind1E and Xbal)
aad way clectrophoresed on § % avarose gels. followed by DNA blotting
on 10 Hybond N+ membrane {Amcersham. Little Chalfon. UK ). The
blots were hybridized with imunghcan. cowpea. common bean und
sovhean probes 10 determitne RFLP hetween puremis, DNA from F,
plamts was digested with enzymes that yickded cleae polviorphisms
borween the parents, subjected 1o efectrophioresis and blotied on o
miemhranes. Probe labelling. hyvbridization and detection were carsicd
out.using an clectrochemilurminescence dircet nuclcic acid labelling
system according to the manufacturer’s instructions (Amersham).

SSR analysis: The SSR markers mapped on the azuki bean finkage
map (Han ct al. 2005) were selecied and used 10 detect polvmorphism
between the two parcnis foliowing the sicthods described by Wang
ct al. (2004b) wath slight modificitions. In bricf, 10 pl ot PCR reaction
mixture contained [ ng of genomic DNA. 1 U KOD-plus- DNA
polymerise (TOYOBO. Tokyo. Jupun). ix PFCR buffer for KOD-plas-
0.2 muat dNTPs. | e M eSO, aind § pattel of the Torward aad reverse
primers. The 5°-cnd of the reverse primer was lluerescent labclled with
onc of the four foltowing luorescent dyes. 5-Fam. VIC, NED and PET
(Applicd Biosystems, Foster City. CA. USA). Afier checking for
polymorphism between parents. three or four differentislly coloured
primers were mixed into single PCR reaction mixtures and amplificd at
the seme time. Fluorcscent signal strengrhs of cach amplified frazment
were adjusted to the sarbe level by adding non-fluorescent labelled
primer paiss instead of labclted primers. Such multiplex scts were used
1o genotype Fa individuals of the mupping population. PCR reuctions
were performed with @' GeneAmp PCR System 9700 (Applicd Biosys-
tems) programmed as follows: 94°C for 2 min followed by 35 eycles of
94°C for 15 5. 60°CHor 15 s and 68°C for 15 s. Following amplitication.
2pl of PCR product was wmixed with 13 ) of Hh-Di formamide
containing 0.17 pt GeneScan 500 LIZ size stundard (Applicd Biosys-
tems). The multiplex PCR products separated inmo four colours on an
ABI Prism 3100 Genctic Analyzer and the eenotypes were determincd
with GENEMAPPER ver, 3.0 {Applicd Biosysiems).

Linkage map construction and QTL mapping The genctic map was
constructed using JoinMuap ver. 3.0 (Van Ooijen and Voonips 2001} A
scgregation ratio for cach marker in the Iy population was tested for the
poodness-of-fit1oa 1 : 2 : [ or 3 ;| ratie using chi-sguare toseat 5, 1
and Q.1 % significance levels. According te Pham et al. {1990} the wype
of pamctic or zyentic selection for co-domunant toci i determined by the
chi-square test at the 3% significance level. Maakers were assigned to
linkuge groups based on pairwise recombination frequencics and LOD
values. An LOD valuc of 3 or greater was used to create linkang groups
and the rccombination valuc was converied inta a map distance {cM)
using the Kosambt mapping {unction (Kosambi 1943). Double cross-
overs between adjacent loci duc 1o miss-scored  individuals were
confirrned munually. Linkage groups were named following azuki bean
linkage groups (Han ¢t ol 20035).

A subset of moleculir markers spaced across the genctic linkaee map
with no misstng renotype data was sclected and used tor composite
intervitl mapping (Zeng 19941 (CIMVE: ZmapQil Modcl 64 QTL analysix
wits carricd out using WinQTL Curtographicr {Wang cr af. 2004a). The
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murkers used as cofactors for CIM were sclected by the forward
stepwisce repression (F method in SRmapQul). The nunber of back-
ground markees ‘window size” was sot to 3 and 10 respectively. Arcsine-
transformed data on percentage of cumulative number of damaped
seeds for cach day from 20 10 50 days was used for QTL analysis. The
presence of a putative QTL was declared whenever the LOD score
excecded the threshold of 2.5. To determine the effect of seed size, which
might affect hruchid resistance, QTLs for 100 sced waght (SW) were
analysed and compared (o those for bruchid resistince.
i

Results
Bruchid resistance

Resistance to €. chinensis and C. mactdaus was tested in the
parents V_umhellara and V.o nakashimae. The averuge number of
cggs laid per seed (E/S) by C. chincusis was 2.4 for V.o wnbellata
and 3.1 for V_nakashimae. For C.maculatus. the bruchids 1aid
2.8 and 3.1 E/S on I, subeliata and V. nakashimoe respectively.
Viena wbelfute was completely resistant o the two bruchid
species, neither C. ofiinensis nor C. maculatuy emerged from
seeds of this specics. Whereas V. nakashimae was completely
susceptible to both C. chinensis and C. maculatus. All sceds of
V. nakashinme weve damaged within 32 days by C. chinensis and
within 33 days by €. mactlasus, after insect introduction.
Evaluation of three F, seeds showed resistance 1o both
bruchid species. Among 131 ¥, seeds planted, 57 (43.5%)
showing abnormahtics were excluded from further study: 20
died at the vepetative stage, six failed to Rower, eight dropped
all their pods and 23 did not produce normal seeds. Finalty, 74
F, individuals were used to develop the genetic linkage map.
A further 24 F individuals were excluded from the bruchid
evaluation test because, although plants grew nonmally, the
number of Fy seeds was insufticicut. Thus £, seeds from 50 ¥,
individuals were used for the bruchid resistance test. Fifteen to
twenty Fy seeds were vandomly evaluated. In F, lines (F:
seeds) the average E/S values for C. chinensiy and C. maculanis
were 3.9 £ 0.16 and 4.3 1 0.17 respectively. In the bruchid
resistance test of 50 Filines. C. chinensis emerged from 32 lines
and C. macnfatns emerged from 13 lines during evalbuation.
However. none of these lines was as susceptible to C. chinensis
ov C. maculatus as their susceptible parent, V. nakashimae.
Varttion in percentage of dimaged F, seeds (PDS) in the
parenis and F» population caused by C. ehineasis a1 32 and
39 days and by C. maculais at 33 and 44 days are shown
{Figs fab and 2a.b respectively). These two dates correspond
to the day on which cach bruchid species (1) compietely
damaged seeds of susceptible parents and (b) stopped cinerging
(rom the seeds, The experiment was terminated at 5 days when
no bruchids had eimerged for more than | week. The frequency
distrtbution of PDS by C. chinensiv at 32 daysand C. macuwlaius
at 33 days both showed a skewed distribution towards the
resistant parend, V.anbellara (Figs 1a and 2a respectively). The
results suggest that dominant genes control resistance 10
bruchid bectles. The population  average of PDS  was
85 + 19 for C. chinensis and 090 + 0.3 for C. mwaculotns.
By these dates the susceptible parent. V. nakashimae. was
completely damaged. Emergence of adult bruchids from F,
seeds continued until 39 days for C. efinensis and until 44 days
for C. macutarus. At the end of evaluation, the average PDS in
incompletely susceptible s linesincreased to 14.1 + 2.4% and
2.3 % 08% in C. chinensis and C. maculatus vespectively.
There was a significant positive correlation between the PDS of
C. chinensiy and C. macidatus resistance (r = 0.36, P = 0.012).
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Fig. {: Frequency distributon of percemtage damaged seeds (PDS)
caused by Callosohruchus clineasiy in an F3 population {bused on F,
sceds) derived from a cress berwoen Figne umbellata and V. nokashi-
prge a (a) 32 days and (b) 39 days

Delayed bruchid devclopment was observed in the F,
population. The average developmentad period of C, chinensis
among susceptible F» lincs was 32.2 days {range 26-39 days).
5 days longer than the 27 days recorded for V. nakashimae. In
the case of C. maculatus. the average developmental period
among susceptible Fa lines was 34.4 duys (range 27-44 days).
6 days tonger than the 28 days recorded lor V. nakashimae.

X-ray analysis of undamaged seeds in the Fax population
revealed thay, for a few seeds, the inteenal padts were in fact
damaged. When undamaged sceds were cut open. maost
bruchids had died at the fiest instar lacval stage (62.9% F,
mdividuals for both € chinensiy and C. maculares) bat some
had died during the second instar larva or later stages, pupua or
adult, In seeds of V. unthellata, bruchids ablways died during
the first Tarval stage,

The resistanl parent. V. wmbellata, has an SW of 3.9 g and
V. nakashintae has an SW of £.8 g Average SW in the F.
population was 3.2 = 0.1 g (range |.4-5.5). Based on the F»
population used for bruchid evaluation, the corrclations
between SW and PDS were —0.19 (P = Q.186) for C. chincuyis
and —0.13 (P = 0.100) for C. macwlatus indicating that seed
weight had no influence on bruchid resistance.

Taterspecific linkage map of V. wmbeflata x V. nakashimac

Simple scquence repent mavkers and REFLP probes were
screened to deiect DNA polymorplisms between V. umbhellai
and V. nakayhimae. OfF the 200 SSR markers tested, 132 (66%)
amplified DNA fragments in both parents and (22 (61%)
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Fig. 2: Froguency dsinbution of pereentage damaged sceds (PDS)
caused by Callosubrichus muctdarns i za Fy poputation (based on Fy
seeds) derived from o cross bewvween Vigna nbellata and V. nakashi-
srere at () 33 duys and (b) 44 days

markers revealed clear polymorphism. Of the 122 SSR markers
97 were successfully used for mapping in the F5 population, Of
the 185 mungbean. cowped. soybean and conunon beun probes
surveyed, 132 (82.1%) yielded clear polymorphisms between
V. wmbeliaia and V. nakashimae with at least one of the six
restricion enzymes. From these, 132 RFLP probes 68 (26
mungbean, 7 cowpea, 22 comaion bean and 13 soybean) were
used for mapping in the F» population.

A molecular-marker based linkage map of the interspecific
Foumbelfata x V. nukushimue Fy population was constructed
with 74 RFLP and 10t SSR loci (Fig. 3). The map spanned
652 cM with an average number of 159 marker loci per
linkage group and an averuge distance between adjacent
markers of 3.7 cM. The fargest and smallest linkage groups
were 95 ¢M {26 loc) and 33 cM (9 loci) vespectively. SSR
markers were distributed throughout the 1) linkage groups.
Five RFLP probes {Bng(22. Bng0§!, Bngi07. mgM415 and
sgA077) and three SSR markers (CEDG024, CEDGO09%4 and
CEDGI105) had wulti-loci with two or three loci segregating
dependently (suffix lower-case letter i Fig. 3). Five RFLP
and 10 SSR loci appear to be dominzut as no heterozygous
individuals were found (itatics in Fig. 3). Among all the loci
analysed, 26% (28 55R and 14 RIFLP laci) deviated signifi-
cantly (P < 0.05) from the expected vatiosof 3: lor F: 2: 1.
Such distorted loci were found on all linkage groups except for
linkage group 9. Three SSR loci (CEDG(96. CEDG105¢ and
CEDGO063) were not located on the linkage map and showed
significant Tdislorlion towards  the heterozygous  state
(P < ¢.001). The majonity of these distorted foci were
clustered on hnkage groups 2. 6 and 11 In particular. 10 of

P

]

11 foci on linkage group 11, and seven of nine loci on linkage
group 6 exhibited distorted segregation under gumetophytic
sclection, in favour of V. umbellata alicles, whereas seven loci
on linkage group 2 showed distorted segregation under zygotic
selection.

Quantitative trait loci for bruchid resistance

Compasite interval mapping was perfonmed in two ways. The
first approach was to detect QTL location controlling bruchid

- resistance on the day whei seeds of the susceptible parent were

completely damaged by bruchids (Figs la and 2a4). This
resulted in finding significant genome regions on linkuge group
7 associated with C. chinensis resistance and on linkage group
4 for C. maculams resistance (Table 1), A putative QTL for
C. chinensiy resistance located on linkage group 7 at marker
interval CEDGO64-CEDGI 11 expluined 53.4% of the vari-
atton. This QTL is named Bred . where Bre stands for
Bruchid resistance Coc €. chinensis, 3 for the population
number and | the QTL number. This mapping population was
designated as *3, populations ‘1" and *2' are BC,F, and F,
populations between V. nepalensis Tateishi and Muaxted and
V. angularis (Han et al. 2005, T. {semurd, uapublished datal.
The putative QTL Tor C. macularus resistance detected on
linkage: group 4 usccounted for 60.1% of the phenotypic
vaciation and s named Armld . Viena wmbellna allele a
Bred. L and Brn3 A, both hud a negative dominant effect, with
reduced seed damage by both bruchids’

The second approach was to use data on the day bruchids
stopped emerging from seeds of the F» population (Figs ib
and 2b). This revealed two putative QTLs located on knkage
groups | and 7 for resistance to C. chinensis and two putatve
QTLs mapped to linkage groups 1 and 4 for resistance to C.
maculaius {Table {). QTL (Brc3.1) at CEDG064-CEDGI143
on linkage group | explained 25.6% of the phenotypic
vanation. The other QTL., Bre3.2, mapped on linkage group |
between Bngl62 and mgM381 accounted for 18.5% of the
phenotypic variauon. For C. macularus two putative QTLs on
linkage groups | and 4 were detected. Brml.2 wus identified
on linkage group | betweea CEDGOI9 und mgM381 and
Brm3. 1 on linkage group 4 between CEDG154 and
CEDG232 and accoumed for 189 and 373% of the
phenotypic variation respectively. These QTLs reduced the
percentage of damaged seeds in both an additive and a
dominant manner.

The QTL analysis for seed weight was also conducted.
A single chromosome region located on linkage group 10
between sgAQG77b and Bogll was identified associated with
seed weight (LOD scove = 5.3). Sdue3.1 expluined 23.3% of
phenotypic variation of sced weight with the effect of the
V. umbeliora allele increustng seed weight (additive effect =
6.8, dominant effect = 3.1).

Discussion :
Linkage map and comparison to other linkape maps

Genetic iaps are a basic tool in molecular genctic studics and
crop improvement. In the genus Figas, 10 gencoie linkage
maps have so fur been developed. mainly using RFLP andjor
rindom amplified polymorphic DNA markers (Kaga et al,
2005). In the present study the moleculac hinkage map was
constructed based on SSR markers, the most useful moleculur
marker systems in plant breeding. The F, population wus
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Fie. ' A gonctic linkage map of rice bean (Vigna wumbeflaia} and V. nakashinae constructed from an £y population with RFLP and SSR
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Table b Results of QT L analysis for Callosehruchuy chinensis resistance and C. macnfars resistance in Fy population (based on I ; »eeds) derived
from Vigna wmbellata x V. nakashimae by composite interval napping {CIM)

Eifcet of V. nmheltuta
allele on PDS

Bruchid Evaluation QTL Linkagc LOD1 support for Position LOD Additive Daminan
specics {ditys) name oroup marker interval {cM} SCOTC {a) % {d) % % PVE
C. chinensis 2 freld 7 CEDGOA-CEDGI T 40 5.0 -4.8 -12 524
' 39 Drcdd 7 CEDGO6-CEDG 143 4.0 4.0 -3.6 =19 25.6
Bredl2 i Brgl62-mgh381 9.6 2.6 =25 -1.2 18.5
C. macnlaius AE) Brord. | 4 CEDGI3-CEDG232 40.2 1.1 -0.4 -04 a0t
\ 44 Brmldi 4 CEDGIi-CEDG232 274 5.0 -0.6 -0.4 373
Brml.2 1 CEDGOIY-mgM 3%1 88.6 29 -0.4 -0.3 18y

ICIM was performed using bruchid assay data obtained on the day when sceds of the susceptible parcnt were completely damaged by bruchids
{32 and 33 days for C. chinensis and C. murcufatus. eespectively) and the day bruchids stopped emerging from the sceds of the Fa population (39

and 44 days Tor C. cfiirensis and C. maculatus, respeetively).

derived from an interspecific cross between V. umbelfata and
V. nakashimae. The map consisted of 74 RFLP and 131 SSR
loci, and 11 linkage groups were formed corresponding to the
hnploi('! chromosoime number of V. wahellata and V. nakashi-
e

Comparative mapping has demonstrated conscrvation of
gene and marker order across genomes for Vigna species
(Kaga et al. 2005) und also between Vigna and related legume
taxa {Boutin ctat. 1995). The interspeciiic Vigna map
constructed in this study and o gencuc map of azuki
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Lroups

bean construcied from 2 BC, population (V. nepalensis x
V. angularisy x V. angularis (Han et al. 2005) were compared
to examine conserved linkuge blocks and marker order
between the two maps (Fig. 4). A 1ol of 114 (94.2%) SSR
loct were suceessfully located on the same hinkage groups and
in a simlar order to the hinkage map of azuki bean. The SSR
primer sequences reveal a wellconserved genome structure
among Vigna species and these sequences could aid 1a the
study of genomes of other Vigna species.

However, a few discrepancies in genetic distance, location
on hinkage group aud order between marker loct were observed
(Fig. 4). Some markers mapping to the same position on the
azukt bean map were found to be separated in the present map
(c.g. linkage group B megQll7 and CEDGI96). The
CEDGI00 lacus. which was mapped to finkage group 2 of
the V. umbelinta x V. nakashimae map, was located on kokage
group L1 of the azukt bean map. Another exmaple comes (rom
the markers on the distal end of linkage group 5, mgM247,
CEDGI158 and CEDGOI8 in the V. unmbellaia x V_nakashimae
map that were in the reverse order in the azuki bean map. Such
diffcrcncés between the two maps can be expluincd by
chromosoml rearrangements andfor wanslocations during

i
P

the evolutionary divergence of these species. In addivon,
distorted segregation in the present study was observed ut 24%
of loci in contrast 1o 3.53% of loci shawing distoried segregi-
tion in the azukr bean map. These results support previous
results that V. anguliris and V. nepalensis are more clasely
related than V. nakashimee and V. pmheflare within section
Angulares of the subgenus Cerarotrapis (Tomooka et al. 2002),

Segregation distortion of markers has been noted in
previous genetic mapping studies of ¥igna species such as
mungbean, cowpea and azuki bean, with the level of distoriion
ranging from 12 10 30.8% (Kaga et al. 2005} Several RFLP
markers facilitated comparison of the distoried loci belween
previousty reported maps and the present map. Most of these
distorted loci are specific to linkuage groups 2, 6 and 11 in the
present map and they all differ from the mwarkers showing
distorted  segregation on the interspecific genetic maps of
V. wnbellata x V. angularis (Kaga ‘et al. 2000) and V. angu-
laris x V. nakashimae (Kaga et al, 1996),

Significant differences in the transmission of alleles were
found on linkage groups 2, 6 and }l. Among these linkage
groups, groups 6 and 1 have a higher than expected number of
V. umbellata alleles. Preferential transnission of ¥ junheliag
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alleles has also been reported in crosses between V. umbellara
and V. anguloris (Kaga et zl. 2000). Further studies of
V. umbellara to elucidate the reason for this are needed.

Cross-compatibility relationships in Vigna are complex and
whether they are used as the male or female parent does affect
the success in developing hybrids between species (Tomooka
et 2l 2002). LCase of hybcadization among V. angularis,
V. nakashimae and V. wumbetlara differs. Crosses between
V. angularis and V. umibellata require embryo rescuc and there
is a high level of abnormality in segregating populations (Kaga
et al. 2000}, The level of abnormal segeegation is high in the
cross between V. wnbellata and V. nokashimae but hybrids do
not require embryo rescue. Ddistorted segregation can be
attributed to abnormalities resulting from interspecific hybnd-
tZon.,

Bruchid resistance in rice bean
Two putative QTLs. located on two linkage groups (linkage
groups | and 7) were found to be associated with C. chinensis
resistance and two QTLs on two putative hinkage groups
(lmkage groups | and 4) were identificd for C. maculatus
resistance. QTLs for C. chinensis (Bre3 1) and O maculatus
{Brar3 1) resistance are of iaterest because they explained much
of the phenotypic variation (25.6-53.4 and 37.3-60.1%
respectively). In addition, the QTLs 8r¢3.1 and Brm3.l were
consistently identified from (he day seeds of the susceptible
pitrent. V. nakashimae. werve completely damaged to the end of
evaluation.

Insecticidal chemicals in seeds, hardness of cotyledon and/or

seed coat andfor inferior nutritional value of seeds (Tomooka ~

et al. 2000) have been sugpested as the causes of bruchid
resistance. Recently, flavonoids with the basic structure of
naringenin have been isolated from V. umbellara (cv. Menaga)
and these were found 10 be responsible for bruchid cesistance
(US patent 6.770.630B2}. One naringenin derivative causes
resistance to both C. chinensis and C. maculatus and another
naringenin derivative causes resistance only 10 €, chinensis.
This supports the results presented here that two QTLs
mapped to similar locations are responsible for resistance to
the different bruchid species and other QTLs affect Calloso-
bruchus speaies differently.

Seed size 15 considered to be a factor associated with bruchid
resistance {i.c. simall seeds have higher resistance than larger
sceds) (Southgate 1979). The sced weight of the purents used
here differs 2.2-fold, with \he V. umbellate pavent having an
SW of 3.9 2 compared with V. nekashimae with an SW of
1.8 o. However. no relationship between the percentage of
damaged seeds and small seed size was observed in cross
progeny. The fuct that the locations of the putative QTLs
{Brc3.l and Brnld 1) for bruchid resistance differ from the
QTL for seed size (Schred 1) is in agreement with the results
showing the percentuge of damaged sceds is not corrclated
with sced weight.

Previous mappiag studies for bruchid vesistance based on an
miraspecific cross between mungbeun (V. radiara) and its
presunred wild progenitor (V. radivra var, sublobata) have
revealed a single mujor gene for resistance to C. chinensis
(Young et «f. 1992, Kaga and Ishunoto 1998). A major QTi
underlying bruchid resistance 1o C. chinensis in V. mnbellata
has been found in an interspecific mapping population of
V. wnbhellarn x V. angularis (Kaga 1996). The position of the
QTL s close (o the pR26 (=mngl026} locus where C. chinensis

resistance in wild mungbean is located. However, in the
present study. no QTL for bruchid resistunce was detected on
linkage group 2 where the pR26 (mgRO26} locus is located.
The variety of V. umbcllata used in the two experiments was
differem. Vigna wmnbellata used in this study wis o landrace
from Nepal, whereas, in the previous swudy the origin of the
V. umbellata accession was Japan and the bruchid resistance
was incomplete (Kaga etal 1996). Intraspecific vanation in
the level of cesistance to bruchid beetles has been observed
among V. umbcllata accessions {(Tomooka et al. 2000). These
data suggest there s vaniation in bruchid resistance penes in
V. umbellata.

The V. umbellata x V. nakashiruae map constructed in this
study has proved to be useful m pactly elucidating the
inheritance of bruchid resistance tn rice bean. That no F,
plamt revealed a phenotype as susceptible to bruchids as the
susceptible parent and the frequency distribution of resistance
skewed towards the resistant parent in the Fy population
indicates that many dominant genes are involved in resistance
to both bruchids. Cytoplusmic cffects can also explain the
skewed distribution for bruchid resistance. It was not passible
to analyse the reciprocal cross in this experiment { V. nakashi-
mae % V. wnbellaia) because although F| seeds were obtuined
they did not germinate (Tomooka et al. 2003). Cytoplasmic
effects are not considered to be a major fuctor in bruchid
ressstance because backcross progeny of hybrids between
V. untbeltata and ¥, nakashimae using a bruchid-susceptible
azuki bean (V. angularis) as the femule parent show resistance
to both bruchid species (Tomooka et al. 2003). The skewed
distribution of the resistance may be explained by the many
abnormal F; plants and the resulting small Fy population with
many markers skewed wowards V. wnhellara. As no susceptible
line was found, genetic variance wis smaller than expected.
hence the likelihood that there remiun several undetected
QTLs for bruchid resistince.

By using the bridging species V. nakushinae. the resistance
of V. umbellara s transferred o an azuki bean bruchid-
susceptible cultivar to develop bruchid-resistant lines (Tomo-
oka et al. 2003). Every seed from cuch backcross between
V. angularis x (V. wmbcllata x V. nakashimae) and eecurrent
male parent V., angularis (1o date backerossed three times) has
been sequentially evaluated for resistance to the two bruchid
species. In the preliminary evaluation. some lines developed
have resistance to both bruchid species {Tomooka et ab. 2003).
As these backcross lines show scgregation, the application of
molecular mackers linked to putative QTLs for bruchid
resistance found in this study will greatly enhance bruchid
resistunce breeding in azuki bean. A search for other uadetee-
ted bruchid resistance QTL o Vo wahellutu using backeross
lines is also planned.
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Abstract -

Resistance to azuki bean weevil, Callosobruchus chinensis, was studied in a series of field and laboratory
experiments in two accessions of rice bean (Vigna umbeflata (Thunb.) Ohwi & Ohashi), one accession of
black gram (V. mungo (L.) Hepper), and one accession of mungbean, (V. radiata (L.) Wilczek). Weevil
damage to immature pods of the rice bean accessions, ‘Menaga’ and ‘Miyazaki’, was significantly less than
to the susceptible mungbean, VC1973A. In mature pods, the pest damage to the pod wall of Menaga was
significantly higher than to VCI973A, whereas the damage to Miyazaki was similar to VCI973A.
Seeds within the pods of both rice bean accessions were resistant no matter when the pods were
harvested. When the insects were exposed directly on dry seeds, both rice bean accessions arid a black gram
accession VM2164 were resistant to them. In artificial seeds made by mixing flour of the individual resistant
Vigna accessions with VC1973A and subsequently exposed to bruchid oviposition, the higher the quantity
of resistant Vigna flour the lower the number of bruchids that emerged from such seeds. No bruchids
emerged [rom artificial sceds containing crude starch fraction from the three resistant Vigna
accessions when such seeds were exposed to bruchid infestation, whereas many insects emerged from the
seeds containing starch of VC1973A or flour of VCi973A alone. In artificial seeds made by mixing crude
protein fractions of the three resistant Vigna accessions with flour of VCI973A, as the concentration of
protein increased the number of C chinensis adults that emerged decreased. Fractionation of crude
proteins into acetone-precipitable proteins and peptide and amino acid portions resulted in the loss of
antibiosis effect. Artificial sceds made from purified starch-polysaccharides fraction, however,

1
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exhibited antibiosis effects if prepared from the rice bean seed of Menaga and Miyazaki but not if made
from the black gram seed, VM2164.

© 2005 Elsevier Ltd. All rights reserved. b

Keywards: Azuki bean weevil; Host-plant resistance; Rice bean; Callosobruchus chinensis; Vigna spp.

1. Introduction

Mungbean, Vigna radiata (L.) Wilczek, is an important legume produced mainly in South and
Southeast Asia. This crop is a major source of dietary protein for poor people in the region and an
important nitrogen-fixing legume in tropical cropping systems. Poor geneticbackground and
damage by insect pests and diseases limit the seed yield of this crop. Among several insect pests that
attack this crop, two beetle species, azuki bean weevil, Callosobruchus chinensis . (L ), and cowpea
weevil, C. maculatus (F.), are the most destructive. The initial infestation takes |p]aoe in the field,
where the adult bruchid lays eggs on green pods and the larvae bore through the pod cover and feed
concealed within developing seeds (Southgate, 1979). When such seeds are harvested and stored, the
insect continues feeding, eventually emerges as an adult, and causes secondary infestation which, at
times, results in total destruction within 3-4 months (Banto and Sanchez, 1972). Since mungbean is
generally grown by small land-holders, poor storage facilities are prevalent in such households, and
the seeds are frequently used for family consumption, the application of fumigants or insecticides is
not suitable (Talekar and Lin, 1981). Efforts have been made to identify sources of resistance and
breed a bruchid-resistant mungbean. Among 525 accessions screened for C. chinensis resistance at
the Asian Vegetable Research and Development Center (AVRDC), two black gram, V. mungo (L.)
Hepper, accessions, VM2011 and VM2164 were resistant to C. chinensis (Talekar and Lin, 1981).
The VM2011 exhibited less damage to pods when the insect infestation occurred in the field, while
the VM2164 had highly resistant seeds in laboratory tests. Transfer of insect resistance genes,
however, from VM2164 into mungbean cultivars was not successful (Fernandez and Talekar, 1990).
Two mungbean accessions, V2709 and V2802, were moderately resistant to the bruchid in seeds
(Talekar and Lin, 1992). One accession of mungbean, TC1966, V. radiata var. sublobata, was
resistant to C. chinensis (Fujii and Miyazaki, 1987). Crosses between TC1966 and other mungbeans
were made successfully (Tomooka et al., 1992), but since TC1966 is a wild legume and not
consumed by humans anywhere the possnblllty of some undesirable traits present/in the seeds of the
progeny of some of the crosses could not be ruled out (Watanasit and Pichitporn, 1996). A feeding
test was conducted by Miura et al. (1996} using BC,4F, seed of the cultivar ‘Osaka Ryokutou’ with
TC1966 as the donor of the gene conferring the resistance. They found that the glutamic-oxalacetic
transaminase activity was higher and the total cholesterol concentration was lower in female mice
fed with the resistant line compared with the control mice. Sugawara et al. (1996) isolated the
chemicals responSIble for azuki bean weevil resistance in TC1996 and named the mixture vignatic
acid. Its major component is cyclopeptide alkaloids. This makes the use of TC1966 questionable for
breeding mungbean, which is widely consumed as fresh sprout, resistant to seed:feeding pests such
as C. chinensis.

Recently, Tomooka et al. (2000) found two cultivated varieties of rice bean, V. umbellata
(Thunb.) Ohwi & Ohashi, a food legume, to be completely resistant to C. chinensis and
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C. maculatus. Both accessions, ‘Menaga’ and ‘Miyazaki’, are land races of cultivated rice bean
from Japan. Kashiwaba et al. (2003) prepared artificial seeds from various proportions of rice
bean (resistant) and azuki bean (susceptible) flour and fed these to C. chinensis, C. maculatus and
Graham bean weevil (C. analis (F.)). They reported that the number of bruchid adults emerging
decreased, and the larval development period (days) was extended, when artificial seed with an
increasing proportion of rice bean flour were used. They concluded that a chemical component(s)
contained in the cotyledon of rice bean has an inhibitory effect on growth of these bruchid species.
They did not attempt to fractionate and characterize the compounds responsible for the
resistance. In this study, we partially characterize the mechanism of resistance of these varieties as

well as that of VM2164 to C. chinensis.

2. Materials and methods

Most of the experiments were conducted at the Asian Vegetable Research and Development
Center, Shanhua, Taiwan. The rest were conducted at Kasetsart University, Kamphaeng Saen,
Thailand.

1

2.1, Study with pods

Seeds of Menaga, Miyazaki, VM2164, and one susceptible mungbean breeding line (VC1973A)
were planted in individual 3 m long and 2.25m wide plots, in a randomized complete block design
with four replications. The crop was grown by normal cultural practices as recommended by Park
(1978). When the earliest maturing accession started forming pods, we released 1000-2000 newly
hatched laboratory-reared adults of C. chinensis in the field once every week until most pods of the
latest maturing accessions were ready for harvest (Talekar and Lin, 1981). All pods at pod-filling
(yellow pod) stage and at mature dry pod (black pod) stage were picked weekly from each plot.
Pods at the same stage in each replication coliected through the course of experiment were
combined into one observation. Each observation comprised a few hundred to several thousand
pods. The collected pods were placed in nylon net bags and maintained in a greenhouse {or further
drying before extracting the dry seeds. Once every week, adults that had emerged from the pods
were counted and discarded promptly and the number of damaged pods and seeds were recorded.
This procedure was continued for up to 6 weeks after final harvest. The accumuiated number of
damaged pods and seeds among the lour accessions were averaged across four replications and

compared.

2.2. Study with whole seeds

Seeds of each accession were placed in a water-saturated chamber for 48 h to equalize their
moisture content. Ten grams of seed were poured into each of four 125mL flasks and 40 newly
emerged (0-3-day-old) adults of C. chlinensis were introduced over the seeds in each flask. Bruchid
adults were allowed to lay eggs and the feeding damage by larvae emerging from eggs was
recognized by the presence of holes in seeds. Percentages of damaged seeds among the four

accessions were compared.
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2.3. Study with artificial seeds

Dry de-hulled cotyledons of VC1973A, Menaga, Miyazaki, and VM2164 were'ground into very
fine flour. Flour of VCI973A was used as the base for preparation of artificial séeds consisting of
an increasing proportion of Menaga, Miyazaki, or VM2164 in a VC1973A base to study possible
antibiotic factors present in the seed (Talekar and Lin, 1992). Preparation of artificial seeds
followed the method deveIOped by Shade et al. (1986). The moisture content of artificial seeds was
adjusted to 12-15% in the moisture chamber. For each proportion of re31stant material, eight
artificial seeds, each weighing about 1 g, were made and confined in an 125 mL Er]enmeyer flask as
one experimental unit. Forty newly emerged adults of C. chinensis were released into individual
flasks for oviposition for 4 days. All studies were conducted at 28.5+ 1 °C with four replicates.
Seeds were observed for 50 days and the number of first-generation adults epaerging from the
seeds was recorded. Using this generalized procedure, various components of seeds of Menaga,
Miyazaki, and VM2164 were tested for their antibiotic effect on growth and development of
C. chinensis.

2.3.1. Antibiosis study

In the first experiment, fine powder of the three resistant accessions was mixed with fine powder
of VC1973A at the rates of 25%, 50%, and 75% and made into artificial seeds. Seeds were also
made from the fine powder of the individual accessions alone. These seeds were bioassayed with
C. chinensis as described above. b

2.3.2. Preparation of artificial seeds with crude protein and crude starch

In the second experiment, 10 g of flour of each accession was individually suspended and mixed
with distilled water. These suspensions were shaken intermittently and held for 2h before
centrifuging at 15000 rpm, for 15min at 4°C. Centrifugation separated the material into liquid
phase (mostly protein) and solid phase (mainly starch). The solid fraction was' dried at 60 °C for
8h. The liquid fraction was freeze-dried. To test for possible antibiosis against C. chinensis in
starch, the solid fraction of each individual accession equivalent to 20% and 25% of original seed
was mixed with flour of VC1973A and made into artificial seeds. To determine the equivalent
weight, the total weight of the starch fraction was set to 100% and the required equivalent weight
(20% or 25% in this case) was calculated accordingly. To test for antibiosis ini protein, the solid
from the freeze-dried fraction equivalent to 5%, 10%, 20%, and 30% w/w of ongmal seed of each
accession was individually added to flour of VC1973A and made into artificial seeds. Artificial
seeds made from flour of VC1973A alone were included in the two tests as a susceptible control.
All seeds were bioassayed with C. chinensis as described above.

2.3.3. Preparation of artificial seeds with precipitable protein, peptide and amino-acid fractions

In the third experiment, the protein fraction of each accession was extracted as described above.
Cold acetone was then added to this liquid fraction gradually until there was no more
precipitation (Englard and Seifter, 1990). The protein—acetone mixtures were allowed to stand for
3h to let the proteins settle at the bottom of the centrifuge tubes. The tubes were then centrifuged
at 15000 rpm for 15min at 4 °C. The precipitable proteins at the bottom of the tubes were air
dried at room temperature. The liquid fraction was concentrated by a flash evaporator until all the

b
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acetone had evaporated and was then freeze-dried. Precipitable protein equivalent to 25% of the
original seed of each accession was individually added to flour of VCI937A and made into
artificial seeds. The freeze-dried fraction at a concentration of 2%, 5%, 7%, or 10% equivalents,
of original seed was then added to flour of VC1937A and made into artificial seeds. Artificial seeds
made from susceptible flour alone were included. All seeds were bicassayed with C. chinensis as

described above,

2.3.4. Preparation of artificial seeds with solvent extracts of peptide and free amino acid fraction
In the fourth experiment, a [reeze-dried fraction of each accession equivalent to 10 g of original
seed was subjected to sequential extraction with hexane, dichloromethane, and methanol.
Extraction with hexane and dichloromethane was done in a Soxhlet extraction apparatus for 8 h
at the rate of 5-6 solvent exchanges per hour. For methanol, the freeze-dried fraction and solvent
were shaken vigorously for 8 h. All solvent extracts were concentrated in a flash evaporator until
all solvent had been evaporated. The dried residues ol each extract as well as solid residues after
solvent extraction in quantities equivalent to 30% of those in the original seed were incorporated
into flour of VCI1973A and prepared into artificial seeds. Artificial seeds having 30% flour of
Menaga, Miyazaki, and VM2164 were included as well as the seeds made solely from VCI973A.

2.3.5. Preparation of artificial seeds with purified starch fraction

In the fifth experiment, the water-insoluble fractions comprising mainly starch and other
carbohydrates as described in the second experiment were suspended three times with 0.1 M
NaOH. After each suspension, the mixture was allowed to stand for 21 at 4 °C and centrifuged at
15000 rpm for 15min at 4°C. The liquid phase (starch-associated proteins) was coliected. The
solid phase was subsequently suspended once again in 0.1M NaOH, and centrifuged at
15000 rpm for 15min at 4°C. All liquid phases from the extraction were combined and dialyzed
using dialysis membrane against distilled water for 24 h at 4°C, to remove NaOH. The dialyzed
liquid phases were freeze-dried. The solid phases (purified polysaccharides) were drted at 60 °C for
8 h. The polysaccharides as well as solids from the freeze-dried fractions equivalent to 25% of
initial seed compositions were mixed with flour of VCI973A and made into artificial seeds.
Artificial seeds made from susceptible flour alone were included as a control.

2.3.6. Preparation of artificial seeds with steam distilled chemicals

In the sixth experiment, 200 g flour of each accession was suspended in water and subjected to
steam distillation. The distillate liquid equivalent to 25% of the initial seed was added to flour of
VCI1973A and made into artificial seeds. The seeds made from flour of VCI973A alone were
included as a control. All seeds were bioassayed with C. chinensis as described above.

2.3.7. Antibiosis in post-germination cotyledons |

In the seventh experiment, seeds of all accessions were germinated in sand previously baked at
100°C for 24h. Three-day-old post-germination cotyledons were collected and washed with
water. The cotyledons were then dried at 60°C for 16h and ground into fine powder. These
powders, 25% of the mixture, were mixed with flour of VC1973A (75%) and made into artificial
seeds. Seeds made from flour of VC1973A alone were included as a susceptible control. All seeds
were bioassayed with C. chinensis. '
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2.4. Statistical analysis

The SAS program was used for analysis of variance (ANOVA) in a completely randomized
design (CRD). If significant differences were indicated, means were separated using least-
significant difference (LSD) tests with a P<0.5 level of significance (SAS Institute, 2001).

3. Results and discussion . .
3.1. Study with pods

The results of the damage caused by C. chinensis to immature and mature seeds while within
pods are shown in Table 1. Since VM2164 did not flower even after harvest of pods of all other
accessions, we did not include it in the data analysis. In Menaga and Miyazaki, !the insect damage
to seeds, whether the pods were harvested when immature or fully mature, was significantly less
than in the susceptible control VC1973A. Pod pericarp characters such asi gum production,
smooth surface, thin pericarp, indehiscence and flaking surface can influence bl‘UChld damage to
seeds (Janzen, 1969). Highly pubescent pods also tend to be less damaged by ‘bruchids (Talekar
and Lin, 1981). Because the morphology of the pods of the three accessions was not much
different except that the surfaces of Menaga and Miyazaki were slightly glabrous and smoother
than that of VC1973A, it is unlikely that the morphology of the two rice bean accessions
contributed to the pod resistance of these accessions in pods. When we observed the damage to
immature pods, the pod wall of Menaga was resistant but Miyazaki was considerably more
damaged and appeared to be as susceptible as VC1973A. At maturity, the pod wall of Menaga
was more damaged than those of VCI1973A and Miyazaki (Table 1). In both cases, insect holes
were visible only over the seed locules. Hence the bruchids appeared to prefer the seeds inside the
pods, rather than the pod itself. Pod pericarp did not seem to play any role in the resistance of
either rice bean accession to C. chinensis. The seeds of Menaga and Miyazaki were about two-
thirds the size of those of VC1973A. This fact alone, however, cannot account for the drastic

Table 1

Infestation on immature and mature seeds within pods of various Vigna accessions by Cal!asobruchus chinensis®
Accession Damaged seeds (%) (mean+ SE) Damaged pods (%) (mean+ SE)
Immature stage i

VCI973A 19.42+1.37a 33.5240.80a

Menaga 1.71+0.25b 5.1940.50¢ |

Miyazaki 3.2640.49b 22.48+1.26b

Mature stage !

VCI9T3A T 18.5242.55 15.38+3.65b"

Menaga 3.7610.98b 23.2140.58a

Miyazaki 4.1810.59%b 9.344+ 1.21b;

i
#Means followed by the same letter in each column and for each stage of maturity are not significantly different at
P<0.5 by LSD test.

L
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reduction in the damage. We suspect that biochemical differences in the seeds contributed to the
differences in the varieties (o bruchid attack.

3.2. Study with whole seeds

Callosobruchus chinensis laid large numbers of eggs on dry seeds of all accessions (Table 2). The
number of eggs laid on seeds of all four accessions was, however, not significantly different. No
adults emerged from seeds of Menaga, Miyazaki, and VM2164, but numerous insects emerged
from seeds of VCI973A (Table 2). Menaga, Miyazaki, and VM2164, therefore, appear to be
completely resistant to C. chinensis. Resistance of VM2164 has already been demonstrated
(Talekarland Lin, 1992). Certain factors such as seed hardness, small seed size, absence of
nutritional factors, and presence of toxic substances, may affect bruchid damage to legume seeds
(Southgate, 1979). Although, in our study, seed size of Menaga, Miyazaki, and VM2164 was
smaller than VC1973A (100-seed weights being 4.28, 4.25, 3.69, and 6.73 g, respectively), it did not
correlate with bruchid resistance in seeds. Tomooka et al. (2000) demonstrated the absence of a
relationship between the level of resistance of some Vigna seeds to C. chinensis and C. maculatus
and seed size. Our results implied that antibiosis factors present in the seed coat or seed cotyledon
might be responsible for resistance to C. chinensis. At times we found dead larvae and pupae in
cotyledons or near the embryonic axis of all resistant accessions. A similar observation was made
earlier by Ramzan et al. (1990) who found dead C. maculatus larvae in cotyledons of rice bean.
However, Tomooka et al. (2000) reported no damage caused by C. chinensis and C. maculatus
beyond the seed coat of Menaga and Miyazaki. Biotypes of bruchids and intraspecific variation of
plant accessions may result in differences in the level of resistance (Tomooka et al., 2000). Our
results hinted at the possibility of antibiosis factors in the cotyledon being responsible for
resistance of these rice bean accessions to C. chinensis. Hence we conducted a series of resistance-
testing experiments with various components of seeds of these Vigna species accessions.

3.3. Study with seed components

3.3.1. Antibiosis
When artificial seeds, made by mixing increasing proportions of flour from three resistant

accessions with VCI1973A, were offered to C. chinensis for oviposition, insects laid more than
seven eggs per seed. The differences in the constituents of these seeds did not affect the number of

Table 2

Infestation on dry secds of various Vigna accessions by Caflesobruchus chinensis®

Accession . No. of eggs laid per 10g seed” (mean +SE} No. of édults emerged (mean 4 SE)
VCI973A 524.00 1 56.25 245.054+21.48a

Menaga 452.00+35.68 0.00+0.00b

Miyazaki 498.00+22.13 0.0040.00h

VM2614 334.00-27.19 0.004-0.00b

*Mcans followed by the same letter in each column are not significantly different at £<0.5 by LSD test.
"No significant difference.
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eggs laid. Development and emergence of bruchid adults, however, was strongly affected by the
presence of different proportions of resistant seed flour in VC1973A flour. No insects emerged
from any combination, except for one combination each of Menaga and VM2164 with VC1973A,
from which a mean of less than one adult emerged per seed. More than three adults emerged,
however, from each seed of VC1973A (Table 3). The results indicated the possibility of strong
antibiosis factors present in the cotyledons of Menaga, Miyazaki, and VM2164, which may be
responsible for their resistance to C. chinensis.

3.3.2. Crude starch and crude protein

The numbers of C. chinensis adults that emerged from artificial seeds contdining 25% of the
water-insoluble crude starch-polysaccharide fraction from Menaga, Miyazaki, and VM2164 were
significantly less than those that emerged from seeds containing the same compconent of VC1973A
or the control diet of VC1973A alone (Table 4}. In fact, no adults emerged when flour of Menaga
or Miyazaki was used. A similar but much less pronounced antibiosis was observed in a test with
20% crude starch conducted in Thailand. The difference between the two experiments might be
due to a difference in the concentration of crude starch used and a possible biotype difference in
C. chinensis between two locations. Credland (1990) reported the occurrerice of genetically
different biotypes in bruchids which differ in their host range. Qur observation agrees with this
report in that we found greater damage of C. chinensis to rice bean in Thailanid than in Taiwan
(unpublished data). Moreover, the number of eggs laid on artificial seeds by Thai bruchids was
much higher than those laid by Taiwan bruchids, averaging 39.09 and 11.43 per seed, respectively.
This combined difference may explain the discrepancy between the results of the two experiments.
A polysaccharide from seeds of common bean, Phaseolus vulgaris (L.), was toxic to C. chinensis as

I
Table 3 '
Preference for oviposition and emergence of adults of Callosobruchus chinensis from artificial seeds made from various
combinations of resistant and susceptible Vigna accessions®

Seed combination No. of eggs pér 8-seed replicate No. of adults émergcd per 8-seed

(mean +SE) replicate (mcan: +SE)

Menaga 25% + VCI1973A 75% 60.754+ 14.64ab L75+1.11b
Menaga 50% +VCI973A 50% 53.00+15.91ab 0.00b

Menaga 75% + VC1973A 25% 77.504+10.94a 0.00b

Menaga 100% 69.50+7.35ab 0.00b
Miyazaki 25%+ VCI973A 75% 67.00+ 14.51ab 0.00b ‘
Miyazaki 50% + VCI973A 50% 51.2519.04ab 0.00b .
Miyazaki 75% + VCI973A 25% 63.00+ 10.34ab 0.00b :
Miyazaki 160% 44.50+7.27b 0.00b I
VM2164 25%+VCI973A 75% 71.75412.60ab 0.00b '
VM2164 50% -+ VC1973A 50% 64.2518.58ab 0.00b ;
VM2164 75% + VCI973A 25% 64.25+13.93ab 0.50b ‘
VM2164 100% 65.00+8.24ab 0.00b
VCI1973A 100% 58.754 5.88ab 29.25+4.03a

i

#Means followed by the same letter in each column are not significantly different at P<0.5 by L.SD test.

£
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Table 4
Effect of addition of crude starch-polysaccharide fraction of various Vigna accessions with seed powder of VC1973A on

infestation of Callosobruchus chinensis®

No. of adults emerged per 8-seed replicate (mean + SE)

Treatment

20% crude starch® 25% crude starch®
VCI1973A cotyledon powder 54.75+8.42a 25.2542.49
VCI973A +20% VCI973A starch-polysaccharide 55.004+10.84a 29.75+6.7%
VCI1973A + 20% Menaga starch-polysaccharide 20.50+7.67b 0.00-+0.00b
VCI1973A +20% Miyazaki starch-polysaccharide 40.5048.60a 0.00+0.00b
VCI973A +20% VM2164 starch-polysaccharide 31.00+4.16ab 0.75+0.49

“Means followed by the same letter in each column are not significantly different at P<0.5 by LSD test.
®’Data collected from the experiment conducted in Thailand.
“Data collected from the experiment conducted in Taiwan.

evidenced by increasing larval mortality, reduced growth and development, and fewer eggs laid by
the females (Applebaum et al, 1970; Applebaum and Guez, 1972). Similarly, purified
carbohydrates from P. wulgaris adversely affected another bruchid, Acanthoscelides obtectus
(Say) in the same manner as C. chinensis (Gatehouse et al., 1987). Recently, a polysacchande,
galactorhamnan, isolated from seeds of jack bean, Canavalia ensiformis (L.) DC, was shown to be
antibiotic to C. maculatus and reduce emergence (Oliveira et al., 2001). It is possible that similar
factors may be involved in the antibiotic effects of these Vigna accessions to C. chinensis. Silva et
al. (1999) determined changes in the levels of carbohydrases, aminopeptidases, and acid
phosphatase in the larval midgut cells and in the luminal contents of C. maculatus and Zabrotes
subfasciatus (Boheman) fed different diets. They found a change in e-amylase in the midgut lumen
of the bruchid larvae fed with legume seeds with different starch granules, They speculated that
starch may be a barrier to predation by bruchid beetles.

When water-soluble crude protein fractions of resistant accessions were added to the flour of
VCI1973A, the number of adults that emerged decreased as the concentration of water-soluble
crude protein of Menaga, Miyazaki, or VM2164 added to flour of VC1973A increased beyond
10% (Fig. 1). In the case of VC1973A, addition of its own crude protein at any concentration did
not affect insect development and emergence of C. chinensis adults; there was no difference from
the seeds made from VC1973A only, This implied that some factors in the crude protein fraction
of seeds of Menaga, Miyazaki, and VM2164 adversely affected development of C. chinensis. Insect
development and emergence were not affected for up to 10% of crude protetn fraction mixtures
with VC1973A, but were curtailed at 20% and higher.

3.3.3. Precipitable protein and peptide-amino acids

Fractionation of crude protein into cold-acetone-precipitable proteins and peptides and free
amino acids, reduced the antibiotic effects of the crude protein fraction. There was no significant
difference in the number of C. chinensis adults emerged among the seeds made by adding acetone-
precipitable protein of various accessions and artificial seeds made purely from VC1973A flour
(Fig. 2). When, after removal of acetone-precipitable protein, the artificial seeds constituted by
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Fig. 1. Emergence of Callosobruchus chinensis adults from artificial seeds made by adding various concentrations of
crude protein from seeds of susceptible {(VC1973A) and resistant (Menaga, Miyazaki, and VM2164) Vigna accessions
into Figna radiata VC1973A. The vertical line above each solid bar indicates SE of number of the adults emerging from
eight artificial seeds.

addition of 2%, 5%, 7%, and 10% water-soluble fraction were exposed to bruchid adults lor
oviposition, there was a decrease in the number of adults which emerged from the seeds but the
change was not specific Lo the insect resistant accessions {data not shown). The decrease was
found in all four accessions, indicating thereby that the resistance of these three Vigna accessions
may not be due to any antibiotic factors present in this fraction. The crude starch-polysaccharide
fraction appears to be more important.
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Fig. 2. Emergence of Callesobruchus chinensis adults from artificial seeds containing acetone-precipitable proteins
equivalent to 25% of original seed content of susceptible and resistant Vigna accessions. The vertical line above each
solid bar indicates SE of number of the adults emerging (rom eight artificial seeds. There are no significant differences
among the treatments and control.

3.3.4. Solvent extracts of peptides and free amino acids

Extraction with polar and non-polar solvents of peptide and free amino-acid fractions, and
addition of such solvent extracts and residual material after solvent extraction to VCI973A did
not affect growth and development of C. chinensis when artificial seeds made from the mixtures as
well as VCI1973A alone were exposed to bruchid infestation (data not shown). These results
implied that the resistance of Vigna accessions is not associated with peptides or free amino acid

fractions.

3.3.5. Purified starch-polysaccharide and associated protein

The numbers of C. chinensis adults which emerged from artificial seeds, containing 25%
original seed equivalent purified starch-polysaccharides from Menaga and Miyazaki were
significantly less than those that emerged from seeds containing purified starch-polysaccharides of
VCI973A and seeds made from flour of VCI973A alone. Use of this fraction of VM2164,
however, did not reduce bruchid damage as compared to addition of the same fractions of
VCI973A (Fig. 3). Addition of starch-polysaccharide-associated proteins extracted in 0.1 M
NaOH from Menaga, Miyazaki, and VM2164 did not significantly reduce €. chinensis emergence,
compared with similar proteins from VCI1973A (Table 5). These results are in line with our
previous findings that proteinaceous materials are not involved in the resistance of Menaga,
Miyazaki, and VM2164 to C. chinensis, whereas carbohydrates are involved. Carbohydrates are
indispensable for supporting optimum growth, development, and reproduction of seed-feeding
insects. Some carbohydrates, however, might adversely affect nutrition because they either act as
feeding deterrents or are incompletely hydrolyzed and absorbed, whereas others are readily
absorbed but not metabolized at high concentrations and may even inhibit enzymaltic reactions
including those involved in glycolysis and gluconeogenesis (Gatehouse et al., 1987). Carbohydrate
binding proteins, lectins (phytohaemagglutins), have been considered to be very toxic to C
maculatus (Janzen et al., 1976; Pusztai and Watt, 1974), since they cause disruption of epithelial
celis which interferes with nutrient uptake and absorption (Gatehouse et al., 1989). It is possible
that carbohydrate-protein combinations may be involved in the antibiotic effects of these rice
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Fig. 3. Emergence of Callosobruchus chinensis adults from aruficial seeds containing 75% seed powder of Vigna radiata
VCI1973A plus 25% punfied polysaccharides of various Vigna accessions. Bars indicated by the same letter are not
significantly different a1 P<0.5 by LSD test. The vertical line above each solid bar indicates SE of number of the adults
emerging from eight artificial seeds.

Table 5
Effect of addition of starch-associated proteins of various Figna accessions 1o seed powder of VC1973A on infestation
by Callosobruchus chinensis’

Treatment® No. of adults emerged per §-seed replicale (mean + SE)
VCI1973A powder 49.004+5.21a

VCI973A +25% VCI973A starch-associated proteins 38.00+5.95ab

VCI1973A +25% Menaga starch-associated proleins 29.75+3.61b

VCI1973A +25% Miyazaki starch-associated proteins 29.75+6.55b

VCI973A +25% VM2164 starch-associated proteins 39.25+4.75ab

#Means followed by the same letter are not significantly different at P<0.5 by LSD test.
Starch-associated proteins extracted from 25% equivalent seed powder of various accessions.

bean accessions to C. chinensis. These factors, however, do not seem to be involved in the
resistance of VM2164 to bruchids. Detrimental effects of some legumes against certain insect
species may result from a combination of chemicals rather than from a single component able to
cause resistance by itself (Oliveira et al., 1999). The synergy of purified starch-polysaccharides and
associated proteins in rice bean may confer complete resistance to C chinensis similar to the
proteins and a polysacchande shown to be toxic to C. maculatus in jack bean (Oliveira et al., 1999,
2001).

3.3.6. Steam-distilled chemicals
Chemicals extracted by steam distillation from seed flour of resistant and susceptible accessions
had no effect on the development and emergence of adults of C chinensis. There was no
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significant difference in the number of bruchid adults emerging from the seeds containing such
chemicals and artificial seeds made from VCI1973A flour only (data not shown). A number of
insects have been reportedly affected by plant volatiles that are specific to their host plant {Visser,
1986). Our results, however, revealed no indication of either adverse or beneficial effects of
volatile chemicals from Menaga, Miyazaki, and VM2164 towards C. chinensis development or

emergence.

3.3.7. Post-germination cotyledons
When artificial seeds containing 25% powder of post-germination cotyledons of resistant and

susceptible accessions were offered to C. chinensis, no insects emerged (data not shown). Since
most of the seed storage chemicals are precursors for new chemical synthesis in germination and
seedling development, this could lead to loss or gain of toxicity or antibiosis to bruchids in
cotyledons after germination.

Bruchid-resistant gene(s) in rice bean has been successfully incorporated into a bruchid-
susceptible Vigna species, azuki bean (V. angularis), via a bridging species (N. Tomooka pers.
commun.), Although rice bean is cross incompatible with mungbean, transferring of bruchid-
resistant gene(s) may be achieved by using a bridging species or by genetic engineering methods.

The present study revealed that resistance to azuki bean weevil both in pods (field environment)
and seeds (storage environment) of rice bean is due to the existence of antibiosis factors in seeds.
The resistance seems to be complex because two or more chemical factors may be involved.
Identification of the resistant factor(s) in rice bean and its mode of action will be helpful for
breeding programs incorporating the resistance into the other Vigna species without the need for
extensive bioassay tests in each generation.
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