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Waxy corn is a traditional Asian vegetable, constime cooked green ears similar to
that of sweet corn. A promising hybrid breedinggseom in Thailand has started, based on
germplasm derived from old local landraces, butdbeetic diversity and heterotic pattern
must be better understood to efficiently plan asé the existing germplasm. The objectives
of this study were to; (1) evaluate genetic distaamong single cross hybrids of waxy corn
in Thailand from different sources (2) investigaterrelation among heterotic effects,
combining ability and genetic diversity and (3)e&tatine the relationship between phenotypic
and genotypic groups investigated by molecular erarkhe genetic distance and heterotic
pattern were studied using direct diallel crossésioe hybrids and evaluated in four
environments. The result showed that inbreedingedspon was high in green ear yield
(38%) and marketable dehusk yield (53%), but lovean length (9%) and ear width (5%).
Heterosis of 36 double cross combinations rangenh ff33 to 8% for marketable dehusk
yield. Troyer’s genetic diversity (TGD) estimatedrh the relationship between heterosis and
inbreeding depression varied from 0.40 to 1.16sTihdicates that waxy corn hybrids had a
diverse genetic background with a good potentialifgorovement by breeding. The degree
of relatedness did not agree with sources of theitty. Variation in GCA was significant in
green ear yield, marketable dehusk yield and ea, siorresponding variation in SCA was
significant for marketable dehusk yield and eagtenBased on cluster analysis of SCA for
marketable dehusk yield matrix, two distinct clustef heterotic pattern were identified for a
targeted hybrid breeding. A very high positive etation ¢ = 0.98**) was found between
TGD and heterosis across four environments. The B{SD positively correlated with SCA
(r = 0.63**). Unfortunately, there was no correlatibetween phenotypic and genotypic

groups investigated by molecular marker.

Student’ Signatul Thesis Advisor’ Signature



ACKNOWLEDGEMENTS

| gratefully thank Assoc. Prof. Dr. Choosak Jompy, thesis advisor, for advice,
encouragement and valuable suggestion in conduatidgwriting of the thesis. | would like
to sincerely thank Assist. Prof. Dr. Pramote Saridnand Prof. Dr. Peerasak Srinives, my
committee members, for their valuable commentssauggestion. | also thank Prof. Dr. Sutat
Sriwattanapongse and Assoc. Prof. Dr. RungsariceE&vwho were willing to participate as
committee in final defense examination.

Special thanks and appreciation are sincerelyesged to Rajamangala University of
Technology Suvarnabhumi, Thailand, for financiabsort in this study. | gratefully thank
National Corn and Sorghum Research Center of Kadetdniversity, Plant Breeding
Research Center for Sustainable Agriculture of Kh€aen University, Sawankhaloke
Research Station of Bangkok Seed Industry Co. fadproviding the seeds used in this
study.

I would like to sincerely thank Prof. Dr. Petera®p for his suggestion and
encouragement during manuscript preparation forligatipn in SABRAO journal of
Breeding and Genetics from this thesis.

I am heartfelt to thank my friends, Dr. Bunyariin@&ngam, Ms. Wassamon
Mongkhol, Ms. Angkana Porniyom and members of PMalecular laboratory, Department
of Applied Radiation and Isotope, Faculty of Sciendasetsart University, for their
assistance and supporting. | also thank Mr. Sukdsmiynon, my research assistance for
providing some facilities in the thesis work.

| especially appreciate my parents, my sisters brather for their continued
encouragements. Finally, | deeply appreciate AsBoof. Dr. Suchada Boonlertnirun who
always devotes herself part-time to review thisih@nd my two sons who always give me
heartfelt love during my graduate study.

Kitti Boonlertnirun
May 2013



TABLE OF CONTENTS

TABLE OF CONTENTS
LIST OF TABLES
LIST OF FIGURES
LIST OF ABBREVIATIONS
INTRODUCTION
OBJECTIVES
LITERATURE REVIEW
MATERIALS AND METHODS
Materials
Methods
RESULTS AND DISCUSSION
CONCLUSION
LITERATURE CITED
CURRICULUM VITAE

Page

Vi

Vii

19
19
19
27
75
76
85



Table

10
11

12

13

LIST OF TABLES

Primer sequences of SSR markers.

The components of PCR in a volume ofiil0

Four types of match of possible presence-absaince
DNA band basis

Mean performance of nine parental waxy corn tdgori
and inbreeding depression for yield and ear size.
Mean performance of nine parental waxy corn ldgori
and inbreeding depression for agronomic traits.
Correlation coefficient among 17 traits of 9 wapgyn
hybrids.

Eigenvalues and their contribution to total viioia
extracted by Principal Component Analysis (PCA).
Squared euclidean distance between 9 waxy cdirchy
varieties based on 17 traits.

The polymorphism information content of the 2@ paf
primers in 9 waxy corn hybrid varieties.

Jaccard similarity coefficients base on 19 SSkers.
Mean square from combined analysis of variaoce f
genetic effect tested in 4 environments.

Variety effects\(), GCA effects ¢;) and variety heterosis
(hy) of parental waxy corn hybrid parents and corieat
between variety and GCA effectg(g)) and variety
heterosisi(uiniy) in yield.

Variety effects\() from Gardner and Eberhart model
analysis Il and their ranks for MDY (t/ha) in 4

environments and combined over 4 environments.

Page

24
24

25

29

30

31

33

35

38
39

42

44

45



Table

14

15

16

17

18

19

20

21

LIST OF TABLES (Continued)

GCA effectsd) from Gardner and Eberhart model
analysis Il and their ranks for MDY (t/ha) in 4
environments and combined over 4 environments.
Variety heterosis effectl;) from Gardner and Eberhart
model analysis Il and their ranks for MDY (t/ha)4n
environments and combined over 4 environments.
Marketable dehusk yield (t/ha) of 36 doublesses
(below diagonal) 6 parental hybrids (on diagonal) a
specific heterosis effects;j of double crosses (above
diagonal).

Specific heterosis effects;) from Gardner and Eberhart
model analysis Il and their ranks for MDY (t/ha)4n
environments and combined over 4 environments.
Mean square from combined analysis of variaoce f
genetic effect tested in 4 environments.

Variety effects\(), GCA effects ¢) and variety heterosis
(hy) of parental waxy corn hybrid parents and corretat
between variety effect&CA effects i g)) and variety
heterosis(.iniy) in yield component traits.

Variety effects\() from Gardner and Eberhart model
analysis Il and their ranks for EL (cm) in 4 eronments
and combined across 4 environments.

GCA effectsd) from Gardner and Eberhart model
analysis Il and their ranks for EL (cm) in 4 envinoents

and combined across 4 environments.

Page

48

49

50

51

54

56

57

57



Table

22

23

24

25

26

27

28

29

LIST OF TABLES (Continued)

Page

Variety effects\() from Gardner and Eberhart model

analysis Il and their ranks for EW (cm) in 4

environments and combined across 4 environments. 58
GCA effectsd) from Gardner and Eberhart model

analysis Il and their ranks for EW (cm) in 4 envineents

and combined across 4 environments. 59
Variety effects\() from Gardner and Eberhart model

analysis Il and their ranks for NSR in 4 enviromtse

and combined across 4 environments. 60
GCA effectsd) from Gardner and Eberhart model

analysis Il and their ranks for NSR in 4 environmsesnd

combined across 4 environments. 60
Ear length (cm) of 36 double crosses (belowahad), 6

parent hybrids (on diagonal), specific heterosisat$

(sj) of double crosses (above diagonal) and variety

heterosistf). 62
Ear width (cm) of 36 double crosses (below diedjo9

parental hybrids (on diagonal) specific heteroffisces

(sj) of double crosses (above diagonal) and variety

heterosistf). 63
Number of seed row of 36 double crosses (below

diagonal) 6 parent hybrids (on diagonal) and specif

heterosis effectss() of double crosses (above diagonal). 64
Mean square for agronomic traits from combineal\sis

of variance of genetic effect tested in 4 environtee 66



Table

30

31

32

33

LIST OF TABLES (Continued)

Variety effects\(), GCA effects ¢;) and variety heterosis
(hy) of parental waxy corn hybrid parents and corietat
between variety effects and GCA effeatg §)) and
variety heterosisr i niy) ON agronomic traits.

The SCA average of DC which parents were imc a
inter cluster.

Troyer’s genetic distance average across four
environments (above diagonal) and mid parent hsitero
(%) of double crosses (below diagonal), of 9 waasnc
hybrid varieties

Correlation coefficient} among marketable dehusk
yield (MDY), specific combining ability (SCA), hetasis
(H), Troyer’'s genetic distance (TGD), phenotypic
diversity (PD) and Jaccard similarity (JS) in deutross

combinations.

Page

67

69

72

74



Vi

LIST OF FIGURES

Figure Page

1 Algebraic formula for determining genetic divéyswvith

geometric interpretation for use with yield or gbgs

other performance data. 22
2 The distribution pattern of 9 waxy corn hybrids 2

principal components, PC1, PC2 and PC3. 34
3 UPGMA dendogram for 9 hybrid parents based on the

Euclidean distance matrix. 36
4 UPGMA dendogram for 9 hybrid parents based on 19

SSR markergenetic similarity matrix measured by

Jaccard method. 40
5 UPGMA dendogram of 9 hybrid parents based @A S 70



DC
EH
EL
ENV
EW
GCA
GY

IBD
LNO
LL
LW
MDY
NSR
PCA
PH

SEL

SID
SCA
SPR1
SPR3
STD
TAD
TDY
TGD
UPGMA

Oi

hij

LIST OF ABBREVIATIONS

double cross

ear height

ear length

environment

ear width

general combining ability

green yield

hybrid parents

inbreeding depression

leaf number

leaf length

leaf width

marketable dehusk yield
number of seed rows per ear
principal component analysis
plant height

selfed progeny

seed ear length

silking date

specific combining ability
leaf greenness in silking stage
leaf greenness at milky stage
stem diameter

tassel date

total dehusk yield

Troyer’s genetic distance

unweighted pair group method using argfimaverage

general combining ability effect
variety heterosis

heterosis

Vii



Sj

Vi

LIST OF ABBREVIATIONS (Continued)

average heterosis
specific heterosis
variety effect

correlation coefficient

viii



GENETIC DISTANCE AND HETEROTIC PATTERN AMONG
SINGLE CROSS HYBRIDS IN WAXY CORN

INTRODUCTION

The origin of waxy corn is in southern China. Esglerm of waxy corn
producing only the amylopectin is a dull and lodike waxy. This endosperm is
controlled by single recessive gene on chromosoraae®ddesignated asaxy (wx)
(Fergason, 2001). Waxy corn is popular to consumiEhailand and many countries
in Asia because of being sticky, tender and ligistiyeet. In Thailand, farmers can
grow through the year in irrigated areas. Waxy sdnave various kinds and show
different characteristics in each location. They d¢se adapted to local practices.
Nowadays, waxy corn hybrids are popular becausts afmiformity and seed quality
is better than that of local varieties. But, grogvihe same or similar hybrids in large

areas risks to be genetic vulnerability (Trogeal., 1988).

The first step to determine the success of breegirogram is to obtain
suitable germplasm. The best germplasm should deddvase and high frequency of
favorable gene. The local varieties are importartgplasm for waxy corn breeding
program, but they have narrow genetic base populaind high inbreeding
depression because they are formed by small pogulatich continuously related
within the lines. While commercial single cross hglb are the other sources of
germplasm because line extraction from the popmratierived from commercial
single cross hybrids has been shown to be vialdpulgations derived from single
cross hybrids are tested in several environmemetbre, they are adaptive, highly
productive and have a great proportion of fixedofable alleles (Balestret al.,
2008).

The study on genetic diversity of corn helps bezdd plan and efficiently use
germplasm for improving a new variety. The singtess hybrid is the aim of corn

breeding program because of being utilized fronetusis. The inbred line extraction



and selection for specific combining ability arepontant process to determine the
success of corn hybrid breeding. The diallel crasslysis for a fixed set of
populations provides a basis for preliminary analysf heterotic pattern among
population crosses. The combining ability, bothegal combining ability (GCA) and
specific combining ability (SCA) are important fanderstanding the genetic structure
of lines and populations. The results are useful ¢hoosing populations and
predicting crosses. Heterotic groups and patterasfandamentally important in
hybrid breeding of corn and improve efficiency ireéding program (Reiét al.,
2003a). Mollet al. (1965) studied the relationship between heterasdthe degree
of divergence in corn, the result was found thathbterosis increases with increasing
of genetic distance were only up to an optimum Ilelieerefore, accurate assessment
of genetic diversity is helpful to assign the lintesbe heterotic groups and selects
appropriate parental lines for hybrid combinati@sorge and Regalado, 2004).

Different methodologies are available to invedtggenetic diversity such as
searching form pedigree data, analysis based ophulmgical and agronomic traits,
but this method is not consistentbecause corn is open pollinated plant and some
phenotypes are varied by genetic and environmeetraction. DNA markers are
direct method to investigate genetic distance (®stial., 1997) but it is complex and
expensive. Troyeet al. (1988) offered a method of measuring genetic rditxe
between hybrids based on relative heterosis ohtfieid by hybrid cross. Study on
genetic diversity of waxy corn in Thailand is nesay for germplasm management.
The accurate assessment of genetic diversity ipfulefor waxy corn breeding
program to maintain the genetic base of elite géasmp and assign the lines to be

heterotic groups for selecting appropriate pardimat for hybrid combinations.



OBJECTIVES

1. To evaluate genetic distance among single drgissds of waxy corn in

Thailand from different sources.

2. To investigate correlation among heteroticaffecombining ability and

genetic diversity.

3. To determine the relationship between phenotgpd genotypic groups
investigated by molecular marker of waxy corn hgbri



LITERATURE REVIEW

1. Important characters of waxy corn

Waxy corn Zea may L. caratina) was found in China in 1909 (Collins, 1909).
The endosperm of waxy corn contains only amylopeatid no amylose in opposition
to normal dent corn varieties that contain bothe Btarch of normal dent corn is
characterized by a content of 20 - 36% amylegéh the remainder having
amylopectin. A single recessive gene located on the short dram@mosome 9ux
codes for the waxy endosperm of the kernel\Afkacodes for endosperm with normal
starch (Neuffer and Coe, 1997).

2. Germplasm of waxy corn in Thailand

Waxy corn production is popular in many locati@isThailand. Farmers can
grow throughout the year in irrigated areas. Then&s in each location usually
collect seeds from desired corn plants; seeds ttenchosen individual plants are
bulked and kept to grow for the next cropping saasdhis practice is continuously
done, since new corn populations are sometimeslestad by growing the progeny
of a single ear resulted in genetic drift changegene frequencies resulted from the
creation of small breeding populations. Hence |dleal varieties grown in the various
countries have adapted to their topographic camistiand farmer’s practices, and
represent unique sources of genetic diversity. &foeg, there are various types of the
local waxy corn varieties in each location. The magrof variety is quite different
depending on planting location such as CheingTurgin Ayuthaya and Thein
Sukhothai,character differencesuch as SamLee, PumPui, FukBou and HouPee.
Wilaiwan et al. (2006) collected 34 varieties of waxy corn frofffedent locations
and planted to classify their phenotypes. The 3fumiative phenotypic data showed
differently. The kernel color varied in white, y@V and purple. The varieties were
classified by ear size and separated to be smdllaage ear group. The means of ear

width and length of small group were 2.5 and 1@#tieneter respectively and large



group were 4.5 and 18 centimeter, respectivelyhdlgh local varieties have not
been extensively used by breeders because of walblesagronomic traits, thus they
can be served as sources for synthesis of newatiésitraits to enhance germplasm
performance under abiotic stresses,drought, low soil fertility and acid soils (Beck
etal., 1997).

The study of phenotypic and genetic diversitydentify groups with similar
genetic backgrounds is important for conservingaleating and utilizing genetic
resources, studying the diversity of pre-breedimgl dreeding germplasm, and
determining the uniqueness and distinctness ofgtlipit and genetic constitution of
genotypes with the purpose of protecting the brégdatellectual property rights
(Francoet al., 2001). Genetic diversity in corn plays an impattrole for future
breeding progress (Resf al., 2003b).

3. Genetic diversity

The importance of germplasm characterization ahpimaterials has increased
due to genetic erosion and habitat destructioncipiylized agriculture. Currently,
waxy corn hybrids are popular because of high yagld uniformity. More demand of
hybrid varieties and similar types of hybrids had to risk of genetic vulnerability
(Troyeret al., 1988) and reduction of available genetic vasiain germplasm used in
breeding programs. The narrow genetic base is @nudic in breeding for adaptation
to biotic and abiotic stresses. Therefore, studygenetic diversity in hybrids waxy
corn improved in Thailand is very important. Besawknowledge of the genetic
variation and relationship among breeding mategaldd help to prevent the risk of
increasing uniformity in the elite germplasm aaldo ensure in long-term grain
selection(Smith and Smith,1989). The information of genelilersity will be useful
for collection, conservation, selection and hylzadion (Beyeneet al., 2005) and
determining the uniqueness and distinctness of pienotypic and genetic
constitution of genotypes with the purpose of prbibg the breeder’s intellectual
property rights (Francet al., 2001).



In corn breeding, the accurate assessment of igetigersity is helpful to
establish and maintain germplasm collection of tand corn and may guide us
designing strategies maximizing the utility of cayanetic resourcg€arvalhoet al.,
2004), maintaining the genetic base of elite geasipl, assigning lines to heterotic
groups and selecting appropriate parental linesyrid combinations (Tabet al.,
1998, Balestret al., 2008). Information about germplasm diversityg aelationship
among elite materials is fundamentally importantiop improvement (Hallauer and
Miranda, 1988). The assessment of genetic divetsity been applied in cultivar
identification and studying historical aspects ofrcintroduction and diffusion in

given areas of the world (Sanchetal., 1993).

Different methodologies are available to invedigagenetic diversity
including pedigreebased on ancestral relationships, eco-geograpléc dgronomic
and morphological characteristics, biochemical amalecular datgKresovichet al.,
2005, Dhillonet al., 2004, Smittet al., 1997). However, the disadvantage of pedigree
based on estimation is caused from many assumpt®requal genetic contribution
on both parents, the unrelatedness of parents matbommon ancestral line and no
selection, genetic drift and mutation (Kuleugiaal., 2006). The pedigree information
to assess the relatedness of line normally useslirpollination crops. Accuracy of
pedigree is the key for assessment precision. Usaaggree information to assess the
relatedness of corn inbred lines is limited becaurdyg few generations can be traced
back and some inbred lines derived from open patilim population (Jompuét al.,
2000).

3.1 Morphological characters for diversity analyss

Genetic diversity analysis based on morpiwland agronomic traand
pedigree data has been used for a long time fer ghrpose; they exhibited the
distinct degrees of confidence. But they have bkmited by the numbers and

influenced by the environments. The key considenatd choose the characters for



diversity analysis are least subjected to enviramalebiases. In addition, for routine

characteristics measured quickly and cheaply ifidie should be prioritized.

Sanche=st al. (1993) studied eleven characters in 30 racesonf from
Mexico and concluded that the branched part otdaksel, number of tassel branches,

and plant and ear height were the most appropriats for classification.

Beyeneet al. (2005) described genetic relationships in tradai

Ethiopian highland corn. Cluster analysis of motpb@al and marker distances
revealed three groups of corn accessions with ndistie genetic profiles and
morphological traits. The first group constitutée early maturing and short- statured
accessions, which were collected from the Northegro-ecology from which they
probably acquired earliness. The second group decluthe tall, high yielding
varieties, which were currently the most importimdraces grown in the Southern
and Western parts of Ethiopia. The third groupuded the tall, late maturing and
low yielding accessions, which were being cultidate some parts of the Northern,
Western and Southern highlands of Ethiopia. Degpite limitation, morphological
traits were useful for preliminary evaluation besait was fast, simple, and could be
used as a general approach for assessing genedicsith among morphologically
distinguishable accessions.

Morphological characteristics are often ueficed by the environment.
Therefore, they do not express genetic relatiorsshiporphological data of corn
inbred linecannot be used to determine distinctness becaps®ily correlatesvith
pedigree records. While some inbred lines had ammhorphologies but different
genetic constitution. Besides, these traits revkaferences in terms of genetic

distance which were neabmprehensibl¢Smith and Smith, 1989).



3.2 Molecular marker for diversity analysis

DNA-based fingerprinting technologies haveei useful in genetic
diversity. Data obtained by molecular markers owere most of the limitations
existing in the other kinds of analysis. Charastars, an almost unlimited number of
markers, absence of environmentafluence, great number of polymorphic loci,
access taontribution of both parents and possibility ofrqmaring genotypes, based
on the DNA, make molecular markers very powerful genetic diversity estimates
(Smith, 1988).

Among the molecular markers, microsatelltesSSRs (Simple Sequence
Repeats) were chosen as one of the best markensyst genotyping of germplasm
collections due to their high performance informaticontent (PIC), codominant
inheritance, locus specificity, multi-allelic chatar, extensive genome coverage and
simple detection using labeled primers thahk the microsatellite and hence define
the microsatellite locus (Powetdt al., 1996). Microsatellites becoming the markers
of choice for fingerprinting and genetic diversgtudies in plants (Warburtost al.,
2002) can be automated and generated large tatase short period of time and
thus facilitated the evaluation of large numbersgefmplasm accessions in seed
banks (Rebourget al., 2001). The chromosomal locations of SSR markeese
frequently known, thus providing additional infortiwa in genetic diversity SSR
markers had the highest expected heterozygositypMidogical variation did not
reflect real genetic variation because of genotypEnvironment interaction and the
largely unknown genetic control of polygenic morfgdgy and agronomic traits
(Smith and Smith, 1989). The patterns of divergemegealed by the SSR
polymorphisms were consistent with known pedigréasnioret al., 1998). SSR
profiles can be readily interpreted in terms otlaé at mapped loci across a broad
range of corn germplasm. Consequeri$Rsrepresented the optimum approach for
the identification and pedigree validation of cogenotypes compared to other

currently available methods (Smighal., 1997).



In addition, more than 2000 SSRs have ajrdembn mapped onto corn
chromosomes so that the genome could be uniforarypted, which increased the
precision of genetic diversity estimates and wasfuldor locating quantitative trait
loci (QTL) (Senioret al., 1998).

Pejicet al. (1998) compared different markers for their eiffemess in
estimating genetic similarity among corn inbredefinand found that SSR markers
showed the highest level of polymorphism per singlarker locus, due to their
codominant nature and high number of alleles peudo In addition, SSR markers
could discriminate inbred lines, including thoskated by pedigree, and were easy to

use and automate, relatively inexpensive and mafgpsplecific genomic location.

Beyenest al. (2005) compared among different methods of esimgdhe
genetic diversity. A total of 15 morphological teieight AFLP primer combinations
and 20 simple sequence repeated (SSR) loci werd uee result found that the
mean morphological dissimilarity (0.3 with a rangé 0.1 - 0.68) was low in
comparison to dissimilarity calculated using SSRkees (0.49 with a range 0.27 -
0.63) and AFLP markers (0.57 with a range 0.3269).The correlation between the
morphological dissimilarity matrix and the matriagfsgenetic dissimilarity based on
SSR and AFLP markers was 0.43 and 0.39, respegt(pel0.01). The correlation
between SSRs and AFLPs dissimilarity matrices w3 (©<0.01). This congruence
indicated that both marker systems were equallieduor genetic diversity study of
corn accessions. Cluster analysis of morphologindl marker distances showed three
groups of corn accessions with distinctive gengtafiles and morphological traits.

4. Heterosis

Heterosis or hybrid vigor, described the supeperformance of heterozygous
F1 hybrid plants in terms of increased biomass, syeed, speed of development,
fertility, resistance to disease and to insect,p@sto climatic regions of any kinds
compared to the average of their homozygous pdrentieed lines. Heterosis was
defined as the difference between the hybrid vidu®ne trait and the mean value of
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two parents for the same trait (Falconer and MacK®96). Sometime heterosis
referred to the superiority in performance of thybrid over either one of its parents
(Tollenaaret al., 2004). Currently, heterosis is a major factor ifecreasingcrop
production in many crops (Virmasi al., 2004).

Two major hypotheses have been proposed regatdengenetic underlying
heterosis: (i) dominant hypothesis and (ii) overdwnt hypothesis. The dominant
hypothesis attributed heterosis to the accumulatibfavorable dominant genes or
masking of deleterious recessives in the hybrice dther hypothesis, overdominance
argued that the heterozygous combination of thedealit a single locus was superior
to either of the homozygous combinations (Tolleretaa., 2004). Most evidence in
corn suggested that genetic basis of heterosis paasal to complete dominance
(Hallaueret al., 1988).

The simplest genetically model for estimating hetes was based on the
difference between the hybrid and parental meartschvwas called midparent
heterosis and it was often expressed as a pereenfapidparent. Heterosis may be
defined as the amount by the mean ofdmily exceeding its better parent. (Mather
and Jinks, 1982) The terms midparent heterosis (M&ktl best parent heterosis
(BPH) described the degree of phenotypic differentea trait in a hybrid (B
compared to its parental inbred lines,(P.). MPH indicated that a trait displayed a
hybrid performance was significantly better thae #iverage (midparent) value of the
two parental inbred lines (MPH s-H(P: + P,)/2]). BPH, on the other hand, indicated
that a hybrid trait performed significantly bettéran the better ¢ of the two
homozygous parental inbred lines (BPH:=IR,).

Lamkey and Edwards (1999) coined the term panmiaiidparent heterosis
(PMPH) to describe the deviation in performancevieen a population cross and the
mean of its two parent populations in Hardy-Weigbequilibrium. Quantitative
genetic theory showed the absence of epistasisvandlleles per locus, PMPH was a

function of the product of the dominant effect dhd square of the difference in gene
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frequencies at the respective locus (Falconer aadkisly, 1996). Reiét al. (2003b)
found that PMPH could be expressed Hg, = y?d, whered was the level of
dominance angt was the difference in allele frequency of the ptgeTherefore, the
level of heterosis expressed in hybrid dependedelgr on allelic frequency
differences in two parents and presence of cef@arel of dominance. Heterosis
showed by [ population derived from inbreeding Falso called inbred mid parent
heterosis) was expressed ldgsy = y?d. The differences between panmictic and
inbred midparent heterosis reflected the vigor Ildsie to inbreeding. Genetic
divergence and dominance were involved in botheadband panmictic midparent
heterosis (Virmangt al., 2004).

The methods predicted heterosis were always meadsiuiom diallel cross
matting design. Griffing (1956) defined diallel ses in terms of genotypic values
where the sum of general combining abilities fa ttvo gametes was the breeding
value of the crossi (andj). Similarly, specific combining ability represedt¢he
dominance deviation value in the simplest caseriggcepistatic deviation. Heterosis
and SCA parameters would be correlated and weigegft in the choice of parents or
populations (Hallauer and Miranda, 1988) The highredation among heterosis and
SCA observed in 45 double cross hybrids derivedthfdO single crosses and that
yield was highly correlated with heterosis and SE€A 0.75 and 0.82, respectively)
(Balestreet al., 2008). Mungoma and Pollak (1988) evaluated b&tecombinations
among 7 yellow endosperm populations and 3 whitlogperm populations; sources
of variation for general combining ability (GCA) waignificant for root lodging stalk
lodging, ear height, days to pollen shade, dayslking, moisture content and yield,
but specific combining ability were significant gréar height. Thus, variation among

the crosses was mainly due to additive rather timeradditive effects.
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5. Heterotic group

To identify the best inbred combinations for trevelopment of commercial
hybrid corn varieties remained the main challengecdrn breeders (Kiul&t al.,
2007). The expression of heterosis (H) over micepadepended on the difference in
allele frequencyy() of the parents and dominance effat)t 4t various loci, that was
Hmp = yv?d (Falconer and Mackay, 1996). Therefore, genetierdity was necessary
for heterotic expression. Heterotic expression ior@ss was a function of genetic
background and gene. Heterotic grouping would reraa a key strategic method in

management of diverse genetic background and gérmadni et al., 2004).

Heterotic groups and patterns were fundamentabrtapcan hybrid breeding
of corn ¢ea mays L.) and improved efficiency in breeding programeifRet al.,
2003a). The diallel mating design has been largegilyzed to identify heterotic
patterns when the number of parents was small.r8levethods have been proposed
for the analysis of a set ofparents and their progeny. When data from paremds a
one set of 5 were available (reciprocal crosses not includ€édiffing’s Method 2
(Griffing, 1956), and analyses Il and IIl propodegl Gardner and Eberhart (1966)
were suitable (Baker, 1978).

In corn breeding programs, it was necessary toepfmpulations in different
heterotic groups. The specific combining abili§CA) of these populations was a
very useful parameter for breeders to choose ptupofafor line extraction to obtain
interpopulation hybrids. Knowledge of the effecfstloe general combining ability
(GCA) and SCA helped in testing hypotheses andigiieg crosses and importance
for understanding the genetic structure of lines populations. Diallel cross analysis
for a fixed set of populations provided a basis gogliminary analysis of heterotic
pattern among population crosses. Line crossesvatkrirom different heterotic
groups would present superior performance comptoethose hybrids formed by

crossing the lines of the same group (Hallauer Mirdnda, 1988). Several studies
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have shown that inbred lines from diverse poputettitended to be more productive

than crosses between inbred lines from the samety&bDhillon et al., 2004).

6. Cluster analysis

Multivariate analysisi(e. discriminant and/or cluster analysis) can clgssif
inbred lines into different groups. This classifioa may assist in the correct
identifications of inbred lines as parents in hghoreeding studies. Single character
evaluation by statistical analysis methods may gones cause incomplete and
incorrect interpretations. Principal component digtriminant analysis methods can
be used for the combined analysis and provide nref@ble conclusions in
identification of genetic materials. Aydig al. (2007) determined the genetic
variation between dent corn inbred lines from dseebackground and topcrosses
created by crossing each inbred line with the testee ‘FrMo 17, by using
multivariate analysis. Discriminant analysis uded revealing general distances
between genotypes as numerical values (D2) indicatach traits could be used to
group genotypic differences. Based on the D2 vahlgimined from discriminant
analysis, the most different lines were number R@o{ 30) and number 31 (Fr Mo
17) while the most similar ones were number 3 (Ba&¥l number 18 (Pool 30a). The
data pointed out that the both genetic distance @rdbination of good parental

genes were responsible for heterosis and desiFalsi¢raits.

Cluster analysis aims to group itenis this case, genotypes based on the
characteristics that they posse so that individuaith similar descriptions are
mathematically gathered into the same cluster. t€lugy methods usual lead to a
graphical representation such as tree or dendrogravhich clusters may be visually

identified (Mohammadi and Prasanna, 2003).
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7. Genetic distance and heterosis association

Heterosis increases with increasing genetic distawere only up to an
optimum level (Moll et al., 1965). Genetic diversity and heterosis are pasit
association. Hybrids of diverse material yield mtran hybrids of related materials
(Troyer et al., 1988). Amorimet al. (2006) found high correlation between grain
yield and genetic divergence for interpopulationbiys ¢ = 0.84), but this
correlation was low for intrapopulation hybrids.

Benchimolet al. (2000) investigated genetic distances among dabpiorn
materials and their relationship to heterotic graillpcation and hybrid performance.
It found that genetic distances (GD®)re greater average for BR-105 x BR-106 lines
(0.77) than for BR-106 x BR-106 (0.7Bnd for BR-105 x BR-105 (0.69) lines.
Cluster analysis resulted in a clear separatioBR{L05 and BR-106 population was
according to pedigree information. Correlationspafental GDs with single crosses
and their heterosis for grain yield were high fioelcrosses from the same heterotic
group and low for line combinations from differdmeterotic groups. Their results
suggested that RFLP-based GDs was efficient andblelto assess and allocate
genotypes from tropical corn populations into hatier groups. However, RFLP-
based GDs was not suitable for predicting the perémce of line crossed from

genetically different heterotic groups.

Reif et al. (2003b) investigated the relationship betweemtosisand genetic
distance determined with simple sequence rgj®&R) markers in seven tropical corn
populations and concluded that SSR markers provadedwerful tool for grouping
germplasm and had a valuable complementation o fieals for identifying groups
with satisfactory heterotic responses. The analgbimolecular variance (AMOVA)
revealed that 89.8% of the variatisias found within populations and only 10.2%
between populations. The correlation between PMPH the squared modified
Roger'sdistance (MRD) based on SSR markers was significgasitive (p<0.05)
only for grain yield { = 0.63).
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Kiula et al. (2007) reported that better Rybrid performance predictions can
be achieved by integrating molecular andoRenotypic data. They investigated DNA
fingerprint of 21 inbred lines using amplified fragnt length polymorphism markers.
Parents and 210, progenies were evaluated in the field. Joint detalysis mostly
revealed a tighter association between GD and thpeFormance or mid parent
heterosis in the intergroup than in the intragroupsses. Despite these correlations,
intergroup crosses should always be field-testédreeheir release. Crosses showing

low GD values should be discarded to avoid fiektitgy costs.

Lanzaet al. (1997) evaluated the genetic diversity of 18 dabred lines, and
determined the correlation between genetic distanod single-cross hybrid
performance.They have used random amplified polymorphic DNA @A, a PCR-
based technique. Eight of these lines came fronha S$ynthetic population (BR-
105), and the others derived from a Brazilian cosmgopopulation (BR-106). The
genetic distances (GD) were correlated with impdragronomic traits for single-
cross hybrids and heterosis. No correlation wasidowhen group division was not
considered, but significant correlations were deddetween GIxGll and GIxGlII
GDs with their respective single-cross hybrid grgield values. Three groups were
identified; that is, lines within the BR-106 popiuten were divided into different
groups and the BR-105 population remainders werstlgnom one group. The results
indicated that RAPD can be used as a tool for deteng the extent of genetic
diversity among tropical corn inbred lines, allangtgenotypes into different groups,
and also aiding in the choice of the superior @es® be made among corn inbred

lines, and reducing the number of required croasdsr field evaluation.

Choukanet al. (2006) studied the level of genetic diversity arthtionships
among the most commonly used, medium to late nraguranian corn inbred lines,
and suggested that heterotic groups among the lisieg genetic distance measured
by the SSR markers showed the highest distanceebatihe cluster of Reid Yellow
Dent related lines and the cluster of Lancastee &uop related lines, and this pattern
has produced some of the highest yielding hybndsan.
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Amorim et al. (2006) worked with threes$opulations derived from different
single cross hybrids and selected the two mostlaadwo least productive inter- and
intrapopulation hybrids from a total of 163 assdskgbrids. The 48 parent lines of
these hybrids were genotyped with 47 simple sequespeat (SSR) primers. These
authors obtained high correlation between graindyend genetic divergence for
interpopulation hybridsr(= 0.84), but this correlation was low for intrajpdgtion
hybrids, indicating that the markers would be édint in predicting hybrids derived

from different heterotic groups.

8. Genetic diversity among single cross hybrids

Single cross hybrids were accepted in corn prodoiciThe replacement of
open varieties with single cross hybrids increagedd of corn in the last five
decades. Farmers prefer hybrids due to their g@vtbpnances in varying weather
condition; they can still produce higher yieBloth farmers and seed companies took
adventage from superior, widely adapted hybridspufarity, spread and similarity of
hybrid cause a risk of genetic vulnerability (Troyeral., 1988). However, single
cross hybrids are interesting germplasm for inbregrovement. Line extraction
from populations derived from commercial singlessstiybrids has been shown to be
viable. The advantage of this technique comparedin®es obtained from open
pollination varietal lines mainly derived from slagross hybrids are tested in several
environments; they are adapted, highly productind have a great proportion of
fixed favorable alleles (Balestat al., 2008). Genetic diversity of single cross hybrids
was frequently answered questions about the riskgemetic vulnerability and

potential of these materials for inbred line exi@t

Troyer et al. (1988) offered a straightforward method of measumenetic
diversity between hybrids based on relative heterosthe hybrid by hybrid cross.
Their method equated genetic diversity with degoéethe heterozygosity using
changes in heterosis as a measure. The method eds¢hat hetrosis caused by some
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degree of dominance and epistasis was absent. Cisioma between thieybrid-by-
hybrid cross and the mean performance of thehytwids were made to determine if
the two hybrids were identicé).0 GD) or unrelated (1.0 GD). Performarutethe
hybrid-by-hybrid cross was quantified by the inwerslationshipf GD to inbreeding
depression. Data were collected for gnaeld, growing degree units to pollen shed,

harvested grain moistuaad plant heighgiving the best spread estimates for GD.

Jompuket al. (2000) measured genetic diversity of twelve conua¢hybrids
in Thailand by Troyer’s genetic distance methode Genetic diversity index of each
pair of hybrids ranged from 0.25 - 0.98 and avedanfe0.68, GD of hybrids from the
same company ranged from 0.25 - 0.67, while tlu¢heen company ranged from 0.37
- 0.98. The results showed that the hybrids in Tharket still had considerable

genetic diversity with noticeably exchanged of denleackground.

Phumichaiet al. (2008) evaluated selected commercial hybrid caneties
which were used for further improvement of germplaand to compare the observed
grain yield of single-cross hybrids made from thieglerids with GD between parental
varieties using SSR-markers, and their selfed aylorid (double-cross hybrid)
progenies grown in six locations in Thailand. Tndgegenetic distance (TGD)
calculated from vyield data, varied from 0.493 t@1b between different parental
combinations. A significant positive correlationsMaund between the GD and TGD
across six locations (0.66**). The GD was positwealorrelated with specific
combining ability (SCA) as well across all locatsorf = 0.76**). The highest
yielding hybrids (KU4452xPAC220) had a lower SCAluea but more genetic
distance between the parents, while the hybrids &@®1087and BIG919xNS-2
showed the S and 2% highest values of SCA and relatively high yielespectively.
Therefore, based on the combined criteria with $&8d GD, TGD, grain yield and
GCA, they suggest that farmers could produce them hybrid populations (double-
cross hybrids) [(KU4452xPAC220), (NK48xPAC220), (#4b52xNK48) and
(PAC220xP1087)] using four recommended commerciatieties (single-cross
hybrids) (PIO87, KU4452, NK48 and PAC220). Breedeoslld choose these four
varieties to develop their own inbred lines. Funthere, breeders in Thailand could
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begin three breeding populations correspondinghéothree distinct clusters, to use
for recurrent reciprocal selection and the eventuedtion of new inbred lines crossed

between groups, should create superior hybridedofuture breeding efforts.

Balestreet al. (2008) studied the relationship between the gergiitances
(GD) based on SSRs markers of single cross hyhuiilisyield, heterosis and specific
combining ability (SCA) in the double cross hybsyhthesis. The average GD of the
10 single cross hybrids was 0.84. This relativeghidistance was due to the use of
hybrids from four different companies. The greatebis were detected in the 4 x 9
(0.95) and 1 x 6 (0.95) hybrids, both had high dsellt was also observed that
hybrids with smaller GD (0.65) produced a low yielduble cross hybrid (1 x 4).
These hybrids were derived from the same companypaobably had parents
common or very closelynitheir genetic constitution. There was a mediumetation
between GD and heterosis £ 0.40) and GD and SCA € 0.38). The intergroup
hybrids placed by genetic grouping were generaltyemproductive than intragroup
hybrids, and the hybrids with GD greater than (h&d the maximum heterosis and
SCA. It was concluded that the SSRs markers wdigegit in identifying the greater

value of heterosis and SCA, and placing the paterttgterotic groups.

Souzaet al. (2001) assessed the genetic divergence of songe sanoss
hybrids and evaluated their potential for inbredeliextraction in Brazillian corn
breeding programs. The genetic divergence of singles hybrids averaged of 0.65
indicated that the single cross hybrids were dieetgand the risk of genetic
vulnerability was small. The hybrids differed inetrpotential for inbred lines

extraction.



MATERIALS AND METHODS

Plant materials

Nine waxy corn hybrids were obtained from diffdresources as follows:
NSW, TSW and GR484 from Bangkok Seed Industry Comp&WSX91 from
Kasetsart University, KKU1116 and KKU2901 from KhKaen University, BW852
from East West Seed Company, WPP004 from JiaTail Ssenpany and Dr. PEK
from Sweet Seed Company. They were grown and aladseng December 2007 to
February 2008 in a half diallel mating manner toduce thirty-six double crosses.
The original i hybrids were also self-pollinated resulted in ngedfed progenies.
The seeds of original,Fhybrids or nine hybrid parents (H), thirty six dbbel crosses

(DCs) and nine selfed progenies (S) were usedeastritries materials in yield testing.
Methods
1. Field evaluations

The experiment was conduct@dtwo locations, each in two seasombe first
location was Suwan Farm (National Corn and SorgliResearch Center) Nakhon
Ratchasima province, the northeastern region ofldi at the latitude of £30'N
and longitude of 10D’E, in rainy season (August-September, 2008) anydsdason
(December, 2008 — January, 2009). The soil typeRVaslic Kandiustox. The second
location was Agronomy Farm, Faculty of Agricultufa@chnology and Agro-industry,
Rajamangala University of Technology SuvarnabhuRhranakhon Si Ayutthaya
province, the central region of Thailand, at thitude of 1436’N and longitude of
100°60’E, in dry season (December, 2008 — January, 2009)earlgf rainy season
(May-June, 2009). The soil type of thlecation was Vertic Endoaqueptlhe
experimental design in each environment was a ramga complete block with two
replications. Each plot consisted two rows, 5 nglevith 0.25x0.75 rhof plant row

spacing, resulting in 5.3 plants?nwWeeds were controlled by spraying atrazine at 2.3
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I’ha as pre-emergence, and hand weeding there&ketilizer was basally applied
with 46.8 kg/ha each of N,.®s and KO, which was provided by compound
fertilizer, formula 15-15-15, at the rate of 312.5 kg/ha amddeessed with urea at the
rate 0f312.5 kg/hg143.8 kg/ha of N) at 20 days after emergence

2. Data collection

Performances of nine waxy corn hybrid varietiegeneollected for group
classification. They were green yield (GY), maké&abehusk yield (MDY), total
dehusk yield (TDY), ear length (EL), seed ear lan@EL), ear width (EW), number
of seed rows per ear (NSR), plant height (PH), leaght (EH), leaf greenness in
silking stage (SPR1), leaf greenness at milky s{&RR3) measured by chlorophyll
meter (SPAD 502), tassel date (TAD), silking d&#D(), stem diameter (STD), leaf
number (LNO), leaf length (LL) and leaf width (LW).

3. Data analysis

Performances of nine waxy corn hybrid varietiesendassified by 17 traits of
yield and morphology. Multivariate techniques wexgplied to create new sets of
variables to characterize performance of hybridietis. The standardized trait
means of hybrid varieties were used to performqgypisd component scores utilizing
for clustering hybrid varieties. The first threengipal component scores wesiotted
to visually locate for grouping the hybrid varietiePhenotypic dissimilarity (PD)
among the parents was estimated from Euclidiaracgt matrix. Each distance was
estimated by the formula as follow;d3 [X(X,-X5)?]"? where X; and X; are ther™,
and s" entries measured off' trait. Once the distance matrix was determined, a
dendrogram was constructed based on unweightedyfmaip method using arithmetic
average (UPGMA).

Analysis of variance was performed for each tamtl combined across four

environments. The entries were recorded on greeld ¥iGY), marketable dehusk
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yield (MDY), ear size (ear length (EL), ear wid&W), number of seed rows per ear
(NSR)) and agronomic traits (plant height (PH), keight (EH), tassel date (TAD),

and silking date (SID)). Variation among entriessvpartitioned into non-orthogonal

contrast between hybrids (H) and selfed-progerfgs(df = 1), the variation among

H, S (each with df = 8) and hybrid cross or doutiess (DCs) (df = 35). Statistic

analysis was performed by R (R Core Team, 2012).

The analysis Il and analysis Ill of Gardner andeiBlart (1966) were

employed to estimate genetic information of therld/parents and their crosses.

The analysis Il was based on fitting the hybrid @hd hybrid cross (DC)

means to the linear model:

Yij =+ Y2 Gitv) +y(h + hit by +55)

whereYj; is trait mean of an entry, is the overall mean of the traity; andy;

are estimates of the varietal effects for parehydrid i andj, respectively:h is the
average heterosis contributed by the DCandh; are heterotic effects for hybrids

andj, respectively; and; is the specific heterosis that occurs when hybrsdmated

to hybridj; y= 0 wheni =j (i.e. H) andy = 1 wheni #] (i.e. DC).
The analysis Il was performed based on fitting llybrid cross (DC) means:
Yij Stct Qi + G + S
whereY;; is the mean of the cross between hybrahd j; s is the overall
mean of the DC;g; andg; are general combining ability effects agdis specific

combining ability effect of the hybrid parents.

Environments and replications within environmemtr&considered as random

effects while the other sources of variation wayasidered fixed effects. Genotype x
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environment interaction was used as the denomirataesting significance among
the entries. UPGMA dendrogram based on SCA matas werformed to classify
heterotic pattern among nine waxy hybrid varietigsg R (R Core Team, 2012).

Inbreeding depression (IBD) was determined from éguation]ED =%,

DC-MP
Mp

while mid-parent heterosis (MPH) was determinednftbe equation MPH =

Where H is the trait average across four experimehthe hybrid varieties; S is the

trait average of selfed progeny of the hybrids, ©Ghe trait average of the double

p'—jp= in which R and B are the trait average of the hybrid

cross combinationgyip =

parents.

Troyer’'s genetic distance (TGD) between hybridep&s in each replication

within environments was calculated from the equgiRGD = 1 — % . Where H

is the trait means of the two hybrid parents, D@edouble cross trait mean and S is
the trait mean of the selfed progenies (Trosteal., 1988). Analysis of variance for

TGD was performed across environments.

The relationship among GD, H, C, and S is graplyishown in Figure 1

H

@]

v

Performance of crops

=
S

GD 0.0
Genetic diversity scale

Figure 1 Algebraic formula for determining genetic diversitith geometric
interpretation for use with yield or possibly otlparformancelata.
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The Troyer's genetic distance can be interpretedrelate between two
hybrids. The value of hybrid-by-hybrid cross is g than performance cross
average of two hybrids (less inbreeding depresdiwditates more genetic diversity
between the hybrids while the lower performarmess average (more inbreeding
depression) indicates less genetic diversity. Tdeniical hybrids have an expected
GD of 0O when (H - C) = (H - S). Two closely relatbégbrids with GD of 0.25
probably are related on both sides of the pedigfees hybrids with one inbred in
common and the other unrelated inbred lines (Ax8 ARC) had an expected GD of
0.5 because of the specific combining ability & tinrelated inbred lines (BxC). Two
slightly related hybrids with a GD a@h. 0.75 probably had unrelated inbred lines on
one side of the pedigree and a distantly relatedisjo) inbred on the other. Two
unrelated hybrids had an expected GD of 1.0 (H-Q) =

4. Estimating genetic distance base on simple sequerrepeat

4.1 DNA extraction

DNA from each leaf of 9 single cross hybridas isolated and extracted
using a modified CTAB procedure according to theMiRINYT protocol for corn
genotyping using SSR markers (George and Regakixdd,).

4.2 Microsatellite markers

Twenty SSR markers (two markers per chromeyo distributed
throughout the corn genome were chosen from Maiz®Bsed on their repeated
unit, base composition and localization on chromuao regions involved in
agronomic traits were previously reported. The S88&d in this study are listed in
Table 1. In addition, primer sequences were aviglafrom MaizeGDB

(www.maizegdb.org).



Table 1 Primer sequences of SSR marker
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SSRs marker Repeat bin SSR marker Repeat bin
bnlg1007. AG(15) 1.02 umcl725 1.11
p-bnlg1092 (AG)30 2.01 p-umcl126 ACC 2.08
p-umcl394 (AT)10 3.01 p-bnlgl754 AG(20) 3.09
p-bnlg1370 AG(37) 4.00 p-bnlg1337 AG(21) 4.11
p-bnlg565 5.02 p-umcl225 (AG)6 5.08
p-bnlg249 6.01 p-umcl653 (GAAA)24 6.07
p-umcl426 (AGAGG)4 7.0 p-umcl671 (AGC)7 7.05
Umc1359 8.00 p-umc1069 (GGAGA)6  8.08
p-phi033 AAG 9.01 p-umcl137 (CM15 9.08
p-phi041 AGCC 10.00 p-bnlg1450 AG(34) 10.07

4.3 Amplification

PCR reactions were performed in a volum&Qgil each containing 1x
PCR buffer. The components of PCR used in thisystue in the Table 2.

Table 2 The components of PCR in a volume ofl0

Stock Final concentration Volume per

reaction (ul)
Sterile ultrapure water - 5.6
10X PCR buffer 1X - 1.0
25 mM MgCI2 2.0mM 0.8
10 mM dNTP 0.25 MM@ 1.0
5uM @ Primer Mix (F and R) 0.25mM @ 0.5
5U/ul Tag DNA Polymerase 05U 0.1
Total reaction volume 10.0
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The amplification reaction consists a denaturgtgp of 2 min at 94 °C,
followed by 30 cycles with 94 °C for 2 min, annaglireaction of 1 min at 56 °C and

terminate at 72 °C for 1 min.

4.4 Gel electrophoresis

Obtained PCR product was added with 3 mdilog buffer (10 mM
NaOH, 95% formamide, 0.05% bromophenol blue, 0.5¢fene cyanol FF) and
electrophoresis on 1%agarose gel in 1XTAE bufféi 8.3) at a constant voltage
(3.00 kV) for 0.5 h and detected by ethidium broenistaining, visualized and
photographed polymorphism under UV fluorescencé&M({@Y T, 2006)

4.5 Genetic distance analysis
SSR polymorphism was scored on presencerBbsence (0) of DNA
band basis. The two varieties and presence- absdrigBA band data was possible

to be four types of match as Table 3.

Table 3 Four types of match of possible presence-abseind®&lA band basis

Possible match Variety
present absent
Variety present 1-1 (a) 1-0 (b)
absent 0-1 (c) 0-0 (d)

To pair off genetic distance of all possilylatches was estimated by
Euclidean distance:

distanceif) = Vb+c
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To pair off genetic similarity of all postgbmatches was estimated by

Jaccard coefficient as follow:
Jaccard similarityif) = a/(atb+c+d)
5. Relationship among genetic distance, heterosiadcombining ability

Pearson correlation coefficients,f determined from relationships among DC
means across four environments, specific combiibidjity, heterosis and Troyer’'s

genetic distance indicated relationship betweertiedistance and heterosis.

5 xy - 2X2Y an v

n n
At




RESULTS AND DISCUSSION

1. Performance of hybrids and inbreeding depression

The combined analysis of variance showed highbnificant difference
(p<0.01) among 54 entries (9 H, 9 S and 36 DC) fbtraits. Similarly, the entry x

environment interaction was also significant farteits.

1.1 Yield and ear size

Yields of tested hybrid varieties were sigaintly different, PEK gave the
highest green yield and marketable dehusk yield4051 and 9.49 t/ha respectively
(Table 4). The comparison of H versus S, providedeasure for an average I1BD,
was significant [(<0.01) for yield. Yield of all progenies producdm hybrid self
significantly decreased. The decreases of gredd wed marketable dehusk yield
were between 30.4 to 48.3% and 44.3 to 61.2%, ctisply. Both green yield and
marketable dehusk yield of BW and WPP seriouslyresged inbreeding depression.
Interaction between H vs S and environment wassigtificant for yield; it meant

that environment similarly affected on inbreedirggpression of hybrids (Table 4).

The comparison of H versus S on ear sizmifgtant difference §<0.01)
in terms of ear length and ear width were found.dtze of S lines was decreased and
smaller than that of H average by 9.5% for ear tlergnd 4.7% for ear width
indicating inbreeding depression. When GR484, tleriti variety with the longest
ear of 18.2 cm was selfed, ear length of its prggeas decreased by 15.6% whereas
WPP, the hybrid variety with the widest ear of m was selfed, ear width of its
progeny was remarkably decreased by 11.2 %. EgtHeand ear width of NSW,

were not significant between H and S (Table 4).

Inbreeding depression marketable dehusk yieldras more pronounced
than the other traits. Similar results were rembitg Salehet al. (1993) who found
that IBD in sweet corn populations caused yield lagth the estimated IBD 33.58%
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for GY, 36.47% for MDY, 20.48% for EL, and 8.73 faW. Inbreeding depression in

the F, may be due to the accumulation of recessive alieléomozygous state.

1.2 Agronomic characteristics

Hybrid varieties showed significant diffeoeis in terms of plant height
(PH), tassel date (TAD) and sillking date (SID)cept ear height (EH). To compare
hybrid variety (H) and its selfed line (S), onlyapt height was significant (Table 5).
GR484, the hybrid variety, was the highest plamngliteof 163 cm whereas the selfed
line with 139 cm height showed the highest inbregddepression of 14.2%.
Inbreeding depression values of WPP, PEK and KW&ieties for plant height were
13.5, 12.0 and 10.2 %, respectively while the nemtieties were not different.
Regarding with tassel date and silking date, theeee no significant difference

between hybrid and its self lines (Table 5).

2. Varietal cluster based on morphological traits ad yield

2.1 Principal component analysis

Seventeen agronomic traits of 9 waxy corrbritls were studied.
Correlation coefficients between variables werenificant It was found that some
traits were also related,e. green vyield positively related with marketable walgh
yield, number of seed rows positively and negagivelated with ear width and ear
length, respectively and plant height positivellated with ear height and leaf length
(Table 6)
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When some variables were reduced by compirdtated variables to be
principal component, but variations of total vatesbwere still conserved and found
that 4 components having eigenvalues equal to eategr than two>2.0) were
retained asneaningful and worthy of interpretatiomhese 4 components accounted
for 84.30% of the total variation in the data s€alfle 7). The First Principal
Component (PC1) had an eigenvalue of 4.97 and evgula29.21% of the total
variation in the data set (Table 7). Four variabreslving ear size (EL, SEL, EW
and SRN) weighted higher than the other variabteBC1, this suggested that PC1
represented the equivalent of four individual Vialea and could reflect ear size.
Eigenvalues of PC2, PC3 and PC4 were 4.42, 2.882a01l respectively. Loaded
variables in PC2 and PC3 could reflect yields (@QY and MDY) and plant
structure (PH, EH, LNO and LL), respectivel¢hile flowering dates (TAD, SID)
were loaded in PC4, the factor contributing to Rk ear size (29.21%). While PC2,
PC3 and PC4 attributed to yield (26.01%), plane gi¥6.97%), and flowering date
(12.11%), respectively.
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Table 7 Eigenvalues and their contribution to total vaia extracted by Principal

Component Analysis (PCA).

Trait PC1 PC2 PC3 PC4
------------------- Component score coefficient—----------

GY" .036 264 -.047 .056
MDY -.003 313 -.014 -.019
TDY -.057 316 .037 .028
EL 207 .057 .023 -.039
SEL 214 .070 -.012 .019
ED -.226 136 .041 .040
SRN -.213 .063 .049 -.120
PH .070 -.020 .296 -.055
EH .070 -.086 .315 -.076
SPR1 .061 -.056 .050 -.063
SPR3 -.035 -.021 .012 -.019
TAD -.021 .022 -.017 .378
SID 021 .023 -.099 407
STD -.081 -.129 .000 191
LNO -.114 .049 311 -.108
LL -.071 .033 .268 107
LW .168 .089 -.065 -.176
Eigenvalues 4.97 4.42 2.88 2.06
% of Variance 29.21 26.01 16.97 12.11

Y GY = green yield, MDY = maketable dehusk yiel@Y = total dehusk yield, EL
= ear length, SEL = seed ear length, EW = ear wN8R = number of seed rows
per ear, PH = plant height, EH = ear height, SPR&af greenness in silking
stage, SPR3 = leaf greenness at milky stage, TABssel date, SID = silking
date, STD = stem diameter, LNO = leaf number, LUeaf length, and LW =
leaf width.
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Grouping based on ear size (PC1), yield jP@2 plant size (PC3) fixed
total variation of 72.19% indicated that KKU1116dakKU2901, bred varieties from
Khon Kaen, showedjuite similar characteristicsvhereas WPP was obviously
separated from the other varieties due to diffeeamt(PC1) from others. Both TSW
and KWSX gave low yields and differed in plant typgeld of GR484 variety was
lower than that of PEK but equal to ear size of NGWgure 2). Principal component
analysis was utilized to group desire charactess#iccurately. This was useful for
further breeding improvement for farmers and otstakeholders in production and
usaggOkporie, 2008).

/\

PC2

Figure 2 The distribution pattern of 9 waxy corn hybrids ®principal
components, PC1, PC2 and PC3.

2.2 Cluster analysis

Genetic differences of waxy corn were cated from 17 characteristics
by Squared Euclidean Distance (Table 8). KKU1118 EKKU2901 were similarly
characteristics with the least distance value % %vhereas distance value of KWSX
and TSW was 13.32. Distance value of WPP and therstwas higher than the
average value resulted in being isolated from tierogroups. UPGMA dendogram
grouping with distance value of 20.0 could sepatfaehybrids to be 3 groups (Figure
3).
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30 1
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KKU16 KKU29 PEK GR48 KWSX TSW NSW BW WPP

Figure 3 UPGMA dendogram for 9 hybrid parents based orkthdidean

distance matrix

Principal component scores were used forsteling samples into
subgroups and discriminant analysis because a fewipal components contained
all the information in the original traits. The tlisution pattern of 9 hybrids on PC1,
PC2 and PC3 (Figure 2) was in agreement with thsteting pattern derived from the
UPGMA dendogram (Figure 3) which was classifiedoir8 clusters. Cluster |
comprised KKU1116, KKU2901, PEK and GR484 while stkr 1l comprised
KWSX91, TSW, NSW and BW. Cluster Il had only theP® hybrid with different
morphology from the other§&rouping by cluster method, total variables weredu®
obviously classify with overall consideration, bBC grouping could separate to
consider only group having interesting charactessand showing relationship such
as ear size (PC1), yield (PC2) and plant size (P@3poth ear size and plant size at
the same time (Figure 2). Grouping based on qudivet traits had many advantages,
because it quantified characters of potential garand provided useful information
for choosing parents in a breeding program (VannBeen and Busch, 1997)
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2.3 Varietal cluster based on DNA

Twenty SSR primer pairs analyzed, 19 of theene polymorphic among
the studied hybrids. Primer p-bnlg1092 was not mpaisphic. A number of 144
alleles were detected from 9 hybrid varieties wli¢hpairs of SSR primer. Four to 13
alleles of each primer pair were detected with @erage of 7.6The average PIC of
19 pairs of primer was 0.38 (range from 0.22 t@p(dable 9) .The results were in
notable of Cheng-lagt al. (2010) who revealed that the number of molecoiarkers
of 6-304, materials of 12-2758 and polymorphic laieof 110-802 were previously

reported.

Genetic similarity (GS) revealed by Jaccamkfficients among the 9
hybrid varieties was calculated based on 144 potpimo SSR alleles (Table 10). It
was ranged from 0.261 to 0.684. UPGMA dendrogrbased on Jaccard similarity,
closely relationships were observed between BW and WPP34).6GR484 and
KWSX (0.591) and KKU1116 and TSW (0.545). Nine hghbrarieties were roughly
classified into four groups according to tkemilarity coefficient of 0.435 as a
standard (Figure 4). The groupentainedBW, WPP and KKU2901 while group I
comprised GR484, KWSX91 and PEK and group Il casgat TSW and KKU1116.
The last group had only the NSW hybrid with genelitference from the others.
Grouping pattern by DNA marker method was differémm that grouping by
agronomic traits. The cluster results based on rggincal distribution, phylogenetic
relationships and molecular markers were not necigsrelated to each other
(Thomaset al., 1994). There were many reasons such as agronoainichanging
from environmental effects (Smith and Smith, 198@jnber of SSR primer pairs and

number of material (Chun-horajal., 2010) affecting clustering pattern.



Table 9 The polymorphism information content of the 20 paif primers in

9 waxy corn hybrid varieties.
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SSR primer Repeat Bin no. Allele no. PIC
bnlg1007. AG(15) 1.02 10 0.44
umcl725 1.11 12 0.33
p-bnlg1092 (AG)30 2.01 0 -
p-umcl126 ACC 2.08 0.50
p-umcl394 (AT)10 3.01 9 0.50
p-bnlgl754 AG(20) 3.09 11 0.39
p-bnig1370 AG(37) 4 5 0.72
p-bnlg1337 AG(21) 4.11 4 0.78
p-bnlg565 5.02 6 0.67
p-umcl225 (AG)6 5.08 5 0.72
p-bnlg249 6.01 6 0.67
p-umcl653 (GAAA)24 6.07 12 0.73
p-umcl426 (AGAGG)4 7 5 0.72
p-umcl671 (AGC)7 7.05 5 0.72
umcl359 8 5 0.72
p-umc1069 (GGAGA)6 8.08 6 0.67
p-phi033 AAG 9.01 13 0.28
p-umcl137 (CT)15 9.08 10 0.44
p-phi041 AGCC 10 6 0.67
p-bnlg1450 AG(34) 10.07 5 0.72
Average 7.2 0.60
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BW WPP KKI29 GR48 KWS PEK KKUI16 TSW NSW

Figure 4 UPGMA dendogram for 9 hybrid parents based on 1RsSS

genetic similarity matrix measured by Jaccard metho

Cheng-laet al. (2010) demonstrated that effects of the primenioers on
clustering results were mediated by the numberlleles. Therefore, in order to
improve the reliability of cluster analysis, itngore important to increase the number
of alleles than that of primers in genetic relasioip study. Materials witltlosely
genetic relationship were not clustered togethdris Tmight be caused by cross

recombination and mutation during the selectionui©honget al., 2010).

3. Genetic effect for yield based on analyses Il drli

3.1 Combined analysis of variance for geneticatffe

The combined analysis of variance over feawironments based on

analyses Il and lll (Gardner and Eberhart, 196@&b(& 11), indicated that all diallel

effects significantly influenced yield.
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For green yield (GY), variety effeck)(it was significant <0.01) but
heterosis Ijj) was not significant at the 5% levgd>0.05). For marketable dehusk
yield (MDY), v; and h; were significant|§<0.01), 40.9% and 59.1% of the total sum
of squares due to differences among generation sneaud be explained by and
hij, respectively. These data suggested that addance non additive effects were
involved in the expression of yield in waxy corrheBe results were different from
results in grain yield of field corn reported byoSsaet al. (1987) who studied to
identify superior exotic and exotic x adapted pafpiohs and indicated thst andhy;
were accounted for 60 and 40% of the total vanmatimmong population respectively

for grain yield.

The heterosis paramethf)(was the results of dominance gene action and
difference in gene frequencies between parentaéties (Murrayet al., 2003). The
non-orthogonal partitioning revealed that averagteitosis %), variety heterosish()
and specific heterosis;) or specific combining ability (SCA) among hybridsere
significant in MDY (Table 11)Even though SCA of MDY of th&; accounted for
28.3% of the total sum of squares was the most itapband significant at the 5%
level. Variety effects () and general combining ability (GCA) effectg;)(were
significantly different and larger thag in GY and MDY which were corresponded to
the work of Dickert and Tracy (2002) who studiedapen pollinated sweet corn
cultivars. The sum square gf ands; for MDY was 36.8% and 28.3 % of the total

sum of squares, respectively.

Population x environment interactions weetedted. Environments W
interactions, Environments bx; interactions and environmentsgxinteractions were
significant for both GY and MDY (Table 11).
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3.2 Genetic parameter effects across four enviesms

GY and MDY average over all varieties wer2.52 and 8.05 t/ha,
respectively (Table 12). PEK, GR484, WPP, BW andWKK16 showed positive
varietal effectsj.e. these hybrids gave higher GY and MDY over the agerof all
varieties (Table 12). GCA effectg of PEK and NSW showed the highest GY and
MDY, whereas that of TSW was the lowest. It coudddxplained that PEK and NSW
were good combiners for GY and MDY. Heterotic effeta variety in crosses can be
measured as a deviation from average heterosisréyat al., 2003). KWSX91
showed the highest variety heterosis effect for (8¥5 t/ha) and MDY (1.01 t/ha)
(Table 12) but per se performance obtained the $owt6.43 t/ha for MDY (Table
12). NSW and BW showed high GCA effect and positineterotic effect, however
lower than KWSX91 in terms of heterotic effect. Thesitive variety heterosis of
KWSX91, NSW and BW indicated differences in fregecies of dominant alleles
between them and the other populations (Cresah, 1987). The correlation between
GCA and variety effect was medium and low for GY=0.62**) and MDY ( =
0.38%*), respectively (Table 12). Thus, both varieffects and GCA effects should be
considered to select for high yield germplasm. dde GCA effects and per se
performance were observed in breeding materiald tmegermplasm improvement
(Melchinger and Gumber, 1988). The correlation leetwvariety heterosis and variety
effect was negative in GY € -0.45**) and MDY ¢ = -0.54**) (Table 12).
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Table 12 Variety effects\;), GCA effects ¢) and variety heterosi$;j of parental
waxy corn hybrid parents and correlation betwearetsaand GCA effects

(reigy) and variety heterosis iniy) in yield.

1/

Variety GYY (tha) MDY (t/ha)

Vi i hi Vi i hi
NSW -0.39 0.58 0.77 -0.12 0.60 0.66
BW 0.87 0.12 -0.32 0.35 0.31 0.13
WPP -0.04 0.06 0.08 0.58 0.12 -0.16
PEK 1.99 0.82 -0.17 1.44 0.65 -0.07
GR484 0.27 -0.46 -0.59 0.69 -0.35 -0.69
KWSX91 -1.06 0.32 0.85 -1.62 0.20 1.01
KKU1116 -0.08 -0.24 -0.20 0.19 -0.53 -0.63
KKU2901 0.51 -0.13 -0.38 -0.11 -0.22 -0.16
TSW -2.07 -1.07 -0.04 -1.39 -0.77 -0.08
Average 12.52 12.09 -0.43 8.05 7.18 -0.87
F-test *x 2] *k ns *% *% *
S.E? 1.25 0.36 1.01 0.95 0.27 0.77
I (vigi) 0.62** 0.38*
I (i hi) -0.45** -0.54**

Y GY = green yield, MDY = maketable dehusk yield,
 ns = non significant, * and ** = significt at 0.05 and 0.01 probability
level, respectively.

3/ S.E. = standard error of the mean effects.

Environments %; interactions were significant for GY and MDY. PEK
showed the highest estimate of variety effect emdbmbined data in all environments
consistently. BW had high estimate of variety efiecENV1 and ENV 4 but low in
ENV2 (Table 13). WPP showed high estimate ofetgreffect in ENV2, ENV3 and
ENV4 but low estimate in ENV1. KWSX19 showed negatvariety effect in all
environments. The interaction effect of ENV was daesequence changes in each
different environment such as differences in fize@l application (Mediciet al.,
2004).
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Environments xj; interactions for GY and MDY in this study wereals
different. Ranking of GCA effects for MDY varied amg environments (Table 14).
NSW showed positive GCA effect in all environmeni$ie highest estimate was
ranked in ENV2 and ENV3, however it was ranked rees decond in the combined
data. While estimate of GCA of PEK showed thet fiesk in the combined data but

low estimate in ENV3 whereas TSW had low estimatescstently.

Environments %y interactions were significant for MDY. KWSX91 gave
the highest estimate of variety heterosis effecttie combined data in all
environments, except ENV4. NSW also showed highmesé of variety heterosis
effect in all environments (Table 15). PEK showhkd highest estimate of variety
heterosis effect in ENV1 but the lowest in ENV3. 448 and KKU1116 showed
negative variety heterosis effect in all environtsenThe average heterosig) for

MDY showed negative effect in all environments.

The average heterosig {or MDY was negative (-0.87) (Table 15), MDY
averaged over 36 double cross combinations (DC) a8 ton/ha which was less
than that of 8.05 t/ha of the hybrid parents duentweeding depression in the DC
(Table 16). A similar result was observed in gnaedd of field corn (Phumichagt al.,
2008).

The specific heterosis;f or SCA for MDY ranged from -1.14 to 1.08 t/ha
(Table 16). BW/PEK showed the highest yielding of [0.17 t/ha) with thes; of
1.04. This DC parents exhibited highestimate for MDY. The MDY of NSW/BW,
NSW/PEK, NSW/KKU2901 and PEK/WPP gave high yieleeio8 t/ha and theis;
exhibited positive significancevere 0.69, 0.33 and 0.55 and 0.40 t/ha, respégtive
(Table 16). Heterosis in DC was probably due ®dtiference between genotypes of
the parental single crosses. The expression ofds$edepended on the difference in
allele frequency of the parents and dominant eftdcvarious loci (Falconer and
Mackay, 1996).
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Environments »s; interactions were significant for GY and MDY. The
data of GY and MDY were similarly. Therefore, thesult of Environments s;
interactions was shown only MDY. In the absencemstasis, the Gardner Eberhart
model was used to explain heterosis in terms ofidante and the square of the
difference in gene frequency between parents. Suadwameter provided an estimate
of gene variability which was an important consadem in choosing germplasm
pools to be used in recurrent selection programes&aet al., 1987). The specific
heterosis effects() was detected when genetically distinct hybridsewvased to
generate DC (Moll et al., 1965; Troyer et al., 1988). Six DCs namely
KWSX19/KKU1116, BW/PEK, KWSX19/ KKU2901, NSW/ KKUZA.,, WPP/ PEK
and NSW/ TSW exhibited positive estimatespfor MDY in all environments (Table
16). KWSX19/KKU1116 showed the highestand that of BW/PEK was the second
rank. They all exhibited high estimate sf in the combined data and showed a
positive effect estimate in all environments. #stiion ofs; of GR484/TSW showed
the third rank in the combined data but oobsistently GR484/TSW showed positive
effects and high values in ENV 2, ENV 3 and ENVWbdi low estimates in ENV1.
KKU1116/ KKU2901 and WPP/TSW showed negatsyén all environments and had
low estimates consistently (Table 17). Such a gmmformance was expected, since

the parents were closely related to origin (Dhilsord Singh, 1977).
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4. Genetic effect for Ear size base on analysesand Il

4.1 Combined analysis of variance for geneticatffe

Variety effects\{) and heterosis effectif) of ear length accounted for
80% and 20% of the total sum of squares, respégtared were highly significant
(p<0.01) (Table 18). Thk; was divided to be average heterogis yariety heterosis
(h) and specific heterosiss;], they were 0.4, 9.7 and 10.1% of the total sum of
squares, respectively. Thg ands; were highly significantg<0.01) butz was not
significant £>0.05). For ear widthy andh;; accounted for 90% and 10% of the total
sum of squares, respectively and were highly sicamt (p<0.01). Onlyh; was highly
significant £<0.01) and accounted for 4.4 % of the total sunsaqfares. The GCA
effect @) was significantly different for EL, EW and SRN.he number of seed row
of vi andg;, excepth; significantly exhibited. The data suggested ttdditave and
non additive effects were involved in the expressaf ear size in waxy corn,
however additive effects were more important thamn radditive effects. The
significance of GCA effects indicated that tleast oneof lines was different in
content of favorable genes with additive effectshil/ the differences of SCA
indicated complementation between lines at lochveibme degrees of non additive
effect (Mediciet al., 2004).

Populations x environment interactions wdetected for EL, EW and
SRN. Environments »y and Environments >y were significant §<0.05) but

environments y; was not significantg>0.05).
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4.2 Genetic parameter effects across four enviesms

Averageear length (EL), ear width (EW) and number of semd (NSR)
of hybrid varieties was 16.31, 4.19 cm and 13.4¥staespectively (Table 19). WPP
showed both the widest and shortest ear, the leesrgl combiner for EW and NSR
but the worst GCA effecty() for EL. Large GCA effects of the parents werdaniya
due to additive and additive x additive gene adi@@riffing, 1956). The correlation
between GCA and variety effect was high for EL=(0.83**) and EW = 0.97**)

(Table 19). Thus, the parents could be chosen basedriety effect for ear size.

Variety heterosidh) of parent was significantly different for EL a&V,
except for NSR. WPP had high positive heterotieaffor EL but showed negative
effect for EW and NSR. WPP was the worst generahlgoer but exhibited the
highest variety heterosis effect (0.46 cm) for Halgle 19). WPP was a good general
combiner but the lowest EW of -0.18 cm (Table THW was a small ear variety and
the worst general combiner for the both of EL ar/ But had highh,. The
correlation between variety heterosis and varidfgce was negative in all traits,
particularly for EL ¢ = -0.73**) and EW ( = -0.88**) (Table 19).

For ear size, population x environment @&tEon was detected.
Environments »y; interactions and environmentsgxinteractions were significantly

different for all traits but environmenths interaction was not different (Table 18).
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Table 19 Variety effects\;), GCA effects (g and variety heterosi$;j of parental
waxy corn hybrid parents and correlation betweatetyaeffects GCA

effects (uig)) and variety heterosis ;i niy) in yield component traits.

Variety ELY (cm) EW (cm) NSR(row)

Vi Oi hi Vi Oi hi Vi Oi hi
NSW 0.33 056 040 -0.19 -0.02 0.08 -0.27 0.12 0.25
BW -0.37 -0.19 0.00 0.09 0.04 0.00 -0.82 -0.62 00.2
WPP -3.05 -1.07 0.46 1.18 041 -0.18 3.03 1.06 50.4
PEK 1.56 0.83 0.04 -0.10 0.00 0.05 -057 -0.24 0.05
GR484 1.86 0.04 -090 -0.07v -0.13 -0.10 -0.57 -0.48.16
KWSX91 0.20 0.23 0.13 0.06 0.00 -0.03 -0.17 -0.200.11
KKU1116 1.09 0.13 -042 -0.05 -0.01 0.02 0.63 0.400.08
KKU2901 0.23 -0.05 -0.17 -0.25 -0.08 0.04 -0.97 59. -0.11
TSW -1.84 -0.47 045 -0.67 -0.21 0.12 -0.27 0.52 650.
Average 16.31 16.47 016 419 420 0.01 13.47 13.420.06
F_test *% 2/ *% *% *%* *% *%* *% *% ns
S.E. 0.78 0.22 0.63 0.19 0.06 0.16 0.71 0.20 0.58
I (vi,gi) 0.83 0.97 0.28
I wihi) -0.73 -0.88 -0.39

Y'EL = ear length, EW = ear width, NSR = number afcseows per ear

?'ns = non significant, *and ** = significarstt 0.05 and 0.01 probability level respectively

SE. = standard error of the mean effects.

The variety effecty() average across four environments of GR484, PEK
and KKU1116 for EL were 1.86, 1.56 and 1.09 cm (&a®0), respectively and
showed positive effects in all environments. Theety effect in the combined data
of GR484 was the highest bgt value of 0.04 cm was lower than some varieties
(Table 21). PEK was the second rankor EL and showed the highest(0.83 cm) in
the combined data and also had a consistently agiimate in all environments
(Table 21). While EL of WPP, TSW and BW showed negav, and g; in the
combined data and had consistently low estimatallienvironments. WPP showed
the lowesty; andg; in all environments for EL. The andg; across four environments
of WPP were -3.05 (Table 20) and -1.07 cm (Tablef@1EL, respectively.
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Table 20 Variety effects\;) from Gardner and Eberhart model analysis Il tair
ranks for EL (cm) in 4 environments and combineasg 4 environments.

. ENV1Y ENV2 ENV3 ENV4 Combined Env
Variety
Vi Rank Vi Rank Vi Rank Vi Rank Vi Rank
NSW 1.68 3 0.64 5 0.12 5 -1.14 7 0.33 4
BW -0.17 6 -0.91 7 -0.53 7 0.11 6 -0.38 7
WPP -3.77 9 -2.56 9 -2.33 9 -3.54 9 -3.05 9
PEK 2.28 1 1.09 2 1.82 1 1.06 2 1.56 2
GR484 1.93 2 0.69 4 1.37 2 3.46 1 1.86 1
KWSX19 0.08 5 -0.06 6 0.27 4 0.51 4 0.2 6
KKU1116 0.93 4 1.44 1 1.27 3 0.71 3 1.09 3
KKU2901 -0.37 7 0.69 3 0.07 6 0.51 5 0.23 5
TSW -2.57 8 -1.06 8 -2.08 8 -1.64 8 -1.84 8
Ly 16.2 15.6 16.8 16.7 16.3

Table 21 GCA effects @) from Gardner and Eberhart model analysis |l doik t

ranks for EL (cm) in 4 environments and combiness 4 environments.

. ENV1Y ENV2 ENV3 ENV4 Combined Env
Variety
Oi Rank o] Rank Oi Rank o] Rank Oi Rank

NSW 0.70 2 0.69 1 0.78 1 0.08 5 0.56 2
BW -0.35 6 -0.43 8 -0.44 7 0.48 3 -0.19 7
WPP -1.10 9 -0.92 9 -1.04 9 -1.22 9 -1.07 9
PEK 1.14 1 0.62 2 0.58 2 0.96 1 0.83 1
GR484 -0.04 5 0.08 5 0.15 3 -0.05 6 0.04 5
KWSX19 0.22 4 0.24 3 -0.01 6 0.48 2 0.23 3
KKI1116 0.57 3 0.13 4 0.21 5 -0.40 7 0.13 4
KKU2901 -0.44 7 -0.20 6 0.26 4 0.15 4 -0.05 6
TSW -0.70 8 -0.21 7 -0.50 8 -0.48 8 -0.47 8
e 16.18 15.81 17.31 16.59 16.47
S.Eg 0.27 0.26 0.27 0.30 0.30

Y Envl = Suwan farm in rainy season, Env2 = Suwam fin dry season,
Env3 = RMUTSB in dry season, Env4 = RMUTSB anlg rainy season
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Environments »; interactions and environments gk interactions were
significant for EW. WPP showed the highest estevadty; (1.18 cm) (Table 22) and
gi (0.41 cm) (Table 23) in the combined data and hadreistently high estimate in

all environments. Interaction of environments withvas observed in BW, which had
high estimate of; andg; in ENV1 and ENV4 but low in ENV2 (Tables 22, 23).
KWSX19 had high estimate af in ENV2 and ENV3 but low in ENV1. TSW and
KKU2901 showed negative andg; in all environments. TSW showed the lowest

estimate ofv; andg; in the combined data and had a consistently lowneas¢ in all

environments.

Table 22 Variety effects\;) from Gardner and Eberhart model analysis Il deir

ranks for EW (cm) in 4 environments and combinedsx 4 environments.

ENV1Y ENV2 ENV3 ENV4 Combined Env
Variety
Vi Rank Vi Rank \V/ Rank Vi Rank Vi Rank
NSW 0.03 3 -0.13 6 -0.27 7 -0.38 8 -0.19 7
BW 0.38 2 -0.13 7 -0.12 5 0.22 2 0.09 2
WPP 1.13 1 1.07 1 1.43 1 1.07 1 1.18 1
PEK -0.37 8 -0.08 5 -0.02 4 0.07 3 -0.10 6
GR484 -0.07 4 0.07 4 -0.12 6 -0.18 7 -0.07 5
KWSX19 -0.12 5 0.12 2 0.23 2 0.02 4 0.06 3
KKI1116 -0.22 6 0.07 3 -0.02 3 -0.03 5 -0.05 4
KKU2901 -0.37 7 -0.23 8 -0.32 8 -0.08 6 -0.25 8
TSW -0.42 9 -0.78 9 -0.82 9 -0.68 9 -0.67 9
My 3.87 4.33 4.37 4.18 4.19

Y Env1 = Suwan farm in rainy season, Env2 = Suwam fin dry season,

Env3 = RMUTSB in dry season, Env4 = RMUTSRearly rainy season
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Table 23 GCA effects @) from Gardner and Eberhart model analysis |l doif t

ranks for EW (cm) in 4 environments and combinadsx4 environments.

. ENV1Y ENV2 ENV3 ENV4 Combined Env
Variety
Oi Rank o] Rank Oi Rank Oi Rank Oi Rank

NSW -0.04 4 0.05 3 -0.06 6 -0.02 6 -0.02 6
BW 0.10 2 -0.08 6 0.02 3 0.12 2 0.04 2
WPP 0.36 1 0.40 1 0.48 1 0.39 1 0.41 1
PEK 0.01 3 0.02 5 -0.11 7 0.06 3 0.00 3
GR484 -0.16 9 -0.09 7 -0.16 8 -0.12 7 -0.13 8
KWSX19 -0.10 8 0.08 2 0.00 5 0.03 4 0.00 4
KKI1116 -0.06 6 0.02 4 0.03 2 -0.01 5 -0.01 5
KKU2901 -0.05 5 -0.11 8 -0.02 4 -0.14 8 -0.08 7
TSW -0.07 7 -0.28 9 -0.18 9 -0.32 9 -0.21 9
e 3.85 4.28 4.41 4.24 4.20
S.Eg 0.09 0.06 0.07 0.06 0.08

Y Envl = Suwan farm in rainy season, Env2 = Suwam fin dry season,
Env3 = RMUTSB in dry season, Env4 = RMUTSRearly rainy season

Environments %; interactions and environments gk interactions were
significant for NSR. WPP had the highest estingitg, andg; in all environments
and had consistently high estimate. Variety efeacraged across four environments
of WPP was 3.03 rows per ear (Table 24) while G@ace was 1.06 rows per ear
(Table 25). The second rank wfwas found in KKU1116 showing positive estimate
of v; in all environments. BW and KKU2901 showed negatiin all environments.
Interaction between Environments aidwas observed in TSW, which had high
estimate o¥; in ENV1 but low in ENV2 and ENV3 and medium in EK\{Table 24).
TSW gave positive estimate gfin all environments and ranked as the seconden th
combined data. TSW showed low interactiorgofor SRN with the highest value in
ENV1, the second value in ENV3 and ENV4 and thedthalue in ENV2 (Table 25).
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Table 24 Variety effects\;) from Gardner and Eberhart model analysis || tair

ranks for NSR (row) in 4 environments and combiaebss 4 environments.

. ENV1Y ENV2 ENV3 ENV4 Combined Env

Variety
Vi Rank Vi Rank Vi Rank Vi Rank Vi Rank

NSW -0.42 5 0.16 3 -0.93 6 0.11 3 -0.27 4
BW -0.82 7 -0.64 7 -1.53 9 -0.29 6 -0.82 8
WPP 2.58 1 2.76 1 4.27 1 2,51 1 3.03 1
PEK -1.02 9 -0.84 9 0.27 3 -0.69 8 -0.57 6
GR484 -0.62 6 -0.44 4 -0.53 5 -0.69 7 -0.57 7
KWSX19 -0.02 4 -0.64 6 -0.13 4 0.11 4 -0.17 3
KKI1116 0.38 3 0.96 2 0.67 2 0.51 2 0.63 2
KKU2901 -0.82 8 -0.44 5 -0.93 7 -1.69 9 -0.97 9
TSW 0.78 2 -0.84 8 -1.13 8 0.11 5 -0.27 5
Ly 14.02 13.24 13.13 13.49 13.47

Table 25 GCA effects @) from Gardner and Eberhart model analysis |l do@irtranks

for NSR (row) in 4 environments and combined acrbsgvironments.

. ENV1Y ENV2 ENV3 ENV4 Combined Env

Variety
Oi Rank o] Rank Oi Rank o] Rank o] Rank

NSW -0.01 5 0.40 4 -0.23 4 0.30 3 0.12 4
BW -0.52 9 -0.77 9 -0.76 9 -0.41 7 -0.62 9
WPP 0.51 2 0.83 1 1.87 1 1.05 1 1.06 1
PEK -0.32 7 -0.08 5 -0.42 5 -0.12 6 -0.24 6
GR484 -0.35 8 -0.51 8 -0.46 6 -0.47 8 -0.45 7
KWSX19 0.22 3 -0.48 7 -0.46 7 -0.07 5 -0.20 5
KKI1116 0.22 4 0.57 2 0.48 3 0.30 4 0.40 3
KKU2901 -0.29 6 -0.43 6 -0.62 8 -1.04 9 -0.59 8
TSW 0.54 1 0.46 3 0.62 2 0.45 2 0.52 2
e 13.71 13.12 13.36 13.48 13.42
S.Eg 0.28 0.24 0.26 0.19 0.28

Y Envl = Suwan farm in rainy season, Env2 = Suwam iin dry season,

Env3 = RMUTSB in dry season, Env4d = RMUTSRearly rainy season
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Ear size did not exhibit environments x sfi@beterosis §;) interactions.
These effects were calculated as the average aallossvironments. WPP was the
shortest and widest eaf 13.26 and 5.36 cm, respectively, and showedhtgbest
value of SRN. WPP had the highest estimate effeetioety heterosis (0.46 cm) for
EL (Table 26) but the lowest for EW (-0.18 cm) (Tal27) and SRN (-0.45 cm)
(Table 28). WPP was the parent of BW/WPP which leitdl the highest effect f;
for EL (Table 26) while WPP/GR484 exhibited the &sw effect ofs; for EW (Table
27). NSW/PEK showed the longest ear of 18.04 cm wad also superior to its
parents. NSW also had high estimate effect of @M0of variety heterosis while that
of PEK was in the middle of 0.04 cm for EL. WPP ar&W were parents of short ear
variety. WPP/TSW showed the shortest ear DC of84rh and had low specific
heterosis effects (-0.76).
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5. Genetic effect for Agronomic characteristics bason analyses Il and 11l

5.1 Combined analysis of variance for geneticatffe

Analysis of variance across environmentsgblaon Gardner and Eberhart
model analysis Il and Il indicated that variandevariety effects \;), heterosis effect
(h;) and GCA effectsg) of plant height (PH), ear height (EH), and tassale
(TAD) exhibited highly significant differencg<€0.01) (Table 29) and was significant
(p<0.05) for silking date (SID). Thie; was divided into average heterosiy, (ariety
heterosislfj) and specific heterosis;j; # was significant |§$<0.05) in EH and TAD,
hi was significant§<0.05) in PH and EH, ang| was significant{<0.05) in TAD and
SID (Table 29).

Environment x population interaction of FEH, TAD and SID exhibited
highly significant difference p<0.01). PH, EH, TAD and SID exhibited highly
significant effects for interactions of environmemwtith variety effectyj). PH and
EH exhibited highly significant effects for intetamns of environments withy; but
TAD and SID did not show any significance. The Enl; interaction of PH and EH
divided into ENV x4, ENV x h; and ENV xs; interaction found that all interactions
exhibited significant effect9€0.05) (Table 29).

5.2 Genetic parameter effects across four enviesrs

AveragePH and EH of the hybrid varieties was 140 and &8, c
respectively. PH and EH of GR484 were 163 and 78respectively (Table 5) and
showed the highest estimate \gfbut theirh; were the lowest estimate (Table 30).
KWSX91 and TSW showed positive effect gng; andh; for PH and EH. Average
TAD and SID of the hybrid varieties were 48 andd&ys after planting respectively
(Table 30) BW was late variety and showed high positiwvér TAD and SID. While
WPP was early variety and showed high negagjier TAD and SID. TSW showed
high GCA effect and heterosis for PH, EH, TAD anb.S
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6. Heterotic groups based on SCA

Successful hybrid corn breeding programs reliedimprovement ofthe
germplasm sustaining its variancelo develop hybrid parental lines was usually
obtained from germplasm classified genetically dieat heterotic groups (Hallauer
et al., 1988). Diallel cross designs have been widegdus evaluate the performance
of crosses among inbred lines or populations. G@4 SCA were determined in
order to assign genotypes to heterotic groups #@del and Miranda, 1988;
Melchinger and Gumber, 1998). Clustering was ddm®ugh SCA matrix and
UPGMA. Group classification of varieties resuliedess average of SCA members
within group as compared to those between groupsmFour result, UPGMA
dendogram based on the SCA matrix (Figure 5) redetilat heterotic pattern among
9 hybrids could be classified into 2 clustetuster | comprised 5 hybrids from which
WPP and TSW were assigned into subgroup I-1, whek&dJ1116, KKU2901 and
PEK were in subgroup I-2. Cluster Il was dividedlde 2 subgroups: NSW and
GR484 in subgroup 1I-1 but BW and KWSX91 in subgrdls2. The SCA average of
DC that parents were in Cluster | and Clusterdbw0.21 and -0.36 ton/ha (Table 31)
respectively but the SCA average of DC which parevere in different clusters was
0.21 ton/ha (Table 31). The positive SCA indicatéflerent heterotic groups of
parents (Revillaet al., 2002; Pswarayi and Vivek, 2008). UPGMA dendoglzased
on the SCA matrix arranged members to be grouphbyldwest mean value in the
group. Double cross BW/WPP and WPP/PEK showed ipesBCA effect while
double cross BW/KWSX and PEK/KWSX showed negati@ASeffect. Heterosis
group classification, a line may sometime be aszigo be more one heterotic group,
the largest negative value line was kept in therogic group (Famet al., 2009)
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Table 31 The SCA average of DC which parents were intdhiater cluster.

Intracluster |

Intercluster

DC SCA DC SCA
WPP/PEK 0.40 NSW/WPP -0.13
WPP/KKU1116 -0.18 NSW/PEK -0.33
WPP/KKU2901 0.38 NSW/KKU1116 0.03
WPP/TSW -1.14 NSW/KKU2901 0.55
PEK/KKU1116 -0.47 NSW/TSW 0.31
PEK/KKU2901 -0.63 BW/WPP 0.25
PEK/TSW 0.20 BW/PEK 1.04
KKU1116/KKU2901 -1.01 BW/KKU1116 0.41
KKU1116/TSW 0.07 BW/KKU2901 -0.62
KKU2901/TSW 0.25 BW/TSW -0.56
Average -0.21 WPP/GR484 0.28

PEK/GR484 0.11

Intracluster Il GR484/KKU1116 0.08

DC SCA GR484/KKU2901 0.46
NSW/BW 0.69 GR484/TSW 0.81
NSW/GR484 -0.66 WPP/KWSX91 0.14
NSW/KWSX91 -0.47 PEK/ KWSX91 -0.32
BW/GR484 -0.58 KWSX91/KKU1116 1.08
BW/KWSX91 -0.62 KWSX91/KKU2901 0.62
GR484/KWSX91 -0.50 KWSX91/TSW 0.08
Average -0.36 Average 0.21
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Figure 5 UPGMA dendogram of 9 hybrid parents based oA SC

7. Troyer’s genetic distance

TGD based on MDY was significantly different, ramg from 0.40 between
KKU1116 and KKU2901, up to 1.21 between KKU1116 #\¥SX91. There were
only two pairs of hybrid having TGD index lower th@.5 while 24 pairs showed the
TGD index higher than 0.79.he average index df1DY across the experiment was
0.83, indicating that waxy corn hybrids improved Tmailand had rather high
diversity (Table 32). Theoretically, TGD value radgfrom O to 1 depending on the
percentage of relatedness of four parental inbidboth hybrids (Troyeret al.,
1988). TGD of KKU1116/KKU2901 and WPP/TSW were lauth the values of 0.40
and 0.50 respectively. The parental lines of KKUBIKKU2901 was developed from
the same source and probably had parentsommonor closely to their genetic
constitution (Balestrest al., 2008), while those of WPP/TSW came from différen
sources. The parents of NSW/TSW, although origthdtem the same source, had
high TGD of 1.05. Choukast al. (2006) found that closely related inbred lines by
pedigree showed high genetic diversity in differentvironments of selection. The
genetic divergence among different germplasm ssun@es low; this might be due to
continuous exchange of genetic materials. Ear appea was an important trait to be

focused in germplasm improvement. Different earpsBaand qualities of hybrids
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released from the same source were available upasumer’s need in each location.
Thus the TGD indices may not reveal source relatign The companies usually
emphasized orgonsuming quality and yield potential in their é&déng objectives. It
was possible that inbred lines used as parents/fwids in each breeding program
were different depending on their selection prasiwarying in consuming quality
and agronomic traits. Our results were similath® work of Phumichadt al. (2008)
who inferred that TGD was not a good measure oérdity between the single cross
parents. Parents from different sources had moretge difference than parents
originating from the same germplasm source. Jongbwak (2000) assessed TGD in
field corn and concluded that hybrids of the samercee showed high degree of
relatedness, while hybrids of different sources hamte diverse parents with quite
high degree of relatedness. However, TGD indexcatéid that parental lines of TSW
and WPP in subgroup I-1 (classified based on thA 8fatrix) were closely related.
WPP/TSW double cross combination was low in hetereffect. KKU1116,
KKU2901 and PEK in subgroup I-2 were closely refateleterosis of double cross
combinations, KKU1116/KKU2901, PEK/KKU1116 and PEKMU2901 were
likewise low. The parental line of KWSX91 was ditty related with parental lines
of the other hybrids. The relationship among theepial lines of hybrids was
important to support plant breeder’s decision tstan variation of his/her breeding
population.
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8. Relationship between genetic distance and hetesie

The MDY performance was positively correlated witbterosis (%oH)r(=
0.78**), SCA ( = 0.66**) and TGD ( = 0.77**), but no apparent correlation was
detected between MDY and phenotypic diversity (FDgble 33). Highly positive
correlation between heterosis and TGD=(0.98**) agreed with previous studies
(Phumichaiet al., 2008). TGD and SCA showed moderately positiveetation ¢ =
0.62**). Genetic divergence among parents was reduifor high heterosis but
phenotypic diversity could act as a poor predictdr high heterotic hybrid
combinations. Phenotypic diversity provided onlyr@augh estimate of the true
relatedness between two lines and could discriraitiair derived progenies poorly
(Lee et al., 2007). Combinations of distance measured basederigree and
phenotypic traits were useful to determine gendistance, therefore genetic resource
was very important to be considered for measurimgnptype. Jaccard similarity (JS)
based on 20 SSR markers was poorly correlatedMl (-0.11), SCA (0.05), TGD
(-0.18), %H (-0.22) and PD (0.09) (Table 33). Clatien coefficient between them
was not significant. Genetic distance based on Digkers was a reliable tool in
determining genetic relationships and diversity agigenotypes but insufficient to be
used as a reliable indicator for predicting hybreld and yield heterosis.
(Xangsayasanet al., 2010) The correlation of the genetic distancetsvben Roger’'s
modified distance (RMD) inter-group hybrids with &@as small and significant. In
contrast, there was nassociationbetween intra-group hybrids and their genetic
distances (Balestret al., 2008). Linear relationship of morphological drsta on
pedigree distance in spring wheat gave=R0.46 p<0.01), when the entire range of

pedigree distances was systematically sampled Béamingen and Busch, 1997).



74

Table 33 Correlation coefficientrj among marketable dehusk yield (MDY),
specific combining ability (SCA), heterosis (H),0fer's genetic distance
(TGD), phenotypic diversity (PD) and Jaccard samty (JS) in double
cross combinations

MDY SCA TGD H PD
SCA 0.66**"

TGD 0.77* 0.62**

H 0.78* 0.63** 0.98**

PD 0.25¢ 0.24* 0.00* 0.00*

JS -0.1% 0.058" -0.18" -0.22* 0.09*

Y1 = not significant differentce,

* and ** = Significant at 0.05 and 0.01 pability level, respectively



Conclusion

The results obtained from this study can be cateduas the followings:

1. Waxy corn hybrids improved in Thailand had desily of genetic
background. These varieties displayed potentidlgaised as germplasm for hybrid

breeding program.

2. There was a positive correlation betweegrde of heterosis and Troyer’'s
genetic distance (TGD). From this study, two distiolusters were identified based
on SCA. Cluster | comprised 5 hybrids (WPP, TSWIKL116, KKU2901 and PEK)
while cluster Il had 4 hybrids (NSW, GR484, BW al@/SX91). This relationship
suggested that breeders can improve two separttehseugh reciprocal recurrent
selection method. Advanced farmers desiringkeep their own population for
reducing seed cost can produce double cross papuliom some single cross
hybrids such as between BW and PEK.

3. There was no correlation between phenotypic gedotypic group

estimated by Jaccard similarity based on 20 SSRersr
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