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Abstract

Genetic variability among 13 tropical sweet corn inbred lines derived from source populations originating from
five tropical countries was investigated using 95 polymorphic microsatellite markers. It was found that 92.9% of
total molecular variance was due to variations among the inbred lines. This was further supported by the presence
of high values of DST, FST, GST and FIT, indicating high genetic variation among the inbred lines. The average
number of alleles and effective number of alleles were both close to one allele per locus per inbred line. Departure
from Hardy-Weinberg equilibrium was observed with a drastic reduction of the observed heterozygosity, resulting
in a lower index of genotypic diversity than expected for each of the inbred lines. The inbred lines were further as-
signed into six main heterotic groups based on their molecular characteristics using Fitch-Margoliash algorithm.
High genetic variations among the inbred lines indicates the presence of different heterotic groups, while low level
of genetic variability within the inbred lines indicates that they met the assumption of homozygosity of their loci to
enable further diallel crosses to be made for analysis of their combining ability. It is therefore expected that high
heterosis in yield and its components could be obtained from crosses among those inbred lines belonging to dif-

ferent heterotic groups.
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Introduction

Corn is one of the most phenotypically diverse
crop species. It can be grown in a wide range of en-
vironments, so long as its water requirements are
in accordance (Kashiani et al, 2011). Corn breeders
emphasize selection for a matrix of traits that are
controlled by multigenes. These traits are known as
quantitative traits which involve most of important
agronomic characteristics which include yield and
yield components (Kashiani and Saleh, 2010). Effec-
tiveness of selection for different quantitative traits
depends on the ability to develop effective screens
for the traits individually and collectively (Hallauer
and Carena, 2009). Variations among tropical sweet
corn lines have previously been investigated using
phenotypic markers. However, the performance of
phenotypic markers is strongly influenced by environ-
mental factors. In contrast, molecular markers which
are not influenced by the environment can be utilized
to detect total genetic variation among sweet corn
lines at the DNA level. The use of molecular mark-
ers to assist the breeding process allows breeding
goals to be achieved more efficiently with reduc-
tion in the need for field assays. During the last two
decades, numerous molecular markers have been
developed for most major crop species (Barcaccia,
2010). Genetic variation detected by molecular mark-
ers has been helpful for understanding the genome

dynamics of the particular crop as well as improving
breeding efficiency (Varshney et al, 2006; Srdic¢ et al,
2011a). Development of Polymerase Chain Reaction
(PCR) methods has given a wide impact of using mo-
lecular techniques for detecting genetic variation in
breeding lines. In the recent years, various molecu-
lar techniques, namely Amplified Fragment Length
Polymorphisms (AFLPs), Random Amplified Poly-
morphic DNA (RAPDs), Restriction Fragment Length
Polymorphisms (RFLPs), Simple Sequence Repeats
(SSRs) and Single Nucleotide Polymorphism (SNP)
have been used in genetic characterization of crop
species.

Microsatellites, also known as SSRs, Short Tan-
dem Repeats (STRs) or Sequence-tagged Microsat-
ellite Sites (STMS), are tandemly repeated units of
short nucleotide motifs that are 1 to 6 bp long. Di-,
tri- and tetra-nucleotide repeats are widely distrib-
uted throughout the genomes of plants and animals
(Tautz and Renz, 1984). One of the most important at-
tributes of microsatellite loci is their high level of allelic
variation, making them valuable and informative ge-
netic markers (Xu, 2010). Microsatellite markers were
developed and mapped on linkage maps in the 1990s
(Kole, 2006). Currently, thousands of SSR primer
pairs have been developed and mapped on the corn
genome, the list of which is available in the Maize-
GDB database (http://www.maizegdb.org). Most of
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these primers were derived from cDNA sequences.
In the last decade, SSR markers have been replac-
ing other markers such as RFLP, AFLP and RAPD in
genetic studies due to their advantages, namely be-
ing easy to detect, co-dominant, highly polymorphic
and cost effective. Recently constructed corn linkage
maps have been based on SSR markers (Kole, 2006).
Microsatellite loci have proven their efficiency as ge-
netic markers to assess genetic diversity in numerous
plant species. To date, SSRs have been used on corn
for mapping (Taramino and Tingey, 1996), genetic
fingerprinting (Smith et al, 1997; Senior et al, 1998)
and to assess genetic diversity among inbred lines
(Lu and Bernardo, 2001; Enoki et al, 2002; Liu et al,
20083).

Corn inbred lines represent a fundamental re-
source for studies in genetics and breeding. While
corn inbreds are used extensively in hybrid corn pro-
duction (Troyer, 2001), they have also been critical
for diverse genetic studies including the development
of linkage maps (Burr et al, 1988), quantitative trait
locus mapping (QTL) (Austin et al, 2001), molecular
evolution (Henry and Damerval, 1997; Ching et al,
2002), developmental genetics (Fowler and Freel-
ing, 1996), and physiological genetics (Crosbie et al,
1978). Johnson (2004) reported that marker-assisted
selection (MAS) during the development of inbred
lines was found to increase significantly the hybrid
performance in advanced generations. A set of di-
verse corn inbreds was employed to perform the first
phenotype-genotype association analyses in a plant
species (Thornsberry et al, 2001) and to estimate
linkage disequilibrium (LD) in corn (Remington et al,
2001; Tenaillon et al, 2001). Terra et al (2011) investi-
gated genetic variability among field corn, sweet corn
and teosinte using 25 SSR markers. They reported
a mean value of 0.52 for polymorphic information
content (PIC), which was similar to that reported by
Amorim et al (2003) and Bered et al (2005) in the anal-
ysis of genetic diversity in sweet corn, and by Patto et
al (2004) on commercial corn lines (0.56).

Recently, microsatellite loci were utilized to study
genetic diversity among sweet corn populations and
their relationships to field corn. Rupp et al (2009) in-
vestigated genetic structure and diversity among 13
sweet corn populations using 100 microsatellite loci.
In another study, genetic variability in open-pollinat-
ed populations of sweet corn, field corn and teosinte
was investigated using 10 microsatellite markers by
Almeida et al (2011). Srdi¢ et al (2011b) analyzed ge-
netic similarity of six sweet corn inbreds based on 40
microsatellite markers, while Terra et al (2011) used
25 microsatellite loci to analyze genetic differences
on two sweet corn populations, two field corn popu-
lations and one teosinte population.

Sweet corn can be grown in a wide range of en-
vironments as long as its water requirement is met
(Kashiani et al, 2011). The tropical sweet corn inbred
lines utilized in the current study were previously de-
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veloped from the tropical source populations from
Malaysia, Indonesia, Thailand, Taiwan and the USA.
However, there is no information available on molec-
ular characterization of the inbred lines as well as the
source populations from which the inbred lines were
derived. Previous phenotypic evaluation on some
lines obtained from the same source populations
after five generations of selfing and selection was
done without accessing molecular variation among
the inbred lines (Kashiani et al, 2010). For better un-
derstanding of inter- and intra-population genetic
variation that existed among the inbred lines, 105 mi-
crosatellite markers distributed throughout the sweet
corn genome were screened on the inbred lines. The
main objective of the present study was to character-
ize genetic variation among and within a set of tropi-
cal sweet corn inbred lines using SSR markers.

Materials and Methods

A series of 13 selected tropical near-homozy-
gous inbred lines previously developed from various
source populations of tropical origin through a long-
term breeding program conducted at Faculty of Agri-
culture, Universiti Putra Malaysia were used as plant
materials in this experiment (Supplementary Table 1).
Twenty seeds from each inbred line were germinated
in jiffy cups and seedlings were grown to the two-
leaf stage. Genomic DNA was extracted from young
leaves of 10 seedlings per line as explained by Kashi-
ani et al (2012).

Ninety nine microsatellite regions that are distrib-
uted throughout the corn genome were chosen from
the MaizeGDB (http://www.maizegdb.org.php) based
on their polymorphism information contents (PIC) and
QTL information reported in previous investigations
(Supplementary Figure 1). The amplifications were
performed using volumes of 20 pl PCR reaction con-
taining 5 pl (25-30 ng) of genomic DNA, 1.5 pl PCR
10x buffer, 1.5 pl of 25 mM MgCI2, 0.3 pl dNTP Mix
(10 mM each of dATP, dGTP, dCTP, dTTP), 0.2 unit
of Tag polymerase, 1.8 pl (4 pmol/pl) of each primer (F
and R primers), and 9.7 pl distilled water. PCR ampli-
fication was performed in an Eppendorf Mastercycler
Gradient Thermal cycler (Eppendorf Scientific, West-
bury, NY) using 96-well plate. The amplification con-
ditions with the touchdown thermal cycling protocol
were 95°C for 1 min, 30 cycles of 94°C for 1 min, 67
°C annealing temperature decreasing by 0.4 °C per
cycle for 2 min and 72°C for 2 min, and a terminal
extension step at 72°C for 1 h. After amplification,
10 pl of the amplified DNA was mixed with 5 pl of
formamide loading buffer and loaded into 4% (w/v)
metaphore agarose 36-cm well-to-read gels with 1x
TBE buffer. Electrophoresis was performed at 100
volts for 5 min, and followed by 55 volts for approxi-
mately 4 h until the bromophenol blue band of the
loading dye was moved forward for 10 cm. All gels
were visualized under UV light using an Alpha EaseR
FC Imaging System (Alpha Innotech Corporation, CA)
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Table 1 - Results of analysis of molecular variance (AMOVA) among 13 tropical inbred lines using 99 microsatellite DNA mark-

ers.

Source of Variation d.f. Sum Mean Estimated Percentage
Squares Squares Variance of Variance (%)
Before Pooling

Among inbred lines 12 2,031.60 169.30™ 28.07 93.6

Among plants within inbred lines 26 22.67 0.87" -1.05 -3.5

Between alleles within individuals 39 116.00 2.97ns 2.97 9.9
After Pooling

Among inbred lines 12 2,031.60 169.30™ 27.86 92.9

Within inbred lines 65 138.67 2.13m 2.13 71

Total 77 2,170.27

** and ns: significant at p<0.01 and non-significant, respectively.

after staining with ethidium bromide.

Analysis of Molecular Variance (AMOVA) was per-
formed to estimate differentiation among the inbred
lines and among individuals within inbred line using
microsatellite data (Excoffier et al, 1992). The effect
of spatial separation on genetic structure was test-
ed by the Mantel test (Mantel and Valand, 1970) on
genetics matrices (Nei, 1978) between populations.
Mantel test was performed with 1000 random permu-
tations using the software GenAlEx ver 6.2 (Peakall
and Smouse, 2006).

Through locus-by-locus AMOVA, pairwise esti-
mates of gene flow (Nm) (Nei, 1987) and proportion of
differentiation among the inbred lines (FST) (Wright,
1978) were calculated independently to discard pos-
sible problematic loci according to the level of sig-
nificance tested. A Principal Coordinate Analysis
(PCoA) was further conducted on the pairwise FST
matrix and the first two principal coordinates were
plotted to infer the level of gene similarity among the
inbred lines. Descriptive statistics for each inbred line
including average number of alleles (n), number of
effective alleles (n) (Kimura and Crow, 1964), ob-
served and expected homozygosity (Hom_ and Hom,,
respectively), observed and expected heterozygosity
(H, and H_, respectively) (Levene, 1949; Nei, 1987),
average heterozygosity (H), Shannon’s information
index () (Lewontin, 1972), Nei’s expected heterozy-
gosity (Nei’s) (Nei, 1973), gene flow (Nm) (Nei, 1987),
and coefficient of inbreeding (F) (Lukas and Donald,
2002) were estimated using the Population Genetic
Analysis software (POPGENE) version 1.3.1 (Yeh et
al, 1999).

Variance components, the sum of all squared dif-
ferences and Wright’s fixation indices (F, F; and F,)
(Wright, 1978), which are standardized variances in
allele frequencies that detect departure from Hardy-
Weinberg equilibrium test (HWT), were calculated to

estimate the population differentiation using the com-
puter software Arlequin suite version 3.5 (Excoffier
and Lischer, 2010). HWT was perform to determine
if both gene and genotype frequencies were con-
stant from generation to subsequent next generation
using Chi-squared test (Guo and Thompson, 1992;
Hartl and Clark, 2007). The inbred lines studied as-
sumed not to reflect the most basal ancestor as they
were developed from different source populations.
Therefore, an unrooted tree based on the algorithm
described by Fitch and Margoliash (Fitch and Mar-
goliash, 1968) were constructed using Nei’s standard
genetic distance coefficients (Nei, 1972).

Results

Out of 99 microsatellite markers amplified, 95
were found to be polymorphic and produce visible
and reproducible bands (Supplementary Figure 1).
Results of analysis of molecular variance (AMOVA)
showed the inbred lines evaluated were highly vari-
able. It was found that 93.59% of total molecular vari-
ance was due to variations among the inbred lines
(Table 1). As expected, there was no significant varia-
tion observed among the individual plants within in-
bred lines. Among the individual plants within inbred
lines variance component was found to be negative
and very small (-1.051). This indicates that there was
no significant variation among individual plants within
inbred lines, as the inbred lines have reached high
level of homozygosity. This was further supported
by non-significant variance for between alleles within
individual plant (2.97), indicating high level of homo-
zygosity at all the loci amplified. Hence, the total mo-
lecular variance was partitioned into among inbred
lines and within inbred lines as sources of variation,
as shown in Table 1. Result of the pooled AMOVA
showed that 92.9% of the total variation occurred

Table 2 - Genetic differentiation statistics under assumption of Hardy—Weinberg disequilibrium for 13 tropical inbred lines,

revealed by microsatellite DNA markers.

HS DST HT I:IS I:IT FST FST GST Nm Nm
(pooled) from Fg; from G,
0.040 0.546 0.586 -0.547 0.901 0.936 0.929 0.931 0.0182 0.0118
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Table 3 - Pairwise estimates of Nm (above diagonal) and Fg, (below diagonal) values among 13 tropical inbred lines, using

microsatellite DNA markers.

Inbred line MAS-S8  BAK-S8  TSG-S8  TSN-S8  THI-S8  DFS-S8  IND-S8  MAN-S8  TSK-S8  TFZ-S8 MMIN-S8 HAW-S8  SBY-S8 Mean Nm
MAS-S8 0.0159  0.0119 00123 00126 00183 00068  0.0180  0.0075 0.0052  0.0066  0.0097  0.0082  0.0111
BAK-S8 0.9401 0.0275  0.0284 00255 0.0318 00189 00339 00222 00156 00175 00213  0.0198  0.0232
TSG-S8 0.9544  0.9010 0.0250  0.0202 00271  0.0125 00269 00145 00111 00123 00145 00143  0.0181
TSN-S8 0.9530  0.8979  0.9091 00256  0.0267 00130 00299  0.0142 00137 00121 00176  0.0144  0.0194
THI-S8 0.9519 09076 09253  0.9072 0.0303  0.0141 00317 00163  0.0144 00149 00167  0.0156  0.0198
DFS-S8 0.9317  0.8872 09022  0.9034  0.8919 0.0207  0.0372 00225 00220 00194 00244 00239  0.0254
IND-S8 0.9737 09298 09524 09507  0.9465  0.9236 0.0275  0.0114 00065  0.0078  0.0121  0.0099  0.0134
MAN-S8 0.9328  0.8805 09030  0.8933  0.8875  0.8705  0.9009 0.0311 00218 00222 00253 00223  0.0273
TSK-S8 0.9710 09186 09451 09462 09387 09173 09565  0.8893 0.0086  0.0091  0.0133 00116  0.0152
TFZ-S8 0.9796 09411 09574 09480 09456 09192 09747 09199  0.9668 0.0066  0.0100  0.0093  0.0121
MMIN-S8 0.9741 09347 09532 09538 09436 09279 09697 09184 09650  0.9741 0.0110  0.0094  0.0124
HAW-S8 0.9627 09214 09452 09344 09373 09112 09540  0.9080  0.9496 09617  0.9578 0.0156  0.0160
SBY-S8 0.9683 09267 09458 09454 09413 09127 09618 09180 09558 09640  0.9639  0.9411 0.0145
Mean FST 0.9578 09156 09328 09285 09270 09082 09495  0.9018 09433 09543 09530  0.9404  0.9454

F¢; = proportion of the total inbreeding at a locus and Nm = gene flow.

among inbred lines and only 7.1% occurred within in-
bred lines. This confirms the presence of high level of
genetic differentiation among the inbred lines evalu-
ated.

High differences were shown among the inbred
lines (Dg; = 0.546), while low genetic diversity was
displayed within the inbred lines (Hg = 0.040) (Ta-
ble 2). This indicates high inter-population diversity
among the inbred lines and very low intra-population
diversity. This was in agreement with the results re-
vealed by AMOVA. Total genetic diversity was found
to be high (H, = 0.586) due to high differences among
the inbred lines evaluated.

High and negative value of total inbreeding in
an inbred line due to both inbreeding within inbred
lines (F, = -0.547) indicates a significant deficiency
of heterozygosity within the inbred lines studied.

This was due to low and negative variance compo-
nent estimates obtained among samples within the
inbred lines (-1.051). Total inbreeding coefficient in
an inbred line due to both inbreeding within inbred
lines and differentiation among inbred lines (F) was
found to be 0.901 (Table 2). It was, however, smaller
than the proportion obtained only from differentiation
among the inbred lines (F,, = 0.936), indicating nega-
tive and non-significant variance among samples
within inbred lines. Similar F, value was found from
the pooled AMOVA estimate (Fg, = 0.929). Coefficient
of gene differentiation which shows inter-population
differentiation was found to be in close agreement
with that of Fg. (Gg, = 0.931). The estimate of gene
flow obtained from F . was also found to be in close
agreement with that estimated from G, (0.0182 and
0.0118, respectively).

0.80 MAS-S8
0.524
PCoA-2 0.4 TSG-S8
. TSN-S8
THI-S8 BAK-S8
MMIN-S8 ' . ¢ DFs-s8
-0.05 .SBY-SS.H"\“ -58
MAN-S8
IND-S8  JJSK-S8
033 TFZ-S8 ®
7025 0.32 0.38 0.45 0.52
PCoA-1

Figure 1- Plot of the first two axes of a principal coordinate analysis of the pairwise FST matrix among 13 inbred lines studied.
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Through locus-by-locus AMOVA, F, of each in-
bred line was calculated independently to discard
possible problematic loci according to the level of
significance tested. Permutation procedures (1,000
replicates) for the significance testing on variance
components and Fg, values were performed. Inbred
lines pairwise F . were used to infer what level of
gene flow occurred among the inbred lines (Table 3).
The F,, among the 13 tropical inbred lines indicates
a high level of genetic differentiation and suggests a
low level of gene flow among the inbred lines. The lim-
ited gene flow which is an indication of genetic isola-
tion, resulted from self-pollination and selection that
the inbred lines had undergone. Mantel test was car-
ried out to estimate the correlation and significance
between pairwise Fy. and pairwise Nm values. The
result showed that there was a strong negative cor-
relation (r = -0.999, t = -3.615, p = 0.0001) between
Fs; and Nm, indicating high level of genetic isolation
among the inbred lines studied.

A principal coordinate analysis (PCoA) was con-
ducted on the pairwise Fg . matrix and the first two
principal coordinates accounting for 52.7% of varia-
tion were plotted (Figure 1). The result showed ap-
proximately equal distances among the inbred lines,
indicating very low level of gene flow between any
pair of inbred lines. However, MAS-S8 was separated
from all other inbred lines, indicating its high level of
genetic differentiation. This was also revealed by the
pairwise Fg . and Nm values, where MAS-S8 showed
the highest mean value for F. (F,; = 0.9578) and the
lowest mean value for Nm (Nm = 0.0111) compared to
the other inbred lines evaluated. Results showed that
DFS-S8 possessed the highest average number of al-
leles (na) and number of effective alleles (ne) among
the inbred lines evaluated, with values of 1.190 and
1.145, respectively, while TFZ-S8 was found to have
the lowest n_ and n_ (1.032 and 1.025, respectively).
However, the average number of alleles and number
of effective alleles was found to be low among the
inbred lines, with mean values of 1.091 and 1.068,
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respectively (Table 4). This proves high homozygosity
of the inbred lines studied at each locus amplified.
All the inbred lines studied had very high ob-
served homozygosity (H) and very low observed
heterozygosity (H,), with mean values of 0.937 and
0.063, respectively. This indicates that the inbred
lines reached homozygosity at all loci and can be
maintained by selfing without further changes. The
average observed homozygosities of the inbred lines
DFS-S8, TFZ-S8, HAW-S8 and SBY-S8 which were
developed from hybrid source populations were
found to be higher than those derived from open-
pollination source populations (0.939 and 0.937, re-
spectively). TFZ-S8 was found to have the highest
Ho and the lowest He among the inbred lines evalu-
ated, with values of 0.975 and 0.025, respectively,
while MAN-S8 revealed the lowest Ho and highest
He (0.860 and 0.140, respectively). Expected homo-
zygosity and expected heterozygosity (with mean
values of 0.330 and 0.670, respectively) showed that
none of the inbred lines studied was at Hardy-Wein-
berg equilibrium (Table 4). Departure from Hardy-
Weinberg equilibrium was also revealed by the sig-
nificant difference between average heterozygosity
(0.666) and observed heterozygosity (0.063). Overall
Nei’s expected heterozygosity (Nei, 1973) and Shan-
non’s information index (Lewontin, 1972), which are
indices of gene diversity, were found to be very low
among the inbred lines, with mean values of 0.0374
and 0.0543, respectively (Table 4). Similarly, average
gene diversity over all loci amplified revealed very low
diversity within the inbred lines evaluated (0.045).
Among the inbred lines, DFS-S8 was found to
have the highest Nei’'s expected heterozygosity,
Shannon’s information index and average gene di-
versity (0.0784, 0.1136 and 0.094, respectively), while
TFZ-S8 had the lowest values (0.0135, 0.0193 and
0.016, respectively). The inbred lines were found to
have high inbreeding coefficient (F), with mean value
of 0.904 (Table 4). This was due to high rate of self-
pollination among the inbred lines. TFZ-S8 was found

Table 4 - Genetic characteristics of 13 tropical inbred lines revealed by microsatellite DNA markers.

Inbred line n, n, Hom, Hom, H, H, 3! I Nei's h h F HW
MAS-S8 1.0316 1.0316 0.9684 0.7596 0.0316 0.2404 0.2392 0.0219 0.0158 0.0001 0.0189 0.8686  17.195**
BAK-S8 1.1684 1.1015 0.9053 0.3958 0.0947 0.6042 0.6010 0.0906 0.0602 0.0281 0.0723 0.8433  31.320**
TSG-S8 1.0947 1.0646 0.9404 0.3656 0.0596 0.6344 0.6311 0.0543 0.0368 0.0141 0.0442 0.9061 43.643**
TSN-§8 1.1053 1.0711 0.9404 0.3055 0.0596 0.6945 0.6909 0.0586 0.0392 0.0164 0.0470 09142 49.227**
THI-S8 1.1053 1.0881 0.9158 0.2805 0.0842 0.7195 0.7157 0.0667 0.0468 0.0094 0.0561 0.8830  49.764*
DFS-88 1.1895 1.1448 0.8807 0.2745 0.1193 0.7255 0.7217 0.1136 0.0784 0.0328 0.0940 0.8356  37.602**
IND-S8 1.0626 1.0311 0.9719 0.2673 0.0281 0.7327 0.7288 0.0282 0.0187 0.0094 0.0225 09616  61.830**
MAN-S8 1.1684 1.1422 0.8596 0.2630 0.1404 0.7370 0.7331 0.1079 0.0760 0.0117 0.0912 0.8095  41.657*
TSK-S8 1.0421 1.0421 0.9579 0.3294 0.0421 0.6706 0.6671 0.0292 0.0211 0.0001 0.0253 09372 55.951**
TFZ-S8 1.0316 1.0251 0.9754 0.2744 0.0246 0.7256 0.7218 0.0193 0.0135 0.0024 0.0161 0.9661 63.031**
MMIN-S8 1.0316 1.0295 0.9719 0.3022 0.0281 0.6978 0.6941 0.0213 0.0152 0.0024 0.0182 0.9597  60.436**
HAW-S8 1.0842 1.0691 0.9404 0.2414 0.0596 0.7586 0.7546 0.0527 0.0368 0.0117 0.0442 09214 56.988**
SBY-S58 1.0737 1.0479 0.9579 0.2316 0.0421 0.7684 0.7644 0.0416 0.0281 0.0164 0.0337 0.9452  59.671**
Mean 1.0907 1.0684 0.9374 0.3301 0.0626 0.6699 0.6664 0.0543 0.0374 0.0119 0.0449 0.9040  48.332
SD 0.0555 0.0409 0.0370 0.1373 0.0370 0.1373 0.1365 0.0326 0.0224 0.0101 0.0269 0.0520  13.692

n, = average number of alleles, n, = number of effective alleles, Hom, = observed homozygosity, Hom, = expected homozygosity, H, = observed heterozygosity, H, = expected heterozygos-
ity, -l = average heterozygosity, | = Shannon’s information index, Nei's = Nei’s expected heterozygosity, h = gene diversity, h = average gene diversity, F = inbreeding coefficient, HW =

departure from Hardy-Weinberg linkage equilibrium, and SD = standard deviation.
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Figure 2- A Fitch-Margoliash unrooted tree indicating relationships among the tropical inbred lines based on molecular genetic
distance coefficients obtained from amplification of 95 microsatellite DNA markers.

to have the highest inbreeding coefficient (0.966),
while SBY-S8 had the lowest value (0.810) among
the inbred lines.

The genetic relationship among the inbred lines
was further investigated using an unrooted Fitch-
Margoliash tree based on molecular genetic distanc-
es. Fitch-Margoliash method minimizes the weighted
squared deviation of the tree path length distances
from the distance estimates, and therefore is capable
of estimating correct unrooted-branch lengths. The
tree constructed showed that the inbred lines stud-
ied could be separated into six main heterotic groups
(Figure 2). Based on the tree constructed, Group 1
consists of SBY-S8 and HAW-S8, Group 2 consists
of TFZ-S8, Group 3 consists of MAS-S8, Group 4
consists of MMIN-S8, IND-S8, TSK-S8 and MAN-
S8, Group 5 consists of THI-S8, BAK-S8, TSN-S8
and TSG-S8, and Group 6 consists of DFS-S6 (Fig-
ure 2). These relationships were in agreement with
those obtained from principal coordinate analysis on
the pairwise FST matrix, where MAS-S8 was sepa-
rated from all other inbred lines, indicating its high
level of genetic differentiation. In addition, the tree
constructed was investigated for its goodness of fit
using cophenetic correlation coefficients. The degree
of fit between cophenetic correlations and molecular
genetic distance coefficients was found to be very
high (0.981) based on the scale reported by Rohlf
and Fisher (Rohlf and Fisher, 1968) and Rohlf (Rohlf,
2002). Since the manifestation of heterosis depends

on the genetic divergence of the parental lines (Hal-
lauer and Miranda, 1988; Zhong-hu, 1991), the inbred
lines using for further hybrid production can be se-
lected from each heterotic group.

Discussion

The genetic structure of the inbred lines reflects
the interactions of different processes including mat-
ing system, gene flow and selection. The significant
variation among the 13 tropical inbred lines revealed
by microsatellites indicates high variability and high
level of genetic differentiation among them. This
could be due to differences in the initial gene pools
from which the inbred lines were derived. AMOVA
showed that the differences were mostly among
the inbred lines rather than within. The inbred lines
evaluated could preserve the genetic variation among
themselves through continuous selection applied to
them. In an investigation among important US inbred
lines, Gethi et al (2002) reported that 87.8% of the to-
tal genetic variation was due to variations among the
inbred lines. Solomon et al (2010) reported the signifi-
cant role of selection methods such as single-hill and
reciprocal recurrent selection in corn improvement,
by maintaining adequate genetic diversity that en-
sures sustainable productivity improvement. In con-
trast, the negligible genetic variation observed within
the inbred lines evaluated showed that they were ho-
mozygous at most of the loci amplified. This was due
to the self-pollination mating system which caused
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a reduction in intra-population heterozygosity (Kashi-
ani et al, 2012). Similarly, Lu and Bernardo (2001)
reported that genetic variation among corn inbred
lines was reduced at the gene level (intra-population
heterozygosity) but not at the population level (inter-
population heterozygosity).

Genetic differentiation statistics, which were to
assess the degree of relatedness among the inbred
lines, also revealed high genetic variability among
the inbred lines studied. High values of D, Fg,, Gg;
and F, showed that high proportion of total genetic
diversity obtained was due to variation among the in-
bred lines. Many investigators reported high values
of D, Fg, Ggr and F. when high genetic variability
was mainly due to variations among populations
(Gethi et al, 2002; Aga et al, 2005; Zhao et al, 2007).
The estimate of overall population differentiation ob-
tained from the G, value showed that the inbred lines
were about 93% fixed for alleles involved. This might
result in overwhelming performance of F, progenies
obtained from crosses among the inbred lines, since
they would receive different genes from each parent
belonging to different heterotic groups. The high ge-
netic differentiation of the inbred lines was also re-
vealed through plotting of the first two principal coor-
dinates obtained from pairwise Fg. and Nm in which
the inbred lines were found to have approximately the
same genetic differences from each other. Coefficient
of inbreeding also showed high level of inbreeding
within the inbred lines, resulting in high homozygosity
within them.

Although corn is a cross-pollinating species, the
genetic characteristics of the inbred lines revealed
by microsatellites were similar to those of self-pol-
linating species. Aga et al (2005) reported that self-
pollinating species are characterized by a high value
of total genetic diversity (H, = 0.33), a low value of
gene diversity within populations (Hg = 0.159), and
a high value of the coefficient of gene differentiation
(Gg; = 0.51). This indicates that self-pollinating spe-
cies maintain high genetic diversity at their polymor-
phic loci, and most of this variation is found among
populations. The result obtained from the corn inbred
lines in this study (H, = 0.586, H, = 0.040 and G,
=0.931) corresponds well to the genetic structure of a
self-pollinating crop with most of its variation residing
among the inbred lines rather than within the inbred
lines. This observation showed the effect of severe
selfing applied to the inbred lines over eight genera-
tions. Similarly, Hamrick and Godt (1989) reported
that G, for outbreeding species was about 0.2, while
that for inbreeding species was 0.5 and more. The
coefficient of genetic differentiation (Gg,) reported for
a self-pollinating species (Elymus fibrosis) was 0.65
with allozyme and 0.63 with RAPD (Diaz et al, 2000).

Average number of alleles and effective number
of alleles estimated per locus were both close to one
allele per locus per inbred line, which caused very
high difference between observed and expected ho-
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mozygosities. Departure from Hardy-Weinberg equi-
librium was observed with a drastic reduction of the
observed heterozygosity, resulting in a lower index of
genotypic diversity than expected for each of the in-
bred lines evaluated. Nei’s expected heterozygosity,
Shannon’s information index and average gene diver-
sity showed very low variation within the inbred lines.
This was caused by self-pollinations applied to the
inbred lines, and not as a result of neutral allelic di-
vergence on all loci within inbred lines. Falconer and
Mackay (1996) reported that direct selection might
result in reduction of number of effective alleles. A
comprehensive study on a set of 260 corn inbred
lines representing samples from the most important
public lines from the United States, Europe, Canada,
South Africa and Thailand, lines from the Internation-
al Center for the Improvement of Maize and Wheat
(CIMMYT), and the International Institute of Tropical
Agriculture (IITA) showed that number of alleles per
locus was 2.8 for corn inbred lines (Liu et al, 2003).
This was rather higher than the number of alleles
per locus estimated from the 13 tropical inbred lines
used in this present study. This could be due to much
bigger sample size (260 inbred lines) used and more
diverse inbred lines utilized by Liu et al (2003) com-
pared to that in the present study. In an investigation
on genetic diversity among 15 sweet corn lines after
five generations of selfing, Rupp et al (2009) reported
that the average number of alleles per locus estimat-
ed on the lines was 2.61, indicating high heterozy-
gosity within the lines. The lower number of alleles
per locus estimated in the present study was due to
higher number of generations of self-pollination (eight
generations) applied on the inbred lines.

The inbred lines developed from hybrid source
populations clustered separately from those devel-
oped from open-pollination and composite source
populations based on their molecular characteristics.
This indicates high dissimilarity in the initial gene
pools between the introduced hybrid source popula-
tions and the local source populations. In addition,
the three inbred lines developed from hybrid source
populations were separated into three genetically di-
verse groups (Groups 1, 2, and 6), indicating higher
genetic diversity among their source populations.
This suggests that different alleles for any particu-
lar trait were present in those hybrid source popula-
tions. However, molecular characteristics of HAW-S8
were found to be similar with those of SBY-S8 which
was developed from a composite source population
(Surabaya). Kashiani et al (2010) reported similar phe-
notypic performances of the lines developed from
Hawaiian and Surabaya source populations. Among
the inbred lines developed from Thai Super Sweet
source population in different environments, TSN-S8
and TSG-S8 were found to have similar molecular
identities as BAK-S8, while TSK-S8 was more simi-
lar to MAN-S8 and MMIN-S8. This indicates that the
source population from which TSN-S8 and TSG-S8
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were developed was similar to the source population
from which BAK-S8 was developed. This could be
due to non-homogeneous rates of genetic change,
resulting from founder effect and isolation by dis-
tance (Hedrick, 1999).

In conclusion, microsatellites were found to be in-
formative markers to reveal genetic variation among
the inbred lines studied. They indicate that total genet-
ic variations that existed among the inbred lines were
mostly due to differences between lines, showing the
presence of different heterotic groups. Therefore, it is
expected that high heterosis in yield and yield com-
ponents could be obtained from crosses among the
inbred lines from different heterotic groups.
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Supplementary Figure 1. Ninety nine microsatellite markers utilized for
characterization of tropical sweet corn inbred lines, and their locations in the
genome

* = Monomorphic marker
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Supplementary Table 1. List of inbred lines selected, their source populations,
countries of origin and population structures

Inbred Line Source Population Country of Origin Source Population Structure
BAK-S8 Bakti-1 Malaysia Composite

TSG-S8 Thai Super Sweet Thailand Composite

TSK-S8 Thai Super Sweet Thailand Composite

TSN-S8 Thai Super Sweet Thailand Composite

TFZ-S8 Hybrid 240 USA Single cross hybrid

DFS-S8 Hybrid D56 Taiwan Single cross hybrid

IND-S8 Indo Indonesia Composite

MAS-S8 Mas Madu Malaysia Composite

MAN-S8 Manis Madu Malaysia Composite

MMIN-S8 Manis Madu x Indo Malaysia Cross between Manis Madu and Indo
THI-S8 Thailand Thailand Composite

SBY-S8 Surabaya Indonesia Composite

HAW-S8 Hawaiian USA Single cross hybrid




