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Marker-Assisted Breeding in Maize for Cold Regions of Japan
Hiroyuki ENOKI

I. INTRODUCTION

Maize (Zea mays L.) is a grass and belongs to the large and important family, Grameneae. It is one of the
three major cereals together with rice and wheat, and its cultivation area is about 140 million ha in the
world. The most prominent differences between maize and other major grasses are photosynthesis and
reproductive system, which are C4 photosynthesis and hermaphrodite. This photosynthesis system

contributes to the highest productivity in grasses and the morphological characteristics make maize
outbreeding species. Maize is utilized in several ways as a food for humans (including starch, oil, bourbon
whiskey and other products), biodegradable plastic and biomass fuel (ethanol). However, maize is
primarily used as a feed grain for livestock.
Maize is mainly cultivated as a harvested grain used for livestock feed, and its production has supported
the animal industry. Maize is also utilized as whole plant silage for ruminant feed. The whole plant silage
of maize surpasses other forage crops in the average yield of dry matter and digestible nutrients per
hectare. The silage maize is particularly suitable for cropping in cold regions, because it can be harvested
14 to 21 days before grain maturity. In Japan, almost all maize is cultivated for the whole plant silage. Its
cultivation area was 84,400 ha in 2006. About 40 % of the maize cultivation area (35,900 ha) is distributed
in Hokkaido.
Hybrid maize has been predominant in the recent maize cultivation. The utilization of hybrids contributes
to achieving superior productivity, uniformity and adaptability. SHULL (1908, 1909, 1910) suggested the
pure-line (inbred line) method of maize breeding, and described an outline of the breeding methods of
hybrid maize. JONES (1918) suggested use of the double cross hybrid, which is a cross between two single
crosses. The double cross formula made the hybrid maize practical. According as the improvement of seed
productivity of inbred lines, single-cross hybrids arose in early 1960s and have recently become the
primary type of maize hybrids (HALLAUER 1990).
The breeding of hybrid maize is based on the heterosis expressed in crosses between inbred lines. The
degree of heterosis in crosses is varied depending on the difference in genetic structure between parents,
and greater heterosis is obtained when distantly related groups of inbred lines are crossed. The
combination of inbred lines or breeding materials which express greater heterosis than others is called a
"heterotic pattern", and each group is called a "heterotic group". The establishment of heterotic groups
based on the heterotic pattern is indispensable for the hybrid breeding program because the degree of
heterosis of inter-group hybrids is generally superior to intra-group hybrids. In the U.S.A. Corn Belt, there
are two major dent heterotic groups, the Lancaster Sure Crop (LSC) and Reid Yellow Dent (RYD). The
hybrids obtained by crossing the LSC with the RYD inbred lines are highly productive, and almost all
U.S.A. Corn Belt hybrids are based on use of the LSC by the RYD heterotic pattern (SMITH 1988). In
Europe, a common heterotic pattern is the U.S.A. dent inbred lines crossed with European flint inbred
lines.
In the hybrid breeding, information on the genetic diversity and relationship among the breeding materials
is needed to choose source materials for new inbred lines, assign inbred lines to heterotic groups, and



choose testers for trials of hybrid combinations. The diversity among and within the groups of breeding
materials also determines the future prospects of success in the breeding programs (MELCHINGER 1999).
The genetic diversity among the inbred lines has usually been assessed based on morphological data such
as the endosperm type, the pedigree record of inbred lines, and the amount of heterosis expressed in the
crosses. However, these descriptors present several limitations. The morphological characteristics often do
not reliably portray their genetic relationships. The pedigree records of inbred lines are affected by
selection and gene drift during inbreeding (MESSMER et al. 1993). Testcross designs with several testers
are extremely expensive and time-consuming.
In Japan, the maize breeding program is based on use of the heterotic pattern between the U.S.A. dent and
flint inbred lines. The source materials of the flint inbred lines are the Caribbean flint in intermediate and
warm regions, and the Northern flint and European flint in the cold regions. The local varieties belonging
to the Northern flint were introduced from the North America in the 1870s (INOUE 1984). The Northern
flint inbred lines developed from them are superior in low-temperature germination as well as low-
temperature growth (MONMA and OKABE 1985). Flowering time of the Northern and European flint inbred
lines are generally earlier than the dent inbred lines. The heterotic pattern between the dent and Northern
flint or European flint combines the high productivity of the U.S.A. dent and the cold tolerance and
earliness of the flint inbred lines into a hybrid. The breeding system has been used for developing several
hybrids which are well adapted to the cold regions of Japan (KANEKO et al. 1975; KUSHIBIKI et al. 1979;
HASEGAWA 1984; MIURA et al. 1989, 1995; KOINUMA et al. 2004)
The assessment of genetic diversity among the inbred lines bred in Hokkaido compared with
representative inbred lines, such as the European flint inbred lines, the Corn Belt dent inbred lines and the
Canadian inbred lines, is considered to be useful for the evaluation of the local breeding materials, and the
exploitation and introduction of other germplasm. The Northern flint germplasm is one of the origins of
the Corn Belt dent (GOODMAN and BROWN 1988) and European flint germplasm (FREI 2000). The
assessment of the genetic relationship between the Northern flint and other germplasm will provide useful
clues for evaluating the role that the Northern flint has played in the establishment of the heterotic groups.
The introduction of new elite germplasm adaptable to cool conditions is necessary to exploit a higher level
of heterosis and the progress of the breeding in the cold regions of Japan. However, it is difficult to
introduce elite inbred lines from the U.S.A. or Europe, because most of them are proprietary. Therefore,
the maize breeders rely on the introduction of two breeding materials, the one is commercial hybrids bred
in the U.S.A. and Europe, and the other is elite inbred lines bred in the intermediate and warm regions of
Japan. Regarding the use of commercial hybrids, it is difficult to assign the inbred lines developed from
the European hybrids to either the dent or flint group (INOUE 1984), because the European hybrids are
usually crosses between the dent and European flint inbred lines. Therefore, the inbred lines developed
from them are mixtures of the dent and flint germplasm. Since assignments from testcross data are
extremely expensive and time-consuming, a more convenient assignment method should be developed to
promote use of the inbred lines developed from the European hybrids.
Some of the dent inbred lines bred in the intermediate and warm regions are superior in productivity and
lodging tolerant, and are considered to be favorable resources for improving the productivity of early
silage maize hybrids. Early flowering is a key component in the yield of maize in the cold regions (FREI

2000). However, early-maturing elite dent inbred lines are scarce, because the dent inbred lines are
commonly late-maturing in the cold regions of Japan. Improvement of the flowering time of the inbred
lines bred in the intermediate and warm regions is usually performed by crossing them with early inbred



lines. However, these methods are time-consuming as well as laborious.
Plant breeders will need to develop and apply new technologies at a faster pace to improve breeding
materials more effectively. DNA marker technology provides scientists with a powerful approach for
identifying and mapping quantitative trait loci (QTL) (STUBER et al. 1999). In breeding programs, DNA
marker technology is useful for marker-assisted selection (MAS) as a substitute for or to assist in
phenotypic selection (COLLARD et al. 2005), the analysis of genetic diversity among the breeding materials
(MELCHINGER 1999), and the discrimination of varieties for the protection of breeders' rights (TERZI et al.
2005).
In the hybrid breeding, molecular marker analysis provides information on the genetic diversity among the
breeding materials. This information is useful for obtaining a clearer description of existing heterotic
groups and identification of new heterotic groups in a systematic manner (MELCHINGER 1999). STUBER

and GOODMAN (1983) reported that isozyme variation could provide an accurate estimate of the genetic
distance among the inbred lines. Restriction fragment length polymorphism (RFLP) markers have been
used to assess the genetic diversity and assign the inbred lines to the groups of the U.S.A. dent germplasm
(LEE et al. 1989; MELCHINGER et al. 1990, 1991), European germplasm (MESSMER et al. 1992a, 1992b,
BOPPENMAIER et al. 1992), and U.S.A. dent and European germplasm (DUBREUIL et al. 1996). PINTO et
al. (2003) have reported that the assignment from the RFLP markers was very similar to those from
estimates of the specific combining ability estimated from testcross hybrids.
Regarding the use of marker technology in breeding systems, the cost, labor, and time required for
molecular marker analysis are major constraints (MELCHINGER 1999; STUBER et al. 1999; COLLARD et al.
2005). Obviously, the cost of analysis depends mainly on the choice of marker types and the number of
markers required for sufficient accuracy. Simple sequence repeats (SSR) analysis presents the potential
advantages of reliability, reproducibility, discrimination, standardization and cost-effectiveness over RFLP
analysis (SMITH et al. 1997). SSR loci provide a high level of polymorphism in maize (SENIOR and HEUN

1993). SENIOR et al. (1998) have reported that SSR analysis using high quality agarose gels can
conveniently assess the genetic diversity of maize inbred lines. REIF et al. (2003) have also reported that
SSR markers are a valuable complementation to field trials for identifying heterotic groups.
BARBOSA-NETO et al. (1997) have pointed out that marker loci should be chosen uniformly over the entire
genome in the genetic diversity studies to avoid biases due to sampling, and the precision of genetic
similarity (GS) estimates increased as the number of marker loci increased. However, it is preferable to
determine the minimum number of markers required for the assignment with sufficient accuracy in
breeding programs. SMITH et al. (2000) reported that, when the genetic distance were estimated from
selected loci showing the allele frequency of 0.4 or greater in Stiff Stalk Synthetic (BSSS) and non-BSSS
group, the estimates were significantly correlated with F1 grain yield and the degree of heterosis for grain

yield. The number of SSR loci required for the assignment will be reduced with sufficient accuracy by
selection of the loci considering differences in the allele frequency. So far, no assignment from selected
loci with differences in allele frequency between maize heterotic groups has been reported.
However, MAS is a potential tool for improving the flowering time of the late maturity dent inbred lines.
The Northern flint populations, one of the heterotic groups in the cold regions of Japan, are potential
donors of earliness. In Europe, the introduction of the Northern flint populations has played a key role in
the adaptation of maize (REBOURG et al. 2003; SOENGAS et al. 2003). If QTLs for the early flowering of
the Northern flint can be identified, MAS using markers linked to the QTLs will accelerate the transfer of



this trait to maize germplasm bred in the intermediate and warm regions in the breeding programs. It will
be an efficient method to introduce the earliness of the Northern flint germplasm to the late maturing dent
inbred lines across the heterotic pattern. DNA markers have been efficiently used to detect and
characterize QTLs for flowering time and/or plant stature in the dent inbred lines (BEAVIS et al. 1994;
BERKE and ROCHEFORD 1995; VELDBOOM and LEE 1996; AUSTIN and LEE 1996), the dent and
European flint inbred lines (REBAI et al. 1997), and tropical inbred lines (RIBAUT et al. 1996). In the
Northern flint, near-isogenic lines (NILs) created by crossing the dent inbred lines with Gaspe type lines (a
Northern flint open-pollinated population) were used to identify and characterize the QTLs related to the
early flowering (KOESTER et al. 1993; VLADUTU et al. 1999). However, there have been no reports on
QTL analysis of the early flowering of elite inbred lines of the Northern flint.
Moreover, the elucidation of the mechanism of the early flowering of the Northern flint will help us to
understand the maize adaptation to the cold regions and will help improve the flowering time of the dent
inbred lines bred in the intermediate and warm regions by MAS. Candidate gene approach has been
applied in plant genetics for the characterization and cloning of QTLs (PFLIEGER et al. 2001). In maize,
polymorphisms in specific markers for vp1 and kn1 are associated with anther culture response in Chi-
square tests (WASSOM et al. 2000), and an 18-bp indel in the ccoaomt2 first exon was associated with cell
wall digestibility variation (GUILLET-CLAUDE et al. 2005). In terms of flowering time, polymorphisms in
the potential candidate gene d8 are associated with differences in the flowering time in association tests
(THORNSBERRY et al. 2001).
The present study was carried out to develop marker-assisted breeding to overcome above mentioned
limitations and accelerate the breeding of excellent maize varieties adapted to the cold regions of Japan.
The objectives of the three studies are to 1) assess the genetic diversity among the inbred lines adapted to
the cold regions of Japan from SSR analysis of the 60 loci distributed uniformly throughout maize
genome, 2) establish an assignment method of the inbred lines developed from the European hybrids from
the mean GS estimates derived from a smaller number of SSR loci, which were chosen based on the
differences in the mean allele frequency between the dent and flint groups, and 3) identify QTLs for the
early flowering of an elite Northern flint inbred line toward establishment of MAS for the early flowering.
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Marker-Assisted Breeding in Maize for Cold Regions of Japan
Hiroyuki ENOKI

II. SSR Analysis of Genetic Diversity among Maize Inbred Lines Adapted to
Cold Regions of Japan

1. INTRODUCTION

Information on the genetic diversity and relationship among the breeding materials is indispensable for the
development of new maize inbred lines, the assignment of maize inbred lines to the heterotic groups, and
the choice of testers for trials of hybrid combinations in the maize breeding programs. In addition, a
comparison of the genetic diversity among representative inbred lines of the U.S.A. [LSC and Iowa Stiff
Stalk Synthetic (BSSS; an improved synthetic population representative RYD)], European (European
flint), Canadian and local inbred lines are useful for the evaluation of the local breeding materials, and the
exploitation and introduction of other germplasm. The utilization of molecular markers that directly
evaluate the genetic differences between the inbred lines has been attempted to assess the genetic diversity
among the maize inbred lines (MELCHINGER 1999). SENIOR and HEUN (1993) have reported that SSR loci
provide a high level of polymorphism in maize. SSR analysis presents the potential advantages of
reliability, reproducibility, discrimination, standardization and cost-effectiveness over RFLP analysis
(SMITH et al. 1997).
The objectives of the present study were to (1) evaluate the discrimination ability of the SSR analysis of
the 60 loci distributed uniformly throughout the maize genome, (2) assess the genetic diversity among the
inbred lines adapted to the cold regions of Japan and representative inbred lines, and (3) assign the inbred
lines developed from the hybrids to the heterotic groups.
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Marker-Assisted Breeding in Maize for Cold Regions of Japan
Hiroyuki ENOKI

II. SSR Analysis of Genetic Diversity among Maize Inbred Lines Adapted to
Cold Regions of Japan

2. MATERIALS AND METHODS

Plant material
Fifty one maize inbred lines were chosen to represent maize diversity among the breeding materials
adapted to the cold regions of Japan, and 14 maize inbred lines introduced from the U.S.A., Canada and
Europe were used for comparison (Table 1). Twenty of the 65 inbred lines were developed from the flint
germplasm and 26 from the dent germplasm. Additionally 19 inbred lines which were developed from the
European hybrids by crossing the early maturing dent with European flint were subsequently designated as
"miscellaneous". Among all pairs of the inbred lines, those without common parentage were designated as
"unrelated". Genomic DNA was isolated from a bulk of five seedlings from each inbred line using a
modified CTAB procedure (SAGHAI-MAROOF et al. 1984).

SSR marker selection
Based on their chromosome loci, we chose 100 SSR primers from Maize Genetics and Genomics Database
(MaizeGDB: http://www.maizegdb.org/) and assayed their preliminary discriminatory power using a
sample of 16 inbred lines. Primers were excluded from the present study if they did not show different
band sizes or consistently failed to amplify in the 16 inbred lines. A final set of 60 SSR primers was
selected for further analysis (Table 2). Among this set of SSR loci, 31 (51%) were di-repeats, 7 (12%) tri-
repeats, 8 (13%) tetra-repeats, 3 (5%) penta-repeats, 1 (2%) a hexa-repeat and 10 (17%) were unknown.
Each chromosome had at least five SSR loci, and the mean map distance between neighboring SSR loci
was approximately 21.1 cM.

Amplification and detection conditions
The reactions were carried out in a DNA Thermal Cycler (PERKIN-ELMER, NORWALK, GA., USA). The
reaction consisted of a denaturation step of 1 min at 96 ℃, followed by a touchdown procedure as
described by MELLERSCH and SAMPSON (1993). This procedure began with 1 min at 96 ℃, 1 min at 65 ℃,
and 2 min at 72 ℃. The annealing temperature was then reduced at each cycle by 0.5 ℃ until a final
annealing temperature of 55 ℃ was reached. The last cycle was repeated 20 times and was terminated at
72 ℃ for 2 min. Then, the reaction was finished with a continuous cycle at 4 ℃. The 10-μl reaction mix
consisted of 20 nM of each primer, 1 unit of Taq DNA polymerase (PROMEGA, CO., INC.), 200 μM each

dNTP, 1× reaction buffer (10 mM Tris-HCl, 1.5 mM MgCl2, 50 mM KCl, 100 μg mL-1 gelatin: pH 8.3),

and 30 ng of template DNA. Reactions were stopped with 10 μl of loading-dye (50% deionized

formamide, 40 % glycerol, 20 mM EDTA, 0.6 mg mL-1 bromphenol blue). After the reaction, 20 μl of the
reaction mixture was heated at 96 ℃ for 2 min, placed on ice, then loaded onto a 10 % polyacrylamide
denaturing gel (16 cm × 16 cm) containing 8 M urea. After the run, gels were soaked for 15 min in



distilled water to reduce the concentration of urea in the gel so that denatured DNA would anneal and thus
be able to be stained with ethidium bromide (EtBr).

Statistical analysis
Estimates of genetic similarity (GS) were calculated for all possible pairs of the inbred lines according to
the following equation (DICE 1945; NEI and LI 1979):
        GS(i,j)=2N(i,j)/[N(i)+N(j)],
where GS(i,j) is the GS estimate between inbred lines i and j, N(i,j) is the total number of bands common
to i and j, and N(i) and N(j) is the number of bands for the inbred lines i and j, respectively. The standard
error [SE(i,j)] of GS(i,j) was estimated by

        SE(i,j) = {GS(i,j)[1-GS(i,j)]/[N(i)+N(j)]0.5}
(DUBREUIL et al. 1996). This estimator is strictly equivalent to the jackknife estimator used in published
studies (e.g. MELCHINGER et al. 1991; MESSMER et al. 1992b) and overestimates the actual variances
when loci have been chosen to optimize the genome coverage (DUBREUIL et al. 1996). Thus, in the present
study, estimated SE values had to be considered as an upper limit for the actual values. Average linkage
(UPGMA) cluster analysis and principal coordinate analysis (PCOA) were performed with the matrix of
GS estimates using appropriate procedures of the program NTSYS-pc (ROHLF 1989). The mean GS
estimates of the inter- and intra-groups were calculated among all possible pairs of the inbred lines
belonging to each group. In order to estimate the mean genetic similarity of unrelated pairs of the inbred
lines (GSMUR) with the highest precision, GSMUR was calculated from all GS estimates of 520 unrelated

pairs among 26 dent inbred lines and 20 flint inbred lines. The miscellaneous inbred lines were assigned to
the groups from the difference between the differences between the values of GSMUR and GS for

unrelated pairs between the miscellaneous inbred lines, the significance of the differences between the
values of GSMUR and GS for unrelated pairs between the miscellaneous inbred lines and dent or flint

inbred lines being determined by t-tests at 0.05 level. The MALECOT coancestry coefficient (f) (MALECOT

1948) was calculated for all pairs of the inbred lines with known pedigrees. The f value for the unrelated
pairs of the inbred lines was set to zero. For a given f value of two lines, the expected genetic similarity
(GSEXP) was calculated by

        GSEXP = f + (1 - f) GSMUR, (MESSMER et al. 1993). The polymorphic-index content (PIC) for each

SSR locus was determined as described by SMITH et al. (1997). PIC is a measure of the allele diversity at a
locus and is equal to

PIC = 1 - ∑ hk
2, where hk is the frequency of the kth allele. When calculated in this manner, PIC is

synonymous with the term "gene diversity" as described by WEIR (1996).
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Marker-Assisted Breeding in Maize for Cold Regions of Japan
Hiroyuki ENOKI

II. SSR Analysis of Genetic Diversity among Maize Inbred Lines Adapted to
Cold Regions of Japan

3. RESULTS AND DISCUSSION

Allele diversity at the 60 SSR loci
The sixty SSR primers produced 433 alleles among the 65 maize inbred lines, and the number of alleles at
the SSR loci ranged from 2 to 17, with the mean allele being 7.3, and the PIC values for the SSR loci
ranged from 0.41 to 0.91, with the mean PIC being 0.69 (Table 2). The mean PIC value in the present
study was higher than 0.62 determined by SMITH et al. (1997) and 0.59 determined by SENIOR et al.
(1998). The higher PIC value probably resulted from excluding the SSR primers with low discriminatory
power by the preliminary test. Di-repeat SSR loci gave a higher mean allele (9.3) and mean PIC (0.74),
and tri-, tetra- and penta-repeat SSR loci gave lower mean alleles (3.4-5.0) and mean PIC (0.56-0.59)
(Table 3). The highest mean PIC value of the di-repeat SSR loci is consistent with the results of SMITH et
al. (1997) and SENIOR et al. (1998). SMITH et al. (1997) have reported that di-repeat SSR loci abound with
alleles, but some di-repeat SSR loci tend to produce additional stutter bands. In the present study, because
of exclusion by the preliminary test for the SSR primers, stutter bands did not appear.

Accuracy of the genetic similarity calculated from 60 SSR data
The f and GS estimates for 56 pairs among the inbred lines with a pedigree record ranged from 0.063 to
0.750 and from 0.224 to 0.826, when the unrelated pairs of the inbred lines were excluded. The correlation
between the GS estimates and f, and the GSEXP for them was significant (r = 0.70 and r = 0.70, P < 0.01

respectively; Fig. 1). This significant correlation agrees with the results of MESSMER et al. (1993),
DUBREUIL et al. (1996) and SMITH et al. (1997). However, deviations between the GS estimates and
GSEXP averaged 0.10. The deviations increased especially with increasing f, and the mean GS estimate for

f = 0.5 pairs (0.548) was lower than the GSEXP (0.637) and ranged widely from 0.311 to 0.826. The

differences between the GS estimates and coancestry coefficient are considered to result from the effects
of selection and gene drift.
The SE of individual GS estimates had a mean of 0.06 and ranged from 0.04 to 0.06. BARBOSA-NETO et
al. (1997) have reported that marker loci should be chosen uniformly over an entire genome in genetic
diversity studies, avoiding biases due to sampling, and the precision of GS estimates increases as the
number of marker loci increases. However, given the high cost and intensive labor of DNA-marker assays,
it is necessary to choose the minimum number of markers required for a given level of precision in GS
estimates. We chose the 60 SSR primers uniformly over the maize genome from the MaizeGDB, with the
mean SE of the GS estimates in the present study being almost equal to the mean SE (0.06) in DUBREUIL

et al. (1996). When the genome was uniformly covered with marker loci, an estimate of SE overestimates
the actual variance of the GS estimates (DUBREUIL et al. 1996), making the precision of the present study
sufficient for estimating GS among maize inbred lines. Therefore, the SSR analysis of the 60 loci provided



sufficient accuracy for the GS estimates, and this analysis system appears to be effective for the
assessment of the genetic diversity among the maize inbred lines.

Analysis of the mean genetic similarity
The GSMUR estimate of 520 unrelated pairs among the 26 dent inbred lines and 20 flint inbred lines was

0.271. The GSMUR was used as criterion for the genetic diversity among and between each group. Both

the mean GS estimate (0.405) for unrelated pairs among the dent inbred lines bred in Hokkaido and the
mean GS estimate (0.424) for unrelated pairs among the Northern flint inbred lines bred in Hokkaido were
higher than the mean GS (0.289) estimates for unrelated pairs among the representative dent inbred lines
(Table 4). Each value was also greater than GSMUR. Therefore, the dent and Northern flint inbred lines

bred in Hokkaido were considered to have a narrower genetic diversity than the representative dent inbred
lines, respectively. However, the mean GS estimate between the dent and the Northern flint inbred lines
bred in Hokkaido (0.273) is almost equal to GSMUR, and the dent inbred lines bred in Hokkaido were

distantly related to the Northern flint inbred lines bred in Hokkaido. This result supports the observation of
heterosis in crosses of the dent inbred lines bred in Hokkaido with the Northern flint inbred lines bred in
Hokkaido.
The Canadian flint inbred line CO12 had the greatest mean GS estimate (0.452), and the European flint
inbred line F283 had the second greatest (0.381), with the Northern flint inbred lines bred in Hokkaido
(Table 5). This result agrees with the origin of the local varieties in the cold regions of Japan, which were
introduced from the North America. However, another European flint inbred line F2 had a smaller mean
GS estimate (0.298) with the Northern flint inbred lines bred in Hokkaido. European flint inbred lines
were selected from the European open-pollinated populations, which presumably traces back to tropical
flints from the West Indies and Caribbean islands (WALLACE and BROWN 1956). Therefore, their
progenitors seem to be different from the Northern flint. However, the result suggests that the Northern
flint was one of their progenitors. Two LSC inbred lines, Mo17 and CM37, had the greatest mean GS
estimate (0.341 and 0.323, respectively) with the Northern flint inbred lines bred in Hokkaido among the
representative dent inbred lines, and the mean GS estimates were higher than GSMUR. The Corn Belt dents

were developed from mixing the Southern dents with the Northern flints (GOODMAN and BROWN 1988).
These inbred lines are considered to have received more genes from the Northern flint than other dent
inbred lines.
Two BSSS inbred lines, B73 and A679, had the greatest mean GS estimate (0.348 and 0.342, respectively)
with the dent inbred lines bred in Hokkaido among the representative dent inbred lines. C103-related
inbred lines (C103 and Mo17) had a comparatively greater mean GS estimate (0.314) with the dent inbred
lines bred in Hokkaido than GSMUR. However, Oh43-related inbred lines (Oh43 and A619) and the

Canadian dent inbred lines (CM37 and CMV3) had low mean GS estimates (0.256 and 0.253,
respectively) with the dent inbred lines bred in Hokkaido. The dent inbred lines bred in Hokkaido were
developed from the U.S.A. and European hybrids. From isozyme and chromatographic data, the U.S.A.
varieties appear to be heavily dependent on the usage of B73, A632, Oh43 and Mo17, or their close
derivatives (SMITH 1988). And, in the LSC inbred lines, C103-related inbred lines are not comparatively
similar to Oh43-related inbred lines in RFLP and SSR analysis (MUMM and DUDLEY 1994; SENIOR et al.
1998). The GS estimates among the dent inbred lines bred in Hokkaido and the representative dent inbred
lines indicate that the dent inbred lines bred in Hokkaido are comparatively similar to the BSSS and C103-



related inbred lines, and are not similar to the Oh43-related and Canadian dent inbred lines. The U.S.A.
hybrids used as source of the dent inbred lines bred in Hokkaido are considered to have originated from
the BSSS inbred lines crossed with the C103-related inbred lines.
Nineteen miscellaneous inbred lines were grouped from the relative magnitude of the mean GS estimates
with the dent and flint inbred lines (Table 6). Six miscellaneous inbred lines (Ho34, Ho36, Ho65, Ho66,
Ho73 and To113) had significantly greater mean GS estimates with the flint inbred lines than GSMUR, and

are considered to be similar to the flint inbred lines. Three miscellaneous inbred lines (Ho59, Ho63 and
To132) had significantly greater mean GS estimates with the dent inbred lines than GSMUR, and are

considered to be similar to the dent inbred lines. Four miscellaneous inbred lines (Ho64, Ho67, Ho81 and
To133) had significantly greater mean GS estimates with the dent and flint inbred lines than GSMUR, and

are considered to be intermediate with the dent and flint inbred lines. However, six miscellaneous inbred
lines (Ho3, Ho4, Ho37, Ho42, Ho49 and Ho50) did not have significantly greater GS estimates with the
dent and flint inbred lines than GSMUR, and are considered not to be similar to the dent and flint inbred

lines.

Cluster analysis
Cluster analysis classified the 65 inbred lines into four main clusters (Fig. 2). The first main cluster
consisted of the entire flint inbred lines and four miscellaneous inbred lines. This cluster was subdivided
into two subclusters. All Northern flint inbred lines bred in Hokkaido were classified into the subcluster
with CO12 and F283. Two miscellaneous inbred lines (Ho34 and Ho81) were included in this subcluster.
The F2 were classified into the other subcluster with two miscellaneous inbred lines (Ho65 and To113).
The second main cluster consisted of B73, A679, the entire dent inbred lines bred in Hokkaido and eight
miscellaneous inbred lines. Therefore, the dent inbred lines bred in Hokkaido appear to be more similar to
the BSSS inbred lines than the C103-related inbred lines. In the cold regions of Japan, some cool-weather
damages occur (MONMA and OKABE 1985), and the specific genotype suitable for the cold regions was
prior-selected; as a result the genetic diversity of these dent inbred lines is considered to closely incline
toward one side. The cluster was subdivided into three subclusters with one subcluster consisting of the
dent inbred lines bred in Hokkaido and three miscellaneous inbred lines (Ho59, Ho63 and Ho64), and the
other consisting of five miscellaneous inbred lines (Ho66, Ho67, Ho73, To132 and To133). B73 and A679
were on the edge of this main cluster. The third main cluster consisted of representative LSC inbred lines
(Oh43, A619, Mo17 and C103) and INRA258-related miscellaneous inbred lines (Ho3, Ho4, Ho36, Ho37,
Ho42, Ho49 and Ho50). The fourth main cluster consisted of five representative dent inbred lines (CM37,
CMV3, CO158, H99 and W79A).

Principal coordinate analysis
PCOA revealed similar groupings of the inbred lines (Fig. 3). The first and second principal coordinates,
termed PC1 and PC2, explain 9.0% and 6.2% of the total variation in the SSR data. The representative
dent inbred lines were clearly separated from the representative flint inbred lines with respect to PC1, but
were widely spread with respect to PC2. The dent inbred lines were loosely divided into two groups, with
the one consisting of B73, A679 and the dent inbred lines bred in Hokkaido, and the other consisting of
LSC inbred lines, W79A and CO158. Among the flint inbred lines, CO12 and the Northern flint inbred
lines bred in Hokkaido were firmly grouped. F2 and F283 were slightly separated from this group.



Among the 19 miscellaneous inbred lines, INRA 258-related miscellaneous inbred lines were grouped and
were independent of the dent and flint inbred lines, except for Oh43 and A619. The genotype of INRA
258 consisted of Minnesota 13 (M13) and European flint, and Oh43 is partially related to M13 (GERDES

and TRACY 1993). Thus, the INRA 258-related miscellaneous inbred lines were more similar to the Oh43-
related inbred lines than the European flint inbred lines. In addition, the INRA 258-related miscellaneous
inbred lines had a lower mean GS estimate with the dent inbred lines bred in Hokkaido and Northern flint
inbred lines bred in Hokkaido, and they are considered to be valuable for breeding materials in the cold
regions of Japan.
The miscellaneous inbred lines, except for the INRA258-related miscellaneous inbred lines, were spread
between the dent and flint inbred lines with respect to PC1. Among them, Ho34, Ho59, Ho63 and To132
were clearly assigned to the dent or flint groups, and this result agrees with the relative magnitude of mean
GS estimates and the results of the cluster analysis. The empirical knowledge of heterosis supports this
result. On the other hand, the assignment of other miscellaneous inbred lines was different according to the
mode of analysis. From the PCOA and relative magnitude of mean GS estimates, they were classified into
the intermediate or flint group. However, from the cluster analysis, Ho66, Ho67 and Ho73 were classified
into the dent group. The empirical knowledge of heterosis agrees with the results of the PCOA and relative
magnitude of mean GS estimates. PCOA is suitable for faithful portrayals of the relationships between
larger groups of inbred lines, and cluster analysis is reliable for depicting close relationships between the
inbred lines (MELCHINGER 1999). Though the assignment of the miscellaneous inbred lines is important in
the breeding programs, the results may be changed according to the analysis, so we should assign them
with these results and the empirical knowledge of heterosis. The clear assignment of the inbred lines
developed from the hybrids is difficult based on their pedigree record. However, by comparison with the
representative inbred lines, the genetic diversity and relationships among the inbred lines were evaluated.
These results provide a useful criterion for the exploitation and introduction of the breeding materials for
hybrids which adapt to the cold regions of Japan.
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Marker-Assisted Breeding in Maize for Cold Regions of Japan
Hiroyuki ENOKI

III. Selection of SSR Sets in Assignment to Dent and Flint Groups of Maize
Inbred Lines Derived from European Hybrids

1. INTRODUCTION

The European hybrids are usually obtained by crossing the early-maturing dent and European flint lines.
Therefore, since the inbred lines developed from the European hybrids are mixtures of the dent and flint
germplasm, it is difficult to assign them to either dent or flint groups from the morphological data such as
the endosperm types and/or pedigree records (INOUE et al. 1984). In the previous chapter, SSR analysis of
the 60 loci distributed uniformly throughout the maize genome was effective for the assessment of the
genetic diversity among the inbred lines, and was sufficient to assign them to the flint or dent groups.
However, it is preferable to determine the minimum number of markers required for the assignment with
sufficient accuracy in the breeding programs. SMITH et al. (2000) reported that, when the genetic distance
was estimated from selected loci showing the allele frequency of 0.4 or greater in BSSS and non-BSSS
inbred lines, the estimates were significantly correlated with F1 grain yield and the degree of heterosis for

grain yield. Taking differences in allele frequency for selection of SSR loci into consideration, the number
of SSR loci for the assignment will be reduced with sufficient accuracy.
The objective of the present study was to assign the inbred lines developed from the European hybrids,
whose genetic backgrounds were unknown, to the dent or flint groups from the mean GS estimated from a
smaller number of SSR loci compared with the original 60 SSR loci. The loci were chosen from the
differences in mean allele frequency in dent and flint groups. Moreover, to evaluate the accuracy of the
assignment method from each subset of SSR loci, we investigated the testcross performance of several
inbred lines developed from the European hybrids that were not consistently assigned from the subsets of
SSR loci.
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Marker-Assisted Breeding in Maize for Cold Regions of Japan
Hiroyuki ENOKI

III. Selection of SSR Sets in Assignment to Dent and Flint Groups of Maize
Inbred Lines Derived from European Hybrids

2. MATERIALS AND METHODS

Plant materials
Seventy-seven maize inbred lines were chosen to represent maize inbred lines adapted to the cold regions
of Japan, and 11 maize inbred lines (A509, A619, A679, B73, C103, CO12, CO158, F2, F283, Oh43 and
W79A) introduced from the U. S. A., Canada and Europe were used for comparison. Thirty-five of the
above 88 inbred lines were developed from the dent germplasm and 21 from the flint germplasm including
the Northern flint and European flint. The remaining thirty-two inbred lines were developed from the
European hybrids whose pedigree records were unknown and were designated as "miscellaneous". Total
DNA was isolated from a bulk of five seedlings from each inbred line using the modified CTAB procedure
(SAGHAI-MAROOF et al. 1984).

Selection of SSR loci
The sixty SSR primer pairs, which were shown in chapter II, were used. Amplification and detection
methods are described also in chapter II. At least five SSR loci were located on each chromosome, and the
mean map distance between adjacent SSR loci was approximately 21.1 cM. Details of the SSR loci and
their map locations were given in chapter II and in the MaizeGDB.
Subsets of the 60 SSR loci were chosen from differences in allele frequency above 0.4 (Set 1) and 0.5 (Set
2) in 35 dent and 21 flint inbred lines, respectively (See Table 7). SMITH et al. (2000) showed that the
genetic distance estimates between the BSSS and non-BSSS inbred lines, from selected loci with
differences in allele frequency of 0.4 or greater, were significantly correlated with F1 grain yield and the

degree of heterosis for grain yield. SENIOR et al. (1998) showed that many loci with differences in allele
frequency of 0.5 or greater in the BSSS and LSC groups were located in regions where QTLs for yield
heterosis in a B73 × Mo17 cross were detected. B73 and Mo17 are representative inbred lines of the BSSS
and LSC, respectively.

Statistical analysis
Estimates of GS for all possible pairs of the inbred lines were calculated from the polymorophism data of
each subset of SSR loci according to the following equation (DICE 1945, NEI and LI 1979) using the
NYSYS-pc program (ROHLF 1989):
        GS(i,j)=2N(i,j)/[N(i)+N(j)],
where GS(i,j) is the GS estimate between inbred lines i and j; N(i,j) is the total number of bands common
to both lines; and N(i) and N(j) are the numbers of bands specific to line i and line j, respectively. The
mean GS estimates of the 32 miscellaneous inbred lines with dent group (GS-D) and flint group (GS-F)
were calculated from the polymorphism data of each subset of SSR loci. Then, these miscellaneous inbred



lines were assigned to the groups from the difference between the values of GS-D and GS-F, the
significance of the differences between the values of GS-D and GS-F being determined by t-tests. If the
GS-D value was significantly higher than the GS-F value, the miscellaneous inbred line was assigned to
the flint group, and vice versa. If there was no significant difference between the GS-D and GS-F values, it
was assigned to the intermediate type. The accuracy of the assignment from each subset of SSR loci was
evaluated by comparison with the results of the assignment from the original full set of SSR loci.

Testcross designs
Four miscellaneous inbred lines (Ho83, Ho86, To119 and To132), which were differently assigned from
the two subsets of SSR loci used, were crossed with 3 dent and 3 flint inbred lines, which were
representative testers in the cold regions of Japan, respectively. Twenty-four F1 crosses were planted at the

National Agricultural Research Center for Hokkaido Region (NARCH), Sapporo, Hokkaido, Japan on
May 16 in 2003. The experimental design was from randomized blocks with two replications. Plant density

was 6.84 plants / m2, 34 plants were 0.195m apart in 3.5m rows spaced at 0.75m. Ten plants per plot were
harvested by cutting at 5cm height from the ground level on September 26, when most of the F1 crosses

had reached the mid-dent stage. The means for the dry matter yield and days to silking of the crosses
between each miscellaneous inbred line and testers were calculated and were used for the evaluation of
heterosis. If the means for the dry matter yield of the crosses with the dent testers were significantly higher
than those with the flint testers (p=0.05), the miscellaneous inbred line was assigned to the dent group, and
vice versa. If there was no significant difference in the mean values for the dry matter yield between the
crosses with the dent and flint testers (p=0.05), the mean values for the days to silking were used for
preliminary assignment.
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Marker-Assisted Breeding in Maize for Cold Regions of Japan
Hiroyuki ENOKI

III. Selection of SSR Sets in Assignment to Dent and Flint Groups of Maize
Inbred Lines Derived from European Hybrids

3. RESULTS

Selection of SSR loci
The full set of 60 SSR loci carried 463 alleles among the 88 maize inbred lines and the numbers of alleles
at each of the SSR loci ranged from 2 to 17, with a mean value of 7.7. The mean GS estimate among the
35 dent inbred lines was 0.36, with a variance of 0.011. The mean GS estimate among the 21 flint inbred
lines was 0.43, with a variance of 0.009. The mean GS estimate between the 35 dent inbred lines and the
21 flint inbred lines was 0.25, with a variance of 0.002.
Two subsets of SSR loci, Set 1 and Set 2, were chosen from the differences in allele frequency in the dent
and flint groups, respectively (Table 7). The numbers of SSR loci in Set 1 and Set 2 were 25 and 14,
respectively. The SSR loci of Set 1 and Set 2 carried a total number of 176 and 99 alleles among the 88
inbred lines, respectively. These values accounted for 38% and 21% of the allele number of the full set of
SSR loci, respectively. For the 1st, 6th and 9th chromosomes, the percentages of the SSR loci belonging to
Set 1 and Set 2 ranged from 67% to 86% and from 60% to 67%, respectively. In contrast, there was no
SSR locus belonging to Set 1 for the 3rd and 4th chromosomes. 

Assignments from each set of SSR loci
The thirty-two miscellaneous inbred lines were subjected to the assignment to the dent or flint groups from
the mean GS estimates with each group using the two subsets and the full set of SSR loci (Table 8). From
the original full set of SSR loci, 4 miscellaneous inbred lines were assigned to the dent group, 12 to the
flint group, and the other 16 to the intermediate type. In the assignment from Set 1 SSR loci, 27 of them
were assigned consistently from the results from the full set of SSR loci. The assignment of the residual 5
inbred lines (Ho75, Ho85, To97, To112 and To119) depended on the SSR loci used. In the analysis of the
full set of SSR loci for these 5 inbred lines, the values of GS-D were not significantly different from the
respective GS-F, and the inbred lines were assigned to the intermediate type. In the analysis of Set 1 SSR
loci, the GS-F values of 4 of these 5 inbred lines (Ho75, Ho85, To97 and To119) were significantly higher
than the respective GS-D, while the GS-D value of To112 was significantly higher than the GS-F.
Therefore, Ho75, Ho85, To97 and To119 were assigned to the flint group, and To112 was assigned to the
dent group.
The assignment of 25 inbred lines from Set 2 SSR loci gave the same results as those from the full set of
SSR loci, whereas the assignment of the residual 7 inbred lines (Ho62, Ho75, Ho85, To97, To112, To131
and To132) from Set 2 SSR loci was different. In the analysis from the full set of SSR loci, the GS-D
values of 6 inbred lines (Ho62, Ho75, Ho85, To97, To112 and To131) were not significantly different
from the respective GS-F, and the inbred lines were assigned to the intermediate type. In the analysis of
Set 2 SSR loci, the GS-F values of these inbred lines were significantly different from the respective GS-
D. The GS-F values of 4 of these 6 inbred lines (Ho75, Ho85, To97 and To131) were significantly higher



than the respective GS-D, while the GS-D values of Ho62 and To112 were significantly higher than the
respective GS-F. Therefore, Ho75, Ho85, To97 and To131 were assigned to the flint group, and Ho62 and
To112 were assigned to the dent group. However, the assignment of To132 from Set 2 SSR loci gave
opposite results to those from the full set of SSR loci; To132, which was assigned to the flint group from
Set 2 SSR loci, was assigned to the dent group from the full set of SSR loci.

Testcross designs
The means for the dry matter yield and days to silking of the crosses of the 4 miscellaneous inbred lines
(Ho83, Ho86, To119 and To132) with the dent and flint testers are shown in Table 9. Assignments for
these inbred lines from the two subsets of SSR loci were inconsistent. In Ho83 and Ho86, there was no
significant difference between the GS-D and GS-F values from either set of SSR loci. In To119 and
To132, the assignments differed depending on the set of SSR loci used.
The means for the dry matter yield and days to silking ranged from 157 to 177 kg/a, and from 78.7 to 82.3
days, respectively. There were no significant differences between the means of the crosses with the dent
and flint testers, either for the dry matter yield or days to silking. The means for the dry matter yield of the
crosses of To119 with the dent testers were significantly higher those that with the flint testers (p=0.05).
The means for the dry matter yield of the crosses of the other inbred lines with the dent testers were not
significantly different from those with the flint testers. The means for the days to silking of the cross of
Ho86 with the dent testers were not significantly different from those with the flint testers. However, the
means for the days to silking of the crosses of Ho83 and To132 with the flint testers were significantly
earlier than those with the dent testers (p=0.05).
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Marker-Assisted Breeding in Maize for Cold Regions of Japan
Hiroyuki ENOKI

III. Selection of SSR Sets in Assignment to Dent and Flint Groups of Maize
Inbred Lines Derived from European Hybrids

4. DISCUSSION

Accuracy of the assignments from each set of SSR loci
BARBOSA-NETO et al. (1997) have reported that the precision of GS estimates from molecular markers
decreased as the number of marker loci decreased. However, in the present study, the results of the
assignment of the 32 miscellaneous inbred lines using reduced numbers of SSR loci mostly agreed with the
results from the original full set of SSR loci.
The use of testcross data is effective for estimating the relative combining abilities of inbred lines
(HALLAUER et al. 1988). Comparison of the assignments from the mean GS estimates and the results from
the testcrosses showed that the assignments of Ho83 and Ho86 from the SSR loci corresponded to the
testcross data. The inbred lines were assigned to the intermediate type by SSR analysis, and the means for
dry matter yield were not significantly different between those of their crosses with the dent and flint
testers. The assignments of To119 and To132 differed depending on a set of SSR loci used. To119 was
assigned to the intermediate type from the full set and Set 2 SSR loci, while to the flint group from Set 1
SSR loci. The crosses of To119 with the dent testers showed a higher dry matter yield than those with the
flint testers, indicating that the assignment from Set 1 SSR loci corresponded to the testcross data. To132
was assigned to the dent group from the full set and Set 1 SSR loci, and to the flint group from Set 2 SSR
loci. For To132, the earlier silking date of the crosses with the flint testers indicated that To132 was more
likely to belong to the dent group, although the dry matter yield was not significantly different between the
crosses of To132 with the dent and flint testers. Therefore, the results of the assignments from the full set
and Set 1 SSR loci were more similar to the testcross data than Set 2 SSR loci. The results of the
testcrosses indicated that the assignment from Set 1 SSR loci was considered to be more accurate than Set
2 SSR loci. The results also showed that the assignment from Set 1 SSR loci was as accurate as the full set
of SSR loci. The results of the assignments from Set 2 SSR loci were more different from the full set of
SSR loci than Set 1 SSR loci. The lower accuracy of the assignment from Set 2 SSR loci may be attributed
to the omission of several genome regions for the assignment of the dent and flint groups.

The chromosome position of selected SSR loci
The SSR loci belonging to Set 1 and Set 2 were mostly located on the 1st, 6th and 9th chromosomes and
not on the 3rd or 4th chromosomes. SENIOR et al. (1998) reported that SSR loci with significant
differences in allele frequency in the BSSS and LSC groups were located on the 3rd, 5th, 6th, 8th, 9th and
10th chromosomes. In the present study, many SSR loci on the 6th and 9th chromosomes displayed
differences in allele frequency above 0.4 in dent and flint groups adapted to the cold regions of Japan. This
indicates that the SSR loci on the 6th and 9th chromosomes may show a large difference in allele
frequency when other maize groups were tested. On the other hand, in many SSR loci on the 1st
chromosome, the difference in allele frequency in the dent and flint groups was above 0.4 in the present



study, while SENIOR et al. (1998) reported the absence of SSR locus with a difference in allele frequency
in the BSSS and LSC groups on the 1st chromosome. Conversely, the 3rd chromosome carried many SSR
loci with a difference in allele frequency in the BSSS and LSC groups (SENIOR et al. 1998), while there
was no SSR locus with a difference in allele frequency in the dent and flint groups on the same
chromosome in the present study. These results indicate that the 1st chromosome may be a characteristic
region for the assignment of the inbred lines adapted to the cold regions of Japan, while the 3rd
chromosome is the characteristic region for the assignment of the BSSS and LSC groups. Further
investigations for other maize groups may provide useful information on the characteristic regions for the
assignment in maize.
We evaluated the utility of smaller sets of SSR loci chosen from the 60 loci in assigning the miscellaneous
inbred lines to the dent or flint groups. Importantly, the assignment from the 25 key SSR loci (Set 1) was
as accurate as the full set SSR loci distributed uniformly throughout the maize genome. This means that
only 41.7% of the full set SSR loci need to be examined. It is expected that we can perform more efficient
testcross designs in the breeding programs by selecting the crosses from Set 1 SSR loci in advance.
Moreover, information about mean GS estimates by Set 1 SSR loci will be a useful index for selecting
parent of materials for new dent or flint inbred lines. SENIOR et al. (1998) reported that many of the loci
with significant allele frequency in BSSS and LSC groups were located in regions where QTLs had been
detected for yield heterosis in a B73 × Mo17 cross. In the present study, the region with significant
difference in allele frequency in the dent and flint groups could not be assigned to the region concerning
heterosis for grain yield in the crosses between the dent and flint groups because there is no report of QTL
analysis for it. In the future, QTL analysis for yield traits of dent × flint crosses would provide useful
information in elucidating the mechanisms of heterosis in the crosses between the dent and flint groups.
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Marker-Assisted Breeding in Maize for Cold Regions of Japan
Hiroyuki ENOKI

IV. Mapping of Quantitative Trait Loci Associated with Early Flowering of a
Northern Flint Maize Inbred Line

1. INTRODUCTION

Early flowering has become a key component in the yield of maize in the cold regions (FREI 2000). The
introduction of the Northern flint populations has played a key role in the adaptation of maize to the cold
regions of Japan in chapter II and to most European regions (REBOURG et al. 2003; SOENGAS et al. 2003).
The inbred lines developed from the local varieties of the Northern flint in Japan are early-maturing and
superior in low-temperature germination as well as low-temperature growth (MONMA and OKABE 1985).
However, early-maturing elite dent inbred lines are scarce, because the dent inbred lines are commonly
developed from temperate maize germplasm, and tend to be medium- to late-maturing in the cold regions
of Japan. This situation is limited to use the hybrids between the dent and Northern flint inbred lines. To
overcome this limitation, an efficient method to introduce favorable alleles across the heterotic pattern is
desirable to improve the flowering time of the dent inbred lines using the Northern flint germplasm.
Elucidation of the mechanism of the early flowering of the Northern flint will help us to understand the
maize adaptation to the cold regions and improve the flowering time of the temperate germplasm by MAS.
Every major gene or qualitative gene can be involved in the quantitative type of trait variation and may
behave as a QTL (ROBERTSON 1985). Recently, the candidate gene approach has been applied in plant
genetics for the characterization and cloning of QTLs (PFLIEGER et al. 2001).
The objectives of the present study were to identify the QTLs for the early flowering of an elite Northern
flint inbred line and investigate the relationship between the QTLs and the candidate genes related to
flowering time.
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IV. Mapping of Quantitative Trait Loci Associated with Early Flowering of a
Northern Flint Maize Inbred Line

2. MATERIALS AND METHODS

Plant material
To85, a donor parent of the "early flowering" genes, is a Northern flint inbred line developed in Hokkaido
(N43, E141). Mi29, the recurrent parent, is a late-flowering dent inbred line developed in Kyushu (N31,
E131). One hundred fifty F2:3 lines derived from the cross of Mi29 and To85 were used for QTL analysis

in the present study. The plant materials were developed at NARCH, Sapporo (N43, E141), Hokkaido. The
cross was made in 2001, and unselected F2 plants were self-pollinated in 2002 to produce 150 F2:3 lines. 

Trait evaluation
The parents, the F1 line, and the 150 F2:3 lines were planted at NARCH on 16 May in 2003. The

experimental design involved randomized blocks with two replications, and the plant density was 68,376
plants/ha; 17 plants were 0.195 m apart in each 3.5-m long row spaced at 0.75-m intervals. The fertilizer
application and cultivation regimes were consistent with optimum maize production for this region.
Flowering dates, plant height (PH), and ear height (EH) were measured on a plot basis. Flowering dates
were recorded in terms of accumulated growing degree days in degrees Celsius (CROSS and ZUBER 1972).
The number of accumulated growing degree days (GDD) in ℃ to the pollen shedding date (POL) was
calculated from the date of planting to the date by which 50% of the plants had shed pollen. The GDD to
silking date (SLK) was measured from the date of planting to the date by which 50% of the plants had
silks that had emerged from the primary ear shoot. GDD were calculated using the following formula:
GDD = [(maximum ℃ + minimum ℃)/2] - 10 ℃, where 10 ℃ was used for the minimum temperature
and 30 ℃ was used for the maximum temperature when the actual temperatures exceeded these limits.
After all of the plants had completed their pollen shed, we measured the mean PH and EH for each plot
from 5 competitive plants. PH and EH were measured from the ground level to the node of the tassel and
the node attaching the primary ear, respectively.

Molecular markers
Genomic DNAs were isolated from the seedlings of the 150 F2 plants to produce the F3 lines. The 110

SSR primers used in the present study were from the MaizeGDB. The methods of isolating genomic DNA
and amplifying and detecting SSR markers were described in chapter II. We chose four candidate genes
(an1, d8, vp1, and ck2α) related to flowering traits from the previous reports (BENSEN et al. 1995;
THORNSBERRY et al. 2001; SUZUKI et al. 2001; TAKAHASHI et al. 2001). The primer sites for the
determination of the parents sequences of the candidate genes were determined from published cDNA
sequences (GenBank accession (gb) MZEAN1A, AF413120, ZMVP1MCW, and Y11526, respectively).
An insertion and deletion (InDel) marker used for the detection of the parents' genotype of d8 was



obtained from THORNSBERRY et al. (2001). Two InDel markers and one cleaved amplified polymorphic
sequence (CAPS) marker used for the detection of the parents' genotype of an1, vp1, and ck2α were made
from the partial sequence data of the respective genes. The PCR reactions for the InDel and CAPS markers
were carried out in a DNA Thermal Cycler (BIO-RPOL LABORATORIES, HERCULES, California). The
10-μl reaction mixture consisted of 20 nM of each primer, 1 unit of Taq DNA polymerase (PROMEGA,
CO., INC.), 200 μM of each dNTP, 1 x reaction buffer (10 mM Tris-HCl, 1.5 mM MgCl2, 50 mM KCl,

100 μg mL-1 gelatin: pH 8.3), and 30 ng of template DNA. The reaction began with an initial denaturation
step of 1 min at 96 ℃, then a cycle of 1 min at 96 ℃, 1 min at 54 ℃, and 2 min at 72 ℃ was repeated 30
times. The reactions were then finished with a continuous cycle at 4 ℃ and were stopped with 2 μl of

loading-dye (40 % glycerol, 20 mM EDTA, and 0.6 mg mL-1 bromphenol blue). PCR products of partial
fragments of d8 and an1 were loaded onto 12 % polyacrylamide non-denaturing gels. After the run, the
reaction products were stained with EtBr to make them visible. PCR products of partial fragments of vp1
were loaded onto 1.5 % agarose gels. After the run, these gels were stained with EtBr. After the PCR
procedure, 1 unit of AfaI and 1 μl of buffer (100 mM Tris-HCL pH 7.5, 100 mM MgCl2, 10 mM DTT)

were added to the PCR products of a CAPS marker of ck2α, and a 20-μl final volume was reached by
adding distilled deionized water. The reaction mixture was then incubated at 37 ℃ for 2 h. Digested PCR
products were loaded onto 1.5 % agarose gels. After the run, the reaction products were stained with EtBr
to make them visible.

Linkage analysis
Chi-square analyses were performed on each SSR marker to detect deviations from the expected
Mendelian segregation of a 1:2:1 ratio or a 3:1 ratio. Linkage analysis was performed using
Mapmaker/EXP 3.0 with the Kosambi function (LANDER et al. 1987). QTL analysis was performed using
composite interval mapping with the QTL Cartographer version 2.0 computer program (WANG et al. 2001-
2004). A significant threshold was determined using 1,000 permutations, and an LOD threshold of 3.6 was
established. Additionally, the total percentage of variation accounting for all of the significant QTLs was
determined for each trait in a multiple model.
The genetic effects and percentages of phenotypic variation attributable to individual putative QTLs were
estimated at the peaks of significant regions. Because F2:3 progeny were used for trait evaluation, the

estimates of dominant effects are expected to be reduced by half from heterozygous F2 plants. In this

instance, estimates of dominant effects were doubled in accordance with established procedures (MATHER

and JINKS 1971). Average levels of dominant were calculated as the ratio d/a, where "a" was the additive
effect and "d" was the dominant effect estimated for the F2:3 population. Gene action was determined

based on the average level of dominant by using the criteria of STUBER et al. (1987): Additive (A) = 0-
0.20; partial dominant (PD) = 0.21-0.80; dominant (D) = 0.81-1.20; and over dominant (OD) > 1.20.
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IV. Mapping of Quantitative Trait Loci Associated with Early Flowering of a
Northern Flint Maize Inbred Line

3. RESULTS

Variation of flowering time and plant stature in F3 lines

The parental checks (To85 and Mi29) were significantly different for all traits, with Mi29 having the
greater values. The mean temperature of GDD per day for a pollen shedding date between To85 and Mi29
was 9.6 ℃. The differences in SLK and POL between Mi29 and To85 were 184.1 ℃ and 193.0 ℃,
respectively (Table 10). SLK and POL for the F2:3 lines showed fitted normal distributions, and all F2:3

lines were distributed between the parents (Fig. 4). The coefficients of variation for SLK and POL in the
F2:3 lines were 2.5% and 1.8%, respectively. The mean values of SLK and POL in all F2:3 lines and for F1

were earlier than the mid-parental values of those traits. The differences in PH and EH between To85 and
Mi29 were 22.6 and 35.6 cm, respectively (Table 10). PH and EH for the F2:3 lines showed fitted normal

distributions (Fig. 4). The coefficients of variation for PH and EH in the F2:3 lines were 3.7% and 7.4%,

respectively. The ranges of PH and EH in the F2:3 lines were broader than the parents. The value of PH in

F1 was higher than the mid-parental values, but the mean of the F2:3 lines was smaller than the mid-

parental values. The means of EH in the F2:3 lines and F1 were higher than the mid-parental values. A

high correlation between SLK and POL was found (rp = 0.82**) (Table 11). Significant correlations were

found between SLK and PH, POL and PH, POL and EH, and PH and EH, but those correlations were
lower than that between SLK and POL. 

Linkage map
The 110 SSR markers, 1 CAPS marker, and 3 InDel markers produced the linkage map and were included
in ten linkage groups (Fig. 5). The total length of the map was 1287 cM, with a mean density of 12.4 cM.
The length of the longest gap between two loci, located on chromosome 4, was 26.5 cM. The map was
largely in agreement with the maize consensus genetic map (POLACCO and COE 2002). Only one highly
significant distortion (P < 0.01) from expected segregation ratios was identified at locus bnlg1371 on
chr.6. The loci of the candidate genes an1, d8, and ck2α were located on chr.1 and vp1 was located on
chr.3, respectively.

QTL analysis
The three QTLs for SLK were identified on chr.1, chr.8, and chr.9, and accounted for 48.6% of the total
phenotypic variation (Table 12 and Fig. 5). The four QTLs for POL were identified on chr.1, chr.3, chr.8,
and chr.9, and accounted for 63.7% of the total phenotypic variation. The amount of phenotypic variation
explained by each QTL ranged from 4.9% to 36.0%. To85 alleles at these loci contributed to decreases in
SLK and/or POL. The additive effect of these alleles ranged from -11.1 ℃ to -27.7 ℃ for SLK and from -



10.0 ℃ to -18.5 ℃ for POL. None of the gene actions of the QTLs for SLK and/or POL showed over
dominant. The QTL on chr.8 for SLK explained 36% of the total phenotypic variation. The additive effect
of the To85 allele at this locus was the largest among the three QTLs for SLK and contributed to
decreasing SLK by 27.7 ℃, which was equivalent to about 3 days in Sapporo. The position and gene
action of the QTL on chr.8 for POL were in accordance with the position and gene action for SLK, and
the gene action of To85 alleles at this locus was partially dominant. The QTLs for SLK and POL were
identified at closely linked loci on chr.9. Those QTLs explained 4.9% and 8.1% of the total phenotypic
variation of SLK and POL, respectively, and they were the smallest among the QTLs detected in the
present study. On the other hand, three QTLs on chr.1, and chr.3 were independently identified for SLK or
POL, respectively. The additive effects of the To85 alleles at these loci contributed to decreased the values
of SLK or POL from 11.1 ℃ to 18.5 ℃, which were equivalent to about 1 or 2 days in Sapporo. The 1-
LOD support interval of the QTL on chr.1 for SLK ranged from 129.5 cM to 157.7 cM, which did not
include the locus of d8 (158.8 cM: LOD = 0.2), but included the locus of an1 (140.7 cM). All QTLs for
SLK and POL were completely separated from the loci of vp1 and ck2α.
The two QTLs for PH were identified on chr.3 and chr.4, and accounted for 42.7% of the total phenotypic
variation. The four QTLs for EH were identified on chr.1, chr.3, and chr.9, and accounted for 52.5% of the
total phenotypic variation. The amount of phenotypic variation explained by each QTL ranged from 6.2%
to 23.0%. To85 alleles of QTLs on chr.4 for PH and on chr.1 and chr.9 for EH contributed to increased the
values of PH and EH, respectively. One of the six QTLs for PH and EH was detected in the common
region on chr.3. Their gene action showed over dominant, and the Mi29 allele showed positive effects at
these loci. The QTL on chr.3 for PH was detected at the linked locus of the QTL for POL. However, the
peaks of these QTLs were clearly separated by over 20 cM.
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IV. Mapping of Quantitative Trait Loci Associated with Early Flowering of a
Northern Flint Maize Inbred Line

4. DISCUSSION

The relationships between QTLs and correlated traits
A total of 13 QTLs were detected comprising 6 loci for PH and EH in the present study. The total amounts
of phenotypic variation of the QTLs detected in the present study, ranging from 42.7% for PH to 63.7%
for SLK, were comparable to those in the previous reports (BERKE and ROCHEFORD 1995; VELDBOOM

and LEE 1996; AUSTIN and LEE 1996; RIBAUT et al. 1996). Of these loci defining the QTLs regions, five
were associated with the QTLs for two or more traits. Correlated traits often have common QTLs that are
significantly associated with each trait (PATERSON et al. 1991; ABLER et al. 1991; BEAVIS et al. 1994;
VELDBOOM and LEE 1996). In the present study, SLK was highly correlated with POL (rp = 0.82), and

two QTLs for SLK and POL were detected in common regions. The directions of the additive effect for
the QTLs coincided. These QTLs were probably the main contributors to the high correlation between
SLK and POL.
Flowering time tends to be positively correlated with PH (i.e., taller plants flower later), and the
improvement of flowering time is often attended by a decrease of PH. This is not desirable, because PH is
one of the components related to the yield of silage maize. In the previous reports, the correlation between
flowering time (SLK and POL) and PH varied, ranging from -0.05 to 0.66 (BEAVIS et al. 1994;
VELDBOOM and LEE 1996). In the present study, moderate correlations were found between SLK and PH
and between POL and PH (rp = 0.31, and 0.36, respectively). Only one QTL on chr.3 for POL was

detected at the linked locus of the QTL for PH with a negative effect from the same parent, To85, and
these QTLs may have contributed to the moderate correlation between POL and PH. However, the peaks
of these QTLs were clearly separated, and separation of these QTLs would not be difficult using the
markers linking them. In addition, the peaks of all QTLs for SLK were separated from those of all QTLs
for PH. These results indicated that selection for early flowering and tall plants was possible in this
population, because the major QTLs for the flowering traits contributed little to PH. In other combinations
of traits, high correlations had been found between PH and EH in the previous studies (rp = 0.82;

VELDBOOM and LEE 1996 and rp = 0.90; BEAVIS et al. 1994). BEAVIS et al. (1994) detected four of six

QTLs for PH and EH in common regions. VELDBOOM and LEE (1996) reported that only two of seven
QTLs for PH and EH were detected in common regions, but these two QTLs had large effects. In the
present study, the QTLs on chr.3 for PH and EH with the positive effects from Mi29 were detected in the
common region. The effect of these QTLs was not large (8.0% and 8.1% of the phenotypic variation for
PH and EH, respectively), suggesting that it caused a moderate correlation between PH and EH (rp =

0.35) in the present study.

QTL for flowering time in maize



An important consideration for QTL analysis is whether the locations and effects of the QTLs detected in
one population are observed in other populations. This information provides more genetic and functional
clues to define the characteristic of the QTLs. The region on chr.1, which was associated with the QTL for
SLK in the present study, had been associated with QTLs for SLK in other populations (VELDBOOM and
LEE 1996; AUSTIN and LEE 1996; RIBAUT et al. 1996) and in testcross progeny of F6:8 and F2:3 lines

(AUSTIN et al. 2001). In addition to chr.1, several other regions with the QTLs in the present study had
been associated with flowering time in other populations. The region on chr.1, which was associated with
the QTL for POL in the present study, had been associated with QTLs for POL in another population
(BEAVIS et al. 1994). The region on chr.9 associated with QTL for POL and SLK was previously reported
(VELDBOOM and LEE 1996; RIBAUT et al. 1996; BERKE and ROCHEFORD 1995). These results indicate that
these QTLs will frequently contribute to flowering time in different environments and populations.
The QTL on chr.8 was identified as having the largest effect for SLK in the present study but has not been
reported in other populations such as the dent and European flint. In populations of the Gaspe type
Northern flint, QTLs for the flowering time have been detected on chr.8 (KOESTER et al. 1993; VLADUTU

et al. 1999), and were associated with PH. It is difficult to conclude whether the QTL on chr.8 in the
present study was the same as the QTLs detected in the populations of the Gaspe type Northern flint,
because it is difficult to accurately compare the effects of the QTLs detected in several studies due to the
interaction between genetic and environmental effects. However, the QTL on chr.8 was not associated
with PH in the present study. The present result raises the possibility that the QTL on chr.8 is not the same
as the QTLs on chr.8 that were detected in the populations of the Gaspe type Northern flint.

The candidate genes for flowering time
The information regarding the candidate genes for the QTLs will provide efficient molecular markers,
since recombinations between markers and the QTLs would be absent from these genes (PFLIEGER et al.
2001). The relationship of the InDel and CAPS markers of the genes related to the flowering time was
detected in the linkage analysis. The region on 1L was associated with the QTL for SLK and contained the
locus of the InDel markers of an1. The an1 mutant has been cloned and characterized by BENSEN et al.
(1995). The mutant has a phenotype of an andromonoecious dwarf that responds to gibberellin and has a
delayed flowering time. The id1, a mutation that causes a delay of flowering time (SINGLETON 1946), is
also located on chr.1 near an1 (Polacco and Coe 2002). The region on chr.8 near bnlg1067 was strongly
associated with the flowering time in the present study. The epc1, a mutation that reduces the duration of
the juvenile vegetative phase and causes early flowering, was located on chr.8 near bnlg1067 (0.4cM)
(VEGA et al. 2002). These observations support the relationship proposed by ROBERTSON (1985), in which
alleles with quantitative and qualitative effects reside at the same locus and provide the genetic
information to the candidate genes for the QTL on chr.1 and chr.8, respectively.
The d8 mutant has a phenotype of an andromonoecious dwarf but does not respond to gibberellin
(PHINNEY 1956). THORNSBERRY et al. (2001) reported that the d8 polymorphisms are associated with
differences in flowering time among 92 maize inbred lines, and the 6-bp deletion just downstream from
the SH-2-like domain had a large estimated effect of reducing the flowering time by 7-11 days. However,
the locus of d8 was not significantly associated with SLK and POL in the present study. This result was
surprising, because the polymorphism of the InDel marker of d8 (a 6-bp deletion just downstream from the
SH-2-like domain; THORNSBERRY et al. 2001) was detected in the present study. Recently, CHARDON et



al. (2004) reported that the locus of d8 was not associated with the flowering time in the meta-analysis.
ANDERSEN et al. (2005) also reported that the d8 polymorphisms were not significantly associated with the
flowering time when population structure was considered in the association test in elite European inbred
lines. We could not conclude whether the d8 polymorphism was associated with the flowering time in
maize or not, because QTL mapping provides less precise genetic information than do mutants with
qualitative effects, and the environment in the present study was different from the previous studies. In
order to perform a more precise examination, we are developing NILs for each locus.
In the present study, we detected the QTLs related to the early flowering in the Northern flint inbred line.
All QTLs for the flowering time in the present study are expected to improve the flowering time of the
dent inbred lines bred in the intermediate and warm regions, because they have little effect on plant
stature. In the near future, we will characterize the QTLs for MAS in the breeding programs and
investigate the relationship between the QTLs and the candidate genes in detail using NILs.
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V. GENERAL DISCUSSION

Information on the genetic diversity and relationship among the breeding materials is indispensable for the
maize breeding programs. The maize breeders usually strive to keep and expand the genetic diversity
among the breeding materials. Especially in the cold regions, the genetic diversity is usually restricted by
the cool climate, which shortens the maize growing period. The maize breeders have been attempting to
introduce new elite germplasm, the hybrids and inbred lines bred in the intermediate and warm regions, to
improve the breeding materials in the cold regions. A more convenient method than conventional breeding
methods for introducing these materials is required. The objective of the present study was to develop
marker-assisted breeding, assessing and expanding the genetic diversity using DNA markers, in order to
improve the maize breeding materials in the cold regions of Japan.
The object of chapter II is the selection of SSR loci for the assessment of the genetic diversity and
relationship among the breeding materials adapted to the cold regions of Japan. Recent advances in the
maize genome project have allowed the breeders to easily use SSR loci from the 1,748 SSR map in the
MaizeGDB (SHAROPOVA et al. 2002) for selection procedures. The 60 SSR loci were selected based on the
chromosome position and discrimination ability by the preliminary test. The set of 60 SSR loci was useful
for estimating the GS among the inbred lines, and assessing the genetic diversity and relationship among
the breeding materials with sufficient accuracy. The results in chapter II suggested that the set of 60 SSR
loci will be useful for genome-wide diversity analysis and various views in the maize breeding program.
This analysis will be efficient for monitoring the genetic diversity among the breeding materials. In the
previous reports, there were moderate associations between GS and mid-parent heterosis for yield traits
(SMITH et al. 1990, 2000; MELCHINGER et al. 1992; DHILLON et al. 1993; MARSAN et al. 1998; BARBOSA

et al. 2003). To maintain a high level of heterosis, the breeding materials are requested to keep a high level
of the genetic diversity. The monitoring of the genetic diversity will help the breeders understand the
sequential changes of the genetic diversity in the breeding program, and be alerted against the radical
reduction of the genetic diversity.
In addition, this analysis will be useful for assessing the genetic relationship between the breeding
materials and representative inbred lines. The Northern flint is one of the origins of the European flint
germplasm (FREI 2000). However, the contribution of the Northern flint to establishment of the European
flint germplasm has been unknown. The present result of the analysis revealed that the Northern flint
germplasm was possibly related to the progenitors of the European flint inbred line F283. This result was
surprising, because the Northern flint germplasm has recently had very limited use in the European
breeding programs (FREI 2000). However, after the present study, REBOURG et al (2003) and SOENGAS et
al. (2003) also reported that the introduction of the Northern flints into the Europe made a major
contribution to the germplasm of traditional varieties in most European regions. These results indicated the
contribution of the Northern flint germplasm for expansion of the maize cultivation area in the cold
regions.
In the present study, another European flint inbred line, F2, was found to be dissimilar to the Northern flint



inbred lines bred in Hokkaido. Their progenitors seem to be independent of the Northern flint. This result
suggested that introduction of the European flint germplasm will lead to expansion of the genetic diversity
among the flint breeding materials in Hokkaido. The maize breeders have used the European hybrids to
introduce the European flint germplasm into the breeding materials. However, the inbred lines developed
from the European hybrids (miscellaneous inbred lines) are a mixture of the dent and flint germplasm, and
are difficult to assign. A convenient assignment method for the miscellaneous inbred lines was needed to
introduce the European flint germplasm systematically.
The result of the analysis based on the 60 SSR loci also revealed that the dent inbred lines bred in
Hokkaido were much more similar to the BSSS inbred lines than the LSC inbred lines. This result was
unexpected, because some of them were developed from the U. S. hybrids, and the most widely used
hybrids in the U. S. are crosses between the RYD and LSC inbred lines (HALLAUER 1990; GERDES and
TRACY 1993). These results indicated that the utilization of the LSC inbred lines will be one of the most
effective approaches to expanding the genetic background of the dent breeding materials in Hokkaido. 
The set of 60 SSR loci will be applicable to profiling of the inbred lines. The maize profile will describe
the detailed genetic relationship among the inbred lines. The profile will help the breeders to choose the
testers in the testcross trials. Recently, the inbred lines bred in Hokkaido have been provided to private
seed companies as the parent lines of maize hybrids. These private seed companies have requested detailed
assignment results of the inbred lines. The analysis based on the 60 SSR loci can portray the genetic
relationship and provide detailed assignment results of the inbred lines. The disclosure of the profile of the
inbred lines will promote the utilization of them by the private seed companies.
The analysis based on the 60 SSR loci suggested that the introduction of other germplasm is effective for
improving the breeding materials in the cold regions of Japan. The object of chapter III and chapter IV is
the development of convenient methods to introduce additional germplasm, as well as the European
hybrids and dent inbred lines bred in the intermediate and warm regions using DNA markers.
The object of chapter III is the selection of SSR sets from the 60 SSR loci (full set) in the assignment of
the miscellaneous inbred lines to the dent or flint groups. Predicting hybrid performance has always been a
primary concern in the hybrid breeding programs. The assignment of the inbred lines is useful for avoiding
the intra-group hybrids in which the degree of heterosis expressed is usually poor. The mean GS of the
miscellaneous inbred lines with the dent and flint inbred lines was a reliable criterion for the assignment of
them (MESSMER et al. 1992a). Furthermore, the GS estimates from selected loci with differences in allele
frequency in heterotic groups were significantly correlated with the degree of heterosis for grain yield
(SMITH et al. 2000). In the present study, the 25 key SSR markers (Set 1) were selected based on the
differences in allele frequency in the dent and flint groups. The mean GS with the dent and flint inbred
lines estimated from Set 1 SSR loci will be useful for assigning the miscellaneous inbred lines with
sufficient accuracy. Set 2 SSR loci composed of 14 markers was also selected in the present study. The
accuracy of the assignment from Set 2 SSR loci was low in comparison with those of Set 1 SSR loci, but it
was adequate for the preliminary assignment.
Each of the three SSR sets (full, Set 1 and Set 2) will be applicable to a different process of the breeding
program. Set 2 SSR loci will be suitable for the preliminary assignment for developing lines. The
assignment from Set 1 SSR loci will help the breeders choose the testers for the miscellaneous inbred lines,
when the breeders design testcross trials. After the testcross trials, selected elite inbred lines will be
analyzed by the full set of the SSR loci in order to profile them and monitor the genetic diversity. These
SSR sets will be useful for the systematic introduction of the European germplasm.



The object of chapter IV is the identification of the QTLs for the early flowering of the elite Northern flint
inbred line, To85, and the relationship between the QTLs and the candidate genes related to the flowering
time. A total of 7 QTLs for silking date and pollen shedding date were detected at 5 loci in the present
study. These QTLs for the flowering time will be useful for the improvement of the flowering time of the
dent inbred lines bred in the intermediate and warm regions, because they contributed little to the plant
height, which directly affects the yield of silage maize. The QTL on chr.8 was particularly identified as
having the largest additive genetic effect for the silking date (about 3 days at Sapporo) in the present study
and previous reports (BERKE and ROCHEFORD 1995; VELDBOOM and LEE 1996; AUSTIN and LEE 1996;
RIBAUT et al. 1996). These results suggested that the QTL on chr.8 played a key role in the adaptation of
the Northern flint to the cold regions, and will take a central role in the improvement of the flowering time
of the dent inbred lines in Hokkaido. 
Early flowering is a key component in the yield of maize in the cold regions (FREI 2000). Improvement of
the flowering time of the dent inbred lines bred in the intermediate and warm regions is usually performed
by selfing after direct crossing or by back-crossing with the early inbred lines, including the Northern flint
inbred lines. However, an unexpectedly large donor region was often retained on NIL in the back-crossing
strategy (VLADUTU et al. 1999). This is not desirable in the hybrid breeding programs, because the degree
of heterosis is affected by the genetic similarity between the heterotic groups (MELCHINGER 1999). The
QTLs detected in the present study will lead to MAS for the flowering time. It will be an effective tool for
introducing favorable alleles for the early flowering into the dent inbred lines from the Northern flint
inbred lines across the heterotic pattern.
The identification of the QTLs is important in the elucidation of the mechanism of quantitative traits. The
candidate gene approach has been applied in the plant genetics for the characterization and identification
of QTLs (PFLIEGER et al. 2001). The information from the rice genome studies is useful for the study of
Gramineae including maize, because comparative maps have been constructed between rice and maize
(AHN and TANKSLEY 1993), and the Comparative Map Viewer (CMap tool) allows a user to view and
compare maps between and among the species in GRAMENE (http://www.gramene.org/). In rice, genes
concerning flowering time, Hd1, Hd3a, Hd6, Se5 and Ehd1, have been identified (YANO et al. 2000;
YAMAMOTO et al. 2000; TAKAHASHI et al 2001; IZAWA et al. 2000; DOI et al. 2004). The rice candidate
genes have been located onto the maize genome using a synteny conservation approach based on
comparative mapping between the maize genetic map and japonica rice physical map (CHARDON et al.
2004). This information is useful for choosing the candidate genes of the QTLs for the flowering time in
maize.
In the present study, in order to screen the candidate gene for the early flowering of the Northern flint, the
DNA markers for the candidate genes including the rice gene were used for linkage analysis. The an1 and
id1 were chosen for the candidate genes for the QTL on chr.1, and the epc1 for the QTL on chr.8.
However, no rice candidate genes were located near the QTLs in the present study. Almost all identified
rice genes for the flowering time contribute to the photoperiodic control. However, the maize temperate
cultivars were virtually photoperiod insensitive (BONHOMME et al. 1994). For this reason, the rice
candidate genes for the flowering time were not associated with the QTLs in the present study.
The alternative strategy of the candidate gene approach for identifying the QTLs is a map-based cloning
strategy. It has been thought that the application of map-based cloning to the maize genome studies is
difficult because the maize genome is abundant in highly repetitive regions (SANMIGUEL et al. 1996).
Recently, using the rice genome sequence, a major QTL controlling the differences in fruitcase structure



between maize and teosinte, tga1, was identified by a map-based cloning strategy (WANG et al. 2005).
SALVI et al. (2002) have also attempted to identify the gene for Vgt1 which is the QTL for the flowering
time. Furthermore, the maize genome sequencing in the Maize Genome Project will be completed in 1-2
years (MARTIENSSEN et al. 2004). The maize genome sequence will be a powerful resource for the map-
based cloning strategy as in rice and Arabidopsis, and will make the map-based cloning strategy for the
QTLs in maize laboratories possible in the near future.
In the cold regions of Japan, the maintenance and expansion of the genetic diversity among the breeding
materials are important in the breeding programs. In the present study, the marker-assisted breeding for the
assessment and expansion of the genetic diversity among the breeding materials in the cold regions of
Japan was developed. The SSR marker set selected will be useful for monitoring the genetic diversity,
profiling the inbred lines, and systematically introducing of other elite germplasm such as the European
hybrids. The QTLs detected in the present study will be useful for improving the flowering time of the
dent inbred lines bred in the intermediate and warm regions, in order to introduce them into the breeding
materials in the cold regions of Japan. These tools for marker-assisted breeding will solve the restriction of
the genetic diversity by the cool climate conditions, and lead the breeders to future success in the maize
hybrid breeding for the cold regions of Japan.
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SUMMARY

In the cold regions of Japan, the maintenance and expansion of the genetic diversity among the breeding
materials are important in the maize (Zea mays L.) hybrid breeding programs. The present study was
carried out to develop marker-assisted breeding to accelerate the breeding of excellent maize varieties
adapted to the cold regions of Japan. The objectives of the three studies are to 1) assess the genetic
diversity among the inbred lines adapted to the cold regions of Japan from SSR analysis of the 60 loci
distributed uniformly throughout maize genome, 2) establish an assignment method of the inbred lines
developed from the European hybrids from the mean GS estimates derived from a smaller number of SSR
loci, which were chosen based on the differences in the mean allele frequency between the dent and flint
groups, and 3) identify QTLs for the early flowering of an elite Northern flint inbred line toward
establishment of MAS for the early flowering.
Information on the genetic diversity and relationships among the breeding materials is necessary for the
hybrid maize breeding programs. Simple-sequence repeats (SSR) analysis of the 60 loci distributed
uniformly throughout the maize genome was carried out for 65 inbred lines adapted to the cold regions of
Japan in order to assess the genetic diversity among the inbred lines and assign them to the heterotic
groups. The mean value (0.69) of polymorphic-index content (PIC) for the SSR loci provided sufficient
discrimination ability for the assessment of the genetic diversity among the inbred lines. The correlation
between the genetic similarity (GS) estimates and coancestry coefficient was significant (r=0.70). The
average-linkage (UPGMA) cluster analysis and principal-coordinate analysis (PCOA) for a matrix of the
GS estimates showed that the Northern flint inbred lines bred in Hokkaido were similar to the Canadian
Northern flint inbred line CO12 and the European flint inbred line F283, and the dent inbred lines bred in
Hokkaido were similar to the BSSS inbred lines such as B73. These associations correspond to the known
pedigree records of these inbred lines. The results indicate that the SSR analysis is effective for the
assessment of the genetic diversity among the maize inbred lines and the assignment of the inbred lines to
the heterotic groups.
The maize breeders commonly assign the inbred lines to the groups in order to maintain the high level of
hybrid vigor obtainable from the crosses. The results in chapter II indicated that the GS estimated from the
60 SSR loci was effective for the assignment of the maize inbred lines derived from the European hybrids,
which contain mixtures of the dent and flint germplasm, to the dent or flint groups adapted to the cold
regions of Japan. We evaluated a simplified assignment method using a smaller number of SSR loci. Two
subsets were chosen from the full set of 60 SSR loci distributed uniformly throughout the maize genome.
Set 1 composed of 25 loci and Set 2 composed of 14 loci were chosen based on the difference in allele
frequency (0.4 for Set 1 and 0.5 for Set 2) in the dent and flint groups. The SSR loci of Set 1 and Set 2
carried a total of 176 and 99 alleles among 88 inbred lines, respectively. The numbers of alleles for Set 1
and Set 2 were 38% and 21% of the number of alleles for the full set of SSR loci, respectively. The
assignments from mean GS estimates using Set 1 SSR loci almost all corresponded to the full set of SSR
loci. Furthermore, the assignments of several inbred lines from Set 1 SSR loci were ascertained by the
testcross data. The results indicated that the assignment using Set 1 SSR loci with a similar accuracy to the



full set of the SSR loci is an efficient method in the maize breeding programs.
Flowering time is a trait of interest to the maize breeders because of its importance in the selection of
appropriate parents of hybrids. We detected quantitative trait loci (QTLs) associated with the early
flowering of the Northern flint inbred line, To85, using 150 F2:3 lines derived from a cross of To85 and a

late dent inbred line, Mi29. We used 110 SSR, 1 cleaved amplified polymorphic sequence (CAPS), and 3
insertion and deletion (InDel) markers for 4 candidate genes (an1, d8, ck2α, and vp1) related to the
flowering time in maize in order to construct a framework linkage map. The F2:3 population exhibited a

wide range of variation in growing degree days (GDD), silking (SLK), and pollen shedding (POL). Using
composite interval mapping with an LOD threshold of 3.6, seven QTLs associated with SLK and/or POL
were detected on chr.1, chr.3, chr.8, and chr.9. The region on chr.1 associated with the QTL for SLK
contained the locus of an1. The peak of the QTL on chr.8 with the largest effect for SLK was near
bnlg1067, which was near the locus of epc1. These QTLs did not greatly affect the plant height and/or ear
height. These results provide information that allows us to choose the candidate genes and improve the
flowering time of the maize inbred lines bred in the intermediate and warm regions through marker-
assisted selection.
In the present study, the marker-assisted breeding method for the assessment and expansion of the genetic
diversity among the breeding materials in the cold regions of Japan was developed. This will be useful for
monitoring the genetic diversity, profiling the inbred lines and systematically introducing other elite
germplasm such as the European hybrids and dent inbred lines bred in the intermediate and warm regions.
These tools for the marker-assisted breeding will solve the restriction of the genetic diversity due to the
cool climate conditions, and lead the breeders to the future success in the maize hybrid breeding under the
cold regions of Japan.
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和文要約

雑種強勢を利用した飼料用トウモロコシ育種において、育種材料内の遺伝的多様性に関する情報
は、育種母材の選択、自殖系統のヘテロティックグループへの系列分けおよび組合せ能力検定試
験のテスター選択に不可欠である。さらに、育成自殖系統と代表的な自殖系統との近縁関係に関
する情報は、育成自殖系統内の遺伝的多様性の評価および新たな育種材料の導入の検討に利用で
きる。また、外国や温暖地域で育成された育種材料の導入は、寒地での育種材料の遺伝的多様性
の拡大および改良に有効な方法である。しかし、ヨーロッパＦ1品種由来自殖系統は、デント種
およびフリント種の遺伝子が混在するため、ヘテロティックグループへの系列分けが難しい。ま
た、寒地での育種材料として温暖地域育成デント種の導入には、開花期の改良が必要であるもの
の、デント種には優れた早生系統が極めて少ない。そのため、フリント種から早生性を導入する
ことが望まれている。
本研究では、DNAマーカーによる近縁度解析により、寒地適応型トウモロコシ自殖系統の近縁関
係を解明するとともに、新たな優良育種材料を効率的に導入するため、DNAマーカーによるヨー
ロッパＦ1品種由来自殖系統の効率的系列分け法および温暖地域育成デント種自殖系統の開花期
の効率的改良法を開発することを目的とした。

１） SSRマーカーによる北海道育成寒地適応型トウモロコシ自殖系統間の近縁度解析
寒地適応型トウモロコシ自殖系統間の近縁関係を明らかにするため、染色体上に偏り無く分布す
る60個のSSR（Simple Sequence Repeat）マーカーを選定した。これらのSSRマーカーは、遺伝的
多様性の指標であるPolymorphic-index contentの平均値が0.69と、これまでの報告より高い値を示
した。また、このSSRマーカーセットにより推定した自殖系統間の近縁度と系譜に基づき算出し
た近交係数との間に有意な相関関係を示した （r =0.70**）。以上の結果から、このSSRマーカー
セットは自殖系統間の近縁関係の解析に利用できると考えられた。自殖系統間の近縁関係を明ら
かにするため、推定した近縁度を用い、樹形図（UPGMA）、Principal-coordinate analysisおよび平
均近縁度による解析を行った。いずれの解析方法でも、北海道で育成されたデント種自殖系統と
フリント種自殖系統は明確に分類された。さらに、代表的な自殖系統との近縁関係では、北海道
育成北方型フリント種およびデント種自殖系統は、カナダ育成北方型フリント種CO12およ
びBSSS系列デント種とそれぞれ近縁であった。しかし、北海道育成の両系列の遺伝的多様性は、
代表的なデント種自殖系統より低かった。また、北海道育成自殖系統は、ヨーロッパフリント種
自殖系統F2やLSC系列デント種およびカナダ育成デント種と比較的遠縁であった。したがって、
これらの系列に属する育種材料の導入は、北海道の育種材料の遺伝的多様性の拡大および改良に
有効であると考えられた。ヨーロッパＦ1品種由来自殖系統の近縁度解析の結果は、これまでの
育種経験と一致していたことから、このSSRマーカーセットは、これらの自殖系統の系列分けに
有効な方法であると結論された。

２） ヨーロッパＦ 品種由来自殖系統の系列分けに有効なSSRマーカーセットの選定
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本研究に供試した60個のSSRマーカーによる近縁度解析は、１）の結果からヨーロッパＦ1品種由
来自殖系統 （混在型自殖系統） の系列分けに有効であることが示された。本実験では、より簡
便な系列分け法を開発するため、両系列間での多型の出現頻度の差 （40％および50％） に基づ
き、２つのSSRマーカーセット（セット１およびセット２）を選定した。セット１およびセット
２のSSRマーカー数は、それぞれ25個および14個であった。これらのセットの多型数も60個
のSSRマーカーに比べ、38％および21％と大幅に少なく、60個のSSRマーカーより簡便な解析が
可能だと考えられた。これらのSSRマーカーセットによる系列分けの精度を評価するため、混在
型32自殖系統における系列分けの結果を比較検討した。その結果、セット１による系列分け
は、60個のSSRマーカーに基づく結果にほぼ一致した。セット２による系列分けは、60個
のSSRマーカーに基づく結果とは若干異なる様相を示した。セット１の系列分けでは、混在型4自
殖系統による組合せ能力検定試験の結果ともほぼ一致していたことから、SSRマーカーセット１
による系列分けは、育種的利用の観点から十分な精度を有していると考えられた。

３） 北方型フリント種の早生性に関するQTL解析
フリント種自殖系統の早生性を、効率的にデント種自殖系統に導入するため、早生性に関する選
抜マーカーの開発を目的として実験を行った。本実験では、北方型フリント種の早生系統To85と
デント種の晩生系統Mi29の交雑後代Ｆ2:3150系統を供試した。MaizeGDBに登録されている110個
のSSRマーカー、イネの開花期関連遺伝子の相同遺伝子であるck2αの遺伝子内変異を識別す
るCAPSマーカーおよびトウモロコシで開花期への影響が示唆されているan1 ,d8 およびvp1 の遺
伝子内変異をそれぞれ識別するInDelマーカーを用い、全長1287cM、平均遺伝距離12.4cMの連鎖
地図を作成した。QTL解析は、LOD値の閾値を3.6に設定し、Composite interval mappingにより絹
糸抽出期、雄穂開花期、稈長および着雌穂高について行った。その結果、開花期に関する合計７
つQTLを、第１染色体、第３染色体、第８染色体および第９染色体に検出した。an1 遺伝子およ
びepc 遺伝子の連鎖マーカーbnlg1067の近傍にそれぞれ開花期に関するQTLを検出した。本実験
で検出した開花期に関するQTLについては、いずれも稈長および着雌穂高への大きな影響が認め
られなかった。以上の結果から、本実験で検出した開花期に関するQTLは、温暖地域育成デント
種自殖系統の開花期の改良に利用できるものと考えられた。また、これらの情報は、早生化に関
わるQTLの候補遺伝子を選択する際にも有効であると考えられた。
本研究では、DNAマーカーを利用して寒地適応型トウモロコシ自殖系統内の遺伝的多様性の解明
および拡大に有効な方法を開発した。これらの方法は、遺伝的多様性の経時的調査、自殖系統の
プロファイリングおよび優良な育種材料 （ヨーロッパＦ1品種および温暖地域育成デント種自殖
系統） の導入に利用できる。これらのDNAマーカーを利用した選抜技術の利用は、寒地適応型
飼料用トウモロコシ育種材料の遺伝的多様性の拡大および優良遺伝子の集積を促進し、寒地適応
型優良Ｆ1品種育成に大きく寄与することが期待される。
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Windows QTL Cartographer V2.5_009

Release Date: 18 - MAR - 2011
Shengchu Wang, Christopher J. Basten and Zhao-Bang Zeng 
Program in Statistical Genetics, North Carolina State University

Features

Screenshots

Manual
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References to Methodologies

Support
 
Unpublished New Release (ß-test)

 
Windows QTL Cartographer maps quantitative trait loci (QTL) in cross populations from inbred lines.
WinQTLCart includes a powerful graphic tool for presenting and summarizing mapping results and can import
and export data in a variety of formats. 

WinQTLCart incorporates the modules found in its command-line sibling, QTL Cartographer, and provides a
graphical interface to QTL Cartographer's features.  

What’s new

1.      Add new function: Import – CSV format that can use to create mcd source data file. Sample file
“NSimuB1-01-OnePop.csv” is in folder NCSU\WinQTLCart2.5\Examples.

2.      Add function of score statistics procedures in MIM analysis. 
3.      Updated the User’s Manual (4/16/2010).
4.      Fixed the IM, CIM permutation error.
5.      Fixed errors in result graph display.
6.      Add new information in MIM summary.
7.      Fixed problem in Multiple Trait IM-CIM permutation.
8.      Fixed problem of Category trait MIM new model.
9.      Improved single marker analysis.
10.   More Improvement of MIM summary.
11.   Improved MIM graph display.
12.   Correct error on MIM for RI cross
13.   Correct error on graph display.

Download

 
Updated version of WinQTLCart v2.5.009 released at MAR 18,

2011 
Click the link below to begin downloading.

 
WinQTLSetup25009

 
 

Old Version

WinQTLSetup25008 (01/25/2011)   WinQTLSetup25007 (01/08/2011)  
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http://statgen.ncsu.edu/qtlcart/WinQTLSetup25008.exe
http://statgen.ncsu.edu/qtlcart/WinQTLSetup25007.exe


WinQTLSetup25006 (11/06/2010)   WinQTLSetup25005 (09/10/2010)
WinQTLSetup25004 (08/03/2010)   WinQTLSetup25003 (07/24/2010)  
WinQTLSetup25002 (07/17/2010)   WinQTLSetup25001 (07/13/2010)  
WinQTLSetup25000 (06/26/2010)   WQTLSetup2.50

Please let us know who you are

Please send us an email with your name and company name, and any comments you may have about
WinQTLCart. Knowing who our users are is important to us for the continual development of the software. One
email is enough, rather than one for each upgrade you download. We appreciate hearing from you!
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