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Abstract Maize tassel inflorescence architecture is

relevant to efficient production of F1 seed and yield

performance of F1 hybrids. The objectives of this study

were to identify genetic relationships among seven

measured tassel inflorescence architecture traits and

six calculated traits in a maize backcross population

derived from two lines with differing tassel architec-

tures, and identify Quantitative Trait Loci (QTL) in-

volved in the inheritance of those tassel inflorescence

architecture traits. A Principal Component (PC) anal-

ysis was performed to examine relationships among

correlated traits. Traits with high loadings for PC1

were branch number and branch number density, for

PC2 were spikelet density on central spike and primary

branch, and for PC3 were lengths of tassel and central

spike. We detected 45 QTL for individual architecture

traits and eight QTL for the three PCs. For control of

inflorescence architecture, important QTL were found

in bins 7.02 and 9.02. The interval phi034—ramosa1

(ral) in bin 7.02 was associated with six individual

architecture trait QTL and explained the largest

amount of phenotypic variation (17.3%) for PC1.

Interval bnlg344–phi027 in bin 9.02 explained the

largest amount of phenotypic variation (14.6%) for

PC2. Inflorescence architecture QTL were detected in

regions with candidate genes fasciated ear2, thick tassel

dwarf1, and ral. However, the vast majority of QTL

mapped to regions without known candidate genes,

indicating positional cloning efforts will be necessary to

identify these genes.

Introduction

Maize (Zea mays L.) is a monoecious, naturally out-

crossing species. The historical change from growing

open pollinated varieties to single cross F1 hybrids re-

quired creation of large quantities of two parental in-

breds that are crossed to create sufficient F1 seed for

planting extensive acreages. This process generally in-

volves planting adjacent blocks of four rows of an

inbred that is used as female to produce seed and two

rows of a male that serves as pollinator (Wych 1988).

The female plants are detasseled or are male sterile

and ideally produce large amounts of high-quality seed.

The desirable male parent has a tassel with an inter-

mediate tassel branch angle (TBA) to facilitate pollen

dispersal, and preferably not a very upright TBA. The

male parent should produce a large amount of pollen

that sheds over a few days, not just a single day in order

to synchronize with silk emergence on the female

plant. This generally involves a tassel architecture with

above average spikelet densities and number of long

branches, but other architectures may be satisfactory.

In contrast, the female parent preferably has a very

small tassel with few or no long branches and low-

spikelet densities, so that the plant does not expend

much energy into production of organs that are not

necessary to produce seed (Lambert and Johnson

1977).

Communicated by T. Lübberstedt.
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A primary objective of maize breeders has been

increasing grain yield performance of F1 hybrids. These

efforts have been successful in the last several decades,

but have been associated with a reduction in the size of

tassels on F1 hybrids (Duvick and Cassman 1999).

Older open pollinated varieties and early era F1 hy-

brids have large, extensive tassels that shed pollen over

a relatively long-period of time. In contrast, contem-

porary F1 hybrids have relatively small tassels with few

side branches and in some cases no side branches. The

smaller tassels are likely an indirect response to

selection for higher grain yields. Selection for smaller

tassels reduces energy expended on the tassel and re-

duces shading of the flag and upper leaves (Lambert

and Johnson 1977). However, smaller F1 tassels create

challenges in seed production, since the male parent

needs enough branches and spikelets to produce suf-

ficient pollen to successfully pollinate the female par-

ent. Furthermore, some female parent inbreds have

such small tassels that they have become difficult to

maintain in the breeding nursery, as they may shed

pollen only for one day. These contrasting needs cre-

ates conflicting challenges for plant breeders that wish

to maximize grain yield on F1 hybrids and seed pro-

duction managers that wish to maximize the economic

production of F1 hybrid seed (Wych 1988). In some

cases an inbred used as a male may be associated with

high-grain yield potential in F1 hybrids but not used as

a parent because it does not produce enough pollen.

Thus more information on genetic control of maize

tassel inflorescence architecture that may enable rapid

manipulation of inflorescence architecture in advanced

breeding materials may help address these contrasting

needs.

Research efforts on maize inflorescence architecture

have identified numerous mutants (Neuffer et al.

1997), which provide information on how single genes

can affect inflorescence architecture, with some mu-

tants affecting more than one component of inflores-

cence architecture. A number of genes associated with

these mutants (McSteen et al. 2000) have been cloned

through transposon tagging and recently through

positional cloning (Bortiri et al. 2006). The mutants

provide useful resources for identifying candidate

genes underlying Quantitative Trait Loci (QTL)

(Robertson 1985), and cloned genes enable association

analysis tests (Wilson et al. 2004) to assess relationship

of the gene and quantitative variation in relevant traits.

Successful association tests will enable identification of

favorable alleles that can be efficiently used for allele

specific introgression and selection. These alleles could

be used to rapidly alter inflorescence architecture and

make a line more suitable as a male or female parent.

However, there are a large number of QTL identified

in previous studies (Berke and Rocheford 1995; Mic-

kelson et al. 2002; Upadyayula et al. 2006) that do not

map to mutants and cloned genes. Therefore, QTL

mapping approaches, which identify loci with no

known relevant mutants or cloned genes, provide

useful initial mapping information for new gene dis-

covery efforts. With the present initiative to sequence

the maize genome (MaizeGDB 2006), inflorescence

architecture QTL information will be useful for posi-

tional cloning of the underlying genes.

The experimental design in QTL mapping studies

usually involves measurements of numerous traits,

many of which are correlated. In most cases QTL

analysis is done trait-by-trait. However, using multi-

variate approaches, by taking into account the corre-

lation structure between traits, may increase the power

of QTL detection and will improve the understanding

of the genetic basis of trait correlations (Jiang and

Zeng 1995). Multivariate analysis for multitrait QTL

detection has been proposed by some authors (Jiang

and Zeng 1995; Korol et al. 1995; Weller et al. 1996;

Knott and Haley 2000; Gilbert and LeRoy 2003).

Multivariate analysis, besides being statistically more

appropriate may assist in testing several biologically

important hypotheses, e.g., to distinguish between

linkage and pleiotropy as mechanisms of genetic cor-

relations, or to address the problem of QTL by envi-

ronment interactions (Jiang and Zeng 1995). In this

study, we used principal component analysis (PCA),

one of the most widely used multivariate methods, to

detect QTL associated with sets of tassel architectural

traits.

The central purpose of PCA is to reduce the

dimensionality of a data set consisting of a large

number of correlated variables, while retaining as

much as possible of the variation present in the data set

(Jolliffe 1986). This is achieved by identifying uncor-

related linear combinations of traits, the Principal

Components (PCs), which are derived from the com-

ponents of the eigenvectors of the phenotypic covari-

ance or correlation matrix. The PC scores are

calculated for each experimental unit by applying

characteristic linear combination of traits as indicated

by the respective eigenvector. Thus PCs can be con-

sidered as new uncorrelated traits and could be sub-

jected to genetic analyses and QTL can be identified

underlying their inheritance. PC analysis was used in

this study to dissect genetic networks that regulate

tassel architecture and to increase the power of QTL

detection by reducing multiple hypothesis testing con-

cerns by combining a large set of correlated traits into

fewer PCs. PCA is appropriate for tassel architecture
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data, where most of the traits are correlated (Up-

adyayula et al. 2006). The QTL for PCs potentially

may reveal loci that are more efficient and effective in

marker assisted selection efforts to rapidly alter inflo-

rescence architecture phenotypes than conventional

QTL revealed by single trait analysis.

The objectives of this study were to identify (1)

genetic relationships between a comprehensive set of

tassel inflorescence architecture traits evaluated in a

set of BC1 derived S1 lines (BC1S1) lines derived from

maize cultivars with contrasting tassel characteristics

and (2) QTL involved in their inheritance using uni-

variate and multivariate approaches.

Materials and methods

Genetic materials

Backcross-derived lines were produced from Illinois

High Oil (IHO) and inbred B73. Inbred B73 is a his-

torically important, publicly available inbred line in the

pedigree of many production-oriented inbreds. B73 has

a relatively small tassel with few branches and lower

spikelet densities. The IHO selection strain was

developed by recurrent selection for high-oil content

(Dudley and Lambert 1992, 2004; Lambert 2001) and

has large, highly branched tassels with above average

spikelet densities (Berke and Rocheford 1995). IHO

was selected as a parent as it likely has alleles that

could increase inflorescence architecture traits in a B73

background.

The IHO donor was a single randomly chosen plant

from IHO cycle 90. IHO cycle 90 has a relatively high-

inbreeding level with an inbreeding coefficient of

> 0.82 (Dudley et al. 1974). The IHO90 plant was

crossed with B73 to produce IHO90 · B73 F1. A

single random F1 plant was then backcrossed with B73

to produce BC1 generation. BC1 progeny from a single

ear were self pollinated to produce 150 BC1S1 lines

each line traceable to a single BC1 plant. Plants within

these families were sibmated to produce enough seed

for replicated field evaluation. A sample of the IHO90

strain and the B73 inbred were used in the experiments

as parental checks.

Field evaluations

Field trials were conducted at the University of Illi-

nois Research and Education Center in Urbana, IL.

The experiments were grown in two replicates in

1996, 2001–2003, and included 150 BC1S1 lines along

with ten checks, which included the parental lines as

single entries. Each replicate was randomized as an

32 · 5 a (0,1) design. The 160 lines were grown in

one-row nursery plots, 4.6 m long and 0.76 m apart.

Plots were thinned to 15 plants/row (equivalent to

43,000 plants/ha).

Phenotypic evaluations

Following completion of pollen shed in the plots,

average TBA was visually estimated on 2–3 represen-

tative tassels for each plot, where 0� corresponds to

side branches perpendicular to the central spike and

90� corresponds to side branches parallel to the central

spike. After angle estimates were taken, five random

tassels were harvested from each plot. These samples

were placed in bags and dried in an outdoor forced-air

dryer at approximately 40�C. A set of measurements

were recorded for each dried tassel: total tassel length

(L1), central spike length (L2), tassel branch number

(TBN), and tassel weight (TW). The number of

spikelet pairs was recorded from a 4 cm segment of the

central spike and a 6 cm segment of the lowest side

branch. Branch zone length (L3), and total spikelet

pairs on central spike were calculated from the mea-

sured traits. Several ratios were calculated from this

data, further details regarding measurement and

calculation of traits are described in Table 1 and in

Upadyayula et al. (2006). The terms long-branch

meristem and short-branch meristems refer to the

meristems that give rise to tassel branches and spik-

elets, respectively.

Phenotypic data analyses

Best linear unbiased predictors (BLUPs) of plot means

for all traits across the years were calculated using the

model: yijkl = l + ai +bj(i) +dk(ij) + cl +(ca)il +eijkl,

where yijkl represents the phenotypic mean of a line, ai

the effect of ith year, bj(i) the effect of jth replication in

the ith year, dk(ij) the effect of kth block in jth repli-

cation of ith year, cl the effect of the lth line, (ca)il the

effect of lth family by ith year interaction, and eijkl

represents residual error. All the effects in the model

were considered random, and were performed using

the SAS statistical software package (SAS Institute

2003). Estimates of variance components rg
2(genetic

variance), rge
2 (genotype · environment interaction

variance), and r2 (error variance) of the BC1S1 families

and their standard errors were calculated as described

by Searle (1971, p. 475), using a completely random-

ized design as an incomplete block design was not

efficient. Heritability estimates ðĥ2Þ for the BC1S1

families were calculated on an entry-mean basis as
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described by Hallauer and Miranda (1988):

h
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=re

� �
; where r represents

number of replications and e represents number of

environments. The 90% confidence intervals on ĥ2 were

determined according to Knapp et al. (1985). Pheno-

typic ðrpÞ and genotypic ðrgÞ correlation coefficients

were calculated among the traits based on BLUPs of

BC1S1 families by applying standard procedures (Mode

and Robinson 1959) using PLABSTAT (Utz 2001).

Principal component analysis

Principal component analysis is a linear combination of

the original variables and can be done on the covari-

ance or correlation matrix of the phenotypic data. In

PCA, let
P

represent the covariance or correlation

matrix associated with a set of p phenotypic traits

represented by a vector X¢ = [X1, X2, ..., XP] and let
P

have the eigenvalue–eigenvector pairs (k1, e1), (k2, e2),

..., (kp, ep) where k1 ‡ k2 ‡ ��� ‡ kp ‡ 0. Then the ith

PC is given by Yi = e¢1 X = ei1 X1 + ei2X2 + ���
+ eipXp, where i = 1, 2, ..., p. The percentage of varia-

tion of the original traits explained by each PC is equal

to the associated eigenvalue. We performed PCA on

the phenotypic correlation matrix, obtained from the

BLUPs of all traits, using procedure PRINCOMP in

SAS (SAS Institute 2003). We used PCA to identify

quantitative phenotypes that represent independent

systems of trait variation. For each BC1S1 family PC

scores were obtained by multiplying the eigenvector

matrix with the data matrix of the standardized

BLUPs. The PC scores were regarded as phenotypes

and used to map QTL associated with these PCs.

Quantitative trait loci analysis

A linkage map was constructed with 102 molecular

markers using JoinMap Version 3.0 (Van Ooijen et al.

2001). JoinMap data analysis tools were used to eval-

uate quality of molecular marker data. Data were

screened for segregation distortion and similarity

between markers or individuals and markers were

removed for high level of segregation distortion. The

final map (Fig. 1) had a total genome length of

1,133 centimorgans (cM) and an average interval

length of 12.3 cM between markers. Single trait QTL

mapping was based on BLUP estimates of family

values across environments. The method of Composite

Interval Mapping (CIM) (Jansen and Stam 1994; Zeng

1994) was employed for detecting QTL for each trait

(univariately) and for the first three PCs, using PLA-

BQTL (Utz and Melchinger 1996). The model used for

QTL detection was: yj ¼ aþ biXijþ
P

k 6¼i;iþ1 gkZkj þ ej

whereyj represents the trait value for the individual j, a

represents the intercept of the model, bi represents the

genetic effect of the putative QTL located between

markers i and i+1, Xij represents a dummy variable

taking 1 for QTL genotype AA, 0 for Aa, gk represents

Table 1 List of tassel inflorescence architecture measurements

Trait Abbreviation How measured/calculated

Total tassel length L1 Measured from the non branching node present
below the lowermost primary branch to the tip
of central spike

Central spike length L2 Measured from top branch to tip of central spike
Branch zone length L3 L1–L2; the length from the top branch to the

non-branching node present below the
lowermost primary branch

Tassel weight TW Mass in g of entire dried tassel plus 2 cm from
the non-branching node present below the
lowermost primary branch

Tassel branch angle TBA Average tassel angle estimated in the field for
each family; 0� = side branches are perpendicular
to the central spike, 90� = side branches are parallel
to the central spike

Tassel branch number TBN Number of primary branches
Central spike spikelet pair density CSD Number of spikelet pairs on top 4 cm of central spike
Primary branch spikelet pair density PSD Number of spikelet pairs on top 6 cm of lowermost

primary branch
Total spikelets on central spike TS (CSD · central spike length)/4 cm
Branch number/central spike length TBN/L2 Ratio of branch number to central spike length
Branch number density TBN/L3 Number of branches per cm
Total spikelets on central spike/branch number TS/TBN Ratio of TS to branch number
Branch zone length/central spike length L3/L2 Ratio of branch zone length to central spike length
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the partial regression coefficient of the trait value on

marker cofactor k, Zkj represents dummy variable for

marker k and individual j, taking 1 if the marker has

genotype AA and 0 for Aa, and ej is a residual from

the model. Cofactors, Zkj were selected for each trait

by a stepwise regression procedure (Draper and Smith

1981, p307 ff). Final selection was for the model that

minimized Akaike’s information criterion with penalty

= 3.0. Threshold LOD values for each trait were cal-

culated by performing 1,000 permutations (Churchill

and Doerge 1994) at a genome-wise significance level

of a = 0.30 which corresponds to a comparison-wise

significance of a¢ = 0.0026. LOD curves were created

by scanning every 2 cM of the genome. The pheno-

typic variation accounted for by an individual QTL

(R2) was calculated as the square of the partial cor-

relation coefficient from the final multiple regression

model. This value is the coefficient of determination of

specified QTL, the phenotypic variation explained by

the QTL keeping all the other QTL detected for that

trait fixed (Utz and Melchinger 1996). The proportion

of phenotypic variance explained by all QTL in the

model, with adjustment for the number of terms in

the multiple regression models (adjusted R2) was

calculated according to Hospital et al. (1997). The

percentage of total genotypic variance explained by

the model (adjusted p) was calculated as adjusted R2

divided by heritability (Dudley 1994). Quantitative

trait loci for different traits were declared as potential

‘‘common QTL’’, when they were detected between

the same marker interval.

Results

Phenotypic analysis

The IHO parental check showed a larger tassel than

B73 with more branches (30.0 vs. 8.0), heavier tassel

(8.7 g vs. 2.1 g) and central spike with higher spikelet

density (34.0 spikelet pairs/4 cm vs. 27.8 spikelet pairs/

4 cm) (Table 2). L1 and L2 were similar in both par-

ents. Among the BC1S1 families, transgressive segre-

gation relative to parental checks was observed only

for L1, L2, and central spike spikelet density. The

IHO90 strain is not completely inbred and this may

influence inflorescence trait values and comparisons

with the BC1S1 families.

Fig. 1 Molecular map of maize backcross of (IHO · B73) B73 S1 families
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Phenotypic and genotypic variances were highly

significant (P < 0.01) for all traits. Estimates of r̂2
ge

were significantly (P < 0.01) greater than zero for all

traits. Heritability estimates ðĥ2Þ for directly measured

tassel traits ranged from 0.37 for TBA to 0.66 for

branch number (Table 2). For calculated traits ĥ2

ranged from 0.31 for the total number of spikelet pairs

on central spike to 0.66 for the ratio branch number/L2

(Table 3). Genotypic correlations were significant and

of intermediate magnitude for most trait combinations

(Table 4).

Principal component analysis

Principal Component1 had an eigenvalue (k) of 5.7 and

explained 40% of the total variation present in the

Table 2 Means of parents Illinois High Oil (IHO) and B73, and
150 S1 lines derived from backcross (IHO · B73) B73, along
with estimates of variance components and heritabilities among
BC1S1 families for measured traits, including total tassel length

(L1), central spike length (L2), tassel branch number (TBN),
central spike spikelet pair density (CSD), primary branch
spikelet pair density (PSD), tassel branch angle (TBA), and
tassel weight (TW) measured in three or four environments

Table 3 Means of parents Illinois High Oil (IHO) and B73, and
150 S1 lines derived from backcross (IHO · B73) B73, along
with estimates of variance components and heritabilities among
BC1S1 families for calculated traits, including branch zone length
(L3), total spikelet pairs on central spike (TS), ratio of primary

tassel branch number to central spike length (TBN/L2), primary
branch density (TBN/L3), ratio of short-branch meristems to
long-branch meristems (TS/TBN), and ratio of branch zone
length to central spike length (L3/L2) measured in three or four
environments

Parameters Entries (no) L1a (cm) L2 (cm) TBN (no) CSDb (no) PSD (no) TBA (degrees) TW (g)

Meansc

IHO 1 29.9 ± 0.15 16.0 ± 2.59 30.0 ± 7.55 34.0 ± 4.24 24.7 ± 0.21 25.0 ± 7.07 8.68 ± 2.51
B73 1 27.8 ± 2.48 18.8 ± 2.27 8.05 ± 0.65 27.8 ± 1.70 13.1 ± 2.09 72.0 ± 7.07 2.14 ± 0.23
BC1S1 150 32.2 ± 0.87 22.3 ± 0.74 10.6 ± 0.89 26.9 ± 1.76 13.6 ± 0.97 61.5 ± 3.92 3.00 ± 0.25

Variance components (BC1S1 lines)
r̂2

g 0.84 ± 0.19** 0.58 ± 0.13** 1.52 ± 0.27** 1.90 ± 0.63** 0.63 ± 0.20** 8.87 ± 3.05** 0.08 ± 0.02**

r̂2
ge 0.80 ± 0.24** 0.60 ± 0.17** 1.36 ± 0.23** 2.66 ± 0.89** 0.25 ± 0.30** 23.9 ± 4.05** 0.11 ± 0.02**

r̂2 4.47 ± 0.27** 3.18 ± 0.19** 3.55 ± 0.21** 13.3 ± 0.91** 5.20 ± 0.35** 44.4 ± 2.99** 0.29 ± 0.02**

Heritability (BC1S1 lines)
ĥ2 0.52 0.51 0.66 0.38 0.40 0.37 0.57
90% C.I. on ĥ2 (0.38 ; 0.63) (0.36 ; 0.62) (0.55 ; 0.74) (0.17 ; 0.53) (0.20 ; 0.54) (0.16 ; 0.52) (0.43 ; 0.67)

a L1, L2, TBN, and TW were measured in four environments: 1996, 2001–2003
b CSD, PSD, and TBA were measured in three environments: 2001–2003
c Standard errors are attached

Parameters Entries (No) L3a (cm) TSb (cm) TBN/L2 (cm–1) TBN/L3 (cm–1) TS/TBN L3/L2

Meansc

IHO 1 14.0 ± 2.70 169.9 ± 22 2.14 ± 0.92 2.21 ± 0.28 10.2 ± 2.69 1.02 ± 0.42
B73 1 9.04 ± 1.03 152.8 ± 13 0.44 ± 0.07 0.90 ± 0.06 21.9 ± 0.68 0.50 ± 0.07
BC1S1 150 9.90 ± 0.56 153.1 ± 11 0.49 ± 0.05 1.09 ± 0.10 15.8 ± 1.83 0.45 ± 0.03

Variance components (BC1S1 lines)
r̂2

g 0.39 ± 0.08** 52.7 ± 22.1** 0.00d ± 0.00**e 0.01 ± 0.00** 2.19 ± 0.69** 0.00 ± 0.00**

r̂2
ge 0.34 ± 0.10** 71.0 ± 35.4** 0.00 ± 0.00** 0.01 ± 0.00** 3.50 ± 0.95** 0.00 ± 0.00**

r̂2 1.83 ± 0.11** 575.8 ± 39.6** 0.01 ± 0.00** 0.04 ± 0.00** 13.1 ± 0.93** 0.01 ± 0.00**

Heritability (BC1S1 lines)
ĥ2 0.55 0.31 0.66 0.50 0.40 0.57
90% C.I. on ĥ2 (0.41; 0.65) (0.08; 0.47) (0.55; 0.74) (0.34; 0.61) (0.20; 0.54) (0.44; 0.67)

a L3, TBN/L2, TBN/L3, and L3/L2 were calculated in four environments: 1996, 2001–2003
b TS and TS/TBN were calculated in three environments: 2001–2003
c Standard errors are attached
d Varaince was less than 0.01
e Standard error less than 0.01
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dataset. For PC1 the loadings of TBN, TBN density,

the ratio of short-branch meristems (spikelets) to long-

branch meristems (tassel branches), and ratio of TBN

to L2 were substantial (i.e., –0.30 > loadings > 0.30,

Table 5). PC2 accounted for 25% of the variation and

had a k of 3.5. For PC2 the loadings of spikelet density

on central spike, primary (long) branch spikelet den-

sity, and total spikelets on central spike (TS) were also

substantial. The k of PC3 was 2.4, and PC3 explained

17% of the variation. The loadings of L1, L2, and TW

were the highest in this group.

Single trait quantitative trait loci analysis

Two QTL explaining a total of 40.5% of r̂2
g on chro-

mosomes 5 and 7 were found to affect primary TBN

(Table 6). The QTL in bin 7.02 explained 16.7% of r̂2
p;

whereas the other in bin 5.06 explained 14.3% of r̂2
p:

Four QTL explaining a total of 63.1% of r̂2
g on chro-

mosomes 1, 2, 4, and 9, were detected for spikelet pair

density on central spike. Four QTL involved in inher-

itance of spikelet pair density on primary branches

were identified on chromosomes 1, 4, 5, and 9 and

explained a total of 64.4% of r̂2
g: The QTL in bin

9.02 accounted for 13.5% of r̂2
p while the other QTL

explained between 8.2 and 9.4% of r̂2
p:

The QTL model for TW included six QTL on

chromosomes 1, 3–5, 7, and 9 and accounted for 72.3%

of total r̂2
g: The QTL in bin 7.02 explained 13.3% of r̂2

p

while the other QTL explained between 8.0 and 12.7%

of r̂2
p: Two QTL were detected for TBA on chromo-

somes 5 and 9 and explained 39.5% of r̂2
g: For L1,

we found five QTL on chromosomes 1, 4–7, which

Table 4 Phenotypic (rp, upper diagonal) and genotypic (rg, lower diagonal) correlation coefficients among tassel characteristics
calculated in a population of 150 S1 families derived from backcross (IHO · B73) B73

Traits

L1 L2 L3 TBN TBA TW CSD PSD TS TS/TBN TBN/L2 TBN/L3 L3/L2

L1 0.78** 0.55** 0.07 –0.06 0.36** –0.34** –0.18* 0.12 0.01 –0.21* –0.30** 0.09
L2 0.79b –0.09 –0.24** –0.13 0.29** –0.18* –0.10 0.39** 0.39** –0.54** –0.22** –0.54**
L3 0.47b –0.16 0.46** 0.06 0.20* –0.33** –0.16* –0.35** –0.55** 0.42** –0.20* 0.88**
TBN 0.11 –0.27a 0.63b –0.35** 0.56** 0.15 0.29** 0.02 –0.81** 0.94** 0.78** 0.49**
TBA –0.11 –0.20 0.12 –0.52b –0.37** –0.32** –0.22** –0.37** 0.07 –0.23** –0.42** 0.10
TW 0.39a 0.35a 0.08 0.61b –0.59b 0.13 0.33** 0.28** –0.27** 0.37** 0.45** 0.04
CSD –0.57b –0.18 –0.76b 0.14 –0.80b –0.03 0.51** 0.83** 0.33** 0.21* 0.41** –0.21*
PSD –0.26a –0.03 –0.41a 0.58b –0.52b 0.57b 0.62b 0.40** –0.03 0.30** 0.45** 0.09
TS –0.04 0.43a –0.78b –0.06 –0.88b 0.12 0.81b 0.50b 0.54** –0.11 0.25** –0.49**
TS/TBN –0.11 0.35b –0.87b –0.85b 0.00 –0.38b 0.28 –0.31a 0.54b –0.84** –0.49** 0.66**
TBN/L2 –0.20a –0.57b 0.61b 0.95b –0.37a 0.42b 0.23a 0.56b –0.18 –0.86b 0.74** 0.62**
TBN/L3 –0.12 –0.17 0.08 0.83b –0.70b 0.66b 0.62b 0.98b 0.43a –0.46b 0.77b –0.07
L3/L2 0.03 –0.59b 0.90b 0.58b 0.19 –0.09 –0.56b –0.30a –0.86b –0.84b 0.73b 0.13

*, ** Phenotypic correlation was significant at the 0.05 and 0.01 probability level, respectively
a,b Genetic correlation exceeded one or two times its standard error, respectively

L1 total tassel length, L2 central spike length, L3 branch zone length, TBN tassel branch number, TBA tassel branch angle, TW tassel
weight, CSD central spike spikelet pair density, PSD primary branch spikelet pair meristem density, TS total spikelets on central spike,
TS/TBN total spikelets on central spike/branch number, TBN/L2 branch number/central spike length, TBN/L3 primary branch density,
and L3/L2 branch zone length/central spike length

Table 5 Parameters associated with the first three PCs and their
loadings

Parameter PC1 PC2 PC3

Eigenvalue (k) 5.7 3.5 2.4
Total variation (%) 40.0 25.0 16.5
Heritability ðĥ2Þa 0.13 0.30 0.11
Trait loadings
Total tassel length 0.00 0.00 0.62
Central spike length –0.16 0.15 0.55
Branch zone length 0.26 –0.30 0.25
Tassel branch number 0.40b 0.11 0.00
Tassel branch angle –0.17 –0.27 –0.12
Tassel Weight 0.25 0.25 0.32
Central spike spikelet density 0.00 0.38 –0.28
Primary branch spikelet density 0.13 0.32 –0.13
Total spikelets on central spike 0.00 0.46 0.00
Ratio of total spikelets on

central spike to branch
number

–0.38 0.11 0.00

Ratio of branch number to
central spike length

0.46 0.00 0.00

Tassel branch number density 0.33 0.27 0.00
Ratio of branch zone length to

central spike length
0.23 –0.25 0.00

a Heritability of PCs were calculated by performing PCA on
correlation matrix of plot means of each replicate
b PC loadings larger than 0.30 and smaller than –0.30 were
regarded as substantial
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explained 50.9% of total r̂2
g: The QTL in bin 1.10

explained 13.8% of r̂2
p; whereas the other QTL

explained between 5.2 and 10.0% of r̂2
p: Two QTL on

chromosomes 3 and 10 were identified for L2 and they

explained a total of 13% of r̂2
g:

Among the calculated traits, we identified four

QTL on chromosomes 2, 4, 8, and 9 for total spikelet

pairs on central spike, which explained a total of

82.8% of r̂2
g (Table 7). Four QTL explaining a total of

66% of r̂2
g on chromosomes 1, 4, 7, and 8 were

detected for L3. The LOD scores ranged from 3.42

in bin 4.09 to 12.66 in bin 7.02. The latter QTL

explained 28.3% of r̂2
p; while the other QTL explained

between 8.4 and 12.8% of r̂2
p: For the ratio short-

branch meristems to long-branch meristems three

QTL on chromosomes 4, 6, and 7 were identified,

which explained a total of 56.1% of r̂2
g: For the ratio

branch number to L2, we detected two QTL on

chromosomes 5 and 7, each explaining 12.0 and 17.2%

of r̂2
p; respectively. For primary branch number den-

sity three QTL explaining a total of 55.1% of r̂2
g were

found on chromosomes 3, 5, and 8.

Comparison across traits

Based on marker intervals, QTL of all 13 traits can be

summarized as 24 different QTL regions, 11 of which

were common for two or more traits (see Fig. 2). The

Table 6 Parameters associated with QTL for primary tassel traits estimated from 150 S1 families derived from backcross (IHO · B73)
B73

Trait Bina QTL Positionb Marker interval Support interval LOD QTL effectc Partial R2d

Total tassel length 1.10 134 umc106–bmc1671 122–136 3.13 0.46 cm 13.8
4.05 42 umc1662–umc2284 36–46 5.22 0.28 cm 5.5
5.02/5.03 94 phi113–p150018 84–98 4.10 0.30 cm 6.3
6.06/6.07 164 dup015–umc62 154–164 3.20 –0.26 cm 5.2
7.02 24 gl1–dup009 20–28 4.69 –0.42 cm 10.0

Pe = 50.9%
Central spike length 3.05/3.06 38 n204–bmc1047 30–44 4.47 –0.29 cm 4.5

10.02 22 bmc1451–phi059 16–34 3.72 0.29 cm 5.5
P = 13.0%

Tassel branch number 5.06/5.07 166 p200531–phi048 158–168 4.63 –0.83(#) 14.3
7.02 0 phi034–ra1 0–4 6.19 –0.82(#) 16.7

P=40.5%
TBA 5.04 102 co7bo2cd–p100014 96–110 6.12 1.28� 11.2

9.02/9.03 36 bnlg244–phi037 20–42 2.67 1.04� 8.1
P=39.5%

Tassel Weight 1.10 128 umc106–bmc1671 116–136 4.53 0.16 g 12.7
3.07/3.06 60 bmc1605–bnlg197 58–76 4.25 –0.14 g 11.2
4.03 0 bmc1126–nc004c 0–4 3.40 –0.11 g 8.0
5.06/5.07 168 p200531–phi048 160–168 3.90 –0.14 g 10.0
7.02 0 phi034–ra1 0–2 6.38 –0.17 g 13.3
9.02 30 phi017–bnlg244 18–42 4.14 –0.15 g 10.7

P=72.3%
Central spikelet pair density 1.06 40 n279–umc67 36–54 5.14 –0.45(#) 9.6

2.04 10 phi083–umc14 0–20 5.08 0.45(#) 7.5
4.08 92 n410–bnlg292 86–98 3.28 0.40(#) 7.7
9.02 34 phi017–bnlg244 28–40 3.79 –0.44(#) 9.5

P=63.1%
Primary branch spikelet

pair density
1.05/1.06 34 umc167–n279 26–40 5.32 –0.25(#) 8.2
4.05 42 umc1662–umc2284 36–50 4.03 –0.25(#) 8.7
5.04 104 co7bo2cd–p100014 94–116 3.16 –0.28(#) 9.4
9.02/9.03 38 bnlg244–phi027 34–46 4.69 –0.32(#) 13.5

P=64.4%

a Bin number of left flanking marker, taken from Maize GDB
b QTL position in cM from the top of the chromosome as calculated by PLABQTL
c The additive effect of each QTL is calculated as the average effect of substituting the allele from parent P1 (B73) by the allele from
P2 (IHO). Therefore, positive values indicate that B73 carries the allele for an increase in the trait, and negative values indicate that
IHO contributes the alleles for an increase in the trait
d Proportion of phenotypic variation accounted for each QTL calculated by multiple regression in PLABQTL
e Proportion of adjusted genotypic variation explained by the final model
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interval phi034-ra1 on chromosome 7 was significantly

associated with six traits: branch number, L3, ratio L3

to L2, ratio branch number to L2, ratio TS to branch

number, and TW. Central spike spikelet density, TS,

the ratio TS to branch number, and the ratio L3 to L2

shared a common QTL on chromosome 4. Two marker

intervals on chromosome 5 (co7bo2cd–p100014 and

p200531–phi048) were each significant for three dif-

ferent traits. The interval co7bo2cd–p100014 was sig-

nificant for TBA, primary branch spikelet density, and

primary branch number density while the interval

p200531–phi048 was significant for branch number, the

ratio branch number to L2, and TW. On chromosome 9

common QTL were detected for central spike spikelet

density, TS, and TW in marker interval phi017–

bnlg244.

Principal component quantitative trait loci analysis

We found QTL for the first three PCs (Table 8). For

PC1, we identified two QTL on chromosomes 4 and 7.

The QTL in bin 7.02 explained 17.3% of r̂2
p; while

the other two QTL explained 6.9% of r̂2
p: For PC2

we detected four QTL on chromosomes 4, 5, 8, and

9. The QTL in bin 9.02 explained 14.6% of r̂2
p; whereas

the other QTL explained between 6.8 and 11.0% of r̂2
p:

Two QTL on chromosomes 1 and 2 were detected for

PC3, which explained 9.7 and 2.6% of r̂2
p; respectively.

Discussion

Our analyses revealed relationships among different

inflorescence architecture traits, which is relevant to

efforts for manipulating multiple traits. Tassel branch

angle is a tassel architecture trait that influences pollen

dispersal. We observed significant negative correla-

tions between TBA and branch number, central spike

spikelet density, and primary branch spikelet density.

We also observed negative correlations between TBA

and TBN, central spike spikelet density, and primary

branch spikelet density in the (ILP · B73) B73 pop-

Table 7 Parameters associated with QTL for calculated tassel traits estimated from 150

Trait Bina QTL Positionb Marker interval Support interval LOD QTL effectc Partial R2d

Branch zone length 1.10 136 umc106–bmc1671 128–136 4.37 0.27 cm 12.8
4.09 94 bnlg292–umc1101 88–100 3.42 –0.23 cm 8.4
7.02 0 phi034–ra1 0–4 12.66 –0.44 cm 28.3
8.02/8.03 18 n260–bmc2235 8–28 3.59 0.27 cm 10.8

Pe = 65.3%
Total spikelet pairs on

central spike
2.04 6 phi083–umc14 0–18 3.61 2.18(#) 7.3
4.08 92 n410–bnlg292 86–100 2.99 2.11(#) 8.4
8.03/8.05 58 bmc1834–umc1130 48–66 3.07 –2.14(#) 7.0
9.02 34 phi017–bnlg244 28–40 3.02 –2.30(#) 9.9

P = 82.8%
Short branch mersitems/

long branch meristems
4.08 92 bmc2244–n410 88–98 6.76 0.65 14.9
6.05 146 phi129–dup015 122–152 2.68 –0.35 5.0
7.02 0 phi034–ra1 0–6 3.77 0.50 10.2

P = 56.1%
Branch number/central

spike length
5.06/5.07 164 p200531–phi048 156–168 4.25 –0.04 cm–1 12.0
7.02 2 phi034–ra1 0–6 7.10 –0.04 cm–1 17.2

P = 52.2%
Primary branch density 3.08 90 n432–n457 80–102 2.72 –0.04 6.1

5.04 100 co7bo2cd–p100014 96–106 4.52 –0.05 8.0
8.03/8.05 50 bmc1834–umc1130 44–60 3.07 –0.04 6.1

P = 55.1%
Branch zone length/central

spike length
4.08 92 n410–bnlg292 88–100 3.40 –0.10 9.1
7.02 2 phi034–ra1 0–6 9.24 -0.03 24.1
8.02 22 bmc2235–umc103 6–30 3.18 0.01 7.6
10.02 22 bmc1451–phi059 10–32 2.71 –0.01 7.2

P = 55.8%

a Bin number of left flanking marker, taken from Maize GDB
b QTL position in cM from the top of the chromosome as calculated by PLABQTL
c The additive effect of each QTL is calculated as the average effect of substituting the allele from parent P1 (B73) by the allele from
P2 (IHO). Therefore, positive values indicate that B73 carries the allele for an increase in the trait, and negative values indicate that
IHO contributes the alleles for an increase in the trait
d Proportion of phenotypic variation accounted for each QTL calculated by multiple regression in PLABQTL
e Proportion of adjusted genotypic variation explained by the final model
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Fig. 2 Chromosomal
positions of univariate QTL
are right of chromosome
and PC QTL are left of
chromosome for the 150 S1

families derived from
(IHO · B73) B73. Each
chromosome is divided into
bins, with the first bin being
bin 0. QTL congruent with
(ILP · B73) B73 S1

population (based on same
bin) are left of chromosome
indicated by bold and
underlined letters. L1 total
tassel length, L2 central spike
length, L3 branch zone
length, TBN tassel branch
number, TBA tassel branch
angle, TW tassel weight, CSD
central spike spikelet pair
density, PSD primary branch
spikelet pair meristem
density, TS total spikelets on
central spike, TS/TBN total
spikelets on central spike/
tassel branch number, TBN/
L2 tassel branch number/
central spike length; TBN/L3
primary branch number
density, and L3/L2 branch
zone length/central spike
length

Table 8 Parameters associated with QTL for the first three PCs, derived from all the 13 tassel traits, estimated from 150

Principal
Component

Bina QTL Positionb Marker interval Support interval LOD Partial R2c

PC1 4.09 96 bnlg292–umc1101 92–108 2.53 6.9
7.02 2 phi034–ra1 0–6 8.19 17.3

PC2 4.06 44 umc2284–bmc2291 38–50 3.67 6.8
5.04/5.06 128 p100014–p200531 118–138 6.02 7.5
8.03 54 bmc1834–umc1130 44–64 2.90 11.0
9.02 36 bnlg244–phi027 30–40 5.59 14.6

PC3 1.10 130 umc106–bmc1671 114–136 4.95 9.7
2.08 40 n298–phi127 38–40 3.45 2.6

a Bin number of left flanking marker, taken from Maize GDB
b QTL position in cM from the top of the chromosome as calculated by PLABQTL
c Proportion of phenotypic variation accounted for each QTL calculated by multiple regression in PLABQTL
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ulation (Upadyayula et al. 2006). However, this cor-

relation could be expected in part due to architecture

similarities in both donor parents ILP and IHO. These

cultivars are characterized by lower TBAs (ILP, 32�
and IHO, 25�) with numerous branches (ILP, 21.5 and

IHO, 30.0) and high-spikelet density on central spike

(ILP, 33.53 and IHO, 34.0) and primary branches (ILP,

21.7 and IHO, 24.7). This is in contrast to B73 that has

upright tassels, fewer branches and lower spikelet

densities (Table 2).

For most QTL experiments, multiple correlated

traits are under study, and results often suggest that

several traits are influenced by the same or linked loci.

Most breeding programs strive to improve several

traits simultaneously. Identification of QTL influencing

multiple traits could increase the efficiency of marker

assisted selection and enhance genetic progress. Mul-

tivariate approaches have been proposed by several

authors to increase the power of QTL detection and to

test hypotheses involving multiple traits (Jiang and

Zeng 1995; Korol et al. 1995). Although multivariate

approaches have several advantages over univariate

analysis care should be taken not to include too many

traits in the model. In multivariate analysis, a set of

parameters is estimated for each trait. Thus when the

number of traits in the model increases, so does the

number of parameters to be estimated and as a result

the power and precision of multivariate analysis de-

creases (Stearns et al. 2005). However, PCA allows for

multiple traits to be analyzed without an increase in the

number of parameters to be estimated as traits are

combined into single orthogonal PCs that can be ana-

lyzed with univariate methods.

Based on inspection for the highest loading values

for individual traits within PCA, variation of tassel

architecture can be partially classified into three major

groups: (1) long-branch meristems (tassel branches),

(2) short-branch meristems (spikelets), and (3) tassel

lengths. PC1 appears to largely represent variation in

number of long-branch meristems and ratios with

short-branch meristems, L2 and L3 (Table 5). The

interval phi034-ra1 on chromosome 7 (bin 7.02) ex-

plained 17.3 of rp
2 for PC1. This interval, as expected,

was also significant for individual traits: branch number

(explaining 16.7% of rp
2), ratio of short-branch meris-

tems to long-branch meristems (explaining 10.2% of

rp
2), L3 (explaining 28.3% of rp

2), ratio of branch

number and L2 (explaining 17.2% of rp
2), and TW

(explaining 13.3% of rp
2). Expression of ramosa1 (ra1)

is known to impose short-branch meristems as long-

branch meristems are initiated (Vollbrecht et al. 2005),

making ra1 a logical candidate gene for regulating the

quantitative transition from long-branch meristems to

short-branch mersitems, which would effect a number

of inflorescence architecture traits. However, the peak

of the QTL in all estimates for all significantly associ-

ated traits is at or near phi034 and the confidence

interval of the QTL in all cases does not encompass

ra1. Further research is warranted to identify the gene

or genes underlying the QTL in the phi034-ra1 interval.

A larger population size and/or a random mated pop-

ulation will increase precision of QTL mapping (Laurie

et al. 2004). A complementary approach to identify the

causal gene(s) will be to perform association analysis

(Remington et al. 2001) using ra1 and other putative

candidate genes located in this interval.

Quantitative trait loci were detected for PC2, which

were largely involved in production of short branch

meristems. The QTL with largest effects for PC2 was

detected in bin 9.02, explaining 14.6% of r2
p. We de-

tected QTL for several traits in another mapping

population (Upadyayula et al. 2006) in the same region

and, therefore, suspect that this region might be

important for tassel inflorescence architecture. The

interval umc2284–bmc2291 on chromosome 4 (bin

4.06) explained 6.8% of rp
2. These markers flank the

fasciated ear2 (fea2) locus. Plants carrying the fea2 al-

lele develop larger meristems during inflorescence and

floral shoot development and have a more prominent

ear inflorescence, suggesting that fea2 normally acts to

limit the extent of growth of all meristem types

(Taguchi-Shiobara et al. 2001). Fea2 also maps to the

location of a QTL for TBN (Upadyayula et al. 2006)

and seed row number, a measure of the number of

vertical rows of seed on the ear (Veldboom and Lee

1994). Hence, it is potentially possible that non-mutant

allelic variation at fea2 could be manipulated to alter

ear and tassel inflorescence architecture.

We detected QTL for PC2 in bins 4.06, 5.04–6, and

for PC3 in bin 2.08 but we did not detect QTL in these

intervals for any of the individual traits. Perhaps these

QTL were detected because of increase in power of

detection and these QTL might be involved in more

overall regulation of short-branch meristems. The

identification of ‘‘PC exclusive QTL’’ supports our

approach to identify genomic regions that might be

involved in regulation of multiple traits, which could

not be detected using trait-by-trait analysis. The QTL

for PC3 in bin 2.08 did not have any individual trait

QTL in this bin or adjacent bins, notably the QTL

identified for PC2 were close to some individual trait

QTL, with one marker in common with individual trait

intervals. The PC2 QTL in bin 4.06 (umc2284–

bmc2291) is close to QTL for L1 and primary branch

spikelet pair density (umc1662–umc2284). The PC2

QTL in bin 5.04–6 is close to QTL for TW and branch
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number to L2 ratio (p200531–phi048) and a QTL for

primary branch density (co7bo2cd–p100014). There-

fore, information from both individual trait and PC

QTL analysis should be considered collectively in

future use of these results.

One useful aspect of QTL mapping is the congruency

of QTL positions across different populations. We

compared our QTL results with our previous study

(Upadyayula et al. 2006) involving a similar set of tassel

traits in (ILP · B73) derived mapping population.

Both donor parents, ILP and IHO, originated from the

same open pollinated cultivar ‘Burr’s White’ and from

90th cycle of Illinois Long-Term selection (Dudley and

Lambert 1992). However, they were selected for low

protein and high-oil concentrations, respectively, and

indirect selection or genetic drift resulted in some dif-

ferences in tassel architecture. The criterion of over-

lapping bin regions used by Tuberosa et al. (2002) was

used to declare the QTL congruent between popula-

tions for a specific trait. Two QTL in bins 5.04 and 9.02

were common for TBA and tassel branch spikelet

density in both the populations (see Fig. 2). This sug-

gests that TBA and tassel branch spikelet density may

have common genetic control at these loci, which is

supported by significant genetic correlations in both

populations. The thick tassel dwarf1 (td1) mutant,

which is associated with increased spikelet density on

the main rachis and primary branches (Bommert et al.

2005) maps to bin 5.04 and provides a logical candidate

gene for the spikelet density QTL in this bin. We

observe common QTL in bin 3.07 for TW and for ratio

of short-branch meristems to long-branch meristems in

bin 4.08. The correspondence of these QTL in two

populations strengthens the likelihood that these

regions control variation for the respective traits, and

that they function in more than one genetic back-

ground. Since a small percentage (16.67%) of QTL was

in common between the two populations, we speculate

that genetic control of the tassel architecture may be

different between ILP and IHO. This finding is in

despite of the two strains originating 90 cycles earlier

from the same common source population, Burr’s

White. However, one major bottleneck for comparing

QTL across populations or to perform a QTL meta-

analysis is the commonalty of markers used in various

mapping populations. In order to overcome this prob-

lem and to unlock the potential of QTL meta-analysis

for candidate gene identification, development of a more

useful set of highly polymorphic and well-distributed

molecular markers is warranted.

We detected a number of QTL in this study, some

influencing a single tassel inflorescence architecture

trait and others influencing more than one architecture

trait. The number of inflorescence architecture traits

influenced by a QTL appears related to the timing of

expression of the QTL during inflorescence develop-

ment relative to the structural organization of the tas-

sel. For example the QTL in the bin 7.02 region

influences branch number, so it is not surprising that it

also influences ratio of L3 to L2, and ratio of TS to

branch number. Some QTL map to chromosome re-

gions with logical candidate genes, such as fea2, td1,

and ral. However, most of the QTL do not map to

known mutant loci, yet, these QTL explain the

majority of the variation for quantitative variation in

inflorescence architecture. Thus there are a number of

unknown genes regulating inflorescence architecture

that are not revealed by known mutant loci. The QTL

mapping information therefore serves as an important

piece of initial information that can be used in posi-

tional cloning efforts with the upcoming availability of

the complete maize genome sequence.
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