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Exploiting Grain-Filling Rate and Effective
Grain-Filling Duration to Improve
Grain Yield of Early-Maturing Maize
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ABSTRACT

Early-maturing maize (Zea mays L.) genotypes
yield 15 to 30% less than late-maturing geno-
types. One strategy for improving grain yield
in the early-maturing group involves assess-
ment of grain-filling traits as secondary traits
for selection for high grain yield. In this study,
we investigated the possibility of using grain-
filling rate and duration for improving grain yield
in early-maturing tropical maize. Forty-four
hybrids generated using North Carolina design
Il were evaluated at CIMMYT-Zimbabwe during
the 2011/2012 season under irrigated and nonir-
rigated environments. Although grain-filling rate
and effective grain-filling duration were nega-
tively correlated, several hybrids were distinctly
above the trend line. The earliest-maturing
hybrid took 127 d to reach physiological matu-
rity and produced grain yields comparable to
those of the medium-maturing genotypes (7
t ha™"). It had a high grain-filling rate of 2.40 g
per plant d-' (18% higher than those of the low-
yielding hybrids) and a relatively longer effective
grain-filling duration. Grain-filling rate and effec-
tive grain-filling duration had high coefficients of
genetic determination, positive correlations with
grain yield, low error terms, and low genotype x
environment interactions, making them appro-
priate selection traits for improved grain yield.
The study shows that it is possible to develop
high-yielding early- to medium-maturing maize
hybrids based on favorable combining ability
values for grain-filling rate and duration.
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GLOBALLY, there is an increasing demand for coarse grains
such as maize to meet the demand for food, feed, and energy
for a rising human population. Therefore, maize production has
to increase more than twofold to compensate for the supply gaps,
especially in developing countries (Pingali and Pandey, 2001).
Early-maturing maize genotypes are useful because they secure
harvests against fluctuating weather conditions and ensure an
early supply of needed grain. Early-maturing maize genotypes
typically take about 130 d to reach physiological maturity in
southern Africa, according to the International Maize and Wheat
Improvement Center (CIMMYT) (Magorokosho et al., 2009).
However, under optimum growing conditions in southern Africa,
early-maturing maize genotypes yield between 15 and 30% less
than late-maturing ones (Magorokosho et al., 2009), probably
due to either limited source efficiency or sink capacity (Dwyer
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et al., 1994; Lee and Tollenaar, 2007). More than 80% of
maize genotypes grown in southern Africa farming sys-
tems, many of which are in marginal and drought-prone
areas, are either early-maturing hybrids or early-maturing
open-pollinated varieties (Pswarayi and Vivek, 2008).
The challenge, therefore, is to improve the grain yield of
early-maturing maize while maintaining earliness, to pro-
vide reliable harvests.

Genetic variability for grain yield in early-maturing
maize has been reported and could be used to improve yield
(Magorokosho et al., 2009; Pswarayi and Vivek, 2008).
Selection for high yield is associated with a high environ-
mental influence. Therefore, selection for improved yield
using secondary traits that are strongly correlated to yield
and are highly heritable is desirable. Secondary traits such
as anthesis—silking interval, ears per plant, and the rate
of leaf senescence have been used to select high-yielding
genotypes under drought and low N conditions (Derera et
al., 2007; Banziger et al., 2004). In other studies, the sin-
gle or combined use of delayed leaf senescence (stay-green
characteristic), kernel number, and cob size have been
used to indirectly select for grain yield in maize (Lee and
Tollenaar, 2007; Wang et al., 1999; Zheng et al., 2009).

In maize, grain-filling rate and grain-filling duration
affect yield and could be used as indirect selection traits for
grain yield in both early- and late-maturing maize. Grain
filling in maize occurs in three stages: the lag phase, during
which there is rapid cell division and differentiation, the
linear phase, during which rapid dry matter accumulation
occurs, and the final phase, when the seed attains physi-
ological maturity (Lee and Tollenaar, 2007). Over 90% of
the total dry matter in the grain is accumulated during the
linear phase and this period is therefore called the effec-
tive grain-filling duration (Lee and Tollenaar, 2007). The
effective grain-filling duration can be extended by select-
ing for earlier lowering and/or shorter lag and final grain-
filling phases. There is limited information on the inheri-
tance of grain-filling rate and effective grain-filling dura-
tion, and their use as indirect selection traits for high yield
in early-maturing maize. Maize genotypes with varying
grain-filling rate and grain-filling duration have been
reported (Wang et al., 1999; Borras et al., 2009; Gambin
et al., 2007; Lee and Tollenaar, 2007; Magorokosho et al.,
2009) thus suggesting the possibility for using grain-filling
traits for indirect selection for high yield in early-maturing
maize. The objective of this study is to investigate the use
of grain-filling traits as secondary traits in improving grain
yield in early-maturing tropical maize.

MATERIALS AND METHODS
Description of the Experimental Sites

The experiments were conducted in Zimbabwe at the CIM-
MY T-Harare station located at an altitude of 1500 m above
sea level and longitude and latitude of 31° E and 17°43’ S,

Table 1. The maize inbred lines used in the study.

Heterotic
Name group Pedigree
Lines
VL08528 B ZEWBCc2F2-101-2-B
VL058014 A ZEWAC1F2-254-2-1-B-1-BBB
C329-2 B 02SADVE2B-#-20-2-1-1-2-BBB
CML537 A MAS[206/312]-23-2-1-1-B*7
C389-92 B ZM523B-29-2-1-1-B*6
CML539 A MAS[MSR/312]-117-2-2-1-B*9
VL0536 B [CML389/CML176]-B-29-2-2-B*5
CML202 B ZSR923-B*4-5-1-B
CML491 A 6207QB/6207QA)-1-4-#-2-2-B
CML395 B 90323B-1-B-1-B
CML444 B P43-C9-1-1-1-1-1-B
Testers

Ent320:92SEW277/[DMRESR-W]EarlySel-
VL055063 A *1-2-4-B/CM|_386]-[B-11-3-B-2-#]-B*4-yB-B

Ent52:92SEW1-2/[DMRESR-W]EarlySel-
CMLI97 A #L-2—1-B/CML386]-E[3—22—1-B—4-“—]1-B*}é-B—B
CML506 B [EarlyMid1/KatumaniSR]-#-169-2-4-B-1-#-BBB
VL05615 B ZEWBCc1F2-216-2-2-B-2-B*4-2-4-BB-B-B

respectively. The mean annual rainfall exceeds 700 mm, mostly
occurring during a single growing season that ranges from early
November to mid April each year. During this period, mean
monthly temperatures range from 24 to 26°C. The field experi-
ments received 350 kg ha™' of basal fertilizer, compound D
with N:P:K ratio of 7:14:7, and a top dressing of 300 kg h™!
NH,NO, (ammonium nitrate) with 37.5% N. Hand weeding
was done to control the weeds. The experiments were planted
at the same time, but one trial was evaluated under irrigation as
the first environment while a second trial was evaluated under
rain-fed conditions as the second environment. Day was used as
a unit of time, instead of thermal unit, because the temperature
was very moderate throughout the growing season, with little
variation during the grain-filling period of the two experi-
ments (27-28°C for day and 19-20°C for night).

Plant Materials and Experimental Design

Fifteen early- to medium-maturing maize inbred lines were
crossed in a North Carolina design II mating scheme with 11
females and four males (Table 1). The resulting 44 F, hybrids
were evaluated in both trials or environments using an o-lat-
tice design with two replications. The hybrids were evaluated
under irrigation and rain-fed conditions as described earlier. A
plot consisted of three rows, 4 m long, spaced 75 cm apart with
25 cm spacing between plants within the row in all trials.

Data Collection

To assess various grain-filling parameters, destructive sampling
was performed weekly by removal of developing maize cobs,
starting from 2 wk after pollination. In each plot, plants from
which developing cobs were removed were left standing to
maintain the initial plant density. From each sampled cob, 10
g of grain (fresh weight) was obtained from the middle part of
the cob to reduce variation that might result from sampling
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different parts of the same cob. Dry weights were measured
after drying the grains in a forced-air oven at 80°C for at least
96 h. The same procedure was repeated weekly until the crop
reached physiological maturity indicated by the formation of a
black layer at the point where the kernel is attached to the cob.
At physiological maturity there is no further increment in grain
weight due to grain filling.

When a narrow range of temperatures prevail during the
reproductive stage as observed in our experiment, Stewart et al.
(1998) showed that maize kernel development follows a log-lin-
ear pattern. Therefore, a log-linear equation, y = In(x) + b, was
fitted on the data, in which y is the percentage of dry matter at
sampling time x, b is the slope of the curve (rate of percentage
dry matter increase on a log scale), and x is the sampling point
in time (weekly basis). The start of the linear phase is when
the maize kernels reach 87% moisture content (13% dry matter
content) and end when the kernels reach 36% moisture content
(64% dry matter content) (Borras et al., 2009). This equation
was fitted to the weekly dry matter content data per plot to
predict the start of the linear phase. The period before the linear
phase was designated the lag phase duration. The period from
the start of the linear phase until physiological maturity was
considered the effective grain-filling duration (EGFD). Days
to physiological maturity (DPM) were recorded as the days
from sowing until the kernels develop a black layer at the point
of their attachment to the cob. The grain-filling rate (GFR)
(g d7') was calculated as the final grain yield (GY) per plant
divided by the EGFD.

The total grain-filling duration (TGFD) was calculated by
subtracting the days to silking from the DPM. Data were also
recorded on anthesis date (AD), anthesis—silking interval (ASI),
number of kernels per row (KR), and GY. Grain yield per plant
was obtained by dividing the total grain weight per plot by
the number of harvested cobs per plot. Days to anthesis and
silking were recorded as the number of days from planting to
when 50% of plants in each plot had shed pollen or had emerged
silks, respectively. The ASI was calculated as days to 50% silk-
ing minus days to 50% anthesis.

Data Analyses

Line X tester analyses were performed for all traits on plot
means of GY, GFR, EGFD, TGFD, AD, ASI, and KR using
the SAS PROC GLIMMIX for the general linear mixed model
(where inbred lines are fixed while environments are random)
of ANOVA for progenies generated using the North Carolina
design II mating design (SAS, 2009) with the following model:

X ptgteg sty rk(yq)

ijkq
@)y, T @, T 60y, T ey
inwhichi=1,2,..,11;j=1,2,3, 4 k=1,2;q= 1ZandXI]k,
denotes the value of the hybrid obtained by mating the ith female
line and the jth male line in the kth replication and the gth environ-
ment. The term p is the grand mean, g, is the general combining
ability (GCA) effect common to all progenies of the ith female line,
g1 the GCA effect common to all progenies of the jth male line, .S
is the specific combining ability (SCA) effect specific to the progeny
obtained by mating the ith female line and the jth male line, Y, s

the average effect of the gth environment, ry,) is the effect of the
kth replication nested within the gth environment, (gy), and (g),,
are the interactions between the GCA effects and environment, (sy)
ia is the interaction between the SCA effect and the environment,
and ¢, is the random experimental error. The variance compo-
nents attributable to each source of variation were computed and

used to estimate Baker’s ratio, [0? + o2 1/[0?
gca (male) gca (female} gca (male)
o2 o2 ] (Baker, 1978) in which 02 is the
gca (female) sca (female X male)

gea (male)
genetic variance due to males lines, 0 is the genetic variance

gca (female)

due to female lines, and o> is the genetic variance due

to the interaction betweensc;T(leileﬂlse arﬁle)females lines, and the coef-
ficient of genetic determination (the fixed parent equivalent of heri-
tability) (Lee et al., 2005). The genotype X environment interaction
ANOVAs were performed on all recorded data based on the general
linear mixed model (where hybrids are fixed while environments
were random) as implemented by the SAS PROC GLIMMIX in
SAS software version 9.2 (SAS, 2009) using the following model of
Dabholker (1999):

Py p+h+t+(hg)+eyk,
in which P, is the phenotypic value of the hybrid i when tested
in replicate k in environment j, p is the population mean, h. is
the effect of the hybrid 7, £, is the effect of the environment j, (ht)
is the hybrid X environment interaction effect associated with
hybrid i and environment j, and e, 1s the within environment
error associated with hybrid i, env1ronment Jj, and the replicate k.

A t test was used to compare the mean performance for GY
and other traits between the top 10 and the worst 10 perform-
ers. The 44 hybrids developed were grouped into three based
on heterotic groups of their parental inbred lines. The three
groups were hybrids formed by crossing inbred lines only from
the heterotic group A (A X A), inbred lines only from heterotic
group B (B X B), and then inbred lines from opposite heterotic
groups (either A X B or B X A). A t test was used to compare
the mean of hybrids formed from inbreds of opposite heterotic
groups with those formed from the same heterotic group.

For each trait the GCA estimates (g, and g for all parental
lines were calculated as

&=y, —y)andg = (y,—7)

in which y, is the mean of all hybrids involving the ith female
parent, y is the mean of all hybrids involving the jth male par-
ent, and y is the mean of all hybrids. The standard errors for g,
cea = AMS_[(f=1)/mfer]}'/?

or g, estimates were calculated as SE
— 1)/mfer]}'”? for females and males, respectively,

or {MS _[(m

me K . .
in which mfer is males X females X environments X replica-
tions. The MS, and MS_ |
ment and male X environment mean squares and are multiplied

are the respective female X environ-

by the appropriate proportion of the total number of observa-
tion [males X females X replications (environments)]. When the
MS, and MS_ were nonsignificant, they were replaced in the
calculations by the pooled error.

The phenotypic correlations among traits were computed
as described by Singh and Chaudhary (2004) as r, = [Covy/
(6 p(y )] >

X and Y, Cov, is the phenotypic covariance between X and

in which r, is the phenotypic correlation between

Y, o, . is the henot ic standard deviation of X, and 6 i
P(X) p yp p(y) 1
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Table 2. Mean square values for the combined ANOVA for maize grain yield and other related traits of hybrids across the

two environments.

Effective Total Anthesis-
Source of Degrees of Grain-filling grain-filling grain-filling Days to silking Kernels
variation freedom  Grain yield rate duration duration anthesis interval per row
g per plant gd! d

Environment (Env) 1 53.6 0.039 2.03 10.15 3.00 212 45.10
Replication/Env 2 122.5 0.014 8.23 9.42** 16.69 111 6.37
Hybrids 43 371.90* 0.260*** 59.73** 74,28 3515+ 6.02*** 18.29***
Hybrids x Env 43 211.7* 0.086 3.948 2.35 2.651 1.95 6.929
Line 10 471.6* 0.330** 50.95"** 46.62"** 89.77** 10.6** 26.55*
Tester 3 94.3 0.097 95.62* 190.75** 67.59* 19.44** 22.02*
Env x line 10 123.4 0.058 5.8" 1.87 1.58 1.39 8.24
Env x tester 3 3.3 0.005 3.89 3.48 3.37 0.42 0.76
Line x tester 30 366.4 0.253** 59.07*** 71.85"* 13.70*** 315 15.17*
Env x line x tester 30 261.9** 0.100 3.31 2.40 2.94 2.3 711
Pooled error 77 119.4 0.068 2.84 1.86 2.39 1.58 6.21

*Significant at the 0.05 probability level.
**Significant at the 0.01 probability level.
***Significant at the 0.001 probability level.

the phenotypic standard deviation of Y. The genotypic correla-
tions among traits were computed as r, = [Cov )/(E)A(X) A Y))]
in which r, is the genetic correlation between X and Y, Cov,
is the genetic covariance between X and Y, 6 is the genetic
standard deviation of X, and 6

tion of Y. The genetic Varlances and covariances were obtained

(X)
) i the genetlc standard devia-

by subtracting the error variances and covariances from their
respective phenotypic variances and covariances based on the
44 genotype means. The covariance values were obtained from
a covariance analysis using the same structure as the ANOVA.
Gain from indirect selection of yield based on GFR and EGFD
was computed as described by Dabholker (1999). The percent-
age gain through indirect selection of GY (y) was based on
secondary trait (x) and was obtained using

(rxy) X (hzx/hzy)uz’

in which r_ o 18 the correlation between y and x, h2 is the nar-
row-sense herltablhty for GY, and i”_is the narrow sense heri-
tability for the secondary trait.

RESULTS
Grain Yield among Hybrids with Varying
Maturity Periods

Highly significant variations (P < 0.001) in GY among the
44 F, hybrids were detected (Table 2). The average yield per
hybrid ranged from 84 to 130 g per plant (equivalent to 4.5 to
7.0 t ha™"). The mean yield of the top 10 hybrids was greater
than that of the worst 10 hybrids by 27.3% (Table 3). The
top 10—yielding hybrids had 22% higher GFR of 2.40 g d!
compared to 1.97 g d™! for the worst 10—yielding hybrids.
They also had a 1.9 d longer EGFD. The highest-yielding
hybrids were VL08528 X CML197, C389-92 x CML197,
and CML444-B X VL055063, with 130.4, 117.8, and 116.3
g per plant respectively (equivalent to 7.0, 6.4, and 6.3 t ha™!,
respectively). These hybrids were all medium-maturing

genotypes that flowered in 64 to 71 d and took between 134
and 139 d to reach physiological maturity. The best early-
maturing hybrid VL058014 X CML506 ranked fourth in
performance and yielded 114.9 g per plant (equivalent to 6.2
t ha™"). This hybrid reached physiological maturity in 127 d
and flowered in 60 d (50% anthesis and silking). The yield of
VL058014 X CML506 was not significantly different from
that of the top three medium-maturing hybrids (Table 3).
In general, the high-yielding hybrids also reached anthesis
a day earlier and had a significantly lower ASI than that of
the lower-yielding group. The effects of heterotic groups on
grain-filling attributes were not significant.

Contribution of Grain-Filling Traits

to the Best Yielding Hybrids

The highest-yielding medium-maturing hybrid, VL08528 X
CML197, was derived from a cross between the inbred line
VLO08528, characterized by positive GCA values for GFR
and EGFD, and the tester CML197, which also had a high
and positive GCA value for GFR (Table 4). Furthermore, the
highest-yielding early-maturing hybrid was a cross between
the inbred line VL058014, with a significant positive GCA
value for GFR,, and the tester CML506, with an average GCA
value for GFR (Table 4). This hybrid had a negative GCA
for TGFD. Among the highest-yielding early- and medium-
maturing hybrids, the average GCA contribution to yield,
GFR, and EGFD were 1.7 g per plant, 0.04 g d ™!, and —0.02
d, respectively. For the 10 highest-yielding hybrids, the aver-
age SCA contributions to yield, GFR, and EGFD were 10.7
g per plant, 0.18 g d~!, and 1.06 d, respectively.

Correlations between Traits

Correlation analysis showed that GFR had a moderately
strong and positive genotypic association with GY (r = 0.57)
(Table 5). Grain yield was also positively correlated with KR
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Table 3. Maize grain yield, grain-filling rate and duration, ear size-related traits, and maturity attributes of the top 10 and worst

10 yielding hybrids.

Grain- Effective Total Anthesis- Days to Number
Grain filling grain-filling grain-filling Days to silking physiological of kernels
Line namef yield rate duration duration  anthesis interval maturityt per row
g per plant gd! d

VL08528 130.3 2.46 53.0 73.8 64.3 1.0 139 42.2
C389-92 117.8 2.26 52.2 74.5 65.5 -1.0 139 36.8
CML444 116.3 2.68 43.4 63.8 71.0 -0.8 134 36.9
VL058014 114.9 2.60 451 65.3 60.3 1.5 127 36.8
CML491 113.0 2.20 51.5 71.0 65.5 2.5 139 401
VL08528 111.8 2.21 50.6 71.8 61.8 1.5 135 38.7
CML395 111.3 242 46.0 66.5 68.0 0.5 135 39.7
VL058014 110.0 2.64 41.6 63.3 63.0 0.8 127 37.2
CML395 109.5 2.39 45.8 62.8 69.8 0.4 133 38.2
CML444 109.5 217 50.6 70.3 69.5 -0.8 139 36.7
Mean 114.4 2.40 48.0 68.3 65.9 0.6 135 38.3
Standard deviation among hybrids 6.3 0.19 4.0 4.5 3.6 11 5 1.9
VL058014 93.8 218 43.0 65.5 61.3 0.3 127 35.6
VL0536 93.5 2.09 44.8 61.8 70.8 0.5 133 377
CML202 92.3 1.81 511 70.5 67.0 3.5 141 40.3
CML537 91.0 1.86 48.5 70.3 66.8 1.9 139 39.2
C329-2 91.0 1.89 48.0 67.0 67.5 0.5 135 33.8
CML491 89.5 1.77 50.9 68.0 71.3 1.8 141 38.3
CML202 89.5 1.81 49.5 68.5 66.0 4.5 139 354
VL08528 89.3 2.34 38.2 55.0 68.8 3.3 127 32.0
VL0536 85.8 216 39.6 59.0 66.3 1.8 127 37.2
C329-2 83.5 1.77 47.3 67.0 66.0 2.0 135 33.3
Mean 89.9 1.97 46.1 65.3 67.2 2.0 134 36.3
Standard deviation among hybrids 3.2 0.21 4.6 51 2.8 14 5.7 2.7
Difference 24.5 0.43 1.9 3.0 -1.3 -1.4 0.3 2.0
Percent difference 27.3 22.08 44 4.6 -1.9 -71.9 0.2 5.6
Standard error of the difference 2.2 0.09 1.9 21 1.5 0.6 2.3 1.0
t-value 11.0 4.89 1.0 14 -0.9 -2.5 0.1 2.0
t probability 0.00 0.00 0.34 0.18 0.38 0.02 0.9 0.07
Minimum value 83.5 1.77 38.2 55.0 60.3 -1.3 127 32.0
Mean value 101.6 218 46.7 66.4 66.8 1.1 134 37.3
Maximum value 130.3 2.68 55.0 74.8 74.3 4.5 141 42.8
CV, % 1.4 12.00 3.8 241 2.3 121.0 6.8
Probability value for the 44 hybrids o o o o o o o
LSD (5%) 16.3 0.37 2.5 1.9 241 1.8 3.5

***Significant at the 0.001 probability level.
Trait recorded in one replication of the two environments

(r = 0.57) but not with DPM (r = 0.02), TGFD (r = 0.31),
or EGFD (r = 0.21). The EGFD was, however, positively
correlated with KR (r = 0.43). As expected, the EGFD was
negatively correlated to GFR (r = —0.68). However, some
hybrids performed distinctly above the regression line.

Variance Components for Grain-Filling

Traits and Grain Yield

The GCA of the females (lines) (GCAf) was significant
(P < 0.01) for most traits, including GFR and EGFD. The
GCA of the males (testers) (GCAm) was similarly signifi-
cant for most traits including EGFD, TGFD, KR, AD,
and ASI (Table 2). Significant SCA (P < 0.05) was found

for most traits. The SCA terms for GY and ASI were not
statistically significant because of a relatively large SCA
X environment term. Hybrid X environment interactions
were significant only for GY, which had a relatively large
SCA X environment interaction. Interactions between the
environment and GCAm were nonsignificant for all traits.
However, a significant interaction (P < 0.05) between the
environment and GCAf was observed for the EGFD.
The variance components due to error were large for
GY and GFR but small for other traits (Table 6). The
SCA X environment interaction variance component was
large for GY but small for other traits (Table 6). The high
[(GCAf + GCAm)/(GCAf+ GCAm + SCAmf)| (Baker’s
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Table 4. Line and tester general combining ability effects values for maize grain yield and other yield-determining traits

across environments.

Effective Total
Heterotic Grain-filling grain-filling grain-filling Days to Anthesis-silking Kernels
Line group®  Grain yield rate duration duration anthesis interval per row
g per plant gd d

VL08528 B 4.47 0.06 0.49 0.64 -1.98 0.47 -0.53
VL058014 A 4.02 0.19 -1.80 0.20 -5.24 -0.33 -1.02
C329-2 B -10.73 -0.29 1.08 114 -1.73 0.47 -2.73
CML537 A -1.31 0.01 -0.99 -0.17 0.09 0.21 0.45
C389-92 B 3.07 0.05 0.36 0.64 2.07 -1.83 -0.33
CML539 A 3.59 014 -0.74 -0.34 -1.48 -0.29 1.26
VL0536 B -7.48 -0.04 -3.20 -3.86 1.20 -0.20 0.55
CML202 B -2.51 -0.10 1.23 0.33 1.07 1.24 1.46
CML491 A -2.16 -0.20 3.53 2.64 2.07 0.67 1.53
CML395 B 1.49 0.06 -0.82 -2.04 1.40 0.28 -0.05
CML444 B 7.54 012 0.86 0.83 2.51 -0.70 -0.60
Standard error 2.73 0.065 0.42 0.34 0.39 0.31 0.62
Tester

VL055063 A -1.05 0.06 -1.63 -2.29 1.55 -0.60 -0.87

CML197 A 1.86 -0.06 1.93 2.74 -0.28 -0.08 0.88

CML506 B -0.16 0.00 -0.15 -0.38 -1.45 0.94 -0.06

VL05615 B -0.65 -0.01 -0.15 -0.06 017 -0.27 0.06

Standard error 1.65 0.039 0.25 0.21 0.23 0.19 0.38

Grand mean 102.01 219 46.94 66.61 66.98 1.076 37.40

The pedigrees of these CIMMYT inbred lines are given in Table 1.

Table 5. Genotypic (lower diagonal) and phenotypic (upper diagonal) correlations of maize grain yield, grain-filling traits, ear-

related traits, and maturity traits among 44 maize hybrids."

Effective  Total grain- Anthesis- Days to
Grain-filling grain-filling filling Days to silking physiological Kernels
Grain yield rate duration duration anthesis interval maturity per row
g per plant gd! d
Grain yield, g per plant 1.00 0.69 0.16 0.25 -0.19 -0.39 0.01 0.46
Grain-filling rate, g d~' 0.57 1.00 -0.60 -0.49 -0.14 -0.32 -0.64 0.16
Effective grain-filling duration, d 0.21 -0.68 1.00 0.94 -0.01 0.02 0.89 0.30
Total grain-filling duration, d 0.31 -0.58 0.96 1.00 -0.22 -0.08 0.79 0.33
Days to anthesis, d -0.22 -0.18 0.02 -0.19 1.00 -0.26 0.39 0.04
Anthesis—silking interval, d -0.57 -0.41 -0.02 -0.10 0.14 1.00 -0.01 -0.31
Days to physiological maturity, d 0.02 -0.76 0.92 0.80 0.37 0.02 1.00 0.33
Kernels per row 0.57 0.08 0.43 0.44 0.08 -0.13 0.40 1.00

TThe r critical values at 10, 5, 1, and 0.1% probability levels are 0.24, 0.29, 0.38, and 0.47, respectively. The genotypic and phenotypic correlations were calculated based on

genotype means across environments.

ratio), in which SCAmf is the genetic variance due to the
interaction between males and female lines, indicated the
importance of additive gene action compared to nonaddi-
tive gene action. Ratios exceeding 0.70 were observed for
reproductive traits such as AD and ASI. The ratios were
however moderate (0.26—0.45) for TGFD, GY, GFR,
and EGFD (Table 6). Higher ratios were obtained for GY
(0.45) than GFR (0.32) and EGFD (0.26). The narrow-
sense coeflicients of genetic determination (the fixed par-
ent equivalent of heritability based on single plots) were
low for GY (10%) but slightly higher for GFR (13%) and
EGFD (22%). Based on correlation analysis (Table 5) and
the coeflicient of genetic determination values (Table 6),
the expected gains through indirect selection of GY using

GFR and EGFD were predicted to be 65 and 31% of direct
selection, respectively.

DISCUSSION

The major objective of this study was to investigate the
use of grain-filling-associated traits as secondary traits for
breeding high-yielding early-maturing maize hybrids.
There is need to expand the range of tools available for
breeding for higher yields in early-maturing maize, since
their shorter stature, shorter growth cycle, and reduced
leaf area index result in considerably lower yield than late-
maturing maize (Dwyer et al., 1994).

In this study, the highest-yielding hybrids were cat-
egorized as medium maturing (134-139 DPM). Only one
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Table 6. Components of variance and other genetic parameters for maize grain yield and other related traits of 44 maize hybrids.

Effective Total Anthesis-
Grain-filling grain-filling grain-filling Days to silking Kernels
Grain yield rate duration duration anthesis interval per row
g per plant gd! d

Hybrids variance component 40.05 0.043 13.95 17.98 8.12 1.02 2.84
Line variance component 21.76 0.017 2.82 2.80 5.46 0.56 114
Tester variance component -0.57 0.001 2.08 4.26 1.46 0.41 0.36
Line x tester variance component 26.13 0.038 13.94 17.36 2.69 0.21 2.02
Hybrids x environment (Env,

zgrigﬁce iomgon:mt (Env) 46.15 0.009 0.56 0.25 013 0.19 0.36
Env x line variance component 0.50 —-0.001 0.37 0.00 -0.10 -0.02 0.25
Env x tester variance component -5.28 -0.003 0.05 0.07 0.04 -0.05 -0.25
Env x line x tester variance component 71.25 0.016 0.24 0.27 0.28 0.36 0.45
Pooled error mean square 119.40 0.068 2.84 1.86 2.39 1.58 6.21
CV, % 11.40 12.0 3.8 2.1 2.3 121.0 6.8
Baker’s ratio 0.45 0.316 0.26 0.29 0.72 0.82 0.43
Narrow-sense coefficient of genetic determination

Single plot basis 0.10 0.133 0.22 0.27 0.57 0.33 0.15

Genotype mean basis t(;)wo replications 0.21 0.228 0.25 0.28 0.67 0.58 0.29
Broad-sense coefficient of genetic determination

Single plot basis 0.22 0.420 0.85 0.92 0.79 0.40 0.35

Ggggtty\sg re”nev?r’gr?rffe'i t(;;/vo replications 0.47 0722 0.95 0.98 0.94 071 067
Fraction of phenotypic variance

Hybrids variance component 0.19 0.326 0.63 0.68 0.67 0.35 0.28

Line variance component 0.10 0128 013 0.11 0.45 0.19 0.1

Tester variance component 0.00 0.005 0.09 0.16 012 0.14 0.04

Line x tester variance component 0.12 0.287 0.63 0.65 0.22 0.07 0.20

Hybrids x Env variance component 0.22 0.068 0.03 0.01 0.01 0.06 0.04

Env x line variance component 0.00 -0.010 0.02 0.00 -0.01 -0.01 0.038

Env x tester variance component -0.02 -0.022 0.00 0.00 0.00 -0.02 -0.02

Env x line x tester variance component 0.33 0120 0.01 0.01 0.02 0.12 0.04

Pooled error mean square 0.56 0.512 0.13 0.07 0.20 0.54 0.62

early-maturing hybrid (127 DPM) was among the top four
performers (Table 3). The 10 best hybrids produced up
to 7 t ha™!, with 27.3% more GY than the 10 lowest-
yielding hybrids. These high-yielding hybrids were char-
acterized by early flowering, a significantly lower ASI,
and a high GFR (at 2.40 g per plant d™!), which was 18%
higher than that obtained for the lowest-yielding hybrids.
These hybrids also had an EGFD (an estimator for linear
phase of grain filling) of between 38 and 53 d after flow-
ering. In maize, the GFR is influenced by sink capacity,
a trait that is dependent on the total number of kernels,
which in turn is related to efficiency in kernel set, and is
influenced by the ASI (Carvoca and Otegui, 2007; Bola-
nos and Edmeades, 1993). In this study, the high-yielding
hybrids had comparatively lower ASI values than the low-
yielding ones. A long ASI reduces the number of grains
per plant and GY in maize (Edmeades et al., 1993; Ander-
son et al., 2004) and partly explains why the high-yielding
hybrids outperformed the low-yielding ones in this study.
The dependence of GY on ASI increases under stress con-
ditions. Surprisingly, the effects of heterotic groups on

grain-filling attributes were not significant. We attribute
this result to the fact that the parentage of many of these
lines involves selections from populations that are them-
selves very diverse. Such lines often do not adhere to strict
two-classification heterotic group assignments (Pswarayi
and Vivek, 2008).

The results of this study also demonstrated the strong
linkage between grain-filling patterns and their allied
traits and the overall GY. Indeed, GFR had a moder-
ately strong positive genotypic association with GY (r =
0.57). The EGFD was also positively correlated with KR
(r = 0.43). These results are consistent with the findings
of Wang et al. (1999) and Lee and Tollenaar (2007) who
reported GFR to be positively correlated with grain-fill-
ing duration, flowering traits, and GY. The strong asso-
ciation between the grain-filling and flowering traits and
GY suggests that they could be used as indirect selection
tools for high-yielding early-maturing maize as they are
predictive of the genotype’s sink capacity and hence yield.
Despite the negative correlation observed between GFR
and EGFD, there were some exceptional cases in which
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some hybrids combined both long EGFD and high GFR
and translate this to high yield. For example, the highest-
yielding hybrid was developed from a cross between the
inbred line, VL08528, with positive GCA values for GFR
and EGFD, and the tester, CML197, also with a positive
GCA value for GFR. In addition, this hybrid had a very
high SCA value for yield (not shown).

These results show that it is possible to develop high-
yielding early- to medium-maturing maize hybrids by
combining long EGFD and high GFR. The expected
gain through indirect selection for GY using GFR and
EGFD are 65 and 31%, respectively. Although these gains
are well below 1.0 (indirect selection is equally effective as
direct selection), they are high enough to indicate poten-
tial for simultaneous selection involving these traits and
yield to provide gains better than yield alone.

The variance components and their fractional con-
tribution to the phenotypic variance shows that selection
based on GY alone is associated with several challenges
that include the high experimental error and large hybrid
X environment interaction due to the very large SCA X
environment interaction. Grain yield also has lower broad-
sense coefficient of genetic determination and high coef-
ficient of variation that reduces the repeatability of the
obtained results. However, secondary traits that include
GFR, EGFD, ASI, and KR have shown to be associated
with proportionately less experimental error and less geno-
type X environment interaction and SCA X environment
interaction. These traits have high broad-sense coefhicient
of genetic determination and hence the repeatability of
their data is high. These secondary traits together with
GFR and EGFD can be used to formulate a selection index
that can be used to select for high GY in early-maturing
maize. The higher contribution of experimental error and
SCA X environment to GY than to GFR and EGFD sug-
gest that evaluation of hybrids for GY will need many envi-
ronments and replications whereas the evaluation of GFR,
EGFD, and allied traits will need relatively less environ-
ments and replications. This suggests that including these
correlated traits could make selection cheaper and effective
than direct selection based on GY alone. Furthermore, the
variance components due to the testers, tester X environ-
ment interaction, and line X environment interaction were
very negligible for these traits. This suggests that selection
of desired parental lines based on the GCA values of these
traits might be effective even without extensive multienvi-
ronmental trials. The little contribution of the testers’ vari-
ance component to the phenotypic variance component
could be attributed to the fact that CIMMYT has chosen
testers based on the wide adaptability thus making them
ideal in the subsequent test-cross evaluations.

For effective use of GFR and EGFD for GY improve-
ment in maize, it must be easy to obtain the accurate mea-
surement of these traits. Estimation of the start and end

of the linear phase requires considerable improvement.
Visual assessment of the blister stage of grain develop-
ment could be used to show the start of the linear phase.
Since the EGFD is highly correlated to TGFD (r = 0.96),
DPM may be adequate to infer the end of the linear phase
instead of the much more difficult method of using days
to 36% kernel moisture content as described by Borras et
al. (2009). Grain-filling rate can then be estimated as the
total grain weight over the EGFD.

The GCA values for GFR and EGFD can thus be
used to reduce the number of potential inbred lines and
hence the number of hybrid combinations to be made
while developing high-yielding early-maturing hybrids.
The identification of lines and testers with positive GCA
values for these two traits and other complementary yield
traits is therefore critical in the selection of suitable parents
for hybrid development. Based on significant GCA val-
ues for grain-filling traits and yield, a three-step selection
scheme based on grain filling and allied traits is proposed.
The first step involves evaluation of candidate inbred lines
in single rows for traits that may show reasonable correla-
tions between inbred and hybrid, such as AD, silking date,
ASI, DPM, EGFD, number of kernel rows, and KR.. In the
second step, crosses between promising inbred lines and
two to four testers can be made and the testcross hybrids
evaluated together with their parents. General combining
ability values, heritability values, and inbred—hybrid cor-
relations must be estimated. In the final step, the data from
the selected traits can then be used to develop a selection
index for improving GY of hybrids. It should, however, be
noted that large SCA effects will still require the evalua-
tion of numerous inbred combinations. Furthermore, large
genotype X environment variance components for GY
will necessitate wide multilocation evaluation of hybrids
for stability. However, the results presented here indicate
potential for using EGFD and GFR to reduce the number
of hybrids that must be produced and tested and to reduce
the numbers that are advanced to testing in a large num-
ber of environments. Therefore, it would be worthwhile
to evaluate the correlation and stability of yield-related
traits in the hybrids and the consistency of inbred—hybrid
relationships of EGFD, ASI, and other traits using a wide
range of genetic materials in different environments. This
information would allow assessment of the feasibility of the
proposed selection scheme and would facilitate the iden-
tification of stable quantitative trait loci for GFR, EGFD,
and GY for marker-assisted selection.

CONCLUSIONS

Hybrids that are early maturing and high yielding have
been identified in this study. The high-yielding hybrids
possessed both high GFR and long EGFD thus making
these two traits candidate supplemental traits for selection
for improved GY in early maize. Furthermore, unlike
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GY, GFR, EGFD, and allied traits are associated with less
influence of experimental error, less genotype X environ-
ment interaction, and less SCA X environment interac-
tion, making them suitable traits to aid in yield selection. A
methodology to improve the measurement of these grain-
filling traits have been proposed together with a selec-
tion scheme based on GFR and EGFD and allied traits for
enhancing breeding selection for high-yielding and early-
maturing maize. In subsequent work, we recommend the
testing of the effectiveness of this strategy and using the
data generated to also identify stable molecular markers
for GFR and EGFD for use in marker-assisted selection.
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