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Kernel number as a positive target trait for prediction of hybrid performance

under low-nitrogen stress as revealed by diallel analysis under contrasting

nitrogen conditions
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Environmental sustainability concerns make improving yield under lower N input a desirable breeding goal.
To evaluate genetic variation and heterosis for low-N tolerance breeding, 28 F1 hybrids from a diallel scheme,
along with their eight parental lines, were tested for agronomic traits including kernel number per ear (KNE)
and grain yield per plant (GY), in replicated plots over two years under low-nitrogen (LN, without nitrogen
application) and normal-nitrogen (NN, 220 kg N ha™!) conditions. Taken together the heritability in this and
our previous studies, the correlation with grain yield, and the sensitivity to the stress for target trait selection,
KNE was a good secondary target trait for LN selection in maize breeding. KNE also showed much higher
mid-parent heterosis than hundred-kernel weight under both nitrogen levels, particularly under LN, indicating
that KNE contributed the majority of GY heterosis, particularly under LN. Therefore, KNE can be used as a
positive target trait for hybrid performance prediction in LN tolerance breeding. Our results also suggest that
breeding hybrids for LN tolerance largely relies on phenotypic evaluation of hybrids under LN condition and
yield under LN might be improved more by selection for KNE than by direct selection for GY per se.
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Introduction

Global food demands pose huge challenges for sustainable
production of cereal crops including maize (Zea mays L.)
(Tilman et al. 2002). Two major innovations to increase
grain yield (GY) to meet these demands are the use of hy-
brid maize and application of nitrogen fertilizers (Hirel et
al. 2007).

N fertilization has made great contributions to increased
GY in maize (Hirel et al. 2001). However, some serious en-
vironmental problems have resulted from application of
high-level N in light of the relatively low N-use efficiency
of maize (Guo et al. 2010, Ju et al. 2009). Developing
maize varieties with improved N-use efficiency (NUE) or
low-N (LN) tolerance will be essential for reducing N ferti-
lization costs and the negative impact of excessive N on the
environment (Wu et al. 2011). Furthermore, heterosis has
been successfully used to increase maize GY (Shull 1946).
One would also expect that hybrids might better tolerate
stress and undergo developmental transitions better than
their inbred parents (Schnable and Springer 2013). There-
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fore, fundamental genetic and agronomic knowledge will
improve understanding of how to combine maize hybrid
vigor with N stress tolerance and provide new strategies to
address nitrogen-related issues.

When breeding hybrids for low-N stress tolerance, as-
sessing genetic variation including heterosis, general com-
bining ability (GCA), and specific combining ability (SCA)
(Le Gouis et al. 2002) under both LN and normal N (NN)
conditions is key to understanding and enhancing maize
NUE traits. The heredity of and genetic variation in N nutri-
tion has been of interest for over 7 decades (Abdel-Ghani et
al. 2013, Coque and Gallais 2007, Harvey 1939, Presterl et
al. 2003, Worku et al. 2012, Wu et al. 2011). However, re-
ports on genetic variation in the response to N (Azeez et al.
2006, Bénziger and Cooper 2001, Bénziger et al. 2002,
Bolafios and Edmeades 1996, Lafitte and Edmeades 1994a,
1994b, Worku et al. 2012) have focused on tropical germ-
plasm because inadequate inorganic N supply limits maize
production in tropical regions (Lafitte and Edmeades 1994a,
1994b). Recent N-associated heterosis analyses have also
been centered mainly on tropical germplasm (Amiruzzaman
et al. 2013, El-Badawy 2013). However, heterosis has been
frequently demonstrated and widely used in temperate
maize. The objectives of this study were to (i) evaluate the
genetic variation of temperate hybrids and their parental
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lines in response to nitrogen input levels, (ii) estimate asso-
ciated quantitative genetic parameters, and (iii) analyze het-
erosis for low-N tolerance. These research findings would
help us to design and optimize breeding programs for im-
proving low-N tolerance and NUE in maize.

Materials and Methods

Maize germplasm

Eight parental inbred lines, 81865, Qi209, Zheng30,
Qi318, Jinhuang96B, CA156, Qi205, and 89-1 (Table 1) were
used to produce 28 crosses from an 8 x 8 partial diallel that
did not include reciprocals. The elite hybrid, Zhengdan958,
and its two parental lines, Chang7-2 and ZhengS8, were
also planted together as checks for hybrids and their paren-
tal inbred lines, respectively. All of these lines are temper-
ate-adapted germplasm and were selected to represent the
different heterotic groups that have been developed during
the past decades in Chinese maize breeding programs (Xie
et al. 2007). The control hybrid, Zhengdan958, was the one
of most successful temperate hybrids and still the leading
hybrid now in China with a total of growing area of over 33
Mha (http://baike.baidu.com/view/264391.htm Internet news
in Chinese, accessed on June 9, 2013).

Field preparation and nutrient management

The experiment was conducted at two locations in China:
at Shunyi, Beijing (40.2°N 116.5°E, 44 MASL elevation)
from May to October in 2009 and 2010; and at Tonghua,
Jilin (42.5°N 125.6°E, 320 MASL) from May to October in
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2010 and 2011 (Table 2). Field soil samples from each of
the two locations were collected from soil layers at 0 to
30 cm depth prior to fertilization and planting, and then
mixed, air dried, and sieved to remove undecomposed or-
ganic materials. Soil nutrients were tested to determine or-
ganic matter (Walkley 1947), total N (Bremner 1996), total
P (HC104-H,SO, digestion), total K, Olsen-P (Olsen ef al.
1954), NH,; OAc-K (Van Reeuwijk 1992), and pH (pHS-3C
pH meter, Nanjing) The water: soil ratio was 2.5 : 1). The
data on nutrients along with geographic information for
each location are both provided in Table 2. Pairwise t-test
revealed no significant differences in soil nutrients or pH
prior to establishment of LN and NN conditions at either
location.

The F1 hybrids and their parental inbreds were evaluated
separately under NN and LN conditions. The NN experi-
ment was managed under well-fertilized conditions, so as to
provide an ideal maize growing environment. For the NN
experiment, 80.5 kg nitrogen (N) ha™! in the form of urea,
51 kg phosphorous ha™! in the form of calcium superphos-
phate, and 90 kg potassium ha™! as muriate of potash were
applied as a basal dressing before planting, and a second
application of 161 kg N ha! and 90 kg potassium ha™' was
made as a top dressing at V8 stage. For the LN experiment,
no nitrogen was applied as either a basal dressing or top-
dressing, but phosphorous and potassium were applied in
the same manner as for the NN experiment.

All hybrids and their parental lines along with hybrid
and parental line controls were planted in the field using a
randomized block design with two replications. The hybrids

Table 1. Parental inbred lines and their pedigree information, in addition to parental line and hybrid checks used in this study

No. Name Pedigree Note
Inbred lines 1 81865 Tropical germplasm, Mexico
2 Qi209 Qi205 x Yel07
3 Zheng30 Zheng20 x Ye478
4 Qi318 American hybrid 78599
5 Jinhuang96B Zhongzong3 C2 (synthetic)
6 CA156 pool 33 temperated adapted
7 Qi205 Wei ai 141 x Zhongxi017
8 89-1 American hybrid 78599
CKl1 Chang7-2 (Huangzao4 x Wei95) x S901 parental line check
CK2 Zheng58 improved Ye478 parental line check
Hybrid CK Zhengdan958 Zheng58 x Chang7-2 hybrids check

Table 2. Mean with standard deviation (mean + SD) and pairwise t-tests for background level of soil nutrients between LN and NN at two

locations
. . Soil nutrients
. Latitude, longtitude .
Locations . N treaments pH Organic matter ~ Total N Olsen-P Total P Total K
and elevation
(g/kg) (g/kg) (mg/kg) (g/kg) (g/kg)
Tonghua, 42.5°N 125.6°E, NN 830+0.10 24.69+3.57 083+0.03 39.78+3.78 1.50+0.08 31.37+0.44
Jilin 320 MASL LN 835+0.03 2940+1.12 0.89+0.02 36.38+3.23 1.61+0.09 29.80+ 14.96
Pairwise t-test 0.28 0.11 0.08 0.01 0.01 0.43
Shunyi, 40.2°N 116.5°E, NN 836+0.10 20.48+2.04 087+0.05 17.23+12.01 0.87+0.09 41.20+3.41
Beijing 44 MASL LN 8.19+0.21 17.72+3.57 0.88+0.03 20.08+0.15 0.92+0.03 43.24+1.35
Pairwise t-test 0.21 0.14 0.36 0.36 0.19 0.27

LN, low nitrogen; NN, normal nitrogen; MASL, meters above sea level.
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and the inbred lines were tested in different blocks to avoid
plant height interactions between hybrids and inbred lines.
Each entry was planted in two rows, each 4.0 m long, with
0.20 m space between plants and 0.5 m between rows. The
borders of both the LN and NN field trials were protected by
two rows of the CK hybrids (Table 1) for removing the bor-
der effect.

Measurement of agronomic traits

The number of leaves was scored by counting the num-
ber of nodes on the stalks of six plants. Senesced leaves
were also counted by marking young leaves during early
development. Plant height (PH) was recorded on ten plants
per block after silking, as the distance between the ground
surface and the first tassel branch of the same plant.

After harvest, shoot biomass (SB), grain yield per plant
(GY), kernel number per ear (KNE) and hundred-kernel
weight (HKW) were recorded trait by trait for 10 plants per
block. SB for each entry was recorded at time of harvest on
a whole plant dry weight basis as the average of three plants
selected at random per block. Fallen leaves were not includ-
ed in the shoot biomass measurement. And the same time,

GY was recorded on a 100% dry matter basis. Harvest index
(HI) was then calculated as: HI = % KNE was obtained
by multiplying the number of rows in the middle ear and the
average kernel number per row together, measured on ten
similar dry ears per block and averaged. HKW was recorded
by weighing 100 kernels for three replications and averag-
ing per block.

Statistical analysis

Differences among parental lines or hybrids were tested
by analysis of variance (ANOVA) conducted for each mea-
sured trait using PROC GLM (SAS 1999) with the following
model (1):

Yiu =+ E +B(E)juy+ Gy + Gy XEp+ &

Y

(0,

where Y}, is the observed value of a parental line or hybrid,
4 1s the population mean, £ is the main effect of the envi-
ronment, B(E); is the main effect of block within environ-
ment, Gy is the genotypic effect (hybrids or parental inbred
lines), G;; x E; is the genotype-by-environment interaction
(G X E), and g is the random residual effect. Environ-
ments and genotypes were considered fixed effects.

Broad-sense heritability (/%) was estimated on a block
basis (Harvey 1939) as Eq. (1):

o’
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where 0% is genotypic variance, 0> is the variance due to
the G x E interaction, and ¢, is the error variance. The
narrow-sense heritability (hy?) of hybrids was calculated
based on variance in combining ability, which is derived by

Eq. (2) from the variances of general combining ability
(GCA) and special combining ability (SCA), according to
Griffing’s method 4 (Griffing 1956):
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where Gy, 0%sca, 02 Geaxs, and 02geqxp were estimated from
the subsequent diallel analysis.

When genotypic effects for traits in hybrids are signifi-
cant according to ANOVA, diallel analysis of combining
ability is then conducted according to Griffing’s method 4
(Griffing 1956) using a special SAS program for diallel anal-
ysis with missing crosses developed by Wu and Matheson
(2000) that considers environment and genotype as fixed
effects. The response Yy, of the cross between parents i and
J was modeled as model (2):

Y = s+ Ey + B(E) ) + GCA; + GCA, + SCA;

+GCA; X Ey +GCA; X E; + SCA; X Ey + £ @
where u, Ey, B(E) and g are the same as in model (1);
GCA; and GC4; are the GCA of parents i and j; SCA;; is the
SCA of hybrid ij; GCA; x Ey, GCA; x E}, and SCA;; x E; are
interactions between GCA and SCA and the environment.

The relative impogtance of GCA and SCA was estimated

22K L 5, modified from Baker (1978),
K~ Gea + K sca
where K2, is the quadratic form (analogous to a variance
component, but referring to a fixed effect) derived from the
mean square of the GCA effect and K%sc, is the quadratic
form of the SCA effects. As this ratio approaches unity,
GCA becomes more important, and the predictability of the
performance of a specific hybrid could be based on GCA
alone.

The variance of the SCA effect of parent i (S,?) indicates
the differences in SCA among a series of hybrids involving
one line, estimated as Eq. (3) (Griffing 1956):

as the ratio:

1 P-3
§2,=—5 8504, -5 2 3
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i=j

The low-N tolerance index (LNTT) was estimated by Eq.
(4) to evaluate the ability of parental lines and hybrids to
tolerate low nitrogen in terms of the traits measured.

LNTI :ﬂxloO% 4
NN

A higher LNTT indicates a stronger ability to adapt to low
nitrogen.

Heterosis (%) was calculated over the high-parent and
mid-parent values. High-parent heterosis (HPH) was calcu-
lated using Eq. (6) (Hill et al. 1987). Similarly, mid-parent
heterosis (MPH) was estimated using Eq. (7).
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F is the performance of each hybrid; HP indicates the per-
formance of the best parent and MP represents the mean
performance of two parental inbred lines. For each hybrid,
the difference between the hybrid and the mean of its two
parents as well as the best parent was tested by a t-test to
determine whether MPH or HPH was significant (Le Gouis
et al. 2002).

The relationship between the LNTI of parental inbred
lines and that of hybrids was measured using PROC REG in
SAS (SAS 1999). Similarly, correlations between SCA, het-
erosis, and least square mean values of hybrids, as well as
correlations between performance of hybrids and the mean
performance of two parents for all measured traits were cal-
culated using PROC CORR in SAS (SAS 1999).

Table 3. Differences between parental lines and diallel cross F1s under
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The correlation between inbred line and hybrid perfor-
mance was estimated by linear regression analysis of the
GCA values on inbred performance.

Results

The effect of low nitrogen on agronomic performance of the
hybrids and their parental inbreds

Significant differences were found between LN and NN
trials for most of the measured traits except of leaf number
(LEAF) and harvest index (HI) for both parental lines and
their half-diallel cross hybrids (Table 3). Among these traits,
GY and SB showed the largest differences between LN and
NN treatments. For example, average GY of the parental in-
bred lines and hybrids under LN was only 74.1% and 64.0%
of those under NN, with an average reduction of 25.9% and
36.0%, respectively. Additionally, the differences between
the inbred lines and hybrids were also very significant due
to heterotic effect. The hybrids showed significantly higher
phenotypic performance than their parental lines under both
NN and LN conditions, indicating significant heterosis. For

low- (LN) or normal-nitrogen (NN) conditions

LN NN
LEAF PH HKW KNE GY SB HI LEAF PH HKW KNE GY SB HI
(number) (cm) (g) (number) (g (g (%)  (number) (cm) (g) (number) (g (g) (%)
Avg. 182 1939 266 1556  41.1 108.0 327 189 2108 305 1814 555 1568 349
parental  Max. 208 2395 365 2516 722 1344 514 223 2777 368 2718 838 1920 52.6
i Min. 160 1709 186 875 225 872 138 170 191.8 235 812 238 1063 14.0
1nes CV (%) 7.7 109 21.0 332 485 102 35.0 104 121 139 233 383 194 312
Avg. LN/NN (%) 964 920 872 858 741 688 93.9
Avg. 193 2805 299 3663 1093 217.5 467  20.1 2988 352 4837 1707 3358 51.6
Max. 213 3394 383 4458 1499 3230 54.1 238 3564 425 5786 2087 4286 6l.1
Fls Min. 173 2233 242 1828 533 1540 303 180 2425 293 3516 1147 2785 389
CV (%) 6.0 95 135 153 177 187 84 6.1 96 113 136 145 112 102
Avg. LN/NN (%) 958 939 850 757 640 648 90.5
Parental Lines/F1s (%) 944  69.1 89.1 425 376 496 70.1 93.8  70.6 867 375 325 467 675

LN, low nitrogen; NN, normal nitrogen; LEAF, the final number of leaves; PH, plant height; HKW, hundred-kernel weight; KNE, kernel number
per ear; GY, grain yield; SB, shoot biomass; HI, harvest index; Avg., average; Max., maximum; Min., minimum.

Table 4. Variance analysis of parental lines and their diallel cross F1 hybrids under two nitrogen levels in two locations across two years

LN NN
Types Source
LEAF  PH HKW KNE GY SB HI LEAF PH HKW  KNE GY SB HI
Genotype 520% 286377 65.12%*% 2168220%% 2133.59%% (284.00%% 0.012%%  (.63%* 2807.15%* (2.89%* 24999 81** 2613.65%* 6057.49%* 0.015%*
Env. 0.81  7941.65%* 994.01%* 2580.03  21633.11%* 65712.76** 0290%* 081 39173  39.6 509.63  3747.83* 549526  0.093**
Rep. 145% 4331.74%* 4503  7539.64* 22931 422085  0.001 113 28758 177 126636 65508  637.60  0.002
F1 " Genotype*Env. 0.06  170.88  2629%  3660.65%  784.85  3175.65** 0.006* 025 21993 23.17 261601 92738 1717.58  0.003
hybrids g o 043 15042  14.84  1638.87 73936 1385.59  0.00 057 12527 1447 178543  646.05 2283.60  0.002
hy? 0822 0833 0.365 0.678 0.335 0261 0265 0791 0828 0326  0.759 0379 0332 0579
h? 0683 0639 0315 0.436 0.101 0.047  0.011 0476 0745 0245  0.547 0.133 0077 0413
Genotype 8.03%% 1642.61%*% 120.12%% 17921.77%% 1219.49%% 767.46%  0.064** 14.42%% 3810.04%* 86.35%* 16462.04** 1727.41%% 3625.80%* 0.049%*
Env. 0.50  3130.40%* 124.30%% 79693.63**  79436* 11705  0.024* 028  390.60% 454 16066.28* 1287.42% 5067.48* 0.008
Parental Rep. 0.63 1460  17.81% 23.64 117.83 33307 0.009 0.16 30533 672 4237 43707 687.12  0.014
lines  Genotype*Env. 0.07  137.16*  30.50%* 9991.51* 86.08 59527  0.005 007  107.95 4599%* 1946.11  456.10 73090  0.008
Error 0.20 46.32 437 151544 12126 27460 0.005 0.58 83.94 976 249093 17447 61385  0.005
hy 0917 0813 0.641 0.416 0.694 0221 0753 0855 0907 0407  0.584 0.552 0.528  0.640

LN, low nitrogen; NN, normal nitrogen; LEAF, the final number of leaves; PH, plant height; HKW, hundred-kernel weight; KNE, kernel number
per ear; GY, grain yield; SB, shoot biomass; HI, harvest index; Geno., genotype; Env., environment; Rep., replication; /”: broad-sense heritabili-
ty; ha’: narrow-sense heritability. *,** indicates significance at 5% and 1% levels of probability, respectively.
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instance, the inbred lines had only 37.6% of the average GY
of hybrids, indicating that the heterosis effect was very
strong for grain yield under LN stress.

Genetic variation in response to LN stress revealed by
analysis of variance

Significant differences were observed among both the
eight parental lines and their hybrids for all measured traits
under both nitrogen levels (Table 4). Furthermore, both en-
vironmental variance and the G x E interaction for most of
the measured traits were more frequent and significant for
both hybrids and inbred lines under LN than NN. This sug-
gests that LN treatment in this study at each location across
years increased phenotypic variance because of the increase
in effects due to environment and G x E interaction. This is
also an indication of differential responses to LN stress
among tested hybrids and their parental inbred lines.

Broad-sense heritability for KNE was relatively high for
both parental lines and hybrids under both LN and NN con-
ditions. Narrow-sense heritability of KNE for hybrids under
both LN and high NN conditions was higher than that of GY
and its component trait HKW. These data indicate that KNE
could respond better to selection than GY for a breeding
program directed at maintaining or improving grain yield
under LN stress.

Diallel analysis
GCA and SCA were also analyzed in this study. GCA
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and SCA variation across these lines were significant for all
measured traits under both LN and NN conditions (Table 5).
GCA x Env interactions and SCA x Env interactions were
not significant for most traits. These results indicate that ge-
netic effects were the main contributors to combining ability
variance. Under both LN and NN conditions, PH, KNE, GY,
SB, and HI showed high HPH and MPH, indicating that
they would be good traits to target for exploiting heterosis
(Table 6). GY can be dissected into its components KNE
and HKW, and average HPH and MPH for KNE were much
higher than those for HKW under both conditions, and were
even larger under LN than under NN. Therefore, the KNE
component contributes the majority of heterosis for GY un-
der both LN and NN conditions, but particularly under LN.
GY exhibited the largest range of heterosis among measured
traits, ranging from 38.7% to 501.1% and from 71.9% to
436.2% for HPH under LN and NN, respectively, and from
70.7% to 517.2% and from 101.4% to 502.6% for MPH un-
der LN and NN, respectively. The LEAF trait exhibited the
lowest range of heterosis; from —8.0% to 9.9% and —9.0% to
23.2% for HPH under LN and NN, respectively, and from
—0.7% to 15.6% and from —1.4% to 24.1% for MPH under
LN and NN, respectively. The ranges of values for heterosis
for all traits except LEAF increased concomitantly with the
lower nitrogen levels under the LN treatment, indicating
that the hybrids showed much larger differential responses
to LN stress compared to their parental lines.

The GCA effect, which determines the average

Table 5. Mean squares for general combining ability (GCA) and specific combining ability (SCA) under low-nitrogen and normal-nitrogen con-

ditions
LEAF PH HKW KNE GY SB HI

GCA 14.7%* 7287 .4%* 159.5%* 46553.5%* 3876.3%* 7809.4%* 0.014%*
SCA 1.3%* 882.7%%* 26.3 11441.2%%* 1416.0%* 5656.0%%* 0.012%*

LN GCA x Env. 0.009 231.2 25.7 3120.1 821.1 3330.1%* 0.009*
SCA x Env. 0.08 150.2 26.5 3883.2%%* 769.9 3112.1% 0.005
Ratio 0.66 0.53 0.60 0.34 0.35 0.15 0.13
GCA 14.8%** 8588.1%** 158.5%* 61286.9* 1881.1%* 7795.69%* 0.037%*
SCA 3.3%* 480.6** 23.5 10058.1%** 2915.3%%* 5341.8% 0.006%**

NN GCA x Env. 0.2 340.5* 56.5%* 3622.5 1610.0* 1377.8 0.005*
SCA x Env. 0.3 169.6 94 2201.6 646.3 1857.5 0.002
Ratio 0.38 0.74 0.65 0.46 0.06 0.17 0.48

LEAF: the final number of leaves; PH, plant height; HKW, hundred-kernel weight; KNE, kernel number per ear; GY, grain yield; SB, shoot bio-
mass; HI, harvest index; Env., environment; * ,** Significant at 5% and 1% levels of probability, respectively; Ratio: 2K?gca/(2K?gea + K2sca).

Table 6. Heterosis for measured traits under two nitrogen levels

LN NN
LEAF PH HKW  KNE GY SB HI LEAF PH HKW  KNE GY SB HI
Aver. 1.5 339 0.9 1143 159.8 89.4 39.3 1.5 28.2 4.2 99.5  192.7 97.1 43.7
HPH  Max. 9.9 69.4 40.6 2397 501.1 176.4 170.7 232 474 382 1333 4362 1635 111.7
Min. 8.0 109 277 39.7 38.7 333 -9.4 -9.0 153 -125 56.6 71.9 46.2 -13.0
Aver. 6.5 42.7 11.3 147.2 2063  100.9 68.3 7.1 37.8 14.0 118.8 2574 120.1 69.3
MPH Max. 15.6 72.2 519 2673 5172 193.6 1956 24.1 53.0 468 150.8  502.6  193.0 135.0
Min. 0.7 21.0 -12.7 59.5 70.7 49.9 12.6 -1.4 255 47 83.1 1014 53.8 19.9

LEAF, the final number of leaves; PH, plant height; HKW, hundred-kernel weight; KNE, kernel number per ear; GY, grain yield; SB, shoot bio-
mass; HI, harvest index; Aver., average; Max., maximum; Min., minimum; LN, low nitrogen; NN, normal nitrogen; HPH, high-parent heterosis;

MPH, mid-parent heterosis.
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Table 7. General combining ability effects (GCA) and variance of specific combining ability (SCA)(S?) of parent i for all measured traits under

two N levels at two sites

GCA LN NN
S LEAF PH HKW KNE GY SB HI LEAF  PH  HKW  KNE GY SB HI
1 1.43*%% 3838%% 380%* 761  21.03%*  32.22%f —0.0017 1.65%% 37.90%% 224%% 849 6.79 37.47%% —0.0328%*
0.02 18047 699 143315  12.62  837.89  0.0015 045 2123 681 279670 34596 1162.62  0.0011
2 024 038 3.66%% -82.56%* —15.58%* 27.46%* —0.0353** 022  11.35%% 3.60%* -73.46** -1.03 405  0.0071
0.17 10126 142 5173.06 26378 54277  0.0024 0.80 6439 216 241859 38823  530.87  0.0001
3 -0.58%F —10.20%* 1.32 17.97%  10.70%  21.07#%  0.0232*%  —0.54%* —16.24*%* 297% 818 6.15 1.67  0.0255%*
0.10 21637 006  597.10  50.77 1469.72  0.0005 0.95 10551 250 58433 55859  839.53  0.0003
4 002 459 —0.65 1.91 4.22 -2.88  0.0209 011 353 001 -12.15 153 0.96 —0.0128
040 14223 021 2770 13990  801.82  0.0006 047 12331 035 88.31 45891 1374.88  0.0001
5 —0.48%F —10.02%* 2.62%*  84.54%*F 10.22* 212 0.0435%  —0.64%* —12.49%*F 2.63%*  8333%* 695 1234  0.0514%*
0.06 2366  1.13 566220 162.89  687.07  0.0002 0.00 1891 3.0 2272.00 20376  131.00  0.0003
6 —021 -16.34%* —0.75 296 —17.09%* —19.18% —0.0141  —0.67%* —19.47%* —131 24.09%% —833  —30.76** 0.0028
0.04 237.92 472 59605  92.06 44395  0.0028 0.01 12519 629 1759.83 53321 62228  0.0010
7 0.90%* —19.77%* —2.69 42.72%% 326 2.80  0.0003  —0.43%* —17.88%* 2.15%*  66.64** 10.03 ~1.12 0.0365%*
044 6842 266  833.07 21255 93265  0.0013 128 6442 141 163157 16487 23381  0.0001
8 0.97% 13.75% 2.07* -39.21%* ~10.23 ~8.68  —0.0368**  0.74%* 20.37F% 2.73%* _71.78%* —19.03**  0.07 -0.0777**
028 30419 413 190260 2209 1160.75  0.0015 043 20893  1.86 204333 21727  479.14  0.0011

LEAF, the final number of leaves; PH, plant height; HKW, hundred-kernel weight; KNE, kernel number per ear; GY, grain yield; SB, shoot bio-
mass; HI, harvest index; LN, low nitrogen; NN, normal nitrogen; GCA, general combining ability; SCA, specific combining ability.

performance of a parent in a series of crosses, was calculat-
ed for each parental line for all traits along with their corre-
sponding SCA variances (Table 7). Combined data analysis
provides average performance values and reveals the out-
standing hybrids with high SCA variance for a given line.
Jinhuang96B has the highest GCA along with high SCA
variance for KNE, which makes it the best line to use for
LN tolerance as defined by this component of yield. Con-
versely, the parental line 2 Qi209 had the lowest GCA but
high SCA, which means it could be useful for selection of
elite hybrids based on high SCA estimates alone although
with less confidence.

ELN 8NN

0.80%
0.72%

B 0.61%

0.29%

02 0.16

GY HI HKW  KNE  LEAF  PH SB

Fig. 1. Correlations between midparent and hybrid performance for
each trait under LN and NN. LEAF: the final number of leaves; PH,
plant height; HKW, hundred-kernel weight; KNE, kernel number per
ear; GY, grain yield; SB, shoot biomass; HI, harvest index.

Correlation between inbred line per se and hybrid perfor-
mance

the correlation between hybrids and mid-parents was
positive and significant for all traits under NN (Fig. 1).
However, for the GY related traits, only KNE and HKW
were significantly positively correlated under LN. Under
LN, KNE and PH both fit a linear regression with high cor-
relation coefficients (R?) of 0.6688 and 0.7838 (Fig. 2) be-
tween per se and hybrid performance, respectively. Howev-
er, under NN, R? for KNE decreased to 0.3832. In summary,
KNE may be a positive trait with predictive value for the
relationship between performances of an inbred line per se
and in hybrids for a maize low-N tolerance breeding pro-
gram. However, inbred lines and hybrids should be evaluat-
ed under LN conditions to identify inbreds with good breed-
ing value and outstanding hybrids for low-N tolerance.

Discussion

Development of hybrid varieties and application of N ferti-
lizers are two of the most important proven approaches to
meeting increased future demands for maize. Breeding for
improved maize low-N tolerance can be expected to also
effect positive genetic gains under high N because approxi-
mately two-thirds of genetic gains for grain yield at high N
can be explained by improvements in grain yield at low N
(Haegele et al. 2013). Moreover, GY of modern maize hy-
brids depends largely upon sowing density, as GY has been
shown to be a function of plant population density and high
planting-density tolerance, rather than intrinsic yield poten-
tial (Duvick 2005, Tollenaar and Lee 2002) . At higher plant
populations, low-N stress should be more severe due to
competition for resources including N. Therefore, LN stress
tolerance results from an important intersection of grain
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yield, NUE, and heterosis in maize. However, the success of
maize breeding for high NUE or low-N tolerance largely
relies on acquiring relevant knowledge and understanding
the genetic control of these traits at the population level. For
example, the responses of hybrids and their parental lines to
nitrogen input levels in terms of genetic variation and the
magnitude of heterotic effects are important parameters for
improving NUE and low N tolerance. Understanding the
relevant kinds of genetic variation might direct breeders to
the appropriate traits to target during line development or
test crossing and reveal to what extent hybrid performance
can be predicted based on parental lines and their testcrosses.

Genetic variability reveals KNE as a breeding target for LN
tolerance

ANOVA revealed significant differences among these
eight parental lines and their hybrids for all traits under two
nitrogen levels (Table 4). However, the significances of the
variances among traits differed between N levels. The heri-
tability of each of these traits can explain their genetic con-
tribution to the differences among variances. Under both N
levels, genetic variability in the hybrids is higher than that
in the parental lines for all traits except LEAF and HI
(Table 4). Under LN conditions, the magnitude of the genetic
variability decreased in the parental lines for all traits except
HKW, but increased in the hybrids for all traits except
LEAF. Compared with parental lines, hybrids showed lower
heritability for all traits except KNE under NN, indicating
that the performance of parental lines is more stable geneti-
cally than that of their hybrids under NN. LEAF showed the
highest heritability, while KNE showed highest heritability

Predicted PH (sum GCA of parents +overall mean)

GCA effect of two parents and over-all means.
KNE: kernel number per ear; PH: plant height.

among all measured yield traits in both parental-line and
hybrid-based analyses except for parental line under the LN
condition (Table 4). However, our previous report using a
larger panel of inbred lines (n=189), which included all
parental lines in this study, tested under both LN and HN
conditions revealed that KNE had higher heritability than
any other yield component traits under LN (Wu ef al. 2011).
The genetic parameters characterized among those border
genetic basis should be more credibly to justify that KNE
was a good selecting trait which respond to LN selection at
maize breeding. In addition to heritability, the sensitivity of
the secondary trait other than GY per se was very important
for improving the precision and demonstrating the degree of
stress to crop to low nitrogen stress (Bénziger 2002). In this
study, KNE was found to have a larger coefficient variation
(CV) than HKW under LN and NN conditions in both pa-
rental lines and hybrids (Table 3), indicating that KNE
shows a larger range of variation in both parental lines and
hybrids under two nitrogen conditions. KNE, as well as GY,
was more sensitive to nitrogen than HKW in both parental
lines and hybrids (Table 3). For example, average KNE of
the parental inbred lines and hybrids under LN was only
85.8% and 75.7% of those under NN, while HKW was
87.2% and 85.0%, respectively. In addition, KNE showed a
more significant correlation with grain yield than HKW in
both parental lines and hybrids under LN stress. For exam-
ple, the correlation coefficients (R?) between GY and KNE
are 0.68 and 0.60 for parental lines and hybrids respectively
under the LN condition, while HKW are only 0.48 and 0.35
for parental lines and hybrids, respectively (data not
shown). Therefore, concerning the heritability in this and
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previous studies, the correlation with grain yield, and the
sensitivity to the stress, for target trait selection, KNE was
better than HKW as a secondary target trait for LN selection
in maize breeding. A primary goal of NUE breeding and
production is to maintain high crop productivity under low-
er N application and to determine whether it is possible to
select good genotypes that are adapted to LN, NN, or both
nitrogen conditions (Hirel ef al. 2007). As a result, we could
achieve ideal GY under LN stress. Thus, in terms of the ag-
ronomic performance of inbred lines under LN, KNE would
be the best target trait for selection. Evaluation of hybrid
performance also revealed that KNE had higher heritability
than other GY component traits under both LN and HN con-
ditions, predicting good response to selection for KNE as a
target trait for improvement of N stress tolerance in future
hybrid breeding programs.

Genotype by environment interaction

Furthermore, parental lines showed more significant
G x E interaction than did hybrids. The G % E was signifi-
cant for HKW, KNE, GY, and HI under both N levels. For
hybrids, the environment effect was significant only for GY
and HI, while G x E was not significant for most of the
measured traits under NN. These results indicate that inbred
lines were more susceptible to environmental factors, par-
ticularly under LN, and that the performance of the hybrids
should be relatively more stable. Therefore, hybrid evalua-
tion under LN should be more reliable than the evaluation
of parental lines in breeding programs for LN tolerance.

Heterosis for LN tolerance and its breeding implications
Maize hybrid vigor for grain yield is determined by the
heterosis associated with plant biomass, kernel number, and
harvest index (Munaro et al. 2011). Heterosis revealed in
this study for HPH and MPH for PH and KNE tended to be
relatively greater under LN conditions but lower under NN
conditions (Table 6), consistent with a previous report (Zaidi
et al. 2003). In this study, heterosis levels for HKW, GY,
SB, and HI were greater under NN conditions. In particular,
heterosis results for GY agreed with the conclusions from a
previous study on a tropical maize population (Gama et al.
2002). Further, low heterosis was found for LEAF under
both LN and NN conditions in this study, as also found for
leaves above the ear in a previous report (Mehta and Sarkar

1992). Our findings suggest that leaf number is a develop-
mental trait with large genotypic differences but low hetero-
sis effects. Under NN, environmental effects in parental lines
were significant for PH, KNE, GY, and SB; however, under
LN, environmental effects were significant for PH, HKW,
KNE, GY, and HI. MPH for KNE was much higher than
that for HKW at both N levels, but particularly under LN.
Therefore, KNE contributed the majority of GY heterosis
under both LN and NN conditions, but especially under LN.

Prediction of hybrid performance from parental lines

Using inbred line information to predict hybrid perfor-
mance could reduce the need for hybrid evaluation. An early
study reported that the contribution of mid-parent perfor-
mance for GY was comparatively greater than mid-parent
heterosis under both low and normal nitrogen conditions
(Zaidi et al. 2003), which encouraged us to explore the cor-
relation between hybrid and mid-parent performance for all
measured traits. A similar result for PH was obtained in an
earlier study, with a lower correlation observed under severe
low nitrogen stress than under optimal conditions (Zaidi et
al. 2003) and stronger correlations observed for HKW un-
der low-N stress (Bolafios and Edmeades 1996). However,
correlations between performances of parent and hybrid
have often been reported to increase under extreme environ-
mental conditions (Good et al. 2004). The extent of hybrid
performance that we could predict will determine whether
this approach will be useful in breeding programs. Our re-
sults suggest that both KNE and PH can fit the linear regres-
sion with a high correlation coefficient under LN conditions
(Fig. 2). Actually, most of the traits studied here, except HI,
show positive correlations under N stress (data not shown).
Linear regression revealed a correlation between parental
lines and hybrids for low-N tolerance (Table §). Among all
the traits measured here, the regression coefficients between
hybrids and parents estimated for the low-N tolerance index
(LNTI) were only significant for HKW (R?=0.2334) and
SB (R? = 0.2770). This indicates that the nitrogen sensitivity
of HKW and SB in hybrids is more related to that of their
parents than are the nitrogen sensitivities of other traits we
studied. However, our experiment revealed that for most of
the other traits we studied, low-N tolerance in hybrids had
no certain correlation with that of their parental lines. Based
on the definitions of GCA and SCA (Griffing 1956), the

Table 8. Parent-offspring correlations for the low-N tolerance index (LNTI) between the parental lines and their diallel cross F1 hybrids

Tait F1, MP F1, HP F1,LP F1, (HP LP)
raits
Reg. R-square Reg. R-square Reg. R-square Reg. (HP)  Reg. (LP) R-square

LEAF 0.135 0.0031 0.231 0.0117 -0.019 0.0001 0.282 -0.119 0.0149
PH 0.054 0.0075 0.213 0.0185 0.023 0.0044 0.207 0.003 0.0186
HKW 0.073 0.0039 —0.185 0.0387 0.329 0.1039 -0.370 0.492* 0.2334
KNE —-0.030 0.0035 —0.059 0.0243 0.043 0.0075 —0.097 0.105 0.0584
GY —0.089 0.0181 —0.187 0.1106 0.057 0.0104 —0.264* 0.172 0.1878
SB 0.403 0.1215 0.127 0.0204 0.588** 0.2600 —0.135 0.675%* 0.2770
HI 0.097 0.0432 0.071 0.0387 0.079 0.0278 0.054 0.040 0.0435

*** Significant at 5% and 1% levels of probability, respectively; Reg., Regression coefficient; MP, mid-parent; HP, high parent; LP, low parent.
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LN NN

Traits r(FI,MPH) r(FI,HPH) r(SCA,MPH) r(SCA,HPH) r(F1,SCA) r(FLLMPH) r(F1,HPH) r(SCAMPH) r(SCA,HPH) r(F1,SCA)
LEAF 0.47% 0.16 0.79%* 0.61%* 0.43* 0.29 0.05 0.82%* 0.74%% 0.56%*
PH 0.66%* 0.46* 0.53%* 0.61%* 0.46* 0.37 ~0.40* 0.95%* 0.42% 0.35
HKW 0.55%% 0.50% 0.47* 0.44% 0.53%* 0.62%% 0.64%* 0.51%* 0.52%% 0.51%*
KNE 0.36 0.17 0.40% 0.25 0.59%* 0.57%% 0.38 0.77%* 0.64%% 0.50%*
GY 0.55%* 0.42% 0.44% 0.40% 0.63%* 0.28 0.31 0.49% 0.45% 0.89%*
SB 0.91%* 0.84%% 0.79%* 0.75%* 0.80%* 0.52%* 0.53%* 0.66%* 0.47%* 0.79%*
HI 0.09 0.08 0.46* 0.44* 0.81%* ~0.09 0.11 0.41% 0.35 0.55%*

LEAF: the final number of leaves; PH, plant height; HKW, hundred-kernel weight; KNE, kernel number per ear; GY, grain yield; SB, shoot bio-

mass; HI, harvest index; LN, low nitrogen; NN, normal nitrogen.

correlations between MPH or HPH and F1 performance and
between SCA and F1 performance for many traits might
also be used for parent-hybrid performance prediction. A
large number of positive correlations were found between
these combinations of parameters in this study (Table 9), so
it does seem that both GCA and SCA play important roles in
F1 performance. Finally, these results provide further evi-
dence that prediction of hybrid performance based on that
of parental lines, although a major challenge in low-N toler-
ance breeding, may be amenable to the type of analysis pre-
sented here.

Conclusions

From a breeder’s point of view, selection of the appropriate
maize hybrids to be cultivated under LN input will be facili-
tated by identification of high GCA and SCA effects. Im-
proving low-N tolerance in maize can be expected to also
result in genetic gain for yield under high N. Genetic varia-
tion and heterosis analysis showed that genetic improve-
ment of hybrids for LN tolerance is an effective approach to
enhancing maize production under lower N input settings.
Selection for KNE, rather than for GY itself, may be more
effective for genetic improvement of yield under LN, or LN
tolerance. Therefore, evaluation of hybrids under LN is es-
sential for breeding hybrid maize for LN tolerance.
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