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Abstract Limited information is available on
genetic variation in low-nitrogen (low-N) stress
tolerance and N-use efficiency (NUE) among maize
inbreds. To unveil this information, a panel of 189
diverse maize inbred lines was evaluated under
contrasting levels of N availability over 2 years.
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Low-N agronomic efficiency (LNAE), absolute grain
yield (GY) at low-N conditions, and the ratio between
GY at low-N and optimum-N conditions were taken
into account to represent low-N tolerance. Addition-
ally, N-agronomic efficiency (NAE) along with other
agronomic traits was also analyzed. Analysis of
variance revealed significant effects of genotype on
LNAE, NAE, and GY. The estimated broad-sense
heritability was 0.38 for LNAE while it was only 0.11
for NAE, implying that selection based on LNAE
should be more effective than NAE. LNAE exhibited
highly positive genotypic and phenotypic correlations
with GY, ear kernel number (EKN), kernel weight,
plant height (PH), and chlorophyll content at low-N
conditions, while it was negatively correlated with
grain-N content and anthesis-silking interval. Path
analysis indicated that the EKN at low-N stress had
the highest positive effects on LNAE.

Keywords Genetic variation - Low-N stress
tolerance - N-agronomic efficiency -
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Abbreviations

10 DAP 10 Days after pollination

CI Confidence intervals

NAE Nitrogen agronomic efficiency
(kg kg~' N ha™")

ASI Anthesis to silking interval (days)

EKN Ear kernel number

G Genetic correlation
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Gwce Grain yield at no N-fertilizer application
control (kg ha ")

Gwr Grain yield under optimum N-fertilizer
application (kg ha™")

GY Grain yield (kg ha™")

n* Broad sense heritability

HKW Hundred kernel weight (g)

N% N content in dry grain

N Nitrogen

NDP Nitrogen-depleted plot

NDVI Normalized difference vegetation index
Np The amount of N fertilizer applied
(kg ha ")
NP Normal plot with complete fertilizer
application
NUE N-use efficiency
PH Plant height (cm)
r Phenotypic correlation
SPAD Soil plant analytical development
Introduction

Nitrogen (N) is one of the major essential elements
for crop growth and development and is heavily used
in modern agriculture to maximize yields. World-
wide, N-use efficiency (NUE) for cereal production
is approximately 33% (Raun and Johnson 1999).
Indeed, only about a third of the applied N is stored in
the cereal grain (Raun and Johnson 1999; Tilman
et al. 2002). Excessive N fertilization in intensive
agricultural areas including major maize production
regions has resulted in serious environmental prob-
lems because of atmospheric, soil, and water enrich-
ment with reactive N of agricultural origin (Ju et al.
2009). On the other hand, maize cultivation in
tropical areas and some other marginal maize
production areas occurs at low-N conditions (Mon-
neveux et al. 2005). The efficiency of fertilizer
capture and adaptation to low-N stress under condi-
tions of low N supply are important traits for corn
production (Tokatlidis and Koutroubas 2004). To
reduce the cost of N fertilization and the negative
impact of excessive N on the environment, improve-
ment of N-use efficiency (NUE) and low-N tolerance
has become a desirable breeding goal in maize.
Therefore, improving the NUE and low-N tolerance
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is of great importance for both sustainable maize
production and environmental benefits.

Breeding for high NUE and low-N stress tolerance
requires the availability of adequate genetic variabil-
ity for the target traits. Genetic variation or variability
in N-utilization traits among the accessions of maize,
wheat, rice, and spring barley has been investigated
as a prerequisite to improve NUE of cereal crops
(Moll et al. 1982; Cox et al. 1985; Singh et al. 1998;
Anbessa et al. 2009; Cui et al. 2009). In maize, a few
single biparental hybrids were used for on-farm
measurement of genotypic differences (Moll et al.
1982; Cui et al. 2009). However, genetic variation
among maize inbreds is largely unknown. This has
significantly impact on both parental choice for
breeding hybrids and donor selection for backcross
programs.

An efficient measurement of NUE is essential for
crop breeding and production. A number of mea-
surements have been developed for evaluation of
NUE in crops (Steenbjerg and Jakobsen 1963; Siddiqi
and Glass 1981; Moll et al. 1982; Craswell and
Godwin 1984) as summarized by Good et al. (2004).
Among these, N-agronomic efficiency (NAE), which
is defined as the efficiency of converting applied N to
grain yield, is much more practicable when a large
number of accessions must be evaluated since no
labor-intensive or time-consuming chemical analysis
is required. This index has been defined as
NAE = GWFN;IGWC where Gy and Gy are the grain
yield with and without N applied, respectively; and
Nr-1is the amount of N fertilizer applied (Craswell and
Godwin 1984). Recently, low-N tolerance index
(LNTI) is defined as grain yield reduction under
low-N stress in comparison with that under optimal
condition at the same trial, and is calculated as (1 —
(Gin/Gop) x 100%), where Gy = grain yield under
low-N environment and Gpp = grain yield under
optimal environmental condition (Francisco et al.
2010). However, the breeding goal for high NUE is to
maintain or increase productivity with less N applied
(Good et al. 2004). Selection for NAE or LNTI may
not necessarily lead to varieties with higher NUE. For
example, varieties of a crop that perform worse under
unfertilized condition may be selected, because the
worse performance at the low N will increase the
numerator (Gwr — Gwc), which results in a higher
NAE but decrease G;5/Gop, Which results in a higher
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LNTI. Therefore, it is necessary to develop a novel
measurement for N tolerance to ensure an efficient
breeding for high maize NUE and low-N tolerance.

In this study, we introduce a formula for mea-
surement of low-N agronomy efficiency (LNAE),
which is modified from agronomy efficiency (AE)
and expressed as LNAE (kgha™') = &Gy, where

Gwr and Gy is the grain yield with and without N
supplied, respectively. As N application in previous
crop seasons will affect the availability of N and the
responsibility of maize plants to the N application
(Stevens et al. 2005), N-depleted plots (NDP) were
used as non-N fertilizer control in this study. It should
be mentioned that the Gy used in this study for
LNAE and NAE was different from that defined by
Craswell and Godwin (1984) as it was the grain yield
of the non-N fertilized control at NDP in this study.
The objectives of this study were: (i) to develop an
applicable evaluation index for low-N tolerance; and
(ii) to determine genetic variation for low-N tolerance
and NUE in maize inbreds. The results provide some
useful information and germplasm donors for breed-
ing low-N tolerance and NUE in maize.

Materials and methods
Plant materials

A total of 189 maize inbred lines were used in this study
and their names, pedigree and heterotic group infor-
mation are provided in Supplementary Table 1. These
inbred lines represent a panel of diverse germplasm
from both China and North America, including some
subtropical and tropical germplasm (Xie et al. 2007).

Field experiments

The field experiments were conducted at Sanya,
Hainan, China, during the 2007 and 2008 winter
cropping seasons. The soil type at this site is sandy
loam, which requires heavy fertilizer input to support
plant growth. To exclude the effect of the previous N
application on this trial, a N-depleted plot (NDP) was
used as non-N fertilizer control in this study. The NDP
was developed by removing all biomass of the maize
plant from the plot without N-fertilizer application for
2 years. A normal plot (NP) was designed to receive

full fertilization. All the NP and NDP plots received
90 kg P,Os ha™! as triple superphosphate and 80 kg
K,O ha™' as potassium chloride prior to sowing. In the
NP, N fertilizer as urea was applied at 100 kg N ha™"
before sowing, 100 kg N ha™' at the six-leaf stage,
and 50 kg N ha™' before flowering.

Difference in nutrients between N-depleted
and normal plots

The difference in the nutrients before the field test in
the NDP and NP were evaluated (Supplementary
Table 2). The results showed that soil total N was
significantly lower in NDP than NP. No significant
difference other than N was observed between NDP
and NP, indicating that the 2-year-N-depleting effort
had been successful in reducing N levels. Soil
samples were collected from the 0 to 30 cm soil
layer prior to fertilization and planting, and then
mixed, air dried, and sieved to remove undecomposed
organic materials, after which they were used to
determine the organic matter (Walkley 1947), total N
(Bremner 1996), total P (HC10,~H,SO, digestion),
total K, Olsen-P (0.5 M NaHCOs5; Olsen et al. 1954),
NH4 OAc-K (1 M ammonium acetate at pH 7; van
Reeuwijk 1992), and pH (pHS-3C pH meter, Nanjing.
water/soil ratio 2.5:1).

Field plot design

All tested maize inbred lines were evaluated in
single-row plots in both NP and NDP treatments. The
plot size was 3 m? (5-m long with 0.6-m row spacing
and 0.2-m plant spacing), with each plot replicated
three times in a 14 x 14 alpha-lattice design. To
reduce the marginal and neighbor effects, traits were
only measured for the plants in each row after
discarding the two plants from each end of the row.
Originally, the panel of the inbred lines was 196 lines
for the 14 x 14 alpha-lattice. However, seven lines
out of 196 had data missed due to unexpected reasons
during the field tests.

Trait measurements
All phenotypic values shown are the mean for
the trait being evaluated as determined from all the

scored plants. Days to silking was defined as the
interval between the emergence date and the date
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when silks emerged in ca. 50% of the plants. Days to E 5 C)
pollen shedding was defined as the days from the S § £
emergence date to when 50% of the plants in the plot o0 2 9 g
o . 3 L2
shed pollen. Anthesis-silking interval (ASI) was £ <Zt < E <
. - a
defined as the interval between the days to pollen B Jl=<= s
shedding and the days to silking. Plant height (PH) = _ 3
was defined as the distance from the ground to the S E '§
. <
first branch of the tassel at maturity of the score for = u g ;
soil plant analytical development (SPAD) was deter- % <& = X
. . . o Z|lwnw 2 T 20
mined using a portable Minolta chlorophyll meter c ~E
(SPAD-502, MINOLTA KONICA Japan), while the = e & 's §
. . . . B ISl 0 =
normalized difference vegetation index (NDVI) was g o o 5y &
determined using a GreenSeeker™ optical sensor ; el & 2 < S 5%
unit (NTech Industries, Inc.) as a measurement of the -;J Zl-=—-<=3S|g g 2
biomass at the pre-tasseling stage as defined by < s 2 E £3
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CIMMYT, at flowering, and 10 days after pollen % = 3 & ;”:
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transformed into kg ha™'. Grain-N content (N%) was i O~ =S8 38
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determined from kernel samples using the standard <Zﬂ = ~ 2 5%
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yield with and without N applied, respectively; and é 3 _§‘ o
. . o . — s 2
Nr is the amount of applied N fertilizer, which was g 3 2 =2
—_ 2 3] .=
250 kg N ha™' in this study. LNAE (kg ha™") had =Y S @ 5 5sg
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Gwc is the grain yield with and without N supplied, £ é E' =) § N =
respectively. Therefore, only one set of data is i’% s 7 §
. . —_ o~ 9 g
available for LNAE and NAE since they were 28 = £ 5 g g §
calculated using combined data from NDP and NP. 5 E § % @ LE S =
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Statistical analyses ceE|<IE| =L =T 3|« 1_ &
S 223
: £2 S - |&7s
Most of the phenotypic data are presented as the S = 5 =7 3
i . . ES | w = 2 s 2=
mean and range in the Table 1. Analysis of variance £a |2 - & & 2
(ANOVA) for nutrient traits between NDP and NP - E|8 - & - o ;—% ég
was computed with the 7 statistic based on the z slg 2|5 131 E g;
assumption that the variances of the two treatments 5 % s 52 2
are equal. ANOVA was conducted for each test using g £z = o g B2
A Q
PROC GLM of the SAS (1999). The genotypes, 522 s 3 ZEE
. . ~ < =
environments, and blocks were considered as random ER R E = gag ; % ©
. . . . SelE Z s 2 s 2|2 ;DZ
effects. Estimates of genotypic variance, environ- g5~ S TS Ty dp
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(hz) was estimated on a plot basis (Hanson et al.
1956) as h* = o,/ (e + ok + 02),, where of, was
genotypic variance, ochEwas the variance due to G x E
interaction, and ocf was the error variance of replica-
tion. The CI (confidence interval) were obtained as
CI = u + T x o, where u was the mean of the h*
estimates, 7 was the critical value from the T
distribution for a 1 — «CI, and ¢ was the standard
deviation of the h? estimates (Mallinckrodt et al.
1997). The Proc MIXED of the SAS system to
implement restricted maximum likelihood (REML)
was used to estimate genotypic and phenotypic
correlations (Holland 2006). Path analysis was used
to partition the correlation matrix into causal and
spurious effects and then the causal effect was
partitioned into direct (path coefficient) and indirect
effects (correlations) (Ullman 1996).

Results

Genetic variability and heritability of LNAE
and NAE

Significant differences were observed among geno-
types for low-N agronomic efficiency (LNAE),
N-agronomic efficiency (NAE) (Table 1). The
G x E interaction was also significant (data not
shown). Among the diverse inbred lines, LNAE and
NAE along with GY and other physiological and
growth traits showed very diverse phenotypic perfor-
mance. The mean and range of these traits are listed in
Table 1. The average LNAE was 1,046.60 kg hafl,
ranging from 86.54 to 2,466.91 kg ha~'. The highest
LNAE was nearly 28 times that of the lowest. The
average NAE was 5.29 kg ha™ ', ranging from 1.80 to
10.17 kg ha™'. The average NAE indicated that
1 kg ha™' N input in the NP increased grain yield by
5.29 kg ha™' compared with the NDP. Significant
differences were also found for anthesis-silking inter-
val (ASI), chlorophyll content (SPAD read at the pre-
tasseling stage), growth and biomass (as measured by
NDVI, normalized difference vegetation index), plant
height (PH), grain yield (GY), ear kernel number
(EKN), kernel weight (HKW, hundred kernel weight),
and N content in dry grains (N%) in both NP and NDP
plots (Tables 1, 2). All of the scored traits showed great
difference among accessions. The ratios of average

Table 2 Estimates of genetic variance and broad-sense heritability for low-N agronomy efficiency (LNAE, kg ha™") and N-agronomic efficiency (NAE, kg kg™' N) and growth

and yield traits in 189 maize inbred lines across the N-depleted and normal plots in 2007 and 2008

HKW (g) GY (kgha™') NDVI

EKN

NAE N% SPAD PH (cm) ASI (days)

LNAE (kg ha™")

N depleted plot

2.41

8.34 14.70 13.95
0.53 £ 0.02
48.33-57.67

6.59

6.64 4.60 10.03

2.12

6.43

0.32 +£ 0.05

0.56 + 0.02
51.84-60.16

0.47 £+ 0.03
40.14-53.86

0.43 £0.03 0.4 £ 0.03

37.68-48.32

0.38 + 0.05
28.97-47.03

0.45 £ 0.04

37.56-52.43

0.11 £ 0.034
4.14-17.86

0.38 + 0.05

1 £ SD
95% CI

22.80-41.20

33.16-46.84

29.06-46.94

Normal plot

1.74

15.12
0.48 £ 0.02

44.22-52.78

292

12.05
0.49 £ 0.03

43.94-54.06

3.45

26.43

13.76

9.44

0.23 £+ 0.05 0.2 £ 0.05

0.27 £ 0.04

0.53 £0.03 0.6 +£0.01

47.19-58.81

0.74 £ 0.04
67.14-80.86

1 + SD
95% CI

10.78-29.22

14.07-31.93

18.27-35.73

57.36-62.64

Note: Only one set data is available for LNAE and NAE since they were calculated using combined data from NDP and NP. P < 0.001 level. h? + SD presented the mean

heritability with stand error (SD)

NAE nitrogen agronomic efficiency (kg kg™' N ha™"), ASI anthesis-silking interval (days), EKN ear kernel number, GY grain yield (kg ha™"), HKW hundred kernel weight (g),

N nitrogen, N% N content in dry grain, NDVI normalized difference vegetation index, PH plant height (cm), /0 DAP 10 days after pollinating, F F value, /> broad sense

heritability, CI confidence intervals
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values for the same trait measured between NDP and
NP plots indicated that most of the scored traits were
largely affected by low-N stress (Table 1).

The heritability estimate was 0.38 for LNAE,
while it was 0.11 for NAE, implying that selection
based on LNAE should be more effective than NAE.
GY showed heritability estimates of 0.53 for NDP
and 0.48 for NP, which indicated no significant
difference. However, EKN and HKW showed differ-
ent patterns of heritability estimates in NDP and NP.

Genotypic and phenotypic correlations of LNAE
and NAE

LNAE exhibited positive genotypic and phenotypic
correlations with GY, EKN, kernel weight (HKW),
plant height (PH), and chlorophyll content (SPAD
read), but was negatively correlated with the N
content in grain (N%) and ASI in NDP treatments
(Table 3). However, the phenotypic correlation of
LNAE with GY, EKN, and ASI was much higher in
the NDP. NAE exhibited a positive phenotypic
correlation with EKN in both the NDP and NP
groups, while GY was only positively correlated with
EKN in the NDP group. The genetic correlation of
NAE with EKN, SPAD, PH, and GY was significant
under both conditions. Based on these findings, the
EKN was a good visible phenotype for low-N
tolerance and NUE among inbreds. These findings
support the motion that N supply positively enhanced
grain yield in maize hybrids, primarily by increasing
the kernel number (Uribelarrea et al. 2004). In
addition, associations were observed between ASI
and GY, and ASI and LNAE under both low-N
and normal conditions. In particular, the significance
of these associations was higher under low-N
conditions.

Path analysis of the effect on LNAE and NAE

Path analysis revealed that the kernel numbers (EKN)
and kernel weight (HKW) under low-N stress con-
ditions had significant positive direct effects on
LNAE (Fig. 1). These findings imply that a genotype
selected due to its high yield under low-N stress
conditions may be tolerant to low-N stress and
therefore utilize N more efficiently. However, the N
content in maize grains had a negative correlation of
—0.19 with LNAE and —0.39 with EKN. Possibly,
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the nitrogen supply impacted the yield—protein rela-
tionship by stimulating protein synthesis rather than
inhibiting starch production among maize hybrids.
Uribelarrea et al. (2004) demonstrated strong genetic
control of the grain composition in maize hybrids,
which can be modulated by the positive effects of N
on the reproductive sink capacity and seed protein
synthesis. Our results from the maize inbred lines
here also support this conclusion.

Discussion
The comparison of LNAE with NAE and LNTI

The breeding goal for achieving high NUE is to
maintain or increase productivity with reduced N
application (Good et al. 2004). In LNAE, both the
absolute GY at low-N availability and the ratio
between low N and optimum N have been taken into
account in the formula. Therefore, LNAE meets the
breeding goals of selecting varieties capable of
maintaining high productivity at low-N availability.
It can be used to select materials or varieties that can
maintain high GY production under low-nitrogen
stress conditions or high-density population condi-
tions with serious competence in soil N availability.
However, breeding based on selection for NAE or
LNTI may not. Judging from the formula of NAE and
LNTI, the genotypes that perform more poorly under
unfertilized conditions will be preferentially selected
since a low performance at low-N will increase the
numerator (Gwr — Gwc) and thus result in a higher
NAE while a low performance will decrease GY n/
GYop and thus result in a higher LNTI. Therefore,
the selection based on NAE or LNTI may result in the
varieties which have a greater difference between
low- and optimum-N conditions. The maize produc-
tion using these varieties may rely on more N input.

The heritability of LNAE and NAE

In this study, we found the broad-sense heritability of
LNAE was much higher than NAE. It represents a
better target for selection due to its greater genetic
variability. However, the heritability estimate was
just 0.38 for LNAE. The heritability might have been
underestimated due to the following reasons. First of
all, we used a single row with three replicates at NDP
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0.35**

LNAE

R?=75.4%

NAE

Fig. 1 Path analysis revealed that the kernel numbers (EKN)
and kernel weight (HKW) under low-N stress conditions had
significant positive direct effects on LNAE (low-N agronomic
efficiency)

and NP in the field design in this study; the random
effect of the replicates and error variance occupied a
large portion of the total variance. We do understand
that bigger plot sizes may positively impact the
accuracy of estimate. Analyzing plot-size effect among
16 accessions (Supplementary Table 3) suggested that
larger plot size was better for evaluating. However, the
effect of trial scale with several hectares of field should
negatively impact the accuracy. Second, the G x E
variance was also quite large. Third, a lot of the inbred
lines used in this study had the same or similar origins
and genetic background (Xie et al. 2007). The genetic
variance should be underestimated due to a higher
degree of freedom from large accessions but less
variance among accessions which share the similar
background. This is supported by the fact that herita-
bility of other traits like GY was also underestimated
compared with other studies. Presterl et al. (2003)
found that the heritability estimates for grain yield at
high-N ranged from 0.36 to 0.94 and between 0.41 to
0.88 at LN. Most of the experiments had higher
heritability estimates than ours.

Response of growth, adaptation, and grain yield
to low-N availability

N is one of the most important factors limiting the
growth and GY of crops. In the present study,
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different levels of N-availability led to altered plant
growth and grain yield among diverse lines (Tables 1,
3). Typically, the leaf and canopy chlorophyll levels
were strongly affected by N availability. Therefore,
these characteristics are often used as a surrogate to
direct plant-N status estimation (Schlemmer et al.
2005; Samborski et al. 2009). The scored SPAD
values revealed a remarkable difference in the leaves
at different positions across growing stages between
the NDP and NP. The ratios of mean SPAD reads
among 189 lines between NDP and NP ranged from
0.71 to 0.78. Normalized difference vegetation index
(NDVI) was correlated with vegetative growth like
biomass (Stevens et al. 2005; Flynn et al. 2008) and
leaf area index (LAI) (Coyne et al. 2009). Significant
genotypic differences were also observed for NDVI
and plant height (PH), which were also correlated with
biomass and vegetative growth. In the NDP, the NDVI
at 10 days after flowering and the PH at maturity were
reduced by ca. 20 and 17%, respectively (Table 1).
The average anthesis to silking interval (ASI) was
2.99 days and ranged from —1.66 to 11.17 days in the
NDP, which was higher than in the NP. Environmen-
tal conditions such as shade (Moss and Stinson 1961),
density (Woolley et al. 1962; Monneveux et al. 2005),
drought (Hall et al. 1982; Fischer et al. 1989; Bolafios
and Edmeades 1996), and low-N availability (Mon-
neveux et al. 2005) affect the ASI due to changes in
the time to silking in maize hybrids or populations.
Reports have shown that the shorter ASI under
stressful conditions is an indirect index for greater
tolerance and biomass partitioning to the developing
ear (Edmeades et al. 1993, 1999; Chapman and
Edmeades 1999; Monneveux et al. 2005). Therefore,
the ASI should reflect adaptation to low-N stress. In
the present study, GY was significantly reduced by an
average of 40%, while the ear kernel number (EKN)
was reduced by 27%, and the hundred kernel weight
(HKW) was reduced by 11%. These findings sug-
gested that the N supply positively enhanced grain
yield, by increasing primarily the kernel number and
secondarily the kernel weight. However, the ratios of
the means between NDP and NP for EKN and HKW
were 0.73 and 0.89, respectively. These findings,
suggest that low-N stress may affect the grain yield in
inbreds through a reduction in kernel numbers more
than a reduction in kernel weight (or size). The effect
of N supply on GY and grain composition among a
large set of diverse inbred lines was consistent with
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the results observed in the hybrids (Uribelarrea et al.
2004).

The selection of genotypes with adaptation to low
N and high N input levels requires an interaction
between genotypes and N levels (G x N). In the
present study, differences in grain yields between N
levels were approximately 40%, resulting in signif-
icant G x N interactions in the experiments(data not
shown). Presterl et al. (2002) reported in the exper-
iment that the of G x N interactions, line develop-
ment at LN resulted in hybrids being better adapted to
LN but less well adapted to HN. In total, unlike
previous studies on genetic variability in NUE among
maize hybrids, a large set of inbred lines was
evaluated under contrasting N-availability conditions
in this study. The LNAE, both the absolute GY at
low-N availability and the ratio between low N and
normal N were taken into account in order to evaluate
the low-N tolerance among accessions. The results of
this study provide evidence of genetic variation for
low-N tolerance and NUE among a large number of
inbred lines subjected to various levels of N avail-
ability and suggest the feasibility of applying LNAE
for evaluating accessions in field experiments. The
results presented herein also document the informa-
tion required for parental choice and will help initiate
the process of designing breeding programs to
improve maize NUE for breeders who use these
materials.
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