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ABSTRACT

Develuping nitrogen-use efficient (NUE) genotypes of maize (Zea mays L.)
could reduce crop N fertilizer requirement. However, determining N uptake and
ulilization efficiencies can be costly and time consuming. The main objective of this
investigation was to evaluate alternative criteria for determining N-use efficiency traits in
maize genotypes in ar attempt to save time and reduce expenses in selectlon for N-use
efficiency. The results showed that under low-N, genetic correlation coefficient (rp) was
significant, positive and very high in magnitude for economic nitrogen use efficiency
(NUE, vs. grain dry matter (GDM) (r, = 1.00), biological nitrogen efficiency (NUE,) vs.
total dry matter (TDM) {r, = 1.00), nitrogen uptake efficiency (NUPE) vs. each of GDM
(r; = 1.00) and TDM (r, = L.0O). Furthermore, the geneiic correlation between plant
nitrogen utilization efficiency (NUTEy) and each of GDM and harvest index (HI) under
low-N was positive and very strong (r, = 1.00). A positive and significant r, value was
Jound between HI and nitrogen translocation efficiency (NTRE) (0.82). Therefore, grain
dry matter, total dry matter and harvest index could be considered as good alternative
screening criteria for NUE, NUPE, and NTRE (or NUTE,) traits respectively. These
results indicate thut grain nitrogen content (GN) could also be used as an alternative
selective criterion for measuring most nitrogen efficiency traits, especially under low-N
conditions. Under low-N, broad-sense heritability (k*) of the two alternative screening
criteria. ~ 2\l 188.84 %) and HI (77.65 %) was much higher than that of NUPE (30.44
%) and NTRE (50.82 %)} or NUTE, (6.42 %) and that of GDM (80.60 %) was comparable
to that of NUE, (50.6] %). Results suggest thal future research should focus on the
incorporation of some secondary iraits such as GN and GDM traits in the selection
programs along with NUE, trait in order to maximize the genetic gain from selection for
improving NUE,_
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INTRODUCTION :

Low soil nitrogen is among the major abiotic stresses threatening
maize production and limiting food security and economic growth (Banziger
and Drailo 2001). The incidence of low-N stress may increase, due partly to
global climate changes, declines in soil organic matter and reduction in soil
fertility and water holding capacity (Banziger et @/ 2000). One approach to
reducing the impact of N deficiency on maize production may be to select
cultivars that are superior in N-use efficiency, either due to enhanced uptake



capacity or because of more efﬁclent use of absorbed N in grain production
(Lafitte and Edmeades 1994). ' A

Nitrogen-use efficiency has been described in various ways, but
these definitions generally describe two types of efficiency, either uptake
efficiency or utilization efficiency. Nitrogen uptake efficiency (NUEP) has
been defined-as total plant nitrogen content per unit N available in the soil.
Nitrogen utilization efficiency (NUTE) was described by Siddiqi and Glass
(1981) as the grain production per unit N concentration in the plant.
Maranville et af (1980) defined biomass production (total aboveground dry
matter) per unit plant nitrogen as NE1, and grain production (grain dry
weight) per unit plant N as NE2. In soils with limited available N, utilization
efficiency has been found to be more important than uptake efficiency in
contributing to genotypic differences in grain production (Van Sanford and
MacKown 1986). Utilization efficiency coupled with economic yield is a
desired characteristic in crop plants if minimum depletion of soil N is a
goal. Moll et al (1982) recommended the development of genotypes with
both high uptake and high utilization efficiencies.

Determining N uptake and utilization efficiencies of maize crop can
be costly and time consuming, Whole plant samples must be ground and
analyzed for N content. When hundreds or even thousands of individuals or
treatments need to be evaluated, it may be difficult to obtain the necessary
data for determining selections in due time for the next season. Therefore,
the objectives of the present study were to evaluate alternative criteria for
determining N-use efficiency in maize genotypes in an attempt to save time
and reduce expenses in selection for N-use efficiency and estimate
hentablhty and expected genctxc advance from selection for such criteria.

MATERIALS AND METHODS

In order to determine the reliability of alternative criteria, data from
28 maize hybrids and populations were evaluated in 2009 and 2010 seasons
at the Experimental Station of the Faculty of Agriculture, Cairo University,
Giza, Egypt. Seeds of the 28 cultivars and populations of maize were sown
under two nitrogen levels, i.e. high-N by adding 120 Kg N /fed in two equal
doses in the form of urea (46.5 % N) before 1% and 2™ irrigations and low-N
where no N fertilizer was applied. Available soil nitrogen (N;) was analyzed
immediately before sowing and found to be 3.949 and 4.200 g N / plant
under low-N and 8,949 and 9.200-g N / plant under high-N in 2009 and
2010 season, respectively. The soil of the experimental site was clayey
loam. A spiit-plot design with randomized complete blocks arrangement in
three replications was used. Main plots were devoted to nitrogen levels
(high-N and low-N) and sub-plots were assigned to the 28 genotypes Each
sub-plot consisted of two ridges of im length and 0.7 m width, i.e. the
experimental plot area was 4.2 m®. Each main plot was surrounded with a

28



wide ridge (1.5 m widih) to avoid interference between the two N
treatments. Sowing date was April 30 in the 1% season and April 4 in the 2™
one. Seeds over sown in hills at 25 cm apart, thereafter (before the lf’
irrigation) were thinned to one plant/hill. o

The following traits were measured: number of ears per plant (EPP),
number of kernels per plant (KPP), 100-kernel weight (100KW) (g) and
grain yield per plant (GYPP) (g). At physiological maturity, three random
guarded plants were removed from each plot by cutting at the soil surface. -
The plants were bulked as one sample per plot. These plants were separated
into leaf blades, stalks (including leaf sheathes + tassels) and grains.
Samples were dried at 70 °C to a constant weight and each part was weighed -
separately. The following traits were recorded: grain dry matter (GDM) {g),
total above ground dry matter plant’ (TDM) (g), harvest index (HI) (%) as
100 x (GDM/TDM), economic nitrogen use efficiency (NUEe) (g/g) as
GDM/N; and biological nitrogen use efficiency (NUE,) (g/g) as TDM/N;,.

Dried samples were ground and used to determine nitrogen
concentration % and nitrogen content in mg of each fraction. Nitrogen
determination was carried out at the Laboratory of Micro-elements, at the
National Research Center, using Kjeldahl method to determine N-
concentration % according to A.O.A.C (1990). N content (mg) of each part
was calculated by multiplying % N concentration by dry matter weight of
each individual plant part i.e. N content (mg) of leaves (LN), N content (ng)
of stem (SN), and N content (mg) of grains (GN). The following N
parameters were estimated: grain nitrogen content (GN) (mg), total plant
nitrogen content (TN) (mg), nitrogen uptake efficiency (NUPE) (%) as 100
x (TN/N;), nitrogen translocation efficiency (NTRE) (%) as 100 x
(GN/TN), plant nitrogen utilization efficiency (NUTEy) (g/g) as GDM/TN,
grain nitrogen utilization efficiency (NUTEy) (g/g) as GDM/GN and’
biomass nitrogen utilization efficiency (NUTE,) (g/g) as TDM/TN.
Nitrogen efficiency parameters were estimated according to Moll er al
(1982).

Combined analysis of variance across the two years of study was
performed if the homogeneity test was non-significant and LSD values were
calculated and used to test the significance of differences between means
according to Snedecor and Cochran (1989). Each main plot (N levels) was
analyzed across years to determine the genotypic and phenotypic variance,
using expected mean squares from the respective ANOVA table according
to Hallauer and Miranda (1988).

Heritability (%) in the broad sense (h%) was estimated according to
Singh and Chaudhary (2000) using the formula h% % = 100 x (8% / 8%). The
coefficient of genotypic correlation (r;) was calculated between each pair of
studied traits under each environment (high- or low-N) according2 to Singh
and Chaudhary (2000) using the following formula: 1, = 8%y / (85 8%5) %
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where 52 = the gen ot%plc covariance of the two traits, X and Y,
rcspcctlvely and &%, and 8’5, = the genotypic variance of the two traits, X
and Y, respectively. Expected genetic advance (GA) from direct selection
for each studied trait under each environment (high- or low-N) was also
calculated according to Singh and Chaudhary (2000) as follows GA=100k
h 8,/% , where ¥ = general mean of the appropriate N level, 3, = square
root of the denominator of the appropriate heritability under N level, h% =
the applied heritability and k = selection differential (k = 1.76, for 10 %
selection intensity, used in this study). Indirect correlated response (CR;) in
NUE, trait from selection in a secondary trait was estimated according to
Falconer (1989) as CR; = 100 i H"* H*, 1y 8,/ 7 ; , where, CR; = correlated
response in NUE, j, H" and H”, = square roots of heritabilities of traits j
and k, respectively, 1 = genetic correlation among traits j and k and ¥ ;=
general mean of NUE,.

_ RESULTS AND DISCUSSION

Analysis of variance
&- - Analysis of variance for 28 maize hybrids and populations evaluated
under high- and low- nitrogen conditions combined across years (data not

presented) showed that mean squares due to N levels for all studied
~ characters were significant (p < 0.01), indicating that low- N-has an obvious
effect on all studied traits. Mean squares due to maize genotypes were
highly significant for all studied traits, indicating presence of genetic
differences among studied hybrids and populations for all studied characters
under both high- and low- N levels. Mean squares due to genotypes x N
levels interaction were highly significant for all studied traits, suggesting
that genotypes behaved differently under different N supply conditions and
the possibility of selection for improved performance under a specific soil
nitrogen environment, as proposed by Al-Naggar at al (2006 and 2009).
Mean squares due to genotypes x years interaction were significant (p <
0.01) for all studied traits, except for 100KW, indicating that genotypes vary
with years for most studied traits. Moreover, mean squares due to genotypes
x N levels x years were significant (p < 0.01) for all studied traits, except
for EPP and 100KW, suggesting that performance of maize genotypes vary
with years and nitrogen supply for such traits, confirming previous results
(Presterl et al 2003).
Means and ranges ‘

A comparative summary of means and ranges of all studied traits

across years and genotypes subjected to low- and high-N conditions is
presented in Table (1). Mean grain yield / plant (GYPP) was significantly
decreased due to low-N by 48.59 %. Consistent to these results, reduction in
grain yield due to N stress was reported by several investigators (Bertin and
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Gallais 2000 and Prester] et al 2003). Reduction‘in grain’ yiéld ‘#plant due to
“low-N-could by attributed to reductions in nurber-of ‘éars / plant. (EP?;
nitdriber of kernels / plant (KPP) and 100-kernel' weight (100KW), i‘e. all

yield: components Reductions in-yield coniponents: scaused by low-N-were

‘maximum (37:23'%) for kernels / plaht ahd minimuri’ (¥3:30: %y for: 100-

kernel we:ght Thls mdleates that numbcr of kernels 4 plaﬁt a§ t1he= most
, are i full agreement w1th those reported by Al-Naggar etal (2009)

7 » - Moteover, low-N caused a highly significant: reduction in- all dry ’
mattér traits, i.e. GDM (48.59:%);: TDM (35.68 %) and HE-(19.25 %}, all
nitrogen content traits, i.e. GN' (65.87 %) ‘and: TN (61.08 %) ‘and'the

" nitrogen efficiency traits NUPE (13.50 %) and NTRE: (12.08 %). In'this
respect, Sinclair and Horie (1989), Muchow and Sinclair (1994);-Al-Naggar
et al (2008 and 2009) and Atta (2009) found that low-N hrmts crop dry

matter and gram yleld potentlal B TR e

Table 1. Summary of means and ranges of studled traits fOr 28 maize
cultivars and populations under high- and. low-N conditions
.. combined.across the two years. - ;

‘Mean : ... ST _ Range , o ; ‘;LSDm;J,-’_‘,

Trait

+Hi-N - Lo-N Red% ngh{-l?l._,,,. i Low=N v G N GxN

IS5, 6094 48501 6421625 | 33A69666 63 LT 87
; 100-157 1 10.69:1.00 © 0.05 0.01 .08
06923 19435388 305 81 &3
i :x,,,;;%;wfg?.';% 68 0 X
GBMAR) - 100t 5149, AR -SAZIILI . 28.02BLET. - 52
TEDM gy 77 12385 10 153.4 35168° (16318:329.6 - 95:7:217.2 10
CHI(%) 4161 336 1925 27465824 24564396 25" 06 305
GN(mg) 1450 494 6587 . 5592504 . 130-1070 821219 1162
TN(mg) -~ 2874 1118 6108 14314269 . .635-1763 1138 30.4.1609
| NUE,(g/g) 1104 1261 <1422 5971514 = 6862002 ~ 08 02 12
'NUE.,(g/g) 2629 37.64 43, 17 18053632 23465331 18 05 25
NUPE(%) 3171 2743 1350 15714719 . 1584436 16 04 23
* NUTE, (glg) 3667 4185 -30. 49; (26145862 - 34477024 24 07 34
NUTE, (g/g) 7935 119:2 -50.26. 49.4-147.6 . 73.8:2592 - 0.01  0.04 °0.01
' N’UTE., (%) 8905 14496273 652-139.4° 108.9-193.5° 2.7 0.7 -3.6
NTRE (%) 4916 43. 22; 12.08 26 71-6751: 19515849 23 06 32

14014
L2745

Red = Reduction = 100 x (High-N - Low-N) / High-N, N = Nitrogen levels,
G = Genotypes, Hi-N = ngh-N and Lo-N = Low-N.’ = -
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.. On the contrary, low-N stress caused increases in the means of the
28 maize genotypes for NUE. (14.22.%), NUE;, (43.17 %), NUTE, (30.49
%), NUTE, (50.26 %) and NUTE, (62.73 %) (Table 1). It is believed that
under low-N conditions, maize plants are forced to improve their NUE
ability as a means of coping with N- stress. conditions, though this increase
differed from one genotype to another. . In this respect, Anderson et al
(1984), Pandey er al (2001), Al-Naggar et al (2008 and 2009) and Atta
(2009), reported that- NUE increased. as soil-N. decreased. It is interesting to
mention that reductions in means.of the 28.maize genotypes due to low-N
were accompamed by reductions (narrowness) in their ranges for grain yield
plant’! and-all yield compenents; except 100KW all dry matter and nitrogen
content traits and NTRE trait. On the-other hand, increases in means of the
studied maize genotypes due to- N-stress: were. accompanied by increases
(broadness) in their ranges for: the: nitrogen efficiency traits NUE., NUPE,
NUTE,, NUTE; and NUTE, and the yield trait 100 KW. Broadness of
ranges of these traits under low-N conditions is beneficial for maize breeder
in.order to achieve more efficient selection: for improving such traits. .-

‘Altertiative. séreening criteria for N efﬁciency traits :
.. Genetic correlation .coeffitients “(ry) *betiween ‘N efficiency traits
(NUE,;. NUE,, NUPE, NUTEy, NUTE,, NUTE, and NTRE) and dry matter
“traits (GDM, TDM 'and HI) under both high-and low-Nacross years are
presentcd in Table: (2): When soil: N is:constant, NUE, and: NUFEy, traits .are
-expected te be determined by.measuring. GDM and TDM, respectwely
-- Consistent with expectations, Iy was significant, positive and very high in
magmtude (1.00) for NUE, vs. GDM and NUEb vs. TDM under both high-
and low-N. This indicates that grain’ dry matter (GDM) and total plant dry
matter (TDM) could be considered:as good alternative screening criteria for
seconomic nitrogen use efficiency (NUE;) and biological nitrogen efficiency
-(NUEy), respectively, ..

Moreover, a very hrgh pOSlthC ‘and 31gmﬁcant rg value was found
“Between harvest index and NTRE' (0.82) suggesting that' HI is"a good
~selection €riterion for nitrogen translocation “efficiency. Furthermore, ‘the
genetic: correlation: between plant :nitrogen  utilization efficiency (NUTE,)
and each of GDM, and HI under low-N was positive and very strong (1 =
1 OO) mdlcatmg that grain dry : matter and harvest index could be suggested
‘as alternative criteria for NUTEp Moreover under low-N, a very high
‘positive and significant r, ‘estimate (1.00) was obtained between NUPE ‘and
-each:6::GDM and TDM, suggesting that any:of grain and-total. dry matter
traits .could be used as a good selective criterion for measuring N pptake
eﬁﬁcreney trait. A very, high and srgmﬁcang pOSItJVC Ig. estrmate was also
- ‘found ‘between. NUE,, and GN under ‘both-N levels, suggesting that. grain
“nitrogen‘is @ good predietor of genoiyplc performance for economlc o

17 -



Table 2. Genetic correlation coefficients (ry) between nitrogen efficiency
traits and selective alternative criteria in maize (n=168).

Alernative criteria
Trait GN GDM ™M HI
High-N
TN 0.89t 0.89¢ 0.95¢ 0.46¢
NUE, 1.00t 1.00¢ 0.80¢ 0.82¢
NUE, 0.91¢ 0.80¢ 1.00¢ 0.31
NUPE 0.89t 0.90% 0.98¢ 0.46¢
NUTE, 0.48t 034 .19 0.76t
NUTE, 0.29 -0.45 -0.46¢ .14
NUTE, 0.57¢ 0.78¢ -0.75¢ -0.50¢
NTRE 0.60¢ 0.70t 0.22 0.89¢
Low-N

TN 0,76t 1.00¢ 0.78¢ 0.20
NUE, 1.00¢ 1.00t 0.70% 0.631
NUE, 0.82¢ 0.69¢ 1.00¢ .11
NUPE 0.76t 1.00¢ 1.00¢ o1
NUTE, 1.001 1.004 0.16 1.00¢
_ NUTE, -0.51¢ -0.78¢ -0.541 -0.60t
'NUTE, 0.71¢ -0.78¢ 0854 - 0.67¢
NTRE 0.79t 0.70¢ 0.17 0.82¢

{Estimate exceeds twice its standard error.

nitrogen use efficiency. Under low-N, grain dry matter could be considered
as a good predictor of TN (r, = 1.00%), NUE, (rz; = 1.00%), NUPE (r, =
1.001), NUTE; (1 = 1.00%), NUTE; (1 = - 0.78%), NUTE, (r; = - 0.781),
NTRE (rg; = 0.70%) and ‘NUE, (rg = 0.697), i.c. all studied nitrogen
efficiency traits. Total dry matter came in the second rank after grain dry
matter, as a good predictor of N efficiency traits, since it showed significant
rg estimates with TN (0.78), NUE, (1.00) NUPE (1.00), NUE. (0.70),
NUTE; (-0.54) and NUTE, (0.55). These conclusions are consistent with
Youngquist et al (1992) in sorghum and Ai-Naggar er al (2009) in maize. -
Analyzing grain or total dry matter would allow faster and more economic
evaluation of a large number of maize genotypes. By substituting an
alternative criterion in ranking nitrogen efficient genotypes in maize
breeding programs, substantial savings in time and resources could be
realized with a fair level of confidence in selection. Alagarswamy and
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Seetharama (1983) concluded that selection in grain sorghum for biomass
and harvest index is sufficient to ensit€ Kigh-N uptake and translocation.

Traore and Maranville (1999) reported that shoot and gran nitrogen
concentration were correlated with biological nitrogen use efficiency while
grain and shoot N contents were correlated with plant nitrogen utilization
efficiency. Moreover, Harada ef al (2000) reported a strong correlation
between grain dry matter and N uptake efficiency. The best use of the
alternative screening criteria mentioned in this study would be as pre-
screening tools to eliminate the poorest genotypes. This would alleviate the
need to whole plant analysis on a large number of samples, yet permits a fair
level of confidence in making final selections. It is interesting to mention
that grain nitrogen content (GN) especially under low-N showed a
significant r, estimate with each of NUE. (1.00), NUTE, (1.00), NUE,
(0.82), NTRE (0.79), NUPE (0.76) and NUTE, (0.71), i.e. with almost all
studied N efficiency traits (Table 2). These results indicate that grain
nitrogen content could also be used as an alternative selective criterion for
measuring most nitrogen efficiency traits, especially under low-N
conditions. : :

Heritability &

Under low-N, broad--sense heritability (hzb) of the alternative
screening criteria TDM (88.84 %) and HI (77.65 %) was much higher than
that of NUPE (30.44 %) and NTRE (50.82 %) or NUTE, (6.42 %) and that
of GDM (80.60 %) was comparable to that of NUE, (80.6 %) (Table 3). The
same trend of higher h%, values of alternative criteria than those of N-use
efficiency traits was also observed under high-N conditions. It is obvious
from the results that h’, estimates are generally higher under high-N than
those under low-N conditions; 8 out of 12 studied traits showed higher h%,
under high-N as compared to low-N. Similar to these results, some
researchers found a decrease in heritability under stressed environments
(Frey, 1964, Subandi and Compton 1974, Ordas and Stucker 1977, Shabana
et al 1980 and Asay and Johnson 1990). Others reported that genetic
variance and consequently heritability was increased in stressful
environments (Russell 1969, Stuper and Moll 1977, Richards 1982, Troyer
and Rosenbrook 1983, [.affitte and Edmeades 1994 and Al- Naggar ef al
2009). Low heritability (h%) estimates for NUTE,, NUTE; and NUTE,, i.c.
all nitrogen utilization efficiency traits under both high- and low-N
conditions, could be attributed to the small genotypic variance or the large
genotype x year interaction variances as reported by Hamblin et al (1980)
and Smith er af (1990).
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Table 3. Heritability (%) in the broad sense (h%,) and expected genetic gain
(GA %) from direct selection for N-use efficiency and altermative
traits of maize under low- and high-N conditions (data are
combined across two years). '

% GA %
Trait

High-N Low-N High-N Low-N
GDM 86.75 80.60 41.60 3988
TDM 87.19 88.84 26.06 33.03
HI - 84,93 77.68 27.55 26.43 .
GN 40.22 31.22 32.44 27.12
TN 56.27 31.80 32.26 17.89
NUE, 86.78 80.61 41.61 39.98
NUE, 86.98 88.44 26.03 32.99
NUPE 55.28 30.44 31.95 17.53
NUTE, 24.42 6.42 13.09 2.85
NUTE, 7.91 12.43 5.67 9.08
NUTE, 17.57 6.42 8.44 2.76
NTRE 35.67 5082 15.08 23.70

Predicted selection gain
Direct selection

Genetic advance from direct selection in each environment reached
its maximum value under high-N environment for eight traits, i.e. GDM, HI,
GN, TN, NUE,, NUPE,. NUTE, and NUTE, and under low-N for 4 traits,
i.e. TDM, NUE,, NUTE; and NTRE, mainly due to high heritability for
these traits observed under the respective environments (Table 3). It was
noticed, however, that a trait such as grain dry matter (GDM) could be more
important as a secondary trait than total dry matter (TDM). The GDM trait
showed similar h%, values to that of TDM trait under high-N (86.75 vs.
87.19 %). But, GDM revealed very high GA % compared with TDM.
Besides, although under low-N TDM showed a relatively higher h?, (88.84
"%) than GDM (80.60 %), GDM revealed higher genetic advance than TDM
(39.88 vs. 33.03 %). According to Panse (1957) if the heritability is mainly
due to the non-additive gene effects (dominance and epistasis) the genetic
gain would be low. By contrast, in case where heritability is mainly due to
the additive gene effects, a high genetic advance may be expected. Thus,
GDM would show higher response to selection than TDM.

Indirect selection (Secondary traits vs. NUE,)

, Increases NUE, via seiection for secondary traits (GDM, TDM, HI,
GN, NUE,,, NUPE and NTRE) were calculated and presented in Table (4).
Direct selection for NUE. was more efficient than the predicted genetic
advance from indirect selection for secondary traits in most cases at
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Table 4. Estimates of expected genetic gain from indirect (secondary
trait vs. NUE,) selection in maize under high- and low-N (data
are combined across years). '

Indirect selection gain (%) i.e. secondary traits vs. NUE,

Trait High-N ' Low-N

Gain RE (%) Gain RE (%)
GDM 41.60 100.01 39.97 100.24
TDM 20.80 49.99 . 21m 54.43
HI 22.83 5488 16.97 : 42.54
GN 47.64 11452 43.57 109.25
NUE, 20.80 50.00 21.73 54.49
NUPE 36.02 86.59 28.52 : 71.52
NTRE 16.46 39.56 20.90 52.40

RE = relative efficiency = (predicted gain from indirect selection / predicted gain from
direct selection) x 100.

improving NUE,.. This conclusion is based on comparisons between
predicted responses. of improving NUE, indirectly via a single secondary
trait and directly via NUE, by calculating the value of relative efficiency

(RE %). These comparisons showed that direct selection for NUE, was

significantly superior to indirect selection via any single trait. Exceptions
from the previous conclusion in this study indicated that indirect selection,

i.e. responses of NUE, to selection for a secondary trait was more efficient

than direct selection for NUE, for high grain nitrogen (GN) (RE = 114.52 %

under high-N and 109.25 % under low-N) and was comparable to direct

selection for NUE; for high GDM (RE = 100.01 and 100.24 % under high-

and low-N, respectively). It could therefore be concluded that secondary

traits such as GN and GDM are valuable criteria in increasing the efficiency

of selection for NUE, under high- and low-N environments.

Selection for improved performance under low-N based on NUE,
alone has often been considered efficient, but the use of secondary traits can
increase selection efficiency (Bolanos and Edmeades 1996). Plant breeders
have advocated the judicious incorporation of secondary traits within
breeding programs (Blum 1988 and Ludlow and Muchow 1990). Results of
the present study suggest that to maximize the genetic gain from selection,
for improving NUE, and, consequently, grain yield under low-N, future
tesearch should focus on the incorporation of secondary traits such as grain
nitrogen content and graia dry matter traits in the selection programs along
with the NUE, trait. '
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