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Abstract
Nitrogen (N) limitation in maize crops is related to the fact that the efficiency of nitrogen fertilization in maize does not exceed 
50%, primarily due to volatilization, denitrification and soil leaching. Therefore, the development of new nitrogen use efficient 
(NUE) cultivars is necessary. The aim of the present study was to develop indices for the accurate selection of NUE maize 
genotypes for use in conditions of both high and low N availability. The experiment was conducted in a greenhouse (20°45’14”S; 
42º52’53”W) at the Federal University of Viçosa during October 2010. A total of 39 experimental hybrid combinations and 14 
maize lines differing in NUE were evaluated under two N availability conditions. We determined the relative importance of 
the studied characters using principal component analysis, factor analysis and by developing efficient selection indices. We 
conclude that indirect and early selection of tropical maize genotypes can be performed using the indices IHN = 0.022 SDM + 0.35 
RSDM + 0.35 RLA + 0.35 NUE for high N availability environments and ILN = -0.06 RSDM + 0.35 RSAA + 0.35 RLA + 0.39 SDM 
for low N availability environments.
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Índices de seleção de genótipos de milho tropical para eficiência no uso de nitrogênio

Resumo
As limitações do N no cultivo do milho relacionam-se ao fato de a eficiência da adubação nitrogenada no milho não ultrapassar 
os 50%, principalmente devido aos processos de perda por volatilização, desnitrificação ou lixiviação no solo. Nesse contexto, 
torna-se importante o desenvolvimento de cultivares eficientes no uso de N (EUN). Assim, o objetivo foi elaborar índices 
que permitissem a seleção acurada de genótipos de milho eficientes no uso de nitrogênio para as condições de alta e baixa 
disponibilidade desse nutriente. O experimento foi conduzido em casa de vegetação na Universidade Federal de Viçosa 
(20º45’14’’S; 42º52’53’’W) durante o mês de outubro de 2010. Foram avaliadas 39 combinações híbridas experimentais e 
14 linhagens de milho divergentes para a eficiência no uso de N em duas condições de disponibilidade desse nutriente. Foram 
realizadas a análise de importância relativa dos caracteres estudados, estimada por meio do método dos componentes principais, 
a análise de fatores e a confecção dos índices de seleção. A seleção indireta e precoce para genótipos de milho tropical pode 
ser realizada por meio dos índices IAN = 0,022 MPS + 0,35 PASR + 0,35 CRAXI + 0,35 EUN, para ambientes de alta disponibilidade 
de nitrogênio, e IBN = -0,06 PSAR + 0,35 ASAXI + 0,35 CRAXI + 0,39 MPS, para condições de baixa disponibilidade de nitrogênio.

Palavras-chave: estresse abiótico, EUN, melhoramento de milho.

1. INTRODUCTION

The current increase in maize production in Brazil has 
been largely due to the expansion of crops in the Cerrado 
region. However, in addition to the low availability of water 
during the dry season, some the Cerrado are limited in 
their agricultural potential by low soil fertility, particularly 
with respect to nitrogen (N).

N limitation in maize crops is related to the fact that 
the N fertilization efficiency in this species does not 
exceed 50%, primarily due to N loss by volatilization, 

denitrification and soil leaching (Deuner et al., 2008; Gallais 
and Hirel, 2004). In addition, the cost of N fertilization 
has been increasing each year. As a consequence, small 
producers invest relatively little in N fertilizer, making it 
difficult to reach high levels of productivity in some areas 
of maize production.

Considering this, the development of new N use efficient 
(NUE) cultivars is becoming increasingly important. 
Ultimately, the identification of NUE genotypes for use 
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by farmers or as progenitors in breeding programs could 
allow for increased maize production. Indeed, several studies 
have associated specific secondary characters with NUE 
(Dovale et al., 2012; Fritsche-Neto et al., 2012), and these 
characters could be useful for early and indirect selection 
of superior NUE genotypes in environments with low or 
high N availability, provided that appropriate combinations 
of characters can be identified for simultaneous selection.

When large numbers of characters are used for evaluation 
and selection, multicollinearity can occur. Therefore, 
multivariate analyses, such as factor analysis (Ferreira et al., 
2005), are useful statistical procedures for the development 
of efficient selection indices. Using this methodology, the 
initially evaluated characters are replaced with a smaller 
number of latent characters, referred to as factors. Factors 
are then used to group characters to minimize variance 
within groups and maximize variance between groups (Cruz 
and Carneiro, 2006). Therefore, factors, when combined 
with principal component analysis, can be used to ignore 
characters that are not useful for discriminating between 
genotypes, allowing for more elaborate selection indices.

Considering the above, the aim of this study was to 
develop indices for the accurate selection of NUE maize 
genotypes under high and low N availability conditions.

2. MATERIAL AND METHODS

The experiment was conducted in a greenhouse located at 
the Diogo Alves de Mello Experimental Field (20º45’14”S; 
42º52’53”W) of the Horticultural Department of the Federal 
University of Viçosa (Universidade Federal de Viçosa - UFV), 
Minas Gerais, during the month of October 2010. A total 
of 39 experimental hybrid combinations using 14 maize 
lines – obtained from the Maize Programgermplasm 
bank and differing in NUE – were evaluated under two N 
availability conditions. The present study used a completely 
randomized design with two replicates and a simple factorial 
scheme (53 genotypes × two N levels). The plots consisted 
of one plant per pot.

The seeds were sterilized and subsequently germinated in 
polyethylene trays in individual cells. Following germination, 
one seedling of each genotype was transplanted to a cylindrical 
PVC pot with a 4 dm3 capacity (10 cm diameter × 50 cm 
height) filled with a substrate mix consisting of washed 
sand and vermiculite (1:1), according to Walk et al. (2006).

A nutrient solution was supplied every two days beginning 
on the seventh day post-transplantation. For the high N 
(HN) and low N (LN) availability conditions, the solutions 
used were as described by Chun et al. (2005). Namely, the 
HN solution contained 2.0 mmol l–1 N and the LN solution 
contained 0.2 mmol l–1 N, making the HN solution ten 
times more concentrated than the LN solution with respect 
to N content.

Plants were harvested at the vegetative stage with six 
fully expanded leaves (V6), at which time the shoot was 
separated from the roots. The characters measured included 
the following: shoot dry mass (SDM), root dry mass (RDM), 
lateral root length (RLL), axial root length (RLA), lateral 
root surface area (RSAL) and axial root surface area (RSAA). 
The dry mass measurements were determined after drying 
the samples in an oven for 72 hours at 60 °C with forced 
air circulation. The root lengths and areas were obtained 
using a WinRhizo PRO 2009c image analyzer (Regent, 
Canada) coupled to a professional Epson XL 10000 scanner 
(Japan) equipped with a light transparency unit (TPU), as 
described by Bouma et al. (2000), with the exception that 
the entire root was used rather than just a sample. Roots with 
diameters less than or equal to 0.5 mm were considered to 
be lateral roots, whereas those with diameters greater than 
0.5 mm were considered to be axial roots (Trachsel et al., 
2009). Using these values, the specific root surface (SRS) 
and root/shoot dry mass (RSDM) ratios were calculated 
using the following equations:

L ARSA RSASRS
RDM

+=

SDMRSDM
RDM

=

To quantify N content, 0.2 g/plant samples were removed 
from the dry shoot mass and subsequently digested, distilled 
and titrated using the method described by Bremner (1996).

The nutritional efficiency indices were obtained as 
described by Moll et al. (1982) (expressed in mg mg–1):

N (plant)NAE=   
N (applied)

SDMNUtE= 
N (plant)

SDMNUE= =NUtE ×NAE
N (applied)

where NAE: nitrogen absorption (uptake) efficiency; 
NUtE: nitrogen utilization efficiency; NUE: nitrogen use 
efficiency; N (plant): total nitrogen content in the plant; 
and N (applied): amount of nitrogen supplied to the plant.

The data were subjected to analysis of variance according 
to the  following model:  ijk i j ij ijkY = ( ) ,+ + + +µ α β αβ ε  
where ijkY  is the observed value for the character at the 
i-thgenotype, at the j-th level and at the k-th replicate; 
m is the overall mean for the character; ai is the effect of 
the i-th genotype (i=1, 2, 3,..., 53), which was regarded as 
random, where ( )gg ~ NID 0, ²σ ; bj is the effect of the j-th 
nutrient dose (j= 1, 2), which was considered a fixed effect, 
where ( )a ~ N a, a² ; (ab)ij is the interaction effect of the i-th 
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genotype with the j-th nutrient dose, which was considered 
a random effect, where ( )gaga ~ NID 0, ²σ ; and eijk is the 
effect of random error associated with the observation of 
orderijk, where ( )~ NID 0, ²ε σ .

Estimates of phenotypic correlations (rp) among the 
evaluated characters and NUE were obtained using the 

Pearson coefficient: 
( )( )

( ) ( )

n

i i
i 1

p
n n2 2

i i
i 1 i 1

x x y y
r

x x . y y

=

= =

− −
=

− −

∑

∑ ∑
, where, 

x1, x2 ,..., xn and y1, y2 ,..., yn are the observed values for the 
measured characters. The rp estimates were tested at both 1 
and 5% significance levels using t tests.

The relative importance of the studied characters was 
estimated using the method of principal components 
(Singh, 1981). Those characters that contributed least to 
genetic divergence among the genotypes were discarded. 
Therefore, to construct the selection index, the characters 
with the highest weighted values in the smallest eigen values 
component were ignored.

Factor analysis was then performed using the following 
model: j j1 1 j2 2 jk k jX  l F l F .... l F ε= + + + + , where Xj is the 
variable estimated at each plot withj = 1, 2,... v; jkis the 
factorial load for the j-th variable associated with the k-th 
factor, wherek = 1, 2,... m; Fk is the k-th common factor; 
and ej is the specific factor associated with the j-th variable. 
The initial factorial load is defined by 2 2

jk ij ij l Vλ= , where 
lij is the i-th eigenvalue greater than 1 obtained from the 
phenotypic correlation matrix; and Vij is the j-th value of 
the i-th vector, where j is the number of variables and k 
is the number of factors. The commonality is represented 
by 2 2 2

j j1 j2 jmC   l  l .....  l= + + + . The number of final factors 
considered for the grouping of characters was defined by 
the number of eigen values equal to or greater than 1.00. 
Characters with final factorial loads greater than 0.70 (after 
rotation) – indicating that these characters were highly 
correlated – were grouped together. The extraction of factorial 
loads was performed using the principal components method, 
and the factors were established using the varimax rotation 
method (Cruz and Carneiro, 2006).

The scores used to develop the indices were 
obtained using the following system of equations: 

k 1k 1 2k 2 jk jF b X b X ... b X= + + + , where bjk (k = 1,2, ...m, 
j = 1, 2...v) is the matrix element b, defined by ( ) 1'β ΛΛ Λ−= , 
and where L is the matrix of the m × v dimensions of the 
final rotated factorial loads, and b is the matrix of the m × 
v dimensions of the weighted coefficients of the characters.

Analysis of the relative importance of the studied 
characters – estimated using the method of principal 
components, factor analysis and by developing selection 
indices – were performed as described by Dovale et al. 
(2011). All analyses were performed using the genetics and 
statistics software program GENES (Cruz, 2013).

3.  RESULTS AND DISCUSSION

Based on the combined analysis of variance, the levels 
of N were sufficiently different for all characters, with the 
exception of for NUtE (Table 1). However, only for the 
characters SDM, shoot/root dry mass ratio and NUE did 
the genotypes show differential behavior as a function of N 
availability (G × N). Similar results were observed in maize 
by Chun et al. (2005), Liu et al. (2009) and Souza et al. 
(2009). Considering the presence of G × N interactions, 
evaluation and selection should be performed for specific 
environments and not be based on the mean performance of 
genotypes, as these genes appear to be differentially expressed 
based on nutrient availability (Fritsche-Neto et al., 2010). 
For the characters that did not show G × N interactions, it 
was not necessary to evaluate their expression under high 
and low N availability conditions, as the lack of a significant 
interaction is indicative of similar response patterns among 
the genotypes; in other words, these genotypes could be 
evaluated at a single level and the resulting decisions should 
apply to all other levels. The experimental coefficients of 
variation showed values within the acceptable range for this 
type of study (Fritsche-Neto et al., 2010; Majerowicz et al., 
2002; Oliveira et al., 2013), indicating good experimental 
precision and reliability estimates.

Table 1. Summary of analyses of variance for the following characters: shoot dry mass (SDM), root dry mass (RDM), specific root surface 
(SRS), root/shoot dry mass ratio (RSDM), lateral root length (RLL), axial root length (RLA), lateral root surface area (RSAL), axial root surface 
area (RSAA), N absorption efficiency (NAE), N utilization efficiency (NUtE) and N use efficiency (NUE) in 14 lines and 39 hybrid maize 
combinations, evaluated under two levels of N availability (Viçosa (MG), Brasil 2010)

Effects DF
Mean Squares

SDM RDM SRS RSDM RLL RLA RSAL RSAA NAE NUtE NUE
Genotype (G) 52 0.17** 0.045ns 3E-4** 0.45** 161.46** 25.68** 7E-5ns 2E-4** 0.013** 24.32** 15.06**
N levels (N) 1 8.78** 0.02** 3E-3** 82.9** 189.40** 34.65** 2E-5** 8E-4** 2.33** 4968.41ns 3362.24**
GxN 52 0.042** 4E-3ns 2E-4ns 0.24** 17.01ns 2.95ns 1E-5ns 3E-5ns 4.4E-3ns 21.78ns 6.53**
Residual 104 0.022 6E-03 1E-4 0.13 24.45 3.10 1E-05 2E-5 3.4E-3 20.73 3.24
Mean 0.60 0.30 0.12 2.07 18.25 7.50 0.01 0.02 0.19 29.30 6.07
CV(%) 24.87 26.91 11.56 17.32 27.09 23.44 28.11 23.36 30.60 15.54 29.63
ns not significant; ** significant at 1% probability by F test.
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For the individual N analysis, significant differences 
among the genotypes were detected for most of the studied 
characters under high and low N availability (Table 2). The 
exceptions were NUtE under both levels and SRS under 
low availability. Based on these results, these characters were 
not considered in the subsequent analyses. The observed 
significant genetic differences indicated the existence of 
genetic variability, allowing for selection and genetic gains 
at each N level. The means and heritability of the characters 
were lower under low N availability, likely because stressful 
conditions limit growth (Taiz and Zeiger, 2009) and reduce 
the expression of genetic variability, thus hampering selection 
(Coque and Gallais, 2006). The exceptions were NAE and 
NUE, which showed greater genetic variability under low 
N availability. This result indicates that the stress caused 
by low N conditions enables these genotypes to express 
variability for these characters, allowing for the selection 
of the most efficient genotypes. However, the heritability 
of these characters was lower under conditions of low N 
availability, suggesting that the other components also 
increased in greater magnitude compared with the genetic 
variance.

The correlations among the evaluated characters and 
NUE (Table 3) generally showed significant estimates with 
high magnitudes independent of N availability. However, 
the two components of NUE showed different patterns. 
NUtE showed non-significant and significant interactions 
of low magnitude in environments with high and low 
N availability, respectively. Unlike NUtE, NAE showed 
high and significant estimates under both environments. 
Presterl et al. (2002) observed that these two components 
are partially independent and that both contribute to the 
genetic variation in NUE. However, Bertin and Gallais 
(2000) reported that the genetic variability in NUE under 

conditions of low N is primarily due to differences in NUtE. 
In contrast, Dovale et al. (2012) and LeGouis et al. (2000) 
concluded that the most important component for NUE 
under low N availability is NAE.

For the principal component analysis, the percentage of 
cumulative variance for the first two components was 90.97% 
(Table 4), which was considered sufficient to accurately 
interpret the data (Benin et al., 2009; Nascimento et al., 
2009). Therefore, based on the analysis of the final eight 
eigenvectors – or in other words, all of the eigenvectors for 
which the correlation matrix was less than 0.7 – RLL and 
RDM were identified in the high and low N conditions, 
respectively, as characters that should be discarded. In 
particular, RLL was subject to discarding due to low variance, 
and as noted by Dovale et al. (2012), there was a hierarchical 
dependence relationship with RLA, indicating that as the 
length of the axial matrices increased, the number of lateral 
roots with greater area for N uptake also increased. RDM was 
subject to discarding due to low variance and a high positive 
correlation with plant dry matter (Majerowicz et al., 2002).

Using factor analysis, we sought to identify factors 
related to the characters that contribute to NUE under 
conditions of high and low N availability. Therefore, the 
first two eigen values that grouped the characters under both 
conditions of N availability were used, as these accounted 
for more than 80% of the total variation (Table 4). The 
commonalities, which represented the proportion of the 
variance of the standardized characters, had values greater 
than 0.7 (Table 5). Commonalities greater than 0.64 are 
generally considered to be reasonable, as they are equivalent 
to a correlation of ~0.80 between the standardized variable 
(Xj) and the common portion explaining the variable (Zj) 
(Garbuglio et al., 2007).

Table 2. Summary of analyses of variance for the following characters: shoot dry mass (SDM), root dry mass (RDM), specific root surface 
(SRS), root/shoot dry mass ratio (RSDM), lateral root length (RLL), axial root length (RLA), lateral root surface area (RSAL), axial root surface 
area (RSAA), N absorption efficiency (NAE), N utilization efficiency (NUtE) and N use efficiency (NUE) in 14 lines and 39 hybrid maize 
combinations, evaluated under two levels of N availability (Viçosa (MG), Brasil 2010)

High N availability

FV DF
Mean Square

SDM RDM SRS RSDM RLL RLA RSAL RSAA NAE NUtE NUE

Genotype 52 0.18** 0.027** 4E-4* 0.59** 106.98** 16.35** 4E-5** 1E-4** 2E-3** 7.03ns 1.19**
Residual 52 0.04 0.007 2E-4 0.20 27.86 2.99 1E-5 3E-4 5E-4 6.49 0.23
Mean 0.81 0.3 0.12 2.71 19.21 7.91 0.012 0.025 0.08 24.42 2.05
CV(%) 23.23 27.56 12.11 16.47 27.48 21.85 28.36 22.26 26.20 10.43 23.24
h2 0.81 0.73 0.45 0.66 0.74 0.82 0.74 0.82 0.77 0.08 0.81

Low N availability

FV GL
Mean Square

SDM RDM SRS RSDM RLL RLA RSAL RSAA NAE NUtE NUE

Genotype 52 0.03** 0.023** 2E-4ns 0.1* 71.5** 12.27** 3E-5** 1E-4** 0.02** 39.07ns 20.41**
Residual 52 0.01 5E-3 2E-4 0.06 21.03 3.20 9E-6 2E-5 6E-3 34.98 6.25
Mean 0.40 0.28 0.11 1.44 1.73 7.10 0.011 0.021 0.30 34.19 10.09
CV(%) 24.77 26.12 10.87 16.87 26.52 25.20 27.81 24.63 26.80 17.30 24.77
h2 0.69 0.76 0.21 0.41 0.71 0.74 0.68 0.77 0.59 0.10 0.69
ns not significant; ** and * significant at 1% and 5% probability by F test, respectively.
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Table 3. Phenotypic Pearson’s correlation coefficients (rp) among the 
evaluated characters and N use efficiency (NUE) in tropical maize 
lines and their respective hybrid combinations, under conditions of 
high and low N availability (Viçosa (MG), 2010)

NUE
High Low

SDM 1.00** 1.00**
RDM 0.84** 0.90**
SRS 0.05ns –0.34**

RSDM 0.24* –0.13ns
RLL 0.88** 0.88**
RLA 0.85** 0.85**

RSAL 0.88** 0.86**
RSAA 0.88** 0.87**
NAE 0.97** 0.93**
NUtE 0.04ns 0.26**

ns not significant; ** and * significant at 1 and 5% probability by t test, respectively.

Table 4. Estimates of the eigenvalues and cumulative fractions of variance explained by principal components obtained from the correlation 
matrix among characters associated with N use efficiency (NUE) for the tropical maize genotypes under condition of high and low N 
availability (Viçosa (MG), Brasil 2010)

High N availability
lj lj (%) SDM RDM SRS RSDM RLL RLA RSAL RSAA NAE NUE

7.59 72.88 0.35 0.33 0.04 0.05 0.35 0.35 0.39 0.35 0.35 0.35
1.88 90.97 0.07 –0.27 0.64 0.68 0.0001 –0.11 0.04 –0.12 0.13 0.07
0.50 95.73 0.28 0.04 –0.64 0.44 –0.19 –0.27 –0.15 –0.21 0.26 0.28
0.10 96.74 0.04 0.02 0.05 0.11 –0.77 0.42 –0.17 0.43 –0.02 0.05
0.07 97.39 0.16 –0.28 0.22 –0.53 –0.24 –0.09 –0.05 –0.24 0.65 0.14
0.04 97.77 0.17 0.31 0.11 0.00 –0.02 0.54 –0.19 –0.70 –0.18 0.10
0.01 97.90 0.47 –0.13 0.16 –0.23 –0.07 –0.30 0.001 0.07 –0.57 0.51
0.01 98.01 -0.06 0.79 0.28 –0.04 –0.23 –0.48 –0.02 –0.01 0.08 –0.06
8E-5 98.01 0.71 –0.01 –0.003 0.002 0.001 –0.03 0.004 0.04 –0.01 –0.70
0.21 100.00 -0.06 –0.06 –0.11 0.01 –0.36 –0.01 0.87 –0.27 –0.12 –0.07

Low N availability
lj lj (%) SDM RDM SRS RSDM RLL RLA RSAL RSAA NAE NUE

7.47 83.01 0.35 0.36 - –0.18 0.35 0.36 0.32 0.35 0.34 0.35
0.96 93.72 0.23 –0.12 - 0.88 0.01 –0.09 0.01 –0.09 0.29 0.23
0.29 96.92 –0.13 –0.19 - 0.04 0.28 –0.17 0.85 –0.26 –0.17 –0.14
0.10 98.02 –0.30 –0.09 - 0.34 –0.08 0.51 0.12 0.58 –0.26 –0.31
0.08 98.93 –0.22 –0.24 - –0.16 –0.40 0.07 0.19 0.01 0.78 –0.23
0.06 99.60 –0.26 –0.22 - 0.01 0.77 0.18 –0.34 –0.16 0.26 –0.23
0.02 99.87 –0.04 –0.09 - –0.02 0.20 –0.72 –0.03 0.65 0.10 –0.07
0.01 100 –0.28 0.84 - 0.20 0.01 –0.16 0.03 –0.12 0.13 –0.35
3E-5 100 –0.72 0.03 - 0.01 –0.01 –0.03 0.02 0.02 0.01 0.69

Based on the signs and magnitudes of the final factorial 
loads, we identified three groups of characters for high and 
low N availability (Table 5). For each group, the correlations 
between the characters were medium to high in magnitude; 
therefore, it was possible to discard those characters that 
were relatively difficult to measure and/or were redundant 
within each group, such as RDM in group 1, SRS and 
RLL in group 2, and RSAA and NAE in group 3 for the 
condition of high N availability. For the condition of low 
N availability, the characters RSAL and RLL in group 5 and 
NAE and NUE in group 6 were discarded.

The selection indices proposed in the present study 
were constructed by discarding characters with difficult 
measurements and those that were least discriminatory for 
genotype. To select the best genotypes for each condition, 
the weighted coefficients of the characters were calculated 
from the scores obtained for each factor, as suggested by 
Cruz et al. (2012) and Dovale et al. (2011). For both high 
and low N availability, Factor 1 yielded the most useful 
indices, as it assigned higher weights to characters with 
greater importance for NUE, in addition to discriminating 
between the genotypes. For high N availability, the index 
was IHN = 0.022 SDM + 0.35 RSDM + 0.35 RLA + 0.35 
NUE. For low N availability, the index was ILN = -0.06 
RSDM + 0.35 RSAA + 0.35 RLA + 0.39 SDM.

Several indices have been previously proposed for 
combined selection. However, the use of multivariate 
analysis is important for the evaluation of large numbers 
of characters and index construction. In particular, in 
addition to producing reliable indices that assign weights 
to more important characters, this process is also effective 
at discarding characters that contribute little to genotype 
discrimination. Therefore, we expect that these indices will 
allow for the selection of tropical maize genotypes with the 
potential for immediate use in breeding programs or, at the 
very least, allow researchers to discard genotypes with little 
breeding potential, thereby focusing their efforts on the 
most promising maize strains for NUE selection.
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4. CONCLUSION

Indirect and early selection of tropical maize genotypes 
can be performed using the indices IHN = 0.022 SDM + 0.35 
RSDM + 0.35 RLA + 0.35 NUE for high N availability 
environments and ILN = -0.06 RSDM + 0.35 RSAA + 0.35 
RLA + 0.39 SDM for low N availability environments.
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