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The quest for precise and rapid phenotyping of germplasm is increasing the interest of
breeders and physiologists in the application of remote sensing techniques in maize breed-
ing. Twenty-four drought-tolerant maize inbred lines were crossed using a modified North
Carolina II mating scheme to generate 96 single-cross hybrids. The parents and the hybrids
were evaluated under full irrigation and drought stress conditions in the dry seasons of 2010
and 2011 at Ikenne, southwest Nigeria. Normalized difference vegetation index (NDVI) was
recorded at 3- and 8-leaf growth stages. Hybrids differed significantly for NDVI. Both gen-
eral (GCA) and specific (SCA) combining ability effects were significant for NDVI meas-
ured at 8-leaf stage under both irrigation regimes, with GCA accounting for 53% of the total
variation under full irrigation. Both additive and non-additive genetic effects played signifi-
cant roles in the inheritance of NDVI. The females GCA effects for grain yield was posi-
tively correlated with females GCA effects for NDVI (» = 0.72, p<0.0001) and the male
GCA effects for grain yield was also correlated with males GCA effects for NDVI (= 0.78,
p<0.0001) at 8-leaf stage under full irrigation. These results indicate that live green biomass
accumulation in maize could be identified through early screening of a large number of
genotypes using NDVI for developing productive hybrids.
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Introduction

Maize (Zea mays L.) is an important cereal crop in the world and a primary staple in many
developing countries that provides food, feed, fuel and other industrial raw materials
(Morris et al. 1999; Pingali and Pandey 2000). Maize is grown in all the agro-ecological
zones in Nigeria, from mangrove swamp through the rainforest lowlands to the Sudan
savannah. However, the effects of climate change which include rising daily tempera-
tures, erratic rainfall intensity and distribution, or even outright cessation of rains during
main growing seasons, are making more environments where maize is being profitably
grown to become increasingly vulnerable to random droughts. Annual maize yield loss
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occasioned by drought stress is estimated at 50% in West and Central Africa (Edmeades
et al. 1995) and could be above 70% where the drought is severe and when it coincides
with flowering phase in maize (Adebayo et al. 2014a). The urgency associated with tack-
ling the rising incidence of incessant drought and its attendant consequence of huge yield
loss has constrained maize breeders and physiologists to intensify efforts at adopting re-
mote sensing devices for rapid and precise phenotyping of early breeding materials.

Remote sensing techniques have been used to estimate various crop parameters be-
cause they provide quantitative data on measured variables promptly, inexpensively and
in a non-destructive manner (Price and Bausch 1995; Koller and Upadhyaya 2005; Araus
et al. 2010). The use of a handheld spectroradiometer (GreenSeeker™; NTech Indus-
tries, Ukiah, CA, USA, 2007) to assay NDVI is fast gaining prominence in maize breed-
ing (Rouse et al. 1973; Deering 1978; Araus et al. 2010). The NDVI exploits the differ-
ential reflectance properties of crop canopy in the red and near-infrared bands, and is
adjudged to be a useful spectroradiometric index for the global parameterization of
vegetation-related processes because it furnishes data on canopy attributes (Koller and
Upadhyaya 2005), making its application in precision phenotyping attractive. It is an
index of a crop’s accumulated live green biomass, or a fraction of absorbed photosyn-
thetically active radiation (Araus et al. 2001; Reynolds et al. 2001). NDVI has been re-
ported to be closely linked with leaf area, making it the most extensively adopted remote
sensing attribute for monitoring crop productivity (Xijie 2013). The suitability of the
NDVTI for predicting biomass accumulation underscores its relevance as a driving force
for achieving high crop productivity because high biomass accumulation has been close-
ly connected with high yielding crop genotypes in previous studies (Teal et al. 2006;
Adebayo et al. 2014D).

Early biomass in winter wheat (7riticum eastivum L.) and durum wheat (Triticum tur-
gidum L.) as well as grain yield in soybean (Glycine max L.) have been predicted with
NDVI values (Elliott and Regan 1993; Aparicio et al. 2000; Raun et al. 2001). More re-
cent studies considered the use of NDVI for predicting grain yield potential in maize
(Teal et al. 2006), sugarcane (Lofton et al. 2012), and rice at heading stage (Liu et al.
2015), stay-green effect in spring wheat (Lopes and Reynolds 2012), biomass and N con-
tent in durum wheat (Cabrera-Bosquet et al. 2011), and grassland vegetation cover in
dairy farms (Bastidas et al. 2016). High broad-sense heritability values for NDVI and
high genotypic correlations between NDVI and grain yield were reported in spring wheat
(El-Hendawy et al. 2015) and winter wheat (Gizaw et al. 2016a, 2016b). Several studies
in maize found that plant height, biomass and grain yield were correlated with the NDVI
(Cabrera-Bosquet et al. 2011; Lu et al. 2012; Adebayo et al. 2014b). The use of NDVI as
an efficient secondary trait for rapid phenotyping of maize germplasm for drought toler-
ance particularly at vegetative stage has been reported (Lu et al. 2012). Romano et al.
(2011) reported that an increase of water stress resulted in a reduction in leaf chlorophyll,
as well as an increase in leaf senescence and biomass reduction as confirmed by NDVI.
Modern breeding techniques have investigated the usefulness of the NDVI as an alterna-
tive approach for visual assessment of spot blotch disease in wheat (Kumar et al. 2016),
and for mapping four QTLs for NDVI in three populations of barley (Obsa et al. 2016).
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In spite of the growing interest in precision phenotyping using NDVI, no study has
examined the genetic control of NDVI in maize. Although strong relationships have been
reported between grain yield and NDVI values of testcross maize hybrids developed from
a common drought-tolerant maize germplasm under both full irrigation and drought stress
conditions (Adebayo et al. 2014b), the contributions of the genetic components to the
relationships have also not been investigated. This study was, therefore, conducted (i) to
determine the gene action controlling NDVI in crosses of drought-tolerant maize inbred
lines, and (ii) to assess the association between the genetic components of NDVI and
grain yield under full irrigation and drought stress conditions

Materials and Methods

Germplasm

Twenty-four elite drought-tolerant maize inbred lines, twelve each from CIMMYT and
IITA were selected for this study. The 24 lines were chosen form 48 genetically diverse
lines previously genotyped with microsatellite markers (Adebayo et al. 2015). The lines
were divided into six groups, each with four lines, and were crossed according to a North
Carolina Design (NCD) II mating scheme to generate 96 single-cross hybrids. The pedi-
gree information of the 24 inbred lines and details of hybridization processes can be
found in Adebayo et al. (2014a).

Field evaluation and management

A trial composed of 96 single-crosses plus four hybrid checks was evaluated in a 10x10
triple lattices with three replications under full irrigation and drought stress conditions in
the dry seasons 0f 2010 and 2011 at Ikenne (6°54°N, 3°42’E, altitude 60 m) in the rainfor-
est of southwestern Nigeria. Details of simulation of drought stress and field maintenance
of experiments can be found in Adebayo et al. (2014a). The 24 parents of the hybrids were
also evaluated for per se grain yield performance in separate trials under both full irriga-
tion and drought stress conditions. Hybrids and checks were planted in 4-m row plots
spaced 0.75 m apart with 0.50 m spacing between plants within each row. Three seeds
were sown per hill and later thinned to two plants per stand after emergence to attain a
population density of 53,333 plants ha"!. A compound fertilizer was applied at the rates of
60 kg N, 60 kg P, and 60 kg K ha™! at the time of sowing. An additional 60 kg ha! N was
applied in the form of urea as top dressing four weeks later. Gramoxone and Primextra
were applied at 5.0 1 ha™! each of paraquat and atrazine to control weeds. Subsequently,
manual weeding was done to keep the trial weed-free.

Data collection

Normalized difference vegetation index (NDVI) was assayed on the hybrids trials at
3-leaf (two weeks after planting, 2WAP) and 8-leaf (4WAP) growth stages with the
GreenSeeker™ Handheld Optical Sensor Unit (NTech Industries, Ukiah, CA, USA). The
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readings were taken according to the procedures described in details by Adebayo et al.
(2014b). The sensor head was held approximately 60 cm above and perpendicular to the
canopy. Travel velocity through the 4-m row was at slow walking speed, enabling more
than 15 NDVI measurements per row to be measured. The index was calculated as fol-
lows:

_ O\WIR=)R)
(ANIR+XR)

NDVI

where ANIR is the fraction emitted near infrared radiation returned from the sensed area
(reflectance) and AN is the fraction emitted near red radiation returned from the sensed
area (reflectance).

Data recorded on plot basis on grain yield of hybrids and agronomic traits were earlier
reported in Adebayo et al. (2014a). Only grain yields of the parental lines under full irri-
gation were presented in this report (the intensity of the stress imposed resulted in the
death of most parental lines before flowering under simulated drought stress condition).
Grain yield for each plot, measured in kg ha™! and adjusted to 15% moisture content, was
extrapolated from grain weight and percent moisture content.

Data analyses

Separate analyses of variance (ANOVAs) were performed for NDVI measured at 3- and
8-leaf growth stages under each of full irrigation and drought stress in the dry season
experiments of 2010 and 2011 to generate entry means adjusted for block effects accord-
ing to the a-lattice design. Replications, years and incomplete blocks were considered as
random effects while experimental hybrids were considered fixed effects. ANOVA was
then conducted for the 96 single-cross hybrids according to the NCD II (Comstock and
Robinson 1948) with hybrids nested within sets over the two years. The variation among
hybrids was partitioned into that due to male and female parents within sets and interac-
tion between female and male parents pooled across sets. General combining ability
(GCA) effects of both male and female parents were estimated for each line, and specific
combining ability (SCA) effects were estimated as the interaction between parents. Sig-
nificance of each effect was tested using the mean squares for their respective interaction
with year. The mean squares due to GCA X year within sets and SCA X year within sets
were tested for significance using the pooled error mean squares. All analyses were per-
formed with PROC GLM in SAS (SAS Institute 2009) using a RANDOM statement with
TEST option. The main effects of females (sets) and males (sets) represent the estimates
of GCA effect, and females x males (sets) interaction represents the estimate of SCA
(Hallauer and Miranda-Fo 1988). The proportional contributions of females GCA, males
GCA, and SCA to the sum of squares of crosses were calculated as the ratio between the
sum of squares of each component and the cross sum of squares. Line x tester analysis
was calculated for NDVI 1 and NDVI 2 using the adjusted means after the check entries
were omitted based on a method described by Kempthorne (1957). Significance of esti-
mates of GCA and SCA effects was tested using Student’s #-test. Pearson’s correlation
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analysis was conducted between pairs of females and males GCA effects for NDVI 1 and
NDVI 2 computed in this report and those of grain yield of the same set of maize hybrids
under full irrigation and drought stress earlier reported in Adebayo et al. (2014a) using
PROC CORR in SAS (SAS Institute 2009).

Results

Results of analysis of variance combined over two years for NDVI 1 and NDVI 2 under
both full irrigation and drought stress are presented in Table 1. Year and hybrids (sets)
were significant sources of variation for NDVI 1 and NDVI 2 under full irrigation and
drought stress conditions (Table 1). Under full irrigation, significant variation was ob-
served for females (sets)x year interaction for NDVI 1 whereas males (sets), and
females x males (sets) interaction were significant sources of variation for NDVI 2
(Table 1). Under drought stress, males (sets), and females x males (sets) x year interaction

Table 1. Mean squares of NDVI from the combined analyses of variance for the 96 single-cross hybrids and
four checks evaluated under full irrigation and drought stress at Ikenne in Nigeria in the dry seasons of 2010

and 2011

Source of variation Df NDVI at 3-leaf stage NDVI at 8-leaf stage
Full-irrigation environment
Year 1 0.5%%* 3.7x*
Sets 5 0.003 0.1*
Hybrids (Sets) 99 9.1 %** 15.5%%%*
Females (Sets) 18 0.001 0.01
Males (Sets) 18 0.0004 0.02%*
FemalesxMales (Sets) 54 0.0004 0.01*
Females (Sets)xYear 18 0.001** 0.01
Males (Sets)xYear 18 0.0002 0.004
FemalesxMales (Sets)xYear 54 0.0003 0.004
Drought stress environment
Year 1 0.3%* 0.6*
Sets 5 0.001 0.1%*
Hybrids (Sets) 99 9.2% 30.1%**
Females (Sets) 18 0.0003 0.02*
Males (Sets) 18 0.001* 0.02
FemalesxMales (Sets) 54 0.0005 0.01*
Females (Sets)xYear 18 0.0003 0.01
Males (Sets)xYear 18 0.0004 0.01**
FemalesxMales (Sets)* Year 54 0.001* 0.004

* ks significantly different from zero at p<0.05, 0.01, and 0.001, respectively.
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differed significantly for NDVI 1 whereas females (sets), females x males (sets), and
males (sets) X year interaction exhibited significant differences for NDVI 2 (Table 1).
Results of partitioning hybrid sum of squares for grain yield in a previous study (Adebayo
et al. 2014a) and for NDVI 1 and NDVI 2 in the present study revealed that the GCA
sum of squares for females accounted for a greater proportion of the total variation than
the GCA sum of squares for males in grain yield and NDVI 1. However, the GCA sum of
squares for males were greater than the GCA sum of squares for females in NDVI 2
(Fig. 1). Overall, both GCA and SCA accounted for 50% of the total variation in NDVI 1
whereas GCA accounted for 53 and 67% of the total variations in NDVI 2 and grain
yield, respectively, indicating that the GCA:SCA ratio was 1.0 for NDVI 1 but greater
than unity for grain yield and NDVI 2 (Fig. 1).

Under full irrigation, one inbred line from CIMMYT (EXLO06) and three IITA (ADL38,
ADL41 and ADLA47) lines had positive and significant GCA effects for NDVI 1 when
used in crosses as female parents whereas four CIMMY T (EXL02, EXL03, EXL16 and
EXL17) and one IITA (ADLA41) lines had positive and significant GCA effects for
NDVI 1 when used in crosses as male parents (Table 2). For NDVI 2, seven CIMMYT
and two [ITA (ADL41 and ADL47) inbred lines had positive and significant GCA effects
when used in crosses as males whereas one CIMMY T (EXL06) and five IITA lines had
positive and significant GCA effects when used in crosses as females (Table 2). Only one
CIMMYT (EXLO06) and two IITA (ADL41 and ADL47) lines had significant GCA effects
for both NDVI 1 and NDVI 2 when used as female parents. Also, three CIMMYT
(EXL02, EXL03 and EXL17) and one IITA (ADL41) lines had significant GCA effects
for both NDVI 1 and NDVI 2 when used as male parents (Table 2). Similar results were

BGY LCINDVI 1 EINDVI_2
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Figure 1. Contributions of females GCA, males GCA, and SCA to the sums of squares for grain yield
(GY in kg ha!), and NDVI measured at 3- and 8-leaf growth stages
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Table 3. Pearson’s correlation analysis involving GCA effects for NDVI measured at 3- and 8-leaf growth
stages and grain yield of female and male parents of 96 single-cross hybrids evaluated under full irrigation
and drought stress conditions in the dry seasons of 2010 and 2011 in Nigeria

Grain yield
Full irrigation Drought stress
Females Males Females Males
Females 0.635%* 0.246 0.383 -0.024
NDVI_1
Males 0.111 0.644%* 0.264 0.409*
Females 0.715%** 0.129 0.625%* 0.625%**
NDVI 2
Males 0.278 0.775%** 0.528%** 0.626**

¥ kk FE*Correlation coefficient (r) significantly different from zero at p<0.05, 0.01, and 0.0001, respectively. NDVI_1 and
NDVI_2 = NDVI measured at 3- and 8-leaf growth stages, respectively.

recorded under drought stress. Amongst the 24 parents, two CIMMYT (EXL02 and
EXL06) and two IITA (ADL41 and ADL47) lines had significant GCA effects for NDVI 1
and NDVI 2 when used in crosses as either males or females, or both parents under full
irrigation and drought stress conditions. The four inbred lines produced above 1,000 kg
ha™! grain yield under full irrigation (data not shown).

Pearson’s correlation analysis revealed significant relationships between grain yield
and each of NDVI 2 (»=0.64, p <0.0001) and NDVI 1 (»=0.43, p <0.0001) under full
irrigation. Grain yield had weaker correlations with NDVI 2 (»=0.51, p<0.0001) and
NDVI 1 (»=0.25, p<0.05) under drought stress. Correlation of the general combining
ability effects of female and male parents for grain yield and NDVI revealed that female
GCA effects for NDVI 2 was correlated (» = 0.72, p <0.0001) with female GCA effects
for grain yield and the male GCA effects for NDVI 2 was also correlated (»=0.78,
p<0.0001) with male GCA effects for grain yield under full irrigation. Similarly, the fe-
male and male GCA effects for NDVI 2 were correlated (» = 0.63, p <0.01) with female
and male GCA effects for NDVI 2 under drought stress (Table 3). Significant correla-
tions were also recorded between female GCA effects for NDVI 2 and male GCA effects
for grain yield, and vice versa, under drought stress only (Table 3).

Discussion
Combined analyses of variance and estimation of genetic parameters for NDVI

Normalized difference vegetation index (NDVI) has been used extensively as a proxy
trait for assessing live green biomass during vegetative stage in a non-destructive way and
as a potentially useful secondary trait in maize breeding (Teal et al. 2006; Marti et al.
2007; Inman et al. 2008; Araus et al. 2010; Lu et al. 2012). Understanding the gene action
controlling the NDVI is important for achieving significant advances in biomass accumu-
lation in hybrid maize. Equal contribution of GCA and SCA effects to the observed vari-

Cereal Research Communications 45, 2017



ADEBAYO et al.: Gene Action for NDVI in Elite Maize Hybrids 683

ation in NDVI at the 3-leaf growth stage under full irrigation in this study suggests that
the mode of inheritance of this trait could be both additive and non-additive. As the hy-
brids progressed to the 8-leaf growth stage, additive genetic effects became more promi-
nent than non-additive genetic effects for NDVI, suggesting that genes with additive ef-
fects played a greater role in the inheritance of NDVI at this stage. Additive gene action
has been reported to be more preponderant than non-additive gene action in the inherit-
ance of other important agronomic traits such as plant height, days to silking, number of
ears per plant, plant and ear aspects, and grain yield in maize (Derera et al. 2008; Dhli-
wayo et al. 2009; Adebayo et al. 2014a). The two CIMMYT (EXL06 and EXL16) and
two IITA (ADL41 and ADL47) inbred lines that had positive and significant GCA effects
for NDVI under full irrigation alongside two other CIMMYT (EXLO02 and EXLO03) lines
under drought stress can be used as sources of useful genes with additive effects for de-
veloping new populations to extract more productive inbred lines with improved biomass
production. The significant SCA effects for NDVI and its sizeable contribution to total
sums of squares indicate that genes with non-additive effects could also play a prominent
role in the inheritance of the trait, making identification of hybrids with high biomass ac-
cumulation at vegetative stage feasible. The absence of significant females x year, males
x year, and females % males X year interactions for NDVI at 8-leaf growth stage under full
irrigation suggests that parental lines and hybrids with high green biomass accumulation
were relatively consistent across years in this study. Contrasting reports were given in
earlier studies about the effects of two- and three-way interactions on important agro-
nomic traits (Meseka et al. 2006; Derera et al. 2008) suggesting that observed responses
are definite properties of individual germplasms.

Correlations of grain yield and NDVI, and their genetic components

In agreement with previous workers (Teal et al. 2006; Adebayo et al. 2014b), we found a
significant correlation between NDVI and grain yield. However, the relationship was
stronger under full irrigation than under drought stress, corroborating earlier findings by
Adebayo et al. (2014b). This suggests that NDVI is more predictive of grain yield in
maize under optimal or full irrigation conditions. Hence, efficient management of water
resources for irrigation purposes in drought-prone agro-ecologies is imperative for sus-
tainable global agricultural development (Valipour 2013a, b, ¢, 2016; Zhao et al. 2015).
Maximum biomass accumulated at a later stage of development in cereals has been linked
to improved biomass at early stage of development (Cabrera-Bosquet et al. 2011). It thus
appears that maize hybrids that accumulate more shoot biomass at the seedling stage have
the propensity of producing high grain yield at harvest. This is partly because NDVI has
been associated with leaf area which is a functional part of photosynthesis that contributes
to final grain yield in maize (Lu et al. 2012). The strong associations observed between
GCA effects for both parents for grain yield and the GCA effects for both parents for
NDVI particularly at 8-leaf stage under both irrigation regimes suggest that additive
genes play significant roles in high biomass accumulation at the seedling stage and grain
yield productivity in maize. The corresponding relationship of female to female GCA ef-
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fects on the one hand, and male to male GCA effects on the other, between grain yield and
NDVI may also suggest the need for selecting suitable inbred lines as female and male
parents for developing productive hybrids.

It should be noted that the differences in ANOVA results of NDVI under full irrigation
and drought stress conditions in this study are principally caused by variation in the pre-
vailing edaphic factors in the two blocks rather than the effects due to simulated drought
stress. This is because the NDVI readings were taken in the two blocks — full irrigation
and drought stress — before the simulation of drought stress. However, the stronger cor-
relation observed between grain yield recorded under full irrigation vis-a-vis the grain
yield recorded under simulated drought stress at harvest and NDVI recorded at seedling
stages supported earlier reports that NDVI is more predictive of grain yield under opti-
mum growing conditions (Adebayo et al. 2014b). Maize inbred lines with high and sig-
nificant additive genetic effects for NDVI can be selected in breeding programs to de-
velop source populations for high NDVI. Also, the high yield potential of these inbred
lines suggests that they could be suitable parents for developing hybrids in breeding
populations. The mode of inheritance of live green biomass at the early seedling stage of
maize hybrids observed in the present study provides an indication of the possibility of
rapid screening of a large number of maize genotypes to make rapid gain in hybrid maize
breeding.
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