Morphological characterization of tropical maize (Zea mays L.) inbred lines

Caracterizacion morfologica de lineas endocriadas de maiz (Zea mays L.) de origen tropical
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Morphological traits expressed by plants result from genotype,
the environment where they grow, and the interaction between
genotype and environment. These traits are expressed accord-
ing to the plant’s physiological responses to various environ-
mental stimuli. A comparative evaluation was conducted on
the main morphological traits of 20 inbred lines from Semillas
Valle S.A. hybrid maize breeding program in Colombia. Cor-
relations were found between some traits using a principal
component analysis (PCA), where the two main components
were plotted in a two-dimensional scatter diagram, and the re-
sults were corroborated using Pearson’s correlation coefficient.
Significant relationships were observed between male flowering
time (DTT) and female flowering time (DTS), between plant
height (PH) and ear height (EH), and between plant height (PH)
and the internode number (IN). No relationships were found
between ear height (EH) and number of rows (NR), or between
ear weight (EW) and leaf length (LL) or seed index (SI).
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Los rasgos morfoldgicos expresados por las plantas son la
respuesta a su genotipo, el ambiente donde se desarrollan y la
interaccion del genotipo y el ambiente. Dichos rasgos se expre-
san de acuerdo con las respuestas fisioldgicas de las plantas a
los distintos estimulos ambientales. Se realiz6 una evaluacién
comparativa de los principales rasgos morfologicos de 20 lineas
endocriadas pertenecientes al programa de mejoramiento de
maiz hibrido de Semillas Valle S.A. en Colombia. Se encontra-
ron correlaciones entre algunos de los rasgos evaluados a partir
de un analisis de componentes principales (ACP), cuyos dos
principales componentes fueron graficados en un diagrama
de dispersion de dos dimensiones, y sus resultados corrobo-
rados a partir de un coeficiente de correlacion de Pearson. Se
observaron relaciones significativas entre tiempos de floracién
masculina (DFM) y femenina (DFF), entre altura de la planta
(AP) y altura de la mazorca (AM), y entre la altura de la planta
(AP) y el numero de entrenudos (NE). No se encontraron
relaciones entre la altura de la mazorca (AM) y el niimero de
hileras (NHM) ni entre el peso de mazorca (PM) y la longitud
de hojas (LH) o el indice de semilla (IS).

Palabras clave: fisiologia vegetal, crecimiento vegetal,
morfologia vegetal.

Introduction

Plant phenology studies the growth and development of
plants by classifying their life cycle into different stages
determined by the morphological characteristics of each
species. Maize phenology starts with seed germination
and finishes when the plant reaches physiological matu-
rity; this process includes two developmental states. The
first is called the vegetative stage (Vn, from emergence
to tassel formation); each Vn is defined by the number of
fully expanded leaves i.e., V3 indicates a plant with three
expanded leaves. The second is called the reproductive
stage (Rn, from flowering to physiological maturity (R6))
(Ritchie et al., 1986).
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The morphological characteristics of maize, including yield
components, are widely studied in breeding programs to
determine their variability, heritability, and correlation
with yield, both in parental lines and hybrid materials.
Characteristics such as leaf angle and orientation (Lambert
& Johnson, 1978), grain yield, thousand-grain weight, ear
length, and grain morphology are important to assess
the suitability of an inbred line for use as a parent in seed
production (Pinnisch et al., 2012). Ottaviano and Camussi
(1981) suggest that maize grain yield can be considered
as the result of two main components: the number and
development of potential grains and the amount of pho-
toassimilates translocated to the ear.
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Some morphological traits, such as root length, shoot
length, dry weights, and fresh weights, show high heritabil-
ity (Ali et al., 2014; Masood et al., 2020), indicating their
usefulness in evaluating parent lines to produce hybrids
with desirable characteristics. Similarly, other studies have
assessed the relationship between grain yield and yield
components (Jiufeng et al., 2008; Peng et al., 2011), finding
correlations between different morphological traits.

In Colombia, maize breeding has primarily focused on
the development of open-pollinated varieties, with some
progress in hybrid development driven by private initia-
tives. As a result, there is limited scientific literature on
the morphology of inbred lines. Hybrids represent the
genetic improvement standard promoted by the “Maize for
Colombia Vision 2030” project led by CIAT and CIMMYT
(Goavertz et al., 2019). The objective of this study was to
characterize the morphological traits of 20 tropical-origin
maize inbred lines. This research represents an important
starting point for the morphological study of inbred lines
aimed at developing high-yielding hybrids with broad
adaptability to Colombian conditions.

Materials and methods

Location and plant material

The trial included 20 elite lines from the Semillas Valle S.A.
plant breeding program; each having undergone at least six
inbreeding cycles. These lines were selected based on their
participation in experimental hybrid crosses conducted
between 2013 and 2020, prioritizing those that were most
frequently used as parental lines and ensuring represen-
tation from South America, Central America, Asia, and
Africa. The trial was conducted at the experimental center
of Semillas Valle S.A., located in the municipality of El Cer-
rito, in the department of Valle del Cauca (3°4122.841” N,
76°18°33.476” W) with an altitude of 990 m a.s.l.

Sowing took place on April 21%, 2022, and harvest on
August 9th 2022. The experimental field was maintained
under optimal irrigation and health conditions until physi-
ological maturity. Four irrigations were applied during
the crop cycle, each one ranging between 25 and 30 mm.
Additionally, the fertilization consisted of 160 kg ha™ of
nitrogen, 68 kg ha™ of P,0O;, 125 kg ha™ of K,0, 45 kg ha™
of sulfur, divided into two applications: the first at sowing
and the second at the V3-V4 stage.

Traits

Several morphological and agronomic traits of maize were
evaluated at different phenological stages. At the VT stage,
leaf insertion angle (LIA), leaf shape (LS), leaf margin
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waviness (LMW), leaf width (LW), leaf length (LL), and
internode number (IN) were measured. Days to tassel
(DTT) and days to silk (DTS) were recorded daily until
their appearance. At the R2 stage, internode length (IL),
stem diameter (SD), plant height (PH), and ear height (EH)
were evaluated. After harvest, the ear length (EL), ear di-
ameter (ED), ear shape (ES), number of rows (NR), number
of grains per row (GPR), grain type (GT), grain color (VG),
ear weight (EW), grain weight (GW), and seed index (SI)
were measured. All traits were assessed according to the
CIMMYT maize descriptors (IBPGR, 1991).

Experimental design and statistical analysis

A completely randomized design was established. The
experimental unit consisted of two 5-m rows per line,
with 27 plants per row (totaling 54 plants), spaced 18 cm
between plants and 70 cm between rows (equivalent to
80,000 plants ha™). The sampling unit was one plant, with
three replicates. Three plants were selected for analysis, as
the lines—having undergone six cycles of inbreeding—were
considered genetically homogeneous, and thus low mor-
phological variability was expected within each genotype.

Data were recorded by evaluating three randomly selected
plants per row for each line at each phenological stage. Data
obtained were processed using R software (RStudio Team,
2023) and the ggplot2 library (v3.3.3; Wickham, 2016).
For morphological characterization, descriptive statistics
were initially presented, and the lines were grouped us-
ing the Pearson correlation coefficient. Subsequently, a
principal component analysis was performed using the
prcomp library (R Core Team, 2023), and a scatter plot was
generated to show the relationship between the two main
components.

Results and discussion

Qualitative traits

Leaf insertion angle (LIA), leaf shape (LS),

and leaf margin waviness (LMW)

Table 1 presents the morphological traits of the leaf for
each of the 20 inbred lines, where high variability in the
combination of traits LIA, LS, and LMW can be observed.
Among the evaluated lines, 5% exhibited erect LIA, 50%
exhibited semi-erect LIA, 45% exhibited semi-horizontal
LIA, and no line exhibited fallen LIA. Additionally, 25%
presented rectilinear LS, 35% presented slightly curved LS,
10% presented curved LS, and 30% presented very curved
LS. 25% of the lines showed no leaf margin waviness, 50%
exhibited wavy LMW, and 25% exhibited very wavy LMW.
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TABLE 1. Leaf morphology of maize inbred lines.

Line LIA LS LMw
1 Semi-erect Curved No waviness
2 Erect Slightly curved Wavy
3 Semi-horizontal Curved Wavy
4 Semi-erect Slightly curved Wavy
5 Semi-erect Very curved Very wavy
6 Semi-horizontal Very curved Wavy
7 Semi-erect Slightly curved Wavy
8 Semi-erect Very curved Very wavy
9 Semi-horizontal Rectilinear No waviness
10 Semi-erect Rectilinear No waviness
11 Semi-horizontal Slightly curved Very wavy
12 Semi-horizontal Slightly curved Very wavy
13 Semi-horizontal Rectilinear Wavy
14 Semi-horizontal Rectilinear No waviness
15 Semi-erect Slightly curved No waviness
16 Semi-erect Very curved Very wavy
17 Semi-erect Slightly curved Wavy
18 Semi-erect Very curved Wavy
19 Semi-horizontal Rectilinear Wavy
20 Semi-horizontal Very curved Wavy

LIA=leaf insertion angle, LS=leaf shape, LMW=leaf margin waviness.

The architecture of the maize plant has been an important
objective in hybrid improvement programs. The leaf in-
sertion angle, along with the size and shape of the leaves,
are important components of maize plant architecture,
and their distribution determines how photosynthetically
active radiation is intercepted, consequently influencing
total canopy photosynthesis and yield (Ku et al., 2012). Li
et al. (2015) and Seka et al. (2019) indicated that erect or
vertically oriented leaves may contribute to grain yield due
to improved light capture for photosynthesis and their role
as nitrogen reservoirs for grain filling, allowing for the
establishment of the crop at a higher density with a greater
leafarea index. Identifying cultivars with a leaf distribution
around the plant that reduces overlap between leaves and
allows for greater interception of solar radiation and CO,
uptake to increase photosynthesis is an objective in hybrid
development. Different combinations of leaf area and leaf
angle define the structure of the canopy; however, the leaf
insertion angle has proven to be the most important trait
in reorganizing canopy structure for better adaptation to
higher planting densities while maintaining high photo-
synthetic activity and yield (Seka et al., 2019).

The predominance of lines with erect and semi-erect LIA,
along with the prevalence of slightly curved and rectilinear

leaves, constitutes an important finding for the breeding
program. Based on this information, along with the de-
termination of the heritability of these characteristics, it is
possible to establish a starting point for selecting parental
lines with more erect leaves and subsequently developing
hybrids with the same characteristic that can be planted
at higher densities while maintaining high photosynthetic
rates, thereby contributing to the production of high-yield
hybrids. In this study, the lines that exhibit morphologi-
cally desirable leaf characteristics are line 2, which presents
erect LIA and slightly curved LS; line 10, which presents
semi-erect LIA and rectilinear LS; and lines 4, 7, 15, and
17, which exhibit semi-erect LIA and slightly curved LS.

Ear shape (ES), grain type (GT), and grain color (GC)

Table 2 presents the morphological traits of the ear for each
of the 20 evaluated lines. Thirty percent of the evaluated
genotypes exhibited a cylindrical ear shape, 30% exhibited
a conical shape, and 40% exhibited an intermediate shape.
Some authors indicate that the size, shape, and texture of
maize grains play an important role in grain production
(Srinivas et al., 1991). Variation in ear shape is related to
the size and shape of the grains, as this varies according to
their position on the ear. Grains formed at the tip of the ear
tend to be smaller and rounder, especially when the ear is

TABLE 2. Morphological traits of the ear of maize inbred lines.

Line ES GT GC
1 Cylindrical Crystalline Light orange
2 Intermediate Crystalline Yellow
3 Cylindrical Crystalline Yellow
4 Conical Semi-crystalline Yellow
5 Cylindrical Semi-crystalline Yellow
6 Conical Crystalline Orange
7 Intermediate Crystalline Yellow
8 Intermediate Crystalline Yellow
9 Conical Crystalline Orange
10 Conical Semi-crystalline Yellow
11 Intermediate Floury White
12 Intermediate Crystalline White
13 Conical Semi-crystalline White
14 Conical Crystalline White
15 Cylindrical Semi-crystalline White
16 Intermediate Crystalline White
17 Cylindrical Semi-floury White
18 Intermediate Crystalline White
19 Cylindrical Semi-crystalline White
20 Intermediate Crystalline White

ES= ear shape, GT= grain type, GC= grain color.
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conical. Those formed at the basal part of the ear tend to be
larger and rounder, while those formed in the middle tend
to be flat. In industry, seeds are usually classified by shape
and size, since the use of uniformly sized seeds allows for
their application in mechanized and precision agriculture.
Additionally, seeds of medium or large size and flat shape
are considered to be of higher quality (El-Abady, 2015).
Therefore, characterizing the lines allows for the use of
ear shape as a selection criterion when choosing lines as
parents for commercial hybrids.

Regarding the grain characteristics (Tab. 2), 60% of the lines
exhibited a crystalline grain type, 30% semi-crystalline,
5% semi-floury, and 5% floury. Ten percent of the lines
had orange grain, 5% had light orange grain, 35% had
yellow grain, and 50% had white grain. Maize is typically
classified based on the properties of its endosperm, which
determine the grain type and color. These characteristics
are related to the quality and quantity of the endosperm
and generally determine the intended use of the grain
(Zilic et al., 2011). Depending on the target market, hybrid

development should focus on obtaining genotypes that
meet the required characteristics. Consequently, appro-
priate and comprehensive characterization, along with
knowledge of the inheritance patterns of grain color and
type, is of great importance for genetic improvement
programs. This information forms the basis for directing
crosses, increasing efficiency in the use of genetic resources,
and accelerating the production of high-quality hybrids.
In this regard, the lines that exhibit morphologically desir-
able ear characteristics are primarily lines 1 and 3, which
have a cylindrical ear shape; secondly, lines 3, 7, 8, 11, 12,
16, 18, and 20, which present an intermediate ear shape.
Furthermore, evaluating the heritability of ear shape and
its relationship with yield in hybrids is highly relevant for
future assessments.

Quantitative traits

Table 3 presents the main morphological traits of the leaves
and stem for the 20 inbred lines. The lines with the high-
est leaf width (LW) were lines 6 and 12, followed by line 4,
while the lines with the greatest leaf length (LL) were line

TABLE 3. Main morphological traits of leaves and stem of maize inbred lines.

Line Lw LL SD PH EH IN
(cm) (cm) (mm) (cm) (cm)
1 77 85.7 12.0° 219.0 b« 83.0 ™ 97
2 83 abc 827 bedef 147 bedef 2183 be 1013 efghi 12.7 ghi
3 8.3 & 73.0° 127® 220.3 b« 89.3 9.7 ®
4 10.0 ¢ 90.7 o 14,7 becel 222.0 63.7 93¢
5 9.3 cde 102.0" 14.7 bl 238.7 96.0 * 12.0 %
6 120 84.0 coefo 15.0 @ 2190 93.7 ¢ 2.3 10
7 9.0 e 81,3 bote 13.0 @ 236.0 120" 10.3 ™
8 97 ® 77.7 ¢ 16.0 2127° 94.7 12.3 10
9 97 ® 770 % 16.3 1 190.3 2 73.0® 9.0°
10 8.3 & 81,3 bete 13.0 @ 234.3 « 104.0 o 1.0 «
i 120 80.7 b 1779 3003 " 147.7 1371
12 97 % 78.0 @ 13.3 ¢ 256.0 1 107.0 12.0 @
13 9.0 bece 79.0 @ 123° 222.0 b 99.3 delan 12.3 fon
14 9.3 o 72.3° 16.0 268.3 ¢ 123.3 133"
15 9.0 bece 88.0 cfon 15.7 %0 268.0 ¢ 107.7 1270
16 8.0 85.0 oh 13.0 ®° 218.3 110.0 " 11.3 %
17 9.7 ® 80.3 > 12.0° 251.7 0 98.0 0 13.0 M
18 8.7 @ 943" 14,0 abece 221.0 b 100.7 fon 11.7 @
19 8.3 ¢ 88.7 fon 16.7 1 2711.0 ¢ 99.0 dfon 127w
20 8.3 a 83.3 becel 13.7 e 178.3 2 740 ® 11.3®
Mean 9.1 83.1 14.2 233.3 98.9 1.6
CV % 14 9 13 13 19 12.0
Significance P<0.01 P<0.01 P<0.01 P<0.01 P<0.01 P<0.01

LW= leaf width, LL= leaf length, SD= stem diameter, PH= plant height, EH= ear height, IN= internode number.
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5, followed by line 18. Both LW and LL are traits that de-
termine leaf size; these traits are directly related to leaf area
and the plant’s ability to produce photoassimilates (Bos et
al.,2000). As leaf dimensions increase, the plant’s capacity
to produce dry matter also increases, which in turn can lead
to higher yields. Therefore, developing hybrids with greater
LL and LW could be beneficial for grain production and
forage production. These traits are highly relevant since
they have been shown to correlate with transpiration and
photosynthesis (Al-Kaisi et al., 1989).

The lines with the greatest plant height (PH) were lines 14,
15, and 19, while the average ear height (EH) was 98.9 cm.
PH and EH are traits of great importance for the selection
of new genotypes, as they are directly related to plant lodg-
ing. A correlation of up to 88% has been reported between
lodging and PH and EH traits (Xue et al., 2020). Therefore,
the combination of tall plants with high ear insertion is con-
sidered an undesirable trait combination in maize hybrid
development. Although PH and EH are not significantly

TABLE 4. Flowering of inbred maize lines.

Line DTS DTT IL (cm)
1 70 ¢ 79 ¢ 25.7°2
2 69 ¢ 731 31.3 bedela
3 69 ¢ 7170 28.2
4 62 ° 70°¢ 39.2"
5 70°¢ 731 34.0 fon
6 69 ° 731 29.3 ol
7 781 76 32.7 ©eho
8 69 ¢ 750 28.8 o
9 69 ¢ 731 2710 ®
10 76 80 ¢ 33.7 o
il 68 ° 68 b 38.3 o
12 73°¢ 761 34,0 fon
13 69 ¢ 79 ¢ 33,0 delon
14 740 740 213®
15 68 ° 70°¢ 26.2°
16 73°¢ 751 26.3°
17 70°¢ 78 27.8 ¢
18 740 761 33.7 clan
19 67" 67 2 35.0
20 ' 79 ¢ 25.7°
Mean 70.4 731 30.7
CV % 4 4 14
Significance P<0.01 P<0.01 P<0.01

DTS= days to silk, DTT= days to tassel, IL=internode length.

related to grain or seed production, PH is a desirable trait
in the selection of genotypes for forage production.

The line that exhibited the highest stem diameter (SD)
was line 11, followed by lines 9 and 19. SD is an important
characteristic in hybrid selection processes, as it is inversely
related to lodging (Novacek et al., 2013). The average inter-
node number (IN) was 11.6. IN is directly related to plant
height and is significantly affected by water deficit condi-
tions (Bennouna et al., 2004; Robertson, 1994).

Table 4 shows the traits associated with flowering. The
traits DTS and DTT indicate the number of days required
for the plant to reach female and male flowering, respec-
tively. These traits are particularly relevant in the hybrid
production process, as they must be considered when
sowing the lines to achieve synchronization between
pollen emission and maturity of stigmas (Guzman et al.,
2017). Therefore, it is not possible to determine one line as
superior to others. On the other hand, IL is a trait highly af-
fected by water stress (Bennouna et al., 2004) and is directly
related to the amount of pollen emitted (Vidal Martinez
et al., 2004), making a higher IL highly desirable. The line
with the highest IL was line 4.

Table 5 presents the yield components of the 20 maize
inbred lines. The lines with the highest NR were lines 15
and 18. Comparatively high values for yield components
are desirable, as these directly affect crop yield. NR is
determined at V7 (Stevens et al., 1986) and shows low
variability in each genotype, as it is genetically determined
(Zhanget al., 2021). The line with the highest GPR was line
11. Although this trait is genetically defined, it can be af-
fected by environmental stresses (Smith, 2004), pollination
issues or grain abortion. The line with the best SI was line
11, followed by lines 7 and 20. SI is a determinant trait in
yield formation, which is influenced by planting density,
environmental conditions (Milander, 2015), ear filling
capacity, and the translocation of assimilates to the sink.
The highest EW were lines 15 and 17. EW directly depends
on the traits SI, NG, and NR, and also includes the weight
of the husk and cob.

The line with the highest EL was line 4, followed by line
18. EL has a positive correlation with GPR and a negative
correlation with NR (Milander, 2015), and it also depends
on grain size. The line with the highest GW was line 18.
followed by line 20. Grain weight reflects yield potential, as
the grain is the commercially important organ for hybrids,
while in inbred lines, it corresponds to the seed.
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TABLE 5. Yield components of maize inbred lines.

Line Sl () GW (g) EW (g) GPR NR ED (mm) EL (mm)
1 27 9 100.7 % 129.3 el 25.7 el 13.3 @¢ 405 ® 1171 bove
2 23 ¢ 91.6 ¢ 135.3 ! 29.0 ‘o 16.0 ® 472 125.8 oo
3 26 101.7 o 117.3 bedel 207 @ 12.0 ® 424 bece 95.0¢
4 28" 89.9 ¢ 134.3 coef 277 © 13.3 ¢ 401 ® 152.7 1
5 301 82.2 e 149.0 23,0 15.3 @ 43,3 bedef 116.4 bece
6 28 " 70.4 2 102.4 aede 207 ® 16.0 ® 461 1 142.3 M
7 31k 77.3 b 120.1 becel 26.7 cdefs 14,0 b 43,2 bedef 1415 9"
8 301 107.0 99.3 26.7 cdefs 13.3 ¢ 427 botel 101.6 ®
9 23 ¢ 65.7 @ 65.8 ¢ 27.3 0 13.3 ¢ 44,2 celo 123.2 ool
10 18 ? 4742 786 ® 24,3 bee 16.0 * 41.2 0% 113.4 °
1 33! 76.9 b 113.0 ee 320" 13.3 ®° 44,6 132.2 clon
12 27 ¢ 63.7 116.7 bedel 27.0 %0 13.3 ®° 41,8 bote 14417
13 20° 89.4 « 1616 ' 30.0 @ 16.0 * 40.9 136.2 foni
14 22 ¢ 77.0 ° 125.2 bedel 22.7 ¢ 1.3 2 376° 113.7 bed
15 24 ¢ 539 @ 101.5 @« 20.0° 18.0 ¢ 499" 109.8 @<
16 29 69.8 94.6 25.7 o 13.3 ®° 42.7 bede 124.3 coelo
17 22 ¢ 74.1 e 114.9 becel 25.7 o 220 500" 110.9 @cd
18 28 " 134.8 ¢ 139.2 o 26.3 el 120® 421 bote 135.6 o
19 29 101.5 1452 227 ¢ 18.0 ¢ 53.5" 107.0 ®°
20 31k 1277 1 145.2 % 22.7 ¢ 13.3 @¢ 44.4 132.0 efon

Mean 26.4 85.1 96.1 25.3 14.6 43.9 123.7

CV% 15 31 28.0 15 18 9 14

Significance P<0.01 P<0.01 P<0.01 P<0.01 P<0.01 P<0.01 P<0.01

Sl=seed index, GW=grain weight, EW=ear weight, GPR=number of grains per row, NR=number of rows, ED=ear diameter, EL=ear length.

Among the general lines, line 11 stands out for having the
highest SI and GPR, line 15 for presenting the highest ear
weight and the greatest number of rows, and line 18 for
having the highest NR, the highest GW, and the second
largest grain size. However, due to the low heritability
reported for these traits, it is recommended that they be
evaluated in hybrids.

Clustering of inbred lines based on their correlation

A dendrogram (Fig. 1) was constructed using the Pearson
correlation coefficient for the evaluated population, reveal-
ing three groupings. The first group consists of lines 1, 2, 3,
4,5, 13, 18, and 20, which are characterized by the largest
average internode length, with an average of 31.3 cm. In
contrast, groups 2 and 3 have averages of 30.9 cm and 29.8
cm, respectively. The second group includes lines 7, 10,
12, 16, and 17, characterized by greater ear length, with an
average of 126.8 mm compared to groups 1 and 3, which
have averages of 126.3 mm and 117.6 mm, respectively.
The third group consists of lines 6, 8, 9, 11, 14, 15, and 19,
characterized thicker stems, with an average of 16.1 cm
compared to groups 1 and 2, which have averages of 13.5
cm and 12.7 cm, respectively. Additionally, this group has
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greater leaf width, with an average of 9.7 cm compared to
groups 1 and 2, which have averages of 8.5 cm and 9 cm.
respectively.
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FIGURE 1. Grouping lines according to the Pearson correlation coeffi-
cient.

Among the main traits of the groupings, characteristics
of ears, cobs, and vegetative traits were highlighted. This
suggests that the lines in group 1 may be useful as males;
the lines in group 2 may be useful as females due to their
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seed production capacity or as parental lines for hybrids
aimed at grain production; and the lines in group 3 may be
useful for developing hybrids focused on forage production.

The groupings shown in Figure 5 could be confirmed
through progeny analysis of these lines, in collaboration
with the breeding program, which would establish the
relationship between this characterization and the per-
formance of the hybrids formed from the evaluated lines.

Principal component analysis

To minimize the dimensionality of the data and reveal
potential correlations that may exist among the traits
measured in this study, a principal component analysis
(PCA) was conducted (Fig. 2) based on the morphological
information of the 20 evaluated lines, which included 18
traits represented in a scatter plot (Fig. 5).

The scatter plot was constructed using component 1
(PC1, 7.9%) and component 2 (PC2, 16%), as the principal
component analysis (Fig. 2) determined that the first two
components accounted for the greatest proportion of vari-
ance (35.7%).

119.7%

~No
o

—_
[Sa)

3.9%

o

3.6%

Explained variances (%)
>

Dimensions
FIGURE 2. Principal component analysis.

Regarding the contribution of the variables to the first
two principal components (Fig. 2), it was found that for
the first component (Fig. 3), plant height (PH) had the
highest contribution (19.09%), followed by the internode
number (IN) (15.14%), stem diameter (SD) (10.81%), ear
height (EH) (9.48%), ear diameter (ED) (8.18%), and days
to silk (DTS) (7.53%)).

In the second principal component (Fig. 4), the variable
with the greatest contribution to the model was days to silk
(DTS) (14.17%), followed by days to tassel (DTT) (13.44%),
ear height (EH) (12.96%), grain weight (GW) (12.1%), and
seed index (SI) (11.3).

Contributions (%)

0
PH IN SD EH LW ED DTSDTT IL NR SI LL EW GPRGW EL

FIGURE 3. Contribution of traits to principal component 1. DTT = days to
tassel, DTS = days to silk, IL = internode length, SD = stem diameter,
PH = plant height, EH = ear height, EL = ear length, ED = ear diame-
ter, NR = number of rows, GPR = number of grains per row, EW = ear
weight, GW = grain weight, LL = leaf length, SI = seed index, LW =
leaf width, IN = internode number.

Contributions (%)

DTTDTS EH GW SI LL IN PH EW EL IL NR SD GPR ED LW

FIGURE 4. Contribution of traits to principal component 2. DTT = days to
tassel, DTS = days to silk, IL = internode length, SD = stem diameter,
PH = plant height, EH = ear height, EL = ear length, ED = ear diame-
ter, NR = number of rows, GPR = number of grains per row, EW = ear
weight, GW = grain weight, LL = leaf length, SI = seed index, LW =
leaf width, IN = internode number.

The scatter plot (Fig. 5) demonstrates the independence or
correlation between traits; angles close to 0° with similar
magnitudes indicate a high correlation between traits,
while angles close to 90° indicate independence. According
to this, DTT and DTS show a high correlation, representing
a strong synchrony between male and female flowering
times. Additionally, these two traits showed a correlation
coefficient of 0.71, which aligns with Guzman et al. (2017),
who mention that the anthesis-silking interval is a highly
important trait for selecting crosses. The high synchrony
among the evaluated materials highlights the importance
for selecting genotypes for crossing, thus maintaining high
levels of efficiency in pollination and fertilization.

Traits EH and NR had an angle close to 0° between them;
however, their magnitudes were different, indicating a low
correlation between the traits. This result is confirmed by a
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correlation coefficient of 0.0. Although both traits depend
directly on the genotype, one might assume that if the ear is
located higher on the plant, the ear leaf would have greater
light capture and, therefore, a higher capacity for kernel
filling. However, this is disproven since all of the plant’s
leaves contribute to the ear’s kernel filling (Nielsen, 2004).
Additionally, it has been demonstrated that the number
of rows is genetically determined, as genes involved in the
genetic control of this characteristic have been identified
(Zhang et al., 2021), confirming the results obtained.

0.5 1

PC2 (16%)
o

40 05 0 05 10
PC1 (19.7%)

Contribution
125 100 75 5.0 25

FIGURE 5. Scatter plot for principal components 1 and 2. DTT = days to
tassel, DTS = days to silk, IL = internode length, SD = stem diameter,
PH = plant height, EH = ear height, EL = ear length, ED = ear diame-
ter, NR = number of rows, GPR = number of grains per row, EW = ear
weight, GW = grain weight, LL = leaf length, SI = seed index, LW =
leaf width, IN = internode number.

The traits IN and PH had an angle close to 0° and a similar
magnitude, matching the correlation coefficient of 0.61.
This agrees with Izzam et al. (2017), who reported a high
correlation between the number of leaves and plant height,
a valid relationship as maize plants have one leaf at each
internode, and as there is only one stem per plant, plant
height is directly defined by the number and length of the
internodes. On the other hand, EH and PH had an angle
close to 15° with similar magnitudes. Additionally, they had
a correlation coefficient of 0.71, which aligns with Carpici
and Celik (2010) and Kandel et al. (2018), who found high
correlations between these traits, as the ear is generally
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located between the seventh and eighth leaf. Since it is a
trait with little variability, a taller plant tends to have a
higher ear height.

The traits EW, LL, and SI had angles close to 0° between
them; however, their magnitudes were not equal. Ad-
ditionally, their correlation coefficients did not exceed
0.4, indicating no evident correlation between them. The
scatter plot also suggests an inverse relationship with the
male and female flowering times, although their correla-
tion coefficients were not significant. Furthermore, the plot
indicates that the traits in quadrant 2 (EH, NR, IN, and
PH) do not correlate with those in quadrants 1 and 4 (DTT,
DTS, SI, LL, and EW), suggesting they are independent of
each other (Fig. 5).

The scatter plot (Fig. 5) helps identify redundant traits, al-
lowing for dimension reduction, which means a decrease in
the number of traits evaluated in the field, thereby optimiz-
ing characterization processes. This analysis suggests that
the trait days to silk (DTS) explains more variability in the
model compared to days to tassel (DTT). Due to their high
correlation, only days to silk (DTS) could be evaluated, con-
sistent with Izzam et al. (2017), who found a 91% correlation
between these traits. Similarly, plant height (PH) explains
more variability in the model than the internode number
(IN), and the seed index (SI) explains more variability than
ear weight (EW) and leaf length (LL). Therefore, the traits
internode number (IN), ear weight (EW), and leaf length
(LL) could also be excluded.

Izzam et al. (2017) reported that the traits DTS and DTT do
not show a statistically significant correlation with EH, EL,
and PH, which aligns with the results obtained in the scatter
plot (Fig. 4), where DTS and DTT form angles close to 90°
with PH and EH, demonstrating independence between
these traits. Additionally, EL has a much lower magnitude
and an opposite direction to DTS and DTT, suggesting a
low negative correlation between the traits.

Conclusions

This study enabled the identification of the distribution,
correlation, and redundancy of key traits, suggesting the
possibility of optimizing field evaluations by reducing the
number of traits assessed.

The morphological diversity observed among the lines
highlights their potential for developing hybrids aligned
with market demands and underscores the need for
complementary genetic analyses.
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This research marks an important starting point in the
study of inbred lines, aimed at developing high-yielding hy-
brids with broad adaptability to the conditions of Colombia.
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