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Abstract. Root architectural traits refer to a spatial configuration of the root system providing a critical
role in soil resource acquisition. In past decades, several lines of evidence have shown that maize
possesses large phenotypic variations, including root architecture closely relating to physiological utility.
Thailand has developed a unique maize germplasm over the years; however, root traits have often been
neglected and have yet to be explored. In this present study, we examined natural variation of root
architectural traits of twenty-eight inbred and hybrid lines at the seedling stage using a well-established
roll-up culture system. We found that variation in root traits ranged from 4.22-fold in primary roots to
13.14-fold in seminal root length, while shoot mass presented the highest phenotypic variation among
traits (23.42-fold). Most root architectural traits of maize hybrid lines were significantly higher than the
inbred lines, particularly, seminal root length, which was 34.30% greater than that of inbred lines. In
addition, we found that root traits, like other agronomic traits, express heterosis. Our findings suggest
ample opportunity for incorporating root traits in maize breeding program in Thailand.
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Introduction

Maize (Zea mays L.) is the world’s most widely grown crop and is used as a staple
food source, especially in Latin America and Africa. It has been estimated that within a
decade, the global demand for maize will surpass other cereal crops (Ranum et al.,
2014; Reynolds et al., 2015). This poses a challenge to maize breeders and farmers who
must increase maize production. While developing nations are struggling with limited
resources and inadequate accessibility to technologies, rich nations have applied
excessive amount of fertilizers leading to substantial pollution of air and water
resources (Tilman et al., 2002). In Thailand, maize is one of five prominent crops grown
in the highlands. The Thai government has long supported the expansion of maize
farming areas and the improvement of varieties to withstand various environmental
conditions (Ekasingh et al., 2014). The 3 most popular hybrid maize varieties cultured
in Thailand are Nakhon Sawan 3, NSX 052014 and NSX 111044 (Butthong et al.,
2014). These genotypes produce high yields and are able to tolerate drought conditions
(Butthong et al., 2014). Nevertheless, Thai maize production was reduced by 17.69% in
the past decade (Pipitkul et al., 2015). The reductions in maize yield is primarily
attributed to drought (Pipitkul et al., 2015). Not only is the increase in maize production
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necessary, but it will require substantial changes in agronomic practices and methods
for crop improvement.

Plant root system plays important role in plant growth, resource allocation, and
acquisition of water and nutrients from soil. Therefore, improving plant roots could lead
to increased crop productivity (Lynch, 2007). The maize root system consists of two
components: the embryonic and post embryonic root system. The embryonic root
system is formed during embryogenesis and it is composed of a primary root and a
variable number of seminal roots. The postembryonic root system is formed during
postembryonic development and it is composed of shoot borne roots and lateral roots
that originate in the pericycle of other root types. Shoot borne roots formed below the
soil level are referred to as crown roots, while those formed aboveground are designated
as brace roots (Bennetzen et al., 2009). Identification of relevant root traits is essential
for plant breeders in crop improvement programs. The goals of root breeding are to help
soil exploration and effective use of water and nutrients, while also maintaining growth
and crop productivity. Lynch (2013) proposed an ideotype of maize root systems for
higher acquisition of water and nitrogen called “Steep, Cheap, and Deep”. A primary
root with a large diameter and few long lateral roots was proposed as ideal
characteristics for deeper rooting and greater access to water and nitrate residing deep in
the soil strata under drought and low nitrogen conditions (Lynch, 2013). Crown root
system with a low amount of crown root and few long lateral roots is suggested as the
primary trait for enhancing water acquisition. Moreover, seminal roots with shallow
root angles, a small diameter, high lateral root density and long root hairs are suitable
for phosphorus and potassium uptake, while long and low lateral root density are
optimal for nitrogen and water acquisition (Postma et al., 2014). Anatomical traits also
play important roles in improving water and nitrogen use efficiency in maize. Root
cortical aerenchyma (RCA), tissues with large intercellular spaces, reduces root
respiration and allows deeper rooting in the subsoil (Zhu et al., 2010). Several studies
confirmed that high RCA maize varieties are able to tolerate and improve their growth
under stressful conditions such as low nitrogen soil and drought (Zhu et al., 2010;
Saengwilai et al., 2014a).

For crop selection and plant breeding purposes, the evaluation of root traits of a large
number of mature plants in the field may not always be practical. Since seedlings with
beneficial root traits could subsequently develop a more vigorous root system, resulting
in more biomass and yield (Bocev, 1963), researchers are turning toward identification
of root characteristics in plant seedlings that are associated with adaptation of mature
plants in the field. For examples, Thomas et al. (2016) demonstrated that Brassica
napus with long primary root length identified in 2-week-old seedlings in a pouch
system was correlated with shoot mass (r = 0.49, p < 0.001) and vyield (r = 0.50,
p <0.01) of plants in the field (Thomas et al., 2016). In maize, Tuberosa et al. (2002)
showed that there were significant negative correlations between seminal root weight
and primary root diameter of 21-day-old seedlings grown in hydroponics and grain
yield in mature plants in the field under drought conditions (Tuberosa et al., 2002). In
addition, root traits measured at the seedling stage such as primary root length, number
of crown roots, number of seminal roots, number of lateral roots, fresh root weight, and
dry root weight were shown to have high heritability under normal and drought
conditions and thus seedling root traits can be improved through selection and breeding
(Qayyum et al., 2012).
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Maize breeders often develop hybrids to benefit from heterosis, which is defined as
the superior performance of an F1 hybrid compared with the performance of the inbred
parents (Hoecker et al., 2006; Bennetzen et al., 2009). The phenomenon of heterosis in
maize has been well described not only for shoot traits and yield, but also for root traits
including primary root length, primary root width, lateral root density and longitudinal
size of cortical cell (Hoecker et al., 2006). For example, F1 hybrids developed from a
cross between UH250xUH301 had 110% greater lateral root density compared to their
parents at 5 days after germination (DAG) while seminal root number of hybrids were
55.56% greater than the parents at 14 DAG (Hoecker et al., 2006). To benefit from
heterosis, breeders combine the heterotic groups while inbred lines are kept and selected
separately within these groups. In Thailand, there is a lack of knowledge on root traits
of inbred and hybrid maize lines currently used in the breeding program, therefore, the
information of phenotypic variation and heterosis of root traits are required for the
development of breeding program targeting root traits. In this study, we aimed (1) to
explore phenotypic variation of root architectural traits among twenty-eight Thai maize
lines during seedling stage. We also (2) compared root architectural traits between Thai
maize inbred and hybrid lines, and (3) investigated possible correlations among root
architectural traits.

Materials and methods
Plant materials

Twenty-eight Thai maize lines were used to perform the experiment. These lines
consisted of 6 inbred lines from the National Research Centre of Millet and Corn
(Suwan Farm), and 12 inbred and 10 hybrid lines from Nakhon Sawan Field Crops
Research Center (NSFCRC). Among the hybrid lines, NS2 is derived from a cross
between Tak Fa 1 and 2 while NS3 is from Tak Fal and 3 (Table 1).

Roll-up paper culture system

The roll-up paper culture system was prepared according to the protocol described by
Zhu et al. (2006). Specifically, seeds were sterilized in 10% (v/v) NaOCI for 1 min
followed by soaking with distilled water. The experiment was a randomized complete
block design with four replicates. In each replicate, five seeds of uniform size for each
maize line were selected and were wrapped in brown germination paper as a cigar roll.
The roll-up papers were soaked vertically with 0.5 mM CaSO, in beakers and placed in
darkness at 28+1°C for 3 days (Saengwilai et al., 2014b). The seedlings were then
grown under a photoperiod of 12/12 h with photosynthetically active radiation of 200
umol photo ms™. Roots and shoots were evaluated at 7 days after germinating.

Root trait measurement

At harvest, two plants per line in each replication were selected and then shoots were
separated from the roots. To evaluate root architectural traits including primary root
length, seminal root number and seminal root length, the roots were scanned by using
Epson Perfection V800 Photo Color Scanner (Epson America, Inc. Company). The root
images were analyzed by ImageJ program (Schindelin et al., 2013). Lateral root
numbers were counted using ImageJ program, while lateral root density was determined
by calculating lateral root number per 1 centimetre of primary root length. Moreover,
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both shoots and roots from each line were dried at 60 °C for 48 h and then weighed by
microbalance.

Statistical analysis

Statistical analyses were performed using package R, version 3.4.1 (R Core Team,
2017). One and Two-way ANOVA was used to evaluate phenotypic differences within
the inbred and hybrid lines and between these two groups for all traits. Tukey’s Honest
Significant Difference (HSD) test (o = 0.05) was used for multiple comparison tests. A
correlation analysis was performed on corresponding traits using the mean values of the
traits. A principal component analysis (PCA) was performed within each group. The
first two components were characterized based on variable eigenvalues and on vector
clustering within plots of components 1 and 2.

Results
Phenotypic variation of Thai maize root traits in seedling stage

Twenty-eight Thai maize lines were planted in a roll-up system to investigate root
architectural traits during the seedling stage (Fig. 1). Maize lines were grouped based on
individual descent, composing of 18 inbred and 10 hybrid lines. The range of all of the
values was examined to determine the variation of each root architectural trait.
Significant variations of root architectural traits are presented in Table 1. Among root
traits, primary root length had the lowest range of variation, while seminal root length
had the greatest variation. However, when comparing ranges among all traits, shoot
mass had the highest phenotypic variation of 23.42-fold difference.

Figure 1. Root system of a 7-day-old maize seedling showing a primary root (PR), seminal
roots (SR), and lateral roots (LR)

SW14D-C5 1039-60 Ki60 appeared to have higher overall values of root architectural
traits such as total seminal root number and lateral root density among inbred lines
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(Table 1). This line also had the greatest shoot mass and dry mass compared to other
inbred lines. Among hybrid lines, NSX 102005 had the highest primary root length
(21.74 £ 0.62 cm), while NSX 042022 had the highest total seminal root number (5.38 +
0.18), lateral root density (5.92 + 0.58 roots/1 cm of primary root) and shoot mass
(0.077 £ 0.040 g). Comparing root traits of NS3 with its parents Tak Fa 1 and Tak Fa 3,
we found that most of root architectural traits express heterosis except root mass which
was not significant among the lines (Table 1).

Table 1. Phenotypic variation of Thai maize root traits in seedling stage. Root traits
including PRL; Primary root length (cm), TSN; Total seminal root number (roots), SRL;
Seminal root length (cm) and LRD; Lateral root density (roots per 1 cm of primary root)
were quantified. SM; Shoot mass (g) and Root mass (g) were also investigated

Root traits

Lines Type
PRL TSN SRL LRD RM SM
SW14D-C5 1039-3 Ki3 |16.96 +0.89|3.13 £0.40 | 8.90 +£0.39 |1.71 £0.26|0.15 £12.07 | 0.026 +0.002 | Inbred
SW14D-C5 1039-11 Kill | 12.80 +£1.17|3.38 £0.46 | 8.89 £0.84 |3.25 +0.38|0.15 £12.34|0.032 +0.003 | Inbred
SW14D-C5 1039-21 Ki21 | 17.66 +0.89 | 3.50 £0.19 | 15.05 £0.96 [ 4.13 +£0.89 | 0.23 £9.13 | 0.031 +0.002 | Inbred
SW14D-C5 1039-48 Ki48 |20.26 +0.70 | 4.88 +£0.23 | 14.89 +0.59 | 3.25 £0.33 [ 0.16 +11.38 | 0.030 +0.002 | Inbred
SW15D-B5 1006-20 Ki53 | 17.59 +0.70 | 3.38 £0.32 | 8.82 +0.67 [4.67 £0.58| 0.24 £9.05 | 0.026 +0.001 | Inbred
SW14D-C5 1039-60 Ki60 | 17.75 +1.40 | 5.13 £0.35 | 13.95 +£0.87 | 6.08 £0.29 | 0.25 +8.76 | 0.037 +0.002 | Inbred
Nei 452006 17.21 £1.00 [ 4.25 £0.25|10.71 £0.86 | 5.29 £0.39 [ 0.15 £12.00 | 0.030 £0.001 | Inbred
Nei 452007-1 15.91 +£0.85[3.75 +£0.37 | 11.73 £0.83 | 4.58 £0.80 | 0.13 +£13.48 | 0.025 £0.002 | Inbred
Nei 452009 15.04 £0.72 | 3.63 £0.32| 9.29 +£0.79 |3.21 £0.42| 0.14 £9.60 | 0.035 +0.003 | Inbred
Nei 462013 15.14 £1.44 | 3.88 £0.30 | 9.59 +£1.28 | 0.79 £0.21 | 0.18 £10.76 | 0.026 +£0.001 | Inbred
Nei 532005 16.78 £1.35[3.00 £0.33 | 7.51 £0.51 |2.92 £0.61 [ 0.17 £10.93 | 0.025 £0.002 | Inbred
Nei 542011 16.35+0.85(1.88 £0.35| 8.18 £1.62 |3.79 £0.19 [ 0.17 £11.29 | 0.024 £0.002 | Inbred
Nei 542014 15.15+£0.30| 3.00+£0 |11.93+0.86|4.17 £0.57|0.14 £12.55|0.027 £0.001 | Inbred
Nei 542017 15.14 £1.25|3.38 +£0.32 | 13.56 £0.55 | 6.08 £0.30 | 0.14 £12.72 | 0.025 +£0.001 | Inbred
Nei 542019 15.87 £1.50 3.13 +£0.23 | 13.86 +0.89 | 3.92 +£0.68 | 0.13 £13.15 | 0.023 +£0.001 | Inbred
Tak Fal 17.52 £0.85 [ 4.00 £0.27 | 12.33 £0.87 | 5.33 £0.41 [ 0.15 £12.28 | 0.031 £0.002 | Inbred
Tak Fa 2 14.41 £0.89 [ 1.25 +£0.53 | 5.66 £1.50 |3.29 £0.65 | 0.14 £12.80 | 0.019 £0.003 | Inbred
Tak Fa 3 13.78 £1.49 |4.63 £0.32| 9.76 +1.24 |2.58 £0.43 | 0.15 £11.98 | 0.034 +£0.002 | Inbred
NSX 042007 21.11 £0.50 | 5.00 £0.46 | 16.76 +0.85 | 4.63 £0.30 | 0.14 £12.84 | 0.036 +£0.002 | Hybrid
NSX 042022 20.48 £0.51 | 5.38 +£0.18 | 15.96 £0.71 | 5.92 +0.58 | 0.13 £13.07 | 0.077 +£0.040 | Hybrid
NSX 052014 21.22 +0.77 | 5.38 £0.26 | 18.33 £0.93 | 3.38 £0.15| 0.21 +£9.78 | 0.046 +0.002 | Hybrid
NSX 102005 21.74 £0.62 | 4.75 £0.41 | 17.51 £1.2 |5.92£0.25]|0.16 £11.71 | 0.041 +0.004 | Hybrid
NSX 112011 13.78 £0.47 [4.71 £0.89 | 11.97 £0.82 [ 2.13 £0.43 | 0.17 £8.50 | 0.027 +0 |Hybrid
NSK 112014 21.29+0.34 [ 5.13 £0.23 | 17.40 £0.84 | 4.83 £0.60 | 0.19 +10.4 | 0.050 +0.002 | Hybrid
NSX 112017 20.84 +0.58 {4.50 £0.19 | 17.49 £1.00 | 5.92 £0.42 | 0.14 £12.83 | 0.032 +0.002 | Hybrid
NSX 112019 21.69 +0.39 [ 4.75 £0.25 | 20.54 +£0.45 | 4.83 £0.36 | 0.11 £14.78 | 0.037 +£0.001 | Hybrid
NS 2 21.25+0.75[4.00 £0.45| 9.99 +3.79 |3.83 £1.50| 0.18 +8.08 | 0.022 +0.014 | Hybrid
NS 3 22.29 +0.67 | 5.25 +£0.37 | 18.03 £1.22 | 5.50 £0.39 | 0.14 £12.64 | 0.050 +0.001 | Hybrid
Mean 17.71 4 12.93 4.2 0.16 0.03
Standard error 0.25 0.092 0.315 0.124 0.002 0.001
Range 4.22 9 13.14 9 3.65 23.42
F-value of variability 9.198*** | 8.793*** | 13.170*** | 8.256*** | £.319*** 2.100**
Degree of freedom 27 27 27 27 27 27
Mean square 63.42 8.641 116.49 15.04 0.005 0.001

*xk xx % indicated significant level at p < 0.001, p < 0.01, p < 0.05. All traits varied significantly within each

population
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Comparing root and shoot traits between maize inbred and hybrid lines

We found that root traits of hybrid lines are significantly different from those of
inbred lines (Fig. 2). Primary root length of hybrid lines was 22.18% greater than that of
inbred lines. This trend remained consistent with seminal root traits, lateral root traits
and shoot mass. Hybrid lines had greater seminal root length and seminal root number
by 34.30% and 28.56% respectively compared to inbred lines. Lateral root density of
maize hybrid lines was 21.20% higher when compared with inbred lines. In addition,
shoot mass of hybrid lines was greater than inbred lines by 33.65%. Interestingly, an
average root mass of hybrid lines was not significantly different from inbred varieties.
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Figure 2. Phenotypic variation of Thai maize root traits in seedling stage comparing between
inbred and hybrid lines using Tukey s HSD. Root traits including PRL; Primary root length,
TSN; Total seminal root number, SRL; Seminal root length and LRD; Lateral root density were
guantified. SM; Shoot mass and Root mass were also investigated. The data shown are means of
four replicates + SE. Different letters represent significant differences (P < 0.05). All traits
varied significantly within each group

Correlations among root traits and principal component analysis

We further investigated correlations among traits. We found that primary root length
was highly correlated with seminal and lateral root traits. As shown in Table 2, primary
root length correlated with seminal root length (r* = 0.74). Additionally, primary root
length had a significant positive correlation with shoot mass (r* = 0.52). Within the
seminal root class, seminal root length correlated with total seminal root number
(r* =0.47) and lateral root density on seminal roots (r* = 0.42). Interestingly, seminal
root length highly correlated with shoot mass (r* = 0.58).

Principal component analysis (PCA) of root architectural traits and root biomass
were performed separately on Thai maize inbred and hybrid lines. For inbred lines,
principal component 1 (PC1) and PC2 contributed 67.3% of the total variation in plant
traits (Fig. 3A). While, the first two components of hybrid lines accounted for 74.7% of
the total variation (Fig. 3B). Root architectural traits, such as primary root length,
seminal root length, seminal root number, and lateral root density of inbred lines
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strongly associated with PC1. Similarly, primary root length, seminal root length, and
lateral root density of hybrid lines were also heavily involved in PC1 (Fig. 3B). Seminal
root length appeared to be a major contributor to PC1 in both inbred and hybrid group.
While, seminal root number was a major contributor to PC2 in hybrid lines, and root
mass contributing heavily to PC2 among maize inbred lines.

Table 2. Correlation of root and physiological traits of seedling among 28 Thai maize lines
at 7 DAP in roll-up system. PRL; Primary root length, TSN; Total seminal root number,
SRL; Seminal root length and LRD; Lateral root density, SM; Shoot mass and Root mass
were also investigated

TSN 0.43***

SRL 0.74*** 0.47%**

LRD 0.39%** 0.22** 0.42%**

SM 0.52%** 0.48*** 0.58*** 0.30**

RM -0.074 -0.04 -0.13 -0.16* -0.019
PRL TSN SRL LRD SM

*k k% * ndicated significant level at p < 0.001, p < 0.01, p < 0.05 as Spearman’s principle
correlation. All traits varied significantly within each population
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Figure 3. Biplots of principal component 1 and 2 of root architectural traits and root biomass
in Thai maize inbred (A) and hybrid lines (B). The x and y axes are components 1 and 2,
respectively. Axis labels include the percentage of variation explained by each of these two
components

Discussion

From the beginning of maize domestication shoot traits have been the main focus for
crop improvement. The below-ground part, roots, have often been neglected or
indirectly selected despite their importance for water and nutrient acquisition. During
the past decades, several lines of evidence have shown that variation in root traits
largely influences adaptation of maize in the field. (Hufford et al., 2012; York et al.,
2015). Therefore, root traits have increasingly become a target for maize improvement

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 16(2):1119-1130.
http://www.aloki.hu e ISSN 1589 1623 (Print) ¢ ISSN 1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/aeer/1602_11191130
© 2018, ALOKI Kft., Budapest, Hungary



Salungyu et al.: Exploring natural variation of root architectural traits in seedlings of maize hybrid and inbred lines from Thailand
- 1126 -

worldwide. The results of the present study show that Thai maize lines exhibit a large
natural variation of root traits relating to their abilities in water and nutrient uptake.

Root system of plant seedlings play an important role in plant establishment and thus
influence the likelihood of survival to reproduction (Tuberosa et al., 2009). The
variation of root number, length, and branching of seedling roots have been shown to be
associated with maize adaptation to edaphic stresses. In our study, we found that maize
lines were significantly different in their root traits, particularly, seminal roots. The
range of seminal root length found among hybrid Thai maize lines (9.9-20.5) fell within
the same range as those from seventy-five B73xGaspé Flint introgression library (8.8-
29.3) grown in the same roll up system (Salvi et al., 2016). Interestingly, Thai maize
had greater range of seminal root number (4.0-5.4) compared to the 75 hybrid lines (0.2-
3.7) studied by Salvi et al. (2016). Seminal root traits can vary depending on genetic
background of each line (Hochholdinger et al., 2004a; Hochholdinger et al., 2004b;
Hochholdinger et al., 2005). Environmental factors may increase seminal root number
especially when nutrient limitation such as phosphorus occurs (Zhu et al., 2006).
Having high plasticity in both length and number in response to the environment,
seminal roots play a large role in soil exploration, and therefore, are critical for plant’s
establishment and could serve as a great target trait for maize improvement (Richards,
2006; Zhu et al., 2006; Lynch, 2013).

Correlation analysis indicated that most root traits positively correlated amongst each
other, with root mass as an exception only significantly correlating with lateral root
density. Previous studies have already shown that an enlarged root system through the
alteration of root length, density and root mass is beneficial for nitrogen and water
acquisition (Ehdaie et al., 2010; Palta et al., 2011). Root mass is an integrated trait
which reflects plant’s carbon investment to the whole root structure. In terms of carbon
investment, having a large root mass may be detrimental to plants under drought or
suboptimal nutrient conditions. The competition between roots and shoots for
photosynthates may result in overall reduction in growth rate and yield. The formation
of large root systems incurs a high carbon cost. To survive in a depriving environment,
genotypes with root traits enhancing soil exploration with minimal carbon investment
are the most competitive (Lynch, 2005). Among maize root architectural traits, lateral
roots are considered carbon efficient because they are smaller in diameter, have lower
carbon investment than main axis roots, and are crucial for nutrient exploration in both
topsoil and subsoil layers (Lynch, 2013). We found that plants with low root weight
tended to have dense lateral root density such as Nei 452007-land Nei 542017.
Compared to primary and seminal roots which are axial roots determined by genetic
inheritance, lateral roots are the only root class that can be formed at the pericycle layer
in every root class, and respond to unfavourable environments such as phosphorus
deficiency (Lynch et al., 2005; Bennetzen et al., 2009). Therefore, carbon resources of
the plant might be translocated to optimize nutrient acquisition by altering their lateral
root numbers.

We found that hybrid maize had greater root length and number than inbred maize.
This is consistent with other studies (Hoecker et al., 2006; Chairi et al., 2016). With a
detailed observation, we found that root traits, like other agronomic traits, express
heterosis as evidenced by the observation of root traits of NS3 and its parents, Tak Fa 1
and Tak Fa 3. Heterosis refers to the performance of the hybrid F1 generation that
exhibits phenotypic traits above the average of the two parents in regards to viability,
development, and production (Tollenaar et al., 2004; Chairi et al., 2016). Heterosis of
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hybrid lines has been shown to improve agronomic traits of maize (Springer et al.,
2007; Garcia et al., 2008; Liu et al., 2013; Thiemann et al., 2014). For example, F1
hybrids developed from a cross between B73 and Mol7, had greater ear length, height,
seed weight (g/ear), and 11 DAP seedling biomass by 48.3%, 21.8%, 101.7%, and
69.0% respectively (Auger et al., 2005). Additionally, the B73xMo17 hybrids further
demonstrated heterosis with an increase of yields (mg/ha) by 64.7% (Zanoni et al.,
1989). However, the quantitative measurements of heterosis varies significantly among
traits and hybrid lines (Springer et al., 2007). Several studies have been carried out in
order to attempt to explain the promising genetic principle of heterosis. The high vigor
of hybrids over inbred lines has been shown to be contributed by many genes (Birchler
et al., 2003; 2006; Hoecker et al., 2006; Liu et al., 2013). Among different root traits,
root mass of NS3 did not show heterosis and was not significantly different from those
of its parents. This result suggests despite being highly genetically dependant, breeding
techniques that target root mass may be more complicated than initially thought. More
research on heterosis of root traits is needed in order to successfully implement root
traits of hybrid lines in a plant breeding program.

In the past decade, root traits of seedlings have been subjected to quantitative trait loci
(QTL) studies and several significant QTL have been identified. For examples, Zhu et al.
(2006) reported several QTLs for seminal root length and number of maize seedlings of
the IBM population under high and low phosphorus conditions. The identified QTLS were
on chromosomes 1, 2, 3 under high phosphorus and on chromosomes 1, 2, 6 under
phosphorus deficiency (Zhu et al., 2006). Furthermore, Burton et al. (2014) reported 15
QTLs controlling length of multiple root classes, diameter and number of seminal roots,
and dry weight of embryonic and nodal root systems of 28-day-old maize seedlings
(Burton et al., 2014). The identification of QTLs associated with seedling root traits
makes it possible to target root traits by marker assisted selection during breeding
(Tuberosa et al., 2002; Hochholdinger et al., 2004b; Hochholdinger et al., 2008).

Conclusions

It has been shown that variation of root traits in maize influences water and nutrient
acquisition under fertile and resource-limiting conditions (Chimungu et al., 2014a;
2014b; Saengwilai et al., 2014a; 2014b; Gao et al., 2016). This study demonstrates that
Thai maize possesses phenotypic differences in root architectural traits and reveal
potential donors for plant breeding targeting root traits such as SW14D-C5 1039-48
Ki48 for long primary and seminal root length and Nei 542017 for increased lateral root
density. Since evaluation of root traits from mature field-grown plants are often
laborious, time-consuming and destructive, screening for root traits in plant seedlings
provides a more feasible option for breeders because a large number of genotypes can
be evaluated in a relatively short period of time. Further studies are underway to
investigate levels of plasticity among root traits in response to environmental stresses
and transitioning of root traits from seedlings in the roll-up system to the field.
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