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ABSTRACT

In wheat, the seminal root angle is representative of the root architecture of the adult plant, making it a
useful tool because it is a trait that can be easily phenotyped in the early stages of plant development. A
narrow seminal root angle can increase access to residual moisture at depth, particularly under terminal
drought conditions. The objective of this work is to evaluate the genetic divergence of root architecture
traits and to present a high-throughput root architecture phenotyping method that can be easily
implemented in breeding programs. Wheat seedlings were evaluated for root architecture in a system of
hanging file folders covered with germination paper. For each plant, measurements were taken of the
angle between the first two seminal roots, length, and number of seminal roots. Based on the drought-
tolerant control BRS 404, which presented an angle of the first pair of seminal roots of 54.73°, roots
with an angle less than 60° were classified as narrow angles and were selected as standard selection
criteria. The distances between accessions ranged from 0.165 to 28.64, allowing the formation of eight
diversity groups. The traits that contributed most to the divergence were plant score (69.48%) and the
angle of the first pair of seminal roots (24.75%). The transgenic lines Cadenza HB4® x BRS 264 and
Cadenza HB4® x BRS 404, cultivars and lines BRS 404 and BR 18 UB2.323.916, UB2.323.907,
UB2.323.917, UB2.323.919, with a narrow angle between the first pair of seminal roots and a plant
score above 5, were selected as potential for planting under water-restricted environmental conditions.
The method allowed high differentiation between genotypes and is therefore suitable for large-scale
screening with high throughput of root architecture traits.
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INTRODUCTION

Drought is the main and most important limiting factor for wheat (7riticum aestivum L.) production
worldwide. Water deficits during critical periods of crop development, such as grain filling, can
significantly impact yield stability and productivity in rainfed agricultural systems. Climate change is
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expected to affect crop geography and particularly alter the Brazilian agricultural landscape, where most
areas are cultivated under rainfed conditions. The area planted with wheat in Brazil in 2024 was 3.0
million hectares, with a production of 7.9 million tons of grain, representing 66% of domestic
consumption, which is 12 million tons (CONAB, 2025).

The demand for imported wheat for domestic supply is around 4 million tons, impacting the trade
balance (CONAB, 2025). Traditional wheat breeding relies heavily on selection for yield. However, the
rate of genetic progress has declined in recent years. Yield is a quantitative trait, characterized by low
heritability and high genotype-by-environment (G % E) interactions, especially in drought-affected
environments.

Studies related to drought tolerance will be increasingly strategic for the country, as this is one of the
abiotic stresses with the greatest impact on crops and is also the main factor expected to limit global
food production in the coming years. In this scenario, in addition to crop management alternatives, the
introduction of morphological traits for adaptation to water stress into breeding programs becomes
imperative as an innovative solution.

In wheat, the seminal root angle is representative of the root architecture of the adult plant, making it a
useful tool because it is a trait that can be easily phenotyped in the early stages of plant development.
For example, a narrow seminal root angle is associated with high proportions of deep-rooting in later
stages of mature wheat (de Dorlodot et al., 2007, El Hassouni et al., 2018). A narrow seminal root angle
can increase access to residual moisture at depth, particularly in terminal drought conditions (Manschadi
et al., 2008, Reynolds et al., 2007), and can prolong grain filling and increase yield. Conversely, an wide
seminal root angle is associated with a shallow root system that can benefit the superficial exploration
of soil layers and the absorption of seasonal rainfall. Therefore, identifying the optimal root angle
architecture in each target environment is critical for guiding breeding efforts (El Hassouni et al., 2018).

Despite the availability of high-throughput phenotyping methodologies capable of evaluating a large
number of genotypes in a short period of time, implementation in most breeding programs for the
selection of genotypes with drought-stress tolerance traits still presents bottlenecks.

Several methods for phenotyping root traits have been developed in the field and laboratory, such as
soil sampling (Wasson et al., 2012); thermography (Lopes et al., 2010); X-ray tomography (Mairhofer
et al., 2013); and rhizotrons (Lobet & Draye, 2013). Many of these methods are laborious, expensive,
and do not allow for the characterization of a large number of accessions (high-throughput phenotyping)
aimed at identifying drought-stress tolerance genes to be incorporated into breeding programs.

The objective of the study is to evaluate the genetic divergence of root architecture traits and to present
a high-throughput, low-cost, and easy-to-implement root architecture phenotyping method in breeding
programs.

MATERIAL AND METHODS
Genetic Material

Thirty wheat genotypes from breeding programs of different origins and adaptation regions were used
as follows. Ten wheat lines and cultivars recommended for planting in adaptation region 4 (hot and dry
region) (Cunha et al., 2006) under water-restricted conditions: BRS 404, BR18, MGS 1 Alianga,
BH1146, IAC 5 Maringa, CD 104, MGS 3 Brilhante, Embrapa 2, Cadenza HB4® x BRS 264, Cadenza
HB4® x BRS 404. The lines Cadenza HB4® x BRS 264 and Cadenza HB4® x BRS 404 lines are
derived from transgenic wheat that contains the sunflower Hahb4 drought tolerance gene.
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Five lines from the breeding program for adaptation region 4 (hot and dry region): UB2.323.917,
UB2.323.918, UB2.323.916, UB2.323.919, UB2.323.907.

Five cultivars recommended for planting in adaptation region 4 in an irrigated system: CPAC0632, BRS
394, Embrapa 22, BRS 264, BRS 254. Five lines from the breeding program for adaptation region 3
(humid region with an average temperature of the coldest month equal to 12°C): PF200171, PF190387,
PF190411, PF190407, PF210196 and Five synthetic lines introduced from CIMMYT (International
Maize and Wheat Improvement Center): CIGMS872771, CIGM93.388, CASWO96Y575S,
CASWO6Y579S, CASW96Y526S.

The cultivar BRS 404 and the cultivar BRS 394, tolerant and susceptible, respectively, to cultivation
under water restriction, were used as controls.

Seedling cultivation in a hanging file folder system.

Wheat seedlings were evaluated for root architecture in a hanging file folder system (Hund et al., 2009).
The folders were covered on both sides with sheets of germination paper. The seeds were disinfected
with 0.5% sodium hypochlorite for 5 minutes and glued to the upper end of the folders, on top of the
germination paper sheets, ensuring that the seed embryo was placed face down to allow the roots to
grow along the folders. The folders were suspended vertically in plastic boxes containing water. Water
was added to the boxes in sufficient quantity to moisten the lower end of the folders. The experiment
was conducted in a greenhouse at 23°C in a randomized complete block design with six replicates.

After 10 days, the folders were opened, and images were taken using a camera. For each plant,
measurements were taken of root architecture characteristics, the angle between the first two seminal
roots, and the length and number of seminal roots. For each plant, the angle between the first two seminal
roots was measured approximately 3 cm from the seed using ImageJ software (NIH National Institutes
of Health, USA) (Figure 1).

Figure 1. (A) Evaluation of root architecture in wheat seedlings using the suspended file folder method.
Folders suspended vertically in plastic boxes containing water. (B) Wheat seedlings, 10 days after
sowing. (C) For each plant, the angle between the first two seminal roots was measured approximately
3 cm from the seed. 2025 and Passo Fundo, RS

The genotypes were evaluated in the field under cerrado conditions in Uberaba (Minas Gerais) using a
plant score (P) scale ranging from 0 to 10, with 0 being the least adapted and 10 being the most adapted.

For statistical analysis of the data obtained in the experiment, analysis of variance and Pearson's
correlation coefficient were performed (Cruz et al. 2014). To compare means, the Scott-Knott test was
used. To estimate the genetic dissimilarity between pairs of accessions, a Mahalanobis matrix (D2) was
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calculated. Based on this matrix, cluster analysis and the Tocher optimization method (Cruz et al., 2014)
were obtained using the GENES program (Cruz, 2001).

RESULTS AND DISCUSSION

Based on the information obtained through analysis of variance, a significant difference was observed
between the contrasting genotypes for the angle between the first two seminal roots, root length, and
number of roots. The overall mean seminal root angle was 73.03°, with a range from 40.00° to 105.07°.
The cultivar BRS 404, tolerant to water deficit, were used as controls recommended for adaptation
region 4 (Cunha et al., 2006) under water restriction conditions, and the BRS 394, susceptible to water
déficit, used as control, recommended for adaptation region 4 under irrigated conditions, presented
angles between the first pair of seminal roots of 54.73° and 84.00°, respectively.

Based on the controls, the selection criteria were standardized: roots with an angle less than 60° were
classified as narrow angle, between 61° and 83° were classified as intermediate angle and above 84°
were classified as wide angle (Table 1, Figure 1).

Figure 1. (A) Wheat cultivar (Triticum aestivum L.) with a narrow angle between the first two seminal
roots. (B) Wheat cultivar with an wide angle between the first two seminal roots. 2025, Passo Fundo.

Table 1. Average angle between the first pair of seminal roots, length, number of roots, plant score,
angle classification and adaptation region of wheat genotypes. 2025, Passo Fundo, RS.

Angle between

the first pair Region of

Genotypes of seminal Root P adaptation
roots length Root Angle
°) (cm) k classification 5

BR 18 59,47 d 17,32 a 3,67 a 6,58 b narrow
MGS1Alianga 64,67 c 15,70 a 3,33 b 5,65 d intermediate
BH 1146 68,95 4 17,18 a 3,33 b 5,58 e intermediate Region 4
IAC 5 Maringd 66,74 c 16,40 a 3,50 a 5,53 e intermediate dry
MGS3 Brilhante 64,61 4 16,00 a 3,17 b 5,50 d Intermediate (Cultivars)
Embrapa 21 64,14 c 17,43 a 3,33 b 5,65 d Intermediate
BRS 404 54,73 d 16,13 a 4,00 a 8,01 a narrow
CD104 57,73 d 17,76 a 3,66 a 5,83 C narrow
CadenzaHB4 x a 7,76 a
BRS264 57,26 d 14,02 b 3,50 narrow
CadenzaHB4 x a 7,81 a
BRS404 58,37 d 18,78 a 4,00 narrow
UB2.323.916 54,54 d 17,09 a 3,00 b 5,88 c narrow Region 4
UB2.323.917 42,66 e 18,68 a 3,00 b 5,80 c narrow dry
UB2.323.918 68,39 c 11,07 b 3,00 b 5,81 c Intermediate (Lines)
UB2.323.919 40,00 e 15,76 a 3,00 b 5,81 c narrow
UB2.323.907 57,73 d 15,63 a 3,00 b 5,76 C narrow
CPAC0632 103,61 a 16,23 a 3,33 b 4,75 e wide
Embrapa 22 105,07 a 17,43 a 3,00 b 5,01 c Wide
BRS 264 101,30 a 17,38 a 3,83 a 4,80 e Wide Region 4
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BRS 254 84,40 b 1439 b 2,83 b 4,90 e Wide Irrigated
BRS394 84,00 b 15,78 a 3,50 a 4,85 e Wide (Cultivars)
PF200171 87,63 b 13,08 b 3,50 a 4,90 e Wide
PF190387 8483 b 1947  a 3,83 a 4,83 e Wide
PF190411 90,54 b 17,00  a 3,67 a 4,61 e wide Region 3
PF190407 93,9 a 1627 a 3,83 a 473 e wide humid
PF210196 9783  a 1667  a 3,50 a 4,51 e wide (Lines)
CIGM872771 72,01 c 17,32 a 4,00 a 5,76 c Intermediate
CIGM93388 65.62 c 17,88 a 4,00 a 5,83 c Intermediate
a 5,76 c CYMMIT
CASW96Y575S 66,81 c 16,48 a 4,00 Intermediate lines
CASW96Y5795 74,9 ¢ 17,9  a 3,17 b 5,86 ¢ Intermediate
CASW96Y5265 7264 ¢ 1569  a 3,17 b 5,80 ¢ Intermediate
Means followed by the same letter do not differ statistically from each other by the Scott-Knott test at a 5%
probability level.

() Evaluation at the seedling stage using the suspended file folder method

P = Plant Score. Evaluation carried out at maturity, in the Cerrado region, in Uberaba (MG), scale from 1 to 10, where
1 is less adapted, 9 is adapted.

) Wheat adaptation regions (Cunha et al., 2006).

Regarding root growth angle, the cultivars BRS 264, Embrapa 22, and the lines CPAC0632, PF210196, and
PF190407 were similar to each other according to the Scott-Knott mean comparison test at 5% probability
and presented the highest values (ranging from 93.99 to 105.07) for the angle between the first pair of
seminal roots, being classified as wide angle.

The cultivar BRS 254, recommended for irrigated sowing, and the lines PF200171, PF190387, and
PF190411 recommended for region 3 (humid) according to the Scott-Knott mean comparison test at 5%
probability, were similar to each other and presented an wide angle between the first pair of seminal roots
equal to the control BRS 394 (84.00°), sensitive to water deficit.

The synthetic lines introduced from CIMMYT (International Maize and Wheat Improvement Center)
CIGM872771, CIGM93388, CASWOI6YS575S, CASWI6YS579S, CASWI6Y526S, cultivars MGS1
Alianga, BH 1146, IAC 5 Maringa, Embrapa 21, MGS3 Brilhante and line UB2.323.918 all recomended
for sowing under rainfed in region 4 (hot and dry), according to the Scott-Knott mean comparison test at
5% probability, were similar to each other and presented an angle between the first pair of seminal roots
ranging from 64.14 to 74.96, being classified as intermediate. The wheat cultivars and lines recommended
for sowign under rainfed condition in adaptation region 4 (Cunha et al, 2006) under water restriction
conditions BR18, CD 104, Cadenza HB4® x BRS264, Cadenza HB4® x BRS 404, the lines of the breeding
program for adaptation region 4 (hot and dry region) UB2.323.916, UB2.323.907 according to the Scott
Knott comparative test of means at 5% probability, were similar to each other and presented an narrow
angle between the first pair of seminal roots equal to the control BRS 404 (54.73°) tolerant to water deficit
(Table 1).

The Cadenza HB4® x BRS264 and Cadenza HB4® x BRS 404 lines presented the highest plant field scores
for adaptation to the cerrado region, 7.76 and 7.81, respectively, being, according to the Scott-Knott mean
comparison test at 5% probability, similar to the water deficit-resistant control BRS 404 (8.01) (Table 1).
The BR18 cultivar, tolerant to water deficit, presented a plant field score of 6.58.

The lines adapted to region 4: UB2.323.916, UB2.323.917, UB2.323.918, UB2.323.919 and UB2.323.907,
the Embrapa 22 cultivar, and the introduced lines of CIMMYT CIGMS872771, CIGM93388,
CASWI6Y575S, CASWI96Y579S, and CASWI6Y526S were similar to each other according to the Scott-
Knott mean comparison test at 5% probability and presented plant field scores ranging from 5.01 to 5.88.

Embrapa 21 and MGS3 Brilhante were similar to each other according to the Scott-Knott mean comparison
test at 5% probability, presenting plant field scores of 5.65 and 5.50, respectively. The cultivars
recommended for irrigated sowing, CPAC0632, BRS264 and BRS254, and the lines PF200171, PF190387,
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PF190411, PF190407 and PF210196 adapted to the humid region were similar to each other according to
the Scott-Knott mean comparison test at 5% probability with plant field scores ranging from 4.51 to 4.90
(Table 1).

Most of the narrow angles were found in cultivars and lines recommended for sowing under rainfed
conditions at Region 4, which are part of a collection that represents the genetic diversity of regional wheat
varieties from the Cerrado region, which is characterized but a hot and dry environment. The overall average
for root length was 15.34 cm with a range of 11.07 to 19.47 cm. The overall average for the number of
seminal roots was 3.45 with a range of 2.83 to 4.00 (Table 1). Among the evaluated genotypes, a small
difference was observed in the number of roots characteristic. This small difference is consistent due to the
low variation in the maximum number of seminal roots that can occur in wheat, which is 5 or 6 roots
(Sanguineti et al., 2007).

Pearson's correlation analysis was significant at the 5% probability level between the angle between the
first two seminal roots and plant score, and between length and number of seminal roots. Correlations
between the other characters were not significant. In this work, the greenhouse study results were consistent
with the field findings. Work performed on seedlings showed that the first pair of seminal roots was
correlated with the adult plant field score. The angle at which roots emerge from the seed and penetrate the
soil determines root system architecture (Wasson et al., 2012)

The present study indicates that root architecture variability exists between the genotypes across the groups,
as well as within groups. The distances between the accessions ranged from 0.165 to 28.64, allowing the
formation of eight diversity groups (Table 2). The characters that contributed most to the divergence
between genotypes were plant score (69.48%), angle of the first pair of seminal roots (24.7%), and root
length (4.06%).

Table 2. Grouping of 30 wheat genotypes based on the angle of the first pair of seminal roots, length, root
number and plant score by the Tocher method, using Mahalanobis generalized distance as a measure of
genetic distance. 2025. Passo Fundo, RS.

Group

<1> CD104 MGS1_Alianca BH 1146 IAC 5 Maringd MGS_3 Brilhante Embrapa 21 UB2.323.916 UB2.323.907
CIGM872771 CIGM93388 CASWI6Y575S CASWI96Y579S CASWI6Y526S BH 1146 IAC 5 Maringa

<2> PF 190387 PF_190411 PF 190407 PF_210196 CPAC 0632 BRS 264 BRS 394

<3> BR 18 UB2.323.919 UB2.323.917

<4> BRS 404 Cadenza HB4® xBRS 264 Cadenza HB4® xBRS 404

<5> UB2.323.918

<6> Embrapa 22

<7> PF 200171

<8> BRS 254

Group 1 included 16 wheat genotypes with the angle of the first pair of seminal roots ranging from 54.54°
to 74.96°, classified as intermediate and narrow angle of the first pair of seminal roots. Notable genotypes
grouped in Group 1 include cultivars recommended for planting in adaptation region 4 (Cunha et al., 2006)
under water-restricted conditions, lines from the breeding program for adaptation region 4 (hot and dry
region), and synthetic lines introduced from CIMMYT (International Maize and Wheat Improvement
Center).

Wheat genotypes with the narrowest distribution of lateral roots can access more moisture at depth in the
soil profile (Manschadi et al., 2008). A more vertical angle of the seminal roots and a greater number of
seminal roots are associated with a more compact root system with a greater number of roots at depth

6
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(Bengough et al., 2004; Manschadi et al., 2008). Narrow seminal root angle and a greater number of seminal
roots are considered fundamental characteristics for early selection for root architecture in wheat breeding
programs (Manschadi et al. 2008; Wasson et al., 2012 and Christopher et al., 2013).

Macaferri et al. (2016) evaluating a population of recombinant durum wheat seedling lines derived from
the Colosseo cultivar not adapted to the arid conditions of the Mediterranean, and the Loyd cultivar adapted
to drought conditions, in polycarbonate plates lined with germination paper after 9 days obtained a variation
in the angle of the first pair of seminal roots from 48° to 147°, the Colosseo cultivar presented an angle of
the first pair of seminal roots 42.0% wider than the adapted Loyd cultivar. Group 2 included 7 genotypes,
with 3 cultivars recommended for sowing in adaptation region 4 under irrigation and 4 lines from the
breeding program for adaptation region 3 (humid region). The angle between the first pair of seminal roots
in group 2 varied from 84.39° to 103.61°, classified as a wide angle of the first pair of seminal roots.

Group 3 included 2 lines from the breeding program for adaptation region 4 (hot and dry) and the water
deficit-tolerant cultivar BR18. The angle between the first pair of seminal roots in group 3 varied from
40.00° to 59.47°, classified as a narrow angle of the first pair of seminal roots. Group 4 clustered the control,
cultivar BRS 404 adapted to water-restricted conditions, and two lines from the breeding program for
adaptation region 4 (hot and dry region) that possess the gene of sunflower drought tolerance,
Cadenza HB4® x BRS 264 and Cadenza HB4® x BRS 404. The genotypes presented angles between
the first pair of seminal roots of 54.73°, 57.26°, and 58.37°, respectively, classified as a narrow angle of the
first pair of seminal roots and plant adaptation field scores ranging from 7.76 to 8.01.

Group 5 included 1 line from the breeding program for adaptation region 4 (hot and dry region) classified
as having an intermediate angle of the first pair of seminal roots (68.39°). Group 6 included 1 cultivar from
the breeding program for adaptation region 3 (humid region) classified as having a wide angle of the first
pair of seminal roots (105.07°). Group 7 included 1 line from the breeding program for adaptation region 3
(humid region) classified as having a wide angle of the first pair of seminal roots (87.63°). Group 8 included
1 cultivar recommended for irrigated planting in adaptation region 4, classified as having a wide angle of
the first pair of seminal roots (84.40°).

Richard et al. (2015), evaluating a panel of wheat seedlings from different drought-tolerant adaptation
regions using germination paper bags, observed after 10 days a variation in the angle of the first pair of
seminal roots from 84.00° to 108.10° and an average of 109.70°. Cané et al. (2014), evaluating a panel of
183 elite durum wheat cultivars on polycarbonate plates covered with germination paper, after 10 days,
observed a variation in the angle of the first pair of seminal roots from 48° to 147° with an average of 100°
and seminal root length varying from 13.8 cm to 32.9 cm with an average of 21.10 cm. For the number of
seminal roots, they obtained an average of 5.18 roots with a variation 0f4.01 to 6.00 roots. The dendrogram
obtained by the UPGMA method, from dissimilarity measurements between 30 wheat accessions, based on
Euclidean distance for the angle of the first pair of seminal roots, root length and root number, grouped the
genotypes into 8 dissimilarity groups (Figure 3).
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Figure 3. Dendrogram obtained by the UPGMA method, from dissimilarity measurements between 30
wheat accessions, based on Euclidean distance for the angle of the first pair of seminal roots, root length,
root number and Plant Note Passo Fundo, 2025.

Results of root architecture characteristics from the present study suggest that the majority of cultivars and
lines recommended for rainfed sowing at region 4 of adaptation were clustered at group 1 and group 4 and
presented a narrower angle than genotypes recommended for region 4 irrigated and region 3 humid
clustered at group 2, which presented wider angle values. There is consistency between the adaptation
region of the wheat cultivars evaluated in this study and the cluster analysis based on root architecture
characteristics. The cultivars and the lines recommended for the rainfed hot and dry region and the
introduced lines from CYMMIT, when evaluated under field conditions in the Cerrado region of Uberaba,
MG, showed a plant adaptation field score greater than 5 and an intermediate to narrow angle between the
first pair of seminal roots. Conversely, cultivars recommended for irrigated cultivation and lines
recommended for the humid region showed a plant adaptation field score of less than 5 and a wide angle
between the first pair of seminal roots.

Although wheat breeders have indirectly selected for root architecture where selection pressure for
environmental conditions is frequent, this is not the only characteristic affecting drought adaptation.
Drought adaptation involves the interaction of several characteristics related to water use as well as
physiological processes. For adaptation to various regions, breeders target characteristics of phenology,
transpiration efficiency, canopy temperature reduction, and tillering reduction (Richard et al., 2015). Most
of the genotypes clustered in group 1, that is, cultivars and lines adapted to drought conditions, presented
an intermediate and narrow angle between the first pair of seminal roots, contrasting, for example, with the
genotypes of group 2 adapted to region 3 (humid) or to irrigated cultivation, which presented a wide angle.

While the architecture of a deep root system can be important for adaptation to drought conditions and
largely depends on the moisture maintained in the deeper layers of the soil, this characteristic may be less
advantageous in other environments, such as more humid environments where rainfall is more frequent
during the crop's growing season or under irrigation.
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The angle of the first pair of seminal roots being narrow typically indicates a deeper root system and allows
plants to explore water from the deeper layers of the subsoil (Wassson et al., 2012; Manshadi et al., 2008).
Wheat cultivars with a narrow distribution of lateral roots and a greater number of roots can access greater
soil moisture at depth in the soil profile, particularly during flowering and grain filling periods when there
is greater demand by the plant (Manschadi et al., 2008). Wheat cultivars with a narrow angle between the
first two seminal roots tend to have deeper roots and greater tolerance to water-deficient conditions. This
germplasm can be used for future breeding work, allowing the selection of specific root types. Knowledge
of the seminal root angle in different adaptation groups can be used to design ideotypes better adapted to
contrasting environments such as irrigation regimes, drought, soil toxicity, or nutrient availability (EI
Hassouni et al 2018).

The suspended folder method allowed differentiation between the angle of the first seminal roots. The
method showed 100% utilization of the repetitions because all the evaluated seedlings that were visible
could be evaluated for root angle, being superior to soil cultivation methods where there is difficulty in
differentiating the roots from the soil and it is frequent for the roots to be hidden by the soil, resulting in the
inviability of repetitions (Richard, 2015 and El Hassouni et al., 2018). The method is efficient for
identifying genetic variability and can be used to select parental genotypes with desirable characteristics in
crosses. The method has the potential to accelerate genetic gain for drought tolerance in breeding programs.
The technique allows for multiple evaluation cycles, making it suitable for use in "speed breeding" systems,
where temperature and light control result in rapid plant growth.

Selection for seminal root architecture traits can also be easily integrated with other phenotypic selection
methods, such as adult plant resistance, rust resistance, and grain dormancy for pre-harvest sprouting
tolerance.

CONCLUSION

The genotypes BRS 404, Cadenza HB4® xBRS 264, Cadenza HB4® xBRS 404, BR 18, UB2.323.916,
UB2.323.907, UB2.323.917, UB2.323.919 with a narrow angle between the first pair of seminal roots and
a plant field score above 5 were selected as potential for planting under water-restricted environmental
conditions. The suspended file folder method was efficient for observing the characteristics of the angle
between the first two seminal roots, length, and number of roots, allowing for the discrimination of
genotypes. Therefore, it is suitable for high-throughput, large-scale screening of root architecture features.
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