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Abstract

Aims Root system architecture (RSA) plays a cru-
cial role in determining the efficiency of absorbing
water in the different soil layers. Studies on the RSA,
however, are limited partly because plant roots are
found underground and difficult to observe them dur-
ing plant development. This study aimed to assess the
variation in the RSA traits of sorghum landraces at
the seedling stage.

Methods A set of one hundred sixty diverse sor-
ghum genotypes were grown in soil-based rhizotrons
and data on nodal root angles (NRA), days to nodal
root emergence (DNRE), number of nodal roots
(NNR), nodal root length (NRL), fresh root weight
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(RFW), dry root weight (DRW), root-to-shoot ratio
(RSR), fresh shoot weight (FSW), dry shoot weight
(DSW), leaf area (LA) were collected.

Results The analysis of variance revealed the pres-
ence of high variation among genotypes for all the
studied traits. Repeatability of the RSA traits ranged
from 44.8% for RSR to 85.2% for NNR. The wide
variation ranging from 16.3° to 53.0° and heritability
(63.1%) of the nodal root angles allow the selection of
desirable genotypes adapted to drought environments.
Several diverse sorghum genotypes with narrow and
wide nodal root angles were identified. Genotypes
with narrow nodal root angles such as G141, G100,
and G63 could be prioritized for use in developing
cultivars suitable for dry areas.

Conclusions This study illustrates the presence of
promising sorghum genotypes in terms of RSA traits,
which should be utilized for the development of novel
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cultivars that match cultivation environments differ-
ing in water availability.

Keywords Diversity - Drought - Nodal root angle -
Rhizotron - Root system architecture - Sorghum

Introduction

Sorghum (Sorghum bicolor (L.) Moench) is a cereal
crop widely grown in drought-stressed areas around
the world. It is mainly used as food, feed, and for etha-
nol production (Qi et al. 2019). It is the fifth most sig-
nificant cereal crop globally after wheat, rice, maize,
and barley and provides food for half a billion people
in the semi-arid and arid regions of Asia and Africa,
including Ethiopia (Ejeta 2005). Sorghum grows in
a very wide range of environmental conditions, such
as temperate to tropical climates, low to high alti-
tudes, and waterlogged to drought-stressed environ-
ments (Borrell et al. 2021). Even though sorghum
is a drought-tolerant crop, which is predominantly
grown in arid and semi-arid regions, its production
is still affected by drought stress at several develop-
mental stages of the crop as reviewed by Abreha et al.
(2022). It has been estimated that yield losses exceed
20 million tons or 20% of rain-fed sorghum produc-
tion every year in arid and semi-arid regions (Kukal
and Irmak 2018). Therefore, screening sorghum
genetic resources for drought tolerance is a crucial
step to deal with drought stress in arid and semi-arid
regions through the development of drought-tolerant
cultivars (Rono et al. 2016; Farhadi et al. 2022).

The shoot and root characteristics of crops have
been used to enhance the adaptability of crops to
drought stressed-environments (Borrell et al. 2020,
2021). Several morphological (high grain yield; root
system architecture, above and below ground bio-
mass production; high harvest index and small leaf
area), physiological (high stomatal conductance;
photosynthetic efficiency, water-use efficiency, stay
green, reduced evapotranspiration; leaf cuticular wax
and leaf water potential), biochemical (high accu-
mulation of abscisic acid and auxin) and phenologi-
cal (early vigor, early flowering and maturity) traits
are used to increase the ability of plant tolerance to
arid places (Sonawane and Cousins 2020; Mace et al.
2012; Blum 2005; Takele 2000; Nxele et al. 2017;
Yahaya and Shimelis 2022). Root traits such as fine
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roots, root length and area, root angle, root length
density and root weight are important components
in response to drought tolerance which regulate the
amount of soil area that a plant can explore for water
and nutrient extraction from the soil as well as anchor
the plant system (Bucksch et al. 2014). The root sys-
tem architecture (RSA) refers to the entire or part of
the root systems that comprise the root distribution
(Bucksch et al. 2014). It is one of the major contribut-
ing traits to their ability to extract water and nutrients
from the deep horizon of the soil, thereby enabling
them to adapt to drought-prone environments. The
significance of RSA in terms of its effect on plants’
ability to extract water that contributes to increased
grain yield under drought-stress conditions has
been reported in sorghum (Mace et al. 2012; Singh
et al. 2012). Sorghum root system is characterized
by a single seminal root and post embryonic nodal
roots. The sorghum seminal root which is emerging
directly from the embryo and play an important role
only in early growth stage for initial water and nutri-
ent extraction and hence is of little essential in late
growth stage or mature sorghum (Singh et al. 2011,
2010). While, numerous nodal roots are develop from
the below-ground nodes (above the mesocotyl) of the
stem and the first flush of the angle of nodal roots are
visible when around five leaves have fully expanded
(Singh et al. 2010). The nodal root angle is associ-
ated with the spatial distribution of roots of mature
sorghum plants and hence with their ability to absorb
water in the soil (Singh et al. 2012).

The root angle at the seedling stage of the plant is an
RSA trait that has received particular attention in sor-
ghum (Singh et al. 2012, 2011; Demelash et al. 2021)
and other crops (Manschadi et al. 2008; Alemu et al.
2021). The nodal root angle of sorghum influences
horizontal and vertical root structure and distribution
in the soil, thereby contributes to stay-green and grain
yield (Mace et al. 2012). Singh et al. (2012) reported
that root angles and the level of fine roots have signifi-
cant influence on yield under drought-stress conditions
in sorghum. Narrow and wide root angles have been
studied for their effects on water and nutrient extrac-
tion ability as well as drought tolerance of crop plants
(Manschadi et al. 2008). Sorghum genotypes with nar-
row root angles were reported to have higher drought
tolerance and stay-green characteristics (Mace et al.
2012). This is because plants with longer roots and
narrower root angles exploit water and nitrogen more
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effectively that are often available in deeper soil layers
(Manschadi et al. 2008; Kitomi et al. 2015; Truco et al.
2000; Mace et al. 2012). On the other hand, shorter
roots with wide root angles allow plants to more effec-
tively extract water and nutrients such as, phosphorous
that are available in large amount at shallower depths
in the soil (Miguel et al. 2015; Parra-Londono et al.
2018). The nodal root angle is therefore a significant
factor in selecting sorghum genotypes for breeding pro-
grams designed to improve drought tolerance.

Evaluating phenotypic variation is vital for the iden-
tification of genotypes with desirable characteristics
for crop improvement through breeding. Several stud-
ies have focused on phenotypic variation among differ-
ent sets of sorghum genotypes in the nodal root angles,
number of nodal roots, nodal root length and diameter,
as well as root and shoot fresh and dry weights were
reported (Singh et al. 2011; Demelash et al. 2021;
Bantte et al. 2022). Studies have shown that there is a
high genetic diversity in Ethiopian sorghum, which
makes it more likely to identify genotypes that display
desirable RSA characteristics. In Ethiopia, sorghum is
predominantly grown in hot and arid lowlands where
insufficient and unpredictable rainfall are among the
major abiotic factors that limit its production (Hulluka
and Esele 1992). However, research on RSA traits of
Ethiopian sorghum is almost non-existent, and no cul-
tivars have been developed with improved RSA traits
capable of providing better drought tolerance in harsh
environments where Ethiopian sorghum is typically
grown. The Ethiopian Biodiversity Institute (EBI) has
conserved 9,432 sorghum accessions collected across
the country (https://www.ebi.gov.et/biodiversity/conse
rvation/genetic-material-holdings/). The RSA and shoot
traits of most of these accessions remain uncharacter-
ized. Therefore, the objectives of this study were to
characterize the RSA and shoot traits of Ethiopian sor-
ghum genetic resources, determine the extent and pat-
tern of phenotypic variation, and identify promising
genotypes for key RSA and shoot traits for use in sor-
ghum breeding programs.

Materials and methods

Plant materials

A total of 160 accessions were used in this study
(Supplementary file 1), which are a subset of the

germplasm used in our research published in (Enyew
et al. 2021). The accessions were selected to repre-
sent different sorghum growing regions and different
agro climatic zones. Although Ethiopian Biodiversity
Institute (EBI) originally collected the accessions
from major sorghum-growing regions in Ethiopia,
Melkassa Agricultural Research Center (MARK) has
used them for research and breeding purposes, and we
acquired these accessions from MARK. They will be
referred to as “genotypes” from here on for the sake
of simplicity.

Design and assembly of root growth chambers
(rhizotrons)

For the root system architecture study of the sorghum
genotypes, root growth chambers (rhizotrons) were
assembled at the Department of Plant Breeding, SLU,
Alnarp. To assemble each rhizotron, two 60 cm X 80
cm transparent 4 mm-thick acrylic plastic sheets,
five 60 cmXx 1 cm self-adhesive rubber strips with a
thickness of 4 mm, and 10 bolts and nuts were used.
First, the rubber strips were fixed to one of the plastic
sheets at five positions along its width including the
two margins so that four equal-sized compartments
(each with 60 cm (h)x 18.7 cm (1) X4 mm (w)) could
be formed so as to grow four plants at the same time.
Then, the second plastic sheet was placed on top, and
the two sheets were screwed together at ten points
using bolts and nuts corresponding to the two tips of
each of the five rubber strips (see Supplementary file
2 for details). The four compartments of each root rhi-
zotron were then filled with a mixture of dried fine
soil and sand in a 2:1 ratio. The average weights of
each chamber when it was empty, filled with a mix-
ture of dry fine soil and sand, and after saturating to
soil to full capacity were 2.1 kg, 3.0 kg, and 3.4 kg,
respectively.

Growth conditions

Before planting the seeds, the rhizotrons were placed
in a transparent plastic box that served as a support
structure and watered from the top, and then left to
drain until the soil reached field capacity. The day
after the soil reached field capacity, two seeds were
planted per compartment at a depth of three cm.
The seeds were planted in a way that their embryos
face the wall of the rhizotron so that the roots can be
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clearly visible through the transparent plastic wall as
they grow. Three days after germination, one of the
two seedlings in each compartment was removed. The
plants were grown in a greenhouse where day/night
temperatures and average relative humidity were set
to 28/22°C and 65%, respectively. The layout of the
rhizotrons containing the growing plants represent-
ing the 160 genotypes was a completely randomized
design with three replications. The three replications
were achieved by growing the plants at three different
times (planting dates) in the same greenhouse.

Data collection

All the data were collected after three weeks at five to
six leaf stages of the plants except days to nodal root
emergence (DNRE), which was recorded as the date
of the first flash of nodal root emergence. For nodal
root angle (NRA) measurement, the rhizotrons were
removed from the box and held vertically adjacent to
a ruler, and images of the root system that was vis-
ible through the transparent wall of the rhizotrons
were taken using a Canon EOS 1300D digital cam-
era with 18-megapixel resolution. The images were
used to measure the angle of each of the first pair of
nodal roots with a reference to a perpendicular line to
the main stem at a 3 cm distance from the base of the
stem using RootNav software version 1.8.1 (Pound
et al. 2013). The nodal root angle of each plant was
then recorded as the average value of the angles
measured from the images taken on the left and right
sides of each plant on both sides of the rhizotron.
After images were taken, the rhizotrons were dis-
assembled and the roots were carefully washed and
separated from the soil. The nodal roots were then
placed horizontally and pictures were taken with
a digital camera fixed on a tripod. The number of
nodal roots (NNR) of each plant was counted and the
average nodal root length (NRL) of each plant was
determined using Imagel] software (Abramoff et al.
2004). Immediately after taking images, the fresh
root weight (FRW) of each plant was measured using
a high precision scale. This was followed by drying
the roots at 60°C for 3 days in an oven and determin-
ing the dry root weight (DRW). The leaf area (LA)
of each plant was calculated by measuring the larg-
est leaf length and width and then multiplying the
obtained value by 0.69, as described by (Lafarge et al.
2002). The fresh shoot weight (FSW) of each plant
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was measured by cutting the shoots of each plant at
the base of the stem while the dry shoot weight was
determined after drying the shoots at 60°C for 3 days
in an oven. The dry root-to-shoot ratio (RSR) was
then calculated by dividing DRW by DSW.

Data analysis

All recorded data were subjected to analysis of vari-
ance (ANOVA). Analyses of descriptive statistics
and repeatability (H?) of each trait were conducted
with R software (R 2022). Phenotypic means of the
genotypes were determined for each trait and their
significant differences among genotype means were
evaluated using the least significant difference (LSD)
test (p<0.05). These means were also used to per-
form correlation, principal component, and cluster
analyses. The correlation analysis between variables
were performed by psych package (Revelle 2017) of
R software. The prcomp function of the factoextra
package (Kassambara and Mundt 2017) of R software
was used to perform principal component analysis.
For cluster analysis, the Euclidean distance was cal-
culated with the dist function of the cluster package
(Kassambara and Mundt 2017) of R software while
the neighbor-joining tree was generated with MEGA
software (Kumar et al. 2018).

Results
Phenotypic variation and heritability

The analysis of variance (ANOVA) revealed highly
significant (p <0.001) variation among genotypes
for all studied RSA and shoot traits (Table 1). Wide
variation was observed in NRA ranging from 16.3°
to 53.0° with a mean of 34.9° (Table 1; Fig. 1).
DNRE ranged from seven to 15 days with a mean
of 11 days. The average NNR was 6.0 with indi-
vidual values ranging from two to 11. The geno-
types showed wide variation in NRL, ranging from
33.7 cm to 269.1 cm with a mean of 119.1 cm.
The FRW and FSW ranged from 0.6 and 0.5 g to
5.3 and 2.5 g, with mean values of 2.3 and 2.5 g,
respectively. The RSR ranged from 0.18 to 3.9 with
a mean value of 1.0. The DRW varied from 0.05 to
0.75 g with a mean of 0.28 g while the average DSW
was 0.35 g with individual values ranging from 0.12
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Table 1 Analysis of variance for the root system architecture and shoot traits of 160 sorghum genotypes

Traits NRA NDNRE NNR

Source of varation SS MS %SS SS MS %SS SS MS %SS
Genotype 22,400 140.88%%** 58.1 830.2 5.2k 51.1 1257.6 7.96% %% 77.4
Residuals 16,128 52.03 41.9 795.1 2.57 48.9 366.9 1.18 22.6
MIN 16.3 7.0 2.0

MAX 53.0 15.0 11.0

MEAN 34.9 11.3 6.0

H? 63.1 50.9 85.2

Traits DRW RSR FSW

Source of varation SS MS %SS SS MS %SS SS MS %SS
Genotype 9.881 0.06%* 553 156.7 1,023 83.3 472.7 2,97k 68.5
Residuals 8.007 0.03 44.8 131.5 0.56 69.9 217.8 0.75 31.5
MIN 0.05 0.18 0.5

MAX 0.75 3.9 6.0

MEAN 0.28 1.0 2.5

H? 55.0 44.8 74.7

Traits NRL FRW

Source of varation SS MS %SS SS MS %SS

Genotype 1,019,721 6413.00%#* 49.0 247.5 1.56%** 58.8

Residuals 1,059,614 3311.00 51.0 173.7 0.55 41.2

MIN 33.7 0.6

MAX 296.1 53

MEAN 119.1 23

H? 48.4 64.5

Traits DSW LA

Source of varation SS MS %SS SS MS %SS

Genotype 9.789 0.06%** 67.3 4795 30.35%%* 59.2

Residuals 4.762 0.02 32.7 3311 11.74 40.8

MIN 0.12 3.1

MAX 0.83 21.5

MEAN 0.35 10.5

H? 70.2 61.3

##% = Significant at 0.001 significance level, SS sum of squares, MS mean square, %SS percentage of sum of squares, NRA nodal
root angle, DNRE Days to nodal root emergence, NNR number of nodal roots, NRL nodal root length in centimeter, RFW fresh root
weight in gram, DRW dry root weight in gram, RSR root to shoot ratio, FSW fresh shoot weight in gram, DSW dry shoot weight in
gram, LA leaf area square centimeter, MIN minimum, MAX maximum, H? repeatability

to 0.83 g. The average leaf area was 10.5 cm? with
individual values ranging from 3.1 to 21.5 cm?
(Table 1). The repeatability (H?) of the RSA traits
was moderate for RSR (44.8%), NRL (48.4), DNRE
(50.9%), and DRW (55.0%) while it was high for
LA (61.3%), NRA (63.1), FRW (64.5), DSW (70.2),
FSW (74.7%), and NNR (85.2) (Table 1).

Mean performance of genotypes for RSA traits

The nodal root angles of 84 genotypes were above
the mean whereas those of 76 genotypes were
below the mean. The top three genotypes with nar-
row root angles were G141 (16.3°), G100 (18.9°),
and G63 (19.3°) and those with wider root angles
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Fig. 1 A photograph of
rhizotrons in rectangular
plastic boxes contain-

ing sorghum seedlings at
21 days after planting (A);
photographs of nodal roots
of a genotype with a narrow
nodal root angle (B), and a
genotype with a wide root
angle (C) taken through
the transparent walls of the
rhizotrons, the yellow lines
demonstrate the angles; a
photograph of nodal roots
taken through the wall

of a rhizotron revealing
variation in their angles of
growth; D a photograph

of detached nodal roots of
two genotypes showing
variation in the number of
nodal roots and nodal root
length (E)

were G1 (53.0°), G16 (52.4°), and G51 (51.1°)
(Table 2). Similarly, days to nodal root emergence
of 84 genotypes was above the mean while that
of 76 genotypes was below the mean. Genotypes
G82, G49, and G143 showed the earliest nodal
root emergence seven to eight days after plant-
ing. In contrast, G40, G144, and G2 were the lat-
est requiring 14 to 15 days for the emergence of
nodal roots. The number of nodal roots (NNR)
of 92 and 69 genotypes was above and below the
mean values, respectively. G104, G141, and G160
came on top for this trait with 10 to 11 nodal roots,
while G79, G124, and 92 had the lowest number
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of nodal roots (2 to 3). With regard to nodal root
length (NRL), 68 and 92 genotypes scored above
and below the mean values, respectively. G141,
G151, and G160 were top ranking for this trait
(244-296 cm) while G79, G157, and G4 were bot-
tom ranking (34-38 cm) (Table 2).

With regard to FRW, the top three genotypes
were G86, G150, and G12 while the bottom three
were G83, G79, and G92. The dry root weights
(DRW) of 70 genotypes were above the mean
while 90 genotypes had DRW below the mean.
Genotypes G158, G39, and G54 had the high-
est RDW (0.7-0.8 g). The RSR of the genotypes
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Table 2 The top and bottom eight sorghum genotypes for the root system architecture and shoot traits

Trait

NRA NDNRE NNR NRL FRW DRW

Top eight genotypes

Gl 53.0° G40 15 G104 11° G141 296° G86 5.3 G158 0.8
Gl16 52.4% Gl44 15% G141 10® G151 296% G150 3.9° G39 0.8
G51 51.1%¢ G2 14® G160 10%® G160 244 % Gl12 39° G54 0.7
G32 493%d G 14.0° G143 10 G143 233 3¢ G34 3.7% G47  0.65%°
G45 4923 G36  14.0°  G90  10%° G139 2223cd G141 3.7° G52 0.64%d
G13 47.8%cdel  G79  14%¢ G112 10™° G126 20924 G153 370 G132 0.618cde
G4 47 4%bcdefe G157 14%¢ G99  gibed G133 2084l Gl6  3.6%%f G2 0.6t
G21 45.9%bcdefeh - Ggg  14bc G77  9%de  G77 206t G145 3.5%defe G150 (.59:bedefe
Bottom eight genotypes

G158 22.3mme G123 ofeh G53 49 G19 55%ABCDEF G154 13PEFGHL G4 0.1
G152 22.0mme G141 ofh G75 49 G41  49ABCDEF G571 2FFGHL Ggy 0.1
G88 20.9™ G145 ofeh G107 49 G75 46BCPEF Ge3  12FFCHL Gop 0.1
G150 20.7" G147 ofeh G25 49 Gl 468CPEF  G14 12F¢H G31 0.1
G155 19.4" G13 ofh G52 3 G15  44CPEF G4 100 G69  0.17
G63 19.3% G143 g G92 3 G4  38PFF G92  1.0% G110 0.1"
G100 18.9™ G49 gh G124 3" G157 35%F G79 0.7%" G79 0.1"
G141 16.3° G2 7t G79 2° G79 34F G83 0.6 G83  0.05
Trait

NRA RSR FSW DSW LA

Top eight genotypes

Gl 53.0° G60 390 G77 6.0° G2 083° G129 21.5°

G16 52.4: G39 321 G155 520 G77 0.90° G59 21.3°

G51 51.18%¢ G157 298 G129 50% G8 073 G151 19.6%

G32 4933d G132 2904 G141 4.9%¢ G133 0.75%® G100 18.6%

G45 492 G2 28634 G137 4.8% G150 0.79® Gl12 17.8%d

Gl13 47.8%0det G144 25609 G143 4.7t G104 070 G106 17.6 e

G4 4740 G41 2394 G12  4.5%dfe G .67 G37  16.9 abedef

G21 45.9%bcdefeh - Gp3 g o7bede G151 4.50dfe G128 (.69 G143 16.9%cdefe

Bottom eight genotypes

G158 22.3mn0 G110 036™ G92 1.0Y%¥Y%2 G14 0.15F% G51  5.9mpd

G152 22.0mn° G122 036™ G66 1.0VXY%2 G28 0.15FK G35 5.6™M

G883 20.9° G155 035™ G154 09%Y% G30 0.13F% G60 5.6

G150 20.7"° G8  033™ G30 09%% G57 0.4k G29 5.1°M

G155 19.4™ G2 029™ G157 09%2 G79 0.08F G109 4.6

G63 19.3% G99 028™ G4 06Y> G833 0.11FK G79  4.4M

G100 18.9™ G31 022" G83 067 G92  0.12F% G6  4.3M

G141 16.3° G43  0.18" G79 057 G108 0.13* Gl15 3.19

NRA nodal root angle, DNRE days to nodal root emergence, NNR number of nodal roots, NRL nodal root length in centimeter, REFW
fresh root weight in gram, DRW dry root weight in gram, RSR root to shoot ratio, FSW fresh shoot weight in gram, DSW dry shoot
weight in gram, LA leaf area in square centimeter. Different superscript letters in each column indicate the significance difference
between genotypes according to LSD Test with 95% probability level. Supplementary file 1 can be used to access the genotype code
and passport data of sorghum genotypes. Note: Given that including all 160 genotypes in this Table is undesirable, only the top eight
and bottom eight genotypes, in terms of RSA values, were presented, as they best represent the phenotypic variation observed in the
target traits across the whole genotypes studied

@ Springer



94

Plant Soil (2024) 502:87-102

ranged from 0.18 (for genotype G43) to 3.9 (for
genotype G60). The top three accessions were
G77, G155, and G129 for FSW while G2, G87,
and G86 were the top three accessions for DSW.
With regard to DSW, 60 genotypes scored values
above the mean while 90 genotypes scored below
the mean. In terms of leaf area (LA), G129, G59,
and G151 ranked at the top, whereas G135, G6,
and G79 ranked at the bottom. In all traits, the top
three genotypes differ significantly from the bot-
tom three genotypes (Table 2).

Correlation among the RSA traits

The correlation analysis showed that there were sig-
nificant positive and negative associations among
RSA traits (Fig. 2). Nodal root angle showed signifi-
cant negative correlations with all RSA traits except
with DNRE and RSR. Similarly, the DNRE showed
significant negative correlations with all the studied
traits except the RSR and NRA. The NRL exhib-
ited significant positive correlations with the NNR
(r=0.75), FRW (r=0.61), DRW (r=0.29), FSW
(r=0.74), DSW (r=0.64) and LA (r=40). Similarly,

8 12 2 6 10 01 04 07 1 3 § 5 15
111 L L LI LIV L1} 1111 | N I |
NRA o
0.08 -0.34* -0.27** -0.28*** -0.22** 0.03 -0.33* -0.27** 018 |~
DNRE
-0.35** -0.29*** -0.22** -0.13 0.04 -0.25** -0.19* -0.25**
L 8
0.75%* | | 0.61™* | | 029 | | -0.22* | | 0.74* | | 0.64™ | | 040" [
© E 0.57*** 0.28*** -0.23** 0.70™** 0.63*** 0.29***
FRW C e
0.43%* -0.14 0.78*** 0.73%* 043> [ =
@ DRW
o 1 0.61*** 0.31** 0.34*** 0.19*
033 | | 037 | | 021 |
© FSW
© 0.86™** 0.59***
0.53*** ~ -
© '. .‘(fﬁ;h\

S0 200 1 3

Fig. 2 Variation and correlation between the nine root system
architecture and shoot traits. Histograms for all traits are dis-
played along the diagonal. To the left and below the diagonal
are scatter plots comprising measured individuals from 160
genotypes. The red line through the scatter plot represents the
line of best fit. NRA =nodal root angle, DNRE =days to nodal
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T
12 3 4
root emergence, NNR =number of nodal roots, NRL =nodal
root length, RFW=fresh root weight, DRW=dry root
weight, RSR=root to shoot ratio, FSW =fresh shoot weight,
DSW =dry shoot weight, LA =leaf area, ***=Significant at
0.001 significance level, **=Significant at 0.01 significance
level, *=Significant at 0.05 significance level
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the NNR showed significant positive correlations
with FRW, DRW, FSW, DSW, and LA. On the other
hand, RSR showed significant negative correlations
with NRL, NNR, FSW, DSW, and LA. Highly sig-
nificant positive correlations were observed between
FRW, DRW, FSW, and DSW. LA also showed signifi-
cant positive corrections with FRW, DRW, FSW, and
FSW (Fig. 2).

Principal component and cluster analysis

The principal component analysis of the 160 sorghum
genotypes based on the correlation matrix of RSA
traits yielded the eigenvalues and eigenvectors (Fig. 3
and Supplementary file 3). Ten principal components

Fig. 3 A Scree plot show- A
ing the variation each prin- %0~
cipal component captures
from the RSAdata and (B)
contributions of variables
to principal components.
The size and color of the
dots are proportional to the
contribution of the traits for
each principal components.
NRA =nodal root angle,
DNRE =days to nodal root
emergence, NNR =number
of nodal roots, NRL =nodal
root length, RFW = fresh
root weight in gram, 0=
DRW =dry root weight, 4
RSR =root to shoot ratio,

FSW =fresh shoot weight,

DSW =dry shoot weight, B
LA =leaf area
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explained the total variation. The first two princi-
pal components (PC1 and PC2), with eigenvalues
greater than one cumulatively explained 62.9% of
the total variation among the genotypes with regard
to the studied traits. The first principal component
accounted for 46.64% of the total variation while the
second component accounted for 16.5% of the total
variation (Figs. 3A and 4). The third and fourth prin-
cipal components explained 9.5% and 8.5% of the
total variation, respectively. Five traits, namely fresh
shoot weight, dry shoot weight, nodal root length,
number of nodal roots, and fresh root weight were
major contributors to the variation in PC1 (Figs. 3B
and 4). While root-shoot-ratio and dry root weight
were major contributors to the variation in PC2. The
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Fig. 4 Principal component analysis (PCA) showing the clus-
tering pattern of 160 Ethiopian sorghum genotypes regarding
variation in root system architecture traits. An individual that
is on the same side of a given variable has a high value for this

days to nodal root emergence and nodal root angle
had the highest contribution to the variation in PC3
and PC4, respectively.

The PCA biplot shows the genotypes with
RSA traits explained by the first two dimensions
(Fig. 4). Among the traits, DRW, RSR, FSW,
DSW, FRW, NRL and NNR showed the highest
contribution to the variation that responsible for
discriminating genotypes under the biplot of PCl1
and PC2 (Fig. 4). The PCA biplot indicated that
the distant/diverging genotypes from the major
genotypes such as G141 had a narrow root angle,
the highest number of nodal roots and length;
G158 had high dry root weight (0.98 g); G39 had
the highest dry root weight; G60 had the highest
root to shoot ratio (0.29 g); G157 had the lowest
nodal root length and G79 had the lowest shoot
fresh weight, G83 had the lowest fresh and dry
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variable; an individual that is on the opposite side of a given
variable has a low value for this variable. Supplementary file
1 can be used to access the genotype code and passport data of
sorghum genotypes

root weight, G31had the lowest root to shoot ratio
and G39 had the highest root dry weight and root
to shoot ratio (Fig. 4). The principal component
analysis did not clearly cluster genotypes based on
the proximity of their original collected geograph-
ical locations (Supplementary file 4).

A neighbor-joining tree was generated through clus-
ter analysis of the 160 sorghum genotypes based on the
phenotypic data collected on the RSA and shoot traits.
The cluster analysis grouped the genotypes into four
clusters. Cluster I, II, II, and IV comprised 13, 11, 36,
and 100 genotypes respectively, accounting for 8.1%,
6.9%, 22.9%, and 62.5% of the 160 genotypes (Fig. 5).
Cluster I represents genotypes with the highest values
for NRL, FRW, DSW, and LA, and the lowest value for
NRA on average (Supplementary file 5). Cluster II was
characterized by genotypes with the highest values for
the NNR, FSW, and DSW on average. Cluster III was
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Fig. 5 A neighbor-joining tree of the 160 sorghum genotypes
generated based on phenotypic data of nine root architecture
and shoot traits revealing four clusters. Genotypes denoted by

characterized by genotypes with the highest values for
NRA, DNRE, and RSR, and the lowest values for all
other target traits on average. Representing the majority
of the genotypes, Cluster IV comprised genotypes that,
on average, did not display the highest or lowest values
for the target traits (Supplementary file 5). The top geno-
types with narrow root angles, G63, G141, and G152,
which were originally collected from the Tigray and
Amhara regions, were grouped under Cluster I. Among
genotypes that came on top in terms of wide root angles,
G1 was originally collected from the Amhara region,
whereas G16 and G51 were originally collected from
the Oromia region. Genotypes representing improved

Region
Amhara
@ Dire Dawa
® Gambela
@ Oromia

Somali
@ SNNP

@ Tigray
@ Varieties

the same color labels belong to the same geographic region,
Supplementary file 1 can be used to access the genotype code
and passport data of sorghum genotypes

varieties were grouped under Clusters II and III. Cluster
analysis revealed poor clustering patterns of genotypes
according to their geographical region of origin (Fig. 5).

Discussion

Ethiopian sorghum genotypes showed wide variations
in root system architecture traits

The presence of high genetic variation among sor-

ghum landraces has been reported in various pre-
vious studies (Demelash et al. 2021; Bantte et al.
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2022; Enyew et al. 2022a, b, 2021). Sorghum breed-
ing programs could benefit from its extensive genetic
diversity, as it facilitates cultivar development for
cultivation under both diverse and specific agro-
climatic conditions (Shelbourne 1992). It is crucial
to study the genetics of root system architecture to
better understand crops’ adaptation mechanisms to
abiotic stresses, such as drought. In this regard, the
genetic component of variation in root traits is vital
to enhance crop performance and adaptation to dif-
ferent environmental conditions, through improv-
ing plant root system architecture (Lynch 2007). The
present study, based on 160 genotypes from diverse
regions in Ethiopia, revealed large genetic varia-
tions in root system architecture and shoot traits that
may be of substantial value for improving sorghum
adaptation to various environmental conditions. This
study revealed highly significant differences in root
system architecture and shoot traits between sorghum
genotypes that showed moderate to high repeatabil-
ity. Nodal root angle is among the targeted traits of
the present study that showed large variation and
high repeatability (H>=63.2%) which is in line with
the results obtained in previous studies on sorghum
reporting repeatability ranging from 66.2% to 96%
(Mace et al. 2012; Joshi et al. 2017; Tebeje et al.
2020; Bantte et al. 2022). However, moderate repeat-
ability was reported for this trait in some other stud-
ies, including in the work of Singh et al. (2011) where
46.6% repeatability was reported.

The root system architecture can play a crucial
role in the ability of a crop to cope with moisture
stress conditions (Manschadi et al. 2006). In this
study, the nodal root angle showed wide variation,
ranging from 16.3° to 53.0° with a mean value of
34.9°. This is in agreement with previous studies in
sorghum, which ranged from about 15° to 50° for 44
sorghum inbred lines (Singh et al. 2011), and 17.6°
to 41.3° for a backcross nested association map-
ping population, 16.0° to 42.0° for the advanced
hybrids (Joshi et al. 2017). Genotypes with narrow
root angles were reported to have a higher ability
to access water stored deep in the soil in sorghum
and wheat (Manschadi et al. 2008; Singh et al.
2012). Studies have shown that sorghum genotypes
with narrow nodal root angles and wheat genotypes
with seminal root angles at a seedling stage devel-
oped a narrow, compact, and deeper root system at
later developmental stages (Manschadi et al. 2008;
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Singh et al. 2012; Rich et al. 2020). This indicates
that screening sorghum genotypes for root angles
at the seedling stage is an efficient and economical
approach to identify genotypes with narrow nodal
root angles for use in sorghum breeding programs.
Sorghum genotypes with a narrow root angles were
reported to have higher drought tolerance and stay-
green traits than genotypes with wide root angles
(Mace et al. 2012) and could positively affect grain
yield in drought-stressed environments (Singh et al.
2012). In the present study, the top three genotypes
with narrow root angles were G141 (16.3°), G100
(18.9°), and G63 (19.3°). More interestingly, G141
and G100 showed high chlorophyll content and grain
yield, respectively in our previous field experiment
(Enyew et al. 2022a, 2021). Therefore, they could be
prioritized for use in the development of cultivars for
hot and dry lowland areas where erratic rainfall and
prolonged moisture stress are common occurrences.
Among the genotypes with wide nodal root angles,
G1 (53.0°), G16 (52.4°), and G51 (51.1°) were the
top three. Plants with wide root angles have increased
root absorption areas horizontally in the topsoil,
resulting in improved water extraction capabilities
in wide or skip-row agriculture (Singh et al. 2011;
Ali et al. 2015). In addition, genotypes with wider
root angles and shallower root systems may be able
to exploit water obtained through light rainfall more
effectively (Liao et al. 2006). Therefore, in environ-
ments where sorghum largely depends on stored
water in deeper soil, genotypes with wide nodal roots
may have limited access to water and nutrients such
as nitrogen in deeper soil layers. On the other hand,
wide nodal roots may have an increased contribution
to water extraction from the shallow soil layers that
get wet through frequent and substantial in-season
rainfall. The density of roots in the upper soil layers
is an essential trait for the absorption of nutrients,
such as phosphorus in the top soil layer (Manske et al.
2000). (Parra-Londono et al. 2018) also reported that
sorghum genotypes with a compact and bushy but
shallow root system provide better potential adap-
tation to agricultural fields with low phosphorus.
Therefore, the identified sorghum genotypes with
wide root angles could match the descriptions of an
ideotype for the exploitation of water and nutrients,
such as phosphorus available in the topsoil layer.
Cultivars that will be developed on such sorghum
genotypes are suitable in environments where water
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is sufficiently available through rainfall or irrigation
during the crop-growing seasons.

In addition to nodal root angle, the number of
nodal roots and length are also factors contributing
to the adaptation of plants to drought stress. In this
study, a large variation was observed in root number
and length. Variation in these traits at seedling stage
has been reported in sorghum (Demelash et al. 2021)
and other crops, such as wheat (Manschadi et al.
2008; Alemu et al. 2021) and barley (de Dorlodot
et al. 2007). Root length is one of the most important
traits for screening crop genotypes for drought-stress
tolerance due to the fact that plants with deep roots
provide higher yields under drought-stress conditions
by developing roots over long distances and access-
ing water from the deep soil layers (Li et al. 2022).
Therefore, sorghum genotypes identified in this study
combining characteristics of a higher number of long
nodal roots and a narrower root angle, such as geno-
types G141, G160, G150, and G153 can be consid-
ered ideal for developing cultivars suitable for dry
lowland areas where plants rely heavily on subsoil
water.

Nodal root angle showed moderate degree of
association with root and shoot traits

In the present study, correlation analysis revealed sig-
nificant positive and negative correlations between
RSA and shoot traits. A significant negative correla-
tion was found between nodal root angle and RSA
and shoot traits, such as the number of nodal roots,
the length of nodal roots, and the biomass of shoots
and roots. This indicates that genotypes with narrower
nodal root angles are likely to develop a higher num-
ber of nodal roots that are longer than average hav-
ing a higher shoot and root biomass. This is probably
because these traits are controlled by the same set of
genes. The correlation of narrow root angles with a
longer and higher number of roots in this and previ-
ous studies in sorghum as well as in wheat (El Has-
souni et al. 2018) signifies that genotypes with narrow
root angles are more effective for utilization of stored
soil moisture by developing deep penetrating roots,
thereby improving grain yields under drought stress
(Yu et al. 2015; El Hassouni et al. 2018; Demelash
et al. 2021; Shinde et al. 2017). However, the lack of
correlation or weak correlation between nodal root
angles and shoot traits was also reported (Mace et al.

2012; Bantte et al. 2022). The difference may be due
to differences in the genetic architecture of the geno-
types used, which needs to be further investigated.

In this study, highly significant positive correla-
tions were observed for fresh and dry root weights
versus fresh and dry shoot weights. Similarly, leaf
area showed significant positive correlation with
fresh and dry root and shoot weights. This is in agree-
ment with previous studies on sorghum and other
crops (Kunasekarn et al. 2017; Alemu et al. 2021;
Bantte et al. 2022). The strong association between
root and shoot biomass traits observed in this and pre-
vious studies suggests that they may be controlled by
the same set of genes (L6pez-Castaneda and Richards
1994).

Principal component and cluster analyses revealed
most diverging genotypes for the RSA and shoot
traits

In PCA, the number of principal components retained
can be determined based on eigenvalues (Kaiser
1961). PCs with eigenvalues above one represent
large variances (Tetteh et al. 2019). In the present
study, the first two PCs with eigenvalues greater than
1.0 accounted for 62.9% of the total variance, with
PC1 accounting for 46.64% of the total variation and
PC2 contributing 16.5% of the total variation. The
PCA analysis revealed most diverging genotypes for
the RSA and shoot traits, these pattern helps to select
specific genotypes with particular traits for sorghum
breeding programs.

In the cluster analysis, some genotypes that have
similar mean values for one or more traits were
placed in the same cluster, which helps to identify
promising genotypes based on the mean values of
genotypes in the same cluster (Seetharam and Gane-
samurthy 2013). Genotypes in the different clusters
exhibiting similar desirable characteristics are pre-
sumably genetically more distinct from each other,
and hence provide opportunities to select distinct gen-
otypes for crossbreeding. Crossbreeding could lead
to higher heterotic groups of shoot and root traits for
crop improvement, which facilitates the development
of cultivars that can overcome different constraints of
sorghum production in moisture-stressed areas. Simi-
lar to PCA, cluster analysis showed the presence of
high variation in several root traits among genotypes.
In the present study, genotypes grouped under Cluster
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I had the highest average values of NRL, DRW, DSW,
RSR, and LA. Cluster I included genotypes G63,
G141 and G152, which had the longest nodal roots
and narrow root angles. These genotypes were origi-
nally collected from major sorghum growing areas in
the Tigray and Amhara regions of Ethiopia. Accord-
ing to Singh et al. (2012), different sorghum geno-
types with long nodal roots and narrow angles at
the seedling stage have a high genetic potential for
drought tolerance. Genotypes with more roots in
deeper soil layers produced 28 to 42% higher yields,
on average, which is most likely due to their ability
to extract deep soil moisture during grain-filling stage
(Lynch and Wojciechowski 2015). Genotypes Gl,
G16, and G51 with wider root angles from the Oro-
mia and Amhara regions were placed under Cluster
II. The clusters revealed through cluster analysis were
found to be composed of genotypes collected from
different geographical regions. This indicated a wide
geographical distribution of sorghum genotypes hav-
ing diverse root system architecture and shoot charac-
teristics of agronomic significance.

Conclusions

Sorghum genotypes representing the crop’s gene pool
in Ethiopia exhibited large variations in root system
architecture and shoot traits that can be exploited to
improve the crop. Root system architecture and shoot
traits showed moderate to high repeatability. Among
the root system architecture and shoot traits targeted
in this study, the nodal root angle is a key trait due
to its effect on the distribution of plant roots in the
soil, thereby determining the efficiency of the plant’s
water and nutrient-extracting ability from the soil at
different depths. The large variation and heritabil-
ity of the nodal root angle facilitate the selection of
desirable genotypes adapted to water-stressed envi-
ronments, which can be used in sorghum breeding
programs for the development of cultivars suitable
for such environments. Several sorghum genotypes
with diverse genetic backgrounds, which had narrow
and wide nodal root angles have been identified in the
present study. They should be utilized as a source of
valuable root system architecture alleles for develop-
ing new cultivars for drought-stress tolerance. Moreo-
ver, this study demonstrates that simple and afford-
able rhizotrons are efficient to study plant root system
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architecture, and could be used for screening a larger
number of sorghum genotypes and other crops with
further modifications to accommodate more plants.
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