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Abstract: Sorghum (Sorghum bicolor [L.] Moench) is an important food crop for people in semiarid
Africa. The crop is affected by post-flowering drought; therefore, the study was conducted to screen
traits contributing to drought tolerance using BCyF4 sorghum genotypes in stressed and unstressed
water conditions in a split-plot design. Water stress (0 mm/day) was applied at post-flowering to
plant maturity in water-stressed treatment. The genotype SE438 produced the highest grain yield
(2.65 ton ha~!) in water-stressed environment and NA316C yielded highest (3.42 ton ha~!) under
well-watered (7 mm/day) environment. There were significant differences of most traits evaluated at
p < 0.01 across environments. The mean squares of traits for genotypes by environments revealed
interactions at p < 0.05 and p < 0.01. The indices geometric mean productivity (GMP) and mean
productivity (MP) were highly correlated with yield under well-watered (YP) and water-stressed
condition (YS) and each other. The first principal axis (PC1) explained 59.1% of the total variation.
It is the best indicator of yield potential and drought tolerance of sorghum genotypes in this study.
Therefore, further improvement is needed to strengthen drought tolerance and yield in sorghum.

Keywords: genotypes by environments; leaf rolling; panicle weight; recurrent parents; root biomass;
stay green; stress intensity

1. Introduction

Globally, sorghum (Sorghum bicolor [L.] Moench) ranks fifth of the important staple
food crops after maize, rice, wheat and barley. It is one of the major food crops to 500 mil-
lion people in Africa and Asia [1]. Drought is one of the major constraints of sorghum
production. Drought tolerance in sorghum is enhanced by different genes; each gene con-
tributes partly to drought tolerance [2]. Breeding sorghum for drought tolerance focuses
on the incorporation of many traits; for instance, stay green (STG), lower leaf canopy, leaf
rolling, and reduced transpiration. These traits are negatively correlated with yield in
sorghum during drought stresses [3]. Plants with a deep root system and STG retention
show resistance to post-flowering under limited water condition. Deep roots help plants to
uptake sufficient water and nutrients required for plants [4]. The root system in sorghum
is well developed, which helps to absorb water and nutrients from the soil for survival
of the crop under limited water condition [5]. In addition, leaf dry matter, root biomass,
flag leaf area, leaf weight, grain yield and plant height are among the parameters used for
multivariate analysis to screen drought-tolerant crops [6-9]. Multivariate analysis helps
to identify traits that contribute to drought tolerance in sorghum [10]. Combinations of
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different traits contribute to drought tolerance in sorghum; for instance, plants with long
root length and root dry weight have higher drought tolerance [11]. Furthermore, leaf
rolling is used as an indicator to identify drought-tolerant plants [12].

In sorghum, lines with high tolerance to drought show leaf rolling under limited
moisture content in the soil. Leaf rolling is correlated with leaf water potential; leaves
start to roll following reduction of leaf water potential;, however, it depends on the vari-
ety [13]. Plants adjust osmotic water potential under low water leaf potential to reduce
leaf rolling during drought stress condition, which favors plant physiological growth and
final yield [14]. Leaf-rolling trait is used for screening drought tolerance and high yield
sorghum. Drought-tolerant varieties show reduced leaf rolling due to effective adjustment
of osmotic potential in low leaf water potential under water stress. Plants use reduction
in leaf area, root biomass, dry matter content and yield under drought condition as the
mechanism of survival [15]. Drought-tolerant lines produce relative higher grain yield of
sorghum compared to susceptible lines. During screening for drought tolerance, lines that
are tolerant to drought are screened for agronomic traits useful for the development of new
varieties. The objectives of this study were to determine yield performance of sorghum
genotypes, evaluate multivariate analysis of traits that contribute to drought tolerance and
determine the heritability of drought tolerance (traits) in sorghum under well-watered and
water-stressed conditions.

2. Materials and Methods
2.1. Location of the Study

The study was conducted at TARI-Makutupora Centre, located 22 km north of
Dodoma municipality in Dodoma region (longitude 35°46.093' E and latitude 05°58.669’ S)
(altitude 1070 m) in Tanzania. The annual rainfall ranges from 300 to 700 mm with an
average of 500 mm with poor distribution, temperature varies from 15-35 °C [16]. The
area is classified as semiarid, which is characterized by a monomodal rainfall pattern. The
area receives rainfall from December to April, followed by a long dry season from May
to November. Soil in the experimental area is classified as Rhodic Cambisol [17]. The
use of sorghum plants in the present study complies with international, national and/or
institutional guidelines.

2.2. Description of the Plant Materials Used

The donor parent B35 sorghum material was requested from ICRISAT in India and
Texas A&M University in United States of America. The recurrent parent Seguifa was
requested from ICRISAT Mali. The recurrent parent NACO Mtama 1 and the control Wahi
were collected from TARI in Tanzania by complying with the International and National
guidelines of seed import. The donor parent B35 contains QTLs that confer drought
tolerance in sorghum,; it is used for introgression to non-STG sorghum genotypes for the
retention of greenness in leaves during post-flowering drought. NACO Mtama 1 and
Seguifa are high yielding (2.5 and 2 ton ha~!) varieties under moderate rainfall, but are
not tolerant to post-flowering drought, leading to 1 ton ha~! in sorghum-producing areas.
These parents were used to develop BC,F, genotypes with the STG trait used in this study.

2.3. Description of the Detection of QTLs Conferring Stay-Green Trait in Sorghum

BC,F; plants were planted for genotyping using SNPs markers to identify plants that
contained STG quantitative trait loci (QTL). Previous studies generated SNPs markers
associated with STG 3A and 3B QTLs in sorghum using SNPs markers. These markers were
used for checking the presence of STG 3A and 3B QTLs before selfing to BC;F4 genotypes
for field screening. However, few genotypes that lacked STG QTLs were also included in
the field evaluation for performance comparison.
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2.4. Multivariate Analysis

Prior to multivariate analysis, BCoF; plants were self-pollinated before flowering to
avoid outcrossing. Each plant was selfed using pollination bags until soft doughing. Seeds
were harvested from plants of each BC,F; populations. Plants with the best performance
in terms of heading, grain vigor, grain size and other yield related traits were chosen
for generating BC,F, populations. A total of six genotypes from BC,F; populations,
that is, W82, SE408, SE438, NA307, NA316 and NA241 with B35*Wahi, B35*Seguifa, and
B35*NACO Mtama 1 parents background were selected as the best genotypes under
genotypic and phenotypic evaluation. Lines having at least one STG QTL were selected
and used to generate BC,F, populations. The genotypes of BC,F, populations were planted
on 29 May 2019 and genotypes of BC,F; population were planted 25 October 2019 with
the spacing of 0.75 m between rows and 0.3 m within rows. Prior to pre-flowering, BCyF,
plants were self-pollinated to generate BC,F; and BCyF4 populations.

Each genotype treatment in well-watered and stressed environments was treated
with 60 kg ha=! N, 30 kg ha! P,05 and 30 kg ha~! K,O fertilizers two weeks after seed
emergence. Weeding was done thrice from planting to harvest using a hand hoe. The
chemical with chlorpyrifos as the active ingredient was sprayed at the rate of 1 L ha~! to
control different kinds of pests in sorghum plants.

Phenotypic data including the number of seeds per panicle and plant height (cm), and
the number of leaves were recorded from the breeding site. Plant height was measured at
the distance from the ground to the top of the panicle using a tape measure. Leaf length
(cm), leaf width (cm), panicle length (cm), panicle width (cm) and panicle exsertion (cm)
was measured using a ruler. Data collection included recording the identity of plants that
were responding well on yield-related traits; this was then used for field evaluation. A
total of eight genotypes from BC,F, populations, including NA241A, NA241B, NA316A,
NA316B, NA316C, NA307, SE408 and SE438, were selected as the best genotypes for
generating BCF, populations.

2.5. Experimental Design

The experiment was conducted under field condition in two environments, well-
watered and stressed conditions, during off-season using a split plot on the complete
randomized block design (CRBD) with three replications. The total area for each trial
was 1000 m?. Genotypes of BC,F4 sorghum populations were planted in five rows per
replication with spacing of 0.75 m x 0.3 m between rows and within rows, respectively. The
genotypes were evaluated in well-watered and stressed water environments in one location
for two seasons in 2019 and 2020. The main treatment in the main plot was irrigation
regimes while subtreatment in the subplot was sorghum genotypes of BC,F, populations.
Well-watered treatment was fully irrigated from the date of planting to 50% physiological
maturity. Water was withheld in the water-stressed treatment when plants had reached
50% flowering. The yield-related traits were evaluated in well-watered and stressed plots.

The moisture content in the soil was determined using the ceramic plate method [18].
The average moisture content at field capacity under well-watered condition was 29.1%,
and 18.2% under a stressed environment.

The interaction between sorghum genotypes generated and irrigation regimes was
determined using the model Yjj = u + g; + e+ gej; +ejj, where; Yj; is the measured mean of
ith genotype and jth environment, 1 is the grand mean, g; is the main effect of genotype, €;
is the main effect of environment, gej; is the interaction of ith genotype and jth environment,
ej is an experimental error associated with ith genotype and jth environment.

2.6. Determination of Indices of Drought Tolerance in Sorghum Genotypes

Six selection indices including stress susceptibility index (SSI), stress tolerance index
(STI), stress tolerance (TOL) [19], MP [19], GMP, stress intensity (SI) and yield stability
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index (YSI) were calculated based on grain yield under drought-stressed and irrigated
conditions. TOL attributes were computed based on the formula:

SSI=[1 — (Ys)/(Yp)]/SL
Sl is the stress intensity and calculated as:
SI=[1— (Ys)/(Yp)],

GMP =/ (Yp X Ys),
TOL = (Yp — Ys) and
MP = (Yp + Ys)/2
YSI=Ys/Yp
Reduction % = (Yp — Ys)/Yp

where Ys and Yp are the yields of BoF3 populations assessed under water stress and well-
watered condition trials, and Ys and Yp are the mean yields over all populations assessed
in two conditions.

2.7. Determination of Heritability of Sorghum Parents

The heritability of donor and recurrent parents was determined based on the inter-
action between genotypes and environments. The interactions of sorghum lines with the
environment were determined based on the phenotypic parameters, which were collected
in the field trial. Broad-sense heritability (H) of the parent lines was computed using the
formula that follows:

H = ¢?g/(c%g + o’gxe + o%e)

where 02g = genotypic variance, 0°gxe = genotype x environment variance and c%e = en-
vironmental variance (residual error).
Genotypic variance was computed as follows:

o’g = (MSg — MSgxe — MSe)/re

where MSg = mean square of the genotypes, MSgxe = mean square of the genotype x envi-
ronment interactions, MSe = mean square of the residual error (environmental variance),
r = number of replications and e = number of environments.

Genotype x environment interaction variance was computed as follows:

o’gxe = (MSgxe — MSe)/r.

2.8. Data Collection and Statistical Data Analysis

Ten plants were tagged with labels per plot for data collection. The parameters
recorded for drought tolerance indices and yield-related traits were root biomass, stem
biomass, chlorophyll content, 1000-seed weight, STG, inflorescence exsertion and panicle
weight. Yield of grain weight under well-watered and stress-managed trials were measured
using a digital weighing balance. Ten sample plants per plot were used for root and stem
biomass evaluation. Root biomass was collected by digging from the ground below the base
of plant, stem biomass was taken from above the ground to the base of panicle; these two
parameters were subject to oven-drying at 70 °C for three days. Chlorophyll content was
measured using atLEAF from a single leaf on the top, middle and bottom part of the plant,
where the average chlorophyll content of the three leaves was recorded. Leaf rolling was
scored using a scale of 1 to 5 where 1—no leaf rolling, 2—low leaf rolling, 3—intermediate
leaf rolling, 4—high leaf rolling and 5—extremely high leaf rolling (death of leaves). STG
was scored using susceptibility scale from 1 to 9 where 1—very low or no visible sign of
susceptibility, 3—low, 5—intermediate, 7—high and 9—very high. Inflorescence exsertion
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was recorded using the scale of 1 to 4, where 1—slightly exserted (< 2 cm but ligule of
hag leaf definitively below inflorescence base), 2—exserted (2-10 cm between ligule and
inflorescence base) 3—well-exserted (>10 cm between ligule and inflorescence base), 4—
peduncle recurved (inflorescence below ligule and clearly exposed splitting the leaf sheath).
Total number of green leaves per plant at physiological maturity was counted in both
well-watered and water-stress trials. The sorghum descriptors used for data collection were
developed by collaboration of the International Board for Plant Genetic Resources (IBPGR)
in the Netherlands and International Crops Research Institute for the Semi-Arid Tropics
(ICRISAT) in India [20].

Multivariate statistical analyses such as the principal component analysis (PCA) were
computed by using GENSTAT 12th edition, SAS software version 9.4 and R software of the
current version. The mean separation was determined using least significance difference at
5% confidence interval.

3. Results

Segregation was observed among populations evaluated after selfing BC,F; gener-
ation. Ten percent of the total plants planted per BCyF; populations were screened for
performance of traits. A total of six genotypes (NA241, NA307, NA 316, SE408, SE438 and
W82) were selected from the best 10% of screened plants (Table 1).

Table 1. Best performing BC,F, sorghum genotypes.

Genotype PH % GLM % PL % PW % GWT %

NA241 146 6 114 24 57 8 55 113.4 51
NA307 147.8 6 57 26 5.8 8.5 5.5 147.3 51
NA316 145 5.8 3.1 24 5.6 8 5 154.2 4.8
SE408 143.8 6.1 52 20 6.5 7 6.2 114.7 54
SE438 147.3 55 4.8 21.5 6.3 7 6.2 103.4 5.8

W82 123 7.1 2 5.7 34 6.3 8 9.4 101 6.5

Y% —percentage, GLM—total number of green leaves at maturity, GWT—grain weight (kg), PH—plant height (cm),
PL—panicle length (cm), PW—panicle width (cm).

W = U1 W N

3.1. Grain Yield Performance of Sorghum Populations under Well-Watered and
Water-Stress Environments

In well-watered environment, the population NA316C yielded the highest with the
mean yield of 3.42 ton ha~!, followed by NA307 with the mean yield of 3.16 ton ha~!,
Seguifa (recurrent parent) mean yield of 2.91 ton ha~! and SE 438 with 2.77 ton ha~!
(Table 2). The lowest yield was recorded in the donor parent B35 with mean yield of
1.77 ton ha~!. Under stress environments, the best performing genotypes included SE438
with mean yield of 2.65 ton ha™!, followed by NA316C with mean yield of 2.59 ton ha~!
and NA307 with 2.56 ton ha~!. The genotype B35 resulted in the lowest mean yield
(1.71 ton ha™!) of all populations evaluated. The yield of genotypes SE408 and SE438 in
the water-stressed environment outperformed the yield in the unstressed environment.

Table 2. Grain yield of sorghum genotypes under well-watered and water-stress conditions.

Grain Yield (ton ha—1)

Population Water Irrigated Water Stressed
NA241A 2.43 2.08
NA241B 243 2.17

NA307 3.16 2.56
NA316A 2.40 2.25
NA316B 2.30 223
NA316C 3.42 2.59

SE408 2.04 2.30

SE438 2.77 2.65
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Table 2. Cont.

Grain Yield (ton ha—1)

Population Water Irrigated Water Stressed

Wahi 2.03 242
NACO 2.63 1.98
Seguifa 291 2.33
B35 1.77 1.71

SE 0.008 0.005

LSD 0.016 0.009
CV (%) 54.5 34.3

SE—standard error mean, LSD—least significance difference of the mean, CV(%)—coefficients of variations,
NACO—NACO Mtama 1.

3.2. Percentage Yield Increases of BC,F4 Genotypes Versus Recurrent Parents under
Water-Stressed Condition

Compared with the recurrent parent, the highest (30.7%) percentage yield increase of
grain per hectare was recorded in the genotype NA316C followed by NA307 (29.2%) for
the recurrent parent NACO Mtama 1 (Table 3). The genotype SE408 had the lowest yield
increase of —1.5% when compared with the recurrent parent Seguifa. The percentage yield
increase of other backcrosses compared with the recurrent parent ranged from 5.2 to 14%.

Table 3. Percentage yield increases of BCyF; genotypes versus recurrent parents under water-
stress condition.

BC,F. Genotvoes Yield (ton ha—1) of Yield (ton ha—1) of % increase of
2 yp BC,F4 Genotypes Recurrent Parents Grain Yield
NACO Mtama 1
NA241A 2.08 1.98 5.2
NA241B 2.17 1.98 9.7
NA307 2.56 1.98 29.2
NA316A 2.25 1.98 13.9
NA316B 2.23 1.98 12.7
NA316C 2.59 1.98 30.7
Seguifa
SE408 2.30 2.33 -13
SE438 2.65 2.33 14

3.3. Distribution of Chlorophyll Content in Sorghum Genotypes

The evaluation of chlorophyll content distribution indicated that the highest content
was found in the middle leaves of sorghum plants in both environments. Results in the
water-stressed environment indicated that the donor parent B35 expressed the highest
chlorophyll content with 59.04 g~ at the top leaf, 60.71 at the middle and 51.4 g~ ! at the
bottom leaf (Table 4). The genotype SE438 expressed the highest chlorophyll content (47.18,
52.14 and 44.96 g~ 1) at top, middle and bottom leaves of the plant, respectively. A majority
of the genotypes (NA316C, NA307, NA241B, SE408, Seguifa, NACO Mtama 1, Wahi, S438
and B35) had chlorophyll content above 30 g~! in all parts of the plant that have been
recommended for sorghum. However, the overall chlorophyll content was higher in the
donor parent and recurrent parents except for genotype SE438.

Results in the well-watered environment showed greater than 35 g~! of chlorophyll
content on top, middle and bottom leaves of all sorghum genotypes. The genotypes SE438,
NA316C and the parents B35 and Seguifa resulted in greater than 46 g~! of chlorophyll
content in both parts of the plant. For all genotypes evaluated in the well-watered environ-
ment, B35 showed the highest chlorophyll content (66.01, 63.94 and 58.23 g~ !) on the top,
middle and bottom plant leaves (Table 4).
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Table 4. Mean values of chlorophyll content for the top, middle and bottom leaves on sorghum genotypes in stressed and

unstressed environments.

Stressed Environment

Unstressed Environment

Genotypes  CH-Top Leaf CHII‘\;[ ;;ldle Clie]z?T Genotypes  CH-Top Leaf CHII‘\: :fidle CIieBa?T
NA241A 27.292 34.97 ab 29912 NA241A 39.77 2 46.89 abe 40.67 abe
NA316B 29.752 34.382 31.972 NA316B 48.14 be 49.97 bed 42 23 abe
NA316A 29.99 2 38.62 abc 33.632 NA316A 46.52 abc 50.91 bed 4456 be
NA316C 31.463b 38.72 abe 32.882 NA316C 50.99 ¢ 56.57 de 46.26 ¢

NA307 33.49 abc 43.16 b 34.79 2 NA307 44 46 abc 46.53 abe 40.54 abe
NA241B 33.70 abed 40.93 abe 38.10 2P NA241B 39.84 2 42282 35.44 2
SE408 39.49 bede 43.20 be 38.01 ab SE408 41.85 b 44.46 b 35.99 ab
Seguifa 40.05 bede 42.43 abe 36.75 2P Seguifa 5223 ¢ 53.77 <d 47.80 ¢
NACO 40.98 cde 44,61 <d 38.85ab NACO 42.443b 50.14 bed 41.36 abc
Wahi 4267 de 46.86 <d 35.292 Wahi 47.03 abe 49.15 abed 39.04 abe
SE438 47.18¢ 52.14 de 44.96 bc SE438 47.80 abe 51.09 bed 43.73 abe
B35 59.04 60.71 ¢ 51.46 ¢ B35 66.01 4 63.94 ¢ 58.23d
SE 2.65 256 2.74 SE 241 223 2.6
SLD 5.21 5.04 5.39 SLD 4.73 439 5.12
CV (%) 27 22.9 28.5 CV (%) 19.7 17.1 23.5

abede and f are comparisons for the Bonferroni mean test, BOT—bottom, CH—chlorophyll content (g’] ), CV (%)—coefficient of variations
of means, LSD—least significance difference of means, NACO—NACO Mtama 1, SE—standard error of deviation.

There were significant differences in traits (plant height, leaf rolling, grain weight
per plant, panicle weight per plant and STG) of sorghum genotypes at p < 0.001 under
well-watered and water-stress treatments (Tables 5 and 6). The mean performance of
plant height was the highest (142.2 cm) in population NA316, followed by NA316B with
139 c¢m in the stressed environment. The donor parent exhibited the lowest (95.5 cm) plant
height in the water-stressed trial; however, there were no significant differences among
populations tested. In the well-watered trial, the genotype NA316A and NA316C indicated
the high performance of plant height with 143.3 cm and 140.3 cm, while the lowest plant
height (94.6 cm) was recorded in the donor parent B35. There were significance differences
of leaf rolling in the genotypes NA241B, NA316A, NA316BB, SE408, local check Wahi
and the donor parent B35 in the water-stressed trial (Table 6). The score of leaf rolling
for the genotypes NA241A, NA316C, NA307, NACO Mtama 1, Seguifa and SE438 varied
but were not significant. The genotypes SE438 and NA316C scored low leaf rolling in
both environments. The parent NACO Mtama 1 had the lowest score of leaf rolling under
well-watered condition, and the genotypes NA307 and SE438 had the lowest score of leaf
rolling for the remaining genotypes under water-stressed condition.

In this study, there were variations (p < 0.05) for the total number of leaves counted
at physiological plant maturity among sorghum genotypes evaluated in water-irrigated
and water-stressed conditions. The genotype NA307 showed the highest total number of
leaves of backcross genotypes across the environments. The donor parent B35 and check
Wahi showed the highest (3.53 and 2.73) total number of green leaves at maturity when
compared with backcross genotypes under water-stress environment. A similar trend was
recorded in the well-watered environment (Tables 5 and 6).

The genotypes NA316C and NA316A showed 3.87 and 4.2 ratings for STG, similar to
the check Wahi and B35 with 3.73 and 4.13 ratings of STG, respectively, in the well-irrigated
environment (Table 5). The genotype NA241B and NA316A had 5.6 and 5.8 ratings for
STG, similar to the check Wahi, which showed 5.7 STG under water-stressed environment
(Table 5). The genotype NA316A performed well across the environments. The lowest STG
rating (5.8) was recorded from the genotype NA241B in water-irrigated and the lowest STG
(7.3) in the genotype NA241A in water-stressed environment.
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Table 5. Means of trait performance for sorghum genotypes under well-watered conditions.

Genotype PH LR NLM GLM STG PWT GWT RB
NA241A 132.6 < 1.9 abe 6.73 b 3.03ab 4,93 abc 0.073 abede 0.055 abe 0.045 abc
NA241B 134.9 <d 2.0be 6.87 ab 2232 5.80 ¢ 0.071 abede 0.055 abe 0.043 ab
NA316A 14334 1.8 abe 6.232 2.87ab 4204 0.073 bede 0.054 abe 0.052 be
NA316B 134.4 <d 1.9 abe 6.132 2.77 ab 5.00 abe 0.067 abed 0.052 abe 0.047 abe
NA316C 140.3 <d 1.7ab 6.632 3.53 bc 3.872 0.080 de 0.077 ¢ 0.068 d

NA307 133.9 «d 2.0be 7.77 ¢ 2.83ab 5.60 be 0.088 € 0.071 be 0.047 abc
SE408 129.2°¢ 21¢ 6.83 b 2.97ab 5.00 abe 0.056 abc 0.046 2P 0.042
SE438 138.6 <d 1.7ab 6.73 b 32Pb 4072 0.074 bede 0.062 abe 0.048 abc
Wahi 111.9°b 2.0be 7.70 € 437°¢ 3.734 0.054 ab 0.046 ab 0.048 abc

NACO 136.4 ¢d 162 6.132 3.0343b 4.80 abe 0.075 cde 0.059 abe 0.052 be

Seguifa 135.4 <d 172 6.70 2b 3.132 4.53 abe 0.079 de 0.066 2b¢ 0.053

B35 9462 1.9 abc 7.50 be 3.63 bc 4.13ab 0.0522 0.040 2 0.073 4
SE 3.6 0.1 0.24 0.33 0.44 0.006 0.008 0.0029

LSD 7.08 0.19 0.47 0.64 0.86 0.012 0.016 0.0057
Ccv 10.7 20.3 13.6 33.2 36.3 32.7 54.5 21.9

abed and © are comparisons for the Bonferroni mean test, CV—coefficient of variation, GWT—grain weight per plant (kg), GLM—total
number of green leaves at maturity, LSD—least significance difference of means, LR—leaf rolling, NLM—total number of leaves at maturity,
PWT—panicle weight per plant (kg), RB—root biomass (kg), SE—standard error of means.

Table 6. Mean values of traits of sorghum genotypes under water-stressed condition.

Genotype PH LR NLM GLM STG PWT GWT RB
NA241A 138.3P 23b 6.92b 2.03 abe 73¢ 0.06 abc 0.05ab 0.0332
NA241B 135.3P 2.032b 6.52 2.6¢ 5.62b 0.064 abed 0.05 b 0.042 bed
NA316A 134.5b 1.98 ab 7.02b 2.5 bed 5.8 abed 0.066 bed 0.051 @b 0.042 bed
NA316B 139.0° 2.032b 6.92b 1.932b 6.7 bede 0.062 abed 0.05ab 0.042 bed
NA316C 1422°b 1.852 6.92ab 1.672 6.9 de 0.07 bed 0.058 b 0.04 abe

NA307 135.1° 1.82 7.6 be 2.1 abed 6.9 cde 0.0794 0.058 b 0.045 <
SE408 134.2P 2.1 7.0ab 1.832 6.3 bede 0.064 bed 0.052 ab 0.038 abe
SE438 1359 1.82 6.7 2b 1.74 6.1 bede 0.074 ¢d 0.06b 0.045 <d
Wahi 106.9 2 1.97ab 8.1¢ 2.73d 5.7 abe 0.071 bed 0.054b 0.058 ©

NACO 136.2b 192 6.42 1.572 6.7 bede 0.064 bed 0.052 @b 0.037 ab

Seguifa 134.5P 1.92 6.9 % 152 6.3 bede 0.054 2P 0.045 2P 0.037 2

B35 9552 214 7.5be 3.53¢ 482 0.046 2 0.0392 0.048 4
SE 3.39 0.11 0.26 0.19 0.36 0.005 0.005 0.0021

LSD 6.66 0.22 0.51 0.37 0.7 0.01 0.009 0.0041
cv 10 22 14.3 345 22.1 32 343 19.1

abed gnd € are comparisons for the Bonferroni mean test, CV—coefficient of variation, LR—leaf rolling, NLM—total number of leaves at
maturity, PWT—panicle weight per plant (kg), RB—root biomass (kg), SE—standard error of means, STG (1—full leaf with green color,

9—complete leaf death).

Based on the root biomass, genotypes NA316C and NA316A produced greater amounts
(0.068 and 0.052 kg) than other backcross genotypes, except parents B35 and Seguifa, which
produced the greatest root biomass in water-irrigated condition (Table 5). The lowest
(0.04 kg) root biomass was reported on genotype SE408 in unstressed condition. Simi-
larly, there were significant differences among genotypes evaluated in the stressed condi-
tion, whereas check Wahi recorded the greatest (0.058 kg) root biomass, followed by B35
(0.048 kg). The genotypes SE 438 and NA307 (45 g) performed well in root biomass accu-
mulation. The genotypes NA241A and SE408 were significantly affected by post-flowering
drought, resulting in less than 0.037 kg of root biomass (Table 6).

The genotypes NA307, NA316C and 5438 performed well in panicle weight (per
plant in well-watered condition, with 0.88, 0.8 and 0.74 kg, and 0.79, 0.7 and 0.74 kg in
water-stressed environments, respectively (Tables 5 and 6). The panicles per plant showed
significant differences among the genotypes at p < 0.05.
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The genotypes NA316C and NA307 produced high yield across the environments.
Genotypes NA316C recorded the highest (0.077 kg) grain yield per plant under well-
watered condition (Table 5). The genotype SE438 produced the highest (0.06 kg) grain yield
per plant in the water-stress environment (Table 6).

The mean square values of various traits evaluated between genotypes by environ-
ments revealed interactions (at p < 0.05 and p < 0.01) (Table 7). The interaction was recorded
from nine traits including days to 50% flowering, leaf rolling, chlorophyll content, total
number of green leaves at plant maturity, panicle weight per plant, root biomass and stem
biomass. The mean squares for genotypes were significant (at p < 0.01) for days to 50%
flowering, plant height, chlorophyll content, total number of green leaves at plant maturity
and 1000-seed grain weight, and at p < 0.05 for leaf rolling, stem biomass and panicle
weight per plant traits. The majority of the traits evaluated for mean square performance
between genotypes by environments showed no significant differences except yield of
1000-seed grain weight.

Table 7. Mean squares and significance test effect of water stress and nonstress on sorghum genotypes.

SV DF DFW PH LR CH GLM RB 1000_GW SB PW

Rep 2 258.77 4860 1.59 3400 11.97 4447 367.78 0.103 0.016
Env 1 158.67 * 11.4 3.6 26,863 520.8 30,230 12,134 * 0.01 0.011
Error (a) 2 494 3169 4.54 1855 31.22 3541 154.44 0.865 0.025
Gen 11 2526.78 ** 22,778 ** 2.13* 4718 ** 37.79 ** 4875 925.13 ** 0.571* 0.009 *
Gen*Env 11 195.94 531 0.81 810 13.94 3554 353.61 % 0.033 0.003
Error (b) 44 89.41 827 0.92 700 9.4 2984 160.2 0.117 0.004
Rep*Gen*Env 1368 17.24 159 0.14 35 1.03 0.933 13.73 0.00004 0.0004

CV (%) - 5.6 9.7 19.4 13.7 21 1.8 27.9

*, ** Significant differences at p < 0.05 and p < 0.01 respectively, CH—chlorophyll content (g~ 1), DF—degree of freedom, DFW—days
to 50% flowering, Env—environment, Gen—genotype, GLM—total number of green leaves, 1000_GW—1000 grain weight (g), LR—leaf
rolling, PH—plant height (cm), PW—panicle weight per plant (kg), RB-root biomass, Rep—replication, SB—stem biomass (kg), STG,
SV—sources of variation.

There were positive and negative correlation coefficients among traits contributing
to drought tolerance and yield in sorghum populations (Table 8). The traits of panicle
weight, panicle width and panicle length were significantly correlated with grain yield.
STG and inflorescence exsertion were negatively correlated with grain yield. Panicle width
and panicle weight were strongly correlated to grain yield and each other. Chlorophyll
content was positive and significantly correlated with total number of green leaves at
maturity. Plant height was correlated with panicle weight; however, it was less correlated
with grain yield. STG and inflorescence exsertion showed negative correlation with most
traits. However, both showed nonsignificant positive correlation with plant height. The
largest negative correlation was between traits STG and total number of green leaves at
maturity, and STG and chlorophyll content.

Table 8. Correlation coefficients of traits contributing to drought tolerance and grain yield of sorghum genotypes under

well-watered and water-stressed environments.

Trait GW PWT PH NL BM NGLM PW IEX CH STG PL
GW -
PWT 0.72 ** -
PH 0.27 ** 0.41 ** -
NLM 0.08 0.17 ** —0.13 ** -
BM 0.26 ** 0.29 ** —0.21** 0.04 -
GLM 0.18 ** 0.2 ** —0.2** 0.21 ** 0.39 ** -
PW 0.53 ** 0.75** 0.5 ** 0.04 0.17 ** 0.06 -
IEX —0.17 ** —0.18 ** 0.2 ** —0.07 0.01 0.1 —0.08 -
CH 0.25 ** 0.27 ** —0.26 ** —0.02 0.6 0.53 ** 0.2 ** 0.1 -
LSN —0.21 ** —0.22 ** 0.09 —0.03 —0.41 ** —0.84 ** -0.11 —0.15 ** —0.56 ** -
PL 0.35 ** 0.51 ** 0.18 ** 1 0.29 ** 0.07 0.46 ** —0.09 0.14 ** —0.1 -

** Correlation coefficient is significant at p < 0.01, BM = root biomass, IEX—inflorescence exsertion, GW = grain weight per panicle (kg),
PWT = panicle weight (kg), PH = plant height (cm), CH = chlorophyll content (g~!), STG, NGLM = total number of green leaves at maturity,
NLM = total number of leaves at maturity, PL—panicle length (cm), PW—panicle width (cm).
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3.4. Heritability

The broad-sense heritability estimates varied from 88.2% of plant height to 64.2% of
grain weight in water-irrigated condition and from 89.1% of plant height to 65% of leaf
rolling in water-stressed condition (Table 9). The traits of stem biomass, root biomass,
1000-seed weight and chlorophyll content recorded above 85% of broad-sense heritability
estimates in both environments. The average heritability for both environments was
about 80%.

Table 9. Broad-sense heritability (%) of parents and backcrosses.

Trait Well Watered Water Stressed
Plant height (cm) 88.2 89.1
Stem biomass (kg) 87.3 89.7
Chlorophyll content (gfl) 85.9 88.4
Root biomass (kg) 87.1 86.9
1000-seed weight 86 86.3
Panicle length (cm) 84.7 88.5
Leaf width (cm) 85.7 83.6
Number of green leaves at maturity 78.9 84.4
Number of leaves at maturity 83.4 78.3
Panicle width (cm) 82 70.4
Inflorescence exsertion 74.3 77 4
Panicle weight (kg) 76.1 75.3
Leaf senescence 71 79.5
Leaf length (cm) 75.2 75.1
Leaf rolling 74 65
Grain weight (kg) 64.2 65.8

Plant height showed the highest (89.52%) broad-sense heritability of all traits deter-
mined by days to 50% flowering (80.88%) and 80% of stem biomass between genotypes
by environments. The root biomass indicated the lowest broad-sense heritability (12.38%)
followed by STG (17.64%) across the environments (Table 10).

Table 10. Heritability of sorghum genotypes traits under water management environments.

Trait Heritability (%)
Plant height (cm) 89.52
Days to 50% flowering 80.88
Stem biomass (kg) 80
Chlorophyll content (g~ 1) 64.39
Leaf width (cm) 62.33
Total number of leaves at maturity 62.26
Panicle length (cm) 61.26
Panicle width (cm) 43.67
Grain weight per plant (kg) 42.86
Leaf length (cm) 38.95
1000-seed weight (kg) 38.4
Total number of green leaves at maturity 34.86
Panicle weight (kg) 30
Inflorescence exsertion 29.36
Leaf rolling 23
STG 17.64
Root biomass (kg) 12.38

3.5. PCA of the Traits

PCA of YS and YP showed two principal components in which PC1 explained 85.99%
of the total variation while PC2 explained 14.01% of the variation (Figure 1).
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Figure 1. PCA of grain yield under water-stressed and well-watered conditions.

3.6. Drought Stress Indices

Based on grain yield results, the highest MP and GMP were recorded for populations
NA316C (3.42 and 2.59 ton ha~!) and NA307 (3.16 and 2.56 ton ha~!), suggesting these
genotypes are stable for high yield across the environments (Table 11). Yield based on STI
indicated that the population NA316C (with mean yield 3.42 and 2.59 ton ha~!), NA307
(3.16 and 2.56 ton ha~!) and SE438 (2.77 and 2.65 ton ha™!) performed the best across the
environments with the STI values 1.39, 1.27 and 1.15, respectively. The highest values (830,
652 and 607) of TOL were recorded in the populations NA316C (3.42 and 2.59 ton ha™1),
Seguifa (2.63 and 1.98 ton ha~!) and NA307 (3.16 and 2.56 ton ha—!). The lowest values
(—385, —252 and 66) were recorded in the populations Wahi with mean yield of 2.03 and
2.42 ton ha—!, SE408 (2.04 and 2.3 ton ha~!) and NA316B (2.3 and 2.23 ton ha™'). These
populations performed differently across the environments.

Correlation coefficients were used as a tool to determine the promising criteria for
drought-tolerant populations (Table 12). The indices GMP and MP were highly correlated
with YP and YS and each other. TOL was positively correlated with yield by 0.83 under
water-irrigated environment and low correlation with yield by 0.12 under water-stressed
condition. The contrasting correlation between TOL and YP and YS suggested the reduc-
tion of grain yield under well-watered condition thus is not recommended for selection of
promising populations for drought tolerance indices. There were no significant correlations
between SSI and the other indices. SSI is the best index for selection of populations with
low yield and drought tolerance to water-stressed condition. YSI was strongly correlated
with STI and negatively correlated with YP, TOL, MP, GMP and SSI. Red was only pos-
itively correlated with TOL and MP; the remaining indices were negatively correlated
and nonsignificant. TOL was positively correlated with MP and GMP but not strongly
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correlated with YP. Furthermore, SSI indicated nonsignificant correlation with MP and
GMP. The lowest correlation was found between Red and YSI and the indices between YSI
and TOL.

Table 11. Drought stress indices and yield under water-irrigated and water-stressed conditions.

Population YP YS TOL MP GMP SI SS1 STI YSI Red (%)
NA241A 2430 2.081 0.349 2.256 2.249 0.14 1.03 0.79 0.86 14.4
NA241B 2.430 2.170 0.260 2.300 2.296 0.11 0.97 0.83 0.89 10.7
NA307 3.163 2.556 0.607 2.86 2.843 0.19 1.01 1.27 0.81 19.2
NA316A 2.400 2.252 0.148 2.326 2.324 0.06 1.03 0.85 0.94 6.2
NA316B 2.296 2.230 0.066 2.263 2.263 0.03 0.97 0.8 0.97 29
NA316C 3.415 2.585 0.830 3.0 2971 0.24 1.01 1.39 0.76 24.3
SE408 2.044 2.296 —0.25 217 2.166 -0.12 1.03 0.74 0.12 —-12.3
SE438 2.770 2.652 0.118 2.711 2.710 0.04 1.08 1.15 0.96 43
Wahi 2.030 2415 -0.39 2.223 2.214 -0.19 1 0.77 1.19 -19
Seguifa 2.630 1.978 0.652 2.304 2.281 0.32 0.78 0.82 0.75 24.8
NACOM 2911 2.326 0.585 2.619 2.602 0.12 1.68 1.06 0.8 20.1
B35 1.770 1.711 0.059 1.741 1.740 0.03 1.1 0.48 0.97 3.3

Note: NACO M—NACO Mtama 1, Red (%)—percentage reduction.

Table 12. Correlation coefficients of drought stress indices and yield under water-irrigated and water-stressed conditions.

Indices YP YS TOL MP GMP SS1 STI YSI Red

YP -
YS 0.648 * -

TOL 0.832 ** 0.116 ™ -

MP 0.955 ** 0.846 ** 0.628 * -

GMP 0.95 ** 0.853 ** 0.617 * 0.997 ** -

SS1 0.168 " 0.129 s 0.125 "™ 0.168 s 0.171 18 -

STI —0.599 * 0.118 s —0.866 ** —0.373 ** —0.362 "¢ 0.322 18 -

YSI —0.748 "¢ 0.009 s —0.982 ** —0.52 ** —0.511 "¢ —0.109 "¢ 0.897 ** -

Red 0.748 s —0.009 "* 0.982 ** 0.52 ** 0.511 "8 0.109 s —0.897 ** —1** -

Note: * = significance at p = 0.05, ** = significant at p = 0.01, ™ = not significant at 5% or 1% probability level.

Ten principal axes were generated in the study of PCA in drought tolerance indices.
PC1 showed 59.1% of the total variation and positively correlated with YP, YS, TOL, MP,
GMP, SI, SSI, STI and Red (Table 13). In this study, the first dimension of the principal
component may be selected as the best indicator of yield potential and drought tolerance.
The population with high values of PC1 can be high yielding in the water-irrigated and
water-stressed environments. PC2 showed 20.8% of the variation and explained the positive
correlation with TOL, SI, YSI and Red (Table 13). PC3 indicated 10% variation explaining
positive correlation of most of the indices except TOL and SSI. The findings revealed that
SSI did not separate the drought-susceptible cultivars. However, the populations with
highest PCA1 and lowest PCA2 showed good yield performance in both environments.
The remaining of principal axes indicated less than 10% of the total variation.

Table 13. PCA of yield under well-watered (YP), yield under water-stressed (YS) and drought tolerance indices.

Variable PC1 PC2 PC3 PC4 PC5 PCeé PC7 PC8 PC9 PC10

YP 0.411 —0.013 0.002 0.007 —0.19 —0.314 0.008 0.199 —0.35 0.733

YS 0.261 —0.527 0.033 0.124 0.41 —0.107 —0.003 0.327 —0.44 —-0.4

TOL 0.346 0.367 —0.022 —0.08 —0.54 —0.331 0.013 0.021 -0.17 —0.55

MP 0.39 -0.215 0.014 0.053 0.03 —0.262 0.005 0.268 0.81 —0.02
GMP 0.389 —0.224 0.018 0.052 0.114 —0.089 0.178 —0.862 0 0
SI 0.289 0.486 0.008 0.104 0.464 0.023 —0.67 —0.069 0 0
SS1 0.071 —0.129 —0.098 -0.97 0.1 0.005 —0.143 —0.012 0 0
STI 0.39 —0.21 0.017 0.051 —0.38 0.778 —0.219 0.058 0 0
YSI -0.02 0.017 0.994 -0.1 —0.02 —0.013 —0.012 —0.002 0 0
Red 0.314 0.441 0.006 —0.1 0.345 0.313 0.671 0.173 0 0
Eigenvalue 5.905 2.082 0.999 0.987 0.02 0.004 0.002 0 0 0
Proportion 0.591 0.208 0.1 0.099 0.002 0 0 0 0 0
Cumulative 0.591 0.799 0.899 0.997 0.999 1 1 1 1 1

YP = yield under well-watered condition, YS = yield under drought-stress.
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There was correlation of angles between vectors in the biplot diagram of PCA (Figure 2).
There was similarity between STI and MP and strong correlation with GMP. YP and YS
were distantly correlated, indicating that water stress reduced the yield.
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Figure 2. Biplot diagram of PCA of genotype yield under well-watered (YP) and water-stressed conditions (YS).

4. Discussion

Chlorophyll content is an important trait that determines the ability of the plant to
photosynthesize. The distribution of chlorophyll content in the plant differs from one
part to another [21]. The concentration of chlorophyll is higher in the center portion of
the sorghum plant than in the top and bottom parts [21]. This aligns with the current
study that noted higher distribution of chlorophyll content in the middle part of the plant
than in the top and bottom parts. In sorghum, chlorophyll content is helpful during post-
flowering drought to enable a plant to manufacture its own food for use and to maintain
physiological plant growth and grain yield. The presence of high chlorophyll content
during drought stress delays leaf senescence to retain STG, which accounts for grain yield
in sorghum. Xu et al. [22] reported that there is correlation of leaf chlorophyll content and
STG expression in sorghum leaves during post-flowering drought, suggesting the use of
these traits for screening drought tolerance and yield in sorghum. The chlorophyll content
recorded in all parts of the donor parent B35 and the introgressed genotypes in our study
indicates that the donor parent B35 contributed part of the improvement. The reduction
of chlorophyll content during post-flowering drought initiates leaf senescence and lowers
STG [23]. The resistance of sorghum genotypes delays leaf senescence for grain filling and
other physiological processes to take place [24].

Drought is the major constraint of crop production globally, and it reduces grain
yield of sorghum [25]. STG 1, 2, 3 and 4 QTLs linked to drought tolerance in sorghum
have been useful for introgression to non-STG sorghum for enhancing grain yield during
post-flowering drought stress [26]. The STG QTLs accounts for grain yield increase in water-
stressed condition depending on the period of dry spell and the genetic composition of
genotypes [27]. The difference in grain yield performance is affected by water management,
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where well-watered condition enhances physiological plant growth and yield. A similar
finding was reported by [28]. Low water content hinders roots and leaf growth, which
is important for water and nutrient uptake and photosynthesis. However, this study
identified few genotypes that performed better in a water-stress environment than in the
well-watered condition; this is contrary to [29] who recorded higher yield in irrigated than
in water-stressed condition. The genotypes with high grain yield in both environments, for
example, the genotypes NA307 and NA316C in this study, indicate that these genotypes
can perform well for the multilocation trials in the next step of evaluation.

Environmental conditions determine the performance of traits in plant growth. Traits
that show good response in contrasting environments are suggested for screening of
drought-tolerant genotypes in sorghum. Water stress reduces chlorophyll content, which
affects photosynthesis efficiency and grain yield of sorghum [30]. The current study noted
higher chlorophyll content in a well-watered environment than in water-stressed condition,
which implies that water management affects chlorophyll content. The expression of STG
during drought condition prior to flowering and after flowering of plants is the indication
of drought tolerance. Nonetheless, in water-stress condition, plants express STG before
physiological maturity. Findings of this study revealed that STG expression is affected by
water stress more than in well-watered condition because of reduction of moisture in the
soil. The study of STG introgression in non-STG sorghum has been done successfully using
MABC [31]. This signifies the importance of MABC for improvement of post-flowering
drought tolerance in sorghum. Moreover, the amount of nitrogen content used for grain
filling in sorghum depends on the amount of nitrogen absorbed by roots, which accounts
for STG expression in sorghum during water scarcity [32]. Plants with plenty of nitrogen
content have the ability to delay leaf senescence for maintaining photosynthesis for a
long period, which helps to produce sufficient carbohydrates for developing grains. STG
in sorghum has been associated with high grain yield in rainfall deficit environments,
where post-flowering drought is the major challenge [33]. Chlorophyll content and STG
are important traits for evaluating drought-tolerant sorghum under water-management
environments; similar findings were reported by [34] in maize. The current study revealed
that plants respond differently for plant height and root biomass under well-watered and
water-stressed conditions. The variation is due to genetic difference of genotypes in the
same condition. Kassahun et al. [31] reported similar findings where backcross genotypes
had higher root biomass than senescent parents and positive correlation between root
biomass and STG.

The interaction of genotypes by environments plays a major role in the study of
genetic and phenotypic variance in crop improvement. The genetic and phenotypic vari-
ances determine the variations in the performance of traits in sorghum under different
treatments. The traits that are positively influenced by the interaction of well-watered and
stressed treatments are considered as the best indices of drought tolerance in sorghum. The
interaction of well-watered and water-stressed conditions did not influence root biomass
or grain yield per plant; low interaction between genotypes by environments could be due
to insufficient transfer of STG QTLs from the donor parent to the non-STG parents. The
interaction of water management and genotypes is important for the screening of sorghum
that promise greater grain yield during post-flowering drought. Furthermore, plants with
deep root systems can access water from deep soil in a water-stressed condition to support
plant growth and the high grain yield. These plants are used as the basis for improvement
of drought tolerance and yield in crops including sorghum.

Heritability estimates are used to evaluate variability of trait performance of crop
genotypes [35]. Plant height and days to 50% flowering express higher heritability com-
pared to other traits in crops. Variability of heritability estimates in the sorghum genotypes
in this study was influenced by the interactions among genotypes by environments [36].
Hamidou et al. [37] reported high heritability in sorghum for traits of grain yield, plant
height and panicle weight; similarly, our results reported >80% heritability of plant height,
days to 50% flowering and stem biomass, which indicate that these traits were not influ-
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enced by the environments. Nevertheless, the percentage of heritability in root biomass,
STG and leaf rolling were below 25% because of environmental influences [38]. The target
traits with high heritable estimates are considered the best for selection. The interaction
of genotype and water management in the current study reduces broad-sense heritability
estimates. The reduction of heritability estimates is due to variation in performance of
genotypes in the contrasting environments [39].

In the study of drought tolerance indices, STl index appeared to be the best indicator of
drought tolerance and can be recommended for the screening of genotypes. The genotype
NA316C, which produced the highest grain yield across the environments, also had the
highest TOL. These findings contradict reports by [29] who found high values of TOL in
sorghum and concluded that such genotypes are susceptible to drought stress.

PCA is essential for grouping genotypes based on the performance of traits of interest.
It shows the relationship among genotypes that enable selection of the best traits for
different purposes. Plants grow well in a sufficient water condition compared to a limited
water condition. However, in sorghum, significant variation occurs at post-flowering
drought, which reduces yield studies [29,40]. Contrary to our findings, some genotypes
performed better in a stressed environment than in well-watered conditions, suggesting
that the variation could be due to differences of soil nutrients.

5. Conclusions and Recommendations

Well-watered and water-stressed environments influenced the variation of trait per-
formance. The interaction of genotypes by environment influenced the performance of
various traits. The heritability was higher in well-watered compared to stressed conditions.
Chlorophyll content in sorghum leaves vary from one part of the plant to another, but the
concentration was highest in the middle part of the plant. For the best screening of plants
with drought-tolerant trait in sorghum, chlorophyll content is one of the important traits.
The genotypes NA307, NA316C and SE438 were selected as the best performing in terms of
grain yield across the environments. Following approval by the seed certification authority
in Tanzania, these genotypes are recommended for release as the drought-tolerant varieties
for adoption.
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