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Abstract Stay-green sorghum exhibits greener leaves and stems during the grain filling period under drought conditions,
resulting in increased grain/mass yield, and lodging resistance. To improve sorghum grain yield (GY) under post-flowering
drought, we developed 46 BC,F, stay-green introgression lines (BILs) from a cross between ‘Tabat” x B35 by
marker-assisted backcrossing (MAB). These BILs had one or more of the four stable stay-green QTLs (Stgl to Stg4) from the
donor B35. We evaluated these lines to examine the progress made in transferring the drought tolerance under irrigated and
rain-fed environments in Sudan. The introgression of the stay-green QTLs enhanced post-flowering drought tolerance and
increased the GY and biomass of ‘Tabat’. Under drought conditions, some BILs had GY and biomass higher than ‘Tabat’. By
contrast, under irrigation, the GY of the BILs was lower than that of ‘Tabat’ indicating that further backcrossing is necessary
to restore ‘Tabat’ yield potential. Stgl was the best QTL in term of GY. QTL pyramiding increased the tolerance, however, it
might not always be necessary. Based on the biplot analysis; several genotypes will be selected and advanced to further
backcrossing. The study provided evidence that MAB with stay-green QTLs can enhance sorghum yield under

post-flowering drought in Sudan and similar agro-ecological zones.
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1. Introduction

Sorghum (Sorghum bicolor (L.) Moench) is unique
among the major cereals in that its grain is the staple food
of the world’s poorest people, who have the lowest food
security and who live primarily in the semiarid tropics.
Drought stress is a major constraint to crop production in
semi-arid tropics [1]. In Sudan, more than 75% of sorghum
is grown in rain-fed cultivations [2], and water scarcity is
the major limiting factor because periods of drought can
occur at any stage of crop development. Therefore,
improving drought tolerance of sorghum has been a
challenge for plant breeders. The response of sorghum to
drought stress depends on the growth stage at which the
stress occurs [3, 4]. The response to post-flowering drought
is evident when moisture stress occurs during the grain
development stages. Drought stress during grain filling
results in rapid premature plant senescence [3]. Genotypes
that can tolerate post-flowering drought stress maintain
active photosynthesis when subjected to water stress during
the grain-filling period. Such genotypes are  described as
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possessing the “stay-green” trait [4].

Molecular markers, associated with stay-green, were
identified and characterized in some accessions, such as B35,
E36-1, and SC56. The putative QTLs (Stg! to Stg4) for the
stay-green trait from B35 were identified based on four
mapping populations [5-10]. Examination of the stay-green
QTL profiles of the best and poorest stay-green lines
indicated that three stay green QTLs, Stgl, Stg2 and Stg3,
appear to be important for the expression of this trait when
the percent phenotypic variation and the consistency in
different backgrounds and different environments is
considered [7]. Walulu et al. [11] found that, in sorghum, the
stay-green trait is controlled by a major gene that expresses
different levels of dominant gene action, depending on the
environment. Maintenance of a greater green leaf area during
the latter half of grain filling is related to a greater grain yield
under post-flowering moisture deficits [12]. The relationship
between stay-green and grain yield varies in response to both
the environment and the genetic background. The transfer
of the stay-green trait into elite lines is expected to be
broadly beneficial for increasing yield in a wide range
of environments [13]. Reddy et al. [14] validated the
importance of stay-green QTLs and detected new QTLs
influencing the stay-green related traits. These authors found
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that Stg2, Stg3 and StgB were consistently prominent in their
expression. Vadez et al. [15] and recently Borrell et al. [16,
17] studied the effect of the stay-green QTLs 1-4 on plant

performance under post-flowering drought comprehensively.

They concluded that the stay-green QTLs impacts sorghum
performance positively under post-flowering drought
through modification of canopy development, leaf anatomy,
root growth, and water uptake. However, this positive impact
depends on the environment and the interaction between the
stay-green QTLs and the genetic background. The stay-green
QTLs were ranked based on their contribution to the
stay-green phenotype as Stg2, Stgl, Stg3, and Stg4 in their
order of merit [18]. All these reports indicate unequivocally
the potential of the stay-green trait in developing drought
tolerant sorghum, but they indicate that the magnitude of the
contribution of the stay-green QTLs to the yield of sorghum
under post-flowering drought depends largely on the genetic
background and the environments. In addition, only few
reports discussed the effect of multiple stay-green QTLs on
plant yield under post-flowering drought. This paper aimed
at evaluating the performance of an early back cross
generation of stay-green introgression lines carrying single
and multiple stay-green QTLs in four different environments
in Sudan. In these environments and the similar
agro-ecological zones in sub-Saharan Africa stay-green
effect on enhancing sorghum grain yield has not been
explored adequately to the best of our knowledge.

2. Materials and Methods

2.1. Plant Materials

We crossed the drought sensitive, high yielding,
farmers-preferred cultivar ‘Tabat’ [19] as a recurrent parent
to the stay-green donor B35 for two generations of
backcrossing (BC,F)) [20]. ‘Tabat’ is a white grained high
yielding cultivar grown under irrigation in Sudan. B35, a
derivative of an Ethiopian durra and Nigerian landrace, has
low yield but it is the source of stay-green that has been used
in most of the genetic studies and associated programs
related to terminal drought [21]. The F;, BC,F, and BC,F,
were genotyped to identify and further cross individuals
carrying the stay-green loci of B35 (Stgl, Stg2, Stg3 and
Stg4) (Supplementary Fig. 1, Supplementary Table 1).
Forty-six BC,F, plants with one, two or three stay-green
QTLs in different combinations were produced and
evaluated for terminal drought tolerance under irrigated and
rain-fed conditions.

2.2. Irrigated Experiment

An irrigated experiment was conducted at Alfaki Hashim
Research Farm, Khartoum North (15.841923° N,
32.552671° E) with vertisols. We imposed two water
regimes: 1) recommended optimum irrigation every 10 to 14
days until harvest; 2) cessation of irrigation at 50% flowering
to impose post-flowering drought. When irrigation ceased,

the plants depended on stored soil moisture and thus
experienced prolonged and severe post-flowering (terminal)
drought stress during grain filling. This practice enables the
evaluation of terminal drought tolerance due to the
stay-green trait [12, 21]. The experiment had three replicates.
Plot size was three rows of five-meter-long with 0.8 m
inter-rows spacing in a 6 (blocks per replicate) x 8§
(genotypes per block) unbalanced lattice design. Five
random plants from the inner row were tagged in each plot at
flowering for data collection.

2.3. Rain-Fed Experiments

These experiments were conducted at two locations with
different rainfall levels. The one with relatively high rainfall
(Optimum) at South Gedaref site (14°34'N, 35°54'E) has an
average annual rainfall of 514 mm, most of which occurs
between July and September. The soil clay content is very
high and generally 75% to 80%. The color of the soils is very
dark grayish brown. The soils are moderately fertile, the
organic matter, nitrogen and potassium contents of the soil
are low, but there is no deficiency of other plant nutrients.
The water holding capacity of the soil material is very high
and allows crops to grow on stored water during dry spells
and long after the rainy season.

Low rainfall characterizes El Obeid site (13°11'N,
30°13'E), where the average annual rainfall is 271 mm
(falling between July and September). The soil is sandy clay
with 25% clay, 67% sand, 8% silt and 0.7% organic matter.
As in the irrigated experiment, we used the same
experimental design, plot size and sample size of five plants
from each plot for data collection.

2.4. Data Collection

Stay-green (delayed leaf senescence) was scored by
measuring the percent of greenness (%G) at both grain filling
(GF) and maturity (M). %G is green leaves as a percentage of
the total number of leaves. We harvested five plants from the
middle row of each plot to determine the final grain yield
(GY) per plant and the fresh plant biomass (PB). Yields were
expressed as the total weight of grains of each plant.

2.5. Statistical Analysis

The irrigated experiment was analyzed as a split-plot
design, with the water regime as the main plot effect and
genotypes as the subplot effect, whereas the rain-fed
experiment was analyzed as an alpha lattice. The statistical
analysis was performed using GenStat software. The
GGE-biplot analysis was performed with PBTools (2014).

3. Results and Discussion

The weekly rainfall from June to October in the three
environments is shown in Figure 1. There was a clear
gradient in the amount of rainfall received; South Gedaref
had high rainfall (400 mm), El Obeid had intermediate
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rainfall (288 mm), and Khartoum North had low rainfall (42
mm). The flowering occurred from 15 to 27 October at the
three environments, and as there was no rain after October
(week 20; Fig. 1) we confirmed that the plants were exposed
to post-flowering drought at the three environments.
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Figure 1. Weekly rainfall from June to the end of October in Khartoum
North, South Gedaref and El Obeid

We observed a wide range of variation in the performance
of BILs under all environments. Several lines had better GY,
PB and %G than the recurrent parent ‘Tabat’ indicating that
the introgression of the stay-green QTLs was effective and
improved the GY of ‘Tabat’ under post-flowering drought.

3.1. Performance under Imposed Drought at Khartoum
North

Table 1 shows highest and lowest GY and PB per plant in
each of the BILs seven groups with similar QTL
combination and their parents under normal (irrigated) and
drought conditions. Under irrigation, lowest GY of all the
BILs was significantly less than the average of ‘Tabat’ and
comparable to B35. The BILs with Stgl showed
significantly higher GY (69 g) than ‘Tabat’ and at least one
line in each group had GY higher than B35 (Table 1).

Under drought, all of the BILs groups had at least one line
with significantly higher GY than ‘Tabat’. Under drought,
the percentage of increase in GY of the BILs over that of
‘Tabat’ ranged from 313.7% in BILs with Stgl to 67.3% in
Stg3 (Table 1).

B35 experience slight reduction in GY due to the drought
(6%), whereas ‘Tabat’ experienced the highest reduction
(62%) due to post-flowering drought (Table 1). We
calculated the average GY of each QTL/QTLs under drought
and irrigation and estimated the reduction percentage in GY
due to the drought to evaluate the level of drought tolerance
of each QTL/QTLs. All the BILs showed lower reduction
than Tabat’, but higher than B35. Based on the reduction
percentage, we considered Stg3 and Stgl+2 as tolerant with
about 10% reduction, whereas the other Stgs considered as
moderately tolerant with reduction percentage between
18-23% (Table 1).

Table 1. Number of lines for each group, average lowest and highest grain yield (GY), plant biomass (PB) per plant, and the percentage of reduction in GY
in each group of the 46 BILs carrying the same single, double or triple combination of the stay-green QTLs and the mean respective values of their parents
‘Tabat’ and B35 evaluated under irrigation and post-flowering imposed drought stress at Khartoum North, Sudan

Grain yield (g/head) under PB (g/plant) under
Drought Irrigated Drought Irrigated
Genotypes" Tfi?l:sf lowest  highest % Of]],\: s:t,o ver lowest  highest redoﬁc(iifon lowest  highest lowest highest
Stgl 23 7.4 63.3 313.7 19.4 69.0 23 1343 410.0 169.7 4213
Stg2 6 16.5 323 111.1 20.2 47.0 23 218.3 409.7 250.0 484.3
Stg3 2 20.5 25.6 67.3 21.5 36.0 10 255.0 330.3 250.3 3473
Stg4 2 25.0 33.6 119.6 27.5 47.3 22 280.0 4353 324.0 471.3
Stgs1+2 7 16.5 323 111.1 16.1 383 11 218.3 409.7 2343 4433
Stgs1+4 3 19.1 36.4 137.9 20.1 443 19 270.0 303.3 2523 319.0
Stgs1+3+4 3 22.8 28.3 85.0 24.6 30.1 18 304.7 354.0 338.0 379.3
‘Tabat’ 15.3? 56.07 62 118.3? 246.07
B35 21.67 20.3% 6 384.3Y 416.0%
SE+ (T%) 0.45 9.2
SE+ (G 1.87 39.3
SE+ TxG 2.65 55.7
LSD (G) 5.22 109.6
P value (T) 0.01 0.112
P value (G) <.001 <.001
P value (TxG) <.001 0.995

SE+: standard error, LSD: least significant difference at (0.05), 1) BILs listed on the base of their respective QTLs, recurrent (Tabat) and donor (B35) parents, 2)
Average values of plants, 3) T and G denote the treatment and genotypes, respectively.
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PB differed significantly among the genotypes under
irrigation and drought (Table 1). Under irrigation, the lowest
PB value of the BILs was comparable to that of ‘Tabat'.
Their highest values were significantly higher than ‘Tabat’,
except BILs with Stg3 and Stgl+4. Under drought, the
lowest PB value of BILs with Stg3, Stg4 and Stgl+4 was
significantly higher than ‘Tabat,' whereas the highest PB
value of all BILs was significantly higher than ‘Tabat.' At
grain filling under both irrigation and drought, the BILs had
a higher %G than ‘Tabat’. At maturity, under irrigation, the
highest %G values of all BILs were higher than ‘Tabat’ and
comparable to B35. Under drought, the lowest values of
BILs with a single QTL and BILs with Stgs1+2 were lower
than ‘Tabat’, but the highest values were higher than ‘Tabat’
except the BILs with Stg3 (Table 2). Under drought, none of
the BILs had the level of %G of B35 (Table 2). ‘Tabat’ had
the highest reduction from irrigation to drought (72%),
whereas B35 had the lowest reduction (3%) (Table 2).

3.2. The Performance of the Stay-green BILs under
Rain-fed Conditions

Genotypes differed significantly (P< 0.001) for all scored
traits both at a given rain-fed environment and across the two
environments (Tables 3, 4). The two rain-fed environments
(South Gedaref and El Obeid with relatively optimum and
low rainfall, respectively) also differed significantly
(P<0.001) for all traits and the genotype X environment
interactions were significant (P<0.05). The parents had

comparable GY at South Gedaref, while ‘Tabat’ had no GY
due to the severe drought at El Obeid (Table 3). Under
optimum rainfall, some BILs with Stgl, Stg2, Stg4 and
Stg1+2 had higher GY than ‘Tabat,' whereas, at low rainfall,
all the BILs out yielded ‘Tabat’ which had no GY (Table 3).
Among the BILs, lines with Stgl and Stgl+2 had higher GY
than the other BILs under optimum rainfall, whereas only
lines with Stgl showed higher GY than the other BILs under
low rainfall. Some BILs with a single QTL showed better
performance than those with two and three QTLs under
optimum rainfall, however, under low, rainfall, BILs with
two and three QTLs did better than those with single QTL.
The percentage of increase in GY of the BILs over ‘Tabat’
ranged from 389% in BILs with Stgl to 24% in Stgl+4 and
from 244% in BILs with Stgl to 35% in Stg4 at the optimum
and low rainfall environments, respectively (Table 3).

PB was estimated only at the optimum rainfall and BILs
with Stgl, Stgl+2 and Stgl+4 had significantly higher PB
values than the two parents. All BILs except those with
Stgl+4 and Stgl+3+4 had lower PB than ‘Tabat’ (Table 3).
At grain filling under the optimum rainfall, only BILs with
Stgl, Stg2 and Stgl+3+4 possessed highest %G values
greater than ‘‘Tabat’’ whereas all the BILs had a lower and
higher %G values greater than ‘Tabat’ at maturity (Table 4).
Under low rainfall, at both stages, all the BILs had %G
greater than “Tabat’ at both grain filling and maturity. BILs
with Stg2, Stg3, Stg4 and Stgs1+4 had lower %G values than
B35 (Table 4).

Table 2. Number of lines for each group, average lowest and highest percent greenness (%G) at grain filling and maturity in each group of the 46 BILs
carrying the same single, double or triple combinations of the stay-green QTLs and the mean respective values of their parents ‘Tabat’ and B35 evaluated

under irrigation and post-flowering drought stress at Khartoum North, Sudan

G% at grain filling under

G% at maturity under

Drought Irrigated Drought Irrigated
Genotypes" No of lines lowest  highest lowest highest lowest highest lowest  highest
Stgl 23 429 83.8 68.2 77.3 18.4 58.7 66.0 77.5
Stg2 6 51.8 79.0 69.2 79.3 19.7 52.0 68.1 78.2
Stg3 2 53.8 57.7 71.4 74.8 339 39.1 75.8 79.9
Stg4 2 53.6 69.0 75.9 76.6 324 433 76.1 76.4
Stgs1+2 7 51.8 79.0 65.6 78.0 19.7 52.0 64.5 75.8
Stgs1+4 3 43.1 74.5 67.1 76.6 40.0 56.6 74.6 82.5
Stgs1+3+4 3 64.4 70.3 73.5 77.3 39.1 47.2 73.9 76.5
‘Tabat’ 3227 60.9” 3227 60.3%
B35 86.9” 86.9” 86.9” 81.57
SE+ (T%) 0.52 2.00
SE+ (GY) 3.0 3.23
SE+ (TxG) 42 4.94
LSD (G) 6.2 9.02
P value (T) <.001 0.006
P value (G) <0.001 <.001
P value (TxG) 0.061 <.001

SE+: standard error, LSD: least significant difference at (0.05), 1) BILs listed on the base of their respective QTLs, recurrent (Tabat) and
donor (B35) parents, 2) Average values of plants, 3) T and G denote the treatment and genotypes, respectively.



International Journal of Plant Research 2017, 7(3): 65-74 69

Table 3. Number of lines for each group, average lowest and highest grain yield per plant (GY) and plant biomass (PB) of the best line in each group of the
46 BILs carrying the same single, double or triple combinations of the stay-green QTLs and the mean respective values in parents ‘Tabat’ and B35 evaluated
under optimum (South Gedaref) and low rainfall (El Obeid) environments in Sudan

Grain yield (g/head) under

Optimum rainfall

PB (g/plant) under

Low rainfall Optimum rainfall

% of Max

% of Max

Genotypes" 1i?1eos lowest  highest over “Tabat’ lowest  highest over “Tabat’ lowest highest
Stgl 23 11.0 63.6 389.2 0 44.8 244.6 112.9 436.6
Stg2 6 14.6 41.3 217.7 0 22.4 72.3 2183 398.6
Stg3 2 11.9 23.0 76.9 0 17.8 36.9 270.1 367.0
Stg4 2 15.8 40.0 207.7 0 17.6 354 249.3 287.1

Stgs1+2 7 11.7 60.3 363.8 0 27.5 1115 139.6 443.1
Stgs1+4 3 9.5 16.1 23.8 0 243 86.9 289.2 433.4
Stgs1+3+4 3 10.2 17.6 354 0 25.6 96.9 3443 358.6
‘Tabat’ 13.0? 0? 354.7%
B35 22.3% 19.4% 320.6”
SE+ 4515 1.385 339
LSD 10.65 3.059 74.64
P value <.001 <.001 <.001

SE+: standard error, LSD: least significant difference at (0.05), 1) BILs listed on the base of their respective QTLs, recurrent (Tabat) and

donor (B35) parents. 2) Average values of plants.

Table 4. Number of lines for each group, average lowest and highest percent greenness (%G) at grain filling of each group of lines among the 46 BILs
carrying the same single, double or triple combinations of the stay-green QTLs, and the mean respective values of their parents ‘Tabat’ and B35 evaluated
under optimum (South Gedaref) and low rainfall (El Obeid) environments in Sudan

G% at grain filling under

G% at maturity under

Optimum rainfall

Low rainfall

Optimum rainfall Low rainfall

Genotypes" No of lines lowest highest lowest highest lowest highest lowest highest
Stgl 23 67.0 81.2 15.6 70.4 56.1 77.4 0.0 41.9
Stg2 6 68.5 79.4 26.8 65.6 58.2 71.4 13.2 36.4
Stg3 2 77.0 71.5 559 56.0 70.3 71.3 19.9 28.1
Stg4 2 75.5 76.7 359 48.6 68.1 72.6 0.0 26.9

Stgs1+2 7 71.2 76.6 44.7 62.4 55.4 71.2 0.0 41.9
Stgs1+4 3 68.9 73.7 26.2 40.1 61.3 65.9 0.0 28.7
Stgs1+3+4 3 76.3 78.5 343 60.7 63.1 68.5 333 42.8
‘Tabat’ 73.17 25.07 43.07 13.5”
B35 83.47 72.27 76.63” 49.7”
SE+ 23 7.33 3.35 5.37
LSD 4.5 14.63 7.16 12.29
P value 0.001 <.001 <.001 <.001

SE+: standard error, LSD: least significant difference at (0.05), 1) BILs listed on the base of their respective QTLs, recurrent (Tabat) and

donor (B35) parents. 2) Average values of plants.

3.3. Simple Correlation Analysis

For the three drought environments (Khartoum North,
South Gedaref, and El Obeid), we calculated the correlations
between GY, PB and the stay-green indicator %G. In
Khartoum North (drought condition) and South Gedaref, GY
did not correlate with PB and %G, whereas, in El Obeid, GY
was positively correlated with %G at maturity (Table 5).
Plant biomass correlated positively with %G at both grain
filling and maturity at Khartoum North but not at South
Gedaref. Percent greenness at grain filling correlated
positively with %G at maturity at Khartoum North and South
Gedaref but not at El Obeid. These results suggest that %G at
both grain filling and maturity could be used as a selection

criterion for higher grain yield and tolerance under
post-flowering drought.

The results showed that, under drought, the stay-green
(BC,F,) BILs had better GY, PB and %G than the recurrent
parent ‘Tabat’. That confirms the success of the backcross
breeding process and the suitability of the stay-green trait to
improve the terminal drought tolerance in sorghum. Even
though it is still backcross two and most of the derived lines
had only one to three of the stay-green QTLs, they were less
senescent than ‘Tabat’ under drought stress, and few of them
approached the degree of non-senescence of the stay-green
donor B35 (Tables 2, 3, 4). On the other hand, some BILs
had high senescence rate from irrigation to drought. This
high senescence rate could be due to the fact that (1) the BILs
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have recovered some of the agronomic characteristics
(including potential GY) of ‘Tabat’, or (2) likely the leaf
senescence is triggered by increased demand for nitrogen
elsewhere in the plant, such as in the developing grains, and
that the presence of this new sink is communicated to the
source leaves. The competition for nitrogen between
developing grains and the leaves leads to leaf senescence to
the advantage of the grains. Thomas and Rogers [24] noted
that leaf longevity is closely related to leaf nitrogen status.
Our results showed that for %G different QTL combinations
had different performance at each stage in the different
environments, which in turn suggests that %G is strongly
affected by the environment. Furthermore, the severe
drought could easily differentiate the performance of the
QTLs in terms of leaf stay-green characteristics. Stay-green
in sorghum has been associated with improved grain yield,
particularly in environments where the available water
during grain filling is inadequate to let the plants achieve
their optimal transpiration rate. In El Obeid, where the water
stress was more severe than the other locations, a significant
correlation was found between GY and %G at maturity.
Borrell et al. [25] reported that sorghum grain size is
positively correlated with the rate of leaf senescence during
grain filling, and that the reduction in the rate of leaf
senescence from a 3% loss of leaf area per day to a 1% loss
results in doubling of grain size from about 15 mg to 30 mg.

At this early backcross generation, the genomic
contribution of B35, which has poor agronomic performance,
is still high; as a result, the BILs are not expected to perform
as well as ‘Tabat’ in term of GY. In fact, their performance
was significantly worse than that of ‘Tabat’ under control
conditions (i.e., without drought), indicating that additional
backcrosses will be required to remove the undesirable
alleles that were introgressed from B35 (Table 1). All of the
stay-green BILs showed (average) lower reduction in GY
than ‘Tabat’ due to drought at Khartoum North (Table 1). On
the other hand, all the stay-green BILs had higher GY than
‘Tabat’ under the severe drought at EL Obeid (Table 4),
indicating that the stay-green QTLs improved drought
tolerance in a ‘Tabat’” background. Furthermore, the
maximum GY for BILs in some cases was even better than
B35 under drought, indicating the need to transfer the
stay-green QTLs into an adapted background.

The GY of the lines with Stgl was higher than that of the
lines with two or three QTLs (Tables 1, 3). We attribute this
finding to that the number of lines carrying Stgl is higher
than the other lines, which consequently increases the chance
of having a good combination between QTL and ‘Tabat’
background. Each QTL had a different level of contribution
to the expression of the trait and that the combined effects of
the QTLs enhanced stay-green expression [26, 27, 7]. Thus,
pyramiding of the tolerance genes or QTLs leads to better
tolerance, in order to achieve the level of expression of
non-senescence presents in B35 [12]. In this study, however,
it is too early to perform such comparisons as the lines are
still at BC2. The effect of the QTL pyramiding was very
clear only in the case of Stgl1+2 at the irrigated environment.

When we consider the reduction in GY from the irrigation to
drought (Table 1), BILs with Stgl and Stg2 were considered
as moderately tolerant with 23% reduction in GY. However,
the BILs carrying these combined QTLs (Stgl+2) were
classified as tolerant with only 11% reduction in GY. In this
study, in terms of GY and tolerance (less reduction) we
found a better or similar performance for Stgl and Stg3 over
that of the BILs with 2 and 3 QTLs. However, in case of Stgl
this could be due to the larger number of lines representing
Stgl; it suggests that QTL pyramiding might not usually be
necessary to have drought tolerant high yielding genotypes.

The introgression lines biomass means were higher than
‘Tabat’ under drought stress in Khartoum North. On the
other hand, PB positively correlated with stay-green (%G) at
Khartoum North suggesting that stay-green trait could also
be used to improve drought tolerance in forage sorghum.

The reduction in biomass due to drought stress in the BILs
was lower than that in ‘Tabat’ (Table 3). This result suggests
that plants having stay-green QTLs produce more biomass
and less consuming to the stem reserve for grain production
and less reliant on non-structural stem carbohydrates for
grain filling compared with senescent genotypes, resulting in
stronger stems and high biomass under drought conditions
compared to the senescent genotypes [25, 28]. Moreover,
there is some evidence for increasing accumulation of
soluble sugars in stay-green plants that appear to be related to
their greater functional leaf area during grain filling; which
reduces the consumption of the stem stored assimilates to fill
the grain [29, 30]. As these lines are still at early backcross
generation, QTL pyramiding had no clear effect on PB at
Khartoum North drought environment or South Gedaref
(Tables 1, 3).

3.4. Variability of the Grain Yield and Stay-green in the
BILs

In order to investigate the variability of the performance of
the BILs in terms of GY and stay-green, we performed
GGE-biplot analysis. PC1 and PC2 explained 67% of the
total variation for GY (Fig. 2a). The genotype comparison
biplot showed that many BILs had better GY and were more
stable than the recurrent parent ‘Tabat’ (G48) and the donor
parent B35 (G1) (Fig. 2a). The best genotype was G8
carrying Stgl followed by several BILs with Stgl, Stg2,
Stgl+2 and Stgl+3+4. In the biplot of the stay-green
indicator %G at maturity, PC1 and PC2 explained 90.8% of
the total variation. None of the BILs outperformed the donor
parent B35 (G1), the most stable and the greener genotype,
whereas ‘Tabat’ (G48) was the most senescent genotype (Fig.
2b). The first three BILs followed B35 were with Stgl. It is
worth noticing that the best genotype in term of GY (GS)
with Stgl also displayed lower rate of senescence
consistently over locations. Generally, some of the
genotypes that showed high GY also showed a good degree
of %G compared to the recurrent parent ‘Tabat’. These
results indicated the improved BILs performance and
enabled us to see the progress achieved in the increase of
the GY and %G of ‘Tabat’ especially across the drought
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environments. Based on the biplot analysis, several
genotypes could be selected for advancement to further
backcrossing. The results suggested that the performance of
the BILs with Stgl was better than the other BILs. Stgl was
the best in term of tillering reduction, water use and grain
yield [16, 17]. On the other hand, Vadez et al. [15] reported
that Stg1 contribute to reduction of tillering and leaf area and
increase of water extraction under post-flowering drought
depending on the genetic background. These reports and

our results indicate the uniqueness of this QTL and its
importance in breeding stay-green sorghum. In this study
also we could shed light on the effect of the stay-green QTL
pyramiding on sorghum grain yield under terminal drought
the thing that is not extensively studied. Although we have
few combinations our findings suggest that Stgl is an
important QTL and should be incorporated in any QTL
combination.

Table 5. Correlation coefficients of grain yield, plant biomass and the stay green parameter % greenness (%G) at grain filling and maturity in 46 BILs
carrying single, double and triple combinations of the stay-green QTLs and their parents under drought stress in Khartoum North, South Gedaref and EL

Obeid
Location Traits GY PB %G at grain filling
Khartoum North (drought) Biomass 0.25
%G at grain filling 0.11 0.38**
%G at maturity -0.02 0.44** 0.57***
South Gedaref Biomass -0.16
%G at grain filling 0.18 0.16
%G at maturity 0.01 0.02 0.43**
EL Obeid %G at grain filling 0.26
%G at maturity 0.47*** 0.36
A B

PC1=32.1%: PC2=25 5%

P2

PC1=55.1%: PC2=35.7%

** *%% denote significance at 0.01 and 0.001 probability levels, respectively.

Figure 2. GGE biplot of genotypes for grain yield (A) and percentage greenness (B) showing the best genotype based on mean performance and stability
across the four environments. KD and KI denote drought and irrigated environments at Khartoum, respectively, SG and OB denote South Gedaref and El

Obeid respectively. The best genotype G8 is indicated by circles

4. Conclusions

In this study, we examined progress made in incorporating
stay green trait from B35 to ‘Tabat’ and the performance of
46 BC,F,4derived lines with one to three of the four putative
stay-green QTLs. A reasonable degree of success has been
achieved in our study, as a number of the QTL introgression
lines were significantly more stay-green than ‘Tabat’, and
able to better maintain their relative yield level in the
post-flowering stress environments. Our results indicated
that QTL pyramiding is essential to obtain better tolerance

under post-flowering drought. However, this might not
always be necessary. The QTLs significantly enhanced the
GY under post-flowering drought, and the marker-assisted
backcross scheme was effective. Superior lines identified
will be selected for further backcrossing to restore all the
yield potential and quality background of the recurrent
parent ‘Tabat’ to produce high yielding, good quality and
post-flowering drought tolerant sorghum cultivars suitable
for cultivation under drought conditions in Sudan and similar
agro-ecological environments.
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Supplementary

Table S1. The twenty-two SSR markers selected from the consensus map of sorghum (Bhattramakki et al. 2000) and used for the marker assisted
backcrossing to transfer the four stay-green QTLs from B35 to Tabat

Markers Stg Forward Reverse LG Product length (bp)
Xtxp218 stgl and stg2 CCGGAAAACCTGCTACTG ACGCCGGAAGGAGAAG C 200
Xtxpll4 stgl CGTCTTCTACCGCGTCCT CATAATCCCACTCAACAATCC C 140
Xtxp285 stgl ATTTGATTCTTCTTGCTTTGCCTTGT TTGTCATTTCCCCCTTCTTTCTTTT C 231-62+291
Xtxp34 stgl TGGTTCGTATCCTTCTCTACAG CATATACCTCCTCGTCGCTC C 208
Xtxp38 stgl ACAAACCGCGACGAAGTAAC ACAAGGCAAAGCACAAAGC C 191
Xtxp336 stg2 CAGCGAGCACCGACGAC CCACCCAACCTGACCCTTCT C 171
Xtxp231 stg2 GGAAATCCAGGATAGGGT AGGCAAAGGGTCATCA C 190
Xtxp31 stg2 TGCGAGGCTGCCCTACTAG TGGACGTACCTATTGGTGC C 188
Xtxp59 stg2 GAAATCCACGATAGGGTAAGG GACCCAGAATAGAAGAGAGG C 313
SbAGFO08 stg3 ATGGTCGTCTGTCCAGGT CAGTTGCTAATCTTTGACCG B 176
Xgap84 stg3 CGCTCTCGGGATGAATGA TAACGGACCACTAACAAATGATT B 200
XSbAGBO03 stg3 GTGTGTGTAGCTTCTTGGG ACGTAGGAGTAGTTTCTAGGATT B 200
Xcup63 stg3 GTAAAGGGCAAGGCAACAAG GCCCTACAAAATCTGCAAGC B 160
Xtxpl stg3 TTGGCTTTTGTGGAGCTG ACCCAGCAGCACTACACTAC B 274
Xtxpl9 stg3 CTTTCAATCGGTTCCAGAC CTTCCACCTCCGTACTC B 300
Xtxp286 stg3 AGCAGCAGCAGCAACAG GCGTGGTCTTTGTGGTTC B 257
Xtxp56 stg3 TGTCTTCGTAGTTGCGTGTTG CCGAAGGAGTGCTTTGGAC B 270
Xtxpl5 stgd CACAAACACTAGTGCCTTATC CATAGACACCTAGGCCATC J 296
Xtxp225 stgd TTGTTGCATGTTGGTTATAG CAAACAAGTTCAGAAGCTC J 310
Xtxp23 stgd AATCAACAAGAGCGGGAAAG TTGAGATTCGCTCCACTCC J 214
Xtxp299 stgd CTCTCCCCTTTGTCATCCATC TCTTGCCCCACCAGGACTTCTC J 331
Xtxpl2 BGS AGATCTGGCGGCAACG AGTCACCCATCGATCATC D 188
Where, Stg: Stay green, LG: Linkage group and BGS: Background selection
Tabat X B35 *Cross Tabat with B35
i
l * Backeross the F; to the recurrent parent to produce BC,F; plants
BC.F,

L
BC,F,

Genotyping
Selection and selfing

k

BC,F;
selfing

k

BC,F;

selfingand seed

increase

+

BC,F.

* Genotype the BC,F; progenies, select plants heterozygous
Genotyping for markers flanking the QTL regions and backecross with the recurrent
Selection and backcross parent to produce BC;F;.

* Genotype the BC;F; progenies, select homozygous plants for donor alleles
for markers flanking the QTL regions and self them to produce BC;F;.

Figure S1. Schematic diagram explain the marker asissted backrossing steps followed to transferre the stay green QTLs from B35 to Tabat
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