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This experiment was carried out to evaluate the growth, physiological and yield traits of
stay-green (Stg) QTL introgression sorghum lines, which were developed by the Ethiopian
Institute of Agricultural Research in collaboration with ICRISAT between 2006 and 2008,
under induced post-flowering drought stress. It involved a total of 12 genotypes including
seven Stg QTL introgression lines, two Stg donor parents and three senescent recurrent par-
ents. It was organized in a split plot design with three replications under well-watered and
induced drought stress growing conditions at Melka Werer, Ethiopia during the post-rainy
season of 2014. Analysis of variance revealed that the effect of moisture regimes on all
measured traits was significant (P<0.05). Differences among the genotypes and genotype-
by-water regime interaction were also significant (P<0.05) for all the traits considered. Post-
flowering drought stress was observed to significantly reduce most of the growth, physiolog-
ical and yield related traits. The Stg introgression lines Meko/B35-selection 120, Teshale/
B35-selection 2 and Teshale/E36-1 showed better drought stress tolerance properties than the
rest of the genotypes based on the measured growth and physiological traits. These introgres-
sion lines also showed better grain yield than their recurrent parents under post-flowering
drought stress and can be used as new versions of the existing varieties (served as recurrent
parents) and for future breeding programs. Furthermore, leaf chlorophyll content, assimila-
tion rate, transpiration rate, water use efficiency, root length and root dry weight were found
to have strong correlation and can be used to screen genotypes for post-flowering drought
tolerance.
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Introduction

Sorghum [Sorghum bicolor (L.) Moench], that has been evolved in the semi-arid tropical
Africa where it is still used as a major food grain is the fifth important cereal worldwide.
It is cultivated as a major crop in areas with marginal growing conditions such as poor soil
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fertility and erratic rainfall (Bibi et al. 2012). Ethiopia is the third largest producer of
sorghum in Africa after Nigeria and Sudan. In Ethiopia, sorghum is the third most impor-
tant cereal next to teff and maize both in cultivated area and in total grain production
(Adugna 2007).

Drought reduces production of sorghum crop and risks the wellbeing, livelihood, as
well as food security in many developing countries where it serves as a staple (Dial 2012).
Its effect starts from seed germination and continues until grain filling by disturbing mor-
phological, physiological, and biochemical processes of crops (Bibi et al. 2012). Drought
disrupts the physiology of plants by reducing water content, causing wilting, closing of
stomata, and decreasing cell enlargement and growth (Taiz and Zeiger 2006). It restricts
plant growth, both in terms of the total quantity of tissue produced and the time that the
plant tissue is produced (Farooq et al. 2009). Leaf expansion and root elongation are the
most water deficit sensitive turgor-dependent activities as a result of cell and cell wall
shrinking (Taiz and Zeiger 2006). Moreover, water deficit results in decreasing leaf ex-
pansion and leaf area which results from biophysical effect of turgor pressure (Taiz and
Zeiger 2006; Rostampour et al. 2012). The effect of drought depends up on its timing of
occurrence, duration and intensity. When drought stress progresses, it can accelerate leaf
senescence and lead to death of leaf tissue (Prasad et al. 2008).

Sorghum genotypes respond differently to pre-flowering and post-flowering drought
stresses. Understanding the physiological mechanisms of plant water stress response is
necessary to breed drought tolerant sorghum. For instance drought is known to decrease
relative water content and water potential (Kamran et al. 2014). In sorghum, post-flower-
ing drought stress reduces photosynthesis due to stomatal and non-stomatal limitations
(Taiz and Zeiger 2006; Mafakheri et al. 2010). Enhancement of sorghum genotypes toler-
ant to drought ensures better yield, resistance to lodging and charcoal rot (Reddy et al.
2014). Stay-green trait is considered as post-flowering drought tolerance mechanism in
sorghum, which enables plants to remain green and fill grain normally (Rosenow et al.
1983). It also contributes to increased grain yield due to increased grain size and number
(Borrell et al. 1999). QTLs have been mapped for the Stg trait in sorghum (Xu et al. 2000)
and have been used for marker assisted breeding (Adugna and Tirfessa 2014). Therefore,
the objectives of this study were: 1) To evaluate variations among stay-green sorghum
introgression lines and their parents for growth, physiological, yield and yield related
traits under post-flowering drought stress. 2) To identify and suggest genotypes that could
be used in areas prone to post-flowering drought stress, and 3) to identify the best growth
and physiological adaptive traits that can be helpful for future evaluation of sorghum
genotypes under post-flowering drought stress.

Materials and Methods

Description of the study area

The experiment was conducted during the post-rainy season (February—June) of 2014 at
Melka Werer Agricultural Research Center, Ethiopia (40°11'E, 9°22'N, and altitude 750
m). Melka Werer is a semi-arid, drought prone area and preferred for the study because
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the historical weather data showed little rainfall during the study period. Moreover, the
research center has well-organized irrigation facility.

Experimental materials

A marker assisted Stg QTL introgression was carried out by the national sorghum re-
search program of the Ethiopian Institute of Agricultural Research in collaboration with
ICRISAT, Kenya between 2006 and 2008. This study evaluated a total of 12 genotypes
including seven Stg sorghum introgression lines derived through marker assisted back-
crossing (Meko/B35-selection 120, Meko/B35-selection 116, Meko/B35-selection 117,
Teshale/E36-1, Teshale/B35-selection 1, Teshale/B35-selection 2, Gambella/B35), three
of their senescent recurrent parents (Meko, Teshale and Gambella 1107) and the two Stg
donor parents, B35 and E36-1. The Stg introgression lines were at the stage of BC;F,.
These genotypes were obtained from the Ethiopian sorghum research program of the
Ethiopian Institute of Agricultural Research (EIAR) at Melkassa Agricultural Research
Center, Ethiopia. The recurrent parents are early maturing and high yielding varieties,
which were released for drought prone lowland environments of Ethiopia, but they have
been affected by terminal drought. The Stg donor parents were introduced from ICRISAT
and they were derivatives of accessions originally obtained from Ethiopia. The details of
the introgression process are available in Adugna and Tirfessa (2014).

Experimental design and treatments

The field experiment was laid out in split plot design with three replications. The main
plot factors were two moisture regimes: well-watered and induced drought stress; and the
sub-plot factors were the introgression lines and their donor and recurrent parents (here-
after referred to as genotypes). The seeds were drilled manually into a plot of three rows
of 3.5 m length with spacing of 0.75 m. Two weeks after sowing, the seedlings were
thinned to an interplant spacing of 0.15 m. Fertilizers were applied at the recommended
rates of 100 kg ha™! of diammonium phosphate (DAP; 18% N and 46% P,0;) in the seed
furrows during sowing and 50 kg ha! urea (46% N) a split application where half of it
was applied during sowing and the remaining top dressed at the six leaf stage. All recom-
mended management practices (weeding, cultivation, etc.) were applied uniformly to all
the plots. The two contrasting soil moisture regimes were created through varying the
frequency of irrigation after flowering was completed using furrow irrigation method. For
both growing conditions, the field was equally irrigated from planting until flowering.
However, post-flowering drought stressed condition was created after flowering was
completed by withholding irrigation water. On the contrary, the well-watered treatments
continued receiving irrigation water until maturity. Thus, the well-watered treatments
received four times more irrigation water after flowering than the drought stressed treat-
ments.
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Data recording
Growth and phenological characters

Plant height (PH), leaf area (LA), Stg score (SGS), and days to physiological maturity
(DTM) were considered as growth and phenological characters and were recorded as per
the descriptors for sorghum (IBPGR/ICRISAT 1993). Leaf area was calculated as leaf
length x leaf width x 0.747 (the shape factor) (Sticker et al. 1961). Visual Stg ratings were
taken at physiological maturity to determine if drought induction caused leaf and whole
plant death in a plot. One to five scoring were adopted as scales based on the proportion
of LA of normal sized leaves that remained green, had prematurely senesced or died.
A rating 1 indicates completely green normal sized leaves (no leaf death), 2 = 25% of the
leaves died, 3 = 26 to 50% of the leaves died, 4 = 51 to 75% were dead, 5 =76 to 100%
of the leaves and stalk were dead (complete plant death). The DTM was recorded as the
number of days from sowing until 95% of the plants in a plot formed black hilar layer.

Physiological characters

Leaf chlorophyll content (LCC), assimilation rate (AR), transpiration rate (TR), water use
efficiency (WUE), and relative water content (RWC), were measured as physiological
characters. Leaf chlorophyll content was measured at physiological maturity from five
randomly selected and tagged plants per plot from two leaves per plant using a CCM-200
pulse chlorophyll content meter (ADC BioScientific Ltd, UK). Water use efficiency was
determined by taking the ratio of AR to water lost due to transpiration. To measure RWC,
flag leaves were collected randomly from five plants in each plot, leaf discs of area 2 cm?
excised from each leaf and fresh weight (FW) measured. They were placed in distilled
water for 24 h and reweighed to obtain turgid weight (TW). They were, then oven dried
at 70 °C for 24 h followed by root dry weight measurement. Relative water content was
calculated as per Barrs (1968). Net photosynthesis and TR per unit area were measured as
gas exchange parameters using portable photosynthesis system LCpro+ (ADC BioScien-
tific Ltd, UK) from the 2" and 3™ intact leaves from the top of each plant. The data were
recorded 30 days after post-flowering drought has been inducted in the morning from
07:00AM to 10:00AM.

Determination of root dry weight, yield and yield components

After harvest, observations were recorded on root length (RL) and root dry weight (RDW).
To measure RDW, three sample plants were uprooted from each plot by excavating care-
fully not to damage the roots. The shoot and root systems were separated carefully and the
roots were washed with tap water gently until the soils were completely removed. The
roots were kept in an oven at 70 °C for 72 h and root dry weight (g/plant) was recorded
using sensitive electronic balance. Panicle weight was recorded on oven dried panicles.
Grain yield (GY) per plot was measured in grams, which was later converted into kilo-
grams per hectare. The weight of hundred grains (HSW) was also recorded.
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Statistical analysis

All the collected data were subjected to analysis of variance (ANOVA) using STATIS-
TICA Software Version 7 (STATISTICA Inc., USA) to observe variations among sor-
ghum genotypes, between the two water regimes, and genotype-by-irrigation interaction.
The genotype means were separated using the Tukey’s HSD test. Moreover, the correla-
tions among the studied traits were analyzed.

Results

Analysis of variance revealed significant differences (P <0.05) among the genotypes,
between the two water regimes, and genotype-by-irrigation interaction for all the meas-
ured growth, phenological, physiological, root and yield related traits (data not shown),
which indicates that the studied genotypes were diverse and their response to the two
water regimes was different.

Growth and phenological traits

Leaf area showed decreasing trend under drought stress, but the extent of the reduction
was higher in the senescent parents Meko and Gambella and less in Meko/B35-selection
120 and Teshale/E36-1. Under drought stress, all the introgression lines of Teshale had
larger LA than Teshale, but Gambellal107 and Meko had larger LA than their introgres-
sion lines Gambellal107/B35, Meko/B35-selection 116 and Meko/B35-selection 117. As
time of exposure to drought stress progressed, plants showed a sharp decline in LA com-
pared to that in well-watered condition. The average DTM was shortened by about five
days due to post-flowering drought stress. As expected, the Stg donor parents, E36-1 and
B35, and two of their introgression lines, Meko/B35-selection 120 and Meko/B35-selec-
tion 116 maintained their green leaves until maturity. Drought had significantly hastened
leaf senescence (SGS), but the rate was lower in those genotypes with Stg QTLs (Stg
donors and introgression lines) and higher in the recurrent parents (Table 1).

Physiological characters

Under drought stress, introgression lines and their donor parents maintained higher LCC
until physiological maturity than that in the recurrent parents. Accordingly, the two donor
parents, B35 and E36-1 had LCC of 54.45 and 52.76 pg/cm?, respectively. The LCC of
the recurrent parents Gambella 1107 and Meko reduced from 36.26 to 23.85 pg/cm? and
from 36.26 to 21.63 pg/cm?, respectively (Table 1). Drought stress drastically reduced AR
of all the genotypes, but still the introgression lines had advantages over their recurrent
parents. B35 and E36-1, had the highest AR of all the genotypes. The lines, Meko/B35-
selection 120, Teshale/B35-selection 2, Teshale/E36-1, and Meko/B35-selection 116 had
higher AR than their recurrent parents. The TR of genotypes under stress was lower than
that under well-watered condition. The highest TR was observed in Stg donor parents.
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The introgression lines Teshale/B35-selection 2, Teshale/E36-1, and Meko/B35-selection
120 also had higher TR than their recurrent parents. TR in Gambella 1107/B35 and Gam-
bella 1107 was not affected by drought. WUE of genotypes under drought stress condi-
tion ranged from 0.12 (Gambella 1107/B35) to 0.36 (B35). Meko/B35-selection 120,
Teshale/E36-1, and Teshale/B35-selec 2 showed better WUE than their recurrent parents
(Table 1). The introgression lines Teshale/B35-selection 2 and Teshale/E36-1 had higher
RWC than their recurrent parent, Teshale. In addition, Meko/B35-selection 120 had high-
er RWC than the lines, Meko/B35-selection 116 and Meko/B35-selection 117, which had
different Stg QTLs. The introgression line Gambellal107/B35 had the lowest RWC of all
the genotypes under stress (Table 2).

Root dry weight, grain yield and yield related traits

Genotypes showed significant variation in RDW in response to the two water levels. The
Stg donor parents had higher RDW than the non-Stg recurrent parents and the Stg intro-
gression lines both under well-watered and drought stress. The introgression lines, Meko/
B35-selection 120, Teshale/B35-selection 1, Teshale/B35-selection 2, Teshale/E36-1, and
Gambellal107/B35 had higher RDW than their recurrent parents under stress (Table 2).

Under drought stress, Meko/B35-selection 120 attained the highest HSW and PW of
all the genotypes tested including its recurrent parent. Teshale/B35-selection 1 and Te-
shale/E36-1 had higher HSW than their recurrent parent, Teshale. Moreover, Meko/B35-
selection 120, Teshale/B35-selection 2, and Teshale/E36-1 had higher PW than their re-
spective recurrent parents, Meko and Teshale. Reduction in GY was observed in all the
genotypes under stress. The average GY of all the genotypes was 3979.15 kg ha! and
3400.35 kg ha'! for well-watered and drought stress, respectively. The introgression lines
Meko/B35-selection 116, Meko/B35-selection 120, Teshale/B35-selection 2, Teshale/
E36-1, had higher GY than their recurrent parents (Table 2).

Correlations among characters

In conditions of post-flowering drought stress, LA had little or no correlation with the rest
of the characters measured. LCC had significant and positive correlation with RWC
(r=0.62), AR (r=0.73), TR (r=0.48), WUE (r=0.71), RDW (r=0.80) and AR was
significantly and positively correlated with LCC, TR (r = 0.80), WUE (r = 0.95), RWC
(r=10.78), RDW (r=0.83), RL (r = 0.34), HSW (r = 0.36) and PW (r = 0.44). However,
only RL was significantly correlated with GY (Table S1%*).

Discussion

Growth and phenological traits

Leaf area during grain filling is considered to be the most important character to deter-
mine grain yield under drought stress condition. In this study, post-flowering drought has

*Further details about the Electronic Supplementary Material (ESM) can be found at the end of the article.
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decreased the mean LA of all the genotypes by about 10%, but the magnitude was the
highest in Meko/B35-selection 116 and the lowest in Teshale/E36-1. Adugna and Tirfessa
(2014) also reported similar reduction in LA.

Post-flowering drought stress has resulted in decline of the proportion of green leaves
in recurrent parents, while the Stg donor lines and some of the introgression lines retained
larger number of green leaves until maturity. Similar results were reported by Kassahun
et al. (2010) and was attributed to the contribution of Stg to longevity of leaves (Soo-
Cheul et al. 2007). The results of Stg rating under exposure to post-flowering drought
showed that some of the recurrent parents and their introgression lines senesced faster
than others, which was in agreement with Soo-Cheul et al. (2007), which might be due to
a series of biochemical and physiological process, which further degraded photosynthetic
apparatus (Campanile et al. 2000). Shortening of DTM in Teshale, Gambella 1107/B35
and Meko/B35-selection 117, was in agreement with the results of Bezabih (2012) and
Adugna and Tirfessa (2014) and could be due to forced maturity as a result of induced
drought stress. Panicle weight and HSW were found to have significant positive correla-
tion with GY in conditions of drought.

Physiological traits

In different studies, determination of LCC has been used as a screening tool for selection
of drought tolerant genotypes (Malala 2010) as exposure to drought stress leads to a sig-
nificant decrease in Chlorophyll @ and Chlorophyll & contents (Talebi et al. 2013). In this
study, drought has significantly reduced LCC in senescent recurrent parents Teshale,
Meko and Gambellal107, which may be due to the degradation of leaf proteins that are
bound to chlorophyll pigment-protein complex and lower N absorption during the grain
filling period (Borrell and Hammer 2000; Borrell et al. 2001). On the other hand, geno-
types possessing Stg were reported to have the capacity to maintain high LCC (Soo-Cheul
et al. 2007). In this study as well, all of the introgression lines had higher LCC than their
recurrent parents. The present study showed that drought stress significantly reduced pho-
tosynthesis in some of the tested introgression lines, which had lower AR. This was in
conformation with the results of some of the previous reports (e.g. Khakwani et al. 2012)
and could be due to stomatal closure as a consequence of lower water content or hormonal
(ABA) signals transferred to the leaves, which in turn might have affected AR (Khakwani
et al. 2012). Genotypes Meko/B35-selection 120, Teshale/B35-selection 2 and Teshale/
E36-1, which had larger LA also had better AR. The opposite was true for genotypes,
which had smaller LA. This was in agreement with Blum (2005) and could be as a result
of decreased green leaves, photosynthetic active radiation (PAR) absorption of antenna
complexes, WUE and due to degradation of chlorophyll (Borrell et al. 2001).

Measuring RWC is useful indicator of plant water balance and water potential param-
eter under drought stress conditions (Kamran et al. 2014) as it conveys the relative amount
of water present on the plant tissues (Yamasaki and Dillenburg 1999). Different studies
have shown significant difference among genotypes for RWC when grown under drought
stress condition (Abdullah et al. 2011; Hasheminasab et al. 2012). In the present study, all
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of Teshale derived introgression lines and Meko/B35-selection 120 had better RWC than
their recurrent parents. This might be due to lower accumulation of osmolytes to maintain
tissue turgor (Abdullah et al. 2011). In addition, Meko/B35-selection 120 had higher
RWC than lines Meko/B35-selection 116 and Meko/B35-selection 117, perhaps due to
the differences in the introgressed QTLs. The Stg introgression lines, Meko/B35-selec-
tion 120, Teshale/E36-1, and Teshale/B35-selection 2 had higher WUE than their recur-
rent parents, which was in agreement with the findings of Thevar et al. (2010), and was
perhaps due to increased AR and TR as WUE is the ratio of whole-plant biomass to cu-
mulative transpiration (Kapanigowda et al. 2012). It could also be due to higher RDW
(Songsri et al. 2009), which increased water absorption (Thevar et al. 2010).

Root dry matter yield, grain yield and yield components

High root biomass contributes to high absorption efficiency, which affords the cost of
transpiration and increased WUE and transpiration (Thevar et al. 2010). The introgression
lines derived from Teshale, Meko/B35-selection 120 and Gambella 1107/B35 had higher
RDW than their recurrent parents. The present study has shown that RDW was positively
correlated with LCC, AR, TR, WUE and RWC. Under lower soil moisture, high root bio-
mass ensures better absorption, which further contributes to high yield production (Blum
2005), but in this study only RL had significant positive correlation with GY. In drought
tolerant genotypes, root traits are reportedly positively correlated with GY as high water
extracting ability of a plant leads to more photosynthetic activity, photo assimilate and
high partitioning, which in turn lead to increased GY (Atta et al. 2013). Compared to pre-
flowering drought stress, post-flowering drought stress reportedly significantly decreases
GY due to the failure in pollen fertility and improper grain filling (Shamsi et al. 2010).
The present study has shown that drought reduced GY in all of the tested genotypes, but
the extent was the highest in the recurrent parents Gambella 1107 (26%) and Teshale
(25%) and the introgression line Teshale/B35-selection 1, while the lowest in Gambella
1107/B35 (4.6%). The genotype mean GY was reduced by 15.5% as a result of drought.
The introgression lines Meko/B35-selection 116, Meko/B35-selection 120, Teshale/E36-
1 and Teshale/B35-selection 2 had better GY than their recurrent parents under drought
stress. Panicle weight and HSW had significant positive correlation with GY, which was
in agreement with previous reports (e.g. Malala 2010).

In summary, the present study has revealed varied responses to post-flowering drought
in sorghum genotypes. Out of the introgression lines, Meko/B35-selection 120, Teshale/
B35-selection 2 and Teshale/E36-1 showed consistently better drought tolerance than
their recurrent parents as revealed by the different growth, physiological, root, yield and
yield related measurements. Therefore, these lines could be used as new versions of the
recurrent parents (existing varieties) and for further breeding work. On the other hand,
though Meko/B35-selection 116 had better yield than Meko, its drought tolerance was not
confirmed by the different measurements. Similarly, though Teshale/B35-selection 1 had
better drought tolerance as revealed by the different measurements, its GY was inferior to
Teshale, the recurrent parent. Among the measurements, LCC, TR, AR, WUE, RWC, RL
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and RDW mostly had positive association with post flowering drought tolerance of the
genotypes. Even though positive results were found using the studied characters, it is
recommended that future biochemical studies be included to have a comprehensive un-
derstanding of the mechanisms associated with drought tolerance in sorghum.
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