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Abstract

Background: The benefits of leaf stay-green for maintaining grain filling in sorghum under drought was largely dem-
onstrated. However, its role in the stability of a dual production (grain, stem sugar) in tall sweet sorghum remains to
be elucidated. This study aimed to analyze the impact of a post-anthesis drought on sugar accumulation along stem
internodes in sweet and tall West-African sorghum with variable leaf stay-green and grain yield abilities.

Methods: Four accessions with similar phenology were studied in two consecutive years in the field at the National
Agronomic Research Centre (CNRA) of Bambey (Senegal, West Africa) under two post-anthesis water treatments (irri-
gated, non-irrigated). Plant morphology, stem sugar related traits, grain production, and plant leaf area (PLA) variation
were assessed. Carbohydrate contents (sucrose, hexoses, starch) were determined during grain filling in the whole
stem juice and at three internode levels: bottom, median, top. Analysis of variance was performed to test post-anthe-
sis water treatment, accession, organ, year effects and their interactions on the studied traits.

Results: Panicle dry weight (PDW) was not affected by drought, but strongly varied among years and accessions.
The PDW/PLA ratio was negatively correlated with the variation of sucrose and hexoses at the three internodes levels.
This carbohydrates reduction was mainly influenced by the PDW. The bigger the panicle the higher the carbohydrates
remobilization from the stem to panicle for grain filling. This was mainly shown on accessions G3 and G11 which
exhibited low stay green ability. However, G10 with low PDW/PLA ratio and showing higher stay green ability, exhib-
ited a low reduction of total soluble sugars and sucrose and inversely higher increase of hexoses mainly at the median
internode.

Conclusions: This ability to better maintain green leaf area and high hexoses in the stem under post-flowering
drought could be an osmoregulation mechanism to adapt to drought. Therefore, stay-green is an important trait
to consider for sweet sorghum breeding and particularly in the objective of developing dual purpose varieties in
drought prone environments.
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depends on the quantity of sweet juice contained in the
stem. Stem juiciness, juice sweetness and extractability
are essential for such end-use (Burks et al. 2015; Zou et al.
2011). Stem non-structural carbohydrates are constituted
of sucrose, glucose, fructose (Almodares et al. 2007; Qazi
et al. 2012) and starch. Their concentration in the stem
depends on the genotype, the environment and plant
phenological stage (Gutjahr et al. 2013). Sucrose is the
main type of non-structural carbohydrate present in the
sorghum stem and starch is present in very small quan-
tity (Massoud and Abd El-Razek 2011). Sucrose starts
accumulating in a given internode when its expansion
is completed and thus its concentration is initiated from
the basis to the top of the plant. Accordingly, depending
on crop cycle duration and internode rank, internode
sucrose concentration can be almost completed at flow-
ering or still increase until maturity. At this stage, sucrose
concentration is almost constant along the stem, with a
slight decrease in top internodes (Gutjahr et al. 2013).

Grain filling consists in the flux of carbohydrates from
plant vegetative parts towards the panicle and is essen-
tial for grain yield elaboration. It depends firstly on plant
carbohydrate availability, mainly ensured directly by leaf
photosynthesis in sorghum (de Souza et al. 2015). Also
the competition between grain filling and sugar accu-
mulated in the stem is weak in sorghum, as suggested by
Kouressy et al. (2008) on three grain sorghum varieties
in optimal watering conditions. Tovignan et al. (2016),
supported by Promkhambut et al. (2011) and Peloewetse
(2012), even observed a significant increase of sugar con-
tent in stem juice between flowering and maturity in
twelve tall, sweet and photoperiodic sorghum accessions.
These authors suggested accordingly that under well-
watered conditions, post-flowering photosynthesis can
benefit to grain filling and stem sugar accumulation.

Although it is known to be drought tolerant (Sasaki
and Baltazar 2009), grain sorghum yield can be dra-
matically affected by post-flowering drought, due to the
reduction of green leaf area, photosynthetic capacity and
thus carbohydrates availability (Beheshti and Behboodi
2010). This can be however partly compensated by the
remobilization of nonstructural carbohydrates stored in
the stem (Slewinski 2012; Fisher and Wilson 1971). This
was already demonstrated in grain sorghum (Blum et al.
1997).

Several agronomic strategies were suggested to reduce
post-anthesis drought effect on grain filling. Among
them, some avoidance solutions were suggested as
the reduction of pre-anthesis water use by reducing
plant size (tillering) (van Oosterom et al. 2010) or the
improvement of root system to enable the exploration of
deeper soil layers (Kulathunga 2013). Regarding, physi-
ological adaptations, leaf stay-green was shown to favor
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photosynthesis maintenance and carbohydrate avail-
ability for grain filling (Borrell et al. 2000). By comparing
two water treatments (well-watered and post-flowering
drought) on twelve sweet, tall grain sorghum accessions,
Tovignan et al. (2016) pointed out that grain filling was
not affected by a post-flowering drought, whereas stem
sugar content was slightly reduced, to an extent posi-
tively correlated to the reduction rate of green leaf area
between flowering and maturity. These results suggest
that in sweet and tall sorghum types, drought impact
can be buffered by the soluble sugars stored in the stem
that, if associated to a stay-green aptitude, may ensure
the maintenance of both grain and stem sugar produc-
tions, which might be of high agronomic value. As the
production of soluble sugar by sweet sorghum depends
on extractable juice quantity and sweetness (Burks et al.
2015), further insight must be provided to the way stay-
green ability influences sugar partitioning in internodes
along the stem depending on plant water status. To our
knowledge this was not reported yet in the literature,
although several studies provided evidence that drought
affects plant C source-sink relationship and sugar par-
titioning on various cereals crops (Luquet et al. 2008;
Rebolledo et al. 2013) on rice leaves; Gupta et al. (2011)
on wheat internodes; Fu et al. (2010) on tall fescue
leaves). Regarding, sweet sorghum, Qazi et al. (2014)
recently reported a modification of sugar metabolism by
drought (concentration of sucrose vs. hexoses and related
enzyme activities) at the level of a single internode and
peduncle. However, this study did not relate these results
to whole plant production. This study was comforted by
Ghate et al. (2016) but focusing on dwarf and short cycle
sorghum isolines differing only for leaf stay-green QTL.
Sweet sorghum is nevertheless classically tall with a long
cycle, particularly in West-African ecotypes, which may
have implications on the relationship between this type
of results and their effect on plant production.

The present study aimed at better understanding the
effect of post-flowering drought on stem sugar produc-
tion by sweet and tall photoperiodic sorghum, depend-
ing on genotypic stay-green ability. For this purpose,
four contrasted accessions studied by Tovignan et al
(2016) were chosen to evaluate carbohydrate partitioning
variability depending on internode level along the stem.
Results are discussed with respect to their implications
for the improvement of sorghum cropping systems.

Materials and methods

Plant material

The four sorghum (Sorghum bicolor L. Moench) acces-
sions (G3, G7, G10 and G11) studied are presented in
Table 1 and were also previously described in Tovignan
et al. (2016). They were tested in the field experimental
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Table 1 Characteristics of the studied accessions
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N° Name Origin Race Photoperiod- Plant height Cycle duration
sensitivity

G3 FELLAH SN D High Tall Medium

G7 BF95-11/110 BF B Moderate Tall Medium

G10 GRD1045 (1523536) ETH C High Tall Medium

G111 F221 MLI B High Tall Late

Plant height: tall: >3 m

Photoperiod-sensitivity: moderate: Kp from 0.4 to 0.6; high: Kp from 0.6 to 1. Kp is a coefficient of photoperiod sensitivity

Cycle duration: Medium: from 70 to 110 days, Late > 110 days
Race: B: Bicolor, C: Caudatum, D: Durra
Origin: BF: Burkina-Faso, SN: Senegal, ETH: Ethiopia, MLI: Mali

station of CNRA of Bambey in Senegal (14° 42’ N, 16° 28’
W; 20 m above sea level), in two consecutive years (sow-
ing on Julyl7 and August 6 respectively in 2013 and 2014)
and two post-anthesis water treatments (D treatments:
NI, non-irrigated; IR, irrigated) with three replicates.

Experimental conditions

Weather conditions and field monitoring in both years,
were previously described in Tovignan et al. (2016). As
reminder, the rainfall, mean temperature, average rela-
tive humidity and global radiation distribution for the
2 years are again given in Fig. 1. Briefly, the trial was
conducted in both years during the rainy seasons and
was essentially rainfed before anthesis. However, when

the dry spell occurred and lasted a week, the entire
field was irrigated with 25 mm/week, using a sprinkler
irrigation system. After anthesis, stressed plots were
allowed to dry down and the controls were irrigated
with 25 mm/week. Overall, the cumulative rainfall was
668 mm and 474 mm in 2013 and 2014 respectively.
The supplied irrigation was 186 mm and 132 mm in
2013 and 2014 respectively. During the post-anthe-
sis drought study, soil water content and predawn
leaf water potential measured using the Diviner 2000
(Sentek Pty. Ltd., Adelaide, SA) and Scholander pres-
sure chamber respectively, on two accessions used
as reference in relation to their potential capacity to
use water. These measurements (Fig. 2) were used to
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Fig. 2 Post-anthesis soil water content in each water treatment (NI: non irrigated, IR: irrigated) in 2013 and 2014 for the reference accessions 556
(@) and SS8 (b) and predawn leaf water potential measured during post-anthesis drought in 2014 for SS6 (c) and SS8 (d) reported in Tovignan et al.
(2016). Presented data are average value with standard error

provide an indication of the variability of drought stress
between water treatments, accessions and years.

In 2013, the soil in the field trial was sandy (86.3%)
with low clay (10.2%), low loam (2.6%), low organic mat-
ter (0.49%) and low nitrogen (0.30%0) with a slightly
alkaline pH (7.8). The experimental site was changed in
2014, but the soil characteristics of the 2 years were very
similar. The soil in 2014 was sandy (88.1%) with low clay
(7%), low loam (2.33%), low organic matter (0.61%) and
low nitrogen (0.35%o0) with a slightly alkaline pH (7.38). A
split—split-plot design with three replicates was used to
study three factors: 2 post-anthesis water regimes, 2 sow-
ing dates and 12 accessions. However, only the first sow-
ing date is taken into account in the present study for the
four accessions represented.

Each unit plot comprised three rows 4.4 m in length
each, 0.8 m apart, with a distance of 0.4 m between hills
in the row. Around 15 days after emergence, the plots
were thinned to three plants per hill. The sowing density

applied was then 68,182 plants per ha. Fertilization con-
sisted of an application of 150 kg ha™! of NPK (15-10-
10) after sowing. After thinning, 50 kg ha™' of urea was
applied and the same amount was provided during veg-
etative growth.

Post-anthesis plant leaf area, plant height, grain production
and carbohydrates concentration measured at whole stem
and internode level

Plant height (cm), panicle dry weight (g) and plant leaf
area variation between anthesis and maturity (varPLA)
were estimated on three plants per plot for each acces-
sion and water treatment as explained in Tovignan et al.
(2016).

Stem sugar content was analyzed both years in both
water treatments (NI, IR) at physiological maturity
(MAT).

Sampling for carbohydrates analysis was performed at
grain dough stage. For that, three plants per plot were
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selected and served to sample three levels of internodes
on the main stem (INb: the second elongated internode
from the base of the stem, INm: the median internode
and INt: the internode below the peduncle), and extracta-
ble juice. All these samples were freeze dried in CERAAS
(Thies, Senegal) and carbohydrates content was analyzed
using HPLC (CIRAD, Montpellier, France), as described
in Gutjahr et al. (2013). Stem internode samples were
ground using a mixer Mill MM 200 (Retsch, Germany) to
obtain a powder (particle size <100 um) that was used for
soluble sugar extraction. About 100 mg of powder was
dried in the oven during 2 h at 65 °C. Analysis was per-
formed on an aliquot of about 30 mg weighed precisely in
a tube (2 mL). Sugars were extracted with 1 mL 80% eth-
anol for 30 min at 78 °C, then centrifuged (10,000 rpm,
10 min). The supernatant containing sugars was placed in
50 mL graduated flask filled previously with about 20 mL
distilled water. The pellet was resuspended in 1 mL of
80% ethanol in same condition as previously, this proce-
dure was carried out three times. At the last extraction
the pellet which contains starch was added with 0.5 mL
of 80-20 (v/v) ethanol-water medium and then cooled at
— 30 °C. The flask was adjusted with distilled water. After
homogenization and filtration with PES filter membrane
0.22 um, the mono and di saccharide contents, total solu-
ble sugars (SST), sucrose (SUC), glucose (GLU), fructose
(FRU) were quantified using an HPAEC-PAD chromatog-
raphy (Dionex, Salt Lake City, UT, USA). The separation
was carried out by CarboPack PA1 Column at 30 °C with
an isocratic elution of 150 mM sodium hydroxide.

The pellet containing starch was defrosted. A centrif-
ugation (10,000 rpm/min) of tubes was carried out and
the ethanol 80% was removed with pipette. Starch was
gelatinized with 1 mL 0.02 N sodium hydroxide at 90 °C
for 1.5 h and then hydrolysed with a-amyloglucosidase
prepared in citrate buffer pH 4.5 at 50 °C for 1.5 h. Glu-
cose produced was quantified as described by Boehringer
(1984) using hexokinase and glucose-6-phosphate-dehy-
drogenase, followed by spectrophotometry of reduced
nicotinamide adenine dinucleotide phosphate (NADPH)
at 340 nm (spectrophotometer UV/VIS Jasco, V-530,
Tokyo, Japan). Starch results (STA) were expressed in
equivalent glucose.

Data analysis

Post-anthesis water treatment (D), accession (A), organ
(O) and year effects as well as their interactions were
tested through the variance analysis (ANOVA) and Tukey
HSD test for mean comparison were performed using R
software version 3.6.1 (R Core Team 2019).
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Results

Stem carbohydrates, panicle production, plant height

and post-anthesis plant leaf area variation

Figure 3 presents plant traits related to carbohydrates
concentration in whole stem juice at dough grain stage,
plant height, panicle dry weight measured at maturity
and post-anthesis green leaf area variation. Table 2 shows
the corresponding ANOVA. Sucrose was the most con-
centrated sugar (71%) in stem juice followed by glucose
(19%) and fructose (10%). Among the four accessions,
G10 and G7 observed in average the highest total solu-
ble sugars and sucrose concentration in 2013. Total solu-
ble sugars were not affected by drought in any year but
sucrose was significantly affected in 2013 and slightly in
2014. By contrast, glucose and fructose were significantly
affected by D and A. The interactions D x A were sig-
nificant except for glucose in 2014. The highest concen-
trations of glucose and fructose were noted with G10.
All traits observed a significant year effect (P<0.001)
except glucose and fructose concentration. Accession G3
had the biggest panicle and panicle dry weight was not
affected by drought in any year. D x A was not signifi-
cant (Fig. 3, Table 2). Post-anthesis plant leaf area vari-
ation was significantly affected by drought in both years
and differed significantly among accessions only in 2014.
D x A was significant in both years and Accession G10
systematically better maintained plant leaf area under
drought in both years particularly in 2013 (Table 2,
Fig. 3).

Carbohydrates partitioning among stem internodes

Figure 4 presents the sugar content measured on the four
accessions at three internode levels in 2013 and 2014 and
Table 3 presents the corresponding ANOVA. Significant
differences between water treatments and among inter-
node ranks could be observed both years. Drought sys-
tematically decreased total soluble sugars, sucrose and
starch and increased fructose and glucose in all inter-
nodes; and a decreasing gradient of content from the top
to the bottom of the stem. The results showed that the
strongest drought effect was observed on the top inter-
node with the highest reduction of the total soluble sug-
ars in both years. Sucrose reduction followed the similar
trend as total soluble sugars. Whereas the highest reduc-
tions were noted in the top internode for total soluble
sugars and sucrose, starch was strongly reduced in the
bottom internode in both years. It can be mentioned that
starch was in a very small proportion in stem: about 2%
of all the stem carbohydrates. Contrary to the previous
carbohydrates, the trend of the variation of hexoses was
much more an accumulation than a reduction. The high-
est accumulation was shown in median internode in both
years mainly in accession G10.
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Relationships between the sink source ratio and stem
carbohydrates variation

The ratio between panicle dry weight and plant leaf
area (PDW/PLA ratio), i.e. the amount of panicle dry
matter produced per unit of green leaf area, was nega-
tively correlated with the variation of the studied car-
bohydrates (SST, SUC, GLU and FRU) at the top (INt),
median (INm) and bottom (INb) internodes (Fig. 5).

The correlation coefficients computed for this relation-
ship decreased gradually from INt to INm to INb for
total soluble sugars and sucrose. The hexoses (GLU
and FRU) content was similarly decreased at INt and
INb internodes depending on PDW/PLA ratio. This
decrease of hexoses was more pronounced at the
median internodes. It was mainly influenced by pani-
cle dry weight. The bigger the panicle the higher the
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Table 2 Carbohydrates concentration (SST: Total soluble sugars, SUC: Sucrose, GLU: Glucose and FRU: Fructose)
in stem juice (g L") measured at dough grain stage, varPLA: Plant leaf area variation between flowering and maturity
(%) and PDW: panicle dry weight (g) of the 4 studied accessions (G3, G7, G10, G11) under post-flowering drought
and irrigated treatments in 2013 and 2014 field trials

SST sucC GLU FRU varPLA PDW

2013 2014 2013 2014 2013 2014 2013 2014 2013 2014 2013 2014

Drought (D) ns ns * KKK XHX XK XH% XRK KKK *% ns ns
Accession (A) *¥ *¥ *¥ *¥ XR% XKRH KKK XRH ns XK * XR%
DxA * * ns ns AKX ns AKX *% XXX XRH ns ns
Year XHX *R¥ ns ns XR% XH%

*P<0.05, **P<0.01, ***P <0.001
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Table 3 Post-anthesis drought (D), accession (A), organ (O), interaction and year effects on carbohydrates (SST: Total
soluble sugars, SUC: sucrose, GLU: glucose, FRU: fructose and STA: starch) content (mg g~' DW) measured in three levels
of stem internodes (INb, INm and INt) at dough grain stage for two post-anthesis water treatments (irrigated and non-
irrigated) for the 4 studied accessions in 2013 and 2014

SST SucC GLU FRU STA

2013 2013 2013 2013 2013 2013 2013 2013 2013 2013
ACCeSS‘On (A) *X¥ *X¥ *X¥ *KXKX *KK *KK *XKN XXX XXX XX
Organ (O) KAX KK* KR* ns *R¥ *R¥ XXX *X¥ * KXX
D X A *XX ns * *XK *XK *KK *HKX XXX XX *X*
DxAxO ** ns ** ns ns ns * ns Hxx Hxx

*P<0.05, **P<0.01, ***P <0.001
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Fig. 5 Linear regression between the variation of carbohydrates (between irrigated and non-irrigated treatments) at maturity (Y axis) and the
PDW/PLA ratio (X axis) across the 4 studied sweet sorghum accessions and 2 years (2013 and 2014). Data are presented for total soluble sugars
(@), sucrose (b), glucose (c) and fructose (d). Correlation coefficients (R) are presented for each internode level. The letters a and b following the
accession number represent the 2013 and 2014 field trials respectively

carbohydrates remobilization from the stem to panicle ratio which moreover showed a low reduction of PLA
filling. This way, accessions G3 and G11 with strong between anthesis and maturity (Fig. 3), exhibited a low
PDW/PLA ratio showed the highest reduction of SST, reduction of SST and SUC and inversely the highest
SUC and hexoses. However, G10 with low PDW/PLA increase of hexoses.
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Discussion

The present study aimed at providing further insight
into the way post-flowering drought impacts stem
sugar accumulation in sweet sorghum by assessing the
nonstructural carbohydrates partitioning among inter-
nodes along the stem of the studied accessions.

At the whole stem level, quantification of soluble sug-
ars content in the juice of the studied accessions showed
sucrose as the most prominent sugars (71%) followed by
glucose (19%) and fructose (10%). Similar proportions
of soluble sugars (85%, 9% and 6% for sucrose, glucose
and fructose, respectively) in sweet sorghum stem juice
was reported by Gnansounou et al. (2005). Post-anthesis
drought did not affect total soluble sugars in the stem
juice but significantly decreased sucrose concentration
and inversely increased glucose and fructose concentra-
tion. The highest concentrations of glucose and fructose
were recorded in the accession G10. Similar trend of
variations for sucrose and hexoses was observed for two
sorghum varieties (ICSV213, ICSB338) subjected to a
post-anthesis drought through a pot experiment (Njok-
weni et al. 2016).

At the level of the stem internodes, irrespective of
water treatment, the present study showed that upper
internodes contained less carbohydrates compared to
bottom internodes along the stem, suggesting an increas-
ing gradient from the top to the bottom of the stem. This
is in line with Gutjahr et al. (2013) who reported similar
trend at maturity across five levels of internode along the
stem of sweet sorghum and suggested that by sampling
internodes at three levels of tall sorghum should provide
a good appraisal of this gradient. Post-anthesis drought
resulted in a significant reduction of SUC and STA and
an increase of hexoses (GLU and FRU) (Fig. 4). These
results corroborate Qazi et al. (2014) on sweet sorghum
and Iskandar et al. (2011) on sugarcane. The reduction in
SUC and STA but the highest accumulation of GLU and
FRU should reveal a conversion of the formers into hex-
oses to contribute to carbohydrates remobilization for
panicle filling or to osmotic adjustment of the tissue in
stay green genotype (Jagadish et al. 2015).

A negative correlation was observed between PDW/
PLA ratio and the variation of the studied carbohydrates
(sucrose, hexoses) with the correlation coefficients higher
for upper internodes compared to the bottom internode.
This suggests a higher reduction of these carbohydrates
in the upper internodes. This reduction was mainly
influenced by the panicle dry weight. The bigger the
panicle the higher the amount of carbohydrates remobi-
lized from the stem to panicle for grain filling. This was
mainly shown on accessions G3 and G11 which exhibited
low stay green ability. This finding substantiates that of
Kouressy et al. (2008) who suggests, on a panel of West
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African accessions predominantly composed of grain sor-
ghum, that grain yield is more sink- than source-limited.

By contrast, G10 with low PDW/PLA ratio and show-
ing higher stay green ability, exhibited a low reduction
of total soluble sugars and sucrose and inversely higher
increase of hexoses mainly at the median internode. This
ability to better maintain green leaf area and high hexoses
in the stem under post-flowering drought could be an
osmoregulation mechanism to adapt to drought. Many
studies reported higher osmolytes accumulation in stay
green sorghum genotypes in response to drought stress
(de Souza et al. 2015; Anami et al. 2015; Saeidi and Abdoli
2015; Damame et al. 2016). Particularly, Ghate et al.
(2016) comparing the performance of two sweet sorghum
near-isogenic lines (NILs) differing from their parental
line by stay green trait, showed higher increase in total
sugars and reducing sugars at the fifth internode for the
NILs compared to the parental line under post-anthesis
drought. They also showed higher increase of total sugars
in the peduncle only for the NILs and conclude on the
stem carbohydrates contribution to panicle filling. Fur-
thermore, these authors linked the carbohydrates remo-
bilization from the stem to the higher accumulation of
abscisic acid (ABA) in the leaves and internodes tissues
of the stay green NILs (Ghate et al. 2019) and conclude
that ABA accumulation induces sugars remobilization to
the reproductive sinks under post-flowering drought.

Although the carbohydrates remobilization from the
stem may seem inevitable, accumulating a large amount
of sugars in the stem before anthesis can minimize losses
during grain filling as it was the case in the present study
with the genotype G10 (a sweet taller genotype) with the
early sowing practiced. This genotype could serve as par-
ent in a breeding program to design dual-purpose sor-
ghum tolerant to drought stress.

Conclusion

This study showed that even if tall sweet photoperiod-
sensitive sorghum of West-African origin could remark-
ably buffer post-flowering drought effect on sweet juice
accumulation in the stem, drought affected sugar metab-
olism and partitioning differently in stem juice, and
among internodes along the stem. Our results showed an
increasing gradient of carbohydrates from the top to the
bottom internodes along the stem. Under post-anthesis
drought, the carbohydrates reduction from the stem was
mainly influenced by the panicle size. Genotypes with
strong panicle exhibiting low stay green ability, highly
remobilized the carbohydrates from the stem to pani-
cle for grain filling. The genotype with higher stay green
ability showed a low reduction of total soluble sugars
and sucrose but a higher increase of hexoses. This high
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hexoses accumulation suggests a contribution of stay
green to osmoregulation processes. Future investigations
could explore the genetic variability existing in these
adaptive processes toward their genetic study.
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