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REGULAR PAPER

Factors related water and dry matter during pre- and post- heading in four millet
species under severe water deficit
Asana Matsuura a and Ping Anb

aSchool of Agriculture, Tokai Universithy, Kumamoto-shi, Japan; bArid Land Research Center, Tottori University, Tottori, Japan

ABSTRACT
The objectives of this study are to clarify the relative importance of sink and related factors of dry
matter and water use pre-and post-heading in four millet species under severe water deficit.
Panicum miliaceum, Panicum sumatrense, Setaria glauca., and S. italica were used. Water deficit
(20% soil water content) was imposed from 25 d after sowing until harvest, with 40% soil water as
a control. At the heading, half of the leaf area or all leaves on each plant were removed in both the
control and the water deficit treatment (Source manipulation). Water deficit treatment markedly
decreased the leaf water potential of all species from −2.02 MPa (S. italica) to −1.72MPa
(P. miliaceum). The grain yields of water deficit treatment in S. italica, P. miliaceum, S. glauca and
P. sumatrense decreased to 62, 48, 31, and 24% of the control, respectively. Four millet species were
divided to dehydration-tolerant millet (S. italica and P. miliaceum) and dehydration-susceptible
millet (S. glauca and P. sumatrense) by calculating drought susceptibility index. The interspecific
difference in dehydration tolerance was accounted for by the number of grains per panicle and the
harvest index. The source operation showed that the sink was more important than the source. In
conclusion, under severe soil drying, it was considered that S. italica and P. miliaceum showed
strong dehydration tolerance because they maintained the number of grains per panicle and did
not reduce dry matter production and the partitioning of dry matter to the panicle after heading.

Abbreviations: CLA0: all leaves were removed at heading in the control; CLA0.5: half of the leaf
area per plant was removed at heading in the control; DAS: days after sowing; DLA0: all leaves were
removed at heading in the dehydration treatment; DLA0.5: half of the leaf area was removed at
heading in the dry treatment; DSI: drought susceptibility index; NSC: nonstructural carbohydrate;
OA: osmotic adjustment; WUE: water use efficiency.
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Millets are known for their climate-resilient features
including adaptation to a wide range of ecological con-
ditions, less irrigational requirements, better growth and
productivity in low nutrient input conditions, less reli-
ance on synthetic fertilizers, and minimum vulnerability
to environmental stresses (Bandyopadhyay et al., 2017;
Berg et al., 2013; Kole et al., 2015). Foxtail millet (Setaria
italica) is an annual crop that originated from S. viridis.
S. italica is one of the most important food and foliage
crops in semi-arid areas (Wen et al., 2012) because of
thick cell walls, a dense root structure, small leaf area (Liu
et al., 2019). The mean grain yield of S. italica is approxi-
mately 0.150 kg m−2 and is mainly cultured as a healthy
food on the hilly and mountainous areas in Japan.
Yellow foxtail millet (S. glauca) is an annual weed that
grows along the roadside and elsewhere; however, it is
an important food crop that is often cultivated with little
millet (P. sumatrense) in South India (Kimata et al., 2000).
During severe drought, farmers in India believe that
S. glauca provides a reasonable harvest, whereas
P. sumatrense might fail completely (Kimata et al.,
2000). Common millet (P. miliaceum) is one of the early-
maturing millets and its drought tolerance is well known.
The grain yield of P. miliaceum is approximately 0.120 kg
m−2 and is mainly cultivated as a healthy food on the
hilly and mountainous areas in Japan. P. miliaceum is
also suited to dryland production in the semi-arid area
due to its low water and nutrient requirement, short
growing season and highly efficient C4 photosynthesis
(Baltensperger, 1996; Kole et al., 2015; Lyon et al., 2008;
Rajput et al., 2016).

Recently, mechanisms of drought tolerance in foxtail
millet and commonmillet was reported and S. italica had
higher antioxidant potential than P. miliaceum
(Nematpour et al., 2019). However, there was not signifi-
cant difference the decrease of the grain yield between
S. italica and P. miliaceum (47% and 45% of the control).
Furthermore, there were not significant interspecific dif-
ferences of antioxidant enzyme activities and also caro-
tenoids. Alleviation of leaf senescence played an
important role in enhancing the yield of S. italica in the
rain-fed area (Dai et al., 2012). However, grain yield did
not coincide with the photosynthetic rate, chlorophyll
content but also superoxide radicals and hydrogen per-
oxide content. Similarly, fragmental drought resistance
mechanisms have been reported (Dai et al., 2011;
Karyudi & Fletcher, 2002; Zhang et al., 2012). Many
drought tolerance genes were also reported (Feng
et al., 2015; Lata & Prasad, 2012; Wang et al., 2018),
however, they are PEG-simulated drought stress which
is essentially different from natural soil drought events
(Tang et al., 2017). Bernier et al. (2009) also pointed out
a lack of understanding of the traits and mechanisms of

drought tolerance (Bernier et al., 2009). Passioura (2006)
also pointed out that several investigations into water
deficit by plant physiologists, biochemists, and molecu-
lar biologists were more concerned with survival than
production. From these results, it was considered neces-
sary to clarify the factors that determine the yield in
order to clarify the dehydration tolerance mechanism
of millets. Rice (Oryza sativa L.) plants transformed with
the phosphoenolpyruvate carboxylase enzyme from fox-
tail millet showed an increase in the phosphoenolpyru-
vate carboxylase activity, net photosynthesis, and grain
yield under drought conditions (Ding et al., 2013). As in
that study, elucidating the mechanism of dehydration
tolerance in millet may be also useful for other crop
applications.

The increase in grain yield must be achieved in
a sustainable way, overcoming the yield losses caused
by environmental stresses but without increasing
demand for resources (arable land, irrigation water, and
fertilizers) (Albacete et al., 2014). Improving crop produc-
tion in environments that experience severe drought is
important for supplying food to the increasing global
population under changing environmental conditions.
Breeding drought-tolerant crops is one way to increase
grain yield. Sustaining crop productivity under unfavor-
able conditions necessarily requires crop plants to main-
tain both assimilate production in source tissues and
assimilate transport to and use within sinks and harvest-
able tissues (Albacete et al., 2014). In cereals, grains are
the most active sinks for C and N assimilates after flower-
ing, and most carbohydrates are provided by current
photosynthesis during grain filling (Wardlaw, 1990).
The use and supply of carbohydrates are considered as
adjustment between sources and sinks. Artificial reduc-
tion of sources or sinks has been applied to provide
more evidence whether grain yield in cereals is source-
or sink-limited (Bingham et al., 2007; Blum, Mayer &
Golan, 1988; Tanaka & Fujita, 1971). Based on the idea
that sink capacity can be defined as the maximum size of
the harvesting sink organ, the term ‘yield sink capacity’
was adopted to distinguish it from grain sinks and pani-
cle sinks. Since ‘yield sink capacity’ multiplied by filling
efficiency leads to an estimate for actual yield, the yield
sink capacity has been recognized as a primary objective
in crop breeding for increasing yield (Kato & Takeda,
1996).

Carbohydrate remobilization and osmotic adjustment
are associated with crop production under water-limited
conditions (Blum, 2005). Carbon supply in cereal kernels
at maturity depends both on the photosynthates pro-
duced during grain filling and on the remobilization of
assimilates from vegetative tissues (Schnyder, 1993). The
storage of water-soluble carbohydrates in the stem of
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small-grain cereals and their subsequent remobilization
to grain can directly influence the harvest index, espe-
cially after anthesis (Reynolds & Tuberosa, 2008). High
osmoregulation variety showed high grain yield and
there were significant correlations between grain yield,
grain number and harvest index and osmoregulation at
mild stress (the leaf water potential was around −0.80
MPa) in S. italica. (Karyudi & Fletcher, 2003). However,
the contribution of remobilization and accumulation of
carbohydrate and osmotic adjustment to grain yield
under severe water deficit is unclear in millets.

In a drought-prone environment, the grain yield is
accounted for by water uptake, water use efficiency
(WUE), and harvest index (Reynolds & Tuberosa, 2008).
WUE is defined as the ratio of C assimilation or biomass
accumulation to transpiration, and it determines plant
growth in water-limited environments (Vadez et al.,
2014). WUE is determined by many factors, including
photosynthetic carbon assimilated per unit of water
transpired (Condon et al., 2002; Farquhar et al., 1989)
and partitioning of photo assimilates (Carmo-Silva et al.,
2009; Chaves, 1991). WUE is considered to be one of the
key features for successful wheat (Triticum aestivum L.)
growth (Condon et al., 2004). Recently, certain WUE-
related traits have been identified in Arabidopsis thaliana
(L.) Heynh. (Meng & Yao, 2015; Ruggiero et al., 2017).
WUE of S. italica and P. miliaceum did not change with
50% depletion of shoot dry weight by soil water deficit in
small pot experiment at heading (Zegada-Lizarazu &
Iijima, 2005). WUE of S. italica did not change during
15days water deficit in small pot experiment with 22%
depletion of seedling biomass (Xu et al., 2006). However,
the relationship between yield and WUE is unknown.
Water deficit leads directly or indirectly to low photo-
synthetic rates and, in turn, a decrease in overall
C supplies (Chaves, 1991; Hsiao, 1973). As well as C,
effectively water use is also important to keep high
grain yield under severe water deficit. The objectives of
this study are to clarify the relative importance of sink
and related factors of dry matter and water use pre-and
post-heading in four millet species under severe water
deficit.

Materials and methods

Plant materials and growth conditions

In this study, we used four millet species, common millet
(Panicum miliaceum cv. Higashi), foxtail millet (S. italica
cv. 84-6-14-2), little millet (P. sumatrense cv. 97-4-12-2-1),
and yellow foxtail millet (S. glauca cv. 97-4-12-2-2). The
five seeds of each species were sown in a Wagner pot
(0.02 m−2 surface area; 17.5 cm in inner diameter; 20 cm

in height) containing 3.00 kg soil with 40% water con-
tent (C; the control) in a greenhouse at Tokai University,
Kumamoto, Japan, on June 12 in 2009. A chemical ferti-
lizer (4 g) with an N:P:K content of 8:8:8% and dolomitic
lime (2.4 g) at 100g m−2 was added to all pots before
sowing. The water deficit treatment was initiated at 25
d after sowing (DAS) by providing 20% soil water con-
tent. The pots were watered at three times per week and
weighed before and after watering for calculating
transpiration.

Source manipulation

At the onset of heading (S. italica: 73 and 82 DAS for the
control and treatment, respectively; S. glauca: 75 and 95
DAS, respectively; P. miliaceum: 67 DAS for the control
same as treatment; P. sumatrense: 87 and 110 DAS,
respectively), one-third of the pots under the control
and the dehydration treatment were subjected to the
removal of a half of the leaf area of each plant (referred
to as CLA0.5 for the control and DLA0.5 for the dehydra-
tion treatment) until harvest.

At the same time, one-third of the pots under the
control and the dehydration treatments were subjected
to the removal of all leaves (referred to as CLA0 for the
control and DLA0 for the dehydration treatment); the
other pots under the control and the dehydration treat-
ments continued normal growth until harvest. The leaf
blades were removed when they were fully expanded.

Dry matter production and grain yield

Six plants were sampled for each treatment 1 d before
imposing a treatment, at heading, and at harvest. Leaf
blade, leaf sheath, and stem samples were collected and
cured at 110°C for 30 min, followed by drying at 65°C for
72 h and weighing. The root samples were washed free
from soil and dried as the shoots to be used for the
measurement of dry weight. The drought susceptibility
index (DSI) was calculated as follows (Fisher & Maurer,
1978):

DSI ¼ 1� GYD

GYC

� �
1� GYDM

GYCM

� ��1

(1)

where GYD is the grain yield of each millet species in the
dehydration treatment, GYC is the grain yield of each
millet species in the control, and GYCM and GYDM are
the mean grain yields of all millet species in the control
and the dehydration treatments, respectively.

The increases in total dry weight (ΔTDW1 and ΔTDW2

for the start of the water deficit to heading and till
harvest from heading, respectively; in g) and panicle
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weight till harvest from heading (ΔP, in g) were calcu-
lated via the following equations:

ΔTDW1 ¼ W2 �W1 (2)

ΔTDW2 ¼ W3 �W2 (3)

ΔP ¼ P2 � P1 (4)

whereW1 is the dry weight of the whole plant on the day
when the water deficit treatment began, W2 and P1 are
the dry weights of the whole plant and panicle on
the day heading started, and W3 and P2 are the dry
weights of the whole plant and panicle at harvesting,
respectively. The dry matter partitioning ratios of the
stem and panicle (DMPRs and DMPRp, respectively)
were calculated via the following equations:

DMPRs ¼ ðS3 � S2Þ
ðW3 �W2Þ (5)

DMPRp ¼ ΔP
ðW3 �W2Þ (6)

where S2 is the dry weight of the stem and leaf sheath on
the day when heading started, S3 is the dry weight of the
stem and leaf sheath at harvesting, andW2 andW3 are as
defined for Equation (2–4).

The grain yield and yield components (i.e. the number
of panicles per plant, number of grains per panicle, and
1000-grain weight, were determined in the six harvested
plants for each treatment. The harvest index was calcu-
lated as the ratio of the seed dry weight to the total dry
weight. The transpiration per plant was calculated as the
decrease in the weight of a pot from heading to harvest.
The WUE was calculated as the total dry weight divided
by transpiration from heading to harvest. The yield WUE
was calculated as the grain yield divided by transpiration
from heading to harvest.

Water potential and osmotic potential of leaves

The water potential of the second fully expanded leaf
was measured in four leaves per treatment in a pressure
chamber (model 600, PMS Inc., Corvallis, US-OR, USA) at
midday. Sample leaves were then put into a sealed vinyl
bag containing a small amount of distilled water at 20
d after the water deficit treatment was imposed. The
leaves were incubated at 10°C for 24 h, after which
they became turgid and were wrapped with an alumi-
num foil and then submerged in liquid nitrogen. The
leaves were kept in a freezer at −80°C until they were
used for the measurement of osmotic potential with
a thermocouple psychrometer (Tru Psi model SC10X,

Decagon Devices Inc., Pullman, US-WA, USA). The osmo-
tic adjustment (OA) of leaves was calculated as the
difference in the osmotic potential between the control
and water deficit treatments (Pantuwan et al., 2002).

Measurement of nonstructural carbohydrates

The stem, including leaf sheath, was sampled from all
millet species in each treatment at heading and dried,
and then being ground in a mill. For each sample,
500 mg powder was used for sugar and starch analysis
(Parida et al., 2002; Tsuchida et al., 2011). The sample
powders were extracted three times with 80% ethanol
by boiling the samples in Erlenmeyer flasks capped with
rubber stoppers and protruding glass tubes in a 50°C
water bath for 10 min each. Subsequently, the extracted
solution was centrifuged at 1000g for 5 min, and the
supernatants of the three extractions were combined.
The supernatant was evaporated to remove ethanol,
followed by the addition of distilled water. To the super-
natant solution, 4.7 ml of 0.3 N Ba(OH)2 and 5 ml of 5%
ZnSO4 · 7H2O was added before filtration. Finally, 100 mL
of the sample solution was prepared for sugar analysis.
The residues remaining in the flasks were used for starch
analysis. The residues, moved to a test tube, were boiled
at 50°C to remove ethanol, followed by the addition of
distilled water before boiling at approximately 100°C for
15 min. Next, 6.5 mL of 3.5 N HClO4 was added and
stirred for 20 min. The tube was centrifuged at
3000 rpm for 5 min and the supernatant was moved to
a 100-mL volumetric flask. The residues were mixed with
5 mL of distilled water and 6.5 mL of 3.5 N HClO4 then
boiled at 100°C for 15 min. The supernatants were com-
bined and the final volume was brought up to 100 mL.
For both extractions, the sugar concentrations in the
extracts were determined against a glucose standard
via the phenol-sulfuric acid method described by
Dubois et al. (1956). The sugar and starch contents
were combined as the nonstructural carbohydrate
(NSC) content. Each treatment was replicated six times.

Statistical analysis

The pots were arranged in a completely randomized
design, with three replicates. The data were analyzed
via a two-way ANOVA and the treatments means
were compared via the Tukey-Kramer multiple range
test or t-test. A regression analysis was also per-
formed to explore the relationships among grain
yield and yield component, total dry weight, and
harvest index.
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Results

Grain yield and yield component

The grain yields of S. italica and P. miliaceum decreased to
62 and 48% of the control under the water deficit treat-
ment and those of S. glauca and P. sumatrense decreased
markedly to 31 and 24% of the control, respectively (Table
1). The DSI of S. italica and P. miliaceum were significantly
lower than those of S. glauca and P. sumatrense (Table 1),
indicating that S. italica and P. miliaceum were more dehy-
dration-tolerant than S. glauca and P. sumatrense. Panicle
number and 1000-grain weight in all millet species did not
change under the water deficit treatment. However, under
the water deficit treatment, the grain number per panicle
in S. italica and P.miliaceummillet decreased to 75 and 70%
of the control; in S. glauca and P. sumatrense, it decreased
markedly to 33 and 38%. The total dry weight of S. italica,
P. miliaceum, S. glauca and P. sumatrense under the water
deficit treatment decreased to 68, 45, 53 and 45% of the
control. Although the harvest index of S. italica and
P. miliaceum did not change under the water deficit treat-
ment, that of S. glauca and P. sumatrense decreased sig-
nificantly. Significant correlations existed among the grain
number per panicle, total dry weight, harvest index and
grain yield in all millet species. (Figure 1).

When a half of the leaf area per plant was removed at
heading, the grain yield did not change between the
control and the dehydration treatment in all millet spe-
cies (Table 1). When all lea3ves were removed at head-
ing, the grain yield of CLA0 in S. italica and P. miliaceum
was markedly decreased to 16% of the control (Table 1).
The grain yield of DLA0 in S. italica and P. miliaceum was
also markedly decreased to 20 and 17%, respectively.
The grain yield of CLA0 in S. glauca and P. sumatrense
was decreased to 56 and 66% of the control, respec-
tively. The grain yield of DLA0 in S. glauca and
P. sumatrense also decreased to 45 and 29%, respec-
tively. From these results, it was shown that in two millet
species with low dehydration tolerance, the grain yield
was reduced by leaf removing under the dehydration
treatment.

Leaf water potential

The leaf water potential decreased to between −1.72 MPa
(P. miliaceum) and −2.02 MPa (S. italica) under the water
deficit treatment in all four millet species (Table 2). The
osmotic potential at full turgor of S. glauca decreased
under the water deficit treatment but did not change in
other millets. The OA of the leaf was 0.06 MPa in S. italica,

Table 1. Influence of the water deficit on grain yield and yield components in four millet species.

Spicies Treatment DSI Days1)
Grain yield per plant

(g plant-1)
Panicle number

per plant
Grain number per

panicle
1000-grain
weight (g)

Total dry weight (g
plant-1)

Harvest
index

S.italica C 0.62 a 110 31.3 a 1 a 13889 a 2.5 a 98.6 a 0.32 ab
CLA0.5 113 33.1 a 1 a 14073 a 2.5 a 91.9 a 0.36 a
CLA0 116 5.1 c 1 a 2210 c 2.3 a 36.2 c 0.14 c

D 120 19.5 b 1 a 10387 b 2.4 a 66.8 b 0.29 b
DLA0.5 116 20.6 b 1 a 9340 b 2.4 a 59.9 b 0.34 ab
DLA0 113 3.8 c 1 a 1749 c 2.2 a 25.8 d 0.15 c

P.miliaceum C 0.85 a 92 28.6 a 3 a 2113 a 4.5 a 80.7 a 0.35 a
CLA0.5 95 25.1 a 3 a 1758 a 4.4 a 72.0 a 0.35 a
CLA0 102 4.5 c 3 a 509 c 3.6 a 26.7 b 0.17 b

D 99 13.6 b 2 a 1469 ab 4.1 a 36.6 b 0.37 a
DLA0.5 101 11.8 b 4 a 867 bc 4.2 a 33.2 b 0.36 a
DLA0 101 2.3 c 4 a 226 c 3.8 a 14.1 c 0.17 b

S.glauca C 1.22 b 125 20.8 a 128 a 76 b 2.1 a 131.1 a 0.16 b
CLA0.5 120 18.2 a 84 b 99 a 2.2 a 97.0 b 0.19 a
CLA0 120 11.6 b 85 b 64 b 2.2 a 74.3 c 0.16 b

D 124 6.4 c 139 a 25 d 1.9 a 69.2 cd 0.09 c
DLA0.5 124 6.6 c 78 bc 44 c 2.0 a 62.7 cd 0.11 c
DLA0 124 2.9 d 65 c 25 d 1.9 a 57.7 d 0.05 d

P.sumatrense C 1.34 b 126 24.4 a 41 a 241 a 2.5 a 117.5 a 0.21 a
CLA0.5 126 24.4 a 36 ab 278 a 2.5 a 106.8 b 0.23 a
CLA0 124 16.0 b 23 b 300 a 2.4 a 81.9 c 0.20 a

D 140 5.8 c 35 ab 92 b 1.9 b 53.2 d 0.11 b
DLA0.5 140 5.4 c 28 ab 105 b 2.0 b 52.6 d 0.10 b
DLA0 140 1.7 d 21 b 39 b 2.1 b 40.2 e 0.04 c

ANOVA
Crop ** ** ** ** ** **
Treatment ** ** ** ** ** **
Crop×Treatment ** ** ** ** ** **

**: mean significant at p < 0.01. Different small letters in the same column in each species show significance at p < 0.05 by Turkey-Kramer multiple range test. 1)
Days to harvesting from the onset of the dehydration treatment.

C: control treatment at 40% soil water content; CLA0.5: half of the leaf area per plant was removed in the control treatment at heading; CLA0: all leaves were removed in
the control treatment at heading; D: dehydration treatment, which was 20% soil water content from 25 d after sowing until harvest; DLA0.5: half of the leaf area per
plantwas removed in the dehydration treatment at heading; DLA0: all leaveswere removed in the dehydration treatment at heading; DSI: drought susceptibility index.
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0.20 MPa in P. miliaceum, 0.45 MPa in S. glauca, and 0.28
MPa in P. sumatrense. TheOAwasobservedonly in S. glauca
and it was not consistent with the interspecific differences
in the dehydration tolerance of millets.

Transpiration, WUE, and yield WUE

Total transpiration and the transpiration till heading
decreased under the water deficit treatment in all millet
species, except for S. glauca till heading, and no interspe-
cific difference was observed that reflected the differences
in dehydration tolerance (Table 3). The transpiration from
heading to harvest decreased under the water deficit treat-
ment in all four millet species, and those interspecific dif-
ference was tended to consistent with the differences in
dehydration tolerance. TheWUE from the initiation ofwater
deficit treatment to heading in P. miliaceum, P. sumatrense
and S. italica during the treatment to heading increased to
120 and 117% of the control under the water deficit treat-
ment but WUE decreased to 67% in S. glauca (Table 3). The
WUE from heading to harvest in S. italica and P. sumatrense
increased to 127% of the control under the water deficit
treatment but WUE did not change in P. miliaceum and
S. glauca. Total WUE in all millet species from the treatment
to harvest did not changed by the water stress. Any WUE
did not consistent with the difference in dehydration
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Figure 1. Relationships between grain yield and yield components in four millet species.
** and * indicate significant correlations at 1 and 5%, respectively. NS, no significant correlation.

Table 2. Effects of the dehydration treatment on leaf water
potential (ΨL), leaf osmotic potential (πL) at full turgor, and
leaf osmotic adjustment (OA) at 20 d after the initiation of the
drought treatment.
Species Treatment ΨL πL OA

S.italica C -0.85 -1.33 0.06 b
D -2.02 ** -1.39 NS

P.miliaceum C -0.87 -1.34 0.20 ab
D -1.72 ** -1.54 NS

S.glauca C -0.80 -1.35 0.45 a
D -1.80 ** -1.80 *

P.sumatrense C -1.12 -1.27 0.28 ab
D -1.90 ** -1.55 NS

ANOVA
Crop ** NS －
Treatment ** ** －
Crop×Treatment ** NS －

**: Significant at p < 0.01. *: Significant at p < 0.05. NS: not significant.
C: control treatment; D: dehydration treatment.
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tolerance. The yieldWUE fromheading to harvest increased
to 121 and 111% of the control under the water deficit
treatment in S. italica and P. miliaceum but decreased to 78
and 80% in S. glauca and P. sumatrense, respectively (Table
3). This was consistent with the interspecies difference in
dehydration tolerance.

Accumulation and partitioning of dry matter

The water deficit treatment reduced the increase in
total dry weight (ΔTDW1) by 37 to 77% compared
with the control in all millet species, except for
P. sumatrense during the water deficit treatment started
to heading (Table 4). The water deficit treatment also
decreased the increase in total dry weight (ΔTDW2) of
S. italica, P. miliaceum, S. glauca and P. sumatrense to 65,
47, 39 and 38% of the control, respectively, between
heading to harvest. The increases in whole-plant dry
weight pre-heading were not consistent with interspe-
cific differences in the dehydration tolerance of millets.

However, ΔTDW2 were consistent with interspecific dif-
ferences in the dehydration tolerance of millets. The
water deficit treatment increased the NSC content of
stems containing leaf sheaths in S. italica and
P. miliaceum to 152 and 127%, respectively (Table 4).
Whereas the NSC content in S. glauca and P. sumatrense
did not change between the control and dehydration
treatment.

The water deficit decreased the increase in the dry
weight of panicles (ΔP) of S. italica, P. miliaceum,
S. glauca and P. sumatrense to 65, 47, 31 and 31%
of the control, respectively (Table 4). The ΔP were
consistent with interspecific differences in the dehy-
dration tolerance of millets. The water deficit treat-
ment decreased dry matter partitioning to the stem
in S. italica and P. miliaceum but not in S. glauca and
P. sumatrense (Table 4). Dry matter partitioning to the
panicle was not affected by the water deficit treat-
ment in S. italica and P. miliaceum but showed
a decrease in S. glauca and P. sumatrense. Both of

Table 3. Influence of the dehydration treatment on transpiration, water use efficiency (WUE) and yield WUE in four millet species.

Species Treatment

Transpiration (L plant−1) WUE (g L−1) Yield WUE

(g L-1)Heading Harvest Total Heading Harvest Total

S.italica C 3.9 13.7 17.6 8.72 4.62 5.60 2.28
D 3.3 * 7.1 ** 10.4 ** 10.21 * 5.85* 6.42NS 2.75**

P.miliaceum C 2.3 11.0 13.2 9.22 5.46 6.09 2.59
D 1.2 ** 4.8 ** 5.9 ** 11.04 ** 5.75NS 6.16NS 2.87*

S.glauca C 4.4 17.7 22.0 11.44 5.30 5.95 1.17
D 4.2 NS 7.0 ** 11.6 ** 7.70 ** 5.26NS 5.95NS 0.91*

P.sumatrense C 7.4 11.9 19.4 7.50 4.95 6.08 2.04
D 5.7 ** 3.6 ** 9.3 ** 8.98 ** 6.29* 6.37NS 1.64*

ANOVA
Crop ** ** ** ** ** NS **
Treatment * ** ** ** ** NS **
Crop×Treatment * ** ** ** ** NS **

**: Significant at p < 0.01. *: Significant at p < 0.05. NS: not significant.
C: control; D: dehydration treatment.

Table 4. Influence of the dehydration treatment on the NSC content of the stem, including leaf sheath, the increase in total dry weight
(ΔTDW), the increase in the panicle dry weight (ΔP), the dry matter partitioning ratio (DMPR) in four millet species.
Species Treatment NSC (mg g−1 DW) ΔTDW1 (g plant−1) ΔTDW2 (g plant−1) ΔP (g plant−1) DMPRS DMPRP
S.italica C 316.6 6.19 63.5 35.4 0.23 0.56

D 480.8 ** 4.78 * 41.6 * 23.1 ** 0.16 * 0.56 NS

P.miliaceum C 276.2 3.81 60.2 35.4 0.30 0.59
D 349.3 * 1.42 ** 27.3 * 16.8 * 0.24 * 0.62 NS

S.glauca C 319.8 5.68 93.9 31.2 0.49 0.33
D 373.2 NS 5.52 NS 36.9 ** 9.8 ** 0.53 NS 0.27 *

P.sumatrense C 388.3 7.47 59.2 32.4 0.32 0.55
D 336.1 NS 4.23 ** 22.6 ** 9.9 ** 0.35 NS 0.44 *

ANOVA
Crop ** ** ** ** ** **
Treatment ** ** ** ** * *
Crop×Treatment ** NS ** ** NS *

** Significant at the 0.01 probability level. * Significant at the 0.05 probability level.
NS not significant. C, control; D, dehydration treatment.
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these factors were consistent with interspecific differ-
ences in the dehydration tolerance of millets.

Discussion

Grain yield and relative importance of sinks

The grain yield under water stress might depend on
both yield potential (grain yield without water stress)
and susceptibility to water stress (Fisher & Maurer,
1978). The latter was defined as the DSI by Fisher and
Maurer (1978) and can be used for making comparisons
between drought levels and experiments. The DSI has
been widely used to classify sensitive and resistant
genotypes and appears to be a suitable selection
index for distinguishing resistant cultivars because it
is inversely correlated with grain yield under stress
(Fernandez, 1992; Matsuura et al., 2012; Sio-Se Mardeh
et al., 2006). The yield potential might partly contribute
to the interspecific differences in dehydration tolerance
among the four millet species in our experiment
because of a significant correlation between the grain
yields of the control and those of the dehydration
treatment. The DSI showed that S. italica and
P. miliaceum were more dehydration-tolerant than
S. glauca and P. sumatrense.

Grain yield is calculated as ‘yield sink capacity’
x ‘filling efficiency’ (Kato & Takeda, 1996). Yield sink
capacity consists of the number of spikes per plant,
the number of spike flowers per spike, and the full
grain weight (Kato & Takeda, 1996). The dehydration
tolerance in this experiment was mainly caused by the
number of grains per panicle, as was the case for rice
discovered by Kato and Takeda (1996). In addition, the
‘filling efficiency’ was considered to make some contri-
bution to the interspecific differences in dehydration
tolerance because there was a significant correlation
between grain yield and harvest index. (Table 1 and
Figure 1).

When a half of the leaf area was removed from each
plant, the grain yield did not change in either the control
or the dehydration treatment in all millet species
(Table 1). This result showed that the grain yield was
mainly sink-limited. Tanaka and Fujita (1971) also
reported that restricting the source by removing several
leaves enhanced the productivity of the remaining leaves
and concluded that the sink size controls the grain yield in
maize (Zea mays L.). Results of removed all leaves sug-
gests that contribution of photosynthesis after heading to
the grain yield did not change in S. italica and
P. miliaceum (Table 1). On the other hand, contribution
of photosynthesis after heading to the grain yield

increased by the dehydration stress from 44% to 55 and
34% to 71% in S. glauca and P. sumatrense, respectively.
Supply of carbohydrate after heading was more impor-
tant in dehydration-susceptible millets.

Leaf water potential under severe water deficit

The water deficit treatment decreased the leaf water
potential in all millet species under severe stress in this
experiment (Table 2). From these results, it was consid-
ered that the four millet species were subjected to
severe water stress similarly. It has been reported that
the grain number decreases because of ovary abortion
in maize, or pollen sterility in wheat, barley (Hordeum
vulgare L.), and rice at low leaf water potential under
drought stress (Boyer & Westgate, 2004). In this experi-
ment as well, it was considered that the grain number
per panicle was reduced by the severe water stress
observed in the decrease in leaf water potential.
Osmotic adjustment helps to maintain photosynthesis
by keeping the pressure potential of cells constant when
the leaf water potential falls. It has been reported that
the high-osmoregulation group produced 1.58 times
more grain yield and harvest index than the low-
osmoregulation group in S. italica at −0.8 MPa of leaf
water potential. (Karyudi & Fletcher, 2003). OA of high-
osmoregulation group and low-osmoregulation group
were 1.22 and 0.87 MPa, respectively. However, OA of
millet species were between 0.06 and 0.45 MPa at −1.72
and −2.02 MPa of leaf water potential in this experiment.
These results suggest that the strength of water deficit
was different between experiments. Furthermore, no
relationship between the dehydration tolerance of millet
species and OA was found in this experiment.

Factors in relation to water use affecting
dehydration tolerance

Generally, there is a positive correlation between water
absorption and dry matter production. In this experi-
ment, the amount of transpiration from heading to har-
vest and the dehydration tolerance tended to be
consistent (Table 3). The amount of transpiration from
heading to harvest of two species of Setaria was higher
than that of two species of Panicum, and it was thought
that the fine roots were densely developed as reported
previously (Liu et al., 2019; Matsuura et al., 2012). The
amount of transpiration after heading was clearly higher
than that before heading, and it decreased greatly by
water deficit treatment. This result was similar for pearl
millet (Vadez et al., 2013).
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During the ripening period, it is important for plants
to use water efficiently during severe water shortages.
When the plants were grown in a small pot 25 days after
sowing, were subjected with water deficiency for about
1 month, WUE of the well-watered S.italica and P.milia-
ceum were 2.73 g L−1 and 2.88 g L−1, respectively, and
WUE in the dry treatment were 2.59 g L−1 and 2.95 g L−1,
which did not change significantly by the water deficit
treatment (Zegada-Lizarazu & Iijima, 2005). When seed-
lings were grown in a small pot and subjected 15 days of
water deficit treatment, WUE of well-watered and dehy-
dration treatment in S.italica were 8.67g L−1 and 8.11 g
L−1, respectively, those were not significant difference
(Xu et al., 2006). In our experiment, WUE did not change
by the dehydration treatment in all millet species (Table
3). This suggest that WUE was not a factor related of
dehydration tolerance. The interspecies differences in
yield WUE and dehydration tolerance were consistent
in our experiment.

The interspecies differences in yield WUE and dehy-
dration tolerance were consistent in our experiment.
Similar to our results, it was reported that the yield
WUE of dehydration-tolerant variety was higher than
the dehydration susceptible variety and there was no
varietal difference of WUE in wheat (Thapa et al., 2018).
Also, the high yield WUE values of maize were also
associated with their high grain yields, resulting from
the high number of grains per plant (Cai et al., 2017;
Nagore et al., 2017).

Factors in relation to dry matter affecting
dehydration tolerance

In this experiment, the interspecific difference of NSC,
ΔTDW2, ΔP, DMPRS and DMPRP were consisted with the
dehydration tolerance of four millet species. (Table 4).
The only effective mechanism of drought tolerance in
crops is utilization of accumulated photosynthates in the
stem for grain filling under drought stress (Blum, 1998).
Water stress that reduces plant water status and photo-
synthesis during grain filing induces the conversion of
stem storage into soluble sugars and the mobilization of
sugars into grains (Blum, 2005). Our results indicated
that the NSC content of the dehydration-tolerant millet
species increased under the dehydration treatment,
whereas that of the dehydration-susceptible millet spe-
cies did not change. This result agrees with the result of
Fu et al. (2011), who reported that the NSC reserves in
the stem before anthesis are closely associated with sink
strength during grain filling in rice. The storage of water-
soluble carbohydrates in the stem of small-grain cereals
and their subsequent remobilization to grain can directly

influence the harvest index, especially under stress after
anthesis (Reynolds & Tuberosa, 2008).

In this experiment, the two dehydration-tolerant
millet species did not change in ΔP and total dry weight
at ΔP of the dehydration treatment in dehydration-
tolerant millet species decreased to 47 and 65% of the
control whereas those of dehydration-susceptible millet
species markedly decreased to 31% of the control
(Table4). These reduction of ΔP coincided with the
decrease of ΔTDW2 in this experiment (Table4). Xu
et al. (1997) also reported that the high-yielding rice
cultivar showed a high harvest index, an increase in dry
matter after heading, and dry matter partitioning to
panicles. A significant correlation between the loss in
stem and leaf sheath weight and grain yield have been
reported during grain filling in barley (Richards et al.,
2002). This was similar results of DMPRS and DMPRP in
our experiment (Table4).

In conclusion, under severe soil drying, it was consid-
ered that S. italica and P. miliaceum showed strong
dehydration tolerance because they maintained the
number of grains per panicle and did not reduce dry
matter production and the partitioning of dry matter to
the panicle after heading.
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