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Photosynthetic performance and sugar variations during key reproductive 
stages of soybean under potassium iodide-simulated terminal drought
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Abstract

Importance of utilizing chemical desiccants to simulate terminal drought effects is gradually increasing. In the present 
study, a potassium iodide (KI)-simulated terminal drought stress was imposed during the full bloom (R2), pod elongation 
(R4), and seed initiation (R5) stages of soybean; the KI-induced desiccation effects were assessed at 1, 3, and 5 d after 
spraying (DASP). Plants responded to KI-simulated terminal drought stress within 1 DASP of KI-treatment, in terms 
of photosynthetic and transpiration rates. Seed initiation stage was found to be comparatively tolerant to KI-induced 
desiccation, with respect to chlorophyll degradation and PSII efficiency, which correlated well with the high hexose 
accumulation during this period. The present study provides a basic understanding regarding the stage-specific responses 
of soybean towards KI-simulated terminal drought, with respect to photosynthetic performance and sugar status and a 
correlation between the two traits, which could be useful for developing terminal drought-tolerant varieties.
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Introduction

Being the major source of edible oil, animal feed and other 
industrial products, soybean [Glycine max (L.) Merril] 
has become one of the most important grain legumes 
worldwide (Pagano and Miransari 2016). In India, 
soybean cultivation area increased from 0.03 Mha in 1970 
to 11.67 Mha in 2016, with a corresponding increase in 
yield from 426 to 737 kg ha–1 (Agricultural Statistics at 
a Glance 2016). One of the major limitations to soybean 
productivity is the rain-fed cultivation system, with 
highly erratic monsoon patterns. Drastic spatio-temporal 
variations in rainfall often cause terminal drought stress, 
i.e., water deprivation during the key reproductive stages, 
which substantially hampers the final grain yield (Daryanto 
et al. 2015). Physiologically, terminal drought effects 
include decreased photosynthetic carbon exchange rates 
(CER), early leaf senescence and maturity, and a reduced 
seed yield (Manavalan et al. 2009). Hence, the ability 
to remobilize stem carbohydrates towards developing 
pods/seeds is the key trait, which determines terminal 
drought tolerance in soybean. Screening and selection 
of cultivars with effective stem reserve mobilization 

marks the first step for subsequent breeding strategies for 
terminal drought tolerance. However, due to variation in 
soil moisture, field screening for terminal drought is quite 
difficult due to lack of uniformity and reproducibility 
of plant responses to the stress factor (Tuberosa 2012, 
Bhatia et al. 2014). Thus, to mimic terminal drought stress 
effects, chemical desiccants, such as potassium iodide 
(KI) were used (Regan et al. 1993, Royo and Blaco 1998, 
Bhatia et al. 2014). KI was reported to act as a contact 
desiccant and rapidly inhibits photosynthesis without 
showing any direct toxic effect to grain filling from the 
translocated carbohydrates (Nicolas and Turner 1993). 
The possible mechanism behind KI-induced desiccation is 
the interference with plant water relations. Hygroscopicity 
of the salt solution was also included as one of the major 
factors causing ʻhydraulic activation of stomataʼ (HAS), 
which affects the stomatal conductance, transpiration rates, 
and ultimately photosynthesis (Burkhardt 2010). Also, 
desiccation leads to osmotic stress and triggers osmotic 
stress-inducible gene expression (Shapiguzov et al. 2005). 
Detailed physiochemical responses of soybean to KI-
induced desiccation, with respect to specific reproductive 
growth stage, are not yet reported. Moreover, for wide 
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scale adoption of the technique, it is necessary to analyse 
and experimentally validate the plant responses to KI-
simulated drought, at both physiological and biochemical 
levels.

As the primary plant metabolic process, photosynthesis 
is the ‘hub’, which controls all other metabolic and 
regulatory functions of the plant system under optimal 
as well as adverse environmental conditions (Lawlor 
and Cornic 2002, Reddy et al. 2004, Ashraf and Harris 
2013, Flexas et al. 2014). During terminal drought, along 
with reduction in CER, leaf senescence is also triggered 
(Samarah et al. 2009, Saeidi and Abdoli 2015). It is 
reported that senescence itself is highly regulated and can 
contribute towards stress tolerance (Munné-Bosch and 
Alegre 2004, Jagadish et al. 2015). Further, sink strength 
variations from flowering (R1–R2) to complete seed fill 
(R5) also regulates the source photosynthetic capacity. 
Hence, KI-based terminal drought stress responses need to 
be analysed carefully with respect to growth stages, taking 
into consideration possible interactions between leaf 
senescence and sink strength. Apart from the actual CER, 
photosynthetic performance of plant is also characterized 
by the PSII efficiency, which is monitored via the 
chlorophyll (Chl) a fluorescence transients (Govindjee 
2004, Boureima et al. 2012, Brestic et al. 2015). In fact, 
monitoring Chl a fluorescence has become one of the 
crucial nondestructive techniques for screening drought 
tolerance in plants, and is used extensively for screening 
purposes (Oukkaroum et al. 2007). Systematic analysis of 
fast kinetics of Chl a fluorescence provides information 
on quantum yield efficiency of PSII, electron transport 
from PSII to PSI, reduction of the end electron acceptor, 
photochemical and nonphotochemical quenching along 
with energy connectivity among PSII units, and stability 
of the oxygen-evolving complex (Strasser et al. 2004, 
Papageorgiou et al. 2007, Stirbet et al. 2018). For a 
complete understanding of the physiological responses of 
soybean to KI-simulated drought stress, it is necessary to 
evaluate the modulations in Chl a fluorescence patterns 
along with CER. Moreover, detailed stage-specific analysis 
of KI-desiccation effects on Chl a fluorescence kinetics in 
soybean has not been reported yet. 

In general, drought stress inhibits photosynthetic rate 
and also disrupts carbohydrate metabolism in leaves, which 
together results in reduced availability of photosynthates 
for sink-translocation and hence, leads to seed abortion 
and yield loss (Nguyen et al. 2010, Lemoine et al. 
2013, Osorio et al. 2014). As terminal drought tolerance 
primarily deals with reserve mobilization, either from 
stem or from senescing leaves, it is inevitable to analyse 
sugar accumulation patterns under KI-simulated drought 
stress. Also, it is evidenced that a sugar status plays a 
regulatory role in determining plant's metabolic responses 
under various adverse environmental conditions (Rosa et 
al. 2009, Smeekens and Hellmann 2014). Abiotic stress-
induced changes in soluble sugars contents are the result 
of alteration in CO2 assimilation, source-to-sink carbon 
partitioning, activity of sugar-metabolizing enzymes 
or expression of specific genes (Gupta and Kaur 2005, 
Baena-González et al. 2007). Hexose (mainly glucose 

and fructose) and sucrose concentrations plays crucial 
signalling roles for regulating metabolic processes in both 
source and sink tissues (Ruan 2012, Lemoine et al. 2013, 
Griffiths et al. 2016). Further, hexose to sucrose ratio (H/S) 
is also implicated as a key signalling factor regulating 
various aspects of plant growth and development, where 
high H/S ratio was reported to favour cell division and the 
low H/S to induce cellular differentiation (Weber et al. 
1998, Koch 2004, Ruan et al. 2010, Eveland and Jackson 
2012). The absolute concentration of leaf sucrose is 
governed by a number of concurrent factors including the 
rate of photosynthesis, photosynthetic carbon partitioning 
between starch and sucrose, sucrose hydrolysis, sucrose 
export rates, and drought-induced disproportions in any 
of the above factors will cause a change in the H/S ratio. 
Hence, it is important to have an insight into the pattern of 
hexose, sucrose, as well as H/S ratio upon KI-simulated 
terminal drought stress during specific reproductive 
stages of soybean. Previous studies have reported that 
under drought conditions, sucrose is accumulated due 
to the reduced activity of sucrose-cleaving enzyme, acid 
invertase. Though hexose concentrations were also reported 
to be enhanced under water deprivation, the amount of 
sucrose accumulation was comparatively higher and as a 
result, the H/S ratios were found to be lower under drought 
conditions (Zinselmeier et al. 1999, Andersen et al. 2002). 
KI-induced desiccation causes early senescence along 
with photosynthetic inhibition and it is known that during 
senescence reduced photosynthesis triggers metabolic 
reprogramming to maintain sugar homeostasis (Biswal 
and Pandey 2018). Hence, it is important to understand the 
stage-specific modulations in hexose and sucrose contents 
under KI-simulated terminal drought. 

In the present study, we aimed to analyse the stage-
specific responses of soybean to KI-simulated terminal 
drought stress from full bloom to seed initiation. 
Soybean response was analysed through modulations 
in the photosynthetic CER, transpiration rate, pigment 
composition, and various PSII efficiency parameters, along 
with the stage-specific sugar accumulation patterns. We 
also aimed to deduce a statistical correlation between the 
sugar status in terms of H/S ratio and the photosynthetic 
efficiency. Outcomes from the present study can provide a 
basic understanding of the usefulness of KI as a terminal 
drought simulator and the stage-specific variations in 
terminal drought response of soybean with respect to 
photosynthetic efficiency and sugar dynamics.

Materials and methods

Plant material and experimental conditions: The 
experimental material used, Glycine max (L.) Merril var. 
JS335 (Jawahar Soybean-335) is a semi-determinate and 
early maturing (~ 99 d) soybean variety, which is widely 
cultivated in India. The study was carried out in the 
greenhouse of University of Hyderabad, Telangana state, 
India (17.3°10'N and 78°23'E at an altitude of 542.6 m 
above mean sea level). The greenhouse conditions were 
as follows: PPFD ranged from 900–1,200 µmol(photon) 
m–2 s–1, air temperature of 24 ± 1°C (~ 5:00–6:00 h) to 
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36 ± 4°C (~ 12:00–14:00 h), and relative humidity of 
36 (± 5)–48 (± 2)%. Seeds were germinated in 2-L pots, 
filled with a mixture of red soil and manure. Commercial 
Bradyrhizobium japonicum in the powdered form 
(Rhizopowder, AgriLife Pvt Ltd., India) was mixed with 
the seeds before sowing. Plants were maintained under 
regular watering regimes till flowering (ca. 45 d). For the 
present study, reproductive stages, i.e., R2 (full bloom), 
R4 (pod elongation), and R5 (seed initiation) were selected 
for the 0.1% potassium iodide (KI) spray treatment, which 
simulates drought stress. Spray treatment (100 mL of 0.1% 
KI per plant) was given to three individual plants at the 
starting of each reproductive stage (R2, R4, and R5) and 
subsequent readings as well as sample collections were 
performed at 1, 3, and 5 DASP for each growth stage. 
Controls were sprayed with equal amount of double 
distilled water and are considered as initial or 0 DASP.

Leaf relative water content (RWC): Fresh mass (FM) 
of leaf samples were recorded immediately after sample 
collection from three different plants of control and treated 
groups. Leaf samples are then rehydrated in distilled 
water at 4°C for 24 h in order to obtain the corresponding 
turgid mass (TM). After recording the TM, leaves were 
oven-dried for 24 h to get the dry mass (DM) values. Leaf 
relative water content was calculated using the formula 
RWC [%] = [(FM) – (DM)/(TM) – (DM)] ×100.

Photosynthetic CER and transpiration rates (E): CER 
and E were measured using Q-Box CO650 CO2 exchange 
measurement system (Qubit Systems Inc., Canada). Mea- 
surements were taken on fully expanded, mature leaves 
of three different plants, after applying a light intensity 
(white light) of 1,200 µmol(photon) m–2 s–1 for 2 min. 
All measurements were taken under atmospheric CO2 
conditions. Photosynthetic CO2-fixation rate (or the 
carbon-exchange rate) expressed as µmol(CO2) m–2 s–1 
was calculated by the LoggerPro software (Qubit Systems 
Inc., Canada) by using the differential CO2 concentration, 
which is the difference between the influx and efflux CO2 
(dif. CO2) following light exposure and the molecular flow 
(MF) rate. Following formulas were used for calculation:
   MF = Flow rate/[22.4 × (273 + Tair)/273]/60 × 10,000/
leaf area,
   CER = dif. CO2 × MF

Transpiration rate (E) was also calculated automatically 
by the software by using the values of reference and 
analytical relative humidity (RH) values. 

Chl a fluorescence transients and flux ratios: Three 
leaves from three different plants were dark-adapted for  
30 min using leaf clips and the fluorescence intensities were 
recorded using a portable Handy PEA (Plant Efficiency 
Analyzer-2126, Hansatech Instruments Ltd., Kings Lynn 
Norfolk, UK). Dark-adapted leaves were illuminated with 
a saturating light impulse of 3,000 µmol(photon) m–2 s–1, 
provided by an array of three light emitting diodes, for  
1 s which is sufficient to ensure closure of all PSII reaction 
centres. The Handy PEA data were analysed using the 
Biolyzer software. Three key PSII flux ratios or quantum 

yield parameters, i.e., (1) TR/ABS (trapping/absorbance), 
which is also denoted as Ф(Po) and calculated as 1 – F0/Fm,  
(2) ET/TR (electron transport/trapping) also denoted 
as ψ(Eo), calculated as 1 – Vj, and (3) RE/ET (reduction 
efficiency/electron transport) or δ(Ro) was calculated as  
(1 – Vj)(1 – Vi), were selected for the present analysis 
which illustrates the PSII efficiency from photon capture to 
the reduction of the end electron acceptor in the thylakoid 
membrane. Further, patterns of nonphotochemical and 
photochemical quenching were also investigated using 
the deexcitation constants Kn and Kp values, respectively, 
which are obtained directly from the Biolyzer software. 
Analysis of Chl a fluorescence transients for O–K and 
O–J phases was performed by normalizing the variable 
fluorescence between O and K, as well as O and J phases 
of the OJIP curve [F1 (50µs) and F3 (300µs) for O–K; F1 
(50µs) to F4 (2 ms) for O–J] by using the Biolyzer software. 
Theoretically, VOK = [(Ft – FO)/(FK – FO)] and VOJ =  
[(Ft – FO)/(FJ – FO)], while the corresponding kinetic 
differences, ΔVOK and ΔVOJ were calculated from the 
normalized data by subtracting the ̒ 1 DASP controlʼ values 
from the fluorescence values of each of the subsequent 
DASP of control and KI-treated groups, to get the L (in 
ΔVOK) and K-bands (ΔVOJ), respectively. Data presented 
are average of three independent replicates.

Chl pigments: Leaf samples (50 mg) were used for 
extraction of pigments by following dimethyl sulfoxide 
(DMSO) method described by Hiscox and Israelstam 
(1979) with minor modifications. Each leaf disc was kept 
in an Eppendorf tube and 2 mL of DMSO was added to 
each vial. Eppendorfs were kept at room temperature under 
dark conditions for 2 d. Then supernatant was removed 
through centrifugation. Absorbance of the supernatant 
was measured at 663.2 and 646.8 nm using UV-Visible 
160A spectrophotometer (Shimadzu, Tokyo, Japan) and 
Chl contents were calculated using the following formula:  
Chl a: 12.25 × A663.2 – 2.79 × A646.8; Chl b: 21.5 × A646.8 – 
5.1 × A663.2 and the results were expressed as mg g–1(FM).

HPLC-based sugar estimation: Sugars (glucose, fructose, 
and sucrose) were extracted by following the method 
of Giannoccaro et al. (2006) with minor modifications. 
Briefly, 100 mg of dried and powdered sample was 
extracted in 1 mL (1:10, w/v) of milliQ water for 15 min 
in a rotospin. The extracted sample was then centrifuged at 
13,000 rpm for 10 min at room temperature and 500 µL of 
the clear supernatant was transferred to a fresh Eppendorf 
tube. This sample aliquot (500 µL) was then purified by 
adding 1.5 mL of 95% acetonitrile and mixed for 30 min 
in the rotospin. Sample was then centrifuged at 13,000 
rpm for 10 min at room temperature. The supernatant was 
collected in a fresh tube and evaporated completely by 
keeping in a dry bath at 95°C. Residue was redissolved 
in 1 mL of milliQ water and filtered through 0.22-µm 
filter paper (Millipore, Merck) using syringe filters. Sugars 
were separated isocratically through reverse phase HPLC 
using a NH2 column (Shodex-Asahipak NH2P-50-4E) 
with acetonitrile:water (70:30, v/v) as a mobile phase. 
Flow rate was set to 1 ml min–1 and the absorbance was 
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detected at 190 nm (UV) using a photodiode array (PDA) 
detector. Glucose, fructose, and sucrose peaks were iden-
tified through spiking with internal standards and the 
concentrations were calculated using external standard 
calibration method. Calibration curves for glucose, fruc-
tose, and sucrose were made using 0.5, 1, 2, 5, 10, 15, 
and 20 mg mL–1 concentrations and respective slope and 
intercepts from the straight line equations were used for 
calculating the concentrations from the ̒ areaʼ of the HPLC 
peaks of the respective sugars.

Statistical analysis and linear regression modelling: All 
physiological measurements and biochemical estimations 
were performed in triplicates. Statistical significance 
between control and treated groups at each sampling time 
of individual reproductive stage were analysed through 
Student's t-test using SigmaPlot 11.0 and significant 
difference having *p<0.05 were considered. Linear regres-
sion models were generated using the average values of 1, 
3, and 5 DASP from control and treated groups for each of 
the three growth stages (n = 18) for the response variable 
CER, E, and H/S using SigmaPlot 11.0. 

Results

KI-simulated terminal drought impact on leaf RWC, 
photosynthetic CER, and transpiration rate (E): As 
KI is known to induce gradual desiccation (Sawhney and 
Singh 2002), we monitored the leaf RWC at 1, 3, and  
5 DASP and correspondingly checked the photosynthetic 
CER and E. In the present study, leaf RWC declined 
gradually from 1 to 5 DASP upon KI spray, for each 
individual stage (R2 to R5), however, the statistically 

significant difference was observed from 3 DASP onwards 
during R2 (Fig. 1A) and at 5 DASP in R4 (Fig. 1B) and 
R5 stages (Fig. 1C). The corresponding CER values were 
significantly reduced to almost 50% of the control during 
1 DASP of KI spray with no further progressive decline 
in the subsequent DASP, upon KI treatment in all three 
stages (Fig. 1D–F). A similar pattern was observed in E, 
which also declined considerably during 1 DASP and did 
not show any progressive decline in all the three stages 
(Fig. 1G–I). 

Effect of chemical desiccation on pigment composition: 
Similar to natural drought conditions, KI treatment also 
enhanced the Chl a/b ratios consistently during 3 and  
5 DASP of KI treatment at R2 and R4 stages (Fig. 2A,B), 
while in the R5 stage, the ratio was significantly higher than 
that of controls from 1 DASP onwards (Fig. 2C). Total Chl 
content declined gradually from 1 to 5 DASP of KI spray 
during R2, R4, and R5 stages of soybean development, 
however, when compared to respective controls, it was 
observed that at 1 DASP, total Chl content was slightly 
higher, but then declined during 3 and 5 DASP (Fig. 2D–F). 
To have further insight into the pigment system efficiency 
upon KI-induced drought stress, we analysed the PSII flux 
ratios or the quantum yields. The TR/ABS or Ф(Po), also 
known as the PSII quantum yield, was found to decline 
at 5 DASP upon KI spray during R2 and R5 stages and at  
3 and 5 DASP during R4 stage (Fig. 2G–I).

Effects of KI spray on quantum yield efficiencies 
and Chl a fluorescence transients: The flux ratio ET/
TR (calculated as 1 – Vj) denotes the quantum yield of 
electron transport from PSII to PSI and is also denoted as 

Fig. 1. Changes in the leaf relative water 
content (RWC) (A–C), photosynthetic 
carbon-exchange rate (CER) (D–F), and 
transpiration rate (E) (G–I) during 1, 3, 
and 5 d after spraying (DASP) of soybean 
plants with KI spray at full bloom (R2), 
pod elongation (R4), and seed initiation 
(R5) stage. Values are means ± SD (n = 3).  
* means significant difference with respect 
to control. *p<0.05.
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ψ(Eo). It was observed that ψ(Eo) declined significantly from 
1 DASP onwards upon KI spray during R2 stage, after  
3 and 5 DASP during R4 stage, and only at 5 DASP during 
R5 stage (Fig. 3A–C). The efficiency of the reduction of the 

end electron acceptor was indicated by the quantum yield 
for reduction efficiency, RE/ET or δ(Ro). Here, we observed 
that δ(Ro) decreased significantly during 3 and 5 DASP of 
KI treatment in both R2 and R4 stages of development  
(Fig. 3D,E). However, δ(Ro) declined only marginally 
at 5 DASP of KI spray during R5 stage (Fig. 3F). The 
photochemical and nonphotochemical deexcitation rate 
constants (Kp and Kn) showed antagonistic response 
upon KI treatment. During R2 and R4 stages, Kp declined 
significantly from 3 DASP onwards when compared to 
controls. On the other hand, Kn was found to be enhanced, 
when compared to respective controls from 3 DASP 
onwards upon KI spray during R2 stage. However, during 
R4, Kn increased significantly during 3 and 5 DASP  
(Fig. 4A–C). Upon KI treatment during R5 stage, Kp 
showed a slight decline during 5 DASP and Kn enhanced 
at the same time (Fig. 4D–F). 

The double normalized variable fluorescence transients 
between O to K phase [(Ft – FO)/(FK – FO)] and the 
corresponding kinetic difference ∆VOK (Fig. 5A–C) with 
respect to 1 DASP control as a reference point, showed 
L-band during 3 and 5 DASP of KI treatment at R2 and 
R4 growth stages, while KI spray at R5 stage showed a 
significant L-band only after 5 DASP. Moreover, during 

Fig. 2. Chlorophyll (Chl) a/b ratio (A–C), total 
chlorophyll content (D–F), and quantum yield 
of trapping (Ф(Po)) (G–I) during 1, 3, and 5 d 
after spraying (DASP) of soybean plants with 
KI spray at full bloom (R2), pod elongation 
(R4), and seed initiation (R5) stage. Values are 
means ± SD (n = 3). * p<0.05

Fig. 3. Effect of KI-simulated drought stress on the quantum 
yield of electron transport from PSII to PSI (ET/TR, ψEo) (A–C) 
and quantum yield for the reduction efficiency of the end electron 
acceptor (RE/ET, δRo) (D–F) during 1, 3, and 5 d after spraying 
(DASP) of soybean plants with KI spray at full bloom (R2), pod 
elongation (R4), and seed initiation (R5) stage. Values represent 
mean ± SD (n = 3). * p<0.05
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R2 stage, L-band at 5 DASP had higher amplitude than that 
at 3 DASP, while during R4 stage, the L-band amplitude 
was higher at 3 DASP. Similarly through O–J double 
normalization [(Ft – FO)/(FJ – FO)] and corresponding 
kinetic difference, ∆VOJ, positive K-bands were observed 
with gradually increasing amplitudes from 1 to 5 DASP 
of KI spray at R2 stage. During R4 stage, KI treatment 
showed positive K-band at 3 and 5 DASP, wherein the 
amplitude for 3 DASP was higher than that of 5 DASP, 
while at R5 stage, a positive K-band was observed only at 
5 DASP of KI-induced drought stress (Fig. 5D–F).

KI effect on stage-specific sugar accumulation and 
H/S ratio patterns: Sugar accumulation was represented 
in terms of hexoses, which indicates the cumulative 
glucose (G) and fructose (F) content, sucrose contents, 
and the corresponding hexose to sucrose ratios (H/S) 
for each reproductive stage under KI-simulated terminal 
drought stress (Table 1). It was observed that hexose 
contents gradually declined with plant development 
from R2 to R5 stage under control conditions, however, 
under KI-simulated drought conditions, this trend was not 
followed. Further, KI-treatment resulted in higher hexose 
accumulation in all stages. Similar to hexoses, sucrose 
contents also progressively declined with reproductive 
development of soybean from R2 to R5 stages under 
non-stress conditions, but not under KI treatment. Also, 
enhanced sucrose accumulation was observed upon KI 
treatment during all stages, however, R2 stage showed 
significantly lesser increment in sucrose contents when 
compared to R4 and R5 stages. Under control conditions, 
the H/S ratio remained more or less stable during 
reproductive development from R2 to R5 stage during 

Fig. 4. The nonphotochemical (Kn) (A–C) and photochemical 
(Kp) (D–F) deexcitation rate constants during 1, 3, and 5 d after 
spraying (DASP) of soybean plants with KI spray at full bloom 
(R2), pod elongation (R4), and seed initiation (R5) stage. Values 
are mean +- S.D. *p<0.05

Fig. 5. Chl a fluorescence transients for O–K and O–J phase 
in soybean leaves upon KI-simulated drought stress during 
full bloom (R2), pod elongation (R4), and seed initiation 
(R5) stages. Kinetic difference of VOK (∆VOK) with respect 
to 1 day after spraying (DASP) control (1 DC) as reference, 
showing prominent L-band (A–C). Kinetic difference of VOJ 
(∆VOJ) with respect to 1 DASP control (1 DC) as reference, 
showing prominent K-band (D–F). Values are average of 
three independent replicates. 
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all observation points. Upon KI-induced desiccation, H/S 
ratio declined significantly in R4 and R5 stages during all 
DASP observed, when compared to respective controls. 
However, at R2 stage, the ratio was higher in comparison 
to controls at 1 DASP, similar at 3 DASP, and slightly 
lower at 5 DASP.

Overall stage-specific sugar accumulation, pigment 
efficiency, and carbon assimilation patterns: Since 
sugar accumulation pattern did not follow any specific 
pattern with progressing DASP of KI spray treatment, 
we analysed the overall (an average of the 3 observations 
points, i.e., 1, 3, and 5 DASP) pattern of sugar accumulation 
and H/S ratio for each individual stage of reproductive 
development. To get a comprehensive overview, along 
with sugar accumulation, we also analysed the pigment 
efficiency in terms of the overall stage-specific total Chl 
content, functional reaction centres (RC/CSo) and the 
quantum yield of energy trapping (TR/ABS) as well as 
the carbon-assimilation efficiency defined with respect to 
quantum yield of electron transport from PSII to PSI (ET/
TR), reduction efficiency for the final electron acceptor 
(RE/ET), and the actual carbon exchange rates (CER) in 
response to KI-induced drought stress. In the present study, 
we observed that hexose (G+F) concentrations showed a 
more or less gradual decline with stage progression from 
R2 to R5 under control conditions. Upon KI treatment, 
hexose contents were enhanced in all stages (Fig. 6A). 
Sucrose contents also declined gradually from R2 to R5 
stage under control conditions. But, with KI-induced 
drought stress, sucrose accumulation increased and was 
found to be significantly higher than that of controls at 
R4 and R5 stages of development (Fig. 6B). On the other 
hand, hexose to sucrose ratios (H/S) were significantly 
lower than that of controls during R4 and R5 stage, 
remained similar to controls at R2 stage (Fig. 6D). Overall, 
the total Chl content declined upon KI treatment during R2 
and R4 but remained similar to controls during R5 stage 
(Fig. 6E). Similarly, the overall RC/CSo declined with KI 
treatment during R2 and R4 but remained stable during R5 

stage (Fig. 6C). On average, the yield determining the light 
capturing efficiency, TR/ABS, remained stable in response 
to KI-induced drought in all growth stages except R2, 
which showed a slight decline (Fig. 6G). Both ET/TR and 
RE/ET declined significantly with KI treatment during R2 
and R4 stages but remained unchanged during R5 stage 
(Fig. 6H,I). The photosynthetic CER showed an overall 
decrease upon KI treatment during all the growth stages 
when compared to controls (Fig. 6F).

Linear regression model for correlating H/S ratio with 
photosynthetic efficiency: In order to deduce a possible 
inter-relationship between the photosynthetic CER, 
stomatal conductance, and leaf H/S ratio, we considered 
the average values for each of the three observation points 
(1, 3, and 5 DASP) under control and KI-treated plants, at 
a particular reproductive growth stage (R2, R4, and R5) 
as dataset (n = 18) and carried out three linear regression 
modelling: (1) between CER and E, (2) CER and H/S, 
and (3) E and H/S using SigmaPlot 11.0. The regression 
analysis depicted that CER vs. E had the highest R2 value 
(0.808), followed by CER vs. H/S (0.473), while E vs. H/S 
showed the minimum R2 value (0.302). All the statistical 
details including correlation coefficients for the regression 
analyses are provided in Table S1 (supplement). The linear 
regression analyses are depicted graphically in Fig. 7A–C. 

Discussion
Dependency on seasonal rains for cultivation of major 
crops, including soybean, often imposes the risk of 
encountering terminal drought stress, which results in  
huge decline in crop productivity (Sadras 2002, Samarah 
et al. 2009). Developing terminal drought tolerant 
varieties through breeding or genetic engineering ap-
proach requires extensive screening for terminal drought 
tolerance traits among cultivars/wild relatives and a 
proper understanding of the underlying physiological, 
biochemical, and molecular mechanisms. At the onset 
of grain filling, chemical desiccation of plant canopies 

Table 1. Pattern of hexose, sucrose accumulation, and hexose to sucrose ratio (H/S) upon KI-simulated terminal drought stress at full 
bloom (R2), pod elongation (R4), and seed initiation (R5) stages of soybean development. Values are means ± SD (n = 3).* indicates 
significance at p<0.05, ns – not significant, DASP – days after spraying. aH/S ratio is represented as the mean(hexose)/mean(sucrose) 
and hence SD and statistical significance are not included.

Parameter Growth stage 1 DASP 3 DASP 5 DASP
Control KI-treated Control KI-treated Control KI-treated

Hexose [mg g–1(DM)] R2 71.6 ± 6.7   99.1 ± 7.5* 78.4 ± 3.6   96.2 ± 5.8* 75.7 ± 8.1 91.5 ± 4.9*

R4 43.5 ± 3.7   45.3 ± 5.1ns 41.7 ± 2.2   55.7 ± 3.6* 47.7 ± 3.4 66.8 ± 4.8*

R5 32.9 ± 2.8 106.5 ± 10.4* 35.0 ± 5.4 106.1 ± 5.7* 30.6 ± 7.3 98.2 ± 3.2*

Sucrose [mg g–1(DM)] R2 9.5 ± 1.1   9.7 ± 0.9ns 9.9 ± 0.6 12.1 ± 0.8* 9.1 ± 1.1 14.0 ± 1.7*

R4 5.0 ± 1.6 34.4 ± 2.3* 5.2 ± 1.5 35.1 ± 3.7* 6.1 ± 2.1 70.4 ± 8.2*

R5 3.4 ± 2.9 41.8 ± 5.8* 4.2 ± 3.1 44.0 ± 1.9* 3.8 ± 3.9 31.5 ± 7.4*

H/S ratioa R2 7.5 10.1 7.9 7.9 8.2 6.5
R4 8.6   1.3 8.0 1.6 7.8 0.9
R5 9.7   2.5 8.2 2.4 7.9 3.1
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was long suggested as a tool for analysing genotypic 
differences in stem reserve-mediated grain filling, when 
current photosynthesis is limited (Blum et al. 1983) and 
KI was reported to act as a contact desiccant (Tyagi et 
al. 2000). Previous studies reported that KI-induced 
desiccation leads to a decreased Chl content, stomatal 

conductance, transpiration, photosynthetic rates, and 
induces early senescence and maturity (Royo and Blanco 
1998, Sawhney and Singh 2002, Bhatia et al. 2014), which 
closely simulates terminal drought stress symptoms and 
hence, is proposed as a potential tool for screening terminal 
drought tolerance in field crops (Nezhad et al. 2012, 
Ongom et al. 2016). Also, drying initiates several major 
alterations in the carbohydrate metabolism, which might 
directly or indirectly correlate with desiccation tolerance. 
Present study involved a detailed stage-specific analysis of 
KI-simulated terminal drought responses in soybean with 
respect to photosynthetic physiology and sugar status.

Soybean is known to be most susceptible to water-
deficit conditions during germination and reproductive 
stages (Liu et al. 2004, Angra et al. 2010). Occurrence 
of drought during full bloom and pod initiation (R2 
and R4) stages of soybean induces flower/pod abortion 
causing significant decline in seed number and the effect is 
irreversible upon return of normal water conditions (Ruan 
et al. 2010), whereas water limitation during seed-filling 
stage (R5) results in seed abortion or low seed mass due to 
reduced photosynthate transfer to these structures (Borrás 
et al. 2004). Usefulness of KI, as a simulator of drought 
stress during reproductive stages, is established in rice, 
wheat, and recently in soybean as well (Singh et al. 2012, 
Kordenaeej et al. 2013, Bhatia et al. 2014). However, 
most of the studies characterizing the use of KI-simulated 
terminal drought stress concentrated on KI impact at a 
final yield stage or 6 to 7 d after spray with a few reports 
examining the plant responses within 1 DASP (Sawhney 
and Singh 2002). No reports have come up till date on 
detailed physiological and biochemical characterization of 
KI-simulated terminal drought responses in soybean.

In the present study, we observed that photosynthetic 
CER and E declined significantly within 1 DASP of KI-
spray treatment, even though the total Chl content quantum 
yield (TR/ABS), Chl a/b ratio, and RC/CSo remained 
unaffected (statistically insignificant) at 1 DASP for all the 
growth stages. As hygroscopicity of chemical desiccants, 
such as KI, was postulated to interfere with plant water 
relations and also the fact that cuticular and stomatal 
pathway for salt entry into plants is possible (Burkhardt 
2010), we can hypothesize that physical deposition of KI 
on leaf surface interfered with stomatal conductance. This 
could be the reason behind the significant decline in CER 
and E after 1 DASP, when the corresponding RWC did 
not decline significantly. This hypothesis is also supported 
by the correlation coefficient analysis from the regression 
between CER and E, CER and H/S, and E and H/S, where 
the correlation coefficient as well as significance was 
maximal for regression between CER and E, followed by 
CER and H/S, while the correlation coefficient between 
E and H/S was the lowest. This supports the hypothesis 
that KI deposition on leaf surface caused closing of 
stomata leading to decrease in CER. At the same time, 
hexose and sucrose contents were also enhanced within 1 
DASP of KI-spray during R2, R4 as well as R5 stages. 
Accumulation of hexoses under drought stress is a 
well-known plant osmotic regulation to withstand the 
decreasing water potential in the tissues (Hare et al. 1998, 

Fig. 6. Stage-specific accumulation patterns of hexose (A), 
sucrose (B), number of functional reaction centres per cross 
section area (RC/CSo) (C), hexose to sucrose ratio (H/S) (D), 
total chlorophyll content (E), carbon-exchange rate (CER) 
(F), quantum yield efficiency of PSII (TR/ABS) (G), quantum 
yield of electron transport from PSII to PSI (ET/TR) (H), and 
reduction efficiency of the final electron acceptor (RE/ET) (I) in 
soybean plants with KI spray at full bloom (R2), pod elongation 
(R4), and seed initiation (R5) stage. Values represent mean ± SD 
(n = 3). *p<0.05
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Liu et al. 2004, Wang et al. 2016), which could be the 
result of higher invertase activity (Andersen et al. 2002, 
Fu et al. 2010) or enhanced starch degradation (Pelleschi 
et al. 1997, Lemoine et al. 2013). Previous studies on 
impact of drought stress on carbohydrate composition 
in soybean showed a significant decline in leaf sucrose 
content (Liu et al. 2004). However, in the present study, 
upon KI-induced desiccation, a significant increase 
in the sucrose content was observed. Higher sucrose 
accumulation with KI-simulated drought stress was also 
reported in wheat (Sawhney and Singh 2002), which 
can be attributed to a number of factors including higher 
partitioning of photosynthates towards sucrose rather than 
starch, impaired translocation of assimilated sucrose to 
sink tissues or utilizing the osmoregulatory functions of 
sucrose under desiccation stress. Also, irritation-induced 
electrical signals were reported to inactivate H+-sucrose 
symporters, which reduces sucrose transport from leaves 
to phloem cells (Sukhov 2016). We can hypothesize 
that a similar mechanism operates under KI-induced 
desiccation resulting in a higher sucrose accumulation. In 
fact, the lowered photosynthetic CER within 1 DASP of 
KI spray, observed in the present study, could be due to 
the high hexose and sucrose accumulation in leaves, which 
is known to suppress photosynthesis through Rubisco 
inhibition (Goldschmidt and Huber 1992). 

When compared to hexose contents, sucrose accu-
mulation was found to be higher under KI-simulated 
drought stress during R4 and R5 stages, resulting in low 
H/S ratio when compared to controls. However, R2 stage 
showed a relatively lesser increase in sucrose leading 

to a higher H/S ratio at 1 DASP, similar at 3 DASP, and 
slightly lower ratio at 5 DASP with respect to controls. 
Comparatively lower sucrose accumulation at R2 stage 
can be attributed to rapid sucrose translocation to newly 
developed flowers at full-bloom stage, which upon gradual 
abortion showed progressive decline in the H/S ratio. It 
has been reported that the water demand in soybean 
during the flowering stage is the highest (Liu et al. 2003, 
Rosolem 2005) and leaf carbohydrate status is implicated 
in regulating the process of flower or pod abortion under 
natural drought conditions (Liu et al. 2004). It has been 
shown that H/S ratio plays a key role in regulating 
reproductive development of plants (Weber et al. 1998). 
A higher H/S ratio favors cell division during early stages 
of reproductive development, while a lower H/S ratio 
(or high sucrose content) is suggested to induce maturity 
and differentiation during later stages (Wang and Ruan 
2013). Drought stress is reported to cause a decline in H/S 
ratio in pod and flowers of soybean, which was assumed 
to be one of the factors for pod/flower abortion due to 
reduced cell division (Liu et al. 2004). Importance of H/S 
ratio in leaf apoplasm has been described for mediating 
hormone-regulated leaf senescence, wherein a decreased 
H/S ratio due to lower cell wall invertase (CWIN) activity 
in the leaf apoplasm was hypothesized to trigger abscisic 
acid-mediated leaf senescence along with induction 
of cysteine protease genes (Ruan et al. 2010). As KI-
simulated terminal drought stress is known to induce early 
senescence symptoms in plants, our results support the 
above hypothesis. In order to analyse whether H/S ratio 
correlates with photosynthetic CER during reproductive 

Fig. 7. Scatter plot for the linear regression 
analysis between carbon-exchange rate (CER) 
and transpiration rate (E) (A), hexose to 
sucrose ratio (H/S) and E (B), and CER and 
H/S (C).
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development of soybean, we made a simple regression 
analysis using H/S ratio as the independent and CER as the 
dependent variable. A highly significant positive correlation 
was observed between the two parameters. Though the R2 
for the regression was only 0.473, it was highly significant 
as the P value was 0.002, i.e., P<0.01. Sugar signals, 
especially hexose and sucrose, and/or H/S ratio-based are 
constantly found to be involved in modulating various 
photosynthesis-related parameters (Goldschmidt and 
Huber 1992, Iglesias et al. 2002, Lemoine et al. 2013). The 
actual concentrations of independent total hexose (glucose 
+ fructose) and sucrose also correlated significantly with 
CER, just as H/S ratio. However, as the main objective 
of the present study was to show the role of H/S ratio, 
only the H/S and CER regression analysis is shown here. 
Hence, the present statistical correlation and modelling of 
H/S-based regulation of CER indicates that H/S ratio along 
with actual concentrations of hexose and sucrose plays a 
role in modulating photosynthetic performance of plants 
under terminal drought. Further validation of the model 
will require large-scale experimental inputs in this regard.

A strong inter-relationship exists between sink 
demand and source supply, which regulates the overall 
photosynthetic performance of plants during various 
growth stages (Paul and Foyer 2001). For a careful investi-
gation of the KI-simulated terminal drought stress on stage-
specific photosynthetic responses, Chl a fluorescence 
transients and quantum yield (flux ratios) were monitored 
simultaneously with CER and sugar status dynamics. 
The KI-induced senescence effects were evidenced in the 
present study by the observed gradual decrease in total 
Chl content. Lower energy connectivity among PSII units 
(higher L-band) and disrupted oxygen-evolving complex 
(higher K-band) were previously implicated as severe 
drought stress effects (Sengupta et al. 2013, Kalaji et 
al. 2016, Falqueto et al. 2017) and in the present study 
positive L and K-bands were observed during 3 and  
5 DASP of KI spray at R2 and R4 stages, while only at 
5 DASP (with comparatively lower amplitude) during R5 
stage. Also, the quantum yield for electron transport from 
PSII to PSI, efficiency of reduction of the end electron 
acceptor and PSII quantum yield were significantly affected 
during KI-simulated terminal drought stress at R2 and R4 
stages, but not R5 stage. Similar results were reported in 
wheat leaves in response to salt stress (Mehta et al. 2010). 
Our data demonstrates that KI-induced desiccation created 
a progressive damage to PSII stability during all the three 
stages, however, R5 stage exhibited relative tolerance. 
The observed maintenance in PSII efficiencies in R5 stage 
during 1 and 3 DASP of KI treatments correlated with the 
comparatively higher hexose accumulation during this 
period, which might act as osmoticum for tolerating the 
KI-induced desiccation damage at R5.

In conclusion, the present study demonstrated that 
soybean responded to KI-simulated terminal drought 
stress within 24 h of treatment, however, the desiccation 
impact was progressive in nature. Also, the H/S ratio 
could act as a key predictor of photosynthetic CER during 
reproductive stages of soybean under terminal drought 
stress. Further, seed initiation stage (R5) was found to be 

comparatively tolerant to KI-induced terminal drought 
stress with respect to Chl degradation and PSII efficiency, 
which correlated well with high hexose accumulation 
during this period. Outcomes from the present study not 
only elaborated the usefulness of utilizing KI spray as an 
agent for simulating terminal drought stress in soybean 
but also provided information on stage-specific response 
of soybean to terminal drought stress and highlighted the 
importance of the H/S ratio in predicting photosynthetic 
efficiency during terminal drought stress. However, future 
research is required to establish the molecular mechanisms 
underlying such physiological responses to KI-simulated 
terminal drought stress.
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