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Abstract
Kappaphycus seaweed extract (KSWE) has been reported to enhance the yield of several crops under normal conditions. The
detection of the quaternary ammonium compounds (QACs) glycine betaine and choline chloride (GBCh) in KSWE impelled us
to explore its efficacy on growth and yield under soil moisture deficit conditions. Another objective was to elucidate the extent to
which the QACs have a role in mitigating drought stress, if at all. Thus, a factorial experiment was carried out on maize plants,
wherein five foliar treatments (KSWE at 10 and 15%; GBCh at equivalent concentration to that found in 10 and 15% KSWE,
respectively, designated as 10 and 15% Eq-GBCh; and water spray control) were subjected to three soil moisture stress levels
(well-watered, WW; moderately stressed, MS; and severely stressed, SS). Observations were recorded for growth and yield
parameters, pigments, photosynthetic attributes, antioxidant enzymes, and quality of grains. The results revealed the ability of
KSWE to alleviate soil moisture stress, 10% KSWE being effective in increasing the seed yield under WWand MS conditions
while 15% being optimal under SS condition. The percent increases in seed yield over their respective controls under WW, MS,
and SS conditions at the optimal KSWE concentrations were 13.5, 21.7, and 36.4%, respectively, indicating higher grain yield
response to KSWE treatments at higher stress levels. The yield advantage under stress could be attributed to minimal damage of
photosystem in KSWE-treated plants as evidenced by higher pigment content, photosynthetic rate, reduced photoinhibition, and
lipid peroxidation by enhanced protection against reactive oxygen species. The protein content in grains was enhanced byKSWE
application under all stress groups compared to their respective controls. Although the predominant role of GBCh in KSWE
towards drought mitigation and yield response was apparent, the results also connoted towards the role of other constituents in
KSWE acting in unison along with GBCh, which should be investigated further.
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Introduction

Soil moisture deficit leading to drought is one of the major
constraints in agriculture towards achieving higher crop pro-
ductivity (Kumar et al. 2017). Unpredicted drought conditions
are increasing day by day due to a gradual rise in global
warming and climate change, which makes crop production
more susceptible to severe water stress (Rasul et al. 2011;
Nawaz et al. 2015). In contrast, food demand is increasing
continuously. Among all cereals, maize is the most preferred
food in southern and eastern Africa, some parts of Asia,
Central America, and Mexico (Ranum et al. 2014; Singh
et al. 2016). By 2050, its demand is expected to double, but
its production has been predicted to decrease by 10% due to
several factors (CGIAR research programme on maize 2015).
Drought and lower soil fertilities are the two major reasons
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behind lesser crop yields (Edmeades and Deutsch 1994).
Maize is least tolerant to water stress (Muchow 1989). The
instance of drought 1 week before silking and 2 weeks after
silking in maize has been reported to decrease the grain yield
by 53% (Aslam et al. 2013).

Soil moisture deficit affects a number of morphological and
physiological processes in plants. It decreases transpiration,
photosynthesis, and reproductive processes and leads to the
accumulation of compatible solutes, adjustment in root
growth, reduction in the expansion of aerial organs, and tran-
scriptional regulation of several genes (Mansori et al. 2016).
Under drought condition, photosystem II (PSII) of the photo-
synthetic machinery is more affected compared to photosys-
tem I (PSI) which in turn generates more high-energy free
electrons in leaves. A diminution in CO2 fixation induces
more production of reactive oxygen species (ROS), which
damage cell organelles like chlorophyll and cell membranes
as well as macromolecules like nucleic acids, proteins, and
lipids eventually leading to a reduction in growth and crop
yield. Sustainable technologies are therefore needed to in-
crease or maintain the maize production even under unfavor-
able conditions like water deficit.

Quaternary ammonium compounds like glycine betaine
and choline chloride are compatible solutes and have been
found to have drought alleviation potential (Chen and
Murata 2002). Glycine betaine has been reported to be local-
ized in plastids, chloroplasts, and cytosol upon foliar applica-
tion to plants (Park et al. 2006). It is synthesized in plants by
either oxidation of choline or by N-methylation of the glycine
(Chen and Murata 2002). It offers protection to PSII against
abiotic stress in transgenic plants at concentrations of the order
of μmol g−1 fresh weight (Chen andMurata 2008). Besides its
effect on the acceleration of repair of the photodamaged PSII
under abiotic stress, it is also responsible for inducing expres-
sion of various genes including those involved in synthesis of
transcription factors, components of membrane-trafficking,
and ROS-scavenging enzymes like catalase and other genes
whose products are involved in stress tolerance (Park et al.
2006; Chen and Murata 2008).

Seaweed is an organic source whose agricultural use as a
plant biostimulant has been reported by many researchers
(Beckett and van Staden 1989; Atzmon and van Staden
1994; Jayaraj et al. 2008; Spann and Little 2011; Calvo et al.
2014; Colla and Rouphael 2015; Singh et al. 2016; Rouphael
et al. 2017a). Their role as stress alleviator under moisture
stress has been reported by several researchers, viz., Zhang
and Ervin (2004) in bentgrass, Spann and Little (2011) in sweet
orange, Xu and Leskovar (2015) in spinach, Elansary et al.
(2016) in medicinal plant species, Mansori et al. (2016) in
sage, and Martynenko et al. (2016) in soybean. The seaweed
extracts are a concoction of several constituents which include
various macro- and micronutrients, plant growth regulators,
and quaternary ammonium compounds. These constituents

have been purported to be primarily responsible for the ob-
served beneficial crop responses, but despite many studies,
the precise role of individual constituents and the mechanism
of their action are still unclear (Khan et al. 2009; Craigie 2011;
Calvo et al. 2014; Mondal et al. 2015). Understanding the
mechanism will help to develop more efficient and effective
ways for its application to get an optimum response.

While most studies are based on extracts of cold water
seaweed species like Ascophyllum nodosum, the tropical
growing Kappaphycus alvarezii has come into prominence
in the recent years on account of being able to derive multiple
products including the use of its extract as crop biostimulant
(Mondal et al. 2013). Kappaphycus seaweed extract (KSWE)
has been reported to enhance the productivity of several crops
like rice (Pramanick et al. 2014), blackgram (Pramanick et al.
2016), greengram (Raverkar et al. 2016), soybean (Rathore
et al. 2009), and maize (Layek et al. 2015). KSWE has a
low associated carbon footprint and can reduce global
warming potential per unit of crop production upon its use
(Ghosh et al. 2015; Singh et al. 2016). In our earlier study,
quaternary ammonium compounds (QACs) like glycine beta-
ine and choline chloride in the KSWE were quantified, and
their role in enhancing the yield of maize was established
(Mondal et al. 2015). Since these compounds are known
osmoticants providing abiotic stress tolerance to the plants, it
was hypothesized that the KSWE might also have drought-
alleviating potential.

Thus, an experiment was designed to assess the effect of
KSWE on maize productivity under water deficit condition
and also ascertain the extent to which these QACs might be
responsible for the alleviatory effect and the possible concen-
trations that may be effective under different soil moisture
stress regimes.

Material and methods

Preparation of KSWE

KSWE was prepared through the patented procedure of
Eswaran et al. (2005). Seaweed cultivated along the sea coast
of Tamil Nadu State, India, was used as a source of the extract.
After initial washing of the seaweeds to remove the adhering
foreign particles, it was ground and centrifuged to obtained
pristine sap (extract) in the form of filtrate. It was further
preserved by adding a mixture of 0.02% propylparaben,
0.2% methylparaben, and 0.1% potassium benzoate (Singh
et al. 2016; Trivedi et al. 2017). This extract was considered
as 100% concentrated seaweed sap from which further dilu-
tions were prepared as per the treatments. Analyses of constit-
uents like minerals, inorganic ions, quaternary ammonium
compounds, and plant growth regulators were carried out ac-
cording to Mondal et al. (2015). The detailed composition of
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seaweed extract is published in Layek et al. (2015) and Singh
et al. (2016). The same batch of extract was also used in the
present experiment (Table 1).

Study area and experimental design

The pot experiment using maize (sweet corn, variety Sugar
75, Syngenta) was conducted at the net house facility (21° 44′
57.6″ N, 72° 08′ 39.3″ E) of CSMCRI, Bhavnagar district,
Gujarat, India, during Kharif season (July to October 2014).
Treatments were distributed in three groups as per the degree
of moisture stress i.e., WW,MS, and SS. This was initiated by
irrigating the pots immediately after germination with two
liters of water was applied to each pot in every 48 h (WW),
72 h (MS), and 96 h (SS). Each group contains five common
treatments: T1, water spray—control; T2, 10% KSWE; T3,
15%KSWE; T4, 10% glycine betaine (GB) + choline mixture
(GBCh); and T5, 15% GBCh, which was applied as finely
atomized foliar spray at 25 days after sowing (DAS; first),
59 DAS (second), and 78 DAS (third). Each treatment was
replicated three times and laid out in completely randomized
design (CRD). All the pots were filled with 32 kg of soil to
which chemical fertilizers at the recommended rate of
120:60:40 kg ha−1 of N/P2O5/K2O were applied uniformly
to all the treatments through urea, single super phosphate,
and sulfate of potash, respectively. The initial soil of the ex-
periment was sandy loam in texture, having pH 7.88 and elec-
trical conductivity 0.22 dS m−1. Available N, P, and K were
109, 15, and 166 kg ha−1, respectively. Organic carbon was
0.41%. Four seeds were sown in each pot, which after suc-
cessful germination was thinned to single plant per pot.

Growth and yield attributes

Growth, yield, and other yield attributes were measured in
between the experiment and also at harvest. Plant height was
measured at different time intervals (32, 60, and 86 DAS)
including one prior to treatment application (23 DAS). Plant
height was measured as the distance from the soil surface to
the last leaf collar (at 32 and 60 DAS) or with tassel (at 86
DAS). Fresh, sundried, as well as oven-dried weights of dif-
ferent plant parts (grain, leaf, stem, and root) were recorded
after harvest. Oven-dried weight expressed in g plant−1 is rep-
resented in tables as dry matter accumulation (DMA). Root
volume was also recorded by water displacement method.
Dried and dead leaf numbers at harvest were also counted
and shown in Table 2. Length and width of each leaf were
recorded at 32 DAS. Measurements on the cob were done just
after harvest of fresh cobs. The grains were separated from the
cobs after sun-drying and expressed as g plant−1 (Table 4).

Photosynthetic parameters

Photosynthetic rate and Fv/Fm ratio were measured using an
infrared gas analyzer system (IRGA; Model Li-6400XT, Li-
Cor, USA) at the photosynthetic photon flux density (PPFD)
of 1000 μmol photons m−2 s−1. External CO2 was maintained
at the constant value. Initial values of the minimum (F0) and
maximum (Fm) fluorescence yield were recorded in the dark
state of leaves (before dawn). Chlorophyll index (CI) was
measured using a chlorophyll content meter (Model CCM-
200, Opti-Sciences Inc., USA). Total chlorophyll, chlorophyll
a, chlorophyll b, and carotenoids were determined according
to Arnon (1949) using 480, 510, 645, 652, and 663 nm
wavelength.

Plant sampling

Uniform sampling from three replicates of each treatment was
carried out after the third spray frozen immediately in liquid
nitrogen and stored at − 80 °C prior to analysis.

Enzyme extraction

All operations were carried out at 0–4 °C. For glutathione
reductase (GR) and catalase (CAT) assays, leaf tissue (0.1 g
fresh weight) was frozen in liquid nitrogen and homogenized
in a mortar using an extraction buffer (pH 7.5) containing Tris
(62.5 mM), EDTA (0.1 mM), Triton X-100 (0.2%),
polymethylsulphonyl fluoride (PMSF) (1 mM) and dithiothre-
itol (DTT) (2 mM). The homogenates were thoroughly
vortexed and centrifuged at 18,000×g for 30 min at 4 °C.
The supernatant was collected and stored at − 80 °C till further
analysis. For ascorbate peroxidase (APX) assay, the extraction
was carried out in 62.5 mM potassium phosphate extraction

Table 1 Composition of KSWE (Singh et al. 2016)

Sr. no. Constituent KSWE (mg L−1)

1 Indole 3-acetic acid (IAA) 26.52

2 Zeatin 19.65

3 GA3 23.65

4 Choline 57.30

5 Glycine betaine 79.33

6 Sodium 198.0

7 Potassium 33,654

8 Calcium 321.0

9 Magnesium 1112.0

10 Zinc 4.7

11 Manganese 2.1

12 Iron 86.1

13 Chromium 32.0

14 Copper 0.65

15 Nickel 3.45

16 Phosphorous 17.45

J Appl Phycol (2018) 30:2001–2015 2003
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buffer (pH 7.0) containing 2 mM ascorbate in addition to
containing all the above ingredients as described earlier except
Tris. Ascorbate was added to prevent inactivation of APX
during its isolation. Total protein was quantified by method
of Bradford (1976) using bovine serum albumin (BSA) as a
standard.

Antioxidant enzyme assays

Glutathione reductase assay Glutathione reductase (GR) (EC
1.6.4.2) activity was measured according to Edwards et al.
(1990). The GSSG (oxidized glutathione)-dependent oxida-
tion of NADPH was monitored by the decrease in absorbance
at 340 nm at 25 °C. Briefly, the assay mixture with a final
volume of 1 mL contained 100 mM N-2-hydroxyethyl-piper-
azine-N-2-ethanesulfonic acid [HEPES] (pH 7.8), 1 mM
EDTA, 3 mM MgCl2, and 0.5 mM GSSG. The reaction was
initiated by the addition of NADPH (8 mM) and extract (10–
25 μl). Corrections were made for non-enzymatic reduction of
GSSG by NADPH. The activity was calculated using an ex-
tinction coefficient of 6.22M−1 cm−1 for NADPH. One unit of
GR is defined as 1 μmol NADPH oxidized per minute per mL
at 25 °C and expressed as unit per mg protein.

Catalase assay Catalase (EC 1.11.1.6) activity was measured
following the procedure described by Aebi (1984). Catalase
(CAT) activity was assayed spectrophotometrically at 25 °C
in a 1-mL reaction mixture containing 50 mM potassium phos-
phate buffer (pH 7.0), 10–25μL of extract, and 10mMofH2O2

at final concentration. The reaction was started by the addition
of hydrogen peroxide and the activity measured by monitoring
the decrease in absorbance at 240 nm over 150 s against an
extract-free blank. Enzyme activity was calculated using the
molar coefficient 0.043 mM−1 cm−1 with one unit of catalase
defined as 1 μmol of H2O2 decomposed/consumed per minute
per mL at 25 °C and expressed as unit activity per mg protein.

Ascorbate peroxidase assay Total APX (EC 1.11.1.1) activity
was measured according to Nakano and Asada (1981). The
assay depends on the decrease in absorbance at 290 nm as
ascorbate was oxidized. The reaction mixture at final concen-
tration contained 50 mM potassium phosphate buffer (pH
7.0), 0.5 mM ascorbate, 0.1 mM EDTA, 1.2 mM H2O2, and
10–25 μL of enzyme extract in a final assay volume of 1 mL.
The concentration of oxidized ascorbate was calculated by
using the extinction coefficient of 2.8 mM−1 cm−1. One unit
of APX was defined as 1 mM mL−1 ascorbate oxidized per
minutes and expressed as unit per mg protein.

Determination of lipid peroxidation

Lipid peroxidation was determined by thiobarbituric acid
(TBA) method as described by Hodges et al. (1999). Total

malondialdehyde content was measured in three replicates of
each treatment. Leaf tissues (0.1 g fresh weight) were homog-
enized in a mortar and pestle with 4 mL of 80:20 (v/v) ethanol/
water and 5% PVPP followed by centrifugation at 3000×g for
10 min. A 1-mL aliquot of the supernatant was added to a test
tube with 1 mL of either (Aebi, 1984) −TBA solution com-
prised of 20.0% (w/v) trichloroacetic acid and 0.01% butylated
hydroxytoluene or (Arnon, 1949) +TBA solution containing
the above plus 0.65% TBA. Samples were then mixed vigor-
ously, heated in a water bath maintained at 95 °C for 25 min,
cooled, and centrifuged at 3000×g for 10 min. Absorbance
was read at 440, 532, and 600 nm using a spectrophotometer.
Malondialdehyde equivalents were calculated in the following
manner:

Abs 532þTBAð Þ− Abs 600þTBAð Þ− Abs 532−TBA−Abs 600−TBAð Þ½ � ¼ A

Abs 440þTBA−Abs 600þTBAð Þ 0:0571½ � ¼ B

MDA equivalents nM mL−1� � ¼ A–B=157000ð Þ � 106

Hydrogen peroxide estimation

Hydrogen peroxide (H2O2) content was estimated according
to Velikova et al. (2000). Fresh leaf tissue (0.1 g) was crushed
in liquid nitrogen and homogenized in 0.1%w/v TCA solution
followed by centrifugation at 10,000 rpm for 10 min. Of su-
pernatant, 0.5 mL was added to a separate test tube containing
0.5 mL of 10 mM phosphate buffer (pH 7.0) and 1 M potas-
sium iodide (KI). The absorbance was read at 390 nm. H2O2

concentration [mM H2O2 g
−1 fresh weight (FW)] in the sam-

ple was determined from a calibration curve prepared using
known concentrations of H2O2.

Relative water content (%)

Leaf relative water content (RWC) was measured according to
Barrs andWeatherley (1962). Three similar-sized leaf portions
were collected from the youngest leaf each time from every
plant of every treatment for determination of RWC. Leaf sam-
ples were wiped with tissue paper to remove foreign particles.
Fresh weight (FW) was recorded immediately and samples
were placed in 10-mL deionized water for 8 h at room tem-
perature. Leaves were then gently blotted dry with tissue paper
and the turgid weight (TW) was recorded. Leaf samples were
then transferred to the oven for complete drying at 70 °C for
48 h and later dry weight (DW) was recorded. RWC was than
calculated as per following formula:

RWC %ð Þ ¼ FW−DWð Þ= TW−DWð Þ½ � � 100

J Appl Phycol (2018) 30:2001–2015 2005



Nutrient quality parameters

Macronutrients N, P, and K were determined by digesting the
plant samples with sulfuric acid-selenium-salicylic acid mix-
ture as described by Novozamsky et al. (1983) followed by
estimation through SKALARThe San++ continuous flow an-
alyzer where N was estimated by colorimetric Berthelot reac-
tion (Krom 1980; Searle 1984) and P was estimated by for-
mation of a blue-colored phosphomolybdenum complex by
reduction with ascorbic acid. K was estimated by fame pho-
tometric method described in Plant Analysis Procedures
(Temminghoff and Houba 2004).

Secondary macronutrients Ca and Mg and micronutrients
(Fe, Zn, Mn) were determined by digesting the plant samples
in the di-acid mixture (nitric acid and perchloric acid) as de-
scribed by Miller (1998) followed by estimation through in-
ductively coupled plasma optical emission spectrometry (ICP-
OES, Optima 2000, PerkinElmer). Carbohydrate was estimat-
ed by anthrone method (Yemm and Willis 1954), and protein
was determined by multiplying the factor 6.25 with nitrogen
content (Jones 1941).

Statistical analysis

The experiment was laid out in CRDwith three levels of water
regimes (WW, MS, and SS) and five foliar treatments (water,
KSWE (10 and 15%), and Eq-GBCh (10 and 15%)) which
were forming 15 combinative treatments (5 × 3) as mentioned
above. Analysis of variance was carried out using MSTAT C
software (Michigan State University, USA) employing two-
factor CRD, and the significance of the two main effects and
their interaction were determined at 5% level of confidence.
For the interactions which were found significant, post hoc
comparison of means was carried out using Student-
Neuman-Keuls range test and the mean separation signifi-
cance was tested at the level of p < 0.05.

Results

Growth and photosynthetic parameters

Growth and photosynthetic parameters of maize crop are pre-
sented in Tables 2 and 3. The mean plant height measured just
before applying the foliar treatments (23 DAS) revealed sig-
nificant variations among WW (27 to 29 cm), MS (20 to
21 cm), and SS conditions (14 to 16 cm), while there were
no significant differences among the foliar spray treatments
within the same soil moisture regimes. Periodic observations
till harvest revealed that the diminution in the plant height
could be rescued up to moderate soil moisture stress by appli-
cation of KSWE as well as 10% Eq-GBCh when compared to
WW condition. This was, however, not possible at severe

stress levels, wherein the plant height decreased markedly
compared to WW condition (Table 2). The treatments receiv-
ing GBCh in equivalent concentrations as their KSWE coun-
terparts were statistically at par at either of the concentrations
for final plant height attained under stressed conditions.

The volume and DMA in roots varied significantly due to
the main effects of stress as well as foliar spray treatments.
Their interaction was also found significant (p < 0.001).
Striking differences in root volume were obtained by applica-
tion of 10% KSWE under MS and 15% KSWE under SS
conditions which were 33.3 and 50.1% higher over their re-
spective controls. Both 10 and 15%Eq-GBCh did not increase
root volume over control in the WW condition. Under SS
condition, only the highest concentration of Eq-GBCh was
superior over its control with respect to root volume. In case
of DMA in roots, 15% Eq-GBCh treatments were superior
compared to their controls under MS and SS conditions, both
of which were at par with KSWE having an equivalent con-
centration of these compounds in the respective stress groups.

Under WW condition, 10% KSWE and 15% Eq-GBCh
were found better than its control for DMA in the stem; how-
ever, they were at par with each other. UnderMS and SS, none
of the foliar spray treatments were better over their respective
control for this parameter. None of the KSWE or Eq-GBCh
levels resulted in higher leaf DMA under WW, MS, or SS,
compared to their respective controls. No improvement in
total DMA (excluding cob) was observed by foliar treatments
compared to its control under WW condition. However, ben-
eficial differences were observed by 10 and 15% KSWE un-
der MS and SS conditions, respectively. Ten percent KSWE
was at par with 10% Eq-GBCh under MS, while 15% KSWE
was at par with 15% Eq-GBCh under MS and SS conditions,
respectively. Even though there was no change in leaf bio-
mass, significantly higher leaf RWC was observed by appli-
cation of the foliar spray treatments over their respective con-
trols under stressed regimes, except in the case of 15% Eq-
GBCh under MS and SS conditions (Table 2).

The total number of leaves formed did not vary due to
either different stress conditions or the different foliar spray
treatments and ranged from 13 to 15 leaves per plant.
However, the number of dried and dead leaves per plant at
harvest varied significantly due to the two main effects, viz.,
stress conditions as well as foliar treatments. Analysis of the
main effect of foliar spray treatments revealed that the number
of dried leaves per plant was least (7.1) in 15% KSWE-treated
plants which was closely followed by 10% Eq-GBCh (7.3)
and 10% KSWE (7.7), all of which were at par to each other
but significantly lower than the control that recorded 9.3 for
this parameter. The significantly lower number of dried leaves
found due to KSWE treatments compared to control apparent-
ly led to the prolonged longevity of the photosynthetic ma-
chinery which might have resulted in higher photosynthate
formation. Although the length of leaf recorded at 32 DAS

2006 J Appl Phycol (2018) 30:2001–2015
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did not vary due to the main effect of stress conditions, it
varied due to foliar treatments and their interaction (Table 2).
Although the KSWE treatments did not elicit any change in
leaf length under WW condition, however, 10 and 15% con-
centrations elicited beneficial response under MS and SS con-
ditions, respectively. The correspondingGBCh concentrations
were at par with the above treatments for leaf length. Leaf
width was not influenced by the any of the foliar treatments
under any of the stress conditions, compared to their respec-
tive controls.

Chlorophyll index (CI) was measured at 32, 60, and 86 (at
harvest) DAS. At 32 DAS, 10% KSWE treatments showed
maximum improvement in CI under WWand MS conditions
compared to their respective control, which was at par with
15% Eq-GBCh treatments in their respective groups. In SS
condition, 15% KSWE recorded maximum CI and was at
par with 15% Eq-GBCh treated plants. At 60 DAS, the foliar
treatments did not influence CI compared to its control under
WW condition. However, 10% KSWE under MS and 15%
KSWE under SS conditions recorded the maximum CI and
were superior to their respective controls. At 86 DAS, 10%
KSWE recorded significantly higher CI under WW and MS
conditions compared to their controls, while 15% KSWE re-
corded the highest CI under SS condition (Table 3).

Estimation of chlorophyll a and b, total chlorophyll, and
carotenoids revealed that they were significantly influenced
by soil moisture regimes, foliar treatments, as well as their
interaction. Among the KSWE levels, 10% concentration
was found optimum towards significantly increasing the con-
centration of pigments over control under WW and MS con-
ditions. On the other hand, 15% KSWE apparently was the
optimum treatment that best enhanced the content of all of
these pigments significantly over control under SS condition.

The photosynthetic rate at 32 DAS varied due to the main
effects, viz., foliar spray and stress conditions, but their inter-
action was not significant (data not shown). At 72 DAS, the
highest photosynthetic rate (14.9 μmol CO2 m−2 s−1) was
obtained under 10% KSWE compared to only 10.5 μmol
CO2 m−2 s−1 under control and the interaction between the
two main effects was also found significant. Under WW and
MW conditions, 10% KSWE was significantly superior to
control with respect to photosynthetic rate. Under SS condi-
tion, 15%KSWE, found to be at par with 15% Eq-GBCh, was
superior to its control. Whereas no significant influence of the
main effect foliar sprays on Fv/Fm was apparent at 32 DAS
(data not shown), Fv/Fm values were significantly influenced
by both the main effects and their interaction at 72 DAS. The
highest Fv/Fm under WW condition was recorded in the treat-
ment receiving 10% KSWE which was also at par with 10%
Eq-GBCh, both of which were superior to its control in that
soil moisture regime. Under MS and SS conditions, Eq-GBCh
at the rate of 10 and 15%, respectively, recorded the highest
Fv/Fm ratio, which was, however, at par with each other and

significantly superior to the controls of all the stress catego-
ries. Under MS and SS conditions, 10% Eq-GBCh was statis-
tically equivalent to 15% KSWE with respect to Fv/Fm

(Table 3).

Yield parameters

Data on cob length (without husk) revealed no significant
change due to foliar treatments compared to control under
WW conditions, while the significant change was observed
in the length of grain fill on the cob by application of 10%
KSWE. In MS condition, only 10% KSWE among the differ-
ent foliar treatments was found to significantly enhance the
total cob length as well as the fill length, which were 25.2 and
25.5% higher than its control, respectively. Under SS condi-
tion, no change in cob length, as well as grain fill length, was
apparent due to any of the foliar treatments. There was no
significant effect of the foliar treatments on 100-seed weight,
whereas it varied significantly due to different stress levels,
recording decreasing boldness with increase in stress level.
The interaction was found significant for this parameter. A
conspicuous observation was found under SS condition,
wherein the 100-seed weight was found significantly higher
at 15% KSWE compared to its control. The interaction be-
tween the two main effects was found to be significant in case
of number of seeds per cob, and it was found that under both
WW and MS conditions, 10% KSWE was superior to their
respective controls, recording 8.3 and 17.1% higher values,
respectively (Table 4).

The fresh green cob weight of maize differed due to both
the main effects and their interaction. Whereas 10% KSWE
yielded the highest cob weight under WWandMS conditions,
15% KSWE yielded the highest under SS condition and the
yields obtained under these treatments were significantly
higher than their respective controls in each of their soil mois-
ture regimes, recording increases of 15, 37.2, and 56.8%, re-
spectively. UnderWWandMS conditions, increasing the con-
centration of KSWE to 15% significantly decreased the green
cob weight over its lower concentration of 10%; however, the
cob yields were still significantly higher than their respective
controls. The highest green cob yield at 10% KSWE was
associated with highest cob diameter under WW condition,
while the highest green cob yield at 10% KSWE was associ-
ated with the highest green cob length under MS condition.
Notably, under well-watered and moderate stressed group,
10% KSWE was found at par with 15% Eq-GBCh treatment
for green cob weight and length (Table 4).

The seed yield varied significantly due to different levels of
stress as well as foliar treatments. Their interaction was also
found significant. Ten percent KSWE recorded the maximum
grain yield under WWand MS conditions, while 15% KSWE
recorded the maximum under the SS condition. All of these
treatments were significantly higher over their respective

2008 J Appl Phycol (2018) 30:2001–2015
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controls in each of their soil moisture regimes and the percent
increases were 13.5, 21.7, and 36.4%, respectively, indicating
higher grain yield response to KSWE treatments at higher
stress levels. Further, the results indicated the requirement of
higher concentrations of KSWE with increasing stress levels.
Ten percent KSWE was found significantly superior to 10%
Eq-GBCh under WWandMS conditions with respect to grain
yield, while 15%KSWEwas also found significantly superior
to 15% Eq-GBCh under SS condition indicating the role of
other KSWE constituents as well.

H2O2 content, lipid peroxidation level,
and antioxidant enzymes

Under SS, both the KSWE concentrations lowered H2O2

levels relative to its control, while both the Eq-GBCh concen-
trations could not do so. Lowest lipid peroxidation level as
measured by MDA content was observed in 10% KSWE-
treated plants under WWandMS conditions, while the lowest
under SS condition was observed in 15% KSWE-treated
plants. Fifteen percent Eq-GBCh under WW condition and
both 10 and 15% Eq-GBCh under MS and SS conditions also
lowered the MDA content, though the diminution was lower
than that by KSWE (Table 5).

In WW and MS conditions, the highest catalase activity
was found in 10% KSWE-treated plants compared to controls
of their respective soil moisture regimes. In contrast, under SS
condition, the highest level of catalase activity was observed
in 15% KSWE-treated plants which was at par with 15% Eq-
GBCh. The APX activity in WW condition was found the
highest in 15% Eq-GBCh treated plants, which was however
at par with all other foliar treatments within the same stress
group except control, which recorded the lowest. Similar to
that in case of catalase activity, the highest APX activity was
also recorded in 10 and 15% KSWE, respectively, in MS and
SS conditions. In case of GR activity, plants in the WW con-
dition did not register any significant change due to the foliar
treatments compared with its control, but under MS and SS
conditions, 10%KSWE-treated plants showed the highest GR
activity compared to their respective controls of each group
and the differences were significant (Table 5).

Grain quality

The nutrient content in grains differed for N, P, K, Ca, and Fe
due to the two main effects, viz., stress and foliar spray, while
their interaction was significant in case of N, K, Ca, Mg, and
Fe. No significant effect was found due to either of the factors

Table 5 Antioxidant enzymes, hydrogen peroxide, and lipid peroxidation level of maize crop as affected by different foliar treatments in all three water
regimes

Water regimes Treatments Catalase (transformed)
(units mg−1 protein)

APX (units/mg
of protein)

GR (units mg−1

protein)
H2O2

(mM g−1 FW)
MDA
(nmol g−1 FW)

Well-watered (WW) Control 5336e 0.019j 2.95i 3.64c 6.93cd

10% KSWE 8111d 0.033ij 4.44i 3.82c 4.55fg

15% KSWE 7775d 0.047i 4.32i 4.20c 5.32ef

10% Eq-GBCh 5482e 0.043i 4.33i 3.62c 6.37cde

15% Eq-GBCh 4748e 0.055i 3.94i 4.16c 5.50ef

Moderately stressed (MS) Control 17,954c 0.245d 71.08g 4.88c 8.41b

10% KSWE 23,427b 0.388a 87.13d 4.12c 5.18ef

15% KSWE 14,705c 0.214e 44.21h 4.44c 6.98cd

10% Eq-GBCh 15,028c 0.317b 74.08f 4.70c 6.08de

15% Eq-GBCh 15,647c 0.275c 82.26e 3.91c 6.28cde

Severely stressed (SS) Control 24,569b 0.111h 84.15e 6.08b 10.28a

10% KSWE 29,560ab 0.136g 117.60a 4.67c 7.38c

15% KSWE 38,015a 0.219e 108.10c 3.86c 3.98g

10% Eq-GBCh 29,604ab 0.165f 111.30b 8.97a 7.47c

15% Eq-GBCh 34,191a 0.180f 87.26d 9.42a 6.07de

Analysis of variance table

Water regimes (factor A) *** *** *** *** ***

Foliar treatments (factor B) *** *** *** *** ***

Water regimes × foliar treatments (A × B) *** *** *** *** ***

Values represented are mean of three independent replicates. Values followed by different superscript letters in the columns are significantly different
using Student-Neuman-Keuls test

*p < 0.05, **p < 0.01, ***p < 0.001
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or their interaction with respect to Mn and Zn. Ten percent
KSWE recorded significantly higher N compared to its con-
trol under WW condition and was at par with 10% Eq-GBCh.
Increasing the KSWE to 15% significantly brought down the
N and K% in grains compared to that in 10%KSWE, although
they were at par with their controls under WW condition. Ten
percent Eq-GBCh enhanced the K uptake in grains which was
markedly higher than that by 10% KSWE, but this was true
only under WW condition. Under MS condition, 10% KSWE
was significantly superior to its control with respect to N, K,
and Fe but was at par to 10% Eq-GBCh for these nutrients.
Under SS condition, N and Fe were significantly increased by
15% KSWE than its control and were at par with 15% Eq-
GBCh (Table 6).

The carbohydrate content in grains was enhanced due to
KSWE at 10% concentration only under MS condition. The
protein content was influenced significantly over their respec-
tive controls in all the stress groups, wherein it was found that
10% KSWEwas superior under WWandMS conditions while
15%KSWEwas superior under SS condition. In all these stress
categories, the correspondingKSWE concentration eliciting the
best response was at par to its Eq-GBCh counterpart.

Discussion

The detection of the quaternary ammonium compounds in
significant amounts in the KSWE (Mondal et al. 2015)

prompted this study to assess its potential for alleviating soil
moisture stress tolerance as these compounds have known
osmotic properties. The concomitant objective of the study
was to determine to what extent GBCh present in sap is re-
sponsible for eliciting a beneficial response, if at all.
Accordingly, the equivalent concentration of exogenous
GBCh as present in the KSWE at either 10 or 15% dilution
levels was applied. The results confirmed the conjecture that
KSWE can ameliorate soil moisture stress and could signifi-
cantly enhance grain yield of maize over their respective con-
trols not only under normal conditions but also under stress
conditions that we defined as moderate and severe.

Differential pattern of response to the foliar treatments
(KSWE and Eq-GBCh) under different stress conditions was
obtained compared to their respective controls with respect to
growth parameters, pigment content, photosynthetic parame-
ters, yield attributes, stress indicators, and nutritional levels in
grains. It was also brought out that to elicit a response, a
particular threshold of KSWE concentration is needed de-
pending on the severity of stress. It was found that for most
of the parameters, 10% KSWE was sufficient to elicit signif-
icant beneficial response underWWandMS conditions, while
15% KSWE was required under SS.

Drought stress has been known to reduce leaf RWC in
maize (Jun and Junying 1994; Liu and He 1995; Nagy et al.
1995; Bai et al. 2006). Song et al. (1995) reported character-
istic higher RWC in maize plants tolerant to drought stress.
The root hydraulic conductivity possibly is reduced by

Table 6 Nutrient quality parameters of maize grain as affected by different foliar treatments in all three water regimes

Water regimes Treatments Macroelements (%) Microelements (ppm) Grain quality
parameters (%)

N P K Ca Mg Fe Mn Zn Carbohydrate Protein

Well-watered
(WW)

Control 1.00f 0.09cd 0.47de 0.018ab 0.061b 14.6bcde 6.0a 15.3a 55.7abc 6.3e

10% KSWE 1.19bcd 0.10abcd 0.51cd 0.012bc 0.077ab 25.7ab 7.0a 13.6a 61.5a 7.4cd

15% KSWE 1.05ef 0.09d 0.43e 0.009c 0.069ab 21.2abcd 6.6a 13.5a 54.7abc 6.6e

10% Eq-GBCh 1.18cd 0.10bcd 0.62ab 0.011c 0.076ab 11.4cde 7.2a 12.0a 53.6bcd 7.4cd

15% Eq-GBCh 1.27bcd 0.10abcd 0.59abc 0.010c 0.079a 7.7e 7.6a 12.6a 55.8abc 7.9bc

Moderately
stressed (MS)

Control 1.14de 0.10bcd 0.52cd 0.021a 0.072ab 12.6cde 5.7a 13.8a 48.7cde 7.1d

10% KSWE 1.32bc 0.11abc 0.63a 0.010c 0.071ab 32.2a 7.5a 13.1a 57.8ab 8.3b

15% KSWE 1.20bcd 0.09bcd 0.54bcd 0.008c 0.070ab 13.2cde 5.8a 12.6a 50.4bcde 7.5bcd

10% Eq-GBCh 1.27bcd 0.10bcd 0.56abc 0.013bc 0.066ab 23.2abc 5.1a 14.8a 56.4abc 7.9bc

15% Eq-GBCh 1.29bc 0.10abcd 0.59abc 0.012bc 0.065ab 27.5a 7.1a 16.4a 55.3abc 8.1bc

Severely
stressed (SS)

Control 1.34b 0.10abcd 0.57abc 0.005c 0.075ab 8.7de 6.1a 13.9a 47.1de 8.4b

10% KSWE 1.29bc 0.11ab 0.57abc 0.007c 0.075ab 21.3abcd 6.4a 17.0a 44.4e 8.0bc

15% KSWE 1.43a 0.11abcd 0.54bcd 0.009c 0.072ab 22.8abc 6.6a 17.5a 54.0abcd 9.0a

10% Eq-GBCh 1.33bc 0.11ab 0.52cd 0.008c 0.068ab 19.9abcde 5.5a 15.0a 51.2bcd 8.3b

15% Eq-GBCh 1.45a 0.12a 0.58abc 0.007c 0.075ab 12.1cde 5.3a 15.9a 52.2bcd 9.1a

Analysis of variance table
Water regimes (factor A) *** *** ** *** ns ** ns ns *** ***
Foliar treatments (factor B) *** *** *** ** ns *** ns ns * ***
Water regimes × foliar treatments (A × B) *** ns *** ** ** *** ns ns *** ***

Values represented are mean of three independent replicates. Values followed by different superscript letters in the columns are significantly different
using Student-Neuman-Keuls test

*p < 0.05, **p < 0.01, ***p < 0.001
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structural changes in roots of maize plants under drought
stress affecting soil moisture uptake in maize (Liu et al.
2003). Notably, KSWE at 10 and 15% under MS and SS
conditions significantly enhanced root volume over their re-
spective controls which might have resulted in enhanced root
surface area. This in turn might have enhanced root water
uptake eventually translating into higher leaf RWC under
stressed conditions. The higher leaf RWC in the stressed
plants treated with the foliar treatments is suggestive of greater
hydration status, thereby connoting that the treated plants ex-
perienced lesser stress. The improved leaf RWC, decreased
number of dead leaves connoting inhibition of chlorophyll
degradation, and greater leaf length in the present study may
be attributed to the presence of GBCh which probably en-
hanced the volume of free (cytoplasmic) water per unit of cell
dry weight and prevented the inhibition of drought-induced
cell volume reduction leading to greater cell expansion. This is
in accordance with Cayley et al. (1992) who reported the
positive effect of GBCh in Escherichia coli and Saneoka
et al. (1995) in maize under osmotically stressed conditions.
Improvement in the contents of photosynthetic pigments
(chlorophyll a, b, carotenoids) might have enhanced photo-
synthetic rate under WW as well as both the stress levels
leading to high biomass and grain yield production.

Among the stress indicators, while catalase activity was
significantly highest and MDA content was significantly low-
est at 10, 10, and 15% KSWE under WW, MS, and SS con-
ditions, respectively, GR was enhanced significantly com-
pared to their respective controls only under MS and SS con-
dition at 10 and 15%KSWE, respectively. H2O2 was however
significantly decreased only under SS condition under either
of the KSWE concentrations used. The antioxidant machinery
in plants including antioxidant enzymes like catalase, GR,
peroxidases, as well as other compounds such as carotenoids
has been reported to be the principal defense against reactive
oxidants formed under stress (Burke and Mahan 1991; Larson
1988). Evidently, application of KSWE to the stressed plants
altered these compounds favorably to induce stress tolerance
in the plants by increasing antioxidants and carotenoid levels
and decreasing hydrogen peroxide and malondialdehyde
levels as was also reported by Mansori et al. (2015) by appli-
cation of seaweed extracts on bean plants.

Notably, the grain yield increase was also associated with
significant improvement in N content and consequently pro-
tein content in grains of plants treated with 10% KSWE under
WW and MS conditions and 15% KSWE under SS condi-
tions. This might be attributed to better N uptake in plants
through roots from soil by application of KSWE. Optimal N
uptake may also favorably influence in maintaining higher
levels of antioxidant enzyme activities under water deficit
conditions (Sun et al. 2000) and our results corroborate the
same towards increased tolerance to moisture stress in order to
decrease yield loss. This is supported by results from another

experiment carried out by us on the effect of KSWE at tran-
scriptome level in roots under drought condition, wherein it
was found that KSWE increased expression of nitrate trans-
porters and nitrate reductase (Ghosh 2016). The same study
also revealed a considerable increase in transcript abundance
of genes related to cell wall modification, lipid metabolism,
secondary metabolism, amino acid metabolism, and starch
synthesis and a decrease in expression of genes related to
carbohydrate degradation and carotenoid degradation under
stress condition due to KSWE application compared to water
sprayed control. The enhancement in root volume due to
KSWE application could also be explained as the genes relat-
ed to auxin signaling were found overrepresented in the tran-
scriptome study. Such physiological and biochemical alter-
ations could have favorably influenced the maize plants under
distress in the present study.

Evidently, the bioactive ingredients present in the KSWE
trigger different physiological responses differently which in
turn are functionally related to the severity of stress andKSWE
concentration as well. Conversely, the results implied that there
is no set pattern of plant response elicited by KSWE treatment
that is common across all stress categories. This is also evident
by observations on yield attributes wherein it was found that
while cob fill length and number of seeds per cob could be
significantly enhanced by KSWE application at 10% under
WW and MS condition, the same parameters were not influ-
enced at SS condition even with higher KSWE dosage, when
compared to the respective controls in their stress conditions.
In contrast, 100-seed weight was influenced only under SS
condition using 15% KSWE concentration. Nevertheless, the
green cob and the grain yield being the resultant of all the yield
attributes were significantly increased than its respective con-
trol under each of the water regimes either at KSWE concen-
tration of 10% under WW and MS condition or at a higher
concentration of 15% under SS condition.

In several plant species, GB has been reported to stabilize
the quaternary structure of enzymes, maintain the complex
ordered state of membranes, and protect the photosynthetic
machinery by stabilizing the oxygen evolving PSII complex,
thereby preventing disassociation of extrinsic polypeptides
under abiotic stresses (Papageorgiou and Murata 1995). It is
also reported that it stabilizes rubisco enzyme under stress
condition and decreases the ROS generation, thus protecting
the translational machinery especially that related to D1 pro-
tein synthesis (Chen and Murata 2008) which is important for
photosynthesis.

While parameters like leaf width, leaf weight, and number
of seed rows were not influenced by either KSWE or Eq-
GBChwhen compared to their respective controls irrespective
of stress conditions, parameters like plant height at harvest,
dried leaf number at harvest were found significantly influ-
enced equally by 15% KSWE and its Eq-GBCh when com-
pared over control only under SS condition. In the latter case,
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it can be inferred that GBCh component of KSWE is respon-
sible for the observed KSWE effect. Under both stress groups,
GBCh component of KSWE could be entirely attributed for
the observed beneficial response in case of leaf length, chlo-
rophyll a, and protein content of grains, while similar inter-
pretation could be made for root volume only in the case when
the plants were subjected to either MS or SS. Under SS, com-
pared to control, GBCh invariably significantly influenced
vegetative growth parameters (increased root and above-
ground plant biomass) through protection to photosynthetic
machinery (increased chlorophyll a, chlorophyll b, photosyn-
thetic rate, and reduced photoinhibition (Fv/Fm)), probably
through enhanced ROS-scavenging activity (enhanced cata-
lase, GR, and reduced MDA levels). Increased Fv/Fm ratio in
10 and 15% Eq-GBCh under WW, MS, and SS condition
compared to that in their respective controls strongly suggests
an alleviatory effect of GB under a stressful condition in
which PSII complex along with the presence of GBCh can
work better to reduce photo-induced inactivation which pre-
dominantly occurs under abiotic stresses like drought. Similar
findings have been reported by Ma et al. (2006) in wheat and
Rouphael et al. (2017b) in lettuce in which maintenance of
high Fv/Fm by exogenous glycine betaine and plant-derived
biostimulant application delays photoinhibition, contributing
in better functioning of photosynthetic apparatus, which helps
in increasing final yield of plants. Our observations on the
marked improvement in the growth, pigment, photosynthesis
parameters, Fv/Fm ratio, and activity of antioxidant enzymes
are in agreement with the findings of these studies and con-
note towards the significant contribution of GBCh in the
KSWE.

When comparing the most optimum concentration of
KSWE (10% for WWand MS group and 15% for SS group)
and the corresponding Eq-GBCh with respect to the different
types of pigments, it can be observed that while KSWE and
Eq-GBCh were at par for chlorophyll a, KSWE was found to
be invariably superior to Eq-GBCh with respect to carotenoid
content across all the stress categories and chlorophyll b con-
tent under WW and MS conditions. Carotenoids like zeaxan-
thin have been reported for its role in preventing oxidative
damage of membranes under abiotic stress (Davison et al.
2002). Under severe stress, KSWE acted incremental over
GBCh towards enhancing the yield parameters like 100-seed
weight, cob diameter, and green cob weight and the antioxi-
dant enzymes like catalase and GR, eventually improving the
grain yield over and above GBCh application. Notably, under
SS, KSWE treatment (at 15%) was superior to Eq-GBCh and
control with highest GR, and lowest H2O2 and MDA levels,
indicating that KSWE-treated plants experienced less stress.
Enhanced GR activity helps in increasing NADP+ ensuring its
availability to accept electrons from the electron transport
chain during photosynthesis (Sudhakar et al. 2001) which
lessens the formation of O2

·−, further preventing the formation

of highly reactive ·OH through the Haber-Weiss reaction
(Demiral and Türkan 2004), preventing peroxidation of lipid
membranes under abiotic stress (Hernandez et al. 2001;
Sudhakar et al. 2001). A significant decrease in MDA content
with elevated GR activity under stress condition suggests that
exogenous application of KSWE can offer protection to the
maize plants against moisture stress.

From these results, it is evident that glycine betaine has a
prominent role towards eliciting beneficial plant response,
but active ingredients other than these quaternary ammoni-
um compounds in the KSWE may also have an incremental
role which synergistically acts upon the plants to affect
growth and yield improvement upon KSWE application un-
der normal as well as stress conditions. Notably, KSWE
contains plant growth regulators like cytokinins (kinetin,
zeatin), gibberellic acid, indoleacetic acid, and macronutri-
ent like potassium might complement in alleviating the
drought stress. Positive correlation of cytokinins with carot-
enoid content—the non-enzymatic antioxidant—has been
reported by Cortleven et al. (2014). Kinetin can directly
scavenge the ROS and downregulate the activity of
lipoxygenase, preventing the formation of ROS (Prakash
et al. 1990). Besides, they also have been implicated in
increasing the rate of photosynthesis (Rouphael et al.
2017a), delayed senescence (Blunden 1977), and better
partitioning of photosynthates to plant parts (Stevens and
Westwood 1984). The role of cytokinins and potassium in
KSWE on maize was also elucidated by Mondal et al.
(2015). Further experiments need to be done to evaluate
the role of other constituents in KSWE including their syn-
ergistic or antagonistic interactions as well.

Conclusion

The experimental results brought out that KSWE can effec-
tively alleviate soil moisture stress and enhance seed yield of
maize. KSWE resulted in higher green cob yield that can fetch
higher income to the farmers, and the associated greater cob
size in terms of length or diameter can additionally fetch a
premium price in the market. In general, optimal crop re-
sponse was obtained at 10% KSWE concentration under
WW and MS conditions, while 15% KSWE concentration
was found optimal under SS condition. It can be concluded
that the crop response varied with a dose of the KSWE and
severity of stress. The predominant role of GBCh as a constit-
uent of KSWE towards modulating various physiological and
biochemical processes in the plants under normal condition
and drought stress was elucidated but the observations on
several parameters also pointed towards the role of other ac-
tive ingredients present in KSWE that synergistically elicit
beneficial crop response.
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