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Abstract

24-Epibrassinolide (EBL) and/or spermine (Spm) applications regulate photosynthetic process and hormonal balance in drought-
stressed plants. A pot experiment was conducted to investigate the potential effects of 25 mg 1”' EBL and/or 0.1 mg I"' Spm
applied to maize (Zea mays L.; hybrid Giza 129) exposed to water deficiency (50 and 75% field capacity). Plastic pots were
planted with maize plants and designed in a complete randomized design with four replications. Drought significantly impaired
photosynthetic pigments content, photochemical reactions of photosynthesis, net photosynthetic rate, transpiration rate, stomatal
conductance, maximum quantum efficiency of PSII photochemistry, electron transport rate, actual photochemical efficiency of
PSII, photochemical quenching coefficient, effective quantum yield of PSII photochemistry, activities of Rubisco, Rubisco
activase, and carbonic anhydrase, seeds carbohydrate content as well as concentrations of auxins, cytokinins, and gibberellins.
These changes were significantly modulated in drought-affected plants after EBL and Spm combined application. Moreover, this
combined treatment under water shortage conditions inhibited the increased concentrations of intercellular CO,, non-
photochemical quenching coefficients, and abscisic acid as well as diminished the enhanced activity of glycolate oxidase.
These results reinforce the utility of this combined treatment not only in improving the photosynthetic capability but also in
regulating the hormonal homeostasis as a powerful strategy to enhance the plant drought tolerance. Indeed, exogenous applica-
tion of 25 mg ' Spm+0.1 mg "' EBL can preserve the photosynthetic apparatus activity under water deficiency.

Keywords Drought tolerance - 24-Epibrassinolide - Maize (Zea mays L.) - Photosynthetic efficiency - Phytohormones
production - Spermine

1 Introduction

Drought is a major environmental stress factor negatively af-
fecting the global agricultural productivity. It is a major bottle-
neck that restrains sustainable development of agriculture
worldwide. About one third of the world’s arable land suffers
from this harsh condition (Ribaut et al. 2012). It alters a series
of physiological, biochemical, and molecular responses
(Farooq et al. 2009). Photosynthesis is among the most severe-
ly affected processes during water stress. The photosynthetic
impairment during water deficiency is mainly caused by de-
creases in total chlorophyll contents, distortion in chlorophyll
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ultra structures, inhibition in photosystem II (PSII) activity,
changes in chlorophyll fluorescence and gas exchange traits,
as well as inhibition in Rubisco activation (Zhang et al. 2015;
Anjum et al. 2016; Gleason et al. 2017). Under drought con-
ditions, reactive oxygen species (ROS) production was in-
duced by inhibition in CO, fixation that is accompanied by
over-reduction in the electron transport chain. Generation of
ROS can cause photo-oxidation, induce membrane structure
degradation, and disrupt thylakoid membrane organization
(Miller et al. 2010; Talaat 2019a).

Plants respond to water deficiency by activating different
signaling pathways, which assist plants in adjusting their me-
tabolism to maintain a defensive regime. The synthesis and
accumulation of key osmolytes such as soluble sugars in plant
tissues can provide a symptom of the degree of tolerance to
water stress (Talaat et al. 2015; Talaat and Shawky 2016).
Soluble sugars regulate gene expression as well as provide
carbon skeletons, membrane stability, and osmotic adjustment
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(Sun et al. 2016) and their accumulation are often regarded as
basic strategy for the protection and survival of plants under
drought conditions (Talaat 2019b). Furthermore, major en-
dogenous phytohormones, such as auxin, abscisic acid, cyto-
kinin, and gibberellic acid, also play crucial roles in plant
adaptation to water deficiency conditions (Shakirova et al.
2016). In this respect, abscisic acid protects photosynthesis
under water stress by regulating stress-response genes expres-
sion (Fan et al. 2016) and by promoting stomatal closure via
multiple cascades of cellular-biochemical events (Divi et al.
2010). Cytokinins also protect the photosynthetic machinery
via inhibiting the negative impact of stress condition on both
the chlorophyll concentration and the photochemical efficien-
cy (Chernyadev 2009).

Brassinosteroids (BRs) as plant-specific steroidal hor-
mones can promote plant growth and induce plant stress tol-
erance (Divi and Krishna 2009; Talaat and Shawky 2012,
2013; Todorova et al. 2016; Dong et al. 2017) by involving
in a complex signaling network via modulating other hor-
mones levels and sensitivity (Divi et al. 2010). The exogenous
application of 24-epibrassinolide, an active form of BRs, ame-
liorated a drought-induced inhibition in the photosynthetic
efficiency, mainly owing to an alter in the photosynthetic ac-
tivity of chloroplast, photochemical reactions of photosynthe-
sis, photosynthetic pigments content, chlorophyll fluores-
cence attributes, gas exchange parameters, Rubisco and
Rubisco activase activities, osmoprotectants accumulation,
and endogenous phytohormones production (Hu et al. 2013;
Shakirova et al. 2016; Gill et al. 2017; Zhao et al. 2017).
Indeed, the mechanism underlying BR-enhanced photosyn-
thesis under drought conditions is still poorly understood.
Accordingly, studying this mechanism is a critical issue to
improve plant drought tolerance.

Polyamines (PAs) are nitrogenous growth regulators that
play critical roles in a range of developmental and physiolog-
ical processes and can enhance plant stress tolerance
(Todorova et al. 2016) mainly by protecting LHC-II proteins
in photosynthetic apparatus (Hamdani et al. 2011), by scav-
enging free radical and modulating certain ion channels activ-
ity (Todorova et al. 2016), as well as by inducing cross-talk
with other phytohormones (Li et al. 2016). All PAs forms can
ameliorate the detrimental effects of water stress; however,
spermine (Spm), a tetramine form of PAs, is more effective
(Farooq et al. 2009). Spm enhanced plant water stress toler-
ance and regulated photosynthetic ability through retention of
chlorophyll, enhancing gas exchange characteristic, scaveng-
ing free radicals, and altering endogenous phytohormones bal-
ance (Huang et al. 2014; Li et al. 2016; Todorova et al. 2016).
However, few reports are focused on the role played by Spm
on the photosynthetic activity in response to water deficit.

Maize is one of the most important cereal crops worldwide
(Zhang et al. 2018). It is a highly sensitive species to water
deficit, especially when plants exposed to water deprivation at

the flowering time. Moreover, water shortage at the early stage
of plant growth may disturb the photosynthetic efficiency
(Ribaut et al. 2012). This investigation interests in studying
the negative effects of water deficiency on the plant photosyn-
thetic capability. Furthermore, considering the importance of
BRs and PAs, this approach is an attempt to study the impact
of 24-epibrassinolide (EBL) and/or Spm on photosynthetic
efficiency and phytohormonal status under water-stressed
conditions. Indeed, no studies have been undertaken to unrav-
el the potential of EBL and Spm combined application in
sustaining photosynthesis under drought conditions.
Therefore, the present study, as a first approach, was designed
to investigate the effect of this combined application on
maize performance in water-limited environments. It was
hypothesized that this application may alleviate drought-
induced irreversible harm to plant photosynthetic system.
To investigate this, changes in photosynthetic pigments
concentration, gas exchange parameters, photochemical re-
actions activity, chlorophyll fluorescence system, Rubisco,
Rubisco activase, carbonic anhydrase and glycolate oxi-
dase activities, total soluble sugars concentration, seeds
carbohydrate content, as well as endogenous phytohor-
mones concentration were examined under the influence
of EBL and/or Spm exogenous treatments in maize plants
subjected or not to water deficit conditions.

2 Materials and Methods

2.1 Experimental Design, Plant Material, Treatments,
and Growth Conditions

Pot experiment was conducted on June 3 0f 2013 and 2014 in
the greenhouse of the Department of Plant Physiology,
Faculty of Agriculture, Cairo University, Egypt. Twelve ex-
perimental treatments were used (three soil water levels x four
spraying treatments) and they were arranged in a complete
randomized design with four replicates.

One month after sowing, the plants that were exposed to
three soil water conditions [well-watered (100% field capaci-
ty; WW) and drought stress (75 and 50% field capacity; WD1
and WD2)] were used. Soil water contents (SWC) were 15.5,
11.6, and 7.7%, respectively, which were calculated as: SWC
9% = [(FW —DW)/DW] x 100 (Coombs et al. 1987).

Plants at 60 days old from each water stress treatment were
sprayed with 0.00 (double-distilled water; DDW), 0.1 mg It
EBL, 25 mg 1! Spm, and 25 mg 1! Spm+0.1 mg "' EBL.
EBL (C28H4806a MW=4807) and Spm (C10H26N4, MW =
202.3) were purchased from Sigma (USA). Tween 20 (0.05%)
was added as surfactant at the time of treatment. Preliminary
screening was performed for various concentrations of EBL
and Spm to obtain the optimum responses and the concentra-
tions of 0.1 mg "' EBL and 25 mg "' Spm were selected
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(Talaat et al. 2015; Talaat and Shawky 2016). The spraying
was done when the maize plants had 6-8 leaves fully devel-
oped (during pre-female inflorescence emerging stage).

Maize (Zea mays L.; hybrid Giza 129) seeds were obtained
from the Agriculture Research Center, Ministry of
Agriculture, Egypt. Hybrid Giza 129 was selected based on
its high yield productivity and I tried to increase its drought
tolerance by using EBL and/or Spm foliar application. Thirty-
centimeter diameter plastic pots that were 35 cm deep were
filled with 15 kg clay loamy soil (sand 37%, silt 28%, clay
35%) and were supplemented with ammonium nitrate (33.5%
N), calcium superphosphate (15.5% P,Os), and potassium
sulfate (48% K,0) at the rate of 2.0, 2.0, and 0.5 g pot ',
respectively. In addition, 2.0 g pot ' ammonium nitrate was
added 30 days after planting. Soil chemical analysis was car-
ried out following the procedures of Cottenie et al. (1982) and
presented in Table 1. Four seeds were sown in each pot, and
two uniform seedlings were kept after the seedlings reached
the first true leaf stage. Plants were regularly watered to main-
tain optimum soil moisture until stress imposition.

The plants were sampled after 25 days of EBL and Spm
foliar application to assess the following physiological and
biochemical parameters. At maturity, seeds were collected,
and extraction and determination of total carbohydrate content
in maize seeds were carried out.

2.2 Photosynthetic Pigments Measurement

Concentrations of chlorophyll a, chlorophyll b, and caroten-
oids in fresh leaves were determined after extraction with 80%
(v/v) acetone and the absorbance was measured at 663, 645,
and 470 nm, respectively, using a UV—vis spectrophotometer.
The amount of chlorophylls and carotenoids was estimated by
the equations of Lichtenthaler (1987).

2.3 Chloroplast Isolation and Measurement
of Photosynthetic Photochemical Reactions Activity

The leaves’ chloroplast was isolated with the method de-
scribed by Cerovic and Plesnicar (1984). PSII-mediated
electron transport from H,O to p-benzoquinone (pBQ)
was determined according to the method described by
(Tiwari et al. 1997). PSI-mediated electron transport was
measured in terms of oxygen consumption using 2,6-

dichlorophenol indophenols (DCPIP) as electron donor
and methyl viologen (MV) as final acceptor.

2.4 Gas Exchange Measurements

Leaf gas exchange parameters were analyzed at 8:30—
11:30 am in the greenhouse using a LI-COR-6400 Portable
Photosynthesis System (LI-COR Inc., Lincoln, NE, USA) on
three fully expanded intermediate leaves in four plants of each
treatment. Irradiance level was set at 800 pmol
photons m2s' Air temperature, air relative humidity, and
CO, concentration were set at ambient conditions in the
greenhouse. The net photosynthetic rate (P,, pumol
CO, m 2 s 1), stomatal conductance (G5, mol H,O m 2 s ),
transpiration rate (7;, mmol H,O m 2 s ), and intercellular
CO, concentration (C;, pmol CO, mol air ') of maize (Zea
mays L.) leaves were measured.

2.5 Chlorophyll Fluorescence Analysis

Chlorophyll fluorescence measurements were determined fol-
lowing the procedure described by Lu et al. (2003) on the
same leaves as those used for the gas exchange attributes.
Chlorophyll fluorescence in dark- and light-adapted leaves
was excited and measured. Minimal (F)), maximal (F,) fluo-
rescence yields and maximum quantum efficiency of PSII
photochemistry (F/F;,) was determined after a 30-min dark
acclimation of selected leaves, and F./F,, was calculated as
(Fi— Fo)/Frn. The steady-state fluorescence yield (F) in
light-adapted leaves, the maximum chlorophyll fluorescence
level (Fy,), and the minimal fluorescence level in light-
adapted state (F(y) were determined and the actual photochem-
ical efficiency of PSII (®pgyy) was calculated as (F,y — F)/F -
Photochemical quenching coefficient (qP) was calculated as
(Fry — F)/(Fyy — Foy). Electron transport rate was calculated as
ETR = (F,y — Fg)/Fry X PPFD x 0.5 x 0.84, where PPFD is
photosynthetic photon flux density incident on the leaf, 0.5
as the factor that assumes equal distribution of energy between
the two photosystems, and 0.84 as the factor for leaf absor-
bance. Effective quantum yield of PSII photochemistry was
calculated as (Fy/F) = (Fyy — Fo))/Fpy. Using the fluores-
cence data obtained with the same dark-adapted and
steady-state-illuminated leaves, non-photochemical
quenching coefficients (qN) were calculated as qN =1
= (Fuy = Fo)/(Fin = F).

Table 1 Chemical properties of the used soil
pH HCO; +CO* CI' S04 Ca* Mg** Na* K* N p

(mg kg (mgkg")  (mgkg) (mgkg!) (mgkg') (mgkg) (mgkg) (mgkg  (mgkg)
720 2043 3159 4342 91.0 40.1 3.8 30.8 19.2 3.1
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2.6 Assay of Rubisco and Rubisco Activase Activity

Estimation of Rubisco activity was done as described by Jiang
et al. (2012). The Rubisco activation state (%) was calculated
using the ratio initial activity/total activity. The Rubisco
activase (RCA) activity was estimated using a Rubisco
Activase Assay Kit (Genmed Scientifics Inc., Wilmington,
DE, USA).

2.7 Assay of Carbonic Anhydrase and Glycolate
Oxidase Activities

Carbonic anhydrase (CA; EC 4.2.1.1) activity was assayed
using the method of Dwivedi and Randhawa (1974). To fresh
leaf tissues, cysteine hydrochloride solution was added and
samples were incubated at 4 °C for 20 min. Then phosphate
buffer (pH 6.8), alkaline bicarbonate solution, and
bromothymol blue were added to the leaf tissues and they
were incubated at 5 °C for 20 min. Finally, titration was done
against 0.05 N HCI.

Glycolate oxidase (GO; EC 1.1.3.15) activity was deter-
mined by following glyoxylate phenylhydrazone formation
at 324 nm for 3 min after an initial lag phase of 1 min as
described by Blasco et al. (2010). For this, fresh leaf tissues
were extracted by PVPP and 1 ml of 50 mM Tris-HCl buffer
(pH 7.8) with 0.01% Triton X-100 and 5 mM dithiothreitol
(DTT) were added and then centrifuged at 30,000xg for
20 min. The GO assay was performed in a reaction medium
containing 50 pl plant extract, 50 mM Tris-HCI buffer
(pH 7.8), 3.3 mM phenylhydrazine HCI (pH 6.8), 0.009%
Triton X-100, and 5 mM glycolic acid. Protein concentration
was quantified according to Lowry et al. (1951).

2.8 Determination of Total Soluble Sugars
Concentration

Total soluble sugars were estimated by the anthrone reagents
method (Irigoyen et al. 1992). Five milliliters anthrone sulfu-
ric acid solution (75% v/v) was added to 0.1 ml supernatant.
The mixture was boiled in 90 °C for 15 min, after it was
refrigerated in a cool water bath (0 °C). The absorbance was
read at 620 nm, using a spectrophotometer and compared with
the calibration curve, using pure glucose (Sigma).

2.9 Estimation of Seeds Carbohydrate Content

Extraction and determination of total carbohydrate content in
dried ground maize seeds were carried out according to Yih
and Clark (1965) and Dubois et al. (1956). Dried ground seeds
was extracted with 1.5 N H,SO,4 and then centrifuged at
4000%g for 10 min. For 1 ml of the extract, 1 ml of 5%
distilled phenol was added and absorbance was taken at
490 nm using spectrophotometer.

2.10 Extraction and GC-MS Analysis of Hormones

Method for auxins, cytokinins, gibberellins, and abscisic acid
determination according to Nehela et al. (2016) was applied
with minor modifications. One hundred milligrams of dried
ground leaves was extracted with 2 ml of ice-cold extraction
solvent (methanol/water/HC1 (6 N); 80/19.9/0.1; v/v/v). The
extract was centrifuged at 25,000xg for 5 min at 4 °C and then
the supernatant was collected and used in phytohormones
determination.

2.11 Statistical Analysis

Experimental data were statistically analyzed according to
complete randomized design, with a two-way factorial ar-
rangement (Snedecor and Cochran 1980). Combined analysis
was made for the two growing seasons, since their results
followed a similar trend. All values are expressed as mean +

standard error of mean (SE) of four replicates. The analysis of
variance (ANOVA) was performed using SAS software (SAS
Institute, Cary NC). Differences between treatments were sep-
arated by the least significant difference (LSD) test at a 0.05
probability level.

3 Results

Photosynthetic pigments were significantly (p <0.05) im-
paired under water-limited environments. However, EBL
and/or Spm exogenous treatments ameliorated the decompo-
sition of chlorophyll @, chlorophyll b, and carotenoids under
this harsh condition (Fig. 1). EBL and Spm combined appli-
cation significantly (p < 0.05) elevated the content of chloro-
phyll @ by 30.6, 40.6, and 50.0%, that of chlorophyll b by
38.0, 50.8, and 94.4%, that of carotenoids by 41.2, 61.5, and
125.0%, and that of total pigments by 34.2, 45.8, and 68.3%
under normal (WW) and drought conditions (WD1 and
WD?2), respectively, compared with control (double-distilled
water) treatment.

Water deficiency as well as EBL and/or Spm treatments
had strong impacts on the photochemical reactions of photo-
synthesis (Fig. 2). PSI and PSII activities were significantly
(p <0.05) decreased by water stress treatments. Indeed, they
showed 30.6 and 59.7% inhibition, respectively, under
drought condition at 50% of field capacity (WD2).
However, EBL and/or Spm applications considerably restored
photosynthetic electron transport under water-stressed condi-
tions. EBL and Spm combined application significantly
(p <0.05) increased PSI activity by 9.4, 18.9, and 39.0%,
and that of PSII activity by 17.5, 52.5, and 126.1% under
normal (WW) and drought conditions (WD1 and WD2), re-
spectively, compared to control (double-distilled water)
treatment.
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Fig. 1 Changes of chlorophyll «, O Control
chlorophyll b, carotenoids, and
total pigments content in leaves of

maize plants treated with [control 2 -
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S WD?2), respectively. However, combined application signifi-
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Fig. 2 Changes of PSI and PSII electron transport activities (pumol
0, mg ' Chl h™") in leaves of maize plants treated with [control
(DDW), 25 mg I"" Spm, 0.1 mg 1"' EBL, and 25 mg "' Spm +
0.1 mg 1" EBL] under normal (WW) and drought stress conditions
(WD1 and WD2). Values are the mean + SE (r = 4), and asterisks indicate
significant differences (p < 0.05) compared with the control (sprayed with
DDW) plants
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values of water-stressed plants were significantly (p <0.05)
decreased compared to that of un-stressed ones (Fig. 4). In
contrast, EBL and/or Spm exogenous treatments mitigated
the deleterious effect of drought and induced increases in their
values. The non-photochemical quenching coefficients value
was significantly (p <0.05) raised by drought, while it
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Fig. 3 Changes of gas exchange
parameters [net photosynthetic
rate (P,, umol CO, mZsh,
stomatal conductance (G, mol
H,Om2s™h, transpiration rate
(T, mmol H,O m % s 1), and
intercellular CO, concentration
(C;, umol CO, molfl)] in leaves
of maize plants treated with
[control (DDW), 25 mg 1"! Spm,
0.1 mg1 " EBL, and 25 mg 1"
Spm+ 0.1 mg 1" EBL] under
normal (WW) and drought stress
conditions (WD1 and WD2).
Values are the mean + SE (n=4),
and asterisks indicate significant
differences (p < 0.05) compared
with the control (sprayed with
DDW) plants

Fig. 4 Changes of chlorophyll
fluorescence attributes [maximum
quantum efficiency of PSII
photochemistry (F/Fy,), actual
photochemical efficiency of PSII
(Ppsy), effective quantum yield of
PSII photochemistry (Fy/F,),
electron transport rate (ETR),
photochemical quenching
coefficient (qP), and non-
photochemical quenching coeffi-
cients (qN)] in leaves of maize
plants treated with [control
(DDW), 25 mg 1" Spm,

0.1 mg I"" EBL, and 25 mg I’
Spm+0.1 mg 1" EBL] under
normal (WW) and drought stress
conditions (WD1 and WD2).
Values are the mean + SE (n=4),
and asterisks indicate significant
differences (p < 0.05) compared
with the control (sprayed with
DDW) plants
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decreased by these exogenous treatments. EBL and Spm com-
bined application alleviated the detrimental impact of water
deficiency and significantly (p <0.05) enhanced the maxi-
mum quantum efficiency of PSII photochemistry by 21.0,
43.1, and 113.9%), that of the actual photochemical efficiency
of PSII by 20.0, 57.1, and 111.8%, that of the effective quan-
tum yield of PSII photochemistry by 18.9, 42.5, and 92.0%,
that of the electron transport rate by 19.0, 40.8, and 92.3%,
and that of the photochemical quenching coefficient by 16.1,
32.0, and 103.3% compared to values of control plants under
normal (WW) and drought conditions (WD1 and WD2),
respectively.

The total and initial Rubisco activity and the RCA activity
were assayed to investigate the mechanism by which EBL
and/or Spm exogenous applications regulates CO, fixation
under drought conditions. They were significantly (p < 0.05)
decreased in response to water deficiency. However, treated
plants by EBL and/or Spm had higher Rubisco and RCA
activity than that in control plants under drought conditions
(Fig. 5). EBL and Spm combined application improved the
drought tolerance and significantly (p <0.05) increased the
initial Rubisco activity by 15.4, 32.9, and 103.4%, that of total
Rubisco activity by 9.0, 20.0, and 65.8%, that of Rubisco
activation state by 5.9, 10.6, and 22.9%, and that of RCA
activity by 17.6, 23.1, and 115.4% compared to values of
control plants under normal (WW) and drought conditions
(WD1 and WD?2), respectively.

Carbonic anhydrase activity was significantly (p <0.05)
decreased with decreasing soil water content (Fig. 6). EBL
and/or Spm applications alleviated the impact of water

Fig.5 Changes in the activities of O Control
initial and total Rubisco

(pmol m 2 s "), Rubisco activase

(umol ECM min 1), and the 30 -
Rubisco activation state (%) in
leaves of maize plants treated
with [control (DDW), 25 mg 17!
Spm, 0.1 mg "' EBL, and
25mgl ' Spm+0.1 mgl ' EBL]
under normal (WW) and drought
stress conditions (WD1 and
WD2). Values are the mean + SE
(n=4), and asterisks indicate sig-
nificant differences (p < 0.05)
compared with the control 70 4
(sprayed with DDW) plants

Initial Rubisco activity
(umol m2s?)

Rubisco activation state (%)

ww WwD1

Drought treatments
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Fig. 6 Changes of carbonic anhydrase (CA, mol CO, kg ' leaf FM s ")
and glycolate oxidase (GO, nmol min ' mg ' protein) activity in leaves of
maize plants treated with [control (DDW), 25 mg 1! Spm, 0.1 mg 1!
EBL, and 25 mg I"' Spm+0.1 mg I"' EBL] under normal (WW) and
drought stress conditions (WD1 and WD2). Values are the mean + SE
(n=4), and asterisks indicate significant differences (»p <0.05) compared
with the control (sprayed with DDW) plants
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15.0, 46.7, and 72.7% under normal (WW) and drought con-
ditions (WD1 and WD?2), respectively, compared with control
treatment. Glycolate oxidase activity was significantly
(p <0.05) increased in plants grown under drought conditions
(Fig. 6). However, combined application decreased its value
by 12.5, 15.8, and 33.3% compared to value of control plants
under normal (WW) and drought conditions (WD1 and
WD?2), respectively.

Plants grown under water-limited soils showed significant
(p <0.05) enhancement in the total soluble sugars concentra-
tion (Fig. 7). EBL and/or Spm treatments under normal (WW)
condition did not change its value. However, when these treat-
ments were accompanied with water deficit conditions, they
elevated its accumulation. EBL and Spm combined applica-
tion enhanced total soluble sugars concentration by 2.8, 22.3,
and 63.2% under normal (WW) and drought conditions (WD1
and WD2), respectively, in comparison to control treatment.

Seeds carbohydrate content was significantly (p < 0.05) de-
creased under water shortage conditions (Fig. 8). EBL and/or
Spm treatments alleviated the deleterious impact of drought
and enhanced its content. EBL and Spm combined application
enhanced seeds carbohydrate content by 6.4, 26.6, and 70.1%
under normal (WW) and drought conditions (WD1 and
WD2), respectively, compared with control treatment.

Drought significantly altered the endogenous phytohor-
mones production. It increased abscisic acid (ABA) accumu-
lation and decreased indole-3-acetic acid (IAA), gibberellins
(GAs), and cytokinins (CKs) concentrations (Fig. 9). EBL
and/or Spm treatments alleviated the detrimental effect of wa-
ter stress on the hormonal balance and caused dramatic chang-
es in it. EBL and Spm combined application significantly
(p <0.05) increased IAA concentration by 19.5, 70.5, and
180.0%, that of GAs concentration by 16.4, 67.9, and
132.2%, and that of CKs concentration by 15.7, 55.4, and
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Fig. 7 Changes of total soluble sugars (mg g ' DW) concentration in
leaves of maize plants treated with [control (DDW), 25 mg "' Spm,
0.1 mg I'" EBL, and 25 mg "' Spm+0.1 mg I"' EBL] under normal
(WW) and drought stress conditions (WD1 and WD2). Values are the
mean + SE (n =4), and asterisks indicate significant differences (p < 0.05)
compared with the control (sprayed with DDW) plants
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Fig. 8 Changes in the seeds carbohydrate content (mg g ' DW) in maize
plants treated with [control (DDW), 25 mg "' Spm, 0.1 mg 1" EBL, and
25mg 1" Spm+0.1 mg 1" EBL] under normal (WW) and drought stress
conditions (WD1 and WD2). Values are the mean =+ SE (n=4), and as-
terisks indicate significant differences (p < 0.05) compared with the con-
trol (sprayed with DDW) plants

120.6%, compared to values of control plants under normal
(WW) and drought conditions (WD1 and WD2), respectively.
However, combined application significantly (p <0.05) de-
creased ABA concentration by 44.3 and 61.5% under drought
conditions (WD1 and WD?2), respectively, compared to con-
trol treatment.

4 Discussion

Water deficiency is a major abiotic factor that severely reduces
plant productivity; therefore, minimizing this loss is a critical
issue to ensure the global agricultural food security. Indeed,
over 20% of the annual maize yield losses worldwide are
attributed to drought (Ribaut et al. 2012). Plant growth regu-
lators such as 24-epibrassinolide and spermine have major
roles in enhancing tolerance to environmental stresses.
Hence, using their exogenous applications can be a potential
strategy to improve maize performance under water stress
conditions. My previous studies have demonstrated that
EBL and/or Spm exogenous treatments enhanced maize
drought tolerance by improving antioxidant enzymes activity,
increasing ascorbate and glutathione content, inducing organ-
ic solutes production, altering polyamines pool, enhancing
protein synthesis, as well as affecting ethylene and ROS pro-
duction (Talaat et al. 2015; Talaat and Shawky 2016). The
current study is an attempt to investigate if EBL and/or Spm
treatments have significant impacts on other physiological and
biochemical criteria. It reveals a novel role of EBL and/or Spm
treatments on maize drought tolerance based on their funda-
mental role on photosynthetic process and endogenous
phytohormonal status.

Water stress significantly (p < 0.05) hampered photosyn-
thetic performance (Table 2) by damaging both gas exchange
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Fig. 9 Changes of indole-3-acetic O Control
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capacity (Fig. 3) and chlorophyll fluorescence kinetics (Fig.
4). It also significantly disrupted photosynthetic activities
mainly via altering the photosynthetic pigments content (Fig.
1), photochemical reactions of photosynthesis (Fig. 2), photo-
synthetic enzymes activity (Figs. 5 and 6), and carbohydrates
accumulation (Figs. 7 and 8). It also altered the endogenous
phytohormones production (Fig. 9). However, EBL and/or
Spm foliar applications mitigated water deficiency effect and
maintained leaf photosynthetic ability (Table 2) by improving
chlorophylls and carotenoids content, PSI and PSII activities,
photosynthesis-related enzymes activity, stomatal conduc-
tance and by reducing photorespiration. Furthermore, these
exogenous treatments sustained maize drought tolerance by
maintaining hormonal balance (Fig. 9). Notably, EBL and
Spm enhanced drought tolerance by improving photosynthe-
sis as well as by maintaining endogenous phytohormones
profile.

Chlorophylls and carotenoids are considered as fundamen-
tal components in the photosynthetic complex (Pastenes et al.
2005; Talaat 2013). Data in Fig. 1 demonstrates that EBL and/
or Spm applications significantly (p <0.05) ameliorated the
deleterious effect of drought and induced increases in the pho-
tosynthetic pigments content, indicating that these exogenous
treatments could ameliorate the negative effect of stress on the
chloroplast structure. Indeed, the damaging effect on pigments
content may directly be linked with water deficiency-induced
chloroplast disruption, chlorophyll oxidation by free radicals,
chlorophyll degradation by chlorophyllase, and/or inhibitory
effect on pigment biosynthesis enzymes (Ahmed et al. 2009)
that may prompt structural changes in light harvesting

@ Springer

complex, alter light fixation capacity, and consequently de-
crease photosynthetic efficiency. In contrast, EBL and/or
Spm foliar treatments mitigated water deficiency effect and
increased pigments concentration, which could possibly be
attributed to their positive effect on pigments biosynthesis as
was also reported earlier by Divi and Krishna (2009). Spm can
stabilize the molecular composition of the thylakoid mem-
branes (Popovic et al. 1979), and thus prevent pigments’
losses, delay senescence, and increase efficiency of light cap-
ture under stressful conditions. Additionally, carotenoids can
act as efficient quenchers of singlet oxygen (Qin et al. 2007).
Thus, the higher carotenoids amount in treated stressed plants
compared to that in non-treated ones may limit the chlorophyll
damage induced by ROS. Hence, it is worth to mention that
sprayed water-stressed plants by EBL and/or Spm
counteracted the decrease in the photosynthetic pigments pro-
duction to sustain the photosynthetic activity.

Core consequence of drought conditions is the diminishing
in PSI and PSII activities; particularly PSII (Fig. 2). This de-
cline in the photochemical reactions of photosynthesis could
be due to the harmful effect of water stress on photosynthetic
pigments content (Fig. 1). A decrease in chlorophyll concen-
tration may lower the consumption of photons for light-driven
electron transport in drought-exposed plants leading to
photoinhibition. Another potentially reason for this decline
in the PSII activity is the destruction of the chloroplasts
resulting from thylakoids envelope breakdown and destabili-
zation of pigment protein complexes (Miller et al. 2010).
Water stress also induces damage in PSII major proteins D1
and D2 and in PSII oxygen evolving complex (Sapeta et al.
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Table 2 P values of the two-way

analysis of chlorophyll a, chloro- Main-factor effects Significant interaction

phyll b, carotenoids, and total

pigments content, PSI and PSII D T DxT

electron transport activities, net

photosynthetic rate (P,), stomatal Chlorophyll a content <0.0001 <0.0001 -

conductance (Gy), transpiration Chlorophyll b content <0.0001 <0.0001 0.4481

rate (), intercellular CO, con- Carotenoids content <0.0001 <0.0001 0.3809

centration (C;), maximum quan- ]

tum efficiency of PSII photo- Total pigments content <0.0001 <0.0001 -

chemistry (F\/Fy,), actual photo- PSI activity <0.0001 <0.0001 0.0456

Egemi;al ;fﬁQienCy of PSIL op | PSWactivity <0.0001 <0.0001 0.0002

psin), €tfective quantum yield o

PSII photochemistry (F,/Fi), Pa <0.0001 <0.0001 -

electron transport rate (ETR), G <0.0001 <0.0001 -

photochemical quenching coeffi- T, <0.0001 <0.0001 -

cient (qP), non-photochemical ] <0.0001 <0.0001 0.0156

quenching coefficients (qN), ac- '

tivities of initial Rubisco, total Fy/Fm <0.0001 <0.0001 0.0825

Rubisco, Rubisco activase, car- Ppgyy <0.0001 <0.0001 0.0024

bonic anhydrase, and glycolate FylF <0.0001 <0.0001 0.0040

oxidase, Rubisco activation stgte, R <0.0001 <0.0001 <0.0001

total soluble sugars concentration,

seeds carbohydrate content, and qP <0.0001 <0.0001 0.0012

concentrations of indole-3-acetic qN <0.0001 <0.0001 0.0266

acid SAA)»( gl}'gbfre“:ins b(GA_S)’ Initial Rubisco activity <0.0001 <0.0001 0.0003

cytokinins s), and abscisic . ..

acid (ABA) parameters measured Total Rubisco activity <0.0001 <0.0001 0.0001

in maize plants treated by differ- Rubisco activation state <0.0001 <0.0001 0.0864

ent foliar application treatments Rubisco activase activity <0.0001 <0.0001 0.0878

““dgft,“o"ma‘ and drought stress i, onic anhydrase activity <0.0001 <0.0001 0.3608

conditions
Glycolate oxidase activity <0.0001 <0.0001 0.0432
Total soluble sugars concentration <0.0001 <0.0001 <0.0001
Grains carbohydrate content <0.0001 <0.0001 <0.0001
IAA <0.0001 <0.0001 <0.0001
GAs <0.0001 <0.0001 <0.0001
CKs <0.0001 <0.0001 <0.0001
ABA <0.0001 <0.0001 <0.0001

P values are considered significant (< 0.05, n=4). “D”, effect of drought levels; “77, effect of different foliar
application treatments; D x T, effect of the variables’ interaction

2013). However, EBL and/or Spm treatments significantly
(p <0.05) alleviated drought-mediated reduction in the photo-
chemical reactions of photosynthesis (Fig. 2). This ameliora-
tive effect could be attributed to EBL and Spm favorable im-
pact on (a) protecting PSII against over-excitation (Hamdani
et al. 2011; Hu et al. 2013) and (b) enhancing antioxidant
enzymes activity and antioxidant molecules content (Talaat
et al. 2015; Talaat and Shawky 2016) that protect PSII against
ROS damaging effect. Furthermore, PAs by binding to por-
tions of PSII intrinsic polypeptides can provide stability to
their conformation against stressful conditions (Hamdani
etal. 2011).

Parallel decreases in gas exchange attributes (net photosyn-
thetic rate, transpiration rate, and stomatal conductance) were
detected in drought-exposed plants (Fig. 3). This is achieved
mainly by the decrease in leaf area (Talaat et al. 2015), reduc-
tion in photosynthetic pigments content (Fig. 1), and

impairment in photosynthetic photochemical reactions (Fig.
2). Decreased the stomatal conductance under water deficit
conditions allows plants to limit the transpiration rate; more-
over, it also reduces CO, absorption, which ultimately results
in a reduction in the net photosynthetic rate (Gleason et al.
2017). Additionally, data in the same figure implied that
drought stress increased the intercellular CO, concentration,
as was also reported by Zhang et al. (2015). This result proves
that drought can induce CO, to accumulate in intercellular
areas, which indirectly limits carbon assimilation and induces
poor performance of the photosynthetic apparatus. However,
results in Fig. 3 also illustrated that treated stressed plants by
EBL and/or Spm significantly (p < 0.05) increased the levels
of the net photosynthetic rate, stomatal conductance, and tran-
spiration rate with a reduction in the intercellular CO, concen-
tration than the corresponding untreated ones. Increased sto-
matal conductance in treated plants, particularly under the
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stress conditions, led to higher CO, diffusion into leaf thereby
favoring higher net photosynthetic rate. EBL improved the net
photosynthetic rate under water stress condition by increasing
absorbed light energy utilization (Hu et al. 2013) and by en-
hancing stomatal opening and thus increase the chance to
allow more CO, into the leaves (Gill et al. 2017). Hence, it
is interesting to underline that EBL and/or Spm might enhance
photosynthetic capability under drought through ameliorating
both stomatal and non-stomatal limitations.

Chlorophyll fluorescence can be used as a rapid technique
to detect the changes in the photosynthetic activity in stressed
plants (Osério et al. 2013). Drought significantly (p <0.05)
decreased the maximum quantum efficiency of PSII photo-
chemistry (F/Fy,), electron transport rate (ETR), effective
quantum yield of PSII photochemistry (F,/F\,,), actual photo-
chemical efficiency of PSII (®pgy;), and photochemical
quenching coefficient (qP) values, while it significantly in-
creased the non-photochemical quenching coefficients (qN)
(Fig. 4) that could be due to severe damage in the PSII reaction
center. The high non-photochemical quenching coefficients
could imply high thermal energy dissipation ability (Hu
et al. 2013). The maximum quantum efficiency of PSII pho-
tochemistry is a reliable indicator for photo-damage and its
lower value in stressed leaves indicates that the rate of break-
down of the D1-protein of PSII exceeds the ability to repair
the photo-damage in these plants (Gururani et al. 2015). Stress
conditions also induced electron transfer blockage at the PSII
acceptor side (Mehta et al. 2010). Apparently, PSII is gener-
ally considered to be more susceptible to the effects of drought
than PSI (Fig. 2). This effect is apparent as reductions of both
the maximum (F,/F,,) and actual (®pgyy) quantum yields of
PSII and concomitant increases in the non-photochemical
quenching coefficients. However, EBL and/or Spm treatments
restored the deleterious impact of water stress on these param-
eters (Fig. 4), indicating alleviation of the photoinhibition,
improvement of the photochemical efficiency, increment of
the capacity of CO, assimilation, and improvement of the
efficiency of light utilization in stressed-maize plants and thus
acclimation to this harsh condition. EBL under water stress
conditions might protect PSII against over-excitation (Zhao
et al. 2017), enhance thylakoid membranes flexibility, and
improve energy redistribution between PSI and PSII
(Dobrikova et al. 2014). From this point of view, it is worth
mentioning that treated stressed plants can remain potential
PSII efficiency and exhibit greater PSII function than that of
stressed untreated ones.

Ribulose-bisphosphate carboxylase (Rubisco) catalyzes
the incorporation of CO, into ribulose 1,5-bisphosphate and
the photosynthetic performance is largely determined by its
activation state. RCA maintain Rubisco in an active confor-
mation (Chen et al. 2015). As shown in Fig. 5, drought con-
ditions significantly (p < 0.05) reduced Rubisco and RCA ac-
tivities as well as Rubisco activation state, and consequently
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the carboxylation capacity was impaired in these plants. This
decline in Rubisco activation state is thought to be directly
correlated to the impairing in Rubisco activase activity, as
was also reported by Zhang et al. (2015). However, EBL
and/or Spm treatments increased the Rubisco activation state
(Fig. 5) that could be attributed to their favorable role on
enhancing the Rubisco activase activity (Fig. 5). In this con-
cern, Zhao et al. (2017) found that EBL improved the photo-
synthetic activity under water deficiency by enhancing the
38-39-kDa RCA subunit that was associated with modifica-
tion in the values of initial Rubisco activity and net photosyn-
thetic rate. BRs could also regulate Rubisco activity by upreg-
ulating rbcL and rbcS genes expression, which encode sub-
units of this enzyme (Xia et al. 2009) and/or by protecting
enzymes involved in ribulose 1,5-bisphosphate regeneration
(Divi and Krishna 2009). Furthermore, PAs could incorporate
with the large subunit of Rubisco (Hamdani et al. 2011) and
thus enhance CO, assimilation. Accordingly, recovery of the
activity of Calvin cycle enzyme could enhance the photosyn-
thetic capacity.

Water shortage conditions significantly (p < 0.05) inhibited
carbonic anhydrase activity (Fig. 6). This inhibition could be
attributed to (a) decrease CO, uptake by inducing stomatal
closure (Fig. 3) and/or (b) excessive ROS production that
may inhibit enzyme synthesis or alter enzyme activity.
Contrarily, treated water-stressed plants by EBL and/or Spm
enhanced carbonic anhydrase activity and that corresponded
well with the enhanced photosynthetic efficiency. This en-
hancement in the enzyme activity can be explained by the
positive impact of these exogenous treatments on (a) stomatal
conductance (Fig. 3) that facilitates the uptake and availability
of CO, and/or (b) inducing the synthesis of carbonic
anhydrase by involving the specific gene expression (Divi
and Krishna 2009).

Stomatal closure induced by water-stressed environments
decreases the ratio of CO,/O, and increases photorespiration
and glycolate production. In peroxisomes, H,O, oxidized
glycolate to glycolate oxidase (Miller et al. 2010). In the pres-
ent study, it is worth noting that activity of glycolate oxidase
was enhanced in response to water deficiency. However, treat-
ed stressed plants by EBL and/or Spm decreased its activity
(Fig. 6) that may be due to their possible involvement in the
enhancement of stomatal conductance (Fig. 3).

As shown in Fig. 7, drought stress resulted in increasing the
total soluble sugars concentration, which was further in-
creased by EBL and/or Spm treatments, indicating stress ame-
liorative properties of EBL and Spm. Sugars biosynthesis en-
hancement by EBL could be attributed to the crucial role
played by EBL on upregulating the related gene expression
(Divi and Krishna 2009). Indeed, plants respond to drought
stress using different physiological and biochemical strate-
gies. One of them is the accumulation of osmoregulation sub-
stances in plant cells, such as soluble sugars that can regulate
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osmotic potential, maintain cell turgor pressure, scavenge rad-
ical, serve as a sink for energy and carbon as well as confer
protection to the stability of membrane structures and
metabolism-related enzymes (Sun et al. 2016). Maintaining
higher turgor pressure in treated stressed plants may contribute
to keeping the stomata open and the photosynthetic rate rela-
tively high. Furthermore, sugars also activate specific ROS
scavenging systems via interplaying with redox and hormone
signals (Ramel et al. 2009).

Drought-caused decreases in seeds carbohydrate content,
which was significantly (p <0.05) alleviated by EBL and/or
Spm exogenous treatments (Fig. 8). This ameliorative effect
could have been at least in part due to the role played by EBL
and Spm on pigments content, PSI and PSII performance, gas
exchange, chlorophyll fluorescence, and Rubisco activity.
Concerning to Divi and Krishna (2009) and Talaat and
Shawky (2012), BR applications can induce photosynthetic
efficiency and enhance sink strength and phloem uploading
that stimulate assimilate flow from source to sink organs and
resulted in higher seeds carbohydrate content.

Hormonal profile has a critical fundamental role in control-
ling plant drought resistance. As shown in Fig. 9, significantly
(p <0.05) high level of ABA was detected in plants exposed to
drought conditions, whereas concentrations of [AA, GAs, and
CKs were significantly decreased. Apparently, endogenous
hormones were significantly influenced by drought and closely
associated with photosynthetic activity. Abscisic acid induces
stomatal closure to prevent water losses under drought envi-
ronments that disturb gas exchange and consequently inhibit
photosynthesis process. Abscisic acid can also regulate stress-
response genes expression (Fan et al. 2016). However, a con-
verse trend was detected when water-stressed plants were
sprayed by EBL and/or Spm as they counteracted the negative
effects of water stress by diminishing the level of stress-
induced hormonal imbalance. Indeed, endogenous phytohor-
mones are essential pre-requisites for improving plant stress
tolerance and maintaining high photosynthetic capacity. In this
respect, higher concentration of cytokinins in treated stressed
plants may protect the photosynthetic machinery by inhibiting
the negative impact of stress condition on chlorophyll concen-
tration and on photochemical efficiency (Chernyadev 2009).

Brassinosteroids exert anti-stress effects both independent-
ly as well as through cross-talk with other stress-related hor-
mones pathways (Divi et al. 2010; Shakirova et al. 2016). In
this connection, Divi et al. (2010) reported that there was a
cross-talk between abscisic acid and brassinosteroids that can
regulate stomatal development under water-stressed condi-
tion. Brassinosteroids also modulate cytokinins levels by reg-
ulating the expression of genes participating in cytokinin sig-
naling (Divi and Krishna 2009). Furthermore, it is worth not-
ing that the positive effect of Spm in inducing hormonal bal-
ance in water-stressed plants is based on its capacity to interact
with other phytohormones, as was also reported by Li et al.

(2016). In this respect, Radhakrishnan and Lee (2013) found
that Spm alters abscisic acid metabolic pathway and thus in-
duce stomatal regulation under water-stressed conditions.

The novel aspect of the current study is that exogenous
EBL and/or Spm applications alter the concentrations of
abscisic acid, indole-3-acetic acid, gibberellins, and cytoki-
nins in maize plants subjected to drought, which suggests that
a general interaction existed between endogenous phytohor-
mones and both EBL and Spm and that might be involved in
the simultaneous improvement in photosynthetic carbon fixa-
tion efficiency and thereby enhance plant stress tolerance.

Taking into account the physiological responses of maize
plants to EBL and/or Spm treatments under drought condi-
tions, it is evident that these foliar applications can alleviate
drought-induced injury to the photosynthetic system by
counteracting the decrease of photosynthetic pigments con-
centration (Fig. 1), improving the performance of photosyn-
thetic photochemical reactions (Fig. 2), maintaining the integ-
rity of gas exchange parameters (Fig. 3), alleviating the dis-
turbance of chlorophyll fluorescence system (Fig. 4), altering
the activities of Rubisco, Rubisco activase, carbonic
anhydrase and glycolate oxidase (Figs. 5 and 6), inducing
the accumulation of compatible solutes (Fig. 7), sustaining
the seeds carbohydrate content (Fig. 8), and regulating the
plant hormonal system (Fig. 9). Obviously, photosynthetic
impairment was shown to be a consequence of both stomatal
and non-stomatal limitation; however, spraying drought-
stressed plants by EBL and/or Spm maintained the leaf pho-
tosynthetic capacity by modification the two kinds of limita-
tion. Additionally, data point out that the highest photosyn-
thetic efficiency was detected when the mixture of EBL and
Spm was used. Obtained results confirm that this combined
treatment can alleviate drought-induced irreversible harm to
plant photosynthetic system.

5 Conclusions

Data reveal that EBL and/or Spm exogenous treatments main-
tained photosynthetic activities that allow maize (Zea mays L.)
to adapt to drought stress. Water deficiency impaired photo-
synthetic performance; however, combined application of
EBL and Spm maintained higher chlorophylls and carotenoids
content, sustained both gas exchange and chlorophyll fluores-
cence systems, enhanced PSI and PSII reaction center activi-
ties, up-regulated photosynthetic enzymes activity, increased
osmotic adjustment substances accumulation, and finally re-
sulted in improving the efficiency of photosynthetic carbon
fixation and consequently promoting the plant’s drought tol-
erance. Furthermore, combined treatment could be exploited
to alleviate the deleterious impact of water stress through not
only regulation the photosynthetic ability but also by altering
the endogenous phytohormones profile.
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