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Water stress affects plant growth and development, leading to agricultural crop losses in maize 
cultivation. It also threatens food security in economical crops such as maize, one of the major crops 
produced worldwide. Transcriptomic studies associated with morphological assessments have been 
widely conducted on the mechanisms of crop development and stress response; however, data on 
maize is still very much limited. Hence herein, we used both the morphological and proteomic analyses 
to investigate and establish physical features and proteins associated with maize in response to 
osmotic stress. In addition, proteomic analysis (1DE and 2DE techniques) was used to separate and 
enumerate water stress responsive proteins. Morphologically, a decrease in the overall growth of the 
maize plant as a result of water stress was observed, whereby features such as leaf colour and size, 
shoot height and stem diameter were negatively affected. Through proteomics analyses, a total of nine 
expressed proteins were revealed in response to water stress. Overall, this work, has successfully 
profiled the water stress responsive proteins and specifically indicating the efficiency of proteomic 
tools in the detection and analysis of qualitative proteins from maize. 
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INTRODUCTION 
 
Climate change and global warming accelerates the risk 
of drought, which has several detrimental effects on 
various organisms including humans, animals and plants 
(Dai, 2013). However, plants as the primary producers 
are constantly exposed to various abiotic stresses, which 
affect their essential roles in the general life systems of 
mankind (Jin et al., 2015). Due to climate change, some 
regions on earth are not  receiving  enough  rainfall,  thus 

such regions do experience drought. Soil water supply is 
an important environmental factor, controlling seed 
germination and seedling establishment (Kramer and 
Kozlowski, 1980; Bargali and Bargali, 2016). Hence, 
when water potential is reduced, seed germination will be 
delayed or halted depending on the extent of its reduction 
(Hegarty, 1977; Zobel et al., 1995). Seed germination 
and early seedling growth are considered the most critical  
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phases for the establishment of any plant species 
(Bargali and Singh 2007; Pratap and Sharma, 2010; 
Vibhuti et al., 2015; Pantola et al., 2017). 

Water deficiency is one of the major abiotic stresses 
that affect plant growth, development and productivity 
worldwide (Zhao et al., 2011; Shi et al., 2014). With such 
effects, it is estimated that by the end of the 21

st
 century, 

drought terrestrial areas will increase and threatens food 
security (Zhao et al., 2011). Hence, it is imperative to 
determine and understand the mechanisms that are 
employed by plants when experiencing drought, in order 
to improve their tolerance to water stress. 

To deal with water-deficit stress, plants have developed 
various mechanisms to regulate the balance of cells, 
through optimization of their morphology, physiology and 
metabolism at a cellular level (Boyer, 1982). Previous 
studies have shown various signal responses to drought, 
where a plant would undergo leaf abscission, while in 
other plants, the response may be deadly (Chaves et al., 
2002). In some cases, slow water loss results in 
acclimation to water stress condition thus limiting the 
drastic effects of plant damage (Bray, 1997), whereas in 
rapid water loss, acclimatization is prevented because 
plants have limited time. In addition, water stress results 
as a physiological condition, where plants have less than 
full turgor pressure, due to the transpiration demand 
exceeding root water uptake (Dejonge et al., 2012). The 
physiological impact of water stress at both the tissue 
and cellular levels in plants have been shown to result in 
new metabolic and structural abilities mediated by the 
changed gene and protein expression that will assist in 
plant functioning (Bray, 1997; Kasuga et al., 1999; 
Hasegawa et al., 2000; Seki et al., 2003; Shinozaki et al., 
2003). In addition, some of the physiological and 
biochemical modifications that are involved during water 
stress include growth inhibition as a result of stomatal 
closure, which affects photosynthesis and respiration 
(Fathi and Tari, 2016). 

Maize (Zea mays L.) is one of the major cultivated 
crops in South Africa, which serves as a staple food to 
many homes. Maize being a thermophilous crop, requires 
temperatures that exceed 10°C for its proper growth as 
well as related physiological processes such as canopy 
photosynthesis and root system activities (Liu et al., 
2010). However, it needs to be produced under optimal 
conditions for maximum production and the coordination 
of its high sensitivity to harsh environmental conditions 
such as water deficit (Lobell et al., 2011). Maize exhibits 
varying physiological and biochemical effects during 
water stress such as development and growth inhibition 
during the early growth stages, structural damage, 
reduction in kernel number and ear size (Bassetti and 
Westgate, 1993; Farré and Faci, 2006). In addition, water 
stress induces stomatal closure, which results in 
decreased CO2 absorption that reduces photosynthetic 
activity (Nayyar and Gupta, 2006). 

Water   deficiency   intensely   affects   the   agricultural  

 
 
 
 
sector, thus limiting total crop yield, which in turn, affects 
food security and pose a serious threat to the growing 
population. An increase in crop production is hindered by 
drought stress (Fathi and Tari, 2016). Various studies are 
being conducted on maize that includes the mechanisms 
of crop development and the environmental adaption of 
crops to stress, in order to improve quality and yield. This 
raises a need to better understand the mechanisms used 
by crop plants when they are exposed to drought stress. 
Thus, our study, reported herein aimed to profile water 
stress induced proteins from leaf extracts of a Z. mays 
cultivar (R450 w/uo2550 CML550). 

Transcriptomic studies have previously been carried 
out to reveal the large-scale drought modulated gene 
expression in leaf meristem and reproductive tissues and 
seedling shoots of maize (Zheng et al., 2010; Kakumanu 
et al., 2012). Recently, proteomics analyses have been 
performed on various maize tissues to study water stress 
responsive protein expression in drought-tolerant and 
drought sensitive genotypes (Riccardi et al., 2004). 
Although, proteomics approaches have been studied in 
various plant species (Cui et al., 2005; Dani et al., 2005; 
Ndimba et al., 2005), the published proteomic data on 
responses of maize to water stress is still limited 
(Yoshimura et al., 2008). Ultimately, information on such 
studied genes/proteins can then be possibly genetically 
transferred into other maize varieties and/or related crops 
that exhibit sensitivity to water stress. 

 
 
MATERIALS AND METHODS 

 
Plant material and treatment growth conditions 

 
The R450w/uo2250w CML550 Z. mays seeds cultivar used in this 
study were obtained from Molelwane Farm, Department of Crop 
Science, North-West-University, RSA. The seeds were selected for 
size homogeneity in terms of size and physical appearance for each 
pot. The seeds were surface-sterilized with 70% (v/v) ethanol for a 
minute, followed by decontamination with 1.25% sodium 
hypochlorite solution (bleach) for 10 min. Immediately after 
sterilization, the seeds were rinsed three times with sterile distilled 
water. Three seeds were sown in each of the 12 plastic plant pots, 
filled with a 3:2 (v/v) mixture of sterilized organic soil (Levington F2, 
seed and modular compost) and vermiculite. The intended maize 
plants were grown in a randomized design to eliminate the effect of 
variations in environmental conditions at different positions. 
Thereafter, plants at the same developmental stage and of similar 
height, were selected for all experiments. The sown seeds were 
watered daily with 100 ml of sterile tap water up until germination 
begun on day 7. Germinated plants were grown under greenhouse 
conditions of 16-h days and 8-h nights, day/night air temperature of 
26/22°C and relative humidity of 75%. Treatment of plants began 
when seedlings were 8 days old, whereby plants were divided into 
two groups: well-watered plants irrigated after every 2 days (control) 
with 100 ml sterile tap water while the water-stressed plants did not 
receive any water up until the recovery period (16 days) (treatment). 
On the 16th day, leaves of both the control and treatment plants 
were harvested, rinsed with sterile distilled water and immediately 
snap-frozen in liquid nitrogen. Each treatment group was conducted 
in three independent biological replicates. 



 
 
 
 
Total protein extraction from maize leaf tissues 
 
Maize leaf protein extracts were prepared from sixteen, 16-day old 
maize seedlings. The snap-frozen leaf material was ground into fine 
powder using pre-chilled sterile mortar and pestle. The powdered 
tissues were precipitated with 10% (w/v) trichloroacetic acid (TCA). 
The generated precipitate for each sample was individually washed 
3 times with 1 ml of ice-cold 80% (v/v) acetone through 
centrifugation at 13 400 g for 10 min at room temperature. 
Immediately after washing, the pellet was air-dried for 5 min at room 
temperature. The air-dried pellet was solubilized in 1 ml of lysis 
buffer (9 M urea, 2 M thiourea and 4% (w/v) 3-cholamidopropyl 
dimethylammonio 1-propanesulfonate (CHAPS)) through vigorous 
vortexing at room temperature for an hour. After an hour of 
vortexing, the homogenate was centrifuged at 15 700 g at room 
temperature for 10 min. The supernatants for each sample were 
then transferred into fresh sterile Eppendorf tubes and stored at -
20°C. Total protein concentration of the leaf extracts were 
quantified using a 2000 Nanodrop spectrophotometer (Thermo 
Scientific Inc., California, USA). One-dimensional (1D) sodium 
dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) 
or 1DE of about 10 μg protein on a 12% (w/v) was performed to 
evaluate the quality of the obtained protein extracts. 
 
 
Two-dimensional electrophoresis (2-DE) of total soluble 
proteins 
 
Prior to further analysis with 2-dimensional gel electrophoresis 
(2DE), the resolved total protein samples were further purified using 
the ReadyPrep™2-D Clean-up kit (catalog # 163-2130, Bio-Rad 
Laboratories Inc., California, USA) following the manufacturer’s 
instructions to improve the quality of proteins. Good quality resolved 
proteins from the 1DE samples were then selected for further 
analysis through a 2DE. The protein samples were mixed with a 
rehydration buffer (8 M urea, 2% (w/v) CHAPS, 50% (w/v) 
dithiothreitol (DTT), 0.2% (v/v) ampholytes, 0.1% (w/v) of 
bromophenol blue (Bio-Rad Laboratories Inc., California, USA) to 
make a final volume of 125 μl. The immobilized pH gradient (IPG) 
strips (7 cm), pH 3 - 10 (Bio-Rad Laboratories Inc., California, USA) 
were passively rehydrated overnight in an equilibration tray with the 
rehydration solution containing equal amounts (150 μg) of protein 
samples at room temperature on a flat surface. Subsequently, the 
strips were then subjected to an isoelectric focusing (IEF) on a 
PROTEAN i12 IEF cell (Bio-Rad Laboratories Inc., California, USA) 
in a step-wise program. Focusing was carried out at 20°C and 50 
µA current per IPG strip, following the set procedure of: 250 V for 
20 min, followed by 4 000 V for 2 h and finally, 4,000 V until it 
reached 10,000 Vh. 

The focused IPG strips were then equilibrated with 2.5 ml of SDS 
containing equilibration buffers as described by Ngara and Ndimba 
(2011). The equilibrated IPG strips were dipped into a 100 ml of 
SDS-PAGE running buffer and loaded onto the 10% (w/v) 
polyacrylamide resolving gels of 1-mm thickness. The strips were 
then overlaid with pre-warmed overlay agarose solution (100 ml 1 x 
SDS-PAGE running buffer; 0.5% (w/v) agarose; 0.002% (w/v) 
bromophenol blue), which was allowed to cool and solidify. The gels 
were electrophoresed on a Mini-PROTEAN Tetra hand cast system 
(Bio-Rad Laboratories Inc., California, USA) at a constant voltage of 
150 V for 45 min or until the dye front had reached the bottom of the 
gel. Immediately, the electrophoresis was complete, gels were 
stained in a Coomassie staining buffer solution followed by de-
staining (100% (v/v) ethanol, 100% (v/v) methanol, 100% (v/v) 
acetic acid) for 50 min, shaking on an ultra-rocker (Bio-Rad 
Laboratories., USA) until the protein spots were visualized. The de-
stained gels were then image-captured on a Chemi DOC™ Imaging 
system (Bio-Rad Laboratories Inc., California, USA) using the Bio-
Image Lab™ software. 
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RESULTS 
 
Morphological responses of Zea mays to water stress 
 
After the successful growth of the Z. mays cultivar 
(R450w/uo2250w CML550), morphological differences in 
the appearance of the control (water supplied plants) and 
experiment (water deprived plants) were documented. 
The resultant phenotypic changes between the two sets 
of plants were recorded for 16 days as illustrated in 
Figure 1. Water stress treatment resulted in noticeable 
phenotypic changes as shown by the gradual effects on 
the plants. Reduction in the overall plant growth was 
exhibited in treated plants as compared to the control 
treatment. In addition, leaf discoloration was also evident, 
whereby all leaves of the experimental plants had a dull 
green appearance while those of the control were 
somewhat bright green (Figure 1C and D). Control (well-
watered) plants showed fully expanded leaves (Figure 
1E) as compared to the experiment (water deficit) leaves 
that revealed a rolled morphology (Figure 1F). The width 
of the leaves showed a detectable difference, with the 
control leaves having a larger width than the experiment 
(Figure 1E and F). Number of leaves per plant was 
reduced, with the control having larger number of leaves 
than the experiment (Figure 1). Also, a decrease in shoot 
height and stem diameter (Figure 1) was evident in the 
experimental plants (Figure 1B, D and F), while shorter 
and thin in the controls (Figure 1A, C and E). 
 
 
One-dimensional gel electrophoresis (1DE) 
expression profile of maize proteome 
 
In order to investigate the changes in the maize leaf 
proteome in response to water stress, 1DE analysis of 
the total soluble proteins was undertaken. Maize total 
soluble leaf protein extracts were separated by 1DE to 
evaluate the quality of the extracts and visualized after 
staining with Coomassie (Figure 2). The total soluble 
protein expression profiles exhibited a mixture of 
numerous higher and lower abundant proteins (Figure 2). 
The protein extracts exhibited a relatively uniform protein 
expression, abundance and loading across biological 
replicates for both the control and water stressed treatment 
(Figure 2A). In addition, newly synthesized water stress 
proteins were observed in E1 and E2 (25, 27, 55 and 120 
kDa), as compared to the control, where they were 
absent (Figure 2A). In order to eliminate contaminants, 
the protein extracts were further purified. No evident 
differences were detected in protein profiles (Figure 2B) 
between the control and water-stressed treatment. 
 
 
Two-dimensional (2D) gel electrophoresis expression 
profile of maize proteome 
 

Purified   total   soluble   proteins   were   separately  (two  
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Figure 1. Morphological appearance of the Zea mays seedlings in withdrawing water conditions after 8, 13, 16 days. (A) represents the 
eight-day Z. mays control (water supplied) seedlings, while (B) represents the experimental (water-deprived) seedlings; (C) represents a 
13-day control (well-watered), whereas (D) represents the treated (water-deprived) seedlings at the same duration, while (E) shows the 
last day of treatment (day 16) of the control well-watered seedlings and (F) represents the experimental (water deprived) seedlings. 

 
 
 
treatment groups) subjected to 2D gel electrophoresis or 
2DE analysis to evaluate the changes in 16-day old 
maize leaf proteome in response to water deficit using 
the 7 cm IPG strips, pH 3-10. The resolved control (well-
watered) protein profile (Figure 3A) produced a minimal 
number of Coomassie stained spots, while the treated 
group (water deficit) exhibited an increased number of 
induced protein spots (Figure 3B), which indicate the 
effect of water deficit on the expression of most proteins. 
A total of nine differentially expressed protein spots were 
visualized through a comparison between the well-
watered and water deficit leaf extracts (Figure 3). 

DISCUSSION 
 
Water deficit is one of the most serious abiotic factors 
that threaten the agricultural sector since it limits crop 
production especially in maize worldwide (Farooq et al., 
2009; Raos et al., 2016). Many research groups have 
invested most of their time in attempting to discover the 
various complex mechanisms by which plants can cope 
with the different biotic and abiotic stress factors. Hence, 
in our study, we focused on the effects of abiotic stress 
on maize (Z. mays), specifically water deficit after day 
seven  to  the   sixteenth-day   of   water-deficit  exposure  
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Figure 2. Comparative 1D SDS-PAGE profiles of Zea mays total soluble proteins. (A) An SDS-PAGE of the 
expressed non-purified protein fractions under water stress, where lane M is the molecular weight marker 
(Catalog# P7704S New England Biolabs Inc., Massachusetts, USA), lanes C1 and C2 represent the control 
(well-watered) protein samples, while lanes E1 and E2 represent the experimental (water-deprived) samples. 
(B) An SDS-PAGE of the expressed purified protein fractions under water stress, where lane M represents the 
unstained molecular weight marker (Catalog# P7704S New England Biolabs Inc., Massachusetts, USA), lanes 
C1 and C2 are control (well-watered) protein samples while lanes E1 and E2 represent the experiments 
(water-deprived). 

 
 
 

 
 

Figure 3. Coomassie blue stained 2D electrophoresis gels of Zea mays leaf proteins. A 10% (w/v) comparative 
acrylamide gel expression protein profiles of two treatments (A) control (well-watered) and (B) experiment (water 
stressed) showing total leaf proteome of Zea mays plants. Results indicated here are representatives of three 
independently carried out experiments. 

 
 
 
period at the seedling stage. During water stress, plants 
are subjected to a multiplex of biochemical, physiological 
and molecular influences, which ultimately affect their 
growth, development and osmotic homeostasis (Zhu, 
2002). 

Combined morphological and proteomics approaches 
were used in our study to investigate the responses of 
water stress in Z. mays. Leaves are the most essential 
organ of a developing plant due to their role in 
photosynthesis;  as  they  are  the  main  indicators of the  
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plant’s health. Various studies support the fact that water 
deficit stress causes a reduction in the overall plant 
growth as indicated in Brassica species (Hasanuzzaman 
et al., 2014) and other plant species (Rizhsky et al., 2002; 
Jaleel et al., 2009). Our experimental findings concur with 
the previous investigations, where a decrease in the 
overall plant growth was evident under water deficiency 
(Figure 1). Water stress induces various morphological 
changes that includes modifications in leaf anatomy and 
ultrastructure, shrinkage in leaf size, decrease in stomata 
number; thickening of leaf cell walls, cutinization of leaf 
surface, and induction of early senescence (Seyed et al., 
2012). 

In our study, leaf rolling and reduced leaf area, were 
evident in the water deficient treated plants as compared 
to the well-watered control, which remained unrolled with 
expanded leaf area (Figure 1E and F) that clearly 
indicates the effect of water stress with longer exposure. 
Similarly, the rolling of leaf, reduction in leaf area and low 
rate of transpiration, were reported as coping mechanism 
employed by plants in arid areas against water loss 
(Clarke, 1986). The same leaf morphological changes 
were observed as a result of water loss (Kadioglu et al., 
2012; Kim et al., 2014). 

A notable difference was observed in the leaf width, 
with the control leaves having a larger width than the 
water deficit experiment (Figure 1E and F). Our findings 
concurred with previous experiments, which indicated 
inhibition of leaf expansion during water stress (Salazar 
et al., 2015; Fathi and Tari, 2016). In addition, water 
stress decreased the number of leaves per plant and 
shoot height, with the control plants having larger number 
of leaves than the experimental plants (Figure 1C and D). 
A decrease of shoot height in water stressed plants 
demonstrates that drought stress has an apparent effect 
on plant height (Hasanuzzaman et al., 2014). According 
to Fathi and Tari (2016), water deficit has a negative 
impact onto the development of shoot/root, thus affecting 
the height of the plant. The stem diameter was relatively 
thicker for control plants as compared to the experimental 
plants, which was thin but strong enough to support the 
whole plant. The obtained results firmly agree with other 
studies conducted on crop species such as tomato 
(Gallardo et al., 2004) and pepper (Cohen et al., 1998). 

Maize total soluble leaf protein extracts were separated 
by 1DE to evaluate the quality and clear visualization with 
Coomassie staining (Figure 2). A relatively uniform 
protein expression, abundance and loading across the 
three biological replicates for both the control and water 
stressed treatments was observed (Figure 2A). In 
addition, water stress led to the observation of newly 
synthesised and/or more pronounced proteins that were 
clearly detected in E1 and E2 (25, 27, 55 and 120 kDa) 
as compared to the control, where the protein were 
absent (Figure 2A). In order to eliminate phenolic and 
ionic contaminants that normally associate with extracted 
protein    samples,   the   protein   extracts   were   further  

 
 
 
 
subjected to purification. Our findings showed no 
apparent difference in purified protein profiles (Figure 2B) 
between the control and water stressed treatment. The 
obtained results contrast those of a similar study 
conducted on plant seeds by Parchin and Shaban (2014), 
which found that there is always higher protein 
abundance in irrigated plants than those that are not 
irrigated. In general, our total soluble protein expression 
profiles exhibited a mixture of higher and lower abundant 
proteins (Figure 2). 

In our study, the purified total soluble proteins from the 
stressed and unstressed groups were subjected to 2D gel 
analysis (2DE) on 7 cm IPG strips, pH 3-10, to profile 
water stressed proteins in maize. Notably, 2DE remains 
one of the highly recommended techniques for the 
identification of the total expressed proteins in both the 
stressed and unstressed treatment groups, due to its 
advantage in providing an overview of proteome 
separation in terms of their isoelectric point (pl) and 
molecular mass (Kim et al., 2015). In our case therefore, 
the separation on 2DE was carried out to determine the 
expression profiles of leaf protein extracts between the 
stressed (water deficit) and unstressed (well-watered) 16-
day old maize plants, and depending on the nature, 
composition and complexity of the protein mixture. 

The protein profile for the control (well-watered) (Figure 
3A) produced a minimal number of Coomassie stained 
spots, while the experiment (water deficit) demonstrated 
an increase in the number of induced protein spots 
(Figure 3B), which indicates the effect of water deficit on 
the general expression of most proteins. A total of nine 
differentially expressed protein spots were visualized 
through a comparison between the well-watered and 
water deficit leaf extracts (Figure 3). From the control, 
four proteins were expressed (Figure 3A), while in the 
experiment, about five proteins were newly induced 
(spots 5, 6, 7, 8 and 9) under water deficit stress (Figure 
3B). Our results indicate that water stress induced the 
abundance of several proteins in Z. mays leaves, and 
some of the affected proteins were either up-regulated 
(spots 1, 3) or down-regulated (spot 4) when water was 
withdrawn for days. Generally, most protein spots were 
however, confined between an experimental IEF pH 
restriction of 3-10. Nonetheless, our findings concur with 
previous studies carried out on drought stress in various 
plant species (Ngara et al., 2012; Kim et al., 2015; Cao et 
al., 2017). 
 
 
Conclusion 
 
Water stress induced a number of morphological and 
molecular changes in the R450w/uo2250w CML550 
Z.mays cultivar. Our study, has in this regard, established 
and profiled the total soluble stress responsive proteins in 
the maize leaf proteome using 2DE. A total of nine 
differentially expressed proteins were identified, indicating 



 
 
 
 
that the proteomic tools used herein were able to 
separate and allow for the detection of qualitative 
proteins in Z. mays. 

In addition, proteins profiled in this study with their 
probable associated biochemical pathways provide new 
information regarding the response of maize to water 
stress, since maize is known to be highly sensitive to 
water stress. Findings of this study aid insights regarding 
molecular pathway responses in an understanding of the 
morphological and molecular mechanisms used by maize 
cultivars in response to water deficit. Future work on 
further identification of the profiled water stress proteins 
by mass spectrometry, iTRAQ and bioinformatics 
analyses will strongly assist in confirming the response 
mechanisms employed by the R450w/uo2250w CML550 
cultivar against water stress. 
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