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Abstract 

Plants require a distinctive cohort of enzymes to coordinate cell division and expansion. 

Proteomic analysis now enables interrogation of immature leaf bases where these 

processes occur. Hence we investigated proteins in tissues sampled from leaves of a 

drought-tolerant rice (IAC1131) to provide insights into the effect of soil drying on gene 

expression relative to the drought-sensitive genotype Nipponbare. Shoot growth zones 

were dissected to estimate the proportion of dividing cells and extract protein for 

subsequent Tandem Mass Tags (TMT) quantitative proteomic analysis. Gene Ontology (GO) 

annotations of differentially expressed proteins provided insights into responses of 

Nipponbare and IAC1131 to drought. Soil drying did not affect the percentage of mitotic 

cells in IAC1131. More than 800 proteins across most functional categories increased in 

drought (and decreased on re-watering) in IAC1131, including proteins involved in 

‘organizing the meristem’ and ‘new cell formation’. On the other hand, the percentage of 

dividing cells in Nipponbare was severely impaired during drought and fewer than 200 
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proteins responded in abundance when growing zones underwent a drying cycle. Notably, 

proteins involved in mitosis such as Chromatin assembly factor 1 subunit MSI1 homolog, 

COP9 signalosome complex subunit 4 and DNA replication licensing factor MCM7 were 

more abundant in IAC1131 when stressed but did not respond to drought in Nipponbare. 

Remarkably, the proteomes of the growing zones of each genotype responded in a highly 

distinctive manner, reflecting their contrasting drought tolerance even at the earliest stages 

of leaf development. 

Significance 

The generation of new cells in plant meristems and their subsequent growth are critical 

determinants of canopy performance and yet little is known about how gene expression in 

these undifferentiated, immature growing zones in cereals responds to drought. Quantitative 

proteomics was applied to growing zones of Oryza sativa after: (i) 7-d of drought and (ii) 3-d 

of re-watering. Two genotypes were contrasted, one sensitive to drought (Nipponbare – 

subpecies japonica), the other a drought-tolerant landrace (IAC1131 – subspecies javanica), 

by dissecting immature tissue from one-cm long leaf bases. Significantly, even severe 

drought did not inhibit the proportion of dividing cells in IAC1131 but reduced it by >80% in 

Nipponbare, which recovered on re-watering. The importance of this study is that by 

sampling growing zones, we could identify hundreds of proteins that were differentially 

regulated by drought, particularly in the drought-tolerant genotype (> 400 up- and down-

regulated). A small proportion of these proteins were associated with cell cycle, cytoskeleton 

and cell plate formation, with proteins specific to IAC1131 likely to be functionally linked to 

the robust cell division rates achieved under severe drought. Some of these proteins from 

IAC1131 might indicate genes that could become essential tools in breeding for drought 

tolerance. 

1.0 Introduction 

Rice is a widely cultivated crop, with about half of humanity relying upon it as a primary 

carbohydrate source. Moreover, a requirement that grain production should rise by 40% in 

the coming decade 
[1]

 underlines the importance of understanding and managing the response 

of rice to extreme climatic events, particularly drought and rising temperatures. In the case of 
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upland and rainfed rice, vulnerability to drought is a major hazard for communities 
[2]

. Part of 

the quest to engineer drought tolerance will involve expanding the limited genetic range of 

cultivated rice by investigating drought responses in landraces and wild relatives 
[3]

. 

Growth and development in cereals is sustained by continuous division of cells followed by 

rapid extension in the growing zone. Thus, cell division is essential for production of new 

organs, including leaves during vegetative growth. „Growing zones‟ are defined in this study 

as the basal 10-mm of the youngest leaves, containing both dividing and expanding cells, 

while the meristematic cells are concentrated in the basal few millimetres of these developing 

leaves 
[4]

. Meristems remain active throughout the life of an annual plant, serving two related 

functions: (i) to maintain an active population of mitotic cells, and (ii) to provide the orderly 

positioning of these cells that will give rise to new organs such as tillers and floral structures. 

Molecular genetics is now revealing key genes regulating meristematic activity, particularly 

the discovery of the WUSCHEL/CLAVATA (WUS/CLV) negative feedback loop of 

Arabidopsis 
[5]

, and other regulators of growing zone activity in tomato 
[6]

, maize 
[7]

, and rice 

[8]
. Nonetheless, much remains to be learned about how these networks respond to external 

stresses. Studies on wheat have identified changes in key cell cycle genes during drought and 

speculated on a direct drought signal affecting cell division rates 
[9]

. While some key 

participating genes have been identified, proteomics has not been widely used in abiotic 

stress studies on shoot growing zones to assess global changes in gene expression. This 

omission contrasts with the more comprehensive analysis of drought stress response of 

mature leaf blades 
[10-12]

 and
 
roots 

[11, 13]
 of rice.  

The most widely cultivated rice varieties have limited tolerance to drought stress, with upland 

rice considered to be a promising source of novel tolerance genes 
[14]

. Agronomic practices 

driven by water availability have led to a growing interest in aerobic (unflooded) rice, which 

requires superior drought tolerance. Against this background, a drought-tolerant landrace 

(IAC1131) was contrasted with the drought-sensitive standard, Nipponbare. IAC1131, an 

upland rice from Brazil, is well adapted to adverse conditions such as drought and hostile 

soils 
[15]

. In contrast, the Japanese lowland rice Nipponbare is adapted to cultivation in 

paddies and more temperate-climate areas; unsurprisingly, it has little tolerance to water 

deficits 
[16]

. Ten-millimetre long enclosed growing zones weighing less than 5 mg each were 

dissected from leaf bases of both cultivars for analysis by Tandem Mass Tags (TMT) 

quantitative shotgun proteomics. Protein expression patterns in these tissues address 
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fundamental questions of shoot development, especially in terms of the meristem-specific 

proteome. Plants of contrasting background were subjected to a droughtre-watering cycle, 

then protein abundances in growing zones were compared with those in mature leaf tissues 

under drought conditions. 

2.0 Materials and Methods 

2.1 Plant material and sampling 

The drought-sensitive Oryza sativa ssp. japonica cultivar (Nipponbare) and the drought-

tolerant javanica landrace (IAC1131) were used in this study. These lines were co-sown at 

opposite sides of PVC pots (50-cm deep and 10-cm diameter) in order that soil water status 

was near-identical for the roots of each genotype and not influenced by developing canopy 

area and thus transpiration rate. Each pot was lined with heavy-duty plastic bags and filled 

with 7 kg of fine-textured clay loam as reported earlier 
[12]

. Independent triplicate pots were 

grown for each sampling time, thus there were 12 pots in total for each genotype. The 

experiments were performed in glasshouses set at 28/22 °C (day/night) and a 12-h 

photoperiod. Light intensity exceeded 700 µmol m
-2

 s
-1

 throughout the day periods because of 

supplementary lighting. Seedlings were watered to field capacity for 40 days after which 

„extreme drought‟ stress was imposed by withholding all water for a further 7 days; leaves of 

both genotypes began to roll on the seventh day after water was withheld. These severely 

stressed plants (47 days old) were then re-watered to field capacity and sampled after three 

days. A second set of well-watered control plants was harvested at the end of the experiment 

to account for any ontogenetic drift. Preparatory pots were grown in advance to calibrate the 

rate of imposition of drought, required watering regime and leaf water potentials. Thus, four 

groups of triplicate samples were collected at 40 days (control 1), 47 days (extreme) and 50 

days (recovery and control 2). At each time point, shoots were removed by cutting at the 

rootshoot junction, surrounding leaf sheathes were removed until no more tissue could be 

separated from the central cylinder and 10 mm from the base of the youngest leaves was 

dissected under a stereo microscope followed by immediate freezing at -80 °C.  

2.2 Physiological measurements 

A Scholander pressure bomb (PMS Instrument) was used to measure leaf water potential. The 

youngest fully expanded leaf was enclosed in plastic film while attached to the plant then cut 

close to the ligule and immediately positioned in the pressure chamber for measurement of 
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balancing pressure 
[11]

. Water potential measurements were made on three individual plants 

under the same treatment from different pots. 

2.3 Sectioning and imaging of embedded samples 

Triplicate leaf growing tissues for each treatment were fixed in 10% paraformaldehyde 

solution in 0.2 M phosphate buffer, pH 7.5 for 24 h. Samples were dehydrated using seven 

sequential 20 min washes in an ethanol series (30%, 50%, 70%, 80%, 90%, 95% and 100%). 

The ethanol was replaced with a 1:3 mixture of LR White resin and absolute ethanol. After 1 

h of incubation at room temperature, this mixture was replaced with a 1:2 mixture of LR 

White resin and absolute ethanol and incubated for 1 h at room temperature. Samples were 

then placed on a rocker for 1 h with the 1:1 mixture of LR White resin and absolute ethanol. 

After incubation overnight at 4 °C, the mixture was replaced with LR White resin containing 

decreasing proportions of absolute ethanol (2:1, 3:1 and 100% LR White resin). Samples in 

100% LR White resin were incubated at 4 °C overnight. Finally, they were placed in plastic 

capsules containing 100% LR White resin and incubated for approximately 72 h at 60 °C. 

Longitudinal sections of embedded samples in LR White resin (1 μm) were generated using a 

microtome. Cells in some of the sections were stained with 4‟, 6-diamidino-2-phenylindole 

(DAPI). Images were captured using an Olympus BX63 fluorescence microscope (Olympus, 

Japan) fitted with a CCD camera, and analysed using the Cellsense software.  

2.4 Trichloroacetic acid-acetone protein extraction 

Harvested plant material was immediately stored at -80 °C until required. Proteins were 

extracted from shoot growing zones by first grinding the tissue to a fine powder in a mortar 

and pestle in the presence of liquid nitrogen. Fifty mg of powdered leaf growing zone was 

suspended in 1.5 mL of 10% trichloroacetic acid in acetone and 0.07% β-mercaptoethanol 

then incubated at -20 °C for 1 h. After centrifugation for 30 min at 16,000 × g, the resulting 

pellet was collected and washed with 1.5 mL of 100% acetone followed by centrifugation for 

15 min at 16,000 × g. The acetone washing step was repeated three times for the complete 

removal of pigments, lipids and other lipophilic molecules. The colourless resulting pellet 

was lyophilized in a vacuum centrifuge and resuspended with 400 µL of 2% SDS in 50 mM 

Tris-HCl (pH 8.8).  

2.5 In-solution digestion of proteins and tandem mass tag (TMT) labelling 

Protein extracts were resuspended with 400 µL of 2% SDS in 50 mM Tris-HCl (pH 8.8) 

followed by reduction and alkalization with 5 mM DTT and 10 mM iodoacetamide. 
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Methanol-chloroform extraction was performed as described previously 
[17]

. Samples were 

then resuspended using 8 M urea, 50 mM Tris (pH 8.8). Protein quantification was performed 

by BCA assay. Aliquots of 300 µg protein from each sample were diluted with 50 mM Tris to 

a final concentration <2 M urea before digestion. Digestion was performed at room 

temperature overnight using Lys-C, followed by Trypsin for 4 h at 37 °C. Samples were then 

acidified with trifluoroacetic acid (TFA) to a final concentration of 0.5% and desalted by 

solid-phase extraction (Sep-Pak, Waters, Milford, MA USA). Vacuum-dried peptides were 

resuspended in 200 µL of HEPES buffer (pH 8). A micro BCA assay was performed to 

determine peptide concentration. TMT labelling was performed on each aliquot with TMTs 

with respective reporter ions at m/z = 126, 127N, 127C, 128N, 128C, 129N, 129C, 130N, 

130C and 131, each in 80 µL of ACN (Supplementary Fig. 1). After 60 min of incubation at 

RT, the reaction was quenched by adding 8 µL hydroxylamine 5 % (w/v) and mixed for 15 

min. The aliquots were then combined and evaporated to dryness in a vacuum centrifuge. The 

pooled samples were then reconstituted in 1 mL of 0.1% formic acid, desalted again by solid-

phase extraction and dried down again in a vacuum centrifuge followed by reconstitution in 

0.1% formic acid.  

2.6 Nanoflow LC-MS/MS of TMT labelled samples 

The labelled samples were analysed using a Q Exactive Orbitrap mass spectrometer equipped 

with an EASY-nLC1000 (Thermo Scientific). Reversed-phase chromatographic separation 

was performed on a 75 μm id. × 100 mm, C18 HALO column (2.7 μm bead size, 160 Å pore 

size). A linear gradient of 1-30% solvent B (99.9% ACN/0.1% FA) was developed over 170 

min. Survey full scan MS spectra (from m/z 350 to 1850) were acquired at precursor isolation 

width of 0.7 m/z, resolution of 70,000 at m/z 400 and an AGC (Automatic Gain Control) 

target value of 1 × 10
6
 ions. The top ten most intense ions were isolated for higher energy 

collisional dissociation (HCD) fragmentation to identify TMT labelled peptides. HCD 

normalised collision energy was set to 35% and fragmentation ions were detected in the 

Orbitrap at a resolution of 70,000. Target ions that had been selected for MS/MS were 

dynamically excluded for 90 sec. For accurate mass measurement, the lock mass option was 

enabled using the polydimethylcyclosiloxane ion (m/z 445.12003) as an internal calibrant. 

2.7 Protein identification 

Mass spectra were processed using a pipeline of software tools. Raw data files generated by 

Xcalibur software were processed using Proteome Discoverer V1.3 and a local MASCOT 

server (version 2.3; Matrix Science. London, UK). The MS/MS spectra were searched against 
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the protein NCBI Rice database with the MS tolerance set to ±10 ppm and the MS/MS 

tolerance to 0.1 Da and one missed tryptic cleavage. Fixed modifications were set for 

carbamidomethylation of cysteine and 10-plex TMT tags on lysine residues and peptide N-

termini, while variable modifications were set for oxidation of methionine and deamination 

of asparagine and glutamine residues. Search result filters were selected as follows: only 

peptides with a score >15 and below the Mascot significance threshold filter of p = 0.05 were 

included and single peptide identifications required a score equal to or above the Mascot 

identity threshold. Proteins with at least two unique peptides were regarded as confident 

identifications. Relative quantitation of proteins was achieved by pairwise comparison of 

TMT reporter ion intensities, for example, the ratio of the labels for each treatment replicate 

(numerator) versus the labels of their corresponding control replicates (denominator). The 

mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium 

via the PRIDE 
[18]

 partner repository with the dataset identifier PXD008977.      

2.8 Analysis of differentially expressed proteins 

The TMTPrepPro scripts are implemented in the R programming language and are available 

as an R package, which was developed in-house in our group through a graphical user 

interface provided via a local GenePattern server 
[19]

. The relative quantitations for different 

conditions were derived using TMTPrepPro by the ratio of TMT labels for each treatment 

over the control (i.e. extreme 1 and recovery 1, both against control 2 from 50-d-old plants). 

A second set of control tissues was sampled from 40-d-old plants, when drying began, but the 

protein complement was largely the same as that observed in the 50-d-old plants. Hence, the 

control 2 data were used for comparisons as they were closest in age to the droughted plants. 

A total of three expression ratios were derived for both extreme drought and recovery 

biological replicates, and an average fold change was calculated for each protein identified. 

In addition to TMT ratios for differential expression, proteins were analysed statistically via 

one-sample t-test to evaluate significance of observed protein expression changes. Proteins 

were only considered differentially expressed if they met both fold change ≥1.5 or ≤0.67 as 

well as ≤0.05 p-value significance. Gene ontology (GO) annotation was extracted from the 

UniProt database and matched to corresponding gene identifiers embedded in the NCBI O. 

sativa RefSeq database. Proteins were then categorized based on biological process using 

plotting gene ontology annotation (PloGO) 
[11]

 and further classified into pathways using 

available information based on biological processes in the KEGG 
[20]

. 
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2.9 Western blotting 

Western blot analyses were conducted on a subset of proteins to confirm the proteomic data. 

25 µg of proteins from each sample were separated by 4-12% SDS-PAGE and transferred to 

PVDF membrane. Membranes were blocked by Tris-buffered saline containing 5% skim milk 

for 1 h, and primary antibodies were added at a final concentration of 1-2 µg mL
-1

. After 

incubation with the primary antibody overnight at 4 °C, blots were washed with Tris-buffered 

saline and then treated with anti-IgG antibody conjugated to horseradish peroxidase for 2 h at 

room temperature. Signals indicative of abundance of the protein were visualized by using an 

enhanced chemiluminescent substrate (ClarityTM Western ECL Blotting Substrate; Bio Rad) 

and Bio-Rad ChemiDoc TM MP imaging system. Densitometry of the western blot protein 

bands was analysed using ImageJ.  

 

3.0 Results and Discussion  

3.1 Physiological response to drought stress 

Water potential declined gradually by about 0.7 MPa in young leaves as plants became 

droughted and recovered by about 0.4 MPa in the 3 days after re-watering. Hence, leaves did 

not re-hydrate to the levels of the well-watered control plants within the first 3 d after re-

watering (Fig. 1). Leaf water potential of Nipponbare and IAC1131 followed an identical 

pattern of change under drought according to the experimental design in which both 

genotypes were grown in common pots. Using this technique, differences in leaf area 

development and transpiration rate could not influence leaf water status.  

3.2 Cellular response to drought stress 

To examine the proportion of dividing cells in leaf bases under water deficit, we used DAPI 

staining to distinguish cells where DNA was in its condensed state (Supplementary Fig. 2). 

Figure 2 shows that with gradually reduced water supply, the percentage of growing zone 

cells that were dividing cells was relatively stable in IAC1131, decreasing only slightly from 

0.36% to 0.28%, while the percentage of dividing cells in Nipponbare dropped significantly 

from 0.52% to 0.08%. Three days after rewatering, the percentage of dividing cells in 

IAC1131 recovered to the same level as in the control plants while the percentage of dividing 

cells in Nipponbare only increased to 80% of the proportion seen in growing zones of control 
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plants. In short, the process of cell division rates appeared to be resilient to drought in 

IAC1131 but not in Nipponbare.  

3.3 Quantitative analysis of TMT shotgun proteomic data 

The complete TMT dataset from this study, including protein identification, label ratios and 

peptide information can be viewed in Supplementary Data S1 and S2. Peptide abundances 

from the mass spectra of TMT-labelled samples were used to quantify how individual 

proteins responded to drought. A total of 1230 and 981 non-redundant proteins were 

identified from IAC1131 and Nipponbare, respectively (Table 1). Quantitation ratios were 

calculated as biological triplicate values from extreme drought or recovery replicates relative 

to the control replicates. Comparisons of proteins expressed between chosen treatment pairs 

was performed to identify the statistical significance of fold changes when comparing well-

watered with severely droughted plants and after 3 days of recovery in IAC1131 and 

Nipponbare, respectively. Proteins were considered differentially expressed above a fold 

change of 1.5 (increased abundance) and below a fold change of 0.67 (decreased abundance) 

in addition to a significant p-value of ≤0.05 
[21]

. 

The pair-wise comparison of well-watered with droughted shoot growing zones resulted in 

identification of 417 proteins with increased abundance and a further 418 proteins with 

decreased abundance in IAC1131, while in Nipponbare, only 119 were found to increase and 

76 to decrease. Pairwise comparison of well-watered plants with tissues after a three-day 

recovery showed that the number of proteins that changed during drought recovery is much 

smaller, but there were again more proteins altered in expression in IAC1131 (227 decreased 

and 138 increased) than in Nipponbare (27 decreased and 41 increased). Thus, a larger 

number of proteins consistently responded in the shoot growing zone of IAC1131 than in 

Nipponbare during disruption of water supply (Table 2). This accords with our previous study 

where more proteins were found to be drought responsive in the lamina tissue of IAC1131 

than in Nipponbare 
[12]

, in turn indicating a qualitatively distinct metabolic response to 

drought in IAC1131. In both varieties under drought extreme enough to cause leaf rolling, the 

differentially expressed proteins that showed the greatest changes were those involved in 

„catalytic activity‟ and „metabolic process‟ (Fig. 3). In addition, the experimental focus on 

tissues in which cells were dividing led to the observation that a number of proteins related to 

mitosis, cytoskeleton and cell wall organisation were differentially expressed through drought 

in the shoot growing zone of IAC1131, while in Nipponbare, few proteins in these functional 

categories changed in abundance.  
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In order to validate these quantitative proteomics data, we performed western blotting 

(Supplementary Fig. 3) on three proteins (DNA replication licensing factor MCM7, actin, and 

70 kDa Heat Shock Protein) carefully selected for contrasting patterns of expression (Fig. 4B, 

D and F); these proteins were extracted from leaf growing zones of Nipponbare and IAC1131 

under drought and after recovery. Abundances estimated by densitometry of western blots 

aligned closely with the patterns observed from TMT data (Fig. 4A, C and E), confirming the 

validity of the quantitative proteomics fold changes that are reported throughout this paper. 

Specifically, DNA replication licensing factor (MCM7) was not detectable in Nipponbare 

using either method, while in IAC1131, both methods reflected increased abundance under 

drought (Fig. 4A and B). The abundance of actin showed no significant changes in 

Nipponbare with both methods, while in IAC1131 its expression doubled during drought 

(Fig. 4C and D). Similarly aligned expression patterns were also observed for 70 kDa Heat 

Shock Protein (HSP70) using Westerns and TMT analysis in drought and across genotypes, 

providing a final corroboration of the use of TMT as a means of quantifying protein levels 

(Fig. 4E and F). 

3.4 Subtractive analysis of proteins that change uniquely in the shoot growing zones 

Proteins that are only differentially accumulated in the shoot growing zone of IAC1131 or 

Nipponbare were further classified based on their main functional role using PloGO. Our 

attention was drawn to these proteins because of their unique pattern of altered abundance 

under stress conditions in growing zones.  

3.4.1 Proteins that increased in abundance during drought in (drought-tolerant) IAC1131 but not 

(drought-sensitive) Nipponbare 

3.4.1.1 Proteins associated with mitosis 

The proteomics data indicated the importance of processes relating to cell cycle in the 

growing zone of IAC1131. We identified five proteins involved in cell cycle that were 

increased under drought, including Chromatin assembly factor 1 subunit MSI1 homolog, 

COP9 signalosome complex subunit 4, DNA replication licensing factor MCM7, UDP-

arabinopyranose mutase 1 and UDP-arabinopyranose mutase 2.  

The abundance of Chromatin assembly factor 1 subunit MSI1 homolog in the droughted 

samples was almost nine times higher than in well-watered samples (Fig. 5A). Chromatin 

assembly factor 1 (CAF1) is a specialised assembly factor that mediates newly synthesised 

histone deposition onto nascent DNA and assembly into nucleosomes 
[22]

. During the S phase 
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of the cell cycle, newly replicated DNA is rapidly assembled into chromatin and the CAF1 

has a conserved chaperone activity for chromatin assembly at the DNA replication fork 
[22]

. 

Previous studies in Arabidopsis have shown that CAF1 regulates the cell cycle and loss of 

activity of the CAF1 pathway causes delay and arrest of the cell cycle during pollen 

development. In addition, Mozgová et al 
[23]

 discovered that the loss of function in CAF1 

subunits caused shortening of telomeres and loss of 45 rDNA in Arabidopsis.  

The COP9 signalosome complex subunit 4 which is part of the COP9 signalosome complex 

was over-expressed in response to water deficit in IAC1131 (Fig. 5B). The abundance of 

COP9 signalosome complex subunit 4 under drought increased over five-fold compared with 

well-watered plants. A component of the COP9 signalosome complex (CSN), typically 

consisting of eight subunits designated CSN1-CSN8, is required for the position regulation of 

G2/M transition of the mitotic cell cycle 
[24]

. It is a conserved protein complex that functions 

as a key factor in the DNA-damage response, cell cycle control and gene expression 
[25]

. A 

previous study in Arabidopsis showed that the csn4 mutant leads to delayed G2 phase 

progression 
[24]

. This cell cycle arrest correlates with the induction of a DNA damage 

checkpoint, which might be the cause of the delay in G2 cell cycle progression. 

We identified the DNA replication licensing factor MCM7, which was increased more than 

three times under extreme drought and detected in the shoot growing zone of IAC1131 but 

not Nipponbare (Fig. 5C). DNA replication origins are restricted to a single firing event per 

cell division cycle by a “licensing” mechanism that is separated into origin selection and 

origin activation steps 
[26]

. The minichromosome maintenance complex (MCM2-7), which 

contains the DNA replication licensing factor MCM7, can be loaded onto DNA and functions 

as the “license” to allow the start of DNA replication 
[27]

. A previous study has shown that 

DNA replication licensing factor MCM7 is required maternally for early development in 

Arabidopsis 
[28]

. Additionally, MCM7 was located in the nucleus throughout the plant cell 

division cycle except during chromosome condensation in mitosis, when it is dispersed 

throughout the cell 
[26]

. Similar functions of MCM7 have also been found in maize 
[29]

. In 

plants, the core DNA replication machinery, as well as the role for the MCM complex in 

licensing is conserved 
[26]

. Although there is still relatively little information on MCM7 in 

rice, it is quite possible that the MCM7 we observed as being increased in the shoot growing 

zone of IAC1131 under water deficit takes part in DNA replication licensing and the 

regulation of cell cycle. Based on this result, we speculate that increased abundance of DNA 
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replication licensing factor MCM7 is necessary to allow the acceleration of DNA replication, 

thus more cells can be produced by mitosis in IAC1131.  

3.4.1.2 Proteins associated with cell plate organization  

Increased accumulation of UDP-arabinopyranose mutase 2 (UAM2) and UDP-

arabinopyranose mutase 1 (UAM1) in the shoot growing zone of IAC1131 was observed 

under drought stress (Fig. 5D and E). The abundance of UDP-arabinopyranose mutase 1 was 

doubled under extreme drought and UDP-arabinopyranose mutase 2 was increased more than 

nine times when exposed to drought. On the contrary, in Nipponbare the expression level of 

both mutases remained stable in all conditions. Cell walls are essential features of plant cells, 

playing a part in intercellular communication, plant-microbe interactions and providing shape 

to the newly divided cell 
[30]

. As cells grow and differentiate, new wall material has to be 

produced and laid down near the plasma membrane and older wall material is pushed 

outward 
[30]

. UDP-arabinopyranose mutase, catalysing the interconversion of UDP-L-

arabinopyranose (UDP-Arap) and UDP-L-arabinofuranose (UDP-Araf), is required for the 

biosynthesis of cell wall non-cellulosic polysaccharides 
[31]

. UDP-arabinopyranose mutases 

are the only enzymes that can synthesize UDP-Araf in plants and the null mutations in genes 

encoding UAMs result in severe developmental defects 
[32]

. The characterization of a UDP-

arabinopyranose mutase from rice establishes that this enzyme is involved in the 

transformation of UDP-Arap into UDP-Araf. RNA interference suppression of UAM 

expression in rice plants led to reduced amounts of UDP-Araf available for cell wall 

synthesis, and dwarfed and infertile plants were observed, suggesting that UAM is required 

for normal plant growth, development, and reproduction 
[33]

. Increased abundance of UAM1 

and UAM2 in IAC1131 suggests that cell plate organization is relatively more active under 

drought stress. To understand the functions of these proteins in drought stress better, analysis 

of the mutant of UAM1 and UAM2 is required in future. 

3.4.1.3 Proteins associated with cytoskeleton 

Actin, which is one of the crucial cytoskeletal structures contributing to the morphological 

framework of a cell, was increased two-fold in IAC1131 under extreme drought, while in 

Nipponbare the abundance of actin was stable under different conditions (Fig. 5F). Actin, 

which forms cellular scaffold structures that provide cells with their shape, tension support, 

intracellular vesicular transport, cell attachment and the ability to move, is a highly conserved 
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protein found in almost all eukaryotic cells. The network of actin cytoskeleton is one of the 

crucial cellular structures that reorganize in coordination with cell division cycle progression 

[34]
. In addition, auxin-driven elongation growth is an actin-dependent process which requires 

an intact actin cytoskeleton for functional auxin responses including cell division 

(proliferation), growth (expansion, elongation) and differentiation 
[35]

. Studies have proven 

that the state of actin organization within the cell controls cell cycle progression 
[36]

. 

Interference of the actin filament in the cells by drugs or chemicals suggests that an intact 

actin cytoskeleton is required for the efficient onset of mitosis 
[37]

. Disruption of the actin 

cytoskeleton in Arabidopsis leads to perturbed process of cell division 
[38]

. As the abundance 

of actin was increased by drought stress in IAC1131, we can speculate cell division is more 

active than in Nipponbare, and thus more actin is required for cytoskeleton organization. 

The proteomic data showed that Profilin LP04, a protein binds to actin and affects the 

structure of the cytoskeleton, is also increased by drought and can return to control levels 

when water was re-supplied to IAC1131; however, in Nipponbare, the abundance of Profilin 

LP04 remained stable across all conditions (Fig. 5G). The actin cytoskeleton consists of G-

actin monomers and a network of F-actin filaments and bundles whose precise organization 

and rapid rearrangements are regulated by a number of actin-binding proteins 
[39]

. One of 

them is profilins which are highly conserved, with at least 70% identify, across various plant 

species 
[40]

. Profilins promote actin monomers assembly at the barbed end of filaments and 

cause depolymerization of filaments by binding and sequestering G-actin, thereby controlling 

the growth of actin microfilaments, which is essential for cell shape changes during organ 

and tissue development 
[41]

. Correlation between actin and profilin under drought stress may 

imply a role of cytoskeleton rearrangements in response to external stimuli. On the other 

hand, profilin might be increased in response to increased abundance of actin under drought 

stress to modulate cytoskeleton organization during cell division cycle.  

In addition to Profilin LP04, Villin-3, another actin-binding protein, was also increased in 

IAC1131 when exposed to water deficit (Fig. 5H). Similar to actin and Profilin LP04, hardly 

any change in the expression pattern of Villin-3 in Nipponbare was observed. Among the five 

villin genes in Arabidopsis, Villin-2 (VLN2) and Villin-3 (VLN3) have been previously 

reported to play a role in the generation of thick actin filament bundles and directional organ 

growth. In the double mutants, vln2 and vln3, a clear anomaly in the growth direction of 

organs was observed due to problems with coordinated cell elongation and thick actin 
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filament bundles were absent 
[42]

. Though the abundances of both Profilin LP04 and Villin-3 

were increased in the tolerant landrace IAC1131 under drought stress, their roles in stress 

response remain unclear. There is evidence that bundling of actin usually causes arrest of 

elongation growth, while studies have also shown that actin bundles provide support for cell 

elongation, polar auxin transport, stomatal and chloroplast movement, and defense against 

pathogens 
[43]

. Both Profilin and Villin are involved in the growth of actin microfilaments; 

whether they play a positive or negative role in drought response is yet to be analysed. 

However, based on our result that the percentage of cells under division in response to 

drought stress is less affected in IAC1131, we can speculate they might function together 

with actin to maintain the activity of growing zone. 

3.4.2 Proteins that increased in abundance during drought in Nipponbare but not IAC1131 

Drought induced the expression of stress-related proteins in the shoot growing zone of 

Nipponbare, which included 6-phosphogluconate dehydrogenase, late embryogenesis 

abundant (LEA) proteins, and dihydroorotate dehydrogenase. The 6-phosphogluconate 

dehydrogenase is a key enzyme of the pentose phosphate pathway (PPP) and previous 

research has shown that there is an association between the key enzymes of PPP in plants and 

their responses to environmental stresses 
[44]

. It has been reported that increased abundance of 

6-phosphogluconate dehydrogenase was observed in rice exposed to various abiotic stresses. 

This enzyme plays a key role in regulating PPP which provides products such as precursors 

or co-factors for the biosynthesis of lignin, aromatic amino acids, phytoalexins, nucleotide 

acids, sugar derivatives and co-enzymes required for stress response 
[45]

. In plants, there are 

extensive studies showing the correlation between the expression of LEA proteins with stress 

response. LEA proteins function as stabilizers, hydration buffers, membrane protectants and 

antioxidants to protect target proteins from inactivation and aggregation during water stress 

[46]
. The rice dihydroorotate dehydrogenase which is encoded by OsDHODH1, is involved in 

the fourth step in the biosynthesis of pyrimidine nucleotides by catalysing the oxidation of 

dihydroorotate to orotate. In a previous study, dihydroorotate dehydrogenase increased by 

treatment with salt, drought and exogenous abscisic acid. Further analysis showed that the 

promoter region of OsDHODH1contains several stress-related cis-acting elements and 

overexpression of this gene significantly improved the salt and osmotic stress tolerance in 

both Escherichia coli cells and rice 
[47]

. Based on the unique proteins we identified in the 

shoot growing zone of Nipponbare, we speculate that drought stress affects the shoot growing 
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zone of Nipponbare primarily by inducing proteins involved in stress or response to external 

stimuli. 

4.0 Concluding remarks 

This study aims to investigate leaf growing zones in rice genotypes with contrasting tolerance 

to drought. When compared with our previous study of mature rice leaf tissue 
[12]

 , distinctive 

stress responses were found in the youngest developing leaf tissue. Furthermore, IAC1131 

(drought tolerant) and Nipponbare (drought sensitive) showed contrasting, tissue-specific 

responses to water deficits. For example, the abundance of specific proteins related to the cell 

cycle increased in the leaf growing zone of IAC1131 while in the adjacent mature leaf 

tissues, the drought response was characterised by a lower abundance of many proteins 

involved in secondary metabolism 
[12]

 . By contrast, in Nipponbare, where the proportion of 

mitotic cells declined dramatically when water was withheld, proteins involved in cell cycle 

scarcely changed in abundance. Collectively, these data lead us to propose a mechanism of 

drought tolerance in IAC1131 in which secondary metabolism is inhibited to conserve carbon 

reserves for primary metabolic processes while cell division is sustained in growing zones. 

Conversely, impaired primary metabolism in the expanded leaf tissues and slower cell 

division in growing zones would compromise growth under water deficits in Nipponbare. 

While a hydraulic response to drought could be clearly seen in mature tissues, where leaves 

rolled, superior water status is maintained in growing zones, even in severe drought 
[48]

. In 

this study, we report for the first time the protein abundance in these enclosed growing 

tissues, where withholding water caused a decrease in tissue water potential sufficient to 

compromise the proportion of dividing cells in Nipponbare but not the drought-tolerant rice 

landrace IAC1131. Protein profiles were also studied as the effects of drought were reversed. 

Differential abundances of cell cycle and cell division-related proteins in the shoot growing 

zones demonstrate that even in these tightly enclosed leaf bases, genotypic contrasts in gene 

expression responses to drought could be detected. We posit that proteins involved in 

cytoskeleton, cell cycle and cell plate formation confer part of the resilience seen in the 

drought-tolerant landrace, IAC1131. The remarkable proteomic contrast seen in these 

undifferentiated tissues when drought is imposed, and when plants were re-watered, provides 

candidate marker genes for drought tolerance in cereals. 
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 FIGURE LEGENDS 

Figure 1. Leaf water potential estimated using a pressure bomb with plants in increasing 

severity of drought (Control (1)  47 d) then recovery from drought (3 d of re-watering). 

Control (2) plants were sampled at 50 d at the end of the recovery period. Each point 

represents the average of three biological replicates with error bars for standard errors. 
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Figure 2. Proportion of cells undergoing divisions, estimated using microtomed thin sections 

and DAPI staining from plants in all conditions. Each point represents the average of three 

biological replicates with error bars for standard errors, and p-value was calculated to indicate 

the changes between different conditions. 
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Figure 3. Comparison and classification of differentially expressed proteins under control 

conditions and in extreme drought. Proteins with increased or decreased abundance were 

categorized into 24 different biological process and molecular function categories. Proteins 

with increased abundance are plotted to the left, and proteins with decreased abundance are 

plotted to the right, of the central Y-axis. The values indicate the number of proteins found in 

a given functional category. 
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Figure 4. Detection of MCM7, Actin and HSP70 by TMT quantitative analysis and Western 

blot. The bar graphs indicate scanning densitometry measurements of triplicate analyses, with 

error bars. As shown, the dark bars represent IAC1131, while the light bars represent 

Nipponbare. Panel A, protein significance of MCM7 identified using TMT labelling; panel B, 

relative protein expression level of MCM7 analysed by western blot; Panel C, protein 

significance of Actin identified using TMT labelling; panel D, relative protein expression 

level of Actin analysed by western blot; Panel E, protein significance of HSP70 identified 

using TMT labelling; panel F, relative protein expression level of HSP70 analysed by western 

blot. 
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Figure 5. Change in abundance of proteins involved in cell division cycle in shoot growing 

zones, the dark bars represent IAC1131, while the light bars represent Nipponbare. Panel A, 

relative protein expression level of Chromatin assembly factor 1 subunit MSI1 homolog; B, 

relative protein expression level of COP9 signalosome complex subunit 4; C, relative protein 

expression level of DNA replication licensing factor MCM7; D, relative protein expression 

level of UDP-arabinopyranose mutase 2; E, relative protein expression level of UDP-

arabinopyranose mutase 1; F, relative protein expression level of Actin; G, relative protein 

expression level of Profilin LP04; H, relative protein expression level of Villin-3. 
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Table 1. Total proteins identified in IAC1131 and Nipponbare and false discovery rates 

(FDR) applied to proteomic analyses 

Cultivar Total proteins Protein FDR (Ratio ≥1.2, ≤0.67, p-value ≤0.05 

IAC1131 1230 0.25% 

Nipponbare 981 0.1% 

Table 2. Number of proteins differentially expressed (increased and decreased) between 

well-watered control plants and respective drought treatments (extreme drought – from 40 to 

47 d) and recovery (3 days after re-watering) 

Cultivar TMTPrepPro analysis Control vs. extreme Control vs. recovery 

IAC1131 
Decreased 418 227 

Increased 417 138 

Nipponbare 
Decreased 76 27 

Increased 119 41 




