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Abstract

We analysed the cellular and molecular changes in the leaf growth zone of tolerant and sensitive rice varieties in re-
sponse to suboptimal temperatures. Cold reduced the final leaf length by 35% and 51% in tolerant and sensitive var-
ieties, respectively. Tolerant lines exhibited a smaller reduction of the leaf elongation rate and greater compensation 
by an increased duration of leaf growth. Kinematic analysis showed that cold reduced cell production in the meristem 
and the expansion rate in the elongation zone, but the latter was compensated for by a doubling of the duration of 
cell expansion. We performed iTRAQ proteome analysis on proliferating and expanding parts of the leaf growth zone. 
We identified 559 and 542 proteins, of which 163 and 210 were differentially expressed between zones, and 96 and 68 
between treatments, in the tolerant and sensitive lines, respectively. The categories protein biosynthesis and redox 
homeostasis were significantly overrepresented in the up-regulated proteins. We therefore measured redox metabol-
ites and enzyme activities in the leaf growth zone, demonstrating that tolerance of rice lines to suboptimal temperat-
ures correlates with the ability to up-regulate enzymatic antioxidants in the meristem and non-enzymatic antioxidants 
in the elongation zone.

Keywords:  iTRAQ, kinematic analysis, leaf growth, redox, rice, suboptimal temperature stress.

Introduction

An important limitation to yield in rice is sensitivity to sub-
optimal temperatures during the seedling stage (Allen and 
Ort, 2001; Quintero, 2009; Laurance et al., 2014; FAO, 2016; 
Wang et  al., 2016). Suboptimal temperatures are defined as 

those between the minimum and the optimum temperature 
for growth: for rice, between 12–13 °C and 25–30 °C, respect-
ively. Chilling temperatures range from 0 °C to the minimum 
temperature for growth (Yoshida, 1981; Menéndez et al., 2013). 
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Unlike chilling, which occurs only occasionally during the 
rice growth season, suboptimal temperatures persist for long 
periods and have a significantly negative impact on rice yield 
(Allen and Ort, 2001; Quintero, 2009; Clayton and Neves, 
2011; Wang et al., 2016). Previously, we found contrasting re-
sponses to suboptimal temperatures in terms of the growth 
and physiology of rice seedlings in a group of eight cultivars 
(Gazquez et al., 2015). The study classified these cultivars as tol-
erant or sensitive based on the inhibition of seedling growth. 
This was correlated with a reduction of active chlorophyll and 
photosystem II performance in the sensitive cultivars, whereas 
the tolerant cultivars had a stronger reduction of stomatal con-
ductance and an increase of water use efficiency. In agreement 
with these findings, our recent transcriptome study of two of 
the contrasting cultivars demonstrated that photosystem II 
genes were down-regulated in the sensitive cultivar (Gazquez 
et al., 2018). Together with biochemical and physiological ana-
lyses, our results showed that the maintenance of photosyn-
thetic capacity is crucial for cold tolerance in rice.

Other reports have shown that antioxidant metabolites and en-
zymes also contribute to cold tolerance (Kuk et al., 2003; Grohs 
et al., 2016) and correlate with growth performance (Chakraborty 
and Bhattacharjee, 2015). Cells are the building blocks of the plant 
body and the regulatory units that integrate locally perceived 
chemical and physiological signals by genetically encoded mo-
lecular regulatory networks that ultimately control the growth 
process (Gonzalez et  al., 2012; Kalve et  al., 2014; Czesnick and 
Lenhard, 2015). Variation in cell division and expansion parameters 
explain differences in organ size between species (Gázquez and 
Beemster, 2017) and the differential growth response of varieties 
with contrasting tolerance to stress conditions (Avramova et  al., 
2017). However, it remains unknown how redox regulation in the 
growth zone affects cellular growth processes and cold tolerance.

Adverse environmental conditions affect physiological pro-
cesses by altering gene expression, resulting in changes at the 
proteome level (Kosová et al., 2011; Hakeem et al., 2012; Barkla 
et al., 2013). A few studies have analysed the proteome of rice 
leaves at the seedling stage subjected to suboptimal temper-
atures (Cui et al., 2005; Gammulla et al., 2011; Neilson et al., 
2011). However, in order to identify specific changes related 
to the inhibition of cell division and expansion, it is necessary 
to sample proliferating and expanding tissues. Other proteome 
studies compared these developmental zones in maize leaves 
(Majeran et al., 2010; Facette et al., 2013; Ponnala et al., 2014) 
and roots (Marcon et al., 2015), both under standard conditions 
and to study the effect of drought stress (Avramova, 2016).

Understanding how cell division and expansion are affected 
by stress and the underlying molecular changes enables the 
identification of tolerance mechanisms that could be used in 
breeding programs. Therefore, in this study we subjected three 
tolerant and three sensitive rice cultivars (Gazquez et al., 2015) 
to optimal (24/28 °C night/day) and suboptimal (13/21 °C 
night/day) temperatures and performed a kinematic analysis of 
the fourth leaf and a proteome analysis on samples of the meri-
stem and the elongation zone of the leaf of two contrasting 
cultivars. Subsequent metabolite and biochemical analyses 
investigating antioxidant regulation in the leaf growth zone al-
lowed us to relate cellular responses to antioxidant capacity.

Materials and methods

Plant material and growth conditions
Rice (Oryza sativa) seeds of the tolerant cultivars Koshihikari, CT-6742-
10-10-1, and General Rossi and the sensitive varieties IR50, IR24, and 
Honezhaosen were provided by the Rice Breeding Program of the 
Universidad Nacional de La Plata, Argentina (Gazquez et  al., 2015). 
Seeds were germinated according to Gazquez et al. (2015). Seedlings 
were transplanted to peat potting medium (Jiffy, The Netherlands) in 
1.6 litre pots 13  cm high and 12.7  cm in diameter, and grown in a 
growth chamber (Conviron, Adaptis A1000) under controlled condi-
tions with a 12 h photoperiod, 350 µmol photons m−2 s−1 photosyn-
thetically active radiation, and 80% humidity. Temperatures for control 
conditions were 28/24  °C day/night. When the third leaf (Yoshida, 
1981) emerged, plants were exposed to suboptimal temperatures of 
21/13 °C day/night.

Two days after the emergence of the fourth leaf, two pools of 10 
Koshihikari and IR50 plants were randomly selected from the control 
and suboptimal temperature treatments and harvested for protein extrac-
tion and redox state measurements. The growth zone of the fourth leaf 
of each plant was cut into five segments based on the results of kinematic 
analysis for the control and suboptimal temperature treatments, starting 
from the base of the leaf: meristem (4 mm for the control and 3 mm 
for the suboptimal temperature treatment), transition zone (3 mm and 
2 mm), elongation zone (18 mm and 10 mm), transition zone 2 (5 mm 
and 3 mm), and mature zone (20 mm and 20 mm) (see Supplementary 
Fig. S1 at JXB online). Samples were immediately frozen in liquid ni-
trogen and stored at –80 °C for further analyses.

Growth and kinematic analysis
To determine the leaf elongation, rate the length of the fourth leaf 
(Yoshida, 1981) was measured daily with a ruler, using the top of the 
soil as a reference point. Measurements were carried out on the fourth 
leaf of 23 plants per cultivar/treatment, 2 h after the start of the photo-
period, from emergence until the final length was reached. The leaf 
elongation rate was calculated as the difference in leaf length divided 
by the time interval between successive measurements. Kinematic ana-
lysis was performed on the fourth leaf of five plants of each cultivar/
treatment on the second day after emergence from the whorl of older 
leaves (i.e. during steady-state growth) following a previously described 
protocol (Rymen et  al., 2010; Pettkó-Szandtner et  al., 2015). Briefly, 
the fourth leaf was harvested by removing the older leaves with for-
ceps and a scalpel. Imprints of the abaxial epidermis of the basal 4 cm 
(for controls) or 5 cm (for suboptimal temperature conditions) of the 
leaf were made with nail varnish and transferred to microscope slides 
by means of cellophane tape. The first 2 cm from the basal part of the 
same leaf that was used for the imprints was placed in 3:1 v/v abso-
lute ethanol:acetic acid for fixation and clearing. Samples were kept at 
4 °C for a period ranging from 24 h up to several weeks before use. 
They were washed for 20 min in buffer containing 0.05 M Tris–HCl 
(pH 7.0) and 0.5% Triton X-100, and incubated with 1 µg ml−1 DAPI 
in wash buffer for 5–7 min. Nuclei were observed with a fluorescence 
microscope (AxioScope A1, Axiocam ICm1, Zeiss) at ×20 magnifica-
tion. The length of meristematic zone of the leaves was determined 
by locating the most distal mitosis in the abaxial epidermis relative to 
the base of the leaf (Pettkó-Szandtner et al., 2015). The length of cells 
next to stomata files (Luo et al., 2012) was measured at 1 mm intervals 
on the imprints of the leaf by bright-field microscopy (AxioScope A1, 
Axiocam ICm1; Zeiss) at ×40 for the meristematic zone and ×20 for 
the elongating and mature cells, using the online measurement module 
in Axiovision (vs 4.8, Zeiss) software. The raw cell-length data from in-
dividual leaves were smoothed using the Locpoly function of the Kern 
Smooth package (Wand and Jones, 1995) for the R statistical package 
(R Foundation for Statistical Computing). Indirect kinematic analysis 
to calculate cell division and expansion parameters was performed as 
described by Fiorani and Beemster (2006). All parameters were aver-
aged between leaves and used for calculations of cell division and ex-
pansion parameters.
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Thermal time calculation
Thermal time, expressed as growing degree days (GGD), for each treat-
ment and cultivar was calculated by integration of leaf temperatures over 
time (Bonhomme, 2000):

GDD =
(TMax − TBase) ∗hTMax + (TMin − TBase) ∗hTMin

24

Where TMax is the daily maximum air temperature; TMin is the daily min-
imum air temperature; TBase is the temperature below which the leaf does 
not grow; hTMax is the number of hours of light; and hTMin is the number 
of hours of darkness. TBase was set to 10 °C (Lee, 1979; Gao et al., 1992; 
Sánchez et  al., 2014), and hTMax and hTMinwere 12  h for all treatments. 
Therefore, equation (1) could be simplified as follows:

GDD =

ïÅ
TMax − TMin

2

ã
− 10
ò

Protein extraction and digestion
Sample pools labelled with an 8-plex iTRAQ kit were prepared as follows. 
Proteins were extracted according to Méchin et  al. (2007) with minor 
modifications. Samples were ground in liquid nitrogen, and 1.8 ml 0.07% 
2-β-mercaptoethanol and 10% trichloroacetic acid in cold acetone were 
added. After overnight incubation at –20 °C, samples were centrifuged for 
30 min at 10 000 g and 4 °C, and the pellet was washed twice in 100% 
acetone. The pellets were then dissolved in 0.5 M triethylammonium bicar-
bonate (TEAB). Protein concentrations were determined by using a Pierce 
BCA Protein Assay Kit (Thermo Fisher Scientific) and a NanoDrop 2000 
spectrophotometer (Thermo Fisher Scientific). From each sample, 100 μg 
of protein was denatured and reduced using reagents supplied with the 
iTRAQ labelling kit (AB Sciex) in 20 μl 100 mM TEAB and incubated at 
60 °C for 1 h. After cysteine blocking with Cysteine Blocking Reagent for 
10 min in the dark, six volumes of cold acetone were added and samples 
were incubated overnight at –20 °C. After centrifugation for 10 min at 
10 000 g and 4 °C, the proteins were dissolved in 20 μl of 100 mM TEAB 
and digested with MS-grade Trypsin Gold (enzyme:protein ratio = 1:10; 
Promega) overnight at 37 °C. The next day, samples were desalted with 
Pierce C18 Spin Columns following the manufacturer’s instructions 
(Thermo Fisher Scientific).

iTRAQ protein labelling
An iTRAQ Reagents 8-plex kit (AB Sciex) was used for the labelling. 
The iTRAQ labels were dissolved in 50 μl isopropanol. Digested peptides 
were labelled with the iTRAQ reagents and incubated for 2 h at ambient 
temperature. Pooled samples were prepared with equimolar peptide con-
centration ratios.

Nano-reversed-phase liquid chromatography and mass 
spectrometric data analyses
The iTRAQ-labelled samples were analysed by LC-tandem MS in a data 
dependent acquisition (DDA) set-up. Reversed-phase (RP) chromatog-
raphy was performed on an Easy-nLC system (Thermo Scientific). An 
Acclaim PepMap RP-C18 trap column (3 μm, 100 Å, 75 μm×20 mm) 
and an Acclaim PepMap RP-C18 analytical column (2  μm, 100  Å, 
50 μm×150 mm) were used. A 1 μg aliquot of pooled iTRAQ-labelled 
peptide dissolved in 10 μl of mobile phase A (2% ACN and 0.1% formic 
acid) was loaded. A  linear gradient of mobile phase B (98% ACN and 
0.1% formic acid) from 2% to 40% in 300 min was used at a flow rate of 
400 nl min−1.

Three biological replicates (each comprising 10 pooled leaf sections) of 
each combination of cultivars (Koshihikari and IR50), zones (meristem 
and elongation zone), and treatments (control and suboptimal tempera-
ture) were analysed in three 8-plex iTRAQ pools (eight different bio-
logical samples in total; see Supplementary Table S1). The nano-LC was 
coupled online with a Q-Exactive Plus Hybrid Quadrupole-Orbitrap 
mass spectrometer (Thermo Scientific) running in MS/MS mode, where a 

full scan spectrum (350–2000 m/z) was done. The top five most abundant 
peaks in each full scan were selected for fragmentation in a DDA set-up. 
The normalized collision energy used was 32% in collision-induced dis-
sociation with a dynamic exclusion time of 30 seconds. Fragmentation 
was set to high-energy collision-activated dissociation scans.

Proteome data analysis
Proteome Discoverer software (version 1.3.0.339, Thermo Scientific) was 
used to perform database searches against the UniProt Oryza sativa subsp. 
indica (39946) and UniProt Oryza sativa subsp. japonica (39947) databases 
using SEQUEST and Mascot (Matrix Science) algorithms. Mass spec-
trum range was set at 300–8000 Da with precursor mass tolerance of 
10 ppm, fragment mass tolerance of 0.02 Da, trypsin as digesting enzyme, 
and allowing two missed cleavages. iTRAQ 8-plex (N-terminus and ly-
sine residues) and Methylthio (C) were defined as fixed modifications, 
while oxidation (M) and iTRAQ 8-plex (tyrosine residues) were selected 
as variable modifications. The results were filtered for confident peptide-
to-spectrum matches (PSMs) based on a non-concatenated target decoy 
database. The decoy database is a reversed version of the target database. 
Only first-ranked peptides with a global false discovery rate (FDR) 
smaller than 1% were included in the results. All sequences and reporter 
ion intensities of the PSMs that matched the confidence requirements 
were exported in CSV format to a spreadsheet for further data analysis 
(Supplementary Table S2). Data from the three iTRAQ sample pools 
were normalized with the CONSTANd method (Maes et al., 2016) so 
peptides could be compared within and between the multiplex experi-
ments without the need of a reference sample (Supplementary Table S3). 
For statistical and bioinformatics analysis, as well as visualization, Perseus 
1.5.5.3 open software (Tyanova et  al., 2016) was used. Peptides listed 
with multiple accessions or no identification were removed and only 
sequences yielding single protein identifications were kept for further 
analysis to increase the confidence of the quantification. Relative pep-
tide abundances were log2-transformed and missing values were replaced 
from normal distribution with default settings, width of 0.3, and down 
shift of 1.8 (Lazar et al., 2016; Tyanova et al., 2016). IR50 data were fur-
ther analysed based on the UniProt Oryza sativa subsp. indica (39946) 
database, and Koshihikari data based on the UniProt Oryza sativa subsp. 
japonica (39947) database. All peptides matching with the same protein 
were averaged, and a two-way ANOVA was performed in each cultivar, 
using treatment and zone as factors, with the built-in ANOVA functions 
of Perseus software. FDR was applied as a multiple testing correction, and 
a post-hoc Fisher test was applied when the interaction of factors showed 
a P-value <0.05 (Supplementary Table S4).

Proteins with uncorrected P-values <0.05 in the two-way ANOVAs 
were Z-score normalized and clustered using K-means with Euclidean 
distance and average linkage in Perseus software. An enrichment analysis 
was done for each cluster using DAVID (Huang et  al., 2009a, b) with 
the UniProt KB identifiers. In the case of IR50 the analysis was done 
with japonica identifiers obtained from the Gramene (http://gramene.
org/) database (Youens-Clark et  al., 2011) (Supplementary Table S4). 
The annotation was made with UniProt keywords (UP_KEYWORDS), 
Gene Ontology (GO) biological process (GOTERM_BP_DIRECT), 
GO cellular component (GOTERM_CC_DIRECT), GO molecular 
function (GOTERM_MF_DIRECT), and KEGG pathways (KEGG_
PATHWAYS). The enrichment required a minimum of two proteins 
for a term to be considered, EASE <0.05, Bonferroni <0.1 for multiple 
testing correction, and Oryza sativa subsp. japonica as background.

Redox state analyses
For all combinations of cultivar (Koshihikari and IR50), treatment (con-
trol and suboptimal temperature), and segment (meristem and elong-
ation zone), three pools (each of 10 plants; Supplementary Fig. S1) of 
15–100 mg were homogenized with different extraction buffers/solvents, 
depending on the target analysis. Homogenates were centrifuged (17 530 
g, 4 °C, 30 min). The extraction and measurement of each metabolite/
enzyme were performed on the same day. Supernatants were used for the 
following analyses.
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H2O2
Samples were homogenized in 1  ml of 5% (w/v) TCA using a 
MagNALyser (Roche, Roche, Vilvoorde, Belgium). The H2O2 concen-
tration was measured by monitoring the peroxide-mediated oxidation of 
Fe2+, followed by reaction of Fe3+, with xylenol orange according to the 
FOX1 method (Bellincampi et al., 2000). After 45 min incubation, the 
Fe3+–xylenol orange complex was measured at 600 nm. Standard curves 
were obtained by adding known H2O2 concentrations to the xylenol or-
ange reagent. The specificity of the reaction for H2O2 was ascertained by 
eliminating H2O2 with catalase. Data were normalized and expressed as 
µM H2O2 per gram of fresh weight (FW) tissue.

Lipid peroxidation marker (malondialdehyde)
Malondialdehyde (MDA) was extracted from homogenized leaves in 80% 
ethanol (MagNALyser; 1 min, 7000 rpm) and its level was measured by 
using the thiobarbituric acid (TBA) assay (Hodges et al., 1999). A 25 µl 
measure of the supernatant was heated with 25 µl of 0.5% (w/v) TBA 
in 20% (w/v) trichloroacetic acid at 95 °C for 1 h. Samples were centri-
fuged (17 530 g, 4 °C, 30 min), and the absorbance was measured at 440, 
532, and 600 nm in a 96-well microplate (Synergy H1, BioTek). Data 
were expressed as MDA equivalents (nmol g FW–1) according to Du and 
Bramlage (1992).

Non-enzymatic antioxidant capacity
Total non-enzymatic antioxidant capacity was determined in extracts 
prepared in 80% ethanol (v/v), and quantified by the ferric reducing 
ability of plasma (FRAP) assay (Benzie and Strain, 1996). A 25 µl measure 
of the supernatant was mixed with an equal volume of 0.3 M acetate 
buffer (pH 3.6), containing 10 mM 2,4,5-Tris-(2-pyridyl)-s-triazine and 
200 mM FeCl3. The absorbance was measured at 600 nm in a microplate 
reader (Synergy H1, BioTeK); 6-hydroxy-2,5,7,8-tetramethylchroman-
2-carboxylic acid (Trolox) was used for the standard curve. Data were 
expressed as Trolox equivalents (µM g FW–1).

Polyphenol concentration
Polyphenols were extracted in 80% ethanol and their concentration 
was determined using the Folin–Ciocalteu reagent (Zhang et al., 2006). 
Absorbance was measured at 765 nm in a 96-well microplate (Synergy 
H1, BioTeK). Gallic acid (GA) was used to prepare standard curves. Data 
were expressed as GA equivalents (mg g FW–1).

Ascorbate and glutathione concentrations
Frozen plant tissue was extracted in 1  ml ice-cold 6% (w/v) meta-
phosphoric acid, and ascorbate (ASC) and glutathione (GSH) levels 
were determined by HPLC (Potters et al., 2004). Antioxidants were sep-
arated on an RP column (100×4.6 mm Polaris C18-A, 3 mm particle 
size; 40 °C) with an isocratic flow rate of 1 ml min−1 of elution buffer 
(2 mM KCl, pH 2.5 adjusted with O-phosphoric acid). The components 
were quantified using a custom-made electrochemical detector, and the 
purity and identity of the peaks was confirmed using an in-line diode-
array detector (SPD-M10AVP, Shimadzu). ASC was measured at 242 nm 
and GSH at 196 nm. Chromatogram analysis was performed with the 
Class VP 5.0 software package (Shimadzu). The total reduced antioxidant 
concentration was determined after reduction with 0.04 M DTT.

Enzyme extraction and enzyme activity assays
Samples were homogenized in 500 µl potassium phosphate buffer (0.05 
M, pH 7.0) containing 2% w/v polyvinyl pyrrolidone, EDTA (0.4 mM), 
and phenylmethylsulfonyl fluoride (0.2  mM), using a MagNALyser 
(Roche). Peroxidase activity was measured by monitoring the production 
of purpurogallin at 430 nm (Kumar and Khan, 1982). Catalase activity 
was calculated from the decrease in H2O2 concentration measured at 
240 nm (Aebi, 1984). Inhibition of nitroblue tetrazolium reduction at 
550 nm was used to assay superoxide dismutase (SOD) activity (Dhindsa 
et  al., 1981). The activities of ascorbate peroxidase (APX), glutathione 

reductase, glutathione peroxidase, monodehydroascorbate reductase, and 
dehydroascorbate reductase were assayed according to Murshed et  al. 
(2008). Glutaredoxin activity was measured by monitoring the NADPH-
dependent reduction of GSH (Lundberg et  al., 2001). Thioredoxin ac-
tivity was indirectly measured as the ability to reduce NADP-malate 
dehydrogenase, whose activity was measured as the capacity of reducing 
NADPH (Wolosiuk et  al. 1979). Thioredoxin was reduced with DTT 
before the assay.

Soluble protein content
Soluble protein was determined following the Lowry method (Lowry 
et al., 1951) with BSA as a standard.

Statistical analysis
Statistical analysis of kinematics data was performed using ANOVA and 
post-hoc Tukey tests with Infostat (Di Rienzo et al., 2016). Redox me-
tabolites and enzyme activities were subjected to a three-way ANOVA 
with the factors cultivar, treatment, and zone, and interactions of these 
factors, with Infostat. A post-hoc Duncan test was done when a positive 
interaction was found.

Results

Leaf growth analysis

We studied the leaf growth zone of seedlings of six rice cul-
tivars with contrasting tolerance subjected to suboptimal and 
optimal temperatures. We assessed the overall effect of sub-
optimal temperatures on leaf growth by quantifying the effect 
on final leaf length. Across all cultivars (Supplementary Table 
S5), suboptimal temperatures reduced the final length of the 
fourth leaf by on average 41% (Fig. 1, Table 1). Final leaf length 
is determined by the rate of leaf elongation and the duration 
of elongation. Both parameters were affected by suboptimal 
temperatures: on average, leaf elongation rates were reduced 
by 76%, whereas the duration of leaf growth was increased 
by 98%, largely compensating for the reduced elongation rate. 
Next, we determined the cellular basis of the reduced elong-
ation rates by kinematic analysis, based on measurements of 
the cell length profile along the growth zone (Supplementary 
Fig. S2) and the length of the meristem. The inhibition of leaf 
elongation in response to suboptimal temperatures was ex-
plained by a reduction of 67% in the cell production rate and 
a reduction of 25% in mature cell length (Table 1). The reduc-
tion in cell production, in turn, was due to a 55% reduction 
of the cell division rate and a 25% reduction in the number of 
dividing cells, reflected by a 20% reduction in meristem size. 
The 35% reduction in the length of mature cells was due to a 
68% lower relative expansion rate, which was partly compen-
sated by a doubling of the duration of cell expansion. Due to 
the reduced cell length, the length of the elongation zone was 
also smaller (–28%), whereas the number of expanding cells 
was not affected.

A comparison of the lines with contrasting tolerance shows 
that tolerant varieties generally have a greater final leaf length 
and leaf elongation rate than sensitive lines, which in turn was 
due to higher cell production, primarily related to a larger 
meristem (Table 1). In response to suboptimal temperatures, 
the final leaf length of the sensitive cultivars was reduced by 
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Fig. 1. Effect of suboptimal temperatures on the leaf length of rice cultivars with contrasting tolerance. Koshihikari, CT-6742-10-10-1, and General Rossi 
are tolerant cultivars, and IR50, IR24, and Honezhaosen are sensitive cultivars. DAE, Days after emergence of the leaf. Values are mean ±SD (n=23).

Table 1. Kinematic analysis of the effect of suboptimal temperatures on leaf growth

Parameter Tolerant (T) Sensitive (S) T+S 
Ctrl  
versus  
ST (%)

ANOVA P-values

Ctrl ST Ctrl  
versus  
ST (%)

Ctrl ST Ctrl  
versus  
ST (%)

Treatment Tolerance Treatment* 
Tolerance

FLL (cm) 39±9 26±5 –35 28±2 14±1 –51 –41 0.002 0.0066 0.897
TLE (d)* 6.7±0.8 c 14.4±0.3 a 116 6.7±0.5 c 12.1±1.0 b 80 98 <0.0001 0.0275 0.0214
LER (mm h−1) 3.29±0.67 0.84±0.14 –74 2.59±0.12 0.55±0.01 –79 –76 <0.0001 0.0373 0.3341

lmat (µm) 76±6 59±8 –22 75±9 54±3 –28 –25 0.0016 0.5554 0.5981

P (cells h−1) 42±6 14±1 –65 35±2 11±1 –68 –67 <0.0001 0.0204 0.3697
D (cells cells−1 h−1) 0.076±0.015 0.039±0.008 –49 0.081±0.029 0.032±0.007 –61 –55 0.0022 0.9341 0.5567
Tc (h) 9.5±1.6 19.7±3.1 108 9.5±3.4 23.8±4.9 151 129 0.0003 0.3245 0.3273
Ndiv (cells) 566±106 404±69 –29 474±171 373±59 –21 NS 0.0731 0.3639 0.6443
Tdiv (h) 87±17 171±32 97 85±35 205±46 141 119 0.0008 0.4439 0.395
Tel (h) 16.59±2.46 55.35±8.62 234 18.97±1.93 52.63±2.31 177 204 <0.0001 0.9522 0.377

RER (µm µm−1 h−1) 0.10±0.01 0.03±0.00 –69 0.09±0.02 0.03±0.00 –66 –68 <0.0001 0.5697 0.4611

ldiv (µm) 15±3 11±1 –24 14±4 12±2 –17 NS 0.0809 0.9554 0.7143

Lmer (mm) 5.8±0.9 4.3±0.9 –26 4.4±0.5 3.9±0.4 –13 –20 0.0274 0.0463 0.2633
Lel (mm) 26±5 20±5 –21 23±1 15±1 –35 –28 0.0106 0.0601 0.5377
Lgr (mm) 32±5 25±6 –22 27±1 19±1 –32 –26 0.0064 0.0358 0.7023
Nel (cells) 700±186 790±118 13 671±105 564±55 –16 NS 0.9068 0.1149 0.2082
Ngr (cells) 1266±229 1194±184 –6 1145±245 937±92 –18 NS 0.252 0.1347 0.5647

ST, suboptimal temperatures; FLL, final leaf length; TLE, duration of leaf growth; LER, leaf elongation rate; lmat, mature cell length; P, cell production rate; 
D, cell division rate; TC, cell cycle duration; Ndiv, number of cells in the meristem; Tdiv, transit time in the meristem; Tel, transit time in elongation zone; 
RER, relative expansion rate; ldiv, length of the cells leaving the meristem; Lmer, length of the meristem; Lel, length of the elongation zone; Lgr, length 
of the growth zone; Nel, number of cells in the elongation zone; Ngr, number of cells in the growth zone; NS, not significant. Data are means ±SD for 
three cultivars grown in control and suboptimal temperatures. For each cultivar, n=23 for LER, n=10 for FLL, and n=5 for the rest of the parameters. 
Percentage change of ST over control (optimal temperatures) data is shown for T and S cultivars, and for all cultivars (T+S) for an overall analysis. *For 
TLE, a post-hoc Tukey test was done. Data means with the same letter are not significantly different (P>0.05).

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/article/71/3/1053/5590879 by guest on 26 M

arch 2021



1058 | Gázquez et al.

51%, whereas in the tolerant lines this reduction was only 35%. 
These differences were partially explained by differences in leaf 
elongation rate, which decreased by 74% in the tolerant culti-
vars and 79% in the sensitive varieties. To compensate for the 
reduced leaf elongation rates, tolerant lines had an increased 
duration of leaf growth significantly greater than that of sensi-
tive cultivars (interaction factor, Table 1). The extended growth 
could potentially be explained by the thermal time theory, 
which expresses developmental progress as a function of an 
integrated temperature sum above a base temperature (Ben-
Haj-Salah and Tardieu, 1995). Based on thermal time, the dur-
ation of leaf growth was reduced by suboptimal temperature, 
and more strongly in the sensitive than in the tolerant cultivars 
(Table 2).

Proteome profiling

To investigate the most prominent molecular differences 
determining tolerance, we performed a proteome analysis re-
lated to the inhibition of cell division and expansion in the 
meristem and elongation zone, respectively. We used tandem 
mass tag (iTRAQ) semi-quantitative proteomics to compare 
two selected cultivars, one sensitive (IR50) and the other tol-
erant (Koshihikari), treatments (control and suboptimal tem-
peratures), and zones (meristem and elongation zone). In total, 
we identified 559 and 542 proteins for IR50 and Koshihikari, 

respectively (Supplementary Table S4). Although most of the 
proteins were shared across zones and treatments in both culti-
vars (Fig. 2), some were exclusively present in the meristem (8 
and 11 for IR50 and Koshihikari, respectively) or in the elong-
ation zone (43 and 48 for IR50 and Koshihikari, respectively). 
A two-way ANOVA showed a larger number of differentially 
expressed proteins between zones (210 and 163 for IR50 and 
Koshihikari, respectively) than in response to stress (68 and 96 
proteins significant for treatment or treatment×zone in IR50 
and Koshihikari, respectively; Supplementary Table S4). To 
group proteins with similar expression patterns, we performed 
a hierarchical clustering of all proteins that had a significant 
difference for treatment, zone, or treatment×zone effect (Fig. 
3). In order to identify the processes overrepresented in the 
protein profiles in the different clusters, we performed an en-
richment analysis.

The global expression profile of the two cultivars was similar 
(Fig. 3A, B, Supplementary Table S4). In both cultivars there 
was a cluster with proteins that were most abundant in meri-
stem, enriched for ribosomal and spliceosome proteins (Cluster 
1), reflecting the active transcription/translation occurring in 
proliferating tissues. Both lines also shared a cluster of proteins 
that were up-regulated in the elongation zone (Cluster 2). This 
cluster was significantly larger in IR50, and was enriched for 
photosynthesis and chloroplast in both lines, and also for redox 
homeostasis in IR50. A  third cluster contained proteins that 

Fig. 2. Distribution of the identified proteins across developmental zones and treatments. Proteomes of (A) Koshihikari and (B) IR50. Samples are marked 
by zone (M, meristem; EZ, elongation zone) and treatment (Ctrl, optimal temperatures; ST, suboptimal temperatures). (This figure is available in colour at 
JXB online.)

Table 2. Effect of suboptimal temperatures on the duration of leaf elongation expressed as thermal time

T S ANOVA P-values

Ctrl ST Ctrl ST Treatment Tolerance Treatment*Tolerance

GDD to achieve FLL (h) 106.7 a±13.4 100.8 a±1.9 107.7 a±7.2 84.7 b±7.3 <0.0001 0.0012 0.0002

T, tolerant; S, sensitive; Ctrl, optimal temperature, ST, suboptimal temperature; GGD. growing degree days; FLL, final leaf length. Data are mean ±SD 
(n=3) in Ctrl and ST temperatures. A post-hoc Tukey test was done; different letters indicate significantly different values (P<0.05).
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Fig. 3. Hierarchical clustering of differentially expressed proteins. (A) Koshihikari proteins, distance threshold of 1.55; (B) IR50 proteins, distance threshold 
of 1.57. Treatments are means of three samples and are labelled by zone (M, meristem; EZ, elongation zone) and treatment (Ctrl: optimal temperatures; 
ST: suboptimal temperatures). The scale at the bottom of the figure represents the abundance of proteins after normalization with Z-scoring across 
rows for the heatmap. Significantly enriched annotation terms are indicated for each cluster. Functional enrichment categories are: Gene Ontology (GO) 
Biological Processes (GO BP), GO Molecular Function (GO MF), GO Cellular Component (GO CC), KEGG pathways (KEGG), and UniProt Keywords (UK). 
(This figure is available in colour at JXB online.)
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were specifically up-regulated by suboptimal temperature in 
the elongation zone (Cluster 3). This cluster was much larger in 
Koshihikari, and was enriched for response to unfolded proteins 
in both lines. It was significantly enriched for redox homeo-
stasis only in Koshihikari (peroxiredoxin, thioredoxin, SOD, and 
glutaredoxin; Supplementary Table S4), suggesting a link to the 
tolerance of this line. Both lines also contained a cluster of pro-
teins down-regulated in suboptimal temperatures in both zones 
(Cluster 4), which was enriched for ribosomal parts, suggesting 
a general down-regulation of protein synthesis in response to 
suboptimal temperatures. A cluster of proteins up-regulated by 
suboptimal temperatures in both zones (Cluster 5), enriched in 
nucleotide binding, was also present in both cultivars.

Redox metabolites and biochemical analyses

Because the proteome analysis linked redox homeostasis with cold 
tolerance, we analysed the effect of the treatments on redox state 
in the leaf growth zone of the cultivars IR50 and Koshihikari.

To determine the levels of reactive oxygen species (ROS), we 
measured H2O2. Under control conditions, H2O2 levels were 
higher towards the base of the leaf and higher in the sensitive 
line IR50 (Fig. 4A, Supplementary Table S6). In response to 
suboptimal temperatures, H2O2 concentrations increased in all 
zones, particularly in the two most basal regions. Interestingly, 
this increase was much stronger in the sensitive cultivar than in 
the tolerant cultivar Koshihikari.

To assess whether increased ROS levels resulted in oxidative 
damage, we measured the amount of lipid peroxidation by using 

MDA as a marker (Shulaev and Oliver, 2006). Consistent with 
the higher sensitivity and ROS levels, the level of MDA in IR50 
increased more than in Koshihikari in response to suboptimal 
temperatures, particularly in the transition zone between 
elongating and mature tissues (Fig. 4B, Supplementary Table S6).

To test the hypothesis that the higher tolerance of Koshihikari 
was related to its ability to up-regulate the antioxidant system, 
we first determined total non-enzymatic antioxidant capacity 
as FRAP (Benzie and Strain, 1996). Suboptimal temperatures 
increased FRAP levels towards the mature part of the leaf, 
and this increase was stronger in Koshihikari than the sensi-
tive cultivar IR50 (Fig. 5A, Supplementary Table S6). The total 
amount of polyphenols, a powerful non-enzymatic antioxidant 
(Sharma et  al., 2012), also decreased along the growth zone 
from meristem to mature zone in both cultivars. Low temper-
atures increased the level of polyphenols in Koshihikari across 
the growth zone, while in IR50 polyphenols increased only in 
the elongation zone (Fig. 5B, Supplementary Table S6).

To investigate the potential role of ASC and GSH in the 
cold response, we determined the relationship between their 
reduced (ASC, GSH) and total (tASC, tGSH) pools. In control 
conditions, around 80% of the pools were in the reduced form 
throughout the growth zone. In suboptimal temperatures, the 
ASC and GSH pools sere strongly oxidized in the basal regions 
of the leaves of IR50, while there was relatively little change in 
Koshihikari leaves (Fig. 5C, D, Supplementary Table S6).

We also assessed the activity of antioxidant enzymes across 
the growth zone. Suboptimal temperatures were associated 
with strong increases in the activities of SOD, catalase, gluta-
thione peroxidase, and peroxidases in the basal regions of 
Koshihikari, but not in IR50 (Fig. 6A–D, Supplementary Table 
S6). The ASC–GSH cycle is regulated by the activities of APX, 
monodehydroascorbate reductase, dehydroascorbate reduc-
tase, and glutathione reductase. Given the effects of suboptimal 
temperatures on the oxidative state of these metabolites, par-
ticularly in the sensitive cultivar IR50, we measured the ac-
tivity of these enzymes (Fig. 6, Supplementary Table S6). APX 
activity was up-regulated in response to the stress in the basal 
regions of Koshihikari, but not in IR50 (Fig. 6E). Suboptimal 
temperatures specifically induced monodehydroascorbate re-
ductase activity in the transition zone between elongating and 
mature tissues and in the mature zone of Koshihikari (Fig. 6F). 
Under control conditions, dehydroascorbate reductase activ-
ities were lower in Koshihikari than in IR50, whereas under 
suboptimal temperatures they were similar in the two lines 
(Fig. 6G). Glutathione reductase, glutaredoxin, and thioredoxin 
were all up-regulated by suboptimal temperatures only in 
Koshihikari (Fig. 6H–J). These up-regulated enzyme activities 
correlate closely with the overrepresentation of antioxidant 
proteins among the up-regulated proteins in the tolerant line 
and with the ability of this line to maintain the oxidation state 
of ASC and GSH under suboptimal temperatures.

Discussion

Our study identified differences in leaf growth regulation be-
tween cultivars with contrasting tolerance to suboptimal tem-
peratures. In accordance with our previous results (Gazquez 

Fig. 4. Effect of suboptimal temperatures on ROS levels and oxidative 
damage in the growth zone of rice cultivars IR50 (sensitive) and Koshihikari 
(tolerant). (A) H2O2; (B) malondialdehyde (MDA). Ctrl, optimal conditions; 
ST, suboptimal temperatures; M, meristem; M-EZ, transition zone between 
the meristem and the elongation zone; EZ, elongation zone; EZ-MaZ, 
transition zone between EZ and the mature zone; MaZ, mature zone. Data 
are mean ±SE (n=3).
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et  al., 2015), the final length of the fourth leaf was reduced 
to a greater extent in sensitive cultivars than in tolerant cul-
tivars. This difference in length was mainly due to differences 
in the cultivars’ capacity to increase the duration of growth in 
suboptimal temperatures. The kinematic analysis showed that a 
reduced cell production, due to a lower cell division rate, was 
the primary cause of the reduction in growth rate in response 
to suboptimal temperatures. The effect on cell production was 
stronger in the sensitive cultivars. Although relative expansion 
rates were strongly reduced, this was largely compensated by an 
increase in the period during which cells continue to elongate. 
Similar results have been found in maize leaves subjected to 
cold stress (Rymen et al., 2007).

The compensation of a lower leaf elongation rate by an in-
creased duration of growth in response to cold and drought has 
also been shown for maize (Bos et al., 2000; Avramova et al., 
2015). This compensation is particularly strong in response to 
cold, which caused similar reductions in leaf elongation rate 
(–70%) but a greater increase in growth duration (+156%) 
compared with water deficit (–56% and +44%, respectively; 
Youssef et al., 2016). This led us to hypothesize that the rate of 
development is slowed more by low temperatures than other 
stresses. Thermal time models the impact of temperature on 
plant development (Granier and Tardieu, 1998; Granier et al., 
2002; Trudgill et  al., 2005) and allowed us to show that, al-
though leaves grow for longer in absolute time, they grow for a 
shorter thermal period under suboptimal temperatures. In sen-
sitive lines, the reduction of growth duration based on thermal 
time is larger than in tolerant lines. However, temperature 
thresholds for varieties adapted to warm climates are higher 
than for cold-adapted cultivars (Yoshida, 1981; Gao et al., 1992; 

Trudgill et al., 2005; Counce et al., 2015). Increasing the base 
temperature in the thermal time calculations reduces the tem-
perature sum required to reach final leaf length and thereby 
increases the differences between tolerant and sensitive lines 
even more. This leads us to conclude that cold inhibits devel-
opmental duration, particularly in sensitive lines.

The spatial and temporal processes regulating leaf growth 
are largely independent, implying that the rate and the dur-
ation of elongation are subject to different control mechanisms 
(Nelissen et al., 2016). A recent study of a maize recombinant 
inbred line (RIL) population linked the duration of growth to 
the transcriptome of the basal part of the leaf during steady-
state growth and found a complex network of genes that were 
not shared between these parameters (Baute et al., 2015, 2016). 
RILs that maintained high growth rates for a longer time had 
a better balance between carbon supply and growth. Hence, it 
seems that different regulation of the balance between carbon 
supply and its utilization may explain the difference between 
the groups (Gazquez et al., 2015, 2018).

Indeed, our proteome analysis supported the involve-
ment of carbon metabolism in cold tolerance. In Koshihikari, 
up-regulated proteins were overrepresented in the chloroplast 
structure and stress response classes. In contrast, IR50 showed a 
down-regulation of proteins from photosystem I (A2YY54 and 
P0C360; Supplementary Table S4), the oxygen-evolving com-
plex (B8A8L8), and photosystem II (A2YI21 and B8AEM8). 
Although we and others have demonstrated the inhibition of 
photosystem II in cold-sensitive lines (Gazquez et  al., 2015, 
2018) and species (Huner et al., 1998), little is known about 
photosystem I. Photosystem I is irreversibly affected by stress, 
and this could cause secondary damage generated by ROS 

Fig. 5. Effect of suboptimal temperatures on levels of non-enzymatic antioxidants in the growth zone of rice cultivars IR50 (sensitive) and Koshihikari 
(tolerant). (A) Ferric reducing ability of plasma (FRAP); (B) polyphenol contents as equivalents of gallic acid (GA); (C) reduced ascorbate (ASC) relative 
to total ascorbate (tASC); (D) reduced glutathione (GSH) relative to total glutathione (tGSH). Ctrl, optimal conditions; ST, suboptimal temperatures; M, 
meristem; M-EZ, transition zone between the meristem and the elongation zone; EZ, elongation zone; EZ-MaZ, transition zone between EZ and the 
mature zone; MaZ, mature zone. Data are mean ±SE (n=3).
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(Sonoike, 2011). Down-regulation of the oxygen-evolving 
complex proteins has also been reported in other spe-
cies subjected to cold (Kosová et al., 2011), and we reported 
down-regulation at the transcriptome level and confirmed 
photosystem I damage in the sensitive cultivar IR50 (Gazquez 
et al., 2018). Carbon balance is determined by photosynthetic 
and respiration processes (Jacoby et  al., 2012). In this regard, 
the abundance of proteins from the oxidative phosphorylation 
apparatus in the mitochondria changed in response to sub-
optimal temperatures. IR50 showed an increased abundance 
of cytochrome C (A2Y4S9), while in Koshihikari the abun-
dance of this protein decreased (Q0DI31; Supplementary Table 
S4). Koshihikari also showed a modified abundance of sev-
eral subunits of cytochrome C oxidase (Q9SXV0, P92683, and 
Q9SXV0). In photosynthetic tissues, the mitochondria are in-
dispensable for chloroplast function due to the dissipation of 
excess energy by the respiratory chain, allowing the avoidance 
of photoinhibition (Noguchi and Yoshida, 2008; Millar et al., 

2011; Jacoby et al., 2012). It is therefore significant that pro-
teins from the glycine cleavage system were up-regulated in 
Koshihikari leaves in response to low temperatures (Q6H713 
and A3C6G9). Because Koshihikari did not show a negative 
effect on the photosystems at the proteome or physiological 
levels, part of its tolerance to suboptimal temperatures may be 
the result of the capacity to maintain an active photosynthetic 
apparatus. However, our proteome analyses enable us to hy-
pothesize that another part of its tolerance may be related to 
changes in the mitochondria that lead to the protection of its 
photosynthetic apparatus from ROS damage.

Under stress conditions the reducing power produced by 
photosynthesis usually exceeds the demand of the Calvin 
cycle, leading to the generation of ROS, which cause damage 
(Ensminger et  al., 2006; Sharma et  al., 2012; You and Chan, 
2015). Suboptimal temperatures induced oxidative stress and 
damage in the growth zone of both cultivars. Although ROS 
is needed to trigger signalling pathways for both cell division 
(Livanos et al., 2012) and expansion (Schmidt et al., 2016), a 
ROS imbalance can cause cell damage.

ROS levels in plants are actively regulated by antioxidant 
defence mechanisms (Sharma et  al., 2012). Koshihikari and 
IR50 showed different responses of proteins involved in the 
regulation of redox homeostasis. The non-enzymatic antioxi-
dants accumulated in the elongation and mature zones in par-
ticular (Fig. 5A). This finding correlates well with earlier studies 
showing that the activity of the secondary metabolism increases 
towards the mature part of the maize leaf (Majeran et al., 2010). 
ASC and GSH are low-molecular-weight antioxidants that 
play a key role in the scavenging of ROS. The balance between 
the reduced and oxidized forms of ASC and GSH are cru-
cial for maintaining cellular redox state (Sharma et  al., 2012). 
While ASC stimulates cell division by mediating the transition 
to the S-phase, its oxidized form blocks the cell cycle (Potters 
et al., 2002). Overall, the ASC and GSH redox state was more 
strongly affected by temperature in the meristem of IR50 than 
in Koshihikari, and this difference could therefore contribute 
to the different sensitivities of cell production in the two lines 
to suboptimal temperature. The enzymes from the ASC–GSH 
cycle, which control the ratios between the oxidized and re-
duced forms of these two metabolites, showed a particular 
increase in activity in the transition zone between the meri-
stem and the elongation zone of Koshihikari, while no major 
changes were detected in IR50. As the size of the meristem is 
controlled in this region (Nelissen et al., 2012), this may explain 
why the meristem size of the sensitive line was reduced twice 
as much as in the tolerant line. In the stroma, the reduction of 
monodehydroascorbate to ASC also depends on the availability 
of the reduced form of ferredoxin and, in turn, in the activity 
of the stromal subunit of photosystem I (psaC) (Gallie, 2013). 
Consistently, a ferredoxin was up-regulated in the elongation 
zone of Koshihikari (A0A0P0W0Z6) in response to suboptimal 
temperatures, and psaC was down-regulated in IR50.

APX is a major ROS-scavenging enzyme that detoxifies per-
oxide in plants (Mittler, 2006). From the eight annotated APXs 
described in japonica, OsAPX1 and OsAPX2 are found in the 
cytosol (Teixeira et al., 2006). Indica cultivars have two homo-
logs for OsAPX1 and one for OsAPX2. OsAPX2 was detected 
in the proteome of both cultivars (Q9FE01 and B8B6B6; 

Fig. 6. Effect of suboptimal temperatures on levels of enzymatic 
antioxidants in the growth zone of rice cultivars IR50 (sensitive) and 
Koshihikari (tolerant). (A) Superoxide dismutase (SOD), (B) catalase (CAT), 
(C) glutathione peroxidase (GPX), (D) peroxidases (POX), (E) ascorbate 
peroxidase (APX), (F) monodehydroascorbate reductase (MDHAR), (G) 
dehydroascorbate reductase (DHAR), (H) glutathione reductase (GR), (I) 
glutaredoxins (GRx); (J) thioredoxins (TRx). Ctrl, optimal conditions; ST, 
suboptimal temperatures; M, meristem; M-EZ, transition zone between 
the meristem and the elongation zone; EZ, elongation zone; EZ-MaZ, 
transition zone between EZ and the mature zone; MaZ, mature zone. Data 
are mean ±SE (n=3).
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Supplementary Table S4) but the abundance did not change 
in response to suboptimal temperature, while all homologs 
of OsAPX1 (Q10N21, A2XFC7, and A2XFD1) were down-
regulated. However, APX activity was up-regulated in the 
meristem of Koshihikari in response to suboptimal tempera-
ture (Fig. 6E), probably as a result of the activity of other APXs.

In contrast to metabolites, the antioxidant enzymes SOD, 
catalase, glutathione peroxidase, peroxidase, thioredoxin, and 
glutaredoxin were specifically up-regulated at the base of the 
leaf in the tolerant line under suboptimal temperatures (Fig. 
6). SOD enzymes are the first line of defence against ROS, 
catalysing the dismutation of superoxide to oxygen and 
H2O2 (Gill and Tuteja, 2010; Sharma et  al., 2012; Kaushik 
and Roychoudhury, 2014). In fact, Koshihikari showed 
up-regulation of a protein with SOD activity in the elong-
ation zone (Q6ZBZ2; Supplementary Table S4), OsGLP1, 
a cell-wall-associated protein involved in the regulation of 
plant growth (Banerjee and Maiti, 2010; Banerjee et al., 2010; 
Dehury et al., 2013). Catalase activity is indispensable for ROS 
detoxification under stress conditions, since it has a fast turn-
over (Gill and Tuteja, 2010; Sharma et al., 2012), and it showed 
the same pattern as SOD (Fig. 6A, B). Glutathione peroxidase 
and peroxidase constitute large families of enzymes that re-
duce H2O2 and other peroxides, and hence are important for 
ROS scavenging (Gill and Tuteja, 2010). In accordance, two 
peroxidases were up-regulated in Koshihikari (Q6ER94 and 
Q7F8S5). Peroxiredoxins, thioredoxins, and glutaredoxins also 
play an important role as scavengers of H2O2 as an alterna-
tive to the water–water cycle (Dietz et al., 2006; Miyake, 2010; 
Dietz, 2016). In agreement with the measured activities, we 
found that a chloroplastic thioredoxin was up-regulated in 
the elongation zone of Koshihikari (Q8S091). However, the 
thioredoxin OsTrx23 (Q0D840) was down-regulated but, be-
cause it is related to stomatal closure (Ishiwatari et  al., 1995, 
1998; Zhang et  al., 2011), its down-regulation probably ex-
plains the increase in stomatal conductance we reported earlier 
(Gazquez et  al., 2015). Regarding glutaredoxin, Koshihikari 
showed up-regulation of two proteins in both the meristem 
and elongation zone (P55142 and Q851Y7). Previously, we 
also found up-regulation of enzymatic antioxidant levels in the 
meristem of maize leaves in response to drought and demon-
strated that overexpression of SOD can stimulate cell division 
and leaf growth (Avramova et al., 2015).

In both cultivars, proteins related to ribosomes were down-
regulated in response to suboptimal temperatures in both the 
meristem and the elongation zone (Fig. 3, Supplementary 
Table S4). This down-regulation of the translation machinery 
complements earlier results from rice (Neilson et  al., 2011) 
and petunia (Zhang et al., 2016) subjected to cold, showing a 
down-regulation of histone levels. The regulation of chromatin 
and histones plays a key role in transcriptional regulation in re-
sponse to environmental stresses, and therefore provides a global 
stress-response mechanism (Dong et al., 2003; Heidarvand and 
Maali Amiri, 2010; Kim et al., 2015; Asensi-Fabado et al., 2017). 
Both cultivars also showed an up-regulation of proteins related 
to protein folding and chaperonins, demonstrating additional 
efforts to assure the correct folding of proteins necessary for 
their function (Wang et al., 2004).

Although oxidative damage occurred in both cultivars, the 
sensitive cultivar accumulated higher levels of damage. This 
could be correlated with the stronger up-regulation of anti-
oxidant capacity in Koshihikari compared with IR50. Non-
enzymatic antioxidant power was strongly increased in the 
tolerant cultivar, especially towards the mature part of the 
leaves. Enzymatic antioxidant power was also up-regulated to 
protect the proliferating tissue at the base of the leaf. Taken 
together, the findings of this study directly link tolerance to 
suboptimal temperatures with the ability to up-regulate both 
the enzymatic and non-enzymatic antioxidant systems in the 
growth zone of the leaf.

Supplementary data

Supplementary data are available at JXB online.
Table S1. Experimental design of iTRAQ proteome analysis.
Table S2. Peptides detected in the proteome analysis of each 

pool based on japonica and indica databases.
Table S3. Peptide abundances after CONSTANd normal-

ization according to japonica and indica databases.
Table S4. Protein abundances and statistical analyses.
Table S5. Kinematic analysis parameters for the individual 

cultivars.
Table S6. Three-way ANOVA of the redox parameters.
Fig. S1. The effect of suboptimal temperatures on the length 

of the developmental zones.
Fig. S2. The effect of suboptimal temperatures on the cell 

length profile.
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org/cgi/GetDataset?ID=PXD011128).
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