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Abstract Smallholder rice cultivation productivity

is directly related to alleviating hunger and poverty.

Biotic and abiotic stresses increasingly subvert the

process, and drought is the most common stress. A

mechanistic understanding of plant response to

drought could lead to the use of gene-based markers

to generate drought-tolerant rice. Such an understand-

ing is challenging due to the complex interplay of

genes, proteins, and metabolites. However, compar-

ison between a wild type and its near-isogenic line

(NIL) for a validated QTL can reduce noise in the

omics studies and highlight critical networks and

mechanisms. We compared the quantitative proteome

of the flag leaves, spikelets, and roots between an

upland rice genotype Vandana and its NIL 481-B. The

latter contained the same genetic background as

Vandana except for the QTL qDTY12.1 for rice yield

under drought. Differentially expressed proteins

(DEPs) under drought were identified using isobaric

labeling approach and MapMan-based analysis. DEPs

were involved in photosynthesis, respiration, energy

generation, and carbon–nitrogen acquisition/remobi-

lization, largely through the pathways of sugars/starch

and amino acid metabolism. DEPs could be related to

drought-specific morpho-physiological responses of

481-B, reiterating the value of our results. Importantly,

comparative proteome analysis of the three tissues

highlighted tissue-specific differences of the same or

similar proteins and underscored proteins, pathways,

and mechanisms putatively involved in reproductive

stage drought tolerance. More dependable and/or

large-effect candidate genes/proteins might be ob-

tained from similar multi-tissue proteomic analyses

comparing wild-type plants and their NILs.
Electronic supplementary material The online version of
this article (doi:10.1007/s11032-015-0321-6) contains supple-
mentary material, which is available to authorized users.

M. L. Raorane � I. M. Pabuayon � A. R. Varadarajan �
S. K. Mutte � A. Kumar � A. Kohli (&)

Plant Molecular Biology, PBGB, IRRI,

DAPO 7777, Metro Manila, Philippines

e-mail: a.kohli@irri.org

M. L. Raorane

e-mail: m.raorane@irri.org

I. M. Pabuayon

e-mail: i.pabuayon@irri.org

A. R. Varadarajan

e-mail: adithi.vandana@gmail.com

S. K. Mutte

e-mail: sumanthkumar07@gmail.com

A. Kumar

e-mail: a.kumar@irri.org

A. Treumann

Newcastle University Protein and Proteome Analysis,

Newcastle University, Newcastle upon Tyne NE1 7RU,

UK

e-mail: achim.treumann@ncl.ac.uk

123

Mol Breeding  (2015) 35:139 

DOI 10.1007/s11032-015-0321-6

http://dx.doi.org/10.1007/s11032-015-0321-6
http://crossmark.crossref.org/dialog/?doi=10.1007/s11032-015-0321-6&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s11032-015-0321-6&amp;domain=pdf


Keywords Drought � Rice � Proteome � QTL � Root �
Spikelet � Yield � Nitrogen � Starch � TMT

Introduction

Plants respond and adapt to stress conditions by

making essential alterations at the molecular, bio-

chemical, cellular, and physiological levels. Over the

last decades, substantial research has gone into

elucidating molecular aspects of plant response to

stress. However, deciphering molecular mechanisms

for drought tolerance is challenging due to the often

nonlinear relationship between transcripts, proteins,

and metabolites.

Rice production suffers considerably due to various

biotic and abiotic stresses of which drought is a major

challenge. Rice growth and productivity is particularly

affected by drought stress (DS) under current climate

scenarios (O’Toole 1982; Jagadish et al. 2012). With

warnings of severe drought conditions in the future,

understanding and engineering drought-tolerant rice is

essential (Serraj et al. 2011) because as an important

staple, rice has a central position in global food

security and is directly related to alleviating hunger

and poverty in Asia and Africa (Cantrell and Hettel

2004).

Several functional genomics studies have revealed

sets of genes and gene families relevant to conferring

drought tolerance to plants. It is now well recognized

that transcriptome responses may not always correlate

with proteome responses (Gygi et al. 1999; Lee et al.

2007). Hence, it is desirable to complement the

publicly available transcript expression datasets with

information on the sets of functional proteins useful

under drought. The proteomic response in rice, maize,

and wheat has been studied in cultivars of contrasting

morpho-physiological responses to drought, mostly in

leaves (Salekdeh et al. 2002; Vincent et al. 2005; Ali

and Komatsu 2006; Peng et al. 2009). However, a

study with multiple tissues in genotypically similar

rice lines contrasting for yield under drought could

provide much more specific insights into the under-

lying molecular mechanisms.

Breeders and physiologists have identified several

breeding lines, QTLs, and morpho-physiological traits

for drought tolerance. Different rice ecosystems require

specific adaptive traits and genetic backgrounds, which

has restricted the success of known resources in

generating widespread drought-tolerant genotypes.

Nevertheless, in the recent past, screening for yield

under drought has led to promising success. In the

Vandana 9 Way Rarem population, qDTY12.1 is a

QTL on chromosome 12 with consistent large effects

on grain yield under reproductive stage DS (Bernier

et al. 2007). Near-isogenic lines (NILs) for qDTY12.1
were generated in the Vandana background (Kumar

et al. 2014), and multi-location field trials confirmed

the value of qDTY12.1 for additive effects on yield, on

increased root water uptake and increased root

branching under drought (Henry et al. 2014; Bernier

et al. 2009a, b; Mishra et al. 2013).

As far as we know, a QTL-introgressed NIL has

never been compared with the recipient parent geno-

type for proteomic differences under drought. Addi-

tionally, simultaneous proteomic response to drought

in multiple tissues has never been compared. Thus, a

comparative proteome analysis of flag leaves, spike-

lets, and roots was undertaken to better understand

qDTY12.1 functionality. A particularly well-perform-

ing NIL, 481-B, was compared with the recipient

parent genotype, Vandana, under drought conditions.

Only the drought-responsive, and not the well-watered

(WW), proteome was assessed, and NIL 481-B was

compared only with Vandana and not with the

qDTY12.1-donating parent Way Rarem because of

three fundamental reasons: (a) Vandana and 481-B are

identical genomes except for the introgressed

qDTY12.1; (b) despite the relatively small genomic

difference, there is a clear advantage of 481-B over

Vandana for yield under drought (Kumar et al. 2014;

Henry et al. 2014); (c) principal component analyses

(PCAs) for variation of primary metabolites in the

roots, flag leaves, and spikelets under drought indi-

cated significant differences only between Vandana

and 481-B, whereas Vandana compared with Way

Rarem or 481-B compared with Way Rarem was more

similar (Raorane et al. 2015). Also, qDTY12.1 functions

under drought and has no significant effect in WW

conditions (Raorane et al. 2015). With this set of

knowledge, the purpose of the present study was to

directly assess the difference in 481-B (i.e., Van-

dana ? qDTY12.1) that the introgression of qDTY12.1
made to the drought response of Vandana, thus

utilizing Vandana per se as the control genotype under

drought. The proteomic differences in 481-B in

relation to Vandana would thus be a direct effect of
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the genes in qDTY12.1 or the effect of the interactions

between qDTY12.1 and Vandana genes. The difference

in 481-B, or in the two parental lines, under WW and

drought conditions was not within the scope of this

study, especially after metabolite analysis clearly

implicated a role for qDTY12.1 for yield under drought

only in 481-B (Raorane et al. 2015). Rice plants were

grown in the upland field ecosystem and were exposed

to severe DS starting from panicle booting until the

start of grain filling stages, which are the most crucial

periods of reproductive stage stress in rice (O’Toole

1982). Isobaric labeling using 6-plex Tandem Mass

Tags (TMTs) was used to identify and quantify

proteins in the three tissues. Sets of differentially

expressed proteins (DEPs) were related to the path-

ways and processes in which they might be active. The

proteomic results largely corroborated qDTY12.1 mor-

pho-physiological responses of lateral root profusion

and plant sustenance and yield under drought. The

antagonistic regulation of specific proteins in different

tissues was a particularly informative aspect of our

study as it allowed a more holistic view of rice

response to drought in terms of relating the importance

of these proteins to their abundance in one tissue but

lesser amounts in another. Such a comparative

proteomic study was informative about the possible

pathways and processes differentially regulated in

different tissues for drought tolerance.

Materials and methods

Plant material and growing conditions

The field experiment was conducted at the Interna-

tional Rice Research Institute (IRRI, Los Baños,

Laguna, 14�10011.8100N, 121�15039.2200E) during the

2012 dry season. Seeds of qDTY12.1 481-B and

Vandana were directly sown into rotovated soil at a

rate of 2.0 g m-1 into plots of 3 rows 9 3 m, with

three replicates per genotype in a randomized com-

plete block design. Soil properties of this experiment

were as described previously (Henry et al. 2014). Two

treatments were included: a WW treatment in which

sprinkler irrigation was applied three times per week

throughout the study and a DS treatment in an

automated field rainout shelter in which irrigation

was stopped at 35 days after the plants were sown. At

71 days after sowing, developing spikelets, flag

leaves, and root crowns of 481-B and Vandana were

sampled, wrapped in aluminum foil, and placed

directly into liquid nitrogen before storing at -80 �C
for proteomics analysis. Soil water potential in the DS

treatment was monitored by tensiometers (Soil mois-

ture Equipment Corp., CA, USA; one per replicate)

installed at a depth of 30 cm. From the date, the plots

were sown until harvest, the ambient temperature

averaged 23.4–30.8 �C (min–max), relative humidity

averaged 85.8 %, the crop received 1750 MJ m-2

solar radiation, and pan evaporation totaled 552 mm.

Protein extraction and separation by 1-DE

Protein samples were extracted from the plant material

using the Tris method. Flag leaves, roots, and spikelets

(100 mg) from the two genotypes were pulverized

with liquid nitrogen into fine powder to which 0.7 mL

of Tris–Cl buffer (pH 8.0) was added. To prevent

endogenous protease digestion, 7 lL of protease

inhibitor cocktail (Sigma-Aldrich) was added. Sam-

ples were then allowed to incubate on ice while

shaking for 2 h. After incubation, samples were spun

at 17,9009g (13,000 rpm) for 15 min, and the super-

natant was collected. Protein content was quantified

using the Bradford method. Samples were run through

SDS-PAGE under denaturing conditions as described

in the Laemmli method (Laemmli 1970). A total of

20 lg of protein sample was loaded per well. Loading

dye with SDS and b-mercaptoethanol was added to

each sample, which were then placed in a hot water

bath for 5 min and cooled to room temperature before

loading. Gels were run at constant current of 15 mA

for 2 h per gel, stained with Coomassie Brilliant Blue

(G-250) for 24 h, and then de-stained for another 2 h

before tryptic digestion.

In-gel digestion of protein and tandemmass tag (TMT)

labeling

Protein bands were excised and collected from the

three independent replicate gels manually and cut into

small pieces. The gel pieces were washed twice with

50 lL of 50 % acetonitrile (ACN)/50 % 200 mM

ammonium bicarbonate (ABC) for 5 min and shrunk

with 100 % ACN until the gels turned white; the gels

were then dried for 5 min in a concentrator (miVac,

Genevac, UK). The gel pieces were rehydrated at

room temperature in 15 lL of 50 mM ABC (37 �C,
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4 min). An equivalent volume (15 lL) of trypsin

solution (Promega, USA; 20 ng/lL in 50 mM ABC)

was then added, and the gel pieces were incubated at

37 �C for at least 16 h. After digestion, the digests

were extracted from gel slices by using 0.1 % formic

acid in 50 % ACN. All extracts were dried in a

concentrator. TMT labeling was performed on each

aliquot with TMTs with respective reporters at m/

z = 126.1, 127.1, 128.1, 129.1, 130.1, and 131.1

Thomson (Th) in 40.2 lL CH3CN. After 60 min of

reaction at RT, 8 lL hydroxylamine 5 % (w:v) was

added to each tube and mixed for 15 min. The aliquots

were then combined, and the pooled sample was

vacuum evaporated. The sample was then dissolved in

1894 lL H2O/TFA 99.9 %/0.1 % before LC–MS

analysis.

Nano-LC–MS/MS analysis

Each digested peptide mixture (5 lL) for nano-LC/
MS/MS analyses was introduced into the mass spec-

trometer via high-performance liquid chromatography

using a 1200 series binary HPLC pump (Agilent, CA,

USA) and a FAMOSTM well-plate micro-autosam-

pler (LC Packings). For each analysis, the sample was

loaded into a 2 cm 9 75 lm i.d. trap column packed

in-house with C18 resin (Magic C18AQ, 5 mm,

200 Å; Michrom, Bioresources, CA, USA). The trap

column was connected to an analytical column

(11 cm 9 75 mm i.d.), and the columns were rigidly

packed in-house with C18 resin (Magic C18AQ,

5 lm, 100 Å). Mobile phase A consisted of 0.1 %

formic acid, and mobile phase B consisted of 0.1 %

formic acid in 100 % ACN. The flow rate was

*250 nL/min under an in-house split flow system.

Each reversed-phase step began with 5 % ACN for

10 min, a gradient of 5–40 % ACN for 75 min,

40–85 % ACN for 5 min, 85 % ACN for 10 min,

and then re-equilibrated with 5 % ACN for 20 min.

Mass spectrometric analyses were performed on a

LTQ XL linear ion trap mass spectrometer (Ther-

moFisher Scientific, San Jose, CA, USA). A full-mass

scan was performed between m/z 350 and 2000,

followed byMS/MS scans of the five highest-intensity

precursor ions at 35 % relative collision energy.

Dynamic exclusion was enabled with a repeat count

of 1, exclusion duration of 3 min, and a repeat duration

of 30 s.

Protein identification

The acquired MS/MS spectra were searched against

SwissProt protein database 56.8 (release of February

10, 2009) using the Mascot Daemon version 2.2.2, and

Oryza sativa was chosen for the taxonomic category.

Peptide mass tolerance and fragment tolerance were

set at 2 and 0.5 Da, respectively. The initial search was

set to allow for up to two missed tryptic cleavages.

A Decoy database was performed to determine false-

positive rates. The false-positive rates were controlled

below 5 % by setting p value at 0.025.

Functional annotation

Identified proteins with one or more than one peptide

with MASCOT scores greater than 40 were immedi-

ately accepted. Single peptides with MASCOT scores

less than 40 were deleted from the analysis to avoid

false positives. The MSU TIGR v7.0 locus identifiers

of the remaining proteins were retrieved using the ID

mapping tool in UniProtKB (www.uniprot.org) for

input into MAPMAN. Finally, a total of 991 proteins,

of which 304, 407, and 204 proteins with TIGR locus

IDs from flag leaves, spikelets, and roots, respectively,

were used for further functional annotation using

MAPMAN. Proteins were mapped against the already

available rice-mapping file, and mapped proteins were

classified into 24 functional categories based on

MAPMAN BINs described by Thimm et al. (2004).

Results and discussion

TMT DATA analysis

In total, 1018 proteins were identified by MSMS. After

removing protein ID results that were represented with

only a single peptides, with low log(e) values upon

identifications with X!Tandem or withMascot scores of

\40, a total of 991 DEPs between Vandana and 481-B

remained. The flag leaves, spikelets and roots datasets

comprised of 332 (91 proteins unique to flag leaves),

430 (167 proteins unique to spikelets) and 229 proteins

(106 proteins unique to roots), respectively (Fig. 1A).

Overall, proteins under DS were more abundant in

481-B tissues. Flag leaves and spikelets shared the

maximum number of common proteins (206). Fifty-

seven proteins were common to all three tissues.
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A dynamic range of proteins was identified as

indicated by the coverage of proteins from a broad

range of isoelectric points (4.27–11.47) and molecular

weights (7–285 kDa). These were mapped onto the

rice-mapping file in MapMan and assigned to respec-

tive BINs (Fig. 1B). Detected proteins were classified

into 26 functional categories (Supplementary Table 1,

2, 3) according to MapMan ontology (Thimm et al.

2004). In all three tissues together, 100 proteins

(10 %) were assigned to the ‘protein metabolism’

category (Fig. 1B; Supplementary Table 1, 2, and 3).

Other functional categories that contained high num-

bers of proteins were redox (9.31 %), photosynthesis

(8.55 %), and stress response (6.37 %).

Importantly, identical proteins or members of a

protein family common to two or all three tissues were

occasionally antagonistically regulated. For example,

enolase (LOC_Os10g08550) was more abundant in

481-B flag leaves and roots but was less abundant in

481-B spikelets; phosphoglucomutase (LOC_Os03g504

80) was more abundant in 481-B roots and spikelets but

was less abundant in flag leaves; and glyceraldehyde-3-

phosphate dehydrogenase (LOC_Os08g03290) was

more abundant in 481-B roots but was less abundant in

its flag leaves and spikelets. Sucrose synthase

(LOC_Os06g09450) was less abundant in 481-B flag

leaves but more abundant in the spikelets. Such differ-

ences can be placed in the context of tissue-specific

characteristics and, as discussed later, were critical to

understanding drought response at the whole plant level.

This set of DEPs can give rise to a number of

hypotheses about the morpho-physiological and/or

metabolic responses of 481-B to drought. Formulating

these needs to take into account that many genes

exists in the context of gene families and that the

present dataset often does not allow distinguishing

which member of a gene family has been identified as

a DEP. We were also not able to fully consider the

possibility of compensatory expression patterns of

related proteins. Furthermore, we are well aware that

these hypotheses remain to be tested with approaches

orthogonal to the high-throughput experiments carried

out here. However, despite these limitations, we are

convinced that this dataset and its interpretation are an

important step forward in appreciating drought toler-

ance in rice as functional in 481-B.

Fig. 1 A Venn diagram depicting the unique and common

proteins identified in all three tissues from the parent Vandana

and from 481-B in DS treatment. B Overview of the percentage

of proteins mapped onto gene ontologies through MapMan in

flag leaves, spikelets, and roots during stress. All proteins

considered were present in both 481-B and Vandana
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Proteins implicated in increased lateral root growth

of 481-B under drought

Under DS, 481-B shows more growth and branching

of lateral roots than Vandana (Henry et al. 2014).

Roots are essential in the continuous supply of water

and water-soluble nutrients. Increased lateral root and

root hair proliferation have been implicated in plant

sustenance under drought (Zhu et al. 2005; Chapman

et al. 2012). Proteins such as actins, tubulins, and

expansins were more abundant in 481-B compared

with Vandana (Table 1). These proteins are more

abundant in actively growing roots and root hairs and

are also implicated in root development (Bao et al.

2001; Kam et al. 2005; ZhiMing et al. 2011). Actin is a

ubiquitous cytoskeletal protein that is essential for a

variety of purposes including cell division and the

maintenance of cell integrity (Doherty and McMahon

2008). Tubulins, another class of cytoskeletal proteins,

are functional in cell division and expansins aid in

loosening the cell wall, allowing for growth or

expansion of the cell especially under low water

potential where their expression is induced to aid in

cell wall plasticity (Wu et al. 2001). In contrast, actin-

Table 1 Proteins related to cell growth and cell wall formation, along with amino acid metabolism in the roots during stress

Gene ontology Locus ID Log 2 ratio MSU 7.0 description

Cell and cell wall LOC_Os01g47780 0.7048 Downregulated Fasciclin domain containing protein, expressed

LOC_Os05g48890 0.5626 Downregulated Fasciclin domain containing protein, expressed

LOC_Os01g06580 0.1585 Downregulated Fasciclin domain containing protein, expressed

LOC_Os09g33810 0.8809 Downregulated Ankyrin repeat domain containing protein,

putative, expressed

LOC_Os07g38730 -3.1326 Upregulated Tubulin/FtsZ domain containing protein,

putative, expressed

LOC_Os01g64630 -2.7243 Upregulated Actin, putative, expressed

LOC_Os03g60580 2.1547 Downregulated Actin-depolymerizing factor, putative, expressed

LOC_Os03g48540 -0.0225 Upregulated Expressed protein

LOC_Os06g46000 -2.6175 Upregulated Tubulin/FtsZ domain containing protein,

putative, expressed

LOC_Os11g14220 -3.4083 Upregulated Tubulin/FtsZ domain containing protein,

putative, expressed

LOC_Os05g39250 1.9046 Downregulated Phosphatidylethanolamine-binding protein,

putative, expressed

LOC_Os03g04110 -0.9124 Upregulated lysM domain containing GPI-anchored protein

precursor, putative, expressed

Amino acid metabolism LOC_Os02g55420 -0.4215 Upregulated Aminotransferase, classes I and II, domain

containing protein, expressed

LOC_Os07g01760 -0.1129 Upregulated Aminotransferase, classes I and II, domain

containing protein, expressed

LOC_Os08g39300 -0.0553 Upregulated Aminotransferase, putative, expressed

LOC_Os09g39180 -0.0152 Upregulated RNA recognition motif containing protein,

putative, expressed

LOC_Os07g46460 -1.2889 Upregulated Ferredoxin-dependent glutamate synthase,

chloroplast precursor, putative, expressed

LOC_Os02g50240 -0.1724 Upregulated Glutamine synthetase, catalytic domain

containing protein, expressed

LOC_Os07g09060 -1.5902 Upregulated Aldehyde dehydrogenase, putative, expressed

Specific locus IDs, protein descriptions, and relative abundance of protein in 481-B compared with Vandana are shown
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depolymerizing factor (ADF) was detected in lesser

amounts in 481-B (Table 1). Inhibition of ADF was

earlier shown to be beneficial for cell expansion and

organ growth (Dong et al. 2001). Consequently ADF

reduction in 481-B may be a supplementary facilitator

of lateral root growth.

Increased lateral roots in 481-B can potentially lead

to an increased capacity for extracting nutrients from

the soil. For example, we observed previously a higher

nitrogen (N) content in 481-B plants compared with

Vandana plants (Raorane et al. 2015). During DS, N

balance is of high importance to the plant (Kohli et al.

2012). In rice under drought, growth and sustenance is

better in plants with N supply than in those without

(Suralta 2010). Use of N by plants involves the

processes of N uptake, assimilation, translocation, and

remobilization, wherein amino acids play a crucial

role (Masclaux-Daubresse et al. 2008). Aminotrans-

ferases, which generally support N utilization (Robre-

do et al. 2011; Forde and Lea 2007), were more

abundant in the roots of 481-B than in Vandana

(Table 1). A greater abundance of these aminotrans-

ferases in 481-B suggests better N status, which is

consistent with higher N content in 481-B compared

with Vandana.

In conjunction with cytoskeletal and structural

proteins being favorably expressed, glyceraldehyde-3-

phosphate dehydrogenase (EC 1.2.1.13), enolase (EC

4.2.1.11), and glucose-6-phosphate isomerase (EC

5.3.1.9) of the glycolytic pathway were more abundant

in the roots of 481-B (Table 2). This suggests an

improved energy supply during stress. Also, higher

amounts of an aldehyde dehydrogenase (methyl

malonate-semialdehyde dehydrogenase, MMSDH,

EC 1.2.1.27) was observed in the roots of 481-B

(Table 1). Aldehydes are intermediates in pathways

such as those involved in amino acid and carbohydrate

metabolism and are produced in response to environ-

mental stress. Aldehyde dehydrogenases catalyze the

irreversible oxidation of reactive aldehydes to their

corresponding carboxylic acids and also act as

efficient scavengers of reactive oxygen species

(ROS) (Perozich et al. 1999; Kirch et al. 2005).

MMSDH specifically catalyzes the irreversible oxida-

tive decarboxylation of malonate-semialdehydes and

methylmalonate semialdehydes to acetyl-CoA, which

feeds into the TCA cycle—possibly supporting energy

generation (Oguchi et al. 2004). Therefore, MMSDH

might play an important role in detoxifying aldehydes

as well as in energy generation in the roots of 481-B,

leading to improved cellular homeostasis. The pres-

ence of DEPs for energy supply and detoxification in

481-B reiterated an active state of the roots in keeping

with its comparatively better root growth.

Proteins implicated in better sustenance of 481-B

under drought

Unlike in the 481-B roots where it was more abundant,

actin was less abundant in the flag leaf of 481-B

compared with the Vandana flag leaf (Table 3). The

status of actin is one of the governing factors for

stomatal closure, whereby the actin cytoskeleton is

disrupted under drought by increased ABA (Lemichez

et al. 2001). Stomatal closure prevents CO2 intake for

fixing by photosynthesis. Indeed, a similar photosyn-

thetic rate between 481-B and Vandana under WW

conditions changed to a lower photosynthetic rate for

481-B under drought (Raorane et al. 2015). This

change was manifested in the proteome; some of the

proteins involved in photosynthesis were less abun-

dant under drought in the flag leaves and in the

spikelets of 481-B compared with Vandana (Table 3).

For example, PsbP and an oxygen-evolving enhancer

protein involved in the light-dependent photosystem

reactions were less abundant in 481-B than in Vandana

(Supplementary Table 1). Stomatal closure during

drought is also useful to avoid loss of water through

transpiration which was previously observed in terms

of reduced stomatal conductance 481-B (Raorane et al.

2015), although water use efficiency was high (Henry

et al. 2014). Despite the reduction in the rate of

photosynthesis and lower stomatal conductance, sol-

uble sugars (glucose, fructose, and sucrose) were

present in larger amounts in the flag leaves of 481-B

than in Vandana (Raorane et al. 2015). In general,

soluble sugars accumulate under stress and function as

metabolic resources, structural constituents, and sig-

naling molecules in processes associated with plant

growth and development (Jang and Sheen 1997; Tran

et al. 2007). Incidentally, sugar accumulation and

decreased starch synthesis lead to feedback inhibition

of photosynthesis (Paul and Foyer 2001), consistent

with the lower rates of photosynthesis in 481-B, as

mentioned above.

Calvin cycle enzymes involved in the regeneration

of ribulose-1,5-bisphosphate (RuBP, EC 4.1.1.39)

such as triose phosphate isomerase (EC 5.3.1.1),
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fructose-bisphosphate aldolase (EC 4.1.2.13), fruc-

tose-1,6-bisphosphatase (EC 3.1.3.11), and transketo-

lase (EC 2.2.1.1) were more abundant in 481-B

(Table 3). Enzymes involved in the photorespiratory

pathway, particularly glycolate oxidase (EC 1.1.3.15),

glycine dehydrogenase (EC 1.4.4.2), and serine

Table 2 Proteins related to glycolysis and the TCA cycle in the flag leaves, spikelets, and roots during stress

Gene

ontology

Tissue Locus ID Log 2 ratio MSU 7.0 description

Glycolysis Flag leaf LOC_Os08g03290 0.4401 Downregulated Glyceraldehyde-3-Phosphate dehydrogenase, putative,

expressed

LOC_Os10g08550 -0.0465 Upregulated Enolase, putative, expressed

LOC_Os03g50480 0.3298 Downregulated Phosphoglucomutase, putative, expressed

Spikelets LOC_Os08g03290 0.4948 Downregulated Glyceraldehyde-3-phosphate dehydrogenase, putative,

expressed

LOC_Os02g38920 -0.6286 Upregulated Glyceraldehyde-3-phosphate dehydrogenase, putative,

expressed

LOC_Os06g04510 1.2905 Downregulated Enolase, putative, expressed

LOC_Os10g08550 0.2115 Downregulated Enolase, putative, expressed

LOC_Os03g56460 1.0098 Downregulated Glucose-6-phosphate isomerase, putative, expressed

LOC_Os03g50480 -0.1673 Upregulated Phosphoglucomutase, putative, expressed

Root LOC_Os08g03290 -2.0223 Upregulated Glyceraldehyde-3-phosphate dehydrogenase, putative,

expressed

LOC_Os02g38920 -2.1735 Upregulated Glyceraldehyde-3-phosphate dehydrogenase, putative,

expressed

LOC_Os10g08550 -1.6314 Upregulated Enolase, putative, expressed

LOC_Os03g50480 -2.4066 Upregulated Phosphoglucomutase, putative, expressed

TCA

cycle

Flag leaf LOC_Os01g22520 -0.1910 Upregulated Dihydrolipoyl dehydrogenase 1, mitochondrial precursor,

putative, expressed

LOC_Os07g38970 1.7102 Downregulated Succinyl-CoA ligase subunit alpha-2, mitochondrial

precursor, putative, expressed

LOC_Os02g40830 0.1009 Downregulated Succinyl-CoA ligase beta-chain, mitochondrial precursor,

putative, expressed

LOC_Os05g49880 0.6476 Downregulated Lactate/malate dehydrogenase, putative, expressed

LOC_Os10g33800 0.2680 Downregulated Lactate/malate dehydrogenase, putative, expressed

LOC_Os08g44810 -0.1721 Upregulated Lactate/malate dehydrogenase, putative, expressed

Spikelets LOC_Os01g22520 0.9039 Downregulated Dihydrolipoyl dehydrogenase 1, mitochondrial precursor,

putative, expressed

LOC_Os02g10070 0.8903 Downregulated Citrate synthase, putative, expressed

LOC_Os08g09200 0.4164 Downregulated Aconitate hydratase protein, putative, expressed

LOC_Os01g46610 1.0543 Downregulated Dehydrogenase, putative, expressed

LOC_Os04g32330 0.0882 Downregulated Dihydrolipoyllysine-residue succinyltransferase

component of 2-oxoglutarate dehydrogenase complex,

mitochondrial precursor, putative, expressed

LOC_Os07g38970 -0.2509 Upregulated Succinyl-CoA ligase subunit alpha-2, mitochondrial

precursor, putative, expressed

LOC_Os02g40830 0.0864 Downregulated Succinyl-CoA ligase beta-chain, mitochondrial precursor,

putative, expressed

Specific locus IDs, protein descriptions, and relative abundance of protein in 481-B compared with Vandana are shown
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Table 3 Proteins related to photosynthesis, photorespiration, and cell growth and cell wall formation in the flag leaves during stress

Gene ontology Tissue Locus ID Log 2 ratio MSU 7.0 description

Photosynthesis Flag leaf LOC_Os07g04840 0.6617 Downregulated PsbP, putative, expressed

LOC_Os01g43070 1.2892 Downregulated PsbP-related thylakoid lumenal protein 4,

chloroplast precursor, putative, expressed

LOC_Os01g31690 -0.4935 Upregulated Oxygen-evolving enhancer protein 1,

chloroplast precursor, putative, expressed

LOC_Os06g01210 0.5169 Downregulated Plastocyanin, chloroplast precursor,

putative, expressed

LOC_Os08g01380 -1.1488 Upregulated 2Fe–2S iron–sulfur cluster-binding domain

containing protein, expressed

LOC_Os06g01850 1.5308 Downregulated Ferredoxin–NADP reductase, chloroplast

precursor, putative, expressed

LOC_Os02g01340 -0.9887 Upregulated Ferredoxin–NADP reductase, chloroplast

precursor, putative, expressed

LOC_Os02g22260 0.0792 Downregulated Fruit protein PKIWI502, putative,

expressed

LOC_Os03g03720 0.2524 Downregulated Glyceraldehyde-3-phosphate

dehydrogenase, putative, expressed

LOC_Os04g38600 -0.1382 Upregulated Glyceraldehyde-3-phosphate

dehydrogenase, putative, expressed

LOC_Os08g34210 -0.6305 Upregulated Aldehyde dehydrogenase, putative,

expressed

LOC_Os01g05490 -1.3238 Upregulated Triosephosphate isomerase, cytosolic,

putative, expressed

LOC_Os09g36450 0.6892 Downregulated Triosephosphate isomerase, chloroplast

precursor, putative, expressed

LOC_Os11g07020 -0.9809 Upregulated Fructose-bisphosphate aldolase isozyme,

putative, expressed

LOC_Os01g67860 0.6298 Downregulated Fructose-bisphosphate aldolase isozyme,

putative, expressed

LOC_Os05g33380 0.1392 Downregulated Fructose-bisphosphate aldolase isozyme,

putative, expressed

LOC_Os06g40640 0.3000 Downregulated Fructose-bisphosphate aldolase isozyme,

putative, expressed

LOC_Os03g16050 -0.0685 Upregulated Fructose-1,6-bisphosphatase, putative,

expressed

LOC_Os01g64660 0.3439 Downregulated Fructose-1,6-bisphosphatase, putative,

expressed

LOC_Os06g04270 -0.1232 Upregulated transketolase, chloroplast precursor,

putative, expressed

LOC_Os04g16680 -0.7328 Upregulated Fructose-1,6-bisphosphatase, putative,

expressed

LOC_Os03g07300 -1.8252 Upregulated Ribulose-phosphate 3-epimerase,

chloroplast precursor, putative, expressed

LOC_Os02g47020 -0.4390 Upregulated Phosphoribulokinase/Uridine kinase family

protein, expressed

LOC_Os11g47970 0.1846 Downregulated AAA-type ATPase family protein, putative,

expressed
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hydroxymethyltransferase (EC 2.1.2.1), were also

more abundant in the flag leaves of 481-B (Table 3).

The photorespiratory pathway aids in reducing oxygen

to avoid accumulation of ROS, which accompanies

DS and cause oxidative damage to the plant (De

Carvalho 2008).

Antioxidant enzymes neutralize ROS. All three

tissues of 481-B contained higher amounts of an-

tioxidant enzymes particularly, ascorbate peroxidase

(EC 1.11.1.11) and glutathione peroxidase (EC

1.11.1.9, Table 4). These two enzymes detoxify

H2O2 produced during stress (Zhang et al. 2012; Milla

et al. 2003). Four ascorbate peroxidase proteins were

more abundant in the flag leaf, roots, and spikelets of

481-B, of which one was common to the roots and flag

leaves. Increased amounts of other redox proteins such

as glutathione reductase (EC 1.8.1.7), peroxiredoxin

(EC 1.11.1.15), superoxide dismutase (EC 1.15.1.1),

and thioredoxins (EC 1.8.1.9) in the 481-B flag leaves

(Supplementary Table 1) perhaps support better ROS

detoxification and signaling processes in 481-B to

maintain cellular homeostasis.

Potentially through subtle and coordinated changes

in the photosynthetic rate, stomatal opening, pho-

torespiration, and redox status coupled with the

regeneration of RuBP, 481-B exhibited a strategy for

better plant sustenance under drought. The relation-

ships among photosynthesis rates, stomatal conduc-

tance, stomatal opening, and RuBP and ATP-synthase

content has been well described by Flexas and

Medrano (2002). NIL 481-B showed most character-

istics of those relationships that were propounded as

useful for drought tolerance by Flexas and Medrano

(2002). In summary, accumulation of soluble sugars

despite decreased photosynthesis might be a combi-

nation for drought tolerance because plants can

maintain their activities if soluble sugars are available.

Such a combination can be expected if plants can

maintain partial stomatal closure instead of steadily

progressing to complete closure. Plants with partial

closure of the stomata under drought exhibit better

drought avoidance and show similar characteristics of

reduced photosynthesis and root growth (Turyagyenda

et al. 2013).

Proteins implicated in better source–sink capacity

of 481-B under drought

Glucose-1-phosphate adenylyltransferase (EC

2.7.7.27) and sucrose synthase (EC 2.4.1.13) are

known to be acutely impaired under drought in

drought-susceptible genotypes (Ahmadi and Baker

2001; Smith et al. 1997). The flag leaves and the

spikelets of 481-B contained larger amounts of these

enzymes than the flag leaves and spikelets of Vandana

(Table 5), suggesting better maintenance of carbohy-

drate metabolism in the flag leaves and spikelets of

481-B. Other key proteins identified for carbohydrate

metabolism were starch-branching enzyme (1,4-a-
glucan branching enzyme EC 2.4.1.18), b-amylase

(EC 3.2.1.11), and adenylate kinase (EC 2.7.4.3). b-
Amylases degrade starch to maltose in a series of

reactions to supply energy and carbon skeletons for

metabolism during dark periods (Smith et al. 2005; He

Table 3 continued

Gene ontology Tissue Locus ID Log 2 ratio MSU 7.0 description

Photorespiration Flag leaf LOC_Os04g53210 0.6346 Downregulated hydroxyacid oxidase 1, putative, expressed

LOC_Os07g05820 -0.1254 Upregulated Hydroxyacid oxidase 1, putative, expressed

LOC_Os08g39300 -0.0553 Upregulated Aminotransferase, putative, expressed

LOC_Os06g40940 -0.0997 Upregulated Glycine dehydrogenase, putative, expressed

LOC_Os10g37180 -0.8185 Upregulated Glycine cleavage system H protein,

putative, expressed

LOC_Os03g52840 -0.1907 Upregulated Serine hydroxymethyltransferase,

mitochondrial precursor, putative,

expressed

LOC_Os02g01150 -0.4586 Upregulated Erythronate-4-phosphate dehydrogenase

domain containing protein, expressed

Cell and cell wall Flag leaf LOC_Os01g64630 0.1352 Downregulated Actin, putative, expressed

Specific locus IDs, protein descriptions, and relative abundance of protein in 481-B compared with Vandana are shown
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et al. 2011). b-Amylase was detected in lower amounts

in the spikelets of 481-B (Table 5), suggesting

reduced starch degradation consistent with com-

paratively more grain filling in 481-B resulting in

higher yield under drought (Henry et al. 2014). Better

yield would suggest more starch in the spikelets of

481-B and might explain more abundant sucrose

synthase and 1,4-a-glucan branching enzyme in 481-B

spikelets (Table 5). Additionally, thioredoxins were

abundant in the spikelets of 481-B (Table 5) where

they may be involved in the posttranslational redox

activation of ADP-glucose pyrophosphorylase (Meyer

et al. 1999; Tiessen et al. 2002; Oliver et al. 2008)

toward starch synthesis. Lower amounts of thioredox-

ins in flag leaves (Table 5) suggested that despite the

abundance of AGPase, starch synthesis may have been

inhibited resulting in the accumulation of simpler

sugars for translocation to the spikelets.

In the spikelets, cytoskeleton proteins such as actins

and tubulin were once again detected in different

amounts in 481-B when compared to Vandana

spikelets. As in the roots and unlike in the flag leaves,

actins and tubulins were more abundant in 481-B

under stress. Actin is instrumental in cell growth in

developing spikelets (Hussey et al. 2006). Tubulins

also respond to spikelet development and flowering

Table 4 Proteins related to redox systems in the flag leaves, spikelets, and roots during stress

Gene ontology Tissue Locus ID Log 2 ratio MSU 7.0 description

Redox -related proteins Flag leaf LOC_Os07g08840 1.0021 Downregulated Thioredoxin, putative, expressed

LOC_Os03g17690 -1.3031 Upregulated OsAPx1—cytosolic ascorbate peroxidase

encoding gene 1–8, expressed

LOC_Os06g09610 -0.4154 Upregulated Peroxiredoxin, putative, expressed

LOC_Os02g09940 -0.6841 Upregulated Peroxiredoxin, putative, expressed

LOC_Os02g33450 -0.3210 Upregulated Peroxiredoxin, putative, expressed

LOC_Os01g22230 -0.2554 Upregulated Peroxidase precursor, putative, expressed

LOC_Os07g48020 -0.4086 Upregulated Peroxidase precursor, putative, expressed

Spikelets LOC_Os03g58630 -0.9415 Upregulated Thioredoxin, putative, expressed

LOC_Os12g07820 -1.2455 Upregulated OsAPx6—stromal ascorbate peroxidase

encoding gene 5,8, expressed

LOC_Os01g22230 -0.2377 Upregulated Peroxidase precursor, putative, expressed

LOC_Os07g48020 -0.5612 Upregulated Peroxidase precursor, putative, expressed

Roots LOC_Os07g49400 -0.7335 Upregulated OsAPx2—cytosolic ascorbate peroxidase

encoding gene 4, 5, 6, 8, expressed

LOC_Os03g17690 -0.8999 Upregulated OsAPx1—cytosolic ascorbate peroxidase

encoding gene 1–8, expressed

LOC_Os09g29490 -0.1418 Upregulated Peroxidase precursor, putative, expressed

LOC_Os01g22370 -0.9751 Upregulated Peroxidase precursor, putative, expressed

LOC_Os04g59150 -2.0639 Upregulated Peroxidase precursor, putative, expressed

LOC_Os01g73170 -1.7416 Upregulated Peroxidase precursor, putative, expressed

LOC_Os06g35520 -0.1243 Upregulated Peroxidase precursor, putative, expressed

LOC_Os03g55410 -0.4993 Upregulated Peroxidase precursor, putative, expressed

LOC_Os10g02040 -0.4560 Upregulated Peroxidase precursor, putative, expressed

LOC_Os05g04500 -0.3602 Upregulated Peroxidase precursor, putative, expressed

LOC_Os07g48020 -0.2130 Upregulated Peroxidase precursor, putative, expressed

LOC_Os07g01410 -1.0294 Upregulated Peroxidase precursor, putative, expressed

LOC_Os01g22352 -0.5611 Upregulated Peroxidase precursor, putative, expressed

LOC_Os05g41990 -1.2460 Upregulated Peroxidase precursor, putative, expressed

Specific locus IDs, protein descriptions, and relative abundance in 481-B compared with Vandana are shown
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(Sheoran et al. 2014; Giani and Breviario 1996),

suggesting that there might be less impairment of

spikelet development in 481-B, potentially leading to

better yield.

The proteome data also showed down-regulation of

glycolysis-related proteins in flag leaves of 481-B

compared with Vandana. The respiratory pathways are

known to be generally accelerated during DS (Rizhsky

et al. 2002; Minhas and Grover 1999). However, in the

case of 481-B glyceraldehyde 3-phosphate dehydro-

genase, phosphoglucomutase, glucose 6-phosphate

isomerase, and enolase were present in lower amounts

in the flag leaves and in spikelets of 481-B (Table 2).

This suggests that down-regulation of glycolysis could

be the most likely reason for the higher availability of

sugars in the flag leaves and spikelets. These sugars

may serve as osmoticum and/or as a translocatable

source for starch synthesis. These results suggest that

better source and sink capacity in 481-B leads to better

plant sustenance and better yield under drought

compared with the recipient parent Vandana.

Conclusions

From a previous physiology study, it was suggested

that 481-B showed increased water uptake and more

lateral roots. 481-B also showed better yield under

severe DS. Our shotgun proteomic analysis of stressed

rice plants grown in the field provides insights into the

likely processes affected to make the large-effect QTL

work for yield under drought. The data highlighted

putative proteins and/or pathways for increased lateral

root profusion, better source-sink readjustments, and

Table 5 Proteins related to carbohydrate metabolism, specifically sucrose and starch metabolism and the redox system in the flag

leaves and spikelets during stress

Gene

ontology

Tissue Locus ID Log 2 ratio MSU 7.0 description

CHO

metabolism

Flag leaf LOC_Os06g09450 0.3504 Downregulated Sucrose synthase, putative, expressed

Spikelets LOC_Os08g25734 -0.691 Upregulated Glucose-1-phosphate adenylyltransferase large

subunit, chloroplast precursor, putative, expressed

LOC_Os07g35940 1.1887 Downregulated Beta-amylase, putative, expressed

LOC_Os01g44220 -3.02 Upregulated Glucose-1-phosphate adenylyltransferase large

subunit, chloroplast precursor, putative, expressed

LOC_Os02g32660 -0.8422 Upregulated 1,4-Alpha-glucan-branching enzyme, chloroplast

precursor, putative, expressed

LOC_Os06g51084 -0.9212 Upregulated 1,4-Alpha-glucan-branching enzyme, chloroplast

precursor, putative, expressed

LOC_Os01g66940 0.032 Downregulated Kinase, pfkB family, putative, expressed

LOC_Os08g02120 -0.255 Upregulated Kinase, pfkB family, putative, expressed

LOC_Os07g42490 -2.5355 Upregulated Sucrose synthase, putative, expressed

LOC_Os06g09450 -0.1459 Upregulated Sucrose synthase, putative, expressed

LOC_Os03g55090 -1.6316 Upregulated Alpha-glucan phosphorylase isozyme, putative,

expressed

LOC_Os02g02560 -0.7203 Upregulated UTP–glucose-1-phosphate uridylyltransferase,

putative, expressed

Redox Flag leaf LOC_Os06g45510 0.7616 Downregulated Thioredoxin, putative, expressed

LOC_Os07g08840 1.0021 Downregulated Thioredoxin, putative, expressed

LOC_Os04g57930 0.3838 Downregulated Thioredoxin, putative, expressed

Spikelets LOC_Os09g07570 -0.1645 Upregulated Ferredoxin–thioredoxin reductase catalytic chain,

chloroplast precursor, putative, expressed

LOC_Os11g09280 -2.7473 Upregulated OsPDIL1—1 protein disulfide isomerase PDIL1-1,

expressed

LOC_Os03g58630 -0.9415 Upregulated Thioredoxin, putative, expressed

Specific locus IDs, protein descriptions, and relative abundance of protein in 481-B compared with Vandana are shown
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higher yield under stress in 481-B. The pathways

affected, including nitrogen remobilization, ROS

detoxification, and primary metabolism alterations,

could partially account for the observed morpho-

physiological changes. A particular advantage of our

study was the chance to observe relevant differences in

similar proteins in the three separate tissues. This

approach highlights the need for similar comparative

studies, rather than selecting candidate genes/proteins

based on differences in proteins in a single tissue.
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