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Abstract

Background: Drought is a major constraint for plant growth and crop productivity that is receiving an increased

attention due to global climate changes. Chloroplasts act as environmental sensors, however, only partial information is

available on stress-induced mechanisms within plastids. Here, we investigated the chloroplast response to a severe

drought treatment and a subsequent recovery cycle in tomato through physiological, metabolite and proteomic analyses.

Results: Under stress conditions, tomato plants showed stunted growth, and elevated levels of proline, abscisic acid

(ABA) and late embryogenesis abundant gene transcript. Proteomics revealed that water deficit deeply affects chloroplast

protein repertoire (31 differentially represented components), mainly involving energy-related functional species.

Following the rewatering cycle, physiological parameters and metabolite levels indicated a recovery of tomato plant

functions, while proteomics revealed a still ongoing adjustment of the chloroplast protein repertoire, which was even

wider than during the drought phase (54 components differentially represented). Changes in gene expression of

candidate genes and accumulation of ABA suggested the activation under stress of a specific chloroplast-to-nucleus

(retrograde) signaling pathway and interconnection with the ABA-dependent network.

Conclusions: Our results give an original overview on the role of chloroplast as enviromental sensor by both

coordinating the expression of nuclear-encoded plastid-localised proteins and mediating plant stress response. Although

our data suggest the activation of a specific retrograde signaling pathway and interconnection with ABA signaling

network in tomato, the involvement and fine regulation of such pathway need to be further investigated through the

development and characterization of ad hoc designed plant mutants.
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Background
Drought stress represents a major constraint for agricul-

ture worldwide causing significant yield losses and af-

fecting crop quality [1]. Climate change phenomena are

expected to increase frequency, intensity, and duration

of drought episodes as well as to cause changes in the

map of arid prone areas [2]. Therefore, stabilizing and/

or improving plants performance under low water input

represents a priority in plant science research with a

wealth of information being lately accumulated on

mechanisms of response at cellular, tissue and organ

levels in model and crop species [3, 4].

Increasing evidence reveals a central role of chloroplast

in plant stress response [5] and highlights the connection

between different stress responses and organellar signaling

pathways [6, 7]. Chloroplast is a semi-autonomous organ-

elle since most plastid-localised proteins are nuclear-

encoded. This implicates the existence of sophisticated

communication mechanisms that allow adequate co-

ordination of gene expression in both organelles, thus en-

suring a correct functioning of overall cellular metabolism

[3, 7–9]. Chloroplast harbours many cellular vital pro-

cesses (i.e., aromatic amino acids, fatty acids and caroten-

oids biosynthesis and sulphate assimilation pathways) in
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addition to photosynthesis, and is considered a key elem-

ent in plant stress response, because it acts as sensor of

environmental changes optimizing different cell functions

for triggering the adaptive response to stressful conditions.

However, several aspects of plastid alterations following

water deficit are still poorly characterized.

Under drought stress, reactive oxygen species (ROS)

accumulation may be increased through multiple ways.

For instance, the reduction of CO2 fixation, due to sto-

matal closure, leads to a reduced NADP+ regeneration

through the Calvin cycle, which, in association with the

changes in photosystem activities and photosynthetic

transport capacity, results in a higher leakage of elec-

trons to O2 with a subsequent increased production of

ROS via the chloroplast Mehler reaction compared to

unstressed plants [10]. Enhanced ROS levels result in

peroxidation of lipids, oxidation of proteins and inhib-

ition of enzymatic activities, oxidative damage to nucleic

acids, and ultimately cell death.

Tomato (Solanum lycopersicum L.) is one of the most

important crops worldwide. Over the last decade, its

production increased continuously reaching almost 160

million tons fresh fruit in 2013 [11]. It is consumed as

fresh or processed fruit due to its excellent nutritional

properties, being a good source of vitamins, folate, and

phytochemicals [12]. Tomato is also considered an ideal

fleshy fruit model system, because it can be easily grown

under different conditions, it has a short lifecycle, and

simple genetics due to the relatively small genome and

lack of gene duplication, etc. [13]. Furthermore, know-

ledge in tomato biology can be easily transferred to

other economically important Solanaceae species [14].

Despite the economic relevance of this crop, the mecha-

nisms underlying its response to abiotic stresses are not

yet fully clarified and few information is currently avail-

able on key role of stress-responsive genes [15, 16].

Several genomic, proteomic or metabolomic studies

have investigated the response to water deficit in crops,

focusing on specific organs or the whole organism [4,

17–22]. Genomic studies clarified the role of specific

genes in stress tolerance and identified promoters and

cis-elements useful for crop engineering applications. In

tomato, a recent study identified differentially expressed

genes and corresponding enriched Gene Onthology

(GO) categories after long-term drought stress and rehy-

dration, showing that GOs enriched in down-regulated

genes after drought stress included photosynthesis and

cell proliferation. On the contrary, upregulated genes

belonged to GO categories more directly connected to

stress responses [23]. Proteomic studies highlighted spe-

cific changes in components involved in transcription/

translation machineries and/or in structural elements

regulating cytoplasm hydration [22, 24–26]. A proteomic

study of drought stressed roots of S. lycopersicum and S.

chilense identified several differentially accumulated pro-

teins, with a majority in the down-regulated fraction in

both genotypes. These belonged to categories related to

cellular metabolic activities and protein translation [27].

Metabolomic analyses emphasized the accumulation of

secondary metabolites involved in protection against

water stress. For example, Rabara et al. [4] recently iden-

tified some of the metabolic changes of plants associated

with water withholding, including the production of an-

tioxidants (e.g., glutathione, tocopherol) and osmolytes

as protective compounds against oxidative stress and for

the regulation of the carbon/nitrogen balance, respect-

ively. Further, accumulation, under prolonged water def-

icit, of phenolic derivatives in other species suggested

the involvement of these compounds in the water stress

adaptive response [28, 29].

Because the chloroplasts are central organelles where

the photosynthetic reactions take place, modifications in

their physiology and protein pools are expected in re-

sponse to drought stress-induced variations in leaf gas

exchanges and accumulation of ROS. The aim of the

present study was to investigate the stress-induced

mechanisms within plastids in response to a severe and

prolonged water deficit and subsequent rewatering cycle

in tomato combining comparative proteomic, molecular

and physiological analyses. Our findings give an original

overview on the significant role of chloroplast as envir-

onmental sensor by both coordinating the expression of

nuclear-encoded plastid-localised proteins and mediating

plant stress response.

Methods

Plant material and drought treatment

Three-weeks-old tomato (cv Crovarese) seedlings were

obtained from seeds (kindly provided by La Semiorto

Sementi, Italy) and transferred to flowerpots (48 L vol-

ume, Length ×Width × Height = 55 × 30 × 25 cm) con-

taining 16 L of a 1:3 mix of slightly/fully decomposed

bog peat (pH 3.5-7): perlite, with a water holding cap-

acity of 45% in volume. Plants were allowed to grow for

10 days in our research greenhouse (average day

Temperature (T): 28 °C; average night T: 22 °C; Humid-

ity 60%; Photoperiod: 15 h light/9 h darkness) in irri-

gated conditions. Subsequently, a subset of pots was

subjected to drought stress by suspending irrigation for

19 days. A subset of drought stressed plants was allowed

to recover by irrigating for 6 days. Plant status was mon-

itored during the experiment by measuring stomatal

conductance with an AP4 leaf porometer (Delta-T De-

vices, UK). After rewatering treatments, biometric pa-

rameters (e.g., number of nodes, height, total fresh and

dry weight) were measured to assess the impact of water

deficiency stress on tomato vegetative growth. In paral-

lel, leaf samples from control (C), drought-stressed (D),
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control-recovered (CR) and drought-recovered (DR)

plants were harvested for further biochemical and mo-

lecular analyses.

Abscisic acid determination

ABA was quantified by competitive ELISA using the

Phytodetek ABA test kit (Agdia, USA) following the

manufacturer’s instructions and procedure described by

Iovieno et al. [23]. Colour absorbance was measured at

405 nm using a plate auto reader (1420 Multilabel

Counter Victor3TM, PerkinElmer, USA). Three bio-

logical and three technical replicates were used to evalu-

ate each experimental condition.

Proline determination

Proline content was determined according to the method

of Claussen [30] as previously described [23]. Three bio-

logical and three technical replicates were used to evaluate

each experimental condition.

Pigments determination

Chlorophylls (a and b) and carotenoids were extracted from

leaves of tomato plants (0.1 g) with 96% v/v ethanol con-

taining 0.3%w/v NaHCO3, as described by Lichtenthaler

[31]. Pigments content was spectrophotometrically deter-

mined at 665, 649 and 470 nm using a Perkin Elmer

Lambda25 UV/VIS spectrometer. Calculations were based

on formulas described elsewhere [32]. Three biological and

three technical replicates were used to evaluate each experi-

mental condition.

Chloroplast isolation

Pure and intact chloroplasts were isolated from about

30 g of tomato leaves, as previously described [33] with

minor modifications. All steps were carried out at 4 °C.

Fresh tomato leaves were homogenized in 20 mM

Tricine-KOH (pH 8.4), 10 mM EDTA, 10 mM NaHCO3,

0.45 M sorbitol and 0.1%w/v BSA, twice, for 5 s, with a

Waring Blendor operating at high speed. Homogenates

were filtered through 4 layers of muslin and one layer of

Miracloth (GE Healthcare, UK), and centrifuged at

2100 × g, for 5 min. Pellets were resuspended in washing

buffer (18 ml) and then loaded onto a continuous percoll

gradient (Sigma-Aldrich, USA), which was centrifuged at

13,000 × g, for 10 min. Intact chloroplasts were carefully

recovered and resuspended in 5 vol of 20 mM Tricine-

KOH (pH 7.6), 5 mM MgCl2, 2.5 mM EDTA and 0.3 M

sorbitol. After centrifugation at 2100 × g for 5 min, pel-

lets were recovered and freezed in liquid N2. Chloro-

plasts were stored at – 80 °C. Three biological replicates

were used for each experimental conditions either for

challenged and control plants.

Plastid protein extraction and 2D-DIGE analysis

Chloroplast proteins from three biological replicates

were extracted according to a modified borax/PVPP/

phenol (BPP) protocol [34]. Briefly, isolated chloroplast

pellets were resuspended in a buffer containing 100 mM

Tris, 100 mM EDTA, 50 mM borax, 50 mM vitamin C,

1%w/v Triton X-100, 2%w/v β-mercaptoethanol, 30% w/

v sucrose and protease inhibitors and vortexed for

5 min, at room temperature. An equal volume of Tris-

saturated phenol (pH 8.0) was added to samples, which

were then vortexed for 10 min and centrifuged at

15,000 × g, for 15 min, at 4 °C; corresponding upper phe-

nol phases were transferred to novel centrifuge tubes.

Proteins were precipitated by adding 5 vol of ammonium

sulphate-saturated methanol and incubated at −20 °C,

for 16 h. After centrifugation at 15,000 × g, for 15 min,

at 4 °C, protein pellets were washed with ice-cold

methanol once and with ice-cold acetone three times.

After each wash, protein pellets were centrifuged at

15,000 × g, for 15 min, at 4 °C, and the supernatant was

decanted. Finally, the pellets were dissolved in 30 mM

Tris–HCl, 7 M urea, 2 M thiourea and 4% CHAPS. Pro-

tein concentration was determined using the Bradford

method (Bio-Rad, USA); the pH value of each sample

was adjusted to pH 8.5 with HCl. Fifty microgram of

proteins belonging to each experimental condition were

labelled with 400 pmol of Cy2-, Cy3- or Cy5-dyes (GE

Healthcare, UK), using a dye-swapping strategy. Six mix-

tures of the 12 samples were labelled with Cy2 dye, as

the internal standard required by the 2D-DIGE protocol.

Each labelling reaction was performed in the dark for

30 min at 0 °C, and quenced with 1 mM lysine. Appro-

priate Cy3- and Cy5-labeled pairs and a Cy2-labeled

control were used to generate mixtures. Each mixture

was supplemented with 1% v/v IPG buffer, pH 3-10 NL

(GE Healthcare, UK), 1.4% v/v DeStreak reagent (GE

Healthcare, UK) and 0.2%w/v DTT to reach a final vol-

ume of 450 μl in 7 M urea, 2 M thiourea, and 4%w/v

CHAPS. The mixtures (150 μg of total protein content)

were used for passive hydration of immobilized pH gra-

dient IPG gel strips (24 cm, pH 3-10 NL) in the dark,

for 16 h, at 20 °C. Isoelectric focusing (IEF) was carried

out with an IPGphor II apparatus (GE Healthcare) up to

80,000 V/h at 20 °C. After IEF, each strip was equili-

brated with an equilibration solution composed of 6 M

urea, 2%w/v SDS, 20%w/v glycerol, and 0.375 M Tris–

HCl (pH 8.8), in the presence of 0.5% w/v DTT, for

15 min, in the dark; then, it was equilibrated in the same

buffer containing 4.5%w/v iodacetamide, for another

15 min. Equilibrated IPG strips were transferred onto

12% polyacrilamide gels to perform the second-

dimension SDS-PAGE, using an ETTAN DALT six elec-

trophoresis system (GE Healthcare, UK). Gels were

scanned with a Typhoon 9400 variable mode imager (GE
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Healthcare, UK) using proper excitation/emission wave-

lengths for Cy2 (488/520 nm), Cy3 (532/580 nm), and

Cy5 (633/670 nm). Gel images were visualized with the

Image-Quant software (GE Healthcare, UK) and ana-

lyzed using the DeCyder 6.0 software (GE Healthcare,

UK). A DeCyder differential In-gel-Analysis (DIA) mod-

ule was used for spot detection and pairwise comparison

of each sample (Cy3 and Cy5) to the Cy2 mixed stand-

ard present in each gel. Then, the DeCyder Biological

Variation Analysis (BVA) module was used to simultan-

eously match all of the protein-spot maps from the gels,

and to calculate average abundance ratios and statistical

parameters (Student’s T-test). Differentially represented

spots were identified as those having a relative expres-

sion ratio >1.50 or <1.50, with a P value ≤ 0.05.

Preparative two-dimensional gel electrophoresis was

performed using 500 μg of unlabeled protein samples.

The resulting 2D-PAGE gels were stained with Sypro

Ruby protein gel stain, according to the manufacturer’s

instructions (Thermo Fisher Scientific, USA). After spot

matching with the master gel from the analytical assay

in the BVA module of DeCyder software, a pick list was

generated for spot picking by a robotic picker (Ettan

spot picker, GE Healthcare, UK).

Protein identification by mass spectrometry

Spots from 2D-DIGE were triturated, washed with water,

in-gel reduced with DTT, S-alkylated with iodoaceta-

mide, and then digested with trypsin. Resulting peptide

mixtures were desalted by μZip-TipC18 using 50% v/v

acetonitrile, 5% v/v formic acid as eluent. Recovered pep-

tides were then analyzed for protein identification by

nLC-ESI-LIT-MS/MS, using an LTQ XL mass spectrom-

eter (Thermo Fisher Scientific, USA) equipped with a

Proxeon nanospray source connected to an Easy-nanoLC

(Proxeon, Denmark) [35]. Peptides were resolved on an

Easy C18 column (100 mm× 0.075 mm, 3 μm) (Proxeon).

Mobile phases were 0.1% v/v formic acid (solvent A) and

0.1% v/v formic acid in acetonitrile (solvent B), running at

a total flow rate of 300 nL/min. Linear gradient was initi-

ated 20 min after sample loading; solvent B ramped from

5 to 35% over 45 min, from 35 to 60% over 10 min, and

from 60 to 95% over 20 min. Spectra were acquired in the

range m/z 400–2000. Each peptide mixture was analyzed

under collision-induced dissociation (CID)-MS/MS data-

dependent product ion scanning procedure, enabling dy-

namic exclusion (repeat count 1 and exclusion duration

60 s), over the three most abundant ions. Mass isolation

window and collision energy were set to m/z 3 and 35%,

respectively.

Raw data from nLC-ESI-LIT-MS/MS analysis were

searched by MASCOT search engine (version 2.2.06,

Matrix Science, UK) against an updated (2014/05/06)

NCBI non-redundant database (taxonomy Solanum

lycopersicum) in order to identify proteins from gel spots.

Database searching was performed by using Cys carba-

midomethylation and Met oxidation as fixed and variable

protein modifications, respectively, a mass tolerance value

of 1.8 Da for precursor ion and 0.8 Da for MS/MS frag-

ments, trypsin as proteolytic enzyme, and a missed cleav-

age maximum value of 2. Other MASCOT parameters

were kept as default. Protein candidates assigned on the

basis of at least two sequenced peptides with an individual

peptide expectation value <0.05 (corresponding to a confi-

dence level for peptide identification >95%) were consid-

ered confidently identified. Definitive peptide assignment

was always associated with manual spectra visualization

and verification.

SDS-PAGE and western blot analysis

Total soluble leaf proteins were extracted from C, D, CR

and DR plants according to Petersen and Bock [36], and

resolved by electrophoresis on either 10 or 15% SDS-

PAGE. Gels were blotted onto nitrocellulose membranes

(HybondTM-ECLTM, Amersham Biosciences, UK) at con-

stant voltage (100 V), for 90 min. Membranes were incu-

bated in blocking buffer (TBS containing 0.1% v/v

Tween and 5%w/v defatted milk), for 1 h at room

temperature. Membranes were challenged with primary

antibodies (PsbP6 AS06 167; PsbQ AS06 142-16; GS2

AS08 296; FNR AS10 1625; RA AS10 700; RbcL AS03

037; ATP synthase β AS05 085; CSP41b AS08 298; light

harvesting complex Lhcb1 AS09 522; elongation factor

EF1α AS10 934 - Agrisera, Sweden), which were diluted

in blocking buffer according to manufacturer’s instruc-

tions, and used at 4 °C overnight. A HRP-conjugated

anti-rabbit antibody (1:60,000 dilution, GE Healthcare,

UK) was applied for 1 h, at room temperature. Detection

was carried out with ECL (GE Healthcare) following

manufacturer’s instructions. Chemiluminescent signals

were measured using a ChemiDocTM XRS+ (Bio-Rad)

and images were analysed by using the Image LabTM

Software (Bio-Rad). The protein accumulation levels are

the mean of three biological samples presented with SD

values. Significant differences were analysed by Student’s

t test (*P ≤ 0.05, **P ≤ 0.01).

qRT-PCR

Total RNA from leaf samples was extracted with the

RNeasy® Plant Mini kit (Qiagen, Germany). cDNA was

synthetized using the QuantiTect® Reverse Transcription

kit (Qiagen) following the manufacturer’s instructions.

Tomato orthologous genes were identified through Sol

Genomics Network website [37] by using A. thaliana se-

quences obtained through TAIR website [38]. Gene-

specific qRT-PCR primers (Additional file 1: Table S1)

were designed using the online software Integrated DNA

Technologies (IDT). The mixed solution of qRT-PCR
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reaction contained Platinum® SYBR® Green qPCR

SuperMix-UDG with ROX (2×, Invitrogen, USA), reverse

and forward primers mix (4.28 μM) and 20-fold-diluted

cDNA template. All reactions were performed on a

7900HT Fast Real-Time PCR system (Applied Biosystems,

USA). Reaction conditions were 10 min at 95 °C, followed

by 40 cycles of heating at 95 °C and annealing at 60 °C for

15 and 60 s, respectively. To verify single-product amplifi-

cation, melting curves were carried out in each PCR. The

relative level of gene expression was calculated with 2-

(ΔΔCt) algorithm; EF-1α was used as internal control [39].

Three biological samples and two technical replicates for

each experimental condition were analysed. The signifi-

cant differences of expression level between D and DR

and their corresponding control samples were evaluated

using Student’s t test (*P ≤ 0.05, **P ≤ 0.01).

Statistical analysis

Statistical analysis was performed on three biological

replicates for biochemical (i.e., ABA, proline, chlorophyll

and carotenoid contents) and molecular (i.e., protein

and transcript levels determination) analyses. Stomatal

conductance measurements were carried out using six

biological replicates for C, CR and DR and nine for D,

respectively; biometric measurements were performed

with 12 biological samples for CR and 30 for DR, re-

spectively. Data were given as means ± standard devi-

ation (SD). Significant differences between drought-

stressed and drought-recovered samples and their corre-

sponding controls for all measurements described were

analysed by an unpaired two-tailed Student’s t test (*P ≤

0.05, **P ≤ 0.01). Statistical analysis of gel spot quantita-

tive differences was carried out as reported in the dedi-

cated section, using the Student’s t test.

Results
Morphological, physiological and biochemical responses

to drought stress

A long-term drought treatment was applied to tomato

plants by water withholding for 19 days followed by a

rewatering phase. Plants grown under drought condi-

tions showed severe wilting symptoms and a stunted

growth when compared to control plants, thus indicat-

ing a water stress status (Fig. 1a). During the experi-

ment, several parameters were measured to monitor

plant stress. As shown in Fig. 1b, stomatal conductance

Fig. 1 Morphological and physiological responses to drought-stress. a Tomato plants at the 19th day of water withholding (Left) compared to

control plants of the same age (Right). b Stomatal conductance of drought-stressed plants expressed as percentage of corresponding values of

control plants of the same age. The data represent the mean of six biological replicates for C and DR and nine for D. c qRT-PCR analysis of late

embryogenesis abundant gene (lea), which was used as stress-marker gene. The housekeeping elongation factor (EF-1α) gene was used for

normalization; error bars indicate SD, n = 3. d Biometric measurements of control-recovered and drought-recovered plants. Measurements were

conducted at the end of the rewatering treatment. Reported values are the mean ± SD of 12 biological samples for CR and 30 for DR (*P≤ 0.05,
**P ≤ 0.01). C control, D drought-stressed, CR control-recovered, DR drought-recovered plants
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decreased continuously reaching a value corresponding

to 2% of that of control plants after 19 days of water

withholding. Furthermore, the prolonged drought condi-

tions activated the expression of a known stress-

responsive gene Solyc03g116390.2.1 [15], encoding a late

embryogenesis abundant (Lea) protein, (Fig. 1c). After a

cycle of rewatering (6 days), stressed plants showed a

nearly complete recovery, as revealed by stomatal con-

ductance measurements (Fig. 1b), and other biometric

parameters (i.e., number of nodes, height, total fresh and

dry weight), which were comparable to those of control

plants (Fig. 1d).

To evaluate metabolic changes in response to stress,

levels of the phytohormone abscisic acid (ABA) and the

compatible osmolyte proline (Pro), were quantified. In

drought stressed plants, ABA and Pro levels increased

up to 5- and 6-fold, respectively (Fig. 2a and b). As ex-

pected, at the end of rewatering phase the content of

such metabolites was similar to that of control plants

(Fig. 2a and b). No significant variations in chlorophylls

and carotenoids content were observed in response to

water deficit conditions and after rewatering (Fig. 2c).

Chloroplast proteome

In order to investigate the response of chloroplasts to

water deficit and the following rewatering cycle in tomato,

a comparative proteomic analysis based on combined

two-dimensional difference in gel electrophoresis (2D-

DIGE) and nano-liquid chromatography coupled with

electrospray ionization-linear ion trap tandem mass

spectrometry (nLC-ESI-LIT-MS/MS) experiments was

performed on plastid extracts from C, D, CR and DR

plants. The corresponding 2D-maps were characterized by

the occurrence of about 2600 protein spots in the pH 3–

10 range, with molecular mass values of 10–120 kDa

(Additional file 1: Figure S1). Image analysis revealed

those spots having at least a 1.5-fold change in relative

abundance with respect to corresponding control samples

(P ≤ 0.05). In particular, it showed that drought treatment

determined a differential representation of 57 protein

spots, among which 28 were over-represented and 29

down-represented (Additional file 1: Table S2). Similarly,

plastids from plants recovered after drought showed 148

differentially represented spots when compared to well-

watered control plants of the same age; among that, 19

were over-represented and 129 down-represented, re-

spectively (Additional file 1: Table S2). Differentially re-

presented spots (201 in number) plus selected constant

spots (22 in number) were digested with trypsin, and then

analysed by nLC-ESI-LIT-MS/MS for protein identifica-

tion. Identification details and statistics are reported in

Additional file 2: Table S3.

Differentially represented spots in D and DR plants

were associated with 31 and 54 sequence entries, re-

spectively (Additional file 1: Table S2). In most cases

(89%), a unique protein species occurred within the vari-

ably represented spot, probably as a result of the limited

number of components present in the chloroplast sam-

ple after organelle subfractionation. When multiple

components comigrated within the same spot, they were

often associated with protein species differing for few

amino acid substitutions. When this was not the case,

protein quantitative information was easily inferred by

comparison with data from other vicinal spots. In fact, all

the identified proteins showed a coherent quantitative trend

among the experimental conditions; exceptions were trans-

ketolase (TK), ribulose-1,5-bisphosphate carboxylase/oxy-

genase large subunit (RbcL), phosphoribulokinase (PRK),

chloroplast sedoheptulose-1,7-bisphosphatase (SBPase), as-

corbate peroxidase (Apx-TL29), oxygen-evolving enhancer

protein 1 (OEE1) and 33 kDa precursor protein of oxygen-

evolving complex (OEC1). These proteins presented an

either constant, over- and down-representation under the

same experimental condition, probably as result of post-

translational modification events. Finally, detection of the

auxin binding protein (ABP19α-like), which occurs in plant

membranes and ER [40], and of the mitochondrial Clp

Fig. 2 Metabolite content in the leaves of the drought-stressed

and drought-recovered plants, compared to corresponding

controls. (a) Abscisic acid (ABA); (b) Proline; (c) Chlorophyll a (Chla),

chlorophyll b (Chlb) and carotenoids (Car). Values are the mean ±

SD of three biological replicates (*P ≤ 0.05, **P ≤ 0.01). FW Fresh

Weight, C control, D drought-stressed, CR control-recovered, DR

drought-recovered plants
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protease 2 [41] demonstrated a minimal contamination of

the chloroplast preparations with extraplastidic subfractions

(Additional file 1: Table S2).

Proteomic data were validated by western blot analysis

on selected components, based on limited commercial

availability of antibodies for chloroplast proteins (Fig. 3).

Overall, western blotting experiments confirmed 2D-DIGE

results. In particular, photosystem II oxygen-evolving com-

plex protein 3 (PsbQ) resulted over-represented up to 2.5-

fold in D compared to C plants. Analogously, glutamine

synthase (GS2), ferredoxin-NADP reductase (FNR) and

ribulose-1,5-bisphosphate carboxylase/oxygenase activase 1

(RA) were down-represented in DR plants, resulting 0.6,

0.1 and 0.17-fold compared to controls, respectively.

Chloroplast stem-loop binding protein 41 kDa (CSP41b)

and ATP synthase β (ATPB) were slightly down-

represented in D and DR plants, although their levels

dropped down after the rewatering cycle, being about 0.5

and 0.7-fold of controls, respectively. Further, PsbP

domain-containing protein 6 (PsbP6) was slightly over-

represented of 1.7 and 1.2 fold in D and DR plants

compared to corresponding controls, respectively (Fig. 3).

Finally, RbcL levels were unaltered in D plants and slightly

down-represented after rewatering. Quantitative differences

observed in the latter case with respect to 2D-DIGE results

were ascribed to the variable representation of the RbcL

spots within the gels (see above).

In order to rationalize protein families most affected by

water deficit, differentially represented plastid proteins

were grouped into categories, based on their known or

predicted functions [42] (Table 1 and Fig. 4). As expected,

photosynthesis was the process most affected at the peak

of drought stress (19th day), accounting for 29% of the

regulated components identified in this study. It was

included in the energy category and it was mainly repre-

sented by components of both photosystems (e.g., PsaC,

PsbP6, PsbQ, etc.). The second most abundant (19.3%)

category of regulated proteins was that of species involved

in protein folding and degradation, followed by transport

category (16.1%), which mainly included ATP synthase

constituents and other transporters.

After plant rehydration, a larger number of proteins

was altered in their relative quantitative representation,

thus indicating an adjustment of the corresponding plas-

tid proteome (Fig. 4). Similarly to D plants, photosyn-

thesis was again observed as the protein family most

impaired after rehydration (39% of the regulated pro-

teins). In this case, it was mainly represented by proteins

involved in Calvin-Benson cycle (e.g., ribulose 1,5-

bisphosphate carboxylase/oxygenase small and large

subunits, sedoheptulose 1,7-bisphosphatase, etc.).

Further, protein folding and degradation and transport

categories were highly altered following the rewatering

cycle, accounting for 13 and 11% of the regulated pro-

teins, respectively.

Correlation of gene expression with protein abundance

To verify whether the changes in protein abundance de-

tected by 2D-DIGE were due to a regulation at transla-

tional or transcriptional level, a qRT-PCR analysis was

carried out on RNA extracted from C, D, CR and DR sam-

ples (Fig. 5). Proteins, whose corresponding transcripts

were evaluated, were selected among those encoded by

genes (Additional file 1: Table S2) present in single copy

in the tomato genome, which were also identified as dif-

ferentially expressed in another tomato cultivar subjected

to drought or rewatering conditions [23]. Among the

analysed genes, those corresponding to Rubisco large

Fig. 3 Representative western blot validation of selected differentially regulated proteins as detected by proteomic experiments. Equal protein loading

was confirmed with the anti-elongation factor (EF-1α) antibody. Histograms (on the right) represent relative protein abundance in C, D, CR and DR

plants. C control, D drought-stressed, CR control-recovered, DR drought-recovered plants. Protein levels are mean ± SD, n = 3 (**P≤ 0.01)
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subunit-binding protein subunit alpha (cpn60α) in D

plants, and ascorbate peroxidase (TL29) (apx-tl29), super-

oxide dismutase (Cu-Zn sod), ATP-dependent zinc metal-

loprotease FTSH2 (ftsH2), protochlorophyllide reductase

(por), and ribulose-1,5-bisphosphate carboxylase/oxygen-

ase large subunit (rbcL) in DR plants showed a conserved

trend compared to protein abundance (Fig. 5). By con-

trast, gene expression of auxin binding protein (abp19a-

like), por, psbP6 and psbQ in D plants, and of ftsH-like,

psbP6 and cpn60α in DR plants showed a different profile

compared to corresponding proteins. Finally, polyphenol

oxidase F (ppoF) transcript abundance was unaltered

compared to controls in D plants (Fig. 5).

Chloroplast-to-nucleus communication in tomato plants

Chloroplasts are semi-autonomous organelles that

communicate with nucleus to adjust gene expression in

response to their requirements. In order to identify po-

tential retrograde signaling pathways (plastid-to-nu-

cleus communication) in tomato that are regulated by

nuclear gene expression in response to stress, we inves-

tigated by qRT-PCR the expression of selected nuclear-

encoded orthologous genes (Additional file 1: Table S1)

already identified as associated with these biogenic and

operational events in A. thaliana [43, 44]. As a first in-

dication of the activation of retrograde signaling by our

stress conditions, we monitored by western blotting

and qRT-PCR the light harvesting complex protein

(Lhcb1) and the corresponding gene (lhcb1) transcript,

which is a favoured marker of retrograde signaling and

is generally repressed under stress conditions [45, 46].

Analyses revealed a statistically significant down-

representation of both protein and transcript abun-

dance (about 70%) in D compared to C plants (Fig. 6a

and b). In contrast, most of the genes (e.g., fc1, gun1,

xrn2, xrn3, etc.) involved in chloroplast-to-nucleus

communication in A. thaliana mutants did not show a

marked variation in tomato D plants. However, note-

worthy is the down-regulation of 3′(2′),5′-bisphosphate

nucleotidase (sal1) gene, whose protein product de-

grades 3′-phosphoadenosine 5′-phosphate (PAP), a

drought-induced metabolite involved in the expression

of stress-responsive genes [47]. On the other hand, a

statistically significant increase (about 3-fold) was ob-

served for the cytosolic ascorbate peroxidase-coding

gene (apx2), which is involved in ROS scavenging

(Fig. 6b).

Table 1 Functional classification of the proteins differentially

represented in drought-stressed and drought-recovered plants,

compared to their respective controls. Number of proteins

belonging to indicated functional categories are reported

together with the percentage over the total number of

differentially represented proteins

Functional category Drought-stressed Drought-recovered

Metabolism 4 (12.9%) 6 (11.1%)

Energya 9 (29.0%) 21 (38.9%)

Protein synthesis 2 (6.4%) 5 (9.3%)

Protein folding and degradation 6 (19.3%) 7 (13.0%)

Secondary metabolism 5 (16.1%) 3 (5.6%)

Transport 5 (16.1%) 6 (11.1%)

Stress and defence - 4 (7.4%)

Unknown - 2 (3.7%)

Total 31 54

aThe ‘energy’ category includes photosynthesis

Fig. 4 Differentially represented plastid proteins in tomato chloroplasts

after drought stress and following a subsequent rewatering cycle. The

color scale bar indicates increased levels (yellow), decreased levels (red),

or no significant changes (orange). Asterisks indicate proteins showing

an incoherent quantitative trend among the experimental conditions.

Reported values refer to the mean fold change of the various spots

corresponding to each protein, as compared to corresponding

controls (see Additional file 1: Table S2 for individual spot changes).

Putative functional categories are indicated on the left. D drought-

stressed, DR drought-recovered plants
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Discussion

Plant response to drought is a very complex process in-

volving changes at physiological and biochemical levels,

which can vary depending on the crop type and the age of

plants as well as the duration and the severity of stress.

Since plastids are essential for metabolism and environ-

mental sensing, a detailed knowledge of the changes in-

duced in this organelle in response to drought is essential

to understand the mechanisms underlying plant adapta-

tion to stress [5]. In this study, we have focused on the

chloroplast response to a long-term drought stress and

following a recovery cycle, and monitored drought stress

and recovery progression measuring physiological and

biochemical parameters.

In response to water deficit, we observed a slower

plant development and a rapid decrease of the leaf sto-

matal conductance up to an almost complete stomata

closure at the maximum point of stress (Fig. 1a and b),

which corresponded to the accumulation of the plant

stress metabolic markers ABA and Pro (Fig. 2a and b).

Similar results were described for several species sub-

jected to dehydration [4, 23, 48]. The enhanced accumu-

lation of the lea gene transcript we observed was in

accordance with a cell dehydration status of tomato

(Fig. 1c) and with previous observations on other plants

subjected to water deficit conditions [49, 50].

It is well known that water deprivation accelerates the

degradation of photosynthetic pigments due to the deteri-

oration of thylakoid membranes [51, 52]. Despite the stress

condition, tomato plants did not significantly change their

chlorophylls content (Fig. 2c), as observed in other

drought-treated species [51]. An analogous trend was de-

tected for carotenoids, photoprotective molecules involved

in excess energy dissipation [53], as demonstrated in

drought-stressed maize seedling [54]. It was suggested that

plants maintaining high levels of photosynthetic pigments

under water deficit are able to use light energy more effi-

ciently than others and show an increased drought resist-

ance [52]. Thus, the stable quantity of pigments detected in

this study suggests that the tomato cultivar investigated has

a robust tolerance to drought. Chloroplast proteome was

highly affected by water deficit and proteins involved in

photosynthetic process were mostly altered suggesting that

photosynthesis was the main cellular process influenced

(Fig. 4 and Table 1). Photosynthesis is a tightly regulated

process that needs the coordinated coupling of light/dark

reactions [3] and plays a central role in modulating energy

signaling and balance [55]. The increase in relative abun-

dance of photosystem components (PsaC, PsbP6 and PsbQ)

suggests the attempt of tomato plants to maintain energy

Fig. 5 Expression profile of genes encoding differentially represented

plastid proteins in drought stressed (a) and drought-recovered (b)

plants, as deduced from proteomic analysis. Transcript level was

determined by qRT-PCR after normalization to the elongation factor1-α

(EF-1-α) gene as 2−ΔΔCt. Error bars indicate SD, n = 3. Significant differ-

ences were analysed by Student’s t test (*P≤ 0.05, **P≤ 0.01). C control,

D drought-stressed, CR control-recovered, DR drought-recovered plants

Fig. 6 Chloroplast-to-nucleus communication analysis. a Western blot

analysis of Lhcb1 protein; equal protein loading was verified by

elongation factor (EF-1α) measurements. Histogram (on the right)

reports the expression level of Lhcb1 in drought-stressed plants

normalized to their control. b Expression of representative

nuclear-encoded genes already known as being directly or indirectly

involved in retrograde signaling pathways. Transcript level was

determined by qRT-PCR after normalization to the elongation factor1-α

(EF-1-α) gene as 2−ΔΔCt. Error bars indicate SD, n= 3. Significant differ-

ences were analysed by Student’s t test (*P≤ 0.05, **P≤ 0.01). C control, D

drought-stressed, CR control-recovered, DR drought-recovered plants
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homeostasis. Particularly, over-representation of PsaC

was indicative of the stimulation of the PSI-driven

cyclic electron flow, process demonstrated to be in-

duced by drought that allows the thermal dissipation

of the energy excess [56–59].

ATP synthase activity is strictly related to photosyn-

thesis because it transfers protons through the thylakoid

membrane. About a 2-fold reduction was detected for sev-

eral subunits of the ATP synthase complex (e.g., ATP α, β,

γ and ε) after drought treatment, indicating a regulation of

the whole machinery. A decrease of the ATP synthase ac-

tivity was demonstrated to mediate non-photochemical

quenching that protects photosynthetic apparatus from

photo-damage as already observed in several species

under stressful conditions [60–63]. According to this in-

terpretation was the over-representation of peptidyl-prolyl

cis-trans isomerase FKBP13, which has been reported to

assist the assembling of photosystem subunits for energy

balance [64]. FKBP13 interacts with the Rieske protein, an

essential component of the cytochrome b6f complex in

the photosynthetic electron-transfer chain, and acts as an

anchor chaperone avoiding the excessive accumulation of

this protein into the thylakoid [65]. An opposite quantita-

tive trend was observed for others proteins belonging to

the folding and protein degradation category (Cpn60α,

Cpn60β, HSP70, etc.). As recently summarized by Kosova

et al. [66], contrasting results about the accumulation of

protein chaperones in response to drought have been re-

ported in different plant species.

Upon drought stress, an alteration of the carbon/nitrogen

ratio is expected as result of CO2 limitation, with conse-

quent nutrient mobilization. Indeed, a 2-fold increase was

observed for malate dehydrogenase (MDH), which partici-

pates in the Krebs cycle and has a key role in the regulation

of carbon/nitrogen ratio. Similar results were reported in

drought-treated barley, wild watermelon, rapeseed and

wheat [20, 67]. MDH over-representation can also be asso-

ciated with the regeneration of the electron acceptor

NADP+ in chloroplasts, when CO2 assimilation is restricted

[68, 69], thus allowing the short-term adjustment of stromal

NADPH redox state in response to changing environmental

conditions [70]. The observed down-representation of

ketol-acid reductoisomerase, a key enzyme in branched-

chain amino acid synthesis, is suggestive of the plant need

of preserving the existing energy and of stimulating alterna-

tive catabolic pathways to generate it [71, 72].

Although oxidative stress occurs as a result of drought

stress, the relative abundance of tomato chloroplast pro-

teins associated with stress defence was not significantly

affected. Nevertheless, an alteration of proteins indirectly

involved in cell defence was observed. In this context,

noteworthy is the over-representation of cysteine synthase,

a key enzyme directly involved in sulphur absorption and

synthesis of cysteine, but also indirectly regulating the

formation of methionine, glutathione, and sulphurated

secondary metabolites [73, 74]. A protective effect can also

be attributed to the over-representation of the plastid

lipid-associated protein CHRC, which prevents oxidation

of thylakoid membranes, and the down-representation of

various polyphenol oxidases (e.g., PPO E and F) involved

in degrading antioxidant polyphenols. A similar quantita-

tive trend for these enzymes was observed in the drought-

tolerant species Craterostigma plantagineum [75] and

various tomato cultivars [76]. Our results on these pro-

teins suggest a drought-tolerant character also for the to-

mato genotype here investigated. The latter authors also

observed that PPO F-overexpressing plants suffer a

greater chlorophyll bleaching than the wild-type counter-

part, thus hypothesizing a possible loss of chlorophyll due

to quinone production. This observation was in good

agreement with our determination of the concomitant

down-representation of PPOs and the constant content of

chlorophylls in tomato plants after drought stress.

Despite the large number of reports on the response

of crops to drought, poor information is currently avail-

able on plant recovery phase [23]. Following the rewater-

ing cycle, tomato plants seemed to have a complete

recovery, as demonstrated by physiological parameters

and levels of metabolites returned to control values

(Figs. 1d and 2). On the other hand, proteomic results

from DR plants showed an evident adjustment of the

corresponding protein repertoire, which was even larger

than that measured for D counterparts (Fig. 4 and

Table 1). Recovery after drought stress is a dynamic

process that involves the rearrangement of many meta-

bolic pathways to repair water depletion-induced dam-

ages and to resume plant growth [54]. The observed

down-regulation of proteins involved in energy produc-

tion and carbon metabolism such as components of

both photosystems (e.g., plastocyanin, chlorophyll a-b

binding protein4, etc.), Calvin-Benson cycle enzymes

(e.g., phosphoglycerate kinase, phosphoribulokinase, etc.)

and ATP synthase complex constituents (e.g., ATP β, γ,

etc.) suggested a still ongoing reduction of plant metab-

olism following the severe stress and the short-term re-

covery applied. In contrast, evidences for a metabolism

reactivation derived from the regulation of proteins

involved in carbon/nitrogen ratio balancing, such as the

increase of aspartate aminotransferase and the down-

representation of PII-like protein [77], suggests the plant

need for carbon sources to be redirected toward the Krebs

cycle, presumably to cope with the above-mentioned

reduction of enzymes involved in energy production.

Further, the down-representation of glutamine synthetase,

which assists the assimilation of NH3 generated through

the photorespiration [78], reflects the increase of photo-

synthetic efficiency due to CO2 availability as revealed by

stomatal conductance measurements (Fig. 1b). Coherent
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with a metabolism reactivation was also the reduction of

the chloroplast defence proteins thioredoxin M4 and Cu-

Zn superoxide dismutase, which are probably no more ne-

cessary to face ROS imbalance. Moreover, the accumula-

tion of glutamate 1-semialdehyde 2,1-aminomutase and

chlorophyll reductase NOL, which are both implicated in

chlorophyll biosynthesis/degradation, indicated a reactiva-

tion of the photosynthetic pigment turnover. Finally, the

down-representation of ISPH protein that participates in

the non-mevalonate pathway controlling isoprene, phytol,

carotenoid and plant hormone formation, might be related

to the observed concomitant reduction of the ABA

content [79].

To evaluate a putative transcriptional regulation of the

genes associated with the proteins already identified as

differentially represented in drought and recovery phases

in tomato, we investigated the corresponding transcript

accumulation. Some discrepancies were observed be-

tween transcript levels of the analysed genes and protein

quantitative data and, in accordance with previous stud-

ies on other eukaryotes [80], they could be associated

with translational regulation, post-translational modifica-

tion or protein turnover events. Nevertheless, our qRT-

PCR results were in good agreement with transcriptomic

data from drought stressed Arabidopsis and tomato

plants [23, 81, 82].

Chloroplast homeostasis and its subsequent readjust-

ment in response to environmental stimuli requires a

complex communication from organelle to nucleus,

which involves one or more chloroplast signals that can

interact with hormonal signaling network as demon-

strated in A. thaliana mutants [83–85]. In this study, we

demonstrated that also in an important crop such as to-

mato the chloroplast acts as an environmental sensor

and organelle homeostasis is modified in response to

drought. In particular, proteomic results suggested that

the altered representation of several photosynthesis-

associated nuclear-encoded plastid proteins may be due

to a retrograde control. Both western blotting and qRT-

PCR results on the light harvesting complex protein

(gene), a favoured marker of retrograde signaling that is

generally repressed under stress conditions [45, 46], con-

firmed our hypothesis as reported by literature. The up-

regulation of ascorbate peroxidase 2 (apx2) and the down-

regulation of lhcb1 and sal1, encoding an enzyme that

degrades 3′-phosphoadenosine 5′-phosphate (PAP) to ad-

enosine monophosphate (AMP), and the 5-fold increase

of ABA in drought-stressed tomato plants suggest the ac-

tivation of both retrograde and hormonal crosstalks. As

recently reviewed by Chan et al. [85] these processes are

probably mediated by PAP (Fig. 7), although still unknown

is the intersecting point between retrograde and hormone

signaling in the stress response. It has been demonstrated

that PAP regulates the expression of stress-induced genes

through the attenuation of RNA catabolism mediated by

5′-3′ exoribonucleases (XRNs) [47], whereas no changes

in relative abundance of xrn2 and xrn3 transcripts were

observed in our drought-stressed compared to control

plants. Similar results were reported in microarray data in

drought-stressed A. thaliana plants [81, 82].

Increased ABA levels might affect the transcript levels

of most chloroplast genes, including those encoding the

subunits of Plastid-Encoded RNA Polymerase (PEP) as

recently demonstrated by Yamburenko et al. [86]. They

reported that the signal is transduced to the nucleus by

group-A protein phosphatase 2c proteins and subclass

III sucrose non-fermenting protein-related kinase 2, al-

tering the activity of the transcription factors (e.g., abi4)

Fig. 7 Model for retrograde and hormonal signaling pathways based on the results of this work. Circles and squares indicate the increase and the

decrease of transcript levels and metabolites, respectively. PhANGs photosynthesis-associated nuclear genes, PRANGs plastid redox-associated nu-

clear genes, ABA abscisic acid, apx2 cytosolic ascorbate peroxidase 2, lhcb1 light harvesting complex b1, sal1 3′(2′),5′-bisphosphate nucleotidase,

PAP 3′-phosphoadenosine 5′-phosphate
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and, as result, of many nuclear genes. This ultimately leads

to the activation of the expression of relA-spotT-homolog

(rsh) genes, coding for chloroplastic enzymes involved in

the synthesis of guanosine-3′-5′bisdiphosphate (ppGpp),

and of chloroplast transcription sigma factor 5 (sig5), sup-

porting the core of PEP RNA polymerase to bind to pro-

moter sequences. However, it is not clear whether this

activation is a direct effect of ABA. Although a reduction

of transcript accumulation of genes encoding subunits of

PEP, except rpoB, was observed in our tomato plants,

similarly to what already detected in A. thaliana [81, 82],

this regulation did not seem associated with an up-

regulation of both rsh (rsh2 and rsh3) and sig5 genes, in

our plants. Thus, our results support the conclusion of

Yamburenko et al. [87] on the need of further investiga-

tions in order to obtain a complete picture of the ABA ef-

fects on chloroplast gene expression.

Conclusions
Chloroplast acts as environmental sensor by both coordin-

ating the expression of nuclear-encoded plastid-localised

proteins and mediating plant stress response. Our results

effectively provide an original overview on the chloroplast

response to long-term drought stress and subsequent re-

covery in tomato. Photosynthesis was confirmed as the

main process affected by water deficit in association with

energy-related functional species, and peculiar traits of

tolerance were identified, which can be relevant targets to

improve the response to drought. Evidence for metabol-

ism reactivation was obtained following the rewatering

cycle by metabolite and physiological data, while proteo-

mics revealed a still ongoing adjustment of the chloroplast

protein repertoire. In addition to unveil putative effectors

and mechanisms involved in chloroplast proteome adjust-

ment in response to water withholding, this investigation

originally describes in tomato the expression of genes

already known to be involved in different chloroplast-to-

nucleus signaling pathways in A. thaliana mutants. Al-

though our results suggest the activation of a specific

retrograde signaling pathway and interconnection with

ABA signaling network in tomato, the involvement of

such pathway, and its fine regulation as a function of the

drought intensity need to be further investigated through

the development and characterization of ad hoc designed

plant mutants.
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Additional file 1: Table S1. Nucleotide sequence of primers used for

qRT-PCR analyses. Figure S1. Representative 2D-DIGE showing the reso-

lution of about 2600 protein spots from tomato chloroplasts in IEF using

pH 3-10 NL 18 cm strips, followed by 12% T SDS-PAGE. Spot visualization

was obtained with a Typhoon fluorescence scanner. Differentially repre-

sented spots further subjected to nLC-ESI-LIT-MS/MS analysis are

highlighted. A Cy-2 labeled pooled sample mixture was used as an

internal standard for quantitative measurements. Table S2. Listed are

data referring to spot number, NCBI protein accession number, protein

description, MASCOT score value, theoretical and experimental molecular

mass and pI values, total and unique peptides detected, sequence coverage

(%), EMPAI score value, fold change in drought stressed plants with respect

to control, and fold change in recovered drought stressed plants with

respect to well-watered control of the same age. In addition, data referring

to protein spots not showing significant quantitative variations are reported

in italics and are highlighted in green. Protein species showing either an

incoherent quantitative trend or a constant trend among the experimental

conditions are highlighted in blue. (PDF 2377 kb)

Additional file 2: Table S3. Identification details for the proteins

observed as differentially represented by 2D-DIGE. Reported are spot

number, protein accession/description, MASCOT score, total and unique

peptides detected, identification rank and unicity, experimental and theoretical

peptide mass value, peptide charge state, peptide mass error, number of

peptide missed cleavage(s), peptide score, peptide expectation value and

sequence, including amino acid(s) modification. (XLSX 1109 kb)

Abbreviations

ABA: Abscisic acid; AMP: Adenosine monophosphate; apx2: Ascorbate

peroxidase 2; Apx-TL29: Ascorbate peroxidase; ATPB: ATP synthase β;

CSP41b: Chloroplast stem-loop binding protein 41 kDa; FKBP13: Peptidyl-

prolyl cis-trans isomerase; FNR: Ferredoxin-NADP reductase; GS2: Glutamine

synthase; Lhcb1: Light harvesting complex protein; MDH: Malate

dehydrogenase; OEC1: 33 kDa precursor protein of oxygen-evolving

complex; OEE1: Oxygen-evolving enhancer protein 1; PAP: 3′-

phosphoadenosine 5′-phosphate; PEP: Plastid-encoded RNA polymerase;

ppGpp: Guanosine-3′-5′bisdiphosphate; PPO E: Polyphenol oxidase E; PPO

F: Polyphenol oxidase F; PRK: Phosphoribulokinase; Pro: Proline;

PsbQ: Photosystem II oxygen-evolving complex protein 3; RA: Ribulose-1,5-

bisphosphate carboxylase/oxygenase activase; RbcL: Ribulose-1,5-

bisphosphate carboxylase/oxygenase large subunit; sal1: Gene encodes a

bifunctional phosphatase protein; SBPase: Chloroplast sedoheptulose-1,7-

bisphosphatase; TK: Transketolase; XRNs: Exoribonucleases

Acknowledgments

Assistance of Mrs. R. Nurcato, Mr. G. Guarino and Mr. R. Nocerino (CNR-IBBR,

Portici, Italy) with drought experiments, artworks, and plant growth,

respectively, is gratefully acknowledged. We thank Dr. T. Docimo (CNR-IBBR,

Portici) for helpful comments on statistical analysis of qRT-PCR data.

Funding

This work was partially funded by grants from the Italian Ministry of Research

(MIUR, PON02_00395_3082360 ‘GenoPOMpro’ and Innovazione e sviluppo

del Mezzogiorno, Conoscenze Integrate per Sostenibilità ed Innovazione del

Made in Italy Agroalimentare - Legge n. 191/2009). The funding bodies had

no role either in the design of the study, collection, analysis and

interpretation of data or in the writing of the manuscript.

Availability of data and materials

All data supporting our findings is contained in the manuscript and

supplementary files.

Authors’ contributions

AC, GB, SG and NS conceived and designed the experiments. RT, MV, AR, MS,

LS, SA performed experiments, analyzed the results and contributed figures.

RT and NS drafted the manuscript. AS assisted with study design, proteomic

analysis and writing. AC, GB, NZ, AS, SG and NS revised the manuscript. All

authors read and approved the final manuscript.

Competing interests

The authors declare that they have no competing interests.

Consent for publication

Not applicable.

Ethics approval and consent to participate

Not applicable.

Tamburino et al. BMC Plant Biology  (2017) 17:40 Page 12 of 14

dx.doi.org/10.1186/s12870-017-0971-0
dx.doi.org/10.1186/s12870-017-0971-0


Author details
1Institute of Biosciences and BioResources, National Research Council of Italy

(CNR-IBBR), via Università 133, 80055 Portici, NA, Italy. 2Institute for the

Animal Production System in the Mediterranean Environment, National

Research Council of Italy (CNR-ISPAAM), via Argine 1085, 80147 Napoli, Italy.
3Department of Molecular Medicine and Medical Biotechnology, University

of Naples Federico II, via Pansini, 80100 Napoli, Italy. 4Center of Genetics

Engineering (CEINGE) Biotecnologie Avanzate S.c. a R.l, via Pansini, 80100

Napoli, Italy.

Received: 21 May 2016 Accepted: 4 January 2017

References

1. Wang Y, Frei M. Stressed food – the impact of abiotic environmental

stresses on crop quality. Agric Ecos Environ. 2011;141:271–86.

2. Cramer GR, Urano K, Delrot S, Pezzotti M, Shinozaki K. Effects of abiotic stress

on plants: a systems biology perspective. BMC Plant Biol. 2011;11:163–76.

3. Pfannschmidt T, Brautigam K, Wagner R, Dietzel L, Schroter Y, Steiner S,

Nykytenko A. Potential regulation of gene expression in photosynthetic cells

by redox and energy state: approaches towards better understanding. Ann

Bot. 2009;103:599–607.

4. Rabara RC, Tripathi P, Reese RN, Rushton DL, Alexander D, Timko MP, Shen

QJ, Rushton PJ. Tobacco drought stress responses reveal new targets for

Solanaceae crop improvement. BMC Genomics. 2015;16:484–505.

5. Gläßer C, Haberer G, Finkemeier I, Pfannschmidt T, Kleine T, Leister D, Dietz

KJ, Hausler RE, Grimm B, Mayer KF. Meta-analysis of retrograde signaling in

Arabidopsis thaliana reveals a core module of genes embedded in complex

cellular signaling networks. Mol Plant. 2014;7:1167–90.

6. Kmiecik P, Leonardelli M, Teige M. Novel connections in plant organellar

signalling link different stress responses and signalling pathways. J Exp Bot.

2016;67:3793–807.

7. Sun AZ, Guo FQ. Chloroplast retrograde regulation of heat stress responses

in plants. Front Plant Sci. 2016;7:398.

8. Foyer CH, Karpinska B, Krupinska K. The functions of WHIRLY1 and REDOX-

RESPONSIVE TRANSCRIPTION FACTOR 1 in cross tolerance responses in

plants: a hypothesis. Philos Trans R Soc Lond B Biol Sci. 2014;369:20130226.

9. Joshi PN. What makes chloroplast an inclusive sensor of environmental

stresses? Biochem Pharmacol. 2014;3:e150.

10. Biehler K, Fock H. Evidence for contribution of the Mehler-peroxidase

reaction in dissipating excess electrons in drought-stressed wheat. Plant

Physiol. 1996;112:265–72.

11. FAOSTAT-Food and Agriculture Organization of the United Nations Statistics

Division. http://www.fao.org/faostat/en/#data/QC/visualize. Accessed Dec 2015.

12. Aldrich HT, Salandanan K, Kendall P, Bunning M, Stonaker F, Kulen O,

Stushnoff C. Cultivar choice provides options for local production of organic

and conventionally produced tomatoes with higher quality and antioxidant

content. J Sci Food Agric. 2010;90:2548–55.

13. Bergougnoux V. The history of tomato: from domestication to biopharming.

Biotechnol Adv. 2014;32:170–89.

14. Kimura S, Sinha N. Tomato (Solanum lycopersicum): a model fruit-bearing

crop. Cold Spring Harb Protoc. 2008. doi:10.1101/pdb.emo105.

15. Gong P, Zhang J, Li H, Yang C, Zhang C, Zhang X, Khurram Z, Zhang Y,

Wang T, Fei Z, et al. Transcriptional profiles of drought-responsive genes in

modulating transcription signal transduction, and biochemical pathways in

tomato. J Exp Bot. 2010;61:3563–75.

16. Campos JF, Cara B, Perez-Martin F, Pineda B, Egea I, Flores FB, Fernandez-

Garcia N, Capel J, Moreno V, Angosto T, et al. The tomato mutant ars1

(altered response to salt stress 1) identifies an R1-type MYB transcription

factor involved in stomatal closure under salt acclimation. Plant Biotechnol

J. 2015;14:1345–56.

17. Zhou J, Wang X, Jiao Y, Qin Y, Liu X, He K, Chen C, Ma L, Wang J, Xiong L, et al.

Global genome expression analysis of rice in response to drought and high-

salinity stresses in shoot, flag leaf, and panicle. Plant Mol Biol. 2007;63:591–608.

18. Kosmala A, Perlikowski D, Pawlowicz I, Rapacz M. Changes in the

chloroplast proteome following water deficit and subsequent watering

in a high- and a low-drought-tolerant genotype of Festuca arundinacea.

J Exp Bot. 2012;63:6161–72.

19. Gargallo-Garriga A, Sardans J, Perez-Trujillo M, Rivas-Ubach A, Oravec M,

Vecerova K, Urban O, Jentsch A, Kreyling J, Beierkuhnlein C, et al. Opposite

metabolic responses of shoots and roots to drought. Sci Rep. 2014;4:6829.

20. Ghosh D, Xu J. Abiotic stress responses in plant roots: a proteomics

perspective. Front Plant Sci. 2014;5:6.

21. Perlikowski D, Kosmala A, Rapacz M, Koscielniak J, Pawłowicz I,

Zwierzykowski Z. Influence of short-term drought conditions and

subsequent re-watering on the physiology and proteome of Lolium

multiflorum/Festuca arundinacea introgression forms, with contrasting levels

of tolerance to long-term drought. Plant Biol. 2014;16:385–94.

22. Cheng Z, Dong K, Ge P, Bian Y, Dong L, Deng X, Li X, Yan Y. Identification

of leaf proteins differentially accumulated between wheat cultivars distinct

in their levels of drought tolerance. PLoS One. 2015;10:e0125302.

23. Iovieno P, Punzo P, Guida G, Mistretta C, Van Oosten MJ, Nurcato R, Bostan

H, Colantuono C, Costa A, Bagnaresi P, et al. Transcriptomic changes drive

physiological responses to progressive drought stress and rehydration in

tomato. Front Plant Sci. 2016;7:371.

24. Alam I, Sharmin SA, Kim K-H, Yang JK, Choi MS, Lee B-H. Proteome analysis

of soybean roots subjected to short-term drought stress. Plant Soil. 2010;

333:491–505.

25. Kosová K, Vítámvás P, Prasil IT, Renaut J. Plant proteome changes under

abiotic stress-contribution of proteomics studies to understanding plant

stress response. J Proteomics. 2011;74:1301–22.

26. Vitamvas P, Urban MO, Skodacek Z, Kosova K, Pitelkova I, Vitamvas J, Renaut

J, Prasil IT. Quantitative analysis of proteome extracted from barley crowns

grown under different drought conditions. Front Plant Sci. 2015;6:479.

27. Zhou S, Palmer M, Zhou J, Bhatti S, Howe KJ, Fish T, Thannhauser TW. Differential

root proteome expression in tomato genotypes with contrasting drought

tolerance exposed to dehydration. J Amer Soc Hort Sci. 2013;138:131–41.

28. Petridis A, Therios I, Samouris G, Koundouras S, Giannakoula A. Effect of

water deficit on leaf phenolic composition, gas exchange, oxidative

damage and antioxidant activity of four Greek olive (Olea europaea L.)

cultivars. Plant Physiol Biochem. 2012;60:1–11.

29. Luna MC, Bekhradi F, Ferreres F, Jordan MJ, Delshad M, Gil MI. Effect of water

stress and storage time on anthocyanins and other phenolics of different

genotypes of fresh sweet basil. J Agric Food Chem. 2015;63:9223–31.

30. Claussen W. Proline as a measure of stress in tomato plants. Plant Sci. 2005;

168:241–8.

31. Lichtenthaler H. Chlorophylls and carotenoids: pigments of photosynthetic

biomembranes. Methods Enzymol. 1987;148:350–82.

32. Scotti N, Sannino L, Idoine A, Hamman P, De Stradis A, Giorio P,

Maréchal-Drouard L, Bock R, Cardi T. The HIV-1 Pr55gag polyprotein

binds to plastidial membranes and leads to severe impairment of

chloroplast biogenesis and seedling lethality in transplastomic tobacco

plants. Transgenic Res. 2015;24:319–31.

33. Salvi D, Rolland N, Joyard J, Ferro M. Purification and proteomic analysis of

chloroplasts and their sub-organellar compartments. Methods Mol Biol.

2008;432:19–36.

34. Fan P, Wang X, Kuang T, Li Y. An efficient method for the extraction of

chloroplast proteins compatible for 2-DE and MS analysis. Electrophoresis.

2009;30:3024–33.

35. Scippa GS, Rocco M, Ialicicco M, Trupiano D, Viscosi V, Di Michele M, Arena

S, Chiatante D, Scaloni A. The proteome of lentil (Lens culinaris Medik.)

seeds: discriminating between landraces. Electrophoresis. 2010;31:497–506.

36. Petersen K, Bock R. High-level expression of a suite of thermostable cell

wall-degrading enzymes from the chloroplast genome. Plant Mol Biol.

2011;76:311–21.

37. Sol Genomics Network. https://solgenomics.net. Accessed Jan 2015.

38. The Arabidopsis Information Resource. www.arabidopsis.org. Accessed

Jan 2015.

39. Livak KJ, Schmittgen TD. Analysis of relative gene expression data using

real-time quantitative PCR and the 2-ΔΔCT method. Methods. 2001;25:402–8.

40. Galili G, Sengupta-Gopalan C, Ceriotti A. The endoplasmic reticulum of plant

cells and its role in protein maturation and biogenesis of oil bodies. Plant

Mol Biol. 1998;38:1–29.

41. Peltier JB, Ripoll DR, Friso G, Rudella A, Cai Y, Ytterberg J, Giacomelli L,

Pillardy J, van Wijk KJ. Clp protease complexes from photosynthetic and

non-photosynthetic plastids and mitochondria of plants, their predicted

three-dimensional structures, and functional implications. J Biol Chem. 2004;

279:4768–81.

42. Bevan M, Bancroft I, Bent E, Love K, Goodman H, Dean C, Bergkamp R,

Dirkse W, Van Staveren M, Stiekema W, et al. Analysis of 1.9Mb of

contiguous sequence from chromosome 4 of Arabidopsis thaliana. Nature.

1998;391:485–8.

Tamburino et al. BMC Plant Biology  (2017) 17:40 Page 13 of 14

http://www.fao.org/faostat/en/#data/QC/visualize
http://dx.doi.org/10.1101/pdb.emo105
https://solgenomics.net/
http://www.arabidopsis.org/


43. Pogson BJ, Woo NS, Forster B, Small ID. Plastid signalling to the nucleus and

beyond. Trends Plant Sci. 2008;13:602–9.

44. Jarvis P, Lopez-Juez E. Biogenesis and homeostasis of chloroplasts and other

plastids. Nat Rev Mol Cell Biol. 2013;14:787–802.

45. Tiller N, Bock R. The translational apparatus of plastids and its role in plant

development. Mol Plant. 2014;7:1105–20.

46. Zhang ZW, Zhang GC, Zhu F, Zhang DW, Yuan S. The roles of tetrapyrroles

in plastid retrograde signaling and tolerance to environmental stresses.

Planta. 2015;242:1263–76.

47. Estavillo GM, Crisp PA, Pornsiriwong W, Wirtz M, Collinge D, Carrie C, Giraud

E, Whelan J, David P, Javot H, et al. Evidence for a SAL1-PAP chloroplast

retrograde pathway that functions in drought and high light signaling in

Arabidopsis. Plant Cell. 2011;23:3992–4012.

48. Koh J, Chen G, Yoo MJ, Zhu N, Dufresne D, Erickson JE, Shao H, Chen S.

Comparative proteomic analysis of Brassica napus in response to drought

stress. J Proteome Res. 2015;14:3068–81.

49. Hundertmark M, Hincha DK. LEA (late embryogenesis abundant) proteins and

their encoding genes in Arabidopsis thaliana. BMC Genomics. 2008;9:118–39.

50. Kang Y, Han Y, Torres-Jerez I, Wang M, Tang Y, Monteros M, Udvardi M.

System responses to long-term drought and re-watering of two contrasting

alfalfa varieties. Plant J. 2011;68:871–89.

51. Ashraf M, Harris PJC. Photosynthesis under stressful environments: an

overview. Photosynthetica. 2013;51:163–90.

52. Fang Y, Xiong L. General mechanisms of drought response and their

application in drought resistance improvement in plants. Cell Mol Life Sci.

2015;72:673–89.

53. Ruban AV, Berera R, Ilioaia C, van Stokkum IH, Kennis JT, Pascal AA, van

Amerongen H, Robert B, Horton P, van Grondelle R. Identification of a

mechanism of photoprotective energy dissipation in higher plants. Nature.

2007;450:575–8.

54. Chen D, Wang S, Cao B, Cao D, Leng G, Li H, Yin L, Shan L, Deng X.

Genotypic variation in growth and physiological response to drought stress

and re-watering reveals the critical role of recovery in drought adaptation in

maize seedlings. Front Plant Sci. 2016;6:1241.

55. Biswal B, Joshi PN, Raval MK, Biswal UC. Photosynthesis, a global sensor of

environmental stress in green plants: stress signalling and adaptation. Curr

Sci. 2011;101:47–56.

56. Gao S, Niu J, Chen W, Wang G, Xie X, Pan G, Gu W, Zhu D. The

physiological links of the increased photosystem II activity in moderately

desiccated Porphyra haitanensis (Bangiales, Rhodophyta) to the cyclic

electron flow during desiccation and re-hydration. Photosynth Res. 2013;

116:45–54.

57. Zivcak M, Brestic M, Balatova Z, Drevenakova P, Olsovska K, Kalaji HM, Yang

X, Allakhverdiev SI. Photosynthetic electron transport and specific

photoprotective responses in wheat leaves under drought stress.

Photosynth Res. 2013;117:529–46.

58. Huang W, Yang YJ, Hu H, Zhang SB. Different roles of cyclic electron flow

around photosystem I under sub-saturating and saturating light intensities

in tobacco leaves. Front Plant Sci. 2015;6:923.

59. Shikanai T. Regulatory network of proton motive force: contribution of cyclic

electron transport around photosystem I. Photosynth Res. 2016;129:253–60.

60. Tezara W, Mitchell VJ, Driscoll SD, Lawlor DW. Water stress inhibits plant

photosynthesis by decreasing coupling factor and ATP. Nature. 1999;401:914–7.

61. Kanazawa A, Kramer DM. In vivo modulation of nonphotochemical exciton

quenching (NPQ) by regulation of the chloroplast ATP synthase. Proc Natl

Acad Sci U S A. 2002;99:12789–94.

62. Avenson TJ, Cruz JA, Kramer DM. Modulation of energy-dependent

quenching of excitons in antennae of higher plants. Proc Natl Acad Sci U S

A. 2004;101:5530–5.

63. Kohzuma K, Cruz JA, Akashi K, Hoshiyasu S, Munekage YN, Yokota A, Kramer

DM. The long-term responses of the photosynthetic proton circuit to

drought. Plant Cell Environ. 2009;32:209–19.

64. Park HJ, Lee SS, You YN, Yoon DH, Kim BG, Ahn JC, Cho HS. A rice

immunophilin gene, OsFKBP16-3, confers tolerance to environmental stress

in Arabidopsis and rice. Int J Mol Sci. 2013;14:5899–919.

65. Gupta R, Mould RM, He Z, Luan S. A chloroplast FKBP interacts with and

affects the accumulation of Rieske subunit of cytochrome bf complex. Proc

Natl Acad Sci U S A. 2002;99:15806–11.

66. Kosova K, Vitamvas P, Urban MO, Klima M, Roy A, Prasil IT. Biological

networks underlying abiotic stress tolerance in temperate crops- a

Proteomic perspective. Int J Mol Sci. 2015;16:20913–42.

67. Bahrman N, Le Gouis J, Negroni L, Amilhat L, Leroy P, Laine AL, Jaminon O.

Differential protein expression assessed by two-dimensional gel

electrophoresis for two wheat varieties grown at four nitrogen levels.

Proteomics. 2004;4:709–19.

68. Hanke GT, Holtgrefe S, Konig N, Strodtkotter I, Voss I, Scheibe R. Use of

transgenic plants to uncover strategies for maintenance of redox

homeostasis during photosynthesis. In: Adv Bot Res. Oxidative Stress and

Redox Regulation in Plants. 2009. p. 207–51.

69. Heyno E, Innocenti G, Lemaire SD, Issakidis-Bourguet E, Krieger-Liszkay A.

Putative role of the malate valve enzyme NADP-malate dehydrogenase in

H2O2 signalling in Arabidopsis. Philos Trans R Soc Lond B Biol Sci. 2014;369:

20130228.

70. Hebbelmann I, Selinski J, Wehmeyer C, Goss T, Voss I, Mulo P,

Kangasjarvi S, Aro EM, Oelze ML, Dietz KJ, et al. Multiple strategies to

prevent oxidative stress in Arabidopsis plants lacking the malate valve

enzyme NADP-malate dehydrogenase. J Exp Bot. 2012;63:1445–59.

71. Galili G. The aspartate-family pathway of plants. Plant Signaling Behav.

2011;6:192–5.

72. Pires MV, Pereira Junior AA, Medeiros DB, Daloso DM, Pham PA, Barros KA,

Engqvist MKM, Florian A, Krahnert I, Maurino VG, et al. The influence of

alternative pathways of respiration that utilize branched-chain amino acids

following water shortage in Arabidopsis. Plant Cell Environ. 2016;3:1304–19.

73. Harada E, Choi Y-E, Tsuchisaka A, Obata H, Sano H. Transgenic tobacco

plants expressing a rice cysteine synthase gene are tolerant to toxic levels

of cadmium. J Plant Physiol. 2001;158:655–61.

74. Anjum NA, Gill R, Kaushik M, Hasanuzzaman M, Pereira E, Ahmad I, Tuteja N,

Gill SS. ATP-sulfurylase, sulfur-compounds, and plant stress tolerance. Front

Plant Sci. 2015;6:210.

75. Langenkämper G, Manac’h N, Broin M, Cuiné S, Becuwe N, Kuntz M, Rey P.

Accumulation of plastid lipid-associated proteins (fibrillin/CDSP34) upon

oxidative stress, ageing and biotic stress in Solanaceae and in response to

drought in other species. J Exp Bot. 2001;52:1545–54.

76. Thipyapong P, Melkonian J, Wolfe DW, Steffens JC. Suppression of

polyphenol oxidases increases stress tolerance in tomato. Plant Sci. 2004;

167:693–703.

77. Uhrig RG, Ng KKS, Moorhead GBG. PII in higher plants: a modern role for an

ancient protein. Trends Plant Sci. 2009;14:505–11.

78. Miflin BJ, Habash DZ. The role of glutamine synthetase and glutamate

dehydrogenase in nitrogen assimilation and possibilities for improvement in

the nitrogen utilization of crops. J Exp Bot. 2002;53:979–87.

79. Hsieh MH, Goodman HM. The Arabidopsis IspH homolog is involved in the

plastid nonmevalonate pathway of isoprenoid biosynthesis. Plant Physiol.

2005;138:641–53.

80. Gygi SP, Rochon Y, Franza BR, Aebersold R. Correlation between protein and

mRNA abundance in yeast. Mol Cell Biol. 1999;19:1720–30.

81. Kilian J, Whitehead D, Horak J, Wanke D, Weinl S, Batistic O, D’Angelo C,

Bornberg-Bauer E, Kudla J, Harter K. The AtGenExpress global stress

expression data set: protocols, evaluation and model data analysis of UV-B

light, drought and cold stress responses. Plant J. 2007;50:347–63.

82. Winter D, Vinegar B, Nahal H, Ammar R, Wilson GV, Provart NJ. An

“Electronic Fluorescent Pictograph” browser for exploring and analyzing

large-scale biological data sets. PLoS One. 2007;2:e718.

83. Chan KX, Crisp PA, Estavillo GM, Pogson BJ. Chloroplast-to-nucleus

communication: current knowledge, experimental strategies and relationship

to drought stress signaling. Plant Signaling Behav. 2010;5:1575–82.

84. Bobik K, Burch-Smith TM. Chloroplast signaling within, between and beyond

cells. Front Plant Sci. 2015;6:781.

85. Chan KX, Phua SY, Crisp P, McQuinn R, Pogson BJ. Learning the languages

of the chloroplast: retrograde signaling and beyond. Annu Rev Plant Biol.

2016;67:5.1-5.29.

86. Yamburenko MV, Zubo YO, Vankova R, Kusnetsov VV, Kulaeva ON, Borner T.

Abscisic acid represses the transcription of chloroplast genes. J Exp Bot.

2013;64:4491–502.

87. Yamburenko MV, Zubo YO, Borner T. Abscisic acid affects transcription of

chloroplast genes via protein phosphatase 2C-dependent activation of

nuclear genes: repression by guanosine-3-5-bisdiphosphate and activation

by sigma factor 5. Plant J. 2015;82:1030–41.

Tamburino et al. BMC Plant Biology  (2017) 17:40 Page 14 of 14


	Abstract
	Background
	Results
	Conclusions

	Background
	Methods
	Plant material and drought treatment
	Abscisic acid determination
	Proline determination
	Pigments determination
	Chloroplast isolation
	Plastid protein extraction and 2D-DIGE analysis
	Protein identification by mass spectrometry
	SDS-PAGE and western blot analysis
	qRT-PCR
	Statistical analysis

	Results
	Morphological, physiological and biochemical responses to drought stress
	Chloroplast proteome
	Correlation of gene expression with protein abundance
	Chloroplast-to-nucleus communication in tomato plants

	Discussion
	Conclusions
	Additional files
	Abbreviations
	Acknowledgments
	Funding
	Availability of data and materials
	Authors’ contributions
	Competing interests
	Consent for publication
	Ethics approval and consent to participate
	Author details
	References

