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Abstract 1 

Background and aims: Water deficit is the most serious environmental factor limiting 2 

agricultural production. In this work we studied the tolerance to water stress (WS) of 3 

transgenic plum lines harbouring transgenes encoding cytosolic antioxidant enzymes, 4 

with the aim of achieving the durable resistance of commercial plum trees.  5 

Methods: The acclimatization process was successful for two transgenic lines: line C3-6 

1, co-expressing superoxide dismutase (2 copies) and ascorbate peroxidase (1 copy) 7 

transgenes simultaneously; and line J8-1, harbouring 4 copies of the cytosolic ascorbate 8 

peroxidase gene. Plant water relations, chlorophyll fluorescence and the levels of 9 

antioxidant enzymes were analysed in both lines submitted to moderate (7 days) and 10 

severe (15 days) WS conditions. Additionally, in line J8-1, showing the best response in 11 

terms of stress tolerance, a proteomic analysis and the relative gene expression of two 12 

stress-responsive genes were carried out. 13 

Key results: Line J8-1 exhibited an enhanced stress tolerance that correlated with better 14 

photosynthetic performance and a tighter control of water use efficiency. Furthermore, 15 

this WS tolerance also correlated with a higher enzymatic antioxidant capacity than wild 16 

type (WT) and line C3-1 plum plants. On the other hand, line C3-1 displayed an 17 

intermediate phenotype between WT plants and line J8-1 in terms of WS tolerance. 18 

Under severe WS, the tolerance displayed by J8-1 plants could be due to an enhanced 19 

capacity to cope with drought-induced oxidative stress. Moreover, proteomic analysis 20 

revealed differences between WT and J8-1 plants, mainly in terms of the abundance of 21 

proteins related with carbohydrate metabolism, photosynthesis, antioxidant defences 22 

and protein fate.  23 

Conclusions: The transformation of plum plants with cytapx has a profound effect at 24 

the physiological, biochemical, proteomic, and genetic levels, enhancing WS tolerance. 25 

Although further experiments under field conditions will be required, we propose that 26 

J8-1 plants would be an interesting Prunus-rootstock for coping with climate change. 27 

 28 

 29 

Keywords: antioxidative metabolism, cytosolic ascorbate peroxidase, cytosolic 30 

superoxide dismutase, drought, genetic engineering, Prunus domestica, stress tolerance. 31 
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Introduction 1 

The acclimation of plants to unfavourable environmental conditions requires a 2 

new state of cellular homeostasis achieved by a fine balance between multiple pathways 3 

in different cellular compartments. Abiotic stress conditions exert adverse effects on 4 

plant growth and development by inducing many metabolic changes, such as the 5 

occurrence of oxidative stress due to the enhanced production of reactive oxygen 6 

species (ROS) (Hernández et al., 2004; Diaz-Vivancos et al., 2013). Despite their 7 

potential to cause oxidative damage to cells during environmental stresses, recent 8 

studies have shown that, even under stress situations, ROS play a key role in the signal 9 

transduction pathways involved in adjusting the cellular machinery to the altered 10 

conditions and, therefore, in mediating the responses to unfavourable environmental 11 

conditions (Jaspers and Kangasjärvi, 2010; Miller et al., 2010). It has been widely 12 

documented that increased ROS production under biotic stress is part of a defence 13 

response that orchestrates the plant hypersensitive response, whereas the role of ROS 14 

during drought stress is not yet fully understood (Noctor et al., 2014). ROS are tightly 15 

controlled at both the production and consumption levels, and they can modulate many 16 

signal transduction pathways and ultimately influence the activity of transcription 17 

factors (Jaspers and Kangasjärvi, 2010).  18 

Water shortage is becoming a worldwide problem. Agriculture consumes far 19 

more water than any other activity (Alscher et al., 1997). Numerous studies have clearly 20 

shown that plant water deficit mainly affects photosynthetic CO2 assimilation and 21 

increases photorespiration, altering the cellular redox homeostasis, and therefore sets a 22 

limit to plant growth and productivity (Flexas et al., 2002; Galle et al., 2009). Under 23 

stress conditions, enhanced ROS production results from an increased production of 24 

superoxide (O2
·-), due to reduced CO2 availability and the over-reduction of the 25 

photosynthetic electron transport chain (Asada, 2006). Under water stress, ROS could 26 

therefore reach extremely deleterious levels and initiate uncontrolled oxidative 27 

cascades. To cope with oxidative stress, plants have developed an efficient antioxidative 28 

system, including both enzymatic and non-enzymatic compounds, that modulates 29 

intracellular ROS concentrations and thus sets the cellular redox homeostasis. Among 30 

the non-enzymatic scavengers, low molecular weight compounds such as ascorbate 31 

(ASC) and glutathione (GSH) are involved, while the main enzymatic arsenal of ROS 32 

scavengers includes enzymes such as superoxide dismutase (SOD, EC 1.15.1.1); 33 

catalase (CAT, EC 1.11.1.6); peroxidase (POX, EC 1.11.1.7); and the ASC-GSH cycle 34 
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enzymes [ascorbate peroxidase (APX, EC 1.11.1.11); dehydroascorbate reductase 1 

(DHAR, EC 1.8.5.1); monodehydroascorbate reductase (MDHAR, EC 1.6.5.4); and 2 

glutathione reductase (GR, EC 1.8.1.7)] (Noctor and Foyer, 1998; Asada, 1999).  3 

Uncovering the mechanisms that control ROS homeostasis and signalling in 4 

cells could therefore constitute an innovative strategy to enhance the tolerance of crops 5 

to environmental stresses. Accordingly, genetic engineering has been widely used to 6 

improve tolerance against oxidative stress and, ultimately, to maintain the productivity 7 

of plants under stress conditions. The transformation of plants using genes encoding 8 

antioxidant defences and its effect on abiotic and biotic stress tolerance has been 9 

described in vegetables with contrasting results. The divergences have usually been 10 

attributed to the complexity of the scavenging pathway, because modification of one 11 

enzyme may not affect the pathway as a whole. In previous works, we have described 12 

that transgenic tobacco (Nicotiana tabacum cv. Xanthi) plants overexpressing both 13 

cytosolic Cu/Zn-SOD (cytsod) and cytosolic APX (cytapx), or at least cytapx, showed 14 

increased tolerance to mild water-stress and to biotic stress (Faize et al., 2011, 2012). 15 

Recently, we have generated transgenic plum plants over-expressing cytsod and/or 16 

cytapx genes, and, interestingly, these plants have shown higher regeneration efficiency 17 

and enhanced vigour in in vitro conditions with respect to the wild type plum plants 18 

(Faize et al., 2013). Furthermore, over-expression of these two transgenes enhanced the 19 

tolerance to salt stress of the in vitro plum plants (Diaz-Vivancos et al., 2013).  20 

In recent years, as a consequence of the intensification of water stress and the 21 

limited potential for additional water supply, increasing emphasis has been placed on 22 

the improvement of water-use efficiency. The aim of this work was to test if increasing 23 

the antioxidant capacity of plum plants could achieve durable drought tolerance under 24 

greenhouse conditions. To achieve this goal, we acclimatized some of the transgenic 25 

plum lines described above to ex vitro conditions (Diaz-Vivancos et al., 2013; Faize et 26 

al., 2013) and studied the effect of water stress on photosynthesis, water potential, 27 

antioxidative metabolism, and the differential expression of proteins and genes. Our 28 

results suggest that the transformation of plum plants with the cytapx gene enhances 29 

tolerance to water stress in plum plants via modifications at the physiological, 30 

biochemical, proteomic, and genetic levels.  31 

 32 

 33 

 34 
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Material and Methods 1 

Plant material and water stress (WS) assays 2 

Transgenic plum (cv. Claudia verde) plants overexpressing cytsod from Spinacia 3 

oleracea and/or cytapx from Pisum sativum were obtained using a previously described 4 

co-transformation method (Faize et al., 2011; Diaz-Vivancos et al., 2013; Faize et al., 5 

2013). For all the transgenic lines, we previously confirmed the higher expression levels 6 

of the ctysod and cytapx genes as well as the greater enzymatic activity with respect to 7 

non-transformed plants (Diaz-Vivancos et al., 2013). In vitro rooted plants were 8 

transferred to pots with a mix of silica sand and peat substrate (1:2) enclosed in plastic 9 

bags and acclimatized to ex vitro conditions in a growth chamber (24/18ºC, 70% 10 

relative humidity, and 500 µmol m-2 s-1 light, with a 16-h photoperiod). The relative 11 

humidity was decreased by progressively opening the plastic bags during a period of 4-5 12 

weeks.  13 

After acclimatization, the plants were grown in a greenhouse equipped with a 14 

cooling system for eight weeks. Then, non-transformed (WT) and transgenic plants 15 

were deprived of irrigation for 7 d (mild stress) or 15 d (severe stress). A preliminary 16 

assay involving the visual symptomatology of stress and gas exchange measurements 17 

was performed in order to select the water stress conditions. Under control conditions, 18 

the plants were watered every 4 d during the experiment.  19 

Plant water relations and chlorophyll fluorescence 20 

Gas exchange parameters (net photosynthesis rate, NP, and leaf stomatal 21 

conductance, GS) were measured at noon (11:00 – 12:00 GMT) with a portable 22 

photosynthesis system (LI-6400, LICOR Inc., Lincoln, NE, USA) equipped with a LI-23 

6400-40 Leaf Chamber Fluorometer (LI-6400, LICOR Inc.) and a LICOR 6400-01 CO2 24 

injector. Measurements were performed on leaves (3rd to 5th node) that were placed in a 25 

2-cm2 leaf cuvette, under a light intensity of 500 µmol m-2 s-1. The CO2 concentration in 26 

the LI-6400 leaf chamber was set to 400 µmol mol-1 air, the leaf chamber temperature 27 

was set to 25ºC, and the relative humidity of the incoming air ranged between 40% and 28 

60%. The intrinsic water use efficiency (WUE) was calculated as the NP/gs balance 29 

registered.  30 

The stem water potential (Ѱ) was measured at noon (12:00 – 13:00 GMT) using 31 

a pressure chamber (Model PMS 3000; Soilmoisture Equipment Corp. USA). For each 32 
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plant, one healthy, fully-exposed, and expanded mature leaf was enclosed within a 1 

polyethylene bag covered with aluminium foil for at least 2 h before the measurement. 2 

The fluorescence of chlorophyll was measured with a chlorophyll fluorometer 3 

(IMAGIM-PAM M-series, Heinz Walz, Effeltrich, Germany) according to Clemente-4 

Moreno et al. (2013). The effective PSII quantum yield [Y(II)], the non-photochemical 5 

quenching (NPQ), and the coefficients of non-photochemical quenching (qN) and 6 

photochemical quenching (qP) were analysed in young (3rd node) and old leaves (8th 7 

node). 8 

Antioxidant enzymes extraction and assays 9 

All operations were performed at 4ºC. Leaf (3rd to 5th node) samples (1-2 g fresh 10 

weight) were homogenized with an extraction medium (1/3, w/v) containing 50 mM Tris-11 

acetate buffer (pH 6.0), 0.1 mM EDTA, 2 mM cysteine, 50 mM CaCl2, 0.2% (v/v) Triton 12 

X-100, 2% (w/v) polyvinylpoly-pyrrolidone (PVPP), and 1% (w/v) polyvinyl-pyrrolidone 13 

(PVP). For APX activity, 20 mM ascorbate was added to the extraction medium. The 14 

extracts were filtered through two layers of nylon cloth and centrifuged at 13000 rpm for 15 

10 min. The supernatant fraction was filtered on Sephadex G-25 NAP columns 16 

equilibrated with the same buffer used for the homogenization. For the APX activity, 2 17 

mM sodium ascorbate was added to the equilibration buffer.     18 

The activities of the ASC-GSH cycle enzymes, POX, CAT, and SOD, were 19 

assayed as described in Diaz-Vivancos et al. (2006, 2008, 2013). All measurements were 20 

carried out in at least three replicates. Protein was estimated according to Bradford 21 

(1976).  22 

Proteomic analysis 23 

 Protein extraction and precipitation were performed on plum leaf (3rd to 5th 24 

node) samples (1 g), as described in Clemente-Moreno et al. (2013). Proteins were 25 

resolved by 2DE using IEF (18cm IPG strip pH 4-7, GE Healthcare) as a first 26 

dimension and SDS-PAGE [12.5% acrylamide gels in an Ettan Dalt-six (GE 27 

Healthcare)] as a second dimension according to Görg et al., (2004). Colloidal CBB 28 

stained (Neuhoff et al., 1988) gel images were acquired using a transmission-light 29 

scanner (Image Scanner, GE-Healthcare) and analysed with Progenesis Samespots v4.0 30 

(Nonlinear Dynamics, Newcastle, UK). Spots whose normalized volume varied across 31 

the experiment and passed a power test (p>0.8) in three replicates were selected based 32 

on ANOVA (p<0.02). The abundance patterns of the selected spots were analysed and 33 



7 
 

grouped by hierarchical clustering, assessed by principal component analysis 1 

implemented in Progenesis SameSpots (Martinez-Esteso et al., 2009). Protein 2 

identification was performed by liquid chromatography coupled to tandem mass 3 

spectrometry (LC-MS/MS) as described by Martinez-Esteso et al., (2011), in the 4 

PROTEORED© proteomic facility of the University of Alicante (Spain). For each 5 

polypeptide identified the "% Coverage" is given, which stands for the percentage of the 6 

total protein amino acid sequence that is covered by the amino acid sequences of the 7 

identified peptides assigned to that particular protein. This result is automatically 8 

calculated by the search engine for each of the proteins identified in a search job. 9 

Gene expression analysis by qRT-PCR 10 

We studied the expression of two genes that regulate plant responses to 11 

environmental stresses: the Prunus persica dehydration-responsive element-binding 12 

protein (PpDREB) and the Prunus domestica Pathogenesis-Related Protein-10 (PdPR-13 

10).   14 

Briefly, leaves isolated from line J8-1 and WT plants were snap-frozen in liquid 15 

nitrogen and stored at -80ºC until use. RNA was extracted from each set using the 16 

RNeasy Plant Mini Kit (QIAGEN, Hilden, Germany), according to the manufacturer’s 17 

instructions. The expression levels of DREB, PR-10, and the β-actin gene, used for 18 

normalization, were determined as described in Faize et al. (2013), by real-time RT-19 

PCR using the GeneAmp 7500 sequence detection system (Applied Biosystems, Foster 20 

City, CA, USA). The accessions and primer sequences are given below: 21 

PpDREB (EF635424.1; forward 5’TTCTCCACCTCAATGCTCAG’3; reverse 22 

5’TTGGCATCAGCTTCAGTTTC’3) 23 

PdPR-10 (EU117123.1 forward 5’ACAGGGTTGTTGGGCACTTG’3; reverse 24 

5’TCTGCAACTTGATCCAAACAAAA’3) 25 

β-actin [multiple alignment of four Prunus sequences (AF321852, AB046952, 26 

AM4931134, and AB046952); forward 5’TGCCTGCCATGTATGTTGCCATCC’3; 27 

reverse 5’AACAGCAAGGTCAGACGAAGGAT’3] 28 

Relative quantification of gene expression was calculated by the Delta-Delta Ct 29 

method, using WT plants under control conditions as a reference sample. 30 

Statistical analysis 31 

 The effects of WS on the different parameters measured were tested by an 32 

ANOVA. F-values and probabilities associated with the main effects and possible 33 
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interactions are indicated where appropriate. Irrigation treatments were compared with 1 

the well-watered control plants within each type of plant (i.e. irrigated vs. non irrigated 2 

transgenic C3-1 or J8-1 as well as irrigated vs. non-irrigated WT) by a Dunnett’s test. 3 

Statistical procedures were carried out with the SAS software package. 4 

 5 

 6 

Results 7 

Acclimation, growth parameters, and drought tolerance  8 

Out of the five transgenic lines displaying enhanced salt tolerance under in vitro 9 

conditions (Diaz-Vivancos et al., 2013), the acclimatization process to ex vitro 10 

conditions was only completely successful in the following two lines: line C3-1, 11 

simultaneously co-expressing cytsod (2 copies) and cytapx (1 copy);, and line J8-1, 12 

harbouring 4 copies of cytapx. To test whether overexpression of cytosolic enzymatic 13 

antioxidants in plum plants could enhance drought tolerance, WT and transgenic plants 14 

(lines C3-1 and J8-1) were deprived of irrigation for 7d (mild stress) or 15d (severe 15 

stress). As a consequence of a faster growth rate, J8-1 plants were taller than the WT 16 

and line C3-1 plants under control and WS conditions (Fig. 1 and Supplementary data 17 

Fig. S1). Leaf area was also measured in order to check morphological variations 18 

among lines, and the leaves from C3-1 plants were bigger than the leaves from WT and 19 

J8-1 plants. Under WS conditions a decrease in the leaf area was observed, but 20 

differences were only statistically significant in line C3-1. This reported decrease was 21 

due to reduced leaf expansion relative to well-watered plants, because no leaf drop was 22 

observed in the stress situation (Fig. 1 and Supplementary data Fig. S1). Moreover WS 23 

produced a decrease in the height of WT and line C3-1 plants, whereas changes in plant 24 

height were observed in J8-1 plants (Fig. 1 and Supplementary data Fig. S1)).  25 

Plant water relations and chlorophyll fluorescence 26 

The effect of water stress on net photosynthesis (NP), stomatal conductance 27 

(GS), stem water potential (Ѱ), and water-use efficiency (WUE) was studied in WT and 28 

transgenic plants (Table 1). The line and irrigation treatment, as well as the interaction 29 

between the two, had a significant effect on Ѱ. Net photosynthesis was significantly 30 

affected by both factors (Line and irrigation treatment), but no interaction between 31 

factors was observed. Stomatal conductance was significantly affected by the WS 32 
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treatment, whereas WUE values were affected by both the irrigation treatment and the 1 

interaction Line x WS (Table 1). 2 

The NP and Ѱ were reduced by WS in the WT and transgenic plants, although 3 

line J8-1 was less affected (Table 1). Decreases of 85% and 356% in Ѱ values were 4 

observed in WT and C3-1 plants after 7 d and 15 d WS, respectively, whereas in J8-1 5 

plants decreases of 47% and 249% were observed (Table 1). Under WS conditions, net 6 

photosynthesis declined by up to 72% and 51% in WT and C3-1 plants, respectively. In 7 

J8-1 plants, a decrease in NP of 37% was recorded for both irrigation treatments (Table 8 

1). While no significant differences were found in J8-1 plants for the WUE values, a 9 

strong drop was observed in WT plants after 15 d of WS (a 62% decrease), whereas line 10 

C3-1 showed an intermediate response (35% decrease under severe WS conditions). 11 

These results suggest that the J8-1 plants exhibited a WS tolerance phenotype. 12 

Different chlorophyll fluorescence parameters such as PSII quantum yield 13 

[Y(II)], non-photochemical quenching (NPQ), and the coefficients of non-14 

photochemical quenching (qN) and photochemical quenching (qP) were recorded in 15 

young (3rd node) and old leaves (8th node) of WT and transgenic plants. Under control 16 

conditions, only slight differences between young and old leaves and between WT and 17 

transgenic plants were recorded in these parameters, whereas under WS different 18 

responses were observed (Figs. 2 and 3). In young leaves, Y(II) decreased progressively 19 

with the time of exposure to WS in both WT and transgenic plants, and this decrease 20 

was more pronounced in WT and C3-1 plants than in J8-1 plants. In old leaves of WT 21 

and C3-1 plants, the decrease in Y(II) was more noticeable, whereas the old leaves of 22 

J8-1 plants showed Y(II) values similar to those observed in young leaves at 7d WS 23 

(Figs. 2 and 3). The decline in Y(II) was accompanied by a reduction in the qP, 24 

indicating an alteration of the photosynthetic apparatus. In the WT and C3-1 plants, qP 25 

was drastically reduced by WS, mainly in old leaves, whereas the decrease was less 26 

marked in J8-1 plants, which seem to exert a better control over this parameter under 27 

WS conditions (Figs. 2 and 3). 28 

The NPQ and its coefficient qN showed different behaviours depending on the 29 

age of the leaves, the WS treatment, and the plant analysed. In young WT leaves, NPQ 30 

and qN were reduced by WS, whereas in old leaves an increase in both parameters was 31 

observed (Figs. 2 and 3). In the young leaves of C3-1 plants, NPQ and qN decreased 32 

under moderate WS, whereas an increase in both parameters was recorded in severe WS 33 

conditions. In old C3-1 leaves, however, both parameters increased progressively with 34 
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the time of exposure to WS (Fig. 3). In both young and old leaves of J8-1 plants 1 

submitted to moderate WS, an increase in NPQ and qN was observed, although this 2 

increase was more evident in old leaves. At 15d WS, however, a decrease in both 3 

parameters was observed (Figs. 2 and 3).  4 

Antioxidant enzyme analysis 5 

The effect of WS on the activity of antioxidant enzymes was studied in the WT 6 

and transgenic plum lines. The Line and irrigation treatment, as well as their interaction, 7 

had a significant effect on the DHAR, POX, CAT, and SOD activities. The APX, 8 

MDHAR and GR activities were affected by the Line and WS factors, but no interaction 9 

between the two was observed (Table 2). In addition, under control conditions, line C3-10 

1 displayed statistically significantly lower GR and POX activity and higher SOD 11 

activity than WT plants. Line J8-1, on the other hand, showed significantly higher APX 12 

and lower POX activity values than WT plants (Table 2). It is worthy to note that under 13 

control conditions line C3-1, harbouring 2 copies of cytsod, showed 3- and 2.5-fold 14 

higher SOD activity than WT and J8-1 plants, respectively (Table 2). 15 

Despite the decrease in APX activity after WS in WT and transgenic plants, no 16 

differences between moderate and severe WS were observed in transgenic lines as 17 

compared with the well-irrigated (control) plants. Nevertheless, WT plants showed a 18 

drop in APX activity of 31% after 7d WS and 60% after 15d WS, although these 19 

differences were only statistically significant under severe WS conditions (Table 2). 20 

Water deprivation produced an increase in the MDHAR and GR activities in 21 

both WT and J8-1 plants, whereas no differences were observed in line C3-1 (Table 2). 22 

In WT plants, the enhancement of these activities was independent of the severity of the 23 

stress, whereas in line J8-1 these antioxidant activities increased in accordance with the 24 

stress severity. Specifically, under severe WS, line J8-1 exhibited 1.6- and 1.4-fold 25 

increases in MDHAR and GR activities, respectively (Table 2). Regarding DHAR, 26 

different behaviours were observed under WS. In WT plants, DHAR decreased about 27 

43% under severe WS, whereas in line C3-1 a 57% decrease was recorded under 28 

moderate WS. Line J8-1, on the other hand, showed increased DHAR activity under 29 

moderate WS (up to 25%, but differences were not statistically significant), yet no 30 

differences were observed under severe WS (Table 2). 31 

The POX activity markedly decreased under moderate WS (1.6-fold) and 32 

strongly increased (1.5-fold) under severe WS in WT plants. Nevertheless, in transgenic 33 
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plants no significant differences in POX activity were observed under moderate WS, 1 

whereas a strongly significant increase (2-fold) occurred under severe WS (Table 2). 2 

Water deprivation enhanced SOD activity in both WT and J8-1 plants in a stress-3 

severity-dependent manner, but the stimulation was much higher in line J8-1, in which 4 

2.5- and 3.7-fold increases were recorded under moderate and severe WS, respectively 5 

(Table 2). On the other hand, WS treatment also produced an approximately 2.4-fold 6 

increase in SOD activity in C3-1 plants (Table 2). Finally, CAT activity slightly 7 

increased in WT plants under severe WS only, whereas the transgenic plants submitted 8 

to 15d WS, lines C3-1 and J8-1, showed an increase in CAT activity of 3.5- and 5.2-9 

fold, respectively (Table 2). 10 

Proteomic analysis 11 

Due to the fact that line C3-1 showed a similar phenotype to WT plants in terms 12 

of WS tolerance, we studied the effect of WS on differential protein expression in WT 13 

and J8-1 leaves using a proteomic approach. Among the 28 spots with positive protein 14 

identification by LC-MS/MS, a total number of 42 polypeptides were validated using a 15 

multivariant statistical analysis. The hierarchical clustering analysis made it possible to 16 

identify seven distinct groups of spots according to their abundance pattern 17 

(Supplementary Data Fig. S2). Eight spots contained more than one polypeptide, and 18 

the same polypeptide was also identified in more than one spot. The identified proteins 19 

whose functions are of interest to this study are shown in Table 3. The results show that 20 

WS mainly affected the polypeptides related to photosynthesis and carbohydrate 21 

metabolism. We also identified an ATP synthase, a protein similar to a Heat Sock 22 

Protein 60 (HSP60; involved in responses to stress); an elongation factor (involved in 23 

protein synthesis); and an APX (Table 3). 24 

In WT plants, the polypeptides related with carbohydrate metabolism were 25 

affected by WS as follows: phosphoglycerate kinase abundance decreased at 7d WS, 26 

whereas fructose-bisphosphate aldolase and glyceraldehyde-phosphate dehydrogenase 27 

abundance increased at 15d WS (Table 3). The protein abundance of the ATP synthase, 28 

the HSP60, and the polypeptides related to photosynthesis [light-harvesting complex II 29 

protein Lhcb5 and photosystem II oxygen-evolving enhancer protein 1 (OEE1)] had 30 

decreased by 7d WS and increased by 15d WS in WT plants when compared with non-31 

stressed plants. Elongation factor abundance had increased by 7d WS and strongly 32 
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decreased by 15d WS in WT plants, whereas no important changes were observed in 1 

APX protein abundance (Table 3). 2 

Under control conditions, of all the polypeptides identified, only 3 

phosphoglycerate kinase abundance was lower in J8-1 plants than in WT plants (Table 4 

3). When submitted to WS, J8-1 plants also displayed greater protein abundance for 5 

most of the polypeptides than the WT control plants (Table 3). In accordance with the 6 

measured APX activity (Table 2), and as expected, an increase in APX protein 7 

abundance was observed in well-watered J8-1 plants. Under WS, the abundance of APX 8 

in J8-1 plants was lower than under control conditions, but levels nevertheless remained 9 

much higher than in WT plants (Table 3). 10 

Gene expression of stress-responsive genes  11 

The effect of WS on the expression of PpDREB and PdPR-10 genes, both 12 

involved in plant responses to environmental stresses (Agarwal et al., 2006; Dubos and 13 

Plomion, 2001), was also studied in WT and J8-1 plants. DREB transcription factors 14 

have been widely described as regulators in the response to abiotic stresses, particularly 15 

dehydration (Agarwal et al., 2006; Li et al., 2005), whereas PR-10 family proteins are 16 

induced by both biotic and abiotic stresses (Dubos and Plomion, 2001; Park et al., 17 

2004). Both the line and irrigation treatment, as well as the interaction of the two 18 

factors, had a significant effect on PdPR-10 expression. PpDREB expression, on the 19 

other hand, was affected by the irrigation treatment and the interaction between the line 20 

and the irrigation treatment (Fig. 4).  21 

Under control conditions, the PR-10 gene expression of transgenic plants was 22 

apparently similar to that of WT plants, whereas the expression of DREB was 3-fold 23 

higher (Fig. 4). In plants submitted to WS, PR-10 expression significantly increased 24 

with the time of exposure, by up to 7- and 2.l-fold in WT and J8-1 plants, respectively. 25 

The induction of PR-10 gene expression was somewhat faster in WT plants: after 7d 26 

WS, a 4-fold increase was recorded in the WT whereas in J8-1 plants no differences 27 

were observed (Fig. 4).  28 

The expression of DREB was different depending on the plant material analysed. 29 

In WT plants, a 3-fold increase at moderate WS was observed, whereas under severe 30 

WS the expression level of this gene decreased, but differences were not significant 31 

(Fig. 4). In J8-1 plants submitted to WS, however, a significant decrease in the 32 

expression of DREB was observed when compared with well-watered J8-1 plants. In the 33 
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stressed J8-1 plants, the DREB expression level had decreased by 63% and 92% by 7d 1 

and 15d WS, respectively (Fig. 4). 2 

 3 

 4 

 5 

Discussion  6 

The occurrence of oxidative stress is a common effect of many abiotic stresses. 7 

For this reason, we have taken the straightforward approach of attempting to improve 8 

stress tolerance in plants by modifying their ability to scavenge the ROS that are 9 

generated during stress (Miller et al., 2010). Although this approach has been used in 10 

many crops, mainly in herbaceous species, it does not always produce the desired effect 11 

due to the complexity of the ROS scavenging and signalling pathways. On the other 12 

hand, very few papers have examined the impact of the expression of the antioxidant 13 

enzymes on the technically difficult and largely intractable woody perennial species. 14 

We produced transgenic plum plants harbouring cytosolic Cu/Zn-sod (cytsod) from 15 

Spinacia oleracea and/or cytosolic apx1 (cytapx) from Pisum sativum. These transgenic 16 

plum plants exhibited a better multiplication rate and enhanced tolerance to salt stress 17 

under in vitro conditions (Diaz-Vivancos et al., 2013; Faize et al., 2013). In this work 18 

we have tested the response of a double transformant line (C3-1) and a cytapx 19 

overexpressing line (J8-1) against water stress (WS) under greenhouse conditions. 20 

Unlike transgenic tobacco plants harbouring the same transgenes (Faize et al., 2011), in 21 

this study only line J8-1 (harbouring cytapx) displayed enhanced drought tolerance. It is 22 

worth mentioning that while the tobacco double transformant line displayed a WS 23 

tolerance phenotype, the double transformant plum line (C3-1) exhibited a similar 24 

response to WT plants in terms of stress tolerance. 25 

The overexpression of APX to enhance stress tolerance has been well 26 

documented by several authors (Wang et al., 2005; Li et al., 2009; Faize et al., 2011; 27 

Singh et al., 2014). However, these aforementioned studies were performed on 28 

herbaceous plants, and, to date, no studies have addressed this topic in woody plants or 29 

fruit trees. Under stress conditions, antioxidants function as redox buffers that interact 30 

with ROS and act as a metabolic interface that modulates the appropriate induction of 31 

acclimation/tolerance responses (Foyer and Noctor, 2005). The degree of drought 32 

tolerance could be correlated with the level of induction of the antioxidant system (Cruz 33 
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de Carvalho, 2008). Mittler and Zilinskas (1994) described for the first time that, in 1 

plants subjected to WS, increases in antioxidant enzymes correlated with stomatal 2 

closure, the situation in which ROS would be expected to increase. Under our 3 

experimental conditions, the WS tolerance exhibited by J8-1 plants correlated with a 4 

reduction of about 30% in gs and a slight decrease in NP that led to a tight control of the 5 

WUE value. Furthermore, the WS tolerance in J8-1 plants also correlated with enhanced 6 

MDHAR, GR, POX, CAT, and SOD activities. Ascorbate and GSH are key components 7 

of redox homeostasis and signalling pathways. The increase in MDHAR and GR (ASC 8 

and GSH recycling enzymes) could therefore have contributed to the restoration of the 9 

cellular redox state, leading to an alleviation of the WS-induced oxidative stress. In C3-10 

1 plants submitted to WS, an increase in POX, CAT and SOD activities was also 11 

recorded, accompanied by a strong drop in NP and decreased WUE. C3-1 plants are 12 

therefore an intermediate phenotype in terms of WS tolerance.  13 

Photosynthesis is among the main processes affected by drought, as a 14 

consequence of the reduced CO2 availability due to stomatal closure and the occurrence 15 

of oxidative stress (Chaves et al., 2003). Chloroplast metabolism was affected in plum 16 

plants, as reflected in the alteration of certain chlorophyll fluorescence parameters such 17 

as Y(II), qP, NPQ, and qN. Y(II) represents the proportion of the light absorbed by 18 

chlorophyll associated with PSII that is used for photochemistry, whereas qP gives an 19 

indication of the proportion of the PSII reaction centres that are open (Maxwell and 20 

Johnson, 2000). Under WS conditions, J8-1 plum plants showed higher Y(II) and qP 21 

values than WT and C3-1 plants, indicating a lesser reduction of the electron transport 22 

efficiency. It has been described that a decrease in qP is associated with an increase in 23 

the lifetime of the exciton in PSII, which can increase the probability of chlorophyll 24 

triplet formation and the associated formation of singlet oxygen (Foyer et al., 1994), 25 

contributing to the stress-induced oxidative stress. NPQ and qN are related with the safe 26 

dissipation of excess energy, and the maintenance or increase of these parameters under 27 

stress situations has been associated with a protective response to avoid photoinhibitory 28 

damage to the reaction centres (Rahoutei et al., 2000). In WT plants submitted to WS, 29 

NPQ and qN strongly decreased in young leaves but slightly increased in old leaves, 30 

which indicates that young leaves are more sensitive to drought. Line C3-1 showed an 31 

increase in non-photochemical quenching parameters under WS conditions, but this 32 

response does not seem to be enough to counteract the stress-induced oxidative stress. 33 
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In J8-1 plants, however, an increase in NPQ and qN under moderate WS, as well as 1 

high values for photochemical quenching parameters under severe WS, suggest that 2 

metabolic changes determined by the overexpression of ctyapx protect the 3 

photosynthetic apparatus. In fact, although the stress situation decreased NP in all the 4 

assayed plants, the decline in this parameter was much less marked in J8-1 than in WT 5 

and C3-1 plants, indicating some degree of acclimation to the imposed stress of those 6 

plants transformed with cytapx (Badawi et al., 2004; Eltayeb et al., 2007). The strong 7 

decrease in NP observed in C3-1 plants correlated with low values of gs, whereas in WT 8 

plants no differences in gs were recorded.  9 

The proteomic approach provided information about the response to drought 10 

stress in plum, i.e., WS affected proteins involved in photosynthesis, carbohydrate 11 

metabolism, antioxidant defence, and protein fate (protein synthesis, folding). Under 12 

WS, WT plants showed a lower abundance of phosphoglycerate kinase (PGK) than J8-1 13 

plants. PGK is an ATP-generating enzyme in glycolysis, and it also participates in 14 

gluconeogenesis and the Calvin cycle. Regarding energy requirements, severe WS 15 

increased the abundance of ATP synthase in both plum lines. ATP synthase is also 16 

induced in cotton plants subjected to drought stress and in salt-stressed rice plants (Kim 17 

et al., 2005; Deeba et al., 2012). ATP synthase plays a central role in energy 18 

transduction, and its induction is explained by the increase in energy input needed to 19 

meet the energy demand under stress conditions (Kottapalli et al., 2009). Under 20 

moderate stress, but not under severe stress, fructose-bisphosphate aldolase and 21 

glyceraldehyde-phosphate dehydrogenase abundance also decreased in WT plants. 22 

These proteins are involved in the same pathways as PGK, suggesting an imbalance in 23 

these important pathways under WS in WT plants. Increases in the protein abundance of 24 

PGK and glyceraldehyde-phosphate dehydrogenase have also been described in 25 

grapevine in response to water deficit (Cramer et al., 2013).  26 

As expected, and as occurred for Lhcb5, the protein abundance of APX was 27 

higher in J8-1 than in WT plants both under control conditions and during the 28 

progression of the stress, indicating a relevant role for APX in the response to WS. The 29 

APX protein level and activity also increased during the progression of WS as well as 30 

following recovery in pea plants (Mittler and Zilinskas, 1994). Long-term WS also 31 

increased the abundance of APX in grape berry skins (Grimplet et al., 2009) and in a 32 

poplar population adapted to a dry climate (Xiao et al., 2009). The APX activity values 33 
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were not completely correlated with the data observed in protein abundance. Some 1 

authors have reported that post-translational modifications can alter the APX activity. In 2 

a recent work, Begara-Morales et al. (2014) showed that the post-translational 3 

modifications mediated by nitric oxid-derived molecules can regulate APX activity. 4 

The effect of WS on the oxygen-evolving enhancer protein (OEE1) protein was 5 

different in WT and J8-1 plants. Under severe conditions, the OEE1 protein decreased 6 

in J8-1 plants but increased in WT plants. A decrease in OEE protein has also been 7 

reported in a drought-tolerant peanut genotype as an effect of WS (Kottapalli et al., 8 

2009). These authors suggested that the photosynthetic machinery may be reversibly 9 

and partially de-activated in order to reduce water loss and to prevent cellular damage, 10 

but that it may be rapidly activated upon re-watering (Kottapalli et al., 2009). Moreover, 11 

if the oxygen evolving complex is de-activated, then lumen ascorbate can act as a 12 

temporary electron donor to PSII (Munne-Bosch et al., 2013). Along these lines, a 13 

decrease in the PSII OEE1, as well as increased MDHAR activity, was recorded in J8-1 14 

plants under WS. This increase in MDHAR could have provided the ascorbate needed 15 

as an electron donor to protect PSII and thus maintain a photosynthetic rate able to cope 16 

with the drought conditions.  17 

The PR-10 proteins are a group of small acidic proteins involved in intracellular 18 

defense responses. Although it has been well established that the expression of PR 19 

proteins is rapidly induced by many biotic stress conditions, several PR-10 genes are 20 

also induced by abiotic stresses in different plant species (Dubos and Plomion, 2001; 21 

Park et al., 2004; Kim et al., 2008). In this study, for example, we observed that drought 22 

stress induced the expression of the PdPR-10 gene in both WT and J8-1 plants. 23 

Furthermore, recent studies have shown that many PR genes are also induced by the 24 

exposure of Arabidopsis plants to low temperatures (Seo et al., 2010), hence linking 25 

abiotic and biotic stress signalling in plants. In the same vein, Barba-Espin et al. (2011) 26 

suggested that the expression of a P. sativum gene encoding a PR-1b was induced by 27 

low concentrations of salicylic acid in salt-damaged plants in order to prevent a possible 28 

opportunistic fungal or bacterial infection. Other proteins involved in plant responses to 29 

environmental stresses are the dehydration responsive element binding proteins 30 

(DREB), important transcription factors that induce a set of abiotic stress-related genes. 31 

These proteins play a crucial role in tolerance/acclimation responses to multiple stress 32 

conditions (Agarwal et al., 2006). In our work, the expression of the PpDREB gene was 33 
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affected by the WS conditions assayed. Other authors have reported an induction of 1 

DREB genes in the leaves of soybean seedlings by salt, drought, and cold stresses, 2 

suggesting that these genes function specifically in response to abiotic stresses (Li et al., 3 

2005).     4 

We suggest that APX overexpression in the line J8-1 can play a major role in the 5 

response of plum plants to drought conditions by inducing changes at the physiological, 6 

biochemical, proteomic, and genetic levels. The results presented here reinforce the 7 

possibility of using the plum line J8-1 as an interesting rootstock for improving crop 8 

yield in commercial Prunus sp. and other woody plants in a frequently adverse and 9 

changing environment. To test this hypothesis, further experiments under field 10 

conditions will be required, but at the moment, due to the European Union restrictions 11 

regarding the release of transgenic plants, this approach would require several years.  12 
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Supplementary Information 1 

Supplementary Fig. S1. Pictures showing the effect of severe (15d) water stress (WS) 2 

on wild type (WT) and transgenic plum plants. 3 

Supplementary Fig. S2. Standardized protein expression profiles and cladogram 4 
obtained after hierarchical clustering, assessed by a principal component analysis of 5 
spots with differential abundance between in non-transformed (WT) and J8-1 plum 6 
plants under water stress (WS) conditions. Spots whose normalized volume varied 7 
across the experiment and passed a power test (p>0.8) in three replicates were selected 8 
based on ANOVA (p<0.02). Statistical tests and parameters used were those 9 
implemented by default in Progenesis SameSpots v4.0 (Nonlinear Dynamics, 10 
Newcastle, UK). 11 
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Figure legends 1 
 2 
Fig. 1. Effect of severe water stress (15 d WS) on the height and leaf area of non-3 
transformed (WT) and transgenic (lines C3-1 and J8-1) plum plants. Data represent the 4 
mean ± SE of at least nine repetitions. Asterisks indicate significant differences between 5 
WS treatments and the irrigated control within each type of plant (WT and transgenic 6 
lines), according to a Dunnet’s test (P <0.05). 7 
 8 
 9 
Fig. 2. Chlorophyll fluorescence parameters in leaves of non-transformed (WT) and 10 
transgenic (lines C3-1 and J8-1) plum plants under control conditions. Images of the 11 
effective PSII quantum yield [Y(II)], coefficient of photochemical quenching (qP), non-12 
photochemical quenching (NPQ), and its coefficient (qN) are shown. Due to the fact 13 
that no differences were observed between young (3rd node) and old leaves (8th node) 14 
under control conditions, a representative picture for each parameter analysed is 15 
presented in the figure. The averages of the values of the different parameters analysed 16 
are displayed below each image. 17 
 18 
Fig. 3. Effect of water stress (WS) on chlorophyll fluorescence parameters in leaves 19 
(young, 3rd node; old, 8th node) of non-transformed (WT) and transgenic plum plants. 20 
Images of the effective Y(II), qP, NPQ and qN are shown. The averages of the values of 21 
the different parameters analysed are displayed below each image. 22 
 23 
 24 
Fig. 4. Relative gene expression of PpDREB and PdPR-10, calculated using the Ct 25 
value of the WT plants under irrigated conditions as a reference in leaves of non-26 
transformed (WT) and J8-1 plum plants. Data on a logarithmic scale represent the mean 27 
± SE of at least three RNA extractions. Asterisks indicate significant differences from 28 
the irrigated WT plants for the transgenic line J8-1 or the water stressed WT plants, 29 
according to a Dunnet’s test (P <0.05). F-values from two-way ANOVA: significant at 30 
the 99.9% (***), 99% (**), or 95% (*) level of probability. 31 
 32 
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Tables 1 
 2 

Table 1.  Stem water potential (ψ, bar), net photosynthesis (NP, µmol CO2 m
-2 s-1), stomatal 

conductance (GS, mmol H2O m-2 s-1), and water-use efficiency (WUE, µmol CO2 mol-1 H2O) 
in leaves from non-transformed (WT) and transgenic plum plants under water stress (WS) 
conditions. Data represent the mean ±SD of at least three repetitions. Asterisks indicate 
significant differences between WS treatments and the irrigated control within each type of 
plant, according to a Dunnet’s test (P <0.05). F-values from two-way ANOVA: significant at 
the 99.9% (***), 99% (**), or 95% (*) level of probability. 

 

Treatment Line ψ NP GS WUE 

Control WT 
C3-1 

-6,9±0.9 
-6.2±0.1 

10.9±0.6 
8.2±0.4 

53.3±12.2 
52.3±3.3 

188.7±5.2 
157.5±5.9 

 J8-1 -6.1±0.5 10.3±1.0 57.6±10.1 151.8±6.1 
      

7d WS WT 
C3-1 

-12.8±1.1* 
-12.9±1.7* 

6.4±0.7* 
4.7±0.9* 

48.2±8.3 
31.3±3.3* 

162.6±10.9 
146.0±12.2 

 J8-1 -9.0±0.6* 6.5±1.1* 36.6±7.3 163.5±5.6 
      

15d WS WT 
C3-1 

-31.5±3.0* 
-31.2±3.9* 

3.0±1.0* 
4.0±0.2* 

47.8±11.6 
39.6±3.0 

71.5±18.7* 
102.1±4.5* 

 J8-1 -21.3±0.7* 6.3±0.8* 37.3±5.9 138.5±5.7 

ANOVA  F-values   

Line (A) 
WS (B) 
A x B 

14.4*** 4.2* 1.5 2.0 

183.5*** 34.4*** 3.5* 35.4*** 

4.6** 2.23 0.5 7.9*** 
Contrast WT vs C3-1       
(control conditions) 

0.1 5.1* 0.1 4.0 

Contrast WT vs J8-1       
(control conditions) 

0.3 0.25 0.1 5.6* 

 
 
 
 

 3 
 4 
 5 
 6 
 7 
 8 
 9 
 10 
 11 
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Table 2. Effect of water stress (WS) on APX, MDHAR, DHAR, GR, POX, CAT, and SOD activities in leaves (2nd and 3rd node) of 
non-transformed (WT) and transgenic plum plants. APX, MDHAR, DHAR, and GR are expressed as nmol min-1 mg-1 protein. POX 
is expressed as µmol min-1 mg-1 protein. CAT is expressed as mmol min-1 mg-1 protein and SOD as U mg-1 protein. Data represent 
the mean ± SE of at least four repetitions. Asterisks indicate significant differences between WS treatments and the irrigated control 
within each type of plant, according to a Dunnet’s test (P <0.05).  F-values from two-way ANOVA: significant at the 99.9% (***), 
99% (**), or 95% (*) level of probability. 

 

Treatment Line APX MDHAR DHAR GR POX CAT SOD 

Control WT 132.0±10.8  316.7±11.3  173.4±1.5  153.4±15.7  746.9±65.8  32.4±2.0  175.7±27.2  
 C3-1 

J8-1 
147.9±21.6 
185.0±22.8  

453.2±55.5 
377.5±23.4  

179.0±18.6  
164.2±21.6 

99.0±11.1 
178.6±11.6  

408.7±90.5 
466.0±28.1 

26.6±8.7  
23.9±1.2  

537.4±7.0 
212.5±9.4  

         

7d WS WT 91.7±14.9  371.1±16.8*  157.8±6.7 190.9±6.6  441.9±56.7* 27.3±3.3  247.9±10.0  
 C3-1 

J8-1 
94.7±2.2 

131.2±10.5  
405.5±120.7 

443.6±8.5  
76.4±3.1* 
204.9±6.0 

132.9±21.5 
194.8±12.3 

449.5±81.4 
521.4±32.7 

19.3±4.0 
47.1±7.2  

1277.7±72.1* 
551.9±46.5*  

         

15d WS WT 53.2±5.2*  378.2±1.4*  99.1±3.5* 201.5±12.5*  1129.5±32.5* 45.6±4.1*  338.7±26.2*  
 C3-1 

J8-1 
122.8±24.1 
126.3±10.8  

574.4±29.5 
610.2±3.2*  

138.1±10.0 
154.4±1.7 

164.8±29.5 
251.0±9.6*  

802.0±116.1* 
973.9±52.3* 

93.0±12.4* 
123.6±16.5*  

1341.8±113.1* 
797.5±82.9*  

ANOVA F-values 

Line (A)     9.0***      5.6*       10.5***        21.7***         9.1***         10.6***        156.5*** 
WS (B)     9.4***      5.7*        8.8**        13.8***         53.4***         50.7***        75.2*** 
A x B     1.1     1.3      12.2***       0.7         3.7*         9.0***        13.3*** 

Contrast WT vs C3-1 
(control conditions) 

  0.4       3.4   0.1           8.2**          13.8***          0.2         22.2*** 

Contrast WT vs J8-1 
(control conditions) 

    5.76*       0.9   0.3       1.6          11.2**          0.5       0.3 
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Table 3. Effects of moderate (7 d) and severe (15 d) water stress (WS) treatments on the protein abundance of leaves from non-
transformed (WT) and J8-1 plum plants in relation to control WT leaves. Three different biological leaf samples were used 
 

 
a Changes in protein abundance for water stressed WT and J8-1 (control and water stressed) plants were calculated in relation 
to well-watered WT plants within each irrigation treatment.  

 
  

  Changes in protein abundancea 

Polypeptides identified % 
Coverage

GI number (NCBI) WT
7d_WS 

WT
15d_WS

J8-1 J8-1
7d_WS

J8-1 
15d_WS

Phosphoglycerate kinase 9 462409830 0.71 1.03 0.78 1.65 1.85 

Fructose-bisphosphate aldolase 3 482562968-473936969 1.01 1.59 1.20 1.47 1.22 

Glyceraldehyde-phosphate dehydrogenase 8 462414033 0.92 1.60 1.19 1.06 1.43 

ATP synthase 9 357198723-460386362 
344030498

0.83 2.68 1.01 1.60 2.20 

L-ascorbate peroxidase 16 1351963 1.17 1.00 2.30 1.74 1.86 

Chaperonin family protein, similar to HSP60 
[Prunus dulcis] 13 462400624-462403952 0.90 1.22 0.96 1.66 0.78 

Light-harvesting complex II protein Lhcb5 12 118489770 0.84 1.26 1.51 2.20 1.65 

Photosystem II oxygen-evolving enhancer 
protein 1 10 462397743-356559442 

225468761
0.82 1.63 1.15 0.83 0.91 

Elongation factor 13 508715870-377648376 1.20 0.50 2.09 1.72 0.84 
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Control      7d_WS     15d_WS    Control      7d_WS     15d_WS

ANOVA
F‐values

PR‐10               DREB

Line (A) 59.0*** 0.1

WS (B) 44.0*** 26.6***

A x B 16.9*** 23.9***

Figure 4.
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