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Abstract 

While the molecular response of model plants to salt stress in the short-medium 
term (hours-days) has been broadly studied, the knowledge about the nature of genes 
involved in maintaining homeostatic conditions in the long term (months-years) in woody 
perennial trees has not been addressed yet. We have analyzed physiological parameters 
and the transcriptome profiles of photosynthetically active leaves from citrus trees 
acclimatized to moderate salinity (NaCl 30 mM) after 2 years treatment. Through 
functional genomics, global gene expression in response to NaCl treatment in mature (8 
months-old) and young (2 months-old) leaves has been analyzed and compared. Although 
young leaves (YL) accumulated low levels of chloride (0.51%±0.06), they exhibited a much 
stronger response to salinity in term of the number of differentially expressed genes (1,211 
genes) compared with mature leaves (ML), which accumulated higher chloride levels 
(1.05% ± 0.01), and exhibited a much lower number of differentially-responsive genes (100 
genes). In this work, a number of responses have been observed that differ from those 
described in previous studies of citrus plants non-acclimatized to salt stress (Brumos et al, 
2009), whose principal manifestation was the lack of repression of primary metabolism in 
leaves at the molecular and physiological levels. Results describing enriched functional 
categories of differentially expressed genes are presented and discussed highlighting how 
the long-term acclimation to NaCl stress involves drastically different molecular strategies 
depending on the developmental stage of plant leaves. 
 
INTRODUCTION 

In citrus, a worldwide major horticultural crop, growth, fruit yield and quality 
are seriously affected by salinity (Iglesias et al. 2007, Storey and Walker, 1999). 
Contrary to most plant species, Cl- appears to be the major toxic component of salt 
stress in Citrus since NaCl and KCl have similar toxicities while NaNO3, for instance, is 
less harmful (Bañuls and Primo-Millo, 1992; Brumós et al, 2009). Furthermore, leaf 
abscission is strongly dependent upon chloride accumulation (Bañuls and Primo-Millo, 
1995; Bañuls et al, 1997). Thus, it is currently believed that the physiological basis for 
citrus tolerance to salt stress is mostly related to the plant ability to restrict Cl- transport 
from root to shoot, a mechanism whose efficiency is particularly dependent upon 
rootstock performance (Storey and Walker, 1999; Maas, 1993; Brumós et al, 2009; 
Brumós et al, 2010). Although physiological strategies to cope with NaCl stress in 
higher plants fluctuate according to time course (Serrano, 1996; Munns ant Tester, 
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2008), molecular response studies have been almost exclusively restricted to model 
plants at short-medium term (hours-days). Rapid and medium-term responses involve 
root adjustment to the osmotic component of salt stress, shoot growth inhibition, and 
root ion exclusion mechanisms (Munns et al, 1995; Brumós et al, 2010). Physiological 
and molecular approaches have been broadly performed to characterize these responses 
in Citrus (Maas, 1993; Storey and Walker, 1999; Iglesias et al, 2007; Brumós et al, 
2009). On the other side, the long-term, ion-specific, phase of plant response to salinity 
starts when salt accumulates to toxic concentrations in the leaves. In consequence, long-
term acclimation in Citrus plants involves mechanisms ensuring homeostatic 
adaptations to excessive Cl- accumulation in leaves (Teakle and Tyerman, 2010), which 
are very poorly understood at the molecular level. It has been observed that Cl- 
accumulation is also the primary factor involved in the molecular response of Citrus 
leaves to salinity (Brumós et al, 2009). We propose that comparison of global gene 
expression between leaves from the same plant containing different Cl- accumulation 
could be a useful strategy to identify specific molecular responses associated to the 
acclimation of plants to ionic toxicity. We present in this work the transcriptomic 
profile of both young (low Cl- content) and mature (non-senescent, high Cl- content) 
leaves from citrus plants acclimated to moderate salinity (NaCl 30 mM) after a 2-year 
treatment. 
 
MATERIAL AND METHODS 
Plant Material and Experimental Conditions 

The study was carried out during 2005 at the experimental station of the IMIDA 
in Torre Pacheco, Murcia (Southern Spain). The soil has a sandy clay loam texture and 
the climatic conditions are typically of a Mediterranean semi-arid area characterized by 
scarce annual rainfall (283 mm) and a total annual reference evapotranspiration (ETo = 
1238 mm). The experiment was performed in a 1 ha orchard, on 12-year-old ‘Lane late’ 
navel orange trees (Citrus sinensis (L.) Osb.) grafted onto Carrizo citrange (Poncirus 
trifoliata x C. sinensis) rootstock with a tree-spacing of 4 × 3 m. Control trees were 
irrigated with non-salinized water at 100% ETc (crop evapotranspiration) over the entire 
crop season. The salinized treatment was irrigated with 30 mM NaCl for a period of two 
years. The lay-out of the experiment took the form of three completely-randomised 
blocks. Irrigation and fertilizer were applied throughout a drip line per tree row with 
three self-compensating drippers (4 L h-1) per tree applying doses commonly used by 
growers. 
Physiological Measurements 

In early November 2005 plant water status was determined at midday stem water 
potential (Ψmd) and the relative water content (RWCLeaf) measurements. Ψmd was 
measured at midday (12:00-14:00) in fully expanded leaves covered at least 2 h before 
the measurement with a pressure chamber (model 3000, Soil moisture Equipment. 
Corp., Santa Barbara, California, USA). Individual petioles, from similar leaves used by 
Ψmd, were cut and leaves were immediately weighed to obtain a leaf fresh weight (f. 
wt). Leaf petioles were placed in a beaker of water overnight in the dark so that leaves 
could become fully hydrated. Leaves were reweighed to obtain turgid weight (t. wt) and 
dried at 80 ºC for 24 h to obtain dry weight (d. wt). RWCLeaf of the leaves was 
calculated as RWCLeaf = [(f. wt – d. wt)×(t. wt – d. wt)-1]×100. 

Gas exchange measurements were taken between 09:30 and 11:30 h in daylight 
hours, from leaves exposed to the sun. The net CO2 assimilation rate (ACO2), stomatal 
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conductance (gs), leaf transpiration rate (ELeaf) and leaf water use efficiency (WUELeaf) 
were measured, following the protocol described by Pérez-Pérez et al. (2008), with a 
portable photosynthesis system (Li-6400, Li-COR, Lincoln, NE, USA) equipped with a 
broad leaf chamber (6.0 cm2). The Li-6400 was also equipped with a red/blue light 
source (6400-02B LED). 

In early March 2006, canopy volume (Vcanopy) and yield were measured. Vcanopy 
was calculated, taking into account the canopy diameter (D) and height (H), according 
to the equation of Turrel (1961): Vcanopy=0.5238×H×D2, where Vcapony, D and H are in 
m3, m and m respectively. Individual tree yield was controlled, where the number of 
fruits and the total fruit weight were measured. 

Following physiological measurements, 25 fully expanded leaves per tree of two 
different ages, non-senescent 8 months-old mature leaves (ML) from the spring flushing 
and 2-months old young leaves (YL) from the summer flushing, were sampled and 
freeze in liquid nitrogen and stored in -80 ºC freezer. 
Microarray Hybridization And Analysis 

In this work, the first generation citrus cDNA microarray of the Spanish Citrus 
Functional Genomics Project containing 12672 expression sequence tags (ESTs) as 
cDNA probes, representing 6,875 putative unigenes, was used (Forment et al., 2005). 
Two independent microarray hybridization experiments were performed with both YL 
and ML respectively from ‘Lane late’ navel orange trees (Citrus sinensis (L.) Osb.). 
RNA purification, cDNA synthesis and labelling, and microarray hybridization were 
performed as previously described (Brumós et al, 2009). For each experiment, the 
labelled cDNA from control (non salinized) plants was hybridized with that from salt-
acclimated samples. The microarray hybridization and scanning, the row data 
processing and normalization and the identification of probes showing significant 
differential gene expression between samples were performed according to Allario et al. 
(2011). M-value was defined as the base two logarithm (log2) of salt-treated versus 
control expression ratio. Differences in gene expression were considered to be 
significant when the M-value was ≥ ⏐0.7⏐and the FDR-adjusted P-value was smaller 
than 0.05.  
Functional Analysis 

Gene ontology (GO; (Ashburner et al. 2000)) term annotation of array features 
and function-based analysis of microarray results were carried out with Blast2GO 
(Conesa et al. 2005). GO term enrichment analysis of significant differentially 
expressed genes was performed with the Fisher´s Exact Test (Blüthgen et al., 2005) also 
present in the application.  
Real-time Reverse Transcription-PCR 

Genes selected to verify microarray results through quantitative real-time RT-
PCR (qRT-PCR) analysis were searched for among the sequences in the non-redundant 
databases using the BLASTN and TBLASTX algorithms and in the citrus EST database 
(CFGP database, Citrus Functional Genomic project, 
http://bioinfo.ibmcp.upv.es/genomics/cfgpDB/bioinfo. ibmcp.upv.es). Quantitative RT-
PCR was performed according to Colmenero-Flores et al. (2007). For each investigated 
gene, three biological replicates were analysed.  
Statistical analysis 

The physiological and qRT-PCR data were subjected to one-way analysis of 
variance (ANOVA) (Statgraphics Plus 5.1 statistical package; Statistical Graphics 
Corp., Herndon, VA). 
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RESULTS 
After two years of 30 mM NaCl treatment, mature orange trees (Citrus sinensis 

(L.) Osb.) grafted onto Carrizo citrange (Poncirus trifoliata x C. sinensis) were able to 
complete the reproductive cycle including flowering, fruit set and fruit growth similarly 
to control trees, although yield was significantly reduced (Table 1). Salt-treated trees 
showed leaf flushing in several periods of the year as in non-salinized trees, but salinity 
reduced canopy volume, either due to reduced vegetative development or leaf abscission 
(Table 1). Salinized-trees had higher leaf relative water content and lower midday stem 
water potential than non-salinized trees, maintaining better plant water status than 
controls. In addition, leaf gas exchange parameters were kept in optimal levels, having 
similar leaf water use efficiency to that of non-salinized leaves (Table 1).  
[Position of Table 1] 

Under the new homeostatic conditions, salinized plants were able to maintain 
similar low Na+ content in ML and YL (Fig. 1). But leaf Cl- content of treated trees was 
significantly higher than those of control trees, with ML showing the double Cl- content 
than YL (Fig. 1). Taking advantage of this phenomenon, the global gene response to the 
long-term NaCl treatment was analyzed in both ML and YL, and the resulting 
transcriptomic profiles were compared in Fig. 2. Although Cl- accumulation was lower 
in YL, its genetic response was much stronger in terms of the number of differentially 
expressed genes (1,211 ESTs) compared to ML (100 ESTs; Fig. 2A). Another important 
difference in the global gene response of both young and mature leaves was the 
proportion of induced vs repressed genes. In YL, NaCl induced 89.61% of differentially 
expressed ESTs, whereas only 28% of differentially expressed ESTs were induced in 
ML (Fig. 2B).  
[Position of Figure 1] 
[Position of Figure 2] 

Quantitatively, the most important feature distinguishing YL and ML responses 
was the 1,043 ESTs induced in YL, which were not induced in ML. Functional 
categories significantly enriched in this group were related with cell wall biosynthesis, 
carbohydrate metabolism, defence, endomembrane activity, water transport, and 
antioxidant activity (Table 2). No functional category was significantly enriched in the 
group of genes induced in ML, although the specific induction in ML of the 
transcriptional activator DEMETER (unigene C01003F05), a DNA glycosilase, should 
be pointed out (data not shown). Contrary to the enriched functional categories of 
induced genes, there was a high coincidence in the functional categories of repressed 
genes between YL and ML leaves. In both types of leaves, the groups of repressed 
genes were significantly enriched in genes encoding Late Embryogenesis Abundant 
proteins of the group 5 (LEA-5), which are typically induced by osmotic stress in plant 
tissues (Colmenero-Flores et al, 1997). Of special interest is the group of genes 
specifically induced in YL and repressed in ML (Fig. 2A and Fig. 3). This group is 
composed mainly of different members of the glycine-rich RNA-binding protein family 
(GRPs), which, according to Kim et al. (2007, 2008), are involved in the 
postranscriptional regulation of gene expression under adverse conditions. 
[Position of Table 2] 

To confirm the microarray data, representative genes from the previously 
described groups were chosen and the transcript abundance of 10 probe sets was 
quantified by qRT-PCR in YL and ML tissues challenged with the NaCl treatment (Fig. 
3). Belonging to the most abundant group of genes specifically induced in YL, two 
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Miraculin, two Lectin and two Lipid Transfer Protein unigenes exhibited strong 
induction in YL compared to ML. Two unigenes encoding proteins of the LEA-5 group 
showed repression in both type of leaves, and two unigenes encoding Glycine-Rich 
Proteins exhibited induction in YL and repression in ML (Fig. 3). Therefore, gene 
expression measured through qRT-PCR confirmed microarray results. 
[Position of Figure 3] 

 
DISCUSSION 

Chloride is an important component of ion toxicity in salt-stressed Citrus plants, 
especially when a Cl--includer variety like Carrizo citrange is used as rootstock (Bañuls 
et al, 1997; Storey and Walker, 1999; Brumós et al, 2009; Brumós et al, 2010). After 2 
years of 30 mM NaCl treatment, the content of Cl- in leaves largely exceeded the 
content of Na+ (Fig. 1) as previously observed in non-acclimated plants (Brumós et al, 
2009). In addition, Cl- preferentially accumulated in mature leaves (Fig. 1). This 
phenomenon has been described (Greenway and Munns, 1980) and may indicate that 
restricting the accumulation of Cl- in young, metabolically active, leaves is an important 
factor regulating salinity tolerance (White and Broadley, 2001). This provides an 
interesting experimental approach to characterize specific responses to ion toxicity 
given that Cl- accumulation, rather than the content of the accompanying cation, is the 
primary factor involved in the molecular response of Citrus leaves to salinity (Brumós 
et al, 2009). 

As expected, salt-stressed trees showed a reduced canopy volume and fruit yield 
compared to control trees (Table 1). But some responses observed in this work, where 
acclimated plants have been used, require further attention. Down-regulation of many 
genes involved in photosynthesis, carbon assimilation and energy has been typically 
observed in higher plants, a phenomenon also observed in Citrus (Brumós et al, 2009 
and references therein), which photosynthetic performance results seriously impaired by 
NaCl in the short and medium term (Romero-Aranda et al, 1998; Pérez-Pérez et al, 
2007; Brumós et al, 2009). In this work, Citrus plants treated for two years with NaCl 
30 mM did not show significant repression of genes involved in these processes (Table 
2). Furthermore, photosynthetic parameters like ACO2, ELeaf, gs, and the instantaneous 
WUELeaf did not differ significantly from those of non-treated trees (Table 1). In 
addition, metabolically active leaves showed specific induction of the sucrose and 
starch biosynthetic processes, in contrast with previous observations demonstrating that 
salt-stressed Citrus plants showed progressive depletion of carbohydrates at the 
metabolic (Arbona et al, 2005) and gene expression levels (Brumos et al, 2009). 
Therefore, results obtained in this work show an array of differential responses 
indicating salt-stress acclimation after achieving a homeostatic balance of leaf ion 
content, whose principal manifestation was the lack of repression of primary 
metabolism in leaves at the molecular and physiological levels. This may account for 
the reduced degree of gene repression (~10% of global response) observed in 2 years-
treated plants (30 mM Cl-), in contrasts with repression values of non-acclimated citrus 
plants (after 7 weeks exposition to 50 mM Cl-), which was 50% in the sensitive Carrizo 
citrange and 33% in the tolerant Cleopatra mandarin (Brumós et al, 2009). This may 
also explain that metabolically active YL, which accumulated less Cl-, exhibited a much 
stronger response to salinity (12-times higher than ML in terms of the number of 
differentially expressed genes), which was mostly based on gene induction (~90%), 
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whereas gene expression in highly vacuolated and less active ML, which accumulated 
more chloride, showed only 28% induction (Fig. 2).  

Amongst the specific enriched functional categories induced in YL, activation of 
cell wall biosynthesis can be associated with the observation that Cl- accumulation 
produces anatomical disarrangements including increase of succulence in Citrus leaves 
(Romero-Aranda et al, 2008). Plants preconditioned by salinity maintained a better leaf 
water status in term of increased RWCLeaf (Table 1), what could be due to a more 
favourable osmotic adjustment produced by the intracellular accumulation of saline ions 
(Perez-Perez et al, 2007; Brumós et al, 2009). This phenomenon could be directly 
linked to the induction of water channel activity in YL (Table 2) and the repression of 
LEA-5 genes in both YL and ML. LEA proteins are typically induced in response to 
water deficit situations that give rise to a loss of turgor (Colmenero-Flores et al, 1997; 
Garay-Arroyo et al, 2000). Repression of five different unigenes of the LEA-5 group 
could be associated to the increased RWCLeaf observed in treated plants (Table 1). This 
phenomenon was also observed by Brumós et al (2009), who associated this response 
with the higher turgor pressure measured in the leaves of salt-stressed Citrus plants. 

Especially interesting was the expression pattern of different Citrus GRP genes 
that were induced by salinity in YL, but repressed in ML (Fig. 2A and Fig. 3). GRPs are 
RNA-binding proteins potentially involved in RNA stabilization, processing, and 
transport (Kwak et al. 2005). Different GRP family members could have diverse roles 
during plant adaptation to changing environmental conditions (Kim et al, 2008). The 
GR-RBP4 gene from Arabidopsis thaliana was abundantly expressed in young plants, 
root tips, and flowers, but weakly in mature leaves and stems (Kwak et al. 2005), 
indicating its specific regulation by development. This suggests that the differential 
regulation of GRP genes observed in Citrus leaves could be involved in the differential 
response of YL and ML to NaCl stress. The possible involvement of GRP genes in the 
acclimation of Citrus plants to salt stress requires further investigation. 

In conclusion, this work illustrates how in response to environmental stress the 
same plant organ, under different developmental stages, exhibits huge differences in the 
global gene expression pattern both in term of the number and the nature of 
differentially expressed genes. According to the results obtained, it is proposed that 
acclimation to salt stress in Citrus requires: i) differential compartmentalization of Cl- 
according to leaf age; ii) a release of the repression of genes involved in primary 
metabolism, enabling the plant to resume photosynthetic activity in YL; iii) to adjust a 
number of physiological, metabolic and cellular processes to the new homeostatic 
conditions related to the cell wall structure, defence mechanisms, lipid metabolism, 
endomembrane system activity and antioxidant activity. 
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Table 1. Leaf relative water content (RWCLeaf, %), midday stem water potential 
(Ψmd, MPa), leaf photosynthesis (ACO2, µmol CO2 m-2 s-1), leaf transpiration (ELeaf, 
mmol H2O m-2 s-1), stomatal conductance (gs, mol H2O m-2 s-1), leaf water use 
efficiency (WUELeaf, µmol CO2 mol-1 H2O), volume of canopy (Vcanopy, m3 tree-1) 
and yield (kg tree-1) in long-term salt acclimated orange trees. 

  RWCLeaf  Ψmd ACO2 ELeaf gs WUELeaf Vcanopy Yield 
Control 91.7 -1.65 5.67 0.97 0.077 5.91 29.2 82.7 

30mM NaCl 93.9 -1.07 6.15 1.09 0.091 5.67 23.7 69.9 
Sig. * * ns ns ns ns * * 

* and ns indicate significant differences between means at the 0.05 and not significant 
difference respectively. 
 
Table 2. Enriched functional categories in the groups of genes induced or 
repressed by the long-term salt treatment in young and mature leaves of orange 
trees. 
 

 
The relative abundance of GO functional categories of differentially expressed genes was analyzed in relation to their 
presence in the microarray (Conesa et al. 2005). Significantly enriched functional categories are given (P<0.05 after 
Fisher’s exact test for each GO term)  
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Figure 1. Leaf Chloride concentration (A) and leaf sodium concentration (B) in young and 
mature leaves of long-term salt acclimated orange trees. *, ** and *** indicate significant 
differences at 0.05, 0.01 and 0.001 respectively. Means were separated by Duncan’s test. 
 
 
 

 
Figure 2. Global gene response (A) and percentage of genes induced and repressed (B) in young 
and mature leaves of long-term salt acclimated orange trees. 
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Figure 3. Gene expression measured through qRT-PCR of two unigenes of Miraculin (A, B), 
two of Lectin (C, D), two Lipid Transfer Proteins (E, F), two  LEA-5 group (G, H) and two 
Glycine-Rich Proteins (GRPs) in young and mature leaves of long-term salt acclimated orange 
trees. * and ** indicate significant differences P<0.05 and P<0.01 respectively. 
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