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Abstract

Background: Olive (Olea europaea L.) cultivation is rapidly expanding and low quality saline water is often used for
irrigation. The molecular basis of salt tolerance in olive, though, has not yet been investigated at a system level. In this study
a comparative transcriptomics approach was used as a tool to unravel gene regulatory networks underlying salinity
response in olive trees by simulating as much as possible olive growing conditions in the field. Specifically, we investigated
the genotype-dependent differences in the transcriptome response of two olive cultivars, a salt-tolerant and a salt-sensitive
one.

Methodology/Principal Findings: A 135-day long salinity experiment was conducted using one-year old trees exposed to
NaCl stress for 90 days followed by 45 days of post-stress period during the summer. A cDNA library made of olive seedling
mRNAs was sequenced and an olive microarray was constructed. Total RNA was extracted from root samples after 15, 45
and 90 days of NaCl-treatment as well as after 15 and 45 days of post-treatment period and used for microarray
hybridizations. SAM analysis between the NaCl-stress and the post-stress time course resulted in the identification of 209
and 36 differentially expressed transcripts in the salt–tolerant and salt–sensitive cultivar, respectively. Hierarchical clustering
revealed two major, distinct clusters for each cultivar. Despite the limited number of probe sets, transcriptional regulatory
networks were constructed for both cultivars while several hierarchically-clustered interacting transcription factor regulators
such as JERF and bZIP homologues were identified.

Conclusions/Significance: A systems biology approach was used and differentially expressed transcripts as well as
regulatory interactions were identified. The comparison of the interactions among transcription factors in olive with those
reported for Arabidopsis might indicate similarities in the response of a tree species with Arabidopsis at the transcriptional
level under salinity stress.
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Introduction

Olive (Olea europaea L.) is one of the most significant fruit-tree

crop species of the Mediterranean region. Olive culture rapidly

expands and trees are often irrigated with low quality, mostly

saline water during the summer period. The concept of tolerance

to salinity stress for most Mediterranean evergreen sclerophylls

such as Olea europaea L. mostly refers to the ability of a plant to

survive rather than to the reduction of its growth rate [1–4].

However, saline water negatively affects olive shoot growth [5,6],

causes morphological changes in leaves [7] and affects fruit

productivity [8]. Moreover, it has been observed that the rate of

photosynthesis decline [9,10], the concentration of K+ is reduced

due to the K+ - Na+ antagonism which impairs the function of K+

[11] while salt-induced osmotic adjustments take place as a result

of compatible solutes accumulation [12,13].

The tolerance of olives to salinity (NaCl) is believed to be

intermediate [14]. However, there are salt-tolerant and salt-

sensitive genotypes considering the extended genetic diversity of

olive germplasm [15]. Tolerant genotypes have greater ability to

exclude toxic ions and control the net salt import to the shoot [13]

and therefore limit the accumulation of Na+ and Cl2 in actively

growing shoots and leaves [16]. This strategy prevents salt

translocation rather than salt absorption [17–19].

A common strategy for the identification of genes related to salt

stress is the comparative study of relative species or cultivars with

variation in the tolerance to this abiotic stress [20]. Such a strategy

mainly relies on comparative transcriptome analysis [20] using

microarrays. A plethora of comparisons between salt-sensitive and

salt-tolerant cultivars of model and non-model plant species such

as Arabidopsis [21–23], rice [24], tomato [25], poplar [26], potato

[27] and sugarcane [28] have been reported up to now. These
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reports resulted in the identification of more than 30 families of

transcription factors comprising DREB, CBF, MYB, bZIP and

zing-finger families which are involved in abiotic stress including

salinity [29,30].

Although there are numerous studies on the response mecha-

nism of olive trees to salinity, they are restricted to the

ecophysiological level or to the study of a single pathway such as

the mannitol metabolism in response to salt stress [31]. As a result,

the molecular basis of salt tolerance in olive at a systems level has

not been investigated yet. We initiated a comparative study to

investigate the molecular response of a salt-sensitive and a salt-

tolerant cultivar at the transcriptome level. The experiment was

conducted using potted plants grown in ambient conditions,

comprising of one-year-old olive trees treated with 120 mM NaCl

for 90 days followed by a post-stress period of 45 days. This 135-

day long study was conducted during the summer period when the

needs for irrigation are maximized and the irrigation water is

mostly saline.

Transcriptomic profiles for two Olea europaea L. cultivars under

salinity conditions were generated and interacting relations among

transcription factors and target transcripts were identified. We

therefore hypothesized the transcriptional regulatory networks that

are shaped during stress response through reverse-engineering of

gene expression profiles [32,33] using LeMoNe (Learning Module

Networks) algorithm, a probabilistic module networks framework

that has been applied on various other biological data sets [34–37].

Results

Olive Expressed Sequence Tag (EST) analysis and
microarray construction

A complementary DNA (cDNA) library was constructed from

total RNA extracted from two-month-old olive (cv. Koroneiki)

seedlings and used for random single pass sequencing of 2643

cDNA clones resulting in 1956 ESTs with an average length of

381 bp (Figure S1). The sequences have been submitted to the

EST database (dbEST, http://www.ncbi.nlm.nih.gov/projects/

dbEST/) under accession numbers [dbEST: JK747885-

JK749840]. SeqManII software (DNAstar Inc.) was used to cluster

the cDNAs into 215 contigs and 996 singletons indicating that the

redundancy of the EST collection (number of ESTs in clusters

over total number of ESTs) was at the level of 49%. This relatively

low redundancy was expected since most of the contigs (185 out of

215) comprised of a low number of ESTs (2–4) while only 14

contigs comprised more than 10 ESTs (Table S1).

A blastx search of the 1211 non-redundant ESTs was carried

out with an E-value of 1.0E-6 using Blast2GO [38]. A high

percentage of the ESTs (33.5%) encoded for proteins with

unknown function while 26.5% of ESTs showed no similarity to

any sequence in public databases (Figure S2). Most of the

annotated ESTs are related to primary, cellular, macromolecule

and nitrogen compound metabolic processes (Figure 1). However,

abiotic and biotic stress response-related ESTs represent the

second most abundant group.

Following PCR amplification and purification of the above non-

redundant ESTs, 200 custom aminosilane DNA microarrays were

constructed containing 1121 cDNAs printed in triplicates. All

microarray data from this study have been submitted to NCBI’s

Gene Expression Omnibus (http://www.ncbi.nlm.nih.gov/geo)

under accession number [GEO: GSE36198]. The quality of the

printed microarrays was confirmed (data not shown) prior to

hybridization.

Plant growth under NaCl stress
One-year-old olive trees of cvs. Kalamon and Chondrolia

Chalkidikis were treated with 120 mM NaCl under the ambient

conditions of that particular summer period for a 90-day long time

course followed by a post-stress period of 45 days. Visual

symptoms of NaCl stress such as dead leaf edge, necrosis of stem

tips and leaf drop appeared only in Chondrolia Chalkidikis, the

sensitive cultivar, after 45 days, and became more severe after 90

days of treatment (Figure 2). No toxicity symptoms appeared in

Kalamon, the tolerant cultivar, just a decrease in shoot growth

after 45 days of treatment. Chondrolia Chalkidikis trees recovered

within 45 days after the NaCl treatment (Figure 2).

Significant Analysis of Microarrays (SAM) and K-means
clustering

Root tissue was sampled after 15, 45 and 90 days of NaCl-

treated and untreated olive trees as well as after 15 and 45 days of

post-treatment period. Total RNA was extracted from the root

samples of NaCl-treated and untreated olive trees and used for the

microarray hybridizations. Microarray expression data for each

time point per treatment were compared with each other in all

possible combinations using a loop design (Figure S3) proposed by

Yang and Speed [39] in an attempt to delineate the transcriptome

response of the two cultivars under salinity. In total, 20

hybridizations per cultivar were performed within this experimen-

tal setup taking into account all possible combinations. Dye swap

hybridizations and four biological replicates were performed for

each time point and treatment.

We identified differentially expressed transcripts during the

NaCl treatment as well as during the post-stress period. In total,

432 transcripts were used for subsequent analysis in Kalamon and

372 in Chondrolia Chalkidikis following the normalization

procedure.

A two-class paired SAM was implemented using the MeV

software [40] in order to compare gene expression between NaCl-

treated and untreated root samples. In cv. Kalamon, 51 transcripts

(11.8%) were found to be differentially expressed with a false

discovery rate (FDR) of 4.93 (9.68%) and d-value 0.81. Moreover,

K-means clustering analysis revealed four distinct patterns of

expression. One cluster represented gradually up-regulated

transcripts, one down-regulated transcript while two clusters

represented significantly suppressed transcripts in response to

salinity (Figure 3B). The transcripts for each cluster as well as their

corresponding annotation are listed in Table S2. Annotation of the

differentially expressed transcripts showed that 22 out of the 51 are

involved in the response to stimulus, biological regulation and

developmental, cellular and biological processes. Only six (1.4%)

transcripts were identified as differentially expressed in cv.

Chondrolia Chalkidikis with an FDR rate of 1.5 (25%) and d-

value of 0.47. Gene Ontology (GO) annotation of the five cv.

Chondrolia Chalkidikis transcripts showed involvement in cellular

and metabolic processes (Figure 3C, D).

Comparison between stress and post-stress conditions
Two-class unpaired SAM compared transcript expression data

between the NaCl-stress and the post-NaCl stress time course

resulting in the identification of 209 and 36 differentially expressed

transcripts in cv. Kalamon and cv. Chondrolia Chalkidikis

respectively, with a cut off FDR less than 6.5%.

Hierarchical clustering of these transcripts revealed two major

clusters for each cultivar. The two clusters showed distinct patterns

of expression in response to NaCl stress. In the first cluster of 50

transcripts in cv. Kalamon, transcript expression declined after 15

Transcriptional Response of Olive to NaCl Stress
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days of stress, peaked after 45 days and declined again by the end

of the 90-day treatment. The second cluster of 159 transcripts

showed exactly the opposite pattern of expression with up-

regulation after 15 and 90 days and down-regulation after 45 days

of stress. However, all transcripts were significantly down-

regulated in the post-stress period (Figure 4).

In cv. Chondrolia Chalkidikis, the first cluster of 16 transcripts

was down-regulated during the stress period but up-regulated

during post-stress while the second cluster of 20 transcripts showed

exactly the opposite pattern of expression with up-regulation

during stress but down-regulation during post-stress.

The two cultivars share 21 differentially expressed transcripts in

response to NaCl-stress which are implicated in cellular and

metabolic processes as well as in response to stimulus according to

the Venn diagram (Figure 5A, B).

A two-tailed Fisher’s exact test was performed in order to assess

whether the frequency of functional categories comprising the

transcripts of cv. Kalamon differ from those of cv. Chondrolia

Chalkidikis. Several GO terms such as ‘cellular’, ‘primary

metabolic’, ‘cellular macromolecule metabolic’ and ‘macromole-

cule metabolic processes’ were common in both cultivars as well as

the ‘response to stimulus’ which is implicated in stress response.

However, there are differentially expressed transcripts overrepre-

sented in several GO terms involved in abiotic stress only in cv.

Kalamon (Figure 5C).

Transcriptional regulatory networks
Expression profiles can be used to infer regulatory networks and

key transcription factors [41]. We constructed two regulatory

module networks, one for each cultivar, using the LeMoNe

algorithm [42] and our microarray data. The output of the

algorithm was a set of modules of co-expressed transcripts, with a

list of high-scoring transcription factor (TF) regulators attached to

each cluster, prioritized according to their corresponding weight.

Kalamon regulatory network. In total, twenty-two modules

were constructed for cv. Kalamon, each comprised of 7–36

transcripts (Figure S4). In addition, at least one high-scoring

regulatory TF was identified for nine of these modules. The

module network with the highest score comprised of 186

transcripts, clustered in nine non-overlapping modules and

regulated by seven TFs (Figure 6). A simplified version of the

module network (Figure 6B) suggests the coordinated effort of

transcript expression regulation in the salt-tolerant cv. Kalamon.

Moreover, six out of the seven TFs form a regulatory cascade.

Specifically, three TF homologs, bZIP (se013_B10), NF-YC

(se023_D5) and NF-YB (se012_B6) were placed upstream in the

hierarchical network shown to regulate the action of three more

TF homologs: JERF (se024_H1), HMG (se024_H12) and GRAS

(se015_B12), considering that transcriptional regulation is a multi-

layer hierarchical process [32] (Figure 6C).

JERF and bZIP homologs regulated module-13 that comprised

differentially expressed transcripts which were up-regulated during

stress and down-regulated during post-stress according to hierar-

chical clustering analysis. Transcripts encoding a nucleotide-sugar

transporter (se023_C8), an ubiquitin conjugating enzyme

(se012_G8) and an aldehyde dehydrogenase (se016_C3) were

included in this module. The positive role of ubiquitin conjugating

enzymes in drought and salt tolerance was demonstrated by over-

expression studies in Arabidopsis [43].

Chondrolia Chalkidikis regulatory network. Module

network analysis of cv. Chondrolia Chalkidikis gene expression

data revealed twenty modules comprised of 6–35 transcripts each

(Figure S4). The module network with the highest score comprised

of 237 transcripts, clustered in twelve non-overlapping modules

and regulated by six TFs (Figure 7). Although the simplified

version of the cv. Chondrolia Chalkidikis module network

(Figure 7B) does not differ from cv. Kalamon’s network in terms

of complexity, the TF regulatory cascade of cv. Chondrolia

Chalkidikis comprised of only three TFs which are mutually

Figure 1. Pie chart of the EST annotation of olive seedling cDNA library. Biological process level 3 of 1956 transcripts according to Blast2GO
database.
doi:10.1371/journal.pone.0042931.g001
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regulated (Figure 7C). This suggests a lower level of TF

coordination in the salt-sensitive cv. Chondrolia Chalkidikis.

Incorporation of two-class unpaired SAM. The differen-

tially expressed transcripts according to the two-class unpaired

SAM between the NaCl-stress and the post-stress time course were

mapped in the module networks of cv. Kalamon and cv.

Chondrolia Chalkidikis (Figure 6A, 7A). In cv. Kalamon, eight

out of nine modules consist of transcripts which are differentially

expressed while seven out of eight contain at least 50%

differentially expressed transcripts. Moreover, the pattern of

differentially expressed transcripts is strongly module-dependent

following the hierarchical clustering. Specifically, module-4,

module-8 and module-14 are down-regulated while module-7,

module-9, module-10, module-13 and module-20 are up-regulated

during the stress period. However, in cv. Chondrolia Chalkidikis,

only six out of twelve modules comprise transcripts which are

differentially expressed, five of which comprise less than 35%

differentially expressed transcripts.

Enrichment of GO categories in modules
We calculated enrichment of Gene Ontology (GO) categories

for every cluster in the two cultivars using the FatiGO tool [44]

implemented in Blast2GO software [38]. A total of fifteen out of

twenty two clusters in cv. Kalamon and sixteen out of twenty in cv.

Chondrolia Chalkidikis have at least one GO category overrep-

resented at the 1.0E-3 significance level. There are 122 different

GO categories overrepresented in cv. Kalamon (Table S3) and

115 in cv. Chondrolia Chalkidikis (Table S4). Several modules are

enriched for stimulus-response categories in both cultivars, in

particular module-2, module-7, module-9, module-10 and mod-

ule-22 in cv. Kalamon and module-6, module-7, module-12 and

module-20 in cv. Chondrolia Chalkidikis.

Module-9 in cv. Kalamon is enriched for response to stimulus

and regulated by three high-scoring TF regulators. Blastx analysis

of transcript se013_B10 showed 63% similarity to a bZIP TF.

Members of the bZIP family have been reported to be responsive

to salt stress in Arabidopsis [45,46]. Transcript se012_B6 showed

96% similarity to a DR1-like protein that has previously been

Figure 2. Visual symptoms of Na-Cl stress. One-year-old olive trees cvs Chondrolia Chalkidikis [A] and Kalamon [B] throughout the experimental
timepoints: 15 days, 45 days and 90 days of stress and 15 days and 45 days post-stress.
doi:10.1371/journal.pone.0042931.g002
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implicated in Arabidopsis stress response [47]. These two TFs

regulated module-7 in cv. Chondrolia Chalkidikis which is

enriched in stimulus-related GOs such as ‘cellular response to

stimulus’ and ‘cellular response to organic substance’. The third

regulator, transcript se023_D5, showed 95% similarity to a

CCAAT-binding transcription factor. CCAAT elements are

bound by nuclear factor Y (NF-Y) including a DR1 protein [48]

which plays an important role in the endoplasmic reticulum-

response in Arabidopsis [49] and oxidative stress response in

eukaryotes [50].

Other modules are also statistically enriched for various stimulus

functional categories like ‘ion binding’ (module-2), ‘response to

ethylene stimulus’ (module-7), ‘response to temperature’ and

‘abiotic stimulus’ (module-10) and ‘response to fungus’ (module-

22).

In cv. Chondrolia Chalkidikis, other modules with stimulus-

related overrepresented GOs included module-6 (‘response to

herbicide and toxin’), module-12 (‘response to cadmium’,

‘response to metal ion’ and ‘response to inorganic substance’)

and module-20 (‘response to copper ion’).

Comparison of Kalamon and Chondrolia Chalkidikis
networks

Two TFs, bZIP (se013_B10) and NF-YB (se012_B6) homologs,

regulated modules in both cultivars related to stimulus response:

module-7 in cv. Chondrolia Chalkidikis and module-9 in cv.

Kalamon [45–49]. In addition, a third TF, NF-YC (se023_D5),

appeared also as a co-regulator for stress-related module-9 in cv.

Kalamon. However, it is interesting to note that different

transcripts are regulated by the same olive bZIP and NF-YB

homologues in the two cultivars (Figure 8). This might be

explained by the opposite patterns of expression of both TFs in

the two cultivars during the stress and post-stress period.

The Kalamon and Chondrolia Chalkidikis module networks

shared 69 interactions which were mediated by three TFs. Some of

these common interactions comprise differentially expressed

transcripts such as an auxin-repressed protein (se002_B6), a

catalase (se019_A3) and a major latex protein (se021_F1) known to

be involved in stress responses [25,51]. In addition, a putative

SUMO (Small Ubiquitine-like MOdifier) protease homologue is

regulated by bZIP in both cultivars but it is differentially expressed

only in cv. Kalamon. SUMO proteases are considered regulators

of signalling proteins in eukaryotes through SUMOylation [52]

which plays an important role in abiotic stress, ABA signalling,

pathogen defense and flowering time [53].

The intersection network (Figure 9) also contains 36 isolated

nodes which represent transcripts that are present in both

networks but with different interacting pairs. Among these are

the CCR4-associated factor 1 (CAF1) (se020_B7) and GRAS

(se015_B12) transcripts which are both related to stimulus-

response terms according to Blast2GO annotation.

Discussion

We conducted a 135-day long comparative salinity experiment

with two olive cultivars, one sensitive and one tolerant to salinity.

One-year-old trees were exposed to NaCl stress for 90 days

followed by 45 days of post-stress period during the summer. Our

objective was to mimic olive growing field conditions considering

that experimental conditions greatly affect transcriptome responses

in abiotic stress studies [20]. Therefore, we took into consideration

Figure 3. GO annotation of the differentially expressed transcripts. [A] 22/51 of the differentially expressed transcripts (2-class paired SAM)
of cv. Kalamon and 5/6 of the differentially expressed transcripts (2-class paired SAM) transcripts of cv. Chondrolia Chalkidikis were annotated using
the 1e-6 threshold of blastx in the Blast2GO software. [B] K-means clustering of the 51 Kalamon differentially expressed transcripts. Log2 (Treated/
Control) gene expression data were best represented by four k-means clusters. Time and fold change are indicated on the x- and y-axes, respectively.
In each cluster, the number of transcripts is indicated. A pseudoline in magenta colour superimposed on each cluster represents the general pattern
of expression. [C] Pie chart of the cv. Chondrolia Chalkidikis annotated transcripts. [D] Pie chart of the cv. Kalamon annotated transcripts.
doi:10.1371/journal.pone.0042931.g003
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the concentration of NaCl treatment by using 120 mM NaCl

which olive trees possibly encounter when irrigated with low

quality saline water, as well as the kinetics of stress treatment by

implementing a long exposure to salinity covering the entire

summer period. This way, the shortcomings of commonly used

NaCl-stress in plastic jars and petri dishes and the rapid NaCl

shock [54] were avoided.

Recent efforts were also reported in olive EST identification

mainly related to pollen allergens and olive fruit ripening [55]. In

this study entire olive seedlings of one month old were used to

extract RNA for the cDNA library construction considering that

the transcriptome of actively growing seedlings will be highly

enriched with transcripts involved in growth and development.

This way, the enrichment of the cDNA library with transcripts

involved in root and leaf growth programmes was much higher.

Figure 4. Differentially expressed transcripts between the stress and the post-stress period. Hierarchical clustering revealed the
existence of distinct clusters in both cultivars. [A] In cv. Kalamon, 209 differentially expressed transcripts were hierarchically grouped in two major
clusters denoted with two vertical bars. The blue bar represents a cluster comprised of 50 transcripts which are up-regulated only after 45 days of
stress. The magenta bar represents a cluster comprised of 159 transcripts which are up-regulated throughout the stress period. [B] In cv. Chondrolia
Chalkidikis, 36 differentially expressed transcripts were hierarchically grouped in two major clusters denoted with two vertical bars. The light blue bar
represents a cluster of 16 transcripts which are down-regulated during stress and up-regulated during post-stress period. The light magenta bar
represents a cluster comprised of 20 transcripts which are up-regulated after 45 and 90 days of stress and down-regulated during post-stress period.
doi:10.1371/journal.pone.0042931.g004

Figure 5. Comparison, GO annotation and Fisher’s exact test of differentially expressed transcripts under stress and post-stress. [A]
Venn diagrams of the differentially expressed transcripts in cross-cultivar microarray comparisons. The Venn diagrams show the number of
overlapping and non-overlapping transcripts with significantly differential expression between stress and post-stress period. 188 unique transcripts
were identified in cv. Kalamon and 15 in cv. Chondrolia Chalkidikis while 21 transcripts were common in both cultivars. [B] GO annotation level 2 of
the 21 transcripts. [C] Fisher’s exact test for the probability that the observed distribution of terms in the set of cv. Kalamon transcripts was
significantly different (FDR,0.05) from the set of cv. Chondrolia Chalkidikis transcripts.
doi:10.1371/journal.pone.0042931.g005
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This cDNA library was sequenced and an olive microarray was

constructed comprising 1121 non-redundant ESTs. Despite the

limited probe set due to the low number of ESTs comprising the

olive microarray, transcriptional regulatory networks were con-

structed for a salt-tolerant and a salt-sensitive cultivar after

transcriptome analysis. Moreover, several hierarchically-clustered

interacting TF regulators were identified known to be involved in

stress-adaptive responses including salinity.

In cv. Kalamon, 159 out of 209 transcripts were up-regulated

throughout stress, while the remaining 50 were up-regulated only

after 45 days of stress according to hierarchical clustering. All 209

transcripts were subsequently down-regulated during post-stress.

However, a small number of 20 transcripts were up-regulated

throughout stress in cv. Chondrolia Chalkidikis, a 10-fold decrease

in transcript number, indicating limited transcriptional activation

in the salt-sensitive cultivar. This lack of transcriptional activation

might be partly responsible for the sensitivity of cv. Chondrolia

Chalkidikis compared to cv. Kalamon at the gene expression level.

Moreover, the 209 transcripts are characterized by GO annota-

tions related to stress response, transport and response to abiotic

stimulus which are not represented in the 36 differentially

expressed transcripts of cv. Chondrolia Chalkidikis according to

Fischer’s exact test analysis. These GO annotations are directly

involved in salinity stress confirming the lack of response of the

salt-sensitive cultivar at the transcriptional level.

Within the 209 differentially expressed transcripts in cv.

Kalamon there are seven which might be considered salt-specific

such as a salt-stress responsive-encoding putative small glutamine

rich tetratricopeptide repeat containing protein, 40 s ribosomal

protein, NAD+ ADP-ribosyltransferase, annexin A4, xyloglucan

endotransglycosylase, UDP-galactose epimerase and stress-in-

duced protein.

Although in cv. Kalamon most of the transcripts were down-

regulated in the post-stress period, in cv. Chondrolia Chalkidikis a

cluster of 16 transcripts was clearly up-regulated during post-stress.

GO annotation of these transcripts indicated their involvement in

metabolic, cellular and developmental processes presumably in

order to grow new leaves since the old ones senesced and abscised

after 90 days of salinity. Such an example is a putative serine c-

palmitoyltransferase-like protein homologue, which is known to be

involved in cell growth according to GO annotation and is

upregulated during post-stress only in cv. Chondrolia Chalkidikis

but not in cv. Kalamon.

Regulatory networks were constructed in the context of

adaptive mechanisms to salinity stress considering the lack of

previously identified networks of this kind in any tree species and

the assumption that the efficiency of plant adaptation to salinity

would probably increase through modulation of salt-responsive

gene regulatory networks. This strategy would require the initial

characterization and the subsequent alteration of expression of key

transcription factors in order to enhance salt stress tolerance [56].

To this direction, we characterized several olive transcription

factor homologs. The olive JERF homolog belongs to the family of

ethylene response factors (ERFs). The JERF TFs are known to be

involved in abiotic stress responses including salinity through

regulation of expression of stress-responsive and ABA biosynthesis-

related genes [57]. Although the JERF is up-regulated after 45

days of salinity in cv. Kalamon (data not shown) it is not expressed

at all either during the stress or the post-stress period in cv.

Chondrolia Chalkidikis indicating a significant difference in

regulation of a stress-responsive transcription factor between the

salt-sensitive and salt-tolerant cultivar. Therefore, the JERF

homolog might play a key role in olive adaptation to salinity.

The pattern of expression of the JERF homolog should be

determined under salinity in additional salt–sensitive and salt–

tolerant genotypes in order to assess its potential to be used as a

molecular marker of salt tolerance.

In addition, the olive bZIP homolog seems to play a key role in

the highly complex gene regulatory network in cv. Kalamon as

well as in cv. Chondrolia Chalkidikis through regulation of other

TFs, members of the module network. The expression of the

putative olive bZIP homolog was up-regulated in cv. Chondrolia

Chalkidikis, the salt-sensitive cultivar, while it remained steady in

cv. Kalamon, the salt-tolerant cultivar, after 15 and 45 days of

treatment (Figure 8). These patterns of olive bZIP expression are

in agreement with the patterns of Arabidopsis bZIP24 expression

and its salt-tolerant relative species Lobularia maritime. In Arabi-

dopsis, a salt-sensitive species, the bZIP24 with homology to olive

bZIP was up-regulated, while in Lobularia maritime it was repressed

[58]. Moreover, the olive bZIP regulated module networks

comprising transcripts induced in cv. Kalamon but suppressed in

cv. Chondrolia Chalkidikis in response to salt. This is in agreement

with the RNAi-mediated repression of bZIP24 in Arabidopsis

which increased stress tolerance due to the transcriptional

activation of a wide range of stress-induced genes involved in

cytoplasmic ion homeostasis, osmotic adjustment and plant growth

and development [58]. The AREB1, a group A bZIP, was also

shown to play a key role in ABA signalling under drought stress

[59].

Moreover, the hierarchical relation between the olive bZIP and

the olive JERF homologs is identical to the one proposed by

Golldack et al. [56] with the bZIP regulating JERF indicating

similarities in transcription factor networks between Arabidopsis

and a tree species such as olive.

In addition, two NF-Y TFs were placed upstream hierarchically

in the regulatory network, indicating a key role in salt stress

response of olive (Figure 6C). This is in agreement with the

improved drought tolerance under field conditions exhibited by

transgenic maize plants over-expressing the ZmNF-YB2 TF [60].

The olive bZIP homolog regulated on its own or in combination

with other TFs five out of the nine modules in cv. Kalamon.

Among the five modules, there are four which comprised

differentially expressed transcripts indicating the central role of

bZIP in salt response. One of these modules, module-13, is

regulated by the bZIP and JERF homologs suggesting synergistic

function. Moreover, the bZIP played a central role in cv.

Figure 6. Transcriptional regulatory network of cv. Kalamon under salinity. A total number of 186 transcripts participated in the regulatory
program, clustered in 9 non-overlapping modules (main frame). Modules are color-coded as indicated in the left-down inset. Diamonds represent
transcripts encoding transcription factors (TFs) whereas circles represent transcripts regulated by TFs. The directionality of the regulation is indicated
through arrowed edges heading from the TF to the target gene. [Inset A] Transcripts are divided into three categories. The triangles represent
differentially expressed transcripts which are grouped in the magenta-colored cluster (see Figure 4A); V-shapes represent differentially expressed
transcripts which are grouped in the blue-colored cluster (see Figure 4A). The circles represent non-differentially expressed transcripts. [Inset B] An
abstract representation of the transcriptional regulatory network. The diamonds represent TFs. The circles represent modules and the length of their
diameter is proportional to their transcript number. The color of each module is similar with those of the main frame. The width of the arrow is
proportional to the weight of the regulatory interaction. [Inset C] The hierarchical TF regulatory network. The color of each TF is similar to the color of
the module it belongs. The directionality of the regulation is indicated through arrowed edges.
doi:10.1371/journal.pone.0042931.g006
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Figure 7. Transcriptional regulatory network of the response of cv. Chondrolia Chalkidikis under salinity. A total number of 237
transcripts participated in the regulatory program, clustered in 12 non-overlapping modules (main frame). Modules are color-coded as indicated in
the right-up inset. Diamonds represent transcripts encoding transcription factors (TFs) whereas circles represent transcripts regulated by TFs. The
directionality of the regulation is indicated through arrowed edges heading from the TF to the target gene. [Inset A] Transcripts are divided into three
categories. The triangles represent differentially expressed transcripts which are grouped in the magenta-colored cluster (see Figure 4B); V-shapes
represent differentially expressed transcripts which are grouped in the blue-colored cluster (see Figure 4B). The circles represent non-differentially
expressed transcripts. [Inset B] An abstract representation of the transcriptional regulatory network. The diamonds represent TFs. The circles
represent modules and the length of their diameter is proportional to their transcript number. The color of each module is similar with those of the
main frame. The width of the arrow is proportional to the weight of the regulatory interaction. [Inset C] The hierarchical TF regulatory network. The
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Chondrolia Chalkidikis’s salinity response by regulating ten out of

twelve modules.

The higher complexity of the cv. Kalamon transcription factor

network compared to the cv. Chondrolia Chalkidikis network

might be indicative of a more coordinated effort to adapt to

salinity although a more representative number of transcripts have

to be analyzed to draw reliable conclusions on olive response to

salt.

The comparison of the salt-responsive transcriptional regulatory

networks in olive with those reported for Arabidopsis [56] suggests

that the regulons in both species might be comprised of some

similar regulatory TF homologues. This indicates that a tree

species might respond in a similar way to Arabidopsis at the

transcriptome level under salinity stress. However, further research

is required on olive transcriptome analysis to further support this

assumption.

Materials and Methods

Plant material and salinity treatment
One-year-old, self-rooted trees of Olea europaea L., cvs. Kalamon

and Chondrolia Chalkidikis, were grown under identical condi-

tions by the commercial nursery ‘‘Kostelenos’’, Poros-Trizinia,

Greece, transported to Chania, Greece and transplanted in 4-lt

plastic bags containing a 1:1 mixture of perlite:sand. The young

trees were irrigated daily with 150 ml of half-strength Hoagland

solution [61] for one month and 35 of those of similar growth were

selected for the salinity experiment while another 35 for the un-

treated control. In total, 70 young trees per cultivar were used for

the experiment. The half-strength Hoagland solution [61] was

supplemented with 120 mM NaCl for the salinity treatment. The

experiment was conducted at the ambient temperatures of this

particular summer at the premises of the Mediterranean

Agronomic Institute at Chania, Crete, Greece and not in a

growth chamber under controlled environmental conditions. It

started on the 15th of May and ended 135 days later throughout

the entire summer period.

RNA extraction and cDNA library construction
Four young trees were used to collect root tissue at each time

point after 15, 45 and 90 days of treatment. The root tissue was

then washed repeatedly with deionised water, sterilized with 0.5%

sodium hypochloride, immediately ground with liquid nitrogen

and stored at a 280uC freezer. Total RNA was extracted

color of each TF is similar to the color of the module it belongs to. The directionality of the regulation is indicated through arrowed edges.
doi:10.1371/journal.pone.0042931.g007

Figure 8. Expression panel of selected regulatory networks. The upper panel represents the regulatory TFs of a module and the lower panel
the transcripts it consists of. Each column represents a time-point. The expression of the transcripts and TFs is color-coded with the dark blue
representing lower expression whereas the bright yellow represents higher expression. [A] module-9 in cv. Kalamon; [B] module-7 in cv. Chondrolia
Chalkidikis. Both modules are enriched in GO annotations related to stimulus response.
doi:10.1371/journal.pone.0042931.g008
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according to the method of Bachem et al. (1998) and concentrated

using the NucleoSpinH RNA Clean-up XS kit (Macherey-Nagel,

Duren, Germany) in order to be used for the microarray analysis.

Total RNA was extracted from one-month-old olive seedlings

and used for the construction of a cDNA library with the Creator

SMART cDNA library construction kit (BD Bioscience-Clontech,

Mountain View, Canada). cDNA fragments longer than 600 bp

were selected and directionally ligated into the pDNR-lib vector

(BD Clontech, California) at the SfiI restriction site. Plasmids were

transformed into the E. coli strain DH10B (Invitrogen, Carlsbad,

CA, USA) by electroporation. The presence and the length of

inserts were tested by PCR using the primers pDNR-F_1:59-

TAAAACGACGGCCAGTA-39 and pDNR-R_1: 59- GAAA-

CAGCTATGACCA TGTTC-39.

The cDNA inserts were sequenced in one direction with the

pDNR forward (59-TAAAACGACGGCCAGTA-39) primer using

Big Dye 3.1 chemistry on an ABI 3700 sequencer (Applied

Biosystems, Foster City, CA, USA). The raw sequence reads were

quality-trimmed and vector- and poly-A clipped. Clustering of the

sequences was performed with the SeqManII software (DNAS-

TAR, Inc. Madison, WI, USA) resulting in contigs and singletons.

Homology search and GO annotation
GO terms were assigned after blastx search of 2600 unique EST

sequences using Blast2GO [38]. Threshold cut-off was at E-value

1.0e-6 and the alignment length of 33 amino acids.

Microarray production
The 1121 unique cDNAs were PCR-amplified using Taq

polymerase (Minotech, Heraklion, Greece) with the primers

(pDNR-F_2: 59-CCGCATAACTTCGTATAGC–39 and

pDNR-R_2: 59-CATGTTCACTTACCT ACTGG-39) positioned

by the polylinker site. The PCR products were purified using

Nucleofast 96 columns (Macherey-Nagel, Duren, Germany).

Approximately 3 mg of purified PCR product was placed in 384-

well printing plates (Genetix, Hampshire, UK), dried at room

temperature and resuspended in printing buffer containing

450 mM NaCl, 45 mM phosphate pH 7.0, 5% [v/v] formamide

and 0.01% [v/v] maltoside at a final concentration of 200 mg/ml.

Printing was performed in triplicates on home-made aminosilane

slides using a Packard SpotArray24 spotter with four print-tips in

the Post-Genomics Facility of IMBB-FORTH, Heraklion, Greece.

RNA labelling and microarray hybridization and washing
Approximately 15 mg of total RNA were labeled with the

SuperScriptTM Plus Direct cDNA Labeling System (Invitrogen,

Carlsbad, CA, USA) using Alexa FluorH-labelled nucleotides. The

reverse transcription reaction was performed in a 30-mL volume

containing 15 mg total RNA with 5 mg of oligo(dT) primer,

10 mM dithiothreitol, 16Nucleotide mix with Alexa FluorH-555-

aha-dUTP or Alexa FluorH-647-aha-dUTP, 40 units RNa-

seOUTTM and 800 units of SuperScript III reverse transcriptase

in 16Superscript first-strand buffer. After incubation at 46uC for

3 hours, the reaction products were treated with 15 mL of 0,1 M

NaOH, incubated at 70uC for 30 min and treated again with

15 mL of 0,1 M HCl for 3 minutes. Two samples were combined

and purified using the PureLinkTM PCR purification system

(Invitrogen, Carlsbad, CA, USA). The only modification was the

use of 20 ml low-temp hybridization buffer (Arrayit Co.,

Sunnyvale, CA, USA) as elution buffer. The probe was

supplemented with 3.5 ml of 5 mg/ml salmon sperm DNA and

2 ml of yeast tRNA. The mixture was heated at 60uC for 5 minutes

and was kept at 45uC before hybridization.

The probes were placed onto the array; the slides in a sealed

hybridization cassette (Genomic Solutions Inc. Ann Arbor, MI,

USA) and submerged in a 43uC water bath for 18 hours. The

slides were then placed in washing solution 1 (16 SSC, 0.03%

SDS) and then transferred to washing solution 2 (0.26 SSC) for

Figure 9. Intersection of the cv. Kalamon and cv. Chondrolia Chalkidikis transcriptional regulatory networks. 69 nodes share an edge
that corresponds to a regulatory interaction between a TF and a transcript while 36 nodes are isolated, implicating their presence in both networks
but with different interacting pairs. Diamond-shaped nodes represent TFs, circles represent regulatory transcripts. Green nodes are differentially
expressed transcripts in cv Kalamon and red nodes are differentially expressed transcripts in cv Chondrolia Chalkidikis.
doi:10.1371/journal.pone.0042931.g009
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5 min with agitation followed by washing solution 3 (0.056SSC),

agitated gently for 5 min, spun at 750 rpm for 4 min and dried.

Microarrays were scanned with a microarray scanner (model

GenePix 4000B, Axon).

Microarray experimental design
Microarray gene expression data for salt-treated and untreated

olive roots were obtained by comparing directly the results of each

treatment/timepoint with each other in all possible combinations

using a loop design proposed by Yang and Speed [39] (Figure S3).

Taking into account all possible combinations, 20 hybridizations

per cultivar were performed in total within this experimental

setup. Dye swap hybridizations and 4 biological replicates were

performed for each treatment/timepoint.

Microarray image analysis, data acquisition and
normalization

The .tiff images were analyzed using GenePix Pro 6.0 software

and spots were flagged by GenePix as ‘not found’ or ‘absent’. In

addition, data spots in each array were also manually estimated for

spot quality and were flagged as ‘bad’ (non-uniform, saturated or

high background) or ‘absent’ (below background spots). The

default local background subtraction method was used. The

GenePix Results files (.gpr) were subsequently converted to TIGR

MultiExperiment Viewer (.mev) files using the ExpressConverter

v2.1 tool implemented in the TM4 microarray software suite [40].

ExpressConverter provides the Integrated Intensity Value (IIV) for

each spot, that is the total measured intensity across the biological

sample printed on a spot [62]. These values were then used as

input for MIDAS v2.21.

The MIDAS normalization and filtering pipeline that we used

includes the following steps in order: (1) locally weighted

scatterplot smoothing regression (LOWESS): normalization in

block mode was used to compensate for non-linear dye bias, (2) in-

slide replicate analysis to normalize for the three in-slide replicates

of each unique probe and (3) low-intensity filtering that removes

intensity values,10000 in order to avoid spurious signal-intensity

measurements. Low-quality array elements were eliminated by

applying several filtering methods such as background checking for

both channels with a signal/noise threshold of 2.0 and usage of

flags for both channels. One bad tolerance policy parameter was

set to generous. We evaluated the effect of the normalization

pipeline by creating Ratio Intensity (RI) plots (data not shown) at

the end of the normalization procedure, as described by

Quackenbush [63].

Microarray data analysis
Two-class paired Significance Analysis of Microarrays (SAM)

[64] implemented in TIGR MEV 4.5.1 [40] was used for the

identification of differentially expressed transcripts. The paired

inputs for SAM analysis were the normalized intensity values of

the control (C) and treatment conditions (T) for each treatment

time-point (T_15d vs C_15d, T_45d vs C_45d, T_90d vs C_90d,

T_15dr vs C_15dr and T_45dr vs C_45dr). Features with missing

values for any of the conditions were excluded from the SAM

analysis. The significance cutoff, the d value, was adjusted

(d= 0.81 for cv. Kalamon and d= 0.47 for cv. Chondrolia

Chalkidikis) so as to set the median false discovery rate FDR,5.

Differentially expressed transcripts were further analyzed using the

K-means clustering algorithm implemented in TIGR MEV 4.5.1

[40]. The default Euclidean distance was used as a metric and the

maximum number of iterations was set to 50.

To assess the differences in response between stress and

recovery conditions, two-class unpaired SAM [64] implemented

in TIGR MEV 4.5.1 [40] was used. The inputs for SAM analysis

were the normalized log2 (Treated/Control) intensity values of the

stress vs. recovery time-points. Features with missing values for any

of the conditions were excluded from the SAM analysis. The

significance cutoff, the d value, was adjusted resulting in a median

false discovery rate (FDR) of ,6.5%. For all analyses, we

performed 100 random permutations of the data to select the

differentially expressed transcripts and were required to select S0

based on the default method of Tusher et. al. [64]. Differentially

expressed transcripts were further analyzed using the Hierarchical

Clustering algorithm implemented in TIGR MEV 4.5.1 [40] using

the Euclidean metric and complete linkage clustering algorithm.

Module networks
In order to infer the module networks for both cultivars the

LeMoNe algorithm [37,42] was used. LeMoNe uses ensemble-

based probabilistic optimization techniques to identify clusters of

co-expressed transcripts as well as their regulators [65]. First it

searches for clusters of co-expressed transcripts and subsequently

defines a regulatory program for each cluster. Local optima traps

in the first step are avoided using a Gibbs sampling approach for

two-way clustering of both transcripts and conditions [37]. The

algorithm receives as input the expression profiles of transcripts

across the experimental conditions as well as a list of potential

regulators.

In this study the normalized log2 (Treatment/Control) values of

both cultivars were used as transcript expression input. A list of 30

potential regulators was identified using GO annotation descrip-

tion as indicated by the terms ‘transcription factor activity’,

‘nucleic acid binding’, ‘DNA binding’, ‘regulation of transcrip-

tion’, ‘transcription regulator activity’ and ‘transcription activator

activity’ using Blast2GO tool. For each cultivar 10 independent

Gibbs sampler runs were performed, initiated with 216 and 186

clusters for Kalamon and Chondrolia Chalkidikis respectively,

representing the half number of transcripts for each strain.

LeMoNe assigned the corresponding regulators in each cluster

characterized by a particular weight. The final set of regulators

was set to be those that exceed the threshold of 10% of the

maximum weight for each strain.

The final output of the algorithm is a group of clusters

composed of mutually exclusive co-expressed transcripts, with a list

of high-scoring regulators attached to each cluster, prioritized

according to the corresponding weight.

GO annotation, functional analysis of clusters and Fisher’s
exact test

Transcripts were annotated using the publicly available

Blast2GO package v.2.4.4 [38]. Initially a blastx was run though

QBlast against the NCBI nr-database of 2010-07-09 using default

parameter values. Following the mapping step, the annotation step

was performed using an e-value threshold of 1.0e-6. A comparison

against the InterPro domain database was used to increase the

number of annotated sequences, using InterProScan [66].

Enrichment analysis was completed for every cluster in the two

cultivars using the FatiGO tool [44] implemented in Blast2GO

[38] at the 0.01 significance level. Enrichment analysis between

Kalamon and Chondrolia Chalkidikis annotated sequences was

performed using Fisher’s exact test implemented in Blast2GO

[38].
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Network visualization
Visualization of the regulatory networks was performed with

Cytoscape [67] v. 2.7.0. Intersection network was constructed

using the NetworkAnalyzer Cytoscape plugin [68].

Supporting Information

Figure S1 Distribution of sequence length for the 1956 ESTs.

(TIF)

Figure S2 Distributions of the blastx analysis of the 1211 non-

redundant ESTs. NoBlastHits: sequences returning no blast hits,

NoMapping: Mapping step returned no results for the sequence,

NoAnnot: Annotation step returned no results for the sequence,

Annot: Sequences with a GO assignment, Total: total number of

sequences.

(TIF)

Figure S3 Loop design of the time course experiment. C:

Control; T: NaCl-treatement; 1: 15 days stress; 2: 45 days stress; 3:

90 days stress; 4: 15 days post-stress; 5: 45 days post-stress. Each

arrow represents a two-dye hybridization pair among the

experimental treatments. Every time point sample was hybridized

four times, each time with RNA extracted from a different plant.

The head and tail of each arrow represent the Alexa 647 and

Alexa 555 dye respectively.

(TIF)

Figure S4 Transcript distribution in regulatory modules for cv.

Kalamon and cv. Chondrolia Chalkidikis. The Kalamon network

consists of 22 modules (white bars) comprising 432 transcripts.

Nine of the modules marked with a star comprise 186 transcripts

and are regulated by at least one transcription factor. The

Chondrolia Chalkidikis network consists of 20 modules (stripped

bars) comprising 372 transcripts. Twelve of the modules marked

with a star comprise 237 transcripts and are regulated by at least

one transcription factor.

(TIF)

Table S1 Redundancy level of the olive seedling cDNA library.

The first column shows the number of ESTs that comprise a

contig while the second column shows the total number of contigs

with the corresponding number of ESTs.

(DOCX)

Table S2 GO categories for clusters of the differentially

expressed transcripts in cv. Kalamon. Transcript name: The

name of the transcript in a cluster. Hit description: The

description of the GO term assigned to the transcript. GO-ID:

The GO-ID term assigned to the transcript. Term: The GO term

assigned to the transcript.

(DOCX)

Table S3 GO categories for modules that comprise cv. Kalamon

transcriptional regulatory network. The first column shows the

module number, the second column shows the number of

transcripts that comprise the module. Columns three and four

show the GO ID and GO Term respectively while the last column

shows the p-value of the GO term assignment as calculated in the

FatiGO tool.

(DOCX)

Table S4 GO categories for modules that comprise cv.

Chondrolia Chalkidikis transcriptional regulatory network. The

first column shows the module number, the second column shows

the number of transcripts that comprise the module. Columns

three and four show the GO ID and GO Term respectively while

the last column shows the p-value of the GO term assignment as

calculated in the FatiGO tool.

(DOCX)
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