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Abstract: The effects of drought stress on phospholipase D (PLD) gene expression and enzymatic
activity were investigated in ‘Pineapple’ sweet orange. PLDs are tissue-specific, with overlapping
functions, and in response to stress they may interact with ABA signaling. Tissue specificity for
expression of PLDs and their regulation are unknown in citrus. To assess PLD response to water
stress and gene expression/regulation in citrus, we subjected potted seedlings to increasing levels of
soil drought. Evapotranspirational demand (ET) was estimated by measuring weight loss in pots,
and water stress was further assessed by measuring ABA content. Three treatments were performed
over a 3-week period: (a) Control treatment without drought stress (100% of daily ET); (b) mild water
stress (50% ET); and (c) severe water stress (0% ET). ABA content increased during drought stress
in both roots and leaves, being higher in leaves than in roots by the end of the experiment for any
stress condition assayed. PLD enzymatic activity was monitored and expression of five PLD genes
was studied. PLD activity increased linearly over time in response to increased soil drought and was
around three times higher in roots than in leaves. PLD activation occurred initially in roots and then
in leaves. PLD gene expression in response to stress soil drought differed between roots and leaves.
These results show the potential of PLD as a suitable indicator of stress severity in citrus.
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1. Introduction

Physiological responses of trees to the environment rely on factors such as leaf morphology and
anatomy, along with xylem vessel area, size, and density, as they play a role in stomatal conductance,
and subsequent biochemical changes that contribute to differences in functional capacities [1,2]. Among
abiotic stresses affecting plant productivity, water stress is the most important environmental agent
causing losses in crop yield and quality [3–6]. In citrus, water stress is a main cause of yield losses
due to physiological alterations such as preharvest fruit drop and leaf abscission [7,8]. Also, water
stress is an important determinant of final fruit quality since it may alter internal maturity attributes,
including decrease in the ratio of total soluble solids to titratable acidity [9]. Deep understanding of the
plant response to drought and subsequent water stress is needed to design strategies for coping with
increasing water stress conditions in the near future due to climate change and demographic pressure
in citrus growing regions.

The responses of plants to drought vary depending on the severity of the stress and the stage
of drought progression. In this regard, it has been proposed that monitoring soil moisture status in
combination with measuring molecular, biochemical, and physiological responses in the plant may
allow quantification of plant responses to drought severity [10]. There are abundant evidences of
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signaling and communication between roots and the above ground portion of the plant in response to
drought; the phytohormone abscisic acid (ABA) was first suggested by Loveys [11] to be a xylem-located
signal produced under water stress that may cause a change in stomatal conductance. In general,
biophysical response to water stress integrates with hormonal signaling and gene expression. In citrus,
it has been shown that expression of some ABA signaling core components mirror the concentration of
the hormone that accumulates during fruit maturation and in leaves in response to drought [12–14].
Recently, it has been shown that leaves from citrus plants are able to adjust their water status and are a
relevant source of ABA for roots during water stress and that leaf dehydration is a requirement to trigger
ABA-induced responses in roots [15]. The involvement of phospholipase D (PLD) in the response
mediated by ABA to dehydration is well established in plants [16]. There is an interplay between
ABA and phosphatidic acid (PA), a product from PLD hydrolyzation of membrane phospholipids. PA
produced by PLDα in response to drought promotes ABA signaling [17]. Expression of PLDα-encoding
gene is induced by ABA and dehydration in different crop herbaceous plants such as wheat, cowpea and
foxtail [18–20]. This interplay has been less studied in woody plants of horticultural interest. In citrus,
previous work has shown the interplay between ABA synthesis and signaling with phospholipase gene
expression and activity in individual organs such as fruit and leaves subjected to mild stress [13,14].
Hence, PLD activity may be a good indicator of water stress in citrus plants but the dynamics of its
activation in response to different drought conditions and its relationship with ABA accumulation
have not been studied in the whole citrus plant. Response to drought conditions can be different if
water stress imposed is light, mild, or severe. Also, response to short term shock stress is different to
response to progressive drying [21], a condition that is more common in woody crops such as citrus
subjected to standard horticultural practices.

PLD is a heterogeneous family, consisting of six subfamilies in Arabidopsis, named α, β, γ, δ,
ε, and ζ [22]. Different members of these subfamilies may act in response to different stresses or in
modulating various developmental processes and may overlap and/or have cooperative functions
during the response [22,23]. In particular, PLDα, the predominant PLD form in plants [24], and PLDδ
are involved in ABA signaling during transpirational water loss resulting in stomata control [25–28].
The role of other PLDs in response to drought and water stress is less well documented. In citrus, these
subfamilies have also been identified, and their involvement in regulating response to mild water
stress in fruit and leaves [13,14] indicates other subfamily members may be involved; however, the
activation and regulation of different PLDs in the citrus tree in response to drought stress is completely
unknown. In addition, to our knowledge there are no reports on the response of PLD in citrus to water
deficiency in the soil. We hypothesize that PLD activity in the plant may be a good indicator of the soil
water content, so it can help in making any decisions on grove irrigation.

With the aim of starting to unravel regulation of PLDs in the whole citrus plant in response to
water deficit in the soil, we investigated the activation dynamics of different PLDs in roots and leaves
during the response to gradual soil desiccation and its relationship with ABA in leaves and roots.

2. Materials and Methods

2.1. Plant Material and Treatments

Thirty nine-month-old ‘Pineapple’ sweet orange plants growing in 2.5-L containers of a general
purpose peat-based soil (Pro-Mix BX; Premier Horticulture, Red Hill, PA, USA) were maintained
in a greenhouse at the Citrus Research and Education Center (Lake Alfred, FL, USA, 28◦5′37” N,
81◦43′30” W; elevation 51 m asl). The average night/day temperature in the greenhouse was 34/20
◦C, and the relative humidity varied between 45% and 100%. Natural photoperiods were about 11
h. Evapotranspiration (ET) of plants was monitored prior to experimental treatments to determine
the evapotranspiration rate of each. ET was calculated gravimetrically by measuring the weight lost
daily from each pot. Then, ET was used to establish three irrigation treatments: fully watered control
(receiving 1.00 rET), 0.50 rET, and 0 rET (n = 4). The experiment was performed for three weeks and
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repeated three times. The average total water use (TWU) per plant was calculated as the sum of the
water applied over the course of the experiment after 3 weeks of treatment. Tissue from roots and
leaves from three biological replicates was periodically collected, frozen in liquid nitrogen, and stored
at −80 ◦C until analysis.

2.2. Extraction of PLD and Analysis of Enzymatic Activity

One hundred milligrams of leaf or root tissues was immersed in liquid nitrogen and ground to a
powder. The frozen powder was transferred to a centrifuge tube containing 2 mL of extraction buffer
(1 mM EDTA, 100 mM Tris-HCl (pH 7.5), 2% PVPP, and sorbitol 0.15 M), and vortexed to homogenize.
The homogenized extract was centrifuged at 8900× g for 15 min. After centrifugation, the pellet was
washed three times and resuspended again in assay buffer (250 mM Tris-HCl and 25 mM CaCl2, pH
8.0) for PLD analysis [29]. The procedure was carried out at 4 ◦C. PLD activity was assayed with the
Amplex Red Phospholipase Assay Kit (Molecular Probes, Invitrogen, Eugene, OR, USA) following
manufacturer’s instructions and using a fluorescence microplate reader with absorption and emission
of fluorescence maxima set at 571 and 585 nm, respectively. Enzymatic activity was expressed as
absorbance units per g of fresh weight.

2.3. RNA Extraction and Analysis of Gene Expression

Total RNA was extracted and purified from 100 mg of leaf or root tissues using the RNeasy Mini Kit
(Qiagen, Valencia, CA, USA). Then, 0.5 µg were treated with DNaseI (Promega Corporation, Madison,
WI, USA) to remove genomic DNA contamination and reverse transcribed using ‘SuperscriptIII’ reverse
transcriptase (Invitrogen, Eugene, OR, USA) according to manufacturer’s instructions. The cDNA was
diluted 1.5-fold and stored at −20 ◦C until needed.

An Applied Biosystems 7500 Fast Real-Time PCR system (Applied Biosystems, Foster City,
CA, USA) was utilized for quantitative real-time RT-PCR analysis. Analysis was performed on 1
µL of diluted cDNA in a final reaction volume of 20 µL using the SYBR® Green PCR Master Mix
(Qiagen, Valencia, CA, USA). PCR conditions were as follows: 50 ◦C for 2 min; 95 ◦C for 10 min
followed by 40 cycles of 95 ◦C for 15 s; 60 ◦C for 1 min. Melting curve analysis was performed to
confirm target-specific amplification. Primer concentration was optimized, and primer validation
was performed to enable relative gene expression analysis using the 2−∆∆Ct method [30]. Citrus
glyceraldehyde-3-phosphate-dehydrogenase (CsGAPDH), whose constitutive expression during water
stress was previously confirmed [12], was used as an endogenous control, and primers used for
CsPLDα, CsPLDβ, CsPLDγ, CsPLDδ, CsPLDδ, and CsPLDζwere previously designed, validated, and
reported. Sequences for primer design were obtained from Phytozome database (www.phytozome.org)
and used for primer design [12] (Table S1). At least three biological replicates from each time point
were utilized. All analyses were repeated in duplicate and results averaged for each replicate. The
lowest expression value was used to compare all others within one experiment.

2.4. ABA Extraction and Analysis

At the end of the experiment, ABA was extracted in triplicate from ground samples of 1 g of fresh
weight leaves or roots with 80% acetone containing 0.5 g L−1 citric acid and 100 mg L−1 of butylated
hydroxytoluene. The extracts were centrifuged at 3000× g and the supernatant diluted in an appropriate
volume of ice-cold TBS (6.05 g Tris, 8.8 g L−1 NaCl, and 0.2 mg L−1 MgCl2 at pH 7.8) [31]. Three samples
for each dilution were analyzed by an indirect enzyme-linked immunosorbent assay (ELISA), using
the monoclonal antibodies from Phytodetek1 (Agdia, Elkhart, IN, USA) following manufacturer’s
instructions. The ABA content was calculated by interpolation with the logit transformation of the
ABA standard curve [32].

www.phytozome.org
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2.5. Statistical Methods

Results are the means of three replicate samples ± standard error (SE). Statistical analyses
were performed by one-way ANOVA using SAS (SAS Institute Inc., Cary, NC, USA) followed by a
Student–Newman–Keuls test to assess significant differences (p < 0.05) between pairs of means for
each time point.

3. Results and Discussion

In this study, we investigated the effect of increasing water stress on PLD activation in the whole
citrus plant, with the objective of identifying drought conditions in the soil necessary for induction of
this enzymatic activity in the tree that could serve as an indicator of deleterious water stress. Since
PLD interplays with ABA in the response of plants to water stress [17–20], the aim of this study was to
investigate how drought, ABA accumulation, and PLD activation operate in citrus trees.

3.1. Effects of Water Stress on ABA Accumulation

Plants were subjected to different conditions of drought stress for 3 weeks. Whole-plant ET was
calculated by the end of every drying period to establish three irrigation treatments. ET is a good
indicator of water stress [33,34]. Severe drought (0% ET) was imposed to the plants to reduce the water
usage at the end of each dehydration treatment, whereas water use followed a linear fashion during
the experiment in 100% ET and 50% ET plants (Figure 1A). ABA content increased during drought
stress in both roots and leaves. By the end of the experiment, ABA content was higher in leaves than
in roots for any stress condition assayed. Interestingly, these differences were more pronounced as
plants were less stressed: 2-fold for 100% ET, 8-fold for 50% ET, and around 10-fold for 100% ET plants
(Figure 1B). Aboveground organs can be more sensitive than roots to soil drying [35], and this would
explain higher ABA concentration in leaves than in roots. On the other hand, increase in ABA has
been reported to be higher in shoots as compared to roots due to translocation in other crops such as
apple in response to progressive drought [2]. Alternatively, more active carotenoid biosynthesis in
leaves than in roots and reduction in carotenogenesis after water stress in roots [36] may also explain
these differences. In this regard, citrus roots are unable to synthesize ABA de novo in response to
dehydration, so ABA accumulation in roots relies on transport from shoots [37], and the role of leaves
in sensing water deprivation seems crucial for ABA accumulation [15].

3.2. Effects of Water Stress on PLD Activity

In plants, PLD activates in response to dehydration produced by water stress: Activity increases
within minutes of the onset of dehydration in the resurrection plant Craterostigma plantagineum [16]
and also is dependent on stress severity in Petunia [10]. In citrus, PLD activates at transcriptional
level in both leaves and fruit in response to mild water stress [14]. PLD enzymatic activity increased
rapidly in roots after stress was imposed, whereas this increase was delayed in leaves. Withholding
irrigation induced in roots a 2.5- (50% ET) and a 3-fold (100% ET) increase in total enzymatic activity by
1 week, whereas absence of water stress resulted in no PLD activation. The same but muted trend was
observed in leaves. In both tissues, maximum activity was achieved by 2 weeks of water deprivation
and decreased thereafter, although significant activation (p < 0.05) occurred earlier in roots (Figure 2).

In both tissues there was a similar strong correlation (r2 values of 0.89 and 0.95 in leaves and
roots, respectively) between severity of dehydration stress and PLD activity (Figure 3). Clearly,
response mediated by PLD in the citrus tree depended on drought stress severity. Hence, severity
and concomitant PLD activity can be manipulated by controlling soil water content as previously
indicated [10]. Our results suggest that PLD activity in the plant is suitable as a very accurate indicator
of water deficiency in the soil, so PLD activity can be used as a predictor of water needs in citrus.
Since PLD activity increases in roots before leaves and ABA accumulates in leaves before roots and
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that ABA synthesis in roots appears to be less efficient than in leaves [36,37], our data suggest an
ABA-independent mechanism for early accumulation of PLD in roots.

Figure 1. Water usage dynamics in response to three different water stress conditions: severe drought
(0% evapotranspiration (ET)), mild drought (%50 ET), and fully watered plants (100% ET). (A) Average
accumulated water used (accumulated evapotranspiration requirement, in liters) in each treatment
during a 3-week period. Asterisks indicate significant differences at * p < 0.05. (B) ABA concentration in
roots and leaves of ‘Pineapple’ sweet orange trees at the end of the 3–week experiment in the different
irrigation regimes assayed.

3.3. PLD Relative Gene Expression

Several PLD-encoding genes from citrus have been identified in previous work [14], and the
differential involvement of some PLD family members in the response of other plants to stress has
been described [24]. In this work, we have studied the expression of five PLD-encoding genes
(CsPLDα, CsPLDβ, CsPLDγ, CsPLDδ, and CsPLDζ) in response to water stress conditions in above-
and below-ground parts of the citrus plant. Our analysis shows that PLD-encoding genes responded
to drought in the soil following different spatiotemporal patterns in roots and leaves and that the
response was dependent on severity of water deprivation.
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Figure 2. Phospholipase D (PLD) activity in response to different conditions of water stress (severe
drought (0% ET, O), mild drought (%50 ET, �), and fully watered plants (100% ET, �)) in (A) leaves
and (B) roots of ‘Pineapple’ sweet orange trees during a 3-week period. Data are means ± SE of three
biological replicates. Asterisks indicate significant differences at * p < 0.05.

Interestingly, expression of genes encoding different PLDs did not change in roots or leaves of
plants in well-watered soil (100% ET). However, activation of these genes in response to the water
deprivation imposed varied in both leaves and roots. Three different patterns of PLD gene expression
in response to drought were observed. Pattern 1 was characterized by an earlier increase in expression
in roots by 1 week and then in leaves, by 2 weeks CsPLDα, CsPLDγ and CsPLDδ followed this pattern
(Figure 4). Expression of CsPLDα and CsPLDγ was around 10 times higher in aerial parts than in roots.
In contrast, expression of CsPLDδwas slightly higher in roots than in leaves of water stressed plants
(20-fold as compared to 14-fold) (Figure 4). It has been suggested that PLDα and PLDδ cooperate
in ABA signaling in stomata guard cells from leaves, but functions do not completely overlap [28].
In this regard, the higher induction of PLDα as compared to PLDδ supports previous findings [14]
and strongly suggests different roles of both genes in response to soil drought. Notably, CsPLDγ
was upregulated in both leaves and roots in response to soil drought. This contrasts with previous
findings [14] in citrus detached leaves, where this gene was downregulated under mild stress, and
indicates different regulation in both systems. We cannot rule out an interplay between roots and
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leaves in the whole citrus plant system, because induction started earlier in roots than in leaves and
this interplay would be lost in the detached-leaf system. A more detailed study on the physiological
responses of the plant to the soil water deficit, involving determination of water status and dynamics
in different tissues will be necessary to answer these questions. Interestingly, PLDγ1 is highly induced
in Arabidopsis roots after wounding but not in leaves [38]. This suggests that cellular damage occurs in
roots after cycles of drought and rewatering in citrus.

Figure 3. Correlation plots between percentage of water loss replacement and PLD activity at the end
of the three-week experiment in roots (brown plot) and leaves (green plot). Three individual replicates
were plotted for each water loss replacement value. The experiment was repeated three independent
times with similar results.

Figure 4. Effect on relative gene expression of different conditions of water stress (severe drought (0%
ET, O), mild drought (50% ET, �), and fully watered plants (100% ET, �)) in leaves (upper panels) and
roots (lower panels) of ‘Pineapple’ sweet orange trees during a 3-week period. Pattern 1: Expression of
CsPLDα, CsPLDγ, and CsPLDδ. Inset panels show magnified scale to appreciate differences. Data are
means ± SE of three biological replicates. Asterisks indicate significant differences at * p < 0.05.
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CsPLDβ gene expression followed a different pattern in response to dehydration (pattern 2).
Increase in expression in both roots and leaves started by 1 week of the imposed treatment. Whereas in
roots gene expression steadily increased with time, in leaves expression was maximum by 2 weeks
and decreased thereafter (Figure 5), showing an expression pattern coincident with that previously
reported in detached leaves under mild water stress, although at much shorter times, and supporting
that there is tissue-specificity in the induction of this isogene [14].

Figure 5. Effect on relative gene expression of different conditions of water stress (severe drought (0%
ET, O), mild drought (50% ET, �), and fully watered plants (100% ET, �)) in leaves (upper panel) and
roots (lower panel) of ‘Pineapple’ sweet orange trees during a 3-week period. Pattern 2: Expression of
CsPLDβ. Data are means ± SE of three biological replicates. Asterisks indicate significant differences at
* p < 0.05.

Expression of CsPLDζ was not altered in leaves by any level of drought imposed, whereas in
whole plants subjected to severe drought (0% ET), a significant (* p < 0.05) 5-fold increase was measured
in roots at the end of the experiment by 3 weeks (pattern 3, Figure 6), when root deterioration became
apparent. This suggests that PLDζ expression increases after prolonged stress and is a signal of tissue
degradation. PLDζ is involved in several responses to stress in plants. It increases in leaves and roots
of Arabidopsis in response to phosphorus (P) starvation [39] and is involved in signaling of hypoxic
stress [40]. To our knowledge, involvement in drought stress of this isogene has not been reported. The
fact that increase in expression occurs only in roots and after prolonged stress indicates that this gene is
involved in long-term responses to stress, but in citrus it is not activated in leaves. This reinforces the
idea of overlapping complementary roles among different lipases. The differential expression of PLD
subfamilies in response to nutrient availability has been reported in other plants [41], so this system
may be of interest to study other stresses in citrus.
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Figure 6. Effect on relative gene expression of different conditions of water stress (severe drought (0%
ET, O), mild drought (50% ET, �), and fully watered plants (100% ET, �)) in leaves (upper panel) and
roots (lower panel) of ‘Pineapple’ sweet orange trees during a 3-week period. Pattern 3: Expression of
CsPLDζ. Inset panels show magnified scale to appreciate differences. Data are means ± SE of three
biological replicates. Asterisks indicate significant differences at * p < 0.05.

4. Conclusions

In summary, we have shown that there is a differential activation of various PLD-encoding genes
in response to increasing conditions of drought in the soil, linking directly soil water content with PLD
gene expression. Furthermore, this activation is tissue specific. Resulting enzymatic activity shows
a high correlation with severity of drought imposed, and hence, soil water content. Taken together,
these results open the possibility of more precise evaluation of the water requirements of citrus trees.
Our study shows also the potential of using different PLDs to study and understand response to other
stresses in citrus. Since in our study PLDs gene expression was not activated in well-watered plants,
this system shows promise in order to assess nutritional deficiencies and/or requirements in citrus.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4395/10/1/45/s1,
Table S1: Primers used for selected genes in qRT-PCR analysis.
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