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Triploidy in Citrus Genotypes Improves Leaf Gas Exchange and Antioxidant Recovery From Water Deficit
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The triploidy has proved to be a powerful approach breeding programs, especially in Citrus since seedlessness is one of the main consumer expectations. Citrus plants face numerous abiotic stresses including water deficit, which negatively impact growth and crop yield. In this study, we evaluated the physiological and biochemical responses to water deficit and recovery capacity of new triploid hybrids, in comparison with diploid hybrids, their parents (“Fortune” mandarin and “Ellendale” tangor) and one clementine tree used as reference. The water deficit significantly decreased the relative water content (RWC) and leaf gas exchange (Pnet and gs) and it increased the levels of oxidative markers (H2O2 and MDA) and antioxidants. Compared to diploid varieties, triploid hybrids limited water loss by osmotic adjustment as reflected by higher RWC, intrinsic water use efficiency (iWUE Pnet/gs) iWUE and leaf proline levels. These had been associated with an effective thermal dissipation of excess energy (NPQ) and lower oxidative damage. Our results showed that triploidy in citrus enhances the recovery capacity after a water deficit in comparison with diploids due to better carboxylation efficiency, restored water-related parameters and efficient antioxidant system.
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INTRODUCTION

Citrus production is one of the main fruit crops worldwide with more than 133 million tons produced in 2017 (FAOSTAT, 2019) and the Mediterranean basin is considered as a secondary area of citrus diversification. Most of the citrus breeding program has focused on the production of seedless fruits (Ollitrault et al., 2008; Aleza et al., 2012; Navarro et al., 2015), the main economic trait for fresh fruit and juice market, with special emphasis in mandarins. Alongside economic issues, citrus production is affected by various environmental constraints. Climate change is expected to induce increased drought episode frequency related to the elevation of average air temperature (Lelieveld et al., 2012) which adversely affect growth, crop yield, and reduce fruit quality, particularly in the arid and semiarid regions around the Mediterranean. Thus, the effective strategy to develop more drought-tolerant varieties is highly relevant to maintain sustainable crop production in the future. The improvement of the citrus fruit market and tolerance to abiotic stresses highlighted the need to develop an efficient strategy to produce seedless citrus varieties withstanding these environmental changes. The modification ploidy level could be an effective way to improve drought stress tolerance in plants and to get seedless fruits.

Polyploidy refers to the presence of more than two sets of chromosomes and offers clear advantages for plant evolution. Polyploidy breeding strategies have been widely exploited for citrus rootstock (Grosser et al., 2015; Tan et al., 2015; Rouiss et al., 2017) and to a lesser extent for citrus scion (Tan et al., 2017, 2019). Citrus trees are mostly diploid (2n = 2× = 18), with few exceptions of polyploidy varieties as the triploid “Tahiti” lime. Triploid cultivars are uncommon in the natural environment because of their inviable seeds, resulting in a lack of progeny. However, thanks to their seedlessness and faster growth, triploid plants will be useful for improving phenotypic and organoleptic qualities that are economically important for the fresh fruit market. In citrus cultivars, triploidy is one of the main breeding strategies used to produce innovative seedless fruit (Recupero et al., 2005; Aleza et al., 2012; Navarro et al., 2015) and is mainly achieved by cross-hybridization of diploid × diploid that result from unreduced gametes (Aleza et al., 2016; Rouiss et al., 2017). Triploid production efficiency is determined by the compatibility of parents, pollen viability and the frequency of unreduced gametes, especially of the female parent (Wang et al., 2016). “Fortune” mandarin has been extensively used as a female parent in diploid × diploid hybridization (Aleza et al., 2010; Navarro et al., 2015) because it is more effective for producing a high frequency of triploid hybrids. Triploid plants are heterozygous and often express many desirable characteristics like larger organs, greater vigor and biomass, dark green leaves, and larger organs (fruit and flower) that result in higher yield (Wang et al., 2016). In addition, Jones et al. (2007) reported that triploidy induces an increase in size of somatic and guard cells as well as chloroplasts number, strengthening photosynthesis. Nevertheless, the scarce report on triploidy-induced tolerance (Lourkisti et al., 2020) and the climate changes highlights the need to investigate the resistance properties of triploid plants to abiotic stress, especially water stress. Indeed, improved abiotic stress tolerance has already been reported in polyploids, especially in tetraploids, compared to their diploid counterparts. For example, use of tetraploid citrus has been proved to be an efficient way to enhance tolerance to cold (Oustric et al., 2017), salt stress (Khalid et al., 2020), nutrient deficiency (Oustric et al., 2019), and water deficit (Allario et al., 2013; Dutra de Souza et al., 2017). Nevertheless, most of these studies use tetraploidy for rootstocks breeding while few reports focus on assessing the stress tolerance of economically relevant polyploidy scions.

Water deficit response is a complex phenomenon associated with the maintenance of tissue water contents, stomatal regulation, osmotic adjustment, and antioxidant defense system to limit cell damage (Farooq et al., 2012). Stomatal closure appears to be the main physiological drought-response and aims to minimize water loss through transpiration (Chaves et al., 2003). While a loss of photosynthesis is among the first consequence of stomatal closure (Flexas et al., 1999), some authors suggested that non-stomatal factors (i.e., metabolic processes) become more limiting for photosynthesis, especially under severe water deficit (Lawlor and Cornic, 2002; Chaves et al., 2003). Reduction in CO2 uptake can subsequently affect electron transport between photosystems II and I (PSII and PSI) which lead to oxidative stress, through ROS overproduction (Farooq et al., 2009). Although in low doses, ROS (like singlet oxygen, superoxide anion, and hydrogen peroxide) can play beneficial roles in signaling and regulation (Noctor and Foyer, 2016; Foyer et al., 2017), their accumulation is highly toxic and have detrimental effects on proteins, lipids, DNA, and carbohydrates (Mittler, 2002). The risk of irreversible injuries in cells may increase under severe water deficit (Gallé et al., 2007). To prevent damage, plant cells have evolved various drought acclimation and adaptation processes such as antioxidant defenses which could enhance their adaptability to survive during drought stress (Blum, 2017; Wei et al., 2019; Miranda et al., 2020). The antioxidant system is a complex mechanism composed of enzymes (e.g., superoxide dismutase, catalase, ascorbate peroxidase, and dehydroascorbate reductase) and various molecules (ascorbate, glutathione, and proline). Osmotic adjustment is one of the most common response to abiotic stresses including drought, salinity and cold (Serraj and Sinclair, 2002). Osmotic adjustment is referred to the accumulation of solutes like carbohydrates or amino acids and is a major mechanism for drought stress tolerance because it helps in maintaining turgor pressure in the cell while the water potential is decreasing (Pérez-Clemente et al., 2012; Blum, 2017). Proline is one of the most important solute which accumulates in plants subjected to drought stress and it function not only as osmolyte but also as antioxidant, helping ROS detoxification (Szabados and Savouré, 2010; de Campos et al., 2011).

Although the use of triploidy appears to be a successful strategy for dealing with current economic issues, its involvement in improving stress tolerance has yet to be clearly proven. Therefore, the INRAE-CIRAD research centre (San Giuliano, Corsica, France) has developed a citrus breeding program dedicated to triploid citrus hybrids (Ahmed et al., 2020). The hybridization was performed between the “Fortune” mandarin and “Ellendale” tangor used as the female and male parent, respectively, generating population with two ploidy levels (diploid and triploid). The “Fortune” mandarin parent was selected for its pomological traits and its capacity to produce spontaneous triploid genotypes more often than other cultivars. “Ellendale” tangor parent was chosen for its organoleptic quality and its late fruit production (April).

This study aimed to assess the response of triploid citrus varieties to water deficit and their recovery after the stress, an essential step for their future introduction on the market. Their response was compared to diploid varieties, both parents and clementine tree. We analyzed the water status and compared the varieties for the effect of the water deficit treatment on photosynthesis activities through measurements of gas exchange and chlorophyll fluorescence and on the redox status using assays of oxidative markers and antioxidant system.



MATERIALS AND METHODS


Plant Material and Growth Conditions

This study was performed triploid (3×) and diploid (2×) hybrids citrus trees obtained by hybridization between the “Fortune” mandarin (Citrus reticulata Blanco) and “Ellendale” tangor (Citrus reticulata Blanco × Citrus sinensis (L) Osb.). Both 2× parents and 2× common clementine were also selected as reference variety of the study. Diploid and triploid scions were grafted on C-35 Citrange rootstock (Citrus sinensis “Ruby Blood” × Poncirus trifoliata) and grown in a greenhouse during 7 months at the INRAE-CIRAD experimental station in San Giuliano, Corsica, France (42°17′07.5″ N, 9°31′21.9″ E). C-35 rootstock was chosen for its tolerance to abiotic (drought, cold) and biotic (Tristeza, Phytophthora) stresses. C-35 seedlings used for the experiment were strictly chosen in the nursery to eliminate off-types. The 2× (D1-2× and D40-2×) and 3× varieties (T1-3×, T2-3×, T38-3×, T39-3×, and T40-3×) were selected as described in the previous study (Lourkisti et al., 2020). All plants were transferred in 10-L pots containing a substrate (topsoil, sand, and peat Klasmann TS1, 1:1:2) and grown under controlled conditions (27–30°C day/20–25°C night and the relative humidity ranged from 60 to 80%). The same weight of soil was provided so that the weight of each pot was 7 kg. During the acclimation period, plants were watered near field capacity (FC) and fertilized with a nutritive solution (1 L/h) containing nitrogen, phosphorous, potassium (20-5-10 fertilizer unit), magnesium oxide, and trace elements. This fertilization was supplied according to the recommendations of the local department of agriculture.



Water Deficit Treatment

One month before the experiment, plants were pruned to homogenize trees in height, architecture and leaf density. To obtain the maximum water holding capacity, the plants were watered until saturation and the excess water was allowed to drain overnight. After draining, the pots were weighed to determine the weight at field capacity (FC). Each pot was then enclosed in a plastic bag to prevent soil evaporation. The experiment was performed in two completely randomized blocks designed as follows: (i) thirty plants (three independent biological replicates per variety) were assigned as control plants and irrigated daily near FC and (ii) thirty others plants (three independent biological replicates per variety) were subjected to water stress so that the soil water content ranged between 35 (threshold at which wilting has been observed) and 45% of FC by manual successive watering. For each pot, when the assigned minimal soil water content was reached, the watering was performed to set the maximal assigned soil water content. To maintain this water condition, each pot was weighed daily before and after irrigation. After maintaining this water stress for 6 days; the physiological parameters were recorded and plant material collected for biochemical analyses. Thereafter, stressed plants were re-watered (recovery period) with daily irrigation near FC for 5 days. Three independent biological leaf and root sample replicates were harvested from each variety and treatment (control, water deficit, and recovery). Leaves and roots samples were immediately frozen and ground in liquid nitrogen and stored at −80°C for biochemical analyses.



Water Status Parameters

Pre-dawn (ΨPD) water potential was determined in one fully expanded leaf per plant (three independent biological replicates per variety), taken from the basal part of the primary branch, using a Scholander-type chamber (PMS Instruments Co., Corvallis, OR, United States). ΨPD was recorded between 04:00 and 06:00 AM before and at sixth day of the water deficit treatment and after the recovery period.

Leaf relative water content (RWC) was determined according to Barrs and Weatherley (1962) between 11:00 AM and 12:00 AM. Three discs from pooled samples of each variety were cut out with a cork borer and immediately weight to determine their fresh weight (FW). The leaf discs were then immersed in distilled water, stored at 4°C in the dark for 24 h and weighed after that to determine their turgid weight (TW). Next, the leaf discs were dried in a forced-air circulation oven at 80°C for 24 h until constant weight and the dry weight (DW) was determined. RWC was calculated according to the following equation:
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Leaf Gas Exchange and Chlorophyll Fluorescence

Before the beginning of the experiment, five mature leaves per plant were selected and labeled for all physiological measurements (15 independent biological replicates per variety) which were performed between 09:00 AM and 11:00 AM.

Net photosynthesis (Pnet), stomatal conductance (gs), transpiration (E), and intercellular CO2 concentration (Ci) were monitored with an infrared gas analyzer LCPRO-SD (ADC, BioScientific Ltd., United Kingdom) equipped with the broadleaf chamber at saturating light (PAR at 1400 μmol.m–2.s–1), at 380 μmol.mol–1 for CO2 concentration, airflow 200 μmol.s–1 while leaf temperature was determined by the environment. Data were recorded when the measured parameters were stabilized (3–6 min). The carboxylation efficiency was estimated as Pnet/Ci while the instantaneous and intrinsic water use efficiencies were calculated as WUE = Pnet/E and iWUE = Pnet/gs, respectively.

The chlorophyll fluorescence measurements were measured on dark and light-adapted leaves using an OS1p chlorophyll fluorimeter (Opti-Sciences, Inc., Hudson, NH, United States). The application of a saturating actinic light at 3000 μmol photon.m–2.s–1 was produced by an array of three light-emitting diodes (650 nm) during 1 s and allows us to measure the maximum fluorescence on dark (Fm) and light-adapted leaves (Fm′). The maximum(Fv/Fm) quantum yield of PSII was recorded on dark-adapted (30 min) leaves using leaf clips. In light-adapted leaves, steady-state fluorescence yield was measured and the actual quantum yield of photosystem II was determined as ΦPSII = [(Fm′−F)/Fm′] = ΔF/Fm′ (Maxwell and Johnson, 2000). The apparent electron transport rate was automatically estimated by the fluorimeter as ETR = ΦPSII × PPFD × 0.5 × 0.84, where PPFD is photosynthetic photon flux density incident on a leaf, 0.5 is a factor that assumes the equal distribution of energy between the two photosystems, 0.84 represents the leaf absorption (Krall and Edwards, 1992). The ETR/Pnet ratio was also calculated to indirectly evaluate the use of electrons by alternative electrons sinks. Non-photochemical quenching (NPQ) was calculated as NPQ = [(Fm−F′m)/F′m] (Baker et al., 2007).



Levels of Oxidative Markers

Three independent biological replicates of leaves and roots samples (n = 3) for each variety and each treatment were harvested for biochemical analysis.

Malondialdehyde content was determined in leaf and root samples according to Hodges et al. (1999) and adapted to citrus samples as described by Santini et al. (2013). Briefly, 80 mg of sample powder was homogenized in 2 mL 80% ethanol (v/v) and then centrifuged at 3000 × g for 10 min at 4°C. Absorbance was determined at 440, 535, and 600 nm against a blank.

Hydrogen peroxide content was assayed using a PeroxiDetect Kit (Sigma, Aldrich, St. Louis, MO, United States) according to Jiang et al. (1991) and adapted to citrus samples as described by Lourkisti et al. (2020). Briefly, 150 mg of sample powder was homogenized in 300 μL of distilled water and centrifuged at 21,000 × g for 15 min at 4°C. Absorbance was read at 560 nm with a microplate reader (MULTISKAN FCTM, Thermo Scientific, Waltham, MA, United States).



Levels of Antioxidant Compounds and Enzymatic Activities

Ascorbic acid content was carried out as described by Stevens et al. (2008) and adapted to citrus samples by Lourkisti et al. (2020). Briefly, 150 mg of sample powder was homogenized in 600 μL of 6% ice-cold trichloroacetic acid (w/v) and centrifuged at 13,000 × g for 15 min at 4°C. Absorbance was read at 550 nm with a microplate reader (MULTISKAN FCTM, Thermo Scientific, Waltham, MA, United States).

Proline content was determined according to Carillo et al. (2011) and adapted to citrus samples by Lourkisti et al. (2020). Briefly, 40 mg of sample powder was homogenized in 70% ethanol (v/v) and centrifuged at 15,000 × g for 15 min at 4°C. The absorbance was read at 520 nm with a microplate reader (MULTISKAN FCTM, Thermo Scientific, Waltham, MA, United States).

For antioxidant enzymatic activities, sample powder (54 mg) was homogenized in 2 mL of extraction buffer and centrifuged at 13,000 × g for 30 min at 4°C. The supernatant was used to determine the SOD, CAT, APX, and DHAR activities as described by Santini et al. (2013). Time-course measurements were read using a V-630 spectrophotometer (Jasco Inc., Tokyo, Japan).



Statistical Analysis

The data were expressed as means values (±standard error) and analyzed with R statistical software1. The qualitative factors studied are sampling period (Control, water deficit, and recovery period) and ploidy level. The variance homogeneity was checked using Levene test and the influence of these factors was analyzed with a two-way ANOVAs followed by the LSD test (P < 0.05) when a significant difference was detected. The normality was checked using Shapiro–Wilk test to determine the appropriate correlation coefficient to apply. Pearson’s correlation analysis was performed on normalized data during water deficit conditions and was used to verify the relation between the physiological and biochemical variables under water deficit. Heat map of Pearson’s correlation was performed with RStudio software. Principal Component Analysis (PCA) was performed on normalized data with the FactomineR package bundled with R statistical software. PCA and hierarchical clustering classification (Ward’s method) helps us to better understand the similarity between variables and individuals through the hierarchical distribution of varieties and obtain an optimal number of clusters.



RESULTS


Leaf Damages

Under water deficit conditions, severe leaf wilting and leaf rolling were observed in various 2× varieties (D40-2×, “Fortune” mandarin, clementine) (Figure 1A) while only the T2-3× variety showed similar symptoms (Figure 1B). Additionally, leaf shedding was observed following re-watering in “Fortune” mandarin individuals whereas the T39-3× and T40-3× varieties seems to recover quickly since they developed additional leaves following re-hydration (data not shown).
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FIGURE 1. Leaf damages after water deficit (35–45% FC) compared to controls on plants of (A) diploid and (B) triploid varieties.




Water Status Parameters

In control plants, pre-dawn leaf water potential (ΨPD) was constant through the varieties and remained above −0.7 MPa (Figure 2A). In water stressed plants, ΨPD decreased significantly in all varieties and there was no significant difference between varieties except for D1-2× (−1.90 MPa) and T40-3× (−2.38 MPa). After the recovery period, ΨPD in water-stressed plants increased to reach similar values than those obtained in control plants (Figure 2A). These results showed that watering conditions are similar across varieties, especially for water-stressed plants and allow us to compare the response of the shoot to water stress.
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FIGURE 2. Changes in (A) pre-dawn leaf water potential (ΨPD) and (B) relative water content (RWC) in varieties under three different water conditions: control (black points), water deficit (gray points), and after rehydration (recovery; green points). All data are mean values (±S.E.) of three independent measurements (n = 3). Data were analyzed using ANOVA and Fisher LSD test (P < 0.05). Different capital letters indicate significant changes between the conditions (control, water deficit, and recovery) for each variety while different lower case letters indicate changes between the varieties for each condition.


In control plants, the RWC was ranged between 84 and 90% among the varieties (Figure 2B). RWC was significantly affected by water deficit and declined in all varieties. Under these conditions, some 3× varieties (T1-3×, T39-3×, and T40-3×) showed higher RWC than 2× varieties. Additionally, the lowest RWC (54%) was found in 2× varieties (“Fortune” mandarin, clementine) (Figure 2B). After re-watering, RWC increased in all varieties and the highest value was found in 3× varieties (except T38-3×). Despite an increase after the re-watering, RWC of 2× varieties (except for D1-2×) remained lower than the RWC in control plants (Figure 2B).



Leaf Gas Exchange and Chlorophyll Fluorescence

Net photosynthesis (Pnet) (Figure 3A), stomatal conductance (gs) (Figure 3C), and transpiration (E) (Figure 3E) were significantly affected by water deficit and the responses differed across the varieties. In water-stressed plants, the T40-3× variety (T40-3×) exhibited the highest Pnet value while “Fortune” mandarin showed the lowest values of Pnet, gs, and E (Figures 3A,C,E).
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FIGURE 3. Changes in (A) net photosynthesis (Pnet), (B) maximal quantum yield of PSII (Fv/Fm), (C) stomatal conductance (gs), (D) actual quantum yield of PSII (ΦPSII), (E) transpiration, and (F) non photochemical quenching (NPQ) in citrus varieties under three different water conditions: control (black points), water deficit (gray points) and after re-watering (recovery; green points). All data are mean values (±S.E.) of 15 independent measurements (n = 15). Data were analyzed using ANOVA and Fisher LSD test (P < 0.05). Different capital letters indicate significant changes between the conditions (control, water deficit, recovery) for each variety while different lower case letters indicate changes between the varieties for each condition.


The maximum quantum yield of PSII (Fv/Fm) declined significantly in response to water deficit in all varieties, except for D1-2× (Figure 3B). Under water deficit condition, the weakest Fv/Fm value was reported in clementine. After re-watering, Fv/Fm fully recovered in all varieties to reach values similar or up to control plants. Differential trends of actual quantum yield of PSII (ΦPSII) were observed between varieties in response to water deficit (Figure 3D). Overall, the ΦPSII values were ranged between 0.75 and 0.70 among the varieties, under water deficit. After the recovery period, few significant differences of ΦPSII were found between varieties. NPQ rose significantly in response to water deficit in all varieties (Figure 3F). Overall, most of 3× varieties exhibited greater NPQ values than diploid varieties. “Fortune” mandarin and T40-3× variety exhibited the highest values of NPQ during water deficit. After re-watering, NPQ dropped in all varieties, down to control values.



Oxidative Status

Oxidative damages in terms of H2O2 and MDA content were studied in leaves of selected varieties in response to water deficit (Figure 4). H2O2 and MDA contents were increased or were similar to control values for most of the varieties during the water deficit and during the recovery period (Figure 4). The highest value of H2O2 content was found in T1-3× while the Fortune mandarin showed the lowest level (Figure 4A). The D1-2× variety and clementine showed the greatest MDA level while the lowest was found in the Fortune mandarin (Figure 4B). After re-watering, a rise in H2O2 and MDA content was found in most of 2× varieties. The Ellendale tangor and clementine exhibited the highest values of H2O2 and MDA, respectively. In contrast, the lowest values were found in T38-3× (MDA) and T40-3× (H2O2) varieties. Overall, 3× varieties fully restored H2O2 and MDA content close to or below the control values.
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FIGURE 4. Evolution of (A) hydrogen peroxide (H2O2) and (B) malondialdehyde (MDA) contents in leaves of varieties under three different water conditions: control (black points), water deficit (gray points), and after rehydration (recovery; green points). All data are mean values (±S.E.) of three independent measurements (n = 3). Data were analyzed using ANOVA and Fisher LSD test (P < 0.05). Different capital letters indicate significant changes between the conditions (control, water deficit, and recovery) for each variety while different lower case letters indicate changes between the varieties for each condition.


Antioxidant defenses in terms of tAsa, Asa/DHA ratio and proline were studied in leaves of selected varieties in response to water deficit (Figure 5). Significant changes were reported between 2× and 3× varieties in ascorbate redox status (Figures 5A,B). Overall, high values of tAsa and Asa/DHA ratio were found in the 3× varieties during water deficit and after the recovery period. Different patterns of leaf proline content in response to water deficit and after the recovery period were observed between the varieties (Figure 5C). Most of the 3× varieties, exhibited higher values of proline content under water deficit and after the recovery.
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FIGURE 5. Evolution of (A) total ascorbate (tAsa), (B) redox status (Asa/DHA), and (C) proline contents in leaves of varieties under three different water conditions: control (black points), water deficit (gray points), and after rehydration (recovery; green points). All data are mean values (±S.E.) of three independent measurements (n = 3). Data were analyzed using ANOVA and Fisher LSD test (P < 0.05). Different capital letters indicate significant changes between the conditions (control, water deficit, and recovery) for each variety while different lower case letters indicate changes between the varieties for each condition.




Pearson Correlation Analysis in 2× and 3× Varieties Under Water Deficit

To further examine the water deficit response of 2× and 3× varieties and identify the functional implications and correlations of the various parameters during water deficit, a Pearson correlation analysis was performed (Figure 6). Net photosynthesis was correlated with drought-related parameters (RWC, iWUE, and WUE).
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FIGURE 6. Heat map of correlation matrix of physiological and biochemical variables found in (A) diploid and (B) triploid varieties under water deficit conditions. Correlation coefficient was calculated based on Pearson’s correlation at significant level (α < 0.05). Red and blue colors indicate positive and negative effects, respectively. Color intensity is proportional to the correlation coefficients, according to the figure legend. The white square corresponds to non-significant correlation (P-value > 0.05).


Triploid varieties exhibited negative correlation between NPQ and Pnet (r = −0.63), E (r = −0.66), Pnet/Ci (r = −0.58), and iWUE (r = −0.64), while NPQ was positively correlated with ETR/Pnet (r = 0.55) and H2O2 (r = 0.53) (Figure 6B). Proline was negatively correlated with RWC (r = −0.73), Pnet/Ci (r = −0.61), and WUE (r = −0.84) while this osmolyte was positively correlated with ETR/Pnet ratio (r = 0.69). Hydrogen peroxide (H2O2) was positively correlated with APX (r = 0.89). A positive correlation was also observed between MDA and APX (r = 0.79) while this oxidative marker was negatively correlated with SOD (r = −0.6) and CAT (r = −0.79).

Diploid varieties also exhibited specific correlations under water deficit (Figure 6A). Fv/Fm was negatively correlated with ETR/Pnet (r = −0.77) and positively correlated with Pnet/Ci (r = 0.45). A positive correlation was found between ETR/Pnet and antioxidant defenses (tAsa, SOD, CAT, and APX).



Principal Component Analysis for Physiological and Biochemical Responses of Varieties Under Water Deficit and Recovery Period

To provide a better understanding of water deficit response of 2× and 3× varieties, physiological and biochemical parameters were submitted to a centered and scaled PCA under water deficit and after the recovery period (Figure 7). The coordinates of the individuals were also analyzed by discriminant analysis to identify a clustering among the varieties based on their response to water deficit (Figures 7A,B) and their recovery capacity (Figures 7C,D). The first two principal components described 59.01 and 61.54% of the total variance in the population under water deficit and after the recovery period, respectively. Under water deficit conditions (Figure 7B), component 1 was positively correlated with gas exchanges related parameters (Pnet, gs, Pnet/Ci, E, WUE, and iWUE) and RWC while it was negatively correlated with some physiological parameters (ETR/Pnet, NPQ, Ci) and antioxidants (tAsa, CAT). Component 2 was positively correlated with leaves (SOD) and roots antioxidants (DHARroots, Asa/DHAroots, and APXroots) while it was negatively correlated with oxidative status parameters (H2O2, proline, tAsaroots, and MDAroots) and PSII-related parameters (Fv/Fm, ΦPSII, and ETR). Three main clusters were identified (Figure 7A). Component 1 separated cluster 1 (Clementine, D1-2×, T39-3×, and T40-3×) from cluster 3 (“Fortune” mandarin) while component 2 separated clusters 1 and 3 from cluster 2 (D40-2×, “Ellendale” tangor, T2-3× and T38-3×). Thus, 3× varieties (T39-3×, T40-3×), clementine, and D1-2× variety (cluster 1) were differentiated from the “Fortune” mandarin (cluster 3) by higher photosynthetic performances and better use of water during water deficit. Interestingly, cluster 1 was also characterized by an enhanced antioxidant system in leaves (SOD) and roots (DHAR, Asa/DHA, and APX). The others 3× varieties (T1-3×, T2-3×, and T38-3×), the “Ellendale” tangor and D40-2× variety (cluster 2) were characterized by their enhanced photosynthetic parameters (Fv/Fm, ΦPSII, and ETR) and accumulation of oxidative markers in leaves (H2O2) and roots (MDA). They also exhibited the accumulation of antioxidants as proline in their leaves and total ascorbate in their roots.
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FIGURE 7. Biplot obtained from PCA performed on leaves of studied citrus varieties under water deficit (A,B) and after the recovery period (C,D). Panels (A–C) repartition of varieties on the two first axes and (B–D) contribution of each physiological and biochemical variable to the two first axes of PCA.


After the recovery period, the first component was positively correlated with gas exchange parameters (Pnet, Pnet/Ci, and gs) and antioxidant molecules in roots (CAT, tAsa) (Figure 7D) while it was negatively correlated with ETR/Pnet ratio and MDA accumulation in roots. Component 2 was positively correlated with Asa/DHA ratio, Ci, and RWC, whereas it was negatively correlated with antioxidant defenses (proline, DHAR, tAsa, and SODroots) and MDA. Component 1 separated cluster 1 (T1-3×, T2-3×, T39-3×, and T40-3×) from cluster 2 (“Ellendale” tangor, D1-2×, D40-2×, and T38-3×). Component 2 separated cluster 3 (“Fortune” mandarin and clementine) from clusters 1 and 2 (Figure 7C). Hence, 3× varieties (cluster 1) were mainly differentiated from 2× varieties (clusters 2 and 3) and T38-3× variety by enhanced photosynthetic capacities (high Pnet, gs, and carboxylation efficiency Pnet/Ci) after re-watering. Triploid varieties were also characterized by higher antioxidant defenses in their leaves (Asa/DA ratio and SOD) and roots (CAT, Asa/DHA ratio). “Fortune” mandarin and clementine (cluster 3) were characterized by their increased oxidative markers accumulation (MDA and H2O2) even if these varieties exhibited enhanced proline and tAsa content in their leaves and higher SOD activity in their roots. Interestingly, the other 2× varieties and T38-3× (cluster 2) were mainly characterized by higher MDA accumulation in their roots and ETR/Pnet ratio while physiological traits remained weak after re-hydration.



DISCUSSION

The decline of water status-related parameters, as the pre-dawn leaf potential (ΨPD) and RWC illustrated that the water deficit occurred in all varieties (Figure 2) which negatively affected physiological, and biochemical processes. Poggi et al. (2007) reported that stomatal closure occurs when ΨPD was ranged between −1 and −2 MPa and embolism events start to accumulate in the xylem below −2 MPa. Our conditions are thus constraining enough to induce stomatal closure and thus affected the photosynthetic activity but without inducing a hydraulic failure leading to the plant death. Our conditions also allowed us discriminating varieties for their leaf damages, their physiological and biochemical responses to water deficit illustrating differential performance under these conditions.


Are Triploid Lines More Tolerant or Resilient to Water Deficit?

Compared to 2× varieties, the 3× varieties appeared less impacted by water deficit (Figure 1). The wilting was reported in 2× varieties, especially D40-2×, the “Fortune” mandarin, and clementine while only one 3× variety (T2-3×) exhibited the same response.

Three main clusters were revealed for the water deficit conditions according to our PCA analysis (Figure 7A). Cluster 1 contained two triploid (T39-3× and T40-3×) and two diploid (D1-2×, clementine) varieties. These varieties appeared to have less disturbance of their photosynthetic performance as indicated by great leaf gas exchange (Pnet, gs, E) and efficient water use, as suggested by high RWC, WUE and iWUE levels (Figures 2B, 7B). Cluster 2 contained three triploid (T1-3×, T2-3×, and T38-3×) and two diploid varieties (“Ellendale” tangor and D40-2×). This cluster exhibited closed water deficit response to cluster 1 in terms of leaf gas exchange and water status parameters, in addition with high Fv/Fm ratio, ΦPSII, and ETR values. Taken together, these results suggested a less marked photo-inhibition probably due to a better photo-protection system in both clusters. The “Fortune” mandarin had shown a specific response to water deficit since it is the only variety belonging to the cluster 3. This variety was characterized by a high disturbance of photosynthetic process, higher ETR/Pnet values and low levels of carboxylation efficiency (Pnet/Ci) (Figure 7B). The Pnet/Ci ratio can be considered as an estimation of Rubisco activity highlighting its limitations under stressing conditions (Niinemets et al., 2009; Silva et al., 2013). Thus, the low levels of Pnet/Ci and iWUE associated with a high ETR/Pnet ratio above the physiological value indicated that CO2 assimilation could also be limited by biochemical limitations in this variety (Figure 7B and Supplementary Figure 1). Moreover, it has been reported that under water deficit the increased Ci values at a very low gs level reflect impaired photosynthetic metabolism (Flexas et al., 2004). Taken together, these results showed that the “Fortune” mandarin was more sensitive to water deficit than the other varieties.

MDA is one of breakdown product of lipid peroxidation and is used as useful indicator of oxidative damages of plants. It has therefore been used extensively for discriminating citrus cultivars in terms of their tolerance to various environmental stresses (Luna et al., 2000; Tabassum et al., 2017; Lourkisti et al., 2020). In our study, low levels of MDA content were found in 3× varieties, except for T39-3×, indicating that most of 3× varieties were less affected by water deficit-induced oxidative stress, in comparison with 2× varieties (Figure 4B). The less oxidative damages could be due to efficient antioxidant defenses in 3× varieties in response to water deficit. Lower oxidative damages were also observed in tetraploid citrus rootstocks subjected to nutrient deficiency (Oustric et al., 2019) and salinity (Khalid et al., 2020) suggesting an improved tolerance of polyploids citrus to oxidative stresses. ROS such as H2O2 can also act as secondary messengers for the signaling in ABA-induced stomatal closure (Pei et al., 2000). Merilo et al. (2018) reported that increased H2O2 content was related to stomatal closure in response to water deficit. In our study, increased H2O2 content was found in T1-3×, T2-3×, and T39-3× varieties under water deficit (Figure 4A). Associated with high RWC, WUE, and iWUE levels, these results suggested that the better maintenance of water status may be related to an effective H2O2-related control of stomatal closure (Figure 2B and Supplementary Figure 1). This hypothesis was also supported by the negative correlation between the transpiration rate and H2O2 found in 3× varieties (Figure 6B). Such trends in sustaining water status have already been reported in polyploidy citrus in response to water deficit (Allario et al., 2013; Oliveira et al., 2017). As indicated by the cluster repartition, we cannot confirm that 3× varieties were clearly more tolerant to water deficit than 2× varieties.

The ability to withstand and to recover from drought is becoming an important issue for tree species as drought episodes are expected to occur more frequently over the next few decades. Our PCA analysis performed after the recovery period, separated clearly the 3× varieties from the 2× varieties according to their recovery capacity. At this period, the three reported clusters were different from those for the water deficit period (Figure 7C). Most of 3× varieties were contained in cluster 1 (except T38-3× variety). These varieties exhibited a better recovery of photosynthetic capacity and water status (Figures 3, 7D). T1-3× and T2-3× varieties clearly exhibited greater recover than “Ellendale” tangor and D40-2× although they belonged to the same cluster under water deficit (Figure 7B). Triploidy would confer a better recovery capacity in terms of gas exchange, oxidative damage and water status parameters, in comparison with diploid plants, following a water deficit. The same conclusions have been reported in triploid Populus under water deficit (Liao et al., 2018). Cluster 2 contained diploid varieties (“Ellendale” tangor, D1-2× and D40-2×) and T38-3× variety. These varieties showed high ETR/Pnet values, associated with slow leaf gas exchange recovery and carboxylation efficiency, indicating that excessive energy induced by water deficit was not more effectively removed, despite the re-irrigation. The low ability to recover photosynthetic performances was widely associated with drought-sensitive species (Gonçalves et al., 2016; Santana-Vieira et al., 2016; Flexas et al., 2018). The same recovery trends were found between “Fortune” mandarin and clementine, both belonging to cluster 3 (Figure 7C). Despite the relatively high Pnet and E values of these varieties (Figures 3A,E), the decreased gs (Figure 3C) and RWC (Figure 2B) suggested that these varieties could not fully recover. The cluster 3 was also characterized by a decreased stomatal conductance related to low chlorophyll fluorescence parameters (Fv/Fm, ΦPSII, ETR) and oxidative damage as evidenced by high leaf MDA and H2O2 content found in the “Fortune” mandarin and clementine (Figure 4). In such conditions, the recovery capacity was closely linked to plant capacity to repair membrane damage during re-watering (Chaves and Oliveira, 2004). In contrast, MDA and H2O2 accumulation was effectively managed after re-watering in 3× varieties since the values were lower than those found in control plants (Figure 4). We cannot confirm that 3× varieties were clearly more tolerant to water deficit than 2× ones. Nevertheless, triploidy would improve the recovery capacity after a drought episode which may be related to effective photo-protective mechanisms, osmotic adjustment and antioxidant processes.



Do Photo-Protective Mechanisms, Antioxidants and Osmotic Adjustment Explain the Better Water Deficit Tolerance in 3× Varieties?

Plants have evolved complex photo-protective mechanisms to dissipate excessive energy to limit photo-inhibition. While photochemical mechanisms (photorespiration and Mehler reaction) induced ROS production because of the use of O2 as alternative electron sink, NPQ dissipate energy in excess as heat. In our study, water deficit induced excess energy through photosystems in varieties as suggested by the correlation between ETR/Pnet and Pnet/Ci (Figure 6). The low decrease in Fv/Fm (Figure 3B) with the positive correlation between ETR and ETR/Pnet found only in 3× varieties (Figure 6B) indicated that the electron flux through the thylakoid membrane is maintained while photosynthesis rate decreased, and excess energy induced by water deficit is effectively dissipated. In addition, the great levels of NPQ associated with the positive correlation between NPQ and ETR/Pnet suggested that the thermal dissipation is the main photo-protective mechanism to eliminate the excess energy in 3× varieties (Figures 3F, 6B). Inversely, the photo-protective mechanisms generating ROS production appeared to be less involved in preservation of photosystem apparatus in 3× varieties as illustrated by the negative correlation between ETR/Pnet and CAT and SOD (Figure 6B). The involvement of alternative electron sinks in 2× varieties could be evidenced by the negative correlation between Fv/Fm and enzymes involved in Mehler reaction and photorespiration (SOD, CAT, and APX) (Figure 6A). In response to abiotic stresses, a rise of these alternative electron sinks have already been reported in diploid citrus (Medina et al., 2002; Ribeiro et al., 2009; Machado et al., 2010). Our results showed that both 2× and 3× varieties have set up photo-protective mechanisms to limit water deficit-induced photo-inhibition. While the response to water deficit of the varieties cannot be distinguished by the ploidy level, the 3× varieties exhibited a better water status than 2× varieties during water deficit.

The higher RWC in most of 3× varieties under water deficit (Figure 2B) indicated that they displayed better maintenance of cell homeostasis preventing the water loss (Salehi-Lisar and Bakhshayeshan-Agdam, 2016). Such properties have already been found in polyploidy plants related to drought tolerance mechanisms (Allario et al., 2013; Padoan et al., 2013; Oliveira et al., 2017). It has been shown that gs decreases faster than Pnet at the beginning of prolonged water deficit or during short-term water deficit which causes an increase in the instantaneous water use efficiency (iWUE: Pnet/gs). In our study, the higher RWC was associated with greater iWUE in 3× varieties (Figure 6B) suggesting the effective prevention of water loss. Osmotic adjustment is a powerful mechanism for preserving cellular water status and proline is the most important compatible soluble (Blum, 2017). Free proline accumulation is a common response of vascular plants to low water potential (Alexieva et al., 2001; Zhu, 2002; Szabados and Savouré, 2010). In our study, the ability of 3× varieties of maintaining the cellular water status during water deficit is supported by the positive correlation between proline with RWC, WUE and Pnet/Ci (Figure 6B). It has been reported that proline accumulation results in enhanced drought tolerance in rice (Dien et al., 2019), wheat (Wang et al., 2019), and polyploidy citrus (Khalid et al., 2020). Moreover, the enhanced proline accumulation in the 3× varieties (Figure 5C) could help in reducing photoinhibition by sustaining electron flow between both photosystems since proline biosynthesis pathway generates NADP+ which is the electron acceptor (Cechin et al., 2006). This hypothesis is supported by a ETR/Pnet ratio values near to physiological value and by the positive correlation between proline and ETR/Pnet found in the 3× varieties under water deficit (Figure 6B). In addition, proline is involved in regulation of cell redox status. de Campos et al. (2011) reported that the great endogenous proline level helps to cope with water deficit in transgenic Citrumelo not only by regulating osmotic adjustment but also by helping to alleviate drought-induced oxidative stress. In our study, since few differences in antioxidants enzymes activities were found between the 2× and 3× varieties, the low levels of MDA content found in the 3× varieties (Figure 4B) can be explained by the great proline accumulation and thus low ROS accumulation (Figure 5C). Unlike the other genotypes, T40-3× had lower levels of oxidative markers related to high values of proline and Asa/DHA ratio (Figure 5). Taken together, the osmotic adjustment processes found in 3× varieties may explain the sustained RWC during water deficit and limited photo-inhibition.

After the re-watering, reported cluster containing the 3× varieties (except T38-3×) was characterized by a greater photosynthetic activity, antioxidant system and water status (Figure 7C). The increased SOD activity found in these varieties suggested that effective dismutation of superoxide anion occurred under water deficit and the weaker H2O2 content observed in their leaves may indicate that H2O2 detoxification was successfully completed by the CAT and APX, making the plants able to limit oxidative damage (Figure 4 and Supplementary Figure 2). Moreover the high levels of Asa/DHA ratio and enhanced DHAR activity found in 3× varieties (Figure 5B and Supplementary Figure 2) after the re-watering could explained both less oxidative damage and effective protection of PSII since ascorbate act as a co-factor for violaxanthin de-epoxidase in thermal dissipation process (Smirnoff, 2018). Triploidy would confer an improved recovery performance, in comparison with diploid plants, following a water deficit. The same conclusions have been reported in triploid Populus under water deficit (Liao et al., 2018).

Overall, our results suggest that triploid varieties can withstand water deficit, preventing photoinhibition and limiting oxidative damages; however ploidy level did not discriminate water deficit response of varieties. Nevertheless, the clear difference in recovery patterns between the 3× and the 2× varieties can be mainly explained by the efficient network of photoprotective mechanisms; the enhanced capacity of osmotic adjustment and the effective antioxidant processes suggested that triploidy improves the resilience capacity after a water deficit episode.



CONCLUSION

In this study, we found that triploid varieties were not more tolerant than 2× varieties to water deficit but were clearly distinguished by their improved recovery capacity. Although the antioxidant system does not differentiate 2× from 3× behavior, some 3× varieties appeared to accumulate more proline under water deficit alleviating ROS accumulation and allowing an effective osmotic adjustment. Triploidy clearly increases adaptability to recover photosynthetic and biochemical processes after re-watering can be explained by the greater carboxylation efficiency, restored water-related parameters, greater antioxidant processes and low oxidative damages. Since water scarcity impose significant reduction in crops yield and quality production, plant recovery capacity after one or several successive drought episodes represents a key factor for crops sustainability. Thus, triploidy may offer a powerful tool for the citrus breeding program generating varieties which can withstand and survive under increased frequency and intensity water deficit episode suggested by the scenarios of global environment change. Hence, the response of 3× varieties to several drought episodes under field conditions, associated with impact on fruit growth, should be the focus of future research. Additionally, as the 3× varieties represent an economic interest, the impact of drought stress on fruit yield and quality could also be relevant to provide valuable information for crop improvement.
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