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Abstract

:

Mango can be grown in subtropical and semi-arid regions, where using commercial cultivars and rootstocks with improved resistance to drought is crucial. Induction of polyploidy has been widely applied in breeding programs for increasing crop drought resistance. In this study, drought resistance of several mango cultivars and their respective autotetraploids was evaluated. Leaf morphology and physiology were monitored in two-year-old plants during a period of water withholding and subsequent rewatering. Even though all tetraploid cultivars presented morphological differences in leaf traits, the effect of ploidy in delaying leaf water loss and its detrimental effects of photosynthesis was only observed in ‘Gomera-1’. As a result of this, this cultivar sustained maximum levels of quantum efficiency and gas exchange for a longer period than the rest of cultivars. Therefore, the isohydric strategy of this tetraploid was not associated with earlier stomatal closure. Proline did not increase in the isohydric cultivar probably due to the maintenance of high leaf relative water content. In contrast, in some anisohydric mangos, proline increased when leaf water content decreased below 80%. Some diploids exhibited higher levels of proline than tetraploids, but recovery of plant functionality after rewatering did not differ from the rest of cultivars. We conclude that drought resistance in mango can be improved by using polyploids with water-saving physiological traits.
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1. Introduction


Mango (Mangifera indica L.) is one of the most important commercial tropical crops, with a global production of ca. 50 million t in 2020, only behind banana and coconut [1]. Mango is believed to be native to southern Asia, where 50% of the production and the highest diversity of mango cultivars are found [2]. This high diversity might be the result of multiple domestication events and hybridization [3]. Its natural distribution is characterized by an annual precipitation between 1500 and 2600 mm, although areas with the successful growth of mango not only include intertropical areas, but also Mediterranean subtropical semi-arid regions with an appropriate average temperature between 27–36 °C [4,5,6,7,8]. In such areas, enhanced farming strategies, particularly irrigation management, have been implemented for optimizing the quality and yield of commercial mango crops [9,10].



The increase of the frequency of droughts predicted by climate change scenarios [11] will be detrimental to mango production and increase irrigation water demand. Prolonged water scarcity has detrimental effects during flowering, pollination, and fruit set, significantly affecting fruit retention and size [8]. This is a consequence of a decrease of stem water potential and stomatal conductance of stressed mango trees, which reduces net CO2 assimilation and transpiration, especially under full sunlight [9,12,13]. Such deceleration of CO2 fixation can lead to electron leakage towards oxygen in the electron transport chain and respiratory processes, increasing the production of reactive oxygen species (ROS). High ROS concentration can damage lipids, proteins, and nucleic acids, disrupting cell metabolism [14,15]. This oxidative stress can be delayed by the enhancement of photoprotective processes like heat dissipation through the de-epoxidation of xanthophyll cycle pigments [16]. The accumulation or constitutive high presence of compatible osmolytes—including sugars, aminoacids like proline, polyols, etc., with the function of maintaining structural integrity of protein and membranes [17]—have also been reported in stressed mango leaves [12,18] as oxidative stress increases.



One of the main goals of mango breeding programs is to obtain commercial cultivars and rootstocks with improved tolerance to drought. Several studies have identified mango cultivars that can sustain optimal levels of photosynthesis for longer periods compared to less drought-tolerant ones after water withholding. For instance, ‘Gomera-1’ and ‘Kensington Pride’, showed more drought tolerance than ‘Turpentine’ [19]. Higher drought tolerance has also been reported in other Mangifera species with high biotechnological potential: M. zeylanica and M. laurina [20].



In the last decades, polyploidization has been explored as an important source of genetic variability for plant breeding [21]. Polyploidy is the acquisition of more than two sets of chromosomes by genome duplication within a species (autopolyploidy) or though hybridization of distinct species (allopolyploidy). In nature, autopolyploids and allopolyploids are estimated to occur approximately with the same frequency [22], although autopolyploidy remains understudied [23,24]. Polyploidy can increase the evolutionary success of plant lineages by conferring higher genetic redundancy that protect from deleterious mutations [25], or, in the case of allopolyploidy, hybrid vigor and higher diversity of alleles [26]. That may explain why the frequency of allopolyploids is high in invasive species [27,28] and in arid environments [29,30,31,32,33,34] (but see also [35]). Although autopolyploids lack the positive effects of hybridization, several studies have also revealed higher tolerance to multiple stresses, especially to drought. Drought tolerant cultivars have been immediately obtained by inducing autopolyploidy in grass crops [36,37,38], woody crops [39,40,41,42,43,44], forbs [45,46,47], medicinal species [48,49], ornamental species [18,50,51], and the model species Arabidopsis thaliana [52]. Those studies frequently report morphological and physiological differences between autopolyploid plants and their parental diploids, probably as a direct consequence of increased bulk DNA content and/or genotypic derived effects: (1) larger cells, including mesophyll cells and stomatal guard cells; (2) higher leaf mass per area, epidermal thickness and, therefore, leaf thickness; (3) larger surface area of chloroplasts facing intercellular spaces, suggesting an increase of mesophyll conductance [49]; (4) alleviated oxidative stress [53]; (5) lower cell osmotic potential [41]; (6) different hydraulic and anatomy properties of transport tissues [30,42,45,54]; and (7) larger size of organs such as larger leaf, flower, and fruit sizes. These reported changes and their possible effect on drought resistance have made polyploids widely used in breeding programs of many plants of interest.



The first reference of spontaneous autopolyploidy in mango (4n, 80 chromosomes) was done by Galán-Saúco et al. [55], in ‘Gomera-1′, also known as ‘Manga blanca′, although mango and allies are thought to have an allopolyploid origin [56]. More recently, the mango breeding program held at Institute for Agricultural Research of the Canary Islands (ICIA) selected new natural polyploids in other polyembryonic mango cultivars [6], which indicated that this spontaneous event is more frequent in mango than expected until that moment, opening an important line of research for mango breeding. Seedlings of some of those cultivars have showed differences in their photosynthetic capacity and photoprotection under well-watered conditions, although such differences were not evidenced in adult trees [57]. However, the effect of polyploidy in leaf behavior under water stress has only been studied in ‘Kensington Pride′ [42], whose tetraploids showed stiffer leaves with a slower dehydration rate when detached compared to diploids. The effect of polyploidy on whole-tree drought resistance has not been tested in mango yet.



Therefore, the aims of this study are to test the physiological differences between diploid and tetraploid mango trees under well-watered conditions and characterize their physiological response to long-term drought conditions and rewatering. Leaf water content, gas exchange, chlorophyll fluorescence, and the amount of proline were monitored in five mango cultivars and their respective autotetraploids: ‘Gomera-1′, ‘Gomera-4′, and ‘San Andrés-1′, used for local production and as rootstocks in Canary Islands, and the more commercial ones ‘Kensington Pride′ and ‘Torbert′ from Australia and USA, respectively.




2. Materials and Methods


2.1. Plant Material and Study Site


Five Mangifera indica L. cultivars from the ICIA mango germplasm collection were used in this study: ‘Gomera-1’ (also called ‘Manga Blanca’). ‘San Andrés-1’, ‘Gomera-4’ (also called ‘Manga Fina’), ‘Kensington Pride’, and ‘Torbert’. Their corresponding autotetraploids were originally isolated from mass germination of the diploid cultivar and subsequent selection. Tetraploid candidates were selected by screening for abnormal morphology of organs (mainly leaves) and later verified by flow cytometry and chromosome counting as described by Galán-Saúco et al. [55]. From this first generation of tetraploid trees and their diploid progenitors, asexually polyembryonic seeds were harvested individually. Identified stone-free seeds were placed in humid peat at a depth of 7 cm. After germination, only one seedling per seed was maintained and its ploidy was again verified as described above. Seedlings were transferred to 6 L pots filled with a mixture of peat, volcanic lapilli, local soil (1:1:1), and a slow-release fertilizer (OsmocoteTM) (≈0.5 g kg−1; 7.5:10.5:6:12; nitrate, ammonia, P2O5, and K2O). Ten seedlings from each of the ten genotypes (5 cultivars and their tetraploid variations) were randomly distributed in the experimental plot and grown for two years outdoors (Figure 1). The 100 plants were regularly watered to field capacity until the beginning of the drought treatment.



The experiment was carried out at the experimental farm La Planta, located in Güímar (Tenerife, Spain, 28°19′11″ N, 16°22′59″ W), a semi-arid area in the southeast of the island at 156 m a.s.l. altitude, with annual mean precipitation of 266 mm, mainly concentrated from October to January. Annual average air temperature oscillates from 14 to 21 °C, with a high relative humidity of 67–77% and a solar radiation of 13–28 MJ·m−2 during 6–11 h per day [58].




2.2. Drought Treatment


The study was carried out between 13 May and 22 June 2016 (40 days in total), which in this location ensures null precipitation. Average temperature was 20–25 °C and relative humidity 55–75% (see Supplementary Figure S1). Five trees from each genotype were water-stressed (WS) by stopping irrigation, while other five were watered daily to field capacity (WW) (n = 5). A plastic bag was wrapped around the stem of WS plants to exclude potential rainfall, although no precipitation took place during the experiment. The youngest fully expanded leaf of all WS and WW trees was labeled for the non-destructive repeated measurements (gas exchange and chlorophyll fluorescence) performed on day 0, 3, 6, 9, 12, 15, 18, 26, 33, and 40 of drought application. Water-stressed plants were rewatered (REC treatment) when quantum yield of photosystem II (ФPSII) decreased to 20–10% of the initial ΦPSII (between day 12 and 33). REC trees were kept well-watered and monitored for 6–8 days after rewatering. Additional leaves were sampled throughout the drought/rewatering period for relative water content, proline, and leaf trait determination. Whenever possible, other youngest fully expanded leaves of different branches were chosen for this destructive analysis.




2.3. Water Status and Leaf Morphology


Relative water content (RWC) was measured on day 6, 12, 18, 26, 33, and 40 in a 4 cm2 disc sampled (between 9:00 and 12:00) from 5 leaves per genotype and water treatment. Relative water content was calculated as:


RWC (%) = 100·(FW − DW)/(SW − DW),



(1)




where FW is the fresh weight of the leaf disc, SW the saturated weight, and DW the dry weight. Discs of known area were weighed immediately after sampling with a portable balance to determine FW, enclosed in a Petri dish lined with wet filter paper for 48 h to obtain SW, and dried to constant weight (48 h) in an oven at 60 °C to measure DW. Leaf mass per area (LMA) and leaf saturated water content (SWC) were calculated from the same samples collected for RWC. LMA was obtained as disc DW divided by its fresh area, while SWC was calculated as:


SWC = (SW − DW)/DW



(2)








2.4. Chlorophyll Fluorescence and Gas Exchange


An open gas exchange system coupled with a fluorometer (Li-6400XT; Li-Cor Inc., Lincoln, NE, USA) was used to perform simultaneous measurements of gas exchange and chlorophyll fluorescence in a 2 cm2 circular area within each labeled leaf. Repeated measurements of net CO2 assimilation rate (AN), transpiration (E), stomatal conductance (gs), and ФPSII were recorded after reaching steady-state conditions (15–30 min) between 9:00 and 12:00 am (local time) in WW, WS, and REC replicates (n = 5) on each measurement date. WW plants were not measured in all monitored days. Chamber CO2 concentration was set to 400 μmol mol−1, and saturating light to 1200 μmol m−2 s−1. Ambient relative humidity and leaf temperature oscillated between 20–40% and 25–30 °C, respectively, during measurements.




2.5. Free Proline Determination


Free proline was quantified in the same plants used for chlorophyll fluorescence and gas exchange (n = 5) by using the colorimetric procedure described by [59]. After pulverization and homogenization of 0.5 g of fresh leaf in 5 mL of sulphosalicylic acid 3%, the 2 mL of supernatant was recovered by centrifugation, mixed with glacial acetic acid and acid-ninhydrin (1:1:1), and incubated at 100 °C during 1 h. The reaction was stopped by putting the test tubes in ice. Organic and inorganic phases were separated by adding 4 mL of toluene to the mixture and thoroughly vortexed for 15–20 s. The organic phase of each sample containing the chromophore was collected and its absorbance at 520 nm was measured in a spectrophotometer (UV-6300PC, VWR International, Radnor, PA, USA). The same procedure was applied to a standard curve prepared at known concentrations of proline. The final free proline concentration was relativized to dry weight using LMA measured for the same leaf as described above.




2.6. Statistical Analysis


All analyses were performed using the R statistical software (1.4.1717 version) [60]. For leaf morphological and physiological parameters of each cultivar under WW conditions, differences between diploid and tetraploid genotypes within the same cultivar were assessed with a t-test. For each cultivar and irrigation treatment, the effect of ploidy and treatment length was determined using a mixed linear model with “ploidy” as fixed factor, “treatment day” as independent covariable, and “leaf” as random variable. For gs, the model only considered three dates (day 0, 6, and 12), for which a Wilcoxon signed-ranks test were done for each cultivar and ploidy level. Finally, for each cultivar and ploidy level, the relationship between RWC and the amount of proline was assessed using a polynomial regression. Differences and effects were considered significant when P-values were lower than 0.05. The packages used were: plyr [61], ggplot2 [62], nmle [63], and agricolae packages [64].





3. Results


3.1. Ploidy Effect on Leaf Morphology and Physiology


Under WW conditions, either LMA, SWC, or any other physiological parameter were not significantly different between measurement dates (data not shown). However, several leaf morphological differences between diploids and their corresponding tetraploid genotypes were observed. Tetraploid genotypes presented higher LMA than diploid ones, except for ‘Gomera-4’ (Figure 2a). Furthermore, tetraploids showed higher SWC than diploids, except ‘Torbert’ (Figure 2b). Despite this, no clear effect of ploidy on the studied physiological traits was found. Only ‘Torbert’ tetraploid presented significantly higher AN than diploids under well-watered conditions, although the opposite was observed for ‘Kensington Pride’ (Figure 2c). Polyploidy significantly reduced stomatal conductance also in ‘Kensington Pride’, but not in the rest of cultivars, although it tended to increase in some tetraploid genotypes (Figure 2d). Similarly to AN, the effect of ploidy on ΦPSII also presented an unclear pattern. Again, ‘Kensington Pride’ tetraploids showed lower ΦPSII than diploids, while ‘San Andrés-1’ and ‘Torbert’ tetraploids presented significantly higher ΦPSII than diploids (Figure 2e).




3.2. Drought Responses


Gas exchange and ΦPSII started to decline from the first week after the suppression of irrigation in all genotypes, except in ‘Gomera-1’ tetraploid, in which gas exchange and ΦPSII decreased only after two weeks without irrigation. Drought responses of LMA and SWC did not show a consistent pattern in any cultivar (data not shown). AN and gs presented similar variations along WS treatment (Supplementary Figures S2 and S3). In ‘San Andrés-1’, ‘Gomera-4’, and ‘Torbert’, ΦPSII decreased down to 97, 85, and 70%, respectively, at day 12 (Figure 3a–c), without a significant effect of the ploidy on this response. Only ‘San Andrés-1’ tetraploid maintained the significantly higher ΦPSII than diploids under WW conditions (Figure 3a). Although differences in ΦPSII between ploidies are lost immediately during the progression of drought in ‘San Andrés-1’, significant interaction between ploidy and drought length was obtained, explained by the initial higher ΦPSII of ‘San Andrés-1’ tetraploids. ‘Kensington Pride’ showed a slower decline of ΦPSII, with 97 and 70% reduction in tetraploids and diploids, respectively, only at day 18 (Figure 3d). Both ploidy and the interaction between ploidy and day of treatment were significant only in ‘Gomera-1’ since ΦPSII was reduced 81% on day 12 in diploids while in tetraploids a 76% reduction was observed only after 33 days of drought (Figure 3e). In all cultivars, ΦPSII significantly increased again after 6–8 days of rewatering, except in both diploid and tetraploid ‘San Andrés-1’. Only in ‘Gomera-1’ was the effect of ploidy on ΦPSII significant for REC plants (P = 0.008, repeated-measures model for REC values, also significant for AN and gs), since 6–7 days after rewatering tetraploids increased to 75% of the control values, in contrast with 44% in diploids.



Since a minimum ΦPSII threshold was used as criterium for identifying the moment of rewatering, photoinhibition levels but not RWC were similar at the moment of maximum water deficit, i.e., before rewatering (Figure 4). RWC before rewatering was lowest in ‘San Andrés-1’ (41 and 28% for diploids and tetraploids, respectively; Figure 4a). In contrast, RWC of the rest of cultivars only dropped to an average of 78%. Similarly to ΦPSII, RWC only declined after 26 days of water withholding in the tetraploid of ‘Gomera-1’, after 6 days in the diploid cultivar (Figure 4e). No effect of ploidy on the variation of RWC was found in the rest of genotypes. All genotypes recovered initial values of RWC after 6–8 days after rewatering, except ‘San Andrés-1’ tetraploid (Figure 4a), probably due to the lower initial value before rewatering. RWC was similar across genotypes (either diploids and tetraploids) and treatment days in WW plants.



In all genotypes, gs was significantly lower in day 12 than in day 0, except in ‘Gomera-1′ tetraploid. ‘Torbert’ diploid and ‘San Andrés-1’ tetraploid were the genotypes with the most responsive stomata, with gs values at day 6 significantly lower than at day 0 but similar to those at day 12 (Figure 5a,c). In the ‘Torbert’, ’Kensington Pride’, and ‘Gomera-4′ tetraploids, and in the ‘Gomera-1′ diploid, the response was more gradual (Figure 5b,d,e). ‘Gomera-1’ tetraploid showed the lower responsive stomata, with similar gs at days 0 and 6 (Figure 5e). A similar response to that described above for gs was observed for AN and transpiration (Supplementary Figures S2 and S3).



Proline accumulated in several genotypes as a response to decreasing RWC (Figure 6). Proline concentration in both ‘San Andrés-1’ diploid and tetraploid increased to their maximum values at around 50% of RWC (Figure 6a) and declined below that RWC threshold. In the other cultivars, RWC did not decrease below that threshold and proline concentration was invariable during treatment. Proline increased at similar values in ‘Gomera-4’ and ‘Torbert’ tetraploids than in ‘San Andrés- (7 µmol g−1 dry weight) but at higher RWC (60%, Figure 6b,c). For the same RWC, diploids of both cultivars tended to have a higher concentration of proline. ‘Kensington Pride’ seemed not to induce the synthesis of proline at 50% of RWC, although only one sample reached this threshold (Figure 6d). ‘Gomera-1’ also presented a narrow range of RWC, with only one replicate of the diploid that achieved 17% of RWC and 6.6 µmol proline g−1 dry weight (Figure 6e).





4. Discussion


In this study, the drought resistance of several mango cultivars and their respective autotetraploids were evaluated in two-year-old plants by monitoring physiological and morphological parameters during a period of water withholding. A generalized effect of tetraploidization on leaf morphology of mango cultivars was observed. Tetraploids showed higher investment of biomass per unit leaf area and water-storage capacity than diploids, with few exceptions (Figure 2a,b), in coherence with many other studies in polyploid woody crop species [39,44]. The higher water-storage capacity of tetraploids (higher SWC) was probably affecting leaf capacitance at full turgor, defined as the change of RWC per unit water potential. Capacitance is thought to play a buffering role to avoid damaging water potential fluctuations, with potential roles in dehydration resistance [65]. However, in contrast with those studies, polyploidy did not enhance drought resistance of most of the studied cultivars, except for ‘Gomera-1’, suggesting that changes in leaf morphology are not the decisive factor explaining drought resistance, which might involve whole-plant physiological features. According to the definition of drought resistant provided by Levitt [66], plants resist the damaging effects of drought by either avoiding or tolerating water stress, although a combination of both strategies is frequently observed (see reviews of [67,68,69,70]). Two main mechanisms of dehydration avoidance have been widely described: 1) rooting behavior and 2) stomatal behavior. Deep roots enhance water uptake ability and allows the exploitation of deeper and more humid soil layers during drought [70]. Although differences in the development of root system have not been evaluated in the present study (rooting depth, rooting density, or root/shoot ratio), the constraint of photosynthesis and growth as a result of root space restriction is a well-recognized phenomenon [71,72]. Therefore, the use of 6 L pots for growing the mango trees for two years may standardize rooting depth of all the cultivars and the maximum soil moisture content and aeration at the beginning of the experiment. Thus, the higher drought resistance observed for ‘Gomera-1’ tetraploids and ‘Kensington Pride’ is not likely to be associated to the development of deeper roots.



Stomatal conductance, along with other several subsequent processes, including AN and ΦPSII, generally decrease under drought conditions [73]. The response of stomata to water deficit is widely known to be regulated by turgor changes of epidermal cells and/or phytohormones [74,75,76]. Early suppression of gs is a successful strategy for reducing water loss at the expense of plant productivity. However, our data evidence that this strategy is not always a guarantee of functional recovery after drought. Both ‘San Andrés-1’ diploid and tetraploid presented the lowest gs and transpiration rates, even under well-watered conditions and, despite this, both were the cultivars that experienced lower RWC after 12 days of water withholding. ‘San Andrés-1’ tetraploid was even completely unable to recover leaf water status and functionality. On the contrary ‘Gomera-1’, tetraploid showed the slowest response of gs to drought application, although it showed a highly efficient water retention compared to other genotypes, including its diploid variant. This disconnection between stomatal sensitivity and water content regulation during drought has been observed in many other species [77], which have made Martínez-Vilalta and Forner [77] define isohydry behavior not through the stomatal control, but directly through water content regulation, which depends on whole-plant physiological features. In that sense, ‘Gomera-1’ can be considered as the strongest isohydric genotype, since it showed the more efficient water retention in contrast to the anisohydric response of ‘Gomera-1’ diploid.



Both extremes between the anisohydric and isohydric strategy resulted in very different minimum RWC despite being subjected to the same duration of irrigation withholding. This period was sufficient to induce proline accumulation in the anisohydric cultivars ‘San Andrés-1’, ‘Gomera-4’, and ‘Torbert’. The accumulation of some sugars and aminoacids as compatible osmolytes during water stress to prevent dehydration has been widely studied, with proline being one of the most reported induced aminoacids under water stress [78]. Compatible osmolytes are responsible for the osmotic adjustment that allows plant tissues to maintain turgor and water flow from soil with decreasing water potential, which is the most important mechanism of water-stress tolerance [17,71,79]. However, some authors have considered proline accumulation in tissues as a pathological consequence of the stress rather than an adaptive response [80,81,82]. This is a consequence of the frequent observation of this aminoacid at nearly lethal water deficit, as observed in this study in ‘San Andrés-1’. Furthermore, a significant difference in the recovery of either RWC or ΦPSII was not observed between tetraploids and diploids of ‘Gomera-4’ and ‘Torbert’, despite some diploid individuals achieved higher proline levels than tetraploids of these cultivars. Moreover, in mango leaves, the synthesis of proline has been associated with oxidative damage [12], another evidence for considering proline an indicator of damage rather than a beneficial strategy for avoiding water loss.



Therefore, even though both leaf proline-derived osmotic adjustment and stomatal closure were observed in our study, genotypic differences in these responses cannot be used to determine genotypic drought resistance, especially within the ‘Gomera-1’ cultivar. Only two possibilities remain: (1) reduction of water use by the reduced plant size, leaf area, and leaf area index [83,84]; and (2) enhanced root water uptake [85]. Although not measured, the initial total leaf area and vigor did not apparently differ between cultivars at the beginning of the drought treatment. Moreover, the drought resistant Gomera-1 tetraploids presented significantly higher leaf area than the more sensitive diploids [55], making this first option of a different total transpiration unlikely. Regarding the second option, root system accounts for most of the plant hydraulic resistance, especially under water stress [86,87]. Enhanced whole plant hydraulic conductance can be an advantage under drought. In fact, low change of leave water content under drought conditions (i.e., isohydric behavior) can be achieved not only by a high sensitivity of transpiration (which is not the case of ‘Gomera-1’ tetraploid as evidenced in Figure 5e), but also by a low sensitivity of hydraulic transport to declining water soil content [77]. Changes in hydraulic conductance and drought resistance have been associated with variations in conduit size [88]. Barceló-Anguiano et al. [42] reported higher vessel element size and lower hydraulic resistances to water transport in tetraploids leaves compared with diploids of ‘Kensington Pride’. This feature provided lower dehydration rates of mango leaves, although the drought resistance of the entire tree was not tested. As explained in the introduction, the most frequently observed effect of genome duplication is increasing cell size as a direct consequence of the need of more cellular space for nucleic acids and transcription [89]. As explained above, this increase of cell size allows higher water storage and capacitance in tissues [65]. Therefore, it can be postulated that genome duplication not only affect leaf water relations, but also whole plant water relations. Thus, it is plausible that the more isohydric response of the ‘Gomera-1’ tetraploid could be explained by enhanced whole-plant hydraulic conductivity. The reason why ploidization results in these physiological changes in ‘Gomera-1’ but not in the rest of cultivars remains unknown.



Future studies should determine if such potential improvement in the hydraulic conductance of Gomera-1 tetraploid would remain after grafting, since ‘Gomera-1’ is normally used as rootstock. The full spectrum of interactions among plant development, phenology, water use, and final yield must be considered whenever used as rootstock. In that sense, the exploration of cultivars with drought resistance mechanisms based in whole-plant features (e.g., hydraulic system), rather than just foliar characteristics, is of great interest.




5. Conclusions


The induction of drought resistance by autopolyploidy was not frequently observed in our studied mango cultivars (only in one out of five cultivars). ‘Gomera-1’ autotetraploid was identified as a drought-resistant material of great interest for future analysis as a rootstock with great economical interest for semi-arid regions. In this cultivar, polyploidy induced a switch from anisohydric to isohydric behavior in response to water withholding. This change was not driven by earlier stomata closure or proline-mediated osmotic adjustment. All leaf morphological consequences of genome duplication seem to play a secondary role in whole tree drought tolerance, whose main driven factor remains unknown and probably involves whole-plant physiological features.
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Figure 1. (a) ‘Gomera-1’ tetraploid plants after 33 days without irrigation (left) and watered until field capacity (right), just before the start of the recovery period. ‘Gomera-1’ (b) diploid and (c) tetraploid leaves. Note that tetraploid leaves have wider lamina and sinuate margins (non-scaled images). 
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Figure 2. Effect of ploidy on leaf morphological and physiological traits on two-year-old mango trees under well-watered conditions (averaged data for all days for plants that were regularly watered to field capacity, n = 10–40). (a) Leaf mass area (LMA), (b) saturated water content (SWC), (c) net CO2 assimilation rate (AN) under light-saturating conditions (1200 µmol m−2 s−−1), (d) stomatal conductance to CO2 (gs), and (e) light-adapted quantum biochemical yield of photosystem II (ΦPSII) are shown for the five studied diploids (white) and tetraploids (grey) cultivars. Asterisks represent significant differences between tetraploids and diploids (t-test; p < 0.005). 
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Figure 3. Dynamics of quantum photochemical yield of photosystem II (ΦPSII) measured at 1200 µmol m−2 s−1 during drought (white background) and rewatering (blue) application in well-watered (WW, white symbols) and water-stressed (WS, black symbols) trees of the tetraploid (circles) and diploid (triangles) genotypes of the following cultivars: (a) ‘San Andrés-1’, (b) ‘Gomera-4’, (c) ‘Torbert’, (d) ‘Kensington Pride’, and (e) ‘Gomera-1’. Dynamics of diploid and tetraploid Gomera-1 plants are split in two subpanels within panel (e). The result of the mixed model for WS data (excluding rewatering period) is shown in left upper corner of each panel. Values are means ± SE (n = 5). 
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Figure 4. Leaf relative water content (RWC) evolution during drought (white background) and rewatering (blue) application in well-watered (WW, white symbols) and water-stressed (WS, black symbols) trees of the tetraploid (circles) and diploid (triangles) genotypes of the following cultivars: (a) ‘San Andrés-1’, (b) ‘Gomera-4’, (c) ‘Torbert’, (d) ‘Kensington Pride’, and (e) ‘Gomera-1’. Dynamics of diploid and tetraploid Gomera-1 plants are split in two subpanels within panel (e). The result of the mixed model for WS data (excluding rewatering period) is shown in left upper corner of each panel. Values are means ± SE (n = 5). 
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Figure 5. Variation of stomatal conductance to CO2 (gs) on days 0, 6, and 12 of drought treatment (WS) application for the five studied cultivars: (a) ‘San Andrés-1’, (b) ‘Gomera-4’, (c) ‘Torbert’, (d) ‘Kensington Pride’, and (e) ‘Gomera-1’. Capital and lower-case letters mean significantly differences between gs values of tetraploid and diploids, respectively (Wilcoxon signed-rank tests, p < 0.05). The result of the mixed model is shown in the upper right corner of each panel. Values are means ± SE (n = 5). 
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Figure 6. Relationship between relative water content (RWC) and proline for diploids (black circles) and tetraploids (red circles) of the five studied cultivars: (a) ‘San Andrés-1’, (b) ‘Gomera-4’, (c) ‘Torbert’, (d) ‘Kensington Pride’, and (e) ‘Gomera-1’. Dashed line indicates the non-linear fitting for diploids and tetraploids. 
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