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Abstract

:

The cultivation of mango in Mediterranean-type climates is challenged by the depletion of freshwater. Polyploids are alternative genotypes with potential greater water use efficiency, but field evaluations of the anatomy and physiology of conspecific adult polyploid trees under water stress remain poorly explored. We combined field anatomical evaluations with measurements of leaf water potential (Ψl) and stomatal conductance (Gs) comparing one diploid and one autotetraploid tree per treatment with and without irrigation during dry summers (when fruits develop). Autotetraploid leaves displayed lower Ψl and Gs in both treatments, but the lack of irrigation only affected Gs. Foliar cells of the adaxial epidermis and the spongy mesophyll contained linear pectin epitopes, whereas branched pectins were localized in the abaxial epidermis, the chloroplast membrane, and the sieve tube elements of the phloem. Cell and fruit organ size was larger in autotetraploid than in diploid mango trees, but the sugar content in the fruits was similar between both cytotypes. Specific cell wall hygroscopic pectins correlate with more stable Ψl of autotetraploid leaves under soil water shortage, keeping lower Gs compared with diploids. These preliminary results point to diploids as more susceptible to water deficits than tetraploids.
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1. Introduction


Mango (Mangifera indica, Anacardiaceae) ranks fifth in terms of production among perennial fruit crops worldwide and is a staple crop for food security in many countries with tropical climates [1], such as India or Brazil; its cultivation is increasing in regions with subtropical and Mediterranean climates [2]. While the Mediterranean basin of the south of Spain is the farthest region from the equator with a significant commercial mango production, climate change predictions point to extended periods of drought that may drive irrigation shortages, likely jeopardizing productivity. Mango trees are known for their tolerance to soil water scarcity [3], but in Mediterranean climates irrigation is mandatory during the summer months, when fruit development takes place. Yet, the physiological changes in mango related to the lack of irrigation during fruit development are not well understood.



While most commercial mango cultivars are diploid, some polyploid genotypes are available, but scarce. Those polyploid genotypes have shown a higher ability to retain water in their leaves compared with diploids [4,5]. Recent studies have revealed that autotetraploid mango seedlings of some varieties show an isohydric strategy combined with higher proline levels in their leaves under water depletion followed by rehydration [6]. The capacity of polyploid trees to retain more water during dehydration than diploids has been observed in different plant genera including forest trees and shrubs (Populus [7], Betula [8], or Lonicera [9]) as well as domesticated tree crops (Malus, [10,11]; Ziziphus, [12]; Citrus, [13,14]), suggesting that polyploids might display an enhanced resilience to water shortage than diploids. Yet, field evaluations of the physiology of diploid and autotetraploid adult trees under drought conditions remain largely unexplored.



The stronger performance of polyploids under water deficit conditions has been correlated with differences in foliar elasticity and hygroscopicity between diploids and tetraploids, traits that correlate with cell size allometries, such as the escalation of stomatal guard cell size or the radius of vascular conduits [5]. Differences in cell size contrast with the conserved presence in the cell walls of pectins, versatile saccharidic molecules that play a role in foliar humectation, which further associate with tensile properties of cells, hypothesized to be the force of water pulling from the soil [15]. Specific pectins of the cell walls composing the phloem conduits strongly influence their functionality [16]. Examples include the branched pectin epitopes detected in sieve tube elements of the phloem within roots of herbaceous species [17], and in the secondary phloem of trees [18] and lianas [19]. Linear pectins have typically been associated with cells on the surface of leaves, such as trichomes or epidermal cells [20]. Despite the fact that pectins from the mesophyll participate in permeability to water and gases [21,22], cell-wall-related pectins in the foliar tissues have been poorly characterized in the leaves of most trees with exceptions such as Capparis odoratissima [23], and there are no reports comparing pectins between individuals of different ploidies.



In this work, we compared irrigated and non-irrigated diploid and autotetraploid mango leaves belonging to one tree per treatment of the cultivar ‘Kensington Pride’, in order to have a better knowledge of their chemical differences and preliminarily test the physiological performance of conspecific trees with doubled chromosome numbers under drought.




2. Results


2.1. Abiotic Variables


In the Mediterranean climate of the region in which the experiments were performed, precipitations in the winter season (November to February) of 2021 were above 120 mm, while average temperatures rarely dropped below 10 °C (Figure 1). However, these conditions became more extreme during the summer, when precipitations dropped to a minimum (i.e., close to zero from June to September), and average maximum temperatures reached values around 30 °C during the hottest months of July and August (Figure 1).



Volumetric water content in the soil with supplemental irrigation ranged between 70% of the maximum value all year long in the most superficial horizons (10–20 cm deep) and 80% in the deepest horizon layers (130–140 cm) (Figure 1). In contrast, non-irrigated soil plots displayed significantly lower water content even in the deepest horizons, which showed an average of 60% (p < 0.001), despite the fact that they were located in the same field. These differences became stronger at the superficial horizons (10–20 cm), with a volumetric water content of 30–40% during the summer season.




2.2. Fruit Production


Two years after the suppression of irrigation, the morphological differences between trees with and without irrigation were clear to the naked eye (Figure 2A–D). Irrigated trees from both cytotypes developed two new vegetative flushes during the growing season (the first one before flowering and the second after fruit set), which resulted in more branches and leaves (Figure 2A,C). In contrast, trees without supplemental irrigation suppressed the production of new flushes, and, during the hottest months of the summer, necrotic terminal branches (black-colored, without leaves) were commonly observed (Figure 2B,D). Inflorescence production was compromised in the diploid tree without irrigation (Figure 2A,B), but not in the tetraploid tree, which displayed similar inflorescence production than irrigated trees (Figure 2C,D). However, while an initial fruit set was observed in the non-irrigated tetraploid tree, many fruits aborted over the growing season. As a result, only a few fruits were obtained in the non-irrigated tetraploid tree. Despite the fact that fruits from the irrigated tetraploid tree were significantly heavier (F = 37.4, p < 0.05), wider (F = 20.8, p < 0.05), and longer (F = 5.3, p < 0.05) than fruits from the irrigated diploid (Figure 2E), brix degrees, which roughly measure sucrose concentration, were similar between fruits of both ploidies (F = 0.06, p < 0.05).




2.3. Leaf Water Potential and Stomatal Conductance


The midday leaf water potential of diploid leaves with irrigation on demand was maintained around −0.2 MPa or higher all year round. Irrigated tetraploid leaves showed similar values compared with diploids during the months with milder temperatures (i.e., up to initial fruit set), but during the hottest months, when most of the fruit development process takes place, their leaf water potential at midday dropped slightly to −0.3 MPa (Figure 3A). Strikingly, when irrigation was suspended, tetraploid leaves maintained their leaf water potential values around −0.3 MPa or higher even during the summer months with more evaporative demand, whereas leaf water potential in diploid leaves dropped to values close to −0.5 MPa, suggesting a differential response to soil water shortage between plants of both ploidies (Figure 3B). In fact, a two-way ANOVA at a p < 0.05 indicates that water potential variation was more attributed to ploidy than to irrigation.



Leaves from the diploid tree with supplemental irrigation reached the highest stomatal conductance measurements from June to September (that represents most of the fruit growing season) with values ranging between 500 and 700 mmol H2O m2 s−1, whereas leaves from tetraploids maintained twice lower values (values ranging between 350 and 500 mmol H2O m2 s−1) (Figure 3C). Leaves of trees without irrigation from both cytotypes reduced stomatal conductance (Gs), but leaves of diploids maintained higher values (below 500 mmol H2O m2 s−1), compared with those of tetraploids (below 350 mmol H2O m2 s−1) (Figure 3D). Aggregated data revealed significant differences in Gs attributed to ploidy (F = 52.5, p < 0.001), irrigation (F = 27.4, p < 0.001), and their interaction (F = 5.83, p < 0.05). Comparing Gs by date of measurement, significant differences were attributed to ploidy in most months, but irrigation had a significant effect in August and September, when evapotranspiration demands were at their highest.




2.4. Cell Wall Biochemistry in Mango Leaves


The mango leaves accumulated high amounts of insoluble polysaccharides in the cell walls of the adaxial and abaxial epidermis and on the external side of vascular bundles (Figure 4A). The square cells of the adaxial epidermis contained very thick cell walls, contrasting with the thinner cell walls of elongated palisade parenchyma cells (Figure 4B). Tetraploid leaves showed conspicuously bigger cells than diploid leaves (Figure 4C). Polysaccharides accumulated in the external side of foliar vascular bundles, around the sclereids (Figure 4D), but also in phloem tissue in both ploidies (Figure 4E).



To obtain a deeper understanding of the nature of the saccharide compounds, the immunolocalization of two pectin epitopes in the cell walls revealed a clear topological pattern within leaves of both ploidies (note that Figure 5 displays only diploid leaves for simplicity). The LM5 pectin epitope populated the cell walls of the adaxial epidermis, the surrounding areas of vascular bundles, and the cell walls of the spongy mesophyll, but was missing in the abaxial epidermis (Figure 5C). Conversely, the LM26 branched epitope was not present in the adaxial epidermis, but abounded in the cell walls of the abaxial epidermis as well as in the chloroplast envelope (Figure 5D). The LM5 epitope was localized on the inner side of the cell wall in the adaxial epidermis and the tip of palisade parenchyma cells (Figure 5E), whereas the LM26 epitope displayed the profile of chloroplasts in the palisade parenchyma (Figure 5F). Spongy mesophyll cells contained a significant amount of the linear LM5 epitope (Figure 5G), but the membranes of abaxial epidermal cells specifically displayed the LM26 epitope (Figure 5H, see also [5]).



LM26 labeled the sieve tube elements of the vascular areas in leaves of both ploidies (Figure 6). The tertiary veins displayed an adaxial xylem and an abaxial phloem separated by a laticiferous canal and surrounded by a thick layer of fibers (Figure 6a,d). A comparison of leaves from both ploidies immunolocalized for the LM26 epitope revealed its presence in the sieve tube elements of the tertiary veins (Figure 6b,e), but also in the minor veins (Figure 6c,f). The differences in the size of the vascular elements that belong to comparable vein orders were obvious to the naked eye. (Figure 6a–f, but see [5] for quantitative data.)





3. Discussion


The extreme environmental conditions, with an insignificant amount of rainfall and high temperatures, of the summer season—which coincides with the mango fruit growing season in the southern Mediterranean coastal areas of Spain where mango is cultivated—reveal different physiological responses of diploid and autotetraploid ‘Kensington Pride’ mango leaves and inflorescences to soil water shortage. Despite the conservation of pectin moieties in the foliar cells of both cytotypes, increased cell sizes of tetraploid leaves may account for better hydration of foliar tissues.



3.1. Cell Wall Biochemistry in Leaves of Diploid and Tetraploid Mango Genotypes


The trade-off between cell turgidity and hydration crucially affects foliar tissues in a way that conditions the morphology–function relationship. Our work provides evidence of a similar cell wall biochemistry in leaves of both diploid and autotetraploid ‘Kensington Pride’ mango genotypes. The presence of polysaccharide-specific stains is associated with areas of high humectation within leaves, such as epidermal tissues or areas around vascular bundles. A finer detection of pectins revealed a chemical asymmetry between the adaxial and abaxial epidermises of the leaves. Pectins are universally associated with the hygroscopicity of cell walls, retaining water and thus contributing to key physiological aspects, such as the ascent of water through the xylem column or foliar water uptake [23,24]. Foliar water uptake may occur in both leaf surfaces, but it is more commonly observed in the abaxial side, where stomata constitute one of the gates for the entrance of water in some tree species (reviewed in [25]). While we did not analyze foliar water uptake in this work, we hereby provide evidence for the unique localization of the LM26 epitope in abaxial epidermal cells, suggesting that this epitope might be involved in the tensile properties of cell walls that typically adjust their volume in responses to environmental stimuli [5]. Another example of cells that undergo important hydrostatic pressures for their functionality are the sieve tube elements of the phloem, where this epitope is also present in the minor and major veins of diploid and tetraploid mango leaves, showing the ploidy-dependent size relationship of these conduits [size measured in reference [5]. The presence of this epitope in the sieve tube elements of the phloem was previously reported in vascular plants with different growth habits, such as roots of the herbaceous sugar beet [17], but also in the secondary phloem of trees such as poplar [18] or woody lianas such as Austrobaileya [19], suggesting their presence along the phloem across a wide range of taxa. Our work provides the first evidence of the presence of this moiety in the phloem of minor leaf veins in trees with doubled chromosome numbers.



Volumetric changes associated with the LM26 epitope affect not only cells but also organelles such as plastids. The consistent presence of this epitope in the plastids of diploid and tetraploid leaves, including in the palisade parenchyma and the spongy mesophyll, provides more evidence of their involvement in organelles that undergo relatively rapid volumetric changes, as is the case of diurnal starch accumulation within plastids. The capacity of plastids to assimilate CO2 has been associated with their surface-to-leaf area [26]. While the possible localization of this epitope in the plastids requires confirmation in other species, it could represent a promising approach to quantifying the anatomical limitations associated with CO2 distribution within leaves.



Our work further reveals the concomitant localization of insoluble polysaccharides in foliar tissues with a high hygroscopicity potential, such as the areas surrounding vascular bundles, which participate in the exchange of water between conductive and parenchymatous tissues. The strong presence of the LM5 pectin epitope in the cell walls of the spongy mesophyll and the vascular bundles of both diploid and tetraploid ‘Kensington Pride’ mango leaves suggests an involvement of pectins in diffusivity of compounds dissolved in water within leaves. Previous research associated the presence of pectins in the mesophyll of different species [27,28,29] with CO2 conductance in the mesophyll [21], further suggesting their involvement in the adaptation of plants to water shortages [22]. Pectins of the cell walls offer an extreme versatility that may contribute significantly to the resilience of plants to abiotic stresses, but the effect of ploidy on the specific patterning of pectins within foliar tissues is beginning to be elucidated [30] and requires a combination of studies on the anatomy and functional performance of plants under stress in field conditions.




3.2. Tetraploid Leaves of ‘Kensington Pride’ Mango Display a Higher Efficiency Than Diploids under Soil Water Deficit


In this work, we qualitatively confirmed the gigas effect (the increased size of polyploid plant cells derived from multiplied chromosome content that results in enlarged plant fruit organs (see [31]) in autopolyploids of the mango cultivar ‘Kensington Pride’. Enlarged cells of polyploids include not only the vascular cells and the stomata, as previously reported [5], but also the aerial organs (leaves, flowers and fruits). Additionally, the escalation of size affects the cells of different tetraploid foliar tissues, including the epidermis and parenchymatic tissues. An increase in fruit size was previously observed in other subtropical fruit tree polyploids, such as genotypes of the pantropical genus Annona [31]. However, the results obtained in this work show that the percentage of soluble sugars accumulated in mango fruits is similar between ploidies. This maintenance of sugar concentrations in the sink tissues of the larger tetraploid fruits calls for the possibility of a higher carbon fixation rate in polyploids, although additional tests are under development. Yet, autotetraploid leaves consistently display lower stomatal conductance than diploids in the field under good irrigation, which is associated with their larger and less dense stomata [5]. The size–density trade-off reflected in lower stomatal conductance has previously been observed in other plant species, both in herbaceous grasses [32] and perennial trees [33,34] and has been associated with higher water use efficiency in polyploids. The question remains whether lower conductance could be a predictor of drought tolerance, as reported for crops with lower stomatal densities [35,36,37], although some triploid trees have been shown to have increased stomatal conductance yet reduced internal water use efficiency [8,38,39]. Due to the low availability of polyploid genotypes of mango, in this work, we subjected one mango tree from each ploidy to scenarios of water deficit, suppressing supplemental irrigation for two years in a Mediterranean climate with extremely dry summers. Despite the fact that both treatments were separated by a distance of just 3 m, under no supplemental irrigation, foliar stomatal conductance was reduced in both diploid and tetraploid ‘Kensington Pride’ mango genotypes, but this reduction was more dramatic in diploid leaves, suggesting their higher susceptibility to localized lack of water in the soil compared with tetraploids, in line with previous reports on different tetraploid varieties of Citrus rootstocks [40,41]. Some previous reports have also suggested a higher drought resistance of polyploid tree species [34,42]. The possible coupling between stomatal behavior and hydraulic function [43], measured as leaf water potential, revealed high water potential in mango regardless of the water content in the soil. Interestingly, tetraploid leaves had slightly lower potential under good irrigation and, unlike the more variable potential of diploid leaves, tetraploids maintained their values under soil water reduction. This maintenance could be attributed to the isohydric character or some mango varieties such as ‘Kensington Pride’ [5].



At the whole-plant level, soil water shortage impaired new biomass production in both diploid and tetraploid genotypes, pointing to irrigation as crucial for good productivity of this crop under our climatic conditions. Indeed, rainfall dropped sharply from 60.5 mm on average in May to 5 mm in June, being almost 0 in July and August, when maximum temperatures reached around 38 °C. This lower biomass production is associated with the suppression of reproductive development in the following spring, which was more dramatic in the diploid than in the tetraploid tree. Although we are aware of the limitations of our study in terms of number of trees analyzed, the preliminary results obtained show that the processes of flower induction and flower development are less affected by soil water deficit in tetraploids, while supplemental irrigation is required for appropriate fruit set and development. These preliminary results open the way for further studies in the following years when additional trees are available and a study at a larger scale can be designed.





4. Materials and Methods


4.1. Plant Material


Autotetraploid mango genotypes are rare, but among the four trees of mango cv ‘Kensington Pride’ maintained in our mango germplasm collection at IHSM La Mayora (cX:407.162,62; Y:4.068.652,56; UTM:30), through a combination of molecular markers and flow cytometry (the combination of both methods avoids confusion with possible aneuploids or mixoploids), two of them were characterized as diploids and the other two as autotetraploids (published in [5]). Due to the limited number of trees available, and the preliminary character of this study, our experimental design considered the leaves, not the trees, as the unit sample. The trees were planted in two parallel rows, one for each ploidy, separated by 3 m. In order to analyze the effect of soil water stress, one tree from each ploidy was left with a regular irrigation schedule (during the growing season, three times per week two hours each, totaling a volume of 48 L per week), and one tree per ploidy had irrigation suppressed in September 2019. Trees were left to acclimate to these conditions for two years, and phenological and physiological changes were qualitatively observed during the flowering and fruit growing seasons. Mature fruits were collected from the four trees for two years to measure their size (length and width) with a caliper, their weight with a fine scale, and degrees Brix, which provide a general idea of the sugars dissolved per volume unit, with a refractometer.




4.2. Environmental Variables and Physiological Measurements


To monitor the humidity of the soil, we used FDR capacitance sensors (TBagrosensor, Valencia, Spain) that track the humidity of the soil for each irrigation treatment at different horizons belowground each separated by 10 cm, from the surface to a 140 cm depth. The sensors were calibrated at installation by saturating the contacting soil area with water, according to the manufacturer’s instructions. Measures were taken every 15 min, sent through a wireless system to a server, and recorded. Rainfall, relative humidity, and minimum and maximum temperatures were also tracked and recorded with environmental sensors.



Midday leaf water potential was evaluated bi-weekly from April to September using a Scholander pressure chamber (model 600; PMS Instrument, Albany, OR, USA), https://www.pmsinstrument.com, accessed on 1 September 2019) in 3 fully developed mature leaves per tree (n = 12 in all treatments), avoiding leaves from new growth flushes, which typically display water potentials close to 0 (according to preliminary trials). Concomitantly, stomatal conductance (Gs, mmol H2O m−2 s−1) was estimated with a steady-state leaf porometer (SC-1, Decagon Devices, USA) on four fully developed leaves per tree under the two treatments (n = 16 in all treatments) oriented to the four cardinal points. The sensor head was calibrated daily before performing Gs measurements in the field according to the manufacturer’s protocol.




4.3. Histochemistry and Immunolocalization of Pectin Polysaccharides


In order to study the polysaccharides present in the leaf tissues, the tertiary veins and the aerials of three leaves per ploidy (n = 3) were fixed in 100% dry methanol, then washed in 100% ethanol three times for 1 h each [44] prior to embedding in Technovit8100 methacrylate resin under anoxic conditions. Blocks were sectioned at 4 µm with a Leica EM UC7 ultramicrotome (Leica Microsystems, Wetzlar, Germany) and mounted onto slides coated with 3-Aminopropyl triethoxysilane (Sigma Aldrich, St. Louis, MI, USA) for immunolocalization. Polysaccharides were stained in pink with a periodic acid Shiffs reagent-PAS and counterstained with 0.025% aqueous toluidine blue that stains for general tissue structure in blue. Two monoclonal antibodies (mAb) were used, LM5 (Plant Probes, Leeds, UK, http://www.plantprobes.net, accessed on 20 October 2019), which recognizes a linear pectic 1,4-galactan epitope in the cell walls, and LM26 (Plant Probes, Leeds, UK), which detects a branched β-1,6-galactosyl substitution of pectic β-1,4-galactan, a pectic rhamnogalacturonan-I [17]. Negative controls were treated in the same way but substituting the primary antibody with a solution of 1% bovine serum albumin in 1× phosphate buffer saline (PBS).




4.4. Statistical Analysis


Soil water content was averaged per month and compared across similar horizons between both irrigation treatments using a one-way ANOVA at a p < 0.05. Fruit weight, length, width, and degrees Brix were compared between ploidies using a one-way ANOVA at a p < 0.05. Aggregated data of Gs and Ψ were compared with a two-way ANOVA using ploidy and irrigation as independent variables. The same test was used to evaluate each day of measurement individually.





5. Conclusions


Our work is based on preliminary data obtained from few samples, but suggests a better performance of autotetraploid mango trees under soil water deficit scenarios, supporting the long-held hypothesis that polyploids have more robust performance under water stress than diploids [45,46]. Work is underway to plant a new trial involving more polyploid mango genotypes (see [6]) and, once the trees reach full production, those results will serve to confirm our observations with other polyploid tree species [34]. Altogether, these studies could result in more sustainable orchard management under the current situation of climate-change-induced reduced rainfall in different areas of the world.







Author Contributions


A.F.: Methodology, Formal analysis, Validation. J.I.H.: Funding acquisition, Project administration, Review and Editing. J.M.L.: Conceptualization, Writing—Review and Editing, Supervision, and Funding acquisition. All authors have read and agreed to the published version of the manuscript.




Funding


J.M.L. was financed by a ComFuturo Project from the Fundación General CSIC (FGCSIC), by two RTI Projects from the Agencia Estatal de Investigación-Ministerio de Ciencia e Innovación (Spain): 100-900-0000/AEI/10.13039/501100011033 and PID2021-129074OB-I00. J.I.H. was funded by the project PID2022-141851OB-I00 funded by MCIN/AEI/10.13039/501100011033 and ERDF, A way of making Europe, by the European Union and Junta de Andalucía (P18-RT-3272).




Data Availability Statement


Data generated in this work are available upon request to the corresponding author.




Acknowledgments


We thank Nuria Blanco-Moure for help with statistical analysis and Miguel Barceló-Anguiano and José Jorge González for their help and advice with field experiments.




Conflicts of Interest


The authors declare that they have no known competing financial interests or personal relationships that could have appeared to influence the work reported in this paper.




References


	



Altendorf, S. Major Tropical Fruits Market Review 2018; FAO: Rome, Italy, 2019. [Google Scholar]

	



Aguilera, E.; Díaz-Gaona, C.; García-Laureano, R.; Reyes-Palomo, C.; Guzmán, G.I.; Ortolani, L.; Sánchez-Rodríguez, M.; Rodríguez-Estévez, V. Agroecology for adaptation to climate change and resource depletion in the Mediterranean region. A review. Agric. Sys. 2020, 181, 102809. [Google Scholar] [CrossRef]

	



Zaharah, S.S.; Razi, I.M. Growth, stomata aperture, biochemical changes and branch anatomy in mango (Mangifera indica) cv. Chokanan in response to root restriction and water stress. Sci. Hortic. 2009, 123, 58–67. [Google Scholar] [CrossRef]

	



Galán-Saúco, V.; Grajal-Martín, M.J.; Fernández-Galván, D.; Coello-Torres, A.; Juárez, J.; Navarro, L. Occurrence of spontaneous tetraploid nucellar mango plants. Hortic. Sci. 2001, 36, 755–757. [Google Scholar] [CrossRef]

	



Barceló-Anguiano, M.; Holbrook, N.M.; Hormaza, J.I.; Losada, J.M. Changes in ploidy affect vascular allometry and hydraulic function in Mangifera indica trees. Plant J. 2001, 108, 541–554. [Google Scholar] [CrossRef]

	



Perera-Castro, A.V.; Hernández, B.; Grajal-Martín, M.J.; González-Rodríguez, A.M. Assessment of drought stress tolerance of Mangifera indica L. autotetraploids. Agronomy 2023, 13, 277. [Google Scholar] [CrossRef]

	



Xu, C.; Zhang, Y.; Huang, Z.; Yao, P.; Li, Y.; Kang, X. Impact of the leaf cut callus development stages of Populus on the tetraploid production rate by colchicine treatment. J. Plant Growth Regul. 2018, 37, 635–644. [Google Scholar] [CrossRef]

	



Li, W.L.; Berlyn, G.P.; Ashton, P.M.S. Polyploids and their structural and physiological characteristics relative to water deficit in Betula papyrifera (Betulaceae). Am. J. Bot. 1996, 83, 15–20. [Google Scholar] [CrossRef]

	



Li, W.D.; Biswas, D.K.; Xu, H.; Xu, C.Q.; Wang, X.Z.; Liu, J.K.; Jiang, G.-M. Photosynthetic responses to chromosome doubling in relation to leaf anatomy in Lonicera japonica subjected to water stress. Funct. Plant Biol. 2009, 36, 783–792. [Google Scholar] [CrossRef]

	



De Baerdemaeker, N.J.; Hias, N.; Van den Bulcke, J.; Keulemans, W.; Steppe, K. The effect of polyploidization on tree hydraulic functioning. Am. J. Bot. 2018, 105, 161–171. [Google Scholar] [CrossRef]

	



Zhang, F.; Xue, H.; Lu, X.; Zhang, B.; Wang, F.; Ma, Y.; Zhang, Z. Autotetraploidization enhances drought stress tolerance in two apple cultivars. Trees 2015, 29, 1773–1780. [Google Scholar] [CrossRef]

	



Wang, L.; Luo, Z.; Wang, L.; Deng, W.; Wei, H.; Liu, P.; Liu, M. Morphological, cytological and nutritional changes of autotetraploid compared to its diploid counterpart in Chinese jujube (Ziziphus jujuba Mill.). Sci. Hortic. 2019, 249, 263–270. [Google Scholar] [CrossRef]

	



Lourkisti, R.; Oustric, J.; Quilichini, Y.; Froelicher, Y.; Herbette, S.; Morillon, R.; Berti, L.; Santini, J. Improved response of triploid citrus varieties to water deficit is related to anatomical and cytological properties. Plant Phys. Biochem. 2021, 162, 762–775. [Google Scholar] [CrossRef] [PubMed]

	



Romero-Aranda, R.; Bondada, B.R.; Syvertsen, J.P.; Grosser, J.W. Leaf characteristics and net gas exchange of diploid and autotetraploid citrus. Ann. Bot. 1997, 79, 153–160. [Google Scholar] [CrossRef]

	



MacDougall, A.J.; Ring, S.G. The hydration behaviour of pectin networks and plant cell walls. In Advances in Pectin and Pectinase Research; Springer: Dordrecht, The Netherlands, 2003; Volume 873, pp. 123–135. [Google Scholar] [CrossRef]

	



McCubbin, T.J.; Braun, D.M. Phloem anatomy and function as shaped by the cell wall. J. Plant Phys. 2021, 266, 153526. [Google Scholar] [CrossRef]

	



Torode, T.A.; O’Neill, R.; Marcus, S.E.; Cornuault, V.; Pose, S.; Lauder, R.P.; Kracun, S.K.; Rydahl, M.G.; Andersen, M.C.F.; Willats, W.G.T.; et al. Branched pectic galactan in phloem-sieve-element cell walls: Implications for cell mechanics. Plant Physiol. 2018, 176, 1547–1558. [Google Scholar] [CrossRef]

	



Ray, D.M.; Savage, J.A. Immunodetection of cell wall pectin galactan opens up new avenues for phloem research. Plant Phys. 2020, 183, 1435–1437. [Google Scholar] [CrossRef]

	



Losada, J.M.; He, Z.; Holbrook, N.M. Sieve tube structural variation in Austrobaileya scandens and its significance for lianescence. Plant Cell Environ. 2022, 45, 2460–2475. [Google Scholar] [CrossRef]

	



Berry, Z.C.; Emery, N.C.; Gotsch, S.G.; Goldsmith, G.R. Foliar water uptake: Processes, pathways, and integration into plant water budgets. Plant Cell Environ. 2019, 42, 410–423. [Google Scholar] [CrossRef]

	



Carriquí, M.; Nadal, M.; Clemente-Moreno, M.J.; Gago, J.; Miedes, E.; Flexas, J. Cell wall composition strongly influences mesophyll conductance in gymnosperms. Plant J. 2020, 103, 1372–1385. [Google Scholar] [CrossRef]

	



Roig-Oliver, M.; Bresta, P.; Nadal, M.; Liakopoulos, G.; Nikolopoulos, D.; Karabourniotis, G.; Bota, J.; Flexas, J. Cell wall composition and thickness affect mesophyll conductance to CO2 diffusion in Helianthus annuus under water deprivation. J. Exp. Bot. 2020, 71, 7198–7209. [Google Scholar] [CrossRef]

	



Losada, J.M.; Diaz, M.; Holbrook, N.M. Idioblasts and peltate hairs as distribution networks for water absorbed by the leaves of Capparis odoratissima. Plant Cell Environ. 2021, 44, 1346–1360. [Google Scholar] [CrossRef] [PubMed]

	



Schreel, J.D.; Leroux, O.; Goossens, W.; Brodersen, C.; Rubinstein, A.; Steppe, K. Identifying the pathways for foliar water uptake in beech (Fagus sylvatica L.): A major role for trichomes. Plant J. 2020, 103, 769–780. [Google Scholar] [CrossRef] [PubMed]

	



Guzmán-Delgado, P.; Laca, E.; Zwieniecki, M.A. Unravelling foliar water uptake pathways: The contribution of stomata and the cuticle. Plant Cell Environ. 2021, 44, 1728–1740. [Google Scholar] [CrossRef] [PubMed]

	



Evans, J.R. Mesophyll conductance: Walls, membranes and spatial complexity. New Phytol. 2021, 229, 1864–1876. [Google Scholar] [CrossRef]

	



Andersen, M.C.F.; Boos, I.; Marcus, S.E.; Kračun, S.K.; Willats, W.G.T.; Knox, J.P.; Clausen, M.H. Characterization of the LM5 pectic galactan epitope with synthetic analogues of β-1,4-D-galactotetraose. Carbohydr. Res. 2016, 436, 36–40. [Google Scholar] [CrossRef]

	



McCartney, L.; Ormerod, A.P.; Gidley, M.J.; Knox, J.P. Temporal and spatial regulation of pectic (1→4)-β-D-galactan in cell walls of developing pea cotyledons: Implications for mechanical properties. Plant J. 2000, 22, 105–113. [Google Scholar] [CrossRef]

	



Lee, K.J.D.; Dekkers, B.J.W.; Steinbrecher, T.; Walsh, C.T.; Bacic, A.; Bentsink, L.; Leubner-Metzger, G.; Knox, J.P. Distinct cell wall architectures in seed endosperms in representatives of the Brassicaceae and Solanaceae. Plant Physiol. 2012, 160, 1551–1566. [Google Scholar] [CrossRef]

	



Corneillie, S.; De Storme, N.; Van Acker, R.; Fangel, J.U.; De Bruyne, M.; De Rycke, R.; Geelen, D.; Willats, W.G.T.; Vanholme, B.; Boerjan, W. Polyploidy affects plant growth and alters cell wall composition. Plant Physiol. 2019, 179, 74–87. [Google Scholar] [CrossRef]

	



Martín, C.; Viruel, M.; Lora, J.; Hormaza, J.I. Polyploidy in fruit tree crops of the genus Annona (Annonaceae). Front. Plant Sci. 2019, 10, 99. [Google Scholar] [CrossRef]

	



Hughes, J.; Hepworth, C.; Dutton, C.; Dunn, J.A.; Hunt, L.; Stephens, J.; Waugh, R.; Cameron, D.D.; Gray, J.E. Reducing stomatal density in barley improves drought tolerance without impacting on yield. Plant Physiol. 2017, 174, 776–787. [Google Scholar] [CrossRef]

	



Harrison, E.L.; Arce Cubas, L.; Gray, J.E.; Hepworth, C. The influence of stomatal morphology and distribution on photosynthetic gas exchange. Plant J. 2020, 101, 768–779. [Google Scholar] [CrossRef] [PubMed]

	



Greer, B.T.; Still, C.; Cullinan, G.L.; Brooks, J.R.; Meinzer, F.C. Polyploidy influences plant–environment interactions in quaking aspen (Populus tremuloides Michx.). Tree Physiol. 2018, 38, 630–640. [Google Scholar] [CrossRef] [PubMed]

	



Wilson, M.J.; Fradera-Soler, M.; Summers, R.; Sturrock, C.J.; Fleming, A.J. Ploidy influences wheat mesophyll cell geometry, packing and leaf function. Plant Direct 2021, 5, e00314. [Google Scholar] [CrossRef]

	



Jordan, G.J.; Carpenter, R.J.; Koutoulis, A.; Price, A.; Brodribb, T.J. Environmental adaptation in stomatal size independent of the effects of genome size. New Phytol. 2015, 205, 608–617. [Google Scholar] [CrossRef] [PubMed]

	



Liao, T.; Wang, Y.; Xu, C.P.; Li, Y.; Kang, X.Y. Adaptive photosynthetic and physiological responses to drought and rewatering in triploid Populus populations. Photosynthetica 2018, 56, 578–590. [Google Scholar] [CrossRef]

	



Losada, J.M.; Blanco-Moure, N.; Fonollá, A.; Martínez-Ferrí, E.; Hormaza, J.I. Hydraulic trade-offs underlie enhanced performance of polyploid trees under soil water deficit. Plant Physiol. 2023, 192, 1821–1835. [Google Scholar] [CrossRef]

	



Caine, R.S.; Yin, X.; Sloan, J.; Harrison, E.L.; Mohammed, U.; Fulton, T.; Biswal, A.K.; Dionora, J.; Chater, C.C.; Coe, R.A.; et al. Rice with reduced stomatal density conserves water and has improved drought tolerance under future climate conditions. New Phytol. 2018, 221, 371–384. [Google Scholar] [CrossRef]

	



Khalid, M.F.; Vincent, C.; Morillon, R.; Anjum, M.A.; Ahmad, S.; Hussain, S. Different strategies lead to a common outcome: Different water-deficit scenarios highlight physiological and biochemical strategies of water-deficit tolerance in diploid versus tetraploid Volkamer lemon. Tree Physiol. 2021, 41, 2359–2374. [Google Scholar] [CrossRef]

	



Hussain, S.; Sohail, H.; Noor, I.; Ahmad, S.; Ejaz, S.; Ali, M.A.; Haider, S.T.A.; Sohail, M.; Jaffer, H.; Ercisli, S.; et al. Physiological and biochemical determinants of drought tolerance in tetraploid vs diploid sour orange citrus rootstock. J. Hortic. Sci. Biotechnol. 2023, 98, 772. [Google Scholar] [CrossRef]

	



Maherali, H.; Walden, A.E.; Husband, B.C. Genome duplication and the evolution of physiological responses to water stress. New Phytol. 2009, 184, 721–731. [Google Scholar] [CrossRef]

	



Buckley, T.N. How do stomata respond to water status? New Phytol. 2019, 224, 21–36. [Google Scholar] [CrossRef] [PubMed]

	



Talbot, M.J.; White, R.G. Methanol fixation of plant tissue for Scanning Electron Microscopy improves preservation of tissue morphology and dimensions. Plant Methods 2013, 9, 36. [Google Scholar] [CrossRef] [PubMed]

	



Martin, S.L.; Husband, B.C. Whole genome duplication affects evolvability of flowering time in an autotetraploid plant. PLoS ONE 2012, 7, e44784. [Google Scholar] [CrossRef] [PubMed]

	



Thompson, K.A.; Husband, B.C.; Maherali, H. No influence of water limitation on the outcome of competition between diploid and tetraploid Chamerion angustifolium (Onagraceae). J. Ecol. 2015, 103, 733–741. [Google Scholar] [CrossRef]








[image: Plants 12 03738 g001] 





Figure 1. Precipitation aboveground (top) and volumetric water content belowground (bottom) during 2021. Mean monthly precipitation (blue color) was minimal during the summer months, whereas mean monthly temperatures (red color) reached maximum values. Bars represent the maximum and minimum average temperature for each month. Volumetric water content was minimal in non-irrigated soils (orange), especially in the superficial horizon of 10 cm (dotted lines, H10). In contrast, deeper horizons (continuous lines) maintained higher percentages of water per soil volume, especially in irrigated areas of the soil. p-Value represents significant differences of the relative water in the soil across comparable horizons. Shaded area corresponds with the period when measurements were taken in this work. 
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Figure 2. Morphology of ‘Kensington Pride’ mango trees under well-irrigated (WI) and non-irrigated conditions (NI) comparing diploid (pink) and tetraploid (green) trees during the spring of 2021. (A). Well-irrigated diploid mango tree with numerous inflorescences (inset). (B). Non-irrigated diploid mango tree had lower biomass and a few inflorescences (inset). (C). Well-irrigated tetraploid mango tree showing a dense canopy and numerous inflorescences (inset). (D). Non-irrigated tetraploid mango tree with less biomass, but several inflorescences. (E). Morphological and chemical measurements of fruits from diploid and tetraploid genotypes under normal irrigation. Yellow arrows point to inflorescences. 
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Figure 3. Leaf water potential at midday (Ψ) and stomatal conductance (Gs) in diploid (pink) and tetraploid (green) ‘Kensington Pride’ mango trees. (A). Ψ in well-irrigated (WI) diploid and tetraploid mango trees. (B). Ψ in diploid and tetraploid mango trees without supplemental irrigation (NI). (C). Gs in well-irrigated diploid and tetraploid mango leaves. (D). Gs in diploid and tetraploid mango leaves without supplemental irrigation. Bars represent standard error at a p < 0.05, and stars represent significant differences attributed to ploidy (colored stars) or irrigation (black stars) after a two-way ANOVA at a p < 0.05. 
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Figure 4. Histochemistry of leaves from diploid (pink) and tetraploid (green) ‘Kensington Pride’ mango genotypes. (A). Cross section of a leaf from a diploid mango genotype showing the structure of the different layers and the accumulation of insoluble polysaccharides (red arrows). (B). Detail of the adaxial side of a leaf from a diploid mango genotype with a strong accumulation of insoluble polysaccharides in epidermal tissue (red arrows). (C). Detail of the adaxial side of a tetraploid leaf with larger cells and cell walls showing stained polysaccharides (red arrows). (D). Cross section of a minor vein in a leaf from a diploid mango genotype showing conductive tissues. (E). Cross section of a minor vein in a leaf from a tetraploid mango genotype showing the accumulation of polysaccharides in the walls of phloem cells (red arrows). Sections stained with periodic acid Shiffs-PAS for insoluble polysaccharides (pink) and counterstained with 0.025% toluidine blue for general structure (blue-purple). Ep, epidermis; phl, phloem; pp, palisade parenchyma; scl, sclerenchyma; vb, vascular bundle; xyl, xylem. (A) Scale bar: 100 µm; (B–E) scale bars: 20 µm. 
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Figure 5. Immunolocalization of pectin epitopes with the monoclonal antibodies (mAbs) LM5 and LM26 in ‘Kensington Pride’ mango leaf tissues. (A,B). Cross sections of leaves from a diploid mango genotype showing the different tissues under UV autofluorescence. (C). Same section as in (A) immunolocalized with the LM5 mAb. (D). Same section as (B) immunolocalized with the LM26 mAb. (E). Detail of the adaxial side of the leaf (top dotted square in (A) and (C)) displaying the presence of the LM5 epitope in the cell walls of the adaxial epidermis and the tip of palisade parenchyma cells (arrows). (F). Details of the adaxial epidermis (top dotted square in (B) and (D)) showing an absence of the LM26 epitope but a strong presence in the plastids (arrows). (G). Detail of the abaxial side of the leaf (bottom dotted square in (A) and (C)), showing the presence of the LM5 epitope in the cell walls of the spongy mesophyll (arrows). (H). Detail of the abaxial side of the leaf (bottom dotted square in (B) and (D)) showing the presence of the LM26 epitope in the plastids of the spongy mesophyll and the abaxial epidermis (arrows). (C–H) Fluorescent green signal of the Alexa488 secondary antibody attached to each primary mAb. Cu, cuticle; ep, epidermis; pp, palisade parenchyma; sp, spongy parenchyma; vb, vascular bundle. (A–D) Scale bars: 100 µm; (E–H) scale bars: 50 µm. 
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Figure 6. Immunolocalization of the LM26 pectin epitope in the vascular tissues of leaves from diploid and tetraploid ‘Kensington Pride’ mango genotypes. (a). Tertiary vein of a leaf from a diploid genotype in cross section displaying the localization of the xylem (Xyl), the phloem (Phl), and the laticiferous canal (lc). (b). Detail of phloem tissue, displaying the localization of the LM26 epitope in the sieve tube elements (arrows). (c). Minor veins showing the specific localization of the sieve tube elements with LM26 mAb. (d). Tertiary vein of a leaf from a tetraploid genotype in cross section. (e). Detail of the phloem in a leaf from a tetraploid genotype showing the localization of the LM26 epitope in the sieve tube elements. (f). Minor veins of the leaf of a tetraploid genotype showing the sieve tube elements stained with the LM26 epitope. (a,d) Scale bars: 100 µm; (b,c,e,f) scale bars: 20 µm. 
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