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Abstract

The pepino (Solanum muricatum) is a neglected crop from the Andean region with
potential for expansion to many areas of the world. However, there is a lack of studies in
pepino related to its response to water stress. In this study, we have subjected plantlets of
seven pepino cultivars (Murl-Mur7) to three treatments consisting of a fully irrigated
control (C), a moderate water stress (WS-M), and a severe water stress (WS-S). Thirty-
one traits related to growth, photosynthetic pigments, mono and divalent ions, osmolytes
and antioxidants were measured. Significant differences were found among cultivars for
most traits. The WS-M treatment did not affect most growth and biochemical parameters,
while large differences with respect to the control were observed with the WS-S
treatment. In general, the WS-S treatment induced an inhibition of the growth parameters,
mainly the reduction of the fresh weight of leaves, stems and roots, as well as their water
content. A principal component analysis (PCA) performed on the relative values of
growth traits, together with the ANOVA for the traits for which significant interaction
cultivar x treatment was detected, showed that cultivars Mur2 and Mur4 are the most
tolerant to water stress. Although no clear-cut differences were observed among cultivars,
the water-stressed plants of Mur2 and Mur4 displayed less variation with respect to the
control than the other cultivars for the physiological and biochemical traits measured.
Overall, photosynthetic pigments, malondialdehyde and total flavonoids decreased under
severe water stress, while proline, Na* and K* contents increased significantly. The results
obtained provide relevant information on the response to drought of pepino and have
allowed identifying two cultivars better adapted to water stress that could be useful in

breeding pepino for drought tolerance.
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1. Introduction

The pepino (Solanum muricatum Aiton) is a neglected solanaceous crop from the Andean
region with great potential, both for domestic markets and as an emerging crop in other
regions of the world (Gurung et al., 2016). The pepino is a diploid (2n = 2x = 24), grown
for its edible fruits and displays a great morphological variability amongst cultivars for
fruit weight, shape and colour (Anderson et al., 1996; Herraiz et al., 2016). Pepino fruits
have a high water content (92% of fresh weight) and are low in calories (250 kcal/kg)
(Rodriguez-Burruezo et al., 2011). At maturity, it has a characteristic mild sweet flavour
and intense fruity aroma (Prohens et al., 2005). The pepino fruit is usually eaten as fresh
juicy fruit, although some cultivars are used in vegetable salads due to their higher acidity
content and herbaceous flavour (Prohens et al., 2002). Different studies found that pepino
displays antioxidant, antidiabetic, anti-inflammatory and antitumor properties (Hsu et al.,
2011; 2018; Shathish and Guruvayoorappan, 2014; Sudha et al., 2011; Virani et al., 2020;

Wang et al., 2019; Yue et al., 2019, 2020). One of the most interesting features of pepino



is its close phylogenetic relationship with the major crops potato and tomato (Sarkinen et
al., 2013; Spooner et al., 1993).

The pepino has traditionally been grown in the Andean zone in temperate climates and
generally in the absence of drought stress (Prohens et al., 1996). However, its cultivation
has been introduced in Mediterranean-type areas where the availability of water is a
limiting factor, which is likely to be aggravated by climate change. Until now, not many
studies have been performed on the response of pepino to drought (Duman and Sivaci,
2015). However, several studies exist on its performance under salinity conditions (Pluda
etal., 1993; 2019; Prohens et al., 2003).

Determining the biochemical responses of pepino plants against drought stress is of great
relevance for the development of cultivation techniques and for the selection and breeding
programmes that allow a better crop management and the development of varieties with
greater tolerance to drought (Fang and Xiong, 2015; Fita et al., 2015). However, to our
knowledge, the biochemical responses of pepino to drought stress and the intraspecific
variation in these responses have not yet been studied. Consequently, there is no
information on biochemical tolerance markers that can be used as predictors of drought
tolerance in pepino.

Metabolites and enzymes involved in the general responses of plants to water deficit are
suitable candidates to be used as biochemical markers to assess the relative degree of
drought tolerance of different cultivars. They include photosynthetic pigments, such as
chlorophylls and carotenoids, which often decrease in drought-stressed plants,
accompanying the inhibition of photosynthesis generally observed under stress (Batra et
al., 2014; Kumar et al., 2017a; Reis et al., 2020; Szekely-Varga et al., 2020). Also,
different inorganic and organic osmolytes accumulate in plant cells to maintain the cell

turgor pressure under stress conditions, such as drought or salinity, that cause cell



dehydration (Seki et al., 2007; Singh et al., 2017; Al Hassan et al., 2016). Abiotic stress
also induces, directly or as a secondary effect, oxidative stress in plants, which can be
quantified by measuring the levels of specific markers (Del Rio et al., 2005; Kar, 2011).
As a defence against oxidative stress, plants activate antioxidant systems; therefore,
increases in the specific activities of antioxidant enzymes and/or the concentrations of
antioxidant compounds are frequently observed in drought-stressed plants (Das and
Roychoudhury, 2014; Kozminska et al., 2019; Plazas et al., 2019).

In this work, we have evaluated the response to water stress in seven pepino cultivars
subjected to three different treatments under controlled greenhouse conditions: well-
watered plants (control) and two degrees of water stress (reduction or complete
withholding of irrigation). Once the treatments were finished, the plants were evaluated
for growth parameters and photosynthetic pigments (chlorophyll a, chlorophyll b and total
carotenoids) levels. Mono (Na*, K*, CI") and divalent (Ca?*) ion contents were measured
in roots, stems and leaves, and leaf concentrations of proline (Pro) and total soluble sugar
(TSS) (common plant osmolytes), malondialdehyde (MDA) and hydrogen peroxide
(H202) (oxidative stress biomarkers), and total phenolic compounds (TPC) and total
flavonoids (TF) (representative antioxidant compounds) were also quantified. The final
objective of this work was to determine the responses to water deficit in pepino and to
evaluate the possible differences amongst varieties in these responses. These results will
provide relevant information to better understand the drought-tolerance mechanisms in
this species and may allow the identification of biochemical markers for the selection of

cultivars more tolerant to this abiotic stress.

2. Materials and methods



2.1. Plant material and experimental design

The pepino cultivar ‘37-A’ (Murl), originating from Ecuador, and the improved varieties
‘Sweet Round’ (Mur2), ‘Valencia’ (Mur3), ‘Turia’ (Mur4), ‘El Camino’ (Mur5), ‘Sweet
Long’ (Mur6), and ‘Puzol’ (Mur7), developed through different breeding programmes in
Spain and New Zealand (Murray et al., 1992; Prohens et al., 2002; 2004; Rodriguez-
Burruezo et al., 2004), were used for this study. These seven cultivars were selected based
on their agronomic interest and genetic, phenotypic and composition diversity (Blanca et
al., 2007; Herraiz et al., 2015; 2016) (Supplementary Data S1).

All the cultivars are maintained at the Solanaceae breeding laboratory at the COMAYV,
Universitat Politecnica de Valéncia (UPV; Spain). Pepino cultivars were vegetatively
propagated in vitro and, after acclimatization, were transplanted to individual
thermoformed pots (with a diameter in the upper part of 14.5 cm and 1.3 L capacity)
containing commercial growing substrate N3 (Klasmann-Deilmann, Saterland,
Germany). The plants were grown in a benched greenhouse with controlled
environmental conditions. During the experiment, temperatures ranged between 17°C and
30°C, and humidity between 50% and 80%. After an initial period of three weeks in which
the plants were watered to field capacity three times a week on Monday, Wednesday and
Friday (starting the watering on a Wednesday) and when the plants reached the
phenological stage 19 (nine or more leaves on the main shoot unfolded) of the specific
pepino BBCH (Biologische Bundesanstalt, Bundessortenamt, CHemische Industrie)
scale (Herraiz et al., 2015), three watering treatments were applied: control (C), moderate
water stress (WS-M), and severe water stress (WS-S). Control and WS-M plants were
irrigated with water (300 and 100 mL per pot, respectively) three times a week. Runoff

water was freely allowed through the holes in the bottom of the pots, although for the



WS-M plants no runoff was observed. The WS-S water stress treatment consisted of the
complete withholding of irrigation during the entire treatment period. Treatments were
carried out for 19 days, with five replicates per cultivar and treatment arranged in a
completely randomized design in the same greenhouse. The moisture of the substrate (%
vol) was measured at the start of the experiment and at each irrigation date, just before
the irrigation, with a WET-2 sensor (Delta-T Devices, Cambridge, United Kingdom).

Traits measured in the plants at the end of the experiment are indicated in Table 1.

2.2. Growth parameters

The number of leaves (NL), stem length (SL), stem diameter (SD), and root length (RL)
were measured at the end of the treatments (Table 1). Immediately after the experiment
was finished, leaves, stems and roots were collected separately and weighed for obtaining
fresh weight (LFW, SFW, and RFW, respectively). A fraction of the fresh material was
stored at -80 °C, and samples of the three organs were dried for 72 h in an oven at 65 °C
until a constant weight was achieved and then weighed again to calculate the dry weight
(DW) of leaves, stems and roots (LDW, SDW and RDW, respectively). Water content
percentage of each plant part (LWC, SWC and RWC), was calculated as follows (Gil et

al., 2014): WC (%) = [(FW - DW/FW] x 100.

2.3. Photosynthetic pigments contents

Chlorophylls a and b (Chl a, Chl b) and total carotenoids (Caro) were determined

following the protocols described by Lichtenthaler and Welburn (1983). To extract the

pigments, 0.05 g of fresh leaf material was ground in 1 mL of ice-cold 80% (v/v) acetone



and mixed. After centrifuging for 15 min at 13,300 g and 4 °C, the supernatant was
collected and its absorbance was measured at 663, 646, and 470 nm. Chl a, Chl b, and
Caro concentrations were calculated following Lichtenthaler and Welburn (1983)
equations and expressed as mg g* DW. Determination of photosynthetic pigments, as
well as all other UV/visible spectrophotometric assays described below, were carried out

using a UV-1600PC spectrophotometer (VWR, Shanghai, China).

2.4. lon content measurements

Contents of mono (Na*, K*, CI") and divalent (Ca?*) ions in leaves, stem and roots were
determined according to Weimberg (1987), from 0.05 g of ground dry plant material
mixed with 15 mL of deionised water. The samples were incubated at 95 °C for 15 min
in a water bath, cooled to room temperature and filtered through a 0.45 pm nylon filter
(Gelman, NY, USA). Na*, K* and Ca?* concentrations were quantified with a PFP7 flame
photometer (Burlington, VT, USA) and CI with a chloride analyser (Sherwood,

Cambridge, UK).

2.5. Osmolyte quantification

Proline (Pro) was extracted from 0.05 g dry leaf material with 2 mL of a 3% (w/v) aqueous
sulphosalicylic acid solution and was quantified according to Bates et al. (1973). The
extract was subsequently mixed with acid ninhydrin solution, incubated for 1 h at 95 °C,
cooled on ice and then extracted with two volumes of toluene. Absorbance of the organic

phase was measured at 520 nm using toluene as a blank. Reaction mixtures containing



known amounts of Pro were run in parallel to obtain a standard curve. Pro concentration
was expressed as pumol g~ DW.

Total soluble sugars (TSS) contents were quantified following the method of Dubois, et
al. (1956), mixing 0.05 g of fresh leaf material with 3 ml of 80% (v/v) methanol on a
rocker shaker for 24 h. The extract was recovered by centrifugation, concentrated
sulphuric acid and 5% phenol were added to the supernatant and the absorbance was
measured at 490 nm. TSS contents were expressed as equivalents of glucose, used as the

standard (mg eq. glucose g~ DW).

2.6. Oxidative stress biomarkers and antioxidant compounds

Malondialdehyde (MDA) content was determined following the method of Hodges et al.
(1999;), with some modifications (Taulavuori et al., 2001), using the same 80% methanol
extracts prepared for TSS quantification. The samples were mixed with 0.5%
thiobarbituric acid (TBA) prepared in 20% trichloroacetic acid (TCA), (or with 20% TCA
without TBA for the controls), and then incubated at 95 °C for 20 min. After stopping the
reaction by cooling the samples on ice and centrifugation at 13,300 g for 10 min at 4 °C,
the supernatant absorbance was measured at 532 nm. MDA concentration was calculated
using the equations described in Taulavuori et al. (2001) subtracting the non-specific
absorbance at 600 and 440 nm.

The hydrogen peroxide content (H2O2) was determined according to a previously
published method (Loreto and Velikova, 2001). H>O, was extracted from 0.05 g fresh
leaf material with a 0.1% (w/v) trichloroacetic acid (TCA) aqueous solution, followed by
centrifuging the extract at 13,300 g. The supernatant was thoroughly mixed with one

volume of 10 mM potassium phosphate buffer (pH 7) and two volumes of 1 M KI. The



absorbance of the sample was recorded at 390 nm. H>O> concentrations were expressed
as umol g* DW.

Total phenolic compounds (TPC) were quantified in leaf methanol extracts by their
reaction with sodium bicarbonate and the Folin—Ciocalteu reagent (Blainski et al., 2013).
After 90 min of incubation at room temperature in the dark, the absorbance of the samples
was measured at 765 nm. TPC concentrations were expressed as equivalents of gallic acid
(GA), used as the standard (mg eq. GA g* DW).

Total flavonoids (TF) were measured by the method described by Zhishen et al. (1999), based
on the nitration with NaNO_ of aromatic rings carrying a catechol group, followed by reaction
with AICIs at alkaline pH. Absorbance was measured at 510 nm, and the concentration of

flavonoids was expressed in equivalents of the standard catechin (C) (mg eq. C g* DW).

2.7. Data analyses

Statistical analysis was performed using a two factorial ANOVA, with cultivar and water
stress treatments as main effects for all the parameters. Interactions between the effects
(cultivar x treatment) were also analysed. The significance of differences (p<0.05) was
assessed with Student-Newman-Keuls multiple range tests. For traits in which no
interaction was observed, the main effects of the cultivar and treatment are presented in
tables, whereas for those traits for which the interaction cultivar x treatment was
significant, figures displaying the interaction are also included. To identify the most
tolerant cultivars, for each cultivar the relative mean values of the WS-M and WS-S
treatments in relation to the control were calculated. Subsequently, a principal component

analysis (PCA) was performed on these data using two R packages: FactoMineR (Lé et
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al., 2008) to compute PCA, and factoextra package (Kassambara, 2015) for extracting

and visualising the results.

3. Results

3.1. Substrate moisture analysis

The moisture of the substrate in the pots showed the expected oscillations, according to
the watering schedule. For the control plants, it was maintained at high levels during the
19 days of the treatment, with an average value of 61.6% at the end of the experiment
(Figure 1). In contrast, for the WS treatments, the substrate moisture level suffered a sharp
decrease during the first week, with a more pronounced reduction in the WS-S treatment,
as compared to the WS-M treatment. After the water stress treatments, average moisture
values of the substrate for WS-S and WS-M were of 7.8% and 18.8%, respectively.
Within each treatment, all cultivars showed a similar pattern of temporal evolution of the

pot substrate moisture (Figure 1).

3.2. Analysis of variance

The ANOVA revealed significant differences for both, cultivar and treatment main
factors (Table 2). Out of the 31 traits analysed, 25 displayed significant differences for
the cultivar effect and 17 for the treatment effect. For growth parameters, significant
differences among cultivars were observed for all traits, except for the water content in
leaves (LWC), stems (SWC), and roots (RWC). Similarly, differences between water

stress treatments were highly significant for all growth parameters, except for the number
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of leaves (NL) and the stem length (SL) (Table 2). For biochemical traits, significant
differences between cultivars were observed for all parameters, except for the
concentrations of Na* in roots, CI" in leaves, and H2O.. Contrarily, no significant
differences were observed for most traits for the ‘treatment’ factor, except for Na* and K*
in roots, K* in stems, proline (Pro), malondialdehyde (MDA), and total flavonoids (TF),
which were found to be significant (Table 2). Significant differences were also found for
the interactions between the ‘cultivar’ and ‘treatment’ factors, for three growth (NL, SD,

and LFW) and five biochemical (K™ in stems, K* and CI" in roots, Pro, and TF) traits.

3.3. Growth traits and identification of tolerant accessions

The results of the analysis of the mean effects on growth parameters of the factors
‘cultivar’ and ‘treatment’ are shown in Table 3. The number of leaves (NL) at the end of
the experiment varied greatly in the seven selected cultivars, ranging from 16.8 leaves in
Mur6 to 41.1 in Mur3, whereas no significant differences were observed between
treatments (Table 3). Significant differences between cultivars were also observed for
both stem parameters (SL and SD), being Mur2 and Mur6 the cultivars that registered the
longest and the shortest stems, respectively; on the other hand, Murl to Mur5 had the
broadest stem diameter and Mur7 the thinnest one (Table 3). Stem diameter (SD), but not
stem length (SL), exhibited notable differences between water stress treatments. In this
way, the average reductions of SD with respect to the control were 8.4% for WS-M and
33.4% for WS-S. Significant differences were found for root length between cultivars and
also between treatments. Cultivars, Murl, Mur2 and Mur3 had on average longer roots

than those of the rest of the cultivars. The WS-M treatment resulted in significantly longer
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roots than the control and WS-S plants, with no differences between these latter groups
(Table 3).

Fresh weight of leaves, stem and roots displayed some significant differences among
cultivars, as well as between treatments (Table 3). For most cultivars, only small,
generally non-significant differences were observed in the fresh weights of the three
organs, with some exceptions; for example, LFW was significantly higher in Mur3 than
in all other cultivars, whereas Mur6 showed the lowest LFW, SFW and RFW values. On
the other hand, considerable water stress-induced effects were observed for the WS-S
treatment, leading to an average FW reduction of 64.5% in leaves, 56.9% in stems, and
73.5% in roots, compared to the corresponding controls; however, no significant
differences were observed between the control and WS-M treatments.

The water content in leaves, stems and roots did not differ significantly between the seven
cultivars (Table 3). The WS-S treatment had a strong impact on the water content of
leaves and stems, with a 32.4% and 21.0% reduction, respectively, comparing to the
corresponding controls. The WS-M treatment, on the other hand, only caused a significant
decrease in the water content of roots, amounting to 9.4% of the control.

The effects of the WS treatments on those growth parameters for which a significant
cultivar x treatment interaction was observed in the ANOVA, namely NL, SD and LFW
(Table 2), are shown in Figure 2 for all cultivars. Regarding NL, no significant differences
between the control and the water stress treatments (WS-M and WS-S) were observed in
any of the cultivars except in Mur3, for which both, moderate and severe water deficit
resulted in a substantial reduction of leaf number (up to 36.4%) (Figure 2A). For the stem
diameter (SD), the WS-M treatment promoted a significant reduction only in Murl
(13.8% of the control) and Mur7 (30.6%), whereas the WS-S treatment had a strong effect

in all cultivars, particularly in Mur5 with a reduction of more than 50% of the control,
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except in Mur3 and Mur4 (Figure 2B). Finally, leaf fresh weight (LFW) did not vary
significantly in any of the seven cultivars, when comparing the well-watered controls and
the plants subjected to the moderate water stress treatment. On the other hand, LFW
decreased in most cultivars, in relation to the corresponding control, under WS-S
conditions; the strongest reduction was observed in Mur5 (78.5%), followed by Murl
(75.8%), Mur3 (71.9%) and Mur7 (70.2%). Mur2 and Mur4 were the only cultivars which
did not display significant differences for LFW between the control and the WS-S
treatments (Figure 2C).

The principal component analysis (PCA) for plant growth and water content traits, which
allows the combined study of all traits in a single multivariate analysis, discriminated
tolerant and sensitive cultivars. The first and second components (PC1 and PC2)
performed on the relative values of growth and water content traits of the WS-M and WS-
S treatments (expressed as percentages of the corresponding controls) accounted,
respectively, for 69.1% and 14.9% of the total variation (Figure 3A). The variables that
most contributed to the PC1 were those related to the water content and the fresh weight
of the three tissues measured (leaf, stem and root), as well as the stem diameter (SD),
which displayed high negative correlations (r<-0.75) with the PC1 (Figure 3A).
Regarding PC2, the number of leaves (NL) and stem length (SL) were negatively
correlated with this component and displayed the highest absolute values (r<-0.60) for
the correlation with PC2 (Figure 3A). The PC1 clearly separated the two treatments, with
the WS-S treatment being positively correlated with PC1, while the WS-M treatment was
negatively correlated with PC1 (Figure 3B). The two cultivars of the WS-S treatment with
the lowest values for the PCL1 (i.e., associated with the smallest reduction of fresh weight
and water content) were Mur2 and Mur4. Regarding PC2, these two latter cultivars were

also associated with the lowest reduction of the number of leaves (NL) and stem length
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(SL) under both, WS-M and WS-S treatments. The PCA data, together with the ANOVA
analyses for the traits for which significant interaction cultivar x treatment was detected,

indicates a greater tolerance to water stress of cultivars Mur2 and Mur4.

3.4. Photosynthetic Pigments

Regarding photosynthetic pigments (chlorophyll a, chlorophyll b and total carotenoids),
significant differences were observed between the cultivars (Table 3). Mean Chl a and
Chl b contents were lowest in Murl (7.35 and 1.74 mg g* DW, respectively) and highest
in Mur3 (17.02 and 6.53 mg g* DW). Carotenoids concentrations in Mur5 were
significantly higher than in the rest of cultivars. Regarding water stress treatments, no
significant differences in the contents of the three pigments were observed between the
control and the WS-M treatment, whereas the WS-S treatment resulted in significant
reductions of their concentrations: 38.3%, 33.6% and 55.4% with respect to the

corresponding controls, for Chl a, Chl b and Caro, respectively (Table 3).

3.5. lon Accumulation

The mean concentrations of the monovalent (Na*, K*, CI") and divalent (Ca?*) ions in
leaves, stems and roots generally varied between cultivars, with some exceptions. For
example, the contents of Na* in roots or CI" in leaves did not differ significantly in the
seven selected cultivars; on the other hand, Murl showed Ca?* concentrations in roots
significantly lower than in all other cultivars, whereas the highest levels of this cation in
leaves were measured in Mur2 (Table 4). Despite differences among specific cultivars,

some common trends were maintained; most important, the concentrations of all ions
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were much higher in the aerial part of the plants than in the roots, and in all cases (except
Ca?" in Murl) the ions accumulated predominantly in the stems, reaching levels ranging
from 1.7 to 3.2-fold (for Na*), 2.2 to 4.5-fold (for K*), 4 to 7-fold (for CI") or 3.3 to 15-
fold (for Ca?*) higher than in the roots, depending on the cultivar (Table 4).

When considering the main effects of the water stress treatments on the mean contents of
the different ions in leaves, stems and roots, under moderate water stress conditions (WS-
M treatment) no significant differences with the controls were found for any of the ions,
in any organ, except for K* in roots (1.3-fold higher than in the well-watered control).
Regarding the WS-S treatment, significant differences were only observed in roots for
Na* (1.3-fold higher than in the control) and K* (1.7-fold) (Table 4).

The effects of the WS treatments on the concentration of ions for which a significant
cultivar x treatment interaction was observed in the ANOVA (K" in stems and roots, and
CI" in stems, see Table 2) are shown in Figure 4. In the WS-M treatment, K* contents in
stem increased significantly over the control only in Mur5 (1.6-fold) (Figure 4A); for the
WS-S treatment, several cultivars showed a significant increase of K* concentrations in
the stem: Murb (2.1-fold over the control), followed by Mur7 (1.6-fold), and Mur6 and
Mur3 (ca. 1.3-fold) (Figure 4A). Under moderate water stress conditions, the
concentration of K* in the root increased significantly in Mur2 (2.5-fold) and Mur3 (1.6-
fold) (Figure 4B). Under WS-S treatment, in addition to Mur2 (ca. 3-fold increase) and
Mur3 (1.9-fold), Mur6 also showed a significant increase in K* stem contents,
approximately 1.3-fold over the well-watered control (Figure 4B). For CI" contents in the
stem, the only significant differences were observed in the WS-M treatment for cultivars
Murl and Mur2, which accumulated 1.2 and 1.4-fold more CI than the control,

respectively (Figure 4C).
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3.6. Osmolytes, oxidative stress markers and antioxidants

The main effects of the cultivar and treatment factors on the mean values of the analyzed
osmolytes, oxidative stress markers and non-enzymatic antioxidants are shown in Table
5. Proline (Pro) was found highly variable in the seven cultivars, ranging from 14.8 umol
gl DW in Mur3 to 50.5 pmol g** DW in Murl, which represents a 3.4-fold difference
(Table 5). Average Pro levels varied significantly in the WS-S treatment, compared to the
control plants, with an increase of 1.8-fold increase, approximately, whereas no
differences were observed in the moderate water stress treatment (Table 5). Total soluble
sugar (TSS) concentrations also displayed considerable differences between cultivars,
from 54.86 (in Murl) to 283.66 (in Mur2) mg eq. glucose g* DW, with intermediate
values in the rest of cultivars; however, contrary to Pro, no significant differences were
found between the control and water stress treatments (Table 5). MDA concentrations
also varied between cultivars, but only about 2-fold, with the minimum value measured
in Mur3 and the maximum one in Mur2; MDA contents decreased significantly, by more
than 50% of the control, in the WS-S treatment (Table 5). Regarding hydrogen peroxide
(H202) concentrations, no significant differences were detected, either between cultivars
or when comparing the control and water stress treatments (Table 5). Significant
differences were observed between cultivars for total phenolic compounds (TPC), with
Mur6 displaying the highest concentrations and Mur2 and Mur3 the lowest; on the other
hand, no significant differences were found for TPC between the different treatments
(Table 5). Finally, total flavonoids (TF) contents did not vary in the pepino cultivars,
except for Mur3, which showed a value significantly higher than all others, whereas a
significant decrease of TF levels, of about 50% of the control, was detected only in the

WS-S treatment (Table 5).
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Two of the above traits, Pro and TF contents, showed significant cultivar x treatment
interactions (Table 2). Average Pro concentrations increased significantly over the
control only in the WS-S treatment, and only for Mur6 (ca. 3.7-fold) and Mur7 (ca. 2.6-
fold) (Figure 5A). For TF, no significant differences were observed between the controls
and the two WS treatments in most cultivars. However, in cultivar Mur3, which showed
a mean control TF concentration about 10-fold higher than those of the remaining
cultivars, severe WS conditions resulted in a reduction in TF contents of 65.7% of the

control (Figure 5B).

4. Discussion

The pepino is a crop with a wide potential for expansion (Kumar et al., 2017b). However,
many aspects related to the improvement of cultural practices and its tolerance to stresses,
including drought, remain to be elucidated. The expansion of the crop to new areas
outside the Andean region (Gurung et al., 2016), as well as the threat of climate change
in its region of origin (Buytaert et al., 2010), makes it likely that stress due to drought will
become more common in pepino cultivation in the near future. However, very little
information is available on pepino responses to drought (Duman and Sivaci, 2015).

Evaluation of diversity for tolerance to drought within pepino genotypes may allow
detecting sources of tolerance and could help to identify the most relevant mechanisms
of response to water stress in this species. In other crops related to pepino, such as tomato
and eggplant, diversity has been observed for tolerance to drought (Plazas et al., 2019;
Raja et al., 2020). The work presented here represents the first systematic study of this
type in pepino, assessing the effects of water stress on growth and biochemical responses

in different pepino cultivars. There is a previously published report (Duman and Sivaci,
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2015), which used a similar approach but was much more limited in scope, focused on a
single cultivar (‘Miski’), and characterised a narrower range of drought-induced
responses. However, even though our study assessed more growth and biochemical
parameters, it confirmed some trends observed in Duman and Sivaci (2015), like a
decrease in water content, chlorophylls and carotenoids, and an increase in proline. In
contrast, we did not observe a significative increase in the total phenolic compounds and
MDA compared with the control; it should be mentioned, however, that the latter
responses were observed only after persistent severe drought conditions (Duman and
Sivaci, 2015).

In this work, we have found quantitative differences in growth and biochemical
parameters, among pepino cultivars, both in control and drought-stressed plants, thus
confirming at the physiological and molecular levels the already known high phenotypic
and genetic diversity of pepino (Blanca et al., 2007; Herraiz et al., 2016). This opens the
door to the exploitation of this diversity for selecting and breeding more drought-tolerant
pepino varieties. In our study, in general, no inhibition of growth was observed under
moderate water stress conditions (from 16.7 to 26.4% average percentage of substrate
moisture from day 7), as no significant differences with the controls (from 46.9% to
71.7% average percentage of substrate moisture) were detected in most measured growth
parameters. This led to hypothesise that pepino, in comparison with other crops, is
moderately tolerant to drought and therefore lower amount of water can be applied
without affecting severely the plant development. An interesting exception refers to root
length, which increased significantly in the WS-M treatment; this response appears to
mimic the behaviour of the plants in nature, where drought may induce root growth, as
roots search for deeper and wetter layers of the soil (Kano et al., 2011). Similarly, with

very few exceptions, the moderate water stress treatment did not affect the contents of the
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determined biochemical variables, including photosynthetic pigments, ions, osmolytes,
oxidative stress biomarkers and antioxidant compounds. On the contrary, the severe stress
treatment (WS-S) induced significant differences in several of these biochemical
parameters and caused a clear inhibition of growth, mostly reflected in the reduction of
the fresh weight of leaves, stems and roots — a reduction partly due to dehydration of the
three organs, as a decrease in their water content percentages was also observed.
Therefore, as pepino seems to be relatively resistant to moderate water deficit conditions,
it is likely that improvements in the water use efficiency of this crop can be achieved with
proper irrigation management (Hatfield & Dold, 2019). Also, the analysis of the effects
of drought on growth traits in the different cultivars led to the identification of two of
them, Mur2 and Mur4, as more drought-tolerant than the rest of accessions, opening the
way to the establishment of breeding programmes for tolerance to drought in pepino. The
‘Sweet Round’ cultivar (Mur2) was developed for being introduced in the Mediterranean
climates, showing high productivity (around 30 and up to 67.5 t ha), good tolerance to
salinity, high levels of soluble solids (10.4%) and ascorbic acid (26 mg 100 g) and an
excellent flavour, texture and intensive scent. At commercial maturity, on average, fruit
weights around 215 g and show yellow flesh and shiny golden-yellow purplish-striped
skin, and is consumed mostly as a dessert (Ruiz et al., 1997, Supplementary Data S1).
Contrarily to ‘Sweet Round’, which is more adapted to protected cultivation, the ‘Turia’
cultivar (Mur4) has shown good performance in a wide range of cultivations and
environments. Also, it is mostly consumed in salads for its herbaceous-green aroma, firm
flesh and medium soluble solids content (7-8° Brix) (Rodriguez-Burruezo et al., 2004).
“Turia’ is highly productive (between 50 and 70 t ha™') and vigorous, and was the first
pepino cultivar tolerant to tomato mosaic virus (ToMV), one of the main diseases

affecting this crop. Phenotypically, ‘Turia’ has oval golden purple-striped fruits weighing
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around 250-350 g and with yellow flesh (Supplementary Data S1). Ascorbic acid is also
high, with values between 25 and 35 mg 100 g*. Both cultivars were developed at the
Universitat Politécnica de Valencia.

The general responses of pepino to water deficit treatments, namely, inhibition of growth
and degradation of photosynthetic pigments, are shared by other nightshade species, such
as tomato and eggplant (Plazas et al., 2019; Raja et al., 2020), and by many other
vegetable crops (Abid et al., 2018; Chmielewska et al., 2016; Zhou et al., 2018). What is
not a general response to water stress in crop species, is the accumulation of monovalent
ions, Na* and CI" (and, to a lesser extent, also K*) to very high levels in the roots, mostly
considering that the plants were grown under low salinity conditions; mean Na* and K*
concentrations increased significantly in response to the water stress treatment.
Furthermore, ion concentrations were even higher in the aerial parts of the plants,
accumulating predominantly in the stems rather than in the leaves. This points to the
presence in pepino of mechanisms for the active uptake by the roots and transport to the
aboveground organs of these ions, which could contribute to cellular osmotic adjustment
under water stress conditions and, therefore, to the (relative) drought tolerance of this
species. The stem could act as a ‘buffer’ organ, limiting the transport of the toxic ions to
leaf cells. The use of ions, such as Na" and CI, as ‘inorganic osmolytes’ is a general
mechanism largely contributing to salt tolerance in dicotyledonous halophytes (Flowers
et al., 1977; Flowers and Colmer, 2008) but, in some cases, it has also been observed as
a response to drought in drought-tolerant species (Xi et al., 2018). Typical glycophytes,
on the contrary, tend to block their transport from the roots to the leaves in response to
salt stress (Munns and Tester, 2008). Regarding the divalent cation Ca?*, its participation
in multiple stress signalling pathways is well established (Tuteja and Mahajan, 2007;

Bose et al., 2011) and could also be involved in drought tolerance mechanisms in pepino,
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as it accumulates to relatively high levels in the leaves, by active transport from the roots.
However, if this is the case, those mechanisms should be constitutive since the water
deficit treatments did not induce a significant increase in the average Ca?* concentrations
in the plants.

Proline is one of the most common plant osmolytes, accumulating in many species in
response to different abiotic stress conditions, including drought; in addition to its role in
osmotic adjustment, proline may participate in stress tolerance mechanisms as an
osmoprotectant, by the direct stabilisation of proteins and macromolecular structures, as
a ROS-scavenger and/or a signalling molecule (Szabados and Savouré, 2010; Akram et
al., 2018). In the present study, proline contents increased in pepino cultivars under severe
drought stress conditions. Similar findings have already been reported in many species of
different families, such as tomato (Al Hassan et al., 2015; Raja et al., 2020), beans
(Morosan et al., 2017), barley (Dbira et al., 2018), Norway spruce (Schiop et al., 2017),
or different cultivars of ornamental species of the genus Tagetes (Cicevan et al., 2016),
to give only a few examples. Since no positive correlation between the increment of
proline levels and the relative drought tolerance of the pepino cultivars has been
established, it is not clear whether proline is directly involved in the mechanisms of
tolerance. In any case, proline could be a useful biochemical marker of water stress in this
species, as it has been demonstrated in Phaseolus vulgaris cultivars (Arteaga et al., 2020).
Soluble sugars are also functional osmolytes in many different plant species (e.g., Gil et
al., 2013; Al Hassan et al., 2016; Plesa et al., 2019). It is, however, unlikely that these
compounds play any relevant role in pepino responses to drought, as no significant
changes in TSS levels were detected in the water-stressed plants, as compared with the
controls. Similarly, the stress treatments did not induce an increase in the concentrations

of the tested oxidative stress markers, MDA and H20; in fact, MDA levels even
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decreased under severe WS. These data indicate that, under the specific conditions used
in our experiments, there was no induction of oxidative stress as a secondary effect of the
applied water deficit. Consequently, we also did not detect an increase in the levels of

antioxidant compounds.

5. Conclusions

In our experimental conditions, pepino has shown to be relatively tolerant to moderate
drought conditions even though it is affected by severe water stress, which was reflected
in inhibition of growth, degradation of photosynthetic pigments and changes in several
biochemical parameters. More intermediate water stress conditions between the two
tested in this study will help to further adjust the water optimum requirements for pepino
and study its physiological and biochemical response under drought stress. All tested
pepino cultivars responded to water deficit in the same way, qualitatively, as should be
expected for closely related genotypes, but with quantitative differences that allowed
identifying two specific cultivars, Mur2 and Mur4, as relatively more tolerant to drought.
Even though further studies will be required to elucidate the mechanisms of water stress
tolerance in pepino, the active uptake of monovalent ions (Na*, CI, K*) and their
accumulation to very high concentrations in the aboveground organs of the plants, may
be involved in those mechanisms, contributing to cellular osmotic adjustment under
stress. The differences observed among cultivars in tolerance to water stress and the
associated biochemical responses observed are relevant for the selection and breeding of

more drought tolerant pepino cultivars.

Supplementary data
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Supplementary Data S1: Pictures of leaves and fruits of the seven pepino cultivars
assessed in this study, Murl (A and H), Mur2 (B and I), Mur3 (C and J), Mur4 (D and

K), Mur6 (E and L), Mur6 (F and M), Mur7 (G and N).
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Table 1. List of the 31 traits with abbreviations and units used for the morphoagronomic

and biochemical characterization measured in the seven pepino cultivars assessed in this

study.
Code Trait Scale/Unit
Growth
NL Number of leaves unit
SL Stem length cm
SD Stem diameter cm
RL Root length cm
LFW Leaf fresh weight g
SFW Stem fresh weight g
RFW Root fresh weight g
LWC Leaf water content %
SWC Stem water content %
RWC Root water content %
Photosynthtetic pigments
Chla Chlorophyll a mg g DW
Chlb Chlorophyll b mg g DW
Caro Carotenoids mg g DW
Mono and divalent ions
Na"l Sodium concentration in leaves umol g DW
Na's Sodium concentration in stems umol g DW
Na'r Sodium concentration in roots umol g DW
K™l Potassium concentration in leaves  pmol g™ DW
K's Potassium concentration in stems  pmol g DW
K*r Potassium concentration in roots ~ pmol g DW
CIl Chlorine concentration in leaves ~ pmol g™* DW
Cl's Chlorine concentration in stems umol g DW
Clr Chlorine concentration in roots umol g DW
Ca™l Calcium concentration in leaves umol g DW
Ca™'s Calcium concentration in stems umol g DW
Ca’'r Calcium concentration in roots umol g DW
Osmolytes
Pro Proline umol. gt DW
TSS Total soluble sugars mg eq. glucose g* DW
Antioxidants
MDA  Malondialdehyde nmol g DW
H20 Hydrogen peroxide umol g* DW
TPC Total phenolic compounds mg eq. GA g DW
TF Total flavonoids mg eq. C g DW
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Table 2. Two-way factorial ANOVA (F-values) for the traits measured in seven pepino
cultivars under three drought stress treatments.

Trait Cultivar  Treatment Cultivar x treatment
Growth
NL 16.65™" 3.09™ 1.90"
SL 9.73"™ 2.16™ 0.71™
SD 19.12™ 40.79" 2.48™
RL 9.52"" 10.95™" 1.30™
LFW 10.34™" 61.63"" 2.23"
SFW 6.44"" 26.89"" 1.47"
RFW 11.19™" 49.69™" 1.50™
LwWC 1.00™ 36.05" 1.01"M
SWC 0.96" 29.04™ 0.65™
RWC 1.78™ 72.26" 0.99™
Photosynthtetic pigments
Chla 3.28™ 6.03" 1.30™
Chlb 410" 5177 1.56"
Caro 2.41" 22.877 1.00™
Mono and divalent ions
Na’l 7.757 0.43™ 0.61™
Na*s 16.88™" 2.04m 1.15™
Na'*r 1.59" 5.29™ 1.55"M
K* 19.33" 0.15M 0.72™
K*s 11.80™" 13.78™ 4,08
K*r 4.08™ 24.45™ 1.96"
Crl 1.51" 0.77"™ 1.21™
Cls 9.16™" 1.67™ 2.03*
Clr 5.68"" 3.03™ 1.01"™
Ca?*l 26.39™ 1.46" 0.56"
Ca’*s 468" 2.39™ 1.69"
ca’*'r 2.52* 1.15™ 1.81"™
Osmolytes
Pro 478" 8.27"" 1.95"
TSS 12.92" 0.20™ 0.98™
Antioxidants
MDA 2.30" 10.50™" 0.48™
H20: 2.05™ 3.03™ 1.46"M
TPC 6.10"" 1.40"™ 1.80™
TF 76.82°" 11.53™ 8.37"

ns * kk k)%

., » ,  indicate non-significant or significant at p < 0.05, 0.01, and 0.001,

respectively.



Table 3. Mean effect of cultivar and treatment and the average standard error (SE) from the analysis of variance for growth and photosynthetic

pigment traits in seven cultivars of pepino (Murl to Mur7) subjected to three drought stress treatments (Control; moderate water stress WS-M;

severe water stress, WS-S). Different lowercase letters denote significant means differences within cultivar or treatments according to the Student-

Newman-Keuls multiple range test (p < 0.05).

Factor NL sL SD RL LFW SFW RFW LWC SWC RWC (rgg'ga_‘l (rﬁg 'gt_’l (n?g‘gol
W em em m @ @ @ ey ep (e (R 08

Cultivar
Murl  245bc 221c 4.46 ¢c 30.8b 9.54b 3.53¢ 2.27d 73.2a 776a 70.3a 7.35a 1.74a 0.74 a
Mur2  23.7bc 262d 43lc 342b 863b  307c 204cd 84la 843a 763a 1607b 6.19b 066a
Mur3  41.1d 2L4bc 449c  329b 1349c 298c 235d 803a 793a 706a 17.02b 653b  0.66a
Murd  30.c 191bc 340c 230a 905b 279c 159bc 76la 764a 736a 10.57ab 445ab 0.69a
Murs  258bc 17.6ab 409c  242a 7.40b 173ab 123ab 764a 767a 654a 11.88ab 4.43ab  1.03b
Muré  168a 151a 293ab 200a 470a 139a 077a 723a 762a 651a 1ll4ab 432ab 062a
Mur7  209ab 19.7bc 257a  238a 946b 252bc 097a 802a 80.7a 687a 1645b 6.38b  0.68a
SE 194 114 018 179 08 030 019 426 298 30l 206 08 0.9

Treatment
Control 27.6a 21la 436c 243a 1137b 325b 223b 866b 847b 832c 1481b 520b  0.92b
WS-M 27.2a 204a 399b 315b 11.29b 306b 199b 87.4b 847b  754b 1485b 594b  0.86b
Ws-S 236a 190a 290a 252a 403a 140a 059a 585a 66.8a 5l4a 913a 3452  0O4la
SE 127 075 012 118 055 020 013 279 195 197 135 057 0.6
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Table 4. Mean effect of cultivar and treatment and the average standard error (SE) from the analysis of variance for mono- and divalent ion

contents (umol g DW) in stem (s), leaves (1) and roots (r) in seven cultivars of pepino (Murl to Mur7) subjected to three drought stress

treatments (Control; moderate water stress WS-M; severe water stress, WS-S). Different lowercase letters denote significant means differences

within cultivars or treatments according to the Student-Newman-Keuls multiple range test (p < 0.05).

Factor Na'l Na*s Na*r K*| K*s K*r crl Cl's Clr ca’l Ca’'s ca’'r

Cultivar
Murl 1432a 3534b 1,088a 629ab 2,007c 544ab 2,254a 7,034ab 1,007ab 756a 1085b 6.9a
Mur2 2,069ab 4,340c 1,345a 786b 1,358a 606 b 1699a 4,836a 1,198b 1816b 886ab 17.7b
Mur3 1,771ab 3,609b 1,224a 777b 1,300a 464ab 1,738a 4,025a 1,040ab 489a 68.0 a 156 b
Mur4 1,652a 2,319a 1,271a 617ab 1,742bc 389a 1955a 4,836a 989ab 49.0a 775a 225D
Mur5 1,637a 2,372a 1,4419a 503a 1,801bc 482ab 1,721a 5,110a 1,023ab 679a 1079b 19.3b
Mur6 2,069bc 2,355a 1,106a 1,065c 157lab 387a 1616a 4,318a 699 a 75.7a 90.6ab 20.0b
Mur7 2,320c 2,270a 1,298a 1,166c 1,399a 439 a 2,520a 4,044a 899ab 83.7a 77.1a 23.1b
SE 108 209 96 54.51 80 40 279 359 94 24.1 7.5 2.4

Treatment
Control 1832a 2915a 1,094a 805 a 1,430 a 350 a 1,758a 4,663 a 937 a 79.5a 88.3a 20.2a
WS-M 1,751a 2,812a 1270ab 777a 1,549a 459b 1949a 4,874a 946 a 62.8 a 8l.la 19.3 a
WS-S 1,827a 3,187a 1,386b 793 a 1,812 b 610 c 2,080a 5,260a 1,055a 108.0a 96.0a 15.0a
SE 71 137 63 35.73 52 26 183 235 62 15.8 4.9 1.6

38



Table 5. Mean effect of cultivar and treatment and the average standard error (SE) for

osmolytes and antioxidants in seven cultivars of pepino (Murl to Mur7) subjected to three

drought stress treatments (Control; moderate water stress WS-M; severe water stress,

WS-S). Different lowercase letters denote significant means differences within cultivars

and treatments according to the Student-Newman-Keuls multiple range test (p < 0.05).

GA: gallic acid; C: catechin.

TSS.

TPC.

Pro (Mg eq. MDA_1 H>02 L (Mgeq. TF
Factor (umol. g-1 glucose g- (nmolg* (umol g GA gl (mg eq. C
DW) 1 DW) DW) DW) DW) g DW)
Cultivar
Murl 50.51 ¢ 549 a 517.6ab 68.06a 15.76 bc 1.62a
Mur2 37.15abc 283.7c 553.6 b 31.02a 9.05a 344 a
Mur3 1480a 220.7bc 257.0a 75.00a 7.38a 1561 b
Mur4 24.19ab 2235bc 519.0ab 93.35a 12.60abc 1.37a
Mur5 4406 bc 2339bc 5223ab 49.93a 10.98ab 1.64a
Mur6 25.79ab  198.1b 4923ab 75.03a 17.47 c 140 a
Mur7 30.63abc 1922b 4455ab 73.84a 1285abc 1.35a
SE 5.70 20.30 66.71 13.97 1.46 0.62
Treatment
Control 25.34 a 203.8a 583.3b 81.10 a 10.97 a 4.22 Db
WS-M 27.28 a 205.2a 520.2b 66.23 a 13.03a 4.86Db
WS-S 44.72 b 1943 a 3139a 50.71a 1290 a 2.25a
SE 3.74 13.6 43.71 9.15 0.96 0.41
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Figure 1. Average percentage of substrate moisture measured every two or three days for

the control, moderate water stress (WS-M) and severe water stress (WS-S) treatments

during the 19 days of the experiment.
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Figure 2. Growth parameters that exhibited significant cultivar x treatment interactions.
(A) number of leaves, (B) stem diameter and (C) leaf fresh weight in seven pepino
cultivars after 19 days of treatment as mean values with SE (n = 5) for the control (green
bars), moderate water stress (WS-M) (yellow bars), and severe water stress (WS-S) (red
bars) treatments. Different lowercase letters above the bars indicate significant
differences between treatments for each cultivar, according to the Student-Newman-

Keuls multiple range test (p < 0.05).
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Figure 3. Principal component analysis (PCA) similarities based on the characterization
of the values of 10 growth-related traits, expressed as percentages of the corresponding
controls, of seven cultivars of pepino under moderate (WS-M) and severe (WS-S) water
stress treatments. A) The variable correlation plot indicates the relationships between
variables and the PC1 and PC2. Variables that are close to the circumference are more
correlated to the first two PCs and those that are grouped together are positively correlated
among them. B) Graph of cultivars under moderate water stress (WS-M) (yellow
symbols), and severe water stress (WS-S) (red symbols) treatments. Each symbol

represents one cultivar.
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Figure 4. lons that exhibited cultivar x treatment interactions. (A) Potassium
concentration in stem, (B) potassium concentration in root and (C) chlorine concentration
in stem in seven pepino cultivars after 19 days of treatment as mean values with SE (n =
5) for the control (green bars), moderate water stress (WS-M) (yellow bars), and severe
water stress (WS-S) (red bars) treatments. Different lowercase letters above the bars
indicate significant differences between treatments for each cultivar, according to the

Student-Newman-Keuls multiple range test (p < 0.05).
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Figure 5. Osmolytes and antioxidants that exhibited cultivar x treatment interactions. (A)
Proline and (B) total flavonoids in stem in seven pepino cultivar after 19 days of treatment
as mean values with SE (n = 5) for the control (green bars), moderate water stress (WS-
M) (yellow bars), and severe water stress (WS-S) (red bars) treatments. Different
lowercase letters above the bars indicate significant differences between treatments for

each cultivar, according to the Student-Newman-Keuls multiple range test (p < 0.05).
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