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Abstract: Agrobiodiversity and adaptability to environmental changes derived from global warm-
ing are challenges for the future of agriculture. In this sense, landraces often have high levels of
genetic variation, tightly connected with the changing environmental conditions of a territory. The
genus Phaseolus, with five domesticated species, is one of the most important sources of proteins,
carbohydrates and micronutrients in various countries. This study aimed to compare the adaptation
capacity to drought, in the vegetative growth phase, of a commercial cultivar and two landraces
traditionally cultivated in the Mediterranean basin of Phaseolus lunatus (Lima bean). Growth and
biochemical responses of the analysed genotypes to different water-deficit treatments were evalu-
ated and compared. In addition, the effectiveness of the voltammetric method for evaluating stress
levels in cultivated plants was tested. The studied parameters revealed that P. lunatus is a drought-
tolerant species, showing similar results for the three cultivars. However, contrary to what was ex-
pected from the germination phase results, the commercial variety Peru showed some better re-
sponses under water stress conditions. Finally, the voltammetric method proved to be a good and
fast tool for assessing oxidative stress in cultivated plants, showing results in agreement with total
phenolic compounds and total flavonoid fluctuations.

Keywords: climate change; drought stress; oxidative stress; voltammetric method; growth
parameters; photosynthetic pigments; proline; antioxidant compounds

1. Introduction

This work aims to respond to the numerous requests from international institutions
and organisations in relation to sustainable agricultural development [1,2] since the pub-
lication of the Brundtland Report in 1987 [3]. It is framed within the 2030 Agenda for Sus-
tainable Development, the roadmap that humanity has set out to address the current sit-
uation of planetary crisis. This initiative, through 17 Sustainable Development Goals
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(SDG) and 169 targets, marks the commitments needed to reverse a situation of unsus-
tainability at environmental, economic and social levels. Several SDGs address issues re-
lated to the sustainability of agriculture, in particular SDG 2 (Zero hunger), with targets
2.3,2.4, 2.5, 2.A addressing conservation of agricultural biodiversity and local and tradi-
tional varieties [4].

These targets, intimately related to other goals and targets of the same Agenda, need
intense research and innovation to promote smart, resilient and sustainable agriculture
practices [5]. This paper is linked to the necessary efforts to produce indigenous, bio-
diverse crops that can also be useful to cope with climate change.

Some changes in environmental parameters, as a consequence of global warming,
may be advantageous for agriculture in northern countries, expanding the limits of spe-
cific crops and increasing agrodiversity. However, on a global scale, the negative effects
are far more relevant as crops in many territories are threatened and vulnerable to climate
change impacts. The stress derived from water deficit is currently one of the most im-
portant problems in agriculture, affecting more than half of the agricultural land of our
planet, particularly the most productive areas, those cultivated under irrigation in arid
and semi-arid regions [6]. The increasing scarcity of good-quality water for irrigation,
mainly because of climate change, will cause more significant yield losses in the near fu-
ture, especially affecting subsistence agriculture in developing countries [7]. Conse-
quently, many countries have promoted the implementation of different initiatives to
adapt cropping systems to the new environmental conditions. Nevertheless, this adapta-
tion represents a big challenge because of the combination of many factors related to eco-
nomic and social aspects, environmental benefits and farmer acceptance [8,9]. Local vari-
eties of our major crops can provide the adaptations required to overcome the environ-
mental variations derived from climate change. These changes include increasing temper-
atures, longer, more intense and frequent drought periods and unpredictable, extreme
meteorological phenomena such as heavy rains, strong winds, out-of-season frost or cold
spells. Therefore, these landraces can significantly contribute to facing the challenges of
global warming [10], and, indeed, many have been used as a source of drought tolerance
traits, for example, in chickpea [11], maize [12] or sorghum [13]. In the case of the Medi-
terranean region, local cultivars traditionally grown by farmers over the years should be
expected to show better adaptability to the climate change effects, as they are already
adapted to the hot and dry summers characteristic of the Mediterranean climate.

Drought negatively affects many aspects of plant growth, development and produc-
tivity, through a wide array of morphological, cellular, physiological, biochemical and
molecular changes [14]. Even moderate degrees of water deficit can lead, in most crops,
to a 50-70% reduction in average yields, compared with registered record yields [15,16].
Therefore, to select drought-tolerant crop varieties, it is important to understand the phys-
iological and biochemical plants’ stress response mechanisms under water deficit condi-
tions at different phases of their life cycle.

Drought decreases the rate of photosynthesis through different mechanisms [17].
Water-stressed plants show a lower stomatal conductance to limit evapotranspiration and
conserve water. Consequently, CO: fixation is reduced, and photosynthetic activity de-
creases, resulting in less assimilate production for growth rate and yield of plants. Diffu-
sive resistance of the stomata to CO: entry is probably the main factor limiting photosyn-
thesis under drought [18]. Severe drought stress also inhibits the photosynthesis of plants
by causing changes in chlorophyll content, affecting chlorophyll components and damag-
ing the photosynthetic apparatus [19,20]. The decrease in chlorophyll under drought
stress is mainly the result of damage to chloroplasts caused by ROS (reactive oxygen spe-
cies) [21]. ROS accumulation reflects the generation of oxidative stress as a secondary ef-
fect of drought and other abiotic stressors. Malondialdehyde (MDA), a lipid peroxidation
product, is a reliable biochemical marker that can be used to evaluate the extent of oxida-
tive stress affecting plants [22]. Plants activate antioxidant systems in response to in-
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creased ROS production, both antioxidant enzyme activities and the synthesis of non-en-
zymatic antioxidants, including phenolic compounds, especially the subclass of flavo-
noids [23,24].

On the other hand, water deficit, like many other abiotic stress conditions, causes
cellular dehydration in plants, which can partly protect themselves against drought stress
by accumulating organic and inorganic osmolytes. Proline (Pro) is one of the most com-
mon plant osmolytes [25,26]. A significant increase in Pro contents in response to water
deficit, high salinity or other stressful conditions has been detected in many plant species,
including beans [27-30].

Apart from the use of suitable physiological and biochemical markers, water stress
can also be monitored using solid-state electrochemistry, directly inspired by the voltam-
metry of immobilised particles, a methodology developed by Scholz et al. [31]. This ap-
proach has been revealed as an effective method for determining stress levels in wild
plants [32]. The analysis exploits the possibility of an in situ electrochemical generation of
ROS in air-saturated electrolytes, showing the plant’s capacity to respond to ROS [33-35].
This method can be used to indirectly measure the adaptation to the oxidative stress de-
rived from other stresses such as salinity or drought.

The genus Phaseolus, which includes five domesticated species, is one of the most
important sources of dietary proteins, carbohydrates and micronutrients for people glob-
ally [36]. The present study represents an extension of previous research on the adaptation
to stress of landraces and commercial cultivars of one of the five cultivated Phaseolus spe-
cies, P. lunatus (Lima bean), at the seed germination stage, one of the most sensitive phases
of its life cycle. The results of a previous study evidenced a better germination response
for local varieties in comparison to a commercial cultivar [37]. However, there is no infor-
mation on the responses to drought of this species during vegetative growth. According
to the information above, these responses should be expected to include the inhibition of
growth, a reduction of photosynthetic pigments, the accumulation of solutes for osmotic
balance and the activation of antioxidant mechanisms.

To continue the studies on drought adaptation of P. lunatus varieties in other devel-
opmental phases, two Lima bean landraces (Pintat and Ull de Perdiu) and a commercial
cultivar (Peru) were selected and grown under controlled greenhouse conditions. Differ-
ent water deficit treatments were applied to evaluate and compare the growth and bio-
chemical responses of the three genotypes: photosynthetic pigments, ions (Na*, Cl;, K* and
Ca?), osmolytes (proline), oxidative stress markers (malondialdehyde) and non-enzy-
matic antioxidants (total phenolic compounds and flavonoids). Furthermore, electro-
chemical analyses were conducted to test the plants’ responses to ROS under water deficit
conditions.

To better understand the mechanisms of drought tolerance in this species, the follow-
ing questions were addressed: (i) considering the results of the germination experiments,
is the drought response similar in the next stage (i.e., vegetative growth) of this plant? (ii)
is water stress tolerance in that phase enhanced in commercial varieties by plant breeding,
or rather in local landraces through years of cultivation? (iii) is the voltammetric method
a good tool for evaluating the stress level in cultivated plants? (iv) how relevant is the
oxidative stress generated as a consequence of drought in Lima bean? and (iv) what are
the key morphological and biochemical parameters for evaluating the water stress re-
sponses in this crop?

2. Materials and Methods
2.1. Plant Material

Three cultivars of P. lunatus were tested, two from local Valencian traditional crops
(Pintat and Ull de Perdiu) and a commercial cultivar imported from Peru (hereinafter re-
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ferred to as Peru). The traditional landraces seeds were provided by the Estacion Experi-
mental Agraria (EEA) from Carcaixent (Valencia province, Spain), and the commercial
seeds were bought specifically for this study.

2.2. Plant Growth and Water Stress Treatments

The plants were obtained by seed germination on 14 cm diameter Petri dishes with
wetted paper filters, kept in climate-controlled cabinets illuminated by daylight fluores-
cent tubes with 12 h photoperiod and mean irradiance of 100 pmol-m=2-s'. Germinated
seeds were transferred first to 9 cm-diameter and afterwards to 15 cm-diameter pots, each
with 1 kg of a mixed substrate of peat, coconut fibre and fine gravel (1-2 mm) in 3:2:1
proportion. Five plants were used per cultivar and treatment.

Four soil moisture ranges were set for the water stress treatment: 5-20%, 20-40%, 40—
60% and 60-80%. Soil moisture was controlled with a WE.T. soil water sensor kit (Delta-
T Devices Ltd., Cambridge, England), measuring directly within the root zone. Irrigation
was performed when necessary, using tap water. These conditions were maintained until
plants subjected to the strongest water deficit showed visible signs of deterioration, 18
days after the beginning of the treatments, when the experiment was concluded, and all
plants were harvested. Environmental temperature and humidity were measured with a
graphic EL-USB-2 thermohygrometer (Lascar Electronics CO, Whiteparish, United King-
dom).

2.3. Plant Sampling and Growth Parameters

At the conclusion of the experiment, plant materials (roots, stems and leaves) were
sampled separately. The following growth parameters were determined: root and stem
length, basal stem diameter, number of leaves and fresh weight of roots, stems and leaves.
Part of the harvested leaf material from each sample was weighed (FW), dried in an oven
at 65 °C for 48-72 h until constant weight and then reweighed (DW) to calculate the water
content, in percentage, of each sample using the following formula:

WC = [(FW — DW)/FW] % 100

Plant samples used for the determination of biochemical parameters were stored fro-

zen at —80 °C.

2.4. Photosynthetic Pigments

Photosynthetic pigments, including chlorophyll a (Chl a), chlorophyll b (Chl b) and
carotenoids (Caro), were quantified using 100 mg of fresh leaf material ground in 30 mL
ice-cold 80% aqueous acetone. The sample was centrifuged for 10 min at 12,000 rpm, the
absorbance of the supernatant was measured at 663, 646 and 470 nm and pigment concen-
trations were calculated according to Lichtenthaler et al. [38]:

Chl a (ug mL™) =12.21 (Asss) — 2.81 (Ass)
Chl b (ng mL™) =20.13 (Asss) — 5.03 (Ass3)
Caro (ug mL™) = (1000A470 — 3.27 [chl a] — 104 [chl b])/227

Final values were expressed in mg g DW.

2.5. Ion Concentration Measurements

Samples were extracted by incubating 0.05-0.1 g of ground dry leaf material in one
mL of water for one hour at 95 °C in a water bath, and ion concentrations were determined
according to Weimberg [39]. Sodium, calcium and potassium were measured in an FP 410
flame photometer (Jenway Inc., Burlington, VT, USA), and chloride content was measured
using a 926 Mkii Chloride Analyser (Sherwood Scientific Ltd., Cambridge, UK).

2.6. Osmolyte Quantification

Proline (Pro) determination was performed following the classical method described
by Bates et al. [40], with slight modifications [41]. First, fresh leaf material was extracted
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in a 3% (w/v) sulphosalicylic acid solution, then mixed with acid ninhydrin, incubated for
one hour at 95 °C, cooled on ice and extracted with two volumes of toluene. After collect-

ing the upper organic phase, its absorbance was read at 520 nm, with toluene used as a
blank.

2.7. Oxidative Stress Markers and Non-Enzymatic Antioxidants

Malondialdehyde (MDA), total phenolic compounds (TPC) and total flavonoids (TF)
were quantified in the same 80% methanol extracts prepared from 0.1 g of ground fresh
leaf material.

MDA was determined according to a previously described method [42], with some
modifications [43]. The extracts 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 subtracting the non-specific absorbance at 440
and 600 nm, MDA contents were calculated using the equation included in Taulavuori et
al. (2001) [43], based on the extinction coefficient at 532 nm of the MDA-TBA adduct (155
mM-' cm™). The MDA concentration was finally expressed as nmol g DW.

TPC were quantified, according to Blainski et al. [44], by reaction with the Folin—
Ciocalteu reagent. The methanol extracts were mixed with sodium bicarbonate and the
reagent incubated at room temperature in the dark for 90 min, and the absorbance was
recorded at 765 nm. Gallic acid (GA) was used as standard, and the measured TPPC con-
centrations were expressed as GA equivalents (mg eq. GA g DW).

Total ‘antioxidant flavonoids” (TF) were determined by a previously described
method [45], based on the nitration of aromatic rings containing a catechol group, by in-
cubation with NaNOg, followed by reaction with AICIs at alkaline pH. After the reaction,
the absorbance of the samples was determined at 510 nm, and TF contents were expressed
as equivalents of the catechin standard (mg eq. C g' DW).

2.8. Statistical Analysis

The programme Statgraphics Centurion XVI (Statpoint Technologies, Warrenton,
VA, USA) was used for the statistical analysis of the generated data. Before variance anal-
ysis, the validity of the normality assumption was checked by the Shapiro-Wilk test and
the homogeneity of variance using the Levene test. Once it was established that ANOVA
(Analysis of Variance) requirements were fulfilled, one-way ANOVA, followed by post-
hoc Tukey HSD (honestly significant difference) test, was applied to analyse the effect of
water stress within each variety and the effect of each treatment through varieties. All
results were expressed as means (n = 5) followed by standard errors (SEs), and ANOVA
was performed at the 95% confidence level. A two-way analysis of variance (ANOVA)
was also performed for all determined traits to check the effects of the ‘cultivar” and ‘treat-
ment’ factors and the interaction between them.

2.9. Electrochemical Experiments

Electrochemical experiments were performed at 298 + 1 K in a conventional three-
electrode cell using a CH 1660 potentiostat (Cambria Scientific, Liwynhendy, Llanelli UK).
Air-saturated 0.25 M aqueous acetic acid/sodium acetate buffer at pH 4.75 was employed
as a supporting electrolyte. The electrodes consisted of a sample-modified glassy carbon
working electrode (GCE) of geometrical area 0.071 cm? (BAS MF2012, Bioanalytical Sys-
tems, West Lafayette, USA), a platinum-wire auxiliary electrode and an Ag/AgCl (3 M
NaCl) reference electrode. To ensure repeatability, a voltammogram at the bare electrode
after mechanical cleaning in a polishing clot with alumina slurry was intercalated between
successive voltammograms at the sample-modified electrode.

For electrode preparation, 3—4 seeds were crashed with an agate mortar and pestle
adding 0.5 mL of ethanol (HPLC grade, Carlo Erba reagents, Sabadell, Spain) for 1 min.
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Then, 50 pL of the resulting suspension was dropped onto the GCE surface, and the sol-
vent was allowed to evaporate in the air. Subsequently, the modified electrode was in-
serted into the electrochemical cell, and voltammetric measurements were performed. Cy-
clic voltammetry was used as a detection mode, and semi-derivative convolution of data
was carried out to increase signal resolution. The series of anodic peaks (Ak) between 0.0
and 1.2 V were considered since such peaks define a voltammetric profile characteristic of
the species, the variety and the phenological and stress stages of the plant (Figure 1). In
this sense, the At region exhibits new peaks in the second anodic scan due to the response
to the reactive oxygen species (ROS) produced during the analysis in the cathodic wave
(Cox) process that precedes that anodic scan. ROS react with organic components of plant
extracts generating new electroactive products. These components, such as phenolic com-
pounds, are characteristic traits of the species and its stage.

0.8

0.0

-0.8

16 Ag

1.6 0.8 0.0 -0.8 -1.6

E / Vvs. Ag|AgCl

Figure 1. Cyclic voltammogram after semi-derivative convolution of a microparticulate deposit of
the ethanolic extract of sample A~ on GCE in contact with air-saturated 0.25 M HAc/NaAc aqueous
buffer at pH 4.75. Potentials can initiate at 0.0 V vs. Ag/AgCl in the positive direction; potential scan
rate 50 mV s

3. Results
3.1. Plant Growth Analyses

After 18 days of the water stress treatments, some significant differences in growth
were found, most of them between treatments within each cultivar, i.e., due to the differ-
ences in the soil moisture levels. The most relevant growth parameters are shown in Fig-
ure 2. To better compare the effects of drought on plant growth between the selected gen-
otypes, with plants differing in size, the values of some parameters—stem length (Figure
2a) and the fresh weight of the aerial part (Figure 2c) and the roots (Figure 2d)—were
expressed as percentages of the control values, those of well-irrigated plants, grown at 60—
80% soil moisture level. The three cultivars showed a general trend of decreasing growth
with increasing intensity of water deficit, although mild drought conditions (40-60% soil
moisture) did not result in a significant reduction in the measured growth parameters.
Growth inhibition was mostly reflected in the reduction of fresh weight of the aerial part
(Figure 2c) and the roots (Figure 2d) of the plants. When comparing the three cultivars
under water deficit conditions, some growth parameters showed average values lower for
the traditional cultivars, Pintat and Ull de Perdiu, than for the commercial cultivar, Peru.
However, in most cases, the differences were not statistically significant, with a few ex-
ceptions, such as the aerial part fresh weight of Pintat plants at 40-60% soil moisture (Fig-
ure 2c) or the aerial part water content of both local cultivars at 20-40% soil moisture (Fig-
ure 2e).
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Figure 2. Effect of water stress on plant growth parameters of the three Phaseolus lunatus cultivars
expressed as percentage reduction with respect to their respective control (60-80% of soil moisture),
where FW is ‘fresh weight” and WC ‘water content’: stem length (a), number of leaves (b), aerial
part FW (c), root FW (d), aerial part WC (e) and root WC (f). Absolute values stem length, Peru: 5.55
cm, Pintat: 5.82 cm and Ull de Perdiu: 5.51 cm. Absolute values number of leaves: Peru: 24.8, Pintat
26 and Ull de Perdiu: 36.4. Absolute values FW aerial part: Peru: 52.45 gr, Pintat: 67.23 gr and Ull de
Perdiu: 60.33 gr. Absolute values FW roots: Peru: 11.40 gr, Pintat: 17.21 gr and Ull de Perdiu: 12.71
gr. Lowercase letters indicate significant differences within each cultivar and uppercase letters (in

bold) between cultivars, but within treatments, according to Tukey’s test (a = 0.05). p values accord-
ing to one-way ANOVA.

The above data were confirmed representing the drought-induced changes in the to-
tal fresh weight of the plants—roots plus the aerial part—that can be considered a suitable
criterium to assess the relative tolerance of the three genotypes (Figure 3). In all cases,
plant growth was significantly inhibited under strong water stress conditions. Comparing
plants of the three cultivars, the total FW of the Pintat landrace was lower than that of the
Ull de Perdiu or the commercial Peru variety under mild and moderate drought condi-
tions: 40-60% and 20-40% soil moisture, respectively. However, these differences were
not statistically significant (Figure 3). Therefore, it can be concluded that the commercial

cultivar Peru is at least as tolerant to water deficit as the landraces and probably slightly
more tolerant than the local cultivar Pintat.
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Figure 3. Effect of water stress on total fresh weight for the three Phaseolus lunatus cultivars ex-
pressed as percentage reduction with respect to their respective control (60-80% soil moisture). Ab-
solute values of total FW: Peru: 63.84 gr, Pintat: 84.44 gr and Ull de Perdiu: 73.05 gr. Lowercase
letters indicate significant differences within each cultivar and uppercase letters (in bold) between
cultivars, but within treatments, according to Tukey’s test (a = 0.05). p values according to one-way
ANOVA.

3.2. Photosynthetic Pigments

No significant differences in photosynthetic pigment contents were found between
cultivars within each treatment (Figure 4), as observed in terms of growth. Water stress
caused, in general, a slight reduction in pigment concentrations, particularly under the
most intense drought conditions tested, but with differences between cultivars. Thus, the
commercial cultivar (Peru) seemed to be the most drought-tolerant, only showing a sig-
nificant reduction of Chl b at 5-20% soil moisture (Figure 4b). In Pintat plants, both Chl a
and carotenoid levels decreased with respect to the control under the strongest water def-
icit (Figure 4a, c). The local cultivar Ull de Perdiu appears to be more sensitive to drought
as the concentrations of the three pigments decreased significantly in response even to
mild or moderate water deficit (Figure 4).
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Figure 4. Chlorophyll a (Chl a) (a) chlorophyll b (Chl b) (b) and carotenoid (Caro) (c) contents in
leaves of the three Phaseolus lunatus cultivars. Lowercase letters indicate significant differences
within each cultivar and uppercase letters (in bold) between cultivars, but within treatments, ac-
cording to Tukey’s test (a = 0.05). p values according to one-way ANOVA.

3.3. Ions Accumulation

Ion (Na*, Cl, K* and Ca?) contents were measured in the roots and leaves of the
plants subjected to water stress since they may contribute to cellular osmotic balance and
could therefore be involved in the drought response of this species (Table 1). In Peru and
Pintat cultivars, Na* and CI- root contents showed an increasing trend in parallel to in-
creasing water deficit—although decreasing again at 5-20% soil moisture in the case of CI-
. Plants of the Ull de Perdiu cultivar showed a different pattern, with decreasing Na* and
maintained CI- contents in response to increasing drought conditions; however, it should
be mentioned that the concentrations of both ions in control plants (at 60-80% soil water
content) were significantly higher than in the other two cultivars. Regarding Na* and CI-
leaf levels, no significant differences were found, in general, between the different treat-
ments in any of the three genotypes. Moreover, there were no differences between root
and leaf contents in plants subjected to the same treatment, with the only exception being
Cl- in Peru plants under mild and moderate drought conditions (40-60% and 20-40% soil
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moisture, respectively), which were significantly higher in roots than in leaves (Table 1).
Root and leaf K* contents also increased in response to water stress (with some quantita-
tive differences between cultivars), except for K* levels in leaves of Ull de Perdiu plants,
which showed an opposite trend. Here again, in plants subjected to the same stress treat-
ment, in most cases, no significant differences were found in roots or leaves between cul-
tivars or between roots and leaves within the same cultivar. However, it should be men-
tioned that K* concentrations in the leaves of control plants of the Pintat and, especially,
the Ull de Perdiu cultivars were significantly higher than in Peru plants (Table 1).

Finally, Ca?* concentrations did not show consistent patterns of variation in response
to the water deficit treatments, neither in roots nor in leaves, when comparing different
treatments for each cultivar or plants of the three cultivars subjected to the same treat-
ment. Ca?* levels were substantially higher in leaves than in roots, with significant differ-
ences observed for all treatments and the three cultivars (Table 1).

Table 1. Root and leaf contents of sodium (Na*), chloride (Cl), potassium (K*) and calcium (Ca?") in
plants of the three Phaseolus lunatus cultivars. Lowercase letters indicate significant differences
within each cultivar, uppercase letters (in bold) between cultivars within treatments and asterisk (*)
between roots and leaves within treatments and cultivars according to Tukey’s test (a = 0.05). p
values according to one-way ANOVA.

Soil Moisture Peru Pintat Ull de Perdiu
60%—-80% 295,91 + 34.86 bB 321.65 +36.32bB 503.79 + 34.02 aA
Na* Root 40%—-60% 499.80 + 38.87 aA 381.07 + 74.26 abA 487.52 +73.23 abA
(umol gt DW) 20%—40% 393.37 £ 58.19 abA 364.51 +17.94 abA 390.07 + 34.04 abA
5%-20% 380.12 +53.63 abA 540.28 +90.49 aB 343.88 +48.53 bA
60%—-80% 308.23 + 34.86 aA 250.67 +41.36 bA 269.13 +50.06 aA
Na* Leaves 40%—-60% 302.71 + 33.89 aA 326.87 +15.10 aA 269.02 +24.02 aA
(umol gt DW) 20%—40% 301.17 £ 32.76 aA 313.45 £ 6.95 abA 276.01 +17.49 aA
5%-20% 263.03 + 09.65 aB 330.62 +11.14 aA 356.82 +30.56 aA
60%—-80% 227.38 + 25.72 bcAB 177.69 +19.95 aB 301.86 + 33.22 aA
Cl- Root 40%—-60% 338.73 +48.57 abA * 239.55 + 38.95 aA 281.08 +40.04 aA
(umol gt DW) 20%—40% 439.60 +56.82 aA * 287.40 +57.14 aA 305.70 + 25.62 aA
5%—-20% 178.87 +19.91 cA 178.45 +48.00 aA 245.98 + 31.55 aA
60%—-80% 181.65 +41.12 aB 356.60 + 68.63 aA 204.14 + 25.19 aAB
Cl- Leaves 40%—-60% 152.74 + 18.00 aA 180.40 + 37.73 bA 217.15 +58.82 aA
(umol gt DW) 20%-40% 204.76 + 22.70 aA 222.01 +42.04 abA 262.92 +29.17 aA
5%—-20% 186.88 +21.27 aA 230.95 + 56.43 abA 257.46 +4.31 aA
60%-80% 467.11 £ 67.33 bA 353.13 £95.19 cA 424.67 +94.20 bA
K* Root 40%—-60 % 618.32 + 58.03 abA 460.17 £ 42.41 bcA 488.54 + 76.55 bA
(umol gt DW) 20%-40% 707.85 + 58.46 aA 572.51 £+47.04 bAB 473.84 +29.83 bB
5%-20% 791.67 +26.97 aA 798.49 + 33.52 aA 774.64 £ 66.95 aA*
60%-80% 288.55 + 67.07 bC 640.44 + 63.90 aB* 957.82 +91.66 aA*
K+ Leaves 40%—-60% 662.42 + 109.57 abA 561.75 + 82.32 aA 615.66 +106.76 bA
(umol g1 DW) 20%-40% 799.27 +193.30 aA 493.82 +47.53 aA 513.25 + 53.76 abA
5%—-20% 671.87 + 132.63 abA 679.04 + 155.30 aA 294.61 +51.19 cB
60%-80% 9.44 + 2,58 bA 21.36 + 8.41 bA 22.07 +12.36 aA
Ca?* Root 40%—-60% 21.09 + 7.25 bA 17.88 +0.77 bA 19.22 +5.71 aA
(umol gt DW) 20%-40% 69.45 +9.18 aA 42.24 +3.36 aA 16.45 +2.47 aB
5%-20% 27.28 + 6.69 bA 11.49 +2.48 bB 8.77 +0.23 aB
60%-80% 145.22 +25.83 bB * 309.39 +£24.20 aA * 178.85 +9.84 bcB *
Ca? Leaves 40%—-60% 258.61 +18.42 aAB * 27298 +31.37 aA * 149.92 +47.92 cB *
(nmol gt DW) 20%-40% 323.95+40.42 aA * 301.53 £23.55 aA * 278.91 +38.99 aA *
5%-20% 139.14 + 20.58 bB * 178.59 +29.76 bB * 259.60 + 15.33 abA *
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3.4. Osmolyte Quantification

Proline (Pro) leaf contents were relatively low (3 to ca. 6 umol g DW) for the three
selected cultivars under control conditions and increased significantly in response to wa-
ter stress, but with different patterns depending on the cultivar. In Peru plants, the maxi-
mum Pro concentration (43 pmol g DW, representing a 14-fold increase over the control)
was observed for the mild water stress treatment (40-60% soil moisture) to decrease pro-
gressively under stronger drought conditions. Pintat plants showed a significant increase
in Pro levels, up to ca. 20 umol g DW (about 6.5-fold higher than in the control), only
under the strongest water deficit conditions tested (5-20% soil water content). Finally, in
the Ull de Perdiu cultivar, all water-stressed plants increased Pro contents 3.5-fold, ap-
proximately, with respect to non-stressed controls (Figure 5).
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Figure 5. Leaf content of proline in the three Phaseolus lunatus cultivars. Lowercase letters indicate
significant differences within each cultivar and uppercase letters (in bold) between cultivars, but
within treatments, according to Tukey’s test (a = 0.05). p values according to one-way ANOVA.

3.5. Oxidative Stress Markers and Non-Enzymatic Antioxidants

The drought treatments did not induce any changes in the leaf levels of the oxidative
stress marker malondialdehyde (MDA) when comparing the three cultivars and in rela-
tion to the corresponding controls, except for the cultivar Pintat under extreme water def-
icit conditions (5-20% soil moisture), where slightly but significantly higher levels of this
compound were observed (Figure 6).
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Figure 6. Leaf content of malondialdehyde in the three Phaseolus lunatus cultivars. Lowercase letters
indicate significant differences within each cultivar and uppercase letters (in bold) between culti-

vars, but within treatments, according to Tukey’s test (a = 0.05). p values according to one-way
ANOVA.

Leaf contents of total phenolic compounds (TPC) and total flavonoids (TF), repre-
sentative examples of non-enzymatic antioxidants, were measured in control and stressed
plants of the three selected cultivars (Figure 7). TPC levels increased significantly, in all
cultivars, only in response to the lowest soil moisture (5-20%); under these conditions,
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TPC (mgeq. GA g g

values in Pintat and Ull de Perdiu were higher than in Peru; otherwise, no significant
differences were found, neither between treatments nor between genotypes (Figure 7a).
Regarding TF contents, no significant differences were observed between cultivars for any
drought treatment, and only ‘Pintat’ plants at 5-20% soil moisture showed a higher con-
centration than the control (Figure 7b).
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Figure 7. Leaf contents of total phenolic compounds (TPC) (a) and total flavonoids (TF) (b) in the
three Phaseolus lunatus cultivars. Lowercase letters indicate significant differences within each culti-
var and uppercase letters (in bold) between cultivars, but within treatments, according to Tukey’s
test (o =0.05). p values according to one-way ANOVA.

3.6. Effects of the Studied Parameters in Water Stress Response of P. Lunatus

The three cultivars apparently revealed a considerable resistance to drought stress,
although showing a particular response in some variables. Therefore, to assess a general
view of the hydric stress of the selected cultivars, a two-way ANOVA was performed,
considering the effect on each parameter of cultivar and treatment and their interaction
(Table 2).

For most analysed variables, the effect of cultivar was not significant; only stem
length presented a certain level of significance related to morphological traits. The con-
centration of ion Ca*, proline and flavonoids were the biochemical variables whose re-
sponse depended on the genotype. On the contrary, the treatment effect was significant
for most variables except for the percentage of water content in leaves and the morpho-
logical traits and some related to ions concentration: K* in leaves. Curiously, the interac-
tion between factors only showed a significant effect on proline, flavonoids and some ions
concentrations (K*in leaves and stem and Ca?* in leaves and roots).

Table 2. Two-way analysis of variance (ANOVA) testing the effect of cultivar and treatment (per-
centage interval of humidity) and their interactions for all morphological and biochemical traits an-
alysed. Numbers represent F values. Asterisks indicate the degree of significance: * p < 0.05, ** p <
0.01; *** p <0.001, ns = not significant.

Trait Cultivar Treatment Interaction Residual
Stem Length (cm) 9.48* 42.09 *** 2.27 n.s. 46.16
Leaves Fresh Weight 0.30 n.s. 59.54 *** 3.64 n.s. 36.51
Leaves: % Water 0.03 n.s. 12.67 n.s. 3.55n.s. 83.79
Root Fresh Weight 2.18 n.s. 50.75 *** 293 ns. 44.15
Root: % water 1.13 n.s. 69.03 *** 2.15n.s. 25.23
Leaves_Nat 0.77 n.s. 492 n.s. 16.47 n.s. 77.84
Leaves_K* 0.04 n.s. 1.18 n.s. 41.24 *** 57.55
Leaves_Ca?* 6.74 % 22.62 *** 28.98 *** 43.63
Leaves_CI- 8.51 n.s. 6.26 n.s. 14.11 n.s. 69.38
Root_Na* 1.60 n.s. 6.25 n.s. 25.73 * 66.43

Root_K* 6.19 n.s. 48.76 % 4.61 n.s. 40.08
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Root_Ca? 9.44* 28.76 *** 25.93 ** 36.70
Root_CI- 9.49 * 25.83 ** 12.22 n.s. 53.62
Proline 17.37 *** 23.28 *** 30.71 *** 30.29
Chla 0.97 n.s. 17.64 % 10.10 n.s. 71.94
Chlb 0.60 n.s. 31.55 *** 8.75 n.s. 59.09
Carotenoids 1.98 n.s. 22.38 * 5.33 n.s. 70.95
Flavonoids 16.43 ** 17.99 ** 497 n.s. 60.62
Phenols 2.99 n.s. 48.92 *** 8.56 n.s. 39.53
MDA 0.01 n.s. 16.56 * 12.03 n.s. 71.32

3.7. Electrochemical Experiments

All varieties show a main anodic wave at ca. 0.0 V that looks like several superim-
posed signals between -0.4 and 0.4 V. This signal is accompanied in the initial anodic scan
by peaks at 0.27, 0.52 and 0.67 V, with their relative height varying significantly between
the different cultivars (Figure 8). The signals at 0.0 and 0.27 V are maintained or even
increased in the second anodic scan, whereas the signals at 0.52 and 0.67 V almost entirely
disappear. These features denote that these two last signals correspond to the oxidation
of polyphenolic species, which rapidly react with the ROS electrochemically generated in
the process Cox that precedes the second anodic scan.

(b) (d) I T pA (f)
1.0 0.2 -0.6 1.0 0.2 -0.6 1.0 0.2 -0.6
E /V vs. Ag|AgCl E/V vs. Ag|AgCl E/V vs. Ag|AgCl

Figure 8. Detail of the region between —0.6 and 1.0 V vs. Ag/AgCl in cyclic voltammograms, after
semi-derivative convolution, of microparticulate deposits of ethanolic extracts of samples from Peru
(a,b), Pintat (c,d) and Ull de Perdiu (e,f) cultivars, in control (a,c,e) and maximum drought stress
(b,d,f). From voltammograms such as in Figure 1. The dotted lines mark the baselines used to meas-
ure the intensity of 0.67 V (Isn) and 0.0 V (lo) peak currents, which provide information on the dif-
ferences between cultivars in relation to ROS scavenging capacity. A higher difference between the
ratios Ie7o/Io of control and stressed plants denotes a higher capacity and, therefore, lower oxidative
damage under maximum drought conditions.

Accordingly, the signals at 0.52 and 0.67 V can be considered as representative of the
ROS scavenging capacity of the plant extract. However, since there is no possibility of
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controlling the exact amount of plant extract transferred onto the electrode surface, only
relative intensities can be used quantitatively.

Taking the baselines depicted in Figure 8 to measure peak currents, it can be observed
that the intensity of the peak at 0.67 V (Isn) relative to the wave at 0.0 V (lo) provides in-
formation on the ROS scavenging capacity of the cultivar when comparing control and
water-stressed plants. Therefore, as the difference in the 1670/10 ratio between control and
stressed plants increases, a higher capacity can be deduced due to a higher enzymatic
mobilisation under stress conditions. This difference decreases from the Peru genotype to
Pintat and Ull de Perdiu, these two being essentially identical; i.e., (Is70/Io)peru < (I670/I0)Pintat
= (Is70/Io)un de Perdiu.

The samples undergoing water stress display similar voltammetric features, but on
increasing this stress, the peak at 0.67 V increases relative to the peak at 0.52 V in all cases.
This suggests that the Is/le70 peak current ratio can be used as a marker of water stress.
Figure 9 presents the variation of the Is20/le70 peak current ratio determined from 3-5 rep-
licate voltammograms such as in Figure 9 with the percentage of water stress for the stud-
ied Phaseolus lunatus cultivars. The Isx/Ieno ratio slightly decreases on increasing the hydric
stress until a more abrupt decrease appears at high hydric stress values. This last effect is
more pronounced for Ull the Perdiu.

2.0

1520/1670

0.0 ; ; ‘ ‘
0 20 40 60 80 100

Water stress (%)

Figure 9. Variation of the Is20/Ie70 peak current ratio determined in voltammograms such as in Figure
2 (from 3-5 replicate measurements) with the percentage of water stress for Peru (circles), Pintat
(solid circles) and Ull the Perdiu (triangles).

4. Discussion

Changes in environmental factors are a challenge in the selection of varieties and
practices in order to minimise impacts and reduce costs in agriculture [46]. In this sense,
maintaining local landraces could be an effective strategy for ensuring agrodiversity and
adapting to climate change. Landraces have been used for many years in different envi-
ronmental conditions and low-input farming systems as they are significantly adapted to
local conditions [10]. Indeed, several authors have proven the better response in germina-
tion and growth phases of landraces versus commercial varieties [47], although commer-
cial varieties sometimes have higher yield potential, at least in favourable seasons. Com-
mercial cultivars are expected to be less suited to grow in suboptimal environments and,
thus, will be less competitive under these conditions, where landraces are likely to have
an adaptive advantage [48,49]. Our previous results on the germination stage in Phaseolus
lunatus have shown higher temperature competitiveness and drought tolerance in land-
races than in commercial cultivars [37]. Conversely, the data reported here on growth and
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biochemical responses in adult plants of the same cultivars are not as straightforward as
the results in the germinative phase.

Similarly, Mabhaudhi [50] could not conclude that maize landraces would perform
better than commercial hybrids under field conditions. Growth parameters showed a sim-
ilar response under water stress conditions in traditional and commercial maize varieties,
except for the emergence of more leaves in landraces. Similar responses in growth and
some biochemical parameters in conditions of decreasing water availability were also ob-
served in Lagenaria siceraria cultivars [51].

Consistent with these results, our findings do not confirm the observed trend in ger-
mination in terms of growth parameters in Phaseolus lunatus adult plants subjected to dif-
ferent levels of water stress. Peru’s commercial cultivar proved to be as tolerant as the
local varieties and somewhat more tolerant than the local cultivar Pintat in the growth
phase. Some growth parameters showed lower average values in the traditional cultivars
than in the commercial one, although, in most cases, the differences were not statistically
significant. In general, growth only decreased in plants subjected to high water deficits,
and this reduction was mainly observed in the fresh weight of aerial parts and roots. Sim-
ilarly, Widuri et al. [52] observed this reduction effect in Phaseolus lunatus only after a
prolonged water deficit period. In this sense, other authors demonstrated that root length
was positively correlated with drought resistance [52-54]. Khalil et al. [55] proved the role
of soil texture on tolerance to water stress related to the decrease in fresh weight in roots
and shoots. Similar results have been reported on other growth parameters, such as the
reduction in vegetative growth or the number of leaves in Phaseolus vulgaris [56,57]. Emam
et al. [58] investigated the impact of water stress on the growth and development of two
common bean cultivars and concluded that all growth parameters were significantly re-
duced with moisture deficit.

In general, no changes in ion content are expected in plants affected by water stress.
Accordingly, only minor changes were found in P. vulgaris compared to those reported in
salt stress treatments [59]. However, some reports detected significant ion content varia-
tions attributed to two main causes. One was a decrease in some nutrients due to difficul-
ties in nutrient uptake under drought conditions [60,61]. The other, an increase in ion con-
tents in leaves as a consequence of active transport from roots to contribute to cellular
osmotic adjustment [61,62]. In the three studied varieties of Lima bean, some significant
fluctuations in ion concentration were found due to water stress, but without a specific or
common pattern in most cases. These ion-level oscillations do not seem to be related to
difficulties in nutrient uptake since there are increases in ions in some treatments, espe-
cially in the case of K* (in roots and leaves, except in Ull de Perdiu). The involvement of
this ion in salt tolerance mechanisms in P. lunatus was raised previously [63], with the
most tolerant cultivars presenting high K* contents even in non-stress treatments. In this
study, the local landraces, particularly Ull de Perdiu, showed high K* contents in plants
from control, although water stress reduced its content in Ull de Perdiu, maintained it in
Pintat and increased it in Peru. Therefore, the three cultivars appear to follow different
strategies related to K* to cope with drought, resulting in a similar tolerant response, even
higher in the commercial variety, just contrary to the germinative phase. In addition, a
higher level of Ca? in leaves than in roots under water stress conditions was found in the
three cultivars. This divalent cation participates in multiple stress signalling pathways
[64,65] and could also be involved in drought tolerance mechanisms by active transport
from the roots, as it has been previously found in other crops [61].

The reduction in pigment content has been considered a typical symptom of the oxi-
dative stress produced by water deficit [21]. In fact, a decrease in chlorophyll and carote-
noid concentration has been observed in Phaseolus and other legume species under water
stress conditions [66—69]. In this sense, Lima bean presented only some slight decreases
due to water stress depending on the cultivar, although significant in some cases, except
for Peru. This circumstance probably contributes to some mechanism of the species that
confers higher resistance to osmotic stress compared to other legume species, irrespective
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of the cultivar assessed. This is also consistent with the absence of significant changes in
chlorophyll concentrations under salt stress conditions [63]. However, similar results
were found in Lagernaria siceraria, the bottle gourd, but the local varieties revealed en-
hanced stomatal regulation indicating better acclimation to water stress [51], so this pa-
rameter should be analysed in future trials.

Drought causes free radical formation in plants that produces oxidative stress, lead-
ing to irreversible damage to lipids and proteins [70], thus affecting the photosynthetic
apparatus and the pigment contents [21]. However, P. lunatus was hardly affected in this
respect. MDA is considered a suitable biomarker for directly evaluating cellular oxidative
stress as it is a reactive aldehyde generated by increased free-radical production [22]; no
significant increase in MDA was found in most cases, only for the Pintat landrace in the
maximum water stress condition. Conversely, common bean revealed an augment of
MDA levels under water stress even in tolerant genotypes [24,29,67,71,72]. These results
confirm that Lima bean does not undergo oxidative stress in the same way as other closely
related species and suggest its ability to activate efficient ROS scavenging mechanisms.

Polyphenols represent a large family of plant secondary metabolites induced by en-
vironmental stresses that act as antioxidants to protect against oxidative stress [24]. In this
regard, a higher increase in phenolic compounds and total flavonoids was observed in the
most tolerant varieties of P. vulgaris, related to lower increases in MDA [24,29,67,71,72].
However, of the analysed genotypes of P. lunatus, only the Pintat landrace showed higher
levels of polyphenols. Moreover, only the extreme water stress triggered a significant in-
crease in these metabolites. According to Fini et al. [23], antioxidant phenols and flavo-
noids belong to the secondary ROS scavenging systems that are activated only when the
activity of the antioxidant enzymes declines under severe stress. Thus, P. lunatus appears
to possess a potent enzymatic machinery that avoids oxidative stress, probably related to
the ROS scavenging processes mentioned above, not shared with other Phaseolus species.

As an indirect measure of oxidative stress, voltammetric techniques have already
been used to provide information about the oxidation of polyphenolic compounds in dif-
ferent phases of the plant’s cycle [32,73]. In the case of Phaseolus lunatus cultivars, the
Is2/ls70 peak current ratio also might be associated with plant abiotic stress mediated by
oxidative stress. Indeed, on comparing the variations of the Isxo/le70 ratio data with those
corresponding to TPC and TF, these chemical species only increase significantly at high
water stress, thus in parallel with the decrease of the Isx/Is7o ratio. This is consistent with
the ascription of the At voltammetric signals to the oxidation of polyphenolic components
of plants, as indicated above.

The last biomarker of stress analysed was proline (Pro), a common osmolyte in
plants, which accumulates in response to different types of abiotic stress, including
drought, in a large number and variety of species [25,74]. Many studies reported signifi-
cant increases in Pro contents in Phaseolus plants subjected to water stress [27-30,56], in
which this osmolyte seems to be involved in the stress response but not in the tolerance
mechanism. In the case of Lima bean, Arteaga et al. [63] found higher Pro concentration
in the cultivars more tolerant to salt stress, concluding that it could play an important role
in their stress tolerance. The present study revealed Pro accumulation as a common re-
sponse to water stress in the three Lima bean cultivars analysed, in agreement with pre-
viously published results. However, the pattern of Pro increase was different in the three
cultivars. Under mild stress conditions, the Peru cultivar showed the highest concentra-
tion, followed by Ull de Perdiu and Pintat, but all three varieties accumulated Pro to sim-
ilar concentrations in response to the most stressful treatment. The commercial cultivar
seems to react sooner to drought, and only under extreme conditions do the two local
landraces appear to activate the tolerance mechanism in the same manner as the Peru
variety.

Although the performance of local landraces was similar or even worse in some as-
pects than that of the commercial variety, other considerations should be made. Some im-
proved commercial crops sometimes have other drawbacks, such as high requirements
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for fertilisers, pesticides and water, which raise production costs and limit their benefits
[47]. In addition, in several species, the better results in the germination phase of tradi-
tional cultivars compared to commercial ones have been sufficiently demonstrated. On
the other hand, the use of landraces is important for maintaining natural diversity as a
cultural heritage and as a source of local adaptations. Within the framework of the 2030
Agenda, the adoption of ancient varieties and landraces promotes the valorisation of mar-
ginal areas and allows entrepreneurs to obtain higher incomes than with conventional
ones, as consumers are increasingly willing to pay a higher price for local products. Fi-
nally, it should be noted that local ecotypes not only provide excellent physicochemical
and sensory attributes but also contribute to sustainability as a result of the short supply
chain [75].

5. Conclusions

As a corollary, P. lunatus, considering the three analysed cultivars, has proved to be
a relatively water stress-tolerant species, as revealed by the slight or non-significant vari-
ations in the morphologic and biochemical markers. Subsequently, overall low levels of
oxidative stress were found. Notwithstanding, just contrary to the germination phase, the
commercial variety appears to be the less stressed, taking into account the global results:
lower decreases in growth parameters, unaffected pigment contents, the highest increase
of K, a non-significant increase of MDA, low augment of polyphenol compounds or an
earlier response of Pro. The breeders’ selective efforts are especially aimed at improving
this phase, so the results presented here are probably a consequence of this selective pres-
sure. Moreover, most of the biochemical parameters evaluated contributed to unravelling
the water stress response of Lima bean, except for ions, where only K* and Ca?
leaves/roots ratio generated valuable information. Finally, the voltammetric method was
demonstrated to be a good and quick tool for evaluating oxidative stress and, therefore,
water stress in cultivated plants. The Is20/l670 ratio measured in the four humidity condi-
tions showed concordant results with those related to TPC and TF, antioxidant com-
pounds that react with ROS species.
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