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Abstract: Common bean is an important crop, consumed as green-shelled bean in several countries.
In Chile, green-shelled beans are cultivated often as a dry land crop, vulnerable to drought. The
objective of this study was to characterize the hydric and productive responses of four green-shelled
bean genotypes subjected to deficit irrigation in order to outline production strategies in the face of
increasing water scarcity. Two experiments were evaluated: one pot experiment with three irrigation
treatments, supplying 100% of the crop evapotranspiration (ETc) (T100), 50% (T50), and 30% (T30);
and an open field experiment with two treatments: 100% (I100) and 40% of ETc (140). Treatments were
applied during reproductive stage in determinate cultivars and vegetative stage in indeterminate
plants. Severe water restriction (T30 and 140) in both experiments showed a significant decrease in
stomatal conductances, as well as biomass and number of grains per pod; 40 treatment also showed
a reduction in chlorophyll fluorescence. Water use efficiency (WUE) was higher under water stress in
field (140), but lower on the T30 treatment from the pot experiment. Determinate cultivars showed
22.7% higher of 100-seed weight compared to indeterminate type, and, thus, higher tolerance to
drought. Our results indicate that severe water stress is highly harmful in terms of yield, and a
moderate controlled deficit irrigation plus the use of determinate genotypes may be a strategy for
producing green-shelled bean successfully under a drought scenario.

Keywords: legumes; shell bean; cranberry beans; water use efficiency; water management; wa-
ter stress

1. Introduction

Common bean (Phaseolus vulgaris L.) is one of the most consumed legumes worldwide
because of its high seed nutritional value and low-cost protein source for human and
animal consumption [1]. Common bean is used for intercropping that associates with
environmental benefits due to the symbiotic interactions with Rhizobium, allowing the
fixation of atmospheric nitrogen (N), which is important in soils with low N availability [2].

There are three principal types of common bean products: dry beans (seeds harvested
at complete maturity), green or snap beans (fully developed pods before seed development),
and green-shelled beans (immature seeds with 60-70% seed moisture content) [3], which are
also called ‘cranberry beans’ in certain parts of the world, or “poroto granado” in Spanish
(Figure S1). There is limited technical information on green-shelled beans production,
however, these products are used in the Chilean traditional cuisine and widely consumed
in many Latin American countries [4].

More than 60% of the beans worldwide production is concentrated in areas affected
by long periods of drought [5], and only 7% have been grown in irrigated land [4]. In
addition, bean is one of the legumes most sensitive to water stress among legume species [6].
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The physiological responses to drought can vary depending on whether the water stress
occurs during vegetative or reproductive stages of development [7], and according to the
intrinsic tolerance to water stress of the different common bean cultivars used [8]. Modern
cultivars are preferred over landraces mainly because of their higher grain yields, which is
relevant in highly-technified farming systems [9]. However, landraces often show higher
performance under non-optimal farming conditions due to their high resilience under harsh
environmental conditions and they achieve stable crop yields, especially under droughts
stress, which is very important for small-scale farmers [10]. The intensive spread and wide
use of improved, modern cultivars has led to a genetic bottleneck, reducing considerably
their genetic diversity [11]. In the case of beans, most of the naturally available genetic
variation to cope with drought in the natural environments was lost through domestication
and recent plant breeding, making it crucial to exploit the reservoir of wild relatives and
landraces to produce new bean cultivars that are more drought-tolerant [12,13].

Although climate change is clearly decreasing productivity of bean production in dif-
ferent parts of the world [14], there is still little information about genetic characterization
and agronomic managements to deal with this new scenario. This creates a need to identify
cultivars with a better performance under water stress conditions and to develop more
efficient irrigation strategies. Considering that bean tolerance to mild water availability
has been reported in bean [15], it is possible to hypothesize that local heirloom varieties or
landraces, traditionally cultivated under dry conditions, would have better performance
under restricted irrigation (RI) regimes, and, therefore, be more suitable for cropping under
the future climatic conditions of water scarcity. On the other hand, for the conditions of
water scarcity occurring in the Chilean green-shelled bean production area, it is neces-
sary to evaluate the behavior of determinate or indeterminate type varieties subjected to
water stress.

Hence, the objective of this study was to characterize the hydric and productive re-
sponses of four green-shelled bean genotypes subjected to deficit irrigation in order to
outline production strategies in the face of increasing water scarcity. This characteriza-
tion was carried out to quantify the physiological responses based on stomatal conduc-
tance, chlorophyll fluorescence and stem water potential, yield components and water
use efficiency (WUE) of four genotypes grown under different water-stressed conditions
from third-trifoliate leaf expanded stage, during the vegetative or reproductive stages
of development.

2. Materials and Methods
2.1. Plant Material

Four green-shelled bean genotypes that are commonly used in Chile were studied
in this work: Cimarrén (a bred material with growth habit type III, indeterminate type,
94 days from sowing to first harvest), Coscorron (a bred genotype with growth habit type I,
determinate type, 98 days from sowing to first harvest), Rubi (a bred cultivar with growth
habit type I, determinate type, similar cycle length to Cimarrén), and Local Cimarrén,
hereinafter named L. Cimarrén (one landrace from Navidad, O’Higgins Region, Chile, with
growth habit type III, indeterminate type, cycle length not previously described). Growth
habit types were described by Lynch and Vanbeem (1993) [16]. Five seeds of each cultivar
were sown on 20 January 2016, in plastic pots (20 L) containing a mix of green waste
mature compost: sand (7:3) with nutrient rates equivalent to 30 kg ha~! of N, 50 kg ha~! of
P05 and 40 kg ha=! of K,O. All seeds were pre-inoculated with Rhizobium (RizoFix Gel®,
BIOGRAM S.A., Santiago, Chile) at rates of 1 x 10° cfu/mL to maintain the N requirement
throughout the season.

2.2. Open Field Pot Experiment

An open field experiment was conducted at the Pontificia Universidad Catolica of
Chile (33°2946" S; 70°36/27" W), San Joaquin campus, Santiago, Chile, during the summer
of the 2016 season. The experiment was arranged as a split-plot design with three irrigation



Agronomy 2021, 11, 562

30f13

treatments as main plot and the four cultivars previously describes as subplot treatments,
with five replications. The irrigation treatments were performed in all cultivars from the
stage of third-trifoliate leaf expanded, considered as a crop establishment, for 50 days
(reproductive stage) in determined cultivars, and during 30 days (vegetative stage) in inde-
termined beans. The three irrigation treatments consisted of (a) optimal irrigation (T100, or
control treatment), whose pots were irrigated up to 100% of the crop evapotranspiration
(ETc) and maintained at pot capacity (near to —1 MegaPascals, MPa) of potted soil matric
potential) throughout the experiment; (b) moderate restricted irrigation (or T50 treatment),
with only 50% of irrigation relative to T100 treatment; and (c) severe restricted irrigation
(or T30 treatment), characterized by the application of only 30% of irrigation with respect
to T100. The plants were located under a low-density shade net, and drip irrigation was
applied by using well water.

The water availability equivalent to pot capacity (between —1 and —1.4 MPa) was
estimated using a water retention curve [17]. The accumulated evapotranspiration (ETc)
was estimated by the water balance equation as follows: I + PP = ETc + Pc + A8y, in
which I was irrigation (mm), PP was precipitation (mm), Pc was percolation (mm), and
ABv corresponds to the difference of the volumetric soil humidity estimated through the
daily weights of the pots. All plants were fully watered (pot capacity) until the stage of
third-trifoliate leaf expanded, in which only one plant per pot was left to continue with the
water stress treatments. Irrigation treatments started at 29 days after seeding (DAS) when
third-trifoliate leaf stage occurred. For determinate cultivars (Coscorrén and Rubi) at that
moment, the flower bud stage was also occurring. Irrigation treatments were applied until
harvest (50 days) and, thus, plants were subjected to different watering conditions during
the whole reproductive phase (bud flower to harvest). On the other hand, at third-trifoliate
leaf stage, indeterminate cultivars (Cimarrén and L. Cimarréon) were still in vegetative
growth without flower bud appearance. Plants were subjected to irrigation treatments only
until bud flower during 30 days, and, thus, treated during the vegetative stage.

2.3. Field Experiment

A field experiment was conducted in a commercial farm with a loam soil type in Rapel
de Navidad (33°56'34"” S; 71°44/21” W), O’Higgins Region, Chile, from November 2015
until February 2016. The experiment was arranged as a split-plot design with two irrigation
treatments as main plot and the four cultivars previously described as subplot treatments
with three replications. All plots were fully watered (field capacity, soil matric potential
near to —3 MPa) until anthesis. The two irrigation treatments consisted in (a) optimal
irrigation (I100 or control treatment), whose plots were irrigated up to 100% of ETc and
maintained at field capacity throughout the experiment, and (b) severe irrigation restriction
(or 140 treatment), with plots watered with only 40% of ETc. Watering was performed by
using drip irrigation.

Fertilization management was based on soil nutrient analyses prior to seeding that
required the application of N as urea through irrigation at the rate of 25 kg ha~! once in the
beginning of the flowering stage. Plants were sown in rows of 5 m long and 0.7 m between
rows of spacing. The drip irrigation system was a single line for each plant row with a drip
emitter spacing at 0.1 m each with a discharge rate of 1 L h~!. The ETc was calculated using
the FAO model [18], based upon the Penman—-Monteith equation, utilizing data obtained
from INIA (Chile’s National Agricultural Research Institute)’s Hidango weather station
(34°6'44" S; 71°47'50" W). The Cropwat 8.0 computer software (FAO, Rome, Italy) was used
to determine the treatments irrigation schedules using the standard crop coefficient (Kc)
for beans [18]. The soil matric potential of both irrigation treatments was measured with
Bourdon’s tensiometers (Irrometer Company, Inc., Riverside, CA, USA), installed between
plants at a depth of 30 cm, and soil samples were collected at these places to calculate
gravimetric water content. Soil texture was determined by the Bouyoucos method [19],
and bulk density was estimated by the clod method [20]. Available water capacity, field
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capacity (FC), and permanent wilting point (PWP) was estimated by the Saxton-Rawls
method [21].

2.4. Evaluated Parameters

For the pot experiment, at the end of the trial, the pods and the foliage were harvested
separately. The foliage was dried in oven at 85 °C for 48 h for dry mass determination.
Yield components were estimated as follows: seed yield per plant or linear meter, number
of pods per plant, number of seeds per pods, weight of 100-seeds (g), pod length (cm),
and harvest index (HI). The WUE of biomass (WUEy,) and grain (WUEg) were estimated
as follows: WUE, = (foliage dry mass + 30% of pods and seeds fresh weight)/total ETc,
and WUE = (30% of seeds fresh weight)/total ETc, considering 70% of seeds and pods
humidity at harvest of green-shelled beans [22].

The physiological traits were evaluated at midday using a fully expanded leaf every
week since 29 days after sowing in the pot experiment, and only before harvest in the field
experiment. Stomatal conductance (gs) was measured with a steady state portable porom-
eter (SC-1 model, Decagon Device Inc., Pullman, WA, USA). Chlorophyll fluorescence
(Fv/Fm) was determined with a portable fluorometer (Pocket PEA, Hansatech Instruments
Ltd., Norfolk, UK). Stem (xylem) water potential (SWP) was measured with a Scholander
pressure chamber (Soil Moisture Equipment Corp., Santa Barbara, CA, USA) as described
by Meyer and Reicosky (1985) [23]. In the field trial, only gs and Fv/Fm were scored.

2.5. Statistical Analysis

Data were analyzed using a two-way analysis of variance (ANOVA) at a significance
level of p < 0.05. The main effects were considered to be due to cultivars (subplot) and
irrigation regimes (main plot) as well as their interactions. When the ANOVA was sig-
nificant at p < 0.05, means comparison was done using Tukey’s test for Open field pot
experiment data and Newman—Keuls test for Field experiment data, with the statistical
software package JMP® V.11 (SAS institute Inc., Cary, NC, USA) [24] for both experiments.

3. Results
3.1. Yield and Yield Components

For both pot and field experiments, no interaction between irrigation and genotypes
was observed (Tables 1-3). In the pot experiment, significant differences in total yield and
biomass production were found only between water stress treatments. Seed yield and
biomass was higher in the T100 treatment and lower in the T30 treatment, regardless of
whether the water stress was applied during either the vegetative or the reproductive phase
(Tables 1 and 2). Regarding the indeterminate cultivars, Cimarrén and L. Cimarrén, no
significant differences among cultivars were observed (Table 1). Moreover, only the severe
irrigation restriction treatment (T30) reduced the number of seeds per pod and the total
biomass production, with no statistical differences between cultivars under water stress
during the vegetative growth phase. In the case of the determinate cultivars, Coscorréon
showed significant fewer seed pods~! than Rubi (Table 2) although there was no statistical
difference between cultivars in the total seed yields. Surprisingly, there were no differences
in 100-seed weight between treatments or cultivars.
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Table 1. Yields and yields components of two cultivars of green-shelled beans under pot capacity or water restriction

conditions during vegetative stage of development.

Treatments Seed Yield 100-Seed Biomass Pods Length  N° (Number) N° Seeds Harvest
(gm—2) Weight (g) (g Plant~1) (cm) Pods Plant—1 Pods~1 Index (HI)
Water stress (WS)
T100 6474+ 419a 89.8 ns 285+29a 109 £ 0.1ns 189+12a 44+01a 050 £0.04a
T50 409.1 £539b 922 ns 215+23a 10.7 £ 0.1 ns 144+13Db 40=£0.2ab 0.42 £ 0.06 b
T30 2359 +£40.0 ¢ 922 ns 151+20b 10.6 £ 0.2 ns 92+14c 37£01b 031 £0.01c
Cultivar (C)
Cimarrén 467.3 £62.5ns 92.7 ns 241+28ns 108+01ns 154+1.6ns 41+0.1ns 0.38 £0.25ns
L. Cimarréon 3943 £51.2ns 89.4 ns 192+27ns 107+01ns 129+12ns 40+0.1ns 0.43 £0.31ns
IRxC ns - ns - ns ns ns

The table shows mean values for irrigation regimes (main plot: T100, T50, T30), cultivars (subplot: Cimarrén and L. Cimarron), and as their
interactions (IR x C: irrigation regime by cultivar). Each value represents mean + SEM (1 = 3). Means follow by different letters in the
same column indicate significant differences (p < 0.05) according to Tukey’s test; ns = non-significant difference (p > 0.05).

Table 2. Yields and yields components of two cultivars of green-shelled beans under pot capacity or water restriction
conditions during reproductive stage of development.

Treatments Seed Yield 100-Seed Biomass Pods Length N° Pods N° Seeds HI
(gm—2) Weight (g) (g Plant~1) (cm) Plant—1 Pods—1
Water stress (WS)
T100 398.0 559 a 92.8 ns l6.6 £ 16a 11.8+0.1a 126 £15a 41+02a 0.42 + 0.23 ns
T50 2239 +278b 84.7 ns 103+1.1b 112+ 0.1b 8.6 £08b 3.7+02ab 0.39 +0.20ns
T30 1403 £18.1¢ 79.9 ns 59+09b 108+ 0.2b 64+08b 33+£02b 0.37 + 0.18 ns
Cultivar (C)

Coscorrén 256.4 + 46.8 ns 84.0 ns 11.8 = 1.7 ns 11.3+ 0.1 ns 9.8+ 1.2ns 34+02b 0.38 4+ 0.28 ns

Rubi 251.7 £ 35.6 ns 85.6 ns 101 +£14ns 115+ 0.1ns 8.6 £ 1.0ns 40+02a 0.41 + 0.23ns
IR x C ns - ns ns ns ns -

The table shows mean values for irrigation regimes (main plot: T100, T50, T30), cultivars (subplot: Coscorrén and Rubi), and as their
interactions (IR x C: irrigation regime by cultivar). Each value represents mean + SEM (1 = 3). Means follow by different letters in the
same column indicate significant differences (p < 0.05) according to Tukey’s test; ns = non-significant difference (p > 0.05).

Table 3. Yields and yields components of four green-shelled bean cultivars under field capacity or water restriction
conditions during the reproductive stage of development.

Treatments Seed Yield lege-isge}ftd Biomass Pods Length N° Pods N° Seeds HI
(Kgm~—2) ©) (g Plant~1) (cm) Plant—1 Pods—1
Water stress (WS)
1100 1.99 £ 0.3 ns 106.4 a 369 + 46.1 a 135+0.1a 164 +23ns 57+0.1a 0.38 + 0.01 ns
140 1.64 £ 0.2 ns 93.5b 297 +30.2b 133+0.1b 16.6 £ 1.9 ns 54+0.1b 0.39 + 0.02ns
Cultivar (C)
Cimarréon 1.65 £ 0.1 ns 88.2 ¢ 322 +73ns 12.7+0.1b 16.6 =1.2ns 56 +0.1ns 0.36 £0.01 ns
L. Cimarrén 1.81 = 0.4 ns 97.5b 335 4+ 63.5ns 12.8 £0.1b 179 + 3.4 ns 5.7+ 0.1ns 0.38 4+ 0.01 ns
Coscorréon 191 +£0.2ns 108.3 a 336 +£ 55.3 ns 141+0.1a 164+ 1.6 ns 54+ 0.1ns 0.41 £0.01 ns
Rubi 1.89 £ 0.3 ns 106.0 a 341 +55.3 ns 141+0.1a 149 £2.1ns 55+0.1ns 0.40 + 0.03 ns
IR x C - ns ns ns - ns -

The table shows mean values for irrigation regimes (main plot: 1100, 140), cultivars (subplot: Cimarrén, L. Cimarron, Coscorrén, and Rubi),
and as their interactions (IR x C: irrigation regime by cultivar). Each value represents mean + SEM (1 = 3). Means follow by different
letters in the same column indicate significant differences (p < 0.05) according to Newman-Keuls test; ns = non-significant difference
(p > 0.05).

In the field experiment, no interaction between irrigation and genotypes was observed
(Table 3). With respect to the irrigation treatment, significant differences were identified
in some of the productive parameters studied, such as 100-seed weight, pods length, and
number of seed per pods. There was a decrease close to 12% of the 100-seed weight
between 1100 and 140 as a consequence of the water restriction applied. Regarding the
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genotypes evaluated in this study, Coscorrén and Rubi (determinate cultivars) exhibited
significantly higher values for 100-seed weight and pods length (Table 3), compared to
indeterminate cultivars, even though Coscorron and Rubi were subjected to water stress
during reproductive phase.

3.2. Effect of Water Stress on Physiological Parameters

Severe irrigation restriction resulted in a significant reduction of stomatal conductance
(gs)- In the pot experiments, only the T30 treatment had a significant effect on the gs in
some of the studied dates (Figures 1 and 2).

600+ 1
-e- T100 Cimarron -0- T100L. Cimarrén

540 & T50 Cimarrén -0 T50L. Cimarrén
-+ T30 Cimarrén -~ T30 L. Cimarrén

T T T T T D
29 39 49 59 69 79 89 99 109

Days after sowing

Figure 1. Effect of water stress on stomatal conductance (gs) in pot experiments. The upper panel
shows gs for Cimarrén and L. Cimarrén under irrigation treatments. Dates with statistical differences
between irrigation treatments are denoted by an asterisk; in theses dates only T30 resulted significant
different to the other treatments (n = 3) after Tukey’s test (p < 0.05). The lower panel shows pots
volumetric soil moisture (6v) and the vapor pressure deficit (VPD, -x-). The grey bar indicates the
period in which the water restriction was applied.
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600 |
-~ T100 Coscorron -0 T100 Rubi

540 -& T50 Coscorrén - T50 Rubi
—&— T30 Coscorrén -~ T30 Rubi

.2 <

T

w)

=

T

- T100 18
—— T50
< T30
- VPD

e
=1
o

29 39 49 59 69 79 89 el
Days after sowing

(]

109

Figure 2. Effect of water stress on stomatal conductance (gs) in pot experiments. The upper panel
shows g for Coscorrén and Rubi under irrigation restriction treatments. Dates with statistical
differences between irrigation treatments are denoted by an asterisk; in theses dates only T30 resulted
significant different to the other treatments (n = 3) after Tukey’s test (p < 0.05). The lower panel
shows pots volumetric soil moisture (6v) and the vapor pressure deficit (VPD, -x-). The grey bar
indicates the period in which the water restriction was applied.

The same effect was observed in the field conditions experiment because the 140
treatment showed a gs decrease of 22% compared to the control treatment (Table 4).

Table 4. Mean comparisons of interaction effects between cultivar and irrigation levels on stomatal
conductance (gs) and chlorophyll fluorescence (Fv/Fm) under field conditions.

Treatments gs (mmol m—2s~1) Fv/Fm
Water stress (WS)
1100 205.5 + 10.6 a 0.724+0.04 a
140 161.6 =133 b 0.59 +0.09 b
Cultivar (C)

Cimarron 2069 + 124 a 0.63 £ 0.08 ns

L. Cimarrén 181.2 8.7 ab 0.64 £ 0.09 ns
Coscorréon 166.7 £14.0Db 0.65 £0.03nsa

Rubi 178.8 £ 12.7b 0.69 £ 0.06 ns

IR x C ns ns

The table shows mean values for irrigation regimes (main plot: 1100, 140), cultivars (subplot: Cimarrén, L.
Cimarrén, Coscorrén, and Rubi), and as their interactions (IR x C: irrigation regime by cultivar). Each value
represents mean + SEM (n = 3). Means follow by different letters in the same row indicate significant differences
(p < 0.05) according to Newman—Keuls test; ns = non-significant difference (p > 0.05).

In potted plants, the values of SWP showed high variability and no overall significant
differences were observed, suggesting no water stress effect on this parameter over any of
the cultivars evaluated in this experiment. During the study period, SWP average values
fluctuated between —0.32 and —0.8 MPa for T100, —0.33 and —0.87 for T50, and —0.35 and
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—0.78 MPa for T30 in indeterminate cultivars. For determinate cultivars, SWP average
values fluctuated between —0.18 and —0.68 MPa for T100, —0.1 and —0.55 MPa for T50,
and —0.15 and —0.7 for T30 (data not shown).

Regarding chlorophyll fluorescence (Fv/Fm), different results between the pot and the
field experiments were obtained. In the potted plants, water stress had no significant effect
on Fv/Fm, in addition the Fv/Fm mean values were close to 0.80 that is the maximum
value expected under pot conditions (data not shown). Conversely, in the open field
experiment, a Fv/Fm value decrease of around 18% of the 140 treatment relative to the 1100
treatment was reported, with no significant differences between cultivars (Table 4).

3.3. Water Use Efficiency Estimation for Pot and Field Experiments

In the pot experiments, WUEb and WUEg decreased as water restriction became more
severe, showing no significant differences between cultivars (see lower cases, Table 5).
Even though the amount of water applied in the T30 treatment was lower than the control
condition (T100), the T30 plants produced much less biomass and showed lower grain yield
compared to the control treatment (Table 1), resulting in a significantly lower WUE; these
results was observed in all the studied cultivars (Table 5). These results differ from those
obtained under open field conditions, where the water restriction significantly increased
the water use efficiency (Table 6).

Table 5. Water use efficiency of biomass (WUE,,) and grain (WUE;) of four green-shelled bean cultivars in pot experiments.

Irrigation Regime

WUE, WUE;

Cultivar Treatment Total ETc (mm) (g mm-1) (g mm-1)

Cimarrén T100 418.6 0.192 £ 0.022 A a ab 0.055 + 0.005 A a
T50 387.7 0.159 +0.026 A a 0.038 + 0.010 B a

T30 341.3 0.117 £ 0.031 B a 0.028 + 0.008 B a

L. Cimarrén T100 423.7 0.168 = 0.015A a 0.049 +0.005 A a
T50 375.8 0.128 + 0.003 A a 0.034 +0.002B a

T30 351.4 0.088 + 0.002 B a 0.018 £ 0.001 Ba

Rubi T100 363.2 0.118 £0.022 A a 0.035 £ 0.007 A a
T50 272.6 0.117 £ 0.031 ABa 0.029 4+ 0.002 AB a

T30 225.3 0.082 + 0.015B a 0.021 + 0.003 B a

Coscorron T100 359.2 0.142 £ 0.021 Aa 0.039 4+ 0.008 A a
T50 269.8 0.110 £ 0.018 ABa 0.026 £+ 0.007 AB a

T30 243.6 0.083 £ 0.016 Ba 0.019 +0.004 B a

The table shows mean values for irrigation regimes (main plot: T100, T50, T30). Each value represents the mean =+ SE (1 = 3). Upper case
letters indicate differences between irrigation regimes for the same cultivar. Lower case letters indicate differences between cultivars for the
same irrigation regime (Tukey’s test, p < 0.05). No interactions between plots (IR x C: irrigation regime by cultivar) were observed for crop

evapotranspiration (ETc), WUE,,, and WUE; (p > 0.05).

Table 6. Water use efficiency of biomass (WUE,) and grain (WUEg) of four green-shelled bean cultivars in field experiments.

Irrigation Regime

WUE,

WUE,

Cultivar Treatment Total ETc (mm) (gmm-1) (gmm-1)

Cimarrén 1100 191.4 16.506 + 0.650 B a 5.771 + 0.495B a
140 76.56 32119+ 0230 A a 12.236 + 0.245 A a

L. Cimarrén 1100 1914 18916 + 4947 B a 7.383+2.322Ba
140 76.56 30.260 £ 3.310 A a 11.540 £ 1.353 A a

Rubi 1100 191.4 22122 + 3.613Ba 8700 £1.224Ba
140 76.56 25.632 +4.128 A a 10.239 £ 1.958 A a

Coscorrén 1100 191.4 21.622 £ 0.801Ba 8.621 £ 0.307B a
140 76.56 25.644 + 3968 A a 10.738 £ 1.883 A a

The table shows mean values for irrigation regimes (main plot: 1100, 140). Each value represents the mean + SE (n = 3). Upper case letters
indicate differences between irrigation regimes for the same cultivar. Lower case letters indicate differences between cultivars for the same
irrigation regime (Newman-Keuls test, p < 0.05). No interactions between plots (IR x C: irrigation regime by cultivar) were observed for
ETc, WUE, and WUE (p > 0.05).
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4. Discussion

Total net water requirements of bean can vary between 350 and 500 mm depending
on soil, climate, and cultivar characteristics [25]. During the early vegetative development
stage, the crop water requirements are low, but they increase as the canopy develops. Dur-
ing pre-flowering and the development of the reproductive phase, common bean has been
reported to be more susceptible to water stress [26]. This explains why numerous studies
subjecting P. vulgaris to water stress show significant grain yield losses as a consequence
of this abiotic restriction [5,27]. Most of them argue that those yield losses are mainly
associated to a reduction in the number of pods per plant. The main plant processes that
are negatively affected by water stress are photosynthesis, cellular elongation, and changes
in carbon metabolism, among others, influencing the pool of carbohydrates that are used
as cellular signals or substrates of different biochemical reactions [8]. Water stress during
reproductive phase could directly affects the final yield of the crops since cell elongation
is necessary during the elongation and growth of the pollen tube, seeds, and fruits [28].
In our study, however, indeterminate varieties stressed during vegetative stage in the
field experiment showed less 100-seed weight and pod length than determinate cultivars
stressed during reproductive phase, indicating that stress could affect performance also if
it affects the processes that occur during the vegetative development of the bean, such as
induction and floral differentiation.

Our results indicate that more than the stage when water stress was applied, the
level of irrigation stress conditioned the physiological response and yield components
of green-shelled beans, for both the pot and the open field experiments (Tables 2 and 3).
In addition, water stress directly affects final yields, harvest index, and total biomass.
According to Mathobo et al. (2017) [29], drought stress inhibits the development of new
leaves and causes leaf senescence; this reduction in dry matter can suggest a decline in
photosynthesis. In our work, however, there was no direct effect of water restriction on
100-seed weight and pod length of the determinate cultivars (Rubi and Coscorrén), which
is the developing structure during the period in which water restriction was applied to
the pot experiment (Table 2). Conversely, the experiments performed under open field
conditions did show differences on 100-seed weight (Table 3), with determinate type
cultivars showing better response that indeterminate type materials. In keeping with this,
Emam et al. (2012) [30] reported that drought stress effects on two common bean cultivars
with contrasting growth habits showed that the cultivar with determinate growth (D81083)
had potential as a rainfed rotation crop in arid regions with better performance than the
indeterminate genotype (Sayyad). As previously stated by Gonzalez el al. (2016) [31] this
behavior may be attributable to the genetic differences between the studied cultivars, in
which the indeterminate materials (Cimarron and L. Cimarron) must split their assimilates
between the vegetative growth and grain filling, whereas the determinate cultivars can
destine most of their photosynthates to the grains. In addition, differences in drought
response between determinate and indeterminate cultivars of common bean may associate
to enhanced water uptake and efficient water conduction of determinate genotypes [32],
restriction in transpiration [33], and water storage and desiccation tolerance [34]. Further,
earliness is a desirable trait because early cultivars can escape drought of beans grown in
rainfed conditions, as some determinate genotypes show, particularly under severe water
stress [35].

In terms of the physiological responses, stomatal conductance is the most affected
parameter in these experiments, since a clear decrease in g5 was reported under severe
water restriction conditions (T30) for the pot and moderate water restriction (I140) on
the field experiments (Figure 2 and Table 4). The stomatal conductance has a complex
regulation because it can vary due to external factors (soil water availability, vapor pressure
deficit (VPD)) and internal factors (abscisic acid (ABA) levels, xylem conductivity, leaf
water status), and it can be used as a consistent and integrative indicator of water stress
in C3 species [36], although it is also an adaptative response to avoid excess of water
loss and maintenance of cell turgor [5]. It was also reported that g5 values lower than
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100-150 mmol m~2 s~ ! reflect water stress in beans [37]. Stomatal changes are faster
under water stress than under optimal irrigation conditions in common bean, suggesting
a greater sensitivity to changes in vapor pressure deficit of the air combined with soil
water status [38]. According to Rosales et al. (2012) [39], partial or complete closure of
the stomata result in a reduction of transpiration and CO; entry for the photosynthesis,
which is associated with reductions in vegetative growth, premature leaf senescence, and
yield losses, similar to our results. In this sense, the results of our study indicated that
both type of cultivars are similarly sensitive to water stress, with a clear stomatal response
when subjected to severe water stress. That performance was observed in the pot and field
experiments (Figure 2; Table 4).

Regarding the SWP results, no significant differences were found probably due to the
high variability of the data in our study (data non-showed). However, SWP registered
corresponded to non-stress levels, which considering the g5 response, suggests that bean
cultivars treated in this study can actually maintain plant turgor during water stress.
The maintenance of turgor under water stress conditions is considered a water-stress
resistance trait, since it keeps normal cellular activity and contributes to growth when
plants undergo water restrictions. This can be explained by osmotic adjustment and
the elasticity of the cell wall [36]. Martinez et al. (2007) [5] reported that Coscorrén
bean exhibited a decrease in osmotic potential at full turgor, which means that osmotic
adjustment occurred, although they did not identify differences in the modulus of elasticity
between the irrigation treatments.

The chlorophyll fluorescence variable measured was the Fv/Fm ratio, which is directly
correlated with the physiological efficiency of the photosynthetic machinery. It is used to
calculate the maximum quantum efficiency of the photosystem II (PS II) photochemistry. A
drop of Fv/Fm can be attributed to photoinhibition, indicating that an important quan-
tity of absorbed light was not used in photosynthesis [40] (Table 4). There are different
mechanisms to avoid damages in the photosynthetic machinery, such as changes in chloro-
phyll concentration, exposure reduction of organelles and photosynthetic complexes to
light, chloroplast movement and leaf movement [41]. In common beans, paraheliotropism
seems to be an important mechanism to avoid photoinhibition that may coincide with the
closure of stomata [42], and even when a decrease in Fv/Fm indicates a down-regulation
of photosynthesis, drought not always has an effect on Fv/Fm in beans [29]. In our study,
all the cultivars studied showed paraheliotropism, based on an overall visual evaluation;
however, this mechanism/parameter was not measured. In pot experiments, this strategy
may be sufficient to avoid damage of the photosynthetic machinery, but apparently not
enough for plants in open field conditions (Table 4), probably because potted plants were
cultivated under a low-density shading net.

There are differences in the results of the WUE depending on the type of study (field or
pot), the period during which the plants were subjected to water stress, the severity of the
stress, and the parameters used for the calculation of WUE (Tables 5 and 6). Our results for
potted plants agree with the study of Mufioz-Perea et al. (2007) [26], who also considered
WUE as crop yield by ETc. They also found that the P. vulgaris cultivars evaluated are
more efficient under optimal irrigation than under water-stress conditions. However, other
studies report an increase in WUE of common bean, this is because less water is used
in water stress treatments compared to an optimal irrigation condition [39,43]. On the
contrary, the field experiment showed a higher biomass and grain WUE when applying
40% of water requirement compared with 100%.

5. Conclusions

According to our results, severe water restriction has a direct effect on yield and
yield components in green-shelled beans. Our results did not show a clear effect of the
cultivar in the physiological and yield response to water stress; however, in the field
experiment, indeterminate cultivars, subjected to water stress during the vegetative phase,
showed significantly less 100-seed weight and pods length compared with determinate
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cultivars subjected to water stress during the reproductive phase. As previously stated,
this behavior may be attributable to the genetic differences between indeterminate and
determinate type bean cultivars [31], in which the indeterminate materials must split their
assimilates between the vegetative growth and grain filling, whereas the determinate
cultivars can destine most of their photosynthates to the grains. The quantification of
chlorophyll fluorescence as a sensitive trait to environmental stresses could be a tool in the
characterization of drought-susceptible genotypes. In this regard, Sanchez Reinoso et al.
(2019) [44] reported that the parameters derived from rapid-light response curves can
be used as tools to identify drought susceptibility in the vegetative stage and in the
reproductive stage.

Severe irrigation restriction affects the stomatal conductance, which contributes to
yield and biomass losses. From a productive point of view, water stress of 70% or 60% in
pot and field conditions, respectively, are highly harmful in terms of yields; although milder
water stress of 50% or less may be a strategy for saving water of green-shelled beans, which
would only affect yields marginally. Our results did not show any advantage of the landrace
cultivar (L. Cimarrén) in terms of tolerance to water-stress, but determinate cultivars
stressed during reproductive phase showed better results in some yield components,
compared with indeterminate cultivars restricted during vegetative growth. Thus, our
results suggest that in a drought scenario, a moderate controlled deficit irrigation plus the
use of determinate type beans may be a good strategy for producing green-shelled beans
with profits for the growers.
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