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Abstract

It’s known that drought affects crop growth, however, little is known about the physiological responses
developed under these conditions by underexploited species, such as Physalis angulata. This study aimed at
assessing the physiological responses of Physalis angulata plants after 40 days under different water availability
(100%, 80%, 60%, 40% and 20% of pot field capacity). In this research, the effects of the water deficit on the
relative water content, water potential, gas exchange, sugars accumulation and activity of nitrate reductase were
evaluated. Water relations were affected mainly in plants under severe water deficit, however, the variables
remained stable when cultivated at sub-optimal levels of field capacity. Gas exchanges were also affected by
water deficit, with reduction in carbon assimilation, internal carbon, stomatal conductance and transpiration, as
well as increased leaf temperature and water use efficiency. Plants accumulated sugars as a mechanism of
tolerance to severe water deficit, while nitrate reductase activity was reduced. P. angulata plants develop
important strategies to tolerate water deficit, contributing to the establishment of crops under low water
availability.
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1. Introduction

Drought is a major abiotic stress limiting plant growth and productivity (Meng, Zhanga, Sua, Lia, & Zhaoa,
2016), especially in arid and semi-arid regions. Drylands comprise approximately 40% of the terrestrial globe
(Schlaepfer et al., 2017) and are characterized by great biodiversity, as well as providing plant genetic resources
of regional interest and potential for exploitation, such as the species Physalis angulata (Solanaceae), of natural
occurrence in the Brazilian semi-arid region.

Physalis is an American genus of interest for agriculture, since several species provide bittersweet fruits,
characterized by inflated and persistent calyxes that cover the berries (Vargas-Ponce, Martinez, Tavares, & Mares,
2016). The species Physalis angulata L. stands out for its medicinal use, in the treatment of several diseases, and
for the presence of steroids called fisalinas (Guimardes et al., 2010; Oliveira, Gilbert, & Villas Boas, 2013; Sisley,
Horna, Isern, Aranda-Ventura, & Vallejo, 2017). Its fruits have aroused interest of farmers and consumers due to
its sweet taste and high nutraceutical value (Lorenzi & Matos, 2008). However, Physalis peruviana and Physalis
ixocarpa are the most cultivated and marketed species, in most of the countries of Central and South America
(Mokhtar, Swailam, & Embaby, 2017; Morales-Contreras, Rosas-Flores, Contreras-Esquivel, Wicker, &
Morales-Castro, 2017), making P. angulata an alternative for insertion in growth of small fruits.

Numerous wild species and landraces that have commercial potential are of low economic value. The
development of these underutilized or undervalued crops depends on factors related to the increase of quality,
use and production potential for the market (Vargas-Ponce, Martinez, Tavares, & Mares, 2016), usually
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associated with the establishment of cultivation techniques. In addition, in semi-arid conditions, the challenge is
to select plants with tolerance to water deficit (Yu et al., 2013). In thus case, the first step is to evaluate the
responses of these species to drought. One of the means of evaluation is through studies of physiological
responses of the species under different field capacities.

Under abiotic stresses conditions, such as drought, some physiological processes are affected such as
photosynthesis, protein synthesis and energy production (Flexas, Bota, Loreto, Cornic, & Sharkey, 2004; Chaves,
Flexas, & Pinheiro, 2009). Water relations are also altered and evaluated mainly by the relative water content and
water potential in the leaves, with some studies already reporting that for the genus Physalis (Souza & Amorim,
2009; Segura-Monroy, Uribe-Vallejo, Ramirez-Godoy, & Restrepo-Diaz, 2015). Water potential is used as a
measure of the plant water status, since it regulates water transport through the membranes. For that, it is
necessary that the plant presents a potential lower than that of the soil in order to water absorption to occur
(Coélho, 2014) and its maintenance to be closely related to the accumulation of organic solutes under water
deficit conditions.

Sugars contents are highly sensitive to environmental stresses (Rosa et al., 2009) and their accumulation consists
of a defense mechanism of the plant to dehydration, adjusting the ionic and osmotic balance and maintaining the
turgor of the cells (Marijuan & Bosch, 2013 ). Organic solutes accumulation under abiotic stresses conditions has
been reported in several crops, such as cowpea (Sousa et al., 2015), pigeon pea (Monteiro, Cruz, Nardin, &
Santos, 2014), tomato (Ganbari & Sayyari, 2018) and citrus (Zou, Wu, Huang, Ni, & He, 2013; Vives-Peris,
Candeas, & Clementes, 2017). Other adaptive responses to water deficit may occur simultaneously, as changes in
gas exchange and nitrate reductase enzyme activity, limiting nitrogen assimilation (Alguacil, Caravaca,
Diaz-Vivancos, Hernandez, & Roldan, 2006).

Plants can quickly respond to water stress as a defense against water loss, with changes in stomatal conductance
and reducing transpiration. However, this mechanism promotes an increase in leaf temperature and reduces gas
exchange (Silva, Nogueira, Oliveira, & Santos, 2008; Furlan, Llanes, Luna, & Castro, 2018). It is important to
note that there are few studies that evaluate the mechanisms employed by Physalis species in water deficit
conditions, especially for P angulata (Souza et al., 2013; Segura-Monroy, Uribe-Vallejo, Ramirez-Godoy, &
Restrepo-Diaz, 2015; Ozaslan et al., 2016). Thus, the characterization of the drought responses developed by the
species may contribute to the cultivation techniques and future work on the selection of tolerant genotypes. In
the light of the above, this work aimed to evaluate the physiological responses of P. angulata plants under
different water availabilities.

2. Materials and Methods
2.1 Obtaining Plant Material and Growth Conditions

The experiment was carried out in a greenhouse, at the Horto Florestal Experimental Unity, University State of
Feira de Santana, Feira de Santana, Brazil (12°14’ S, 38°58" W, 258 m asl.), during the period from January to
March 2018. Seedlings were produced from seeds obtained from matrices of Physalis angulata belonging to the
research group. The seeds were planted in a polystyrene seedbed with commercial substrate. When the plants
reached two pairs of true leaves, the transplant was performed for individual pots, spaced 0.6 m between rows x
0.3 m between plants. The soil was collected from the 0-20 cm depth layer, with the following physical and
chemical characteristics, prior to fertigation, in g Kg™': sand = 851; clay = 90; silt = 59; in g dm™: M.W. = 16; P =
16; in mmol dm™: AP’ =1; K=1.8; Ca=11; Mg =5; in mg dm™: S = 6; B = 0.06; Cu = 0.8; Fe = 49; Mn = 2.1
and Zn = 2.6.

2.2 Soil Water Availability

In order to simulate the effect of water availability, the maximum soil water storage capacity was determined
from a test with three pots with perforations in its lower part. The pots of 10 dm™ were filled with 12.5 kg of
air-dried soil and then saturated and suspended to drain water excess. After drainage (24 hours), the pots were
weighed again and by weight difference the maximum water retention capacity of the soil in the pots was
obtained according to Bonfim-Silva, Silva, Cabral, Kroth, and Rezende (2011). The evapotranspiration of each
pot was determined based on weight, by using an electronic scale (5 g of precision).

Soil water availability was maintained at 80% of the maximum water retention capacity, up to 20 days after
transplant (DAT). After that period the treatments were applied (100%, 80%, 60%, 40% and 20% of water
availability). The water replenishment was performed according to the gravimetric method, using daily weighing
(twice a day), using an electronic scale and neglecting the daily increase in plants weight, restoring the water
volume until the soil moisture reached the levels of water availability.
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2.3 Fertigation and Cultural Dealings

Plant fertigation was performed by monitoring the electrical conductivity of the saturation extract (Oliveira et al.,
2016), using 50% of the ionic strength of the nutrient solution (pH 6.5) recommended for the hydroponic
cultivation of P. angulata (Leite, Tanan, Nascimento, Oliveira, & Abreu, 2017) to the pre-flowering stadium.
During the cultivation, the vertical staking of the plants was performed and basal shoots and lateral branches
were removed, allowing good light entry and aeration.

For the climatic characterization of the experimental conditions, daily measurements of temperature and air
relative humidity were performed with digital thermohygrometer, installed at the canopy height of the culture
inside the greenhouse (Figure 1a). The values for the vapor pressure deficit and solar radiation were collected
from the automatic climatological station of the State University of Feira de Santana (Figure 1b).
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Figure 1. Climatic characterization during the experimental period

2.4 Experimental Measurements

Experimental measurements were assessed at 60 days after transplanting (DAT), totaling 40 days of cultivation
under different percentages of pot field capacities.

2.4.1 Relative Water Content and Water Potential

The relative water content (RWC) was measured at 08:00 h, in fully expanded leaves located in the middle third
of the plants. The determination of RWC was made based on the weight of eight leaf discs (Fresh Mass-FM,
Turgid Mass-TM and Dry Mass-DM), according to the methodology of Weatherley (1950), using the following
equation:
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RWC = [(FM — DM)(TM — DM)] % 100 (1)

The water potential (yy, i) Was determined in the early morning, using a Scholander chamber (PMS 1000,
PMS Instrument, Corvallis, USA), in leaves collected from the middle third of the plants.

2.4.2 Gas Exchange

The parameters of the gas exchange were checked using the InfraRed Gas Analyzer equipment (IRGA, model
CIRAS-3, PPSystems, Amesbury, USA). Measurements were performed between 09:00 and 10:00 hours, using
five plants per treatment, in completely developed leaves, recording three measurements for each plant for 60
seconds. The parameters obtained were: CO, assimilation (A), transpiration rate (E), internal carbon
concentration (Ci), stomatal conductance (gs), water use efficiency (WUE) and leaf temperature (Tleaf).

2.4.3 Sugars Accumulation and Nitrate Reductase Activity

Leaves located in the middle third of three plants of each treatment were collected for determination of sugars
and enzymatic activity. The total soluble sugars were determined according to the methodology of Yemm and
Willis (1954) and reducing sugars according to the procedures described by Miller (1959). Sucrose
concentrations were determined by the difference between total soluble sugars and reducing sugars, using the
factor 0.95 (Martim, 2003). The in vivo activity of nitrate reductase in leaves was determined according to the
methodology proposed by Jaworski (1971) with adaptations.

2.5 Statistical Analysis

A completely randomized design was used with twelve repetitions per treatment, considering each pot an
experimental unit. The data was subjected to the analysis of variance, through Tukey's test (5% of significance)
and regression by adjusting the equations of evaluated characteristics, as dependent of the water availability
levels.

3. Results and Discussion
3.1 Plant Water Relations

A maintenance suboptimal soil water content alters the plants water relations (Puértolas, Larsen, Davies, & Dodd,
2017), which was evidenced by the reduction in relative water content and water potential (yy gi,r) In plants
grown with 20% of water availability (Figure 2). The relative water content in the leaf remained constant up to
40% of the field capacity, indicating that even under conditions of moderate water deficit, the species can keep
its cells hydrated, despite differences in gas exchange (Figure 2a). However, it is worth mentioning that the
plants were able to rehydrate at night, even when there were low levels of water in the soil, being an important
tolerance characteristic.

The low soil water availability reduced the water potential of the plants (Figure 2b), with no statistical difference,
up to 40% of the field capacity, differing from the plants grown in 20% of the field capacity, which presented an
average Wy poliar OF -1.33 MPa. The observed reduction in leaf water potential may be related to the sugars
accumulation in leaves, which together with other physiological mechanisms, such as stomatal closure and
reduced transpiration, contribute to the maintenance of tissue hydration. Other species also showed reduced
water potential when under conditions of low water availability (Ronchi et al., 2015, Mota & Cano, 2016).

3.2 Leaf Gas Exchange

An adjustment to the increasing linear regression model was observed for CO, assimilation and internal carbon
concentration, as water availability for plants increased. The CO, assimilation rate decreased by 41.06% when
compared to plants growth with 100% and 20% of field capacity (Figure 3a). The effects of reducing water
availability on the photosynthetic rate were reported in several studies (Rahmati et al., 2015; X. Wang, L. Wang,
& Shangguan, 2016; Pazzagli, Weiner, & Liu, 2016). The used Physalis angulata plants showed little tolerance
to low levels of water in the soil in relation to the gas exchange, with severely affected carbon assimilation.

The highest internal carbon concentration (Ci) was observed for 100% of the field capacity (271.6 pmol mol™),
with a decrease of 31.36% parallel to a reduction of water availability in 20% (Figure 3b). Silva et al. (2015)
observed similar behavior in plants of the eggplant Ciga variety, with higher internal carbon values in the largest
used irrigation blade. The reduction in photosynthesis is related to the stomatal closure and the consequent
reduction of CO, flow to the carboxylation site (Bosco, Oliveira, Hernandez, & Lacerda, 2009), both evidenced
by the lower stomatal conductance observed in 20% of the field capacity and by biochemical limitations (Silva et
al., 2012) under water deficit conditions.
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Figure 2. Water relations in Physalis angulata plants: relative water content in leaves and water potential. Values
sharing the same letters are not significantly different at 5% significance level

The stomatal conductance (gs) was negatively influenced by the reduction of water availability, and the data was
adjusted to the linear regression model (Figure 3c). Stomatal closure is one of the plant defense lines against the
lack of water (Taiz & Zeiger, 2009), while gs is a key factor that determines other physiological variables, such
as the liquid photosynthesis rate, and therefore, the carbon metabolism of the plant (Urban, Ingwers, McGuire, &
Teskey, 2017). The highest value for stomatal conductance (253.9 mmol H,0 m™” s™) was observed in plants
with the highest water availability, while gs was reduced in 73.37% in the plants grown at 20% of field capacity.
The reduction of gs in deficit irrigation conditions was also observed in other solanaceous crops, such as
eggplant (Silva et al., 2015) and tomato (Pazzagli et al., 2016).
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Figure 3. Gas exchange in Physalis plants: (a) assimilation; (b) sub-stomatal CO, concentration; (c) stomatal
conductance; (d) transpiration; (e) leaf temperature; (f) water use efficiency

P angulata plants cultivated at maximum field capacity showed high transpiration rates (E) (2.58 mmol H,0 m™
s'l), being reduced as soil water became scarce, with an E value of 1.18 mmol H,O m~ s at the lowest available
water availability (Figure 3d). The reduction of transpiration, due to changes in stomatal opening as a response to
low soil water stresses, influenced the increase in leaf temperature. Plants grown in 20% of field capacity
showed leaf temperature with 3.89 °C higher than well-hydrated plants at 100% of field capacity (Figure 3e).

The plants cultivated at the lowest water availability were able to maintain high water use efficiency (WUE),
being an important characteristic of adaptation to water deficit conditions (Figure 3f), for it expresses the relation
between the assimilation rate of CO, and transpiration, relating the amount of carbon that is fixed by the plant
per unit of transpirated water (Campos, Lima, Azevedo, Nascimento, & Silva, 2016). Cultivation at 20% of field
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capacity resulted in higher WUE (6.30 mmol CO, mol"' H,0). Comparatively, this result was 27.46% higher
than those obtained in plants with greater water availability, and other studies also reported an increase in the
WUE under abiotic stress conditions (Bota, Tomas, Flexas, Medrano, & Escalona, 2015; Bacha et al., 2016).

3.3 Sugars Accumulation and Nitrate Reductase Activity

The contents of total soluble sugars, reducing sugars and sucrose in the leaves of P. angulata, were higher with
the reduction of the amount of water in the soil (Figures 4a, 4b and 4c). The accumulation of these solutes plays
an important role in the tolerance to abiotic stresses (Ma et al., 2017) and, in comparison to this work, studies
reported increases in sugar levels under conditions of water deficit for other species (Silva et al., 2012; Kuang,
Xu, Zhang, Hou, & Shen, 2017; Salehi, Tasdighi, & Gholamhoseini, 2016).

The contents of total soluble sugars (15.39 mg g FW™), reducing sugars (5.66 mg g FW™) and sucrose (9.69 mg
g FW™) in plants grown at 20% of the field capacity are associated with the lowest water potential (-1.33 MPa),
demonstrating that the accumulation of these sugars promoted the osmotic adjustment in P. angulata. This is a
characteristic of great importance for plants with potential for exploration, since osmotic adjustment helps to
protect against dehydration, reducing the water potential of the plant in relation to the soil and allowing the root
to capture and prevent the loss of water (Coélho, 2014), thus reducing crop losses under drought conditions.
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Figure 4. Sugars accumulation and enzymatic activity in Physalis angulata: (a) total soluble sugars; (b) reducing
sugars; (c) sucrose; (d) nitrate reductase activity

Water deficit triggered a linear reduction (R* = 91.01) of nitrate reductase enzymatic activity (NR) (Figure 4d) in
P. angulata plants. The lower activity of the NR may be associated with the reduction of photosynthesis, since
NR is dependent on the NADH generated in the photochemical stage. In addition to this, under drought
conditions there is a lower content of available NO;™ (Xu & Yu, 2006), since stomatal closure, as a line of
defense to water loss, reduces the translocation flow through the xylem and consequently the transport of nitrate
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from roots to leaves, reducing leaf NR activity (Konishi & Yanagisawa, 2011). Reduction in NR activity in water
deficit conditions was also observed in other studies (Meng et al., 2015; Zahoor, Zhao, Abid, Dong, & Zhou,
2017).

4. Conclusions

The Physalis angulata plants evaluated in this study showed important physiological and biochemical
mechanisms of tolerance to water deficit. Under conditions of low water availability, the tolerance of the species
is evidenced by the increase in water use efficiency, as well as the osmotic adjustment promoted by sugars
accumulation. These responses are important for establishing the species’ crops in environments with limited
water availability, as in semi-arid regions.
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