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Abstract
To select potato genotypes tolerant to water deficit, systems to simulate this stress have been
used. Polyethylene glycol (PEG) is the main osmotic agent used for this purpose, but it
causes an excessively severe stress. However, it is difficult to carry out an experiment that
aims to compare plant responses under water deficit by osmotic or matric induction, and,
thus, few studies compare these stress-inducingmechanisms. Therefore, the objective of this
study was to compare the responses of Agata, BRS Clara, C2406-03 and Cota genotypes to
water deficit in both induction methods (matric or osmotic). The tests were carried out in a
greenhouse, one using hydroponics (osmotic induction) and the other in pots with soil
(matric induction). In both tests, the application of stressful conditions occurred at the
beginning of tuberization. Assessments of gas exchange and shoot temperature were made
throughout the exposure to stress. Also, samples were collected from leaves for analysis of
osmotic potential and leaves and tubers for analysis of metabolite content. At the end of the
potato plant cycle, the number andweight of tuberswere evaluated. In both stress conditions,
there were significant reductions in photosynthesis and transpiration rate compared to the
respective normal hydration conditions. In addition, indicators such as metabolite levels
(proline and soluble sugars) were significantly altered in plants exposed to different stress
inductions. These data, together with the significant limitations in the growth of stressed
plants, indicate that the experimental models induce similar responses. However, the water
deficit by osmotic induction was more severe for the potato plants when compared to stress
due to matric induction, mainly affecting tuber production. Therefore, the water deficit
osmotic induction model can be recommended for phenotyping tolerance to this stress, due
to the hydroponic system inducing greater tuber production per plant under optimal
cultivation conditions.
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Introduction

Studies focused on the selection of potatoes for drought stress tolerance have used
systems that simulate this stress. Many studies use Polyethylene Glycol (PEG) to
promote water deficit by osmotic induction (Azeredo et al. 2016; Carvalho et al.
2016; Meng et al. 2016; Al Atalah et al. 2019).

However, most studies that show the PEG effect on physiological and biometric
parameters in potatoes bring results that indicate an excessively severe stress (Meng
et al. 2016; Rohr 2016; Silveira 2018). While studies showing the effect of drought
stress by matric induction in potatoes indicate a rapid response in physiological
parameters, it strongly depends on the phenological stage and time of exposure to this
stress (Banik et al. 2016; Aliche et al. 2018).

In addition, the potato can be grown in soil, without a significant difference in produc-
tivity, with up to 80%of the necessary irrigation andwith an interval of up to 6 days between
irrigations (Mantovani et al. 2013). This shows the capacity to use water efficiently. Due to
the characteristics of each experimental model, be it water restriction or using PEG, it is
difficult to carry out an experiment that compares plant responses in one system or another.
For this reason, few studies compare these stress-inducing mechanisms.

Furthermore, previous studies show differences in the responses of potato plants
exposed to water stress by osmotic induction, due to phenological characteristics (Rohr
2016; Silveira 2018). In these studies, it was evident that plants with different times of
tuber initiation may present differences in tolerance to water stress. Secondly, these
studies demonstrated that the sensitivity to stress differs according to the phenological
stage of the plant (Banik et al. 2016; Aliche et al. 2018).

When PEG is used to characterize the tolerance of plant genotypes to drought stress the
effect of drought is mainly due to effects on gas exchange parameters such as photosynthe-
sis, stomatal conductance and water use efficiency, besides inducing the gene expression
linked to the response to drought (Reisser Júnior et al. 2011; Zhang et al. 2014). Also, the
consequence of stress caused by PEG leads to significant reductions in tuber production
(Rohr 2016).

However, the stress induced by PEG, despite inducing responses like those observed in
drought stress, is just osmotic stress, but receives the classification of “Physiological
Drought” (Tobe et al. 2000; Pelegrini et al. 2013). Thus, the objective of this study was to
compare the responses of potato plants to water deficit by osmotic or matric induction.

Materials and Methods

This experiment was conducted during the spring (15/08/18 to 4/11/18) at Embrapa
Temperate Agriculture, Pelotas, RS (31° 40′ 34″ S 52° 26′ 28″ W). Genotypes that differ
in tuber initiation and maturity were used, one early (Agata), two intermediate ones (BRS
Clara and C2406-03) and one late (Cota).
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Phenotyping tuber initiation was performed in previous experiments by Rohr
(2016) and for tolerance to water deficit by osmotic induction by Rohr (2016) and
Silveira (2018). In these studies, the influence of the phenological stage on the
responses of plants to water stress was clear; therefore, in the present study, this
factor was defined as the starting point for the application of both types of water
stress induction.

Seed tubers of each genotype were grown in phenolic foams until the shoots reached
a uniform size (5 cm). After this period the plants were transferred to hydroponics or
pots as described below.

Osmotic Induction

After reaching a uniform size the plants were transferred to a gutter hydroponic system
(Medeiros et al. 2002). In order to induce genotypes to osmotic stress, the polyethylene glycol
6000 (PEG) nutrient solution was added, providing a condition of − 0.129 megapascals
(MPa), following the methodology described by Reisser Júnior et al. (2011) and confirmed
with the use of the VAPRO 5520 osmotic pressure meter (Wescor, Logan, UT).

This stress was applied during the beginning of tuberization when the tip of the
stolon reached more than 1 mm in diameter. The application of PEG was carried out in
two stages: in the first stage, half the dosage was applied (− 0.064 MPa), and after 24 h,
the rest was applied (− 0.129 MPa), totalling 30 g L−1 of solution. The control plants
were maintained with a nutritive solution without changes throughout the experiment.
The nutrient solution was only replenished every 3 days.

Matric Induction

The plants were transferred to pots with a capacity of five litres containing 1 kg of
crushed stone and 6.3 kg of soil type moderate red-yellow eutrophic abrupt ‘A’ soil,
collected in a field area of Embrapa Temperate Agriculture. The soil had the pH
corrected to 6.0 using dolomitic lime and nutrients adjusted [100 ppm Nitrogen
(Urea), 100 ppm Phosphorus (Triple Superphosphate) and 100 ppm Potassium
(Potassium Sulphate)]. Thirty days after transferring the plants to the pots, nitrogen
was replenished. The pots were kept under 80% of the water holding capacity, using
the pot weight as a reference. Tensiometers were installed in six pots, two with
intermediate genotypes, one with an early genotype and the other with a late
genotype, as well as in two control pots where there were no plants. This monitored
the tension generated by the lack of water supply during the period of exposure to
stress due to water deficit.

To obtain the water deficit condition, irrigation was stopped at the beginning of the
tuberization stage, which was verified by observing the plants in the hydroponic
system. Also, to ensure that the tuberization in both conditions coincided, surplus pots
were made with plants of each genotype. These surplus plants had their soil removed to
verify the beginning of tuberization in the plants of this cultivation condition. The
plants under stress remained without irrigation for 7 days, the same time as the osmotic
stress in the hydroponic system. After the stress period, the plants were irrigated until
80% water retention capacity in the pot was reached and the plants grown in hydro-
ponics had their nutrient solution replaced, resuming normal osmotic conditions. For
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comparison, control plants were kept under optimal irrigation conditions throughout the
experiment (80% of the pot’s capacity). This was monitored according to the pots
weight in addition to Hg tensiometers.

Evaluations

Gas Exchanges and Thermographic Evaluations

Twenty-four hours after applying both stress-inducing treatments, evaluations were started
with IRGA (LI-6400XT, LI-COR) and a thermal camera (Flir SC660, Flir Systems Inc.,
USA, 7–13 μm, 640 × 480 pixels) every 3 days, when climatic conditions were
favourable. Thus, the CO2 fixation (A—μmol CO2 m−2 s−1), stomatal conductance
(Gs—mol H2O m−2 s−1) and water use efficiency (WUE—mol CO2 mol H2O−1) were
evaluated. Besides, through the images captured by a thermographic camera, the canopy
temperature (heat) of the plants was obtained.

The gas exchange evaluations were carried out between 10:00 am and 12:00, allowing
the evaluated plants to be at homogeneous conditions of light, temperature and relative
humidity. Thermographic evaluations were carried out between 1:00 pm and 2:00 pm,
maintaining the uniformity of conditions for all treatments in both cultivation methods.

Growth Parameters

At the end of the experiment, approximately 90 days after planting, the following
variables were assessed: tuber numbers per plant (TN); tuber fresh weight (TFW) with
the aid of a precision analytical balance; and percentage of tuber dry weight: 30 g of
tubers were cut into small cubes and placed in aluminium plates and dried in a 65 °C
oven with forced ventilation until a constant weight was obtained. After that, the tuber
dry weight percentage was calculated.

Metabolite Content

For metabolites analysis (total soluble sugars (TSS), sucrose (SUC) and proline (Pro)),
at the end of the period of exposure to stress (168 h), samples of leaves (S_TSS,
S_SUC and S_Pro) and tubers (T_TSS, T_SUC and T_Pro) were immediately frozen
in liquid nitrogen and stored in an ultra-freezer at − 80 °C. The extracts for determining
these metabolite contents were obtained according to the methodology of Bieleski and
Turner (1966).

Approximately 250 mg of fresh weight were macerated with liquid N2 and homog-
enized with 10 ml of extraction solution MCW (methanol: chloroform: water; ratio
12:5:3, respectively). After 24 h, the extracts were centrifuged at 600 G for 30 min, then
the supernatant was recovered and for every 4 ml, 1.0 ml of chloroform and 1.5 ml of
water were added followed by new centrifugation to separate phases. The supernatant
containing the metabolites was collected and transferred to a water bath at 38 °C for
30 h to eliminate the chloroform residue to concentrate the samples for the analysis of
sugars and proline. For the measurement of TSS, SUC and Pro, the methodologies
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described by Graham and Smydzuk (1965), Van Handel (1968), and Rena and
Masciotti (1976), respectively, were used.

Osmotic Potential

Apical leaflets of the third expanded leaf were collected, from the apex, always in the
morning, and packed in plastic bags with moist paper towels. Subsequently, these leaves
were placed in a humid chamber for 3 h, until they reached the maximum turgor state. Then,
leaf discs of approximately 8 mm were collected, disregarding the central nervure, and
stored in an ultra-freezer at − 80 °C.

To make the osmolality reading, the leaf disks were macerated, centrifuged and
10 μl of supernatant was collected. The readings were performed using the VAPRO
5520 osmotic pressure meter (Wescor, Logan, UT), following the manufacturer’s
recommendations. To calculate the osmotic pressure (Ψ) the Van’t Hoff equation
was used as described in Silveira (2018):

Ψ = −MRT*
M = is the value of the osmolality obtained, expressed in mmol/kg;
R = 0.0083 (MPa);
T = (K) is the absolute temperature in Kelvin.
*The equation values were expressed in MPa.

In addition, the osmolality of nutrient solutions, with and without PEG, and soil
solution was measured. The soil solution was collected with a Soil Control® extractor,
according to the method described in Marques (2016). The soil matric potential was
estimated by converting millimetres of mercury, observed in tensiometers, to MPa
(Azevedo and Silva 1999; Libardi 2004).

Statistical Design and Data Tests

The two main factors investigated were cultivar (Agata, BRS Clara, C2406-03 and Cota)
and water deficit induction methods (osmotic, matric and control). There were six replicates
(plants) for each combination. The gas exchange and thermographic evaluations were done
for three periods of exposure to stress (24, 72 and 168 h). Metabolic content was determined
separately for shoots and tubers. Appropriate analyses of variance and either Tukey tests
(P ≤ 0.05) or Scott andKnott (1974) tests (P ≤ 0.05) on differences between treatmentmeans
were done using Sisvar software (Ferreira 2011). Pearson’s correlation analysis was per-
formed between the variables studied using PAST software in each induction model
(Hammer et al. 2018).

Results

Stress conditions in both cultivation conditions were similar (Fig. 1). Also, the soil solution
osmolality value (− 0.04 MPa, data not shown) was similar to that observed in the nutrient
solution without PEG (− 0.05 MPa). This indicates that under control conditions in which
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the soil matric potential in the pots was less negative, the water availability was similar. It is
because the only relevant factor in that condition is the solution osmolality.

The plants tuberization was the standardized signal for stress application in both
cultivation conditions. Thus, the beginning of tuberization occurred at 47 DAP in the
early genotype, at 52 DAP in the intermediate genotypes, and 57 DAP in the late
genotype. The stress conditions were maintained for 7 days. From this point on, gas
exchange and shoot temperature assessments were initiated.

All genotypes showed a significant reduction in net CO2 fixation in both cultivation
conditions from the beginning of the stress exposure (Fig. 2). Plants grown under water
deficit by osmotic induction showed a gradual reduction in CO2 fixation, although there was
also a significant reduction compared to control plants. Cota showed the most abrupt
reduction in CO2 fixation among plants exposed to PEG, reaching low values from the first
evaluation (Fig. 2E).

Under water deficit by matric induction, the plants in pots showed a more abrupt
reduction in CO2 fixation rates, reaching close to zero from the first assessment. The
BRS Clara was the most affected, with CO2 fixation values practically zero from the
first assessment (Fig. 2D).

There was a significant reduction in stomatal conductance (GS) when the plants
were exposed to both water deficit inductions (Fig. 3). Plants exposed to water deficit
by osmotic induction showed a gradual reduction for up to 72 h of exposure, except for
Cota, which had its GS reduced to zero in the first 24 h of exposure (Fig. 3E). Plants of
BRS Clara cultivated in pots, even under optimal conditions of irrigation, presented GS
values statistically equal to plants under water deficit by matric induction in the last
evaluation (Fig. 3D). However, all plants grown in pots had their GS reduced to zero in
the first 24 h in exposure to water deficit (Fig. 3).

The water use efficiency (WUE) of all plants was affected by both stress conditions
(Fig. 4). Only Cota under water deficit by osmotic induction showed an increase in

Fig. 1 Soil matric potential used in the pots and nutrient solution osmotic potential in hydroponics conditions,
during the stress exposure
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WUE in the last evaluation (Fig. 4E). Plants C2406-03, under water deficit by osmotic
induction, kept their WUE superior to control plants for up to 72 h of exposure to stress.
However, in the final evaluation, they showed a significant reduction in the WUE when
exposed to PEG (Fig. 4C). Agata under water deficit showed a significant increase in
the WUE at 72 h of exposure (Fig. 4B). However, all the genotypes evaluated in this
work behaved similarly in conditions of water deficit by matric induction, in the last
evaluation (Fig. 4).

Fig. 2 Net CO2 fixation in genotypes with early (a and b), intermediate (c and d) and late (e and f)
tuberization, under water deficit by osmotic (a, c and e) and matric (b, d, and f) induction. Means followed
by different letters, uppercase between osmotic conditions within the same genotype, lowercase between
genotypes within the same osmotic condition and Greek between times of exposure to stress within the same
genotype and treatment, indicate a significant difference according to the Tukey test (P ≤ 0.05)
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The thermographic analysis (heat) showed that the high heat accumulations were
significant from the first hours of exposure to both stress inductions for all the plants
tested (Fig. 5). Among the plants grown in hydroponics, Cota showed heat accumula-
tion of more than 10 °C in the first 24 h of PEG exposure (Fig. 5 E). C2406-03 and
BRS Clara cultivated in pots showed a gradual increase in the shoot temperature under
water deficit by matric induction (Fig. 5D).

Plants grown in hydroponics also suffered significant losses in tuber production
when exposed to PEG (Fig. 6A). The reductions in tuber numbers were reached in three

Fig. 3 Stomatal conductance (GS) in potato genotypes with early (a and b), intermediate (c and d) and late (e
and f) tuberization, under water deficit by osmotic (a, c and e) and matric (b, d, and f) induction. Means
followed by different letters, uppercase between osmotic conditions within the same genotype, lowercase
between genotypes within the same osmotic condition and Greek between times of exposure to stress within
the same genotype and treatment, indicate a significant difference according to the Tukey test (P ≤ 0.05)
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of the four tested genotypes. In addition to the reduction in the tuber number, there was
a severe reduction in their weight when the plants were exposed to water deficit by
osmotic induction (Fig. 6C). In BRS Clara and Cota exposed to PEG a significant
decrease occurred in the percentage of tuber dry weight (Fig. 6E). On the other hand,
plants grown in pots, although less productive than plants grown in hydroponics, did
not show significant reductions in the number of tubers, even under water deficit by
matric induction (Fig. 6B). Only Agata and C2406-03 showed a reduction in tuber
fresh weight accumulation under water deficit by matric induction, compared to the
other genotypes (Fig. 6D). None of the genotypes tested showed a reduction in tuber
dry weight percentage when exposed to water deficit by matric induction (Fig. 6F).

Fig. 4 Water Use Efficiency (WUE) in potato genotypes with early (a and b), intermediate (c and d) and late
(e and f) tuberization, under water deficit by osmotic (a, c and e) and matric (b, d, and f) induction. Means
followed by different letters, uppercase between osmotic conditions within the same genotype, lowercase
between genotypes within the same osmotic condition and Greek between times of exposure to stress within
the same genotype and treatment, indicate a significant difference according to the Tukey test (P ≤ 0.05)
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Plants of Agata showed a significantly higher osmotic potential when exposed to
PEG, which was even greater than the other genotypes (Fig. 7A). However, under
cultivation conditions in pots, plants of Agata exposed to water deficit by matric
induction, showed a reduction in osmotic potential (Fig. 7B). The other genotypes
showed no significant difference between treatments. However, C2406-03 showed
higher osmotic potential than the other genotypes when exposed to water deficit by
matric induction (Fig. 7B).

Fig. 5 Shoot temperature in potato genotypes with early (a and b), intermediate (c and d) and late (e and f)
tuberization, under water deficit by osmotic (a, c and e) and matric (b, d, and F) induction. Means followed by
different letters, uppercase between osmotic conditions within the same genotype, lowercase between
genotypes within the same osmotic condition and Greek between times of exposure to stress within the same
genotype and treatment, indicate a significant difference according to the Tukey test (P ≤ 0.05)
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Regarding the accumulation of total soluble sugars (TSS) in the shoot, there was no
significant difference between genotypes under optimal hydration conditions, for both
cultivation conditions (Fig. 8). However, when exposed to water deficit by osmotic
induction, all genotypes, except Cota, showed significantly higher TSS accumulation in
comparison to their respective controls (Fig. 8A). Agata showed higher TSS accumu-
lation in the shoot than other materials when exposed to PEG (Fig. 8A). When plants
grown in pots were exposed to water deficit by matric induction, only Agata and BRS

Fig. 6 Tuber number (a and b), tuber fresh weight (c and d), percentage of tuber dry weight (e and f) of potato
genotypes with different tuberization cycles grown under water deficit by osmotic (a, c and e) or matric (b, d
and f) induction. Means followed by different letters, uppercase between treatments in the same genotype and
lowercase between genotypes in the same treatment, differ according to the Scott and Knott test, with a 5%
probability of error
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Clara showed changes in shoot TSS levels (Fig. 8B). In Agata plants under water
deficit by matric induction there was a reduction in shoot TSS accumulation, in
comparison to its respective control plants. In contrast, in BRS Clara, there was a
greater shoot TSS accumulation than their respective control (Fig. 8B). Agata plants

Fig. 7 Osmotic potential of potato genotypes with different tuberization cycles, grown under water deficit by
osmotic (a) or matric (b) induction. Means followed by different letters, uppercase between treatments within
the same genotype and lowercase between genotypes within the same treatment, differ according to the Scott
and Knott test at 5% probability of error

Fig. 8 Total soluble sugars content (TSS) accumulated in the shoot (a and b) and tubers (c and d) in potato
genotypes with different tuberization cycles, grown under water deficit by osmotic (a and c) or matric (b and
d) induction. Means followed by different letters, uppercase between treatments within the same genotype and
lowercase between genotypes within the same treatment, differ according to the Scott and Knott test at 5%
probability of error
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grown in hydroponics also showed a singular behaviour concerning tuber TSS content
(Fig. 8C). The highest TSS content occurred in Agata tubers exposed to PEG. How-
ever, in the other genotypes, the tuber TSS content was lower when exposed to water
deficit by osmotic induction, except for C2406-03, where there was no significant
difference for this trait (Fig. 8C). Tubers of most genotypes, when exposed to water
deficit by matric induction, did not show significant changes in TSS accumulation
compared to the respective controls. Only C2406-03 showed significantly higher TSS
content, both in comparison to the control and to the other plants exposed to water
deficit by matric induction (Fig. 8D).

Plants grown in hydroponics followed a sucrose shoot content (SUC) pattern
like that observed in TSS content (Fig. 9). All cultivars showed an increase in
shoot SUC contents when exposed to PEG, except Cota, which had not changed
in response to the solution osmotic condition. Under optimal conditions of
solution osmolality, there were no differences in shoot SUC content between
the genotypes (Fig. 9A). Conversely, plants grown in pots did not suffer signif-
icant changes in the shoot SUC contents even under water deficit by matric
induction (Fig. 9B).

Fig. 9 Sucrose content (SUC) accumulated in the shoot (a and b) and tubers (c and d) in potato genotypes
with different tuberization cycles, grown under water deficit by osmotic (a and c) or matric (b and d)
induction. Means followed by different letters, uppercase between treatments within the same genotype and
the lowercase between genotypes within the same treatment, differ according to the Scott and Knott test at 5%
probability of error
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Only Cota plants showed lower tuber SUC content when exposed to PEG (Fig. 9C).
The other genotypes showed no significant difference in the tuber SUC content
between treatments when grown in hydroponics. However, Agata plants showed a
higher tuber SUC content under water deficit by osmotic induction compared to the
other genotypes (Fig. 9C). Among the plants grown in pots, there was also no
significant difference between treatments, but C2406-03 showed higher tuber SUC
content, when compared to other plants exposed to water deficit by matric induction
(Fig. 9D).

The plants demonstrated a constitutive shoot proline (Pro) content in both cultivation
systems under optimal conditions (Fig. 10). When there was PEG exposure, Agata and
BRS Clara had a significantly higher shoot Pro content compared to their respective
controls (Fig. 10A). Between plants grown in pots, only Agata under water deficit
showed no increase in the shoot Pro content (Fig. 10B). However, Agata plants grown
in pots showed a higher tuber Pro content even under optimal irrigation conditions
(Fig. 10D). Regarding the tubers of plants grown in hydroponics, only BRS Clara and
Cota showed a significantly higher Pro content when exposed to PEG, compared to the
respective controls (Fig. 10C).

Fig. 10 Proline content accumulated in the shoot (a and b) and tubers (c and d) in potato genotypes with
different tuberization cycles, grown under water deficit by osmotic (a and c) or matric (b and d) induction.
Means followed by different letters, uppercase between treatments within the same genotype and lowercase
between genotypes within the same treatment, differ according to the Scott and Knott test at 5% probability of
error
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Discussion

By converting the soil matric potential to MPa, it was possible to correlate the water
availability in both systems. The soil matric potential used in the present study was like
the potential used in experiments that evaluate the plant behaviour to water deficit
(Hofer et al. 2017; Todaka et al. 2017; Tschaplinski et al. 2019). Thus, it is possible to
affirm that the water availability in both cultivation conditions was similar even in the
respective stress conditions.

However, it was observed that the plants showed a more negative osmotic
potential than the nutrient solution, even with the PEG addition, but in general,
they did not show significant changes in this parameter. It is possible that this
potential presented by plants, compared to the solution potential, favours an
osmotic force capable of carrying out some water absorption, even in the
presence of PEG. In the work carried out by Yooyongwech et al. (2016), sweet
potato plants under water deficit by matric induction showed less negative
osmotic potential than the plants observed in the present study, even under
optimal hydration conditions. This data may indicate that potato plants tend to
tolerate osmotic induction stress better than sweet potato plants; however, sweet
potato plants have better osmotic regulation when exposed to water deficit. The
authors considered that sweet potato plants adjusted their osmolality when
exposed to water deficit by matric induction. Therefore, it is possible that even
in nutrient solution with an excessively negative osmotic potential, plants suc-
ceed to absorb water for some time. This is evident when looking at data on
stomatal conductance and CO2 fixation, where plants exposed to water deficit by
osmotic induction took longer to completely stop the gas exchange. As for plants
exposed to water deficit by matric induction, their gas exchange ceased within
24 h of exposure, even though they had an osmotic potential like that observed
in plants grown in hydroponics. This is evident when observing the negative
correlation between the osmotic potentials of both systems, showing that the
behaviour of the plants is quite different between these cultivation conditions.

Carbohydrate and proline level determination was carried out as they are affected
both in plants exposed to water deficit by osmotic (Kerepesi and Galiba 2000; Pál et al.
2018) and matric (Yooyongwech et al. 2016, 2017) induction. Plants under water
deficit by osmotic or matric induction can adjust their osmolality by accumulating
soluble sugars (Yooyongwech et al. 2016; Singh et al. 2018; Santos et al. 2019).
According to Singh et al. (2015), soluble sugars and proline accumulation can act as
osmoprotectants. Also, proline can improve antioxidant activity in plants under abiotic
stress.

Although some genotypes tested show a significant increase in soluble sugars
and sucrose, there is no significant modulation in their osmotic potential. Only
Agata plants, when exposed to PEG, had their osmotic potential altered, becoming
more negative. On the other hand, when exposed to water deficit by matric
induction, the plants of this genotype had less negative osmotic potential. The
interaction between metabolic content and the osmotic potential was only signifi-
cant when the plants were grown in hydroponics. In pots, the osmotic potential only
correlated with the shoot fresh weight, indicating that there may be another mech-
anism of osmotic adjustment.

529Potato Research (2021) 64:515–534



The tubers of plants exposed to PEG showed an increase in TSS content, allowing
an increase in the draining force of this tissue. The sugar content in tissues can
modulate the source-sink ratio in plants (Durand et al. 2018). In this way, the tubers
exert an increased sink force, leading the plant to prioritize this tissue, mainly in the
exposure to PEG. With plants exposed to water deficit by matric induction, because
there is not enough water in the substrate, it is possible that the plants have not
increased TSS content and drain strength due to the consumption of these carbohy-
drates. This may be the reason why there was a reduction in the TSS content in the
shoot, and consequently in osmotic potential, of Agata plants under water deficit by
matric induction.

Some studies use proline levels as stress response indicators (Verbruggen and
Hermans 2008; Verslues and Sharma 2010). In the present study, plants accumulated
more proline when exposed to both water deficit inductions. However, Agata showed
no increase in shoot proline content when exposed to water deficit by matric induction,
or in the tubers when exposed to PEG. The shoot proline content of plants under both
stress conditions has a negative correlation with gas exchange, indicating the impor-
tance of this amino acid in these conditions. However, in the plants grown in hydro-
ponics, there was not a correlation between tuber proline content and gas exchange.
Such correlations existed only in the plants grown in pots, which shows the tuber
contribution to the water deficit response. It is possible that the highest levels of proline
in plants exposed to water deficit by matric induction prevents oxidative damage to
tissues, and thus maintains their productivity.

In general, plants exposed to water deficit by matric induction showed symptoms
within a few hours of exposure (Banik et al. 2016; Gerhards et al. 2016). The same
occurs in plants exposed to water deficit by osmotic induction, where it can be observed
in studies such as that by Thalmann et al. (2016), in which Arabidopsis thaliana plants
took only 2 h to show symptoms. PEG, on the other hand, has the characteristic of
being biologically inert, so the stress induced by it is exclusive of osmotic nature
(Ahmad et al. 2007; Wijewardana et al. 2018). Even so, PEG was able to induce a
drastic decrease in transpiration in the plants, which can be seen in the water use
efficiency (WUE), which is the ratio between net CO2 fixation (A) and transpiration
(Trmmol) (data not shown).

In this sense, it was observed that plants exposed to water deficit by osmotic or
matric induction showed the same responses, with a WUE reduction in all tested plants.
However, when exposed to PEG, Cota plants increased in WUE, due to the occurrence
of CO2 fixation, even under water deficit by osmotic induction. When observing this
result, it would be possible to state that Cota can be tolerant to water deficit by osmotic
induction and, therefore, tolerant of water deficit by matric induction. However, when
observing this genotype under water deficit by matric induction, it was possible to
notice that the plants behaved the same way as the others, with a significant reduction
in WUE.

The thermographic data demonstrated that all plants underwent severe stress in
both growing conditions. In general, this parameter can be used to diagnose water
deficit (Obidiegwu et al. 2015). This is because plants exposed to water deficit
show a significant increase in shoot temperature (Gerhards et al. 2016). This
occurs because of a reduction in gas exchange, causing a reduction in transpiration
and thus, there is no heat dissipation by the plant. Because heat accumulation is a
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consequence of stoma closure, thermographic data had a negative correlation with
gas exchange. Besides, the high canopy temperatures of the plants were negatively
correlated with tuber production. On the other hand, the evaluation of canopy
temperature shows that potato plants respond quickly to water deficit by osmotic
or matric induction. This indicates that immediately upon exposure to stresses,
plants are already suffering metabolic damage that may not be visualized.

The plants in the present work did not show significant loss in production when
exposed to water deficit by matric induction for the same period that plants grown in
hydroponics were exposed to PEG. This may be an indication that the time that these
plants were under water deficit by matric induction was not enough to reduce produc-
tion. On the other hand, the PEG exposure may have been more severe when compared
to water deficit by matric induction, in the same period. Nevertheless, water deficit may
not cause damage to the number of tubers produced, but damage to the size and quality
of the tubers due to limited filling, even when irrigation conditions are resumed
(Kammoun et al. 2018).

However, there are certain differences in the potato plant responses subjected
to water deficit by osmotic or matric induction. Thus, it makes it difficult to
interpret the PEG effect for the selection of potato genotypes tolerant to water
deficit. PEG may promote damage to plants that does not occur when they are
exposed to drought. This statement is more evident when we observe the
correlation between the growth parameters of systems cultivation. This analysis
does not show significant correlations between the same variables in the
different systems, so possibly the tubers production depends on different factors
in each culture system (Fig. 11). Besides, the behaviour of the plants after
stress should be considered; that is, in the recovery time. It is possible that
plants exposed to water deficit recover more quickly than plants exposed to
osmotic stress.

Fig. 11 Pearson’s correlation between the traits evaluated from plants and tubers of different potato genotypes
submitted to water deficit by osmotic (H) and matric (P) induction. The grey boxes mark the significant
correlations (P < 0.05); the blue ellipses indicate a positive correlation while the red ones indicate a negative
correlation; the colour intensity and size of the ellipses refer to the strength of the interaction according to the
correlation coefficient
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Conclusions

Water deficit induction by osmotic induction can be recommended for phenotyping toler-
ance to this stress, due to the hydroponic system inducing greater tuber production per plant
under optimal cultivation conditions. With this, it is possible to observe the responses of the
plants, during the stress, and in the tuber production at the end of the cycle.

It is evident that there are strategies that can be advantageous for genotype selection
using water deficit by osmotic induction, such as osmotic adjustment and an increase in
the metabolite contents in the shoot, but which may not be beneficial when the plants
are under matric water deficit.
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