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Abstract
Potato (Solanum tuberosum L.) is considered a drought-sensitive crop species, although
cultivar-dependent differences in tolerance have been described. The extent of drought-
induced tuber yield decreases is considered the main criterion for potato tolerance to
drought. In this study, eighteen closely related potato cultivars were subjected to
drought stress, and among them, two groups with contrasting drought tolerance
phenotypes were distinguished (tolerant: Sebago, Katahdin and Cayuga; susceptible:
Sequoia and Carpatin). Photosynthesis is the most important primary metabolic process
that determines the yield of potato crops and is also strongly affected by drought. The
photosynthetic parameters of these two groups of potato cultivars were assessed by
measuring chlorophyll a fluorescence. Drought-induced changes in the examined
parameters were observed in both groups of cultivars, but the changes in the
drought-sensitive group were relatively much more pronounced. The tolerant and
sensitive groups significantly differed in terms of most photosynthetic parameters.
Principal component analysis (PCA) revealed differences in the responses of the
examined potato cultivars and separated tolerant cultivars from sensitive ones, similar
to the criterion of the relative decrease in tuber yields. These results suggest that
chlorophyll a fluorescence may serve as a useful tool for estimating the level of
tolerance to drought stress in potato.
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Introduction

Potato (Solanum tuberosum L.) is the third most important crop species worldwide
after rice and wheat in terms of human consumption, and its global production
exceeds 388 million metric tons per year (Deuvax et al. 2014, FAOSTAT 2019).
Potato is considered one of the most promising crops to reduce human hunger and
poverty worldwide due to its high yield potential. However, cultivated potato is
susceptible to drought, and even a short water deficit results in a reduction in tuber
production (Obidiegwu et al. 2015). Due to climate change, potato crops are being
increasingly grown in drought-prone areas. Since climatic models predict that
global warming will further escalate drought problems, a decrease in global potato
yields of 26%, or even 32%, in the next few decades is predicted (Hijmans 2003;
Raymundo et al. 2018). In the face of climate change, there is a need to identify
potato cultivars that are more adapted to drought conditions and to recognise the
bases of tolerance mechanisms.

The response of potato to drought varies among cultivars. Some relatively
drought-tolerant potato cultivars can produce reasonable yields even under condi-
tions where grain crops fail (Iwama and Yamaguchi 2006). The ability of potato
plants to maintain a reasonable yield of tubers under drought stress conditions is
vital in agronomic and biological contexts since tubers are essential organs in the
survival strategy of potato plants (Watkinson et al. 2008; Boguszewska et al.
2010). Drought-tolerant cultivars employ multiple strategies to survive under
water-limited conditions and produce tubers (Shi et al. 2015; Boguszewska-
Mańkowska et al. 2018).

One of the most important primary metabolic processes that determines potato
crop production, which is also strongly affected by drought, is photosynthesis
(Germ 2008). Analysis of chlorophyll fluorescence parameters is considered an
important approach for the evaluation of the health and integrity of the internal
apparatus during photosynthetic processes within a leaf while providing a platform
for the rapid and precise detection and quantification of plant tolerance to drought
stress (Vertucci et al. 1985; Chaerle and van der Straeten 2000; Clavel et al. 2006;
Buerling et al. 2013). The JIP test (a test analyzing fast chlorophyll fluorescence
kinetics) allows the measurement of several photosynthetic parameters (Strasser
et al. 1995). These parameters might estimate the influence of stress on growth
and yield because these traits are closely correlated with the rate of carbon dioxide
exchange (Fracheboud et al. 2004; Czyczyło-Mysza et al. 2011). Moreover, these
parameters serve as reliable indicators to evaluate the energetic and metabolic
imbalance of photosynthesis and yield performance across genotypes under lim-
ited water/stress scenarios (Araus et al. 1998).

In our recent paper concerning the influence of drought stress on potato, we
reported differences in the relative water content and drought-induced yield
decreases among eighteen cultivars from the half-sib family of Katahdin-derived
potato cultivars (Sołtys-Kalina et al. 2016). Here, we present results of the
drought-induced yield decreases in these cultivars during a 3-year experiment. In
addition, differences in photosynthetic parameters between the selected drought-
tolerant and drought-sensitive potato cultivars are reported.
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Materials and Methods

Plant Material

The experiments were carried out on 18 potato cultivars comprising cultivar Katahdin
and seventeen potato cultivars with Katahdin as a parent. All the cultivars were
obtained from the potato collection at the Plant Breeding and Acclimatization Institute
- National Research Institute, Bonin, Poland. The examined cultivars represent all
maturity classes: first-early (Dalila, Humalda), early (Igor, Urgenta), mid-early (Ari,
Carpatin, Cayuga, Ermak, Magura, Pontiac, Sebago and Ympa) and late (Calrose,
Katahdin, Seneca, Sequoia, Ulster Supreme and Wauseon).

Evaluation of Potato Tuber Yield

Experiments were conducted in three consecutive years during 2015–2017 ac-
cording to methods described by Sołtys-Kalina and co-workers (Sołtys-Kalina
et al. 2016). During each year, twenty-five cut tuber pieces of each cultivar were
planted into pots and maintained under greenhouse conditions for 4 weeks. After
this period, eighteen plants of equal height of each cultivar were transferred to
tents in which the ground was lined with foil to prevent water soaking. The plants
were planted in cylindrical plastic bags (26 cm in height, ~ 25 cm in diameter)
filled with soil. To ensure the same amount of water was applied to each plant, a
capillary watering system was applied. In the experiment, two treatments were
performed: drought stress and watered control. For each treatment, a randomised
complete block design was applied, with three blocks (replications) and three
plants per block. In total, 18 plants of each cultivar (2 treatments, 3 blocks per
treatment and 3 plants per block) were tested in the experiment. For the first
4 weeks of the experiment, all plants in both treatments were watered equally.
Afterwards, half of the tested plants (drought stress treatment) were completely
devoid of watering for the next 3 weeks, while the second half (control treatment)
was still irrigated optimally. After this period, again, both treatments were irrigat-
ed equally until the pronounced symptoms of natural dying of the plant foliage
occurred. The tubers produced by each plant were harvested and weighed indi-
vidually. For each replication, the mean values of tuber yield per plant were
calculated.

Measurements of Chlorophyll a Fluorescence

Measurements of the kinetics of chlorophyll a fluorescence were performed in two
vegetation periods (2016 and 2017) using five selected cultivars with contrasting
phenotypes in terms of their drought tolerance level (drought tolerant: Sebago,
Katahdin and Cayuga; drought sensitive: Carpatin and Sequoia). The measure-
ments were performed twice a year: after 20 days of drought treatment (term I -
drought) and at 3 days after drought release (term II - recovery). Each time, nine
measurements per cultivar per treatment were performed (three technical repeti-
tions for each three biological replications). The kinetics of chlorophyll a
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fluorescence were measured in the middle region of fully expanded and third- and
fourth-level mature apical leaves of potato plants using a multifunctional plant
efficiency analyser (Handy-PEA fluorimeter, Hansatech Instruments Ltd., Pentney,
King’s Lynn, Norfolk, England) and Pea Plus software. Before measuring, the
plants were dark adapted for at least 30 min between 9:00 and 11:00 am (local
solar time). Leaf clips were applied to fully sun-exposed leaflets. The measure-
ments were made with saturation irradiance up to 3000 μmol m−2 s−1. For
analysis, nineteen JIP parameters were chosen (a description of parameters,
along with the references to publications describing these parameters, is given in
Table 1).

Table 1 Selected JIP-test parameters calculated on the basis of fast fluorescence kinetics

Fluorescence
parameters

Description References
a

TFM Time (ms) to reach
maximum fluorescence level (FM)

1

Area Area above the OJIP curve between Fo and Fm and the Fm 2

Fo Minimum fluorescence, when all PSII reaction centres (RCs) are open,
fluorescence intensity at 20 μs

1, 2, 3

Fm Maximum fluorescence measured after a saturating pulse in light- and
dark-adapted samples

1, 2, 3

Fv Maximal variable fluorescence, FV = FM−F0 1

Fv/Fm The maximum quantum yield of PSII photochemistry 1, 2

Fv/Fo The parameter in proportion to the ratio of reactions of photochemical and
non-photochemical energy quenching in PSII reaction centre. It is also
linked with efficiency of the water-splitting complex on the donor side of
PSII

1, 2

ΔVG/Δto The initial slope of chlorophyll fluorescence rise 1

ΔV/Δto Express the speed of closing reaction centres of PSII 1

N The number indicating howmany times QA is reduced while the fluorescence
reaches its maximal value FM (number of QA redox turnovers until Fm is
reached)

1

ABS/RC Absorbed energy flux in antenna Chls per PSII reaction centre 1, 2

Dlo/RC Energy dissipation flux per RC 2

Tro/RC Trapping flux leading to QA reduction per RC 2

Eto/RC Electron transport flux per RC at t = 0 1, 2

Reo/RC Electron flux reducing end electron acceptors at the PSI acceptor side, per
RC

1, 3

Dlo/Cso Dissipated energy flux per CS at t = 0 1, 3

PIABS Performance index of PSII based to absorption 1, 2

dRo/(1-dRo) Contribution of PSI, reducing its end acceptors 3

PITOTAL Performance index: the performance of electron flux to the final PSI electron
acceptors

1, 2

a 1 (Samborska et al. 2019); 2 (Kalaji et al. 2018); 3 (Duarte et al. 2016)

RC, reaction centre; QA, bound plastoquinone particles; CS cross-section
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Statistical Analyses

Yield Analysis To assess the influence of year, treatment and cultivar on tuber yield,
three-way and two-way ANOVAs were applied. For each cultivar, planned compari-
sons (based on two-way ANOVAs performed for each year separately) between the
tuber yields of plants subjected to drought stress and plants from the control treatment
were calculated. For each tested cultivar, the relative decrease in tuber yield after water
shortage was also calculated according to the following formula: 100 × [(mean value of
tuber yield per plant from the control treatment − mean value of tuber yield per plant
from the soil drought treatment)/(mean value of tuber yield per plant from the control
treatment)]. Pearson’s correlation coefficient (r) values between the relative yield
decreases in each year of the experiment were also calculated.

Analysis of Chlorophyll a Fluorescence Parameters To assess the influence of the group
of cultivars (tolerant vs sensitive), treatment (plants subjected to drought stress vs the
control) and year of the experiment on the fluorescence parameters, three-way
ANOVAs were applied (separately for term I (drought) and term II (recovery)). Direct
comparisons of the values of particular parameters between treatments (stressed and
control) were also performed, and results were presented as spider plots (radar charts).
To perform these comparisons, the mean values of particular parameters for each group
of cultivars (tolerant and sensitive) from the control treatment and from the stressed
treatment were calculated, and the relation percentage between these two values was
calculated. Based on the mean values of particular parameters for each cultivar from
each treatment and term, PCA (principal component analysis) was also performed.

All statistical analyses were performed with the use of MS Excel and STATISTICA
12.

Results

Yield Analysis According to the three-way ANOVA, the factors “cultivar,” “year,” and
“treatment,” as well as interaction between these factors, significantly influenced tuber
yield in our experiment (for the factors “cultivar,” “year,” and “treatment” as well as the
“cultivar × treatment” interaction, P < 0.001; for the “cultivar × year,” and “treatment ×
year” interactions, P < 0.01). Only the influence of the “cultivar × treatment × year”
interaction on tuber yield was statistically insignificant (P = 0.156). Water deficit
significantly affected tuber yield. Plants of all examined cultivars subjected to drought
stress yielded less than plants from the control treatment (the only exception was the
result for cultivar Cayuga in 2016 (Table 2). However, the strength of the reactions of
the potato plants under drought stress differed among cultivars and years. The 3-year
means of the relative yield decrease caused by the drought treatment varied between
13.2% and 57.3%, while the results for separate years ranged from − 1.0 to 73.0%
(Table 2). The values of the yield decreases of the examined cultivars in all 3 years of
experiments were significantly correlated (r = 0.69 for 2015 and 2016, r = 0.55 for
2015 and 2017, r = 0.39 for 2016 and 2017).
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Planned comparisons showed that in most cases, the differences in yield between
plants subjected to drought stress treatment and plants from the control treatment were
statistically significant. However, each year, there were cultivars whose differences in
tuber yields in both treatments were statistically insignificant: one cultivar in 2015,
eight cultivars in 2016 and one cultivar in 2017 (Table 2).

Based on the 3-year mean values of the relative decreases in tuber yield, two groups
of cultivars with contrasting phenotypes were separated: the most drought tolerant
(Sebago, Katahdin and Cayuga) and the most drought sensitive (Carpatin and Sequoia)
(Table 2).

Chlorophyll a Fluorescence Analysis The three-way ANOVAs showed that the group
of cultivars, treatment and year factors significantly influenced the values of JIP
parameters (Supplementary Table 1, Online Resource 1). The groups of drought-
tolerant and drought-sensitive potato cultivars significantly differed in terms of
most JIP parameters measured during drought stress (term I) and after recovery
(term II). The results of the measurements performed in term I (20 days of
drought) showed statistically significant differences between the tolerant and
sensitive cultivars among fourteen of nineteen tested JIP parameters (Area, Fo,
Fv/Fm, Fv/Fo, ΔVG/Δto, ΔV/Δto, ABS/RC, Dlo/RC, Tro/RC, Eto/RC, Dlo/Cso,

Table 2 Relative yield decrease (percentages) of examined potato cultivars in years 2015–2017

Cultivar Relative yield decrease

2015 2016 2017 mean

Sebago 26.4 10.0 ns 3.1 ns 13.2

Katahdin 19.4 5.3 ns 22.8 15.8

Cayuga 21.4 − 1.0 ns 32.1 17.8

Ulster Supreme 21.9 13.4 ns 23.0 19.5

Ari 30.4 11.5 ns 32.5 24.8

Pontiac 27.4 20.6 29.6 25.9

Magura 19.0 ns 32.9 26.6 26.2

Urgenta 32.1 11.4 ns 40.4 28.0

Wauseon 30.5 30.1 27.8 29.4

Seneca 37.6 18.8 ns 33.3 29.9

Humalda 30.0 5.0 ns 55.5 30.1

Calrose 42.2 25.2 24.7 30.7

Ympa 22.0 25.9 46.9 31.6

Dalila 41.3 28.6 27.8 32.6

Ermak 35.2 34.3 36.6 35.3

Igor 53.5 35.0 26.2 38.2

Sequoia 60.9 43.0 67.3 57.1

Carpatin 58.9 40.1 73.0 57.3

ns Not significant—lack of statistically significant differences between tuber yield from control and stressed
treatment (according to planned comparisons)
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PIABS, Dro/(1-dRo) and PITOTAL). The measurements performed in term II (3 days
after recovery) significantly differed in terms of the same JIP parameters (except
Fo) and in terms of the Fm, Fv, N and Reo/RC parameters (Supplementary
Table 1, Online Resource 1).

When the mean values of the JIP parameters from term I (drought) for tolerant
and sensitive cultivars were compared to their values from the control treatments,
differences between these groups of cultivars were observed (Fig. 1a). The values
of parameter TFM were higher in the stressed plants than in the control plants, but
differences between the groups of cultivars (sensitive and tolerant) were statisti-
cally insignificant. The values of the area above the OJIP curve between Fo and
Fm (the parameter area) decreased only by 3% in the drought-tolerant potato
cultivars and by 25% in the drought-sensitive potato cultivars (Fig. 1a, Supple-
mentary Table 1, Online Resource 1). According to the speed of energy flux, the
minimum fluorescence value when all PSII RCs are open (Fo) increased more in
the drought-sensitive cultivars than in the drought-tolerant cultivars (112% and
106%, respectively). A slightly higher increase in the parameters Fm and Fv was
observed for the sensitive than for the tolerant cultivars, but the differences were
statistically insignificant. The parameters associated with the quantum yield and
efficiency, maximum quantum efficiency of PSII photochemistry (Fv/Fm) and
efficiency of the water-splitting complex on the donor side of PSII (Fv/Fo)
decreased more in the drought-sensitive cultivars than in the drought-tolerant
cultivars. Additionally, the initial slope of the chlorophyll fluorescence increase
(ΔVG/Δto) and the speed of the closing reaction centres of PSII (ΔV/Δto) in-
creased much more in the drought-sensitive cultivars than in the drought-tolerant
cultivars (173% and 162%, respectively, in the sensitive cultivars and 114% and
112%, respectively, in the tolerant cultivars). In the case of parameter N, the mean
values of the sensitive cultivars decreased, while they increased in the tolerant
cultivars (the differences were statistically insignificant). Significant differences
between the sensitive and tolerant cultivars induced by drought were also noted
for the parameters ABS/RC (142% and 117%, respectively), Dlo/RC (142% and
117%, respectively) and Tro/RC (133% and 110%, respectively). In the case of the
Eto/RC parameter, a slight decrease was observed in the sensitive cultivars (99%
of control), and an increase in the tolerant cultivars was observed (108% of
control). Differences between the examined groups of cultivars were also observed
in terms of changes in the parameters Dlo/Cso and dRo/(1-dRo) (94% vs 106%
and 121% vs 112% of control for the sensitive and resistant cultivars, respective-
ly). When we compared the results of the PIABS and PITOTAL measurements from
the drought stress treatment to the results from the control conditions, significant
decreases in these parameters were observed in both groups of cultivars. However,
in the drought-tolerant potato cultivars, the decreases were 15% and 13%, respec-
tively, for the PIABS and the PITOTAL, while in the drought-sensitive cultivars, the
decreases were much greater and equalled 47% and 54%, respectively.

In the case of measurements performed in term II (3 days of recovery period),
differences between the tolerant and sensitive cultivars were also observed (Fig.
1b, Supplementary Table 1, Online Resource 1). Unlike term I (drought), in term
II (recovery) measurements performed 3 days after re-watering, the values of the
parameter TFM were lower in the stressed plants than in the control plants, and
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differences between the groups of cultivars (sensitive and tolerant) were statisti-
cally insignificant. The levels of drought-induced changes in the parameter area
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were similar to those in term I (78% and 96% of the control for the sensitive and
tolerant cultivars, respectively). The level of parameter Fo in the drought-tolerant
cultivars (108% of control) was similar to that in term I but was much lower in the
case of sensitive cultivars (90% of control). However, the differences between
groups of cultivars were statistically insignificant. Changes in the parameters Fm,
Fv and Fv/Fm were not large, but in the case of the sensitive cultivars, the values
of these parameters were lower compared with the control. The parameter Fv/Fo
in the group of tolerant cultivars remained at the same level as that in term I, while
in the sensitive cultivars, this parameter greatly decreased and equalled 79% of the
control. Unlike in term I, the parameter N slightly decreased in the tolerant
cultivars but increased in the sensitive cultivars. The parameters ΔVG/Δto, ΔV/
Δto, ABS/RC, Dlo/RC, Tro/RC, Eto/RC Reo/RC and Dlo/Cso were slightly
elevated in the tolerant cultivar group and were greatly elevated in the sensitive
cultivars. The parameter dRo/(1-dRo), unlike in term I, slightly decreased in the
sensitive cultivars but increased in the tolerant ones. In the case of the PIABS and
PITOTAL parameters, their values for the tolerant cultivars were similar to those of
the control but remained decreased in the sensitive cultivars (70% and 68% of
control, respectively).

Principal component analysis (PCA) of the fluorescence parameters of the
examined potato cultivars revealed both differences and similarities between these
potato cultivars. The total variability among genotypes for the nineteen selected
OJIP parameters was efficiently summarised by the first and second principal
components (PC1 and PC2). Under different control (C) and drought (D) condi-
tions, PC1 explained 58.57% of the total variability, whereas PC2 explained
39.87% of the total variability. Under different control (C) and drought treatments
in term II (recovery R), PC1 explained 80.59% of the total variability, whereas
PC2 explained 14.13%. In the case of both terms (drought and recovery), the PCA
separated tolerant potato cultivars from sensitive ones, similar to the criterion of
the relative decrease in tuber yield. The tolerant potato cultivars under the control
and drought conditions were placed close to each other in the same quarter of the
chart, while the sensitive cultivars were more dispersed (Fig. 2a, b).

Fig. 1 A “spider plot” of selected JIP test parameters. Mean values (shown as the percentages of the
corresponding values of the control) of drought-tolerant and drought-sensitive potato cultivars measured in
a term I (20 days of drought) and b term II (3 days after drought release). Tolerant—group of three drought-
tolerant potato cultivars (Sebago, Katahdin and Cayuga), Sensitive—group of drought-sensitive potato
cultivars (Carpatin and Sequoia), Control—mean value of each group of potato cultivars from the control
treatment, expressed as 100%. TFM—time at which the maximum fluorescence value (Fm) was reached,
Area—area above the OJIP curve between Fo and Fm, Fo—minimum fluorescence, when all PSII RCs are
open, Fm—maximum fluorescence, Fv—maximum variable fluorescence, Fv/Fm—maximum quantum effi-
ciency of PSII photochemistry, Fv/Fo—efficiency of the water-splitting complex on the donor side of PSII,
ΔVG/Δto—initial slope of the chlorophyll fluorescence rise, ΔV/Δto—speed of the closing reaction centres of
PSII, N—the number indicating how many times QA is reduced while the fluorescence reaches its maximal
value, ABS/RC—absorption flux per RC, Dlo/RC—dissipated energy flux per RC, Tro/RC—trapping flux
leading to QA reduction per RC, Eto/RC—electron flux per RC at t = 0, Reo/RC—electron flux reducing the
terminal electron acceptors at the PSI acceptor side per RC, Dlo/Cso—dissipated energy flux per cross-section
(CS) at t = 0, PIABS—performance index of PSII based on absorption, dRo/(1-dRo)—contribution of PSI to
reducing the terminal acceptors, PITOTAL—performance index: the performance of electron flux to the final PSI
electron acceptors

R
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Discussion

Potato is a drought-sensitive crop species, and water deficiency greatly influences the
growth and yield of potato. However, genotype-dependent differences in yield main-
tenance under water stress have been reported (Lahlou et al. 2003; Schafleitner et al.
2007; Sołtys-Kalina et al. 2016; Boguszewska-Mańkowska et al. 2018). Our 3-year

Fig. 2 Biplot of the results of a principal component analysis (PCA) of five examined potato cultivars (three
tolerant ones, Sebago, Katahdin and Cayuga, and two susceptible ones, Sequoia and Carpatin) based on
analyses of the mean values of nineteen JIP test parameters in a term I (20 days of drought stress) and b term II
(3 days after drought release). D—drought treatment; R—recovery treatment; C—control treatment
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study clearly showed that strong diversification in drought tolerance levels is present
even in genetically closely related potato cultivars. In all tested cultivars, a drought-
induced yield decrease was observed, but the level depended on the cultivar and year of
the experiment. In some cases (Table 2), differences between tuber yields from drought-
stressed and control treatments were small and statistically insignificant. The 3-year
mean values of the relative yield decrease varied between 13.2% and 57.3%. Based on
these values, the most tolerant (Sebago, Katahdin and Cayuga) and the most sensitive
(Carpatin and Sequoia) potato cultivars were selected. As in our previous study (Sołtys-
Kalina et al. 2016), Sequoia and Carpatin presented the highest relative yield decrease
(more than 71% and 63%, respectively). The levels of the relative yield decreases of the
remaining cultivars in the previous and present study were also similar (differences up
to 16%). Only for cultivar Ari did the mean relative yield decrease equal to 25% in the
present study and 53% in the previous study (Sołtys-Kalina et al. 2016). Pearson’s
correlation coefficient (r) between the mean values of the relative yield decrease in both
studies is 0.74.

It is well known that photosynthetic activity is reduced when plants are exposed to
environmental stress (Retuerto et al. 2006; Prinzenberg et al. 2018). Drought stress
reduces plant growth by reducing photosynthesis, which is mainly caused by stomatal
limitation. Decreases in stomatal conductance reduce water loss through transpiration,
but it also decreases carbon dioxide uptake, reducing the production of
photoassimilates and plant growth. With severe water stress, in addition to the stomatal
limitation of photosynthesis, the presence of non-stomatal limitations related to damage
to the photosynthetic apparatus has been reported (Rodriguez-Perez et al. 2017).
Chlorophyll fluorescence dynamics parameters constitute the ideal method to study
and measure the influence of drought stress on the photosynthesis of plants in a rapid,
sensitive and non-invasive way (Banks 2018; Boguszewska-Mańkowska et al. 2018).
Analysis using the JIP test parameters allows us to assess the impact of different
stresses on the efficiencies and fluxes of electrons and of the energy around PSI and
PSII (Maxwell and Johanson 2000). Chlorophyll fluorescence measurements can be
used for comparison of photosynthetic electron transport between cultivars with con-
trasting drought tolerance phenotypes and for the selection of drought-tolerant cultivars
(Li and Liu 2016). We used photosynthetic parameters to compare the response to
drought between two groups of potato cultivars with contrasting phenotypes: drought-
tolerant (with a low relative yield decrease) and drought-susceptible (with the highest
relative yield decrease) phenotypes. Drought-induced changes in JIP parameters were
observed in both groups of cultivars, but the changes in the group of sensitive cultivars
were much more pronounced. In the case of drought-sensitive cultivars subjected to
20 days of drought stress, the most pronounced differences were observed in the levels
of the parameters ΔVG/Δto, ΔV/Δto, ABS/RC, Dlo/RC, Tro/RC and Dlo/Cso (in-
creased levels), as well as the area, PIABS and PITOTAL parameters (decreased values).
The same type of reaction (increase or decrease) that occurred in the sensitive cultivars
was also observed in the tolerant cultivars, but the extent of changes in comparison to
the control treatment was much lower (Fig. 1a). A similar situation was also observed
even 3 days after drought release (term II), and much greater changes in the examined
parameters were observed in the drought-sensitive group compared with the tolerant
cultivar group. The most pronounced differences between the stressed and control
treatment in the sensitive cultivars were observed for Fv/Fo, ΔVG/Δto, ΔV/Δto, ABS/
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RC, Dlo/RC, Tro/RC, Eto/RC, Reo/RC and Dlo/Cso (increased levels), as well as for
area, PIABS and PITOTAL (decreased values). Boguszewska-Mańkowska et al. (2018)
observed a large increase in the parameters ABS/RC, Dlo/RC and Tro/RC and a large
decrease in PIABS in drought-susceptible potato cultivars subjected to drought, and in
the parameters ABS/RC, Tro/RC and especially Dlo/RC (increase) and the PIABS
(decrease) after drought stress release. Li and coworkers (Li et al. 2006) observed
variability in Fo, Fv, Fm and Fv/Fm between barley cultivars, and the ratio of these
parameters decreased under drought conditions, but the decrease was more pronounced
for the sensitive cultivar than for the tolerant one.

Performance indices (the PIABS and the PITOTAL) are used to express the energy
bifurcation in PSII. These indices indicate the general physiological state of PSII in a
sample. When we compared the results of the PIABS and PITOTAL measurements from
term I (drought) from the drought stress treatment to the results from the control
conditions, a decrease in these parameters was observed in both groups of cultivars.
However, in the drought-tolerant potato cultivars, the levels of these parameters were
reduced by approximately 13–15%, while the sensitive cultivars showed a reduction of
approximately 50%. In the case of measurements performed in term II (recovery) in the
drought-tolerant cultivars from the stressed treatment, both parameters were at levels
similar to those in the control treatment (PIABS—96% of the control; PITOTAL—102% of
the control). In the group of drought-sensitive cultivars, the mean values of both of
these parameters were still approximately 30% lower in the stressed treatment than in
the control.

Similar results were obtained in winter wheat, where the PI under irrigation condi-
tions was greater than that under drought stress, and in high-yielding lines, the PI was
greater than that in low-yielding genotypes. The relatively low PIABS and PITOTAL
values were mainly due to a higher trapping flux, which led to reductions in QA per
reaction centre (Tro/RC) and absorption flux per RC (ABS/RC). Higher values of ABS/
RC and Tro/RC, which were statistically significant, were reported for drought-
sensitive cultivars than for drought-tolerant cultivars of winter wheat (Roostaei et al.
2011). In Tilia cordataMill., 20-day-long drought stress increased the tested parameter
DIo/RC (Kalaji et al. 2018). Moreover, Wang et al. (2019) observed a large increase in
the parameters ΔVG/Δto, ΔV/Δto, ABS/RC, Tro/RC and Dlo/RC and a large decrease
in the PIABS and PITOTAL in lettuce (Lactuca sativa L.) plants as a result of cadmium
(Cd) stress treatment.

In the drought-tolerant cultivars, the DIo/RC parameter was only 9% higher than
that under control conditions whereas in the drought-sensitive cultivars, it was 185% of
the control (Fig. 1b). An increase in DIo/RC could be linked to the inactivation of
reaction centres, which would cause them to become heat sinks as described by Franic
et al. (2017) in the case of maize.

Considering phenomenological energy fluxes per excited cross-section (CS), the
dissipated energy flux per cross-section (CS) parameter at t = 0 (Dlo/Cso) significantly
increased 9% more in the drought-sensitive potato cultivars than in the tolerant potato
cultivars. Higher values of DIo/Cs indicate low energy trapping efficiency in the PSII
reaction centre (Rapacz et al. 2019).

PCA ordination provided an overall picture of the fluorescence parameters of the
examined potato cultivars and revealed both differences and similarities in the re-
sponses of potato groups that differed in drought tolerance. The total variability among
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genotypes for photosynthetic parameters was efficiently summarised by PC1 and PC2,
which explained in total more than 90% of the total variability observed in the 20th day
of drought stress as well as after 3 days of re-watering. PCA separated the examined
potato cultivars similar to the criterion of the relative decrease in tuber yield under
drought conditions (term I) and after re-watering (term II). The tolerant potato cultivars
in the control and drought conditions were placed close to each other in the same
quadrant of the chart, while the sensitive cultivars were more dispersed (Fig. 2a, b).

Although Mescht and coworkers (Van der Mescht et al. 1999) concluded that
chlorophyll fluorescence can be used as a measure of drought tolerance in potato
cultivars only with a short growth period, our results did not confirm this conclusion
because all cultivars from both the tolerant and sensitive groups are mid-early
(Carpatin, Cayuga and Sebago) or late (Katahdin and Sequoia) types, and significant
differences in JIP parameters between these groups were found.

In conclusion, drought stress resulted in changes in chlorophyll fluorescence param-
eters in both drought-tolerant and drought-sensitive potato cultivars (despite their
maturity), but the level of these changes was much greater in those potato cultivars
for which the drought-induced tuber yield decrease was highest. These results suggest
that measurements of chlorophyll a fluorescence may serve as a useful tool for
estimating the level of tolerance to drought stress in potato.

These findings demonstrate the various capabilities of potato cultivars to confer
acclimation to water deficit within the life of a plant. The results of our preliminary
studies (data not published) indicate that the effect of prior drought stress can also be
observed in the following generation of potato plants. Additional knowledge is neces-
sary to gain insight into the molecular mechanisms of drought stress memory in potato
plants and how this memory is transmitted to non-stressed progeny.
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