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Abstract
To investigate the effects of water withholding on 17 tomato (Solanum lycopersicum L.) landraces collected from different 
climatic zones of Iran and two commercial hybrids, the polyphasic OJIP fluorescence transient, relative water content (RWC), 
electrolyte leakage (EL) and vegetative growth parameters were analyzed. Duncan’s multiple range test (DMRT) for all the 
studied parameters and drought factor index (DFI) based on performance index on the absorption basis  (PIabs) were used 
for screening the plants based on their tolerance to drought condition. Result showed that compared to the control plants, 
vegetative growth parameters, RWC,  PIabs, relative maximal variable fluorescence  (FM/F0), maximum quantum efficiency of 
PSII  (FV/FM), quantum yield of electron transport (ΦE0) and electron transport flux per reaction center (RC)  (ET0/RC) were 
decreased, whereas, EL, quantum yield of energy dissipation (ΦD0), specific energy fluxes per RC for energy absorption 
(ABS/RC) and dissipated energy flux  (DI0/RC), which are closely related to the incidence of photoinhibition were increased 
in plants exposed to water withholding. DMRT and DFI screening results clearly categorized the landraces into three groups 
(tolerant, moderately sensitive and sensitive). Tolerant landraces showed less change for most of the measured parameters 
compared to sensitive and moderately sensitive landraces. We found that adapted landraces to dry climates had a higher 
tolerance to drought stress. Principal component analysis (PCA) revealed that  FM/F0,  FV/FM, ΦE0, ΦD0,  PIabs, ABS/RC,  ET0/
RC and  DI0/RC parameters are the most sensitive parameters for detection of impact of drought stress on tomato plants. In 
conclusion, the eight parameters have the potential to identify the drought injury in tomato seedlings.

Keywords Duncan’s multiple range test · OJIP-test · Photosynthesis · Untapped genetic resources · Water stress

1 Introduction

Tomato (Solanum lycopersicum L.), with annual global 
production of around 182.3 million tons, is the second top 
tonnage produced vegetable worldwide (FAOSTAT 2018). 
Tomato is not categorized as a tolerant plant in response to 
many abiotic stress conditions and its growth and productiv-
ity is limited by unfavorable environmental conditions such 
as drought and salinity (Dong et al. 2020). Drought stress 
has diverse negative effects on tomato during its ontog-
eny (Jiang et al. 2019). In general plant susceptibility to 
drought depends on the genotype, timing and intensity of the 
imposed stress (Aliniaeifard and Van Meeteren 2016a, b).

Drought stress causes many adverse effects including 
negative leaf water balance, turgor loss, chlorophyll (Chl) 
degradation and down-regulation of photosynthesis through 
affecting stomatal functioning and restricting supply of 
carbon dioxide (Zhou et al. 2017). Cell enlargement, leaf 
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expansion, root and shoot development, dry matter partition-
ing and consequently yield are also negatively influenced 
by drought stress (Farooq et al. 2009). Up to the present 
a great number of investigations have been conducted to 
develop strategies to help plants to cope with drought stress 
(Aliniaeifard and Van Meeteren 2016a, b; Lastochkina et al. 
2019; Khan et al. 2020).

Realization and reflection on the value contained in the 
biodiversity and the genetic treasure available in exotic and 
wild species provide possibilities to select tolerant plants 
capable to cope with environmental stresses (De Almeida 
Cançado 2011). Landraces are one of the most important 
components of plant genetic resource. Tomato landraces are 
still cultivated for local use and consumption in different 
areas of the world (Lázaro 2018). The main contribution 
of landraces in plant breeding programs is their potential to 
adapt in stressful conditions. Therefore, utilization of lan-
draces that are tolerant to abiotic stresses is a promising 
approach to alleviate the negative effects of stresses and to 
increase water use efficiency and crop production in vulner-
able areas (Henareh et al. 2015).

To reach to a drought-tolerant crop, using the natural pat-
terns of diversity will facilitate identifying drought toler-
ance in a large numbers of landraces in a short time. This 
improves productivity and stability of plants in regions that 
frequently experiencing drought (Gupta et al. 2020). There 
are various methods to study large-scale patterns of distribu-
tion and diversity of landraces to characterize their behavior 
in stressful and normal environments as well as to screen 
drought tolerant landraces (Adhikari et al. 2009; Cabello 
et al. 2012, 2013). Among them, Chl fluorescence measure-
ment as a non-destructive, simple, rapid and highly sensitive 
method is potentially capable of monitoring and screening 
of a diverse population of plants (Chaerle et al. 2007). Here, 
we have focused on the Chl fluorescence measurement for 
screening the drought tolerant tomato landraces. Once, dark-
adapted leaves are illuminated with continuous light, Chl 
fluorescence exhibits the characteristic changes in the inten-
sity accompanying with induction of photosynthetic activity 
(Poudyal et al. 2019). Fluorescence emission increases under 
stress conditions and its intensity generally being inversely 
correlated with photosynthetic efficiency. Almost all changes 
in composition and function of the photosynthetic compo-
nents including energy trapping, electron transport and dissi-
pation of excitation energy in the antenna complex and some 
others can be reflected by Chl fluorescence (Çiçek et al. 
2020). Chl fluorescence kinetics substantially impresses 
under stress conditions. This may confirm the possibility of 
using Chl fluorescence technology as a probe for detecting 
the healthiness of photosynthetic machinery and the mecha-
nism of plant stress responses (Boureima et al. 2012).

There is a computational tool to analyze the fast Chl 
fluorescence induction curves in view of the various 

photosystem II (PSII) reactions, based on energy fluxes, 
known as OJIP test (Jedmowski and Brüggemann 2015). 
The OJIP test is applied to interpret several biophysical phe-
nomenological and expressions that quantify PSII situation 
(Küpper et al. 2019).

This technique has been applied with success in the recent 
years to evaluate PSII status and screening several plant spe-
cies for abiotic stress tolerance. For instance, Boureima et al. 
(2012) used Chl fluorescence imaging system and OJIP-test 
to screen sesame (Sesamum indicum) mutant germplasm 
under drought stress, they expressed a Drought Factor Index 
(DFI), a parameter calculated from Performance Index (PI), 
which is able to appraise the response of the mutants to 
drought stress and to rank them according to drought stress 
tolerance. They detected large genotypic variation in 24 ses-
ame genotypes by the measurement of OJIP fluorescence 
transients. Jedmowski and Brüggemann (2015) applied 
imaging of parameters of the fast Chl fluorescence induc-
tion (OJIP) kinetic of 20 genotypes of wild barley (Hordeum 
spontaneum) at the influence of heat stress on PSII. They 
also quantified the impact of heat stress by estimating a Heat 
Resistance Index (HRI), derived from the decrease of the 
PI caused by stress and following recovery. Their results 
proved that OJIP-test parameters could be considered for 
screening and phenotyping studies aiming to characterize 
plant genotypes.

Poudyal et al. (2019) screened tomato lines for heat tol-
erance by measuring maximum quantum efficiency of PSII 
 (FV/FM or ΦP0) and used this biophysical parameter for 
selecting sensitive (low  FV/FM) and tolerant (high  FV/FM) 
cultivars to investigate high fruit yield during thermal stress 
in the field. They proposed that  FV/FM parameter is enough 
effective for detection and screening seedlings for heat sen-
sitivity and can speed up the time needed for crop improve-
ment. Dong et al. (2020) used Chl fluorescence imaging 
system as a tool for analyzing the effects of chilling injury 
on tomato seedling leaves. Their results revealed that six 
fluorescence parameter values of  FV/FM, PSII actual photo-
chemical quantum yields [Y(II)], photochemical quenching 
coefficient (qP), photochemical quenching coefficient (qL), 
Quantum yield of non-regulated energy dissipation in PSII 
[Y(NO)] and Quantum yield of regulated energy dissipa-
tion in PSII [Y(NPQ)] can be used to identify cold sensitiv-
ity of tomato seedlings. Chl fluorescence technique (under 
non-photorespiratory conditions) has been largely used for 
tracking stomatal behavior when the leaves are exposed to 
drought or Abscisic acid (ABA) as well (Aliniaeifard et al. 
2014; Aliniaeifard and van Meeteren 2014, 2016a; van Mee-
teren et al. 2020).

In this research, seeds of 17 tomato landraces of differ-
ent climatic zones of Iran (2 very wet, 4 wet, 5 semiarid, 
5 dry, and one ultra-dry) and two popular tomato hybrids 
were evaluated for drought tolerance. Measurements of Chl 
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a fluorescence, vegetative growth parameters, relative water 
content (RWC), and electrolyte leakage were carried out. 
We have used two methods for screening: (1) Screening by 
the Duncan’s multiple range test (DMRT) (2) Screening by 
the drought factor index (DFI). We hypothesized that these 
methods are able to rank the landraces according to their 
sensitivity/tolerance against drought stress. We also applied 
principle component analysis (PCA) for discovering the 
parameters that had the greatest impact on screening.

2  Material and methods

2.1  Plant material and growth conditions

Seventeen tomato landraces of Iran (Supplementary Fig. 
S1; Table 1) and two commercial hybrids (Matin and 8320) 
were used to assess their tolerance to drought stress. Seeds 
of the tomato landraces and the cultivars were sown in plug 
trays filled with cocopeat: perlite (2:1) substrate in the green-
house. After two weeks, the seedlings were transferred to 
12 cm plastic pots containing cocopeat: soil: perlite (1:2:1) 
substrate. The plants were grown in a greenhouse under 
14/10  h light/dark condition at an average temperature 
of 26/22 °C day/night and 50% of relative humidity. The 
plants were irrigated twice per week with water and once 
with half-strength Hoagland solution. In the five-leaf stage, 

plants were divided into two groups, half of them were nor-
mally irrigated (control) and for the other half, watering was 
stopped (drought-stressed plants) for duration of one week. 
In a same time of water withholding in drought-stressed 
plants, the control plants were well-watered every two day.

2.2  Measurements of growth parameters

One week following water withholding, growth and mor-
phological characteristics such as height, leaf number, shoot 
dry weight  (DWShoot), root volume  (VRoot), root fresh weight 
 (FWRoot), root dry weight  (DWRoot) from stressed and non-
stressed plants were measured. To measure dry weight, the 
samples were dried in an air-forced oven for 24 h at 75 °C. 
Root parameters were calculated using GiaRoot software 
based on the method described by Galkovskyi et al. (2012).

2.3  Chlorophyll (Chl) a fluorescence measurements

Third young fully developed tomato leaves were used for 
analyzing their Chl a fluorescence based on the method 
described by Seifikalhor et al. (2019). Selected leaves were 
dark-adapted prior to the measurements and OJIP protocol 
was applied using a fluorometer (FluorPen FP 100-MAX, 
photon system instruments, Drasov, Czech Republic). The 
fluorescence measurement was performed using a saturating 
light of 3900 µmol  m−2  s−1. FluorPen software was used to 
extract data from the original measurement. Data extracted 
were used to analyze the following data according to the 
equations of the JIP test (Strasser et al., 2000): fluorescence 
intensities at 50 µs (F 50 µs, considered as the  F0), 2 ms 
(J-step denoted as  FJ), 60 ms (I-step,  FI), and maximum fluo-
rescence intensity  (FM,  FP). The JIP-test was used to quantify 
the amount of energy that flow via the PSII (Strauss et al. 
2006).

Performance index was measured on the absorption basis 
 (PIabs, a multi-parametric expression). Probability that a 
trapped exaction promote an electron in electron transport 
chain (ETC) beyond the primary acceptor Quinone  (QA−) 
(Ψ0), maximum quantum efficiency of PSII  (FV/FM), quan-
tum yield of electron transport (ΦE0), quantum yield of 
energy dissipation (ΦD0), specific energy fluxes per reac-
tion center (RC) for energy absorption (ABS/RC), trapped 
energy flux  (TR0/RC), electron transport flux  (ET0/RC) and 
dissipated energy flux  (DI0/RC) were calculated according 
to Kalhor et al. (2018).

2.4  Measurements of relative water content (RWC) 
and electrolyte leakage (EL)

To measure the RWC, 10 leaf discs (0.5 cm diameter) sample 
from the selected young fully developed leaves were taken 
using cork-borer weighed immediately to determine the 

Table 1  Location, average temperature (°C) and total annual rainfall 
(mm/year) of seventeen different geographical areas of Iran where 
local landraces were obtained (Iran Meteorological Organization 
2019)

Number Location Average tem-
perature (°C)

Total annual 
rainfall (mm/
year)

1 Zanjan 11.28 295.4054
2 Kordestan 13.8 675.8
3 Varamin 18 151.7
4 Rasht 16.5 1346
5 Shahroud 12.3 233.3
6 Hamedan 11.95 308.4054
7 Sirjan 21 135
8 Esfarayen 16.5 300.5
9 Yazd 19.92 55
10 Gorgan 18.4 502.9
11 Shiraz 18.4 316.8
12 Semnan 17.1 140
13 Sari 18.2 764.9
14 Kermanshah 15.1 423.6216
15 Neishabour 14.3 231
16 Orumie 11.47 314.5946
17 Bandar-Torkman 17.7 462.3
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fresh weight (FW) and transferred to tubes containing 10 ml 
of distilled water. After 24 h, the weight of leaf samples 
was recorded to determine their turgid weight (TW). Each 
sample was placed in a paper bag and dried in an air-forced 
oven at 70 °C for 48 h. The dried samples were weighed to 
determine the dry weight (DW). RWC was calculated using 
the following equation (Gindaba et al. 2004):

Electrolyte leakage (EL) was measured for the estimation 
of cell membrane stability in plants. placed in closed vials 
containing, 10 leaf discs (0.5 cm diameter) sample from the 
young fully developed leaf was taken using a cork borer 
and washed with deionized water to remove surface-adhered 
electrolytes, and immersed in 10 mL deionized water at 
room temperature for 24 h. Then, the electrical conductivity 
(EC) of the samples was recorded as primary leakage (PL) 
and after one hour boiling of the samples in a bain-marie 
(100 °C) the secondary leakage (SL) was recorded. Elec-
trolyte leakage was calculated using the following equation 
(Shiferaw and Baker 1996):

2.5  Screening methods

Two methods were used for monitoring and screening the 
plants based on their tolerance to drought condition: (1) 
Duncan’s multiple range test (DMRT) for all the studied 
parameters, (2) drought factor index (DFI) based on  PIabs.

2.5.1  Screening based on the Duncan’s multiple range test 
(DMRT)

After measuring all traits, the relative value of traits [(value 
of  traitstressed/value of  traitnon-stressed) × 100] for each landrace 

RWC =
FW − DW

TW − DW
× 100

EL = 1 −
(

PL

SL

)

∗ 100.

was calculated. Analysis of variance (ANOVA) and Dun-
can’s multiple range test (DMRT) were carried out in order 
to compare the drought tolerance of the landraces. As it is 
well known, the results of DMRT will be shown in a table 
with different columns from highest to lowest means. In 
this study, means define the ratio between stressed and non-
stressed plants. These differences assigned by letters namely 
a, ab, b and etc. The landraces grouped in the same column 
do not show a significant difference as assigned by the same 
letters.

In sake of ranking the landraces, scoring was performed 
based on the letters of the Duncan test according to Kafi 
et  al. (2005). As can be clearly seen from Table 2, the 
scores 1, 1.5 and 1.66 in turn come from a, ab, abc letters. 
For other letters, the scoring can be followed in Table 2 in 
details. Then, obtained scores for all traits were summed 
and averaged for each landrace separately. The final rank for 
each landrace was determined considering the analysis of 
all traits. Therefore, based on this method drought-tolerant 
plants demonstrating lowest reduction in the traits during 
drought stress (highest relative value) will have the lowest 
score.

2.5.2  Screening by the drought factor index (DFI)

To calculate drought factor index (DFI) for assessment of 
drought stress tolerance in tomato plants, performance index 
 (PIabs) of the landraces under control and stress conditions 
was considered. This method has been used by Boureima 
et al. (2012) to screen mutant germplasm of Sesamum (Ses-
ame indicum), and by Cicek et al. (2019) to assess drought 
tolerance in sunflower hybrids. DFI was calculated based on 
the following equation:

where A is the relative PI  (PIstressed/PInon-stressed) measured 
at the third day of water withholding and B is the relative 
PI measured at the sixth day of drought stress exposure. 

DFI = logA + 2logB

Table 2  How to score based 
on output of Duncan multiple 
range test (DMRT)

The different letters assign different means of landraces. Namely, the landrace that have the highest relative 
value of a trait [(value of  traitstressed/ value of  traitnon-stressed) × 100], takes the letter a in DMRT and is scored 
1 in screening with this method

Letter Score Letter Score Letter Score Letter Score

a 1 b 2 c 3 d 4
ab 1 + [1 − (1/2)] bc 2 + [1 − (1/2)] cd 3 + [1 − (1/2)] de 4 + [1 − (1/2)]
abc 1 + [1 − (1/3)] bcd 2 + [1 − (1/3)] cde 3 + [1 − (1/3)] def 4 + [1 − (1/3)]
abcd 1 + [1 − (1/4)] bcde 2 + [1 − (1/4)] cdef 3 + [1 − (1/4)] defg 4 + [1 − (1/4)]
abcde 1 + [1 − (1/5)] bcdef 2 + [1 − (1/5)] cdefg 3 + [1 − (1/5)]
abcdef 1 + [1 − (1/6)] bcdefg 2 + [1 − (1/6)]
abcdefg 1 + [1 − (1/7)]
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A factor of 2 is relative to accentuate the importance of a 
longer-term tolerance. Since in this study drought stress was 
imposed by water withholding, the relative PI in the 2nd 
and 5th day after drought stress exposure was used for the 
assessment.

Boureima et al. (2012), working on drought stress in 
Sesame, showed that drought-tolerant plants should be able 
to tolerate drought stress for longer duration than drought 
sensitive genotypes, using DFI as the tolerance index. As a 
result, drought-tolerant plants showed the lowest reduction 
in the PI and have the highest DFI.

2.6  Statistical analysis

The experiment was conducted in a completely randomized 
design with four replicates. ANOVA results were considered 
significant at p < 0.05 and mean comparison were done by 
Duncan multiple range test. Heat map of the cluster analysis 
was conducted using MetaboAnalyst and the cluster analysis 
calculated by the Euclidean distance between pairs of lan-
draces, using Ward’s method (Xia and Wishart, 2016). The 
heat map displays the plant response analytics by a warm-to-
cold color spectrum. Accordingly, the landraces with proper-
response and weak-response respectively will be visible by 
warm and cold colors. Charts were graphed using OriginPro 
8.5 software. Principal Component Analysis (PCA) was per-
formed using MatLab 7.5 Toolbox.

3  Results

3.1  Screening based on the DMRT method

All measured traits of the tomatoes were affected following 
seven days exposure to water withholding condition. The 
analysis of variance for all traits indicates significant dif-
ference (p < 0.05) among seventeen landraces, two levels of 
drought stress (well watering and water withholding) and 
the interaction of landraces × drought (data not shown). As 
expected, the highest  DWShoot,  DWRoot,  FWRoot,  VRoot, num-
ber of leaves and the tallest plants were observed in control 
plants.

Supplementary Table S1 shows the scoring based on 
the DMRT method (explain in material and methods) and 
screening result based on all measured traits in this study. 
The minimum differences between the stressed and non-
stressed plants (Score: 1) for height, number of leaves and 
 DWShoot were attributed to Varamin, Shahroud and Semnan 
landraces, respectively (Supplementary Table S1). 8320 
hybrid showed the minimum differences between stressed 
and non-stressed plants in case of  FWRoot,  DWRoot and 
the  VRoot (Supplementary Table S1). Number of leaves, 
 DWRoot,  VRoot and  DWShoot of Orumie landrace were 

extremely decreased by drought stress (highest score; 
Supplementary Table S1). This indicates that Orumie lan-
drace is the most sensitive-drought landrace in terms of 
these parameters. Kurdesan, Rasht and Zanjan landraces 
showed the highest reduction in  FWRoot under drought 
stress. In other words, maximum differences between the 
stressed and non-stressed plants in  FWRoot were observed 
in Kurdesan, Rasht and Zanjan landraces (Supplementary 
Table S1).

The evaluate of plant responses to electrolyte leakage 
(EL) under drought condition showed that Varamin, Shah-
roud, Sirjan, Rasht and Zanjan landraces have taken score 
1 for EL parameter (Supplementary Table S1), indicating 
these landraces showed the minimum differences between 
the stressed and non-stressed plants under drought stress 
conditions. Among all studied landraces, Neishabour lan-
drace showed maximum differences between the stressed 
and control plants, taking highest score in DMRT screening 
(Supplementary Table S1).

The RWC which is the physiological consequence of cel-
lular water deficit, were significantly different among lan-
draces. As it already pointed out, 8320 hybrid and Zanjan 
landrace were tolerant to EL, but they did not show a proper 
respond to the RWC (Supplementary Table S1), meaning 
their RWC drastically changed by drought stress. Rasht 
landrace was the best landrace in the assessment of RWC 
and take score 1 in DMRT screening (Supplementary Table 
S). The value of RWC in non-stressed plants of Rasht was 
84.70% and it reached to 62.94% in stressed plants. RWC 
value in drought-induced plants of Orumie (32.98%) was 
very different from its control plants (80.14%), so this lan-
drace is considered as the most sensitive landrace when con-
sidering RWC (Supplementary Table S1).

Photosynthetic apparatus of all landraces and hybrids 
was damaged by drought stress exposure. The value of the 
parameters including:  FM/F0,  FV/FM,  PIabs, ΦE0 and  ET0/RC 
were decreased (Fig. 1a–e), while ABS/RC,  TR0/RC,  DI0/
RC and ΦD0 were increased (Fig. 1f–i) in stress-exposed 
plants upon five days of water withholding. Some of the 
landraces maintained their photosynthetic performance in 
the same level of control plants and showed minimum per-
centage of changes compared to the control even five days 
after drought exposure (Fig. 1).

Except for Shahroud, Zanjan, Kurdestan and Vara-
min landraces,  FM/F0 of the tomato plants was adversely 
affected by drought stress. The highest change in  FM/F0 
(− 74.15 ± 0.55%) was detected in Bandar-Torkman landrace 
as a result of drought stress exposure (Fig. 1a). Results of 
screening by DMRT method for  FM/F0 parameter showed 
that Shahroud, Zanjan, Kurdestan and Varamin landraces 
well responded (Score 1) and Bandar-Torkman landrace 
weakly responded to drought stress condition (Score 5 in 
Supplementary Table S1).



526 Horticulture, Environment, and Biotechnology (2021) 62:521–535

1 3

The maximum quantum yield of PSII  (FV/FM), sig-
nificantly decreased in stress-exposed of Bandar-Torkman 
plants compared to non-stressed plants (− 83.07 ± 0.54%). 
This parameter exhibited minor changes in Varamin 
(− 3.67 ± 2.75%), 8320 hybrid (− 5.38 ± 1.32%), Shahroud 
(− 5.61 ± 0.48%), Kurdestan (− 6.16 ± 2.08%) and Zanjan 
(− 7.56 ± 0.79%) landraces in stress-exposed plants com-
pared to control plants (Fig. 1b). Therefore, Bandar-Tork-
man taken the highest score and Varamin taken the mini-
mum score in DMRT screening method (Supplementary 
Table S1).

ΦE0 was considerably decreased in drought-induced 
plants in comparison with ΦE0 of plants grown under con-
trol condition (Fig. 1c). The highest ΦE0 under drought 

condition (minimum change compared to control) was 
detected in Varamin landrace and the lowest (maximum 
change compared to control) was detected in Orumie and 
Bandar-Torkman landraces (Fig. 1c and Supplementary 
Table S1). Zanjan and kurdestan also responded well to 
drought and were screened as drought-tolerant plants in 
the case of ΦE0 (Score 1.5; Supplementary Table S1).

PIabs, one of the OIJP test parameters that provide val-
uable awareness about photosynthtic performance, con-
siderably decreased under water withholding condition 
in all studied landraces (Fig. 1d). The lowest differences 
between stressed and non-stressed plants for  PIabs param-
eter were observed in Zanjan landrace (− 50.80 ± 0.1%) 
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Fig. 1  Percentage of change in the value of the parameters related to 
the polyphasic Chl a fluorescence (OJIP) kinetics including  FM/F0 
(a),  FV/FM (b), ΦE0 (c),  PIabs (d),  ET0/RC (e), ABS/RC (f),  TR0/RC 
(g), ΦD0 (h),  DI0/RC (i) from leaves of 17 different tomato landraces 
and two hybrids under five days of water withholding compared to 

the well-watered plants. Bars represent mean ± SD. Note: A drought-
tolerant plant has minimum change to control (0%). Positive and 
negative symbols just indicate increase and decrease in the value of 
parameter in stressed plants compared to the control
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and the highest were detected in Bandar-Torkman landrace 
(− 99.4 ± 0.09%).

Unlike  PIabs,  ET0/RC did not show a significant reduc-
tion under drought stress. Maximum reduction of  ET0/RC 
in drought-induced plants compared to control plants were 
observed in Orumie (− 53.59 ± 3.69) and Bandar-Torkman 
(− 44.50 ± 3.62) landraces and minimum were detected in 
Varamin landrace (− 4.16 ± 0.17) (Fig. 1e). In addition to 
Varamin landrace, Shahroud, Sirjan, Kurdestan, Rasht and 
Zanjan landraces showed low changes in  ET0/RC under 
water withholding condition (Fig. 1e).

The specific energy fluxes per RC for energy absorp-
tion (ABS/RC) significantly increased under drought 
stress (Fig. 1f). Variation range in this parameter was 
very large. ABS/RC in drought-induced plants of Bandar-
Torkman increased by six fold compared to the ABS/
RC of the control plants upon five days of water with-
holding (601.96 ± 3.33%) (Fig. 1f). In Zanjan landrace, 
ABS/RC was increased by only 17.27 ± 1.2% (Fig. 1f). 
Apart from Bandar-Torkman landrace, ABS/RC value 
in stressed plants of Orumie and Kermanshah landraces 
were also drastically increased compared to control plants 
(218.72 ± 2.8% and 114.28 ± 1.51% respectively).

TR0/RC increased in stressed plants of Zanjan landrace 
by 11.02 ± 2.17% and in Yazd landrace by 54.05 ± 0.42% 
more than the control plants. Therefore, in DMRT screen-
ing method, Zanjan landrace has taken score 1 and Yazd 
has taken score 6 (Supplementary Table S1). The value 
of  TR0/RC in stressed plants of Shahroud landrace was 
52.92 ± 1% more than the non-stressed plants; so in DMRT 
screening it taken a score similar to that of Yazd landrace 
(Supplementary Table S1).

ΦD0, the quantum efficiency of energy dissipation, was 
dramatically increased in plants grown under stress condi-
tion (Fig. 1h). Shahroud, Kurdestan, Varamin and Zanjan 
landraces and 8320 hybrid with about 25% increase in ΦD0 
of stressed plants were the top landraces in the assess-
ment of ΦD0 (Fig. 1h), taking score 1 in DMRT screening 
(Supplementary Table S1). Orumie and Bandar-Torkman 
showed most increase in ΦD0 of stressed plants in com-
parison with the control plants (100%; Fig. 1h) and were 
considered as the most sensitive landraces based on the 
DMRT screening (Supplementary Table S1).

Drought-stressed plants of Varamin and Zanjan lan-
draces showed the lowest change in  DI0/RC (Fig.  1i) 
and the minimum score of DMRT screening (Supple-
mentary Table S1). 8320 hybrid, Kurdestan, Shahroud, 
Rasht, Hamedan and Sirjan landraces also showed the 
low increase in  DI0/RC of plants grown under water with-
holding condition compared to the control plants (Fig. 1i). 
Orumie and Bandar-Torkman weakly responded to drought 
in the case of  DI0/RC (Fig. 1i), similar to other studied 
parameters in the current study.

In general, results of DMRT screening for all studied 
parameters showed Varamin landrace is the most drought-
tolerant and Orumie landrace is the most drought-sensitive, 
amid of seventeen landraces and two hybrids in this study 
(Supplementary Table S1).

Figure 2 illustrates the visual response of Varamin, as a 
drought-tolerant plant, Esfarayen, as a moderately drought-
sensitive plant, and Orumie, as a drought-sensitive plant in 
DMRT screening method on the fifth day of water with-
holding. Varamin landrace withstood better than the Esfar-
ayen and Orumie landraces in response to five days water 
withholding.

For understanding landrace behavior under drought con-
dition faster and more intuitive than getting rude informa-
tion from the results, a heat map based on visual withstand-
ing was drawn (Supplementary Fig. S2). Cluster analysis 
divided landraces into two main groups; the first group did 
not respond properly, which labeled as drought-sensitive 
whilst the second group divided into two subgroups (mod-
erately drought-sensitive and drought-tolerant) (Supple-
mentary Fig. S2). Esfarayen landrace can be indicated as 
an example of the moderately drought-sensitive subgroup 
and Varamin landrace can be considered as the drought-
tolerant subgroup (Supplementary Fig. S2-middle). Second 
subgroup illustrates proper response in terms of the JIP test 
parameters  (FM/F0,  FV/FM, ΦE0, ΦD0,  Piabs, ABS/RC,  ET0/
RC,  TR0/RC and  DI0/RC) but for the growth parameters, 
RWC and EL respond either properly or weakly (Supple-
mentary Fig. S2-left). In Varamin, Shahroud, Sirjan and 
Kurdestan landraces under drought condition, no consid-
erable differences with the control condition was detected 
(Supplementary Table S1).

To elucidate the interrelationships within the studied lan-
draces and traits, principal component analysis (PCA) was 
also carried out. This approach allows evaluating the stress 
effects on plants to recognize parameters that are most sensi-
tive for plant stress responses. The results revealed that more 
than 80% of the total variance among the landraces was 
confirmed by the first four components of the PCA (Sup-
plementary Table S2). The projections of values of param-
eters in the principle components (PCs), PCA1/PCA2/PC3/
PC4 present the influence of each parameter within total 
stress responses represented by the PCs. The first PC, cor-
responded to maximal variations of parameters, explained 
39.62% of the total variation. PC1 was mainly explained by 
 FM/F0,  FV/FM, ΦE0, ΦD0,  Piabs, ABS/RC,  ET0/RC and  DI0/
RC parameters, having most impact on the screening of lan-
draces (Bolded in Supplementary Table S2). Other param-
eters did not contribute vigorously on this component. The 
second PC was described by height, number of leaf,  DWRoot 
and  DWSoot, placing in the next priority for the screening.

The stress induced variation in the studied landraces and 
two hybrids could be better represented in 2D (biplot) graph 
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on a plane with PCA1 and PCA2 (Supplementary Fig. S3). 
The positions of points with coordinates PCA1/PCA2 show 
the state of photosynthetic machinery and plant growth and 
represent the response of plants to stressors (Supplementary 
Fig. S3). The reduction of both values of PCA1 and PCA2 
cause the deviations from the control plants. The vectors 
illustrate information of the relative contribution of each 
trait in the principal components formation that are visible 
by the direction and magnitude of the vectors.

Figure 3 (radar plot) represents the variations of draught 
stress response onto two different landraces caused by 
screening (one tolerant and one sensitive) based on eight 

most effective traits in the screening (obtained from PCA 
results in Supplementary Table S2). Results showed more 
variation in plant response to drought in Orumie landrace 
(drought-sensitive landrace) in comparison with Varamin 
landrace (drought-tolerant landrace) (Fig. 3a, b). For  FV/
FM, Varamin landrace showed negligible difference from 
the control (Fig. 3a), but this difference in Orumie landrace 
was considerable (Fig. 3b). In both landraces, drought 
stress caused substantial changes in the  PIabs value.  PIabs 
is one of the most sensitive parameters for detection of 
photosynthetic performance under drought stress.

Fig. 2  Difference between the 
stressed and non-stressed plants 
for Varamin, as a drought-
tolerant plant, Esfarayen, as a 
moderately drought-sensitive 
plant, and Orumie, as a drought-
sensitive plant on the fifth days 
of water withholding
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All the data of those eight parameters were normalized 
between − 2 and 2. The amount of the  FM/F0,  FV/FM, ΦE0 and 
 PIabs parameters were categorized in three groups as high 
(e.g. 8320 Hybrid and Varamin), medium (e.g. Esfarayen 
and Semnan) and low (e.g. Orumie and Bandar-Torkman) in 
terms of tolerance to drought stress. Conversely, the value of 
ΦD0, ABS/RC,  TR0/RC and  DI0/RC parameters were low in 
drought-tolerant plant and high in drought-sensitive plant. 
As a consequence, high value for  FM/FM,  FV/FM, ΦE0 and 
 PIabs parameters indicating more tolerance and high value 
for ΦD0, ABS/RC,  TR0/RC and  DI0/RC parameters shows 
less tolerance to drought.

3.2  Screening by the drought factor index (DFI)

The effect of drought stress on the performance index on 
the absorption basis  (PIabs) in young fully expanded leaves 
during one week after water withholding is shown in Fig. 4. 

Drought stress treatment had a significant negative effect on 
the PI of the most of the studied landraces. After two days, 
the leaves of stressed plants showed different reduction in 
relative  PIabs  (PIstressed/PInon-stressed); for example 2%, 23% 
and 30% reduction were detected in Zanjan, Semnan and 
Orumie landraces, respectively. Following five days of water 
withholding, the relative PI was dramatically decreased in 
all landraces except for Zanjan landrace, in which relative 
 PIabs diminished just 21% in respect to the control (lowest 
negative impact) (Fig. 4), confirming a high stability of the 
photosynthetic performance in this landrace during drought 
stress.

In Supplementary Table S3, 17 different landraces and 
two hybrids were ordered from highest to lowest drought 
tolerance on the basis of their DFI values. Interestingly, 
the results of this screening method are in the same range 
as the former screening method (Supplementary Table S1). 
Zanjan landrace (drought tolerant landrace) showed the 

Fig. 3  Radar plot for the param-
eters of OJIP-test affecting 
screening (derived from PCA, 
Table 1) from fluorescence 
transient exhibited by leaves of 
Varamin tomato landrace as a 
drought-tolerant landrace a and 
Orumie tomato landrace as a 
drought-sensitive landrace, b 
5 days after water withholding. 
The values of the calculated 
parameters were shown as 
relative to those of the control 
plants (non-stressed)
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highest DFI (− 0.21) at the 5th day of the water with-
holding. Rasht, Varamin, 8320 hybrid and Kurdestan had 
almost similar DFI (ranged between − 0.76 and − 0.95). 
The other landraces exhibited different DFI values and 
are shown in Supplementary Table S3. Bandar-Torkman 
had the smallest DFI (− 4.82), which is indicative of high-
est sensitivity of this landraces to drought stress. The 17 
landraces and two hybrids were arranged in four groups 
according to their DFI values (Supplementary Table S3). 
The first group consisted of Zanjan, Rasht, Varamin, 
Shahroud landraces and 8320 Hybrid with DFI values 
between − 0.2 and − 1.13. Zanjan was considered as the 
most drought-tolerant and Rasht, Varamin, Shahroud 
and 8320 Hybrid as drought-tolerant plants. The sec-
ond group had DFI values close to that of the first group 
(− 2.02 < DFI < − 1.32), which considered as moderately 
drought-tolerant. The third group including Yazd, Gorgan, 
Kermanshah, Neishabour, Shiraz and Orumie had lower 
drought tolerance compared to the landraces in group II. 
The fourth group (Bandar-Torkman) had a lowest DFI 
value and considered as the most sensitive-landrace.

In general, the results of two methods of screening were 
almost similar with small differences. To indicate the dif-
ferences between the results of the two screening methods, 
Sirjan and Kermanshah were belonged to the tolerant and 
moderately tolerant group based on the first method (DMRT 
method), whilst in the second method (DFI), they were in 
moderately tolerant and sensitive groups, respectively. The 

rest of the landraces showed almost the same results in both 
methods.

4  Discussion

In this experiment, we screened drought tolerant of 17 
widely distributed landraces and two hybrids of tomato at 
the vegetative stage. Using two screening methods based 
on the Duncan’s multiple range test (DMRT; First method 
of screening) and via drought factor index (DFI; second 
method of screening), landraces were arranged in three 
separated groups according to their tolerance to drought 
stress. Drought-tolerant group was consisted of Varamin, 
8320 (Hybrid), Shahroud, Sirjan, Kurdestan, Rasht and 
Zanjan; which can be suggested as preferable and superior 
landraces for cultivation in areas with shortage of water. 
Moderately drought-sensitive group was consisted of Matin 
(Hybrid), Hamedan, Esfarayen, Semnan, Sari and Kermn-
shah, and Drought-sensitive group was consisted of Gorgan, 
Yazd, Neishabur, Shiraz, Bandar-Torkman and Orumie. This 
screening provided a number of useful information for the 
assessment of the drought tolerance in a collection of S. 
lycopersicum L landraces.

Growth parameters, fast Chl fluorescence induction 
curves (OJIP), electrolyte leakage and relative water content 
(RWC) were the main parameters used for the screening of 
landraces. Rosales-Serna et al. (2000) suggested that drought 

Fig. 4  Changes of performance 
index on the absorption basis 
 (PIabs) in 17 different tomato 
landraces and two hybrids 
following 7 days of water 
withholding. Categorization 
of groups is adopted from the 
drought factor index (DFI) 
values in Table 2
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stress is a complicated stressor and different aspects of plant 
growth and physiology should be taken into account for eval-
uation of a population in response to drought stress. There-
fore, in the present study screening for drought tolerance 
was complemented considering both growth and physiologi-
cal analyses. To do so, different traits including biophysical 
analysis of Chl fluorescence, leaf water status as function of 
relative water content (RWC), electrolyte leakage, reflects 
damage to cell membrane, and growth measurements were 
considered for evaluation of the effects of drought on plants 
and for screening the landraces.

As it is expected, growth parameters of stressed plants 
including height, leaf number,  DWShoot,  VRoot,  FWRoot, 
 DWRoot were reduced by 7 days of exposure to water with-
holding conditions.

Electrolyte leakage was highly increased in drought 
stressed plants. Results of previous researches showed that 
electrolyte leakage is mainly related to  K+ efflux from the 
plant cells, which is interceded by cation conductance of 
plasma membrane (Demidchik et al. 2013). In moderate 
drought stress condition,  K+ efflux could stimulate catabolic 
processes and save energy for adaptation and repair pro-
cesses by playing an essential role as a ‘metabolic switch’ in 
anabolic reactions (Demidchik et al. 2010). However, under 
severe drought stress conditions, reactive oxygen species 
(ROS) dramatically accumulate; lead to programmed cell 
death (PCD) and leakage of cellular electrolytes (Apel and 
Hirt 2004).

Our results also illustrated that drought stress negatively 
influenced the leaf water status as exhibited by reduction in 
RWC. Drought-tolerant landraces, (e.g. Rasht) had higher 
RWC, which is indicative of ability to absorb water from 
the soil and to conserve water inside the leaf under drought 
stress. RWC under drought conditions can be a reflectance 
of the function of gas exchange processes in plant such as 
stomatal behavior (Rezaei Nejad and van Meeteren 2008), 
stomatal conductance  (gs) (Bauerle et al. 2004), transpira-
tion rate and photosynthesis (Outlaw and De Vlieghere-He 
2001). Drought stress first reduces  gs, then RWC and pho-
tosynthesis begin to decrease. A sharp decrease in  gs with 
change in the RWC indicates that the signals sent from the 
root in response to desiccation, are likely to cause stoma-
tal closure and to reduce photosynthesis (Aliniaeifard and 
van Meeteren 2013). Aliniaeifard and van Meeteren (2014) 
proposed that reducing the RWC reduces the conductivity 
of the stomata and thus the entry of carbon dioxide  (CO2) 
into the leaf will be diminished which reduces photosyn-
thesis. A good regulation of the stomata aperture is needed 
to permit sufficient  CO2 uptake for photosynthesis, while 
inhibiting excessive water loss through transpiration under 
drought stress condition (Pantin et al. 2013). In general, clos-
ing of stomata and decrease in leaf RWC is the first effect 
of drought stress, which in long term interferes with the 

production of photosynthetic materials and reduces plant 
growth.

OJIP test is shown to be a proxy to detect PSII bioenerget-
ics and indicates changes in the status and function of PSII 
reaction centers, antenna, as well as in donor and acceptor 
sides of PSII. In our investigation, we showed that the ETC 
is appropriately operated in plants grown under control con-
dition. However, when plants exposed to water withholding 
condition, decrease in the  FM/F0, relative maximal variable 
fluorescence,  FV/FM, maximum quantum yield of primary 
PSII photochemistry, ΦE0, quantum yield of electron trans-
port,  ET0/RC, electron transport flux per reaction center, 
and  PIabs, performance index on the absorption basis, and 
increase in ΦD0, the quantum efficiency of energy dissipa-
tion, ABS/RC, energy absorption per reaction center,  TR0/
RC, trapped energy flux per reaction center, and  DI0/RC, 
dissipated energy flux per reaction center, occurred when 
compared to their values under control conditions (Fig. 1). 
Indeed, these events occur to develop a photosynthesis appa-
ratus with lower vulnerability (Schaeffer et al. 2012). In gen-
eral, Varamin landrace, as a tolerant landraces, is capable of 
sustaining the photosynthetic electron transport machinery 
under drought condition in comparison with the Orumie 
landrace, as a sensitive ones (Kalaji et al. 2016; Franić et al. 
2017).

It has been reported that different abiotic stress conditions 
such as salinity (Mathur et al. 2013), nutrient deficiency 
(Kalaji et al. 2014), heat (Jedmowski and Brüggemann 2015; 
Zhou et al. 2015), light (Bayat et al. 2018; Aliniaeifard et al. 
2018), low pH (Long et al. 2017), drought (Guha et al. 2013; 
Cicek et al. 2019) and chilling (Dong et al. 2020) negatively 
influenced the photosynthetic performance in different plant 
species.

FM/F0 decreased as a result of water withholding stress. 
This decrease can be related to damage the RCs and to 
increase in the number of inactive RCs leading to increase 
in the fluorescence as well as reduce the excitation energy 
transfer from antenna complex towards RCs (Kalaji et al. 
2016; Aliniaeifard et al. 2018). During an ideal condition 
without any additional stress, the total PSII pool can be com-
pletely inactivate and retrieve without a detectable photoin-
hibition (Aliniaeifard et al. 2018). In case the plants also 
bears other stresses like water deficiency a drastic population 
of inactivated PSII RCs may aggregate inside the thylakoid 
stacks, causing dissipation of light energy under photoinhi-
bition conditions (Bayat et al. 2018). Damage to thylakoid 
membranes and deactivation of PSII reaction centers restrict 
the upstream energy transfer of PSII (Rapacz et al. 2015). 
Rapacz et al. (2011) suggested that there is a positive rela-
tionship between the degree of thylakoid membrane dam-
age and the trustworthiness of the Chl fluorescence data in 
estimate of freezing tolerance. The specific energy flux per 
RC on absorption basis (ABS/RC) showed an increase in 
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sensitive tomato landraces whereas for tolerant landraces 
remained almost at the same level as detected in the control. 
According to Jedmowski and Brüggemann, (2015) inactiva-
tion of some RCs as already mentioned, increases the ABS/
RC under drought stress. Another reasons for increase in 
ABS/RC are degradation of Chl through an early leaf senes-
cence induced by drought stress (Boureima et al. 2012); 
regrouping of antenna from inactive PSII RCs to active 
(Kalaji et al., 2016). Hence, the dramatic increase in ABS/
RC in sensitive landraces can be attributed to decrease in 
effective antenna size as well as PSII inactivation (Çiçek 
et al. 2019). When electron transport per RC  (ET0/RC) is 
declined, increase in the rate of energy dissipation  (DI0/
RC) of un-trapped excitations  (TR0/RC) occurs as a result 
of drought exposure (Guha et  al. 2013; Hosseini et  al. 
2019). This absence of a positive correlation between  ET0/
RC and  DI0/RC and  TR0/RC may be the result of the stress 
induced damage of PSII RCs, which may increase energy 
flows observed in single active RC (Rapacz et al. 2015). 
Reduction of  ET0/RC might prevent reduction of the ETC, 
which facilitate dissipation of excessive energy to minimize 
photo-oxidative damage in the thylakoid membrane (Guha 
et al. 2013).

Although in some studies,  FV/FM or ΦP0, the maximum 
quantum yield of primary photochemistry, were not reported 
as the best parameter for estimation of freezing tolerance 
of triticale and wheat (Taulavuori et al. 2000; Rapacz et al. 
2011), while in other studies it has been demonstrated that 
 FV/FM is an effective tool for early identification of heat tol-
erant tomato genotypes (Zhou et al. 2015). In the present 
study,  FV/FM contributed in the total variation of principal 
components (PCs) on 17 tomato landraces and two hybrids 
(Supplementary Table S2) and considered as a good indica-
tor for estimation of drought tolerance. Like previous reports 
(Franić et al. 2017; Çiçek et al. 2019), our data showed that 
the ratio of  FV/FM decreased in drought-exposed plants. The 
ratio of  FV/FM is not only influenced by the intensity of  F0, 
as the initial intensity of Chl fluorescence, or  FM, maximum 
value of fluorescence under saturating illumination, but the 
relative value between these two parameter is the main deter-
minant (Guha et al. 2013). Reduction in the  FV/FM under 
stress conditions may be due to reduction in the leaf pigment 
content, total phenolic content and swollen chloroplasts with 
decomposed starch grain in stress-sensitive plants than the 
tolerant ones (Zhang et al. 2014; Sharma et al. 2015; Zhou 
et al. 2015). In this regard, the basic role of stomatal regula-
tion should not be overlooked. As explained above, drought 
stress reduces photosynthesis due to its effect on closing 
the stomatal aperture and thus reducing  CO2 access in the 
mesophyll (instead of directly affecting the rate of apparent 
photosynthesis) (Aliniaeifard and Van Meeteren 2014). It 
has been reported many times in previous studies that the 
closure of the stomata to prevent water loss is one of the 

primary responses to drought stress (Holbrook et al. 2002; 
Buckley 2005). Reduction in both photosynthesis and the 
conduction of stomata will be occurring under drought stress 
(Aliniaeifard et al. 2014). Drought-tolerant plants have some 
mechanisms to control the stomatal movements that in addi-
tion to preventing water loss can increase  gs in low water 
conditions. For example they can deal with lack of water 
by raising the level of hormones like ABA that can control 
the guard cells to close or open the stomata to avoid losing 
water or dying of starvation. This management led to rise in 
internal  CO2 concentration in leaves, preserve the net pho-
tosynthesis rate  (PN) and subsequently increase the  FV/FM 
and  PIabs (Rapacz et al. 2015).

Based on PCA analysis,  PIabs was one of the sensitive 
parameters to drought stress (Supplementary Table S2). 
Therefore, in the present study, drought factor index (DFI) 
based on the  PIabs was used for ranking of 17 landraces as 
well as two hybrids in response to water withholding condi-
tion (Supplementary Table S3). This parameter has been 
used to forejudge the response of different plant species 
to diverse range of stresses. For example, Boureima et al. 
(2012) ranked 21 drought-induced mutant lines by DFI 
based on relative  PIabs (stressed/control). Such screening 
was also confirmed by other authors (Chaerle et al. 2007; 
Jedmowski and Brüggemann 2015; Dong et al. 2020). Our 
data also showed that in cases when leaves are heavily dam-
aged one week after water withholding, it is late to use  PIabs 
for testing the drought tolerance (Fig. 4). Decrease of this 
important parameter under stress conditions showing damp-
ening of electron transport capacity. In agreement with these 
findings, Boureima et al, (2012) suggested a liner correla-
tion between the relative driving force for photosynthesis of 
sesame cultivars (Sesamum indicum) and the relative elec-
tron transport capacity. Same relationship was also showed 
on different plant species exposed to drought stress (Strauss 
et al. 2006; Oukarroum et al. 2007). Therefore, the reduction 
of plant vitality in drought-sensitive landraces can also be 
related to the loss of electron transport capacity.

5  Conclusions

Currently, many research teams all around the world are 
focusing on issues related to the impacts of drought stress 
on crop yields and food security. Introducing new source 
of drought tolerance for tomato plants can help to increase 
yield and quality of this important crop. Using an approach 
for fast screening is of great significance for further expan-
sion of the cultivation area of this crop. In the present 
study we used two methods of screening to detect the 
drought tolerance level of 17 tomato landraces and two 
hybrids. First method was based on output of Duncan’s 
multiple range test (DMRT) for all the studied parameters 
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and second was a drought factor index (DFI) based on per-
formance index on the absorption basis  (PIabs). According 
to our results, DMRT method is quite applicable and easy 
to use in screening studies. Therefore, we recommend that 
researchers use this method when they want to screen a 
large number of plants in terms of numerous parameters. 
Our screening results clearly categorized the landraces 
into three groups: drought-tolerant, moderately drought-
sensitive and drought-sensitive. As a breakthrough in this 
study, we found Varamin landrace as a most drought-tol-
erant landrace even more than the commercial hybrids. 
This landrace exhibited closer values to control levels 
under water withholding condition. Tomato landraces were 
properly categorized in three groups (tolerant, moderately 
sensitive and sensitive) based on both DMRT and DFI 
screening methods. We found that adapted landraces to dry 
climates had a higher tolerance to drought stress. Principal 
component analysis (PCA) demonstrated that  FM/F0,  FV/
FM, ΦE0, ΦD0,  PIabs, ABS/RC,  ET0/RC and  DI0/RC are 
the most sensitive parameters for detection of impact of 
drought stress on tomato plants.
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