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Introduction

Recurrent drought threatens Mediterranean tomato yields, yet how the time-scale of drought shapes photochemical tolerance remains unclear.





Methods

We evaluated six genotypes, three commercial cultivars (‘Sintonía’, ‘Marejada’, ‘Valenciano’) and three Mediterranean landraces (‘82’, ‘264’, ‘260’, under greenhouse conditions. Plants received either two short pulses (WS1) or a single prolonged drought (WS2). We tracked stem water potential (Ψstem) and computed a stress integral (SI), and measured gas exchange, leaf chlorophyll, and chlorophyll a fluorescence (OJIP test) across key time points and after rewatering.





Results

The first WS1 pulse transiently increased performance index (PIABS) and electron‑transport efficiencies (ΨE0, ϕE0) by 20–40 % in four cultivars. Photosynthesis declined by –70 to –80 % but recovered within three days of irrigation. ‘Sintonía’ showed early increases in dissipation (ϕD0) and fluxes (ABS/CS0, DI0/CS0), while maximum quantum yield (ϕP0) remained unchanged across genotype. Sustained WS2, however, reduced PIABS and ϕP0 by –18 to –50 %, increased ϕD0, ABS/CS0 and DI0/CS0 by 30–60 % in all except ‘260’, whose OJIP profile remained stable. Photosynthesis dropped near zero but recovered in five genotypes; ‘264’ recovered only 50 %, showing irreversible damage. Chlorophyll content stayed constant, so shifts were pigment‑independent.





Discussion

Findings support a three-stage resilience model: (i) reversible photoprotective adjustment to short severe drought; (ii) cumulative photochemical damage under sustained deficit; and (iii) genotype-dependent recovery.





Conclusion

Combining temporal stress integrals with OJIP screening provides a robust pipeline for breeding Mediterranean tomatoes adapted to future drought, advancing knowledge of drought resilience mechanisms.
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1 Introduction

Tomato (Solanum lycopersicum L.) is a crucial vegetable crop cultivated in semi–arid regions. In Spain, its primary cultivation takes place within the greenhouses of the southeastern Mediterranean regions, where water availability poses a limiting factor for crop production (Castilla, 2007; Acebedo et al., 2022). Consequently, researching the response of this crop to water stress is imperative for enhancing irrigation efficiency and ensuring the sustainability of these agricultural systems. One solution actively pursued by the scientific community involves the search and enhancement of drought–resistant varieties capable of withstanding water stress without compromising yield (Sánchez–Rodríguez et al., 2011; Conti et al., 2019). Studying local tomato landraces, frequently grown in arid areas and repeatedly exposed to water scarcity, provides valuable insights for this purpose. These crops have developed specific characteristics through natural selection and cultivation practices unique to their regions, making them well adapted to challenging environments (Moreno et al., 2019; Villena et al., 2023). Such distinctive traits could be instrumental in developing new commercial varieties better able to withstand future drought scenarios (Sousaraei et al., 2021).

Tomato is notably sensitive to moderate drought, particularly during its flowering and fruit enlargement stages (Jangid and Dwivedi, 2016). However, a shortage of soil water availability at the onset of plant growth can significantly limit biomass production and the photosynthetic capacity of leaves (Hao et al., 2019). This limitation indirectly hinders the formation of reproductive organs and, consequently, reduces yield (Wu et al., 2021). When tomato plants face drought conditions, various parameters, including chlorophyll pigments, photosynthetic rate and photochemical efficiency, among others, are markedly affected, and the rate is often genotype–dependent (Mishra et al., 2012; Giorio et al., 2018; Liang et al., 2020). The rate at which these parameters decrease with increasing water stress can provide insights into the drought tolerance of each variety. Furthermore, understanding the recovery of photosynthesis after rehydration is crucial for comprehending the profound damaging effects of water stress and discerning potential acclimatization mechanisms in plants (Torrecillas et al., 1995; Iovieno et al., 2016; Giorio et al., 2018; Peco et al., 2023). Under mild to moderate water stress, stomatal limitations predominate over non–stomatal factors, while severe stress is characterized by non–stomatal limitation. Consequently, plants exposed to mild and moderate stress typically restore their normal values shortly after rehydration. However, under severe stress, an impairment of the photosynthetic machinery occurs, preventing the recovery of normal values upon rehydration (Flexas and Medrano, 2002). Characterizing these behaviors is pivotal in the quest for crops that exhibit greater resistance to drought (Aghaie et al., 2018).

Conventionally, various parameters have been measured in tomato plants as a method to detect several environmental stresses. Stem water potential (Ψstem) has been utilized as a stress indicator in water–stressed tomato leaves (Zgallaï et al., 2006; Silva et al., 2012). However, despite providing insight into the plant’s water status, this parameter offers limited information about how the plant is physiologically and biochemically affected. On the other hand, photosynthetic parameters, such as stomatal conductance, transpiration, and net photosynthesis, contribute to our understanding of the plant’s activity when exposed to different levels of water stress (Yuan et al., 2016; Giorio et al., 2018; Hao et al., 2019; Peco et al., 2023). However, these parameters do not provide a comprehensive measure of the plant’s overall physiological impact. This is because, under water stress, there is a rapid closure of stomata, leading to a swift decrease in stomatal conductance, transpiration, and net photosynthesis (Peco et al., 2021). Although these measurements can offer an indication of the plant’s tolerance to water stress, they do not yield insights into the effects on the photosynthetic machinery, specifically the photosystems (PSII and PSI) and their photosynthetic electron transport.

Previous studies have identified chlorophyll a fluorescence techniques as suitable indicators of water stress, enabling the monitoring of damage to the photosynthetic apparatus, specifically the PS II and I, and the electron transport chain (Mishra et al., 2012; Sousaraei et al., 2021). The chlorophyll a fluorescence OJIP transient technique, characterized by the O, J, I and P steps corresponding to the redox state of PS II and I, is a non–destructive, simple, and rapid testing method (Baker and Rosenqvist, 2004). This technique has been employed to assess the impact on photosynthetic components under various environmental stresses such as drought, heat, chilling, salt or heavy metals (Baker and Rosenqvist, 2004; Zushi et al., 2012; Zushi and Matsuzoe, 2017; Chtouki et al., 2021). Among the OJIP–derived indices, the performance index on absorption basis (PIABS) integrates energy absorption, trapping, electron transport and dissipation into a single parameter and is considered a reliable descriptor of photosynthetic vitality (Jedmowski and Brüggemann, 2015; Chiango et al., 2021). The maximum quantum yield (ϕP0 = Fv/Fm) indicates the efficiency of PS II photochemistry, while electron transport indices such as ΨE0 and ϕE0 describe the probability and efficiency of electron flow beyond QA towards PS I (Zivcak et al., 2014; Ceusters et al., 2019). The coefficient ϕD0 reflects the proportion of absorbed energy dissipated as heat through non–photochemical processes (Bashir et al., 2021). Additional parameters, such as ABS/CS0, TR0/CS0 and DI0/CS0, quantify the absorbed, trapped and dissipated energy per excited cross–section, providing complementary information on the activity and connectivity of the reaction centers (Guha et al., 2013; Swoczyna et al., 2022). Together, these indices offer insights into the physiological, biochemical and biophysical state of PSII in response to drought stress. Indeed, several studies have been conducted on OJIP transients in water–stressed tomato plants (Mishra et al., 2012; Sousaraei et al., 2021). However, information for tomato remains limited compared with other crops, and the temporal dimension of drought (intermittent versus continuous) is rarely addressed, even though drought duration may strongly influence the balance between reversible photoprotection and irreversible damage. Short, intermittent deficits are known to activate transient energy-dissipation and stomatal control mechanisms that help maintain PSII functionality, whereas sustained droughts can lead to cumulative oxidative stress and photoinhibition (Flexas and Medrano, 2002; Guha et al., 2013; Zivcak et al., 2014; Peco et al., 2023). Although such temporal effects have been suggested in other crops, they remain poorly demonstrated in tomato, a gap this study aims to address.

In this research, we evaluated six tomato genotypes, including three commercial cultivars and three Mediterranean landraces, to assess their drought tolerance. Measurements of stem water potential, chlorophyll contents, photosynthetic parameters and chlorophyll a fluorescence (OJIP analyses) were conducted to compare the varying capacities for drought avoidance between commercial and local accessions. This research is motivated by the understanding that distinct farming practices and an emphasis on high production, without considering potential limitations in commercial plants, may result in divergent physiological and biochemical responses compared to local plants when subjected to water stress. Moreover, the scarcity of studies integrating OJIP transients with traditional drought indicators in tomato underscores the need for such a comprehensive assessment.




2 Materials and methods



2.1 Plant material and growth conditions

Tomato local cultivars, SL–82’ (‘82’), ‘SL–264’ (‘264’) and ‘SL–260’ (‘260’), were sourced from the gene bank of the Higher Technical School of Agricultural Engineers at the University of Castilla–La Mancha located in Ciudad Real (Moreno et al., 2019; Villena et al., 2023). Three commercial cultivars, ‘Sintonía’ (‘SN’), ‘Marejada’ (‘MR’) and ‘Valenciano’ (‘VL’), commonly used in intensive Mediterranean production systems, were obtained from an agricultural company in Southern Spain (NUNHEMS company) (Marín, 2021). A detailed description of the six genotypes is provided in Peco et al. (2023).

Seeds were sown in porex trays in March under controlled light, temperature and humidity conditions until the plants reached stage 104 on the BBCH scale (fourth true leaf unfolded) (Feller et al., 1995). Once this stage was attained, seedlings were transplanted in May to 40 l pots containing a mix of sand and commercial substrate (Projar Professional, Valencia, Spain) in a 1:2 ratio, with each pot holding 7.5 kg of substrate. Plants were cultivated for two months inside a greenhouse situated in the Agricultural Research Area of the Polytechnic University of Madrid (40°26′21.8″N, 3°44′15.7″W). Inside the greenhouse, the mean daily temperature was maintained at 23.2°C, with daytime peaks reaching 29.6°C and minimum night temperatures of 14.6°C; average relative humidity was 51.8 %.

Prior to applying the water deficit treatments, plants were irrigated daily to maintain soil moisture at full water–holding capacity (WHC) for a one-month stabilization period under full irrigation to ensure uniform growth before applying the drought treatments. The experiment targeted the vegetative expansion phase, as this stage offers stable physiological conditions to examine responses to drought, minimizing confounding effects from flowering and fruiting (Guichard et al., 2005). Measurements were conducted from June to July.

The trial was arranged in a randomized complete block design with three irrigation regimes, six cultivars and four replicates per treatment, resulting in 72 pots in total (one plant per pot). The irrigation treatments were defined as follows:

	Control (C): Plants received daily watering to sustain soil moisture at WHC throughout the study.

	Water Stress 1 (WS1): Plants experienced two separate drought events. Five days after transplanting, irrigation was suspended for 10 days, followed by rewatering to WHC. The next day, a second dry period of 15 days was imposed, ending with final rehydration.

	Water Stress 2 (WS2): Plants were subjected to a single prolonged drought lasting 25 days, starting five days post–transplant. When stem water potential fell below –1.4 MPa, 100 ml of water was added to sustain severe stress conditions without killing the plants. At the end of the period, they were rehydrated to WHC.



During both WS1 and WS2, drought intensity was monitored through stem water potential (Ψstem), which provides an integrative measure of the plant’s water status. Irrigation was completely suspended at the onset of each stress period and maintained until Ψstem reached approximately –1.4 MPa, corresponding to severe water deficit (Zgallaï et al., 2006; Silva et al., 2012). In WS2, 100 mL of water was applied every 4–5 days once Ψstem dropped below this threshold, preventing irreversible wilting while keeping plants under severe stress.




2.2 Stem water potential and stress integral

Monitoring the periods of stress and their intensity was conducted by measuring stem water potential (Ψstem) at midday using a Scholander pressure chamber (PMS Instrument Company). Measurements were performed on the fifth fully expanded leaf from the shoot apex of each plant (one leaf per plant) on four plants per treatment combination, across nine sampling dates throughout the experiment. Additional information about the treatments and graphical representation of Ψstem for each treatment throughout the experiment can be found in Peco et al (Peco et al., 2023). Stress integrals (SI) were calculated from Ψstem data following Myers (1988); this index was previously employed in studies on greenhouse tomatoes by Alomari–Mheidat et al. (2024):

SI=|∑(WP−r)∗n|



Where:

	WP was the average Ψstem (MPa) between two consecutive sampling dates.

	R was the reference value obtained from the equation R = –0.018 x Tmax, with Tmax being the daily maximum temperature (°C) on each date.

	N was the number of days between the two sampling dates.






2.3 Gas exchange parameters

Midday measurements of net photosynthesis (A) and substomatal CO2 concentration (Ci) were conducted on the fifth fully expanded leaves from the shoot apex of each plant, with one leaf selected per plant and four plants (replicated) per treatment-genotype combination per sampling date. Employing a CIRAS–3 DC CO2/H2O Gas Analyzer (PP–Systems, Amesbury, MA, USA) equipped with an automatic universal leaf cuvette (PLC6–U, PP–Systems), these assessments were performed. The gas exchange results were expressed as percentage changes relative to C (%).




2.4 Chlorophyll content

Leaf tissue was extracted in 80% (v/v) acetone overnight at 4°C in darkness, centrifuged (15–000 g, 5 min, 4°C) and the absorbance of the supernatant measured at 663 and 647 nm. For each genotype and treatment, one leaf per plant from four plants (replicates) was sampled, yielding eight leaf samples per sampling date. Samples were collected on four sampling dates during the experiment. Chlorophylls a and b were calculated according to Lichtenthaler and Buschmann (2001) and expressed on a dry–weight basis (mg g⁻¹ DW).




2.5 Chlorophyll fluorescence measurements

Chlorophyll a fluorescence was measured on leaves dark–adapted for at least 20 minutes using a Handy–PEA® chlorophyll fluorometer (Handy–Plant Efficiency Analyser, Hansatech Instruments, King’s Lynn, Norfolk, UK). The fluorescence transients were induced by 1s illumination with an array of six light–emitting diodes, providing a maximum light intensity of 3000 µmol (photons) m−2 s−1 and uniform irradiation over a 4 mm diameter leaf area. The fast fluorescence kinetics (F0 to Fm) were recorded from 10 µs to 1 s. All fluorescence measurements were performed between 11:00 and 13:00 h solar time, immediately before gas-exchange measurements, to minimize diurnal variability. Two leaves per plant were measured on eight sampling dates during the experiment, and the data were expressed as percentage changes relative to C (%).



2.5.1 Analysis of the fluorescence transients using the JIP–test

Raw fluorescence OJIP transients were transferred with the PEA+ Software. This software provides a comprehensive tool for in–depth analysis of data recorded according to the equations of the JIP–test parameters by any tabulation program (Strasser et al., 2000, 2004).

The concept of the JIP–test parameters showed in this study is based on the Energy Flux Theory in Bio–membranes and the basic concept that the fluorescence yield of PSII is determined by the state open or closed of the reaction center (Strasser, 1978, 1981). The JIP–test defines the maximal (subscript ‘‘o’’) energy fluxes in the energy cascade for the events absorption (ABS), trapping (TR), electron transport (ET) and dissipation (DI) and formulated their link with selected fluorescence experimental signals (Ft) between Fo and Fm. Measured and calculated parameters are listed in Table 1 and detailed calculation formulas can be found elsewhere (Christen et al., 2007).


Table 1 | Parameters and explanation of the OJIP–Test parameters used in this study.
	Parameters
	Definition



	Vitality index


	PIABS
	Performance Index on absorption basis integrates ABS–TR–ET–DI


	Quantum efficiencies, flux ratios of PSII


	ϕP0
	Maximum quantum yield of primary photochemistry (QA reduction) (= TR0/ABS = Fv/Fm).


	ΨE0
	Probability that a trapped exciton is used for electron transport beyond QA (= ET0/TR0).


	ϕE0
	Quantum yield of electron transport (ABS → PQ) (= ET0/ABS)


	ϕD0
	Quantum yield of non–photochemical deexcitation (heat dissipation) (DI0/ABS)


	Phenomenological energy fluxes per excited cross section CS0; subscript 0 refers to time t = F0


	ABS/CS0
	Absorption flux per CS


	TR0/CS0
	Trapped energy flux per CS (energy used to reduce QA)


	ET0/CS0
	Electron transport flux per CS (energy reaching PQ pool)


	DI0/CS0
	Dissipated energy flux per CS (energy released as heat)











2.6 Statistical analysis

All datasets were first examined for normality (Kolmogorov–Smirnov test) and homogeneity of variances (Levene’s test). When these parametric assumptions were satisfied, analysis of variance (ANOVA) was carried out. Significant differences among treatment means were identified with Duncan’s multiple range test (p ≤ 0.05). For planned pairwise comparisons, Student’s t–test (two–tailed, p ≤ 0.05) was employed. Analyses were performed in SPSS v. 29 (IBM Corp., Armonk, NY, USA).





3 Results



3.1 Evaluation of water stress intensity through the stress integral

The temporal evolution of the stress integral (SI) confirmed that the three irrigation regimes produced clearly differentiated patterns (Figure 1). In C, SI increased slowly and almost linearly, reaching final values of 75–80 MPa · day. Under WS1, SI doubled relative to the control (180–220 MPa · day). The first drought pulse accounted for roughly 45% of the total accumulation and the second for another 40%, indicating that rewatering only partially alleviated the deficit. The prolonged stress imposed by WS2 caused a stable rise in SI, reaching maximum values of 280–340 MPa · day, almost twice that of WS1 and four times C. The slopes of the curves were virtually parallel across cultivars; however, ANOVA conducted at the points of maximum stress and after rewatering (days 13 and 16 for WS1, and days 29 and 33 for WS1 and WS2) revealed significantly greater SI values in cultivar ‘82’ at the end (Supplementary Table S1). Overall, these curves demonstrate that the intensity of the water deficit was dictated by the irrigation protocol and was otherwise homogeneous among the six cultivars, providing a robust framework for interpreting the comparative physiological responses discussed below.

[image: Line graph showing the cumulative stress integral (SI) over 31 days. Multiple lines represent different conditions, labeled by symbols and colors in the legend. Vertical dashed lines mark key intervals labeled A', B', C', and D'. SI values range from 0 to 400 MPa day.]
Figure 1 | Stress integral (SI) in six tomato varieties subjected to full irrigation (C), water stress treatment 1 (WS1), and water stress treatment 2 (WS2). Vertical dashed lines indicate the following time points: A’ (onset of water stress in WS1 and WS2 plants), B’ (end of water stress in WS1 plants), C’ (onset of second water stress in WS1 plants), and D’ (end of water stress in WS1 and WS2 plants). Data represent the means of four replicates. Significant differences among treatments are summarized in Supplementary Table S1.




3.2 Net photosynthesis, substomatal CO2 concentration and chlorophyll concentration

The comparison of net photosynthesis (A) values among different tomato cultivars revealed similarities in their behaviors under WS1 and WS2 treatments; however, some differences were observed in response to water stress and rehydration (Figure 2A; Supplementary Figure S1). Plants exposed to WS1 treatment exhibited a sharp decline in A from day 5, when irrigation was suppressed. On day 13, coinciding with the lowest Ψstem during the initial water stress, all plants significantly reduced their A values (–70 to –88%), with ‘MR’ showing a less pronounced decrease (–49%). Upon rehydration on day 16, all plants rapidly reached values similar to C, except for the ‘264’ cultivars, which maintained a slight decrease (–36%). Due to the second irrigation suppression in WS1 treatment, all cultivars similarly reduced their A values (–70 to –92%) corresponding to the lowest recorded Ψstem (–1.4 to –1.6 MPa). Again, the plants recovered, reaching values similar to C, except for ‘MR’, which increased its A (55%) and ‘264’, which was not able to recover the values of the control (–35%). On the other hand, all cultivars exposed to the WS2 treatment showed almost complete inhibition of A at the end of the prolonged water stress (day 29), coinciding with the lowest Ψstem (= –1.6). Once the plants were rehydrated on day 33, all cultivars regained their normal A values, except for ‘264’ (–53%) and ‘MR’ (–20%).

[image: Line graphs labeled A and B show changes in percentage values over 31 days, with multiple data sets distinguished by patterns and colors. Graph A represents values labeled “A (%)” and Graph B shows “CI (%)”. Both graphs feature reference lines at specific days: A', B', C', and D'. Data sets include SN, VL, MR, and numbered series, across two conditions WS1 and WS2. Lines exhibit varying trends, with fluctuations and peaks at different intervals.]
Figure 2 | Net photosynthesis rate (A) and substomatal CO2 concentration (B) in six tomato varieties subjected to water–stress treatment 1 (WS1) and water–stress treatment 2 (WS2). Values are expressed as the percentage change relative to the fully irrigated control. Vertical dashed lines indicate the following time points: A’ (onset of water stress in WS1 and WS2 plants), B’ (end of water stress in WS1 plants), C’ (onset of second water stress in WS1 plants) and D’ (end of water stress in WS1 and WS2 plants). Data represents the means of four replicates. Significant differences among treatments are summarized in Supplementary Figure S1.

The results of substomatal CO2 concentration (Ci) in response to WS1 showed a reduction in this parameter compared to the control in the ‘SN’, 264’, and ‘260’ cultivars (–22 to –33%) during the first water stress (day 13), recovering to values similar to C during rehydration (Figure 2B; Supplementary Figure S1). During the second water stress, only ‘SN’ cultivar underwent a significant reduction (–13%), recovering to values similar to C once rehydrated (day 33). At the end of the prolonged water stress in the WS2 treatment, an increase in Ci was observed in the ‘MR’ and ‘82’ cultivars (24–49%), returning to levels similar to C once the plants were rehydrated.

Chlorophyll a and b concentrations remained statistically unchanged in all cultivars and treatments (Figure 3), confirming that the observed physiological and photochemical adjustments were independent of pigment content.

[image: Line graphs depict chlorophyll content over time for different treatments. Graph A shows chlorophyll a levels, ranging from 2.0 to 4.0 mg per gram dry weight over thirty days. Graph B shows chlorophyll b levels, ranging from 0.0 to 2.0 mg per gram dry weight over the same period. Multiple lines represent different treatment groups, details indicated by a legend at the top.]
Figure 3 | Chlorophyll a (A) and chlorophyll b (B) content in six tomato varieties subjected to full irrigation, water–stress treatment 1 (WS1) and water–stress treatment 2 (WS2). Values represent the means of four replicates. No statistically significant differences among treatments were detected within any variety (data not shown).




3.3 Chlorophyll a fluorescence (OJIP) under water stress

Figures 4, 5 present the percentage variation of each JIP–test parameter in WS1 and WS2 plants relative to their irrigated C at the two stress maxima, day 13 (first drought pulse) and day 29 (cumulative stress). On day 13 the performance index on an absorption basis (PIABS) increased significantly in ‘MR’, ‘VL’, ‘82’ and ‘264’, whereas ‘SN’ and ‘260’ remained unchanged; the magnitude of the increase was similar in WS1 and WS2 (Figure 4). By day 29, PIABS had fallen uniformly (–18% to –50%) in every cultivar except ‘260’ (Figure 5).

[image: Two bar charts compare various parameters over 13 days for WS1 and WS2. Both charts display data categories like PIABS, φPo, and others with values extending from negative fifty to positive fifty. Different colored bars represent varying conditions: SN, MR, VL, 82, 264, and 260. Asterisks mark significant differences.]
Figure 4 | Fluorescence results during the first stress (day 13) in six tomato varieties from the water stress treatment 1 (WS1) and water stress treatment 2 (WS2). The meaning of the fluorescence parameters is summarized in Table 1. Values show the means of four replicates. Results were expressed in % variation with respect to control treatment. Asterisks indicate significant differences among treatments and controls at p ≤ 0.05 (t–student’s test).

[image: Two horizontal bar charts compare various metrics for Day 29 between WS1 and WS2. Each chart features several categories on the y-axis with color-coded bars extending left or right from a zero line, showing positive or negative values. An asterisk next to some bars indicates significant differences. Both charts have similar layouts and category labels, with notable variations in bar lengths and colors between WS1 and WS2.]
Figure 5 | Fluorescence results during the second stress (day 29) in six tomato varieties from the water stress treatment 1 (WS1) and water stress treatment 2 (WS2). The meaning of the fluorescence parameters is summarized in Table 1. Values show the means of four replicates. Results were expressed in % variation with respect to control treatment. Asterisks indicate significant differences among treatments and controls at p ≤ 0.05 (t–student’s test).

Among the energy–flux ratios, ΨE0 and ϕE0 differed from the control on day 13, showing moderate increases in ‘VL’, ‘82’ and ‘264’, while in ‘SN’, ϕD0 also rose significantly and ϕP0 unaltered (Figure 4). At day 29, all four ratios, ϕP0, ϕD0, ΨE0 and ϕE0, were significantly altered: ϕP0, ΨE0 and ϕE0 decreased in every genotype except ‘260’, whereas ϕD0 increased in all cultivars except ‘260’, the intensity was greater under WS2 (Figure 5).

Phenomenological fluxes per leaf cross–section followed a comparable pattern. Except for ‘SN’, which displayed significant increases in ABS/CS0 and DI0/CS0 on day 13 for both stress treatments, ABS/CS0, TR0/CS0 and DI0/CS0 were unaffected at the first peak but increased in all genotypes save ‘260’ at day 29, with larger increments in WS2. In contrast, ET0/CS0 rose slightly in ‘VL’, ‘82’ and ‘264’ on day 13 but showed no significant change at the second stress peak (Figures 4, 5).




3.4 OJIP dynamics across the drought–rehydration cycles

During the first drought cycle, PIABS increased in all six cultivars (Supplementary Figure S2). A single re–watering of the WS1 plants was enough to return almost every value to the C level. When the second drought episode began, PIABS fell in every cultivar, most sharply in WS2. Although the final irrigation restored the index in most cultivars, ‘MR’ retained the strongest negative deviation and remained below the C for much of the monitoring period. ϕE0 followed a comparable course: it rose during the initial water deficit, recovered fully after the WS1 re–watering, and increased sharply during the second stress, more markedly in WS2, with ‘MR’ again exhibiting the greatest increase. The cultivar ‘260’ was the one that underwent the least changes in both treatments.

ϕP0 was virtually unchanged during the first drought, but dropped sharply under WS2 and, to a lesser extent, under WS1 in the second cycle (Supplementary Figure S2). Once more, ‘MR’ in WS2 was the most affected, and the final re–watering did not restore ϕP0 to control values in most genotypes. ΨE0 raised this parameter during the first water deficit in all cultivars except ‘MR’, which showed a slight decrease, and ‘260’, which showed the lowest. The initial re–watering (WS1) almost completely re–established ΨE0, but the second drought drove it to strongly negative values, especially in WS2 and, within that treatment, in ‘MR’. In this case the final irrigation did succeed in returning ΨE0 to baseline (Supplementary Figure S3). Thermal dissipation (ϕD0) increased only modestly during the first drought (WS1) but surged in the second, particularly under WS2, and did not reach full recovery after re–watering (Supplementary Figure S3). The cultivar ‘260’ was the one that underwent the least changes in both treatments.

ABS/CS0 already rose noticeably in ‘SN’ on day 13 in both WS regimes, while in the other cultivars these fluxes showed only minor early changes but climbed steeply during the second stress (WS2 > WS1). After the final irrigation, WS1 values approached the C, whereas WS2 recovered only partially (Supplementary Figure S3). Capture and dissipation fluxes (TR0/CS0 and DI0/CS0) displayed the same pattern, stability in the first drought, marked rises in the second (again more pronounced in WS2), and normalization after the last irrigation in WS1, partially in WS2 (Supplementary Figure S4). By contrast, ET0/CS0 exhibited a more erratic course throughout the experiment and did not show a consistent trend comparable to the other parameters (Supplementary Figure S4).

Supplementary Figures S5, S6 visualize these patterns. At day 29, WS1 and WS2 show a stressed-like OJIP shape (higher J–I and shorter I–P), with ‘260’ remaining close to the control. By day 33, the traces re-align under WS1, whereas WS2 recovery is genotype dependent.





4 Discussion

Water deficit is a multifactorial stress that initially restricts stomatal conductance and, if prolonged, impairs the photochemical machinery of the leaf (Flexas and Medrano, 2002; Liang et al., 2020). By integrating the three complementary data sets generated in this study: (i) the water–stress integral (SI), (ii) gas–exchange parameters (A and Ci) and (iii) OJIP chlorophyll–fluorescence kinetics, we obtained a detailed picture of how six tomato cultivars modulate these two regulatory layers under drought and how quickly they recover once irrigation is resumed. This integrative perspective reveals the dominant response mechanism in each cultivar and, by extension, its relative drought resilience.



4.1 Severity and uniformity of the imposed drought

The SI condenses, into a single value, both the intensity and the duration of drought experienced by a plant over a given period (Corell et al., 2022). In addition to quantifying the cumulative water status, SI serves as a proxy for drought tolerance. A high SI implies a limited capacity to reduce water loss and/or to rehydrate after each episode, traits associated with low resilience, whereas a low SI reflects early stomatal closure and/or rapid recovery, i.e., more efficient water use. In our study the SI trajectories confirmed that the irrigation protocol generated three clearly distinct water regimes (C < WS1 < WS2) and that, within each regime, all genotypes experienced comparable stress levels. This uniformity ensures that the physiological differences observed later arise from the cultivar × water–deficit interaction rather than from unequal exposure to stress. Cultivar ‘82’ accumulated significantly more SI than the other genotypes under both WS1 and WS2, pointing to a less efficient water–use strategy. That excess was corroborated by its low A under moderate drought and the sharp decline in OJIP parameters typical of drought–sensitive cultivars (Conti et al., 2019, 2021; Khan et al., 2023). The elevated SI suggests slower stomatal closure and/or slower post−stress re−hydration (Peco et al., 2023).

Hence SI, in concert with other physiological markers, could distinguish water–saving genotypes from those that sacrifice turgor, and therefore photosynthesis, during drought, providing an additional selection criterion for breeding programs aimed at improving tomato drought resilience.




4.2 Short term versus cumulative effects on carbon assimilation

The two drought scenarios applied, two brief pulses (WS1) versus a continuous shortage (WS2), confirm that the dynamics of A and other gas–exchange variables in tomato depend not only on stress intensity but also on drought history, as reported for pulse versus sustained deficits (Iovieno et al., 2016; Giorio et al., 2018; Peco et al., 2023).

Under drought, the primary brake on photosynthesis is usually stomatal closure, a response driven by drought, induced increases in abscisic acid that sharply reduces CO2 entry into the mesophyll (Xu et al., 2010; Watkins et al., 2017). If water deficit intensifies, diffusion constraints are compounded by metabolic and photochemical damage inside the chloroplast, e.g., impaired Rubisco activity, hindered RuBP regeneration and injury to PS II (Flexas and Medrano, 2002; Yuan et al., 2016). Consistent with this progression, our first WS1 pulse lowered A by 70–80% in every cultivar except ‘MR’, whose decline was limited to 49%. Re–irrigation restored A to control values within three days in all genotypes, except ‘264’, mirroring the rapid (2–3 days) recovery seen in Mediterranean tomatoes (Giorio et al., 2018) and confirming that the initial limitation was chiefly stomatal (Peco et al., 2023). The slow rebound of ‘264’, however, suggests an early metabolic impairment, consistent with the slow, often incomplete recovery typical of non–stomatal limitation (Flexas and Medrano, 2002). It is worth noting that ‘264’ showed the highest chlorophyll content among all varieties, indicating that photosynthesis and its recovery are not necessarily directly influenced by chlorophyll levels alone. A second WS1 pulse again depressed A, yet re–watering elicited a 55% over–compensation in MR, an effect reported previously in cotton (Luo et al., 2016). However, ‘264’ again failed to recover, indicating that repeated stress had shifted the dominant constraint from stomatal conductance to internal metabolism (Torrecillas et al., 2000; Flexas and Medrano, 2002; Giorio et al., 2018). During continuous drought (WS2) photosynthesis in all cultivars approached zero by day 29; after re–hydration five regained control rates, but ‘264’ retained an ≈ –50% deficit, signaling photochemical injury that exceeded the repair capacity of its photosynthetic apparatus (Flexas and Medrano, 2002; Giorio et al., 2018).

In tomato, Ci falls during mild, brief drought because stomata close restrict CO2 entry faster than carboxylation capacity slows. As water shortage deepens, enzymatic processes (RuBisCo activity, regeneration…) decline, reduced demand balances limited supply, so Ci returns to or even overshoots the control level (Flexas and Medrano, 2002; Cruz de Carvalho et al., 2011; Yuan et al., 2016). Under severe or prolonged stress, metabolic and photochemical damage dominate, assimilation collapses, and Ci rises well above the control (Xu et al., 2010; Yuan et al., 2016). This trajectory explains our data. In the first WS1 episode, the sharp drop in Ci recorded for ‘SN’, ‘264’ and ‘260’ denotes a predominantly stomatal limitation (Dariva et al., 2020), whereas the smaller decline in ‘MR’ and ‘82’ indicates that mesophyll demand still matched supply. Once drought became continuous (WS2), Ci in ‘MR’ and ‘82’ exceeded the control, evidencing non–stomatal constraints, that allow CO2 to accumulate even with almost closed stomata (Sun et al., 2016; Cardona–Ayala et al., 2020). After each re–irrigation, Ci returned to baseline in every genotype.

Taken together, these findings confirm that photosynthetic vulnerability depends on both the level and the duration of drought: short pulses induce a transient, reversible inhibition of A, whereas sustained drought provokes metabolic damage that exceeds the plant’s repair capacity, permanently shifting the A–Ψ relationship and the tolerance thresholds of each genotype.




4.3 Photochemical responses decoded by OJIP transients

Chlorophyll a fluorescence (OJIP analysis) makes it possible, with great sensitivity, to resolve the sequence of photochemical events that sustain photosynthesis. By means of integrative indices such as PIABS, ϕP0, ΨE0, ϕE0 and ϕD0, one can distinguish the acclimation phases and the potential damage to the PS II apparatus under water stress.

PIABS integrates absorption, trapping, electron transport and dissipation into a single index (Chiango et al., 2021) and is therefore considered a reliable descriptor of vitality (Jedmowski and Brüggemann, 2015). In our trial, it rose transiently during the first drought pulse in ‘MR’, ‘VL’, ‘82’ and ‘264’, while it remained stable in ‘SN’ and ‘260’, a pattern already reported for Glycine max and Piper nigrum (Hlahla et al., 2022; Teles et al., 2023). This transient rise was accompanied by moderate increases in ΨE0 and ϕE0, together with stable values of ϕP0, indicating efficient electron transfer beyond QA and improved connectivity among reaction centers (Zivcak et al., 2014; Jedmowski and Brüggemann, 2015; Suorsa, 2015). These changes suggests that moderate water deficit may enhance PSII regulatory flexibility, maintaining reaction centers (RC) operational and preventing photoinhibition (Hlahla et al., 2022; Zivcak et al., 2014; Suorsa, 2015) After prolonged drought (day 29), PIABS declined in all cultivars except ‘260’, concurrent with decreases in ΨE0 and ϕE0, reflecting possible RC inactivation, over–reduction of the plastoquinone pool and exhaustion of repair mechanisms (Ghaffar et al., 2023). This late drop is the most cited response in tomato under water stress (Conti et al., 2019; Sousaraei et al., 2021). Our data therefore show that interpreting PIABS requires accounting for both the duration and intensity of the deficit, because a short drought elicits a completely different behavior from a long one.

The maximum quantum yield (ϕP0 = Fv/Fm) did not change at the first water–stress point (day 13), confirming its low sensitivity to mild–moderate stress (Oukarroum et al., 2009; Mishra et al., 2012; Zivcak et al., 2014). In tomato, previous studies showed that Fv/Fm drops only when water potential falls below −1.5 MPa (Mishra et al., 2012); in wheat it fell slightly under moderate stress (Zivcak et al., 2014); and in cucumber plants it declined only after 36 days of water deficit (Teles et al., 2023). This small change in Fv/Fm is consistent with the evidence for the resistance of PS II photochemistry against moderate drought (Zivcak et al., 2014). The pronounced decrease observed during the second pulse, which did not affect ‘260’, indicates permanent PS II damage and the onset of chronic photoinhibition. Cultivar ‘260’ again behaves as drought–tolerant, as confirmed by the comparison of two tomato varieties (‘Varamin’, drought tolerant landrace, and ‘Orumie’, drought sensitive landrace), in which this index was unchanged in the tolerant variety but decreased markedly in the sensitive one (Sousaraei et al., 2021). The damage observed in the remaining varieties meant that, after re–watering, a rapid return to control values did not occur, unlike in Vigna unguiculata, where Fv/Fm quickly recovers and hence no serious PS II damage is inferred (Souza et al., 2004).

The biphasic behavior (decrease on day 13 and increase on day 29) of ΨE0 and ϕE0 matches observations in other crops showing that this marker responds differently to short versus more prolonged stress (Teles et al., 2023). ‘VL’, ‘82’ and ‘264’ displayed an initial rebound, evidence that the acceptor side (QB–PQ–PS I) was still draining electrons and preventing over–reduction (Ceusters et al., 2019). A similar rise has been described in black pepper before the drought intensifies (Teles et al., 2023). After 29 days of water deficit, ΨE0, ϕE0 fell by –20–45% (except in ‘260’), reflecting reductive saturation of PQ and blockage after QA, as seen in wheat (Zivcak et al., 2014) and Brassica (Antunović Dunić et al., 2023). The stability of ‘260’ points to a robust cyclic electron flow that builds up ΔpH without over–reducing the PQ pool (Lima Neto et al., 2017), again characteristic of drought–tolerant tomato lines (Sousaraei et al., 2021). All genotypes rapidly regained electron–transport values after irrigation, as previously reported in Brassica by Antunović Dunić et al. (2023).

The coefficient ϕD0, while largely unchanged in most cultivars during the brief drought (day 13), increased significantly in ‘SN’, indicating an early activation of non–photochemical energy dissipation in this genotype. By the end of the experiment in WS1 and WS2, being highest in WS2, thus showing an accumulative–damage pattern. Nearly identical behavior has been reported in Phalaenopsis ‘Edessa’ (Ceusters et al., 2019) and in cowpea, although in the latter non–photochemical quenching (NPQ) soon returned to control levels (Souza et al., 2004). The late increase in ϕD0 confirms that, when carbon sinks become saturated, PS II diverts excitation to non–photochemical dissipation to avoid ROS formation (Bashir et al., 2021; Peco et al., 2023). ‘260’ kept ϕD0 unaltered, a trait that could be associated with fine ΔpH regulation and an efficient xanthophyll cycle (Demmig–Adams, 1990; Latowski et al., 2011; Zivcak et al., 2014), again underscoring the high drought tolerance of its photosynthetic machinery (Sousaraei et al., 2021). After rehydration it remained higher than in the control, again indicating non–reversible damage to the photosynthetic apparatus. Incomplete recovery was also observed by Antunović Dunić et al. (2023) in Brassica and by Chiango et al. (2021) in maize.

Finally, with the exception of ‘SN’, which displayed significant increases in ABS/CS0 and DI0/CS0 as early as day 13 in both water–stress treatments, the fluxes ABS/CS0, TR0/CS0 and DI0/CS0 did not change with short drought (day 13) but increased under prolonged stress in all cultivars except ‘260’. Similar rises in TR0/CS0 and ABS/CS0 have been reported in rice and grapevine (Christen et al., 2007; Guha et al., 2013). Although these increases could be attributed to thicker or more chlorophyll–rich leaves, a response sometimes triggered by drought (Yang et al., 2021; Lupa–Condo et al., 2024). In our case, chlorophyll per area did not change, suggesting RC inactivation and concentration of excitation in the remaining centers (Guha et al., 2013; Swoczyna et al., 2022). Moreover, the rise in DI0/CS0 reinforces the idea of sustained NPQ when photoassimilation is blocked, as previously discussed for ϕD0.





5 Conclusion

The sequential changes observed across WS1 and WS2 closely fit a three-stage resilience framework in tomato. A brief water-stress pulse (WS1) triggered a reversible photoprotective adjustment, reflected in transient increases of PIABS, ψE0 and ϕE0 without compromising the maximum quantum yield (ϕP0). In contrast, prolonged drought (WS2) led to cumulative photochemical damage, evidenced by sustained decreases in PIABS and ϕP0, and increases in ϕD0, ABS/CS0 and DI0/CS0, indicating reaction-centre inactivation and chronic photoinhibition. After re-watering, genotypes showed contrasting recovery capacities, confirming a genotype-dependent resilience phase. The landrace ‘260’ diverged from this pattern by keeping all OJIP parameters stable, suggesting that its resilience could rely on fine ΔpH regulation and a robust cyclic electron flow.

These findings underscore the need to interpret OJIP indices, particularly integrative ones such as PIABS, considering drought duration and intensity. Assessing a single drought scenario can yield opposite conclusions: what appears as functional enhancement after short stress may mask vulnerability under sustained deficits. Including both exposure times in experimental protocols therefore allows a more precise discrimination of truly tolerant cultivars and enhances the use of fluorescence as a phenotyping tool in breeding and crop−management programs. In sum, combining the temporal dynamics of stress with the full suite of OJIP parameters provides a more realistic and predictive view of tomato photosynthetic resilience to water deficit.





Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.





Author contributions

JP: Methodology, Writing – original draft, Investigation, Writing – review & editing, Formal analysis, Conceptualization. AC: Funding acquisition, Formal analysis, Writing – review & editing, Methodology, Conceptualization, Investigation. RM: Investigation, Funding acquisition, Conceptualization, Writing – review & editing, Methodology. JV: Funding acquisition, Investigation, Conceptualization, Writing – review & editing. MM: Funding acquisition, Conceptualization, Writing – review & editing, Investigation. JL-P: Writing – review & editing, Investigation, Funding acquisition. DP-L: Supervision, Writing – original draft, Methodology, Investigation, Conceptualization, Writing – review & editing, Funding acquisition, Formal analysis.





Funding

The author(s) declare financial support was received for the research and/or publication of this article. This work was funded by the Spanish Ministry of Science and Innovation (MCIN/AEI/10.13039/501100011033) under project PID2021-122772OB-I00 and co-financed by the European Regional Development Fund, “A way of making Europe.” Additional support came from the Spanish Ministry of Universities through EU Next Generation funds, which back the “Grants for the Requalification of the Spanish University System” at the University of Castilla-La Mancha. We also thank NUMENS S.L. for kindly providing seeds of the commercial cultivars.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Generative AI statement

The author(s) declare that no Generative AI was used in the creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this article has been generated by Frontiers​with the support of artificial intelligence and reasonable efforts have been made to ensure accuracy, including review by the authors wherever possible. If you identify any issues, please contact us.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2025.1699777/full#supplementary-material




References

	 Acebedo M. M., Diánez F., Santos M. (2022). Almería’s green pest–management revolution: An opportunity that arose from a food–safety alert. Agronomy 12, 619. doi: 10.3390/agronomy12030619


	 Aghaie P., Hosseini Tafreshi S. A., Ebrahimi M. A., Haerinasab M. (2018). Tolerance evaluation and clustering of fourteen tomato cultivars grown under mild and severe drought conditions. Sci. Hortic. 232, 1–12. doi: 10.1016/j.scienta.2017.12.041


	 Alomari–Mheidat M., Corell M., Martín–Palomo M. J., Castro–Valdecantos P., Medina–Zurita N., de Sosa L. L., et al. (2024). Moderate water stress impact on yield components of greenhouse tomatoes in relation to plant water status. Plants 13, 128. doi: 10.3390/plants13010128


	 Antunović Dunić J., Mlinarić S., Pavlović I., Lepeduš H., Salopek–Sondi B. (2023). Comparative analysis of primary photosynthetic reactions assessed by OJIP kinetics in three Brassica crops after drought and recovery. Appl. Sci. 13, 3078. doi: 10.3390/app13053078


	 Baker N. R., Rosenqvist E. (2004). Applications of chlorophyll fluorescence can improve crop–production strategies: An examination of future possibilities. J. Exp. Bot. 55, 1607–1621. doi: 10.1093/jxb/erh196


	 Bashir N., Athar H. U. R., Zafar Z. U., Ashraf M., Kalaji H. M., Wróbel J., et al. (2021). Is photoprotection of PS II one of the key mechanisms for drought tolerance in maize? Int. J. Mol. Sci. 22, 13490. doi: 10.3390/ijms222413490


	 Cardona-Ayala C., Cardona-Villadiego C., Peñate-Pacheco C., Araméndiz-Tatis H., Espitia-Camacho M. M., Ayala-Osorio P. (2020). Growth, biomass distribution, gas exchange and chlorophyll fluorescence in cowpea (Vigna unguiculata L.) under drought conditions. Aust. J. Crop Sci. 14, 371–381. doi: 10.21475/AJCS.20.14.02.P2557


	 Castilla N. (2007). “Invernaderos de plástico,” in Tecnología y manejo, 2nd Edn. (Madrid, Spain: Mundi–Prensa).


	 Ceusters N., Valcke R., Frans M., Claes J. E., Van den Ende W., Ceusters J. (2019). Performance index and PS II connectivity under drought and contrasting light regimes in the CAM orchid Phalaenopsis. Front. Plant Sci. 10. doi: 10.3389/fpls.2019.01012


	 Chiango H., Figueiredo A., Sousa L., Sinclair T., da Silva J. M. (2021). Assessing drought tolerance of traditional maize genotypes of Mozambique using chlorophyll–fluorescence parameters. S. Afr. J. Bot. 138, 311–317. doi: 10.1016/j.sajb.2021.01.005


	 Christen D., Schönmann S., Jermini M., Strasser R. J., Défago G. (2007). Characterization and early detection of grapevine (Vitis vinifera) stress responses to esca disease by in situ chlorophyll fluorescence and comparison with drought stress. Environ. Exp. Bot. 60, 504–514. doi: 10.1016/j.envexpbot.2007.02.003


	 Chtouki M., Naciri R., Soulaimani A., Zeroual Y., El Gharous M., Oukarroum A. (2021). Effect of cadmium–phosphorus interaction on tomato: Chlorophyll a fluorescence, plant growth and cadmium translocation. Water Air Soil pollut. 232, 372. doi: 10.1007/s11270-021-05038-x


	 Conti V., Mareri L., Faleri C., Nepi M., Romi M., Cai G., et al. (2019). Drought stress affects the response of Italian local tomato (Solanum lycopersicum L.) varieties in a genotype–dependent manner. Plants 8, 336. doi: 10.3390/plants8090336


	 Conti V., Romi M., Parri S., Aloisi I., Marino G., Cai G., et al. (2021). Morpho–physiological classification of Italian tomato cultivars (Solanum lycopersicum L.) according to drought tolerance during vegetative and reproductive growth. Plants 10, 1986. doi: 10.3390/plants10101986


	 Corell M., Pérez-López D., Andreu L., Recena R., Centeno A., Galindo A., et al. (2022). Yield response of a mature hedgerow oil–olive orchard to different levels of water stress during pit hardening. Agric. Water Manage. 261, 107374. doi: 10.1016/j.agwat.2021.107374


	 Cruz de Carvalho R. C., Cunha A., da Silva J. M. (2011). Photosynthesis by six Portuguese maize cultivars during drought stress and recovery. Acta Physiol. Plant 33, 359–374. doi: 10.1007/s11738-010-0555-1


	 Dariva F. D., Copati M. G. F., Pessoa H. P., Alves F. M., Dias F. O., Picoli E. A. T., et al. (2020). Evaluation of anatomical and physiological traits of Solanum pennellii Cor. associated with yield in tomato plants under water–limited conditions. Sci. Rep. 10, 16287. doi: 10.1038/s41598-020-73004-4


	 Demmig–Adams B. (1990). Carotenoids and photoprotection in plants: A role for the xanthophyll cycle. Biochim. Biophys. Acta 1020, 1–24. doi: 10.1016/0005-2728(90)90088-L


	 Feller C., Bleiholder H., Buhr L., Hack H., Hess M., Klose R., et al. (1995). Phänologische Entwicklungsstadien von Gemüsepflanzen II. Fruchtgemüse und Hülsenfrüchte. Nachrichtenblatt des Deutschen Pflanzenschutzdienstes, 47 (9), 217–232.


	 Flexas J., Medrano H. (2002). Drought inhibition of photosynthesis in C3 plants: Stomatal and non–stomatal limitations revisited. Ann. Bot. 89, 183–189. doi: 10.1093/aob/mcf027


	 Ghaffar A., Hussain N., Ajaj R., Shahin S. M., Bano H., Javed M., et al. (2023). Photosynthetic activity and metabolic profiling of bread–wheat cultivars contrasting in drought tolerance. Front. Plant Sci. 14. doi: 10.3389/fpls.2023.1123080


	 Giorio P., Guida G., Mistretta C., Sellami M. H., Oliva M., Punzo P., et al. (2018). Physiological, biochemical and molecular responses to water stress and rehydration in Mediterranean–adapted tomato landraces. Plant Biol. 20, 995–1004. doi: 10.1111/plb.12891


	 Guha A., Sengupta D., Reddy A. R. (2013). Polyphasic chlorophyll–a fluorescence kinetics and leaf–protein analyses to track dynamics of photosynthetic performance in mulberry during progressive drought. J. Photochem. Photobiol. B 119, 71–83. doi: 10.1016/j.jphotobiol.2012.12.006


	 Guichard S., Gary C., Leonardi C., Bertin N. (2005). Analysis of growth and water relations of tomato fruits in relation to air vapor pressure deficit and plant fruit load. J. Plant Growth Regul. 24, 201–213. doi: 10.1007/s00344-005-0040-z


	 Hao S., Cao H., Wang H., Pan X. (2019). Physiological responses of tomato to water stress and re–watering at different growth stages. Sci. Hortic. 246, 17–27. doi: 10.1016/j.scienta.2019.01.045


	 Hlahla J. M., Mafa M. S., van der Merwe R., Alexander O., Duvenhage M. M., Kemp G., et al. (2022). Photosynthetic efficiency and carbohydrate responses of six edamame (Glycine max L.) cultivars under drought stress. Plants 11, 394. doi: 10.3390/plants11030394


	 Iovieno P., Punzo P., Guida G., Mistretta C., Van Oosten M. J., Nurcato R., et al. (2016). Transcriptomic changes drive physiological responses to progressive drought stress and rehydration in tomato. Front. Plant Sci. 7. doi: 10.3389/fpls.2016.00371


	 Jangid K. K., Dwivedi P. (2016). Physiological responses to drought stress in tomato: A review. Int. J. Agric. Environ. Biotechnol. 9, 53–66. doi: 10.5958/2230-732X.2016.00009.7


	 Jedmowski C., Brüggemann W. (2015). Imaging of fast chlorophyll–fluorescence induction curve (OJIP) parameters in a screening study with wild–barley genotypes under heat stress. J. Photochem. Photobiol. B 151, 153–160. doi: 10.1016/j.jphotobiol.2015.07.020


	 Khan T. A., Saleem M., Fariduddin Q. (2023). Differential drought–stress tolerance in five tomato varieties (Solanum lycopersicum L.): Evaluation of photosynthesis and antioxidant system. J. Soil Sci. Plant Nutr. 23, 2810–2831. doi: 10.1007/s42729-023-01236-0


	 Latowski D., Kuczyńska P., Strzałka K. (2011). Xanthophyll cycle – a mechanism protecting plants against oxidative stress. Redox Rep. 16, 78–90. doi: 10.1179/174329211X13020951739938


	 Liang G., Liu J., Zhang J., Guo J. (2020). Effects of drought stress on photosynthetic and physiological parameters of tomato. J. Am. Soc Hortic. Sci. 145, 12–17. doi: 10.21273/JASHS04725-19


	 Lichtenthaler H. K., Buschmann C. (2001). Chlorophylls and carotenoids: Measurement and characterization by UV VIS spectroscopy. Current Protocols in Food Analytical Chemistry, 1 (1), F4.3.1–F4.3.8. doi: 10.1002/0471142913.faf0403s01


	 Lima Neto M. C., Cerqueira J. V. A., da Cunha J. R., Ribeiro R. V., Silveira J. A. G. (2017). Cyclic electron flow, NPQ and photorespiration are crucial for the establishment of young plants of Ricinus communis and Jatropha curcas exposed to drought. Plant Biol. 19, 650–659. doi: 10.1111/plb.12573


	 Luo H. H., Zhang Y. L., Zhang W. F. (2016). Effects of water stress and re–watering on photosynthesis, root activity and yield of cotton with drip irrigation under mulch. Photosynthetica 54, 65–73. doi: 10.1007/s11099-015-0165-7


	 Lupa-Condo N. E., Lope-Ccasa F. C., Salazar-Joyo A. A., Gutiérrez-Rosales R. O., Jellen E. N., Hansen N. C., et al. (2024). Phenotyping for effects of drought levels in quinoa using remote–sensing tools. Agronomy 14, 1938. doi: 10.3390/agronomy14091938


	 Marín J. (2021). Portagrano: vademécum de semillas – variedades hortícolas (El Ejido, Spain: Ministerio de Agricultura, Pesca y Alimentación   MAPA).


	 Mishra K. B., Iannacone R., Petrozza A., Mishra A., Armentano N., La Vecchia G., et al. (2012). Engineered drought tolerance in tomato plants is reflected in chlorophyll–fluorescence emission. Plant Sci. 182, 79–86. doi: 10.1016/j.plantsci.2011.03.022


	 Moreno M. M., Villena J., González–Mora S., Moreno C. (2019). Response of healthy local tomato (Solanum lycopersicum L.) populations to grafting in organic farming. Sci. Rep. 9, 41018. doi: 10.1038/s41598-019-41018-2


	 Myers B. J. (1988). Water–stress integral: A link between short–term stress and long–term growth. Tree Physiol. 4, 315–323. doi: 10.1093/treephys/4.4.315


	 Oukarroum A., Schansker G., Strasser R. J. (2009). Drought–stress effects on photosystem I content and photosystem II thermotolerance analysed using chlorophyll–a fluorescence kinetics in barley varieties differing in drought tolerance. Physiol. Plant 137, 188–199. doi: 10.1111/j.1399-3054.2009.01273.x


	 Peco J. D., Pérez–López D., Centeno A., Moreno M. M., Villena J., Moratiel R. (2023). Comparison of physiological and biochemical responses of local and commercial tomato varieties under water stress and rehydration. Agric. Water Manage. 289, 108529. doi: 10.1016/j.agwat.2023.108529


	 Peco J. D., Sandalio L. M., Higueras P., Olmedilla A., Campos J. A. (2021). Characterization of the biochemical basis for copper homeostasis and tolerance in Biscutella auriculata L. Physiol. Plant 173, 167–179. doi: 10.1111/ppl.13301


	 Sánchez–Rodríguez E., Moreno D. A., Ferreres F., Rubio-Wilhelmi M. D. M., Ruiz J. M. (2011). Differential responses of five cherry–tomato varieties to water stress: Changes in phenolic metabolites and related enzymes. Phytochemistry 72, 723–729. doi: 10.1016/j.phytochem.2011.02.011


	 Silva O., Lobato A., Ávila F., Costa R., Oliveira Neto C., Santos Filho B., et al. (2012). Silicon–induced increase in chlorophyll is modulated by leaf–water potential in two water–deficient tomato cultivars. Plant Soil Environ. 58, 481–486. doi: 10.17221/213/2012-PSE


	 Sousaraei N., Mashayekhi K., Mousavizadeh S. J., Akbarpour V., Medina J., Aliniaeifard S. (2021). Screening of tomato landraces for drought tolerance based on growth and chlorophyll–fluorescence analyses. Hortic. Environ. Biotechnol. 62, 521–535. doi: 10.1007/s13580-020-00328-5


	 Souza R. P., MaChado E. C., Silva J. A. B., Lagôa A. M. M. A., Silveira J. A. G. (2004). Photosynthetic gas exchange, chlorophyll fluorescence and associated metabolic changes in cowpea (Vigna unguiculata) during water stress and recovery. Environ. Exp. Bot. 51, 45–56. doi: 10.1016/S0098-8472(03)00059-5


	 Strasser R. J. (1978). “The grouping model of plant photosynthesis,” in Chloroplast development. Ed.  G. Akoyunoglou (Elsevier, North Holland), 513–524.


	 Strasser R. J. (1981). “The grouping model of plant photosynthesis: Heterogeneity of photosynthetic units in thylakoids,” in Photosynthesis III. Structure and molecular organisation of the photosynthetic apparatus. Ed.  G. Akoyunoglou (Philadelphia, PA, USA: Balaban International Science Services), 727–737.


	 Strasser R. J., Srivastava A., Tsimilli–Michael M. (2000). “The fluorescence transient as a tool to characterize and screen photosynthetic samples,” in Probing photosynthesis: mechanisms, regulation and adaptation. Eds.  M. Yunus, U. Pathre, P. Mohanty (London and New York: Taylor & Francis), 445–483.


	 Strasser R. J., Tsimilli–Michael M., Srivastava A. (2004). “Analysis of the chlorophyll–a fluorescence transient,” in Chlorophyll a fluorescence: A signature of photosynthesis. Eds.  G. C. Papageorgiou, Govindjee (Dordrecht, The Netherlands: Springer), 321–362.


	 Sun W. H., Wu Y. Y., Wen X. Y., Xiong S. J., He H. G., Wang Y., et al. (2016). Different mechanisms of photosynthetic response to drought stress in tomato and violet Orychophragmus. Photosynthetica 54, 226–233. doi: 10.1007/s11099-015-0177-3


	 Suorsa M. (2015). Cyclic electron flow provides acclimatory plasticity for the photosynthetic machinery under various environmental conditions and developmental stages. Front. Plant Sci. 6. doi: 10.3389/fpls.2015.00800


	 Swoczyna T., Kalaji H. M., Bussotti F., Mojski J., Pollastrini M. (2022). Environmental stress – what can we learn from chlorophyll–a fluorescence analysis in woody plants? A review. Front. Plant Sci. 13. doi: 10.3389/fpls.2022.1048582


	 Teles G. C., Medici L. O., Valença D. C., da Cruz E. S., de Carvalho D. F. (2023). Morphophysiological changes in black pepper under different water supplies. Acta Sci. Agron. 45, e59460. doi: 10.4025/actasciagron.v45i1.59460


	 Torrecillas A., Domingo R., Galego R., Ruiz–Sánchez M. C. (2000). Apricot–tree response to withholding irrigation at different phenological periods. Sci. Hortic. 85, 201–215. doi: 10.1016/S0304-4238(99)00146-6


	 Torrecillas A., Guillaume C., Alarcón J. J., Ruiz–Sánchez M. C. (1995). Water relations of two tomato species under water stress and recovery. Plant Sci. 105, 169–176. doi: 10.1016/0168-9452(94)04048-6


	 Villena J., Moreno C., Roselló S., Beltrán J., Cebolla-Cornejo J., Moreno M. M. (2023). Breeding tomato flavour: Modelling consumer preferences of tomato landraces. Sci. Hortic. 308, 111597. doi: 10.1016/j.scienta.2022.111597


	 Watkins J. M., Chapman J. M., Muday G. K. (2017). Abscisic–acid–induced reactive oxygen species are modulated by flavonols to control stomatal aperture. Plant Physiol. 175, 1807–1825. doi: 10.1104/pp.17.01010


	 Wu Y., Yan S., Fan J., Zhang F., Xiang Y., Zheng J., et al. (2021). Responses of growth, fruit yield, quality and water productivity of greenhouse tomato to deficit drip irrigation. Sci. Hortic. 275, 109710. doi: 10.1016/j.scienta.2020.109710


	 Xu Z., Zhou G., Shimizu H. (2010). Plant responses to drought and rewatering. Plant Signal. Behav. 5, 649–654. doi: 10.4161/psb.5.6.11398


	 Yang X., Lu M., Wang Y., Wang Y., Liu Z., Chen S. (2021). Response mechanisms of plants to drought stress. Horticulturae 7, 50. doi: 10.3390/horticulturae7030050


	 Yuan X. K., Yang Z. Q., Li Y. X., Liu Q., Han W. (2016). Effects of different levels of water stress on leaf–photosynthetic characteristics and antioxidant–enzyme activities of greenhouse tomato. Photosynthetica 54, 28–39. doi: 10.1007/s11099-015-0122-5


	 Zgallaï H., Steppe K., Lemeur R. (2006). Effects of different water–stress levels on leaf–water potential, stomatal resistance, protein and chlorophyll content, and certain antioxidative enzymes in tomato plants. J. Integr. Plant Biol. 48, 679–685. doi: 10.1111/j.1744-7909.2006.00272.x


	 Zivcak M., Kalaji H. M., Shao H. B., Olsovska K., Brestic M. (2014). Photosynthetic proton and electron transport in wheat leaves under prolonged moderate drought stress. J. Photochem. Photobiol. B 137, 107–115. doi: 10.1016/j.jphotobiol.2014.01.007


	 Zushi K., Kajiwara S., Matsuzoe N. (2012). Chlorophyll–a fluorescence OJIP transient as a tool to evaluate responses to heat and chilling stress in tomato leaf and fruit. Sci. Hortic. 148, 39–46. doi: 10.1016/j.scienta.2012.09.022


	 Zushi K., Matsuzoe N. (2017). Using chlorophyll–a fluorescence OJIP transients for sensing salt stress in tomato leaves and fruits. Sci. Hortic. 219, 216–221. doi: 10.1016/j.scienta.2017.03.016







Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2025 Peco, Centeno, Moratiel, Villena, López-Perales, Moreno and Pérez–López. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fpls-16-1699777-g002.jpg
—® —-MR - WS2
—m 82 -WS2

— =260 -WS2

-« ®-- MR- WS1
cofm-- 82 -WST

<eohe- 260 - WS

—l — SN - WS2
—A —VL - WS2
—® — 264 - WS2

--f-- SN - WS1
cosh- VL - WST

.- ®@-- 264 - WS

o o o o o o o o o o o o o o o o
® < « N § © ® O © < N N Y ©
) v
]
(%) V = (%) 1D





OEBPS/Images/fpls-16-1699777-g004.jpg
ETO/CSO TR0O/Cs0 ABS/Cs0 ¢Do ¢Eo WEo ¢Po PIABS

DI0/CS0O

SN
MR
VL
82
264
260
SN
MR
VL
82
264
260
SN
MR
VL
82
264
260
SN
MR
VL
82
264
260
SN
MR
VL
82
264
260
SN
MR
VL
82
264
260
SN
MR
VL
82
264
260
SN
MR
VL
82
264
260
SN
MR
VL
82
264
260

Day 13 - WST1

-50 -40 -30 -20

-10 O

10

20 30 40 50

ETO/CS0O TR0O/Cs0 ABS/Cs0 ¢Do ¢Eo WEo ¢Po PIABS

DI0/CSO0

SN
MR
VL
82
264
260
SN
MR
VL
82
264
260
SN
MR
VL
82
264
260
SN
MR
VL
82
264
260
SN
MR
VL
82
264
260
SN
MR
VL
82
264
260
SN
MR
VL
82
264
260
SN
MR
VL
82
264
260
SN
MR
VL
82
264
260

Day 13 - WS2

-50 -40 -30 -20

10 O

10 20 30 40 50





OEBPS/Images/fpls.2025.1699777_cover.jpg
& frontiers | Frontiers in Plant Science

Intermittent versus continuous drought:
chlorophyll a fluorescence reveals
photosystem resilience in tomato





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fpls-16-1699777-g003.jpg
—#—SN-C ~-@---SN-WS1 —m-=SN-WS2 —e—MR-C --@--- MR - W31
-0 -=MR-WS2 —a—VL-C ook VL-WS1 = =VL-WS2 —u—82-C
w82 - WSH1 —m—-82-WS2 —e—264-C @264 -WS1 —e —=264-WS2
—260-C ko260 -WS1T - 260 - WS2

N
o1

Chlorophylla (mg g’ DW)
e =2 = b
o1 o o1 o

=
o

14 19 24 29

oo
~
N
o1
O
Q
<

2,0 ¢ @= === === *

Chlorophyllb (mg g DW)

14 19 24 29
Day





OEBPS/Images/fpls-16-1699777-g001.jpg
—#—SN-C -o@-- SN-WS1 —#-=SN-WS2 —e—-MR-C -« ®-- MR -WS1

—®—MR-WS2 —&—VL-C cohee VL-WS1 —A—VL-WS2 —m-82-C
com--82-WS1 —m—82-WS2 ——264-C  --@--264-WS1 —e—264-WS2
—4-260-C -4 260-WS1 —4 —260-WS2

400

350 A

300

N
o1
o

S| (MPa day)
N
S

150

100

50

1 6 11 16 21 26 31





OEBPS/Images/fpls-16-1699777-g005.jpg
ET0/CSO TRO/Cs0 ABS/Cs0 ¢Do ¢Eo WEo ¢Po PIABS

DI0/CSO

Day 29 - WS1

SN
MR
VL
SL82
SL264
SL260
SN
MR
VL
SL82
SL264
SL260
SN
MR
VL
SL82
SL264
SL260
SN
MR
VL
SL82
SL264
SL260
SN
MR
VL
SL82
SL264
SL260
SN
MR
VL
SL82
SL264
SL260
SN
MR
VL
SL82
SL264
SL260
SN
MR
VL
SL82
SL264
SL260
SN
MR
VL
SL82
SL264
SL260

-100 -80 -60 -40 -20 O

20 40 60 80 100

ET0/CSO TRO/Cs0 ABS/Cs0 ¢Do ¢Eo WEo ¢Po PIABS

DI0/CSO

Day 29 - WS2

SN
MR
VL
SL82
SL264
SL260
SN
MR
VL
SL82
SL264
SL260
SN
MR
VL
SL82
SL264
SL260
SN
MR
VL
SL82
SL264
SL260
SN
MR
VL
SL82
SL264
SL260
SN
MR
VL
SL82
SL264
SL260
SN
MR
VL
SL82
SL264
SL260
SN
MR
VL
SL82
SL264
SL260
SN
MR
VL
SL82
SL264
SL260

-100 -80 -60 -40 -20 O

20 40

60 80 100





