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A B S T R A C T   

Activation of hormonal responses defines the drought acclimation ability of plants and may condition their 
survival. However, aside ABA, little is known about the possible contribution of other phytohormones, such as 
jasmonates and salicylates, in the response of CAM plants to water deficit. Here, we aimed to study the physi-
ological mechanisms underlying the stress tolerance of house leek (Sempervivum tectorum L.), a CAM plant 
adapted to survive harsh environments, to a combination of water deficit and nutrient deprivation. We exposed 
plants to the combination of these two abiotic stresses by withholding nutrient solution for 10 weeks and 
monitored their physiological response every two weeks by measuring various stress makers together with the 
accumulation of stress-related phytohormones and photoprotective molecules, such as tocopherols (vitamin E). 
Results showed that ABA content increased by 4.2-fold after four weeks of water deficit to keep later constant up 
to 10 weeks of stress, variations that occurred concomitantly with reductions in the relative leaf water content, 
which decreased by up to 20% only. The bioactive jasmonate, jasmonoyl-isoleucine was the other stress-related 
phytohormone that simultaneously increased under stress together with ABA. While contents of salicylic acid and 
the jasmonoyl-isoleucine precursors, 12-oxo-phytodienoic acid and jasmonic acid decreased with water deficit, 
those of jasmonoyl-isoleucine increased 3.6-fold at four weeks of stress. The contents of ABA and jasmonoyl- 
isoleucine correlated positively between them and with the content of α-tocopherol per unit of chlorophyll, 
thus suggesting a photoprotective activation role. It is concluded that S. tectorum not only withstands a com-
bination of water deficit and nutrient deprivation for 10 weeks without any symptom of damage but also acti-
vates effective defense strategies through the simultaneous accumulation of ABA and the bioactive jasmonate 
form, jasmonoyl-isoleucine.   

1. Introduction 

Stress-related phytohormones are low-molecular-weight compounds 
synthesized at very low amounts that activate a signaling response with 
a consequent physiological action and play an essential role in plant 
response to stress, which is an unfavorable environmental (abiotic) or 
biotic condition for growth. Among the various phytohormones 
described thus far, it is known that, aside from interacting with one 
another, some of them are especially important to activate defense re-
sponses. ABA is one of the best-known phytohormones in this regard 
since it has been shown to be very effective in modulating key aspects of 

plant responses to water deficit such as transpiration efficiency, hy-
draulic conductivity and leaf growth (Thompson et al., 2007; Davies, 
2010). Other stress-related phytohormones, such as salicylates and 
jasmonates, have also been shown to be very effective in the activation 
of defense strategies to prevent or withstand stress. Better known for 
their role in acclimation to biotic stresses, the role of salicylates and 
jasmonates in abiotic stress responses, such as to water deficit, is more 
slowly but also progressively being revealed, particularly with the 
progress made during the last two decades (Davies, 2010; Kazan, 2015; 
Khan et al., 2015; Ilyas et al., 2021). 

Together with ABA, jasmonates have been implicated in promoting 
stomatal closure (Suhita et al., 2004; Munemasa et al., 2007). 

* Corresponding author. Department of Evolutionary Biology, Ecology and Environmental Sciences, Faculty of Biology, University of Barcelona, Avinguda Diagonal 
643, 08028, Barcelona, Spain. 

E-mail address: smunne@ub.edu (S. Munné-Bosch).  
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Jasmonates have also been shown to be involved in the modulation of 
root hydraulic conductivity which can contribute to water uptake from 
soil under water deficit (Sánchez-Romera et al., 2014). Moreover, 
jasmonates have also been proposed to activate vitamin E biosynthesis 
in plants (Sandorf and Holländer-Czytko, 2002; Siles et al., 2018; 
Casadesús et al., 2021), as it occurs with ABA (El Kayal et al., 2006; 
Chaudhary and Khurana, 2009; Muñoz and Munné-Bosch, 2019). 
However, whether the jasmonates role in these processes is exerted 
through ABA-dependent or independent pathways, and specifically 
which jasmonate forms (either 12-oxo-phytodienoid acid [OPDA], jas-
monic acid [JA] or its conjugated form, jasmonoyl-isoleucine [JA-Ile]) 
are the bioactive ones regulating these processes, appear to be less clear 
and results seem to be influenced by the study model and the experi-
mental approach used (Savchenko et al., 2014; Hewedy et al., 2023). 

Crassulacean acid metabolism (CAM) is one of the most important 
adaptive mechanisms allowing succulent plants to survive in drought- 
prone environments. Previous studies have shown that ABA can 
induce CAM metabolism and modulate stomatal closure in several 
constitutive or facultative species (Taybi et al., 2002; Fleta-Soriano 
et al., 2015; Cela et al., 2009; Wakamatsu et al., 2021), as well as induce 
chloroplast clumping (Kondo et al., 2004) and modulate vitamin E 
accumulation (Fleta-Soriano et al., 2015; Cela et al., 2009), thus playing 
a role in photoprotection. Unfortunately, however, extraordinarily little 
is still known about the role of other stress-related phytohormones, such 
as salicylates and jasmonates in the adaptive responses to water deficit 
in this interesting group of species. The contents of JA and JA-Ile 
decreased during the salt-induced transition from C3 to CAM meta-
bolism in the halophyte Mesembryanthemum crystallinum, specifically at 
night, when stomatal closure occurs, thus suggesting stomatal closure is 
modulated by ABA independently of jasmonates (Wakamatsu et al., 
2021). Furthermore, ABA, but not salicylic acid (SA) or JA contents 
correlated with γ-tocopherol accumulation in water-stressed Aptenia 
cordifolia (Fleta-Soriano et al., 2015; Cela et al., 2009). However, in 
these latter studies neither OPDA nor JA-Ile, which are generally 
considered to be bioactive jasmonate forms for several physiological 
processes (Fonseca et al., 2009; Bosch et al., 2014; De Ollas et al., 2018), 
were measured, thus potentially masking a jasmonate-mediated effect. 
Aside from these previous observations, to our knowledge no additional 
studies have been performed in CAM plants to elucidate the role of 
stress-related phytohormones other than ABA in their acclimation to 
water deficit. Furthermore, in drought-prone environments CAM plants 
usually survive under a combination of water deficit and nutrient 
deprivation, since drought stress events usually bring together periods of 
nutrient starvation due to the poor soils where these plants are usually 
growing (Forseth, 2010; Yu et al., 2017). 

Sempervivum tectorum L. (Crassulaceae) is a monocarpic oreophyte 
CAM plant native from the European high mountains located in the Alps, 
Pyrenees, and Balkans (Praeger, 1932; Klein and Kaderit, 2015). Be-
sides, it is also widespread through Mediterranean rocky locations 
where it is naturally distributed (Smith, 1981) and it is also cultivated 
outside its original range (Parnell and Favarger, 1993). This species can 
grow well under extreme conditions in its natural habitat surviving up to 

seven months of snow in winters (Larcher and Wagner, 1983), having its 
main growing period in spring (May–June) and flowering during sum-
mer (July–September). Several studies have previously shown the 
extreme tolerance of Sempervivum species to harsh environments such as 
sudden frost or heat (Larcher et al., 2010; Zaharia et al., 2010). Unlike its 
congener S. montanum, which is located at the highest altitudes, 
S. tectorum is generally found in south-facing slopes of mountains at 
lowest altitudes which makes the plant to be particularly exposed to 
periodic drought events (Larcher et al., 1989). To our knowledge, there 
is only a previous study showing the physiological response to water 
stress of this plant species (Glušac et al., 2013), however, the hormonal 
response was not examined. Furthermore, no studies have examined 
thus far their response to a combination of water deficit and nutrient 
deprivation. Here, we aimed to study the physiological mechanisms 
underlying stress tolerance in S. tectorum L., a CAM plant adapted to 
survive harsh environments, with an emphasis on evaluating the 
time-course evolution of the contents in endogenous stress-related 
phytohormones to a combination of water deficit and nutrient depri-
vation. We hypothesized that not only ABA but also JA-Ile may be 
involved in the plant stress response in S. tectorum, both simultaneously 
increasing with vitamin E accumulation in leaves. 

2. Materials and methods 

2.1. Plant material, growth conditions, treatments, and samplings 

House leek (Sempervivum tectorum L.) individuals, which were grown 
in 0.3 L-pots of peat:perlite:vermiculite (2:1:1, by volume), were pur-
chased in a local garden (Jardiland S.A., Sant Cugat del Vallès, Spain) 
and immediately transferred to a greenhouse situated at the Faculty of 
Biology of the University of Barcelona (Barcelona, NE Spain), where 
they grew for four additional weeks before experiments started on 
November 18, 2021. Plants used for the study were selected considering 
the lack of visual pathogens, the diameter of the rosette and the number 
of offspring clones, so that all plants were healthy, and their size was 
very similar (for an example of plant phenotype at the start of experi-
ment, see Fig. 1). Potted plants growing in the greenhouse were exposed 
to direct natural sunlight but a constant 16h photoperiod throughout the 
study, which was achieved by using high pressure sodium lamps sup-
plying an additional photosynthetically active photon flux density 
(PPFD) of ~ 50 μmol m− 2 s− 1. Plants were watered twice a week with 
half-diluted Hoagland nutrient solution prior to the start of the experi-
mental period. 

Two water regimes were imposed on plants at the start of the 
experiment: well-irrigated control plants, which were kept watered with 
the same nutrient solution twice a week, and stressed plants, for which 
irrigation with nutrient solution was withheld during the whole exper-
iment. Samplings were performed at the beginning of the experiment 
(time 0) and after 2, 4, 6, 8 and 10 weeks of treatments. All samplings 
were performed at maximum diurnal PPFD at midday (between 11 and 
13h solar time). At each sampling point, fully-expanded leaves from the 
mid part of the mother rosette were used for measurements and 
immediately frozen in liquid nitrogen to store them later at − 80 ◦C for 
posterior biochemical analyses. Daily maximum air temperature and 
relative humidity ranged between 19 and 35 ◦C and 28–89%, respec-
tively, during the study; and the maximum daily PPFD received by 
plants was ~ 950 μmol m− 2 s− 1. Therefore, although for simplicity, we 
will refer here to stressed plants, plants from this treatment were 
exposed to a combination of water deficit and nutrient deprivation, all in 
an environmental context characterized by a long photoperiod, and 
occasional periods of combined abiotic stress due to high temperatures 
occurring simultaneously with low relative humidity in the air at 
midday. As all samplings were performed at midday on sunny, clear 
days, the monitoring of parameters related to the combination of water 
deficit and nutrient deprivation really reflects a situation of severe 
abiotic stress that occurs in combination with other environmental 

Abbreviations 

ABA Abscisic acid 
CAM Crassulacean acid metabolism 
Chl Chlorophyll 
JA Jasmonic acid 
JA-Ile Jasmonoyl-isoleucine 
MDA Malondialdehyde 
OPDA 12-oxo-phytodienoic acid 
SA Salicylic acid  
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stresses at midday. 

2.2. Chlorophyll fluorescence, leaf water status and leaf mass 

The maximum quantum efficiency of PSII photochemistry (Fv/Fm) 
was used as a photoinhibition indicator (sensu Takahashi and Badger, 
2011) and was measured in dark-adapted leaves (at least for 1h) by 
chlorophyll (Chl) fluorescence using the Mini-PAM II portable fluorim-
eter Photosynthesis Yield Analyzer (Walz, Germany). The same leaves 
were then used to estimate the relative leaf water content (RWC) and 
leaf hydration (H). For that purpose, fresh leaves were weighed to es-
timate the fresh matter (FW), then immersed in distilled water at 4 ◦C for 
24h to obtain the turgid matter (TW) and oven-dried at 65 ◦C until 
constant weight to estimate the dry matter (DW). RWC was calculated as 
follows: 100 x (FW-DW)/(TW-DW); whereas H was calculated as 
(FW-DW)/DW. Furthermore, leaf mass was measured by weighing fresh 
and dried leaves (oven-dried to constant weight as described before) and 
expressed per g of FW or DW. 

2.3. Chlorophyll content 

To determine Chl content in leaves, 100 mg of fresh material was 
ground in liquid nitrogen and extracted in 1.2 mL of cold methanol 
containing 0.01% of butylated hydroxytoluene. Supernatants were 
pooled after a three-step extraction, each step consisting of 30 min of 
cold ultrasonication (Branson 2510 ultrasonic cleaner, Bransonic, Dan-
bury, CT, USA), vortexing and centrifugation at 15.980g for 10 min at 
4 ◦C (PrismR, Labnet International Inc.). Then, 200 μl of extracts were 
diluted 1/4 (v/v) with cold methanol and absorbances were read by UV/ 
Visible spectrophotometry at 470, 653, 666 and 750 nm (CE7400 
Aquarius, Cecil Instruments Ltd, Cambridge, UK). Chl a and Chl b con-
tents were calculated as described by Lichtenthaler and Wellburn 
(1983). 

2.4. Lipid peroxidation analyses 

To determine the extent of lipid peroxidation, malondialdehyde 
(MDA) content was determined spectrophotometrically by using the 
thiobarbituric acid-reactive-substances assay as described in Hodges 
et al. (1999). In brief, 100 mg of fresh leaves were ground in liquid ni-
trogen and extracted with 1 mL of 80% (v/v) cold ethanol with 0.01% 
(w/v) BHT. A three-step extraction was performed, each step consisting 
in 30 min of cold ultrasonication, vortexing the extract before, during 

and after sonication, followed by a 10 min centrifugation at 9402g at 
room temperature. The final extract volume was 3 mL. Then, 1.5 mL of 
supernatants were pipetted to an eppendorf with 5% (w/v) poly-
vinylpolypyrrolidone (PVPP), a reagent to reduce cross-reactivity of 
phenolic compounds that could interfere in the assay. S. tectorum is 
known to have high phenolic content in leaves (Abram and Donko, 
1999), being the reason why PVPP was needed in the protocol. After 
vortexing and a 10 min centrifugation, 0.75 mL of supernatant + PVPP 
were incubated with -TBA solution and another 0.75 mL were incubated 
with +TBA solution in glass tubes during 25 min at 95 ◦C. Then, the 
reaction was stopped by placing the tubes at 4 ◦C for 10 min and were 
centrifugated for 5 min at 9402 g at room temperature. Finally, 200 μL of 
each sample were pipetted per triplicate in a 96-well plate and absor-
bances were read spectrophotometrically at 440, 532, 600 and 800 nm, 
after which MDA concentrations were quantified following the equa-
tions described by Hodges et al. (1999). 

2.5. Tocopherols analyses 

Quantification of tocopherols (vitamin E) was performed by high- 
performance liquid chromatography (HPLC) as described by Amaral 
et al. (2005). From the previous methanolic extracts detailed above 
(section 2.3.), 250 μL were transferred into vials by passing through 
hydrophobic 0.45 μm PTFE filters (Phenomenex, Torrance, CA, USA) 
and injected in the HPLC system. The HPLC system consisted on a Waters 
600 controller pump, a Waters 717 plus auto-sampler and a Jasco 
FP-1520 fluorescence detector). Tocopherols were separated by using a 
mobile phase of n-hexane and 1,4-dioxane (95.5:4.5, v/v) at a flow rate 
of 0.7 mL/min using an Inertsil 100A, 5 μm, 250 × 3.0 mm column (GL 
Sciences, Torrance, CA, USA). Fluorescence was measured with an 
excitation at 295 nm and emission at 330 nm. A calibration curve with 
standards of α-tocopherol and γ-tocopherol (Sigma-Aldrich, Steinheim, 
Germany) was established for correct quantification. 

2.6. Stress-related phytohormones analyses 

Endogenous contents of stress-related phytohormones, including 
ABA, the jasmonates OPDA, JA and JA-Ile, and SA were determined by 
using ultrahigh-performance liquid chromatography (UHPLC) coupled 
to tandem mass spectrometry (MS/MS) as previously described by Mo-
rales et al. (2015). Briefly, 200 μL of methanolic extracts containing 
deuterium-labeled internal standards were passed onto 0.22 μm PTFE 
filters (Phenomenex, Torrance, CA, USA) in vials and were injected into 

Fig. 1. Leaf water status, estimated as the relative 
leaf water content (RWC) and leaf hydration (H) of 
Sempervivum tectorum of both irrigated and non- 
irrigated groups through the stress acclimation pro-
cess over 10 weeks. P values of two-way ANOVAs are 
shown. Different letters indicate significant differ-
ences between treatment conditions and time. Data 
are mean of n = 8 plants for the irrigated (IR) group 
and n = 9 plants for the stressed (S) group. As a 
representative individual from the latter group, the 
same plant is shown at week 0 (left) and week 10 
(right) from the onset of nutrient solution withdrawal.   
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the UHPLC-MS/MS system, consisting in an HPLC coupled to a triple 
quadrupole mass spectrometer (QTRAP 4000, AB Sciex, Concord, 
Ontario, Canada). Hormones were quantified in the negative ion mode, 
considering the recovery rates of each sample with the 
deuterium-labeled internal standards and generating calibration curves 
for each analyte by using the MultiQuant TM 3.0.1 software. 

2.7. Statistical analysis 

To determine the effect of “condition” and “time”, mean values were 
tested by two-way analyses of variance (ANOVA). Condition refers here 
to treatment effects (comparison of stressed plants with irrigated plants). 
Multiple comparisons were tested with Tukey’s post hoc test. All sta-
tistical differences were considered significant when P ≤ 0.05. Both data 
normality (Shapiro-Wilk test) and homocedasticity of residuals (Lev-
ene’s test) were previously checked as described by Zuur et al. (2009). 
Whenever necessary, data was transformed logarithmically to achieve 
normality and homocedasticity requirements to perform ANOVAs. A 
Pearson’s correlation was performed for all parameters using a total of 
102 observations. All statistical tests were performed with RStudio 
(RStudio Team, 2021). 

2.8. Analysis of responsive elements of tocopherol biosynthetic genes 

Analysis of ABA and jasmonates responsive elements (ABREs and 
JREs, respectively) in promoter regions of genes involved in tocopherol 
biosynthesis in the CAM species Kalanchoë fedtschenkoi, which was the 
species most closely related to S. tectorum for which genetic sequence 
data was publicly available (both from family Crassulaceae), was per-
formed. DNA sequences were obtained from Phytozome database (https: 
//phytozome-next.jgi.doe.gov/), where we identified the coding 
sequence (CDS), the 5′ untranslated region (5′UTR), including the pro-
moter region, and the 3′ untranslated region (3′UTR, Suppl. Figs. 1–4). 

3. Results 

3.1. Time-course evolution of leaf water content and visual phenotype 

The stress treatment imposed on S. tectorum plants affected their leaf 
water status over the weeks, with the relative water content decreasing 
up to 20% and the leaf hydration values decreasing from 20 to 7 g H2O/g 
dry matter, which was a 65% reduction from the initial levels in the 
stressed group (Fig. 1). A differential dynamic in the reductions of these 
two parameters (RWC and H) was observed. While RWC decreased 
clearly from week 4 to kept constant later from week 6–10 in stressed 
plants, H started to differentiate between non-irrigated and irrigated 
plants at week 6 and then decreased progressively up to the end of the 
experiment, so that minimum levels were attained after 10 weeks of 

stress. An analysis of the visual phenotype of plants revealed that the 
rosette structure of the stressed plants remained intact during the 
experiment, although the leaves were smaller, and the outermost leaves 
were drying out at week 10 (Fig. 1). However, apart from this dehy-
dration in the outer part of the rosette, which was also reflected in the 
monitored mid part of the rosette with the leaf fresh mass, no reductions 
in leaf dry mass occurred in the sampled leaves (Fig. 2). 

3.2. Time-course evolution of stress-related phytohormones contents 

Endogenous foliar ABA content showed a 4.2-fold increase at four 
weeks of stress. This sharp increase occurred specifically from two to 
four weeks of starting the combination of water deficit and nutrient 
deprivation stresses and then the levels remained constant at around 
600 ng/g DW up to ten weeks of stress (Fig. 3). In contrast, foliar ABA 
content in irrigated plants remained constant throughout the experi-
ment, always at values below 170 ng/g DW. Compared to ABA content, 
SA content in these irrigated plants was at least one order of magnitude 
higher ranging between 2200 and 3400 ng/g DW throughout the study. 
Foliar SA content decreased in stressed plants, particularly from week 
6–8, reaching minimum levels below 900 ng/g DW at the end of the 
experiment, which represents a 60% reduction relative to controls at the 
end of the experiment (Fig. 3). 

Moreover, the combination of water deficit with nutrient deprivation 
altered jasmonates metabolism, particularly from week 4 and onwards 
(Fig. 4). The JA precursor, OPDA decreased progressively with stress, 
but particularly from week 2 to week 4 of stress, during which period 
levels decreased from 120 to 49 ng/g DW. Later, levels decreased even 
further, attaining values of 15 ng/g DW at week 6 in stressed plants, 
remaining then that low but constant until week 10 (Fig. 4). Also, free JA 
showed a 66% reduction on its content after ten weeks, which dropped 
from 15 to 5 ng/g DW in the stressed plants, whereas JA values kept 
virtually constant at around 20 ng/g DW in irrigated plants (Fig. 4). 
Reductions in JA content were particularly evident at week 4 of stress, in 
which minimum values were already attained. In contrast, JA-Ile levels 
increased 3.6-fold after four weeks of stress, simultaneously to ABA in-
creases and OPDA and JA reductions, to increase even further as the 
stress progressed, attaining maximum levels that were 5-fold higher 
compared to irrigated plants after ten weeks of treatments. JA-Ile ranged 
always at levels that were quantitatively much lower than those of JA, 
and the latter at lower values than those of ODPA (Fig. 4). 

3.3. Linking phytohormones with photoinhibition and photoprotection 

Chl loss was observed in stressed plants when compared to irrigated 
plants, as reflected by their total Chl content, which were 50% lower in 
stressed plants than in controls at week 10 (Fig. 5). This was accompa-
nied by a reduction of 20% in the Chl a/b ratio at week 10 (Fig. 5). 

Fig. 2. Leaf mass estimation of Sempervivum tectorum plants during the stress acclimation process over 10 weeks. Leaf mass was expressed per gram of fresh matter 
(FW) and per gram of dry matter (DW). P values of two-way ANOVAs are shown (values above 0.05 were considered not significant [NS]). Different letters indicate 
significant differences between conditions and time. Data are the mean of n = 8 plants for the irrigated (IR) group and n = 9 plants for the stressed (S) group. 
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However, stressed plants did not show any symptom of neither photo-
inhibition nor photo-oxidative damage, as indicated by Fv/Fm values 
above 0.75 and constant MDA content throughout the experiment 
(Fig. 5). Although the effect of treatment was significant (P = 0.038) for 
MDA, its content ranged around 20 nmol/g DW throughout the exper-
iment in both treatments and no significant differences were found at 
any specific time point of measurement between non-irrigated and 
irrigated plants. 

Despite being the major vitamin E form in S. tectorum, α-tocopherol 
content did not vary significantly throughout the study between treat-
ments with values ranging between 220 and 300 μg/g DW (Fig. 6). In 
contrast, γ-tocopherol (the immediate precursor of α-tocopherol) was 
present at lower, although still quite remarkable amounts, with a con-
tent 65% lower to that observed for α-tocopherol. Notably, γ-tocopherol 
content decreased progressively in the stressed plants and it was 
significantly lower in the non-irrigated than in the irrigated group at 
week 8. No differences were observed in irrigated plants over time, but a 
significant reduction was found for the stressed plants at weeks 8 and 10 

compared to the initial values (Fig. 6). 
When expressed on a Chl basis, α-tocopherol content showed more 

remarkable significant differences between treatments, but those pre-
viously observed for γ-tocopherol almost disappeared (Fig. 6). Although 
treatment had a significant effect (P = 0.021) in the γ-tocopherol content 
expressed on a Chl basis, no significant effect of the interaction between 
condition and time was found and post hoc treatment analysis did not 
reveal any significant difference at specific time points between controls 
and stressed plants (Fig. 6). This indicates that Chl loss occurred quite in 
parallel with γ-tocopherol reduction when expressed on a dry matter 
basis (Figs. 5 and 6). A completely different result due to Chl loss was 
observed for α-tocopherol. An increase of 44% in α-tocopherol per unit 
of Chl was observed at four weeks of water deficit, being the levels 
significantly different from this week onwards relative to controls. Be-
sides, α-tocopherol levels per unit of Chl in plants exposed to a combi-
nation of water deficit and nutrient deprivation attained maximum 
levels of 405 mmol/mol at week 10, values that were 2.3-fold higher 
than those of irrigated plants (Fig. 6). This time-course evolution 

Fig. 3. Abscisic acid (ABA) and salicylic acid (SA) contents in Sempervivum tectorum leaves of both irrigated and non-irrigated groups through the stress acclimation 
process over 10 weeks. P values of two-way ANOVAs are shown. Different letters indicate significant differences between conditions and time. Data are the mean of n 
= 8 plants for the irrigated (IR) group and n = 9 plants for the stressed (S) group. 

Fig. 4. Time-course evolution of jasmonate contents 
during the acclimation of Sempervivum tectorum to a 
combination of water deficit and nutrient depriva-
tion. (A) Endogenous contents of the bioactive jasm-
onate, jasmonoyl-isoleucine (JA-Ile) and its 
precursors, 12-oxo-phytodienoic acid (OPDA) and 
jasmonic acid (JA) in leaves of S. tectorum during the 
stress acclimation process. P values of two-way 
ANOVAs are shown (values above 0.05 were consid-
ered not significant [NS]). Different letters indicate 
significant differences between conditions and time. 
Data are the mean of n = 8 plants for the irrigated 
(IR) group and n = 9 plants for the stressed (S) group. 
(B) Diagram showing the jasmonates biosynthetic 
pathway. AOC: allene oxide cyclase; AOS: allene 
oxide synthase; JAR1: jasmonic acid reductase; LOX: 
lipoxygenase; OPR3: 12-oxo-phytodienoic acid 
reductase.   
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paralleled that of ABA (Fig. 2) and JA-Ile (Fig. 3), which was confirmed 
by correlative studies. Pearson correlation showed that among the 
stress-related phytohormones measured, the highest positive correlation 
for α-tocopherol levels per unit of Chl was observed with JA-Ile followed 
by ABA (Fig. 7). This ratio also highly negatively correlated, indeed even 
slightly better, with leaf hydration. A remarkable negative correlation 
for α-tocopherol levels per unit of Chl was also observed with leaf fresh 
mass, whereas the correlation was positive with γ-tocopherol levels per 
unit of Chl (Fig. 7). In contrast, remarkable correlations (with r and P 
values above 0.4 and below 0.001, respectively, sensu Zuur et al., 2009) 
were not observed for α-tocopherol content expressed per unit of dry 
mass with any other studied parameter, except with its precursor 
γ-tocopherol and with Chl content. However, a moderate correlation 
was also observed with ABA (r = 0.30, P < 0.01, Fig. 7). Analysis of ABA 
and jasmonates responsive elements in promoter regions of genes 
involved in tocopherol biosynthesis in the CAM species Kalanchoë 

fedtschenkoi, which was the species most closely related to S. tectorum for 
which genetic sequence data was publicly available, revealed that both 
ABA and jasmonates-related cis-regulatory elements are present in genes 
encoding biosynthetic enzymes of tocopherol (Fig. 8). More specifically, 
we found JREs in the promoter of the gene encoding for p-hydrox-
yphenolpyruvate dioxygenase (HPPD), which is essential for providing 
homogentisate building blocks for the chromanol ring of all tocopherols, 
and ABREs in the promoter of the gene encoding for γ-tocopherol methyl 
transferase (VTE4), which catalyses the last step of α-tocopherol 
biosynthesis from γ-tocopherol (Fig. 8). 

4. Discussion 

An early plant response to drought events clearly defines the drought 
acclimation ability of a plant species and may condition its survival 
during later stages of stress. CAM plants have convergently evolved 

Fig. 5. Time-course evolution of total chlorophyll 
contents (chlorophyll a+b), chlorophyll a/b, the 
maximum efficiency of photosystem II (Fv/Fm) and 
the lipid peroxidation product, malondialdehyde 
(MDA) in Sempervivum tectorum leaves of both irri-
gated (IR) and stressed (S) plants over 10 weeks. P 
values of two-way ANOVAs are shown (values above 
0.05 were considered not significant [NS]). Different 
letters indicate significant differences between con-
ditions and time. Data are the mean of n = 8 plants 
for the IR group and n = 9 plants for the S group.   

Fig. 6. Foliar vitamin E (including both α and 
γ-tocopherol) contents in Sempervivum tectorum leaves 
of both irrigated and non-irrigated groups through 
the stress acclimation process over 10 weeks. Data 
was expressed in both on a dry mass (DW) and on a 
chlorophyll a+b (Chl) basis. P values of two-way 
ANOVAs are shown (values above 0.05 were consid-
ered not significant [NS]). Different letters indicate 
significant differences between conditions and time. 
Data are the mean of n = 8 plants for the irrigated 
(IR) group and n = 9 plants for the stressed (S) group.   

S. Villadangos and S. Munné-Bosch                                                                                                                                                                                                        



Journal of Plant Physiology 287 (2023) 154040

7

many times among distant lineages, through generations of acclimation 
to drought stress in their arid natural habitats, which may face water 
deficit with combined nutrient deprivation in poor nutrient soils and has 
resulted in genetic changes that have provided their current metabolic 
adaptation to several abiotic stress (Heyduk et al., 2019). Thus, it is 
known that CAM plants can quickly respond to water deficit and with-
stand long dry spells, but their drought response acclimation mecha-
nisms are still being disentangled, particularly when water deficit occurs 
in combination with nutrient deficiency. Here, we showed that the 
contents of endogenous stress-related phytohormones follow a very 
specific time-course evolution in S. tectorum, with simultaneous in-
creases in ABA and JA-Ile at four weeks of combined water deficit and 
nutrient deprivation stress, in which the content of OPDA and JA 
decrease while those of JA-Ile increase, thus suggesting a specific acti-
vation of JASMONATE RESISTANT 1 (JAR1), the enzyme responsible 

for conversion from JA to JA-Ile, under stress. These findings support 
our initial hypothesis that not only ABA but also JA-Ile may be involved 
in the plant response to a combination of water deficit and nutrient 
deprivation in S. tectorum. However, our hypothesis that ABA and JA-Ile 
simultaneously increase with vitamin E accumulation in leaves resulted 
to be untrue, at least in part. ABA, but not jasmonates (including JA-Ile), 
positively correlated with α-tocopherol, but intriguingly both ABA and 
JA-Ile contents correlated with the accumulation of α-tocopherol per 
unit of Chl, although not with the content of γ-tocopherol per unit of Chl. 

The water stress response was characterized by an increase in ABA 
concentrations at four weeks of stress to keep later constant at high 
levels throughout the experiment. Although ABA is the phytohormone 
promoting stomatal closure in plants (Suhita et al., 2004), measure-
ments were always performed at midday on clear sunny days in which 
CAM plants show severe stomatal closure, so this peak seemed more 

Fig. 7. Pearson correlation matrix showing r coeffi-
cient values between the different studied parameters. 
One, two and three asterisks indicate P values < 0.05, 
<0.01 and < 0.001, respectively. The color gradient 
indicates ranges of correlation from red (positive) to 
blue (negative) and only significant correlations (p 
value < 0.05) are shown in color. Graphs below show 
the most biologically significant correlations 
including: (A) Negative correlation between abscisic 
acid (ABA) and relative water content (RWC), (B) 
Positive correlation between salicylic acid (SA) and 
leaf hydration (H), (C) Positive correlation between 
ABA and α-tocopherol per unit of chlorophyll (α-Toc/ 
Chl), and (D) Positive correlation between jasmonoyl- 
isoleucine (JA-Ile) and the α-Toc/Chl ratio with a total 
of N = 102 observations. Chl, total chlorophyll; DW, 
dry matter; Fv/Fm, maximum photochemical effi-
ciency of photosystem II; FW, fresh weight; JA, Jas-
monic acid; MDA, malondialdehyde; OPDA, 12-oxo- 
phytodienoic acid; γ-Toc, γ-Tocopherol. (For inter-
pretation of the references to color in this figure 
legend, the reader is referred to the Web version of 
this article.)   
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related to preserve plant water status during these first weeks of stress by 
modulating other physiological processes related to water relations. 
Previous evidence shows that ABA is involved in the activation of 
non-stomatal, morphological and biochemical mechanisms modulating 
water-use efficiency, such as changes in leaf size, osmotic adjustment, 
and even root development, thus favouring acclimation to nutrient poor 
soils (Negin and Moshelion, 2016). Intriguingly, among the various 
parameters studied, ABA content not only strongly negatively correlated 
with the relative water content and leaf hydration, but also with OPDA 
and SA contents and with leaf fresh mass, and it positively correlated 
with α-tocopherol per unit of Chl. In turn, SA content strongly positively 
correlated with leaf hydration, relative water content and contents of 
both OPDA and JA; and while relative water content did not decrease 
further after four week of stress, leaf hydration continued slightly 
decreasing throughout the experiment. These results suggest that ABA 
may antagonistically modulate together with SA some aspects related to 
water deficit-induced morphological changes. Most notably, visual 
symptoms of combined water deficit and nutrient deprivation stress and 
the reductions in leaf hydration suggest that leaves were simply smaller 
and showed desiccation at 10 weeks of stress. The fact that relative leaf 
water content and leaf dry mass kept constant from week 6–10 onwards 
suggests that these smaller leaves (very likely with thicker cell walls and 
smaller vacuoles) are tolerant to desiccation. Indeed, this is consistent 
with previous studies evaluating the tolerance of this plant species to 
high temperatures, showing a tremendous degree of tolerance (Larcher 
and Wagner, 1983; Larcher et al., 1989, 2010). 

Biosynthesis of the bioactive jasmonate form, JA-Ile, increased in the 
stressed plants at week 4, with values reaching their maximum levels at 
week 10. Despite its strong association with the biotic stress response 
(Heyer et al., 2018), the role of jasmonates in abiotic stress tolerance, 
including drought stress, has also been previously described 

(Sánchez-Romera et al., 2014; Cotado et al., 2018), although not in CAM 
plants. Here, we showed for the first time a JA-Ile accumulation in a 
CAM plant facing a combination of water deficit and nutrient depriva-
tion, while OPDA and JA decreased, suggesting that JA-Ile is the 
bioactive molecule of the jasmonate signaling pathway involved in the 
response in S. tectorum to this stress combination, which has been pre-
viously described for other species (more specifically in the model plant 
A. thaliana) in the case of water deficit stress or nutrient deprivation 
(such as P starvation) applied alone, but neither with both stresses 
combined nor in CAM plants (Fonseca et al., 2009; Wasternack and 
Hause, 2013; Khan et al., 2015). Regulation of vitamin E synthesis by 
ABA and jasmonates has been proposed in several studies for other 
species (Sandorf and Holländer-Czytko, 2002; El Kayal et al., 2006; Siles 
et al., 2018), and interestingly both ABA and JA-Ile contents correlated 
with the accumulation of α-tocopherol per unit of Chl in S. tectorum, 
although not with the content of γ-tocopherol per unit of Chl. Several 
genes from the vitamin E biosynthetic pathway have been examined in 
their promoter regions to detect responsive elements to specific hor-
mones, but mostly in model organisms (Fig. 8A). For instance, ABREs 
were found in HPPD, MPBQ-MT and TMT (VTE4) genes in the C3 plant 
Oryza sativa, and a motif IIb was also found in OsHPT (Chaudhary and 
Khurana, 2009), suggesting a specific regulation of vitamin E by ABA. 
Likewise, jasmonates responsive elements were found in VTE1 and VTE4 
in Arabidopsis thaliana, encoding genes for the tocopherol cyclase and 
tocopherol methyl transferase, respectively (Ma et al., 2020; Casadesús 
et al., 2021). Although much less research about responsive elements of 
vitamin E-related biosynthesis genes has been performed in non-model 
organisms, such as CAM species, advances on the sequencing of whole 
genomes of CAM plants have recently been made, including both 
monocots, with the orchid Phalaenopsis equestris (Cai et al., 2015) and 
the pineapple Ananas cosmosus (Ming et al., 2015), and one eudicot of 

Fig. 8. Tocopherol biosynthesis regulation in a CAM plant. (A) Scheme of tocopherol biosynthetic pathway in plants. (B) Table showing the vitamin E biosynthetic 
genes in which regulatory sequences responsive elements to abscisic acid (ABA) and/or jasmonates (JA) have been found in either the model organism Arabidopsis 
thaliana, Oryza sativa or the CAM species Kalanchoë fedtschenkoi. Sequences with JRE or ABRE in promoters of the HPPD and VTE4 genes found in the CAM plant 
K. fedtschenkoi are shown below (see also Suppl. File 1). (C) Evolutionary classification of Crassulaceae family, in which the Sempervivoidae and Kalanchoöideae 
subfamilies are found, to which Sempervivum tectorum and Kalanchoë fedtschenkoi belong, respectively. CLD1 chlorophyll dephytylase, DMPBQ dimethylphy-
tylbenzoquinol, GGDP geranylgeranyl diphosphate, GGDR gernaylgernayl diphosphate reductase, HPPD hydroxyphenylpyruvate dioxygenase, HPT homogentisate 
phytyl transferase, MEP methylerythriol phosphate, MPBQ methylphytylbenzoquinol, MPBQ-MT methylphytylbenzoquinol methyltransferase, PEP phosphoenol-
pyruvate, PDP phytyl diphosphate, PK phytyl kinase, PPH pheophytin pheophorbide hydrolase, PPK phytyl phosphate kinase, TAT tyrosine aminotransferase, TC 
tocopherol cyclase, TMT tocopherol methyltransferase. 
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the Crassulaceae family, Kalanchoë fedtschenkoi (Yang et al., 2017). Since 
K. fedtschenkoi belongs to the same family as S. tectorum and it is the 
phylogenetically closest obligate CAM species with available genome 
sequences of vitamin E biosynthetic genes, we explored the possibility of 
finding JREs and ABREs in this species (Fig. 8C). Here, we identified a 
JRE in the promoter region of HPPD and an ABRE in the promoter region 
of VTE4 in the CAM plant K. fedtschenkoi (Suppl. File 1), thus suggesting 
that both jasmonates and ABA might synergistically enhance α-tocoph-
erol biosynthesis, which is consistent with biochemical data. Thus, our 
results, although limited by its correlative nature, suggest a photo-
protective activation role for these phytohormones in which ABA and 
JA-Ile may cooperatively promote vitamin E biosynthesis in S. tectorum. 
Most importantly, results suggest that both group of hormones com-
plement each other to specifically increase the content of α-tocopherol 
per unit of Chl, a ratio that reflects the capacity of photoprotection of 
this antioxidant molecule per number of photons absorbed (sensu 
Kyparissis et al., 1995; see also Munné-Bosch and Alegre, 2000). 
α-Tocopherol plays an essential role in chloroplasts in the protection of 
the photosynthetic apparatus preventing the propagation of lipid per-
oxidation, both by scavenging lipid peroxyl radicals and eliminating 
reactive oxygen species, such as singlet oxygen and hydroxyl radicals 
(Havaux et al., 2005; Mesa and Munné-Bosch, 2023), as well as in the 
protection of PSII from photoinhibitory damage by preventing singlet 
oxygen-related net loss of the D1 protein (Kumar et al., 2021). Thus, an 
increase in α-tocopherol per unit of Chl in the stressed S. tectorum plants 
may be very helpful to reduce photo-oxidative stress in chloroplasts 
working at high oxygen tensions and excess light. In this regard, it is also 
very important to consider the biological significance of Chl loss 
throughout the study, which up to week 8 was accompanied by a con-
stant Chl a/b ratio, thus suggesting a reduction in the light harvesting 
antennae that may strongly decrease the number of excess photons 
received during the day. Since ABA and jasmonates have also been 
implicated in the regulation of Chl degradation and leaf senescence 
(Tsuchiya et al., 1999; Zhao et al., 2016), it is noteworthy that a part of 
the photoprotective response observed here was simply related to an 
induction of leaf senescence, a process that may occur slowly and pro-
gressively to provide sufficient time for nutrient remobilization, a pro-
cess that results to be essential for acclimation to a combination of water 
deficit and nutrient deprivation (Munné-Bosch and Alegre, 2004; Zhao 
et al., 2016). Interestingly, at the end of the experiment the Chl a/b ratio 
decreased significantly together with total Chl loss, which may be 
associated with a reduction in reaction centers, as only Chl a is located in 
them, whereas both Chl a and Chl b occur in light harvesting complexes 
(Croce and van Amerongen, 2011). Therefore, it is very likely that 
sampled leaves in the mid rosette will suffer from photoinhibition and 
advanced symptoms of leaf senescence under more severe stress. Future 
studies are warranted to unravel the limits of stress tolerance in this 
plant species and what are the underlying mechanisms. 

5. Conclusions 

It is concluded that S. tectorum can withstand a combination of water 
deficit and nutrient deprivation for almost three months without 
suffering signs of photoinhibition, avoiding photo-oxidative stress and 
photo-oxidative damage in the central part of its rosette. Also, results 
show that this species is endowed with a physiological mechanism in 
which not only ABA but also the bioactive jasmonate form, JA-Ile, may 
induce photoprotection, particularly by increasing the α-tocopherol per 
unit of Chl ratio, thus displaying an early effective stress acclimation 
strategy. The exact signaling pathways underlying this response remain, 
however, elusive, but results shown here suggest that both ABA and 
jasmonates may interact in the observed response and add to our current 
knowledge that both groups of phytohormones interact in the modula-
tion of plant responses to abiotic stress, also in CAM plants. 
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