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Abstract 

The increased frequency and intensity of drought periods is becoming a serious thread for 

agriculture, prompting the identification of crop species and cultivars with enhanced water 

stress tolerance. Drought responses were studied in four ornamental Sedum species under 

controlled greenhouse conditions, by withholding watering of the plants for four weeks. 

Determination of growth parameters (stem length, fresh weight) allowed establishing the 

relative degree of tolerance of the selected species as S. spurium > S. ochroleucum > S. 

sediforme > S. album.  The levels of photosynthetic pigments (chlorophylls a and b and total 

carotenoids), oxidative stress [using malondialdehyde (MDA) as marker], non-enzymatic 

antioxidants (total phenolic componds and total flavonoids) and osmolytes (proline and total 

soluble sugars) were measured in leaves of control and stressed plants, to correlate drought 

tolerance with the activation of specific response mechanisms. The results obtained indicate 

that a higher tolerance to water deficit in Sedum is associated with: a) relatively lower stress-

induced degradation of chlorophills and carotenoids, especially of the latter (which does not 

decrease in water-stressed plants of S. spurium, the most tolerant species); b) no increase in 

MDA levels; that is, lack of drought-induced oxidative stress and, consequently, no 



requirement to activate the synthesis and accumulation of antioxidant compounds; and c) 

higher proline levels in the non-stressed controls, which could be the basis of constitutive 

mechanisms of tolerance. However, proline concentrations are too low to have any significant 

osmotic effect, and its likely contribution to water deficit resistance in Sedumwould be due to 

its activity as ‘osmoprotectant’. The identification of these biochemical markers of drought 

tolerance should help to develop rapid and efficient screening procedures to select Sedum taxa 

with enhanced tolerance when comparing different species within the genus, or different 

cultivars within a given species. 

 

Abbreviations 

Caro – total carotenoids 

Chl a – chlorophyll a 

Chl b – chlorophyll b 

MDA – Malondialdehyde (MDA), 

Pro – Proline 

TSS - Total soluble sugars 

TPC - Total phenolic compunds 

TF - Total flavonoids 
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1. Introduction  

The frequency and intensity of drought periods has dramatically increased in the last decades, 

especially in many arid and semiarid regions of the world, including the Mediterranean Basin 

(Giannakopoulos et al., 2009; Cai et al. 2015, Lopez-Nicolas et al. 2018, Ortega-Gómez et al. 

2018). Drought adversely affects the physiological and biochemical status of plants (Chaves 

and Oliveira 2004; Osakabe et al. 2014), and is one of the most challenging stress factors 

currently encountered by global ecosystems (Bartlett et al. 2012; Sandoval et al. 2016). Even 

a slight destabilisation in cell water balance may negatively affect physiological processes 

associated with plant growth and, for cultivated species, with crop yields (Mathur et al. 2014; 

Nxele et al. 2018). Drought, similarly to many abiotic stresses, causes cell dehydration and 



the enhanced generation of reactive oxygen species (ROS). ROS are continuously produced in 

plants as by-products of aerobic metabolism, but under stress conditions their concentrations 

largely increase leading to oxidative stress (Ahmad et al. 2010; Talukdar 2013; You and Chan 

2015). To survive drought and other abiotic stress conditions, plants activate a series of 

conserved mechanisms to minimise possible injuries caused by those stress factors. One of 

these general responses to water deficit involves the maintenance of cellular osmotic balance, 

based on the synthesis and accumulation in the cytoplasm of compatible solutes or 

‘osmolytes’, to avoid cellular dehydration (Szabados and Savoure 2010; Talukdar 2013; Per et 

al. 2017). Osmolytes, such as soluble sugars or some amino acids, play also the role of 

osmoprotectants in the responses to stress, maintaining the fluidity of plasma membranes and 

the proper activity of enzymes (Blum 2011; Rabbani and Choi 2018) by directly stabilising 

macromolecular structures as low-molecular-weight chaperons. Another common reaction to 

water stress is the activation of antioxidant systems, both enzymatic and non-enzymatic, to 

counteract oxidative damage caused by ROS (Apel and Hirt 2004; Chen 2007; Das and 

Roychouhury 2014). Among non-enzymatic antioxidants, phenolic compounds, including 

flavonoids, have been shown to be synthesized in many plant species as a response to water 

deficit (Sanchez-Rodriguez et al. 2011; Bautista et al., 2016).  

Comparing information on the reaction of different species to water stress regarding 

growth parameters and biochemical markers allows distinguishing genotypes that are resistant 

or susceptible to this stress (Gholami et al. 2012; Ji et al. 2012; Nxele et al. 2017). 

Furthermore, such comparative studies, correlating the activation of specific stress responses 

and the relative tolerance of genetically related taxa (for example, different species of the 

same genus, different varieties or cultivars of the same species) provide insight into the 

mechanisms of tolerance to abiotic stress in plants (Gil et al. 2013; Sandoval et al. 2016; 

Cicevan et al. 2016; Al Hassan et al. 2017)  

Sedum L. is one of the largest species-rich genus of the stonecrop family (Crassulaceae 

DC., Crassuloidae, Saxifragales), comprising about 450 species assigned to thirty sections 

(Thiede and Egelli 2007; Thorne and Reveal 2007, The Plant List, 2013), or when subgenus 

Sedum is delineated − about 320 species (Niculin et al. 2016). This genus mostly consists of 

branched, multi-stem perennial succulent herbs, occasionally sub-shrubs, which are not 

considered invasive. Sedum species have a wide geographic distribution; they are primarily 

growing in arid environments on shallow soils on stony or gravel stands, mainly in temperate 

to subtropical regions. Thus, the diversity of the genus representatives is high in the 



Mediterranean region, followed by America (mainly Central America), the Himalayas, and 

East Asia (Stephenson 1994; Thiede and Eggli 2007). Phytochemical screening has shown 

that sedums are an excellent source of a variety of secondary metabolites, including 

condensed tannins, alkaloids, flavonoids, free sugars, cyanogenic compounds, and 

triterpenoids, which are considered to play a major role in plant tolerance to biotic and abiotic 

stresses (Stevens et al. 1994; Stevens et al. 1996; Han and Zhao 2005; Al-Qudah et al. 2012; 

Xu et al. 2015).  

Species belonging to this genus are distinctive in growing in dense clumps, with 

succulent stems and leaves, and rose, yellowish or creamy to white tiny flowers arranged in 

showy inflorescences. Numerous cultivars are well-known ornamental plants due to their 

attractive appearance and hardiness. They are ideal for sunny environments that get too little 

water, and are frequently used as ground covers or rock gardens because of their limited 

height (Stephenson 1994, Pudelska and Rojek 2015). Moreover, Sedum are slow-growing 

plants that survive long periods without water, yet they can grow faster when water is 

available (Durhman et al. 2006; Carter and Butler 2008; Nektarios et al. 2015). The economic 

importance and horticultural interest in this genus has increased in recent years due to its 

suitability to be used in the so-called ‘green roofs’, a sustainable and economically sound 

strategy to mitigate environmental problems in urban areas, namely to counteract air pollution 

and the effect of urban heat islands (Getter and Rowe 2004; Van Mechelen et al. 2014; 

Vijayaraghavan 2016; Vahdai et al. 2017). Sedums are generally considered among the best 

plant species for extensive green roof technology due to their growth habit, shallow root 

system and drought tolerance, although different taxa may differ in their adaptability to this 

special environment (Damas et al. 2010; Nagase and Dunnett 2010; Starry et al. 2014; 

Nektarios et al. 2015). Therefore, a comparative evaluation of drought responses in various 

Sedum species would facilitate selection of the most suitable genotypes to be used as 

ornamentals for ‘green roofs’ under conditions of limited water availability.  

In this study we have analysed the responses to water stress, under controlled greenhouse 

conditions, of four species: Sedum spurium, S. ochroleucum, S. album and S. sediforme, all 

possessing valuable ornamental traits. Inhibition of growth was used as a criterion to establish 

their relative degree of drought tolerance. To gain insight into the mechanisms of tolerance to 

water deficit in Sedum, we have also determined the levels of several biochemical markers 

associated to specific stress responses: proline and total soluble sugars (as osmolytes possibly 

involved in maintenance of cellular osmotic balance), malondialdehyde (MDA, a reliable 

http://www.sciencedirect.com/science/article/pii/S1055790317302798#b0330
http://www.sciencedirect.com/science/article/pii/S1055790317302798#b0365


marker of oxidative stress), beside total phenolic compounds and favonoids, as examples of 

non-enzymatic antioxidants. 

2. Material and methods 

2.1. Plant material and stress treatment 

Seeds of the selected species: Sedum spurium, S. ochroleucum, S. album and S. sediforme, 

were purchased from the company B&T World Seeds (Paguignan, France). 

Seeds were sown directly into a moistened mixture of peat (50%), perlite (25%) and 

vermiculite (25%) in 1 L pots (Ø = 11 cm). The substrate was kept moderately moist, using 

Hoagland’s nutrient solution (Hoagland and Arnon, 1950). Two months after seedling 

emergence, a water stress treatment was initiated by stopping watering the plants. Control 

plants grown in parallel were watered twice a week (125 mL per pot). All experiments were 

conducted in a growth chamber with controlled environment, under the following conditions: 

long-day photoperiod (16 h of light, obtained by supplementing natural light with artificial 

light), temperature of 23°C during the light period and 17°C during the dark period. Air 

relative humidity ranged between 60% and 70% during the course of the experiment.  

2.2. Growth parameters 

After four weeks of treatment, when water-stressed plants appeared to be already 

affected, all plants were harvested and the following growth parameters were determined: 

total stem length (SL; cm), fresh weight of the leaves (FW; g), dry weight of the leaves, after 

incubation in an oven at 65ºC for 48-72 h (DW, g), and water content percentage (WC%) (Gil 

et al. 2014). WC% was calculated by the following formula: WC% = [(FW - DW)/FW] x 100.  

Since plants of the studied Sedum species somewhat differ in size, to compare the 

effects of water deficit on plant growth of the different taxa, SL and FW of water-stressed 

plants were expressed as percentage of the average values of the corresponding controls, 

taken as 100% in each case: 10.47 cm and 8.63 g (S. spurium); 10.05 cm and 9.97 g (S. 

ochroleucum), 7.95 cm and 6.55 g (S. album) and 8.40 cm and 3.67 g (S. sediforme), 

respectively.  

2.3. Biochemical analyses 

Photosynthetic pigments  



Chlorophyll content and total carotenoids were determined following Lichtenthaler and 

Wellburn (1983). In short, fresh plant material was crushed and extracted with 80% acetone 

pre-cooled at -20ºC, vortexed and centrifuged. The supernatant was collected and its 

absorbance was measured at 663 nm, 646 nm, and 470 nm, using a Cadex model SB038 

spectrophotometer (Cadex, Saint-Jean-sur-Richelieu, Quebec, Canada). The concentration of 

each group of compounds was calculated according to the following equations (Lichtenthaler 

and Wellburn 1983):  

Chlorophyll a (chl a; µg·ml-1) = 12.21 A663 - 2.81·A646;  

Chlorophyll b (chl b; µg·ml-1) = 20.13·A646 - 5.03·A663;  

Total carotenoids (µg·ml-1) = (1,000·A470 - 3.27·[chl a] - 104·[chl b])/229.  

The calculated values were finally converted to mg·g-1 DW. 

 

Oxidative stress marker /Lipid peroxidation 

Malondialdehyde (MDA), a final product of membrane lipid peroxidation and a reliable 

marker of oxidative stress (Del Rio et al. 2005), was determined as reported by Hodges et al. 

(1999). Dried leaf material was extracted in 80% methanol, in a rocker shaker, for 24-48 h. 

Methanol extracts were mixed with 0.5% thiobarbituric acid (TBA) prepared in 20% 

trichloroacetic acid (TCA) − or with 20% TCA without TBA for the controls − and then 

incubated at 95 °C for 20 min. After stopping the reaction on ice and centrifuging the 

samples, the absorbance of the supernatant was measured at 532 nm. The non-specific 

absorbance at 600 and 440 nm was subtracted and MDA concentration was calculated using 

the equations described by Hodges et al. (1999). 

 

Non-enzymatic antioxidants  

Total antioxidant flavonoids (TF) were determined following the method described by 

Zhishen et al.(1999), by mixing the leaf methanol extracts with sodium nitrite, followed by 

aluminum chloride and sodium hydroxide. Absorbance was measured at 510 nm, and the TF 

amount was expressed in equivalents of catechine, used as standard (mg eq. C·g-1 DW). This 

assay specifically detects aromatic rings bearing a catechol group, which includes most 

flavonoids but also some non-flavonoid phenolics, such as caffeic acid. Nevertheless, all these 



metabolites are characterised by being strong antioxidants (Zhishen et al. 1999) and, to 

simplify, we refer to the AlCl3-reactive compounds simply as ‘total flavonoids’. Total 

phenolic compounds (TPC) contents in leaves were quantified as described in Blainski et al. 

(2013), by reaction with the Folin-Ciocalteu reagent. The extracts were mixed with the 

reagent and sodium bicarbonate and left in the dark for 90 min. Absorbance was recorded at 

765 nm, and the results expressed in equivalents of gallic acid, used as standard (mg eq. 

GA·g-1 DW).  

 

Osmolytes  

Proline (Pro) concentration was quantified using dry leaf material, according to the ninhydrin-

acetic acid method of Bates et al. (1973). Free Pro was extracted in 3% aqueous sulfosalicylic 

acid, and mixed with acid ninhydrin solution; the samples were incubated for 1 h at 95 ºC, 

cooled on ice and then extracted with toluene. Absorbance of the supernatant was read at 520 

nm, using toluene as a blank. Pro concentration was expressed as µmol g-1 DW. 

Total soluble sugars (TSS) were measured according to the method described by Dubois et al. 

(1956). Dried material was ground and mixed with 80% methanol on a rocker shaker for 24-

48 h. Sulfuric acid and 5% phenol were added and mixed before absorbance readings were 

taken at 490 nm. TSS contents were expressed as ‘mg equivalent of glucose’ per gram of DW. 

 

2.4. Statistical analyses 

Data were analyzed using the program Stagraphics Centurion v. XVI (Statpoint Technologies, 

Warrenton, Virginia, USA). The mean and standard deviation (SD) were calculated from four 

replicates per genotype and treatment (except for stem length, in which nine replicates were 

used). Mean values per species were calculated and the corresponding SD was calculated 

using cultivar means. The significance of the differences among control and drought stress 

treatments (expressed in percentage of variation over the control) for each species and 

between species for each treatment was evaluated with Student’s t test.  

3. Results 

3.1. Growth inhibition under water deficit conditions  



Water stress inhibited growth of the four investigated Sedum species (Fig. 1) although, 

in S. spurium and S. ochroleucum, no significant change in the length of the plant stems was 

detected in the drought stressed plants, as compared to the corresponding controls; on the 

other hand, the water stress treatment resulted in relative reductions of 36% of the control in 

S. album and of 30% in S. sediforme (Fig. 1A). The effect of drought was more clearly 

observed considering the fresh weight of the plant shoots, which were significantly reduced 

with respect to the corresponding controls in the four Sedum species. Here again, S. album 

appeared to be the taxon most affected by drought, with a relative FW reduction of > 80% of 

the control, followed by S. sediforme (67%); biomass accumulation was reduced by ca. 50% 

in the other two Sedum species, S. spurium and S. orcholeucum. The four taxa were shown to 

be quite resistant to drought-induced leaf dehydration. The leaves of control plants contained 

a very high proportion of water, 96-97% of the fresh weight – in agreement with their 

succulent character – and no significant reduction in water content was observed in water-

stressed plants (Fig. 1C). Therefore, the relative reduction in FW was indeed due to growth 

inhibition under water deficit conditions, and not merely to loss of water during the stress 

treatment.  

3.2. Photosynthetic pigments degradation 

Significant differences in the content of photosynthetic pigments – chlorophylls a and 

b and total carotenoids – were generally found in the leaves of untreated control plants, with 

the highest mean values measured in S. spurium, followed by S. orcholeucum;  the species 

which showed the lowest pigments levels, about 50% of those determined for S. spurium, was 

S. sediforme (Fig 2). Water stress caused a significant reduction in all analysed pigment 

contents, and in the four selected Sedum species, except for carotenoids in S. spurium (Fig. 

2A, B). The highest reductions (55%-60% of the corresponding controls) were observed  in  

S.album, whereas the smallest relative decreases were measured in S. orcholeucum for chl a 

concentration (23%) and in S. sediforme for chl b and carotenoids (13%) (Fig. 2A, B).  

3.4. Oxidative stress and antioxidant compounds   

Leaf malondialdehyde (MDA) content varied in untreated control plants of the investigated 

species, from 28 nmol g-1 DW in S. sediforme or 39 nmol g-1 DW in S. album, to about 50 

nmol g-1 DW in S. spurium and S. ochroleucum (Fig. 3A). Under water deficit conditions, 

these values increased significantly only in plants of S. album, which showed leaf MDA 



levels twice as high as in untreated control plants. In the other three Sedum species, MDA 

levels were not affected by the water stress treatment (Fig. 3A).  

Regarding total phenolic compounds, their contents in leaves of control plants also differed 

when comparing the four studied Sedum species, with the lowest value measured in S. 

ochroleucum (∼1.6 mg eq G.A. g-1 DW) and the highest in S. spurium (∼3.5 mg eq G.A. g-1 

DW); here again, S. album was the only taxon that significantly increased TPC levels, about 

3.5-fold, as a response to drought (Fig. 3B). No significant changes in leaf TPC contents were 

detected in the other three Sedum taxa (Fig. 3B). Sedum album was also the species which 

accumulated the highest leaf TF levels, 10.6 mg eq C. g-1 DW (2.5-fold more than in the 

untreated control), followed by S. sediforme, 6.8 mg eq C. g-1 DW (1.3-fold higher than the 

control); no significant changes were observed in S. spurium and S. ochroleucum, which were 

also the species with the lowest TF contents under non-stress conditions (Fig. 3C). 

3.4. Accumulation of osmolytes 

Proline (Pro), probably the most ubiquitous osmolyte in plants, was detected in the leaves of 

both untreated and water-stressed plants of all investigated Sedum species (Fig. 4A). Pro 

levels increased as a response to the water deficit in S. album (∼2-fold) and in S. sediforme 

(∼1.5-fold), but no significant variation was observed in S. spurium and S. ochroleucum. It 

should be noted, however, that the latter two species contained higher Pro levels in the non-

stressed controls, so that absolute Pro contents after the water stress treatment were similar – 

and quite low – in all four species, between 14 and 16 µmol g-1 DW (Fig. 4A). 

Stress-induced changes in total soluble sugars (TSS) contents in Sedum plants showed 

a qualitative pattern similar to that of Pro: an increase in S. album (3.5-fold) and in S. 

sediforme (1.8-fold) when comparing water-stressed plants with the controls, and no 

significant change in S. spurium and S. ochroleucum (Fig. 4B).  

4. Discussion 

In this study, we have  analysed possible differences in the responses of four Sedum species to 

drought stress. The evaluated species originated from different regions of the world, and have 

developed adaptations to drought. S. spurium, exhibiting the highest tolerance to water deficit 

under our experimental conditions, is of Caucasian origin, and easily grows in full sun on 

both, well-drained and dry soils (Nagase et al. 2010; Vahdati et al. 2017). Another tolerant 

species, S. ochroleucum, is common in the Mediterranean Basin, and is mainly distributed 



from Spain and southern France to the Balkan Peninsula (Jalas et al. 1999; Hart and Bleij 

2003). Sedum album − the species which proved to be the most drought-sensitive in our 

experiments − is native to Central Europe and is widespread throughout the whole continent 

(Stephenson 1994; Bachereau et al. 1998). Sedum sediforme, which is native to mountainous 

regions of southwestern Europe, has been considered as drought tolerant, even if it prefers 

rather moist stands (Damas et al. 2010; Van Mechelen et al. 2014). Notwithstanding 

succulence, which is the only common trait of all studied genotypes, our results showed the 

different sensitivity of sedums to prolonged water deficit, as it has been already reported by 

Nagase and Dunnet (2010) and Kuronuma and Watanabe (2017).  

 . Inhibition of growth is a common plant response to prolonged water stress,  and may 

provide a reliable ranking of the relative degree of drought tolerance of different genotypes (Ji 

et al. 2012; Hastilestari et al. 2013, Yooyongwech et al. 2013). In our case, among the 

evaluated growth parameters, ‘fresh weight’ turned out to be the most sensitive to drought, as 

it was reduced upon the water stress treatment in all four species, whereas a relative reduction 

of stem length was observed only S. album and S. sediforme. On the basis of growth 

inhibition, the relative tolerance to water deficit of the investigated Sedum species could be 

ordered as: S. spurium > S. ochroleucum > S. sediforme > S. album.Chlorophyll contents also 

decreased in all taxa, and the relative degradation of chl a and chl b roughly corresponded 

with the relative drought tolerance of the four species, since the strongest reduction occurred 

in the most sensitive species; that is, in S. album. Moreover, absolute chlorophylls 

concentrations in the water stressed-plants were higher in the more tolerant S. spurium and S. 

ochroleucum, and lower in the more sensitive S. sediforme and S. album. Stress-induced 

changes in total carotenoid levels in leaves showed a similar pattern than those of 

chlorophylls, except that they did not decrease in water-stressed plants of the most tolerant S. 

spurium. Some of these results were similar to those reported by Mori (2009) concerning 

three other Sedum species. Contrary to our results, however, Shoohstarian et al. (2011) 

observed an increment of chlorophyll content in response to water stress in different species, 

including S. spurium and S. album. This was explained as a drought tolerance mechanism of 

these plants, which we could not reproduce.  

A reduction  of chlorophyll levels under stress – which is due to both, inhibition of its 

synthesis and activation of its degradation – is often related to enhanced oxidative stress in the 

course of partial cell dehydration (Mori et al. 2009; Liu et al. 2011; Gholami et al. 2012).  

MDA content has been used as a reliable indicator of oxidative damage (Del Rio et al. 2005; 



Farooq et al. 2009). Under drought, overproduction of ROS increases the concentration of 

malondialdehyde, which is the final product of membrane lipid peroxidation (Khan and Naqvi 

2010). There is evidence that genotypes of contrasting tolerance to water stress differ in their 

MDA levels, and sensitive genotypes generally accumulate this compound at higher 

concentrations than tolerant ones (Basu et al. 2010; Anjum et al. 2012; Wang et al. 2012; Devi 

and Giridhar 2015). In this respect, a significant increase of MDA content under water stress 

conditions was observed only in S. album, the taxon most sensitive to drought. No changes in 

MDA levels were detected in the other three species, S. spurium, S. ochroleucum and S. 

sediforme, indicating that they were not affected by oxidative stress under water deficit 

conditions. They must, therefore, possess efficient defence mechanisms to avoid generation of 

ROS. Accordingly, a strong increase in the levels of antioxidant compounds, such as total 

phenolics or, specifically, total flavonoids, was only detected in water-stressed S. album 

plants – except for a small (but still significant) increase of TF contents in S. sediforme, the 

second most drought-sensitive of the analysed taxa. It seems logical to assume that the 

synthesis of these antioxidants is activated as a response to oxidative stress in the more 

sensitive species, but it is not necessary in the more tolerant S. spurium and S. ochroleucum.  

Apart from the antioxidant defence, plants activate mechanism of osmotic adjustment under 

stress, including the synthesis of osmolytes to protect cells from dehydration (Thomas 1997);  

proline accumulation is one of the most general responses of plants to drought, as Pro is the 

major functional osmolyte in many species (Hare et al 1999). For example, Selahvarzi et al. 

(2008) and Shooshtarian (2010) observed increased proline content under water shortage in 

ornamental turf grasses and various species of ground covering plants. In the Sedum taxa 

studied in the present work, however, the relative stress-induced increase in Pro contents was 

negatively correlated to the relative degree of tolerance: it was the largest in the most sensitive 

species, S. album, followed by S. sediforme, whereas no significant change was observed for 

the most tolerant S. spurium. Negative correlations between Pro accumulation and the relative 

degree of tolerance have been reported for other taxa, for example for different bean cultivars 

(Morosan et al. 2017). In any case, Pro concentrations measured in all four Sedum species 

were too low, both in the controls and the stressed plants, to have any relevant osmotic effect. 

Nevertheless, this does not exclude the participation of Pro in drought tolerance mechanisms, 

directly protecting cell membranes as low-molecular-weight chaperon or indirectly as ROS 

scavenger (Chen and Murata 2002; Szabados and Savoure 2010; Moustakas et al. 2011). 

Although Pro concentrations under water stress conditions were similar for the four Sedum 



taxa,   control values in S. spurium and S. ochroleucum were significantly higher than in S. 

sediforme and S. album, suggesting the presence of constitutive mechanisms that could 

contribute to the higher tolerance of the two former species.  

Regarding the accumulation of soluble sugars,  our data do not support a functional role of 

these compounds in drought tolerance mechanisms in Sedum, since the highest levels were 

measured in the most sensitive taxa, S. album and S. sediforme. . The observed increase may 

result from enhanced synthesis of sugars directed to sustain metabolic activity of stressed cells 

(Chavez et al. 2009), rather than from a role in osmotic adjustment. This notion is supported 

by the fact that in the more tolerant S. spurium and S. ochroleucum the concentrations of 

soluble sugars did not change significantly, regardless of the water regime.  

   We are aware that there are some contradictory data in the literature, regarding the 

reported drought tolerance of different sedums. For instance, S. spurium was classified as a 

suitable plant to be grown in conditions of limited water supply (Getter and Rowe 2008), in 

agreement with our own results. Yet Nagase and Dunnet (2010) found it to be less tolerant to 

water deficit than other species, including S. album, contrary to the data presented here – and 

also to those of Starry et al. (2014).. Furthermore,several reports indicated that S. sediforme 

was able to survive under minimal or no irrigation (Monterusso et al. 2005; Nektarios et al. 

2015), while the genotype used in our study was relatively sensitive to water stress. In all 

referenced reports, different ornamental Sedum cultivars were used, and the observed 

differences in the responses to the applied stress may be related to their genetic and ecological 

diversity. There are evidences that some Sedum species possess a high genetic variability and 

quite easily develop into subspecies, as in the case of S. ochroleucum subsp. mediterraneum 

(Gallo 2014). This variability may influence facultative activation of CAM metabolism and 

photosynthetic plasticity (Gravatt and Martin 1992; Castillo, 1996), or increase the 

antioxidant activity in the specimens subjected to stresses, which  in turn could affect stress 

tolerance. Therefore, the screening for drought tolerance of Sedum taxa, to select the most 

resistant, should be performed not only comparing different species within the genus, but also 

different genotypes/ecotypes within single Sedum species..      

5. Conclusions 

Owing to their decorative value, succulence and specific metabolic traits, the Sedum species 

studied here are valuable plant material ready to be exploited as ornamentals and, more 

specifically, in technology for urban horticulture. Here, we have established the relative level 



of tolerance to drought stress in four different species. Although the tolerance of succulent 

plants to water deficit is known, comparative studies focusing on the  responses of Sedum spp. 

to water stress and the identification of suitable biochemical markers of drought tolerance in 

this genus, are still limited. A deep understanding of ecophysiological aspects of drought 

tolerance mechanisms should help to establish more efficient screening techniques aiming at 

the selection of resistant genotypes. Our results revealed several  suitable indicators of the 

degree of tolerance/sensitivity to water stress: higher tolerance appears to be associated to a 

relatively low degradation of photosynthetic pigments (specially carotenoids), the lack of 

stress-induced accumulation of MDA and antioxidant compounds, and relatively higher 

constitutive levels of Pro in the absence of stress. These findings may allow setting up 

protocols for the quick evaluation of drought tolerance in the numerous representatives of the 

Sedum genus, especially in the case of various ecotypes within particular species, which are 

usually morphologically similar, but may substantially differ in their reaction to water deficit. 
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