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ABSTRACT  

In this work, two perennial rhizomatous grasses (Arundo donax L. (giant reed) (C3) and Panicum 

virgatum L. (switchgrass) (C4)) considered as promising energy crops have been subjected to four 

different types of stress in two experiments: (i) both species were subjected to four salinity and 

water stress treatments [well-watered with non-saline solution (WW S-), low-watered with non-

saline solution (WS S-), well-watered with saline solution (WW S+) and low-watered with saline 

solution (WS S+)]; and (ii) both species were subjected to three temperature and light treatments 

[ambient temperature and light (C), ambient temperature and darkness (AD) and cold temperature 

and darkness (CD)]. Photosynthetic and physiological parameters as well as biomass production 

were measured in these plants. It can be hypothesized that a higher photosynthesis rate (Asat) has 

to be observed in switchgrass as a consequence of its C4 metabolic pathway. However, our results 

indicated a similar Asat at the beginning of the experiment for both species. This could be due to 

switchgrass being an NAD-ME C4 type whereas giant reed has been reported as a C3 species with 

a high photosynthetic rate. We showed that switchgrass seems to be more resistant to stresses such 

as water stress, salinity and cold than giant reed in our greenhouse conditions.  

 

Key-words: Arundo donax L., Panicum virgatum L., water stress, salinity, cold, continuous 

darkness.  

 

ABBREVIATIONS 

Asat, light saturated net CO2 assimilation rate; DLP, dry leaves percentage; FC, field capacity; 

Fv/Fm, maximum quantum efficiency of PSII; Fv’/Fm’, photochemical efficiency of PSII; GLP, 

green leaves percentage; gs, stomatal conductance; H, height; Jmax, maximum rate of electron 
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transport contributing to RuBP regeneration; l, stomatal limitation to Asat; LA, leaf area; LAI, leaf 

area index; LAR, leaf area ratio; LMA, leaf mass area; LWR, leaf weight ratio; NL, number of 

leaves; NS, number of stems; NPQ, non-photochemical quenching; PPFD, photosynthetic photon 

flux density; PSII, photosystem II; qp, photochemical quenching; R, recovery; RQ, respiratory 

quotient; RWC, relative water content; SA, stem area; SLA, specific leaf area; S/R, shoot/root 

ratio; T, transpiration; TDW, total dry weight; Vc,max, maximum velocity of Rubisco carboxylation; 

WS, water stress; WUEinst, instantaneous water use efficiency; YLP, yellow leaves percentage; 

ɸPSII, relative quantum efficiency of PSII. 

 

1. Introduction  

Nowadays, climatic patterns in many regions of the world are being influenced by climate change 

[1], so many agricultural production areas will be affected by abiotic stresses such as water stress 

(WS), salinity or flooding. WS [2] and salinity [3] have been described as two of the most 

important environmental phenomena affecting plant growth, development and crop yield. 

Photosynthesis, together with cell growth, has been reported among the primary processes affected 

by WS [4]. Decreases in photosynthesis due to WS have been well studied and reviewed in C3 

plants [5-8] and may be directly associated with decreases in stomatal conductance in the early 

phase of stress [8, 9], whereas the response of C4 photosynthesis to WS has been less studied. 

Ghannoum [10] suggested that although the C4 CO2-concentrating mechanism offers C4 

photosynthesis a greater buffering capacity against CO2 shortages brought about by partial 

stomatal closure under WS, the biochemistry of C4 photosynthesis is as - or even more - sensitive 

to WS than C3 photosynthesis. According to Munns [11], early physiological plant responses to 

water and salt stress have much in common, and cell growth and photosynthesis would be affected 
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by salinity in a similar way to WS [8, 11, 12]. Shoot growth is affected in the first phase of salinity 

stress, denominated “osmotic phase”, and a reduction in leaf expansion, emergence of new leaves 

and lateral bud development is observed [3]. The second phase (“ion-specific phase”) begins when 

salt accumulates to toxic concentrations in the old leaves, and a decrease in the photosynthetic 

capacity of the plant is noticed due to a greater rate of death of old leaves than production of new 

leaves.  

Other factors limiting photosynthesis in C3 and C4 plants are temperature [13, 14] and light [15]. 

Hurry et al. [16] have described how photosynthesis at low temperature is inhibited due to the low 

synthesis of sucrose, reaching the limits of inorganic phosphous (Pi) recycling. Tcherkez et al. [17] 

suggest that the plant reduces the rate of reserve consumption (primarily starch) under chilling 

conditions, but, on the other hand, an increase in temperature increases mitochondrial respiration 

with a faster degradation of reserves as a consequence. Light regulates the activity of the complex 

photosynthetic enzymes in both the Calvin cycle and electron transport. Therefore, lack of light 

causes the Calvin cycle to stop capturing atmospheric CO2 because many enzymes, such as 

Rubisco and PEPC, are activated by red light via phytochrome. Some adaptation responses under 

low light or darkness are fast and reversible, such as chloroplast movements, but other functional 

and anatomical changes that occur in leaves are slow and irreversible [18]. The adaptation 

responses produce changes in leaf anatomy and enzyme activation cycles. Two important 

parameters for evaluating structural and biochemical acclimation are hydration and activity of 

Rubisco, respectively. In addition, the content of Rubisco decreases considerably after a period of 

darkness in C3 plants [19, 20], whereas the activity of Rubisco is not limited to the dark-acclimated 

C4 leaves. In relation to continuous darkness, Nogués et al. [21] suggest that the respiratory 

substrate after a light period is a mixture in which the current photoassimilates are not the main 
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component in physiological conditions. In addition, continuous darkness could be used as a tool 

to decrease the carbon pool of the plant.  

Regarding the species used, giant reed and switchgrass are generating much interest in Europe as 

new renewable sources of biomass for energy production [22-24]. Several benefits are expected 

from the production and use of perennial grasses, as the important contribution in reducing of 

anthropogenic CO2 emissions because the quantity of CO2 released by combusting biomass does 

not exceed the amount that has been fixed previously by photosynthesis while the plants were 

growing [23]. Moreover, perennial grasses have other ecological advantages as a low requiring 

soil management, reducing the risk of soil erosion [25] and low demands for nutrient inputs due to 

the recycling of nutrients by their rhizome system [22]. On one hand, giant reed is a plant belonging 

to the Poaceae family. Recent studies [23, 26] have proposed an Asiatic origin and a subsequent 

spread throughout the Middle East to southern Europe and Africa, being found widely in warm 

temperate regions all over the world. On the other hand, switchgrass is a native perennial warm-

season grass from North America belonging to the Gramineae family [22], and is broadly adapted 

to the central and eastern United States [27]. Giant reed is not able to produce viable seeds due to 

failure of the megaspore mother cell to divide [26, 28], whereas switchgrass can be established by 

seeding [22]. Therefore, several endemic species of switchgrass with wide ranges of adaptation 

can be found, but low genetic variability is found in giant reed [22]. However, spontaneous 

propagation can occur by rhizome fragmentation in both species [22, 29]. High biomass 

productivity has been observed in giant reed [23] and switchgrass [22, 30] even with low levels of 

crop inputs like irrigation, fertilization and plant density. The high yield of giant reed has been 

reported as being stable in long-term experiments [23, 31].  
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Both species uses different photosynthetic pathway: Giant reed is a C3 plant [22, 32], whereas 

switchgrass is a NAD malic enzyme type C4 grass [22, 33]. The key feature of C4 photosynthesis 

is the operation of a CO2-concentrating mechanism in the bundle sheath that leads to the 

suppression of apparent photorespiration in air as well as the saturation of C4 photosynthesis at a 

lower ambient [CO2] than for C3 plants [10]. Therefore, a higher efficiency of radiation, nutrient 

and water use is expected in a C4 species grown in an appropriate climate than a C3 species [34]. 

Nevertheless, giant reed has been classified as a C3 plant but it has been compared with C4 plants 

due to its high photosynthetic potential [32], although the latest studies have suggested that giant 

reed has a relatively high transpiration rate and will therefore use more water than many C3 and 

C4 species used for biomass feedstock [35].  

 The aim of this paper is to study the physiological response of these two bioenergy species to four 

stresses (i.e. water stress, salinity, cold and continuous darkness) to determine which specie is 

more tolerant to stress.  

 

2. Materials and methods 

2.1. Plant material 

Arundo donax L. plants collected in Sant Martí Sarroca (291m asl, 41º23’14” N 1º36’43” E, 

Catalonia, Spain), named Arundo donax clone Martinensis (giant reed), were obtained from 

multiplication of rhizomes on January 2013. Seeds of Panicum virgatum L. cv. Alamo 

(switchgrass) were donated by the Instituto Nacional de Tecnología Agropecuaria Anguil (INTA, 

Argentina) and germinated on moist filter paper in Petri dishes, placed in a long day chamber (16h 

of photoperiod) at a temperature of 22/18ºC day/night respectively and 70% HR. 
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Giant reed and switchgrass rhizomes, with an initial rhizome fresh weight of 33.2 g ±4.4 and 16.3 

g ±2.8, were grown in a greenhouse at the Experimental Field Service of Barcelona University 

(Barcelona, Spain) in plastic pots containing 5 L of peat: perlite: vermiculite (3:1:1) and were 

irrigated with a complete Hoagland solution [36]. The average temperature and vapour pressure 

deficit (VPD) during growth was 25/15ºC day/night and 0.75 kPa, respectively. Relative humidity 

ranged from 40 to 65% and the maximum PPFD was ~1000 µmol m-2 s-1. 

In order to study the response of these two species to different stresses, plants were subjected to 

two different experiments. 

2.2. Experiment 1: Water stress and salinity  

2.2.1. Plant material and experimental design 

Three months after planting, plants were separated into four treatments. Half the plants were 

subjected to WS by withholding water until 25% of field capacity (FC). Then, well-watered (WW, 

maintained at FC) and WS plants were equally divided between salinity (e.g. 16 mS·cm-1 Hoagland 

solution) and non-salinity (e.g. 1 mS cm-1 Hoagland solution). Saline solution was prepared by 

adding NaCl (PANREAC, 99% Sodium Chloride) to a complete Hoagland solution until the 

appropriate saline concentration was reached. Consequently, a total of three plants per ecotype 

were subjected to the following treatments: (i) well-watered with non-saline solution (WW S-), 

(ii) low-watered with non-saline solution (WS S-), (iii) well-watered with saline solution (WW 

S+) and, iv) low-watered with saline solution (WS S+).  

Plants were subjected to these four treatments during two months. Measurements were carried out 

every fifteen days (i.e. T15, T30, T45) until the end of the experiment (i.e. T60). 

2.2.2. Measurements  



 8

2.2.2.1. Gas exchange 

Leaf-level gas exchange was measured using a portable photosynthesis system (Li6400, Li-Cor 

Inc., Lincoln, NE, USA) provided with a Leaf Chamber Fluorometer (6400-40) of 0.0002 m2 and 

a 10% blue light source.  

Firstly, before the experiment (T0), A/Ci curves with chlorophyll fluorescence determinations 

were conducted in fully expanded leaves from each species (n=3) at 25ºC with a light rate saturated 

at 1200 µmol·m-2·s-1 of PPFD and an airflow rate of 0.008 l s-1. The response of A to the 

intercellular CO2 concentration (Ci) was constructed by measuring these values at a range of CO2 

concentrations from 70 to 1500 μmolCO2 molair
-1. Net CO2 assimilation rate (Asat, mol CO2 m-2 s-

1) and stomatal conductance (gs, mol H2O m-2 s-1) were measured directly by the Li-Cor, whereas 

the maximum carboxylation velocity of Rubisco (Vc,max, mol CO2 m-2 s-1), the maximum electron 

transport rate contributing to RuBP regeneration (Jmax, mol CO2 m-2 s-1), and stomatal limitation 

(l, %), which is the proportionate decrease in light-saturated net CO2 assimilation attributable to 

stomata, were calculated by fitting a maximum likelihood regression below and above the 

inflexion of the A/Ci response using the method of McMurtrie and Wang [37]. Transpiration (T, 

mmol H2O m-2 s-1) was also measured and instantaneous water use efficiency was calculated as 

WUEinst = Asat/ T. Modulated chlorophyll fluorescence measurements were determined at the same 

time with the Fluorometer to estimate the maximum quantum yield of PSII (Fv/Fm), the efficiency 

of excitation energy capture by open PSII reaction centres (F’v/F’m), the relative quantum yield of 

photosystem II (ϕPSII), as well as the photochemical quenching (qp) and the non-photochemical 

quenching (NPQ) determined in a totally expanded leaf after 30 min of dark adaptation [38]. 

Secondly, during the experiment, instantaneous measurements of assimilation Asat and gs were 

done in each species and treatment (n=3) every fifteen days using also a portable photosynthesis 
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system Li6400 at the same conditions of temperature, light and air flow as mentioned above and 

at a CO2 concentration of 400 μmolCO2 molair
-1. WUEinst was also calculated for each species and 

treatment every 15 days as was detailed above. 

All gas exchange and fluorescence measurements were made from 10:00 to 18:00h. Stress 

treatments started on the 1st of April 2013. However, measurements in control conditions were 

done before the experiment started (T0) and, once stress was implanted every 15 days: April 12-

13 (T15) and 27-28 (T30) and on May 13-14 (T45) and June 2-3 (T60). 

2.2.2.2. Relative water content 

The relative water content (RWC, %) of the leaves was determined as (FW-DW)/(TW-DW) x 100, 

where FW is the fresh weight, DW is the dry weight after being dried in an oven at 60ºC until 

constant weight and TW is the turgid weight of the leaf after equilibration in distilled water for 24 

h at 4ºC. RWC value is the main of 3 leaves of each ecotype and treatment every 15 days.  

2.2.2.3.Chlorophyll content 

Chlorophyll content was measured in the first and second last fully expanded leaf of all the plants 

assayed using a portable meter (Minolta SPAD 502 Meter, Plainfield, IL, USA) every 15 days. 

Five measurements were performed per leaf from the middle of the leaf (each measurement is the 

mean of 6 leaves per treatment).  

2.2.2.4. Biomass parameters 

At T60, plants were harvested and oven dried at 60ºC up to constant weight, and analyses of 

biomass of shoots and roots were carried out. Total fresh weight and plant leaf area was estimated 

prior to drying using a flat-bed scanner (Hewlett-Packard ScanJet model Iicx, San Diego, USA) 

and analysed with an image processing program (Image, University of Sheffield, 2003).  
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Parameters such as height (H, m), number of leaves and stems per plant (NL, NS), leaf area (LA, 

m2) and stem area (SA, m2), percentage of green, yellow and dry leaves (GLP, YLP, DLP, %), 

total dry weight (TDW, g), shoot/root ratio (S/R), leaf area index (LAI), leaf mass area (LMA; kg 

m-2), specific leaf area (SLA; m2 kg-1), leaf area ratio (LAR; m2 kg-1) and leaf weight ratio (LWR; 

kg kg-1) were determined.  

2.2.3. Statistical analysis  

The effect of WS and salinity on plant physiology and development in each specie was performed 

using a two factor analysis of variance (ANOVA) and interactions (treatment, specie and 

treatment*specie). Statistical analysis was conducted with the SPSS 21.0 software package. The 

means ± standard errors (SE) were calculated for each parameter. When a particular F-test was 

significant, we compared the means using a Tukey multiple comparison test. The results were 

accepted as significant at P < 0.05.  

2.3. Experiment 2: Temperature and continuous dark stress 

2.3.1. Plant material and experimental design 

Twenty five plants of giant reed and switchgrass, which were grown in the same conditions as 

described in Experiment 1, where chosen and divided into three treatments: (i) control in 

greenhouse conditions (25/18 °C day / night, VPD 0.75 kPa, 65% - 70% HR, maximum light ~ 

1000 PPFD mol m-2s-1) and, (ii) ambient temperature (24-26 °C) and continuous darkness (AD), 

and (iii) cold temperature (5-6 °C) and continuous darkness (CD). Each treatment was subdivided 

into three experimental conditions, which corresponded to 3, 6 and 9 days (d) after the start of the 

treatment. After each experimental condition, the plants were returned to the greenhouse at the 
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Experimental Field Service of Barcelona University (Barcelona, Spain) for  ca. 24 h to study  their 

recovery after the the stress treatment (R).  

2.3.2. Measurements  

2.3.2.1. Gas exchange and fluorescence parameters 

A portable photosynthesis system Li6400 (Li6400, Li-Cor Inc., Lincoln, NE, USA) provided with 

a Leaf Chamber Fluorometer (6400-40) of 0.0002 m2 was also used to carry out measurements of 

gas exchange and fluorescence as described in Exp. 1. Photosynthesis activation time depended 

on the treatment duration: 30, 45 and 60 minutes for treatments whose durations were 3, 6 and 9 

d, respectively.  

Asat, Vc,max, Jmax and l were calculated according to the method of McMurtrie and Wang [37]. 

Chlorophyll fluorescence parameters such as Fv/Fm, Fv’/Fm’, ɸPSII and qp were measured as 

described in Exp. 1. All measurements were conducted from 10:00 to 18:00h during the daily 

photoperiod of the plants.  

2.3.2.2. O2 consumption, CO2 production and respiratory quotient (RQ) 

O2 consumption (µmol O2 m-2 s-1) was measured with a complete system with a liquid-phase 

oxygen electrode and dissolved oxygen measurement (Qubit Systems, Kingston, Canada, with data 

recording with LoggerPro 3.7 software).  

0.001 m2 of tissue of the middle part of the leaf were sliced into small fragments in a CaCl2 solution 

(0.2mM) over 10-15 minutes at room temperature and in darkness in order to stabilize the walls 

damaged by the wound. Afterwards, the leaf material was placed in the electrode cuvette with a 

volume of 5 ml of TES buffer (20mM TES + 2mM CaCl2, pH 7.2), and the whole setup was 

ambient-air equilibrated under dark conditions. The reaction was carried out at 25 °C with constant 
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stirring. CO2 production (µmol CO2 m-2 s-1) was measured with NaOH and phenolphthalein 

indicator (protocol modified and adapted from [39]). 

The nature of the respiratory substrate was determined by the respiratory quotient (RQ), which is 

the ratio of CO2 production to O2 consumption: RQ = CO2 production / O2 consumption.  

2.3.3. Statistical analysis  

Measurements of different treatments were performed randomly during the course of the 

experiment in order to reduce experimental error. Data averages of each treatment were plotted 

and were subjected to a three factor ANOVA (plant, treatment and day) with a significance level 

of 5% (IBM SPSS Statistics 20). A Duncan test was used to find the differences between 

experimental conditions.  

 

3. Results  

3.1. Experiment 1: Water stress and salinity  

3.1.1. Gas exchange 

Significant differences were found in almost every photosynthetic parameter (Vc,max, Jmax, l, gs, T 

and WUEinst) between species at the beginning of the experiment (T0) except in Asat (P = 0.908) 

(SM 1) where non-significant differences were found between species. A lower value of Vc,max and 

a higher of Jmax were found in giant reed, while switchgrass showed lower values of l, gs and T. 

Therefore, a higher WUEinst was observed in the second species. Significant differences were 

found also in the majority of the fluorescence parameters (Fv/ Fm, Fv’/ Fm’, ɸPSII, NPQ) between 

species at T0 except in qp (P = 0.297) (SM 1). The highest values of Fv/Fm, Fv’/ Fm’ and ɸPSII 

were observed in giant reed, whereas the highest value of NPQ was observed in switchgrass. 
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Similar values of Asat were found in giant reed and switchgrass at T0 (Fig. 1a and SM 1). Giant 

reed showed a significant decrease in Asat at T15, particularly in WS S- where it decreased by 50% 

with respect to the control at the same time, followed by the salinity treatment (WW S+) and the 

double stress treatment (WS S+) with decreases of 27% and 8%, respectively. Similar values of 

Asat in the WS S- (9.9 ±0.9) were found at T30,  whereas salinity and double stress values of Asat 

decreased until 37% and 24% compared to the control at the same time, reaching values of 12.4 

±0.6 and 15.1 ±0.6, respectively. At T45, the decrease in Asat remained until T60, when non-

significant differences were found between treatments that reached values of 2.15 ±0.3, 2.0 ±0.2 

and 1.9 ±0.3 for WS S-, WW S+ and WS S+, respectively. In general, at T60 a decrease in Asat of 

ca. 91% was observed in giant reed for every treatment with respect to the control at T0. 

Nevertheless, switchgrass did not show significant differences between treatments at T15 or even 

at T30, although a decrease in Asat was observed in every treatment, particularly in the WS S+ 

(12.5 ±1.3), which showed a decrease of 27% at T30 relative to the control (17.1 ±0.6) (Fig. 1a). 

At T45, a decrease in Asat was observed and significant differences were found in all treatments in 

comparison to the control (16.2 ±1.5), but not between the stress treatments, which had values of 

10.2 ±0.4, 10.9 ±0.8 and 6.6 ±1.6 for WS S-, WW S+ and WS S+, respectively. The lowest values 

of Asat in switchgrass were found in WS S+ at T60 (1.1 ±0.3), representing a decrease of 95% in 

the Asat observed at T0. In relation to gs, significant differences were found in the control treatment 

between species during the experiment, with switchgrass having a difference in gs values of ca 

55% from T0 to T45 and 33% at T60 relative to giant reed (Fig. 1b). However, a similar pattern 

of decrease in Asat was observed in both species, indicating a high correlation between the two 

parameters for both species in each treatment (SM 2). In relation to WUEinst, significant differences 

were found in the control treatment between species (P = 0.000) at T0 where giant reed showed 
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lower WUEinst than switchgrass (3.3 ±0.2 and 7.2 ±0.2, respectively). An increase in WW S- was 

observed in giant reed, while switchgrass showed similar values during most of the experiment 

(Fig. 1c). The highest WUEinst was found in WS S- until T45, whereas similar values were found 

in all treatments at T60. Switchgrass showed similar values between treatments at T15 followed 

by an increase of WUEinst in WS S- at T30 and T45. However, the same values were observed at 

T60 in all treatments (Fig. 1c). In general, switchgrass showed greater values of WUEinst than giant 

reed for each treatment at each time.  

3.1.2. Relative water content (RWC) 

A slight decrease in RWC was observed between T0 and T60 in the control treatment (WW S-), 

although no significant differences were found over time or between species (Fig. 2). The RWC 

of giant reed decreased by ca 18% in stress treatments (WS S-, WW S+ and WS S+) relative to the 

control at T60, and no significant differences were found between treatments. Otherwise, 

switchgrass showed a similar decrease in WS S- and WS S+ (21%) with respect to the control at 

T60, whereas WW S+ decreased by only 10%. However, no significant differences were found 

between species for any treatment at any time (T0 and T60). 

3.1.3. Chlorophyll content 

Similar chlorophyll content values (SPAD units) were observed in giant reed between T0 and T60 

in WW S-, however, a slight increase in chlorophyll content was noticed in switchgrass, from 33.9 

±0.6 to 38.5 ±0.7 (SM 3). The highest values of chlorophyll content in giant reed at T60 were 

found in those treatments where WS was not included (WW S- and WW S+) with values of 49.2 

±0.4 and 47.5 ±0.9 respectively, followed by WS S+ (44.4 ±0.4) and WS S- (38.1 ±0.5). No 

significant differences were found between treatments in switchgrass at T60. Giant reed had higher 

values of chlorophyll content than switchgrass in WW S- and WW S+, with a difference of 22% 
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and 19%, whereas no significant differences were found in treatments where WS was included 

(WS S- and WS S+). 

3.1.4. Biomass parameters 

No significant differences were found in H in giant reed between treatments (Table 1), even though 

an increase of 22% in WS S- and a decrease of 24% in WS S+ were recorded. Nevertheless, 

switchgrass showed a decrease in every treatment relative to the control, with the most substantial 

decrease (33%) seen in WS S+. A decrease in the NL was observed in every stress treatment and 

in both species, being more noticeable in treatments related to WS. Giant reed showed a decrease 

of 76% in WS S-, but NL decreased in switchgrass by 78% under WS S+. Giant reed LA (Table 

1) decreased considerably (81%) in WS S- followed by WS S+ (66%) and WW S+ (48%) with 

respect to WW S-. Switchgrass was more affected by WS treatments, decreasing by 86% and by 

91% in WS S- and WS S+ treatments, respectively, whereas WW S+ had a decrease of only 64% 

compared to the control. No significant differences were found between species in any treatment 

except in WW S- where switchgrass had a greater LA than giant reed. GLP decreased in both 

species relative to the control as a consequence of stress, and was more pronounced in giant reed 

in which the greatest decrease occurred under WS S- (67%). In contrast, the greatest decrease in 

switchgrass was only of 31% in the same treatment (Table 1). However, leaf curling was noticed 

in switchgrass leaves as a consequence of water scarcity. TDW also decreased in both species 

compared to the control (Table 1), being more evident in treatments where WS was included. As 

in the case with LA, no significant differences were found between species in any treatment except 

in WW S-, where switchgrass had a greater TDW than giant reed. The highest value of the 

shoot/root index (S/R) (Table 1) was found in WW S+ in giant reed, which was even higher than 

the control, whereas the lowest value for the same species was found in WS S- with a decrease by 
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35% in comparison to the control followed by WS S+ with a decrease of 13%. On the other hand, 

switchgrass decreased to a similar degree for WS S- and WS S+ (43% and 46%, respectively), 

while WW S+ remained almost unchanged compared to the control. LMA increased under stress 

treatments in both species (Table 1), with a remarkable increase in switchgrass under WS S+ 

(163%). SLA decreased in all treatments with respect to the control. SLA decreased in giant reed 

by 33% under WS S- and by 51% switchgrass under WS S+. No significant differences were found 

in these two parameters between species in any of the treatments except for the double stress (WS 

S+).  

3.2. Experiment 2: Continuous darkness and temperature 

3.2.1. Gas exchange and fluorescence parameters 

A different response to stress was found in both species during the experiment. Asat was less 

affected by the cold treatment (CD) than by the ambient temperature treatment (AD). The decrease 

in Asat in the AD treatment was 49% and 50% at 3d in giant reed and switchgrass respectively, 

increasing over time (Table 2). Declines of  ca. 30% under the CD at 3d was shown in both species 

and remained throughout the experiment except for giant reed, which decreased by another 14% 

from 6d (Table 2). In relation to recovery (R), an increase in Asat was observed in both treatments 

(except for giant reed in the CD treatment at 3d) and some complete R was found in the CD 

treatment, especially in switchgrass (for 3 and 9d; P < 0.05) (Table 2). 

Vc,max was less effect of cold temperature than ambient. Decreases of 65% and 43% were observed 

in giant reed after 3d in AD and CD respectively, with a constant pattern over time (Table 2). 

Increases in Vc,max were observed under AD after R. However, R was not observed at 6d and 9d. 

Significant decreases were noticed in switchgrass for AD and CD at 3d (75% and 66%, 

respectively). Vc,max values decreased by almost 94% at 9d in AD relative to the control, although 
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in CD the Vc,max value was equal to the control value (P < 0.05). R was observed at 3d in CD 

conditions as well as in all AD conditions (Table 2). Jmax was the parameter that showed the most 

differences between the two species. Decreases by 56% and by 61% were observed in giant reed 

after 3d in AD and CD, respectively. An additional 15% decrease was observed in AD at 6d, 

whereas value of Jmax remained constant in CD (P < 0.05). However, after 9d a ubiquitous response 

was found in both treatments (90% reduction). Despite these differences, both treatments had 

complete R in all experimental conditions (Table 2). On the other hand, a different response was 

found by switchgrass due to a greater reduction in CD than in AD (81% and 53%, respectively) 

after 3d. Jmax value increased in AD (110%) but remained constant in CD conditions after 6d (Table 

2). A different situation was found after 9d due to an 81% decrease in AD and a 52% increase in 

CD with respect to the control. A complete R was found in CD during the experiment except at 6d 

(P < 0.05), however a complete R was only found at 6d in AD (Table 2). In relation to l,  significant 

differences were found in giant reed in CD than in AD conditions (Table 2). An increase in l was 

observed at 3d (39%) and 9d (68%) in the AD treatment, but at 6d l remained similar to C. 

Moreover, l increased more than double in CD after 3d, decreasing again after 6d and 9d compared 

to the control. A progressive increase was observed in switchgrass in AD conditions at 3d and 6d 

followed by a decrease at 9d to a lower value than C. A similar pattern was observed in CD 

conditions where an increase at 6d was followed by a decrease to C values (Table 2). R was 

complete in all conditions in AD but in CD it was not observed under any condition.  

Fv/Fm decreased in giant reed in both treatments although no significant differences were found in 

the CD treatment until 6d (Table 3). A complete R of Fv/Fm was observed at 3d in AD and CD and 

at 6d (only in CD conditions). The most significant decrease in Fv/Fm was found in switchgrass 

under CD conditions (Table 3), where decreases by 7% at 3d and 16% at 6d were observed, 
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whereas Fv/Fm decreased by only 3% and 5%, respectively, under AD conditions compared to C. 

An initial decrease by 35% and 15% at 3d in Fv’/ Fm’ values in giant reed in AD and CD conditions 

was observed, increasing by 12% and 13% more at 6d in each treatment respectively and remained 

constant after that time (Table 3). R was observed in all conditions except for 9d under AD. A 

similar decrease by 20-23% was found in AD and CD conditions at 3d in switchgrass. However, 

a greater decrease was observed at 6d (51%) under AD conditions while a slight R was seen at 9d 

(Table 3). R was observed in all experimental conditions although it was only at 3d (under AD and 

CD) and 9d under CD conditions were R was completed. The decrease in ɸPSII became more 

pronounced over time until 6d, after which there was a stabilization or slight R by 9d in both 

treatments. In contrast to giant reed, which was more affected by AD (a decrease by 42%) than 

CD (18%) at 3d, switchgrass was more affected by CD (52%) than by AD (30%, Table 3). 

Decreases at 6d reached values of 61% and 36% in AD and CD conditions in giant reed while in 

switchgrass the decreases were almost by 78% and 70%, respectively. In relation to qp, a greater 

decrease was observed in CD than in AD conditions in giant reed (Table 3). Moreover, switchgrass 

showed a greater decrease in CD (38%) than in AD (12%) at 3d but at 6d a similar decrease was 

observed in both conditions (51% and 59%, respectively; Table 3). 

3.2.2. O2 consumption, CO2 production and the respiratory quotient (RQ)  

In relation to mitochondrial respiration, a more large effect was observed in AD than in CD in both 

species (SM 4). A decrease by 32% and by 33% in O2 consumption in AD conditions was observed 

at 3d in giant reed and switchgrass, respectively, increasing to ca 70% at 6d and 9d (SM 4a, c). 

Nevertheless, the decrease in O2 consumption in CD conditions was significantly lower, with a 

decrease by 53% in giant reed and only by 11% in switchgrass at 9d (SM 4 b,d). CO2 production 

after 9d decreased in relation to the control in both species, being more marked in AD than in CD 
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(Table 4). Giant reed and switchgrass decreased CO2 production by 90% and by 81%, respectively, 

whereas under CD conditions CO2 production decreased by 74% and by 33%, respectively. Greater 

RQ values were observed in C than in AD or CD conditions in both species (Table 4). A similar 

decrease was observed in RQ values in AD and CD in giant reed (54% and 43%, respectively) and 

in switchgrass (29% and 25%, respectively) in relation to C (Table 4), although switchgrass values 

were larger than giant reed.  

 

4. Discussion 

4.1. Experiment 1: Water stress and salinity  

Values for Asat in giant reed under control conditions at the beginning of the experiment (T0; SM 

1) were similar to those reported by Papazoglou et al. [40] but lower than those reported by Rossa 

et al. [32] or Nackley et al. [35].The gs value was also lower than expected according to Nackley 

et al. [35]. Moreover, switchgrass values of Asat and gs are similar to the values reported by Albaugh 

et al. [41]. Although a higher photosynthetic rate is expected in C4 species due to the operation of 

a CO2-concentrating mechanism [34, 42, 43], in this study we have found similar values of Asat in 

both species andit confirm the high photosynthetic potential of the C3 grass specie [32]. However, 

although the WUEinst of giant reed in control conditions was similar to values reported by Mann 

et al. [44], the greater values in giant reed in relation to switchgrass would confirm a greater use 

of water than C4 switchgrass under stress (SM 1) [35]. Giant reed l was similar to values reported 

by Rossa et al. [32] and significantly higher than switchgrass, indicating a higher stomatal closure 

(SM 1). The high Fv/Fm values in both species at T0 (SM 1), similar to values expected in this 

species in control conditions [32], were a good indicator of photosynthetic efficiency. A better 

fluorescence efficiency was observed in giant reed in relation to switchgrass due to a higher ɸPSII 
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and a lower NPQ, as would be expected from a higher Fv/Fm value [45]. This fact would confirm 

that C3 species need lower energy requeriments to assimilate the CO2 [46, 47]. 

Although both species have been described as WS resistant [22, 33, 48], our results indicate a 

decrease in Asat and gs due to WS and salinity in both species (Fig. 1), as expected by other studies 

[49]. The decrease in gs has been proposed as one of the earliest responses to water and salinity 

stress [3, 8, 50], reducing internal CO2 partial pressure and, consequently, reducing photosynthetic 

rates. Although in our experiment the decrease in Asat was a consequence of decreases in gs due to 

a high correlation between both parameters (SM 2), other studies in C4 grasses have proposed that 

inhibition of Asat under WS is dependent mainly on biochemical limitations [51]. However, a 

different performance was observed in the species subjected to WS due to an incipient and faster 

decrease in gs and Asat in giant reed than in switchgrass (Fig. 1a, b). Moreover, giant reed seems 

to be equally affected by different stresses at the end of the experiment, contrasting with 

switchgrass, which is more affected by both stresses (water and salinity stress) according to the 

Asat and gs values (Fig. 1a, b). High values of Asat at T60 in switchgrass might indicate a higher 

tolerance to salinity than giant reed, as expected according to the results of Long et al. [52] and 

Sage [53]. These authors have suggested that the C4 photosynthesis pathway could be 

advantageous to plants living in habitats where water supply is limiting or salinity is present due 

to a higher ratio (often twice than C3 species) of CO2 assimilated to water transpired. C4 plants 

would have an adaptive advantage over C3 plants due to higher WUE [53], as was observed in 

control conditions in our experiment and in most of the measurements over time (Fig. 1c). 

Moreover, a higher effect of salinity in C3 plants than in C4 plant has also been described previously 

[54].  
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Stress caused a decrease in RWC in both species as expected [8, 10, 11, 35, 49], being lower in 

switchgrass under saline conditions, which could confirm a certain tolerance to salinity. 

Chlorophyll content values of giant reed at the beginning of the experiment were similar to those 

measured by Spencer et al. [55]. WS and salinity have been shown to reduce leaf chlorophyll 

content in species such as maize [56], rice [57], pumpkin [58], sunflower [59] and sorghum [60], 

and so do in giant reed as a consequence of stress, being more affected by WS than by salinity 

(SM 3). 

Decreases in plant H, NL and LA (Tale 1) were observed as a consequence of stress as expected 

[3, 61-63] in order to decrease the water used by the plant and allowing to conserve soil moisture 

and prevent dehydration. This would confirm that WS and salinity effects on plants is the inhibition 

of growth [11, 64, 65], which would end up affecting the total production of biomass (TDW, Table 

1). Higher TDW in switchgrass than in giant reed in control conditions may have been a 

consequence of higher photosynthetic efficiency during the experiment, and even at T60, this was 

probably due to the C4 CO2-concentrating mechanism. The greater decrease in TDW in 

switchgrass than in giant reed under WS and salinity maintaining high photosynthetic rates (Table 

1 and Fig. 1) would indicate a certain mechanism to decrease water lost and, consequently, the 

damage produced by stress [12], contrarily to those reported by Ghannoum [10]. The greater 

decrease in shoot mass due to stress [3, 63] carried out a decrease in S/R in both species, being 

more important in those treatments where WS was present (Table 1).  Moreover, stress conditions 

usually result in a reduction in leaf dimensions and an increase in thickness, making leaves more 

efficient at controlling water losses [66], as was observed with the decrease in SLA (Table 1). 

4.2. Experiment 2: Continuous darkness and temperature 
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Björkman [67] and Lambers et al. [47] described the effect of low temperatures as a cryoprotectant 

of enzymes. Our results showed how, according to these authors, the low temperatures and 

darkness (CD) caused significant less reduction in photosynthetic parameters than ambient 

temperature and darkness (AD) (Table 2). However, smaller decreases in Asat under CD treatment 

in switchgrass than in giant reed would indicate differences in cold tolerance between both species 

(Table 2). In this sense, Pompeiano et al. [68] showed that the lethal temperature at which 50% of 

two different giant reed ecotypes were killed (LT50) ranged between -16.4 and -12.8ºC, whereas 

switchgrass tolerance plateaued at -19 to -20ºC [69].  

Irreversible damage observed in the Vc,max of giant reed from 6d in CD (Table 2) would indicate 

that the content or the activation of Rubisco would be affected by CD. This observation would be 

consistent with those reported by Sage and McKnown [70], who claim that the content or Rubisco 

activity in many C3 species may be reduced up to 55% in low light situations compared to normal 

conditions. However, higher values in terms of Asat in CD, where even plants were fully recovered 

after 9 days, would indicate that low temperatures, in addition to functioning as a cryoprotectant 

enzyme could act by delaying slightly the degradative effect of darkness.  

It is worth noting that  in switchgrass  although the C4 pathway has been commonly associated 

with warm or tropical climates plants [10, 17, 71], several studies have observed certain cold 

tolerance in some C4 species [71] and particularly in switchgrass [69, 72], similar to our study. 

According to Gutiérrez et al. [73] and Hatch and Osmond [74], the most sensitive to cold C4 species 

would belong to the group of NADP-ME, whereas the C4 species of NAD-ME type, such as 

switchgrass or Atriplex, would be more tolerant to cold [73]. Caldwell et al. [71] showed how the 

low temperature modified the carbon assimilation kinetics even in cold tolerant C4 species, without 

affecting the metabolism of the same as seen in the C4 species sensitive to cold. The complete 



 23

recovery of the machinery of carbon fixation at 9 days in CD (Table 2), would imply that the 

characteristics of the C4 pathway enzymes, such as PEPC enzyme and PPDK were not damaged 

or its quantity were not reduced, as mentioned by Sage and McKnown [70] in C4 cold tolerant 

species. Chinthapalli et al. [75] described how tolerance to low temperatures is mainly due to the 

wide range of conformational changes affecting PEPC enzyme (which is dissociated from its 

normal tetrameric form a dimeric form, but equally functional active low) as well as increased 

expression of the enzyme PPDK. 

The decrease in fluorescence parameters under the two treatments in both species (Table 3) would 

indicate a photoinhibitory effect. In giant reed, the decrease in the fluorescence parameters 

occurred before in CD than in AD, indicating that the low temperature would reduce the 

photoinhibitory effect of darkness [76], although this is not observed in switchgrass.  

Although there were no differences between C3 and C4 species in respiration rates (SM 4), 

according to Byrd et al. [77], mithocondrial respiration was more affected by AD than by CD (SM 

4). According to Tcherkez et al. [17], temperature directly affects the rate of carbon consumption, 

i.e. increasing temperature increases the consumption rate of carbon reserves. This also correlates 

with the CO2 production, where the lowest values were found in AD (Table 4) due to the 

presumably low reserves content in plants. One consequence of the absence of light is that, in the 

absence of carbon assimilation, the energy demands should be cover from the carbon reserves. 

Therefore, continuous darkness induces a significant management resources in plants, i.e. 

prioritizing the consumption of energy resources, as indicated Byrd et al. [77]. Starch is the product 

consumed mainly at the start of the dark period, and once it was consumed, proteins and lipids are 

consumed [17]. RQ provides information about which substrate feeds respiratory metabolism [17]. 

The initial values slightly above 1 in both species (Table 4) indicated a consumption of a mixture 
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of organic acids and carbohydrates. However, the similar values observed in switchgrass in both 

treatments would indicate that carbohydrates and proteins were feeding respiration, whereas the 

different values in giant reed meant that carbohydrates and proteins in CD and lipids in AD were 

feeding respiration (Table 4). According to Tcherkez et al. [17] and Nogués et al. [21], a slower 

metabolism produced by lower temperatures indicates lower energy requirements and, therefore, 

lower consumption of reserves. The slightly greater RQ value in switchgrass under low 

temperature conditions would indicate a slower metabolism as a result of cold tolerance and 

therefore greater carbohydrate content [22].  

 

5. Conclusions 

Our results indicate similar Asat values between both species at the beginning of the experiment, 

despite the comparison between a C3 and a C4 species.  This could be explained because 

switchgrass is  a NAD-ME C4 type, which would imply a lower photosynthetic efficiency. In 

addition, giant reed has been reported as a C3 species with a significant photosynthetic rate.  

In relation to WS and salinity, switchgrass seems to have a great tolerance to both stresses 

separately due to the high photosynthetic rates observed at the end of the experiment, whereas it 

seems to be very affected by both stresses together at advanced stages of stress. On the other hand, 

giant reed seems to be very affected by WS from the early stages of the experiment and less 

affected by treatments where salinity is included. However, photosynthetic rates at the end of the 

experiment indicate a significant effect from all types of stresses. The high correlation between 

Asat and gs in both species and in each treatment indicate an apparent stomatal limitation.  
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The combination of low temperature and darkness leads to a less significant reduction in the 

photosynthesis parameters, Asat and Vc,max, than in ambient temperature and darkness. Moreover, 

switchgrass seems to be more cold tolerant than giant reed due to a lower decrease in Asat, although 

this is not correlated with Fv/Fm, which may suggests an increase in photoinhibition. Both 

treatments resulted in substantial effects on plant performance because permanent changes in 

chlorophyll fluorescence parameters were produced after 24h. In addition, ambient temperature 

has a larger effect than low temperature due to a greater reduction in the respiration rate and CO2 

production in the AD treatment (i.e. C pools were consumed quickly).  

Our results clearly indicate that switchgrass is a perennial rhizomatous grass with higher tolerance 

to different stresses (i.e. water stress, salinity, cold temperature and continuous darkness) than 

giant reed in our greenhouse conditions.  
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TABLES AND FIGURES  

Table 1: Biomass parameters in A. donax and P. virgatum under four different treatmentsb at the end of Exp. 1 (T60). 

A. donax a WW S- WS S- WW S+ WS S+ 
H (m) 0.57 ± 0.14 A 0.69 ± 0.12 A 0.55 ± 0.17 A 0.43 ± 0.11 A 
NL 22.3 ± 0.9 A 5.3 ± 1.8 B 9.0 ± 1.55 B 7.3 ± 2.7 B 
NS 2.7 ± 0.3 A 1.2 ± 0.3 A 2.0 ± 0.6 A 2.0 ± 0.4 A 
LA (m2) 0.014 ± 0.002 A 0.003 ± 0.000 C 0.008 ± 0.000 B 0.005 ± 0.001 BC 
SA (m2) 0.004 ± 0.001 A 0.002 ± 0.000 AB 0.003 ± 0.001 AB 0.002 ± 0.000 B 
GLP (%) 95.9 ± 2.2 A 31.8 ± 9.4 B 47.1 ± 5.3 B 47.7 ± 8.3 B 
YLP (%) 0.0 ± 0.0 B 8.1 ± 4.1 AB 11.7 ± 3.5 A 14.2 ± 2.2 A 
DLP (%) 4.1 ± 2.2 C 60.1 ± 8.4 A 41.2 ± 7.4 AB 39.1 ± 4.4 B 
TDW (kg) 0.022 ± 0.005 A 0.011 ± 0.001 B 0.019 ± 0.002 AB 0.011 ± 0.001 B 
S/R 3.3 ± 0.2 B 2.1 ± 0.5 C 4.0 ± 0.1 A 2.8 ± 0.4 BC 
LAI 12.7 ± 2.1 A 2.4 ± 0.2 D 6.7 ± 0.3 B 4.3 ± 0.5 C 
LMA (kg m-2)  51.4 ± 5.1 C 76.2 ± 6.3 A 65.2 ± 3.6 B 69.0 ± 5.4 AB 
SLA (m2 kg-1) 19.8 ± 1.8 A 13.3 ± 1.2 B 15.5 ± 1.1 B 14.8 ± 1.2 B 
LAR (m2 kg-1) 6.8 ± 0.7 A 2.7 ± 0.5 C 4.1 ± 0.3 B 4.5 ± 0.4 B 
LWR (kg kg-1) 0.34 ± 0.02 A 0.20 ± 0.04 B 0.27 ± 0.01 AB 0.31 ± 0.03 A 
P. virgatum a WW S- WS S- WW S+ WS S+ 
H (m) 0.73 ± 0.03 A 0.58 ± 0.05 B 0.57 ± 0.05 B 0.49 ± 0.05 B 
NL 68.5 ± 5.0 A 7.8 ± 0.6 C 30.8 ± 6.2 B 14.8 ± 0.8 C 
NS 19.0 ± 1.4 A 10.0 ± 1.5 BC 11.5 ± 1.3 B 6.5 ± 0.3 C 
LA (m2) 0.025 ± 0.001 A 0.004 ± 0.001 C 0.009 ± 0.001 B 0.002 ± 0.000 C 
SA (m2) 0.019 ± 0.001 A 0.006 ± 0.000 BC 0.009 ± 0.001 B 0.004 ± 0.001 C 
GLP (%) 96.8 ± 3.2 A 67.2 ± 5.0 C 80.1 ± 2.2 B 68.1 ± 3.7 C 
YLP (%) 0.0 ± 0.0 A 0.0 ± 0.0 A 0.0 ± 0.0 A 0.0 ± 0.0 A 
DLP (%) 3.2 ± 3.2 C 32.8 ± 5.0 A 19.9 ± 2.2 B 31.9 ± 3.7 A 
TDW (kg) 0.040 ± 0.004 A 0.013 ± 0.001 C 0.021 ± 0.003 B 0.012 ± 0.000 C 
S/R 2.5 ± 0.4 A 1.4 ± 0.2 B 2.5 ± 0.1 A 1.3 ± 0.2 B 
LAI 22.0 ± 0.9 A 3.6 ± 0.6 C 7.9 ± 0.9 B 2.0 ± 0.3 D 
LMA (kg m-2)  47.7 ± 2.8 C 64.2 ± 8.5 B 70.3 ± 3.5 B 125.5 ± 18.1 A 
SLA (m2 kg-1) 21.2 ± 1.2 A 16.1 ± 1.9 B 14.3 ± 0.7 B 10.4 ± 2.3 C 
LAR (m2 kg-1) 6.5 ± 0.6 A 3.2 ± 0.7 C 4.2 ± 0.1 B 1.9 ± 0.3 D 
LWR (kg kg-1) 0.30 ± 0.02 A 0.19 ± 0.02 B 0.30 ± 0.02 A 0.19 ± 0.02 B 
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a Values are the mean (n=3) ± SE and were analysed with an ANOVA Tukey between treatments (capital letters) and between ecotypes 
(Greek letters).  
b Well-watered without salinity (WW S-); low-watered without salinity (WS S-); well-watered with salinity (WW S+) and low-watered 
with salinity (WS S+). 
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Table 2: Photosynthesis parameters of A. donax and P. virgatum under three different treatmentsc 
of Exp. 2.  

A. donax a Asat
a,b Vc,max

a,b Jmax
a,b la,b 

Control 28.3 ± 1.9 A 180.5 ± 19.4 A 409.8 ± 38.6 A 12.8 ± 1.4 A 

AD 

3d 14.5 ± 1.1 Bb 63.5 ± 5.4 Bb 178.7 ± 4.9 Bb 17.8 ± 2.2 Ba 

R 18.6 ± 1.3 a 126.4 ± 4.1 a 354.5 ± 20.7 a* 13.0 ± 1.6 b* 

6d 11.4 ± 0.9 Cb 65.7 ± 8.9 Bb 117.8 ± 14.0 Cb 12.2 ± 0.2 Aa 

R 18.0 ± 0.3 a 96.0 ± 4.9 a 381.9 ± 10.6 a* 7.7 ± 0.7 b 

9d 10.0 ± 1.2 Cb 56.3 ± 3.4 Bb 45.6 ± 3.7 Db 21.5 ± 1.2 Ba 

R 17.4 ± 0.7 a 97.7 ± 1.6 a 364.1 ± 14.6 a* 20.4 ± 0.2 a* 

              

CD 

3d 20.1 ± 1.5 Ba 102.8 ± 10.5 Bb 157.3 ± 16.5 Bb 26.2 ± 1.8 Ba 

R 18.5 ± 1.7 b 178.5 ± 12.4 a* 411.3 ± 33.6 a* 12.5 ± 1.4 b* 

6d 14.7 ± 1.3 Ca 87.4 ± 10.8 Ca 175.1 ± 12.9 Bb 18.5 ± 0.5 Cb 

R 17.6 ± 0.4 a 70.9 ± 1.4 a 313.1 ± 28.0 a* 23.8 ± 0.4 a 

9d 14.5 ± 1.2 Cb 100.8 ± 17.3 Ba 41.1 ± 5.3 Cb 17.1 ± 1.4 Ca 

R 23.4 ± 1.0 a* 91.1 ± 8.0 a 394.6 ± 12.6 a* 7.8 ± 1.0 b 

P. virgatum a Asat
a,b Vc,max

a,b Jmax
a,b la,b 

Control 24.0 ± 2.1 A 187.4 ± 18.5 A 108.4 ± 9.3 A 10.0 ± 1.1 A 

AD 

3d 12.1 ± 1.0 Bb 46.1 ± 5.4 Bb 50.9 ± 1.7 Ba 21.2 ± 1.3 Ba 

R 20.8 ± 0.4 a 129.2 ± 10.0 a 52.3 ± 2.7 a 11.4 ± 0.7 b* 

6d 2.5 ± 0.4 Cb 21.5 ± 2.0 Cb 227.4 ± 24.9 Ca 46.5 ± 5.8 Ca 

R 13.5 ± 1.5 a 56.0 ± 4.8 a 209.6 ± 4.2 a* 13.2 ± 1.7 b* 

9d 5.2 ± 0.6 Db 12.1 ± 0.8 Db 20.3 ± 1.2 Db 6.0 ± 0.7 Db 

R 16.6 ± 0.4 a 95.6 ± 3.9 a 70.1 ± 7.6 a 13.9 ± 1.5 a* 

              

CD 

3d 16.1 ± 0.8 Bb 63.0 ± 1.6 Bb 20.9 ± 2.3 Bb 12.3 ± 1.1 Aa 

R 23.2 ± 0.8 a* 140.9 ± 1.3 a 124.2 ± 9.3 a* 6.2 ± 0.7 b 

6d 18.3 ± 0.2 Ca 64.3 ± 1.1 Ba 28.9 ± 1.3 Cb 24.4 ± 1.4 Ba 

R 16.5 ± 0.9 a 63.2 ± 4.5 a 75.9 ± 0.6 a 25.9 ± 1.3 a 

9d 18.9 ± 1.3 Ca 189.7 ± 7.1 Aa 164.8 ± 7.4 Da 10.9 ± 1.3 Aa 

R 21.7 ± 0.9 a* 164.1 ± 11.1 a* 93.3 ± 4.9 b* 7.6 ± 1.1 b 

a Values are the mean (n=6-7) ± SE and were analysed with a Duncan test between time for a same 
treatment (capital letters), between R for a same time (small letters) and between treatments (Greek 
letters). *Complete R. 
b Asat (mol CO2 m-2 s-1); Vc,max (mol CO2 m-2 s-1); Jmax (mol CO2 m-2 s-1); l (%). 
c Control conditions, darkness and room temperature (AD) and darkness and cold temperature 
(CD) 
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Table 3: Fluorescence parameters of A. donax and P. virgatum under three different treatmentsb 
of Exp. 2.  

A. donax a Fv/Fm Fv’/Fm’ ϕPSII qp 
Control 0.80 ± 0.00 A 0.52 ± 0.01 A 0.33 ± 0.01 A 0.64 ± 0.00 A 

AD 

3d 0.74 ± 0.01 Bb 0.34 ± 0.02 Bb 0.19 ± 0.01 Bb 0.54 ± 0.01 Bb 

R 0.80 ± 0.01 a* 0.45 ± 0.01 a 0.28 ± 0.01 a* 0.64 ± 0.01 a* 

6d 0.76 ± 0.01 Ba 0.28 ± 0.01 Cb 0.13 ± 0.01 Cb 0.46 ± 0.01 Cb 

R 0.80 ± 0.00 a 0.39 ± 0.01 a 0.21 ± 0.01 a 0.53 ± 0.02 a 

9d 0.80 ± 0.01 Ba 0.31 ± 0.01 Ca 0.12 ± 0.02 Ca 0.37 ± 0.04 Da 

R 0.77 ± 0.00 a 0.34 ± 0.01 a 0.16 ± 0.02 a 0.45 ± 0.05 a 

              

CD 

3d 0.78 ± 0.01 Ab 0.44 ± 0.01 Bb 0.27 ± 0.01 Bb 0.62 ± 0.01 Aa 

R 0.81 ± 0.00 a* 0.51 ± 0.01 a 0.34 ± 0.01 a* 0.62 ± 0.01 a* 

6d 0.73 ± 0.02 Bb 0.37 ± 0.02 Cb 0.21 ± 0.02 Ca 0.55 ± 0.02 Ba 

R 0.78 ± 0.01 a* 0.42 ± 0.01 a 0.24 ± 0.01 a 0.58 ± 0.01 a 

9d 0.76 ± 0.00 Ba 0.37 ± 0.00 Cb 0.21 ± 0.00 Ca 0.56 ± 0.01 Ba 

R 0.77 ± 0.00 a 0.40 ± 0.01 a 0.23 ± 0.02 a 0.56 ± 0.03 a 

P. virgatum a Fv/Fm Fv’/Fm’ ϕPSII qp 
Control 0.75 ± 0.00 A 0.35 ± 0.01 A 0.23 ± 0.01 A 0.66 ± 0.02 A 

AD 

3d 0.73 ± 0.01 Ab 0.28 ± 0.01 Bb 0.16 ± 0.01 Bb 0.58 ± 0.02 Bb 

R 0.75 ± 0.01 a* 0.35 ± 0.00 a* 0.23 ± 0.01 a* 0.65 ± 0.01 a* 

6d 0.71 ± 0.00 Ba 0.17 ± 0.00 Cb 0.05 ± 0.01 Cb 0.27 ± 0.03 Cb 

R 0.70 ± 0.00 a 0.27 ± 0.03 a 0.12 ± 0.01 a 0.41 ± 0.03 a 

9d 0.72 ± 0.00 Bb 0.21 ± 0.00 Db 0.07 ± 0.01 Cb 0.34 ± 0.01 Db 

R 0.74 ± 0.00 a* 0.29 ± 0.01 a 0.14 ± 0.01 a 0.49 ± 0.02 a 

              

CD 

3d 0.70 ± 0.01 Bb 0.27 ± 0.00 Bb 0.11 ± 0.01 Bb 0.41 ± 0.04 Bb 

R 0.74 ± 0.00 a* 0.34 ± 0.01 a* 0.22 ± 0.01 a* 0.66 ± 0.01 a* 

6d 0.63 ± 0.01 Cb 0.22 ± 0.01 Cb 0.07 ± 0.01 Cb 0.32 ± 0.03 Cb 

R 0.73 ± 0.02 a* 0.27 ± 0.01 a 0.15 ± 0.02 a 0.52 ± 0.04 a 

9d 0.65 ± 0.02 Cb 0.28 ± 0.00 Bb 0.13 ± 0.01 Bb 0.47 ± 0.05 Bb 

R 0.75 ± 0.00 a* 0.35 ± 0.01 a* 0.20 ± 0.01 a 0.56 ± 0.01 a 

a Values are the mean (n=6-7) ± SE and were analysed with a Duncan test between time for a same 
treatment (capital letters), between R for a same time (small letters) and between treatments (Greek 
letters). * Complete R.  
b Control conditions, darkness and room temperature (AD) and darkness and cold temperature 
(CD) 
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Table 4: Representation of O2 consumption (µmol O2 m-2 s-1), CO2 production (µmol CO2 m-2 s-

1) and respiratory quotient (RQ) of A. donax and P. virgatum under three different treatmentsb in 
Exp. 2 at 9d. 

  O2 consumptiona CO2 productiona RQa 

A. donax 
C 0.59 ± 0.05 Aa 0.80 ± 0.08 Aa 1.34 ± 0.17 Aa 

AD 0.13 ± 0.01 Ca 0.08 ± 0.01 Cb 0.62 ± 0.05 Bb 

CD 0.28 ± 0.03 Bb 0.21 ± 0.05 Bb 0.76 ± 0.08 Ba 

           

P. virgatum 
C 0.60 ± 0.06 Aa 0.73 ± 0.10 Aa 1.21 ± 0.12 Aa 

AD 0.16 ± 0.02 Ba 0.14 ± 0.02 Ca 0.86 ± 0.09 Ba 

CD 0.54 ± 0.02 Aa 0.49 ± 0.06 Ba 0.91 ± 0.12 Ba 

a Values are the mean (n=7) ± SE and were analysed with a Duncan test between treatments (capital 
letters) for the same specie and between species (small letters) for the same treatment.  
b Control conditions (C), ambient temperature and darkness (AD) and cold temperature and 
darkness (CD) 
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Fig. 1: Representation of Asat (a), gs (b) and WUEinst (c) values of A. donax and P. Virgatum during 
the Exp. 1 (T0, T15, T30, T45, T60) for each treatment: i) well watered without salinity (WW S-
); ii) low watered without salinity (WS S-); iii) well watered with salinity (WW S+) and iv) low 
watered with salinity (WS S+). Values are the mean of four replicates and standard errors (SE) are 
shown. Data were analysed with an ANOVA Tukey analysis. Different capital letters mean 
significant differences (P < 0.05) between time (T0-T60) for the same species and treatment, 
different small letters mean significant differences (P < 0.05) between treatments for the same 
species and time and different Greek letters mean significant differences (P < 0.05) between 
species for the same treatment and time.  
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Fig. 2: Changes in relative water content (RWC, %) between the beginning (T0) and the end of 
the experiment (T60) for both species and treatments (WW S-, WS S-, WW S+ and WS S+). Data 
are the means of three replicates and the standard errors (SE) are shown. Data were analysed with 
an ANOVA Tukey analysis. Different capital letters mean significant differences (P < 0.05) 
between time (T0 – T60) for the same species in the control treatment (WW S-), different small 
letters mean significant differences (P < 0.05) between treatments for a same species at T60 and 
different Greek letters mean significant differences (P < 0.05) between species for same treatment 
and time.  
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SUPPLEMENTARY MATERIAL 

SM 1: Comparison of photosynthesis (a) and fluorescence parameters (b) of A. donax and P. 
virgatum at the beginning of Exp. 1 (T0).  

a Asat
a,b gs

a,b Vc,max
a,b Jmax

a,b La,b Ta,b WUEinst
 

A. donax 23.6 0.295 111.1 263.2 22.6 7.2 3.3 

± 1.3 ± 0.009 ± 5.5 ± 32.5 ± 2.2 ± 0.3 ± 0.3 

P. virgatum 23.9 0.149 139.9 113.6 7.7 3.3 7.16 

± 1.4 ± 0.018 ± 3.0 ± 3.5 ± 2.6 ± 0.1 ± 0.2 

 Sig. n.s ** ** ** * *** *** 

b 
A. donax 

Fv/Fm
a Fv’/Fm’a ϕPSII

a qp
a NPQa   

A. donax 0.775 0.499 0.305 0.610 1.4   

 ± 0.003 ± 0.002 ± 0.017 ± 0.036 ± 0.02   

P. virgatum 0.748 0.361 0.241 0.670 1.8   

 ± 0.005 ± 0.006 ± 0.013 ± 0.033 ± 0.08   

Sig. * *** * n.s *   
a Values are the mean (n=3) ± SE and were analysed with a Tukey test. Asterisk represents 
differences between species (* P < 0.05, ** P < 0.01, *** P < 0.001) and n.s represent non-
significant differences (P > 0.05). 
b Asat (mol CO2 m-2 s-1); gs (mol H2O m-2 s-1); Vc,max (mol CO2 m-2 s-1); Jmax (mol CO2 m-2 s-1); 
l (%), T (mmol H2O m-2 s-1). 
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SM 2: Bivariate correlations between Asat (µmol CO2 m-2 s-1) and gs (mol H2O m-2 s-1) for each 

treatment: (i) well watered with non-saline solution (WW S-; A), (ii) water stress with non-saline 

solution (WS S-; B), (iii) well watered with saline solution (WW S+; C) and iv) water stress with 

saline solution (WS S+; D) during the experiment (T0 - T60). Line equation, Pearson correlation 

coefficient and bilateral signification are shown for both species: A. donax (closed circles) and P. 

virgatum (open circles). ** Mean that correlation is significant at level 0.05 (bilateral) and 0.01 

(bilateral) respectively.  
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SM 3: Changes in chlorophyll content (SPAD units) between the beginning (T0) and the end of 

the experiment (T60) for both species and treatments (WW S-, WS S-, WW S+ and WS S+) in 

Exp. 1. Data are the means of three replicates and the standard errors (SE) are shown. Data were 

analysed with an ANOVA Tukey analysis. Different capital letters mean significant differences (P 

< 0.05) between time (T0 – T60) for the same species in the control treatment (WW S-), different 

small letters mean significant differences (P < 0.05) between time for a same species and different 

Greek letters mean significant differences (P < 0.05) between species for same treatment.  
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SM 4: Mitochondrial respiration rates (µmol O2 m-2 s-1) of A. donax and P. virgatum under 

darkness and room temperature (AD; A and C) and darkness and cold temperature (CD, B and D) 

and recovery (R) of Exp. 2. Values are the mean (n=7) ± SE and were analysed with Duncan test 

between time (capital letters), treatments (small letters) and between species (Greek letters) (P 

<0.05). 
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