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Abstract

The species Deschampsia antarctica (DA) is one of the only two native vascular species

that live in Antarctica. We performed ecophysiological, biochemical, and

metabolomic studies to investigate the responses of DA to low temperature. In

parallel, we assessed the responses in a non-Antarctic reference species (Triticum

aestivum [TA]) from the same family (Poaceae). At low temperature (4�C), both

species showed lower photosynthetic rates (reductions were 70% and 80% for

DA and TA, respectively) and symptoms of oxidative stress but opposite

responses of antioxidant enzymes (peroxidases and catalase). We employed

fused least absolute shrinkage and selection operator statistical modelling to

associate the species-dependent physiological and antioxidant responses to pri-

mary metabolism. Model results for DA indicated associations with
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osmoprotection, cell wall remodelling, membrane stabilization, and antioxidant

secondary metabolism (synthesis of flavonols and phenylpropanoids), coordi-

nated with nutrient mobilization from source to sink tissues (confirmed by ele-

mental analysis), which were not observed in TA. The metabolic behaviour

of DA, with significant changes in particular metabolites, was compared with a

newly compiled multispecies dataset showing a general accumulation of metabo-

lites in response to low temperatures. Altogether, the responses displayed

by DA suggest a compromise between catabolism and maintenance of leaf

functionality.

K E YWORD S

membrane stabilization, nutrient mobilization, osmoprotection, photosynthesis, primary

metabolism, stress antioxidant response

1 | INTRODUCTION

In the Antarctic Peninsula, terrestrial vegetation is constrained to the scarce

ice-free areas, typically located along the coast and adjacent islands; this

area is known as Maritime Antarctic (Convey, 2013), and it is characterized

by a milder climate compared with the east of the continent at the same

latitude (Bargagli, 2005). The maritime influence generates summer condi-

tions with slightly positive temperatures during the day and also sub-

zero temperatures during the night (Clemente-Moreno et al., 2019;

Convey, Coulson, Worland, & Sjöblom, 2018; Sierra-Almeida,

Cavieres, & Bravo, 2018). Climate is also characterized by strong dry

winds and extremely variable solar radiation (Bramley-Alves, King, Rob-

inson, & Miller, 2014; Cavieres et al., 2016, and references therein).

Vegetation there is dominated by mosses and lichens, with only

two native vascular plants able to naturally live in these

areas: Deschampsia antarctica Desv. (Poaceae, hereafter DA) and

Colobanthus quitensis (Caryophyllaceae; Moore, 1970; Greene and

Holtom, 1971). To survive under these conditions, these species

should sustain a positive carbon balance. It was previously

described that even at 0�C, the Antarctic vascular plants can sus-

tain ~30% of their net photosynthetical maximum, which could

operate as an important electron sink to alleviate oxidative stress

(Xiong, Ruhland, & Day, 1999). Photosynthesis under optimum con-

ditions at field can range between 6 and 15 μmol CO2 m−2 s−1

(Sáez et al., 2017; Xiong et al., 1999). These important assimilation

capacities should be accompanied by a series of stress tolerance

mechanisms to deal with abiotic stress, as low temperature reduces

carbon gains and increases the generation of reactive oxygen spe-

cies (ROS; Xiong et al., 1999; Hoermiller et al., 2017). Previous

studies employing high irradiance under low temperature reported

that DA shows higher preference for O2 as an alternative electron

sink through the water–water cycle to protect photosystem II (PSII)

in comparison with other species (Pérez-Torres, Bravo, Corcuera, &

Johnson, 2007; Pérez-Torres, Dinamarca, Bravo, & Corcuera,

2004). Activities of superoxide dismutase and ascorbate peroxidase

in this species were higher than in other Poaceae species, like

Triticum aestivum (TA, wheat) or Hordeum vulgare (barley). Likewise,

DA showed higher levels of antioxidant enzymes compared with

the other Antarctic species C. quitensis, suggesting an elevated energy

investment to modulate the redox state of the photosynthetic electron

transport chain (Pérez-Torres et al., 2004). In addition, DA showed

higher tolerance to freezing temperatures and ice formation (Bravo

et al., 2001) associated to an elevated percentage of saturated fatty

acids in leaf membranes (that would ensure fluidity and their functional-

ity), high activity of anti-freezing proteins in the apoplast, and the

abundant presence of other stress-related proteins as dehydrins and

high concentration of nonstructural carbohydrates such as fructans and

sucrose (for more details, please see Cavieres et al., 2016).

Nowadays, plant ecophysiology could benefit from the use of the

new “omics” technologies to further decipher the mechanisms driving

plant responses under field conditions (Flexas & Gago, 2018). Met-

abolomics offer the biochemical basis to understand the physiological

plant responses and their underlying metabolic pathways that finally

can promote the generation of new biotechnological tools (Obata &

Fernie, 2012; de Abreu e Lima et al., 2017). In addition, statistical

modelling has been used in systems biology to identify molecular

markers (e.g., genes, proteins, and metabolites) that are predictive of

complex physiological traits in multiple environments and/or species.

Such associations between molecular markers and traits can in turn be

inferred with modern statistical techniques, like high-dimensional reg-

ularized regressions (de Abreu e Lima et al., 2017; Li et al., 2016;

Omranian, Eloundou-Mbebi, Mueller-Roeber, & Nikoloski, 2016; Wen

et al., 2015). Recently, several studies showed the link between

in vivo gas exchange and primary metabolism through statistical

modelling (Gago et al., 2016, 2017; Lima et al., 2019; Clemente-

Moreno, Omranian, et al., 2019).

Field observations in different locations in Antarctica frequently

show DA growing in tight turfs above the ground avoiding the full

exposure to the strong cold and dry winds; most of the individuals

show a mixed pattern of greenish and yellowish leaves that could indi-

cate different degrees of leaf senescence within the same individual

(Figure 1). We hypothesize that when a certain oxidative stress
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threshold is reached, DA activates a highly regulated senescence pro-

gramme to dismantle the main cell structures and mobilize the major

nutrients to storage organs, being this process a compromise between

catabolism and the maintenance of leaf functionality during the short

Antarctic summer.

Here, we employed a multidisciplinary approach to decipher the

tolerance mechanisms behind the responses of DA to low temperature.

In parallel, we also used TA to assess our treatments with a non-

Antarctic reference species belonging to the same family (Poaceae).

Gas exchange and chlorophyll fluorescence were used to establish the

carbon balance under the different growing temperatures (4�C, 15�C,

and 23�C) and the main diffusional and biochemical limitations to pho-

tosynthesis. Additionally, biochemical (oxidative stress markers and

levels of enzymatic and nonenzymatic antioxidants) and metabolic ana-

lyses were employed to study the biochemical responses. All these data

were integrated through statistical modelling (fused least absolute

shrinkage and selection operator [LASSO] multidimensional sparse

regression), which allowed us to identify putative species-dependent

mechanisms to cope with cold stress. On the basis of the main results

of the statistical models, we designed two additional experiments to

better understand the molecular and physiological mechanisms dis-

played by DA to survive in the extreme Antarctic environment.

2 | MATERIALS AND METHODS

2.1 | Sampling sites and environmental conditions

Deschampsia antarctica Desv. (DA; Poaceae, hairgrass) plants were col-

lected from two different sites: (a) King George Island (KGI) in the

South Shetlands, near to the Henryk Arctowski Polish Antarctic Station

(62�090S, 58�280W, December 2015; Figure 1a,c), and (b) Lagotellerie

Island (LAG) in Marguerite Bay, within the Antarctic Polar circle

(67�530S, 67�250W, January 2015; Figure 1b,d). For simplification, from

now on, DAA and DAL will be used for DA from KGI and LAG

populations, respectively. During the summer months (growing season),

the mean air temperature at KGI is ~3�C (means of maximums 12�C

and minimums −5�C approx.). The mean annual precipitation (mostly as

F IGURE 1 Collection sites close to (a) the Henryk Arctowski Antarctic Polish research station (62�090S, 58�280W) and (b) Lagotellerie Island
(67�530S, 67�250W), where we collected individuals from both populations of Deschampsia antarctica in the Antarctic tundra in (c) King George Island
(South Shetland) and in (d) Lagotellerie (Marguerite Bay, Antarctic Peninsula) [Color figure can be viewed at wileyonlinelibrary.com]
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snow) is ~700 mm, summer days are usually cloudy, but clear skies pro-

duce short high irradiance periods (~2,000 μmol m−2 s−1; Angiel,

Potocki, & Biszczuk-Jakubowska, 2010). Mean air temperature in LAG

during summer is ~1.2�C (maximum 11�C and minimum −2�C approx.),

with an annual precipitation (mostly as snow also) of 410 mm (data pro-

vided by the Servicio Meteorológico Argentino, 2017).

2.2 | Growth conditions and experimental set-up

Both DA populations collected from Antarctica were maintained at

15�C (optimal photosynthetic temperature) as previously (Sáez et al.,

2017) in agreement with photosynthetical maximum performance

(Edwards & Smith, 1988; Sierra-Almeida, Casanova-Katny, Bravo, Cor-

cuera, & Cavieres, 2007; Xiong et al., 1999). Plants were placed in

plastic pots with a sterile soil mixture (soil/vermiculite/peat 3:1:1 v/v)

and reproduced vegetatively. These conditions were established in a

growth chamber (Pitec Technology Inc.), with a photosynthetic pho-

ton flux density of 300 μmol m−2 s−1 at the top of the canopy and a

photoperiod of 16/8-hr light/dark. Pots were watered to full soil

capacity every 2–3 days and fertilized once a week with 0.2 g L−1

Phostrogen (Solaris, Buckinghamshire, UK). We also grew Triticum

aestivum L. (TA), a grass species that belongs to the same family

(Poaceae), which was used as a non-Antarctic reference to assess the

effect of our treatments. Wheat is native from Southern Levant (south-

eastern Turkey and Syria), a biome typically characterized by temperate

and cold winters and reduced precipitation with grasslands/shrublands

as dominant vegetation (Colledge, Conolly, & Shennan, 2004). Wheat

seeds were germinated and grown for 3 weeks (before the experiment

started) in growth chambers at 23�C with the same soil mixture,

watering, fertilization, and light conditions than the Antarctic species.

Finally, we randomly divided plants from both species into subsets

and placed them in different growth chambers set at 4�C, 15�C, and

23�C for 12 days. This period was selected to avoid the plants acclima-

tion to the treatment temperature as previously described (Bravo et al.,

2001; Pérez-Torres et al., 2007; Pérez-Torres, Dinamarca, et al., 2004)

in order to study their specific response. To test the predictions based

on the results from the statistical models, two additional experiments

were performed with the Antarctic population DAA in parallel with TA,

grown at 4�C and 15�C. To ensure that plants were under similar physi-

ological conditions between experiments, we used leaf mass area and

Fv/Fm as leaf anatomical and physiological status indicators, respec-

tively (Table S2).

2.3 | Gas exchange measurements and
photosynthesis models

Gas exchange and chlorophyll fluorescence measurements were per-

formed with an infrared gas analyser (Li-6400-40, Li-Cor Inc.,

Nebraska, USA) coupled with a leaf fluorescence chamber (Li-

6400-40, 2 cm2 chamber, Li-Cor) to measure fully expanded leaves.

The block chamber was set to the three growing temperatures when

needed (4�C, 15�C, and 23�C), VPD at ~1.5 kPa, chamber CO2 at

400 ppm, and saturating light (1,000 μmol m−2 s−1 photosynthetic

photon flux density; 90:10 red:blue light). Measurements were per-

formed once leaf net photosynthesis (AN) and stomatal conductance

(gs) steady state were reached (10–15 min). Subsequently, short CO2

response curves (400, 300, 200, 100, 75, and 400 ppm CO2) were

done, and CO2 leakage was corrected (Flexas et al., 2007). We con-

sider day respiration (Rday) as half of the dark-adapted mitochondrial

respiration (measured after 30 min in dark conditions; Niinemets

et al., 2005). Following the model proposed by Valentini et al. (1995),

we calculated the photorespiration (PR) and the product α�β to finally

correct the ETR. Mesophyll conductance (gm) and the chloroplastic

CO2 concentration (Cc) were calculated on the basis of Harley et al.

(1992). We converted the AN–Ci to AN–Cc curves using the gm to esti-

mate Rubisco maximum carboxylation rate (Vc,max) by the model pro-

posed by Farquhar, Von, and Berry (1980). Rubisco kinetics and

specificity factors (Sc/o) at different temperatures were obtained from

the literature (Hermida-Carrera, Kapralov, & Galmés, 2016; Sáez et al.,

2017), and the chloroplast CO2 compensation point (Γ*) was calcu-

lated from in vitro Sc/o (von Caemmerer, 2000). Photosynthesis limita-

tions were studied employing the Grassi and Magnani (2005) model.

Leaf mass area (the ratio of dry mass to leaf area) was calculated using

the leaf area (measured using the ImageJ software) and the dry mass

(obtained after drying fresh leaves for 2–3 days at 70�C).

2.4 | Antioxidant responses and oxidative stress
parameters

Following the gas exchange measures, we harvested leaf samples

from eight independent plants per species and treatment. Leaf sam-

ples were frozen and subsequently used for enzyme activity assays

and lipid peroxidation analysis. Similar procedure was used in the sub-

sequent experiments for sampling for glutathione and total antioxi-

dant activity determination.

Samples for enzymatic measurements were ground and homoge-

nized with 50 mM of Tris–acetate (pH 6.0) extraction buffer con-

taining 0.1 mM of EDTA, 2 mM of cysteine, 2% (w/v) of insoluble

polyvinylpolypyrrolidone, and 0.2% (v/v) Triton X-100. Exceptionally,

for ascorbate peroxidase (APX; EC 1.11.1.11) activity, we used fresh

leaves samples immediately after harvest, and 20 mM of sodium

ascorbate was added to the extraction buffer. Then, the samples were

centrifuged at 4�C (11,200 g) for 20 min, and APX, catalase (CAT, EC

1.11.1.6), and peroxidase (POX, EC 1.11.1.7) activities were measured

in a spectrophotometer (Epoch, Biotec Instruments, USA) at 25�C as

described in Díaz-Vivancos et al. (2006, 2008). Total soluble protein

content was analysed by the method described by Bradford (1976).

Data presented are the average ± SE of eight biological replicates for

each species and treatment.

Membrane damage was estimated by determining the concentra-

tion of thiobarbituric acid-reactive substances per gram of dry weight

(Cakmak & Horst, 1991). The amount MDA–TBA complex was calcu-

lated using the molar extinction coefficient of 155 mM−1 cm−1. Values
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are the mean ± SE of eight biological replicates for species and

treatment.

The antioxidant capacity of leaves was calculated by ABTS radical

scavenging capacity assay employing a Trolox standard curve (Teow

et al., 2007). Results are expressed as mM Trolox equivalent (TE) g−1

DW. Values are the mean ± SE of four biological replicates for species

and treatment.

Glutathione determination was analysed according to the method

of Zhang and Kirkham (1996). Frozen leaf samples were homogenized

in 10% meta-phosphoric acid. The homogenate was centrifuged at

13,000 g for 15 min, and the supernatant was collected for the analy-

sis of total, reduced, and oxidized glutathione as described previously

(Clemente-Moreno, Díaz-Vivancos, Rubio, Fernández-García, &

Hernández, 2013). Values are the mean ± SE of 4–5 replicates for spe-

cies and treatment.

2.5 | Metabolite profiling by gas chromatography–
mass spectrometry

Samples for metabolomic analysis (100-mg fresh weight, 7–10

replicates per treatment and species) were collected at midday

(at the same time than the ones for oxidative stress biochemistry)

from the same leaves than those used for gas exchange measure-

ments. Material was immediately frozen in liquid nitrogen and kept

at −80�C. Frozen material was ground, and metabolites were

extracted and derivatizated as described by Lisec et al. (2006). An

Agilent 7683 series auto-sampler coupled to an Agilent 6890 gas

chromatograph Leco Pegasus time-of-flight mass spectrometer

(GC–MS, Leco) was employed to analyse the samples. We used

the acquisition parameters previously described by Caldana et al.

(2011). Ion extraction, peak detection, retention time alignment,

and library searching were performed with the “TargetSearch”

package (Cuadros-Inostroza et al., 2009). Metabolite data are

presented in Dataset S1.

2.6 | Multispecies primary metabolite dataset
compilation responses to low temperature

We compiled the metabolic profiles from eight different studies per-

formed with herbaceous and woody species to compare with the met-

abolic responses to low temperature observed on the species studied

in this study (DA and TA). Most works were performed with Ara-

bidopsis thaliana, although we found data for Dendrobium officinale

and Oryza sativa (Poaceae family, like DA and TA), as well as the tree

Picea obovata, which grows in northern latitudes. These studies differ

in the range and intensity of the exposure to low temperature, with

treatments ranging from 2�C to 6�C for 8–280 hr. Metabolic profiles

included data from 91 metabolites, covering organic acids, amino

acids, fatty acids, N-compounds, phenylpropanoids, sugar phosphates,

polyhydroxy acids, polyols, and sugars. These data are presented as a

heatmap in Dataset S3.

2.7 | Quantification of macronutrients and
micronutrients

Plant material from different tissues (leaves, stems, and roots; 4–6

replicates per species and treatment) was dried at 80�C and subse-

quently ground to obtain a dry powder. The measurement of macro-

nutrients and micronutrients (B, C, Ca, Cu, Fe, K, Mg, Mn, Mo, N,

Na, P, S, Tl, and Zn) was carried out in an ICP THERMO ICAP 6500

DUO spectrometer (Thermo Scientific). Total C and N contents were

determined by combustion at 950�C and analysed by individual infra-

red detection and thermal conductivity. Both determinations were

performed by the CEBAS-CSIC Ionomic Service in Murcia, Spain.

2.8 | Data analyses

Outliers in our dataset were assessed by the modified Thompson τ

technique. Treatment effects were assessed by analysis of variance and

post hoc multiple comparisons Tukey's test (P < .05) per species. Corre-

lations between gas exchange and chlorophyll fluorescence parameters

versus antioxidant enzyme activities and biochemical traits were per-

formed by Pearson analysis (P < .05). A principal component analysis

was used to explore the metabolic profiles by treatments and species.

The free software R (2017), with LATTICE (Deepayan, 2008) and

PCAMETHODS libraries (Stacklies, Redestig, Scholz, Walther, & Selbig,

2007), was employed to perform these analyses.

2.9 | Associations between metabolites and
physiological traits

The common and species-dependent associations between the physi-

ological traits and metabolite levels can be inferred by regularized

regression in two steps: (a) inferring associations common to all spe-

cies by employing LASSO with fusion penalty (Omranian et al., 2016)

and (b) inferring the species-dependent associations by employing

again LASSO regression on the residual of each species-dependent

dataset upon removing the effects common to all species found in the

first step (more details in the Supporting Information).

3 | RESULTS

3.1 | Low temperature decreased in vivo carbon
balance for both species

We explored the leaf gas exchange behaviour of these species as AN

and photorespiration PR are the most important energy sinks under

optimum conditions; as well, these processes could alleviate altered

redox status under cold stress. The low-temperature (4�C) treatment

showed a significant decrease of AN and PR in both populations of DA

(Figure 2a,b). Significant differences were also observed between

plants grown at 15�C and 23�C. Moreover, DAL showed higher PR

CLEMENTE-MORENO ET AL. 5



values than DAA at their optimum temperature (Figure 2b). We

observed a reduced response of Rdark to temperature treatments

(Figure 2c), in comparison with the other gas exchange traits

(Figure 2a,b). The non-Antarctic reference species TA showed a simi-

lar behaviour than DA. Carbon gains were highly reduced, whereas

respiration was not affected by the temperature treatment

(Figure 2a–c). We also examined the Fv/Fm, non-photochemical

quenching (NPQ), and lipid peroxidation to assess the stress level

induced by temperature treatments. The Fv/Fm significantly decreased

at 4�C for both DA populations, whereas no differences were

observed between 15�C and 23�C (Figure 2d). NPQ showed a differ-

ent behaviour than the previous traits for DAA and DAL, reaching

higher values at 15�C than at 4�C and 23�C (Figure 2e). Lipid peroxi-

dation (indicative of membrane damage) significantly increased for

both DA populations with low temperature (Figure 2f). In TA species,

low temperature significantly decreased the Fv/Fm but increased NPQ

(contrary to DA behaviour) and membrane damage (Figure 2d–f).

Table S1 shows the physiological traits for all species/

populations and temperature treatments. Low temperature

imposed strong, significant reductions for most of the measured

parameters. The values for gs and gm reduced up to 65% and 90%,

respectively, compared with the maximum values in DA, thus limit-

ing CO2 availability at the carboxylation sites within the chloro-

plast (Cc; 65% decrease). At 4�C, the Vc,max for both DA

populations was reduced by 70–74%, compared with the values

obtained at the optimum temperature. TA showed similar reduc-

tions for gs, gm, and Vc,max (66%, 74%, and 88%, respectively) than

the Antarctic species at low temperature (Table S1).

F IGURE 2 Box plots of (a) photosynthesis, AN; (b) photorespiration, PR; (c) respiration, Rdark; (d) maximal photochemical efficiency of the PSII,

Fv/Fm; (e) non-photochemical quenching (NPQ); and (f) lipid peroxidation. Measurements were done at 4�C, 15�C, and 23�C for both Deschampsia
antarctica populations (DAA, from KGI; DAL, from LAG) and the non-Antarctic reference species Triticum aestivum (TA). Vertical dashed lines
separate DA populations and continuous lines separate species. Different colours indicate the temperature treatments: grey, 4�C; blue, 15�C; and
green, 23�C.The bottom and top of the box are the 25th and 75th percentiles (the lower and upper quartiles, respectively), and the band near the
middle of the box represents the 50th percentile (the median). The lower and upper whiskers represent, respectively, the minimal and maximal
values of the dataset. Different letters mean significant differences (per species) between treatments by Tukey's multiple comparisons' test
(P < .05), and no letters indicate no significant differences [Color figure can be viewed at wileyonlinelibrary.com]
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3.2 | Biochemical antioxidant responses and
primary metabolism

To investigate if DA develops a specific antioxidant response to the

stress treatment, we measured the main ROS-scavenging enzymes:

APX, POX, and CAT. It is important to note here that total soluble

protein was significantly reduced at low temperature, as well as the

activity of POX. APX showed lower values at 15�C, whereas no clear

trend was observed for CAT (Table 1). Moreover, DAA and DAL

showed higher values for all these enzyme activities than TA (eight-

fold to 18-fold higher at 23�C for POX; Table 1). We further

explored the relationships between leaf functionality through in vivo

gas exchange and chlorophyll fluorescence with the antioxidant

enzyme responses to growth temperature treatments applied

(Figure 3). Both DA populations showed an opposite pattern for all

enzymes in comparison with TA, suggesting that each species dis-

plays different mechanisms to cope with low temperatures. POX

activity was significantly reduced for both DA populations, in agree-

ment with the reductions observed in the leaf gas exchange (AN and

PR) and Fv/Fm showing significant positive relationships. However,

TA showed contrasting patterns, increasing POX activity with the

low temperature and showing significant inverse relationships with

the gas exchange parameters and Fv/Fm. A similar trend for both spe-

cies can be observed for membrane lipid damage parameter

(thiobarbituric acid-reactive substances). APX did not show any sig-

nificant trend in DA; meanwhile, inverse relationships can be

observed for TA (Figure 3).

We annotated 87 different metabolites by gas chromatography–

mass spectrometry, including amino acids, sugars, sugar alcohols,

and organic acids. We included some “unknown” metabolites (the

identities of several peaks are currently unknown) in subsequent

analyses to investigate their putative physiological roles (Dataset

S1). The principal component analysis of metabolites showed a

strong metabolic response for both species at low temperature,

grouping in the negative part of the PC2 axis (Figure S1). There was

no clear grouping for plants grown at 15�C and 23�C, with the

exception of TA grown at 15�C, mainly located in the most positive

part of the PC1 axis (Figure S1).

Figure 4 shows a heatmap of the fold change for metabolites

comparing 4�C and 23�C with the intermediate treatment 15�C

(optimum conditions for DA and nonstressful for both species).

Most metabolites remained stable, although in some cases, we

observed reduced levels (Figure 4). Only 15–23% of the metabo-

lites significantly increased in both DA populations, whereas 6%

and 8% were significantly reduced for DAA and DAL. However, a

higher number of metabolites were accumulated at low tempera-

tures in TA (32%; only five metabolites shared with DA). Metabo-

lite fold changes for all plants and treatments from this study are

presented in Dataset S2.

The reductions in metabolite levels observed at low tempera-

ture for both DA populations were considerably different to the

changes displayed by TA (Figure 4), as well as those reported for

other species (Angelcheva et al., 2014; Cook, Fowler, Fiehn, &

Thomashow, 2004; Wu, Jiang, Chen, Mantri, & Tao, 2016; Zhang

et al., 2016). For this reason, we compiled a dataset based on eight

studies comparing the metabolome performance in plants growing

at optimum and low temperatures. Most reports were from the

model plant A. thaliana, although we found some information from

other species: P. obovata (Siberian spruce), D. officinale (an orchid),

and O. sativa (rice). Dataset S3 clearly shows that, in general, these

plants accumulate metabolites when exposed to low tempera-

tures, a pattern similar to that observed for TA (Figure 4). Specifi-

cally, the levels of several sugars (sucrose, glucose, fructose, and

raffinose) and amino acids (proline, glycine, serine, and asparagine)

were higher in plants exposed to low temperatures (Dataset S3).

These results suggest that DA plants display a rather exclusive

metabolic response to low temperature (Figure 4 and Datasets S2

and S3).

TABLE 1 Total soluble protein and
activities of antioxidant enzymes

Species T (�C) TSP POX CAT APX

DAA 4 19.5 ± 2.0b 25.8 ± 4.0c 2,757 ± 244bc 55.4 ± 7.0ab

DAA 15 27.1 ± 2.4ab 86.3 ± 6.9b 3,527 ± 272abc 44.7 ± 6.9b

DAA 23 32.4 ± 1.5a 168.4 ± 7.1a 2,557 ± 240c 62.6 ± 4.2ab

DAL 4 21.7 ± 1.2b 19.1 ± 1.4c 4,607 ± 567a 72.9 ± 4.9a

DAL 15 21.7 ± 2.5b 35.5 ± 5.0c 2,572 ± 190c 50.2 ± 7.3b

DAL 23 34.1 ± 2.1a 80.1 ± 8.4b 3,912 ± 222ab 73.7 ± 3.3a

TA 4 22.5 ± 2.1b 18.3 ± 2.3a 2,887 ± 255b 30.8 ± 1.7ab

TA 15 42.7 ± 2.4a 7.2 ± 0.8b 6,520 ± 280a 33.0 ± 3.7a

TA 23 47.1 ± 3.9a 9.3 ± 1.1b 6,106 ± 386a 22.5 ± 2.3b

Notes: The table shows data for total soluble protein (TSP) and activities of peroxidase (POX), catalase

(CAT), and ascorbate peroxidase (APX) from plants grown at 4�C, 15�C, and 23�C. TSP is expressed in

mg g−1 DW, and enzyme activities are expressed in mmol min−1 g−1 DW. Values are the mean ± SE

(n = 8). Different letters mean significant differences between treatments by Tukey's multiple

comparisons test (P < .05) for each species.

Abbreviations: DAA, Deschampsia antarctica from KGI; DAL; Deschampsia antarctica from LAG; TA,

Triticum aestivum.
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3.3 | Fused LASSO modelling to associate species-
dependent physiological stress responses with
metabolic profiles

We employed fused LASSO modelling to decipher the metabolic net-

works associated to the physiological responses observed in a

species-specific manner. Figure 5 shows the species-dependent

responses of DA (both populations together, this widens the physio-

logical range of the studied traits) and TA. Here, we describe the

metabolites with a larger regression coefficient linked to a specific

trait. Also, we pay special attention to those metabolites that are

exclusive of one species, shared by both, and those that belong to

well-known metabolic pathways.

The species-dependent metabolite–trait associations for DA

included several sugars (trehalose, isomaltose, fucose, glucose, and

melibiose), precursors of secondary metabolites (shikimate, trypto-

phan, and benzoate), and cell wall components (glucuronic acid and

galacturonic acid) related to AN (Figure 5). Moreover, associations for

trehalose, glucose, tryptophan, and unknown-12 were the opposite in

TA. These results indicate accumulation of glucose and trehalose and

decreased levels of secondary metabolite precursors in TA when pho-

tosynthesis drops (Figure 5). The model results for the Antarctic grass

showed opposite associations for cysteine (positive) and methionine

(negative) with AN (Figure 5). A similar pattern was observed for

shikimate (positive) and tryptophan and benzoate (both negative;

Figure 5), indicating potential activation of the pathways leading to

the synthesis of flavonols, phenylpropanoids, and cell wall elements.

The association between AN and secondary metabolites, which in turn

might be related to increased antioxidant capacity and remodelling of

structural components, was not observed in TA. In DA, we also

observed negative associations between AN and pyruvate, benzoate,

proline, methionine, glucuronate, and fumarate, which were particu-

larly strong. These relationships suggest decreased investment of car-

bon and energy in central metabolic pathways, such as glycolysis and

the tricarboxylic acid cycle (Figure 5).

Twelve metabolites were associated with PR in both DA and

TA. From these, glucose, malonate, homoserine, cysteine, asparagine,

erythritol, and unknown-13 were negatively associated with PR in DA

but positively related to this trait in TA (Figure 5). Again, several

metabolites related to cell wall (hydroxyproline, fucose, arabinose,

ribose, and glucuronic acid) showed association with PR in DA but not

in TA, suggesting an important alteration of cell wall dynamics in

the Antarctic grass. Respiration was specifically related with sugar

alcohols (galactinol, glycerol, and mannitol), amino acids (cysteine,

methionine, asparagine, and glutamine), polyamines (spermidine

and putrescine), and cell wall components (galacturonic and

glucuronic acids) in DA. Putrescine, ribose, mannitol, and proline

were associated with respiration in both DA and TA, although in an

opposite manner (Figure 5). These results indicate the existence of

different mechanisms to cope with low temperature in both spe-

cies, which could be related to polyamine synthesis and osmo-

protection. We also found several metabolites associated with lipid

peroxidation that could be linked to cell wall dynamics. From these,

hydroxyproline (a component of structural proteins) and benzoate

(a precursor of salicylic acid) showed opposite patterns in DA and

TA, whereas arabinose and shikimate were negatively associated in

both species (Figure 5). Additionally, cysteine and isomaltose dis-

played opposite relationships with lipid peroxidation in DA and TA

(Figure 5). Finally, we observed a large number of metabolites

related to membrane stabilization and osmoprotection (trehalose,

galactinol, mannitol, and proline), in addition to cell wall compo-

nents, polyamines, sugars, and amino acids, associated to Fv/Fm in

the Antarctic grass (Figure 5). Altogether, we found putative spe-

cific regulatory links between respiration and secondary metabo-

lites, nitrogen metabolism, and cell wall components in DA.

3.4 | A highly complex response to low
temperature: Nitrogen, sulfur, and cell wall metabolism
combined with nutrient remobilization

The results of the statistical modelling (fused LASSO approach)

showed that sulfur, nitrogen, and cell wall metabolism were strongly

associated with several physiological traits in DA (Figure 5); because

of this, we performed an additional experiment but just focused in

4�C and 15�C. First, as models indicate several links with sulfur-

related metabolites (methionine and cysteine), we further investigated

the glutathione content changes (the major sulfur-containing, non-

enzymatic antioxidant) in response to temperature in both species.

DA did not show any significant change in glutathione content,

F IGURE 3 Pearson's correlation heatmap of POX, CAT, and APX activities versus photosynthesis (AN), photorespiration (PR), mitochondrial
respiration (Rdark), maximum photochemical efficiency of the PSII (Fv/Fm), and lipid peroxidation (TBARS). Blue and red mean positive and negative
relationships, respectively. Significant correlations are underlined (P < .05). DAA, Deschampsia antarctica from KGI; DAL; Deschampsia antarctica
from LAG; TA, Triticum aestivum [Color figure can be viewed at wileyonlinelibrary.com]
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whereas TA displayed a large increase in its glutathione levels

(reduced and oxidized) at low temperature (Table 2). Next, we mea-

sured the total antioxidant activity of the leaves. Both species showed

an increase at 4�C, but DA displayed twofold and threefold higher

antioxidant capacity at 4�C and 15�C than TA, respectively, indicating

a higher antioxidant capacity of the Antarctic species (Figure 6). These

results nicely fit with the increased levels of secondary metabolites

and their relationships with physiological traits (Figures 4 and 5).

DA and TA showed clear stress symptoms and damage at 4�C,

reflected by reduced photosynthesis and Fv/Fm and increased lipid

peroxidation, compared with those observed at 15�C (Figure 2).

Moreover, DA leaves became yellowish at 4�C compared with the

same plants grown at the optimum temperature (Figure 7). The statis-

tical model (fused LASSO) for DA showed that nitrogen and cell wall

metabolism were strongly associated with several physiological traits

(Figure 5). Thus, we further explored this information through various

metabolic markers for leaf nutrient remobilization (Watanabe et al.,

2013) and cell wall dynamics (Leple et al., 2007). The Gln/Glu ratio

was higher in DA plants grown at 4�C than at 15�C or 23�C, whereas

no significant changes were observed for TA (Table 3). We also

observed that eight out of nine ratios between cell wall components

were significantly altered in DA at 4�C, whereas only three of them

were altered in TA (Table 3). These results suggest that alterations in

the composition of the cell wall are more prominent in DA than in TA.

It has been previously demonstrated that nutrient remobilization

from source to sink tissues represents an important stress tolerance

mechanism in grasses (Slewinski, 2012). Therefore, we performed

another additional experiment analysing micronutrient and macronutrient

levels from different plant tissues to validate the results obtained from

metabolic profiles and the statistical models. We analysed micronutrient

and macronutrient levels in plants grown at 4�C and 15�C and calculated

the ratios for leaf/stem, leaf/roots, and leaf/all (stem plus roots;

Table S3). The ratios for N were significantly reduced in DA grown at

4�C compared with the optimum temperature; similarly, the ratios leaf/

roots and leaf/all were decreased in TA grown at low temperature

(Table S3). The trend observed for N in DA agrees with the apparent

general wilting of the leaves, from the tip to the leaf base (Figure 7), and

with the metabolic markers, which indicated remobilization of nutrients

from source to sink tissues (Table 3).

4 | DISCUSSION

In this work, we presented a multidisciplinary study integrating eco-

physiology, biochemistry, metabolomics, and statistical modelling, to

better understand the strategies displayed by D. antarctica to deal

with low-temperature stress. The combination of these techniques is

of great importance, given that the genome sequence of this species

is currently unavailable.

Although summers in the Maritime Antarctic are less harsh than

the rest of the Antarctic continent, air temperatures during the day

are just slightly positive (Convey et al., 2018) and sub-zero tempera-

tures frequently occurred during the nights, particularly on King

F IGURE 4 Metabolic responses to temperature treatments.
Heatmap of fold change for metabolite levels in plants grown at 4�C and
23�C compared with the optimum condition for Antarctic species (15�C).
Black dots mean significant differences respect to the reference
treatment by Tukey's test (P < .05). DAA, Deschampsia antarctica from
KGI; DAL, Deschampsia antarctica from LAG; TA, Triticum aestivum
[Color figure can be viewed at wileyonlinelibrary.com]
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F IGURE 5 Species-dependent metabolite-trait associations (Deschampsia antarctica (DA) vs. Triticum aestivum (TA)) [Color figure can be
viewed at wileyonlinelibrary.com]

TABLE 2 Determination of
glutathione levels and its redox state

Species T (�C) GSHt GSSG GSH Redox state

DA 4 488.8 ± 11.5 73.9 ± 1.9 414.8 ± 15.6 0.848 ± 0.006

DA 15 476.4 ± 40.0 71.4 ± 5.6 405.0 ± 58.3 0.842 ± 0.02

TA 4 1,477.7 ± 96.9* 214.4 ± 15.6* 1,316.9 ± 135.7* 0.853 ± 0.01

TA 15 238.4 ± 13.0 43.3 ± 6.2 215.1 ± 11.1 0.837 ± 0.02

Notes: The table shows the content of glutathione (expressed in nmol g−1 DW) in Deschampsia antarctica

(DA) and Triticum aestivum (TA) plants grown at 4�C and 15�C. The redox state of glutathione is the ratio

between GSH and GSHt. Data are averages ± SE of 4–5 biological replicates.

Abbreviations: GSH, reduced glutathione; GSHt, total glutathione; GSSG, oxidized glutathione.

*Significant differences between both temperatures for each species by Tukey's test (P < .05).
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George Island (South Shetland; Sierra-Almeida et al., 2018; Clemente-

Moreno, Omranian, et al., 2019). These constant low temperatures com-

bined with extremely changing irradiance, poor soils, and cold dry winds

make Antarctica one of the most extreme continent for terrestrial vege-

tation (Bramley-Alves et al., 2014). This severe weather leads to produc-

tion of ROS and oxidative stress, which in turn promote metabolic

collapse and cell death (Cavieres et al., 2016). When we collected DA

plants at KGI or LAG, we observed that most individuals growing there

showed a mixture of green and yellow leaves (Figure 1c,d). Indeed, DA

exhibited important signs of stress when grown at 4�C in the growth

chambers (just like wheat, the non-Antarctic reference species for this

study), as assessed by decreased Fv/Fm and increased lipid peroxidation

(Figure 2), in addition to a higher number of yellow leaves (Figure 7).

4.1 | Low temperature drastically reduces
photosynthesis by limiting mesophyll conductance

Earlier studies suggested that maintaining important photosynthetic

rates (photosynthesis is the main electron sink) at low temperature

(30% of the total capacity at 0�C) would help Antarctic species to toler-

ate cold stress (Xiong et al., 1999). However, in our study, we show that

photosynthetic rates measured at 4�C were low in both DA populations

and the reference non-Antarctic species TA (Figure 2 and Table S1).

Nonetheless, it is worth to note that in our study, plants were growing

at the different growth temperatures for 12 days; meanwhile, Xiong

et al. (1999) results come from short-term photosynthetic temperature

response curves. Most of the studies characterizing the main physiolog-

ical and biochemical drivers (gs, gm, and Rubisco) at low temperatures

have been performed in crops and model plants (Ort et al., 2015; Per-

domo, Carmo-Silva, Hermida-Carrera, Flexas, & Galmés, 2016; Xiong

et al., 2015; Yamori, Hikosaka, & Way, 2014). Recent studies with DA

showed that both in the field conditions and at lab conditions when

plants growing at 15�C where exposed to 10�C, gm was the most rele-

vant photosynthetic limitation (Sáez et al., 2018; Sáez et al., 2018).

Studies carried out with other species have shown that gm reduced

more drastically than gs at low temperatures (von Caemmerer & Evans,

2014; Warren, 2008; Warren & Dreyer, 2006; Yamori, Suzuki, Noguchi,

Nakai, & Terashima, 2006).

The ultra-structure of DA leaves is similar to that observed in spe-

cies from warm xerophytic environments, a putative consequence of

the typical cold and dry growing season in Antarctica. Moreover,

Rubisco from DA shows high specificity factor for CO2 (Sc/o) and kcat
c,

probably to alleviate the CO2 diffusive restrictions at the chloroplast

carboxylation sites (Sáez et al., 2017).

4.2 | Enzymatic, nonenzymatic, and metabolic
antioxidant responses to low temperature

ROS accumulation, oxidative stress, and cold-induced damage are

common responses observed in different species after exposure to

low temperatures (Baek & Skinner, 2003; Distelbarth, Nägele, &

Heyer, 2013). In the case of low temperatures, ROS accumulation is

believed to result from an imbalance in primary and secondary

reactions of photosynthesis. Light harvesting and electron trans-

port are less sensitive to temperature than the chemical reactions

of CO2 assimilation, thus creating PSII excitation pressure

(Distelbarth et al., 2013). Concomitant increases of enzymatic and

nonenzymatic antioxidant capacities have been correlated with the

enhancement of cold tolerance in wheat, tomato, barley, and olive

(Zhou et al., 2012). Indeed, winter wheat has been shown to have

larger cold tolerance than spring wheat due to higher expression of

specific genes encoding antioxidant enzymes and increased activi-

ties of these enzymes (Baek & Skinner, 2003). High antioxidant

capacity may prevent excessive ROS accumulation, which in turn

alleviates oxidative stress on PSII and increases membrane stability

(Zhou et al., 2012).

F IGURE 6 Total antioxidant capacity of leaves (mM Trolox
equivalent [TE] g−1 DW) from Deschampsia antarctica (DA) and
Triticum aestivum (TA) grown at 4�C and 15�C. Data are averages ± SE
of 4–5 biological replicates. Different letters mean significant
differences between both temperatures for each species by Tukey's
test (P < .05) [Color figure can be viewed at wileyonlinelibrary.com]

F IGURE 7 Deschampsia antarctica after growing for 12 days at 15�C
and 4�C.D. antarctica plants grown at 4�C showed a clear yellowish pattern
in their leaves, whereasmany of thembecame totally senescent during the
treatment [Color figure can be viewed atwileyonlinelibrary.com]
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Several biochemical and physiological mechanisms have been

described as responses to low temperatures in Antarctic species,

including the accumulation of nonstructural carbohydrates (soluble

sugars and fructans to stabilize membranes) and proline, increases in

antifreeze activity and dehydrins, and higher levels of antioxidant sys-

tems (Bravo et al., 2001; Bravo & Griffith, 2005; Gidekel et al., 2003;

Pérez-Torres et al., 2007; Pérez-Torres, García, et al., 2004). It has

been shown that DA uses oxygen as an electron sink at PSII and scav-

enges the superoxide anion by the water–water cycle, which is

supported by the higher APX and SOD activities when compared with

other cereals (Pérez-Torres et al., 2007; Pérez-Torres, García, et al.,

2004). This may provide an environment in which the reduction of

oxygen to superoxide (Mehler reaction) may become an important

alternative electron sink, responsible for protecting the plant against

photoinhibition by maintaining a low ROS pool.

In our study, DA displayed a particular enzymatic activity profile

associated with its physiological responses at low temperature,

completely different to the response shown by TA (Figure 3). In gen-

eral, the Antarctic species showed higher POX and APX activities in

comparison with the other species (in agreement with Pérez-Torres,

García, et al., 2004). However, no significant increases were observed

in the main ROS-scavenging enzymes measured (POX, CAT, or APX)

in response to low temperature (Table 1). Therefore, under our experi-

mental conditions, the activities of these enzymes do not seem to be

the main stress tolerance mechanism developed by DA to cope with

low temperatures. Actually, we observed an increase in lipid peroxida-

tion and a decrease in Fv/Fm in DA leaves grown at 4�C. It is worth

mentioning that POX activity, which has often been related to cell

wall development and growth control (Swanson & Gilroy, 2010), was

positively correlated with photosynthesis and photorespiration in this

species (Figure 3). In our experiment, DA showed a higher antioxidant

capacity than TA, which cannot be associated to the nonenzymatic

and enzymatic antioxidant activities or primary metabolites (Tables 1

and 2, Figure 4, and Dataset S2). It is also important to highlight that

many metabolites classified as “unknown” were correlated with sev-

eral physiological responses. These metabolites could be interesting

targets for engineering new metabolic pathways in plants.

4.3 | Better safe than sorry: Understanding
D. antarctica stress tolerance mechanisms

Several studies have reported significant changes in carbon and nitro-

gen metabolism in response to cold conditions, including, but not lim-

ited to: (a) accumulation of sucrose and fructose, which could act as

cryoprotectants (Cook et al., 2004); (b) synthesis of fructans and raffi-

nose, which could play a role as membrane stabilizers and antioxidants

(Klotke, Kopka, Gatzke, & Heyer, 2004; Van den Ende, 2013);

(c) general accumulation of amino acids, such as asparagine, aspartate,

glutamine, and glutamate (Bocian et al., 2015; Klotke et al., 2004);

(d) shifts in the plastidial pools of asparagine, glutamine, and glutamate

through an aspartate shuttle, to remove the excess of redox equiva-

lents to the mitochondria (Hoermiller et al., 2017); (e) impairedT
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nitrogen assimilation by reducing the activity of key enzymes, such

as nitrate/nitrite reductases and glutamine/glutamate synthetases

(Goel & Singh, 2015), and (f ) sulfur metabolism linked to polyamine

synthesis and secondary metabolism (Clemente-Moreno, Omranian,

et al., 2019; Labarrere, Prinzing, Dorey, Chesneau, & Hennion, 2019,

and references therein).

We explored the associations between physiological responses and

metabolic pathways to better understand the stress tolerance responses

in DA. The common way to reconstruct such associations/relationships

is to use pairwise correlations. However, physiological responses are

likely regulated by multiple components; hence, regression-based

approaches can be considered as suitable alternatives. Because our inter-

est was to compare metabolic effects common to both species with

those present in one of the species, we applied a two-step regularized

regression approach. In the first step, the metabolic associations common

to both species were inferred by applying fused LASSO regression,

whereas in the second step, the species-dependent metabolic

associations were identified from the unexplained part of the

response (i.e., the residuals) by applying LASSO regression. Although

fused LASSO regression has been successfully applied to infer conserved

and condition-specific gene regulatory networks across multiple species

and conditions (Omranian et al., 2016, Lam, Westrick, Müller,

Christiaen, & Bonneau, 2016, Deng et al., 2018; Lyu et al., 2018), the

application of fused LASSO in the two-step approach allows inference of

both common and species-dependent associations (Figure 5).

Figure 8 integrates the main results obtained for DA. This species

showed important decreases in photosynthesis and photorespiration

as well as physiological stress (as indicated by Fv/Fm and membrane

damage) when grown at 4�C (Figure 2). Although DA displayed higher

antioxidant capacity than the non-Antarctic reference species (TA,

Figure 6), most of the enzymatic and nonenzymatic antioxidants

remained stable even at 4�C, a totally different behaviour than that

observed for TA (which showed increased levels of these antioxidants;

Tables 1 and 2). In the same line, most metabolites remained stable or

F IGURE 8 Integrativemodel forDeschampsia antarctica response under cold temperature. Significantmetabolites andmain biochemical pathways
associated by fused least absolute shrinkage and selection operator approachwithmitochondrial respiration are shown.Nutrient recycling andmobilization
are illustrated through protein and nucleic acids catabolism and cell wall remodelling. Nutrient exportation is driven by increased ratios in the balance
betweenGln/Glu andAsn/Asp, andGln andAsn aremoleculeswith elevatedN content per C and can be exported from source to sink tissues. Secondary
metabolism is activated to deal with oxidative stress during the programmed nutrientmobilization. Blue and red colours indicate positive and negative
relationships observed by the fused least absolute shrinkage and selection operatormodels, and “*” or “**” signalled a commonmetabolite between the
Antarctic and themodel specieswith the same or inverse relationship, respectively [Color figure can be viewed atwileyonlinelibrary.com]
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even reduced in DA grown at low temperatures (Figure 4), contrasting

with the general accumulation of metabolites observed in other spe-

cies (Dataset S3; Cook et al., 2004; Angelcheva et al., 2014; Wu et al.,

2016; Zhang et al., 2016). We only observed significant increases in

metabolites typically related to osmoprotection and membrane stabili-

zation (proline, sucrose, fructose, galactinol, raffinose, and GABA;

Figure 4). The statistical models highlighted particular associations in

DA related to secondary metabolites (shikimate, benzoic acid, p-coumaric

acid, and indole-3-acetonitrile; Figure 4). We also found N- and

S-containing metabolites related to physiological traits in DA (cysteine,

methionine, putrescine, and spermidine; Figure 4). Interestingly, these

metabolites are interconnected by S-adenosyl-methionine (AdoMet),

which plays a key role for the methylation of secondary metabolites and

polyamines (Long et al., 2015). AdoMet is also an important intermediate

of lipid biosynthesis; thus, increased carbon flux through this pathway

could help to sustain membrane fluidity and functionality under

low-temperature stress (Burgos et al., 2011; Ravanel, Gakiere,

Job, & Douce, 1998).

DA and TA plants showed decreased levels of total soluble protein

when grown at 4�C (Table 1 and Figure 8), suggesting protein catabo-

lism, which in turn would explain the increased levels of amino acids

observed in both species (Figure 4 and Dataset S2). However, a closer

look at these data allowed us to find some differences between species.

The analysis of metabolite levels together with the content of macronu-

trients and micronutrients indicate that nutrient remobilization plays a

key role for low-temperature tolerance in DA but not in TA (Figures 4

and 5 and Tables 3 and S3). The Gln/Glu and Asn/Asp ratios have been

proposed as metabolic markers of nutrient mobilization from source to

sink tissues, as Gln and Asn are considered master transporters of C

and N (Avila-Ospina, Moison, Yoshimoto, & Masclaux-Daubresse,

2014; Watanabe et al., 2013). We observed that the Gln/Glu ratio was

increased in DA grown at 4�C, but no differences were found in

TA. Conversely, both species showed similar, nonsignificant changes

for the Asn/Asp ratio (Table 3). These results are in good agreement

with the temporal differences observed for the Asn/Asp and Gln/Glu

ratios in senescent leaves of A. thaliana (Watanabe et al., 2013). The lat-

ter is consistent with the fact that Glu could sustain respiration under

certain stress conditions by providing carbon skeletons to the tricarbox-

ylic acid cycle by conversion to 2-oxoglutarate (Sweetlove et al., 2010).

Based on this, we hypothesize that DA plants might activate nitrogen

transport by Asn or Gln at different time points, depending on the

senescence stage (Watanabe et al., 2013).

POX activity was strongly and positively correlated with photo-

synthesis and photorespiration in DA (Figure 3). POX could play two

roles intimately related with cell wall: (a) loosening for elongation pro-

cesses during growth or (b) stiffening (reduced growth) in response to

stress (Tenhaken, 2015). In this sense, several compounds related with

cell wall metabolism (such as glucuronic and galacturonic acids,

fucose, arabinose, and p-coumaric acid) were severely affected at low

temperature, indicating important alterations of cell wall dynamics

(Figures 4 and 6). Moreover, GABA, which has been suggested as a

signal molecule inhibiting cell expansion and thus regulating growth

(Renault et al., 2010), was also linked to physiological performance in

DA but not in TA (Figure 5). Photosynthesis is correlated with meso-

phyll conductance, the latter being highly dependent on the cell wall

thickness (Flexas et al., 2012; Tomás et al., 2013; Tosens et al., 2016).

These physiological traits were also related to specific cell wall com-

ponents in a multispecies meta-analysis approach, indicating a tight

link between cell wall structure and biochemistry with the mesophyll

conductance (Gago et al., 2016). More recently, Clemente-Moreno

et al. (2019) showed that tobacco plants subjected to different stress

displayed significant correlations between cell wall metabolism and

gm, reinforcing the idea that cell wall composition would affect the

CO2 pathway through the apoplast to the carboxylation sites within

the cell and finally AN.

DA plants growing in Antarctica frequently show a mix of green

and yellow leaves (Figure 1c,d), which could be considered a symptom

of leaf senescence. During this process, chloroplasts are dismantled in

a highly organized manner to preserve cell function as long as possible

(Gregersen, Culetic, Boschian, & Krupinska, 2013). We hypothesize

that, when a certain oxidative stress threshold is reached, DA acti-

vates a senescence programme to dismantle the main cell structures.

This would allow mobilization of N and C from source to sink tissues,

mainly to the meristematic cores located in the stem (Figures 6 and

S3). Nutrient remobilization is an important part of the plant's life

cycle and plays key roles in resource management, recycling, and

nutrient use efficiency (Avila-Ospina et al., 2014). It is also critical for

nutrient transport from mature to new leaves (Watanabe et al., 2013)

and for crop yield, especially in cereals like wheat, which belongs to

the same family than DA (Distelfeld, Avni, & Fischer, 2014; Gregersen

et al., 2013). We observed that the ratio between N levels in leaves

and the stem decreased in DA plants grown at 4�C compared with the

ones growing at 15�C, suggesting N is transported from source to

sink tissues at low temperature; however, this was not observed in TA

(Table S3). These results agree with the increased Gln/Glu ratio

observed in DA plants (Table 3). Also, it has been shown that DA

accumulates fructans in the meristematic core (Bravo et al., 2001),

which could be used lately to build new leaves when environmental

conditions improve.

5 | CONCLUSIONS

The Antarctic species Deschampsia antarctica showed different strate-

gies than the non-Antarctic reference species Triticum aestivum to

cope with low temperature. At low temperature, the carbon gains

from DA were dramatically reduced. Under our low-temperature

treatment, neither photosynthesis nor photorespiration performed

significantly better than in the non-Antarctic species. Indeed, these

dramatic photosynthetic reductions were accompanied by significant

stress symptoms in DA (just like in the non-Antarctic reference spe-

cies, TA). However, it seems that DA experiences a compromise

between degrading cell structures and sustaining leaf functionality.

Results from the statistical models suggest that DA triggers a highly

organized leaf senescence programme in response to stressful condi-

tions, whereas such reprogramming was not observed for TA. We also
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found changes in some metabolic markers associated to nitrogen

export and cell wall rearrangements. These data prompted us to fur-

ther investigate the content of nutrients and ions in different tissues

of DA and TA. Our results strongly suggest increased nutrient

remobilization in DA plants grown at 4�C, which could be an impor-

tant strategy to survive in the harsh Antarctic environment. DA

belongs to the Poaceae family, like several of the major crops world-

wide; therefore, our findings open new possibilities to increase nutri-

ent export to grains and storage organs, which could help in

improving crop yield under stress conditions.
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