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Cytochrome respiration pathway and sulphur metabolism sustain
stress tolerance to low temperature in the Antarctic species
Colobanthus quitensis
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Introduction

Colobanthus quitensis (Kunth) Bartl. (CQ; Caryophyllaceae fam-
ily) is one of the two vascular plants that were naturally able to
colonize the scarce Antarctic ice-free areas (Kappen, 1999).

Summary

e Understanding the strategies employed by plant species that live in extreme environments
offers the possibility to discover stress tolerance mechanisms. We studied the physiological,
antioxidant and metabolic responses to three temperature conditions (4, 15, and 23°C) of
Colobanthus quitensis (CQ), one of the only two native vascular species in Antarctica. We
also employed Dianthus chinensis (DC), to assess the effects of the treatments in a non-
Antarctic species from the same family.

e Using fused LASSO modelling, we associated physiological and biochemical antioxidant
responses with primary metabolism. This approach allowed us to highlight the metabolic path-
ways driving the response specific to CQ.

e Low temperature imposed dramatic reductions in photosynthesis (up to 88%) but not in
respiration (sustaining rates of 3.0-4.2 pmol CO, m~2s~") in CQ, and no change in the physi-
ological stress parameters was found. Its notable antioxidant capacity and mitochondrial
cytochrome respiratory activity (20 and two times higher than DC, respectively), which ensure
ATP production even at low temperature, was significantly associated with sulphur-containing
metabolites and polyamines.

e Our findings potentially open new biotechnological opportunities regarding the role of
antioxidant compounds and respiratory mechanisms associated with sulphur metabolism in
stress tolerance strategies to low temperature.

Antarctica is probably the most extreme continent for supporting
life: it is the coldest, driest, and windiest continent on Earth. Cli-
matic conditions are so hostile that, even during summer, plants
frequently face subzero temperatures, strong winds, and very long
photoperiods. Moreover, water availability is restricted to ice and
glacier melting. In combination with strong dry winds (that
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impose elevated evaporation rates), this make life extremely
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difficult (Bramley-Alves etal., 2014). Likewise, CQ is also dis-
tributed along high elevations in the Andes up to Mexico, where
it inhabits sites with similar cold and harsh conditions. This has
awakened an increased interest to describe the physiological and
molecular adaptations that allow CQ to cope with such an
extreme environment — for a review, see Cavieres et al. (2016).

Under optimal conditions, CQ shows a photosynthetic range
from 8 to 11 umol CO, m 2s ) interestingly, it can sustain
positive net assimilation rates (¢. 30% of their maximum) even at
0°C (Xiong et al., 1999; Saez et al., 2017). High respiration rates
(2-3 pmol CO, m 25~ ') have been described in CQ, which is
ranked in the upper range for herbaceous plants in a comparative
study of 899 species (Atkin ezal, 2015). It was suggested that,
under low temperature, photosynthesis could be an important
electron sink and thus would help alleviate oxidative stress (Xiong
etal., 1999), in combination with photoprotective mechanisms,
such as nonphotochemical quenching and heat dissipation by the
xanthophyll cycle, rather than by primary antioxidants (Pérez-
Torres et al., 2004a). However, in addition to ensuring high pho-
tosynthesis rates at low temperature, CQ also has to use other
mechanisms to survive in the extreme environments like Antarc-
tica or high altitudes (low temperature, drought, and an
extremely variable radiation; Cavieres ¢t al., 2016).

Low temperatures enhance stress levels by impairing primary
and secondary photosynthetic reactions and promoting the gen-
eration of reactive oxygen species (ROS). Thus, energy dissipa-
tion and regulation of the oxidative stress status should be a
priority to maintain cell homeostasis (Hoermiller ezal., 2017).
Under oxidative stress, mitochondrial respiration has been sug-
gested to modulate the formation of ROS, by dissipating reduc-
tants from both mitochondria and chloroplast (Tezara ezal.,
2008; Atkin & Macherel, 2009; Florez-Sarasa etal, 2016);
indeed, differential changes of the cytochrome oxidase pathway
(COP) and alternative oxidase (AOX) pathway (AOP) could also
modulate cell oxidative stress and energy levels (Del-Saz ezal.,
2018). Low temperature is reputed for decreasing rates of respira-
tion by inducing malfunction of components of the mitochon-
drial electron transport chain and TCA cycle (Atkin & Tjoelker,
2003) and increasing AOX activity (Ribas-Carbé eral, 20005
Heidarvand ezal., 2017). By using aoxla Arabidopsis mutants
with reduced levels of AOX protein, it was shown that AOX was
involved in the balance of primary metabolism at low tempera-
ture (Watanabe eral, 2008). Notwithstanding, AOX activity
may decrease the energy efficiency of respiration (O’Leary ezal.,
2019). Interestingly, Arctic plants have shown the ability to mod-
ulate the respiratory energy efficiency for the benefit of ATP syn-
thesis via the COP (Kornfeld eral, 2013). Thus, it might be
expected that, in CQ, respiration via the COP could contribute
to tolerate low temperatures, considering its high rates of respira-
tion (Del-Saz et al., 2018; O’Leary et al., 2019).

The plant metabolome is extraordinarily dynamic and drives
plant—environment responses (Brunetd ezal, 2013). Thus,
metabolic information can be linked to the physiological
responses to obtain further specific knowledge, which could help
us to understand the mechanisms underlying these responses
(Obata & Fernie, 2012; Sulpice ezal., 2013; Gago etal., 2016,
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2017; Flexas & Gago, 2018). In addition, statistical modelling in
systems biology is used to identify molecular markers (e.g. genes,
proteins, and metabolites) that are predictive of complex physio-
logical traits in multiple environments and/or species. Such con-
served associations between molecular markers and traits can, in
turn, be complemented with approaches that are specific to a par-
ticular environment and/or species (Wen ezal., 2015; Li etal.,
2016; Omranian ez al, 2016; de Abreu e Lima ez al., 2018). The
leaf metabolome has shed light on mitochondrial respiration reg-
ulation (Nunes-Nesi eral, 2010; Aratjo eral, 2011, 2012;
O’Leary et al., 2019), particularly on the role of AOX activity in
responses to environmental stresses (Del-Saz ezal., 2018). It has
been shown that sugars (maltose, xylose), organic acids (malate,
fumarate, citrate), and amino acids (asparagine, B-alanine) are
correlated with 7z vive AOX activity in different species under
high irradiance, salinity, and phosphorus (P) deficiency as a
mechanism associated with the consumption of reducing equiva-
lents (Del-Saz etal, 2016, 2018; Florez-Sarasa etal, 2016;
O’Leary etal., 2019).

Considering the high mitochondrial respiration rates reported
in CQ, we hypothesize that respiration might play a relevant role
under low temperature stress, to alleviate the altered redox status
and provide energy and carbon (C) skeletons to sustain cell
homeostasis and antioxidant responses. To assess this hypothesis,
we combined ecophysiology, biochemistry, metabolomics, and
statistical modelling approaches to understand the mechanisms
leading to stress tolerance in two CQ ecotypes (Antarctic and
Andean) grown at three different temperatures (i.e. 4, 15, and
23°C). Moreover, China pink, Dianthus chinensis (DC), a non-
Antarctic cultivated species from the same family as CQ
(Caryophyllacace) was also included in our experiment as a refer-
ence for our stress treatments. The resulting data were combined
and analysed through the integrative statistical fused LASSO
modelling to associate complex physiological traits with
metabolic markers. Finally, to validate the main results from the
statistical modelling, we performed further experiments focused
on characterizing the 7z vivo respiration and total antioxidant
capacity of CQ. Taken together, we integrated ecophysiological,
biochemical, and molecular technologies to identify the mecha-
nisms that allow CQ to withstand the most inhospitable conti-
nent on Earth.

Materials and Methods

Collection sites and climatic conditions

CQ (Caryophyllaceae, pearlwort) was collected from King
George Island in the South Shetlands, near to the Henryk Arc-
towski Polish Antarctic Station (62°09'S, 58°28'W, December
2015) and from the central Chilean Andes at 2650 m elevation
Cerro La Parva—Farallones (33°19'S, 70°17'"W, December 2015;
Fig. 1).

The mean air temperature during summer months in the Hen-
ryk Arctowski Station is ¢. 3°C, with maximum and minimum
values of 12°C and —5°C, respectively (Fig. 1d). Most days are
characterized by overcast conditions with short periods of high
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Fig. 1 Sampling sites and mean air
temperatures during the growing season in
Antarctica and Andean range. (a) Sampling
sites in South America and Antarctica. (b)
Zoomed image from (a) of Cerro La Parva in

—e— Mean (d)
20 f —o— Maximum
—o— Minimum

Air temperature (°C)

the Andean range (2650 m asl, 33°19'S;
70°17'W). (c) Zoomed image from (a) of
King George Island (South Shetland,
Maritime Antarctica, 62°09'S, 58°28'W) and
Lagotellerie Island (Antarctic Peninsula,
67°53'20"S, 67°25'30"W). (d, e) Maximum,
average, and minimum air temperatures for
the period 21 December 2015-15 February
2016 (the middle of the growing season) in

Air temperature (°C)

21-Dec-15. 04-Jan-16 18-Jan-16 01Feb-16 15-Feb-16  21-Dec-15 Od-Jan-16 18-Jan-16

Date

irradiance (. 2000 pmol m™*s™"). The mean annual precipita-
tion (which mostly falls as snow) is ¢. 700 mm (Angiel ezal.,
2010). The central Chilean Andes climate is alpine, with strong
influence of the Mediterranean-type climate that characterizes
the lowlands (Arroyo ezal., 1999). The average air temperature
during the growing season is 7—8.5°C, with maximum and mini-
mum values of 21°C and —6°C, respectively (Casanova-Katny
et al., 2006; Cavieres et al., 2007). In contrast to Antarctica, irra-
diance levels are constantly high on most days, with values of
2000 pmol m™~*s™ " for several hours (Casanova-Katny eral,
2006). The mean annual precipitation is ¢ 431 mm, mainly
falling as snow between April and October (for more climatic
details, see Methods S1). For simplification, throughout the
remainder of this paper CQ, and CQg are used for CQ from
Antarctica (King George Island) and from Farallones—La Parva in
the Andes, respectively.

Growth conditions and experimental setup

We reproduced the two CQ ecotypes vegetatively in plastic pots,
using a sterile soil-vermiculite—peat mixture (3:1:1 v/v) and
maintained at 15°C (Xiong etal., 1999; Sdez etal., 2017), in a
growth chamber with irradiance of 300 pmolm *s™' and
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(d) King George Island (near H. Arctowski
Research Station) and (e) Cerro La Parva
(Andean range).

01-Feb-16 15-Feb-16

16 h: 8 h photoperiod. Plants were watered to full soil capacity
every 2-3 d and fertilized once a week. We also grew DC from
the same Caryophyllaceae family as a reference species to validate
the effect of the temperature treatments in a non-Antarctic
species. DC is an ornamental species, originated from temperate
grasslands/shrublands biomes typically characterized by cold win-
ters and reduced precipitation in northeast Asia (Whittaker,
1975; Fu etal., 2008). DC was maintained at the same condi-
tions as CQ (except temperature at 23°C) until the beginning of
the experiment. For the experiment, plants were randomly
divided into subsets and placed in different growth chambers for
the temperature treatments of 4, 15, and 23°C for 12d. This
range was chosen to correspond to the day average temperature
of the Antarctic summer, the optimum photosynthetic tempera-
ture determined for this species, and the optimum photosyntheti-
cal temperature for temperate crops, respectively (Yamori ez al.,
2014; Saez et al., 2018); more details are given in Methods S1.

Subsequently, to validate the results of the first set of experi-
ments and modelling, we performed two additional experiments
focusing on the 15 C and 4°C temperature treatments (in which
were found the main stress differences), and we just used the
Antarctic ecotype (CQ,) in parallel with the reference non-
Antarctic species, DC.
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Gas-exchange measurements and photosynthesis models

We employed an infrared gas analyser (Li-6400-40, Li-Cor Inc.,
Lincoln, NE, USA) coupled with a Chl fluorimeter (Li-6400-40,
2 cm? chamber; Li-Cor) to measure gas-exchange and Chl fluo-
rescence in fully expanded leaves. Measurement conditions were
set up to block temperature (4, 15, or 23°C, same as the growth
conditions), vapour pressure deficit at ¢. 1.5 kPa, CO, concentra-
tion was fixed at 400 pmol CO, per mole of air, and light at
1000 umol m™~*s™" photosynthetic photon flux density (90 : 10,
red : blue light).

Once leaf gas-exchange steady-state conditions were observed,
CO, photosynthetic response curves were performed using CO,
chamber concentration C, steps of 400, 300, 200, 100, and
75 ppm and back to 400 ppm CO,. CO, leakage was corrected
following the methodology described by Flexas ez al. (2007).

Day respiration Ry,, was considered as half of the dark-adapted
mitochondrial respiration Ry, after a minimum 30 min under
dark conditions (Niinemets ezal, 2005). Photorespiration P
and the product of o (absorbance) and f (partition between PSII
and PSI) to correct the electron transport rate (ETR) were esti-
mated by combining fluorescence and gas-exchange measure-
ments per each species and treatment. The product o x f§ was
estimated through low-oxygen (O,) light curves (<1% [O,]);
under these nonphotorespiratory conditions, Pr is greatly
reduced, making it possible to compare the measured relationship
between the ETR and the rate of photosynthetic electron trans-
port with the theoretical relationship based on photosynthetic
stoichiometry (Valentini ez al, 1995) (Table S1). Thus, the ETR
values were corrected by the previous product o* f and subse-
quently, the chloroplastic CO, concentration (C.) and the meso-
phyll conductance (g,) are calculated according to Harley ez al.
(1992). The V. was estimated following Farquhar eral.
(1980) after converting net CO, assimilation rate (Ay)—internal
[CO,] into An—C.. curves using the estimated g,. We used previ-
ously published Rubisco specificity factors S, and kinetic values
at the different temperatures for each species (Saez ez al., 2017).
For DC, we used CQ data, as it is the most similar species found
in the literature. The chloroplast CO, compensation point I'*
was calculated from the S, measured 7z vitro, as described by
von Caemmerer (2000). Leaf mass area (LMA) was calculated as
described previously (Tosens ez al., 2016).

Antioxidant responses and oxidative stress parameters

Leaf samples were harvested (1 g FW) and immediately frozen in
liquid nitrogen (N) for biochemical assays as lipid peroxidation,
glutathione (GSH) quantification, and total antioxidant activity.
For enzymatic assays, frozen samples were ground in a mortar
and homogenized with 50 mM Tris-acetate (pH 6.0) extraction
buffer containing: 0.1 mM EDTA, 2mM cysteine, 2% (w/v)
insoluble poly-vinylpolypyrrolidone, and 0.2% (v/v) Triton X-
100. For ascorbate peroxidase (APX; EC 1.11.1.11), fresh leaves
samples were used, and 20 mM sodium ascorbate was added to
the extraction buffer. Samples were centrifuged for 20 min at

14000 g and 4°C. APX, catalase (CAT; EC 1.11.1.6), and
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peroxidase (POX; EC 1.11.1.7) activities were measured as
described in Diaz-Vivancos et al. (2006, 2008). Protein content
was estimated according to Bradford (1976). Activity assays were
performed using an Epoch spectrophotometer (Biotec Instru-
ments, USA) at 25°C.

Lipid peroxidation was estimated by determining the concen-
tration of thiobarbituric acid-reactive substances (TBARS; Cak-
mak & Horst, 1991). Total, reduced, and oxidized glutathione
(GSHt, GSH, and GSSG, respectively) were assayed according to
the method of Zhang & Kirkham (1996). Frozen leaf samples
were homogenized in 10% metaphosphoric acid, and GSH
determination was measured as described in Clemente-Moreno
et al. (2013). Total antioxidant capacity of leaf samples was calcu-
lated by 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid
radical-scavenging capacity assay using a Trolox standard curve as

described by Teow et al. (2007).

Primary metabolite profiling by gas chromatography-mass
spectrometry

Leaf sampling was performed at midday in the same leaves where
gas exchange and antioxidant response characterization were per-
formed (100 mg FW). Metabolite extraction and derivatization
from frozen ground leaf material were performed as previously
detailed (Lisec ez al., 2006). GC-MS data were acquired using an
Agilent 7683 series auto-sampler (Agilent Technologies, http://
www.home.agilent.com), coupled to an Agilent 6890 gas-chro-
matograph—Leco Pegasus two time-of-flicht mass spectrometer
(Lecos http://www.leco.com/). The acquisition parameters were
identical to those previously described by Caldana eral (2011).
Chromatograms were exported from Leco CHROMATOF software
(v.3.34) and imported into the statistical software framework R
(hetp://www.r-project.org/). lon extraction, peak detection,
retention time alignment, and library searching were obtained
using the package TARGETSEARCH (Cuadros-Inostroza et al.,
2009). Dataset S1 shows the metadata for the metabolite anno-
tated in this work through this technology.

Respiration and oxygen-isotope fractionation
measurements

For respiratory measurements, leaves of plants grown at 15°C
and 4°C were harvested after 30 min in the dark and placed in a
3 ml stainless-steel closed cuvette maintained at a constant tem-
perature of 15°C and 4°C, respectively. Air samples were sequen-
dally removed from the cuvette and fed into the mass
spectrometer (Delta XPlus; Thermo LCC, Bremen, Germany).
Changes in the "0/ %0 ratios and O concentration were
obtained to calculate the O-isotope fractionation and the electron
partitioning to the alternative pathway 7,, as described in Del-Saz
etal. (2016). End point fractionation values of both the COP
(A) and AOP (A,) were determined in leaves treated for 30 min
with a solution of 25 mM salicylhydroxamic acid and 10 mM
potassium cyanide (KCN), respectively (7= 3). Values of A, of
32.94+0.19, and 32.7 + 0.39, were obtained for CQ and DC,
respectively, and values of A of 20.9 % 0.3%,, and 20.3 £ 0.29,,
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were obtained for CQ and DC, respectively. No temperature
effects were observed previously for discrimination values of A,
(Gonzalez-Meler et al., 1999; MacFarlane et al., 2009). The indi-
vidual activities of the COP (v,,) and AOP () were calculated
as described previously (Del-Saz ez al., 2016).

For measurements of the AOP capacity, leaves were incubated
in a solution with 10 mM KCN for 30 min. O-uptake rates were
measured in darkness using a liquid-phase Clark-type O electrode
(Rank Brothers, Cambridge, UK) in a solution containing
30 mM MES pH 6.2 and 0.2 mM calcium chloride. For plants
grown at 15°C and 4°C, measurements were performed at a con-
stant temperature of 15°C and 4°C, respectively.

lonomic extraction and quantification

Leaves and roots from CQ and DC at 4°C and 15°C (four to six
biological replicates per species and treatment) were dried at
80°C and subsequently ground to dry powder. Total C and N
contents and ionomic quantification (P, potassium, copper, iron,
manganese, magnesium, sulphur (S), and zinc) were carried out

by CEBAS-CSIC Ionomic Service (Murcia, Spain).

Modelling and statistics

We used the modified Thompson 7 technique to check for data
outliers in the data sets. ANOVA and Tukey’s multiple compar-
isons test (£<0.05) were performed to assess the effects of the
treatments. Pearson correlation analysis was used to determine
the correlation between gas-exchange and Chl fluorescence
parameters vs biochemical and enzymatic antioxidant activities
(P<0.05). Principal component analysis (PCA) was employed to
explore the putative correlation of metabolic profiles with treat-
ments and species. Data were previously normalized by the
median and then centred and scaled. These analyses were per-
formed using the free software R (2017) with the LATTICE (Deep-
ayan, 2008) and PCAMETHODS libraries (Stacklies ezal, 2007).
Gas-exchange measurements/primary metabolism and antioxi-
dant biochemistry employed 6-10 and 4-10 biological replicates,
respectively.

Metabolites—traits associations

We used a two-step approach based on regularized regression to
infer species-dependent associations between the physiological
traits and metabolite levels. In the first step, we determined the
associations between physiological traits and metabolites that
were common to different species by employing least absolute
shrinkage and selection operator (LASSO) with fusion penalty
(Omranian ez al., 2016). The associations common to the species
were identified from multiple data sets (metabolite levels and trait
scores across different temperatures from multiple species) by
imposing two biological constraints modelled as fused LASSO:
(1) sparsity of the associations and (2) similarity of associations
inferred from individual data sets (species). To this end, every
physiological trait was considered as a response and the metabo-
lite levels as predictors (Fig.S1). In the second step, we
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determined the residual of each species-dependent data set upon
removing the effects common to different species found in the
first step. We then inferred the species-dependent associations by
again employing LASSO regression on the respective residuals
(more details are given in Methods S1).

Results

Low temperature drastically decreased in vivo carbon bal-
ance in Colobanthus quitensis

We investigated the changes in Ay, Pr, and Ry, for the different
temperature treatments, as it is known that any of these processes
could alleviate altered redox status under cold stress (Xiong ez al.,
1999; Hoermiller ez al., 2017; O’Leary ez al., 2019). Low temper-
ature (4°C) promoted a significant decrease of Ay and P in both
ecotypes of CQ (Fig. 2a,b). The population of CQ, achieved
higher Ay and Py values than CQy did at 15°C; however, CQg
displayed higher P at 23°C (Fig. 2b). Ry, did not show such a
trend; both CQ ecotypes showed high respiration rates up to
mean values of 4.6 tmol CO, m %5~ (Fig. 2¢). We also exam-
ined two independent stress marker parameters (F,/F,, and lipid
peroxidation) to assess the stress level induced by temperature.
No differences were observed for F,/F,, between 15 and 23°C,
for which both ecotypes optimal values were obtained (0.76—
0.79; Fig. 2d); however, at 4°C no reduction was observed for
CQa, whereas the Andean ecotype showed a significant decrease
(Fig. 2d). Nonphotochemical quenching and lipid peroxidation
measurements (used as a proxy of oxidative membrane damage)
did not show any particular pattern among different temperature
treatments (Fig. 2e,f). We also found that the reference non-
Antarctic species DC displayed a significant reduction of gas-ex-
change parameters, in comparison with the photosynthetic opti-
mum (15°C), as well as the £,/F,, at low temperature; however,
no difference was observed for lipid peroxidation (Fig. 2).

Low temperature (4°C) showed significant stomatal conduc-
tance (g) reductions of 46-67%, whereas g,, showed even more
drastic reductions (75-97%; Table S1) for both species. Indeed,
m showed reduced values (0.004—0.01 pmol CO, m s Y at
4°C, considerably constraining CO, availability at the carboxyla-
tion sites in the chloroplast (), and thus strongly limiting the
potential final photosynthesis (Table S1). Both ecotypes of CQ
showed high V, . reductions (68-73%), and reduction of this
parameter in DC was even higher (82%; Table S1). Interestingly,
the CQx ecotype showed a significant photosynthetic reduction
at 23°C (Fig. 2a), driven by significant reductions in g and ETR
(Table S1). V, nay reached the highest values at 23°C, capturing a
different behaviour for CQ and DC as their photosynthesis
reaches its optimum at 15°C.

Enzymatic antioxidant activities response to low
temperature

To evaluate whether CQ, displayed a special enzymatic activity
profile to deal with oxidative stress without showing damage to
the membrane or decrease in F,/F,,, we examined the effect of

© 2019 The Authors
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Fig. 2 Box-plots of (a) photosynthesis Ay, (b) photorespiration Pg, (c) respiration Rqar, (d) maximal photochemical efficiency of the PSII (F,/F), (e)
nonphotochemical quenching (NPQ), and (f) lipid peroxidation measured at 4, 15, and 23°C for both Colobanthus quitensis ecotypes, the Antarctic (CQa)
and the Andean (CQy), as well the reference non-Antarctic species Dianthus chinensis (DC). Colour indicates the temperature treatment as grey 4°C, blue
15°C, and green 23°C. Vertical dashed lines separate ecotypes; continuous lines separate both species. The bottom and top of the box are the 25" and
75" percentiles (the lower and upper quartiles, respectively), and the band near the middle of the box represents the 50" percentile (the median). The
lower and upper whiskers represent, respectively, the minimal and maximal values of the data set. Different letters mean significant differences (per each
species) between treatments by Tukey's multiple comparisons’ test (P <0.05); no letters indicate no significant differences.

temperature on the activity of the main ROS-scavenging enzymes
APX, POX, and CAT (Diaz-Vivancos etal, 2010). First, we
found that total soluble protein content (TSP) remains stable in
all treatments; surprisingly, however, no significant increases were
found for any antioxidant enzyme for CQ ecotypes in response
to 4°C in comparison with the optimum at 15°C (Table 1).
However, in the non-Antarctic reference species DC both POX
and APX activity as well TSP were increased in response to low
temperature (Table 1).

Specific primary metabolism associations with physiological
responses to temperature treatments

We were able to annotate 87 different metabolites, such as amino

acids, sugars, sugar-alcohols, and organic acids (including several

© 2019 The Authors
New Phytologist © 2019 New Phytologist Trust

intermediates of the TCA cycle; Dataset S2). Although the chem-
ical identity of several metabolites is currently unknown, they
were also considered in the analysis to assess their potential physi-
ological role and to establish putative targets for future studies.
To see whether the metabolic signatures can distinguish the geno-
types and the different treatments, we conducted PCA. This anal-
ysis showed that low temperature (4°C) affected the metabolic
profiles of all species studied, whereas almost no differences were
observed between plants grown at 15 and 23°C (Fig. S2). A
strong metabolic response to 4°C grouped this treatment in the
negative extreme of PC1 (59.3% explained variance), whereas
plants grown at 15 and 23°C clustered together in more positive
values of the same axis (Fig. S2). Moreover, significant variation
in the CQ metabolome at 4°C (64.8% and 60.4% of the
increased in CQ, and CQp,

metabolites  significantly

New Phytologist (2020) 225: 754-768
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Table 1 Total soluble protein and activities of antioxidant enzymes from plants grown at 4, 15, and 23°C of both ecotypes of Colobanthus quitensis (CQ)

and Dianthus chinensis (DC).

Species T(°C) TSP(mg g ' DW) POX(mmol min~" g~ ' DW) CAT(mmolmin~" g~ ' DW) APX(mmolmin~" g~ DW)
CQa 4 249+20a 220+19a 2006 + 261 ¢ 25.04+1.2 bc

CQa 15 221+2.7a 19.8 £2.5ab 3557 + 178 ab 33.7+35ab

CQa 23 295+36a 45+1.1d 3508 + 287 ab 353+1.1a

CQe 4 334+14a 14.8+1.7 bc 2826 +£92 be 187+1.0c

CQ¢ 15 235+32a 15.6+1.5ab 3741 +£312ab 20.4+104c

CQe 23 33.2+2.7a 8.6+2.0d 4024 £203 a 202+1.7¢c

DC 4 224+11a 21.0+06a 2245+ 115 a 23.4+08a

DC 15 16.24+2.2b 79+08b 2530+250a 171+03b

DC 23 10.54+0.5b 6.44+40b 2697 +244 a 15.0+£0.6b

Values are the mean = SE of total soluble protein (TSP) and activities of peroxidase (POX), catalase (CAT), and ascorbate peroxidase (APX). Different
letters mean significant differences between treatments within each species by Tukey's multiple comparisons’ test (P <0.05). CQa, C. quitensis Antarctic

ecotype; CQg, C. quitensis Andean ecotype.

respectively) were observed, and no significant decreases were
identified (Fig. 3). Interestingly, CQa accumulated several
metabolites at 23°C but CQp showed the opposite pattern, with
slight changes or even strong reductions (Fig. 3). Likewise, DC
showed minor accumulation changes compared with CQ
(Fig. 3). We observed that secondary metabolite precursors such
as benzoate, shikimate, and p-coumarate were highly accumu-
lated at 4°C for both species (Fig. 3), with CQ being values much
higher than DC values (Table S2).

To further investigate the metabolic interactions driving the
observed physiological responses, we applied the fused LASSO
modelling approach, whereby we aimed to predict the measured
physiological traits (An, Pr, Ryarlo £/ Fry and TBARS) based on
the gathered corresponding metabolic profiles (Figs 4, S3). This
approach allows us to tease apart the associations that are com-
mon to both species (in both sign and magnitude) as well as addi-
tional associations that may differ in sign and magnitude between
species (Fig. S1; Methods S1). In doing so, we were able to distin-
guish metabolic pathways that are altered between species as well
as those that are constitutively related to a physiological trait.

We first inferred the species-dependent responses of the CQ
(data from both ecotypes) and of the non-Antarctic species DC.
The species-dependent associations obtained by the modelling
approach on Ry, and membrane damage (TBARS) are pre-
sented in Fig. 4 (see Fig. S3 for Ay, Pr, and F,/F,). From this
point, we focus on metabolites with larger regression coefficients;
specifically, the species-dependent associations occurring across
the Antarctic and the non-Antarctic species, as well as those that
belong to well-described metabolic pathways associated with
physiological traits. The species-dependent metabolite—trait asso-
ciations for CQ showed strong, positive associations between Ay
and glycine, mannitol, Unknown-03, and Unknown-06
(Fig. S3). Glycine and mannitol were also associated with Ay in
DC, although negatively (Fig. S3), indicating a stress response
putatively related to photorespiration and polyol metabolism.
Our data suggest activation of metabolic pathways related to
polyamines (spermidine), secondary metabolism (tryptophan and
p-hydroxybenzoate), and aspartate (all negatively associated to
An in CQ but positively correlated to this trait in DC; Fig. S3).
We also observed strong, negative associations in CQ between

New Phytologist (2020) 225: 754-768
www.newphytologist.com

Ax and ascorbate, methionine, and Unknown-08 (Fig. $3), indi-
cating activation of S metabolism and increase of antioxidant
capacity when photosynthesis drops.

Thirteen metabolites showed negative association with Py in
CQ and DC, including pyruvate and two TCA intermediates:
fumarate and malate (Fig. S3). Respiration was positively related
to secondary metabolism (phenylalanine), polyamines precursors
(ornithine and arginine), and S metabolism (methionine), and
negative associations with the precursor to S metabolism (cys-
teine) and polyamines (spermidine). Interestingly, all these
metabolic pathways are interconnected by S-adenosyl-methionine
(AdoMet), which is necessary for the transfer of methyl groups in
reactions leading to the synthesis of secondary metabolites and
polyamines (Long ez al., 2015). We note that methionine showed
a negative association with respiration in CQ and DC. By con-
trast, cysteine was positively related with respiration in CQ but
not in DC (Fig. 4).

The models for F,/F,, and lipid peroxidation showed several
metabolites already found for Ay, Pr, and Ry, (Figs4, S3).
Interestingly, we also observed associations between these traits
and an important number of sugars (trehalose, sucrose, fructose,
and arabinose), sugar-alcohols (mannitol and galactinol) and
organic acids (p-coumarate, benzoate, galacturonic acid, and glu-
curonic acid), which are typically involved in osmoprotection,
signalling, ROS scavenging, membrane stabilization, and/or cell
wall remodelling (Figs 4, S3); these findings also suggest strong
and differential respiration and S,
polyamine, and secondary metabolisms in CQ.

association between

High cytochrome respiratory rates and antioxidant capacity
characterize the response of Colobanthus quitensis to low
temperature

To validate the fused LASSO results, we performed two addi-
tional experiments where, first, we further characterized the mito-
chondrial respiration pathways and, second, measured S-
containing antioxidant compounds and the total antioxidant
capacity. Here, we focused on CQ, (because this ecotype did not
show any physiological damage at low temperature), and we
additionally maintained the reference species DC at 4°C (stress

© 2019 The Authors
New Phytologist © 2019 New Phytologist Trust
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Fig. 3 Metabolic responses to temperature treatments. Heat-map of fold-
change for metabolite levels in plants grown at 4 and 23°C compared with
the optimum condition for Antarctic species (15°C) Colobanthus quitensis
ecotypes, the Antarctic (CQa) and the Andean (CQg), as well the
reference non-Antarctic species Dianthus chinensis (DC). Black dots mean
significant differences with respect to the reference treatment by Tukey's
test (P<0.05).
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conditions) and 15°C (optimum conditions), where we found
stronger physiological and metabolic changes (Figs 2, 3, S2). Leaf
structural (LMA) and physiological indicators (F/F,,) were
employed to assess whether plants were under similar physiologi-
cal conditions to those in the previous experiment (Table S3).

To study the role of the two respiratory pathways, COP and
AOP, in driving the tolerance to cold, we measured their 77 vivo
activities at 4°C and 15°C by using the O isotope fractionation
technique (Del-Saz eral., 2018). The results showed that total
foliar oxygen respiration V; decreased significanty (>50%) at
4°C in the two species, although CQ showed the highest values
at both temperatures (Table 2). Electron partitioning to the AOP
(1) decreased significantly (61.9%, Table2) in response to low
temperature in CQ but increased in DC (17.8%). The changes
in V, and 1, at 4°C were due to variations in the 7z vivo activities
of COX (zy) and AOX (zy,). Both 2., and vy, significantly
decreased in the two species at 4°C compared with 15°C
(Table 2). Interestingly, from 15°C to 4°C, CQ showed the low-
est and highest reductions in .y, (49.6%) and v, (83%), respec-
tively, and it captured the lowest absolute value of vy,
(0.43 nmol O, g_1 DW s~ 1) at 4°C (Table 2). We observed dif-
ferent trends when we measured the capacity of the alternative
pathway V;, at 4°C. This parameter was unaffected in DC but
significantly increased in CQ (121%; Table 2).

These data confirmed that CQ maintains high respiration rates
at 4°C, mainly at the expense of the COP, thus leading to a
higher production of ATP per mole of respired O,. Our model
suggested that the physiological responses and stress status of CQ
are linked to S metabolism, which is largely dependent on ATP
(Stephanopoulos, 1998; Long ez al., 2015). We therefore deter-
mined GSH content, as this is usually the main S-containing
nonenzymatic antioxidant; however, the metabolism of GSH did
not show significant changes in CQ (Table 3). GSHt significantly
increased at 4°C in CQ and DC mainly at the expense of GSH
increases; however, the redox state was maintained at the same
level in comparison with the optimum conditions (Table 3).

In this sense, we also evaluated the ion content of the tissues as
an integrative approach of metabolic changes, as nutrient mobi-
lization from source to storage tissues is described as a stress
response for several species (Avila-Ospina ez al., 2014). Interest-
ingly, S content was the only ion that increased at 4°C in CQ
(Table S4). Taking into account that CQ did not show any
oxidative stress symptom at 4°C and its metabolic results indi-
cated increases in secondary metabolism, which could be related
to antioxidant capacity, we decided to analyse the total antioxi-
dant capacity of the leaves from plants grown at 4 and 15°C.
Fig. 5 shows that CQ leaf tissues displayed an impressive antioxi-
dant capacity (between 13- and 24-fold higher than DC at 4°C
and 15°C, respectively). In addition, CQ did not show any
increase in the total antioxidant activity at 4°C, thus antioxidant
activity is constitutively elevated in CQ (Fig. 5). In agreement
with these data, some secondary metabolites and phenolic com-
pound precursors, like benzoic acid, shikimate, and p-coumarate,
showed higher values in all conditions tested in CQ than in the
other species (five- to 10-fold higher) (Fig.3; TableS2;
Dataset S1).

New Phytologist (2020) 225: 754-768
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Fig. 4 Species-dependent metabolite-trait associations (Colobanthus quitensis (CQ) vs Dianthus chinensis (DC)). The bi-sided bar plot of the log,-
transformed regression coefficients (associations) between metabolites and the physiological and biochemical parameters respiration (Rgan) and
thiobarbituric acid-reactive substances (TBARS; lipid peroxidation). The species-dependent metabolite-trait associations were extracted for CQ as well as

DC and the absolute values of the regression coefficients were log, transformed.

(red for amino acids, blue for organic acids, green for sugars, brown for ‘others’,

Discussion

Low temperature reduces carbon balance even in the
Antarctic species

CQ is one of the two vascular species that were able to naturally
colonize some of the summer ice-free areas in Antarctica, where
they have to deal with an extreme environment (Robinson ezal.,
2003; Cavieres ez al., 2016). Interestingly, we observed that CQ
commonly does not show any macroscopic stress symptom under
natural growth conditions on King George Island (Antarctica) or
in the Andean range when we collected it (Fig. 1). These observa-
tions agree with results obtained in our experimental setup, where
no significant differences were observed for F,/F,, and lipid per-
oxidation in CQ grown under the controlled environmental con-
dition at 4°C (Fig. 2).

Photosynthesis is traditionally considered the main energy
sink. One of the stress tolerance mechanisms of Antarctic

The metabolites are sorted and coloured based on their chemical classes
and grey for unknown metabolites).

vascular species could be their ability to maintain high Ay at
low temperatures, helping them to avoid ROS generation while
maintaining productivity and energy status (Xiong ezal., 1999;
Cavieres etal., 2016). Several studies established that optimal
photosynthetic temperatures are correlated with specific adapta-
tions of the main physiological and biochemical drivers (g, gm,
and Rubisco), which in turn are tightly linked to the biocli-
matic origin of the species (von Caemmerer & Evans, 2015;
Xiong etal., 2015; Perdomo ez al., 2016). Antarctic plants have
photosynthetic optima of ¢ 15-19°C, and at 0°C they main-
tain up to 30% (under short-term temperature-response curves;
Xiong eral., 1999); this is lower than the optima for temper-
ate/tropical species (23—35°C), which commonly show a dra-
matic decrease at 10-15°C (Yamori ezal., 2014). In agreement
with previous reports (Cavieres eral, 2016 and references
therein), we measured the highest photosynthetic values for
CQ at 15°C (Fig.2). Here, low temperature imposed signifi-
cant decreases in Ay for both species, indicating that is not

Table 2 Respiration and activities of the cytochromic and alternative pathways measured by oxygen isotope fractionation.

Species T (°C) Vi Ta Veyt Vait Vai

cQ 4 5.14 +0.19* 0.08 £ 0.01* 4.71+0.14* 0.43 +0.08* 10.96 +2.03*
cQ 15 11.98 £1.16 0.214+£0.02 9.49+1.04 2.494+0.30 497 +£0.52
DC 4 2.93+0.11* 0.33 +0.02* 1.94 +0.07* 0.99 +0.07* 5.72+0.67
DC 15 5.934+0.23 0.28 +0.02 4.27 +0.23 1.65 +0.08 3.85+0.62

Total respiration V; (nmol O, g~ " DW's™"), electron partitioning to the alternative pathway t,, cytochromic pathway activity vy (nmol O, g~ ' DWs ™),
alternative pathway activity v, (nmol O, g~ DW s~ "), and alternative pathway capacity V,;; (nmol O, g~ DW s~ ") in leaves of Colobanthus quitensis
(CQ) and Dianthus chinensis (DC) plants grown at 4 and 15°C for 12 d. Data are averages + SE of four to six biological replicates. Asterisks mean signifi-
cant differences between both treatments for each species by Tukey's test (P <0.05).

New Phytologist (2020) 225: 754-768
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Table 3 Determination of total glutathione and the redox state.

Species T (°C) GSHt GSSG GSH Redox state
cQ 4 376.0 + 76.9* 63.8+9.0 3249 +38.3* 0.86
cQ 15 200.1+40.5 405+2.6 170.0+14.8 0.85
DC 4 1196.8 + 36.5* 104.3 +4.7 1118.6 £53. 7* 0.93
DC 15 963.5+34.3 88.0+12.4 875.8+41.6 0.91

Glutathione content in Colobanthus quitensis (CQ) and Dianthus chinensis (DC) plants grown at 4 and 15°C. Total glutathione (GSHt), oxidized glu-
tathione (GSSG) and reduced glutathione (GSH) contents are expressed as nmol g*1 DW. Redox state is the ratio between GSH and GSHt. Data are aver-
ages =+ SE of four or five biological replicates. Asterisks mean significant differences between both temperatures for each species by Tukey's test (P <0.05).

their main strategy to avoid ROS formation under long-term
cold conditions (Fig. 2).

Photosynthesis at low temperature significantly drops (Fig. 2),
mostly driven by a strong reduction in g, rather than g or
Rubisco performance (Table S1). This is not surprising, as it has
already been shown that g, is drastically reduced when tempera-
ture is decreased, whereas g, remains comparatively more stable
or even increases (Warren & Dreyer, 2006; Yamori ez al., 20006;
Warren, 2008; von Caemmerer & Evans, 2014). Interestingly, it
has been found that Rubisco in CQ showed a high specificity fac-
tor for CO; (Sy) and £, , probably to alleviate the CO, diffu-
sive restrictions at the chloroplast carboxylation sites. Moreover,
it has been found that g, is the most relevant photosynthetic lim-
itation under field conditions and at different temperatures and
water availabilities (Sdez et al., 2017, 2018).

It is already known that there is essential cross-talk between
photosynthesis, photorespiration, and respiration orchestrated by
metabolites that maintains cell redox state in illuminated leaves
(Hoefnagel eral, 1998; Raghavendra & Padmasree, 2003;
Noguchi & Yoshida, 2008; O’Leary ez al, 2019). Under stress,
energy excess in the photosynthetic apparatus may induce respira-
tion to modulate its activity to dissipate redox equivalents from

chloroplasts, helping to orchestrate a readjustment of redox
homeostasis (Voss et al., 2013; Florez-Sarasa et al., 2016; Del-Saz
etal., 2018). Moreover, it has been described that respiration
may provide ATP for oxidation of excess redox equivalents in
chloroplasts (Tezara etal., 2008). Remarkably, respiration was
mostly unaffected by the temperature treatments, indicating an
important robustness and acclimation of this parameter to low
temperature. We observed high respiration rates for CQ, which
were also demonstrated in previous studies (Xiong ez al., 1999;
Sdez etal., 2017). Indeed, the respiration rates for CQ are in the
upper range when compared with a global dataset from 899
species (Atkin eral., 2015). We observed that low temperature
decreases V, as reviewed in Heidarvand ez 2/ (2017), and there is
a different behaviour in the in vivo activities of the two respira-
tory pathways as well as in V};,. CQ showed a higher reduction in
V; and 2, than DC did, in spite of the strong increase observed
in V. Comparatively, CQ maintained a constitutively elevated
COP; thus, ATP was synthesized even under low temperature,
but without increasing the activity of AOX (even having enough
capacity to increase it) (Table 2). This is in line with previous
studies that reported higher abundance of AOX protein during

seasonal acclimation of respiration in alpine grasses (Searle ez al.,

[ 4°c [@ 15°C

30

25
I

Fig. 5 Total antioxidant capacity of leaves

(mM Trolox equivalent (TE) g’1 DW) from
Colobanthus quitensis (CQ) and Dianthus
chinensis (DC) grown at 4 and 15°C. Data
are averages =+ SE of four or five biological
replicates. The bottom and top of a box are
the 25" and 75" percentiles (the lower and
upper quartiles, respectively), and the band
near the middle of the box represents the
50" percentile (the median). The lower and
upper whiskers represent, respectively, the
minimal and maximal values of the data set.
Different letters mean significant differences
(per each species) between treatments by o

10
1

Total antioxidant activity (mM TE g-' DW)

Tukey's multiple comparisons’ test (P <0.05);
no letters indicate no significant differences.
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2011). Despite the effect of low temperature in decreasing the
rate of respiration in CQ, its response is the most appropriate to
maximize both the respiratory energy efficiency and synthesis of
ATP via the COP, similar to that observed in Betula nana (Korn-
feld ez al., 2013). Thus, ATP can be supplied from mitochondria
to compensate for decreased rates of chloroplast ATP synthesis
under stress (Tezara etal, 2008; Atkin & Macherel, 2009).
Moreover, this response provides AOP with flexibility to deal
with possible redox impairment.

Fightback: an integrated perspective of the stress tolerance
strategies operating in Colobanthus quitensis

There were no remarkable changes in the activities of antioxidant
enzymes at 4°C compared with 15°C (Table 1), in agreement
with previous studies under high light and low temperature
stressful conditions (Pérez-Torres ez al., 2004a). Another putative
defence strategy displayed by CQ could be the accumulation of
nonenzymatic antioxidants, such as carbohydrates and proline.
Consistently, our results showed both a large metabolite accumu-
lation in response to 4°C (Fig. 3) and a huge constitutive antioxi-
dant capacity (Fig. 5) higher than in the DC data and as well
another published data in several species in the literature, includ-
ing the other Antarctic vascular plant Deschampsia antartica
(Benavente-Garcia et al., 2000; Pérez-Torres et al., 2004b; Teow
etal., 2007). Thus, when photosynthesis and photorespiration
are constrained under low temperatures, N and S metabolism
could play an important role in cell homeostasis by consuming
energy (ATP), reducing equivalents (NADPH) and C skeletons
produced by the TCA cycle (Stephanopoulos, 1998; Nunes-Nesi
etal., 2010; Bloom, 2015; Long ez al., 2015).

Metabolic association to diverse physiological responses, from
biomass to photosynthesis, stomatal or mesophyll conductance,
was previously employed to screen the possible metabolic path-
ways associated to these processes with the proper statistical mod-
elling (Sulpice ezal., 2013; Gago et al., 2016; de Abreu e Lima
etal., 2017, 2018). The fused LASSO approach has been used
previously in reconstruction of gene regulatory networks across
multiple conditions (Omranian ezal., 2016), extraction of con-
served gene regulatory networks (Lam ez al, 2016), and inferring
condition-specific gene regulatory networks (Deng ezal., 2018;
Lyu etal., 2018). Here, investigating the species-dependent asso-
ciations allows us to identify key regulators of physiological
responses in a particular species that would otherwise not be pos-
sible by considering differential correlation analysis (de la Fuente,
2010).

Fig. 6 shows the main metabolic pathways, including metabo-
lites associated with respiration in the species-dependent fused
LASSO model for CQ. This diagram also includes information
obtained with subsequent experiments to provide an integrated
picture of the putative mechanisms operating in this species to
cope with cold conditions. CQ and DC accumulated several
metabolites at 4°C (Fig. 3), which could be attributed to
increased synthesis, decreased degradation, and/or reduced export
to sink tissues (mainly roots). Accumulation of amino acids does
not seem to result from protein degradation, as protein levels
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were unaltered or even slightly increased at 4°C (Table 1).
Numerous metabolites were linked to physiological traits by the
models (Figs 4, S3). In particular, species-dependent models for
CQ included associations between S metabolism, polyamines,
and aromatic amino acids with the physiological traits studied
(Figs 4, 6); by contrast, we did not observe such strong associa-
tions in DC (Fig. 4). It has been estimated that 80% of the
methionine pool is used for the synthesis of AdoMet, an essential
metabolite for the biosynthesis of lipids (phosphatidylcholine,
the major polar lipid associated with cell membranes; Ravanel
eral., 1998) and polyamines (Long eral, 2015). In agreement
with these observations, the nutrient mobilization from leaves to
storage tissues under stressful conditions is frequently reported in
several species (Avila-Ospina et al., 2014); however, CQ grown at
4°C followed the contrary pattern, even showing a significant
increase in the leaves’ S content compared with the ones grown at
15°C (Table S4).

Biosynthesis of S-containing compounds implies important
requirements in terms of energy and reducing equivalents
(Stephanopoulos, 1998; Long eral., 2015). Reduction of sul-
phate to sulphide consumes 732 kJ mol ™', whereas nitrate assim-
ilation requires 478 k] mol™'. The ATP and NADPH required
for sulphate assimilation in green tissues are largely met by pho-
tosynthesis. In nonphotosynthetic tissues, energy and reducing
power are provided by respiration and the reductive pentose-
phosphate pathway, respectively (Long ez al., 2015). The synthe-
sis of methionine is the most expensive in terms of moles of
ATP consumed. A recent computational calculation showed that
glucose-fed Escherichia coli require 18 ATP molecules to produce
one molecule of methionine, assuming that the energy content
of NADPH is twice that of ATP (Kaleta ez al, 2013). Consider-
ing the costs of sulphate reduction and cysteine synthesis (but
leaving aside the costs associated with GSH synthesis, as GSH
levels were not too high in CQ), plants require three ATP
molecules and six NADPH molecules (the energy equivalent to
15 ATP molecules) to synthesize methionine from aspartate
(Long eral., 2015), a similar cost to that calculated for E. coli
(Kaleta ez al., 2013).

Also, the synthesis of flavonols/phenylpropanoids from pheny-
lalanine demands large amounts of energy and reducing power
(Saito et al., 2013). Indeed, it has been suggested that synthesis of
phenolic metabolites could help to alleviate the surplus of
NADPH when photosynthesis decreases (Akhtar ez al., 2010; Sel-
mar & Kleinwachter, 2013; Caretto ezal., 2015). Interestingly,
CQ showed higher levels of shikimate, benzoate, and hydroxycin-
namic acid than DC did (Table S2). The phenylpropanoid—ac-
etate pathway is the main metabolic route for the production of
flavonoids. We speculate that CQ invests large amounts of C and
energy to synthesize these compounds because flavonoids are
important for reducing the negative effects of ultraviolet radiation
(Long eral., 2015), which is particularly important due to the
high irradiances found in Antarctica and the Andes. The synthe-
sis of naringenin (a hub metabolite for the biosynthesis of multi-
ple flavonoids) from phosphoenolpyruvate and erythrose 4-
phosphate consumes energy equivalent to 10 ATP molecules.
This is a conservative calculation, because naringenin is just an
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Fig. 6 Integrative model for Colobanthus quitensis response under cold temperature. Significant metabolites and main biochemical pathways associated
by fused LASSO approach with mitochondrial respiration are shown. Physiological responses are also integrated in the model as the respiratory cytochrome
oxidase pathway and alternative oxidase pathway, energy production (ATP), in coordination with antioxidant biochemical strategy linked to glutathione
synthesis and activity and total antioxidant tissue capacity. Blue and red colours indicate positive and negative relationship observed by the fused LASSO
models; * or ** signal a common metabolite between the Antarctic and the model species with the same or inverse relationship, respectively. 2-OG, 2-
oxoglutarate; 4-HBA, 4-hydroxybenzoic acid; AOX, alternative oxidase; APS, adenosine-5'-phosphosulphate; CBC, Calvin-Benson cycle; COX,
cytochrome c oxidase; GSH, glutathione; OAA, oxaloacetate; SAM, S-adenosyl-L.-methionine.

intermediate. It is important to note that AdoMet is also neces-
sary for the multiple methylation reactions leading to different
flavonoids (Long ezal., 2015), which highlights the importance
of S metabolism in this species.

Conclusions

Altogether, our results suggest that this species invests an impor-
tant amount of resources to produce ‘expensive’ compounds, such
as S-containing and secondary metabolites. These results nicely
fit with the constitutive high antioxidant capacity and elevated V;
and v, measured in CQ (Fig. 5; Table 2). A deeper characteriza-
tion of the mitochondrial respiratory pathways in CQ showed
notable o, rates, thus ensuring mitochondrial ATP production
at low temperature. Also, CQ’s antioxidant capacity (not driven
by ROS-removal enzymes, ascorbate or GSH) was several times
higher than that measured on the reference non-Antarctic species
DC. Thus, long-term stress tolerance mechanisms in CQ seem to
be sustained by complex and energy-costly S-based molecules,
polyamines, and secondary metabolites to deal with one of the
most extreme environments on Earth, Antarctica.

© 2019 The Authors
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