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Abstract: Projected rises in atmospheric CO2 concentration and minimum night-time temperatures
may have important effects on plant carbon metabolism altering the carbon balance of the only
two vascular plant species in the Antarctic Peninsula. We assessed the effect of nocturnal warming
(8/5 ◦C vs. 8/8 ◦C day/night) and CO2 concentrations (400 ppm and 750 ppm) on gas exchange,
non-structural carbohydrates, two respiratory-related enzymes, and mitochondrial size and number
in two species of vascular plants. In Colobanthus quitensis, light-saturated photosynthesis measured at
400 ppm was reduced when plants were grown in the elevated CO2 or in the nocturnal warming
treatments. Growth in elevated CO2 reduced stomatal conductance but nocturnal warming did
not. The short-term sensitivity of respiration, relative protein abundance, and mitochondrial traits
were not responsive to either treatment in this species. Moreover, some acclimation to nocturnal
warming at ambient CO2 was observed. Altogether, these responses in C. quitensis led to an increase
in the respiration-assimilation ratio in plants grown in elevated CO2. The response of Deschampsia
antarctica to the experimental treatments was quite distinct. Photosynthesis was not affected by
either treatment; however, respiration acclimated to temperature in the elevated CO2 treatment.
The observed short-term changes in thermal sensitivity indicate type I acclimation of respiration.
Growth in elevated CO2 and nocturnal warming resulted in a reduction in mitochondrial numbers
and an increase in mitochondrial size in D. antarctica. Overall, our results suggest that with climate
change D. antarctica could be more successful than C. quitensis, due to its ability to make metabolic
adjustments to maintain its carbon balance.

Keywords: atmospheric CO2 concentration; nocturnal warming; respiration; photosynthesis; foliar
carbon balance; Antarctic plant species
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1. Introduction

Since the Industrial Revolution, atmospheric CO2 concentrations have steadily in-
creased, and by the end of the century, CO2 concentrations will be >550 ppm as a conse-
quence of fossil fuel burning and land-use changes [1,2]. Consequently, climate warming
will likely increase global mean surface temperatures by 1.5 ◦C between 2030 and 2052 [3],
while for high latitudes, such as the Antarctic, two-thirds of climate models project warm-
ing of 1.8 ◦C to 3.3 ◦C by the year 2100 [4]. Additionally, temperatures are increasing more
rapidly during the night than during the day [5], and this asymmetric warming is projected
to be stronger at high latitudes where cold nights could warm by up to 4.5 ◦C [3].

The physiological effects of nocturnal warming and increased atmospheric CO2 con-
centrations on the carbon metabolism, and consequently, performance of plants inhabiting
polar ecosystems, are still poorly understood. Plant carbon metabolism is governed by
photosynthesis and respiration, which are interdependent processes, where most of the
non-structural carbohydrates produced by photosynthesis, including soluble sugars and
starch, are used as substrates by respiration [6,7]. While it is well known that net photo-
synthesis (Anet) and respiration tend to be correlated [8–10], each process is differentially
affected by environmental factors. Thus, the impact of warming and/or elevated CO2 on
plant carbon metabolism will depend on their differential effects on photosynthesis and
respiration [11].

Increases in temperature often increase Anet by stimulating biochemical reaction rates,
including photosynthetic electron transport and Rubisco carboxylation [12–14]. However,
photosynthetic acclimation to environmental temperature may induce stimulation or re-
duction of maximum photosynthetic rates depending on the plant functional type [15].
On the other hand, higher CO2 concentrations stimulate Anet by increasing CO2 substrate
availability for Rubisco and suppressing photorespiration [11,16]. Long-term exposure to
elevated CO2 can decrease this photosynthetic stimulation via declines in stomatal conduc-
tance or a build-up of leaf carbohydrates that lead to the downregulation of photosynthetic
capacity [17].

Respiration also can be altered by warming [18–21]. In contrast to photosynthesis,
respiration tends to acclimate to increases in growth temperature to a similar degree in
species from different biomes [22,23], where lower respiration rates occur in plants grown
at higher temperatures compared to control plants when measured at a common tem-
perature [24]. In the short term, thermal acclimation can often affect the sensitivity of
respiration (type I acclimation), manifested through a change in the Q10 (the increase in
respiration for a 10 ◦C increase in leaf temperature), reflecting limitations by substrate
availability and/or the activity of several enzymes in response to the instantaneous increase
in temperature [22,25,26]. Long-term exposure to warmer temperatures usually leads to
type II acclimation, where respiration dynamically adjusts to changes in the growth envi-
ronment [24]. This acclimation affects the overall respiratory capacity, involving changes in
the abundance, structure, and/or protein composition of mitochondria [22,24,26,27].

Elevated atmospheric CO2 concentrations can also influence respiration both in the
short and long term; however, the extent of its impact is not yet fully understood. Rapid
changes in CO2 concentration may have direct, but reversible, effects on respiration [28,29]
by decreasing the activity of several enzymes [29–33]. In some studies, prolonged exposure
to CO2 enrichment decreases respiration rates [19,34–36], while in others it leads to elevated
respiration rates [37,38]. Griffin et al. (2001) reported that elevated CO2 produced significant
structural changes, such that increased respiration correlated with an increased number of
mitochondria per cell.

In terms of carbon balance, the ratio of respiration/photosynthesis (R/A) at a certain
growth temperature is often constant, even in plants experiencing contrasting growth
temperatures ([10] and citations therein). Thus, it is often expected that warming leads to
coordinated acclimation of both respiration and photosynthesis to maintain a homeostatic
carbon balance [11]. However, elevated CO2 affect photosynthesis more strongly than respi-
ration, leading to alterations in the carbon balance of some species [39]. Long-term exposure
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to elevated CO2 will suppress photosynthesis, with potential detrimental consequences
on carbon gain [40]; however, downregulation of respiration at higher CO2 conditions
could reduce this impact. Although some reports affirm that interspecific variation in
thermal acclimation of dark respiration is more important than acclimation of respiration
to CO2 enrichment [18,21,33], the impact of elevated CO2 on respiration at a physiological
level is still poorly understood. Since elevated CO2 seems to have a greater impact on
photosynthesis and warming has a stronger impact on respiration, plant carbon dynamics
of future vegetation will depend on plant responses to the combination of elevated CO2
and warming. In addition, many of the impacts of increased CO2 on plant metabolism are
offset by increasing temperatures, so these global change factors must be assessed together
to build a realistic picture of how a changing climate will impact plants [41].

It is important to evaluate the ability of photosynthesis and respiration to acclimate to
climate change factors in species from colder habitats, such as Antarctica. In these habitats,
photosynthesis is frequently limited (e.g., by low temperatures and highly variable irradi-
ance), and thermal acclimation of respiration and photosynthesis may thus be required to
ensure the maintenance of a positive plant carbon balance. The Antarctic Peninsula has
experienced one of the most rapid increases in temperature on Earth, and this warming is
projected to continue [42–44]. In addition, atmospheric CO2 concentrations at the South
Pole are higher today than they have been in the last 800 years, having surpassed 400 ppm
in 2016 [3,45,46]. Colobanthus quitensis (Kunth) Bartl. (Carophyllaceae) and Deschampsia
antarctica Desv. (Poaceae) are the only two vascular plants species that have naturally
colonized the Antarctic Peninsula. Their distribution is strongly influenced by climate [47],
and local population increases due to climate warming have been documented [48,49]. Bui
(2016) evaluated the combined effect of elevated CO2 and diurnal warming on photosyn-
thesis of these Antarctic species, suggesting that high CO2 could increase photosynthesis
at temperatures close to the photosynthetic thermal optimum in D. antactica, but not in
C. quitensis. In contrast, in situ diurnal warming increased photosynthesis in C. quitensis,
while photosynthesis in D. antarctica showed no response to warming [50]. In a previ-
ous study, we found that nocturnal warming improves the carbon balance of these two
Antarctic species through different mechanisms: respiratory acclimation in C. quitensis and
increases of maximum light-saturated net CO2 assimilation rates (Asat) in D. antarctica [51].
Although Asat was not significantly increased by nocturnal warming in C. quitensis, the
higher degree of respiratory thermal acclimation allowed this species to increase its carbon
balance under nocturnal warming. However, the combined effects of nocturnal warming
with CO2 enrichment on foliar carbon balance have not been yet assessed in these Antarctic
species.

In the present study, we examined the extent to which elevated CO2 may alter carbon
balance in C. quitensis and D. antarctica when exposed to nocturnal warming. We hypoth-
esized that long-term exposure to concurrent elevated CO2 conditions, and nocturnal
warming would lead to decreased photosynthesis in both Antarctic species. However, the
impact of this decline in photosynthesis on carbon balance would depend on the extent of
thermal acclimation of respiration to nocturnal warming, which was expected to be greater
in C. quitensis than D. antarctica. To determine the mechanism underlying respiration
acclimation, the main substrates for respiration (total soluble sugars (TSS) and starch) were
evaluated. Additionally, the relative concentration of two respiratory metabolism enzymes
(Phosphoenol-pyruvate carboxylase (PEPc) and cytochrome oxidase (COXII)) important in
replenishing oxalacetate in the tricarboxylic acid cycle and reducing oxygen to water and
coupling ATP production in the electron transport chain, respectively. The number and
size of mitochondria were also evaluated in leaves from across the CO2 and temperature
treatments to determine if long-term thermal acclimation of respiration involved changes
in the abundance or structure of mitochondria.
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2. Results
2.1. Gas Exchange and Carbon Balance

In C. quitensis, there was a CO2 x warming interaction effect for Asat. The Asat was 30%
lower in AW than AC plants, while Asat increased in EW plants compared to EC plants
(Figure 1A). In contrast, neither elevated CO2 nor warming altered Asat in D. antarctica
(Figure 1B). The stomatal conductance (gs) was increased by nocturnal warming and
decreased in elevated CO2 in C. quitensis (Table 1; Figure 1C). In contrast, neither elevated
CO2 nor warming altered gs were found in D. antarctica (Figure 1D).

Table 1. Results of two-way ANOVA and the size effects (η2; Eta squared) of each evaluated factor.
The response variables were net CO2 assimilation at saturating light and 400 ppm of CO2 (Asat),
stomatal conductance (gs), dark respiration at 10 ◦C (R10), activation energy of respiration (E0), ther-
mal sensitivity of respiration (Q10), thermal acclimation of respiration (Acclimset-temp), foliar carbon
balance (R/A), total soluble sugar concentrations (TSS), starch concentrations, phosphoenol-pyruvate
carboxylase (PEPc) concentrations, cytochrome oxidase (COXII) concentrations, mitochondrial num-
ber, and mitochondrial size. Significant effects (p < 0.05) are indicated in bold. The η2 values were
calculated from information in the ANOVA table as η2 = Treatment sum of square/ (treatment sum
of square + total sum of squares).

C. quitensis p Value η2

Response Variable T CO2 T x CO2 T CO2 T x CO2

Asat 0.30 <0.001 0.00 0.02 0.32 0.21
gs 0.02 0.01 0.59 0.20 0.24 0.01

R10 0.60 0.22 0.06 0.01 0.07 0.16
E0 0.49 0.90 0.09 0.03 0.00 0.14

Q10 0.51 0.82 0.09 0.02 0.00 0.15
Acclimset-temp - 0.14 - - 0.20 -

R/A 0.02 <0.001 <0.001 0.12 0.29 0.27
TSS 0.79 0.96 0.41 0.00 0.00 0.04

Starch 0.13 0.10 0.22 0.10 0.12 0.07
PEPc 0.06 0.49 0.39 0.27 0.04 0.06

COXII 0.09 0.16 0.69 0.16 0.11 0.01
Mit. Number 0.58 0.82 0.24 0.02 0.00 0.09

Mit.Size 0.09 0.78 0.05 0.14 0.00 0.18

D. antarctica p Value η2

Response Variable T CO2 T x CO2 T CO2 T x CO2

Asat 0.96 0.86 0.22 0.00 0.00 0.11
gs 0.23 0.99 0.48 0.08 0.00 0.03

R10 0.26 0.76 0.09 0.06 0.00 0.14
E0 0.17 0.02 0.08 0.07 0.19 0.11

Q10 0.21 0.04 0.10 0.06 0.16 0.11
Acclimset-temp 0.06 - 0.27 -

R/A 0.04 0.75 0.98 0.24 0.01 0.00
TSS 0.11 0.05 0.32 0.12 0.16 0.05

Starch 0.01 0.67 0.62 0.26 0.01 0.01
PEPc 0.79 <0.001 <0.001 0.00 0.19 0.35

COXII <0.001 <0.001 <0.001 0.17 0.20 0.32
Mit. Number 0.00 0.32 0.48 0.32 0.03 0.02

Mit.Size <0.001 <0.001 0.06 0.41 0.24 0.00
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Figure 1. Net CO2 assimilation rate measured at saturating light and 400 ppm of CO2 (Asat), stomatal
conductance (gs) and foliar leaf carbon balance (R/A) for C. quitensis (A,C,E) and D. antarctica (B,D,F).
Treatments correspond to AC (ambient CO2, control thermoperiod; white bar empty), AW (ambient
CO2, warming thermoperiod; white bar hashed), EC (elevated CO2, control thermoperiod; grey
bar), and EW (elevated CO2, warming thermoperiod; grey bar hashed). Values are means ± SEM
(n = 5). For each graph, the effect of thermoperiod (T), CO2 environment (CO2), and the interaction
of thermoperiod and CO2 (T x CO2), ns indicates no significance difference, * indicates p ≤ 0.05,
** indicates p ≤ 0.01, and *** indicates p ≤ 0.001. The factor with the largest effect size is indicated
in bold.

In C. quitensis, changes in atmospheric CO2 concentration and nocturnal warming did
not significantly affect R10, E0, or Q10 (Figure 2A,C,E). In D. antarctica, R10 was not affected
by either treatment (Figure 2B), whilst the E0 and Q10 were significantly higher in plants
grown at elevated CO2 than at ambient CO2 (Figure 2D,F), which was largely driven by
low E0 and Q10 values in the AW treatment.

The Acclimset-temp for C. quitensis was 1.34 ± 0.14 and 0.92 ± 0.21 for ambient and
elevated CO2-grown plants, respectively. For D. antarctica, values of Acclimset-temp were
1.00± 0.21 and 1.73± 0.26 for ambient and elevated CO2, respectively (Figure 2G,H). There
was no significant effect of elevated CO2 on Acclimset-temp for either species (p = 0.14 and
p = 0.06 for C. quitensis and D. antarctica, respectively).
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Figure 2. Sensitivity parameters of dark respiration calculated using the Arrhenius equation for both
Antarctic species. R10 is respiration at 10◦C, E0 is a modelled parameter related to the energy of
activation, and Q10 denotes the relative change in respiration with a 10◦C change for C. quitensis
(A,C,E) and D. antarctica (B,D,F). Treatments correspond to AC (ambient CO2, control thermoperiod;
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white bar empty), AW (ambient CO2, warming thermoperiod; white bar hashed), EC (elevated CO2,
control thermoperiod; grey bar), and EW (elevated CO2, warming thermoperiod; grey bar hashed).
The acclimation degree was calculated as Acclimset-temp = Rcontrol/Rwarming at ambient and elevated
CO2 for C. quitensis (G) and D. antarctica (H). Values are means ± SEM (n = 5). For each graph, the
effect of thermoperiod (T), CO2 environment (CO2), and the interaction of thermoperiod and CO2

(T x CO2), ns indicates no significance difference, * indicates p ≤ 0.05, ** indicates p ≤ 0.01, and
*** indicates p ≤ 0.001. The factor with the largest effect size is indicated in bold.

For foliar carbon balance, the ratio of R/A was not affected by night temperature in
the ambient CO2 grown C. quitensis but was almost 50% lower in EW plants than in EC
plants. Additionally, R/A was higher in the elevated CO2 treatment than in the ambient
CO2 treatment for C. quitensis (Figure 1E), which was largely driven by the high R/A in the
EC individuals. In contrast, the R/A ratio showed a small, but significant, decrease in the
warming treatments in D. antarctica (Figure 1F) but was not affected by the CO2 treatments.

2.2. Non-Structural Carbohydrates, Relative Abundances of PEPc and COX-II

Neither total soluble sugar (TSS) nor starch concentrations of C. quitensis were affected
by the CO2 and thermoperiod treatment (Figure 3A,C). However, in D. antarctica, while TSS
concentrations were not significantly affected by growth treatments, starch concentrations
were reduced by nocturnal warming (Figure 3B,D).
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Figure 3. Total soluble sugars (TSS) and starch for C. quitensis (A,C) and D. antarctica (B,D). Treat-
ments correspond to AC (ambient CO2, control thermoperiod; white bar empty), AW (ambient
CO2, warming thermoperiod; white bar hashed), EC (elevated CO2, control thermoperiod; grey
bar), and EW (elevated CO2, warming thermoperiod; grey bar hashed). Values are means ± SEM
(n = 5). For each graph, the effect of thermoperiod (T), CO2 environment (CO2), and the interaction
of thermoperiod and CO2 (T x CO2), with ns indicates no significance difference, * indicates p ≤ 0.05,
** indicates p ≤ 0.01, and *** indicates p ≤ 0.001. The factor with the largest effect size is indicated
in bold.
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Neither the relative abundance of PEPc nor that of COX-II were significantly affected
by the treatments in C. quitensis (Figure 4A,C). In D. antarctica, elevated growth CO2
concentrations suppressed the relative expression of PEPc, with warming increasing PEPc
relative abundance in ambient CO2-grown plants but reducing PEPc relative abundance in
plants grown at elevated CO2 (Figure 4B). There was also an interactive effect of growth
CO2 and nocturnal temperature on COX-II relative abundance in D. antarctica, resulting
from a strong suppression of COX-II levels in EC plants compared to the other three
treatments (Figure 4D).
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Figure 4. Relative abundance of phosphoenol pyruvate carboxylase (PEPc) and cytochrome oxidase
(COX-II) proteins for C. quitensis (A,C) and D. antarctica (B,D). Treatments correspond to AC (ambient
CO2, control thermoperiod; white bar empty), AW (ambient CO2, warming thermoperiod; white
bar hashed), EC (elevated CO2, control thermoperiod; grey bar), and EW (elevated CO2, warming
thermoperiod; grey bar hashed). Values are means ± SEM (n = 5). For each graph, the effect of
thermoperiod (T), CO2 environment (CO2), and the interaction of thermoperiod and CO2 (T x CO2),
with ns indicates no significance difference, * indicates p≤ 0.05, ** indicates p≤ 0.01, and *** indicates
p ≤ 0.001. The factor with the largest effect size is indicated in bold.

2.3. Mitochondrial Traits

Neither the number nor the size of mitochondria in C. quitensis was affected by CO2 or
warming (Figure 5A,C). In D. antarctica, nocturnal warming reduced the number of mito-
chondria, but increased mitochondrial size, especially in EW plants (Figure 5B,D). While
there was no correlation between mitochondrial size and number in C. quitensis (Figure 5E),
D. antarctica showed a tradeoff between mitochondrial size and number, whereby smaller
numbers of mitochondria were correlated with larger mitochondrial size (Figure 5F).
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Figure 5. Leaf mitochondria structural changes in number, and size of mitochondria in a determined
area of 171.8 µm2 and their correlation for C. quitensis (A,C,E) and D. antarctica (B,D,F) grown at AC
(ambient CO2, control thermoperiod; white bar empty), AW (ambient CO2, warming thermoperiod;
white bar hashed), EC (elevated CO2, control thermoperiod; grey bar), and EW (elevated CO2,
warming thermoperiod; grey bar hashed). Values are means ± SEM (n = 5). For each graph, the
effect of thermoperiod (T), CO2 environment (CO2), and the interaction of thermoperiod and CO2 (T
x CO2), with ns indicates no significance difference, * indicates p ≤ 0.05, ** indicates p ≤ 0.01, and
*** indicates p ≤ 0.001. The factor with the largest effect size is indicated in bold.
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For C. quitensis, mitochondria from each growth condition appeared to maintain a
similar shape, and large starch granules were visible inside the chloroplasts in all samples
observed (Figure 6). For D. antarctica, despite changes in the mitochondrial size under
warming treatments, there were no obvious changes in the shape of mitochondria be-
tween different growing conditions (Figure 7), though neither mitochondrial shape nor the
presence of starch granules in the mitochondria could be assessed quantitatively.
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warming thermoperiod; (B), EC (elevated CO2, control thermoperiod; (C), and EW (elevated CO2,
warming thermoperiod; (D) Microscope magnification = 6000X.
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3. Discussion

In this study, we evaluated the effects of elevated CO2 and nocturnal warming on
gas exchange and related the biochemistry and anatomy of Antarctic species in order to
determine the extent to which elevated CO2 may alter the carbon balance in C. quitensis
and D. antarctica under nocturnal warming conditions. We found that these two species
showed different acclimation strategies in the face of combined elevated CO2 and warm
night temperatures. In C. quitensis, the downregulation of Asat in long-term EC grown
plants suggests a strong metabolic adjustment at chloroplast level, which could involve
Rubisco reductions. In this species, the short-term sensitivity of respiration and the relative
abundances of PEPc and COXII indicate a lack of respiratory response at most of the
conditions tested. Indeed, the only respiratory parameter that showed any response to
warming or elevated CO2 in this species was Acclimset-temp, which suggests some degree
of thermal acclimation at the ambient CO2-acclimated plants. Reduced photosynthesis
measured at 400 ppm of CO2 and limited respiratory acclimation can lead to an increased
ratio of R/A in C. quitensis when grown in elevated CO2. However, we did not evaluate
Asat at 750 ppm for any species; thus, it was not possible to assess whether photosynthesis
acclimation at elevated CO2 occurred. Contrary to C. quitensis, in D. antarctica, the Asat
and gs did not change at any CO2 or warming treatments. Moreover, for both species,
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the high amounts of starch granules in leaf tissues suggest high photosynthetic rates in
plants growth at elevated CO2. E0 and Q10 were higher in plants exposed to elevated CO2
levels than in those under ambient CO2 conditions, leading to type I acclimation, mediated
by changes in the relative abundance of PEPc and COXII, suggesting reductions in TCA
cycle intermediates and variations in ATP production, respectively. The combined effect of
elevated CO2 and nocturnal warming resulted in a smaller quantity of mitochondria, but
they were of the largest size, reflecting a high capacity of type II acclimation in this species.

3.1. Elevated CO2 and Nocturnal Warming Differentially Affected the Photosynthetic Performance
of the Two Antarctic Species

Most plants tend to show a downregulation of photosynthesis when acclimated to long-
term high CO2 conditions [11,52,53]. This CO2-induced downregulation in photosynthesis
could be linked to shifts in the CO2 supply via changes in gs [54]. It could also be attributed
to a sugar feedback mechanism, through which excessive photosynthate concentrations in
chloroplasts are thought to repress the transcription of Rubisco [53]. In C. quitensis, elevated
CO2-induced reduction in stomatal conductance resulted in a significant decrease in Asat
measured at 400 ppm. Previous studies have affirmed that gs plays an important role in
carbon gain in Antarctic species, offsetting the diffusive limitation imposed by the extremely
low mesophyll conductance in both species [50]. The downregulation of Asat in EC grown
plants suggests a strong metabolic adjustment at the chloroplast level, involving Rubisco
reductions. Long-term exposure to CO2 enrichment has been associated to decreased
Rubisco protein and nitrogen reallocation to more limiting process [55] or even as a source
of amino acids, because nitrate assimilation also can become inhibited by elevated growth
CO2 [56]. Moreover, photosynthesis in the elevated CO2-grown plants were not evaluated
at 750 ppm; thus, it was not possible to assess whether photosynthesis acclimation at
elevated CO2 occurred. Despite elevated CO2 levels in D. antarctica, they had no effect on
stomatal conductance and carbon assimilation at ambient CO2; this does not mean that
Asat evaluated at 750 ppm could be higher than at 400 ppm. In addition, in both species,
the high amount of visible starch by electron microscopy (Figures 6C and 7C) suggests
high photosynthetic rates in plants grown at elevated CO2. Further experiments would
eventually include the evaluation of acclimation of Asat and changes of foliar nitrogen at
the new growth CO2 environment.

Nocturnal warming may induce overconsumption (or accumulation) of carbohydrates,
resulting in elevated (or decreased) rates of photosynthesis, respectively [57,58]. A photo-
synthetic downregulation have been associated with decreases in stomatal conductance,
production of reactive oxygen species, and the deactivation of several key chloroplast
stromal enzymes at night [58–61]. In accordance with previous reports of experimental
diurnal warming, here, both Antarctic plants showed contrasting responses to nocturnal
warming [50,62]. Although the warming conditions of both CO2 environments reduced
Asat in C. quitensis, the interaction of both factors (EW) largely offset the downregulation
of photosynthesis at elevated CO2 in plants measured at 400 ppm of CO2. The positive
effect of this interaction could be related to specific adjustments in the leaves of this species
at the anatomical level [50]. Despite this, in C. quitensis, warming-induced reductions
in Asat that were not related to gs and could be associated with enzymatic or metabolic
changes in response to increased night-time temperatures [58,63]. For D. antarctica, re-
sponses to nocturnal warming were similar to previous reports on daily warming, showing
no changes in photosynthesis due to warming, at least at suboptimal temperatures [50,64].
TSS levels of both Antarctic plants were apparently unaffected by increased CO2 levels
or warming, suggesting either there were changes in the turnover rate of these pools
or increased carbohydrate export. Further studies examining photosynthetic enzymes,
metabolic intermediates, and carbohydrate translocation dynamics from leaves to roots are
necessary to elucidate the effect of nocturnal warming on the photosynthesis of Antarctic
plants. Most studies have focused on evaluating the interaction between higher daytime
temperatures and CO2 enrichment [11,21,38,39,65,66], while few have evaluated the inter-
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action with increased night-time temperatures. Turnbull et al. (2004) reported that the
increase in photosynthesis induced by warmer night-time temperatures was not affected by
elevated CO2 [67]; however, Cheng et al. (2009) reported that increased photosynthesis at
elevated CO2 levels was offset by high night-time temperatures [68]. Here, we found that
nocturnal warming could alleviate the downregulation on Asat, particularly for C. quitensis.
Considering that the two evaluated Antarctic species showed interspecific responses of
Asat to elevated CO2 at 400 ppm of CO2 and nocturnal warming, we hypothesized that the
effect of warming depended on the CO2 environment, highlighting the need for factorial
experiments that expose plants to multiple global change factors, especially considering
species from extreme environments.

3.2. Dark Respiration Showed Differential Sensitivity and Thermal Acclimation to Elevated CO2
and Nocturnal Warming

In agreement with Sanhueza et al. (2019), nocturnal warming altered the thermal
sensitivity of respiration in D. antarctica, while respiration was unaffected by warming in C.
quitensis. According to the mechanisms underlying respiratory acclimation type I, proposed
by Atkin and Tjoelker (2003), substrate availability determines changes in Q10 [69,70]. Thus,
in D. antarctica exposed to nocturnal warming, a decrease in Q10 was attributed to a greater
depletion of starch to support respiration in leaves or sink organs [26]. The enzyme PEPc,
which catalyzes the conversion of phosphoenolpyruvate to oxaloacetate in the cytosol
and is subsequently reduced to malate that is then utilized in the TCA cycle [29], was
affected differently by warming depending on the CO2 growth environment. Thus, a
significant decrease in the relative expression of PEPc under EW could reflect a reduction
in the entrance of pyruvate or malate to the TCA cycle, which is because of intermediates’
reduction, which may decrease decarboxylation reactions. This response could explain the
slight (yet non-significant) reduction of R10 in this species. Noguchi et al. (2018) reported
that both the ratio of intermediates and the maximal activity of enzymes involved in the
TCA cycle changed at elevated CO2 levels; they also related these changes to an increased
amino acid production [71].

Considering that responses related to carbon release at the TCA level do not necessarily
correspond to what is occurring at the electron transport chain level, the quite different
responses at the ETC scale suggest that the respiratory metabolism of D. antarctica has a
high plasticity, mainly at elevated CO2 growth. Variations in the relative COX II content,
evaluated as a proxy for the cytochrome oxidase pathway (COP), suggest changes at the
energy production level (ATP). However, any negative effect of high CO2 (e.g., a significant
decrease of COX II at EC) seems to be offset under nocturnal warming when both factors
occur simultaneously (EW). This is in accordance with several studies where plants have
shown opposite responses to increased CO2 and warming, even when comparing species
from the same functional group [66,67,69,72].

We hypothesized that elevated CO2 accompanied by nocturnal warming would en-
hance the thermal acclimation of respiration in C. quitensis more than in D. antarctica.
However, we found little evidence for respiratory acclimation to warming under elevated
CO2 in C. quitensis, contrary to D. antarctica, which showed a high degree of thermal acclima-
tion. The Acclimset-temp values reported here are higher than those reported for forbs and
graminoids inhabiting polar regions, though they are similar to previously reported values
for Antarctic plants and other plant species under warmer growth conditions [51,70,73,74].
Respiratory acclimation to warmer temperatures generally results in lower respiration
rates, which have been associated with smaller mitochondria [75], although few reports
have related respiration rates with mitochondrial structural changes. Griffin et al. (2001)
reported that elevated CO2 reduced respiration rates and mitochondrial numbers, without
affecting mitochondrial size [37]. For D. antarctica, respiratory acclimation at elevated CO2
under warming resulted in a tradeoff between mitochondrial size and number (Figure 5F).
Increases in mitochondria size at EW may reflect the production of new respiratory compo-
nents mainly at the mETC. The effect of elevated CO2 on components of mETC in Nicotiana
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tabacum doubled the amount of alternative oxidase (AOX) protein in leaves [76] to main-
tain both the carbon and energy balance in photosynthetic tissues during growth under
these conditions. For D. antarctica, exposure to higher temperatures has been reported to
increase AOX activity in leaves as a consequence of higher metabolic activity [77]. The AOX
respiratory pathway could play a role in the reduction of the reactive oxygen of species
and even aid plants in coping with excessive energy in chloroplasts, thus avoiding over-
reduction [63,78]. Consequently, in this species, the mechanisms underlying respiratory
acclimation at elevated CO2 proved to be highly dynamic, comprising complex physio-
logical, biochemical, and molecular adjustments. Future experiments must evaluate the
regulation of the two respiratory pathways under warming and elevated CO2 in Antarctic
plants in order to further understand the effect of climate change on respiration and growth.

3.3. The Determining Factor to Maintain the Carbon Balance in Antarctic Species Appears to Be
the Maintenance of the Photosynthetic Rate

A reduction in photosynthetic performance due to environmental changes could be
detrimental for the maintenance of carbon gain in any species. Furthermore, if this con-
dition is maintained over time, it could reduce growth and survival [79]. In C. quitensis,
the strong decline in Asat at 400 ppm under elevated CO2 levels in addition to the lack of
respiratory response at this condition significantly increased the ratio of photosynthesis to
respiration, which eventually could harm the foliar carbon balance in this species. More-
over, the evaluation of assimilation rates at 750 ppm of CO2 could better explain the effect
of CO2 on carbon gain under a new growth condition. Despite this, greater plasticity at
the mitochondrial respiratory level can also give an advantage in terms of an adequate
maintenance on carbon balance. In this way, in C. quitensis, most of the physiological
parameters evaluated across this study suggest a low capacity for respiration acclimation
to elevated CO2 and nocturnal warming in this species. In contrast, in D. antarctica, the
capacity to maintain high photosynthetic rates at warmer nights and elevated CO2 seemed
to respond to the modification of traits related to mitochondrial respiration, thus contribut-
ing to maintain the leaf carbon balance. Thus, the high capacity for morphological and
physiological adjustments of D. antactica seems to be an important trait helping to tolerate
environmental changes and contributing to increase its ability to successfully colonize and
spread throughout the Antarctic Peninsula.

4. Materials and Methods
4.1. Plant Material

Colobanthus quitensis (Kunth) Bartl. (Antarctic pearlwort) and Deschampsia antarctica
Desv. (Antarctic hairgrass) were collected near H. Arctowski Polar Antarctic Station on
King George Island (62◦09′ S, 58◦28′ W), corresponding to an intermediate vegetation
zone [50]. Plants of both species (24 individuals per species) were wrapped in moist paper,
sealed in Ziploc bags, and transported in Styrofoam boxes kept cool with ice packs, before
being transported to the Biotron Centre for Experimental Climate Change Research at
the University of Western Ontario, London, ON, Canada. Individuals of each species
were planted into 10 cm diameter pots (0.5 L) with a potting medium of black loam/peat
moss/vermiculite (3/1/1, v/v/v). Plants were kept in a walk-in growth chamber (Envi-
ronmental Growth Chambers, Chagrin Falls, OH, USA) at 10 ◦C and 300 µmol photons
m−2 s−1, with an 18/6 h light/dark cycle and ~60% relative humidity to minimize any
stress incurred during transport. Two weeks later, plants were moved into the combined
elevated CO2 and nocturnal warming experiment.

4.2. Experimental Design

The experiment was a full-factorial design with two different CO2 environments
(ambient, A, 400 ppm CO2; elevated, E, 750 ppm CO2) and two nocturnal thermoperiods
(control, C, 8/5◦C; warming, W, 8/8 ◦C). The different treatments applied will be reported
as AC (ambient CO2, control thermoperiod), AW (ambient CO2, nocturnal warming), EC
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(elevated CO2, control thermoperiod), and EW (elevated CO2, nocturnal warming). The
control temperatures represent values close to the maximum air temperatures registered
during the Maritime Antarctic summer [50]. Each experimental condition was achieved in
an independent walk-in growth chamber under the same light intensity and photoperiod
as described above. In each chamber, plants were watered twice a week, fertilized with
half-strength Hoagland’s solution at the beginning of the experiment, and maintained for
21 days, corresponding to time period in which both Antarctic species reach a high capacity
of acclimation [47,50,80,81]. Potential chamber and edge effects were minimized by rotating
the plants among the chambers every four days.

4.3. Gas Exchange

Gas exchange measurements were performed using a portable photosynthesis system
(Li-6400XT, LI-COR Inc., Lincoln, NE, USA) on a set of leaves inside a 2 cm2 cuvette (from
either a branch of C. quitensis or a tiller of D. antarctica), to maximize leaf cover of the
cuvette area while avoiding leaf overlap. When the leaf area was smaller than the cuvette
area, the actual leaf was photographed and analyzed using ImageJ software (US National
Institutes of Health, Bestheda, MD, USA).

Temperature response curves of leaf dark respiration were measured at 5, 10, 15, 20,
25, and 30 ◦C, under cuvette conditions of 400 ppm CO2, ~60% relative humidity, and
an irradiance of 0 µmol photons m−2 s−1 between 9:00 and 18:00 on five replicates per
species per treatment. Leaves were exposed to at least 30 min of darkness before the first
measurement was made. The temperature response curves were analyzed by fitting each
leaf temperature-respiration measurement to a modified Arrhenius equation [51,57,82]

R = R10exp [(E0/g) (1/T10 − 1/Ti)], (1)

From the fitted equations for each replicate plant, we obtained R10 (the dark respiration
rate at 10 ◦C, in µmol m−2 s−1) and E0, which is equivalent to the overall activation energy
of the process (in Jmol−1K−1) and describes the temperature sensitivity of respiration [83].
The Q10, corresponding to the temperature sensitivity of respiration, was calculated as:

Q10 = (R/Rref) exp [10/T − Tref]. (2)

This approach allows for the calculation of Q10 for temperature intervals that derivate
from 10 ◦C, where Tref is the low reference temperature and Rref is the respiration rate at
this reference temperature [83].

Maximum net CO2 assimilation rates at saturating light (Asat) were measured on the
same five plants that were measured for respiration from each treatment. The Asat was
measured at saturating irradiance (1000 µmol photons m−2s−1) at 10 ◦C, 400 ppm CO2 and
~60% relative humidity. Estimates of leaf carbon balance (R/A) were obtained from the
ratio of R10 to Asat.

4.4. Quantification of Thermal Acclimation of Respiration

The set temperature method was used to quantify the degree of respiratory thermal
acclimation [22,51], as per [84]:

Acclimset-temp = Rcontrol/Rwarming, (3)

where Acclimset-temp indicates the strength of acclimation, Rcontrol is R10 from the control
night temperature plants, and Rwarming is R10 from the warm-acclimated plants. Two values
of Acclimset-temp were obtained for each species, corresponding to thermal acclimation at
either an ambient CO2 or an elevated CO2 environment. An Acclimset-temp of >1 indicates
thermal acclimation, while an Acclimset-temp of <1 indicates no thermal acclimation occurred
in warm-grown plants.
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4.5. Biochemical Analyses

Leaf samples were collected from five plants per species per treatment for biochemical
and anatomical analyses after measurements of gas exchange. Total soluble sugar (TSS:
combined glucose, fructose, and sucrose concentrations) and starch concentrations were
evaluated following the method of Marquis et al. (1997), using 15 mg of lyophilized leaf
tissue [85]. Total soluble sugars were extracted with a methanol/chloroform/water (12/5/3,
v/v/v) solution separated from nonpolar pigments and lipids according to Dickinson (1979)
and determined by colorimetry using phenol 2% and sulfuric acid, and a measuring
absorbance of 490 nm [86,87]. Starch from the insoluble fraction was hydrolyzed to glucose
overnight using a sodium acetate buffer and amyloglucosidase (Sigma-Aldrich 10115, St.
Louis, MO, USA) at 45 ◦C and then measured with a phenol-sulfuric acid reaction [85].

The relative protein content of phosphoenolpyruvate carboxylase (PEPc) and cy-
tochrome oxidase (COX-II) were evaluated from the same leaf samples as the carbohy-
drates. Total protein extractions were performed following the method of Yamori and Von
Cammerer (2009) [88]. Then, 100 g of lyophilized tissue was mixed with buffer with 50 mM
HEPES-KOH (pH = 7.8), 10 mM MgCl2, 1 mM EDTA, 5 mM DTT, and 0.1% Triton X-100
(v/v). The extracts were centrifuged at 8000 rpm for 1 min at 4 ◦C. A total of 230 µL of the
supernatant was taken and 70 µL of 10% SDS was added by heating at 65 ◦C for 10 min.
Next, 45 µL of the extract was added to 15 µL of 4X sample buffer containing 250 mM Tris-
HCl (pH = 6.8), 40% glycerol, 8% SDS, 0.2% bromophenol, and 200 mM DDT. The extract
was then heated at 100 ◦C for 5 min and centrifuged at 8000 rpm for 1 min. Subsequently
the extracts were incubated in a fridge until SDS-PAGE electrophoresis. Leaf extracts were
separated by sodium dodecyl sulphate-polyacrilamide gel electrophoresis using a 4–12%
gradient polyacrylamide gels and then transferred to a nitrocellulose membrane at 100
v for 1 h and visualized using Ponceau Red staining (Merck). Subsequently, the total
proteins were immunolocalized with PEPc and COXII antibodies (Goat Anti-Rabbit HRP
conjugated, Vännäs, SWEDEN) at a concentration of 1:1000. The proteins were detected
by chemiluminescence (ECL) (Pierce, Rockford, IL, USA) on an X-ray film (Fuji, Tokyo,
Japan). The densitometric chemiluminescent bands produced on the X-ray plates were
quantified with the software Image J (v1.4 Wayne Rasband, National Institute of Health,
Kensington, MD, USA). Results were expressed as a percentage of the maximum protein
level determined. A standard sample of each species was run on each blot and all samples
are reported normalized to this standard. Protein abundance for each sample was then
divided by the mean abundance of all analyzed samples for each protein and species to
equalize the distribution for both proteins [82].

4.6. Transmission Electron Microscopy of Leaf Mesophyll

Fresh leaf samples were collected from fully expanded leaves of five C. quitensis and D.
antarctica plants from each treatment after the gas exchange measurements. Leaf sections of
1 mm2 were fixed in 4% glutaraldehyde and post-fixed with 1% osmium tetroxide. Leaves
were analyzed with a transmission electron microscope (TEM Jeol, JEM1200 EXII) at a
voltage intensity of 60 kV. The photomicrographs were analyzed using Image J software.
The number of mitochondria per microscope field and mitochondrial size (µm) from each
sample were determined at 6000X and 11,500X for C. quitensis and D. antarctica, respectively.

4.7. Statistical Analyses

Analysis of variance (ANOVA) tests were used to assess statistical differences between
the temperature and CO2 treatments. Most of the evaluated parameters were analyzed by
two-way ANOVA using CO2 concentrations, nocturnal thermoperiods, and their interaction
as factors. Additionally, for each factor, p values and the effect size of each factor were
calculated (Table 1). Thermal acclimation differences (e.g., Acclimset-temp) were evaluated
with a one-way ANOVA, using CO2 concentration as the factor. When the ANOVA showed
significant differences (p < 0.05), a post hoc Fisher test was applied to evaluate differences
between treatments. Before performing analyses, data were checked for normality and
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homogeneity of variances. Pearson correlation was used to assess the relation between
mitochondrial number and size. All analyses were performed with InfoStat/L (FCA-UNC,
Argentina, V 10.0).

5. Conclusions

In this study, C. quitensis and D. antarctica deployed different mechanisms when
acclimated to future climate scenarios, including nocturnal warming and elevated CO2.
Changes in photosynthesis and mitochondrial respiration at new growth conditions are
important factors determining the foliar carbon balance in both Antarctic species. Any
factor suppressing carbon uptake places the plant carbon balance at risk, which could
affect growth and, consequently, survival. In this context, in the face of a future scenario
involving increased CO2 levels accompanied by nocturnal warming, a lower capacity to
maintain photosynthetic performance, and a low capacity of acclimate respiration could be
detrimental for C. quitensis, while the ability of D. antarctica to maintain photosynthesis and
mainly adjust its respiratory metabolism could allow this species to continue its successful
colonization throughout the Antarctic Peninsula.

Author Contributions: Conceptualization, C.S. and D.A.W.; methodology, C.S., F.F. and D.C.; formal
analysis, C.S. and D.C.; investigation C.S. and D.C.; resources, C.S., D.A.W. and P.L.S.; writing-review
and editing, C.S., N.F.D.-S., L.B.-G., D.A.W., L.A.C., P.L.S. and L.A.B.; Supervision, D.A.W. and L.A.C.;
project administration, C.S.; funding acquisition, C.S. and N.F.D.-S. All authors have read and agreed
to the published version of the manuscript.

Funding: This research was funded by The National Fund for Scientific and Technological Develop-
ment CONCYT/FONDECYT/Postdoctoral Grant N 3150221 and Fondecyt 1191118.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All data are presented in the text.

Acknowledgments: The authors thank CONICYT-PIA Art 11-02 and The Chilean Antarctic Institute
(INACH). Special thanks to the Arctowski Station crew and the Polish Academy of Science for their
support during the work in field.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Ciais, P.; Sabine, C.; Bala, G.; Bopp, L.; Brovkin, V.; Canadell, J.; Chhabra, A.; DeFries, R.; Galloaway, J.; Heimann, M.; et al. Carbon

and other biogeochemical cycles. In Climate Change 2013: The Physical Science Basis. Contribution of Working Group I to the Fifth
Assessment Report of the Intergovernamental Panel on Climate Change; Tignor, M., Allen, S.K., Boschung, J., Nauels, A., Xia, Y., Bex, V.,
Midgley, P.M., Eds.; Cambridge University Press: Cambridge, UK; New York, NY, USA, 2013; pp. 465–570.

2. Keeling, R.F.; Powell, F.L.; Shaffer, G.; Robbins, P.A.; Simonson, T.S. Impacts of Changes in Atmospheric O2 on Human Physiology.
Is There a Basis for Concern? Front. Plant Physiol. 2021, 12, 48. [CrossRef] [PubMed]

3. IPCC. Summary for Policymakers. In Global Warming of 1.5 ◦C; Masson-Delmotte, V., Zhai, P., Pörtner, H.O., Roberts, D., Skea, J.,
Shukla, P.R., Pirani, A., Moufouma-Okia, W., Péan, C., Pidcock, R.S., et al., Eds.; IPCC: Geneva, Switzerland, 2018.

4. Bracegirdle, T.J.; Barrand, N.E.; Kusahara, K.; Wainer, I. Predicting Antarctic climate using climate models. Antarct. Environ. Portal
2016. Available online: http://nora.nerc.ac.uk/id/eprint/513739 (accessed on 6 September 2020).

5. IPCC. Technical Summary. In Climate Change 2007: The Physical Science Basis. Contribution of Working Group I to the Fourth
Assessment Report of the Intergovernmental Panel on Climate Change; Solomon, S., Qin, D., Manning, M., Chen, Z., Marquis, M.,
Averyt, K.B., Tignor, M., Miller, H.L., Eds.; Cambridge University Press: Cambridge, UK; New York, NY, USA, 2017.

6. Martínez-Vilalta, J.; Sala, A.; Asensio, D.; Galiano, L.; Hoch, G.; Palacio, S.; Piper, F.I.; Lloret, F. Dynamics of non-structural
carbohydrates in terrestrial plants: A global synthesis. Ecol. Monogr. 2016, 86, 495–516. [CrossRef]

7. Yang, B.; Peng, C.; Harrison, S.P.; Wei, H.; Wang, H.; Zhu, Q.; Wang, M. Allocation mechanisms of non-structural carbohydrates
of Robinia pseudoacacia L. seedlings in response to drought and waterlogging. Forests 2018, 9, 754. [CrossRef]

8. Reich, P.B.; Walters, M.B.; Tjoelker, M.G.; Vanderklein, D.; Buschena, C. Photosynthesis and respiration rates depend on leaf and
root morphology and nitrogen concentration in nine boreal tree species differing in relative growth rate. Funct. Ecol. 1998, 12,
395–405. [CrossRef]

http://doi.org/10.3389/fphys.2021.571137
http://www.ncbi.nlm.nih.gov/pubmed/33737880
http://nora.nerc.ac.uk/id/eprint/513739
http://doi.org/10.1002/ecm.1231
http://doi.org/10.3390/f9120754
http://doi.org/10.1046/j.1365-2435.1998.00209.x


Plants 2022, 11, 1520 18 of 21

9. Whitehead, D.; Griffin, K.L.; Turnbull, M.H.; Tissue, D.T.; Engel, V.C.; Brown, K.J.; Schuster WS, F.; Walkroft, A.S. Response of
total night-time respiration to differences in total daily photosynthesis for leaves in a Quercus rubra L. canopy: Implications for
modelling canopy CO2 exchange. Glob. Change Biol. 2004, 10, 925–938. [CrossRef]

10. Atkin, O.K.; Scheurwater, I.; Pons, T.L. Respiration as a percentage of daily photosynthesis in whole plants is homeostatic at
moderate, but not high, growth temperatures. New Phytol. 2007, 174, 367–380. [CrossRef]

11. Dusenge, M.E.; Duarte, A.G.; Way, D.A. Plant carbon metabolism and climate change: Elevated CO2 and temperature impacts on
photosynthesis, photorespiration and respiration. New Phytol. 2019, 221, 32–49. [CrossRef] [PubMed]

12. Berry, J.; Björkman, O. Photosynthetic response and adaptation to temperature in higher plants. Annu. Rev. Plant Physiol. 1980, 31,
491–543. [CrossRef]

13. Sage, R.F.; Kubien, D.S. The temperature response of C3 and C4 photosynthesis. Plant Cell Environ. 2007, 30, 1086–1106. [CrossRef]
14. Yamori, W.; Hikosaka, K.; Way, D.A. Temperature response of photosynthesis in C3, C4, and CAM plants: Temperature acclimation

and temperature adaptation. Photosynth. Res. 2014, 119, 101–117. [CrossRef]
15. Way, D.A.; Yamori, W. Thermal acclimation of photosynthesis: On the importance of adjusting our definitions and accounting for

thermal acclimation of respiration. Photosynth. Res. 2014, 119, 89–100. [CrossRef]
16. Wang, J.; Cheung, M.; Rasooli, L.; Amirsadeghi, S.; Vanlerberghe, G.C. Plant respiration in a high CO2 world: How will alternative

oxidase respond to future atmospheric and climatic conditions? Can. J. Plant Sci. 2014, 94, 1091–1101. [CrossRef]
17. Arp, W.J. Effects of source-sink relations on photosynthetic acclimation to elevated CO2. Plant Cell Environ. 1991, 14, 869–875.

[CrossRef]
18. Tjoelker, M.G.; Oleksyn, J.; Reich, P.B. Acclimation of respiration to temperature and CO2 in seedlings of boreal tree species in

relation to plant size and relative growth rate. Glob. Change Biol. 1999, 5, 679–691. [CrossRef]
19. Crous, K.Y.; Zaragoza-Castells, J.; Ellsworth, D.S.; Duursma, R.A.; Löw, M.; Tissue, D.T.; Atkin, O.K. Light inhibition of leaf

respiration in field-grown Eucalyptus saligna in whole-tree chambers under elevated atmospheric CO2 and summer drought.
Plant Cell Environ. 2012, 35, 966–981. [CrossRef]

20. Tan, K.; Zhou, G.; Ren, S. Response of leaf dark respiration of winter wheat to changes in CO2 concentration and temperature.
Chin. Sci. Bull. 2013, 58, 1795–1800. [CrossRef]

21. Kroner, Y.; Way, D.A. Carbon fluxes acclimate more strongly to elevated growth temperatures than to elevated CO2 concentrations
in a northern conifer. Glob. Change Biol. 2016, 22, 2913–2928. [CrossRef]

22. Slot, M.; Kitajima, K. General patterns of acclimation of leaf respiration to elevated temperatures across biomes and plant types.
Oecologia 2015, 177, 885–900. [CrossRef] [PubMed]

23. Smith, N.G.; Dukes, J.S. Short-term acclimation to warmer temperatures accelerates leaf carbon exchange processes across plant
types. Glob. Change Biol. 2017, 23, 4840–4853. [CrossRef]

24. Atkin, O.K.; Tjoelker, M.G. Thermal acclimation and the dynamic response of plant respiration to temperature. Trends Plant Sci.
2003, 8, 343–351. [CrossRef]

25. Atkin, O.K.; Bruhn, D.; Hurry, V.M.; Tjoelker, M.G. The hot and the cold: Unravelling the variable response of plant respiration to
temperature. Funct. Plant Biol. 2005, 32, 87–105. [CrossRef]

26. Chi, Y.; Xu, M.; Shen, R.; Wan, S. Acclimation of leaf dark respiration to nocturnal and diurnal warming in a semiarid temperate
steppe. Funct. Plant Biol. 2013, 40, 1159–1167. [CrossRef]

27. Miroslavov, E.A.; Kravkina, I.M. Comparative analysis of chloroplasts and mitochondria in leaf chlorenchyma from mountain
plants grown at different altitudes. Ann. Bot. 1991, 68, 195–200. [CrossRef]

28. Amthor, J.S.; Koch, G.W.; Bloom, A.J. CO2 inhibits respiration in leaves of Rumex crispus L. Plant Physiol. 1992, 98, 757–760.
[CrossRef]

29. Lambers, H.; Ribas-Carbó, M. Plant Respiration: From Cell to Ecosystem; Springer Science & Business Media: Dordrecht, The
Netherlands, 2005; Volume 18.

30. Thomas, R.B.; Griffin, K.L. Direct and indirect effects of atmospheric carbon dioxide enrichment on leaf respiration of Glycine max
(L.). Merr. Plant Physiol. 1994, 104, 355–361. [CrossRef]

31. Amthor, J.S. Direct effect of elevated CO2 on nocturnal in situ leaf respiration in nine temperate deciduous tree species is small.
Tree Physiol. 2000, 20, 139–144. [CrossRef]

32. Baker, J.T.; Allen, L.H.; Boote, K.J.; Pickering, N.B. Direct effects of atmospheric carbon dioxide concentration on whole canopy
dark respiration of rice. Glob. Change Biol. 2000, 6, 275–286. [CrossRef]

33. Hamilton, J.G.; Thomas, R.B.; De Lucia, E.H. Direct and indirect effects of elevated CO2 on leaf respiration in a forest ecosystem.
Plant Cell Environ. 2001, 2, 975–982. [CrossRef]

34. Gonzàlez-Meler, M.A.; Ribas-Carbó, M.; Siedow, J.N.; Drake, B.G. Direct inhibition of plant mitochondrial respiration by elevated
CO2. Plant Physiol. 1996, 112, 1349–1355. [CrossRef]

35. Gonzàlez-Meler, M.A.; Blanc-Betes, E.; Flower, C.E.; Ward, J.K.; Gómez-Casanovas, N. Plastic and adaptive responses of plant
respiration to changes in atmospheric CO2 concentration. Physiol. Plant. 2009, 137, 473–484. [CrossRef]

36. Ayub, G.; Zaragoza-Castells, J.; Griffin, K.L.; Atkin, O.K. Leaf respiration in darkness and in the light under pre-industrial, current
and elevated atmospheric CO2 concentrations. Plant Sci. 2014, 226, 120–130. [CrossRef]

http://doi.org/10.1111/j.1529-8817.2003.00739.x
http://doi.org/10.1111/j.1469-8137.2007.02011.x
http://doi.org/10.1111/nph.15283
http://www.ncbi.nlm.nih.gov/pubmed/29983005
http://doi.org/10.1146/annurev.pp.31.060180.002423
http://doi.org/10.1111/j.1365-3040.2007.01682.x
http://doi.org/10.1007/s11120-013-9874-6
http://doi.org/10.1007/s11120-013-9873-7
http://doi.org/10.4141/cjps2013-176
http://doi.org/10.1111/j.1365-3040.1991.tb01450.x
http://doi.org/10.1046/j.1365-2486.1999.00257.x
http://doi.org/10.1111/j.1365-3040.2011.02465.x
http://doi.org/10.1007/s11434-012-5605-1
http://doi.org/10.1111/gcb.13215
http://doi.org/10.1007/s00442-014-3159-4
http://www.ncbi.nlm.nih.gov/pubmed/25481817
http://doi.org/10.1111/gcb.13735
http://doi.org/10.1016/S1360-1385(03)00136-5
http://doi.org/10.1071/FP03176
http://doi.org/10.1071/FP12369
http://doi.org/10.1093/oxfordjournals.aob.a088244
http://doi.org/10.1104/pp.98.2.757
http://doi.org/10.1104/pp.104.2.355
http://doi.org/10.1093/treephys/20.2.139
http://doi.org/10.1046/j.1365-2486.2000.00306.x
http://doi.org/10.1046/j.0016-8025.2001.00730.x
http://doi.org/10.1104/pp.112.3.1349
http://doi.org/10.1111/j.1399-3054.2009.01262.x
http://doi.org/10.1016/j.plantsci.2014.05.001


Plants 2022, 11, 1520 19 of 21

37. Griffin, K.L.; Anderson, O.R.; Gastrich, M.D.; Lewis, J.D.; Lin, G.; Schusteri, W.; Seemann, J.R.; Tissue, D.T.; Turnbull, M.H.;
Whitehead, D. Plant growth in elevated CO2 alters mitochondrial number and chloroplast fine structure. Proc. Natl. Acad. Sci.
USA 2001, 98, 347–353. [CrossRef]

38. Wang, X.; Lewis, J.D.; Tissue, D.T.; Seemann, J.R.; Griffin, K.L. Effects of elevated atmospheric CO2 concentration on leaf dark
respiration of Xanthium strumarium in light and in darkness. Proc. Natl. Acad. Sci. USA 2001, 98, 2479–2484. [CrossRef] [PubMed]

39. Lamba, S.; Hall, M.; Räntfors, M.; Chaudhary, N.; Linder, S.; Way, D.; Uddling, J.; Wallin, J. Physiological acclimation dampens
initial effects of elevated temperature and atmospheric CO2 concentration in mature boreal Norway spruce. Plant Cell Environ.
2018, 41, 300–313. [CrossRef] [PubMed]

40. Leakey, A.D.B.; Ainsworth, E.A.; Bernacchi, C.J.; Rogers, A.; Long, S.P.; Ort, D.R. Elevated CO2 effects on plant carbon, nitrogen,
and water relations: Six important lessons from FACE. J. Exp. Bot. 2009, 60, 2859–2876. [CrossRef]

41. Norby, R.J.; Luo, Y.Q. Evaluating ecosystem responses to rising atmospheric CO2 and global warming in a multifactor world.
New Phytol. 2004, 162, 281–293. [CrossRef]

42. Lee, J.R.; Raymond, B.; Braceggirdle, T.J.; Chadés, I.; Fuller, R.A.; Shaw, J.D.; Terauds, A. Climate change drives expansion of
Antarctic ice-free habitat. Nature 2017, 547, 49–54. [CrossRef]

43. Hoegh-Guldberg, O.; Jacob, D.; Taylor, M.; Bindi, M.; Brown, S.; Camilloni, I.; Diedhiou, A.; Djalante, R.; Ebi, K.L.; Engelbrecht,
F.; et al. Impacts of 1.5 ◦C global warming on natural and human systems in Global Warming of 1.5 ◦C. In An IPCC Special
Report on the Impacts of Global Warming of 1.5 ◦C; Masson-Delmotte, P., Zhai, H.O., Pörtner, D., Roberts, J., Skea, P.R., Shukla, A.,
Pirani, W., Moufouma-Okia, C., Péan, R., Pidcock, S., et al., Eds.; UWA School of Agriculture and Environment Department of
Geography: Perth, Australia, 2018.

44. Li, C.; Michel, C.; Seland Graff, L.; Bethke, I.; Zappa, G.; Bracegirdle, T.J.; Fischer, E.; Harvey, B.J.; Iversen, T.; King, M.P.; et al. Mid
latitude atmospheric circulation responses under 1.5 and 2.0 ◦C warming and implications for regional impacts. Earth Syst. Dyn.
2018, 9, 359–382. [CrossRef]

45. NOAA National Center for Environmental Information. State of the Climate: Global Climate Report for Annual. 2015. Available
online: https://www.ncdc.noaa.gov/sotc/global/201513 (accessed on 30 June 2020).

46. Berwyn, B. Antarctica’s CO2 Level Tops 400 PPM for First Time in Perhaps 4 Million Years. Inside Climate News. 2016. Available
online: https://insideclimatenews.org/news/16062016/antarctica-co2-level-tops-400-ppm-first-time-perhaps-4-million-years-
british-antarctic-survey-global-warming (accessed on 10 August 2020).

47. Cavieres, L.A.; Sáez, P.; Sanhueza, C.; Sierra-Almeida, A.; Rabert, C.; Corcuera, L.J.; Bravo, L.A. Ecophysiological traits of
Antarctic vascular plants: Their importance in the responses to climate change. Plant Ecol. 2016, 217, 343–358. [CrossRef]

48. Fowbert, J.A.; Smith, R.I.L. Rapid population increases in native vascular plants in the Argentine Islands, Antarctic Peninsula.
Arct. Alp. Res. 1994, 26, 290–296. [CrossRef]

49. Cannone, N.; Guglielmin, M.; Convey, P.; Worland, M.R.; Favero Longo, S.E. Vascular plant changes in extreme environments:
Effects of multiple drivers. Clim. Change 2015, 134, 651–665. [CrossRef]

50. Sáez, P.; Cavieres, L.A.; Galmés, J.; Peguero-Pina, J.J.; Sancho-Knapik, D.; Vivas, M.; Sanhueza, C.; Ramírez, C.F.; Rivera, B.K.;
Corcuera, L.J.; et al. In situ warming in the Antarctica: Effects on growth and photosynthesis in the Antarctic vascular plants.
New Phytol. 2018, 218, 1406–1418. [CrossRef]

51. Sanhueza, C.; Fuentes, F.; Cortés, D.; Bascunan-Godoy, L.; Sáez, P.; Bravo, L.; Cavieres, L. Contrasting thermal acclimation of leaf
dark respiration and photosynthesis of Antarctic vascular plant species exposed to nocturnal warming. Physiol. Plant. 2019, 167,
205–216. [CrossRef]

52. Ainsworth, E.A.; Long, S.P. What have we learned from 15 years of free-air CO2 enrichment (FACE)? A meta-analytic review of
the responses of photosynthesis, canopy properties and plant production to rising CO2. New Phytol. 2005, 165, 351–372. [CrossRef]

53. Xu, Z.; Jiang, Y.; Zhou, G. Response and adaptation of photosynthesis, respiration, and antioxidant systems to elevated CO2 with
environmental stress implants. Front. Plant Sci. 2015, 6, 701. [CrossRef]

54. Ainsworth, E.A.; Rogers, A. The response of photosynthesis and stomatal conductance to rising (CO2): Mechanisms and
environmental interactions. Plant Cell Environ. 2007, 30, 258–270. [CrossRef]

55. Makino, A.; Nakano, H.; Mae, T.; Shimada, T.; Yamamoto, N. Photosynthesis, plant growth and N allocation in transgenic rice
plants with decreased Rubisco under CO2 enrichment. J. Exp. Bot. 2000, 51, 383–389. [CrossRef]

56. Wattal, R.K.; Siddiqui, Z.H. Effect of Elevated Levels of Carbon Dioxide on the Activity of RuBisCO and Crop Productivity. In
Crop Production and Global Environmental Issues; Hakeem, K., Ed.; Springer: Cham, Switzerland, 2015.

57. Turnbull, M.H.; Murthy, R.; Griffin, K.L. The relative impacts of daytime and night-time warming on photosynthetic capacity in
Populus deltoides. Plant Cell Environ. 2002, 25, 1729–1737. [CrossRef]

58. Sadok, W.; Jagadish, K.S.V. The Hidden Costs of Nighttime Warming on Yields. Trends Plant Sci. 2020, 25, 644–651. [CrossRef]
59. Schoppach, R.; Sadok, W. Transpiration sensitivities to evaporative demand and leaf areas vary with night and daywarming

regimes among wheat genotypes. Funct. Plant Biol. 2013, 40, 708–718. [CrossRef] [PubMed]
60. Jing, P.; Wang, D.; Zhu, C.; Chen, J. Plant Physiological, Morphological and Yield-Related Responses to Night Temperature

Changes across Different Species and Plant Functional Types. Front. Plant Sci. 2016, 7, 1774. [CrossRef] [PubMed]
61. Tombesi, S.; Cinceral Frioni, T.; Ughini, V.; Gatti, M.; Palliotti, A.; Poni, S. Relationship among night temperature, carbohydrate

translocation and inhibition of grapevine leaf photosynthesis. Environ. Exp. Bot. 2019, 157, 293–298. [CrossRef]

http://doi.org/10.1073/pnas.041620898
http://doi.org/10.1073/pnas.051622998
http://www.ncbi.nlm.nih.gov/pubmed/11226264
http://doi.org/10.1111/pce.13079
http://www.ncbi.nlm.nih.gov/pubmed/29226972
http://doi.org/10.1093/jxb/erp096
http://doi.org/10.1111/j.1469-8137.2004.01047.x
http://doi.org/10.1038/nature22996
http://doi.org/10.5194/esd-9-359-2018
https://www.ncdc.noaa.gov/sotc/global/201513
https://insideclimatenews.org/news/16062016/antarctica-co2-level-tops-400-ppm-first-time-perhaps-4-million-years-british-antarctic-survey-global-warming
https://insideclimatenews.org/news/16062016/antarctica-co2-level-tops-400-ppm-first-time-perhaps-4-million-years-british-antarctic-survey-global-warming
http://doi.org/10.1007/s11258-016-0585-x
http://doi.org/10.2307/1551941
http://doi.org/10.1007/s10584-015-1551-7
http://doi.org/10.1111/nph.15124
http://doi.org/10.1111/ppl.12881
http://doi.org/10.1111/j.1469-8137.2004.01224.x
http://doi.org/10.3389/fpls.2015.00701
http://doi.org/10.1111/j.1365-3040.2007.01641.x
http://doi.org/10.1093/jexbot/51.suppl_1.383
http://doi.org/10.1046/j.1365-3040.2002.00947.x
http://doi.org/10.1016/j.tplants.2020.02.003
http://doi.org/10.1071/FP13028
http://www.ncbi.nlm.nih.gov/pubmed/32481143
http://doi.org/10.3389/fpls.2016.01774
http://www.ncbi.nlm.nih.gov/pubmed/27933085
http://doi.org/10.1016/j.envexpbot.2018.10.023


Plants 2022, 11, 1520 20 of 21

62. Day, T.; Ruhland, C.; Grobe, C.; Xiong, F. Growth and reproduction of Antarctic vascular plants in response to warming and UV
radiation reductions in the field. Oecologia 1999, 119, 24–35. [CrossRef]

63. Florez-Sarasa, I.; Fernie, A.R.; Gupta, K.J. Does the alternative respiratory pathway offer protection against the adverse effects
resulting from climate change? J. Exp. Bot. 2020, 71, 465–469. [CrossRef]

64. Bui, V. Photosynthetic Acclimation to Warming and Elevated CO2 in two Antarctic Vascular Plant Species. Master’s Thesis, The
University of Western Ontario, London, ON, Canada, 2016. Available online: https://ir.lib.uwo.ca/etd/3654 (accessed on 3
March 2020).

65. Roy, K.S.; Bhattacharyya, P.; Neogi, S.; Rao, K.S.; Adhya, T.K. Combined effect of elevated CO2 and temperature on dry matter
production, net assimilation rate, C and N allocations in tropical rice (Oryza sativa L.). Field Crops Res. 2012, 139, 71–79. [CrossRef]

66. Zhang, S.; Fua, W.; Zhanga, Z.; Fana, Y.; Liua, T. Effects of elevated CO2 concentration and temperature on some physiological
characteristics of cotton (Gossypium hirsutum L.) leaves. Environ. Exp. Bot. 2017, 133, 108–117. [CrossRef]

67. Turnbull, M.H.; Tissue, D.T.; Murthy, R.; Wang, X.; Sparrow, A.D.; Griffin, K.L. Nocturnal warming increases photosynthesis at
elevated CO2 partial pressure in Populus deltoides. New Phytol. 2004, 161, 819–826. [CrossRef]

68. Cheng, W.; Sakai, H.; Yagi, K.; Hasegawa, T. Interactions of elevated [CO2] and night temperature on rice growth and yield. Agric.
For. Meteorol. 2009, 149, 51–58. [CrossRef]

69. Campbell, C.; Atkinson, L.; Zaragoza-Castells, J.; Lundmark, M.; Atkin, O.; Hurry, V. Acclimation of photosynthesis and
respiration is asynchronous in response to changes in temperature regardless of plant functional group. New Phytol. 2007, 176,
375–389. [CrossRef]

70. Tjoelker, M.G.; Oleksyn, J.; Lorenc-Plucinska, G.; Reich, P.B. Acclimation of respiratory temperature responses in northern and
southern populations of Pinus banksiana. New Phytol. 2009, 181, 218–229. [CrossRef] [PubMed]

71. Noguchi, K.; Tsunoda, T.; Miyagi, A.; Kawai-Yamada, M.; Sugiura, D.; Miyazawa, S.; Tokida, T.; Usui, Y.; Nakamura, H.; Sakai,
H.; et al. Effects of Elevated Atmospheric CO2 on Respiratory Rates in Mature Leaves of Two Rice Cultivars Grown at a Free-Air
CO2 Enrichment Site and Analyses of the Underlying Mechanisms. Plant Cell Physiol. 2018, 59, 637–649. [CrossRef] [PubMed]

72. Kurepin, L.V.; Stangl, Z.R.; Ivanov, A.G.; Bui, V.; Mema, M.; Hüner, N.P.; Öquist, G.; Way, D.; Hurry, V. Contrasting acclimation
abilities of two dominant boreal conifers to elevated CO2 and temperature. Plant Cell Environ. 2018, 41, 1331–1345. [CrossRef]

73. Bruhn, D.; Egerton, J.J.G.; Loveys, B.R.; Ball, M.C. Evergreen leaf respiration acclimates to long-term nocturnal warming under
field conditions. Glob. Change Biol. 2007, 13, 1216–1223. [CrossRef]

74. Zaragoza-Castells, J.; Sánchez-Gómez, D.; Hartley, I.P.; Matesanz, S.; Valladares, F.; Lloyd, J.; Atkin, O.K. Climate-dependent
variations in leaf respiration in a dry-land, low productivity Mediterranean forest: The importance of acclimation in both
high-light and shaded habitats. Funct. Ecol. 2008, 22, 172–184. [CrossRef]

75. Armstrong, A.F.; Badger, M.R.; Day, D.A.; Barthet, M.M.; Smith PM, C.; Millar, A.H.; Whelan, J.; Atkin, O.K. Dynamic changes
in the mitochondrial electron transport chain underpinning cold acclimation of leaf respiration. Plant Cell Environ. 2008, 31,
1156–1169. [CrossRef] [PubMed]

76. Dahal, K.; Vanlerberghe, G.C. Growth at Elevated CO2 Requires Acclimation of the Respiratory Chain to Support Photosynthesis.
Plant Physiol. 2018, 178, 82–100. [CrossRef]

77. Clemente-Moreno, M.J.; Omranian, N.; Sáez, P.; Figueroa, C.M.; Del-Saz, N.; Elso, M.; Poblete, L.; Orf, I.; Cuadros-Inostroza, A.;
Cavieres, L.; et al. Cytochrome respiration pathway and sulphur metabolism sustain stress tolerance to low temperature in the
Antarctic species Colobanthus quitensis. New Phytol. 2020, 225, 754–768. [CrossRef]

78. Bartoli, C.G.; Gomez, F.; Gergoff, G.; Gulaét, J.J.; Puntarulo, S. Up-regulation of the mitochondrial alternative oxidase pathway
enhances photosynthetic electron transport under drought conditions. J. Exp. Bot. 2005, 56, 1269–1276. [CrossRef]

79. Way, D.A.; Sage, R.F. Elevated growth temperatures reduce the carbon gain of black spruce (Picea mariana (Mill.) B.S.P.). Glob.
Change Biol. 2008, 14, 624–636. [CrossRef]

80. Gianoli, E.; Inostroza, P.; Zúñiga-Feest, A.; Reyes-Díaz, M.; Cavieres, L.; Bravo, L.; Corcuera, L. Ecotypic Differentiation in
Morphology and Cold Resistance in Populations of Colobanthus quitensis (Caryophyllaceae) from the Andes of Central Chile and
the Maritime Antarctic. Arct. Antarct. Alp. Res. 2004, 36, 484–489. [CrossRef]

81. Sierra-Almeida, A.; Casanova-Katny, M.A.; Bravo, L.; Corcuera, L.; Cavieres, L. Photosynthetic responses to temperature and light
of Antarctic and Andean populations of Colobanthus quitensis (Caryophyllaceae). Rev. Chil. Hist. Nat. 2007, 80, 335–343. [CrossRef]

82. Searle, S.Y.; Turnbull, M.H. Seasonal variation of leaf respiration and the alternative pathway in field-grown Populus× canadensis.
Physiol. Plant. 2011, 141, 332–342. [CrossRef]

83. Kruse, J.; Rennenberg, H.; Adams, M.A. Steps towards a mechanistic understanding of respiratory temperature responses. New
Phytol. 2011, 189, 659–677. [CrossRef] [PubMed]

84. Loveys, B.R.; Atkinson, L.J.; Sherlock, D.J.; Roberts, R.L.; Fitter, A.H.; Atkin, O.K. Thermal acclimation of leaf and root respiration,
an investigation comparing inherently fast- and slow-growing plant species. Glob. Change Biol. 2003, 9, 895–910. [CrossRef]

85. Marquis, R.J.; Newell, E.A.; Villegas, A.C. Non-structural carbohydrate accumulation and use in an understorey rain-forest shrub
and relevance for the impact of leaf herbivory. Funct. Ecol. 1997, 11, 636–643. [CrossRef]

86. Dickinson, R.E. Analytical procedures for the sequential extraction of 14 Clabeled constituents from leaves, bark and Wood of
Cottonwood plants. Physiol. Plant. 1979, 45, 480–488. [CrossRef]

http://doi.org/10.1007/s004420050757
http://doi.org/10.1093/jxb/erz428
https://ir.lib.uwo.ca/etd/3654
http://doi.org/10.1016/j.fcr.2012.10.011
http://doi.org/10.1016/j.envexpbot.2016.10.001
http://doi.org/10.1111/j.1469-8137.2004.00994.x
http://doi.org/10.1016/j.agrformet.2008.07.006
http://doi.org/10.1111/j.1469-8137.2007.02183.x
http://doi.org/10.1111/j.1469-8137.2008.02624.x
http://www.ncbi.nlm.nih.gov/pubmed/18811616
http://doi.org/10.1093/pcp/pcy017
http://www.ncbi.nlm.nih.gov/pubmed/29401364
http://doi.org/10.1111/pce.13158
http://doi.org/10.1111/j.1365-2486.2007.01351.x
http://doi.org/10.1111/j.1365-2435.2007.01355.x
http://doi.org/10.1111/j.1365-3040.2008.01830.x
http://www.ncbi.nlm.nih.gov/pubmed/18507806
http://doi.org/10.1104/pp.18.00712
http://doi.org/10.1111/nph.16167
http://doi.org/10.1093/jxb/eri111
http://doi.org/10.1111/j.1365-2486.2007.01513.x
http://doi.org/10.1657/1523-0430(2004)036[0484:EDIMAC]2.0.CO;2
http://doi.org/10.4067/S0716-078X2007000300007
http://doi.org/10.1111/j.1399-3054.2010.01442.x
http://doi.org/10.1111/j.1469-8137.2010.03576.x
http://www.ncbi.nlm.nih.gov/pubmed/21223283
http://doi.org/10.1046/j.1365-2486.2003.00611.x
http://doi.org/10.1046/j.1365-2435.1997.00139.x
http://doi.org/10.1111/j.1399-3054.1979.tb02618.x


Plants 2022, 11, 1520 21 of 21

87. Chow, P.S.; Landhäusser, S.M. A method for routine measurements of total sugar and starch content in woody plant tissues. Tree
Physiol. 2004, 24, 1129–1136. [CrossRef] [PubMed]

88. Yamori, W.; Von Caemmerer, S. Effect of Rubisco activase deficiency on the temperature response of CO2 assimilation rate and
Rubisco activation state: Insights from transgenic tobacco with reduced amounts of Rubisco activase. Plant Physiol. 2009, 151,
2073–2082. [CrossRef] [PubMed]

http://doi.org/10.1093/treephys/24.10.1129
http://www.ncbi.nlm.nih.gov/pubmed/15294759
http://doi.org/10.1104/pp.109.146514
http://www.ncbi.nlm.nih.gov/pubmed/19837817

	Introduction 
	Results 
	Gas Exchange and Carbon Balance 
	Non-Structural Carbohydrates, Relative Abundances of PEPc and COX-II 
	Mitochondrial Traits 

	Discussion 
	Elevated CO2 and Nocturnal Warming Differentially Affected the Photosynthetic Performance of the Two Antarctic Species 
	Dark Respiration Showed Differential Sensitivity and Thermal Acclimation to Elevated CO2 and Nocturnal Warming 
	The Determining Factor to Maintain the Carbon Balance in Antarctic Species Appears to Be the Maintenance of the Photosynthetic Rate 

	Materials and Methods 
	Plant Material 
	Experimental Design 
	Gas Exchange 
	Quantification of Thermal Acclimation of Respiration 
	Biochemical Analyses 
	Transmission Electron Microscopy of Leaf Mesophyll 
	Statistical Analyses 

	Conclusions 
	References

