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Introduction: Crassulacean acid metabolism (CAM) is one of the three main

metabolic adaptations for CO2 fixation found in plants. A striking feature for

these plants is nocturnal carbon fixation and diurnal decarboxylation of malic

acid to feed Rubisco with CO2 behind closed stomata, thereby saving

considerable amounts of water. Compared to the effects of high

temperatures, drought, and light, much less information is available about

the effects of chilling temperatures on CAM plants. In addition a lot of CAM

ornamentals are grown in heated greenhouses, urging for a deeper

understanding about the physiological responses to chilling in order to

increase sustainability in the horticultural sector.

Methods: The present study focuses on the impact of chilling temperatures

(10°C) for 3 weeks on the photosynthetic performance of the obligate CAM

orchid Phalaenopsis ‘Edessa’. Detailed assessments of the light reactions were

performed by analyzing chlorophyll a fluorescence induction (OJIP)

parameters and the carbon fixation reactions by measuring diel leaf gas

exchange and diel metabolite patterns.

Results and Discussion: Results showed that chilling already affected the light

reactions after 24h. Whilst the potential efficiency of photosystem II (PSII) (Fv/

Fm) was not yet influenced, a massive decrease in the performance index (PIabs)

was noticed. This decrease did not depict an overall downregulation of PSII

related energy fluxes since energy absorption and dissipation remained

uninfluenced whilst the trapped energy and reduction flux were upregulated.

This might point to the presence of short-term adaptation mechanisms to

chilling stress. However, in the longer term the electron transport chain from

PSII to PSI was affected, impacting both ATP and NADPH provision. To avoid

over-excitation and photodamage plants showed amassive increase in thermal

dissipation. These considerations are also in line with carbon fixation data

showing initial signs of cold adaptation by achieving comparable Rubisco

activity compared to unstressed plants but increasing daytime stomatal

opening in order to capture a higher proportion of CO2 during daytime.

However, in accordance with the light reactions data, Rubisco activity

declined and stomatal conductance and CO2 uptake diminished to near zero
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levels after 3 weeks, indicating that plants were not successful in cold

acclimation on the longer term.
KEYWORDS

chlorophyll fluorescence, OJIP, crassulacean acid metabolism, photosynthesis,
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Introduction

Plants thrive in a wide range of natural environments

characterized by ever-changing weather conditions, bringing

about a multiplicity of stresses. Consequently, plants have

evolved an extensive arsenal of ecological adaptations.

Crassulacean acid metabolism (CAM) is a well-known

photosynthetic adaptation to optimize water use efficiency

(WUE) by taking up atmospheric CO2 predominantly during

the night when evapotranspiration is low (Borland et al., 2011;

Winter, 2019). This important trait enables CAM plants to

survive in water-limited environments such as semi-arid

deserts or seasonally dry forests. Very recently, a large interest

has arisen to engineer the CAM pathway into important non-

CAM food, feed, and bioenergy crops grown in abandoned,

marginal, semi-arid, or degraded agricultural lands (DePaoli

et al., 2014; Yang et al., 2015; Lim et al., 2019). In general, diel

CAM can be divided into four specific phases of gas exchange,

which are also useful to describe photosynthetic performance.

Nocturnal opening of the stomata allows fixation of atmospheric

CO2 (Phase I) by concerted action of the enzymes carbonic

anhydrase and phosphoenolpyruvate carboxylase (PEPC). The

latter requires a 3-C substrate i.e. phosphoenolpyruvate (PEP)

which is provided by the glycolytic breakdown of carbohydrates.

The final 4-C product, malate, is stored in the central vacuole.

During daytime, gas exchange with the atmosphere gets

obstructed by stomatal closure (Phase III), allowing great

water savings and improved WUE by reducing water losses via

transpiration. Malic acid from the vacuole is then released and

decarboxylated, feeding CO2 to ribulose-1,5-bisphosphate

carboxylase-oxygenase (Rubisco) for assimilation in the

Calvin-Benson cycle. Decarboxylation is catalyzed by either

NAD(P)-malic enzyme (ME) or phosphoenolpyruvate

carboxykinase (PEPCK), depending on the CAM species

considered. At either the start (Phase II) or end of the day

(Phase IV), stomata are open to allow atmospheric CO2

sequestration by combined action of both PEPC and Rubisco

(Osmond, 1978; Borland et al., 2011). The four CAM phases

show great plasticity in terms of duration and magnitude which

is a key factor to ameliorate carbon gain and water use under

changing environmental conditions (Lin and Hsu, 2004;

Ceusters et al., 2011; Tay et al., 2019; Ceusters et al., 2021).
02
Global climate change is one of the major challenges for our

society. Projections of various model experiments on future

climate change scenarios clearly indicate a rise in mean global

temperature in the longer term (Arnell et al., 2019; Chiang et al.,

2021; Zandalinas et al., 2021). Model predictions from Johnson

et al. (2018) indicate that summer warm extremes will increase

more in frequency than winter cold extremes. However, despite

this predicted global warming scenario for the next decades,

analyses of climate model simulations and observations also

uncover that periods of cold are likely to persist in intensity and

duration, but not in frequency, across each land-continent

(Kodra et al., 2011). Most tropical plants are cold-sensitive

and can already encounter physiological problems at

temperatures just below 15°C (Chen, 1994). Potential cooling

damage depends on the chilling rate, exposure time, and other

associated stresses (Buchanan et al, 2015). Chilling injury can

already occur within a few hours when exposed to cool

temperature conditions and can compromise essentially all key

components of photosynthesis including thylakoid electron

transport, control of stomatal conductance, carbon reduction,

and carbohydrate partitioning (McConnell and Sheehan, 1978;

Allen and Ort, 2001; Lundmark et al., 2006).

The response of chlorophyll fluorescence parameters to

chilling temperatures has already been evaluated. In general, a

significant decrease in the potential efficiency of photosystem II

(PSII) (Fv/Fm) during chilling has been observed in multiple C3

plants, indicating a photo-inhibitory effect (Agati et al., 1996; Lin

et al., 2007; Zhang et al., 2010; Hou et al., 2016; Bhandari et al.,

2018). Photoinhibition consists of an arsenal of complex

mechanisms aimed to protect the photosynthetic apparatus

from excess light energy and can be depicted as a balancing

process between the rate of photodamage to PSII and the rate of

its repair. In Greer et al. (1986) already observed photoinhibition

in Phaseolus vulgaris at 5°C and 140 μmol m-2 s-1 and proposed

that low temperatures mainly suppressed the PSII repair

mechanism. More specifically, a diminished fixation of CO2 in

the Calvin-Benson cycle, due to environmental stresses (i.e. low

temperatures), limits the consumption of ATP and NADPH.

This causes a concomitant drop in the level of NADP+ which is

the major acceptor of electrons in PSI. Eventually, this NADP+

depletion accelerates transport of electrons from PSI to

molecular oxygen with the resultant accumulation of reactive
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oxygen species (ROS), which are supposed to inhibit synthesis of

the D1 protein and other proteins of PSII required for the

photodamage-repair cycle (Allakhverdiev and Murata, 2004;

Murata et al., 2007). In addition, low temperatures might also

destabilize the translation machinery directly, attenuating repair

capacity (Takahashi and Murata, 2008). Also for CAM plants

recent observations in Aloe vera showed a low temperature

tolerance with regard to several important parameters of the

Chl fluorescence transient (OJIP) such as Fv/Fm and PIabs in

plants exposed to chilling stress (2°C). The latter parameter

quantifies the overall functionality of the electron flow through

PSII and is highlighted as a sensitive parameter for plant

homeostasis (Rapacz, 2007; Živčák et al., 2008). Moreover,

lower values of photosynthetic electron transport chain

components including the electron transport flux (jEo) and

the inferred oxygen-evolving complex activity (Fv/Fo) were also

observed (Habibi, 2019). A reduction in the content of

photosynthetic pigments induced by cold may also further

contribute to a decrease in photosynthesis (Haldimann, 1999).

Besides the performance of energy (ATP) and reducing power

(NADPH) supply via the light reactions, gas exchange parameters

such as stomatal conductance (gs) and internal leaf CO2

concentration (Ci) in relation to enzyme activities are also

pivotal parameters to consider when evaluating effects of chilling.

First, closing of stomata after a chill can be a direct low temperature

effect on functioning of guard cells. Cold sensitive plants have less

capacity to increase Ca2+ uptake by guard cells and therefore

closing of stomata is delayed (Wilkinson et al., 2001; Hussain et al.,

2018). Second, a chill-induced reduction of Rubisco activity could

lead to a rise in Ci, which in turn induces stomatal closure (Allen

and Ort, 2001). Activities of key enzymes involved in carbon

fixation in CAM plants have indeed been reported to decline when

exposed to chilling possibly causing lower photosynthetic rates.

The rate of diurnal CO2 fixation is determined by the rate of CO2

liberation by ME or PEPCK, CO2 assimilation rate by Rubisco,

and/or photosynthetic electron transport in the thylakoid

membranes, whereas in the dark, it is determined by the rate of

CO2 uptake by PEPC. According to Cen and Sage (2005), Rubisco

activity in vitro declined exponentially from 45°C to 5°C. More

specifically, Rubisco activity at 10°C was approximately 10 times

lower compared to 30°C in sweet potato (Ipomoea batatas) leaves.

Chilling can also damage Rubisco itself or affect the redox

regulation of the larger Rubisco activase isoform (Byrd et al.,

1995; Kingston-Smith et al., 1997; Zhang and Portis, 1999).

Yamori et al., (2005; 2011; 2014) found that C3 plants grown at

low temperatures possess higher contents of different enzymes

involved in the photosynthetic carbon reduction cycle, such as

Rubisco, sedoheptulose-1,7-bisphosphatase (SBPase), and stromal

fructose-1,6-bisphosphatase (FBPase). In addition, enzymes

involved in sucrose synthesis such as sucrose phosphate synthase

(SPS) and cytosolic FBPase also show higher contents in plants

grown under low temperatures (Hurry et al., 1994; Hurry et al.,

1995; Yamori et al., 2014). As such, reduced intrinsic enzyme
Frontiers in Plant Science 03
activities at low temperatures will be compensated by larger

amounts of these enzymes. Moreover, expression of cold stable

isozymes with optimized performance at low temperatures bring

about an extra compensation for reduced enzyme activity (Yamori

et al., 2014).

Dong and Beckles (2019) postulated that localized starch

degradation into sugars is vital for a proper cold stress response.

The sugars that are produced provide osmoprotection and rapid

energy supplies for protective functions (i.e. respiration,

substrates needed for the biosynthesis of protective proteins

and compounds, and basic metabolism for survival). Gene

expression and functional studies have indicated that several

b-amylase (BMY) isoforms are activated upon cold (Fowler and

Thomashow, 2002; Jung et al., 2003; Seki et al., 2003). An

excessive amount of source sugars may protect sensitive

membranes and proteins from dehydration due to cold, but

they are hardly accessible for growth, and may thus instead

eventually inhibit photosynthesis (Lemoine et al., 2013).

Carvalho et al. (2013) explored the effects of chilling stress on

the bromeliad Nidularium minutum. A higher glucose content

in the leaves of this bromeliad was observed when maintained at

10°C for six months compared to those grown at 25°C, thus

indicating a cryoprotection function for this carbohydrate.

Wattana (2003) studied the effects of chilling stress on

raffinose family oligosaccharides (RFOs) (derivatives of sucrose

to which one or two galactosyl units are added) (ElSayed et al.,

2014) metabolism in Plectranthus hadiensis L., a CAM species of

the Lamiaceae which uses RFOs for translocation and storage in

the mesophyll cells. RFO concentrations increased and remained

greater in chilled plants throughout the 18 days chilling

treatment. In addition, galactinol synthase (GS) activities

increased in the chilled plants compared to the controls. These

results suggest that a mesophyllic pool of RFOs can also play a

key role in cold tolerance.

Carbon partitioning within sources and sinks, and its

transport between them, is also affected by temperature which

can alter source/sink relationships (Lemoine et al., 2013).

Overall, at a relatively low temperature the production of

assimilates continues but the translocation and uptake fall to

lower levels causing assimilates to accumulate. Accumulation of

non-structural carbohydrates in both sources and sinks is a

typical phenomenon observed at low temperatures. This is partly

due to growth being more sensitive than photosynthesis to

reductions in temperatures, and partially due to the distinctive

sensitivity that enzymes involved in carbohydrate metabolism

show to temperature. Transportation in the phloem is reduced

by low temperature, due partly to viscosity and partly, possibly,

to displacement of the contents of sieve elements (Farrar, 1988).

From all of the above it can be deduced that translocation rates

of photoassimilates are also dramatically influenced by chilling

conditions. Toki et al. (1978) and Miao et al. (2007) reported a

low translocation rate from source to sink in cucumber. In

mature leaves, photoassimilates were exported within 2 h at 20°C
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and 4 h at 16°C. At 10°C, translocation was even stronger

obstructed with only half of the assimilates exported.

In contrast to the effects of high temperatures, drought, and

light, much less information is known about the effects of

chilling temperatures on CAM photosynthesis. The purpose of

the present work was to gain more insights into the effects

of chilling temperatures (10°C) on photosynthetic performance

in tropical CAM plants by consideration of different aspects of

photosynthesis i.e. the light reactions and carbon fixation. These

thermophilic plants offer the opportunity to investigate the

effects of chilling on photosynthetic processes undisguised by

innumerable protective responses observed in chilling tolerant

species (Allen and Ort, 2001). Therefore, a comprehensive study

was performed integrating determinations of fast chlorophyll a

fluorescence, pigment contents, Rubisco activity, diel leaf gas

exchange patterns, and diel metabolite dynamics (e.g. malic acid,

starch and soluble sugars) in leaves of the CAM orchid

Phalaenopsis ‘Edessa’. The findings in this study will not only

advance our understanding of chilling sensitivity in tropical

CAM plants but will also be valuable for the horticultural

sector. Since a lot of CAM ornamentals such as Phalaenopsis,

Kalanchoë, many other orchids and bromeliads are grown in

heated greenhouses, deeper insights in physiological responses

to chilling might enhance efforts to increase sustainability in

the sector.
Materials and methods

Plant material and sampling

Phalaenopsis ‘Edessa’ is an obligate starch-storing CAM plant

and belongs to the family of the Orchidaceae. Vegetative plants

(plants that have not yet flowered) of 16 weeks old were cultivated

in a growth room with a constant day/night temperature of 10°C, a

relative humidity (RH) of 75% and a 12-h photoperiod (zeitgeber

time ZT0-ZT12) with photosynthetic photon flux density (PPFD)

of 100 μmol m-2 s-1. Watering was performed twice a week; once

with a nutrient solution Peters 20N-8.7P-16.6K of 1 mS cm-1 and

once with water. Control plants were kept at 28°C day and night.

Other relevant parameters such as RH, photoperiod, PPFD, and

watering were kept comparable to the conditions as described

above. After 0 (control), 1, 8, 15 and 22 days, leaf samples (n =

5) were taken from the upper one-third of young fully expanded

source leaves during the diel cycle starting from 08.00 h (ZT0) every

2 h until 08.00 h the next morning (ZT24). The samples from

08.00 h to 18.00 h (ZT0/ZT24 to ZT10) were taken when the lights

were turned on whilst the samples taken from 20.00 h to 06.00 h

(ZT12 to ZT22) were taken in the dark under green safety light. All

samples were immediately frozen in liquid nitrogen, powdered and

stored at -80°C until analysis.
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Chlorophyll a fluorescence and JIP-test

Chlorophyll a fluorescence measurements were carried out

by means of a Handy PEA fluorometer (Plant Efficiency

Analyser, Hansatech, King’s Lynn, United Kingdom) and were

taken on the adaxial side, always on the left side from the main

vein, of young fully expanded leaves (n = 15 plants).

Measurements were performed using saturating red light

pulses of 3 000 μmol m-2 s-1, peak wavelength at 650 nm,

pulse duration of 1 s, and fixed gain (1.2x). Induction curve

analysis (Handy PEA software V1.10) allowed to evaluate the

effectiveness of fluorescence saturation during measurements.

Before carrying out measurements, leaves were always allowed to

dark adapt for 20 min using light-withholding clips (Hansatech).

The light level of the saturating pulse and minimal dark period

had experimentally been determined for Phalaenopsis ‘Edessa’

beforehand in order to obtain true values for the chlorophyll a

fluorescence parameters. During the experiment chlorophyll

measurements were taken weekly during one month at 08.00 h

(Phase II). All chlorophyll fluorescence data were assembled at

08.00 h because additional measurements at 12.00 h (Phase III)

revealed no significant differences for these parameters in the

different CAM phases (Ceusters et al., 2019).

The measured fast chlorophyll fluorescence induction curves

(F0 to Fm) were analyzed by the JIP test, which is based on the

theory of energy fluxes in the photosynthetic apparatus (Strasser

et al., 2000; Stirbet and Govindjee, 2011). When receiving light,

part of the flux of photons absorbed by PSII antenna pigments

(ABS) is dissipated (DI), mainly as heat and another part is

converted to redox energy by reducing the electron acceptor QA

(TR). This electron acceptor is then reoxidized creating an

electron transport (ET) until the reduction of the end electron

acceptors at the PSI electron acceptor side (RE). This stepwise

flow of energy through PSII can also be expressed per reaction

center (RC), defined as following specific energy fluxes: ABS/RC,

Di0/RC, Tr0/RC, Et0/RC, and Re0/RC. All these specific fluxes

refer to time zero, i.e., the onset of fluorescence inductions. Since

fluorescence induction data may be affected by the existence of

PSII excitonic connectivity, i.e., transfer of excitation energy

from a closed PSII RC to an open (active) PSII RC (Stirbet,

2013), it was interesting to take this process into account

(Ceusters et al., 2019). Based on Zivcak et al. (2014) the

curvature constant (C) of the initial phase of the O-J curve

(from 0.05 to 2 ms) was used to correct the values of specific

energy fluxes for connectivity, i.e., multiplying the specific

energy flux values by 1 + C (Ceusters et al., 2019).

In a logarithmic time scale, fast chlorophyll fluorescence

induction curves have a typical shape which show the steps O, J,

I, P (Strasser and Strasser, 1995; Srivastava et al., 1999; Strasser

et al., 2000; Strasser et al., 2004; Strasser et al., 2010), making it

possible to collect following cardinal points: maximal

fluorescence intensity (Fm, when all RCs are closed), minimum
frontiersin.org

https://doi.org/10.3389/fpls.2022.981581
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Daems et al. 10.3389/fpls.2022.981581
fluorescence intensity (F0, when all RCs are open), fluorescence

intensity at 2 and 30 ms (FJ and FI, respectively) and at 50 and

300 μs (F50 μs and F300 μs). These primary data were used to

calculate chlorophyll fluorescence parameters describing

maximum quantum efficiency of PSII (Fv/Fm), performance

index (PIabs) and the afore mentioned specific energy fluxes

(Chondrogiannis and Grammatikopoulos, 2016). Definitions

and equations of the measured and calculated JIP parameters

are described in Ceusters et al. (2019).

Relative variable fluorescences at time t, at the J-step, and the

I-step (i.e., Vt, VJ, VI, respectively) were calculated using the

following equations (Strasser et al., 2004; Li et al., 2010):

Vt   FvFð Þ = Ft − Foð Þ= FM − Foð Þ (1)

VJ = FJ − Fo
� �

= FM − Foð Þ (2)

VI = FI − Foð Þ= FM − Foð Þ (3)

 DVt   =  Vt chillingð Þ −  Vt controlð Þ (4)

where FJ is fluorescence intensity at 2 ms and FI is the

fluorescence intensity at 30 ms. To further elucidate the effect of

chilling on Phalaenopsis ‘Edessa’ PSII, several functional

parameters were calculated from the JIP-test. For visualization

of the L-band (150 μs), fluorescence data were normalized

between O (50 μs) and K (300 μs), as WOK = (Ft – F0)/(FK –

F0) and plotted as difference kinetics DWOK = WOK(chilling) –

WOK(control) (Yusuf et al., 2010). For visualization of the K-band

(300 μs), fluorescence data were normalized between O and J (2

ms) steps, as WOJ = (Ft – F0)/(FJ – F0) and plotted as difference

kinetics DWOJ = WOJ(chilling) – WOJ(control) (Yusuf et al., 2010).

Fluorescence data were additionally normalized between O and I

(30 ms), as WOI = (Ft – F0)/(FI – F0) and plotted as difference

kinetics DWOI = WOI(chilling) – WOI(control) (Yusuf et al., 2010).

The FI, FJ, FK, FM, and FO represent fluorescence at I-step, J-

step, and K-step, dark-adapted maximum fluorescence, and

dark-adapted minimum fluorescence, respectively. DVJ, DVI,

DWOK and DWOJ represent the J-band, I-band, L-band, and

K-band, respectively, and are associated with the accumulation

of QA
- (Strasser et al., 2004), the fraction of QB-non-reducing

PSII RCs (Li et al., 2010), energetic connectivity of antennae to

PSII RC units (Yusuf et al., 2010), and the activity of OEC of PSII

donor side, respectively (Strasser, 1997; Liang et al., 2019). DWOI

provides information on blockage of PSII electrons up to

plastoquinone (PQ) (Yusuf et al., 2010).
Determination of chlorophyll and
carotenoid content

For the calculation of leaf chlorophyll and carotenoid contents,

plant pigments were extracted by immersing leaf material in N,N-
Frontiers in Plant Science 05
dimethylformamide (DMFA) at room temperature for 72 h in

darkness (n = 5 plants). The supernatant was used to determine

absorbance at 647 nm (A647), 664 nm (A664) and 480 nm (A480)

(Genesys 10S UV-VIS, Thermo Fisher Scientific, United States).

These data were used to calculate the content of chlorophyll a,

chlorophyll b, total chlorophyll and total carotenoids by means of the

empirical formulas: Ca = 11.65 A664 – 2.69 A647; Cb = 20.81 A647 –

4.53 A664; C = Ca + Cb; Cx+c = (1000 A480 – 0.89 Ca – 52.02 Cb)/245

respectively (Moran and Porath, 1980; Porra et al., 1989;

Wellburn, 1994).

Enzyme activity of Rubisco

The extraction and assay of Rubisco were based on the

method described by Borland et al. (1998). About 100 mg

powdered leaf tissue was homogenized in 300 μL extraction

buffer at 4°C containing: 400 mM HEPES-KOH (pH 7.5), 5 mM

EGTA, 5 mM MgCl2, 2% (w/v) polyethylene glycol (PEG)

2 0 0 0 0 , 1 4 mM b - m e r c a p t o e t h a n o l , 1 6 m g

polyvinylpolypyrrolidone (PVPP), and 1 mM PMSF. The

homogenate was centrifuged at 16 200 g for 2 min at 4°C. The

initial activity of Rubisco was assayed in a reaction mix

containing: 100 mM Bicine-KOH (pH 8.0), 25 mM NaHCO3,

20 mM MgCl2, 3.5 mM ATP, 3.5 mM P-creatine, 0.25 mM

NADH, 5 units 3-phosphoglyceric phosphokinase, 5 units

glyceraldehyde 3-phosphate dehydrogenase, and 5 units

creatine phosphokinase. After preincubation for 10 min at

25°C, the reaction was initiated by the addition of RuBP to a

final concentration of 0.5 mM and change in absorbance at 340

nm was measured for 4 min at 25°C. Preliminary experiments

confirmed a linear decrease of NADH for at least 6 min.

Gas exchange measurements

Gas exchange parameters (net CO2 uptake, stomatal

conductance, and transpiration) were measured weekly for 4

weeks [day 0 (control), day 8, 15, and 22] on the youngest fully

expanded leaves, using a LCi Portable Photosynthesis System

(ADC BioScientific Ltd., United Kingdom). The top part of the

leaf was enclosed in a broad lead chamber (6.25 cm2) and the

incoming air was passed through a 20-l bottle to buffer short-

term fluctuations in the CO2 concentration. Gas exchange data

were collected over the diel cycle with measurements obtained at

15-min intervals (n = 3 plants). By integrating specific areas

under the gas exchange curves [CO2 and transpiration (H2O)],

net gas exchange was calculated for day and night as well as total

net gas exchange during the 24-h period.
Chemical analyses of metabolites

Extraction for measurements of malic acid and starch was

performed as described by Chen et al. (2002), but with
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modifications. Approximately 180 mg of powdered tissue was

mixed with 450 μl of ice-cold 4% (v/v) HClO4. The mixture was

allowed to thaw slowly on ice for 30 min. The resulting suspension

was then centrifuged at 4°C for 10 min at 16 200 g. The insoluble

residue from the perchloric acid extraction was used to determine

starch content spectrophotometrically at 340 nm as glucose

equivalents (Genesys 10S UV-VIS, Thermo Fisher Scientific,

United States) , fol lowing digest ion with a mix of

amyloglucosidase (EC 3.2.1.3) and a-amylase (EC 3.2.1.1). The

analyses were conducted as earlier described by Ceusters et al.

(2008). The supernatant from the HClO4 extraction was

neutralized at 4°C with 5 M K2CO3, and the resulting

potassium perchlorate precipitate was removed by 10 min

centrifugation at 16 200 g and 4°C. Five mg activated charcoal

was added to the supernatant, and after 15 min at 4°C, removed by

new centrifugation. The supernatant was used for measurement of

malic acid. Malic acid was measured in a 500-μl reaction mixture

(EnzytecTM code n° E1215) containing: glycylglycinebuffer,

NAD, glutamate oxaloacetate transaminase (GOT, EC 2.6.1.1).

Analysis was performed spectrophotometrically by determining

the change in absorbance at 340 nm after adding L-malate

dehydrogenase (L-MDH, EC 1.1.1.37).

Soluble sugars (sucrose, glucose, and fructose) were

extracted using hot water (80°C), as described by Tarkowski

et al. (2019), and quantified by high performance anion

exchange chromatography with pulsed amperometric

detection, as described by Verspreet et al. (2013). Metabolites

were only compared at day 0 (control) and after 3 weeks (day 22)

of chilling.
Data analyses

Where appropriate, data were analyzed using the statistical

software package IBM SPSS Statistics V23. Before carrying out

statistical tests, normality of the data was checked by means of the

Kolmogorov-Smirnoff statistic (P > 0.05). Throughout the
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manuscript means are compared by analysis of variance (ANOVA)

followed by Tukey’s HSD post-hoc test (a = 0.05) except for

comparisons between 2 groups by an independent sample t-test

(a = 0.05). All replicates considered in our study were independent

biological replicates originating from different plants.
Results

Chlorophyll a fluorescence parameters
and OJIP curves

Regarding the progression of chlorophyll fluorescence

parameters with correction for connectivity [i.e. multiplying

the specific flux values by 1 + C (Zivcak et al., 2014)], the

maximum quantum efficiency of PSII photochemistry (Fv/Fm)

and the performance index for absorption (PIabs) were largely

affected by chilling (10°C) (Figure 1). Values of Fv/Fm decreased

gradually as the experiment progressed in contrast to values of

PIabs which already reduced drastically (P < 0.05) after 1 day

followed by a further strong decline at day 8 (P < 0.05) to near

zero levels. Cold stress also affected the specific energy fluxes

within and related to PSII. A gradual increase over 22 days was

noticed for photon absorption (ABS/RC) (Figure 2A) whilst an

augmented activity of energy dissipation (Di0/RC) was noticed

especially at the end of the chilling period (days 15 and 22)

(Figure 2B). Already after 1 day significant (P < 0.05) increases

were noticed for both the electron trapping efficiency (Tr0/RC)

(Figure 2C) and the flow of electrons further than PSII (Re0/RC)

(Figure 2E). Whilst the latter showed a gradual decrease from

day 8 to 22, the first remained rather stable and only started to

decline at day 22. Electron transport within the reaction center

(Et0/RC) gradually diminished (P < 0.05) throughout the whole

experiment (Figure 2D).

The fluorescent transient OJIP curve represents a plot of

fluorescence data on a logarithmic time scale for each sampling

day under chilling compared with the control group (day 0). This
A B

FIGURE 1

Maximum quantum efficiency of PSII (Fv/Fm) (A) and performance index (PIabs) (B) measured at 08.00 h in young fully expanded leaves of
Phalaenopsis ‘Edessa’ at 0 (control), 1, 8, 15 and 22 days after exposure to chilling conditions (10°C). Data are means ± SE (n = 15 plants). Values
were compared among the different time points according to Tukey’s HSD test at p < 0.05 marked by different letters.
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curve revealed distinct differences dependent on the duration of the

chilling treatment. Chilling caused plants to show higher

fluorescence intensity at the J-step (2 ms) (VJ) and lower values

at the I-step (VI), bringing about a thoroughly changed OJIP curve

shape compared to controls (Figures 3A, B). Already after 1 day VJ

showed a distinct higher positive amplitude compared to control

plants. After 1 week this parameter doubled (day 8) and remained

relatively stable during the progression of the treatment. VI

exhibited the highest, but negative, amplitude after 1 day of

chilling and seemed to restore to original values during the rest of

the treatment. Chilling stressed plants also exhibited apparent

positive L bands with a more pronounced amplitude during the

progression of the chilling treatment (Figure 3C). In contrast,

negative K bands with a relative distinct amplitude were already

visible after 1 day of treatment and did not change during the

progression of the experiment (Figure 3D). Finally, chilling also

affected difference kinetics DWOI showing a clear positive amplitude

after 1 day which remained throughout the experiment (Figure 3E).
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Chlorophyll and carotenoid content

After 15 days of growth at 10°C, significant (P < 0.05)

lower values in contents of chlorophyll a, chlorophyll b and

total chlorophyll were noticed (Figure 4A). The Chl a/b ratio

initially increased during the first 15 days (P < 0.05) but

restored to original values at the end of the experiment

(P > 0.05) (Figure 4B). Carotenoid content remained

relatively stable during progression of the chil l ing

treatment (Figure 4C).
Rubisco activity

Rubisco activity showed a declining trend during the cold

treatment but only after 2 weeks, activity was significantly (P <

0.05) affected (Figure 5).
A B

D

E

C

FIGURE 2

Absorption per active PSII reaction center (ABS/RC) (A), dissipation (Di0/RC) (B), trapping (Tr0/RC) (C), electron transport (Et0/RC) (D) and
reduction flux (Re0/RC) (E) measured at 08.00 h in young fully expanded leaves of Phalaenopsis ‘Edessa’ at 0 (control), 1, 8, 15 and 22 days after
exposure to chilling conditions (10°C). Data are means ± SE (n = 15 plants). Values were compared among the different time points according to
Tukey’s HSD test at p < 0.05 marked by different letters.
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Gas exchange measurements

A traditional diel CAM pattern was observed in control

plants (Figure 6A) with carbon fixation during the night (Phase

I) and net diurnal CO2 loss (Phase III), flanked by two

intermediate phases with net CO2 uptake during daytime

(Phases II and IV). After 8 days of chilling nocturnal uptake

was drastically reduced, but a concomitant strong increase in

daytime uptake assured that still 65% of total carbon uptake

occurred compared to the initial situation (Figure 6B). These

findings were corroborated by stomatal conductance data

showing a consistently higher stomatal conductance during

daytime in cold stressed plants (days 8 and 15) (Figure 7). In

contrast, higher nighttime stomatal conductance did not bring

about any carbon gain. A further decline in total carbon uptake

(day and night) was noticed after 15 days of chilling, but now

only 33% of total carbon uptake occurred compared to the initial

situation. After 22 days under cold conditions plants did not

show any signs of net assimilation anymore.
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As expected, transpirational water losses matched the

CAM CO2 uptake pattern in control plants, showing higher

rates of transpiration in Phases I, II and IV compared to

Phase III (Figure 8A). Eight days of chilling caused a drastic

reduction in transpiration rate of ca. 400% which remained

rather stable during the complete 24h cycle. Seven extra days

of chilling (day 15) did not seem to alter transpiration kinetics

but after 22 days no net transpiration rate was recorded

anymore (Figure 8B).
Metabolites

Under control conditions 58 ± 3 μmol g-1FW malic acid was

degraded during the day (ZT0 – ZT12) and 59 ± 4 μmol g-1FW

was synthesized during the night (ZT12 – ZT24) showing a

typical day/night pattern (Figure 9A). As expected, starch

showed an inverse diel rhythm compared with malic acid and

accumulated 30 ± 3 μmol g-1FW during the day followed by
frontiersin.or
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FIGURE 3

Chlorophyll a fluorescence OJIP transient curves measured at 08.00 h in young fully expanded leaves of Phalaenopsis ‘Edessa’ at 0 (control), 1, 8, 15
and 22 days after exposure to chilling conditions (10°C). Transients were double normalized between O and P steps: Vt (FvF) = (Ft – F0)/(FM – F0)
and plotted on a logarithmic time scale (A). Plotted relative variable fluorescence Vt(chilling) – Vt(control) for visualization of J-band (DVJ) and I-band
amplitudes (DVI) on a logarithmic time scale (B). Changes in O-K phase relative variable fluorescence intensity (DWOK, L-band) (C), O-J phase
relative variable fluorescence intensity (DWOJ, K-band) (D) and in O-I phase relative variable fluorescence intensity (DWOI) (E). Averaged transients
from each time point are illustrated (n = 15 plants). The zero line represents the control group in B, C, D, and E.
g
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nocturnal degradation of 29 ± 2 μmol g-1FW (Figure 9B). After

22 days of chilling malic acid and starch contents showed a

rather stable pattern over the complete diel cycle with relatively

low mean values of 24 ± 5 μmol g-1FW and 2 ± 1 μmol g-1FW

respectively (Figures 9A, B). In contrary, leaf sucrose contents
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were significantly (P < 0.05) higher after 22 days (18 ± 3 μmol g-

1FW) compared to controls (5 ± 1 μmol g-1FW) (Figure 9C).

Leaf hexoses i.e. glucose and fructose fluctuated strongly over the

diel phase and also seemed to be pushed up by the cold

treatment by a factor of ca. 2.5 (P < 0.05) (Figures 9D, E).
FIGURE 5

Rubisco enzyme activity (µmol CO2 h-1 g-1FW) measured at 08.00 h in young fully expanded leaves of Phalaenopsis ‘Edessa’ at 0 (control), 1, 8,
15 and 22 days after exposure to chilling conditions (10°C). Data are means ± SE (n = 5 plants). Values were compared among the different time
points according to Tukey’s HSD test at p < 0.05 marked by different letters.
A

B

C

FIGURE 4

Content (mg m-2) of chlorophyll a, chlorophyll b, total chlorophyll (A), chlorophyll a/b ratio (B), and carotenoids (C) measured in young fully
expanded leaves of Phalaenopsis ‘Edessa’ at 0 (control), 1, 8, 15 and 22 days after exposure to chilling conditions (10°C). Data are means ± SE
(n = 5 plants). Values were compared among the different time points according to Tukey’s HSD test at p < 0.05 marked by different letters.
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Discussion

Short term chilling effects on the
efficiency of the light reactions

Already after 24 h chilling clearly affected the light reactions

in the leaves of Phalaenopsis ‘Edessa’. The significant increase in
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reduction flux (Re0/RC) after 1 day of chilling possibly highlights

overreduction on the electron acceptor side. The rapid

inactivation of some PSII RCs, becoming non-QA-reducing

centers, can explain the observed increase in Tr0/RC after one

day of chilling. Our results also indicated that the performance

index for absorption (PIabs) was a sensitive parameter to indicate

chilling stress by showing already a tough decline after one day
FIGURE 7

Diel stomatal conductance (mol m-2 s-1) curves for young fully expanded leaves of Phalaenopsis ‘Edessa’ at 0 (control), 8, 15 and 22 days after
exposure to chilling conditions (10°C). The dark period is indicated in gray. Curves are representative of three replicate runs with SE < 15%.
A

B

FIGURE 6

Net 24h CO2 uptake (µmol m-2 s-1) (A) for young fully expanded leaves of Phalaenopsis ‘Edessa’ at 0 (control), 8, 15 and 22 days after exposure
to chilling conditions (10°C). The dark period is indicated in gray. Gas exchange curves are representative of three replicate runs with SE < 15%.
Net CO2 uptake (mmol m-2) (B) during the day and night as well as total uptake over the diel cycle derived by integration. Data are means ± SE
(n = 3 plants). Values were compared among the different time points according to Tukey’s HSD test at p < 0.05 marked by different letters.
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of cold treatment. Photo-inhibitory effects were not yet present

since the maximum quantum efficiency of PSII photochemistry

(Fv/Fm) was not significantly affected in the short term

(Figures 1A, B). The massive reduction of PIabs, which serves

as a sensitive indicator of plant vitality (Živčák et al., 2008), is

generally related with an overall downregulation of PSII related

energy fluxes as a physiological response to chilling stress (Liang

et al., 2019). However, our study shows that the picture is more

complicated on the short term as several fluxes were significantly

upregulated (i.e. Tr0/RC and Re0/RC). Total chlorophyll,

chlorophyll a, and carotenoid content remained unaffected

whilst chlorophyll b levels dropped significantly after 1 day of

chilling which caused the ratio between chl a and chl b to

increase (Figures 4A-C).

Chilling treated plants showed the minimum fluorescence

intensity at the I-phase (VI, 30 ms) (Figures 3A, B) already after

day 1, indicating that chilling induced a higher probability by

which electrons move from PSII to PSI acceptor side (Faseela

et al., 2020). However, an increase in DWOI was also observed

which indicates that electron transport from PSII towards

plastoquinone (PQ) (i.e . between QA and QB) was

substantially blocked (Yusuf et al., 2010) (Figure 3E). The K-

band (300 μs, DWOJ) is closely related with the imbalance of

electron flow from donor side to acceptor side in PSII RCs

(Srivastava et al., 1997). Different studies revealed that negative

K-band values act as an indication of better performance of

plants under stressful environmental conditions (Yusuf et al.,
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2010; Krüger et al., 2014; Żurek et al., 2014; Begović et al., 2016).

Moreover, Venkatesh et al. (2012) and Kalaji et al. (2016)

reported that a negative K-band indicates an intactness of the

oxygen-evolving complex (OEC) and thus, functional PSII

antenna size. Also in our study OEC probably contributed

more to the donation of electrons towards PSII than in control

plants (Figure 3D) what is considered to be a competent

mechanism to improve tolerance under short-term chilling

(Mlinarić et al., 2021).
Mid term effects on the efficiency of the
light reactions

Two possible explanations can be presented for the observed

increase in ABS/RC under chilling stress on the longer term (3

weeks) (Figure 2A): (1) inactivation of some PSII RCs,

considering that the ABS/RC ratio is calculated as the total

number of photons absorbed by Chl molecules in all RCs divided

by the total number of active RCs, or (2) an increase in antenna

size (Liang et al., 2007; Gupta et al., 2021). The latter seems to be

less plausible since total chlorophyll content was not affected in

the first week (days 1 and 8) and significant lower values were

obtained after 15 days of chilling (Figure 4A). The decline in

total chlorophyll content was mainly due to a significant

decrease in Chl a only after 15 days of treatment, which can

also reflect a decline in active RCs. The inactivation of RCs due
A

B

FIGURE 8

Net 24h transpiration (mmol m-2 s-1) (A) for young fully expanded leaves of Phalaenopsis ‘Edessa’ at 0 (control), 8, 15 and 22 days after exposure
to chilling conditions (10°C). The dark period is indicated in gray. Gas exchange curves are representative of three replicate runs with SE < 15%.
Net H2O loss (mol m-2) (B) during the day and night as well as total loss over the diel cycle derived by integration. Data are means ± SE (n = 3
plants). Values were compared among the different time points according to Tukey’s HSD test at p < 0.05 marked by different letters.
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to chilling stress is additionally evidenced by the observed

decline in Fv/Fm. Decreased values of Fv/Fm below 0.75

indicate that PSII has been damaged (Krause and Weis, 1991)

which was observed after 1 week (day 8) of chilling treatment.

The significant increase in Di0/RC after 15 days and decrease in

Et0/RC indicate a reduction in efficiency of photosynthesis by

showing that the excess excitation energy was mostly dissipated

(Strasser et al., 2004; Yusuf et al., 2010). Down-regulation of

photochemical activity together with a significant increase in

thermal dissipation may play a critical role in protecting plants

exposed to chilling stress from over-excitation and

photodamage, a process called photoinhibition (Gilmore, 1997;

Hu et al., 2008; Zhang et al., 2010).

After 8 days of chilling plants also exhibited a remarkable

higher fluorescence intensity at the J-phase (VJ, 2 ms)

(Figures 3A, B) which usually reflects the accumulation of Q-
A

(Strasser et al., 1995; Lazár and Ilıḱ, 1997), possibly due to a

decrease in electron transport beyond Q-
A (Haldimann and

Strasser, 1999). This observation also coincidences with the

observed increase in DWOI which indicates that electron

transport from PSII towards plastoquinone (PQ) (i.e. between
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QA and QB) was substantially blocked (Yusuf et al., 2010)

(Figure 3E). These results also align with the massive increase

in the energy trapped and the significant decline in electron

transport flux. These possible obstructions in the electron

transport chain will also impact proton homeostasis around

the thylakoid membrane. Provision of sufficient protons into the

thylakoid lumen is key to drive ATP synthase (ATPase) and can

occur in two different ways: (1) via the OEC which converts

water into oxygen, protons and electrons or (2) via the electron

transport flux (Et0/RC) which causes two protons being pumped

into the thylakoid lumen per electron in the cytochrome b6f

complex. It has been reported that low temperatures can cause

thylakoids to decouple in chilling-sensitive plants (Peeler and

Naylor, 1988; Terashima et al., 1989; Terashima et al., 1991a;

Terashima et al., 1991b). Low temperatures can directly rigidify

the thylakoid membrane, thereby affecting the activity of the

photosynthetic system already in the short term. It could be

expected that the fluidity of thylakoid membranes in this tropical

CAM plant was drastically altered under chilling conditions,

hence decreasing the efficiency of photosynthesis (Liu et al.,

2018; Mazur et al., 2020). However, photoprotection has been
A B
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FIGURE 9

Diel patterns of malic acid (µmol g-1FW) (A), starch (µmol g-1FW) (B), sucrose (µmol g-1FW) (C), glucose (µmol g-1FW) (D) and fructose (µmol g-1FW) (E)
for young fully expanded leaves of Phalaenopsis ‘Edessa’ at 0 (control) and 22 days after exposure to chilling conditions (10°C). The dark period is
indicated in gray. Data are means ± SE (n = 5 plants).
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noticed in chilled tobacco plants by establishment of an even

higher proton gradient (DpH) across the thylakoid membrane by

reduced activity of chloroplastic ATPase (Yang et al., 2018).

Oxidation of PQH2 at the cytochrome b6f complex decelerated

due to the higher DpH, which limited the electron transfer to PSI

avoiding overexcitation (Suorsa et al., 2012; Tikkanen and Aro,

2014; Tikkanen et al., 2015). A second approach to maintain

DpH, hence activating photoprotection processes, in limited

environmental conditions is the switch between linear and

cyclic electron transport. Both linear and cyclic electron

transport around PSI are driven by the light reactions. Cyclic

electron flow contributes to the development of a DpH, without

any accumulation of NADPH in chloroplasts, whereas PSI linear

electron flow produces both ATP and NADPH (Shikanai, 2007).

Evidence was presented by Clarke and Johnson (2001) that cyclic

electron transport around PSI acts to maintain membrane

energization at low temperatures (10°C) in leaves of barley

(Hordeum vulgare). Cyclic electron flow might be favoured

because of a protective role owing to increased thylakoid

acidification which also initiates non-photochemical

dissipation of excess excitation energy (Horton et al., 1996;

Johnson, 2005). This also aligns with our observed increase in

dissipation flux (Di0/RC) after 1 week (day 8) of chilling.

Throughout the following weeks (days 8, 15, and 22) I-band

(VI) variable fluorescence was restored to values similar to

control plants (i.e. probability by which electrons move from

PSII to PSI acceptor side) which is consistent with the observed

data of electron transport and reduction flux. The L-band (150

μs, DWOK) can be considered to depict energetic connectivity of

the antennae to PSII units (Yusuf et al., 2010; Mlinarić et al.,

2017), indicating excitation energy utilization and system

stability of PSII units (Strasser et al., 2004). The existence of a

positive L-band in the chilling treated plants (Figure 3C) pointed

to an inferior performance of antennae connectivity, bringing

about disturbed energy transfer compared to control plants after

1 week (Srivastava et al., 1997; Liang et al., 2019). Therefore, PSII

units of chilling treated plants had lower stability and became

even more fragile during the progression of the experiment

according to the change in amplitude of the L-band. These data

align with the strong decrease in the maximum quantum

efficiency of PSII photochemistry (Fv/Fm).
Chilling effects on carbon fixation
and partitioning

Under chilling conditions CAM plasticity initially assured

that still ca. 65% of CO2 was captured after 1 week compared to

unstressed plants. The massive reduction in nocturnal CO2

uptake was partly compensated by a strong increase in

daytime uptake (Figures 6A, B). These results are in line with
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an unaffected Rubisco activity after 8 days of chilling.

Phosphoenolpyruvate carboxylase (PEPC) activity is likely to

suffer more from chilling temperatures than Rubisco activity as

indicated by specific temperature response curves of the C4

species Paspalum dilatatum at 10°C (ca. 50 nmol CO2 h
-1 g-1FW

and ca. 400 nmol CO2 h-1 g-1FW respectively) (Cavaco et al.,

2003). This view is also consistent with the observed higher

degree of daytime stomatal opening allowing more Rubisco

uptake whilst increased stomatal conductance did not result in

any nocturnal carbon gain (Figure 7). After two weeks of cold

treatment stomatal conductance was still high but reduced

Rubisco activity led to a significant decline in CO2 uptake.

Reduced Rubisco activity also entails a diminished

consumption of ATP and NADPH by the Calvin-Benson

cycle, possibly providing negative feedback on PSII operating

efficiency and increasing the extent of PSII photoinhibition.

Limited CO2 fixation causes NADP+ levels to drop, which in

turn stimulate the generation of ROS that suppress protein

synthesis for the repair of PSII in chloroplasts (Allakhverdiev

and Murata, 2004; Takahashi and Murata, 2006; Murata et al.,

2007; Takahashi and Murata, 2008).

Three weeks of chilling caused stomatal conductance and

CO2 uptake to diminish to near zero levels, in accordance with

an invariable leaf malic acid content (Figure 9A), indicating that

plants were not successful in cold acclimation on the longer

term. It has been reported that the affinity of malic enzyme (ME)

for malate is lower due to chilling conditions (10 to 15°C). The

conversion of malate to pyruvate will be scanty and this might

favor malate accumulation (Brandon, 1967; Brandon and van

Boekel-Mol, 1973). In addition, tonoplast permeability is also

affected under low temperatures which can block both vacuolar

malate influx or efflux (Kliemchen et al., 1993). In addition, leaf

starch content was drastically reduced to near zero levels, whilst

sucrose was dramatically pushed up by a factor of ca. 4

(Figures 9B, C). A similar increase was noticed for both

glucose and fructose (Figures 9D, E). This reduced starch:

soluble sugars ratio suggests that photoassimilation under

chilling was deficient for maintaining growth since stock

components were remobilized and not restocked (Oliveira and

Peñuelas, 2005). Maintaining sucrose pools rather than starch

might part ia l ly be explained by considerat ions of

osmoprotection. Many plants regulate their osmotic potential

through accumulation of solutes inside their cells, such as

sucrose, glucose and fructose (Couée et al., 2006; Ruelland

et al., 2009; Buchanan et al., 2015). Carvalho et al. (2013)

observed a higher leaf glucose content in vitro in the

bromeliad Nidularium minutum at growth under 10°C for six

months compared to plants grown at 25°C. Moreover, an

increase in activity of enzymes involved in sucrose synthesis

[i.e. sucrose-phosphate synthase (SPS)] was observed in A.

thaliana and cabbage (Brassica oleracea) after treatment at 4°C
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for 24 hours and 5°C for 72 hours respectively (Sasaki et al.,

2001; Nägele et al., 2011). Higher activity of SPS indicates a key

role in sugar accumulation and acquisition of cold tolerance

(Guy et al., 1992; Nievola et al., 2017). Furthermore, when

comparing enzyme biochemistry and requisite transport steps

that are potentially involved in the synthesis and degradation of

soluble sugars compared to starch, Black et al. (1996) postulated

a lower energy cost in terms of ATP for CAM species that use

soluble sugars as the source of PEP. Especially under particular

abiotic stress conditions of drought and low light Ceusters et al.

(2009; 2011) already demonstrated an increase in leaf sucrose

content with a concomitant decrease in starch in the CAM

bromeliad Aechmea ‘Maya’.
Conclusion

Chilling (10°C) already affected the light reactions in the CAM

plant Phalaenopsis ‘Edessa’ after 24h. Whilst the potential

efficiency of photosystem II (PSII) (Fv/Fm) was not yet

influenced, a massive decrease in the performance index (PIabs)

was noticed. This decrease did not depict an overall

downregulation of PSII related energy fluxes since energy

absorption and dissipation remained uninfluenced whilst the

trapped energy and reduction flux were upregulated. This might

point to the presence of short-term adaptation mechanisms to

chilling stress. However, in the longer term the electron transport

chain from PSII to PSI was affected, impacting both ATP and

NADPH provision. To avoid over-excitation and photodamage

plants showed a massive increase in thermal dissipation. Limited

CO2 fixation by Rubisco after two weeks of chilling initiated a

negative feedback mechanism on PSII activity which led to the

occurrence of severe PSII photoinhibition. These considerations

are also in line with the carbon fixation data showing initial signs

of cold adaptation by achieving comparable Rubisco activity levels

compared to unstressed plants but increasing daytime stomatal

opening in order to capture a higher proportion of CO2 during

daytime. However, in accordance with the light reactions data,

Rubisco activity declined and stomatal conductance and CO2

uptake diminished to near zero levels after three weeks, indicating

that plants were not successful in cold acclimation on the

longer term.
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