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ABSTRACT

Article history:

Photoacclimation is a process by which photosynthetic capacity is regulated in
response to environmental adjustments in terms of light regime. Photoacclimation is
essential in determining the photosynthetic capacity to optimize light use and to
avoid potentially damaging effects. Previous work in our laboratory has identified a
gene, gpt2 (At1g61800) that is essential for plants to acclimate to an increase and
decrease of growth irradiance, separately. To investigate the photoacclimation ability
towards fluctuating natural light condition in Arabidopsis thaliana, photosynthetic
capacity was measured in plants of the accession Wassileskija (WS) and in plants
lacking expression of the gene At1g61800 (WS-gpt2). The experiment was carried out
over a time span from early Autumn to early Spring season in 2010-2011 and 20112012. The seedlings were grown in an unheated greenhouse in Manchester, UK
without supplementary lighting. Gas exchange measurements, chlorophyll
fluorescence analysis and chlorophyll content estimation were performed on WS and
WS-gpt2 and it showed that both sets of plants could acclimate to fluctuating natural
light condition. Therefore, it is suggested that the mechanisms of acclimation in a
separate growth light condition is mechanistically distinct than the mechanism under
fluctuating natural light condition.
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1. Introduction
Sunlight availability changes through the year. Light can fluctuate over long as well as short time
periods. When the amount of light available changes, the plant needs to use the light efficiently to
sustain life. Therefore, plants have evolved to overcome the problem by performing acclimation.
Acclimation takes up to several days and can involve changes in pigments such as chlorophylls,
carotenoids and anthocyanins, as well as of different enzymes involved in photosynthesis and other
processes [1]. Changes in irradiance could lead to harmful effects on plants. Therefore, plants
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respond to changes by altering their light capture capacity and at the same time limit potentially
damaging effects, such as photoinhibiton and the production of reactive oxygen species (ROS) [2].
As shown by Naramoto et al.,[3] Fagus crenata (Japanese beech) plants exposed to changing
conditions are able to acclimate dynamically. F.crenata was grown under low light (LL) condition
before being exposed to 2 different light intensities of medium light (ML) and high light (HL).
Photochemical efficiency of photosystem II (Φ PSII) (Fv/Fm) and photosynthetic capacity were
measured and it was found that F.crenata experienced more photoinhibition under HL. The HL
acclimated plant was unable to increase its photosynthetic capacity compared to the ML.
Therefore, it was concluded that a slow increase of the light intensity plays a key role to have a
successful photosynthetic acclimation.
Arabidopsis thaliana is a model plant that has been extensively used in experiments for light
acclimation [4-7]. Work by Athanasiou et al.,[7] showed that Arabidopsis grown at a low light
intensity (100 µmol m-2s-1) had the ability to change their photosynthetic capacity when being
transferred to a higher light intensity (400 µmol m-2s-1). It was also found that the gene At1g61800,
which encodes a Glucose-6-P/phosphate translocator (GPT2) is essential for this type of
acclimation. GPT2 has a primary function of translocating sugar and phosphates across the
chloroplast [8].
As suggested by Bowsher et al., [9] the primary function of GPT is that it imports G6P into
plastids of heterotrophic tissue as a precursor for starch biosynthesis. The GPTs (GPT1 and GPT2)
belong to the phosphate translocator family, which contains six functional phosphate translocators
(PTs) in Arabidopsis. These are a triose phosphate/PT (TPT) [10], two phosphoenolpyruvate
(PEP)/PT [8], a xylulose-5-phosphate (Xul5P)/PT [11] and two glucose-6-phosphate (Glc6P)/PT [12].
The genes of Glc6P/PT, gpt1 and gpt2, were demonstrated to have different effects on vegetative
and generative development. Plants lacking the gpt1 gene have retarded development of both
pollen and embryo sac development [13]. However, GPT1 is known not to have an effect in starch
biosynthesis. Thus, pollen and embryo sac development do not require starch for development
[14]. The gpt2 gene has been shown to be essential in the higher irradiance acclimation in
Arabidopsis thaliana, as the gpt2- mutant plants did not acclimate photosynthesis when transferred
to high light conditions [7]. To confirm the impairment in acclimation of photosynthesis of gpt2
mutants, mutants were complemented with a copy of the gpt2 gene and it was shown that plants
could acclimate. Therefore, it was concluded that GPT2 is important in dynamic acclimation to
increased light in Arabidopsis. Previous studies also have shown that the gpt2 gene is also induced
during sugar-feeding and sugar-induced senescence [15-17].
According to Yin et al., [4], many plants have been grown under separate and static light
conditions, but few studies have been carried out when plants were grown under fluctuating light
environments. The light environment variation ranges from seconds to hours and the light
availability will greatly affect plants, especially for woodland plants. In the study by Yin et al., [4],
Arabidopsis thaliana, Digitalis purpurea and Silene dioica were grown at different light intensities
fluctuating between 100 µmol m-2s-1 and 475 µmol m-2s-1 or 810 µmol m-2s-1. It was found that the
fluctuating light environment increased the maximum photosynthetic rate for all species. However,
the extent of acclimation responses varied between species in terms of the cytochrome f content
and Rubisco protein.
Besides affecting the maximum photosynthetic rate, growth of plants of Arabidopsis under
short and long fluctuating light treatment may involve in the reorganization of pigment-protein
complexes and enhancement of photoprotective mechanisms [18]. Seven ecotypes of Arabidopsis
were treated with short and long sunflecks and it was found that all plants had an increased in nonphotochemical quenching (NPQ). This shows that these plants were unable to utilize the light
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efficiently, even under short sunflecks. Besides NPQ, the short and long sunflecks resulted in a
decrease in chlorophyll content, an increase in the de-epoxidation of violaxanthin to zeaxanthin and
antheraxanthin, upregulation of the amount of PsbS protein and of superoxide dismutase activity.
Thus, this study was carried out to study the acclimation responses of WS and WS-gpt2
ecotypes of Arabidopsis thaliana under fluctuating natural light condition. This section of paper
focuses on the responses of A.thaliana towards the changes in photosynthetic parameters and
chlorophyll pigments.
2. Methodology
A. Plant Material
Wild type seeds of Wassilewskija-2 (WS-2) and mutant seeds of WS-gpt2 were sown onto soil
and then placed at 4oC for two days before being transferred to 20ºC at low light (100 µmol m-2 s-1).
The seedlings were left in low light for 7 days before being transferred to the greenhouse.
The seedlings were grown in an unheated greenhouse in Manchester, UK without
supplementary lighting during the periods of October 2010 to January 2011 and October 2011 to
February 2012.
B. Maximum Photosynthetic Capacity Measurement (Pmax)
The maximum capacity for photosynthesis was measured as the rate of photosynthesis at 1600
µmol m-2 s-1 light and at 20oC. Measurements were carried out at 2000 ppm CO2. Immediately after
the plant was removed from the greenhouse, it was placed into a CIRAS 1 standard broad leaf
chamber (area 2.5 cm2). The plants were left in the chamber for 5 min until a steady-state of gas
exchange level was reached. Afterwards, the plant was illuminated with an actinic light for 20 min,
after which the value of photosynthetic capacity was recorded.
C. Chlorophyll Fluorescence Measurements
Simultaneous to the photosynthetic capacity measurements, chlorophyll fluorescence analysis
was performed using a PAM 101 chlorophyll fluorometer (Walz, Effeltrich, Germany). This analysis
was performed to measure the chlorophyll fluorescence parameters of photosystem II efficiency
(ΦPSII) and non-photochemical quenching (NPQ). Data were recorded on a PC using a National
Instruments M series data acquisition card and running software written using Labview (National
Instruments, Austin, US).
Prior to each chlorophyll fluorescence measurement, a full-size mature leaf was placed in the
CIRAS 1 chamber. The leaf was left for 5 min in the chamber to equilibrate with the chamber
environment. The fluorometer measuring beam was switched on to measure Fo and the leaf was
exposed to a saturating flash of 7500 µmol m-2 s-1 to determine the value of Fm (Fig. 1). Afterwards,
actinic light at 1500 µmol m-2 s-1 was given for the next 20 minutes. During the 20 min interval, a
saturating flash was given to the leaf every 120 sec to measure changes in Fm’ over time.
The data from the fluorescence analysis was calculated for Φ PSII and NPQ using Eqns. 1 and 2.
Φ PSII = (Fm’ – Ft) / Fm

(1)

NPQ = (Fm – Fm’) / Fm

(2)
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D. Chlorophyll Pigments Determination
After the measurements of photosynthesis, the same leaf was detached from the plant and the
leaf area was measured by scanning using a Canon LiDE 20 scanner, with the leaf images being
analysed using Scion Image (Scion Corp., Maryland, USA). The leaf was ground in a pestle and
mortar in 80% (v/v) acetone. The extract centrifuged using a microfuge (Progen) at full speed
(16,000 g) for 5 minutes. The absorbance of the supernatant was measured using a USB2000
spectrophotometer (Ocean Optics, Dunedin, USA) and the absorbance value at 646.6 nm, 663.5 nm
and 750 nm were recorded. The chlorophyll content was calculated according to [19] as shown in
Eqns. 3 and 4.
Chl a (ng/cm2) = (13.71(A663.5-750) – 2.85(A646.6-750)) / Leaf area (cm2)

(3)

Chl b (ng/cm2) = (22.39(A646.6-750) – 5.42(A663.5-750)) / Leaf area (cm2)

(4)

Fig. 1. An illustration of a typical
fluorescence. The Fo was set 5 sec after the
recording started. 10 sec later, the Fm was
measured. A saturating flash was given at
every 120 sec for 20 minutes to measure
Fm’. Meanwhile, the Ft was recorded as the
yield of fluorescence just before the
saturating flash. Fm = maximum
fluorescence, Fm’ = fluorescence maximum
in light, Ft = steady state fluorescence yield
in light

3. Results
A. Photosynthetic acclimation of WS and WS-gpt2 under fluctuating light condition in Winter 20102011
In this experiment, WS and WS-gpt2 plants were grown in an unheated greenhouse in
Manchester. Photosynthetic capacity, Pmax, ΦPSII, NPQ, total chlorophyll and chl a/b were
measured.
In the year of 2010-2011, plants were measured at one time-point only as the plants flowered
earlier than expected. It was found that there were no significant changes between WS and WSgpt2 plants in maximum photosynthetic capacity (Fig. 2a) and ɸ PSII (Fig. 2b). Therefore, WS and
WS-gpt2 plants had equal capacity to survive under natural variable light. Furthermore, both plants
of WS and WS-gpt2 plants did not have the ability to quench excess excitation energy as there was
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no significant change in NPQ (Fig. 2c). In terms of chlorophyll analysis, similarly there was no
significant change in the total amount of chlorophyll (Fig. 3a) and the ratio of chlorophyll a to
chlorophyll b (Fig. 3b).
B. Photosynthetic acclimation of WS and WS-gpt2 under fluctuating light condition in Winter 20112012
In the following year of 2011-2012, plants were measured at 5 different time-points which were
at week 8, 9, 11, 12 and 13. The Pmax value was still low, however there was still no significant
difference between WS and WS-gpt2 plants during the course of experiment (Fig. 4a). Similarly, the
value of ɸ PSII (Fig. 4b) had no difference but NPQ (Fig. 4c) decreased over the week.
As for the chlorophyll analysis the total value of chlorophyll was slightly lower than the previous
year (Fig. 5a). The value of total chlorophyll content in this year did not significantly differ between
plants and during the course of treatment. Meanwhile, the chl a/b ratio (Fig. 5b) of WS and WSgpt2 showed no difference over the course of measurement.

Fig. 2. Photosynthetic parameters measurement of
(a) Pmax, (b) Φ PSII and (c) NPQ for WS and WSgpt2 in Winter 2010/2011. The plants were sowed
in the lab and germinated in the greenhouse. After
12 weeks of growing in the greenhouse, the plants
were taken to the lab for measurement. All data
are mean ± SE for at least 5 biological replicates

Fig. 3. Chlorophyll content measurement of (a)
total chlorophyll and (b) chl a/b for WS and
WS-gpt2 plants during Winter of 2010 to 2011.
The plants were sowed in the lab and
germinated in the greenhouse. After 12 weeks
of growing in the greenhouse, the plants were
taken to the lab to be measured. The same leaf
for photosynthetic measurement was used for
this chlorophyll measurement. All data are
mean ± SE for at least 5 biological replicates
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4. Discussion
In this outdoor project, plants of WS and WS-gpt2 were grown in an unheated greenhouse and
without any lighting at the experimental ground in Manchester over the winter season. The project
was carried out in two consecutive years of 2010 to 2011 (2010/2011) and 2011 to 2012
(2011/2012). In 2010/2011, only one measurement was successfully performed because the plants
were already flowered by the time of the measurement. Flowering in plants marks the transition
phase from vegetative phase to reproductive phase [20]. This transition is sensitive to any
environmental stresses including chilling, drought and high light stresses. In 2010/2011, the mean
temperature (oC) during winter season was lower than the next year of 2011/2012. Therefore, it
was shown that the winter of 2010/2011 was markedly colder than 2011/2012. Besides,
vernalization which is plants exposure to a certain period of time to cold condition can promote
flowering but this process is not required for Arabidopsis thaliana [21]. However, stratification
which is seeds exposure to cold condition for a certain period of time can have similar effect on
flowering to most but not all ecotypes of Arabidopsis thaliana. Therefore, plants of WS and WSgpt2 in 2010/2011 winter flowered earlier than 2011/2012 due to the chilling stress since the mean
temperature were fluctuating.

Fig. 4. Photosynthetic parameters measurement of
(a) Pmax, (b) Φ PSII and (c) NPQ for WS and WSgpt2 plants during Winter of 2011 to 2012. The
plants were sowed in the lab and germinated in the
greenhouse. After the plants were mature, the
plants were taken for measurement at week 7,8,
11, 12 and 14. All data are mean ± SE for at least 5
biological replicates

Fig.5. Chlorophyll content measurement of WS and
WS-gpt2 plants during Winter of 2011 to 2012 (a)
total chlorophyll and (b) chl a/b for WS (open circle)
and WS-gpt2 (black circle) plants during Winter of
2011 to 2012. The plants were sowed in the lab and
germinated in the greenhouse. After the plants
were mature, the plants were taken for
measurement at week 7,8, 11, 12 and 14. The
same leaf for photosynthetic measurement was
used for this chlorophyll measurement. All data are
mean ± SE for at least 5 biological replicates
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The reproductive stage of plants can influence the senescing stage in leaves or the whole plant
[22]. Therefore, making the measurement on plants that are already flowered would not indicate
an accurate value. This is why the Pmax value was very low compared to the value in 2011/2012.
Besides, low temperature is one of the main important factors affecting plant performance,
specifically photosynthesis [23]. However, Arabidopsis and other cold-hardy herbaceous species
have the ability to acclimate to cold condition. Thus, plants WS and WS-gpt2 had a low value of
photosynthetic parameters (Pmax, ΦPSII, NPQ) due to the senescing factor but also those plants
had the ability to survive under the fluctuating temperature and light. According to [7], the WS
plants had the ability to acclimate to higher light intensities but WS-gpt2 did not. However, in this
experiment, it has been shown that both WS and WS-gpt2 can acclimate to lower light intensities.
However, in this fluctuating light condition, there was no difference between these plants of WS
and WS-gpt2. Besides, according to metoffice, the mean temperature of winter season in
2010/2011 was even below the average. It was only two weeks before the measurement, the mean
temperature rose above 0oC but still below the average temperature. The fluctuating in
temperature might indicate that the plants had a very limited sunlight and thus lowering the
maximum photosynthetic capacity.
In the reproductive and senescing phase, chlorophyll breakdown is a very common event
happening in plants [20]. Besides, during acclimation process, chloroplasts also undergo molecular
re-arrangements involving the chloroplast composition. The changes in the chloroplast composition
in terms of chl a/b shows a clear acclimation response along with the maximum photosynthetic
capacity value [6]. Due to that, it was found that there was no difference in the total chlorophyll
and chl a/b ratio in both WS and WS-gpt2 plants. These data were consistent with the no significant
changes in the Pmax as well. However, the value of chl a/b of WS and WS-gpt2 plants were quite
similar to the value of total chlorophyll of LL plants grown in the laboratory condition. In the
laboratory condition, the chl a/b of LL plants were decreased indicating that the chl b was increased
compared to chl a.
In 2011/2012 winter project, plants of WS and WS-gpt2 were measured at 5 different time
point starting at after 7 weeks of germination. At this stage, the leaves are mature enough to be
measured. Similarly, in 2011/212, there was no significance difference in Pmax between the WS
and WS-gpt2. Moreover, the value ɸPSII was also shown no difference in both WS and WS-gpt2
indicating that there was no difference in the PSII efficiency since both plants had no difference in
the capacity of light absorption. However, the value of Pmax in winter 2011/2012 was higher than
the value in winter 2010/2011. Meanwhile, the NPQ was also shown no difference between WS and
WS-gpt2 but it showed that the NPQ tends to decrease over the course of measurement. The major
contributor for NPQ is known to be a high energy state quenching (qE). qE is essential in plants in
order to protect plants from damage due to strong light [24]. Thus, since the light availability to
plants was very limited at this time of the year, the qE was less induced and eventually it lead to
less excess energy quenching.
The total chlorophyll content and chlorophyll composition in terms of chl a/b were also had no
difference between WS and WS-gpt2. When there was no difference in the chl a/b ration, it
indicates that there was also no changes in the size of PSII light harvesting antennae [25], or the
reaction centre content such as the number of PSII [26]. However, in week 14, there was a small
difference in the total chlorophyll content between WS and WS-gpt2. This could be due to the
temperature that started to rise. Therefore, under high light irradiance, plants of WS had more
chlorophyll content to support the higher rate of photosynthesis [5].

93

Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 42, Issue 1 (2018) 87-95

Penerbit

Akademia Baru

Acknowledgement
We would like to thank The University of Manchester, MARA, short-term grant (U652) UTHM and
others who have helped in this project.
References
[1]

[2]
[3]

[4]
[5]

[6]

[7]
[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

Wetzel, Carolyn M., Laura D. Harmacek, Lee H. Yuan, Judith LM Wopereis, Rhiannon Chubb, and Paula Turini.
"Loss of chloroplast protease SPPA function alters high light acclimation processes in Arabidopsis thaliana
L.(Heynh.)." Journal of experimental botany 60, no. 6 (2009): 1715-1727.
Ballaré, Carlos L. "Keeping up with the neighbours: phytochrome sensing and other signalling mechanisms."
Trends in plant science 4, no. 3 (1999): 97-102.
Naramoto, Masaaki, Shin-ichiro Katahata, Yuzuru Mukai, and Yoshitaka Kakubari. "Photosynthetic acclimation
and photoinhibition on exposure to high light in shade-developed leaves of Fagus crenata seedlings." FloraMorphology, Distribution, Functional Ecology of Plants 201, no. 2 (2006): 120-126.
Yin, Zu-Hua, and Giles N. Johnson. "Photosynthetic acclimation of higher plants to growth in fluctuating light
environments." Photosynthesis Research 63, no. 1 (2000): 97-107.
Bailey, Shaun, Robin G. Walters, Stefan Jansson, and Peter Horton. "Acclimation of Arabidopsis thaliana to the
light environment: the existence of separate low light and high light responses." Planta 213, no. 5 (2001): 794801.
Bailey, Shaun, Peter Horton, and Robin G. Walters. "Acclimation of Arabidopsis thaliana to the light environment:
the relationship between photosynthetic function and chloroplast composition." Planta 218, no. 5 (2004): 793802.
Athanasiou K, Dyson BC, Webster RE, Johnson GN. Dynamic acclimation of photosynthesis increases plant fitness
in changing environments. Plant Physiology. 2010 Jan 1;152(1):366-73.
Knappe, Silke, Ulf-Ingo Flügge, and Karsten Fischer. "Analysis of the plastidic phosphate translocator gene family
in Arabidopsis and identification of new phosphate translocator-homologous transporters, classified by their
putative substrate-binding site." Plant Physiology 131, no. 3 (2003): 1178-1190.
Bowsher, Caroline G., Anne E. Lacey, Guy T. Hanke, David T. Clarkson, Les R. Saker, Ineke Stulen, and Michael J.
Emes. "The effect of Glc6P uptake and its subsequent oxidation within pea root plastids on nitrite reduction and
glutamate synthesis." Journal of experimental botany 58, no. 5 (2007): 1109-1118.
Schneider, Anja, Rainer E. Häusler, Üner Kolukisaoglu, Reinhard Kunze, Eric Van Der Graaff, Rainer Schwacke,
Elisabetta Catoni, Marcelo Desimone, and Ulf-Ingo Flügge. "An Arabidopsis thaliana knock-out mutant of the
chloroplast triose phosphate/phosphate translocator is severely compromised only when starch synthesis, but
not starch mobilisation is abolished." The Plant Journal 32, no. 5 (2002): 685-699.
Eicks, Michael, Verónica Maurino, Silke Knappe, Ulf-Ingo Flügge, and Karsten Fischer. "The plastidic pentose
phosphate translocator represents a link between the cytosolic and the plastidic pentose phosphate pathways in
plants." Plant Physiology 128, no. 2 (2002): 512-522.
Kammerer, Birgit, Karsten Fischer, Bettina Hilpert, Sabine Schubert, Michael Gutensohn, Andreas Weber, and UlfIngo Flügge. "Molecular characterization of a carbon transporter in plastids from heterotrophic tissues: the
glucose 6-phosphate/phosphate antiporter." The Plant Cell 10, no. 1 (1998): 105-117.
Niewiadomski, Patrycja, Silke Knappe, Stefan Geimer, Karsten Fischer, Burkhard Schulz, Ulrike S. Unte, Mario G.
Rosso, Peter Ache, Ulf-Ingo Flügge, and Anja Schneider. "The Arabidopsis plastidic glucose 6phosphate/phosphate translocator GPT1 is essential for pollen maturation and embryo sac development." The
Plant Cell 17, no. 3 (2005): 760-775.
Kunz, H. H., R. E. Häusler, J. Fettke, K. Herbst, P. Niewiadomski, M. Gierth, K. Bell, M. Steup, U-I. Flügge, and A.
Schneider. "The role of plastidial glucose-6-phosphate/phosphate translocators in vegetative tissues of
Arabidopsis thaliana mutants impaired in starch biosynthesis." Plant Biology 12, no. s1 (2010): 115-128.
Gonzali, Silvia, Elena Loreti, Cinzia Solfanelli, Giacomo Novi, Amedeo Alpi, and Pierdomenico Perata.
"Identification of sugar-modulated genes and evidence for in vivo sugar sensing in Arabidopsis." Journal of plant
research 119, no. 2 (2006): 115-123.
Li, Yunhai, Kee Khoon Lee, Sean Walsh, Caroline Smith, Sophie Hadingham, Karim Sorefan, Gavin Cawley, and
Michael W. Bevan. "Establishing glucose-and ABA-regulated transcription networks in Arabidopsis by microarray
analysis and promoter classification using a Relevance Vector Machine." Genome research 16, no. 3 (2006): 414427.
Pourtau, Nathalie, Richard Jennings, Elise Pelzer, Jacqueline Pallas, and Astrid Wingler. "Effect of sugar-induced
senescence on gene expression and implications for the regulation of senescence in Arabidopsis." Planta 224, no.
3 (2006): 556-568.

94

Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 42, Issue 1 (2018) 87-95

[18]

[19]

[20]

[21]
[22]
[23]
[24]
[25]

[26]

Penerbit

Akademia Baru

Alter, Philipp, Anne Dreissen, Fang-Li Luo, and Shizue Matsubara. "Acclimatory responses of Arabidopsis to
fluctuating light environment: comparison of different sunfleck regimes and accessions." Photosynthesis
research 113, no. 1-3 (2012): 221-237.
Porra, R. J., W. A. Thompson, and P. E. Kriedemann. "Determination of accurate extinction coefficients and
simultaneous equations for assaying chlorophylls a and b extracted with four different solvents: verification of
the concentration of chlorophyll standards by atomic absorption spectroscopy." Biochimica et Biophysica Acta
(BBA)-Bioenergetics 975, no. 3 (1989): 384-394.
Lokhande, Shubhangi D., Ken'ichi Ogawa, Ayumi Tanaka, and Toshihiko Hara. "Effect of temperature on
ascorbate peroxidase activity and flowering ofArabidopsis thaliana ecotypes under different light conditions."
Journal of plant physiology 160, no. 1 (2003): 57-64.
Engelmann, Kathleen, and Michael Purugganan. "The molecular evolutionary ecology of plant development:
flowering time in Arabidopsis thaliana." Advances in Botanical Research 44 (2006): 507-526.
Escobar-Gutiérrez, Abraham J., and Laurette Combe. "Senescence in field-grown maize: From flowering to
harvest." Field Crops Research 134 (2012): 47-58.
Stitt, Mark, and Vaughan Hurry. "A plant for all seasons: alterations in photosynthetic carbon metabolism during
cold acclimation in Arabidopsis." Current opinion in plant biology 5, no. 3 (2002): 199-206.
Maxwell, Kate, and Giles N. Johnson. "Chlorophyll fluorescence—a practical guide." Journal of experimental
botany 51, no. 345 (2000): 659-668.
Leong, Ta-Yan, and Jan M. Anderson. "Adaptation of the thylakoid membranes of pea chloroplasts to light
intensities. I. Study on the distribution of chlorophyll-protein complexes." Photosynthesis Research 5, no. 2
(1984): 105-115.
Evans, John R. "The relationship between electron transport components and photosynthetic capacity in pea
leaves grown at different irradiances." Functional Plant Biology 14, no. 2 (1987): 157-170.

95

