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ABSTRACT
The redox state of the apoplast is largely determined by
ascorbate oxidase (AO) activity. The inﬂuence of AO activity
on leaf acclimation to changing irradiance was explored in
wild-type (WT) and transgenic tobacco (Nicotiana tobaccum)
lines containing either high [pumpkin AO (PAO)] or low
[tobacco AO (TAO)] AO activity at low [low light (LL);
250 μmol m 2 s 1] and high [high light (HL);
1600 μmol m 2 s 1] irradiance and following the transition
from HL to LL. AO activities changed over the photoperiod,
particularly in the PAO plants. AO activity had little effect on
leaf ascorbate, which was signiﬁcantly higher under HL than
under LL. Apoplastic ascorbate/dehydroascorbate (DHA)
ratios and threonate levels were modiﬁed by AO activity.
Despite decreased levels of transcripts encoding ascorbate
synthesis enzymes, leaf ascorbate increased over the ﬁrst
photoperiod following the transition from HL to LL, to much
higher levels than LL-grown plants. Photosynthesis rates were
signiﬁcantly higher in the TAO leaves than in WT or PAO
plants grown under HL but not under LL. Sub-sets of amino
acids and fatty acids were lower in TAO and WT leaves than
in the PAO plants under HL, and following the transition to
LL. Light acclimation processes are therefore inﬂuenced by
the apoplastic as well as chloroplastic redox state.
Key-words: ascorbate; light acclimation; photosynthesis; redox
regulation; transcriptome.

INTRODUCTION
Environmental abiotic stresses such as heat and drought have
adverse effects on plant growth, reducing yield in the ﬁeld.
The negative impact of these stresses on crop yields is predicted
to increase in coming decades as a result of global climate
change. A much deeper understanding of the signalling/
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response networks that plants use to perceive and acclimate
to changing environmental conditions is required for the
precise selection of molecular markers and traits underpinning
climate-resilient crop plants. Plants meticulously sense a wide
range of external triggers and metabolic cues in order to
achieve precise and appropriate acclimation to prevailing
environmental conditions (Foyer et al. 2016). Perception of
environmental changes involves both local intracellular
signalling networks in the cells perceiving the stress signal
and systemic long-distance extracellular communication
pathways that confer a pre-emptive general response
throughout the plant to immediate and future challenges
(Foyer et al. 2016). Moreover, perception of one type of stress
can trigger enhanced tolerance to a wide range of stresses
(Foyer et al. 2016), enabling plants to achieve a broad, high
level of tolerance to a wide range of potential threats and so
improve overall survival and yield under stress.
Two major types of systemic responses have been
described in plants: systemic acquired resistance that is
typically triggered by pathogens, insect herbivores and
physical injury and systemic acquired acclimation (SAA) that
is induced by abiotic stress stimuli but particularly high light
(HL). Both types of response involve enhanced accumulation
of reactive oxygen species (ROS) and oxidative signalling
that propagates systemically as a wave, usually as a result of
activation of NADPH oxidases (Gilroy et al. 2014). Systemic
ROS signalling activates many ROS-responsive transcripts,
including the core environmental stress response genes
ensuring coordinated and synchronized responses at the
whole-plant level.
Environmental signals are perceived at the external surface
of the plasma membrane of individual cells by receptor-like
proteins, particularly receptor-like protein kinases (RLKs)
(Foyer et al. 2016). These proteins, which relay information
from the extracellular environment to the intracellular
compartments, are responsive to ROS production and the
redox state of the apoplast. However, many facets of the local
and systemic reduction/oxidation (redox) signalling networks
that integrate ROS-dependent and ROS-independent RLK
signalling remain unclear. The central hypothesis guiding
the studies described here is that the redox state of the
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apoplast leading to activation/deactivation of protein sensors
participates in the acclimation of leaves to light signals. This
hypothesis was tested by altering the redox state of the
apoplast by manipulation of the apoplastic enzyme ascorbate
oxidase (AO), which catalyses the ﬁrst step in the
degradation of the major low-molecular-weight antioxidant,
ascorbic acid (Green and Fry 2005, De Tullio et al. 2013).
The ability to acclimate to sun and shade environments, as
well as changes in irradiance, is key to the regulation of
photosynthesis. It is often assumed that the light acclimation
process is controlled by signals arising from the chloroplast,
but oxidative signals generated in the apoplast also exert an
inﬂuence over the acclimation process (Guo et al. 2016). Light
is also an important regulator of ascorbate biosynthesis
(Yabuta et al. 2007). Sun-exposed leaves contain substantially
more ascorbate than shade leaves (Grace and Logan 1996,
Smirnoff and Pallanca 1996). The quantity and quality of light
experienced during the photoperiod also exert a strong
inﬂuence on the extent of leaf ascorbate accumulation
(Bartoli et al. 2009). Much less is known about the regulation
of ascorbate degradation than synthesis. AO belongs to the
multicopper oxidase family of enzymes that are classiﬁed by
their substrate speciﬁcity; that is, AOs oxidize ascorbate to
dehydroascorbate (DHA) and laccases, which oxidize
aromatic substrates such as diphenols. Our previous work
has shown that the ascorbate/DHA ratios of the leaf
apoplast/cell wall compartment were altered in transformed
tobacco lines by expression of either a pumpkin AO (PAO)
gene or a tobacco AO (TAO) gene in the antisense
orientation without having signiﬁcant effects on the wholeleaf ascorbate pool (Pignocchi et al. 2003, 2006). Moreover,
the AO-induced changes in ascorbate/DHA ratios of the
apoplast altered plant responses to biotic and abiotic stresses
(Pignocchi et al. 2003, 2006, Sanmartin et al. 2003, Yamamoto
et al. 2005). In the following studies, we used the wild-type
(WT), PAO and TAO tobacco lines to investigate the effects
of deregulated changes in AO expression and activity on the
acclimation of leaves to changing light levels. The data
presented here show that leaf AO activity and the redox state
of the apoplast inﬂuence the acclimation of leaves to changing
light levels.

MATERIALS AND METHODS
Plant material and growth conditions
The generation of transgenic tobacco (Nicotiana tabacum
L.; T3 generation) lines expressing a PAO (Cucurbita maxima)
gene in the sense orientation (GenBank accession number
X55779) or a partial TAO sequence in the antisense
orientation (GenBank accession number D43624) has been
described previously (Pignocchi et al. 2003, 2006). Plants were
grown in compost in controlled-environment chambers at
constant relative humidity (60%) and temperature (20 °C)
under an 8 h day/16 h night cycle.
All plants were grown for 3 weeks under low light
(LL; 250 μmol m 2 s 1), after which half of the plants were
transferred to HL (1600 μmol m 2 s 1) for a further 7 d, while

the other half were maintained under LL conditions. At the
end of the light period on the seventh day under contrasting
light conditions fully expanded, matched leaf samples were
harvested for biochemical measurements, and transcript and
metabolite proﬁling. The remainder of the plant was destroyed.
Samples were harvested from individual plants, providing a
number of independent biological replicates as described in
the ﬁgure legends. Plants that had not been previously sampled
were maintained in the growth chambers, and at the end of the
subsequent dark period, leaf samples were taken again for
biochemical measurements as described. All plants were
maintained under LL conditions for the next light period, and
leaves were harvested from fresh (previously unsampled)
plants every 2 h until the end of the light period to provide
contrasting samples from leaves that had a history of HL
exposure against those that had only been exposed to LL for
biochemical measurements. Additional sets of leaf samples
were harvested at the end of this photoperiod for transcript
and metabolite proﬁling.
The experiment was repeated at least three times, giving
similar results, and data from a representative experiment are
shown.

Shoot phenotype
At the end of the photoperiod on the seventh day, 10
independent 4-week-old tobacco plants per genotype and
growth irradiance were photographed using a Canon (Tokyo,
Japan) EOS 450D digital camera mounted at a set height
above the pots. The digital images captured were used to
estimate the number of fully expanded leaves, and leaf area
was estimated using the IMAGE J program version 1.41a scaled
to a ruler placed alongside each image.

Ascorbate oxidase activity
The youngest fully expanded leaves were harvested from three
independent 4-week-old tobacco plants per genotype per time
point as described earlier and immediately frozen in liquid
nitrogen. Frozen leaf tissue was ground to a ﬁne powder,
0.1 M sodium phosphate buffer (pH 6.5) was added at a ratio
of 10 mL g 1 fresh weight (FW) and the mixture was ground
until the buffer thawed. The extract was centrifuged for
10 min at 15 000 g and 4 °C. The supernatant was discarded,
and the pellet was re-suspended in 0.1 M sodium phosphate
(pH 6.5) containing 1 M NaCl. Insoluble material was pelleted
again by centrifugation (10 min, 15 000 g, 4 °C), leaving
proteins ionically bound to the cell wall fraction in the
supernatant. Maximal extractable AO activity was estimated
at 25 °C as described by Pignocchi et al. (2003), via the decrease
in absorbance at 265 nm following the addition of 50 μL of
extract in a reaction mixture containing 0.1 M sodium
phosphate (pH 5.6), 0.5 mM ethylenediaminetetraacetic acid
(EDTA) and 100 μM ascorbate. One unit of AO activity is
deﬁned as the amount of enzyme required to oxidize 1 μmol
of ascorbate per minute.
© 2017 John Wiley & Sons Ltd, Plant, Cell and Environment
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Whole-leaf ascorbate and dehydroascorbate
Whole-leaf samples from three independent plants per
genotype per time point (as indicated on the ﬁgures) were
harvested, weighed and immediately ground in liquid nitrogen
under the prevailing dark/light conditions in the controlled
environment chambers. Ascorbate and DHA were extracted
from the frozen pellets by grinding again in 1 M HClO4 at a
ratio of 10 mL g 1 FW and assayed as described by Queval
and Noctor (2007). Leaf ascorbate and DHA were calculated
as described by Noctor et al. (2016).

Apoplastic ascorbate
Apoplastic washing ﬂuid was isolated as described by Pignocchi
et al. (2003) following vacuum inﬁltration of young fully
expanded leaves at 70 kPa with chilled 10 mm citrate buffer
(pH 3.0) for 5 min. Leaves were then blotted dry, carefully
rolled and inserted into a pre-chilled syringe. The apoplastic
washing ﬂuid was then collected by placing the syringe into a
tube and centrifuging at 2000 g for 10 min at 4 °C. The washing
ﬂuid was then diluted into acid, and ascorbate and DHA were
measured as for the whole leaf. Data are presented as
micromole ascorbate/DHA per gram of FW tissue estimated
from the quantity of apoplastic ﬂuid isolated per gram of FW.

Chlorophyll and carotenoids
Photosynthetic pigments were estimated in the youngest fully
expanded leaves harvested from three independent 4-weekold plants per genotype per time point. Leaves were weighed
and ground in liquid nitrogen and ice-cold 95% ethanol added
at a ratio of 10 mL g 1 leaf FW. Extracts were centrifuged for
10 min, at 14 000 g (4°C), and the supernatant fractions were
used for pigment determination. Chlorophyll and carotenoids
were measured by spectrophotometry according to the method
of Lichtenthaler (1986).

(WT, antisense TAO and sense PAO) grown under LL or HL
and harvested either at the end of the ﬁnal HL period or
following 24 h recovery as described under the plant material
and growth conditions section. Three independent biological
replicates were analysed for each condition and time point,
and full experimental design and microarray datasets are
available at ArrayExpress (http://www.ebi.ac.uk/arrayexpress/),
accession E-MTAB-4816.
Microarray design ID 021113 (Agilent Technologies, Palo
Alto, CA, USA) was used with 43 803 probes representing
tobacco transcript sequences. The One-Color MicroarrayBased Gene Expression Analysis protocol (v. 6.5, Agilent
Technologies) was used throughout for microarray processing.
Brieﬂy, complementary RNA (cRNA) was synthesized from
complementary DNA (cDNA), which was then linearly
ampliﬁed and labelled with Cy3 prior to puriﬁcation. Labelled
samples were hybridized to microarrays overnight at 65 °C,
prior to being washed once for 1 min with GE Wash 1 buffer
(Agilent Technologies) at room temperature and once for
1 min with GE Wash Buffer 2 (Agilent Technologies) at
37 °C, and then dried by centrifugation. The hybridized slides
were scanned using the Agilent G2505B scanner at a resolution
of 5 μm at 532 nm.
FEATURE EXTRACTION (FE) software (v. 10.7.3.1, Agilent
Technologies) with default settings was used for data extraction
from the image ﬁles. Subsequent data quality control, preprocessing and analyses were performed using GENESPRING
GX (v. 7.3; Agilent Technologies) software. Agilent FE onecolour settings in GeneSpring were used to normalize data,
and a ﬁlter was used to remove inconsistent probe data, ﬂagged
as present or marginal in less than 2 out of 18 samples.
Two-way analysis of variance (ANOVA) using the factors light
and genotype was used to identify signiﬁcant differentially
expressed probes with a P-value ≤0.05 with Benjamini–
Hochberg multiple testing correction. Light-dependent lists
were further trimmed by removing any transcript that
exhibited a less than twofold change in abundance between
LL and HL conditions in at least one of the tobacco lines.

Photosynthetic gas exchange
Photosynthetic CO2 assimilation, transpiration, stomatal
conductance and intracellular CO2 were measured on the
youngest fully expanded leaves of six independent plants per
genotype using a portable infrared gas analyser model
LI-6400XT (Li-Cor, Lincoln, NE, USA). Measurements were
performed at the end of the photoperiod on the seventh day
of HL treatment at 20 °C using a light intensity of
250 μmol m 2 s 1 photosynthetically active radiation (PAR)
and an atmospheric CO2 concentration of 400 μmol mol 1.
Leaves were allowed to acclimatize to the chamber for at least
15 min prior to measurement. PAR levels were chosen to
eliminate the possibility of HL stress during gas exchange
measurements in the LL-grown plants.

Microarray processing and analysis
Microarray experiments were conducted to compare gene
expression in fully expanded leaves of tobacco genotypes
© 2017 John Wiley & Sons Ltd, Plant, Cell and Environment

Metabolite profiling by gas chromatography/mass
spectrometry
Gas chromatography/mass spectrometry (GC/MS) analysis
was performed on extracts from three biological replicates
per treatment, essentially as described by Foito et al. (2013).
The youngest fully expanded leaf was snap frozen in liquid
nitrogen and then lyophilized. Dried material (100 ± 5 mg)
was weighed into glass tubes and extracted in 3 mL methanol
for 30 min at 30 °C with agitation (1500 rpm). Polar (ribitol
2 mg mL 1) and non-polar (nonadecanoic acid methyl ester
0.2 mg mL 1) standards at 0.1 mL each and 0.75 mL distilled
H2O were added, and extraction continued for a further
30 min as described. 6 mL of chloroform were added, and
extraction continued for 30 min under increased agitation at
2500 rpm. Phase separation was achieved by the addition of a
further 1.5 mL of water and centrifugation at 1000 g for
10 min. Following oximation, polar metabolites were converted
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to trimethylsilyl derivatives, while non-polar metabolites were
subjected to methanolysis and trimethylsilylation as described
(Foito et al. 2013). Metabolite proﬁles for the polar and
non-polar fractions were acquired following separation of
compoundsona DB5-MSTMcolumn(15 m×0.25mm× 0.25μm;
J&W, Folsom, CA, USA) using a Thermo Finnigan (San Jose,
CA, USA) DSQII GC/MS system as described (Foito et al.,
2013). Data were then processed using the XCALIBUR software
(Thermo Fisher Scientiﬁc, Waltham, MA, USA). Peak areas
relative to internal standard (response ratios) were calculated
following normalization to 100 mg extracted material.

Accession numbers
Experimental design and microarray datasets are available at
ArrayExpress (http://www.ebi.ac.uk/arrayexpress/), accession
E-MTAB-4816.

Statistical analysis

with the factors genotype and light using GENSTAT (v. 18.1,
VSN International Ltd, Hemel Hempstead, UK).

RESULTS
Wild-type and transgenic TAO and PAO tobacco plants were
grown for 3 weeks under controlled environment LL
conditions (250 μmol m 2 s 1). Half of the plants were then
transferred to HL (1600 μmol m 2 s 1) conditions for 7 d.
Photosynthesis was determined, and leaf samples were
harvested for metabolite and transcriptome proﬁling and for
biochemical analysis from plants grown under HL or LL
conditions. Following a further dark period, the HL-grown
plants were returned to LL conditions and samples taken every
2 h during the entirety of the 8 h light period. Maximal
extractable AO activity was up to almost 25-fold higher in the
leaves of PAO plants than in the WT (Fig. 1). Conversely, the
antisense TAO lines had as little as 15% of the maximal
extractable AO activity of WT plants. Both light intensity and

With the exception of microarray data, which were analysed as
described using GENESPRING GX (v. 7.3, Agilent Technologies),
all statistical analyses were undertaken by two-way ANOVA

Figure 1. Ascorbate oxidase activity in wild-type (WT), pumpkin
ascorbate oxidase (PAO) and tobacco ascorbate oxidase (TAO)
tobacco lines at the end of high-light (HL) treatment (8 h day 7) or
following return to low light (LL) (2 h day 8/8 h day 8); FW, fresh
weight (a). Plants were grown for 3 weeks under LL
2
1
(250 μmol m s ) and then maintained for a further 7 d under LL or
2
1
transferred to HL (1600 μmol m s ). At the end of the photoperiod
on the seventh day of HL treatment, all plants were returned to an LL
regime. Plants were sampled immediately after the end of the final 8 h
photoperiod following HL treatment (8 h day 7) or after 2, 4, 6 or 8 h
following return to LL. Ascorbate oxidase (AO) activity, defined as the
amount of enzyme required to oxidize 1 μmol of ascorbate per minute,
was estimated in four biological replicates of antisense TAO, WT and
sense PAO plants grown under LL or HL and is represented as
mean ± SE. P-values as determined by two-way analysis of variance
using the variables light intensity and time of sampling as well as their
interactive effects are provided for each line (b). [Colour figure can be
viewed at wileyonlinelibrary.com]

Figure 2. Whole-leaf ascorbate content of wild-type (WT), pumpkin
ascorbate oxidase (PAO) and tobacco ascorbate oxidase (TAO)
tobacco lines at the end of high-light (HL) treatment or following
return to low light (LL). Plants were grown for 3 weeks under LL
2
1
(250 μmol m s ) and then maintained for a further 7 d under LL or
2
1
transferred to HL (1600 μmol m s ). At the end of the photoperiod
on the seventh day of HL treatment, all plants were returned to an LL
regime. Plants were sampled immediately after the end of the final 8 h
photoperiod following HL treatment (8 h day7) or 2, 4, 6 or 8 h into the
photoperiod following return to LL. Total ascorbate content (a) and
the proportion of the ascorbate pool in the reduced form (b) are
indicated as mean ± SE, n = 4 or 5. Asterisks indicate significant
differences between lines grown in HL or LL (P < 0.05).
© 2017 John Wiley & Sons Ltd, Plant, Cell and Environment
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time under light had a signiﬁcant effect on maximal extractable
AO activities of PAO and TAO leaves (Fig. 1). In particular,
the maximal extractable AO activity varied markedly during
the photoperiod in the PAO lines, the activities being highest
6 h into the photoperiod and then declining again by the end
of the photoperiod (Fig. 1). At all times sampled, the AO
activity of PAO lines was signiﬁcantly (P < 0.001) higher than
that of WT lines, while TAO lines exhibited a lower AO
activity than did WT.
In agreement with previous ﬁndings (Pignocchi et al. 2003),
changes in AO activities in PAO and TAO leaves had little
impact on whole-leaf ascorbate or ascorbate/DHA ratios
(Fig. 2). However, there was a strong and persistent effect
of the HL history of the plants on leaf ascorbate content in
all lines (Fig. 2). Not only did plants grown under HL for
7 d have a higher leaf ascorbate content at the end of the
ﬁnal HL photoperiod (8 h Day 7), but leaf ascorbate also
accumulated to much higher levels than those measured in
the LL plants in the subsequent period even though the
plants had been exposed to LL conditions throughout the
photoperiod (Fig. 2). The HL-grown plants therefore
retained a molecular memory that led to much higher leaf
ascorbate following the transition to LL than were observed
in leaves that had been grown continuously under LL. Leaf
ascorbate contents increased throughout the photoperiod in
all genotypes, values being highest at the end of the 8 h
photoperiod (Fig. 2). The time into the photoperiod effect
on the extent of ascorbate accumulation was also observed
in LL-grown plants.
In contrast to the total leaf ascorbate pool, AO activity in
the TAO and PAO lines resulted in signiﬁcant differences in

the total amount of ascorbate in the leaf apoplast/cell wall
compartment (Fig. 3). Furthermore, there was a trend towards
greater oxidation of the ascorbate pool as apoplastic AO
activity in the different lines increased. On the contrary,
previous exposure to HL had little inﬂuence on apoplastic
ascorbate. The total amount of ascorbate in the leaf
apoplast/cell wall compartment increased from the beginning
to the end of the photoperiod. This light-dependent increase
in apoplastic ascorbate was greatest in the PAO lines, the
levels being 10-fold higher at the end of the photoperiod than
at the beginning, compared to an approximate doubling in
apoplastic ascorbate in the TAO lines over the same time
period (Fig. 3). The ascorbate/DHA ratios in the leaf
apoplast/cell wall compartment also changed during the
photoperiod being most oxidized in the PAO lines at the end
of the light period (Fig. 3).

Shoot phenotype is more dependent on growth
irradiance than on ascorbate oxidase activity
The leaves of all lines grown for 7 d under HL (Fig. 4a) had
signiﬁcantly less total leaf chlorophyll and carotenoid contents
than the LL controls, although no differences between the WT,
TAO and PAO lines were observed (two-way ANOVA,
P < 0.05) (Fig. 4b). Growth under HL resulted in a signiﬁcant
increase (P < 0.05) in leaf number and total leaf area in all lines
(Fig. 4c,d). There was additionally a trend towards higher leaf
area in plants with the lowest AO activity under both HL and
LL (Fig. 4d), although the magnitude of this effect was just
outside signiﬁcance (P = 0.059).

Figure 3. Apoplastic ascorbate (AsA) content of wild-type (WT), pumpkin AsA oxidase (PAO) and tobacco AsA oxidase (TAO) tobacco lines
2

1

2

1

following return to low light (LL) after 7 d exposure to high light (HL) (1600 μmol m s ) or maintenance under LL (250 μmol m s ). Plants were
harvested at the times indicated and AsA and dehydroascorbate (DHA) estimated as described in materials and methods. Bars represent mean
values ± SE, n = 3, and samples harvested at the same point with common letters did not exhibit significantly different total apoplastic AsA content as
estimated using Fisher’s protected least significant difference (LSD) (P < 0.05). FW, fresh weight.
© 2017 John Wiley & Sons Ltd, Plant, Cell and Environment
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Figure 4. Shoot phenotypes of the wild type (WT), pumpkin ascorbate oxidase (PAO) and tobacco ascorbate oxidase (TAO) tobacco lines. Tobacco
2

1

2

1

plants were grown for 3 weeks under low light (LL) (250 μmol m s ) and then maintained for a further 7 d under LL (250 μmol m s ) or high
2
1
light (HL) (1600 μmol m s ). Representative photographs (a) and photosynthetic pigments (b; mean ± SE, n = 3; FW, fresh weight). Total leaf
number (c) and leaf area (d) per plant were estimated from 10 replicate plants and are indicated as mean ± SE. [Colour figure can be viewed at
wileyonlinelibrary.com]

Low ascorbate oxidase activity results in higher
photosynthetic carbon assimilation rates under
high light
Leaves on plants grown under HL had double the stomatal
conductance values of plants grown under LL conditions
(Fig. 5a). The increased stomatal conductance rates were
associated with large increases in leaf transpiration rates
(Fig. 5b) irrespective of leaf AO activity. A small
(approximately 10%) but highly signiﬁcant increase in leaf
internal CO2 concentration (Ci) was observed in the HL-grown
leaves from all lines (Fig. 4c).
Growth under HL for 7 d decreased the photosynthetic
carbon assimilation rates by 10% in the WT and PAO plants.

In contrast, photosynthetic carbon assimilation rates in the
HL-grown TAO leaves were similar to those grown under LL
(Fig. 5d) as reﬂected by the fact that the P-value for light by
genotype fell just outside the 5% level of signiﬁcance (Fig. 5e).

The effect of irradiance on the leaf transcriptome
Leaf transcript proﬁles were compared at the end of the
photoperiod on the seventh day under HL and in plants that
had been grown continuously for 4 weeks under LL. For the
identiﬁcation of transcripts differentially abundant as a result
of growth irradiance or genotype, two-way ANOVA (P < 0.05)
with Benjamini–Hochberg multiple testing correction was
© 2017 John Wiley & Sons Ltd, Plant, Cell and Environment
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Figure 5. Photosynthetic phenotype of tobacco lines with altered ascorbate oxidase activity grown under low light (LL) or high light (HL)
2

1

2

1

conditions. Tobacco plants were grown for 3 weeks under LL (250 μmol m s ) and then maintained for a further 7 d under LL (250 μmol m s )
2
1
or HL (1600 μmol m s ). Measurements were taken on the youngest fully expanded leaves at the end of the photoperiod. (a) Stomatal CO2
conductance; (b) transpiration rates; (c) internal CO2 concentration and (d) net photosynthesis. All data are presented as mean ± SE, n = 4. Significant
differences were estimated by two-way analysis of variance (ANOVA) using the factors light and genotype, and P-values are presented (e). PAO,
pumpkin ascorbate oxidase; TAO, tobacco ascorbate oxidase; WT, wild type.

applied. This identiﬁed 7116 transcripts that changed in
abundance in response to growth irradiance. In contrast, using
this highly stringent statistical approach, we failed to identify
any transcripts whose abundance was dependent on genotype.
This surprising result indicates the dominant impact of
differences in light irradiance on gene expression proﬁles
relative to the much more subtle inﬂuence of plant genotype.
In order to further simplify the list of transcripts whose
abundance was light dependent, we excluded transcripts that
failed to exhibit a minimum of a twofold difference in
abundance under HL versus LL in at least one genotype from
the analysis. The remaining list of 3859 transcripts (Supporting
Information Table S1) were then analysed by Wilcoxon rank
sum test using PageMan (Usadel et al. 2006). This analysis
revealed that several clusters of transcripts associated with
speciﬁc functions were statistically regulated in abundance by
light intensity (Supporting Information Fig. S1). The majority
of functional clusters behaved in a similar manner in all
genotypes tested. For example, transcripts associated with
amino acid degradation and anthocyanin biosynthesis were
lower in all genotypes under HL relative to LL (Supporting
© 2017 John Wiley & Sons Ltd, Plant, Cell and Environment

Information Fig. S1). However, there were also a number of
marked differences between the genotypes. Crucially, the
PAO plants exhibited a statistically signiﬁcant increase in
abundance of transcripts encoding photosystem II (PSII)
polypeptides that was not observed in WT or TAO plants
(Supporting Information Fig. S1), suggesting a higher
turnover of PSII in plants with low apoplastic redox buffering
capacity. In addition, the TAO plants exhibited an enhanced
abundance of transcripts associated with aromatic amino acid
synthesis and a reduced abundance of transcripts encoding
proteinase inhibitors under HL compared to LL (Supporting
Information Fig. S1).

Transcript profiles at the end of the first
photoperiod following the transition from high light
to low light
Leaf transcript proﬁles were compared at the end of the ﬁrst
photoperiod following the transition from HL to LL and in
plants that had been grown continuously under LL. Following
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the two-way ANOVA as described for the data obtained at the
end of the HL period, 16 096 transcripts exhibited signiﬁcant
changes in abundance in response to light. This set of
transcripts was further reduced as described for the dataset
obtained at the end of the HL period by excluding transcripts
that failed to exhibit a twofold difference in abundance
between LL-grown and HL-grown plants in at least one
genotype, leaving a total of 4352 transcripts (Supporting
Information Table S2). Thus, following recovery under a single
LL photoperiod, only approximately 25% of signiﬁcantly
differentially abundant transcripts were more than twofold
altered compared with more than 50% immediately after the
HL treatment. In contrast, only 14 transcripts were signiﬁcantly
altered in abundance in the different genotypes (Supporting
Information Table S2), and a further three transcripts (of which
only two mapped onto MapMan) showed changes in
abundance that were dependent on an interaction between
the light environments and the genotypic background
(Supporting Information Table S2). Although numbers of
transcripts inﬂuenced by genotype were still relatively small,
these data indicate that genotypic differences are likely to be
most marked when plants are grown in similar environments.
Transcripts signiﬁcantly differently abundant in response to
prior illumination were categorized using the PageMan tool
(Supporting Information Fig. S2). This indicated a large
increase in abundance in transcripts associated with both PSII
and photosystem I (PSI) as may be expected upon transfer
from high to low illumination. Transcripts associated with a
large number of different processes were also signiﬁcantly
altered in abundance in similar ways in all genotypes. One
interesting divergence was the observation that transcripts
associated with protein turnover and amino acid synthesis
and turnover were signiﬁcantly more abundant in WT and
particularly TAO plants that had a history of HL exposure
but that any change was not signiﬁcant in PAO plants
(Supporting Information Fig. S2).
The small numbers of transcripts that exhibited signiﬁcant
differences in abundance between WT, PAO and TAO plants
as well as those that exhibited a genotype-dependent
response to light did not exhibit particularly large differences
in abundance, with none of them exhibiting a more than
twofold change between genotypes (Supporting Information
Table S2).

The transition from high light to low light and
ascorbate oxidase activity shape the metabolic
profile of tobacco leaves
The leaf metabolite proﬁles of the TAO, WT and PAO plants
were compared in HL and LL (stress) plants and 12 h after
the transition from HL to LL (recovery). Metabolites, whose
abundance was changed in a statistically signiﬁcant manner
under either stress or recovery, were identiﬁed using two-way
ANOVA based on illumination (HL or LL) and genotype. A
total of 58 metabolites were signiﬁcantly inﬂuenced by the light
environment (Supporting Information Table S3). Fifteen of
these exhibited signiﬁcant changes immediately after the HL

stress but were not signiﬁcantly different following recovery
for 12 h under LL. Conversely, the levels of 26 metabolites
were not signiﬁcantly different between LL-grown and
HL-grown plants but were signiﬁcantly changed following the
transition from HL to LL. A further 17 metabolites were
signiﬁcantly different in HL-grown and LL-grown plants and
also following the transition from HL to LL.
Signiﬁcantly higher concentrations of a number of sugars,
sugar phosphates and amino acids were found in HL-grown
than in LL-grown plants (Fig. 6). Citrate and succinate were
also signiﬁcantly higher in HL-grown plants, while fumarate
and malate were on average slightly lower in HL plants (Fig. 6).
In addition, caffeic acid and chlorogenic acid were increased
1.6-fold and 4-fold, respectively, at HL compared to LL and
following the transition from HL to LL (Fig. 6), supporting a
role for these phenolic acids as sun screens (Chenier et al.
2013). The levels of a subset of fatty acids and the C24
lignoceryl alcohol were signiﬁcantly decreased following the
transfer from HL to LL conditions (Supporting Information
Fig. S3). The levels of sugar phosphates were also higher in
leaves of plants that had been transferred from HL to LL than
those that had been grown continuously under LL (Supporting
Information Fig. S3). Similarly, the abundance of certain amino
acids, particularly aspartic acid (Asp) and glutamic acid (Glu),
was sixfold higher in leaves of plants that had been grown
under HL compared to LL (Fig. 6). Moreover, a number of
amino acids [threonine (Thr), β-alanine (Ala), Asp, Glu and
phenylalanine (Phe)] had a higher abundance both under HL
and after the transition from HL to LL, while the levels of
several other amino acids were higher only after the transition
from HL to LL [valine (Val), leucine (Leu), isoleucine (Ile),
glycine (Gly) and serine (Ser)] (Supporting Information
Fig. S3). In particular, the levels of Gly were 18-fold higher in
leaves following the transition from HL to LL than leaves
grown under LL. The transition from HL to LL also had a
signiﬁcant impact on the levels of a large number of fatty acids,
fatty alcohols and phytosterols (Supporting Information
Fig. S3). For example, the levels of many saturated and
unsaturated medium-chain fatty acids, including linoleic and
linolenic acids, phytol A and many medium–long-chain
(C22–C30) fatty alcohols, stigmasterol and β-sitosterol were
signiﬁcantly lower in leaves following transfer from HL to LL.
Alterations in AO activity had a less profound impact on
the tobacco leaf metabolome than changes in light intensity.
Nevertheless, modiﬁcations in AO activity had signiﬁcant
effects on the leaf metabolite proﬁle (Supporting
Information Fig. S4). In total, the levels of 20 metabolites
were inﬂuenced by changes in leaf AO activity (Supporting
Information Fig. S4 and Table S3). There was little overlap
between metabolites that were altered in relation to AO
activity in leaves from HL-grown and LL-grown plants and
those identiﬁed as changed in relation to genotype following
the transition from HL to LL. These ﬁndings suggest that
the AO-dependent changes in the leaf metabolite proﬁle
were strongly inﬂuenced by changes in the light environment. Although the levels of a small number of metabolites
were changed in an inverse manner in the PAO and TAO
plants relative to WT, some metabolites were either more
© 2017 John Wiley & Sons Ltd, Plant, Cell and Environment
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Figure 6. Influence of illumination on selected metabolites in tobacco leaves. TAO, WT and PAO tobacco plants were grown for 3 weeks under LL
2
1
2
1
2
1
(250 μmol m s ) and then maintained for a further 7 d under LL (250 μmol m s ) or HL (1600 μmol m s ). Plants were harvested at the end
of the photoperiod and immediately frozen in liquid nitrogen prior to processing for GC/MS. Charts illustrate the mean metabolite concentration
relative to the internal standard ribitol (response ratio) in TAO, WT and PAO plants grown under LL (black bars) or HL (white bars), n = 3. All
metabolites illustrated were significantly influenced by light (P < 0.05). Arrows indicate metabolic relationships where dashed arrows indicated
multiple metabolic steps. 3-PGA, 3-phosphoglycerate; CoA, coenzyme A; F6P, fructose 6-phosphate; G6P, glucose 6-phosphate; GC/MS, gas
chromatography/mass spectrometry; HL, high light; LL, low light; OAA, oxaloacetate; PAO, pumpkin ascorbate oxidase; PEP, phosphoenol pyruvate;
TAO, tobacco ascorbate oxidase; WT, wild type; α-KG, α-ketoglutarate. Amino acids are labelled according to the standard three-letter code.

© 2017 John Wiley & Sons Ltd, Plant, Cell and Environment
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or less abundant in both low-AO and high-AO plants
compared to the WT (Supporting Information Fig. S4). This
may suggest an altered regulation of metabolism resulting
from altered levels of AO activity. The levels of threonate,
a breakdown product of ascorbate, were lower in TAO
leaves than in the WT, while they were increased in the
leaves of PAO plants (Fig. 7). This ﬁnding conﬁrms the role
of AO in ascorbate degradation, particularly following the
transition from HL to LL conditions.
Twenty-nine metabolites were changed in abundance in a
manner that showed a genotype × light interaction. For
example, fatty acids were signiﬁcantly lower in WT and TAO
leaves following the transition from HL to LL than in those
that had been grown under LL conditions. The same fatty acids
were also more abundant in PAO leaves (Supporting
Information Fig. S5). Changes in AO activity also had a major
inﬂuence on the levels of β-Ala, Asp and Thr following the
transition from HL to LL, where the levels of these amino acids
in PAO plants were much higher following the transition from
HL to LL than those in plants that had been grown under LL.

Figure 7. Leaf threonate content of tobacco ascorbate oxidase
(TAO), wild-type (WT) and pumpkin ascorbate oxidase (PAO)
tobacco leaves under differing illumination. Leaves were sampled
immediately after the end of the light period on the seventh day of highlight (HL) treatment (a) or following recovery under low light (LL) for
a further 12 h (b). Threonate content relative to that of the internal
standard ribitol (response ratio) was estimated in the polar fraction by
gas chromatography/mass spectrometry (GC/MS) following
derivatization, and the graphs indicate mean values ± SE, n = 3.
Columns labelled with different letters indicate significantly different
values (P < 0.05) as estimated by Fisher’s protected least significant
difference (LSD) test.

DISCUSSION
Leaves growing in sun and shade environments within plant
canopies show structural, developmental and metabolic
adjustments in photosynthesis and leaf metabolism, responding
to prevailing light availability (Green et al. 2003, Leakey et al.
2005, Walters 2005, Athanasiou et al. 2010, Cohu et al. 2014,
Demmig-Adams et al. 2014, Muller et al. 2014). Exposure to full
sunlight means that leaves require much less chlorophyll to
maintain high photosynthesis rates than those grown in the
shade or under LL (Walters and Horton 1995a,b, Yin and
Johnson 2000). The acclimation of photosynthesis and changes
in leaf pigments determined in the tobacco leaves studied in the
present experiments are entirely consistent with these
concepts, as are the light-dependent changes in transcript and
metabolite proﬁles. To date, the acclimation mechanisms that
regulate light acclimation have been considered only in terms
of immediate effects of light on the photosynthetic apparatus
leading to chloroplast-to-nucleus signalling.
Photosynthesis rates were higher in tobacco leaves with low
AO activity and a more reduced apoplastic redox state under
HL growth conditions than in the leaves with high AO activity
and a more oxidized apoplastic environment. Moreover, leaf
AO activity and apoplastic redox state exerted a strong
inﬂuence over a wide range of processes involved in the
acclimation of leaves with a HL history to LL. These included
lipid remodelling, amino acid metabolism and the levels of
transcripts associated with protein turnover. Intracellular
ROS production is considered to be a key component of the
perception of changes in irradiance in leaves (Scheibe et al.
2005, Suzuki et al. 2012). While previous observations have
shown that auxin-induced ROS production in the apoplast
exerts an inﬂuence over the induction phase of photosynthesis
(Guo et al. 2016), the data presented here suggest that such
changes in the redox state of the apoplast/cell wall
compartment may also exert a strong inﬂuence over the light
response and acclimation process.
The effects of light on the leaf transcriptome of Arabidopsis
thaliana have been extensively characterized, with many genes
encoding proteins involved in photosynthesis, particularly PSI
and PSII components, being signiﬁcantly more highly
expressed in the light than in the dark or low illumination
(Ma et al. 2001, Rossel et al. 2002). Light alters the expression
of nuclear genes to a much greater extent than genes encoded
by the plastid or mitochondrial genomes (Liang et al. 2016).
The leaf transcript and metabolite proﬁle data presented here
broadly agree with the literature with regard to light-mediated
effects on gene expression and leaf metabolite proﬁles.
However, the data show that AO activity and hence the redox
state of the apoplast/cell wall compartment exert an inﬂuence
over the acclimation of speciﬁc subsets of leaf transcripts and
metabolite pools.
The evidence presented here indicates that AO activity also
exerts an inﬂuence on the light acclimation process. Firstly, the
levels of β-Ala, Asp and Thr were much higher in PAO plants
following the transition from HL to LL compared to those in
plants that had been grown only under LL (Supporting
Information Fig. S5). Chloroplasts are able to synthesize 17
© 2017 John Wiley & Sons Ltd, Plant, Cell and Environment
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protein amino acids from either Ala or Asp. The inﬂuence of a
highly oxidized ascorbate pool in the apoplast on leaf Asp
levels is important because the Asp-derived amino acid
pathway leads to the production of lysine (Lys), methionine
(Met), Thr and Ile in the chloroplasts. Like Asp, Thr had much
higher levels in the PAO plants than in the other lines,
suggesting that the apoplastic redox state inﬂuences chloroplast
amino acid synthesis. In contrast to Asp and Thr, β-Ala is a
non-protein amino acid that is a precursor of pantothenate,
which is itself a precursor of coenzyme A. It is produced by
the reductive catabolism of pyrimidine nucleotides. The levels
of β-Ala, which can function as an ROS scavenger are often
increased in response to environmental stresses such as HL
and heat stress.
While transgenic tomato plants with low AO activity had
higher leaf hexose and sugar contents (Garchery et al. 2013),
these results were not consistently replicated in the present
study. We observed a signiﬁcant effect of plant genotype
(TAO, WT and PAO) on the content of fructose following a
recovery period under LL and on sucrose and glucose
6-phosphate; however, both low-AO and high-AO lines
exhibited higher content than did WT (Supporting Information
Fig. S4). This effect was much lower than the impact of light,
which tended to increase the content of sugars (Supporting
Information Fig. S3). Moreover, AO activity had a signiﬁcant
effect on leaf fatty acid contents. Lipid remodelling, which is
a key component of leaf acclimation to changing light levels,
was also strongly inﬂuenced by AO activity, as evidenced by
effects of AO on the abundance of several fatty acids
(Supporting Information Fig. S4).
Ascorbate biosynthesis and accumulation are regulated by
the quantity and quality of incident light perceived by the
leaves (Yabuta et al. 2007, Bartoli et al. 2006, 2009). The data
presented here show that the level of ascorbate in the leaves
of all tobacco lines grown under LL was only about a third of
that of plants grown under HL. Moreover, the leaves of plants
transferred to LL retained a memory of the HL environment in
terms of the level of leaf ascorbate accumulation over the
whole of the ﬁrst photoperiod; that is, ascorbate levels under
LL conditions were consistent with the previous HL history
of the leaves rather than the prevailing irradiance. Hence, leaf
ascorbate was slow to acclimate after the transition to LL. The
high levels of ascorbate cannot be explained in terms of altered
expression of genes encoding enzymes of ascorbate synthesis.
In fact, the transcriptome data presented here show that
transcripts encoding guanosine diphosphate (GDP)-Dmannose 3,5-epimerase (TA14362) and GDP-L-galactose
phosphorylase (TA12116 and TA12117) were signiﬁcantly
lower following the transition from HL to LL than those in
plants exposed to constant LL. The expression of ascorbate
synthesis genes in Arabidopsis is under negative regulation by
ascorbic acid mannose pathway regulator 1 (AMR1), the
HL-dependent repression of AMR1 expression connecting
the extent of ascorbate accumulation to light availability
(Zhang et al. 2009). While the array data presented here do
not reveal information concerning AMR1 expression in
tobacco, the ﬁndings show marked repression of genes
encoding ascorbate synthesis enzymes following the transition
© 2017 John Wiley & Sons Ltd, Plant, Cell and Environment

to LL, consistent with observations in Arabidopsis. Hence,
post-transcriptional mechanisms are likely to link ascorbate
synthesis and accumulation to the previous HL history of
the leaves. The delay in the acclimation of the ascorbate pool
to LL over a relatively short timescale may be of physiological
advantage, as it would help protect photosynthesis against the
negative impacts of sun ﬂecks within the canopy. Interestingly,
the extent of leaf ascorbate accumulation and maximal
extractable AO activities increased throughout the
photoperiod in a similar manner, suggesting a relationship
between these parameters that has not been previously
described. Both light intensity and time under light had a
signiﬁcant effect on maximal extractable AO activities of
PAO and TAO leaves. An effect of light on AO activity has
been reported previously (De Tullio et al. 2007). While a
strong dark/light pattern of AO expression was observed in
WT leaves (Pignocchi et al. 2003), the diurnal changes in
AO activity that were observed in the PAO leaves, where
AO expression is driven by the 35S promoter, strongly
suggest that the activity of this enzyme is regulated at a
post-transcriptional level.
In contrast to the cytoplasm, the apoplastic/cell wall
compartment has only relatively low levels of ascorbate
(Pignocchi and Foyer 2003, Foyer and Noctor 2005,
Zechmann, 2011). While the extent of leaf ascorbate
accumulation and leaf ascorbate/DHA ratios were largely
unaffected by changes in leaf AO activity, the
ascorbate/DHA ratios of the apoplast and the levels of
threonate, which is produced predominantly during ascorbate
degradation, were strongly inﬂuenced by AO activity
(Pignocchi and Foyer 2003, Sanmartin et al. 2003). The data
presented here show that high AO activities also determine
the extent of apoplastic ascorbate accumulation in a
photoperiod-dependent manner. While leaf maximal
extractable AO activities ﬁrstly increased during the
photoperiod in the PAO leaves and then decreased at the end
of the photoperiod, the levels of ascorbate plus DHA in the
apoplastic/cell wall compartment gradually increased
throughout the photoperiod. The levels of ascorbate plus
DHA also increased in the apoplastic/cell wall compartment
of the leaves of other genotypes over the photoperiod, but
these increases were 10-fold higher in the PAO leaves.
In addition to changes in the availability of ascorbate and
AO in the apoplastic/cell wall compartment, there are many
enzymes that can induce apoplastic ROS production and hence
lead to oxidation of the apoplast. These include the NADPH
oxidases that catalyse hypersensitive response-associated
oxidative burst and cell-wall-localized peroxidases and
oxidases such as oxalate oxidases that catalyse the conversion
of oxalate to hydrogen peroxide and carbon dioxide (Zhu
et al. 2007, Spollen et al. 2008, Davidson et al. 2009, Voothuluru
and Sharp 2013). ROS fulﬁl essential roles in the apoplastic/cell
wall compartment such as the regulation of growth, particularly
with regard to cell wall loosening or tightening (Fry 1998,
Cordoba-Pedregosa et al. 2003, Foreman et al. 2003, Tyburski
et al. 2010). Oxidative cleavage of cell wall polysaccharides is
required for wall loosening and cell expansion (Schopfer
2001, Fry 2004, Muller et al. 2009), with the inhibition of

12 B. Karpinska et al.
hydroxyl radical production leading to an inhibition of growth
in roots (Liszkay et al. 2004) and leaves (Rodriguez et al.
2002). Sucrose transport is also sensitive to the redox
environment of the apoplastic/cell wall compartment. The
SUT family of sucrose transporters interact with StPDI1, a
protein disulphide isomerase (Eggert et al. 2016). StPDI1silenced plants have low ascorbate levels and show increased
H2O2 accumulation under stress conditions (Eggert et al.
2016). However, it is worth noting that the action of AO may
extend far beyond simple effects due to changes in AO activity.
For example, expression of the rice AO protein, OsORAP1,
which is localized in the apoplast but has no AO activity,
enhanced cell death in leaves exposed to ozone or pathogens
(Ueda et al. 2015). OsORAP1, whose expression was highest
in photosynthetic tissues with the highest stomatal
conductance, inﬂuences jasmonic acid pathway signalling to
mitigate ozone symptoms by unknown mechanisms (Ueda
et al. 2015).
In conclusion, the data presented here demonstrate that the
redox state of the apoplast plays a role in the acclimation of
photosynthesis to changing irradiance, as illustrated in Fig. 8.
The AO activity of the apoplast exerted an inﬂuence over the
HL-induced re-organization of the leaf metabolome. Low
AO activity resulted in a decrease in the susceptibility of
photosynthesis to HL-induced inhibition. The data presented
here also show that the acclimation of ascorbate synthesis to
LL is a relatively slow process in leaves. HL-grown plants

retained a high capacity for ascorbate synthesis, leading to
greater leaf ascorbate levels during the ﬁrst photoperiod
following the transition to LL than those in plants grown only
under LL. Moreover, data are presented showing that maximal
extractable AO activity varied markedly during the
photoperiod, particularly in the PAO lines, suggesting strong
regulation of the activity of this enzyme at the posttranscriptional level. These ﬁndings offer a signiﬁcant new
contribution to our current understanding of the role of the
redox state of the apoplast in the regulation of tolerance to
HL stress. While tobacco may not be considered to be a crop
plant, the new knowledge gained through this research can
readily be translated into crops or used in marker-assisted
selection for more climate-resilient varieties.
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SUPPORTING INFORMATION
Additional Supporting Information may be found online in the
supporting information tab for this article.
Table S1. Relative transcript abundance at the end of the HL
period day 7. Transcripts speciﬁcally changed in abundance by
growth irradiance were identiﬁed following microarray
analysis. Transcripts exhibiting a minimum twofold change
were then further classiﬁed using the MapMan tool.
Transcripts are ordered according to their MapMan bin code
and a description of the MapMan bin (bin name is also
provided). ID refers to the probe identiﬁcation number of the
Agilent tobacco gene expression microarray (design ID
02113), and a brief description of the corresponding transcript
is provided. Transcript abundance is represented as the fold
change HL relative to LL (log2) for each genotype, and cells
are coloured blue–red (high–low) for ease of reference.

Table S2. Relative transcript abundance at the end of the ﬁrst
LL period day 8. Transcripts speciﬁcally changed in
abundance by growth irradiance history, genotype or an
interaction of the two were identiﬁed following microarray
analysis. Transcripts were then further classiﬁed using the
MapMan tool, selecting only those that exhibited a twofold
change dependent on irradiance history. Transcripts are
ordered according to their MapMan bin code, and a
description of the MapMan bin (bin name) is also provided.
ID refers to the probe identiﬁcation number of the Agilent
tobacco gene expression microarray (design ID 02113), and
a brief description of the corresponding transcript is provided.
Transcript abundance is represented as the fold change HL
relative to LL (log2) for each genotype, and cells are coloured
blue–red (high–low) for ease of reference.
Table S3. Statistical signiﬁcance of the factors light and
genotype on tobacco leaf metabolite immediately after the
end of 7 d of HL treatment (stress) or following return to LL
for 12 h.
Figure S1. PageMan representation of gene expression data
from plants harvested at the end of the ﬁnal HL photoperiod.
Data were expressed as log2 fold changes of plants exposed
to HL relative to those grown under LL. Blue and red cells
represent statistically signiﬁcant increases or decreases in
transcript abundance associated with speciﬁc functional
categories according to the scale indicated. Headings to the left
of the image represent major MapMan bins, while headings to
the right indicate sub-bins.
Figure S2. PageMan representation of gene expression data
from plants harvested following an HL treatment and then a
period of recovery under LL. Data were expressed as log2 fold
changes in plants that experienced a HL episode relative to
those grown solely under LL. Blue and red cells represent
statistically signiﬁcant increases or decreases in transcript
abundance associated with speciﬁc functional categories
according to the scale indicated. Headings to the left of the
image represent major MapMan bins, while headings to the
right indicate sub-bins.
Figure S3. Inﬂuence of light regime on metabolites in tobacco
leaves. Relative metabolite levels in leaves of TAO, WT and
PAO tobacco plants following harvest at the end of the ﬁnal
HL photoperiod (black bars) or following 12 h recovery under
LL (white bars) were estimated by GC/MS. Metabolites that
exhibited a signiﬁcant (P < 0.05) change in response to the light
regime at either of the time points analysed as estimated by
two-way ANOVA (light, genotype) are presented. Data are
represented as mean ± SED, n = 3. An asterisk above the ﬁrst
bar indicates that speciﬁc differences at the end of the HL
regime or following 12 h recovery, respectively.
Figure S4. Inﬂuence of genotype on metabolites in tobacco
leaves. Relative metabolite levels in leaves of TAO, WT and
PAO tobacco plants following harvest at the end of the ﬁnal
HL photoperiod (black bars) or following 12 h recovery under
LL (white bars) were estimated by GC/MS. Metabolites that
exhibited a signiﬁcant (P < 0.05) difference dependent on
genotype at either of the time points analysed as estimated by
two-way ANOVA (light, genotype) are presented. Data are
represented as mean ± SED, n = 3. An asterisk above the ﬁrst
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bar indicates speciﬁc differences at the end of the HL regime or
following 12 h recovery, respectively.
Figure S5. Genotype-dependent inﬂuence of light on
metabolites in tobacco leaves. Relative metabolite levels in
leaves of TAO, WT and PAO tobacco plants following harvest
at the end of the ﬁnal HL photoperiod (black bars) or following
12 h recovery under LL (white bars) were estimated by
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GC/MS. Metabolites that exhibited a signiﬁcant (P < 0.05)
light-dependent genotypic difference at either of the time
points analysed as estimated by two-way ANOVA (light,
genotype) are presented. Data are represented as mean ± SED,
n = 3. An asterisk above the ﬁrst bar indicates speciﬁc
differences at the end of the HL regime or following 12 h
recovery, respectively.

