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Abstract

This paper describes a study into the potential of plants to acclimate to light environments that fluctuate over time
periods between 15 min and 3 h. Plants ofArabidopsis thaliana(L.) Heynh.,Digitalis purpureaL. and Silene
dioica (L.) Clairv. were grown at an irradiance 100µmol m−2 s−1. After 4–6 weeks, they were transferred to light
regimes that fluctuated between 100 and either 475 or 810µmol m−2 s−1, in a regular cycle, for 7 days. Plants
were shown, in most cases, to be able to undergo photosynthetic acclimation under such conditions, increasing
maximum photosynthetic rate. The extent of acclimation varied between species. A more detailed study withS.
dioicashowed that this acclimation involved changes in both Rubisco protein and cytochromef content, with only
marginal changes in pigment content and composition. Acclimation to fluctuating light, at the protein level, did
not fully reflect the acclimation to continuous high light – Rubisco protein increased more than would be expected
from the mean irradiance, but less than expected from the high irradiance; cytochromef increased when neither the
mean nor the high irradiance would be expected to induce an increase.

Abbreviations:PFD – Photon flux density; Pmax– light saturated rate of photosynthesis

Introduction

Plants growing under natural or semi-natural condi-
tions are exposed to a light environment that varies
over time scales ranging from seconds to hours. This
variability arises from the movement of the sun across
the sky, changes in cloud cover and shade from neigh-
bouring plants. The latter is of particular significance
when considering woodland plants. The light environ-
ment of various types of woodland have been char-
acterised (Pearcy 1983; Chazdon and Fetcher 1984)
and bursts of direct sunlight, ‘sunflecks’, have been
shown to represent a significant percentage of total
daily photon flux for woodland floor species (Pearcy
1983; Chazdon and Fetcher 1984; Chazdon 1988).

Many plant species are able to alter the compos-
ition of their photosynthetic apparatus to optimise
photosynthesis for the light environment in which they

are growing (Björkman 1981; Anderson and Osmond
1987; Anderson et al. 1995; Murchie and Horton
1997). Although the responses seen are complex, with
variations between species, the overall process can be
summarised as follows: In shade there tends to be
an increase in the total amount of chlorophyll bind-
ing proteins relative to electron transport proteins and
enzymes of the Calvin cycle. Hence, a balance is at-
tained between light capture and use. This ensures that
the electron transport proteins and enzymes operate
at maximal efficiency. The acclimation response will
be modulated further by the availability of nitrogen
and other environmental factors (Evans 1996). Pho-
tosynthetic acclimation allows plants to optimise their
use of available resources, so maintaining competit-
iveness, and to minimise the harmful effects of excess
light.

Although the acclimation response of plants to sun
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and shade has been well studied, relatively little work
has been conducted looking at acclimation under con-
ditions where light fluctuates through time. A number
of studies have examined the effects of fluctuating
growth light in algae. These have largely concentrated
on the very rapid light fluctuations characteristic of a
water column (e.g. Ibelings et al. 1986; Mallin and
Paerl 1992). Watling et al. (1997) reported that four
different plant species responded differently, in terms
of final biomass, to fluctuating or constant light with
the same total daily PFD. Sims and Pearcy (1993) ex-
amined the effects of growingAlocasia macrorhizzain
different fluctuating light regimes, compared to con-
tinuous low, high and intermediate light. Plants were
allowed to develop entirely under the different light
regimes and their growth and photosynthetic capacity
were measured. Sims and Pearcy (1993) concluded
that, whilst overall productivity was higher in con-
tinuous intermediate light, the photosynthetic capacity
of the plants was the same in continuous and in fluc-
tuating light with the same overall integrated photon
flux.

Sims and Pearcy (1993) studied plants that had de-
veloped entirely in fluctuating light. It has been shown
that individual leaves that have developed in one light
regime and are then switched to another set of con-
ditions have the ability to alter their photosynthetic
capacity in response to the new conditions (Chow and
Anderson 1987a,b; Walters and Horton 1994; Lindahl
et al. 1995). Typically, plants show a 1–2 day lag, in
which no response can be seen at the level of photo-
synthesis, before an alteration in their photosynthetic
performance begins. To date, no one has established
whether an acclimation response can be seen when
fully developed leaves are changed from continuous
light to light that fluctuates. It is possible that short
term fluctuations would not give a sufficiently sus-
tained ‘high light’ signal and would, therefore, not
lead to a change in acclimation state.

In this paper, we present the results of a study
into the acclimative responses of three plant species,
Silene dioica(L.) Clairv., Digitalis purpureaL. and
Arabidopsis thaliana(L.) Heynh., to growth in differ-
ent controlled, fluctuating light conditions.S. dioica
andD. purpureaare both plants native to woodland,
woodland margins and hedgerows (Grime at al. 1988).
As such they are exposed, in their natural habitat, to
wide fluctuations in growth conditions. Previous work
on these species has shown that both are able to ac-
climate to different light conditions (McKiernan and
Baker 1991; Johnson 1992; Johnson et al. 1993).A.

thalianais a species native to open habitats. It too has
been shown to possess a significant capacity to accli-
mate (Walters and Horton 1994, 1995a, b). Here, all of
these species are shown to be capable of acclimating
following a change from low to fluctuating light. The
extent of that acclimation is shown not to simply de-
pend on the integrated photon flux, but to depend both
on the fleck length and the intensity. Variation between
species is shown to occur.

Materials and methods

Plants and light treatments

Plants ofD. purpureaandS. dioicawere grown from
seed, collected locally. Seeds ofA. thalianacv. Lands-
berg erecta were kindly provided by Dr Robin Walters
(University of Sheffield, UK). Plants were grown in
Levington M2 compost in growth cabinets (E.J. Stiell,
Glasgow, UK) at a light intensity of 100µmol m−2

s−1, under high frequency fluorescent strip lights sup-
plemented with tungsten lamps, for 4 or 6 weeks, prior
to being transferred into the experimental conditions
described below. The light intensity was controlled
by dimming the fluorescent lamps using a program-
mable controller (E.J. Stiell). The day length in all
experiments was 12 hours and the temperature was
controlled at 20± 2 ◦C during the daytime and 14
± 2 ◦C during the night time.

After 4 or 6 weeks, plants were transferred to vari-
ous light environments for a period of 7 days. These
consisted of either a light environment that was con-
stant during the photoperiod (‘continuous light’) or
one that fluctuated between two irradiances, following
a square wave function (Figure 1). The low irradiance
was, in each case, 100µmol m−2 s−1. The high ir-
radiance was either 475 or 810µmol m−2 s−1. The
duration of the high and low light periods was 0.25, 1
or 3 h. In the subsequent discussion, these regimes are
referred to 475/0.25, 810/0.25, 475/1, etc. In all the
fluctuating light regimes, the total integrated quantum
flux was independent of the duration of the light flecks
used, depending only on the high light irradiance.

Measurements of oxygen evolution

Measurements of oxygen evolution were made using
a Hansatech leaf disk oxygen electrode (Hansatech,
Kings Lynn, Norfolk, UK). Light from a high intensity
red LED array was controlled and the rate of oxygen
evolution recorded by an IBM compatible computer
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Figure 1. Fluctuating light regimes used in this study. During the
12 h photoperiod, irradiance was switched between 100 and 475
µmol m−2 s−1 (solid lines) or between 100 to 810µmol m−2 s−1

(dashed lines) by a programmable controller. The duration of the
high and low light periods was 0.25 (A), 1 (B) or 3 (C) h with equal
duration of the low light and the high light. The average daytime ir-
radiance was constant at 288µmol m−2 s−1 for all 100/475 regimes
and at 455µmol m−2 s−1 for all 100/810 regimes.

running the Hansatech ‘Acquire’ data-acquisition pro-
gram. Measurements were performed on leaf disks
taken from plants that had been dark-adapted for
overnight (approx. 14 h) prior to measurement. All
oxygen measurements were normalised to leaf area
and to chlorophyll content, estimated using the method
of Arnon (1949). Photosynthetic light response curves
were measured in an atmosphere of saturating CO2, at
20 ◦C, using the method of Delieu and Walker (1981).
Leaves were first illuminated at the highest irradiance
for 10 min before being darkened for 5 min. The light
was then stepped through all irradiances, from the
lowest to the highest and the rate of photosynthesis
calculated after 5 min at each irradiance.

Estimation of leaf Rubisco protein

Total leaf soluble protein was extracted by grinding
on ice in a buffer containing 50 mM HEPES (pH
7.4), 5 mM MgCl2, 1 mM EDTA, 10% (v/v) gly-
cerol, 0.1% (v/v) Triton X-100, 5 mM NaHCO3, 2
mM benzamidine, 2 mM 2-amino caproic acid, 10
mM DTT and 2 mM PMSF. Protein extracts were
separated using 15% SDS polyacrylamide gels, nor-
malising loading of samples on a chlorophyll basis.
Gels were stained with coomassie dye and scanned
using a UVItec gel scanner (UVItec, Cambridge, UK).
The density of bands was quantified using Phoretiv ID
Advanced software (Version 4.00).

Estimation of cytochromef content

Thylakoids were extracted from leaves and the cyto-
chrome content was estimated using the method de-
scribed by Whitmarsh and Ort (1984). This involved
measuring absorbance in the range 530–580 nm us-
ing an Aminco DW-2000 spectrophotometer. Spectra
were corrected for baseline drift and cytochromef con-
tent was calculated based on the measurements at 554
nm and at 559 nm, correcting for absorption due to b
cytochromes (Whitmarsh and Ort 1984).

Results

In this study, we have used the rate of oxygen evol-
ution measured under conditions of saturating CO2 as
the primary assay of the acclimation response in plants
grown under different light conditions.

Responses of plants to different ‘continuous’ light
environments

Plants grown for 4 or 6 weeks at 100µmol m−2

s−1 were transferred to a number of different irradi-
ances for a period of 7 days and their rate of oxygen
evolution measured. Figure 2 shows the relationship
between light intensity and rate of photosynthesis for
plants ofS. dioica(Figures 2A, B),D. purpurea(Fig-
ures 2C, D) andA. thaliana(Figures 2E, F) exposed
for 7 days to irradiances ranging from 50 to 800µmol
m−2 s−1. Data are expressed both on a unit area basis
(Figures 2A, C, E) and on a unit chlorophyll basis
(Figures 2B, D, F). The former reflects changes in
the total amount of the photosynthetic apparatus. The
latter shows changes in therelative composition of
the photosynthetic apparatus. There is a tendency for
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Figure 2. Light response curves for oxygen evolution in leaf disks ofS. dioica(A, B), D. purpurea(C, D) andA. thaliana(E, F) plants exposed
for 7 days to different steady state light environments. Six-week-old plants ofS. dioicaandD. purpureaand 4-week-old plants ofA. thaliana,
grown under steady state light of 100µmol m−2 s−1, were transferred to light environments of 50 (open circle), 100 (closed circle), 200 (open
square), 475 (closed square) or 810 (open triangle)µmol m−2 s−1 and grown for 7 days. Measurements of oxygen evolution were taken in
saturated CO2 (5%) at 20◦C on leaf discs from dark-adapted plants. Data are expressed on a unit leaf area (A, C, E) and unit chlorophyll (B,
D, F) basis. Data are the mean± seof 5–12 measurements.

the light saturated rate of photosynthesis (Pmax) to in-
crease with increasing growth irradiance in all three
species.

In S. dioica, there was a progressive increase in
Pmax per area with increase in light (Figure 2A). This
increase in maximum rate is saturated by around 500
µmol m−2 s−1 – in going from 475 to 810µmol m−2

s−1 there is no further increase in photosynthetic ca-
pacity. When data are expressed per unit chlorophyll,
there is an ‘all-or-nothing’ response in photosynthetic
performance, with a single jump in Pmax occurring
between 200 and 500µmol m−2 s−1 (Figure 2B).

Essentially the same response as that described
above is seen in acclimation inD. purpurea– there
is a jump in Pmax between 200 and 500µmol m−2

s−1 (Figures 2C, D). This is apparent both in data ex-
pressed on an area basis and on a chlorophyll basis.
The pattern of response to changes in growth irradi-
ance inA. thalianais, however, different (Figures 2E,

F). The data are complicated by the observation that, at
the highest growth irradiance, around 800µmol m−2

s−1, Pmax is markedly depressed. A similar sensitivity
of this species to high light has been observed previ-
ously (R. Walters, pers. comm.). What is clear in this
species is that, as with the other species, there is not
a simple linear relationship between Pmax and growth
light intensity.

Changes in photosynthetic capacity in response to
growth in fluctuating light regimes

Plants of the three species studied were grown at 100
µmol m−2 s−1 and then transferred to one of six
fluctuating light regimes (see Figure 1). Their photo-
synthetic light response curves were measured after 7
days in the fluctuating regimes.

Figure 3 shows data forS. dioica.In this figure, it
can be seen that the maximum rate of photosynthesis
was not constant from one regime to another – the
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Figure 3. Light response curves for oxygen evolution in leaf discs ofS. dioica grown under different fluctuating light environments.
Six-week-old plants were transferred for a period of 7 days from an irradiance of 100µmol m−2 s−1 to light regimes fluctuating between
100 and 475 (A, B) or 810 (C, D)µmol m−2 s−1. The duration of the high and low light periods was 0.25 (closed circle), 1 (open circle) or
3 (open square) h. Measurements were made as in Figure 2. Data are expressed on a unit of leaf area (A, C) or chlorophyll (B, D) basis. Data
are the mean± se of 5–12 measurements. The dashed lines indicate the mean Pmax, measured at 1200µmol m−2 s−1, for plants exposed for
7 days to a steady state irradiances of 100µmol m−2 s−1 (bottom dashed lines in A, B, C, D), 475µmol m−2 s−1 (top dashed lines in A, B)
and 810µmol m−2 s−1 (top dashed lines in C, D).

maximum rate of photosynthesis is not a simple func-
tion of the mean growth irradiance. Measurements of
plants exposed to regimes using 475µmol m−2 s−1

show that the longer the light fleck used, the higher
the maximum rate of photosynthesis (Figures 3A, B).
When data are expressed on an area basis, this is mani-
fested as a progressive increase in Pmax (Figure 3A).
On a chlorophyll basis, this is seen as more the ‘all
or nothing’ response seen previously (Figure 3B). In
plants exposed to a 15 min cycle (475/0.25) the rate of
photosynthesis does not rise significantly above that
seen in plants exposed to continuous 100µmol m−2

s−1. Plants exposed to a 3 h cycle (475/3) have a pho-
tosynthetic rate close to that seen following growth in
continuous high light.

The response to growth in light flecks of 810µmol
m−2 s−1 follows a similar pattern to that seen at 475
µmol m−2 s−1 (Figures 3C, D) Here, the situation
is complicated by the observation that the light satur-

ated rate of photosynthesis expected from acclimation
to the high light (810µmol m−2 s−1) is no higher
than that expected from acclimation to the mean light
during the flecked light regime (455µmol m−2 s−1).
The saturated rate of photosynthesis in all the flecked
regimes approaches, or even exceeds, that seen in con-
tinuous high light. In all three 810 regimes, there is
clear evidence of acclimation.

In D. purpurea, there is again evidence of acclima-
tion to flecked regimes (Figure 4). This is, however,
less clear than inS. dioica. In the plants exposed to
475 µmol m−2 s−1 flecked regimes, there is an in-
crease in Pmax relative to the control 100µmol m−2

s−1 plants. They do not, however, attain a Pmax as high
as that seen in plants exposed to continuous 475µmol
m−2 s−1 light (Figures 4A, B). Plants exposed to the
15 minute regimes have a somewhat lower Pmax than
plants exposed to the longer flecked regimes. Upon
exposure to longer flecks, Pmax on a chlorophyll basis
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Figure 4. Light response curves for oxygen evolution in leaf discs ofD. purpureagrown under different fluctuating light environments.
Six-week-old plants were transferred for a period of 7 days from an irradiance of 100µmol m−2 s−1 to light regimes fluctuating between
100 and 475 (A, B) or 810 (C, D)µmol m−2 s−1. The duration of the high and low light periods was 0.25 (closed circle), 1 (open circle) or
3 (open square) h. Measurements were made as in Figure 2. Data are expressed on a unit of leaf area (A, C) or chlorophyll (B, D) basis. Data
are the mean± se of 5–12 measurements. The dashed lines indicate the mean Pmax, measured at 1200µmol m−2 s−1, for plants exposed for
7 days to a steady state irradiances of 100µmol m−2 s−1 (bottom dashed lines in A, B, C, D), 475µmol m−2 s−1 (top dashed lines in A, B)
and 810µmol m−2 s−1 (top dashed lines in C, D).

approached that attained in the continuous 475µmol
m−2 s−1 light. When plants were exposed to the 810
flecked regimes, there was again some evidence of
acclimation. However, Pmax fell well below the value
attained in either the continuous 810µmol m−2 s−1

light or in the continuous 475µmol m−2 s−1 light
(Figures 4C, D).

In A. thaliana exposed to 475µmol m−2 s−1

flecked regimes (Figure 5), there is evidence of ac-
climation only when plants are grown on a 3 h fleck
cycle. Pmax in plants exposed to the 475/0.25 and
475/1 regimes showed only marginal acclimation (Fig-
ures 5A, B). The response to the 810 flecked regimes
was poorly defined. Continuous light of 810µmol
m−2 s−1 was observed to cause a depression of Pmax
(Figure 2). In plants exposed to flecked 810µmol m−2

s−1 light, there was some evidence of an increase in
Pmax relative to the 100µmol m−2 s−1 control, with
the Pmax being similar to the continuous 810µmol

m−2 s−1 plants in the 810/0.25 and the 810/3 regimes,
but exceeding it in the 810/1 regime (Figures 5C, D).

Molecular responses inSilene dioica

In order to understand in more detail the basis for
acclimation to flecked light, some of the molecular
changes underlying acclimation were investigated in
the speciesS. dioica. Towards this end, measurements
were made of leaf chlorophyll content, Rubisco and
cytochromef.

Figure 6 shows the relationship between growth
regime and chlorophyll content and chla:b ratio in
leaves ofS. dioica. The total chlorophyll per unit
area is broadly constant up to 200µmol m−2 s−1 but
then falls between 200 and 475µmol m−2 s−1 (Fig-
ure 6A). This drop coincides with the step change in
Pmax (Figure 2). There is no significant variation in
chl a:b between samples (Figure 6B). In 475µmol
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Figure 5. Light response curves for oxygen evolution in leaf discs ofA. thaliana grown under different fluctuating light environments.
Four-week-old plants were transferred for a period of 7 days from an irradiance of 100µmol m−2 s−1 to light regimes fluctuating between 100
and 475 (A, B) or 810 (C, D)µmol m−2 s−1. The duration of the high and low light periods was 0.25 (closed circle), 1 (open circle) or 3 (open
square) h. Measurements were made as in Figure 2. Data are expressed on a unit of leaf area (A, C) or chlorophyll (B, D) basis. Data are the
mean± se of 5–12 measurements. The dashed lines indicate the mean Pmax, measured at 1200µmol m−2 s−1, for plants exposed for 7 days
to a steady state irradiances of 100µmol m−2 s−1 (bottom dashed lines in A, B, C, D), 475µmol m−2 s−1 (top dashed lines in A, B) and 810
µmol m−2 s−1 (top dashed lines in C, D).

m−2 s−1 flecked regimes, the chlorophyll content was
higher than in 475µmol m−2 s−1 continuous light,
but fell when plants were exposed to 810µmol m−2

s−1 flecked light (Figure 6C). In flecked light, as in
continuous, there was no significant variation in chl
a:b between treatments.

Figure 7 shows the relationship between growth
light regime and leaf content of Rubisco protein and
cytochrome f. With increasing growth irradiance, in
continuous light regimes, there was a tendency for
the leaf content of both small and the large subunits
of Rubisco to rise up to 475µmol m−2 s−1, then
fall slightly in going from 475 to 810µmol m−2 s−1

(Figure 7A). The Rubisco content did not vary signi-
ficantly between different light fleck regimes – it was
found to be consistently higher than that seen at either
200 or 810µmol m−2 s−1, but lower than at 475µmol
m−2 s−1 (Figure 7C)

Cytochromef content per unit chlorophyll was
largely unaffected by continuous growth irradiance,
up to 475µmol m−2 s−1, but rose markedly in go-
ing from 475 to 810µmol m−2 s−1 (Figure 7B). The
cytochrome f content in all flecked regimes was in-
termediate between the 475 and 810µmol m−2 s−1

levels (Figure 7D).

Discussion

When plants are transferred from a continuous low
light regime to a flecked regime, with periods of high
light between 15 min and 3 h, they are able to undergo
photosynthetic acclimation. An intermittent high light
signal is sufficient to trigger the acclimation process.
The extent of this response depends on the exact nature
of the light regime and on the species being con-
sidered. The length of the light flecks was an important
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Figure 6. Changes in chlorophyll content (A, C) and chlorophyll a/b ratios (B, D) of leaves ofS. dioicaplants grown for 6 weeks at 100µmol
m−2 s−1 and then transferred for 7 days to different light regimes. Six-week-old plants grown under a steady state light of 100µmol m−2 s−1

were transferred to different continuous irradiances (A, B) of 50, 100, 200, 475 or 810µmol m−2 s−1 and fluctuating light regimes of 100/475
(C) and 100/810µmol m−2 s−1 (D) with periods of 475/0.25, 475/1, 475/3, 810/0.25, 810/1, and 810/3. Values are means± se,n = 4–6.

factor. Generally speaking, short light flecks elicited a
smaller response than longer flecks. Lower intensity
flecks elicited a lesser response than higher intensity
flecks. In bothS. dioicaandA. thaliana, acclimation
to 475µmol m−2 s−1 flecks only became significant
when flecks were of 3 h duration. InD. purpurea,the
overall response to flecks was lower than in the other
two speces. Such species differences are likely to be
significant in understanding the ecological strategies
adopted by these species.D. purpureaandS. dioica,
for example, have similar ecologies in terms of their
tolerance of different light conditions, butD. purpurea
showed a lower tendency to acclimate to flecked light.
At the same time, the capacity for non-photochemical
quenching is higher inD. purpureathan inS. diocia
(Johnson et al. 1993; Ott et al. 1999). Thus, these two
species seem to operate different strategies for dealing
with fluctuating excess light.S. dioicauses acclima-
tion as its primary response to stress;D. purpurea
relys more on ‘defensive’ mechanisms.

When the higher fleck irradiance (810µmol m−2

s−1) was used, the acclimation response was gener-
ally greater than in 475µmol m−2 s−1 flecks. The
importance of light fleck length was correspondingly
less. Pmax approached or even exceeded the value in
continuous high light at all light fleck lengths inS.
dioica. In A. thaliana, continuous 810µmol m−2 s−1

light was found to depress Pmax relative to 475µmol
m−2 s−1 light. This is likely to represent some form
of photoinhibtion, due to the sudden exposure to high
light, though this was not reflected in quenching of
fluorescence (not shown). There was an increase in
Pmax in the 810/0.25 regime, but less of a response
to the 810/1 and 810/3 regimes. This implies that in-
hibitory effects of high light require long periods of
exposure. Less inhibition is seen when exposure to that
light is confined to short periods. InD. purpurea, the
response to the 810µmol m−2 s−1 flecks was similar
to, or even less than, the response to 475µmol m−2

s−1 flecks, again supporting the idea that this plant has
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Figure 7. Changes in Rubisco protein (A, C) and cytochrome f content (B, D) of leaves ofS. dioicaplants exposed for 7 days to different light
environments. Six-week-old plants, grown under a steady state light of 100µmol m−2 s−1, were transferred to steady state irradiances (A, B)
of 100, 200, 475 or 810µmol m−2 s−1 or to fluctuating light regimes (C, D) alternating between 100 and 475 or 100 and 810µmol m−2 s−1

with periods of 475/0.25, 475/1, 475/3, 810/0.25, 810/1 and 810/3, respectively, and grown for 7 days. The measurements of large (open bars)
and small (shaded bars) units of Rubisco protein are expressed as relative densities, determined as described in the ‘Materials and methods’.
Values are means± se,n = 4–7.

a lower ability to respond to flecked light than the other
species studied.

What is clear from the above results is that plants
do not simply respond to the integrated light intens-
ity, when this light is provided in flecks of different
lengths. This conclusion differs from the earlier obser-
vations of Sims and Pearcy (1993). There are a number
of differences in experimental approach that might ex-
plain this discrepancy. Most importantly, we looked
at acclimation in leaves that had fully formed at low
light and were then transferred to high light. Sims and
Pearcy (1993) examined leaves that had grown only
under flecked light. In the former case, acclimation
occurs through a modulation of existing structures.
Certain acclimative changes (e.g. changes in stomatal
density) are not possible. In the latter case, Pmax is
determined by the development of the leaf. It is prob-
able that the mechanisms regulating acclimation in
these two cases are not identical. Additionally, as they

were examining longer term growth in flecks, other
factors may have played a greater role. For example
sink strength, nutrient availability etc. will all be more
important than in our short term study. Also, the as-
say used to measure light flecks differed between the
two studies. We measured photosynthetic performance
in conditions of saturating CO2, a method that meas-
ures thepotentialfor photosynthesis under conditions
where there is no CO2 diffusion limitation. Sims and
Pearcy (1993) used assimilation rate, which will be af-
fected by stomatal limitations and so measuresactual
photosynthetic gain.

The observation that there is an all-or-nothing re-
sponse to changes in light intensity in two of the
species studied is intriguing and, as far as we are
aware, has not previously been reported. When these
species are grown at different light intensities from
germination, no such effect is seen (Yin and John-
son, unpublished). The step change in Pmax coincides
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with a drop in leaf chlorophyll content (Figure 6 and
not shown). It seems likely that the acclimation of
developed leaves in these plants to a step change in
irradiance is more restricted than that seen in devel-
oping leaves, with essentially only two distinct states
being produced. We are currently investigating this
phenomenon further.

Very little is presently known about the signal
transduction pathways underlying photosynthetic ac-
climation. It is known that the expression of many
genes is directly light regulated, but it is not thought
that this plays a major role in determining the relative
levels of individual proteins (Walters and Horton 1994,
1995a, b; Walters et al. 1999). Instead, it is widely
thought that regulation occurs through redox regula-
tion of translation (Karpinski et al. 1999; Pfannschnidt
et al. 1999). The identity of the redox sensor is un-
certain, however, candidates include plastoquinone
(Maxwell et al. 1994; Escoubas et al. 1995) possibly
associated with the cytochromeb6f complex (Ander-
son et al. 1997) or a low potential component down
stream of Photosystem I (Kuroda et al. 1996). Al-
though the response to any such redox signal, in
terms of gene expression is rapid (Pfannschmidt et
al. 1999), the response at the protein level is not im-
mediate. When plants are exposed to step changes
in light, there is typically a lag period of 1–2 days
before any responses are seen at the level of photo-
synthetic performance (Chow and Anderson 1987a,b;
Walters and Horton 1994; Lindahl et al. 1995). This
implies that there is a delay built into the signal trans-
duction pathway controlling acclimation, preventing
acclimation to short periods with altered conditions.
In our experiments, the signal driving acclimation was
obviously discontinuous, however acclimation still oc-
curred. Generally, the more sustained the high light
signal (i.e. the longer the light fleck) the greater the
overall acclimation response tends to be. In bothS.
dioicaandA. thaliana, the 3 h flecks gave greater Pmax
than the shorter flecks. This suggests that acclimation
requires the accumulation of some signalling interme-
diate, the production of which itself has a lag phase.
The rate of production and disappearance of this inter-
mediate are presumably not identical, otherwise no net
acclimation would be expected in response to a flecked
light environment.

Examination of changes in individual proteins and
pigments gives some idea of the complexities under-
lying photosynthetic acclimation. In the responses of
Rubisco and cytochromef to different continuous ir-
radiances, evidence can be seen for a hierarchical

response to increased light. As irradiance increases up
to 475µmol m−2 s−1, there is a progressive increase
in Rubisco protein but little or no change in cyto-
chromef. In going from 475 to 810µmol m−2 s−1,
there is an increase in cytochromef, but no change,
or perhaps even a decrease, in Rubisco. This suggests
that, with increasing light, Rubisco increases, so in-
creasing photosynthetic capacity, until such point as
the electron transport chain becomes limiting. Only
then does cytochromef increase, so increasing the ca-
pacity of the electron transport chain. In the plants
exposed to the light flecks, the levels of Rubisco are
high in all regimes, approaching the maximum seen in
continuous light. Exposure to flecked regimes also in-
duces an increase in cytochrome f in all light regimes.
The Rubisco data show that levels of this protein do
not match closely the photosynthetic capacity. Instead,
they reach levels expected to be induced by continuous
light of the same irradiance as the fleck. Cytochrome
f, on the other hand, responds under conditions when
even the continuous light would not be expected to
cause an increase. This may indicate a sensitivity of
this component to a transient signal that occurs upon
changing light intensity. Neither of these compon-
ents alone can explain the changes in photosynthetic
capacity, nor can the rather small changes in pig-
ment content be seen in this species. However, this
is perhaps unsurprising, as many different compon-
ents of the photosynthetic apparatus may contribute to
determining Pmax.

In this paper, we have demonstrated that photosyn-
thetic acclimation can occur in a fully developed leaf
in response to fluctuating light. The nature and extent
of that response are dependent on both species and
the nature of the light environment. This leaves open
a number of questions about the nature of photosyn-
thetic acclimation, in particular what are the factors
contributing to the kinetics of acclimation and how
is previous experience of high light carried over from
one period of exposure to the next.
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