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ABSTRACT

This study reports evidence that the timing of leaf growth
responds to developmental and environmental constraints
in Clusia spp. We monitored diel patterns of leaf growth
in the facultative C3-crassulacean acid metabolism (CAM)
species Clusia minor and in the supposedly obligate CAM
species Clusia alata using imaging methods and followed
diel patterns of CO2 exchange and acidification. Developing
leaves of well-watered C. minor showed a C3-like diel
pattern of gas exchange and growth, with maximum relative
growth rate (RGR) in the early night period. Growth
slowed when water was withheld, accompanied by noctur-
nal CO2 exchange and the diel acid change characteristic of
CAM. Maximum leaf RGR shifted from early night to early
in the day when water was withheld. In well-watered C.
alata, similar changes in the diel pattern of leaf growth
occurred with the development of CAM during leaf ontog-
eny. We hypothesize that the shift in leaf growth cycle that
accompanies the switch from C3 photosynthesis to CAM is
mainly caused by the primary demand of CAM for sub-
strates for nocturnal CO2 fixation and acid synthesis, thus
reducing the availability of carbohydrates for leaf growth at
night. Although the shift to leaf growth early in the light is
presumably associated with the availability of carbohy-
drates, source–sink relationships and sustained diurnal acid
levels in young leaves of Clusia spp. need further evaluation
in relation to growth processes.
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INTRODUCTION

It is now clear that crassulacean acid metabolism (CAM)
is a complex ecological, physiological and biochemical
process that has been widely selected in diverse plant taxa
to conserve water in arid habitats. From the earliest studies,
plant physiologists have been preoccupied with the

elucidation of the signature metabolism of CAM, with malic
acid synthesis and degradation in mature leaves and stems
of these succulent plants in relation to environment and
development (Kluge & Ting 1978; Osmond 1978; Black &
Osmond 2003; Lüttge 2004; Holtum & Winter 2005). Less
attention has been given to the regulation of carbohydrate
metabolism and its relation to growth (Sutton 1975a,b;
Holtum, Smith & Neuhaus 2005). The fundamental ques-
tion of how CAM plants preserve carbohydrate reserves in
the light for acid synthesis in the dark, while at the same
time providing carbon for growth, remains enigmatic
(Borland & Dodd 2002). In particular, the evidence for
discrete pools of carbohydrates engaged in dark CO2

fixation and growth (Deléens & Garnier-Dardart 1977;
Deléens, Garnier-Dardart & Querioz 1979; Borland et al.
1994) challenges all present models of metabolic compart-
mentation in photosynthetic tissues.

The first detailed diel leaf carbon allocation budgets
of a CAM plant (Sedum telephium L.) were published by
Borland (1996), followed by similar comparisons of several
species that switch between C3 metabolism and CAM
(Borland & Dodd 2002). The ‘conflict of interest’ for carbo-
hydrate metabolism in CAM plants (Borland & Dodd
2002) presumably involves three major ‘decision points’
(regulatory compromises): conservation of carbohydrates
for CAM; for growth of young leaves; and for export and
growth of the plant as a whole.The diel relationships among
these processes are likely to be complex and further con-
founded by shifting patterns during leaf development and
plant growth. There have been few comprehensive studies
of these relationships. For example, Wang & Nobel (1996)
examined the enzymology of CO2 assimilation and regu-
lated carbohydrate metabolism in Opuntia ficus-indica (L.)
Mill., and went on to examine the relationship between
local CAM and sink activity in growing cladodes and
carbon sources in mature cladodes (Wang, Zhang & Nobel
1998). Recently, it has become clear that diel patterns of leaf
growth can be examined in detail by imaging methods
(Schmundt et al. 1998; Walter & Schurr 2005). They can
be related to diel patterns in leaf carbohydrate status
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(Walter et al. 2005) and to the expression of genes involved
in cell division (Matsubara et al. 2006). Most annual C3

plants investigated up to now show the strongest growth
activity at night–day transitions or at night when it seems
likely that growth is mainly driven by the mobilization of
chloroplast starch reserves (Walter & Schurr 2005). In
rapidly growing leaves of Populus deltoides Bartr. ex Marsh,
transient dips in leaf relative growth rate (RGR) were
associated with low leaf glucose levels in the after-
noon, possibly indicating that demand for sugar export
dominated over local requirements for leaf growth (Walter
et al. 2005).

Clearly, the complex diel patterns of acid metabolism and
carbohydrate demand in CAM plants present a challenge to
the analysis of diel leaf growth patterns. Initial studies of
‘obligate’ CAM plants, i.e. those that do not show transi-
tions from C3 to CAM during drought stress or develop-
ment, showed distinctive diel growth patterns that were
dominated by growth during the day in leaves of Kalanchoe
and cladodes of Opuntia spp. (Gouws et al. 2005). This was
in marked contrast to the nocturnal maximum and diurnal
decline in rapidly growing leaves of Mesembryanthemum
crystallinum L. in C3 mode, and further studies of the effect
of C3–CAM transitions immediately suggested themselves.
However, leaves of M. crystallinum become twisted or opti-
cally complex (because of epidermal bladders) during the
transition to CAM and are not ideal for the imaging analy-
sis of diel patterns of leaf growth.

The CAM literature is now replete with studies of devel-
opmentally and environmentally inducible CAM (Dodd
et al. 2002), and these are nowhere more evident than in
the tropical tree genus Clusia (Lüttge 2007). For example,
Schmitt, Lee & Lüttge (1988) showed that mature leaves of
Clusia minor (incorrectly identified as Clusia rosea; Lüttge
2006) responded rapidly and reversibly to drought stress,
converting from a C3 gas exchange pattern to CAM. Our
goal was to relate diel changes in metabolism to diel
changes in leaf growth. However, we soon recognized that
the bulk of literature on CAM deals with gas exchange and
metabolic profiles of fully expanded, mature leaves and
their function as source leaves for the growth of the whole
plant. Thus, studies of the expression of CAM at different
stages of development in the field focused on the youngest
fully expanded leaves of C. minor L. (Borland et al. 1992).
Other Clusia species, such as Clusia alata and Clusia hilari-
ana Schltdl. are reputedly ‘obligate’ CAM plants (Lüttge
1999), but again, fully expanded leaves of the same size on
individual C. hilariana plants of different sizes have been
studied (Berg et al. 2004). As far as we know, there have
been no previous investigations of the patterns of gas
exchange or acidification during the expansion growth of
young leaves in these C3-CAM plants.

As C. minor and other Clusia spp. have planar leaves
suitable for growth analysis by imaging methods, we inves-
tigated whether the developmental and/or a drought stress-
induced transition from C3 to CAM photosynthesis in these
plants was associated with changes in diel cycles of leaf
growth.

MATERIALS AND METHODS

Plant material

C. minor L. and C. alata Pl. and Tr. plants were raised from
seedlings obtained of the Clusia collection of the Botanical
Garden of the Darmstadt University of Technology,
Darmstadt, Germany. C. alata is an obligate CAM plant,
while C. minor is a facultative CAM plant, i.e. it can switch
between C3 and CAM photosynthesis, depending on the
external conditions (Haag-Kerwer, Franco & Lüttge 1992;
Haag-Kerwer et al. 1996; Herzog et al. 1999). In the ex-
periments presented here, we controlled the mode of
photosynthesis of C. minor by withholding soil water.

Plants were grown in the Phytec greenhouse of the Insti-
tute of Phytosphere Research (ICG-3; Research Center
Jülich, Jülich, Germany) that was designed to cultivate
plants under controlled environmental conditions similar
to field conditions. For example, a high transparency for
photosynthetically active radiation (PAR) and ultraviolet
(UV) radiation (up to 97% in visible light and up to 35%
UV-B transmittance) was achieved by installing a specially
formulated microstructured glass (Centrosolar Glas, Fürth,
Germany), which also led to a homogeneous illumination of
the cultivation area. Plants were supplied with slow-release
fertilizer and watered automatically with tap water every
second day. During growth and during greenhouse
experiments, mean midday irradiance (PAR) averaged
800 mmol m-2 s-1, with maximal values of 1200 mmol m-2 s-1;
temperature was set to 21/19 °C day/night but reached
30 °C on sunny days; relative humidity was 60%. When
sunlight was lower than 130 mmol m-2 s-1 artificial illumina-
tion was provided by SON-T Agro 400 W (Philips, Köln,
Germany) lamps.

For the analyses of growth and gas exchange in con-
trolled climate conditions, plants were transferred to a
growth chamber 2–3 d before the onset of analyses.
Chamber relative humidity was kept at 60%, and PAR at
the top leaves ranged between 600 and 800 mmol m-2 s-1

provided by a mixture of SON-T Agro 400 W and HPI-T
plus 400 W (Philips) lamps (temperature and day length are
specified for each experiment in the Results section).
Drought stress was imposed by not watering the plants after
transfer to the growth chamber. Leaf growth of these plants
stopped completely within 1–2 weeks after the last irriga-
tion, depending on the relation between plant size and soil
volume available in the pot.

Gas exchange measurements

Net CO2 exchange and transpiration was recorded using
a CMS 400 minicuvette system of Walz (Effeltrich,
Germany). A single leaf of the youngest leaf pair was
enclosed in the gas exchange cuvette, when it was about
50% fully expanded (Fig. 1). Gas exchange data were
recorded every 5 min and integrated over 60 min to com-
pensate for noisy data. To obtain accurate estimates of gas
exchange at low flow rates in the gas exchange cuvette
system, it was necessary to keep the cuvette temperature
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constant throughout day and night (25 °C). Dew point tem-
perature was set to 12 °C, leading to a relative humidity of
46 � 2%. The flow rate was 570 � 40 mL min-1. PAR inside
the cuvette was 500–800 mmol m-2 s-1. Air pressure data
were recorded every 10 min. For gas exchange on growing
leaves, the actual leaf area was taken into account by deter-
mining the leaf area for every point in time from the optical
leaf growth analysis that was performed simultaneously as
described further. Gas exchange parameters were calcu-
lated according to Farquhar & Sharkey (1982).

Leaf growth measurements

Images were acquired using a CMOS camera (Flea BW,
Point Grey, Vancouver, Canada) with constant illumination
from near-infrared light-emitting diode (LED) light sources
(l = 880).The leaf was fixed in the focal plane of the camera

inside the Walz minicuvette system by using nylon fishing
lines, which were guided through the cuvette-sealing gasket
by injection needles to ensure a dynamic fixation of the
expanding leaves in the still air-sealed cuvette system
(Fig. 1). The resulting air leakage led to somewhat noisy
data, which was smoothed by taking 1-h average values. A
set of weights (3 ¥ 10 g) was selected to keep the leaf in the
focal plane and to prevent movements, still allowing a
growth pattern similar to that of a non-fixed leaf (Walter,
Feil & Schurr 2002). If leaf growth was not monitored inside
the cuvette system, such as for growth analysis in the Phytec
greenhouse, leaves were fixed mechanically in the same
way. Grey value images were acquired every 120 or 180 s,
and RGR was calculated with algorithms that calculate
pixel velocities (Schmundt et al. 1998; Scharr 2005;Walter &
Schurr 2005; Matsubara et al. 2006). Leaves were sprinkled
with black ink to improve optical richness (Fig. 1).

Figure 1. Leaf growth analysis of Clusia
minor. Set-up for the simultaneous
measurement of leaf growth and gas
exchange with a CMOS camera (top),
near-infrared light-emitting diode
NIR-LED illumination assembly (middle)
and climate-controlled gas-exchange
chamber of the CMS 400 minicuvette
containing a leaf of C. minor still attached
to the plant (bottom). Insets show the
original black-and-white image of an
ink-sprinkled leaf as produced by the
camera (top) and colour-coded spatial
growth pattern (24 h average; red:
maximal RGR; blue: minimal RGR).
RGR, relative growth rate.
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Titration of total acidity

Total acidity was estimated in 10-mm-diameter discs
punched from growing leaves. Discs were sampled around
the time when lights were switched on (‘early day’) or when
lights were switched off (‘early night’).Two to four leaf discs
from different plants were pooled per replicate. Growing
leaves sampled for acidity had the same size and position
within the plant as leaves from the plant investigated for
growth in the same experiment. The leaf discs were either
immediately extracted in boiling 50% ethanol for 5–10 min
until all chlorophyll had been converted to phaeophytin,
or stored at -80 °C until extraction. The extract was then
cooled, the phenolphtalein indicator was added and the
extract titrated with 5 mM NaOH until colour change.

Statistical analysis

Comparisons between RGR at the beginning of the day and
beginning of the night and between total acidity at early day
and early night were performed using two-tailed Student’s
t-tests (software: Microsoft Excel).

RESULTS

Young expanding leaves on well-watered plants of C. minor
had a diel leaf growth cycle with maximal activity at the
beginning of the night and lower activity in the day, irre-
spective of whether plants were examined in the Phytec
greenhouse (21–30 °C day/19 °C night) or in the growth
chamber (at 30 °C day/night; Fig. 2). Negative RGR (leaf
shrinkage) was often observed in the early day following
the onset of illumination, as reported previously (Gouws
et al. 2005).

In well-watered conditions, the amplitude of the diel
growth cycle declined with time as the leaf approached full
expansion, but maximal growth rates were found early in

the night until the end of leaf development (Fig. 3, upper
panel). In contrast to this pattern, RGR of growing leaves
on drought-stressed C. minor decreased rapidly as they
approached full expansion and displayed a distinctly differ-
ent pattern with maximal growth activity during the day
(Fig. 3, lower panel). Average morning RGR exceeded that
of early in the night, when leaf growth decreased below a
value of about 0.3% h-1. Comparison of diel growth cycles
in nearly fully expanded, well-watered and drought-stressed
leaves confirms that the differences between control and
treatment early in the day and early in the night were highly
significant (P < 0.001; Fig. 4). Growing leaves of well-
watered plants comparable with those studied in Fig. 3 had
high early night and early day values of total acidity that
were not significantly different (Fig. 5; P = 0.73). Growing
leaves of drought-stressed plants had a pronounced noctur-
nal increase and diurnal decrease in total acidity, with early
night and early day values that differed significantly
(P = 0.004). Final leaf size did not differ markedly between
control and drought-stressed plants as leaves were affected
by the drought stress only late in their development, when
they had reached about 80% of their final size. Initiation of
the next leaf pair was delayed in drought-stressed plants
(data not shown).

The development of CAM and the changes in diel growth
cycles in a growing leaf of C. minor were examined subse-
quently by simultaneous CO2 exchange measurement and
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Figure 3. Development of relative growth rate (RGR) in Clusia
minor throughout 7 d. Hourly means of RGR in expanding
leaves of well-watered control (C3) and drought-stressed (CAM)
C. minor plants are depicted. Daily average morning
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growth imaging analysis for 20 d after cessation of watering
(Fig. 6 & Supplementary Fig. S1). At the outset, when the
plant was well watered, the stomata were open during the
day and CO2 uptake occurred during the light period, with
a slight midday depression. This normal C3 gas exchange
pattern shifted after water was withheld and CO2 efflux at
night and uptake during the day both decreased, consistent
with the onset of the CAM gas exchange pattern, which was
clearly established by the end of the experiment. Total
acidity measured on comparable leaves of an identically
treated plant in the growth chamber (but outside the gas
exchange system) displayed the characteristic change in
early day-early night signature described earlier (Fig. 5),
confirming an increase in CAM during the experiment.

Similar experiments were done with C. alata, which has
been reported to be an obligate CAM plant. Preliminary

experiments on a slowly growing, near fully expanded leaf
of well-watered C. alata in the growth chamber showed
maximal RGR during the day and only little growth at night
(data not shown). When combined gas exchange and
growth analysis were performed on a developing leaf of a
well-watered plant of C. alata, it was observed that CO2 was
assimilated throughout the day (with a clear midday
depression) and was actively respired at night (Fig. 6 &
Supplementary Fig. S2).Average growth at the beginning of
the night was faster than at the beginning of the day. Com-
parable leaves on an adjacent plant in the growth chamber
contained high levels of acid in the day, and showed little
nocturnal increase in acid (Supplementary Fig. S2), all con-
sistent with a C3 pattern of photosynthesis similar to that in
young leaves of C. minor (Supplementary Fig. S1). Growth
declined throughout the experiment, but from day 4 on, leaf
growth was faster in the morning than in the early night
period, and the gas exchange pattern also changed. The
midday depression of CO2 uptake increased, and CO2

release at night was almost zero from day 5 on. By the end
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of the experiment (day 10), growth had all but ceased, and
the leaf showed all the features of CAM. Net CO2 release at
night was near zero, the midday depression of CO2 fixation
was near complete and a strong diurnal decrease in acid was
observed, principally as a result of the decline in acid during
the day.

Discussion

Diel variation in leaf growth rate is controlled by a complex
network of factors (Walter & Schurr 2005), but the data
obtained here show that changed patterns of gas exchange
and acid metabolism are associated with changes in the
pattern of diel leaf growth, when succulent leaves of the
tropical tree genus Clusia switch from C3 to CAM photo-
synthesis. It is evident that the shift from C3 to CAM, either
because of drought stress (C. minor) or development (C.
alata), is accompanied by a shift from a predominantly noc-
turnal to a predominantly diurnal pattern of leaf growth
(Figs 4 & 6). This is consistent with the results from our
earlier study (Gouws et al. 2005), in which the RGR of
leaves of a shrubby CAM plant (Kalanchoe beharensis
Drake) and of cladodes of CAM cacti (Opuntia spp.) was
higher during the day than at night. For mature leaves of
CAM plants, it was observed that the nocturnal accumula-
tion of malic acid osmotically drives water influx, and hence
can lead to an increase in leaf volume of several percent
(Lüttge 1986). Such an increase has not been observed for
the young, growing leaves of C. minor investigated here.
As acidity in growing leaves was low when C. minor was
engaged in CAM (Fig. 5), an osmotically driven nocturnal
increase in leaf volume seems to be negligible for the leaves
investigated in this study.

Gouws et al. (2005) speculated that the temporal pattern
of leaf growth with predominant activity at day might
reflect the coincidence in time during the diel cycle of
metabolism in CAM plants of three factors propitious for
cell expansion growth: (1) the availability of carbohydrates
for growth (i.e. over and above those needed to sustain
nocturnal CO2 fixation and CAM) was probably restricted
to de-acidification (phase III) in Kalanchoe and Opuntia
spp.; (2) the turgor needed for expansion growth peaked
in the early light period (because of high malic acid levels
in the vacuole; Lüttge & Ball 1977); and (3) the lower
cytoplasmic pH prevailing during de-acidification (Hafke
et al. 2001) might favour the loosening and deposition of
cellulose in leaf cell walls (Cosgrove 1999). However,
developing daughter cladodes of the CAM plant O. ficus-
indica were carbohydrate sinks during the most rapid
early growth phase (Wang et al. 1998). In 14-day-old
cladodes, CO2 efflux was greatest at night, they contained
little starch but were rich in glucose and there was little
diel change in the low acid content of the tissues. The
daughter cladodes showed no evidence of net nocturnal
CO2 fixation until 18 d after emergence, and the normal
pattern of CAM gas exchange (for Opuntia) was estab-
lished only after 28 d. Clearly, source–sink relations com-
plicate the simple interpretation of growth patterns in

terms of the diel carbohydrate metabolism of CAM
offered previously.

Leaves of most C3 plants tend to grow more rapidly at
night or during the night–day transition, and it has been
suggested that growth is then mainly driven by the mobili-
zation of chloroplast starch and soluble sugar reserves
(Walter & Schurr 2005). For example, seasonal changes
leading to an afternoon decline in leaf growth of the tree P.
deltoides at elevated CO2 were correlated with a pro-
nounced afternoon decline in leaf glucose levels (Walter
et al. 2005). Moreover, developing leaves of woody plants
often remain carbohydrate sinks for many days after emer-
gence, showing high rates of respiration at night and net
CO2 efflux during the day. We can reasonably assume that
the young leaves of the woody Clusia spp. examined here
were engaging in C3 photosynthesis, with significant net
CO2 fixation in the light. Many previous studies with fully
expanded leaves of well-watered C. minor showed diurnal
C3 gas exchange patterns that were sensitive to changes in
vapour pressure deficit and assumed to involve C3 photo-
synthesis (Schmitt et al. 1988; Franco, Ball & Lüttge 1992).
In the wet season in the field, carbon isotope fractionation
during CO2 fixation in the light by mature leaves of C.
minor clearly indicated carboxylation by ribulose 1·5-
bisphosphate carboxylase/oxygenase (Rubisco) (Borland
et al. 1993).The young leaves of C. minor in our experiments
most closely resembled shaded leaves of this species in the
field, which contained high, unchanging levels of citric and
malic acids in the wet season (Borland et al. 1994). The
origins of the high levels of acids (presumably a mixture of
malic and citric acids) that persisted throughout the 24 h
cycle in the young leaves of C. minor and C. alata are not
clear. In spite of the large net efflux of CO2 in the dark,
these leaves may engage in some re-fixation of respiratory
CO2 at night, but further gas exchange studies in combina-
tion with isotope labelling are needed to establish this.

Unfortunately, we know little of the carbohydrate status
or export capacities of these young C. minor leaves. Borland
& Dodd (2002) found that mature leaves of this species
exported very little carbon when engaging in CAM, but the
slightly less negative d13C of young leaves of C. minor in the
field led Borland, Maxwell & Griffiths (2000) to suggest that
carbon fixed by CAM was used for growth of these leaves.
Our data suggest it is unlikely that this carbon was derived
from endogenous CAM in young leaves, and more likely
that it was delivered as sugar or acids from mature leaves
engaged in nocturnal CO2 fixation. A C3 pattern of gas
exchange in young leaves was also found in C. alata, a
species previously thought to be ‘obligate’ CAM, and in C3

mode, leaves grew at about the same rate at day and at
night. Could it be that in spite of a diurnal C3 gas exchange
pattern, the sustained high levels of acids in young leaves
conspire to modify the typical C3 diel growth pattern in
Clusia spp. by maintaining high turgor and low cytoplasmic
pH propitious for growth throughout the diel cycle?

We suspect that the slowing of leaf growth and the shift in
the diel cycle with increasing CAM is primarily driven by the
reduced availability of carbohydrates resulting from the
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primary demand of CAM for substrates for nocturnal CO2

fixation and acid synthesis. Although the complexities of
carbohydrate–acid relationships in young growing leaves of
C. minor and C. alata cannot be further defined at this stage,
we conclude that when well watered and engaging in C3

photosynthesis, the diel leaf growth cycle is predominantly
nocturnal. When drought stress induces CAM in C. minor,
leaf growth slows and becomes predominantly diurnal.
Much the same transition is observed with the slowing of leaf
growth and onset of CAM with leaf development in C. alata.
These plants seem well suited to a further detailed evalua-
tion of the relationships between diel carbon availability,
turgor and cytoplasmic pH as factors determining diel pat-
terns of leaf growth in these closely related, but physiologi-
cally and biochemically plastic, tropical tree species.

ACKNOWLEDGMENTS

We thank S. Jahnke, D. Randewig, R. Pieruschka, K. Grieve,
E. Bobich, K. Cloos, B. Uhlig and A. Knaps for technical
assistance and help with measurements, and we are grateful
for the supply of Clusia species from the Botanical Garden
of Darmstadt University of Technology, Germany.

REFERENCES

Berg A., Orthen B., Arcoverde de Mattos E., Duarte H.M. &
Lüttge U. (2004) Expression of crassulacean acid metabolism in
Clusia hilarana Schlechtendal in different stages of development
in the field. Trees 18, 553–558.

Black C.C. & Osmond C.B. (2003) Crassulacean acid metabolism
photosynthesis: ‘working the night shift’. Photosynthesis
Research 76, 329–341.

Borland A.M. (1996) A model for the partitioning of photosyn-
thetically fixed carbon during the C3-CAM transition in Sedum
telephium. New Phytologist 134, 433–444.

Borland A.M. & Dodd A.N. (2002) Carbohydrate partitioning in
crassulacean acid metabolism plants: reconciling potential con-
flicts of interest. Functional Plant Biology 29, 707–716.

Borland A.M., Griffiths H., Maxwell C., Broadmeadow M.S.J., Grif-
fiths N.M. & Barnes J.D. (1992) On the ecophysiology of the
Clusiaceae in Trinidad: expression of CAM in Clusia minor L.
during the transition from wet to dry season and characterization
of three endemic species. New Phytologist 122, 349–357.

Borland A.M., Griffiths H., Broadmeadow M.S.J., Fordham M.C. &
Maxwell K. (1993) Short-term changes in carbon-isotope dis-
crimination in the C3-CAM intermediate Clusia minor L.
growing in Trinidad. Oecologia 95, 444–453.

Borland A.M., Griffiths H., Broadmeadow M.S.J., Fordham M.C. &
Maxwell C. (1994) Carbon-isotope composition of biochemical
fractions and the regulation of carbon balance in leaves of the
C3-crassulacean acid metabolism intermediate Clusia minor L.
growing in Trinidad. Plant Physiology 106, 493–501.

Borland A.M., Maxwell K. & Griffiths H. (2000) Ecophysiology of
plants with crassulacean acid metabolism. In Photosynthesis:
Physiology and Metabolism Advances in Photosynthesis
Vol. 9 (eds R.C. Leegood, T.D. Sharkey, S. von Caemmerer &
R. Kennedy), pp. 583–605. Kluwer Academic Publishers,
Dordrecht, the Netherlands.

Cosgrove D.J. (1999) Enzymes and other agents that enhance cell
wall extensibility. Annual Review of Plant Physiology and Plant
Molecular Biology 50, 391–417.

Deléens E. & Garnier-Dardart J. (1977) Carbon-isotope com-
position of biochemical fractions isolated from leaves of
Bryophyllum daigremontianum Berger, a plant with crassu-
lacean acid metabolism: some physiological aspects related to
CO2 and dark fixation. Planta 135, 241–248.

Deléens E., Garnier-Dardart J. & Querioz O. (1979) Carbon-
isotope composition of intermediates of the starch-malate
sequence and level of the crassulacean acid metabolism in leaves
of Kalanchoe blossjeldiana Tom Thumb. Planta 146, 441–449.

Dodd A.N., Borland A.M., Haslam R.P., Griffiths H. & Maxwell K.
(2002) Crassulacean acid metabolism: plastic, fantastic. Journal
of Experimental Botany 53, 569–580.

Farquhar G.D. & Sharkey T.D. (1982) Stomatal conductance and
photosynthesis. Annual Review of Plant Physiology 33, 317–
345.

Franco A.C., Ball E. & Lüttge U. (1992) Differential effects of
drought and light levels on accumulation of citric and malic acids
during CAM in Clusia. Plant, Cell & Environment 15, 821–829.

Gouws L.M., Osmond C.B., Schurr U. & Walter A. (2005) Distinc-
tive diel growth cycles in leaves and cladodes of CAM plants:
differences from C3 plants and putative interactions with sub-
strate availability, turgor and cytoplasmic pH. Functional Plant
Biology 32, 421–428.

Haag-Kerwer A., Franco A.C. & Lüttge U. (1992) The effect of
temperature and light on the gas exchange and acid accumula-
tion in the C3-CAM plant Clusia minor L. Journal of Experimen-
tal Botany 43, 345–352.

Haag-Kerwer A., Grams T.E.E., Olivares E., Ball E., Arndt S., Popp
M., Medina E. & Lüttge U. (1996) Comparative measurements
of gas exchange, acid accumulation and chlorophyll a fluores-
cence at different species of Clusia showing C3-photosynthesis
or crassulacean acid metabolism, at the same field site in Ven-
ezuela. New Phytologist 134, 215–226.

Hafke J.B., Neff R., Hütt M.-T., Lüttge U. & Thiel G. (2001) Day-
to-night variations of cytoplasmic pH in a crassulacean acid
metabolism plant. Protoplasma 216, 164–170.

Herzog B., Hoffmann S., Hartung W. & Lüttge U. (1999) Compari-
son of photosynthetic responses of the sympatric tropical
C3-species Clusia multiflora H.B.K. and the C3-CAM intermedi-
ate species Clusia minor L. to irradiance and drought stress in a
phytotron. Plant Biology 1, 460–470.

Holtum J.A.M. & Winter K. (2005) Carbon isotope composition of
canopy leaves in a tropical forest in Panama throughout a sea-
sonal cycle. Trees-Structure and Function 19, 545–551.

Holtum J.A.M., Smith J.A.C. & Neuhaus H.E. (2005) Intercellular
transport and pathways of carbon flow in plants with crassu-
lacean acid metabolism. Functional Plant Biology 32, 429–449.

Kluge M. & Ting I.P. (1978) Crassulacean Acid Metabolism. Analy-
sis of an Ecological Adaptation. Springer, Berlin, Germany,
Heidelberg, Germany and New York, NY, USA.

Lüttge U. (1986) Nocturnal water storage in plants having crassu-
lacean acid metabolism. Planta 168, 287–289.

Lüttge U. (1999) One morphotype, three physiotypes: sympatric
species of Clusia with obligate C3 photosynthesis, obligate CAM
and C3-intermediate behaviour. Plant Biology 1, 138–148.

Lüttge U. (2004) Ecophysiology of crassulacean acid metabolism
(CAM). Annals of Botany 93, 629–652.

Lüttge U. (2006) Photosynthetic flexibility and ecophysiological
plasticity: questions and lessons from Clusia, the only CAM tree,
in the neotropics. New Phytologist 171, 7–25.

Lüttge U. (ed.) (2007) Clusia. A Woody Neotropical Genus of
Remarkable Plasticity and Diversity. Ecological Studies Vol. 194.
Springer, Heidelberg, Germany.

Lüttge U. & Ball E. (1977) Water relations parameters of the CAM
plant Kalanchoë daigremontiana in relation to diurnal malate
oscillations. Oecologia 31, 85–94.

490 A. Walter et al.

© 2008 The Authors
Journal compilation © 2008 Blackwell Publishing Ltd, Plant, Cell and Environment, 31, 484–491



Matsubara S., Hurry V., Druart N., Benedict C., Chavarría-Krauser
A., Walter A., Janzik I. & Schurr U. (2006) Nocturnal changes in
leaf growth rate are controlled by cell proliferation in Populus
deltoides. Planta 223, 1315–1328.

Osmond C.B. (1978) Crassulacean acid metabolism: a curiosity in
context. Annual Review of Plant Physiology 29, 379–414.

Scharr H. (2005) Optimal filters for extended optical flow. In Pro-
ceedings of the International Workshop on Complex Motion,
LNCS 3417 (eds B. Jänne, R. Mester, E. Barth & H. Scharr), pp.
78–90. Springer, Heidelberg, Germany.

Schmitt A.K., Lee H.S.J. & Lüttge U. (1988) The response of the
C3-CAM tree Clusia rosea to light and water stress. Journal of
Experimental Botany 39, 1581–1590.

Schmundt D., Stitt M., Jähne B. & Schurr U. (1998) Quantitative
analysis of local growth rates of dicot leaves at high temporal and
spatial resolution, using image sequence analysis. The Plant
Journal 16, 505–514.

Sutton B.G. (1975a) The path of carbon in CAM plants at night.
Australian Journal of Plant Physiology 2, 377–387.

Sutton B.G. (1975b) Glycolysis in CAM plants. Australian Journal
of Plant Physiology 2, 389–402.

Walter A. & Schurr U. (2005) Dynamics of leaf and root growth –
endogenous control versus environmental impact. Annals of
Botany 95, 891–900.

Walter A., Feil R. & Schurr U. (2002) Restriction of nyctinastic
movements and application of tensile forces to leaves affects
diurnal patterns of expansion growth. Functional Plant Biology
29, 1247–1258.

Walter A., Christ M.M., Barron-Gafford G., Grieve K., Paige T.,
Murthy R. & Rascher U. (2005) The effect of elevated CO2 on
diel leaf growth cycle, leaf carbohydrate content and canopy
growth performance of Populus deltoides. Global Change
Biology 11, 1207–1219.

Wang N. & Nobel P.S. (1996) Doubling the CO2 concentration
enhanced the activity of carbohydrate-metabolism enzymes,
source carbohydrate production, photoassimilate transport, and
sink strength for Opuntia ficus-indica. Plant Physiology 110, 893–
902.

Wang N., Zhang H. & Nobel P.S. (1998) Carbon flow and carbohy-
drate metabolism during sink-to-source transition for develop-
ing cladodes of Opuntia ficus-indica. Journal of Experimental
Botany 49, 1835–1843.

Received 21 October 2007; received in revised form 17 December
2007; accepted for publication 19 December 2007

SUPPLEMENTARY MATERIAL

The following supplementary material is available for this
article:

Figure S1. Concurrent measurements of diel leaf growth
cycle and gas exchange in Clusia minor during the onset of
drought. Hourly means of leaf relative growth rate (RGR)
and net CO2 exchange (JCO2) are shown for an initially
well-watered plant of C. minor, from which water was with-
held after the commencement of the experiment. Open and
closed symbols show the average morning (0800–1200 h)
and early night (2300–0100 h) RGR values, respectively.
Insets show early day and early night total acidity (mmol g-1

fresh weight) for leaf disc samples from a growing leaf
at the beginning and at the end of the experiment,
respectively.
Figure S2. Concurrent measurements of diel leaf growth
cycle and gas exchange in a developing, well-watered leaf
of Clusia alata. Hourly means of leaf relative growth rate
(RGR) and net CO2 exchange (JCO2) are shown. Open and
closed symbols show the average morning (0800–1200 h)
and early night (2300–0100 h) RGR values, respectively.
Insets show early day and early night total acidity (mmol g-1

fresh weight) for leaf disc samples from a growing leaf
at the beginning and at the end of the experiment,
respectively.

This material is available as part of the online article
from http://www.blackwell-synergy.com/doi/abs/10.1111/
j.1365-3040.2008.01777.x
(This link will take you to the article abstract)

Please note: Blackwell Publishing is not responsible for the
content or functionality of any supplementary materials
supplied by the authors. Any queries (other than missing
material) should be directed to the corresponding author
for the article.
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