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Abstract The carbon isotope composition of the halo-
phyte Mesembryanthemum crystallinum L. (Aizoaceae)
changes when plants are exposed to environmental stress
and when they shift from C3 to crassulacean acid
metabolism (CAM). We examined the coupling between
carbon isotope composition and photosynthetic path-
way by subjecting plants of different ages to salinity and
humidity treatments. Whole shoot d13C values became
less negative in plants that were exposed to 400 mM
NaCl in the hydroponic solution. The isotopic change
had two components: a direct NaCl effect that was
greatest in plants still operating in the C3 mode and
decreased proportionally with increasing levels of dark
fixation, and a second component related to the degree
of CAM expression. Ignoring the presumably diffusion-
related NaCl effect on carbon isotope ratios results in an
overestimation of nocturnal CO2 gain in comparison to
an isotope versus nocturnal CO2 gain calibration
established previously for C3 and CAM species grown
under well-watered conditions. It is widely taken for
granted that the shift to CAM in M. crystallinum is
partially under developmental control and that CAM is
inevitably expressed in mature plants. Plants, cultivated
under non-saline conditions and high relative humidity
(RH) for up to 63 days, maintained diel CO2 gas-ex-
change patterns and d13C values typical of C3 plants.
However, a weak CAM gas-exchange pattern and an
increase in d13C value were observed in non-salt-treated
plants grown at reduced RH. These observations are
consistent with environmental control rather than
developmental control of the induction of CAM in
mature M. crystallinum under non-saline conditions.
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Abbreviations CAM: Crassulacean acid
metabolism Æ PEPC: Phosphoenolpyruvate
carboxylase Æ PFD: Photon flux density (400–700 nm) Æ
RH: Relative humidity Æ Rubisco: Ribulosebisphosphate
carboxylase/oxygenase

Introduction

The 13C/12C ratio of plant carbon, commonly expressed as
d13C value, has been widely utilized in large vegetation
surveys as an indicator of photosynthetic pathway (e.g.
Winter et al. 1983; Earnshaw et al. 1987; Crayn et al. 2004;
Holtum et al. 2004). If C4 photosynthesis is absent, d13C
values permit the assignment of plants as either C3 or as
crassulacean acidmetabolism (CAM), provided the latter
species obtain roughly 30% or more of their carbon via
phosphoenolpyruvate carboxylase (PEPC)-catalysed b-
carboxylation. PEPC, which is responsible for CO2 up-
take at night, discriminates less against 13CO2 than does
ribulosebisphosphate carboxylase/oxygenase (Rubisco)
which is responsible for the bulk of the CO2 fixed during
the light. As a result, plants with pronounced CAM ex-
hibit less negative d13C values than C3 plants do (Griffiths
1992; Black and Osmond 2003).

d13C values have been often used to assess, in a semi-
quantitative manner, the proportional contribution of
nocturnal CO2 fixation to plant carbon budgets (Winter
et al. 1978). Recent empirical evidence has improved the
efficacy by which 13C/12C ratio can be employed as a
quantitative indicator of the relative proportion of CO2

fixed during the day and night (Winter and Holtum
2002). For entire shoots of non-stressed, well-watered
CAM plants, we demonstrated that the d13C value of
total biomass carbon correlates in a strictly linear fash-
ion with the proportion of CO2 fixed in the dark such
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that for each 10% increase in dark CO2 fixation plant
d13C value becomes less negative by 1.8&.

In order to further strengthen the predictive value of
13C/12C ratio as an indicator of CAM utilization by
plants in situ we have begun to study the relationships
between d13C value and dark versus light CO2 fixation in
plants that are exposed to a range of environmental
stresses. Edaphic stress, such as reduced water avail-
ability, can modify d13C signature of CAM plants in
various ways. Stomatal conductance and thus net CO2

uptake during the light may be reduced, thereby
increasing the relative contribution of dark CO2 fixation
to carbon gain (Holtum and Winter 1999), which should
give rise to less negative d13C values. In some highly
flexible CAM species, such as members of the genus
Clusia, water deficit may stimulate dark CO2 fixation in
a reversible fashion (Winter et al. 1992; Borland et al.
1993; Lüttge 1996). Independent of such stress-induced
alterations of the proportion of CO2 assimilated during
the dark and light, d13C value can also be affected by
stress-related effects on the diffusional limitation of CO2

uptake. Increased diffusional limitation of C3 photo-
synthetic CO2 uptake in the light can lead to less nega-
tive d13C values whereas more negative d13C values are
to be expected if CO2 uptake in the dark becomes
increasingly diffusion-limited (Farquhar et al. 1982b,
1989).

In a first series of experiments on the effects of stress
on CAM plants, we have focused on salt stress. Most
CAM species are not salt tolerant, but some are, the
most prominent example being Mesembryanthemum
crystallinum, an annual, halophytic C3-CAM plant that
has become an experimental model species for studying
photosynthetic adaptation to salt stress (Cushman and
Bohnert 2002). When M. crystallinum is grown in highly
saline soil or hydroponic nutrient solution, plants ex-
hibit all the physiological features of a CAM plant,
whereas plants grown under non-saline conditions ex-
press photosynthetic characteristics that usually resem-
ble those of C3 species (Winter and von Willert 1972;
Edwards et al. 1996). Studies of the isotopic composi-
tions of plants growing under a variety of conditions in
the field and in the laboratory have reported d13C values
that range between �26& and �14& (Winter et al.
1978; Bloom and Troughton 1979; Winter and Ziegler
1992). The induction of CAM in M. crystallinum is not
salt-specific, drought and other treatments that reduce
water availability can also elicit CAM, and some CAM
activity may even occur in mature to old plants in the
absence of a stress treatment. The latter observation has
led some authors to conclude that the switch from C3

photosynthesis to CAM is primarily a developmental
phenomenon, and that salinity merely accelerates an
inevitable, essentially irreversible ontogenetic process
(von Willert and Kramer 1972; Herppich et al. 1992;
Adams et al. 1998; Cushman and Borland 2002; Lüttge
2004). However, growth of a halophyte under non-saline
conditions may eventually become stressful because the
plant will lack the salts required for adequate osmotic

adjustment and turgor maintenance. In M. crystallinum,
the frequently observed diurnal wilting of mature leaves
on mature non-salt-treated plants may be the expression
of such impaired water relations (Winter and Gademann
1991; Winter and Smith 1996). The occurrence of CAM
under these conditions may thus be the result of an
environmental stress rather than a developmental phe-
nomenon.

In the following, we demonstrate that for salt-treated
M. crystallinum, the relationship between d13C value and
the proportional engagement in CAM differs markedly
from the relationship established previously for well-
watered constitutive CAM species, probably because of
a strong salt effect on the diffusional component of CO2

fractionation. Furthermore, our study helps to resolve
the conflicting interpretations in the literature about
the nature of CAM activity in mature/old plants of
M. crystallinum cultivated under non-saline conditions
(Schmitt et al. 1996; Winter and Smith 1996; Adams
et al. 1998).

Materials and methods

Plant material and growth conditions

Seeds of M. crystallinum L., available from our labora-
tory stock, were germinated in ‘‘Cactus & Succulent
Potting Mix’’ (Schultz, St. Louis, MO, USA) in a con-
trolled environment chamber (GCT-8, GEC, Chagrin
Falls, OH, USA) maintained under a 12-h light [23�C,
50% relative humidity (RH)]/12-h dark cycle (17�C,
80% RH). Light was provided by eight fluorescent light
tubes (Sylvania 115 W F48T12/CW/VHO). Photon flux
density (PFD) during plant establishment was
250 lmol m�2 s�1. Twelve days after germination,
plants were transferred to aerated hydroponic culture
solution comprising 3 mM KNO3, 2 mM Ca(NO3)2,
0.5 mM NH4H2PO4, 0.5 mM (NH4)2HPO4, 0.5 mM
MgSO4, 12.5 lM H3BO3, 1 lM MnSO4, 1 lM ZnSO4,
0.25 lM CuSO4, 0.25 lM MoO3 and 10 lM ethylene-
diaminetetraacetic acid iron(III)-sodium salt. The
nutrient solution was replaced weekly.

CO2 exchange and plant measurements

Shoots of 2- or 3-week-old plants were sealed in a
translucent Plexiglas gas-exchange cuvette located in the
temperature-controlled growth chamber in which the
plants had been maintained. Root systems, still attached
to the plants, were in a pot containing 800 ml aerated
hydroponic solution outside the cuvette but still in the
cabinet. For plants studied up to ages of 28 or 35 days,
the cuvette had a volume of 1.2 l (11 cm·11 cm·10 cm),
and plants studied up to ages of 42, 49 or 63 days,
the cuvette volume was 6 l (20 cm·20 cm·15 cm).
The shoots inside the cuvettes were maintained under a
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regime of 12-h light (PFD 340 lmol m�2 s�1; 25�C)/12-
h dark cycle (17�C). The dew-point of the air entering
the chamber during the dark and light was 15�C in
standard treatments or 2�C in low-humidity treatments.
During the light, in the standard treatment, the dew-
point of the air exiting the cuvette increased from 15.2�C
to 23.0�C depending upon the plant size, whereas the
dew-point increased from 4.3�C to 16.5�C in the reduced
humidity treatments.

Net CO2 exchange was measured using a through-
flow system (Walz, Effeltrich, Germany). The air supply,
ambient air sourced 16 m above ground level and passed
through a 2-m3 buffer, was pumped through the cuvettes
at between 2.3 l min�1 and 4.5 l min�1, dehumidified in
a cold-trap at 2�C (Walz KF-18/2) and the CO2 con-
centration determined using an infra-red gas analyser
(LI-6252, LI-COR, Lincoln, NE, USA).

Leaf areas, tissue dry masses and d13C values were
measured at the beginning of each experiment on plants
that were grown in parallel with the experimental plants,
and at the completion of each experiment. Leaf areas
were measured using a leaf-area meter (LI-3100, LI-
COR, Lincoln, NE, USA).

Net CO2 uptake is defined as the sums of the amounts
of CO2 assimilated during periods of net CO2 uptake in
the light or dark. CO2 gain is defined as the sums of the
amounts of CO2 assimilated during periods of net CO2

uptake minus the sums of the amounts of CO2 evolved
during periods of net CO2 loss in the light or dark.

Given the long-term nature of each whole-plant
experiment, the values shown in Tables 1, 2 refer to
single plants. Each experiment lasted between 14 and 42
entire 12-h light/12-h dark cycles, during which net CO2

exchange of a whole intact shoot was continuously
monitored and a value for the rate of net CO2 exchange
was obtained every 4 min. Individual experiments were
part of a time sequence (14, 21, 28 and 42 days) where
one experiment builds upon another. For example,
replicate values for net CO2 exchange at 14, 21 and
28 days could be obtained from the 42-day experiment.
Such interpolations between experiments (as denoted by

+ in Fig. 4) were consistent with individual values
provided by the time sequence. An extension of CO2

measurements over the entire life-cycle of plants (data
not shown) further confirmed the strength of the con-
clusions drawn from the information presented in Ta-
bles 1, 2.

Carbon and carbon isotope determinations

Shoots of experimental plants were freeze-dried, further
dried in an oven at 65�C for 48 h and homogenized to a
fine powder using a mortar and pestle. Carbon isotope
ratios were determined for CO2 derived from 3-mg
samples of plant powder (Crayn et al. 2001; Pierce et al.
2002; Winter and Holtum 2002).

Samples were analysed at the Analytical Chemistry
Laboratory, Institute of Ecology, University of Georgia,
Athens, Georgia, using isotope ratio mass spectrometry.
Following the appropriate corrections for other iso-
topes, the abundance of 13C in each sample was calcu-
lated relative to the abundance of 13C in standard CO2

that had been calibrated against Pee Dee belemnite
(Belemnitella americana). Relative abundance was
determined using the relationship

d13CðÞ ¼ ½ð13C=12C of sampleÞ=ð13C=12C of standardÞ
� 1� � 1; 000:

ð1Þ
13C/12C analyses were performed on three aliquots of

the powdered extracts of shoots harvested at the onset of
the experiment, and on six aliquots of the extracts of
shoots grown in the gas-exchange system. The mean
d13C value of the initial tissues was �30.4&. The stan-
dard deviations of the measurements of each shoot at
the end of the experiments ranged between ±0.1& and
0.3&.

d13C values were corrected for the effect on discrim-
ination of the depletion of the CO2 concentration inside
the chamber during periods of CO2 uptake (Farquhar

Table 1 Initial and final dry masses, carbon contents and leaf areas of M. crystallinum of different ages grown in hydroponic culture
without added NaCl or containing 400 mM NaCl

Plant age (days) Time at 400 mM NaCla (days) Dry massb Carbon Leaf area

Final (mg) Final/initial Final (mg) Final/initial Final (cm2) Final/initial

15–28 None 415 58 134 57 86 50
15–28 Last 9 189 26 41 17 21 12
22–35 None 757 23 255 23 147 20
22–35 Last 9 613 19 127 12 63 9
22–42 None 1,138 34 438 40 154 21
22–42 Last 9 1,929 58 503 46 178 25
22–49 None 2,247 68 820 76 360 50
22–49 Last 16 4,099 124 1,086 100 318 44
22–63 None 4,625 140 1,762 162 283 39
22–63 Last 30 5,431 165 1,494 138 206 29

aPreceded by 3 days during which NaCl was increased by 100 mM per day
bNot corrected for salt content
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et al. 1982a). The correction assumes that any fraction-
ation inside the chamber will be D/cin less than that
which would occur with the same ci/ca and no depletion,
where D = depletion of 12CO2 (effectively the depletion
of CO2), and cin = the CO2 concentration of the air
entering the chamber. Daily averages of CO2 depletion,
which included depletion during the light and dark, were
used to calculate a mean depletion over the course of
each experiment. No CO2 depletion occurred during the
dark in non-salt-treated plants, and in salt-treated
plants, depletion in the dark did not exceed 30 ppm.

The d13C content of shoots formed during the period
of growth in the cuvette (d13Cnew) was calculated
assuming the relationship

d13Cnew ¼ ½d13Cfinal

� ðCinitial=Cfinal � d13CinitialÞ�=½ðCfinal

� CinitialÞ=Cfinal�; ð2Þ

where d13Cinitial and d13Cfinal are the d13C values, in &,
of the initial and harvested shoots, respectively. Simi-
larly, Cinitial and Cfinal are the carbon contents of the
initial and harvested shoots.

For the determination of carbon content, freeze-dried
shoot material was analysed using a CHN analyser
(Heraeus, Hanau, Germany) at the University of
Würzberg, Germany.

Results

We quantified the contributions of light and dark CO2

fixation to plant C budgets by continually monitoring
net CO2 exchange of shoots of M. crystallinum which
were grown inside a gas-exchange measuring cuvette for
up to 42 days. During this period, in excess of 90% of
the final dry mass was formed inside the cuvette (Ta-
ble 1). The dry masses and C contents of shoots of
plants which were grown in the absence of added NaCl

(untreated) increased between 23- and 140-fold and 23-
and 162-fold respectively, whereas the dry mass and C
increases of shoots of plants exposed to 400 mM NaCl
were 19- to 165-fold, or between 12- and 138-fold,
respectively.

Net CO2 uptake and carbon gain, as defined in the
Materials and methods section, were restricted to the
light in both untreated plants and in plants up to 35-day-
old which had been exposed to 400 mM NaCl from days
20 or 27 (Table 2). However, the daily CO2 exchange
patterns of the untreated and salt-treated shoots dif-
fered. The former exhibited patterns typical of C3 pho-
tosynthesis (Fig. 1a, c) whereas the latter exhibited
patterns characteristic of weak CAM plants, with re-
duced respiratory CO2 loss during the dark and a dis-
tinct midday depression in CO2 uptake (Fig. 1b, d).
These features of CAM were more pronounced in the
shoots of 35-day-old than 28-day-old plants, grown for
the last 9 days with 400 mM.

Shoots of plants subjected to 400 mMNaCl from day
34 and subsequently grown for between 9 days and
30 days expressed net CO2 uptake in the dark (Table 2;
Fig. 1f, h, j). Increasing time of exposure to NaCl was
associated with a rise in the proportion of net CO2 up-
take in the dark from 4.3% to 27.4%, an increase in the
proportion of plant carbon gained in the dark from 0%
to 24.8%, and progressively prominent midday depres-
sions in net CO2 assimilation. In contrast, untreated
plants always exhibited C3-like net CO2 uptake, carbon
gain and gas exchange patterns (Table 2; Fig. 1e, g, i).

The time courses of daily net carbon gain in shoots
grown in the cuvette from day 22 to day 63 in the
presence or absence of 400 mM NaCl illustrate well the
relationships between exposure to NaCl and the carbon
budgets of the developing plants. The untreated plants
exhibited continual carbon gain during the light and
carbon loss during the dark (Fig. 2a). The rates of CO2

gain during the light increased rapidly as the leaves on
the primary axis developed until they reached stasis

Table 2 d13C values and carbon budgets during the light and dark for M. crystallinum of different ages grown in hydroponic culture
without added NaCl or containing 400 mM NaCl

Plant age
(days)

Time at 400 mM
NaCl (days)

Net CO2 uptake CO2 gain d13C (&)

Light (mmol) Dark (mmol) Dark (%) Light (mmol) Dark (mmol) Dark (%) Measured Corrected

15–28 None 20.3 0 0 20.3 �2.1 0 �26.6 �28.7
15–28 Last 9 5.7 0 0 5.7 �0.6 0 �24.8 �24.8
22–35 None 42.3 0 0 42.3 �4.0 0 �25.8 �28.4
22–35 Last 9 16.7 0 0 16.7 �1.5 0 �24.3 �25.0
22–42 None 65.0 0 0 65.0 �6.9 0 �26.7 �28.3
22–42 Last 9 63.0 2.8 4.3 63.0 �0.2 0 �23.9 �24.7
22–49 None 162.3 0 0 162.3 �21.5 0 �25.9 �28.9
22–49 Last 16 117.5 15.1 11.4 117.5 10.6 8.3 �22.3 �23.5
22–63 None 301.0 0 0 301.0 �51.7 0 �26.2 �29.5
22–63 Last 30 126.9 47.9 27.4 126.2 41.7 24.8 �20.4 �21.0

CO2 gain is the amount of CO2 assimilated during periods of net
CO2 uptake minus the amount of CO2 evolved during episodes of
net CO2 loss during the 12-h light or dark periods. Net CO2 uptake
is the amount of CO2 assimilated during periods of net CO2 uptake
in the light or dark. The isotopic compositions of plant carbon

accrued during the experiments were obtained by correcting mea-
sured d13C values for the isotopic composition of carbon in the
starting tissues and for the effects on isotopic fractionation of the
depletion of the CO2 concentration in the gas-exchange cuvette
during each experiment
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around day 40 when the expanding upper leaves began
to shade lower leaves and side-branches began to de-
velop. The rates of carbon gain in the light did not begin
to increase again until around day 57 when the devel-
oping secondary shoot system, with its numerous smal-
ler leaves and chloroplast-containing stems, fully
emerged from the shade of the large primary leaves that
had begun to senesce. Throughout the experiment, the
untreated plants exhibited a loss of respiratory carbon
during the dark that increased steadily in rate with the
increase in plant biomass. Transient increases in the rate
of respiratory CO2 evolution were associated with the
weekly replacement of the nutrient solution.

Plants which were exposed to NaCl exhibited very
different patterns of carbon gain and loss during the day

and night in comparison to the untreated plants
(Fig. 2a, b). Exposure to 400 mM NaCl resulted in an
immediate, although transitory, reduction in the rate of
carbon gain in the light and the rapid induction of net
CO2 uptake in the dark that typifies CAM (Fig. 2b).
Carbon gain during the light recovered once the plant
had regained turgor but did not continue to increase in a
manner exhibited by the untreated plants. Rather, car-
bon gain in the light decreased after day 40 as the
midday depression typical of CAM photosynthesis be-
came more pronounced (Fig. 1f, h, j). Changes in the
contributions to carbon gain in both the light and dark
by the leaves of the primary and secondary shoots
dominated the carbon exchange signals between days 52
and 59. A subsequent increase in the rates of carbon gain
in the light and dark after day 60 was associated with the
continuing extension and maturation of the secondary
shoot system.

The d13C contents of new carbon in the shoots of
untreated plants were C3-like, ranging between �28.3&
and �29.5& (Table 2). In contrast, the d13C composi-
tions of the shoots of the salt-treated plants were in all
instances less negative than those of the shoots of un-
treated plants of the same age. In the 28- and 35-day-old
salt-treated shoots which did not exhibit net CO2 uptake
or CO2 gain in the dark, the d13C values were 3.3–4.7&
less negative than in the untreated controls, a difference
that increased to 8.5& with increasing proportions of
net CO2 uptake or CO2 gain in the dark.

For plants between 28- and 42-day-old, which had
been exposed to 400-mM NaCl for the last 9 days only,
the gas-exchange pattern of the 42-day-old plants
exhibited net dark CO2 uptake, indicating a more rapid
transition from C3 to CAM in the older tissues (Fig. 1b,
d, f).

In comparison with untreated plants grown under the
standard high-humidity conditions (incoming air dew-

Fig. 2 CO2 balance during 12-h light (open circle) and 12-h dark
(filled circle and shading) periods between days 22 and 63 of the
shoot of a M. crystallinum plant grown in the absence of added
NaCl (a) and a plant exposed to 400 mM NaCl (b). The [NaCl] was
increased to 400 mM over 4 days by the daily addition of 100 mM
beginning at day 31 (indicated by the arrows)

Fig. 1 Net CO2 exchange on the final experimental day for shoots
ofM. crystallinum grown for 28 (a, b), 35 (c, d), 42 (e, f), 49 (g, h) or
63 days (i, j). Plants were grown in the absence of added NaCl (a, c,
e, g, i) or in the presence of added 400 mM NaCl as described in
Table 1 (b, d, f, h, j). Horizontal solid bars indicate the dark period,
and horizontal open bars indicate the light period
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point of 15�C) which exhibited solely C3 patterns of
photosynthesis (Figs. 1g and 2), 49-day-old untreated
plants grown for 28 days in reduced humidity (incoming
air dew-point of 2�C) exhibited low rates of respiration
and a net gas exchange pattern at day 49 characteristic
of weak CAM (Fig. 3a, b).

The isotopic compositions of the untreated shoots of
M. crystallinum that accumulated all their carbon during
the light were similar to those reported by Winter and
Holtum (2002) for C3 plants grown in the same gas-
exchange system (Fig. 4). However, the d13C values of
the M. crystallinum which exhibited 100% net CO2 fix-
ation during the light after exposure to 400 mM NaCl

for short periods differed from the Winter and Holtum
calibration line and the untreated shoots in that they
were less negative. The d13C values of �27.4& and
�27.1& obtained in two independent experiments for
untreated plants exposed to reduced humidity were
intermediate between the values for plants grown under
high humidity that were either not exposed to added
NaCl or exposed for 9 days (Fig. 4).

When subjected to 400 mM NaCl, the d13C values of
the shoots became less negative with the rate of change
being linearly correlated with the increasing proportion
of CO2 fixed during the dark, whether expressed as a
proportion of net CO2 fixation or as a proportion of net
carbon gain (Fig. 4).

Discussion

The relationship between whole shoot d13C value and
the proportion of carbon fixed during the light and dark
in M. crystallinum grown under humid conditions differs

Fig. 3 CO2 balance during 12-h light (open circle) and 12-h dark
(filled circle and shading) periods between days 22 and 49 (a) and
net CO2 exchange on day 49 (b) for the shoot of a 49-day-old
M. crystallinum plant grown in the absence of added NaCl and at a
reduced RH (2�C dewpoint of air entering the cuvette)

Fig. 4 Relationships between d13C values and the percentage net
CO2 uptake (open symbols) or CO2 gain (closed symbols;
y = �6.8385x � 68.666, r2=1.00) during the light in M. crystall-
inum of different ages grown in the absence of added NaCl (open
square, filled square) or grown in the presence of 400 mM NaCl
(open circle, filled circle) for between 9 days and 30 days. (open
diamond, filled diamond) Values for two plants grown in the absence
of added NaCl at a reduced RH for 28 days (see legend of Fig. 3).
Where net CO2 uptake and CO2 gain values overlap, partially filled
symbols are used. For NaCl-treated plants, d13C values and the
percentage CO2 gain were also calculated on the basis of changes
that occurred between day 35 and days 42, 49 and 63 (+). Arrows
highlight the effects of NaCl on increasing the resistance to CO2

diffusion and inducing changes in the proportion of CO2

assimilated during the light and dark associated with CAM. The
dashed line is the relationship between d13C and the proportion of
CO2 assimilated during the light and dark derived by Winter and
Holtum (2002) for a range of CAM and C3 species grown under
well-watered conditions (y = �5.252x � 43.913, r2=0.958). All
d13C values have been corrected for CO2 depletion in the gas-
exchange cuvette and the d13C contents of carbon in shoots at the
beginning of each experiment
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markedly from the calibration line established for well-
watered C3 and CAM species (Fig. 4; Winter and Hol-
tum 2002). The d13C values of M. crystallinum were less
negative in plants that were exposed to 400 mM NaCl
than in untreated plants. The shift in isotopic composi-
tion comprised two components; an initial NaCl effect
consistent with an increased diffusional limitation of
CO2 uptake and a reduction of ci/ca in the light (Far-
quhar et al. 1982a; Winter and Gademann 1991), and a
second component related to the degree of dark CO2

fixation associated with the induction of CAM.
The difference between the isotopic composition pre-

dicted by theWinter-Holtum calibration line and the d13C
values observed in NaCl-treated M. crystallinum was, at
3.3–4.7&, most pronounced in plants that assimilated
CO2 solely during the light i.e. in plants operating solely in
theC3mode.With increasing time of exposure to 400 mM
NaCl, the NaCl-associated isotopic shift became less
pronounced as the proportion of CO2 gained during the
dark rose and the rates of CO2 fixation during the light
decreased thus diminishing the contribution of Rubisco
fractionation to the isotopic signature.

The observation that the slope of the M. crystallinum
calibration line is steeper rather than parallel to the
calibration line established for well-watered CAM plants
indicates that the NaCl effect on fractionation decreases
with increasing proportion of dark CO2 fixation and
thus is predominately due to effects on fractionation
events that occur during the light. For salt-treated M.
crystallinum, the tissue d13C changed by 1.5& for each
10% increase in dark CO2 fixation over the range we
measured, as compared to 1.8& for well-watered CAM
plants. The two calibration lines coalesce at about
�15.6&, an isotopic value equivalent to about 38%
dark CO2 fixation. It remains to be demonstrated whe-
ther the lines coadunate or cross over. If the latter was
true, the M. crystallinum line would intercept the x-axis
(100% carbon assimilation in the dark) at �10.0&,
compared with �8.4& for the well-watered CAM spe-
cies, indicating a greater diffusion limitation of PEPC-
mediated CO2 uptake inM. crystallinum (Farquhar et al.
1989).

The salt-related shift in whole plant d13C values evi-
dent in Fig. 4 highlights the potential for misinterpreting
isotopic signals in leaves of succulent plants exposed to
salt and water stress. A shift in d13C value of the Aus-
tralian species Disphyma clavellatum (Aizoaceae) ex-
posed to salinity was interpreted as an indication of a
change in ci/ca alone (Neales et al. 1983). However, in
other experiments, a proportion of the shift reflected an
increased contribution of dark CO2 fixation to carbon
gain because salt and drought stressed plants exhibited
nocturnal increases in malic acid content typical of
CAM (Winter et al. 1981). Similarly, a shift in the iso-
topic signal in the halophyte Puccinellia nuttalliana was
interpreted as a change in photosynthetic pathway (Guy
et al. 1980) but was subsequently re-interpreted as an
effect of changing ci (Farquhar et al. 1982a). Salinity-
associated decreases in d13C values that are not linked to

changes in the proportions of CO2 gain during the light
and the dark have been reported for halophytes that
include Salicornia virginica (Card et al. 1974), Salicornia
fruticosa (Abdulrahman and Williams 1981), Avicennia
marina and Aegiceras corniculatum (Farquhar et al.
1982a).

The observation that weak CAM can develop in M.
crystallinum grown in non-saline conditions has led to
the suggestion that the occurrence of CAM in M. crys-
tallinum is an inevitable developmental process that is
accelerated by stresses such as salinity (Cushman et al.
1990; Herppich et al. 1992; Adams et al. 1998; Lüttge
2004). However, in this study, M. crystallinum grown for
up to 63 days of age in the absence of added NaCl, by
which time the plants had five side branches that sup-
ported ca. 79% of the leaf area i.e. had completed about
two-third of their life cycle until flowering and were
mature by definition (Adams et al. 1998; Bohnert and
Cushman 2000), did not at any stage of their develop-
ment exhibit CAM-like net CO2 fixation or net carbon
gain in the dark (Figs. 1 and 2). Indeed, in experiments
currently underway in our laboratory, M. crystallinum
has been grown to flowering without ever showing a
positive nocturnal CO2 balance. Even in the absence of
nocturnal net CO2 uptake measured for whole shoots, a
small fraction of the tissue could have fixed CO2.
However, to be completely masked by the whole-shoot
CO2 exchange signal, any such CAM activity would
have been extremely low and localized. The lack of
detectable CAM in the non-salinated shoots is most
likely the result of growing the plants under high
humidity that reduced transpirationally induced leaf
water-deficits. Diurnal decreases in turgor pressure,
evidenced by perceptible afternoon wilting that becomes
increasingly evident with leaf age, are commonly ob-
served in mature leaves of plants that have not been
subjected to any particular stress treatment, but which
often have been cultured in growth chambers or glass-
houses without attention to the fine control of RH and
resulting leaf-air vapour pressure gradients (Winter and
Gademann 1991). Support for the role of high humidity
reducing transpirationally induced leaf water-deficits is
provided by the observation that plants grown under
conditions of reduced humidity in the absence of added
NaCl began to develop CAM, as evidenced by net CO2

uptake during the dark on day 49 (Fig. 3).
The induction of CAM observed in M. crystallinum

during this study was the result of exposure to the
stressful level of 400 mM NaCl. However, growth of
M. crystallinum in the absence of added NaCl is also not
optimal since M. crystallinum is a halophyte and, like
many other halophytes, requires some NaCl for turgor
maintenance and optimal growth (Winter and Lüttge
1976). For example, the d13C value of leaves of the
halophyte D. clavellatum grown in the absence of added
NaCl was 0.6& more negative than that from plants
grown in 50 mM NaCl, presumably the effect of a sub-
optimal NaCl concentration on CO2 diffusion into the
leaves (Neales et al. 1983). In this context, it would be of
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interest to examine the interactions between carbon
isotope composition, ci/ca and the induction of CAM in
M. crystallinum exposed to a range of NaCl concentra-
tions and to high humidity.

The absence of CAM in the untreated plants that
were cultured for 63 days under conditions of high
humidity is consistent with, but does not conclusively
prove, the hypothesis that the expression of CAM in M.
crystallinum is, strictu sensu, induced by environment
rather than an inevitable consequence of development. It
indicates nevertheless, that any plant age-related devel-
opmental influence is, at most, small in comparison to
environmental effects. In contrast to the uncertainty as
to whether the expression of CAM in M. crystallinum is
inevitable as plants age, there is considerable evidence
for a correlation between leaf age and the ability to
develop CAM (Winter 1973; Piepenbrock and Schmitt
1991; Schmitt et al. 1996). The increased capacity to
exhibit CAM in mature as compared to young leaves
and to express enzymes such as PEPC and pyruvate
orthophosphate dikinase (Fißlthaler et al. 1995; Cush-
man and Bohnert 2002) is also commonly reported in
constitutive CAM species (Jones 1975) and in other
inducible CAM species (Borland et al. 1998). The
observation that, in the 42-day-old plants, CAM devel-
oped more readily after 9 days of exposure to 400 mM
NaCl than in 35- and 28-day-old plants (Fig. 1b, d, f), is
consistent with a leaf age effect on the susceptibility to
CAM induction because 42-day-old plants had a larger
proportion of mature leaf tissue than 35- and 28-day-old
plants had.

An unequivocal solution to the question whether
there is or is not an inevitable shift from C3 to CAM in
M. crystallinum still requires the demonstration that the
plant can complete its life cycle without ever engaging in
even the weakest form of CAM. If some CAM activity is
detected, and a case is to be made for a non-environ-
mentally related C3 to CAM shift, then it must be
demonstrated that leaf water deficits were excluded as a
possible cause. It is now clear that M. crystallinum can
attain maturity without exhibiting CAM.
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Winter K, Lüttge U, Winter E, Troughton JH (1978) Seasonal shift
from C3 photosynthesis to crassulacean acid metabolism in
Mesembryanthemum crystallinum growing in its natural envi-
ronment. Oecologia 34:225–237

Winter K, Osmond CB, Pate JS (1981) Coping with salinity. In:
Pate JS, McComb AJ (eds) Biology of Australian native plants.
University of Western Australia Press, Perth, pp 88–113

Winter K, Wallace BJ, Stocker GC, Roksandic Z (1983) Crassu-
lacean acid metabolism in Australian vascular epiphytes and
some related species. Oecologia 57:129–141

Winter K, Zotz G, Baur B, Dietz KJ (1992) Light and dark CO2

fixation in Clusia uvitana and the effects of plant water status
and CO2 availability. Oecologia 91:47–51

209


	Sec1
	Sec2
	Sec3
	Sec4
	Sec5
	Tab1
	Sec6
	Tab2
	Fig2
	Fig1
	Sec7
	Fig3
	Fig4
	Ack
	Bib
	CR1
	CR2
	CR3
	CR4
	CR5
	CR6
	CR7
	CR8
	CR9
	CR10
	CR11
	CR12
	CR13
	CR14
	CR15
	CR16
	CR17
	CR18
	CR19
	CR20
	CR21
	CR22
	CR23
	CR24
	CR25
	CR26
	CR27
	CR28
	CR29
	CR30
	CR31
	CR32
	CR33
	CR34
	CR35
	CR36
	CR37
	CR38
	CR39
	CR40
	CR41
	CR42
	CR43

