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The relative influence of plant age and environmental stress signals in triggering a shift from C3 photosynthesis to 
Crassulacean acid metabolism (CAM) in the annual halophytic C3-CAM species Mesembryanthemum crystallinum was explored 
by continuously monitoring net COz exchange of whole shoots from the seedling stage until seed set. Plants exposed to high 
salinity (400 mM NaCl) in hydroponic culture solution or grown in saline-droughted soil acquired between 11% and 24% of 
their carbon via net dark C02 uptake involving CAM. In contrast, plants grown under nonsaline, well-watered conditions were 
capable of completing their life cycle by operating in the C3 mode without ever exhibiting net C02 uptake at night. These 
observations are not consistent with the widely expressed view that the induction of CAM by high salinity in M. crystallinum 
represents an acceleration of preprogrammed developmental processes. Rather, our study demonstrates that the induction of 
the CAM pathway for carbon acquisition in M. crystallinum is under environmental control. 

One of the most intriguing plant adaptations to 
environmental stress is Crassulacean acid metabolism 
(CAM), a water-conserving mode of photosynthesis 
(Winter et al., 2005) expressed by an estimated 6% of 
vascular plant species (Smith and Winter, 1996; Crayn 
et al., 2004; Silvera et al., 2005). CAM is characterized 
by nocturnal uptake of COz via phosphoeno/pyruvate 
carboxylase (PEPC) into malic acid (Winter and Smith, 
1996; Holtum et al., 2005). Decarboxylation of malic 
acid during the light internally liberates COz, which 
is incorporated into the PCR cycle via Rubisco. The 
refixation of COz in the light does not require stomata 
to be open, minimizing transpirational water loss 
during those parts of the day when the driving forces 
for water loss are high. Considerable interspecific 
variability exists between CAM species in the degree 
to which they engage in the CAM cycle relative to C3 

photosynthesis in the light (Skillman and Winter, 1997; 
Holtum and Winter, 1999; Winter and Holtum, 2002; 
Pierce et al., 2002a, 2002b; Gehrig et al., 2003; Liittge, 
2006), in part a reflection of the range of CAM plant life 
forms and habitats in which CAM plants are found. 

The adaptive significance of CAM is probably best 
illustrated by species that exhibit a high intraspecific 
plasticity in the capacity to express CAM (Winter et al., 
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1992; Zotz and Winter, 1993; Holtum et al., 2004). Of 
these so-called C3-CAM species, the most widely stud- 
ied is Mesembryanthemum crystallinum, a halophytic 
annual in the Aizoaceae (Winter and Holtum, 2005). 

The ability of M. crystallinum to switch from photo- 
synthetic metabolism typical of a C3 plant to that of a 
CAM plant in response to high soil salinity was first 
described more than 3 decades ago (Winter and von 
Willert, 1972). Subsequently, it was demonstrated that 
CAM is also induced by nonsaline treatments that 
result in leaf-water deficits, indicating that salt stress 
elicits CAM by adversely affecting plant-water rela- 
tions and not through ion-specific effects (Winter, 1973, 
1974a). Of the environmental stressors demonstrated 
to induce CAM in M. crystallinum, high salinity leads 
to the highest and most predictable degree of CAM 
expression in mature leaves. As a result, comparative 
studies between salt-treated and non-salt-treated plants 
operating in either the CAM or C3 mode of photosyn- 
thesis, respectively, have become a widely used model 
system to identify and elucidate key physiological, bio- 
chemical, and molecular processes that underlie the 
functioning of the CAM pathway (Winter et al., 1982, 
1986; Demmig and Winter, 1983; Liittge, 1993; Edwards 
et al., 1996; Schmitt et al., 1996; Bohnert and Cushman, 
2000; Cushman and Borland, 2002). 

Soon after the first demonstration of experimentally 
triggered CAM in M. crystallinum, some CAM activity 
was detected in old plants that had not been exposed 
to any particularly designed stress treatment, an ob- 
servation that led to the conclusion that M. crystallinum 
automatically exhibits CAM at a certain advanced stage 
of development and that salt stress merely accelerates 
normal plant age-dependent processes (von Willert and 
Kramer, 1972). The notion that the induction of CAM in 
M. crystallinum is a preprogrammed developmental 
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process gained momentum after its inclusion in 
Osmond's landmark review on CAM in 1978. Since 
then, there have been frequent reports of some CAM 
activity in well-watered, non-salt-treated mature to 
old plants (e.g. Cushman et al., 1990) and M. crystal- 
linum is now commonly described in the literature as 
"a halophyte with a developmentally programmed 
switch from C3 photosynthesis to CAM which is accel- 
erated by salinity and drought" (p. 171; Adams et al., 
1998; see also Herppich et al., 1992; Cushman, 2001; 
Yen et al., 2001; Cushman and Bohnert, 2002; Cushman 
and Borland, 2002; Grams and Thiel, 2002; Black and 
Osmond, 2003; Dodd et al., 2003; Popp et al., 2003; 
Trofimova et al., 2003; Berg et al., 2004; Bozhko et al., 
2004; Hurst et al., 2004; Libik et al., 2004; Luttge, 2004; 
Niewiadomska et al., 2004). 

If environmental stress only acts as an accelerator 
of CAM in M. crystallinum, then nonstressed plants 
should eventually attain levels of CAM expression 
that are similar to those that can be induced experi- 
mentally by salt stress. This corollary has never been 
tested rigorously by comparative lifetime measure- 
ments of C02 assimilation patterns, neither with M. 
crystallinum nor with any other photosynthetically 
plastic CAM plant (Dodd et al., 2002). Quantification 
of the contributions of environmental and develop- 
mental factors to the CAM induction process addresses 
a fundamental question about the biology of CAM, 
whether distinctions between constitutive and facul- 
tative CAM species have merits or are without foun- 
dation (Osmond, 1978). 

The study documented here measures the contribu- 
tions of C3 photosynthetic C02 uptake and CAM to 
total lifetime carbon gain in M. crystallinum grown 
under saline or nonsaline conditions. Lifetime carbon 
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Figure 1. Diel (24 h) net C02 exchange pattern of the shoot of a 97-d- 
old, flowering plant of M. crystallinum grown in hydroponic solution 
containing 400 mM NaCI. White bar indicates the light period; black 
bar indicates the dark period. The sum of the areas between the net C02 

exchange trace and the zero line, designated 1 and 3, represents net 
C02 uptake during the light period. Area 1 plus area 3 minus area 2 
represents net C02 balance during the light period. Area 5 represents 
net C02 uptake during the dark period. Area 5 minus area 4 minus area 
6 represents net C02 balance during the dark period. 

gain was determined by continuously monitoring 24-h 
light-dark patterns of net COz exchange of whole 
shoots, starting with juvenile plants and continuing 
measurements through to fully mature plants until 
they flowered and produced seeds. Our observations 
do not support the hypothesis that salt stress affects car- 
bon assimilation patterns in M. crystallinum primarily 
by accelerating a developmentally programmed in- 
duction of CAM, thereby resolving a debate that has 
accompanied research into this remarkable C3-CAM 
species for over 30 years. 

RESULTS 

Salinity and Drought Treatments 

In a first series of experiments, we ascertained that, 
under the temperature and light conditions used, 
plants were capable of exhibiting CAM when stressed. 
Figure 1 depicts the 24-h net C(32 exchange pattern of 
a shoot showing CAM and refers to the terminology 
used to describe the gains and losses of C02 during 
various phases of the day-night cycle. CAM was 
readily induced by exposing 31-d-old plants growing 
in soil or hydroponics to salinity and/or drought stress 
(Figs. 2, A-C, and 3). When plants were initially 
exposed to added NaCI, they consisted of four pairs 
of leaves that were attached to the main stem and 
exhibited C3 photosynthesis (i.e. net C02 uptake was 
restricted to the light). 

Expression of CAM and the kinetics of its onset 
varied in response to how stress was applied to the 
replicates. For a hydroponically cultured plant, the 
addition of 400 mM NaCI in 100 mM steps over 4 d 
beginning on day 31 changed C02 exchange within 
24 h (Figs. 2A and 3). A brief period of net C02 uptake 
in the dark was observed after 1 d of exposure to 400 mM 
NaCI (day 35) and the net COz balance in the dark 
became positive after 3 d of exposure (day 37). The 
daily net C02 exchange patterns were characterized 
by increasingly pronounced midday depressions. Be- 
tween days 45 and 74, net carbon balance in the light 
and in the dark fluctuated, reflecting the varying con- 
tributions of the developing branches, with their young 
leaves, and the main leaf pairs on the central axis that 
were shaded progressively and senesced. 

From day 75 onward, net COz balance in the light 
and in the dark declined for the rest of the life cycle. 
During this phase, the plant flowered, with flowers 
open between days 79 and 137, and began to senesce 
from the base upward until the only photosynthetic 
tissues were the fruit capsules and a few regions of 
stem. At day 125, the net C02 balance in the dark 
became negative, but the net C02 balance in the light 
remained positive. After day 137, all net C02 uptake 
occurred in the light, although an underlying CAM 
rhythm was present (Fig. 3, day 140). At this stage, net 
C02 exchange was restricted to the green fruit cap- 
sules and stems. From day 151 onward, the carbon 
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Figure 2. Net C02 balance during 12-h light periods (white symbols) 
and 12-h dark periods (black symbols) during the life cycle of M. 
crystallinum exposed to salinity and drought stress. Arrow indicates the 
onset of stress treatments. A, Plant grown in hydroponic solution to 
which 400 mM NaCI had been added. B, Plant grown in soil and 
exposed to mild NaCI treatment plus drought stress. C, Plant grown in 
soil and exposed to severe NaCI treatment plus drought stress. Mea- 
surements are of whole, intact shoots (stem, leaves, and branches). 

balance was negative in the light and in the dark. A 
general feature of C02 exchange by the plant in 
hydroponics was that, although it exhibited net C02 

uptake in the dark between days 35 and 137, at no time 
during its life cycle was the carbon gain in the dark 
greater than that in the light (Fig. 2A). 

Salinity treatments were also applied to plants in 3-L 
pots containing well-watered, fertilized soil. Both mild 
and severe salinity treatments were applied. In the 
mild salinity treatment, 100 mL of 100, 200, 300, and 
400 mM NaCI were added to a plant at daily intervals 
beginning on day 31 (Fig. 2B). Watering ceased fol- 
lowing the addition of NaCI. The treatment had no 
immediate effect on the time course of photosynthesis 
and respiration, presumably due to the strong dilution 
of the NaCI solutions by the water in the pot. C02 gain, 
which occurred exclusively in the light, increased 
markedly, as did plant size. The plant wilted on day 
47, a response to the diminishing soil-water content 
and correspondingly increasing concentration of NaCI. 
Net COz balance in the light declined rapidly, midday 
reductions in C02 uptake became evident, and, on day 
56, the net C02 balance at night became positive (i.e. 
CAM was present). By day 63, C02 gain in the night 
exceeded that in the light, a situation that did not 
develop in the hydroponically grown plant that was 
exposed to NaCI (Fig. 2A). Net C02 balance in the light 
became negative on day 77. Flowers opened between 
days 78 and 95. From day 87 until day 110, positive 
net C02 balance was restricted to the dark. Net C02 

balance in the dark became negative on day 111 and 
remained so until the end of the experiment. The plant 
produced 15 fruit capsules containing viable seed. 

The severe salinity treatment involved adding to the 
soil, at daily intervals beginning on day 31, 500 mL 
of 100, 200, 300, and 400 mM NaCI (Fig. 2C). Again, 
watering ceased following the addition of NaCI. As in 
the experiment outlined in Figure 2B, the treatment 
had no immediate effect on the time course of photo- 
synthesis and respiration. The net C02 balance in the 
light continued to increase, but growth was constrained 
in contrast to the effects of the mild salinity treatment 
(Fig. 2B). On day 46, net C02 balance during the light 
began to decline and net C02 balance in the dark 
became positive. The latter continued to rise until day 
59, when C02 balance in the light and in the dark was 
similarly positive. From day 60 onward, net C02 gain 
in the dark declined, although it continued to contrib- 
ute more carbon than did C02 gain in the light from 
day 64 until day 79. Thereafter, C02 balance in the light 
and dark was negative. 

The side branches of the plant exposed to severe 
salinity (and subsequent drought) were stunted (up 
to 5 cm long) in contrast to those of the plant exposed 
to mild salinity and subsequent drought treatment, 
which developed leafy side branches, up to 12 cm 
long, that shaded the leaves on the central axis. By day 
71, the side branches of the severely stressed plant 
were chlorotic, but leaves 3 and 4 on the main axis 
were still green. By day 79, leaves 3 and 4 began to 

100 Plant Physiol. Vol. 143, 2007 



o 
E 

O o 

0.3 

0.2 

0.1 

0 

-0.1 

-0.2 

0.3 

0.2 

0.1 

0 

-0-1 

-0.2 

n 

0.3 

0.2 H 

0.1 

0 

-0.1 

-0.2 

Day 30 

Day 35 

Day 40 

J^L 
Day SO 

Day 70 

Day 80 

l\     A 
\/ /\ \J 

Day 90 

K /W 
Day 100 

A Ar— V 

Day 110 

\N s\r— J       y 

"jv 

Day 120 

/N- 

Day 130 

/•*- 

Day 140 

- Day 150 

- 

- Day 160 

CAM Photosynthesis in Mesembryanthemum crystallinum 

Figure 3. Die! (24 h) net C02 exchange 
patterns at various stages during the life 
cycle of a Ai crystallinum plant grown in 
hydroponic solution to which 400 mM 
NaCI was added in steps of 100 mM/d 
beginning on day 31. White horizontal 
bars indicate 12-h light period; black hor- 
izontal bars indicate 12-h dark period; 
shading indicates the presence of open 
flowers. Measurements are of the whole, 
intact shoot (stem, leaves, and branches). 
Same experiment as in Figure 2A. 

Time of day (h) 

senesce and the rest of the shoot had died. The stress 
treatment killed the plant during bud initiation and no 
flowers were produced. 

Nonsaline Treatments—Plants in Hydroponics 

M. crystallinum was grown under nonsaline condi- 
tions to test whether plants could complete a life cycle 
without exhibiting CAM. Indeed, three hydroponi- 
cally cultured plants grew to flowering and seed set 
without ever exhibiting positive net C02 balance in the 
dark (Fig. 4, A-C). However, in each of the plants, low 
rates of net C02 uptake were measured for short time 
periods in the dark, generally on days when wilting 
of leaves on the main axis was noticeable during the 
light. 

In the first experiment, a plant completed its life 
cycle in 163 d under conditions in which the dew point 

of the air entering the gas-exchange cuvette was main- 
tained at 10°C and the dew point inside the chamber 
never exceeded 18.5°C (66% relative humidity [RH] in 
the light). Leaves 3 and 4 on the main axis began to wilt 
on day 41 and a low level of CAM was observed until 
the onset of flowering when net COz balance during 
the day became negative (Fig. 4A). 

A second plant was monitored until day 135 (Fig. 
4B). The dew point of the incoming air was 15°C and 
the nutrient solution was not changed after day 69. The 
dew point inside the chamber reached a maximum of 
22.5°C (85% RH) when the plant showed the highest 
daytime COz gain around day 40. Leaves 3 and 4 
wilted on day 44 and, for unknown reasons, the plant be- 
came chlorotic at around day 47. Photosynthesis and 
respiration declined as tissue died, but the remaining 
tissue did not exhibit net C02 uptake in the dark during 
this period. The plant recovered and produced new 
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Figure 4. Net C02 balance during 12-h light (white circles) and 12-h 
dark periods (black circles) and net C02 uptake during 12-h dark 

leaves on the side branches. As the plant recovered, it 
exhibited low rates of net C02 uptake in the dark 
beginning at day 65 and at day 81, following accidental 
water stressing of its roots. 

In a third experiment in which the dew point of the 
incoming air was 15°C and the nutrient solution was 
not changed after day 36, a plant was monitored until 
day 145 (Fig. 4C), when it was close to completing its 
life cycle. During this time, the dew point inside the 
chamber never exceeded 21°C in the light (77% RH). 
Short periods of net COz uptake in the dark were ob- 
served between days 48 and 61 after leaves 3 and 4 ex- 
hibited wilting in the afternoon. 

Although low levels of CAM were observed in the 
three hydroponic plants cultured under nonsaline 
conditions, the contributions of net C02 uptake in 
the dark were small, never exceeding eight molecules 
of COz per 1,000 molecules of C02 fixed in the light 
(Table I). In contrast, the plant grown under saline 
hydroponic conditions fixed 321 molecules of C02 in 
the dark per 1,000 molecules fixed in the light. 

Nonsaline Treatments—Plants in Soil 

Two plants, grown for 220 and 200 d in 3- and 5-L 
pots, respectively, containing fertilized, well-watered 
soil, were C3 plants throughout their life cycles (Fig. 5, A 
and B). They never exhibited net C02 uptake in the 
dark. Their gas exchange was characterized by rela- 
tively constant rates of C02 uptake during light periods 
and relatively constant rates of respiratory net C02 loss 
during dark periods, even when flowering and setting 
seed (Fig. 6). In both plants, carbon gain during the light 
period peaked at around day 60 when the plants had 
seven leaf pairs on the central axis and three pairs of 
leafy side branches. Subsequently, daytime carbon gain 
declined as the leaves on the main axis were shaded 
and senesced and throughout flowering and seed set. 
For most of the life cycle of the plants grown in soil, the 
humidity levels were high inside the gas-exchange 
cuvette, with an air dew point of about 24°C at a 
chamber temperature of 25.3°C in the light (93% RH). 

The form and development of the plants that com- 
pleted their life cycles without ever exhibiting net C02 

uptake in the dark were typical of healthy M. crystal- 
linum and 85% germination was obtained for 20 seeds 
randomly chosen from the plant featured in Figures 
5A and 6. 

DISCUSSION 

After 4 years of study and the continuous monitoring 
of C02 exchange over 1,067 complete 24-h light/dark 

periods (white triangles) during the life cycle of M. crystallinum grown 
under nonsaline conditions in hydroponic solution. Results from ex- 
periments with three plants (A, B, and C) are shown. In B and C, nutrient 
solutions were not replaced after days 69 and 36, respectively. Mea- 
surements are of whole, intact shoots (stem, leaves, and branches). 
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Table 1. Cumulative net C02 uptake in the light and the dark determined from day 22 until the day when 
net C02 uptake in the light and the dark ceased and the life cycle of plants was close to completion 

Net CO, Uptake 
Relevant Figures 

Light Dark Dark:Light 

mmol mmol mmol mol"' 
Nonsaline culture 

Hydroponics 338.8 2.7 8.0 Figure 4A 
Hydroponics3 340.7 0.2 0.6 Figure 4B 
Hydroponics 263.5 0.3 1.1 Figure 4C 
Soil 2,043.4 0 0 Figure 5A, Figure 6 
Soil 3,718.1 0 0 Figure 5B 

Salinity (and drought) 
Hydroponics 403.2 129.5 321 Figure 2A, Figure 3 
Soil 288.8 35.6 123 Figure 2B 
Soil 187.5 46.2 246 Figure 2C 

•"Measurements stopped or I day 135 (flowering had terminated 5 d beforehand) when a small net C02 

uptake during the 12-h light period (0.3 mmol) still occurred. 

cycles, we cannot but conclude that the expression of 
CAM in M. crystallinum is under environmental con- 
trol. The plants exploited a range of photosynthetic 
options while completing their life cycles, from salt- 
and drought-stressed plants in which CAM contrib- 
uted significantly to lifetime carbon gain (Figs. 2 and 
3), to plants that showed a modicum of CAM (Fig. 4), 
to those in which CAM did not contribute to carbon 
gain but which, nevertheless, produced viable seeds 
(Figs. 5 and 6). Thus, physiologically, M. crystallinum is 
a truly facultative CAM plant. 

Ecologically, the facultative capacity of M. crystal- 
linum is not manifested as rapidly induced, rapidly 
reversible C3-CAM shifts that respond to rapidly fluc- 
tuating environmental conditions. Rather, the expres- 
sion of photosynthetic pathway reflects the habitats to 
which the species is typically adapted, coastal areas 
with Mediterranean climates where cool, wet winters 
alternate with hot, dry summers. During the wet 
season, plants are C3 and during the dry season plants 
exhibit CAM. In its natural habitat, M. crystallinum is 
always CAM during the hot, dry summers, not be- 
cause it is developmentally programmed to do so, but, 
rather because the dry season brings with it the 
environmental stressors that trigger the induction of 
CAM (Winter et al., 1978). This is well illustrated by a 
field study in which the development of CAM in two 
Californian populations that germinated at different 
times was closely correlated with decreasing soil 
moisture, not plant age (Bloom and Troughton, 1979). 

The low-level CAM reported repeatedly for M. 
crystallinum grown in glasshouses or in controlled 
environment chambers under well-watered, nonsaline 
conditions without intentional imposition of stress 
probably occurs because it is technically difficult to 
grow M. crystallinum completely stress free. For exam- 
ple, in the latter half of the light period, in the absence 
of any particular stress treatment, mature highly elas- 
tic M. crystallinum leaves (low bulk elastic modulus of 
the cell wall) can routinely experience transpiration- 
ally induced water deficits that are characterized by 

decreases in the relative water content of around 15% 
and decreases of turgor pressure by 0.02 MPa (Winter 
and Gademann, 1991). Although both water content and 
turgor pressure usually recover during the following 
dark period, the water deficits often lead to visible 
wilting in the light of large leaves on the main axis, 
particularly leaves 3 and 4, and are accompanied by 
the induction of CAM (Fig. 4). The imbalance between 
water uptake and water loss may be exacerbated in 
plants grown in the absence of added NaCl because M. 
crystallinum is a halophyte that requires moderate 
concentrations of NaCl for optimal growth and main- 
tenance of turgor (Winter and Liittge, 1976). 

Wilting is not necessarily the trigger, or the only 
trigger, that induces CAM, but it definitely is an in- 
dicator of nonoptimal growth conditions (i.e. stress). 
Split-root experiments suggest that root signals can 
be involved in CAM induction in the absence of 
noticeable changes in leaf-water relations (Eastmond 
and Ross, 1997). On the other hand, PEPC transcripts 
increase in detached leaves exposed to water deficits 
and decrease when leaves rehydrate (Schmitt, 1990), 
suggesting that the presence of roots is not obligatory 
for CAM induction. We are only beginning to under- 
stand the interplay between roots and shoots, and the 
cellular physicochemical signal transduction mecha- 
nisms involved in the expression of CAM in M. 
crystallinum (Taybi and Cushman, 2002; Taybi et al., 
2002). 

We coaxed M. crystallinum growing in a relatively 
small-volume gas-exchange cuvette to complete its life 
cycle as a C3 plant by culturing plants for long periods 
at extremely high humidity and a moderate light 
regime (approximately 15 mol photons m~2 day-1, 
equivalent to about one-third of integrated photon flux 
density [PFD] on a bright day in the field; Figs. 5 and 
6). Our approach originated with observations that the 
occurrence and extent of expression of CAM in leaves 
of plants under nonsaline conditions are reduced sub- 
stantially when plants are grown under conditions of 
low evaporative demand (e.g. high RH and low light; 
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Figure 5. Net C02 balance during 12-h light periods (white symbols) 
and 12-h dark periods (black symbols) during the life cycle of M. 
crystallinum grown in nonsaline, well-watered soil. Pot size = 3 L (A) 
and 5 L (B). Measurements are of whole, intact shoots (stem, leaves, and 
branches). 

Winter, 1973). The fine environmental control required 
to provide high humidity and small differences be- 
tween leaf temperatures and air dew point tempera- 
tures over prolonged periods is much easier to achieve 
and to track in a small-volume gas-exchange cuvette 
in comparison to a glasshouse or an environmental 
growth chamber. Furthermore, M. crystallinum plants 
that completed their life cycles without ever express- 
ing CAM features of C02 exchange were grown in soil 
in 3- and 5-L pots to minimize possible detrimental 
effects of small pot size on plant water availability 
(Schmitt and Piepenbrock, 1992; Piepenbrock et al., 
1994). Soil-grown plants were more vigorous than hy- 
droponically grown plants and attained greater bio- 
mass as shown by their higher lifetime carbon gains 
(Table I). 

Maintaining plants at higher irradiance levels than 
used by us increases leaf temperatures and enlarges 
the leaf-to-air vapor pressure difference, the driving 
force for transpirational water loss. Thus, the induc- 

tion of CAM in well-watered plants at high irradiance 
(Broetto et al., 2002; Epimashko et al., 2006) is pre- 
sumably not the consequence of high PFD per se; 
rather, it results from adverse effects of vapor pressure 
difference on leaf-water relations. 

The gas-exchange measurements reported here are 
the net signals for whole shoots that include stem, 
branches, and leaves and, when present, reproductive 
tissues. One cannot exclude the possibility that the 
integrated signal from the shoots may mask CAM 
signals from a small proportion of tissue. In the day/ 
night cycles shown in Figure 6 for a plant that never 
exhibited net C02 uptake in the dark, there is no 
indication at any time during its life cycle of even the 
most minimal type of CAM, CAM cycling (Ting, 1985), 
which is characterized by transient reductions in net 
C02 loss at night due to refixation of respiratory COz. 
If at all present, any contribution of CAM-type C02 

uptake in the dark to the overall COz balance would 
have been extremely small, considerably less than the 
0.06% of the total C02 fixed by a plant under nonsaline 
conditions in hydroponics (Fig. 4B; Table I). 

The induction of CAM in M. crystallinum is primar- 
ily a response to the environment, but the speed and 
intensity of the response is influenced by develop- 
mental factors, particularly leaf age. Consistent with 
constitutive CAM plants in which the CAM cycle is 
increasingly expressed as leaves mature (Deleens and 
Queiroz, 1984; Gehrig et al., 2005), the propensity to 
respond to stress by inducing CAM increases in M. 
crystallinum with leaf age (Winter and Luttge, 1979; 
Cushman et al., 1990; Piepenbrock and Schmitt, 1991). 
Although there are conflicting reports about the in- 
ducibility of CAM in very young plants with young 
leaves (Adams et al., 1998), both acid fluctuations and 
increased PEPC activity have been reported in leaves 
of M. crystallinum 2 to 3 weeks after germination, 
obviously when the leaf tissue investigated was of 
sufficient maturity (Piepenbrock and Schmitt, 1991; 
Winter and Smith, 1996). 

Full reversibility of the C3-to-CAM shift following 
the relaxation of stress would provide a strong argu- 
ment in support of the strictly environmental control 
of the induction of CAM in M. crystallinum. However, 
absence of reversibility is not necessarily an argument 
against a predominantly environmental control of CAM 
induction. The reversibility of CAM in M. crystallinum 
is understudied, but it has been reported (Winter, 
1974b; Vernon et al., 1988). Reversibility appears more 
difficult to achieve in older than younger tissues and 
its demonstration may be problematic because leaves 
of M. crystallinum live only for a few weeks and, 
because it can take about 9 d for PEPC activity to revert 
from rates found in stressed plants to rates typical of 
unstressed plants (Vernon et al., 1988), the reversion 
may be obscured by processes associated with tissue 
senescence. Another potential complication of revers- 
ibility experiments is that osmotic damage to roots 
may occur if plants are abruptly switched from highly 
saline to nonsaline growth media. 
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Figure 6. Diel (24 h) net C02 exchange patterns 
at various stages during the life cycle of a M. 
crystallinum plant grown in well-watered, non- 

saline soil. White horizontal bars indicate 12-h 
light period; black horizontal bars indicate 12-h 
dark period; shading indicates the presence of 
open flowers. Measurements are of the whole, 
intact shoot (stem, leaves, and branches). Same 
experiment as in Figure 5A. 
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As has been the case with past investigations, re- 
searchers of M. crystallinum can continue to expect to 
repeatedly observe the occurrence of some CAM ac- 
tivity in well-watered, apparently nonstressed plants 
when these reach an advanced stage of development. 
Comparative studies between such plants and those in 
which CAM is a direct response to experimentally 
imposed salt stress will continue to help identify salt- 
specific metabolic stress responses unrelated to CAM. 
But there is no automatic, preprogrammed induction 
of CAM during the life cycle of M. crystallinum. Under 
carefully managed conditions, well-watered plants 
can complete their life cycle without ever showing 

net C02 gas-exchange features indicative of CAM. It is 
therefore clear that what has repeatedly been inter- 
preted as developmentally triggered CAM has an 
environmental origin, most likely involving similar 
stress signals and physicochemical signal transduction 
mechanisms that lead to the induction of CAM in M. 
crystallinum when plants are exposed to high salinity 
and drought. Genotypically, M. crystallinum is a CAM 
species because of its capacity to perform CAM. Phe- 
notypically and ecologically, it is a C3-CAM species 
because of its directional, seasonal shift from C3 to 
CAM in its natural habitat. Physiologically, M. crystalli- 
num is a facultative CAM plant because, as demonstrated 
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here, it can, but need not, use CAM for growth and 
reproduction. 

MATERIALS AND METHODS 

Plant Culture 

Seeds of Mesembryanthemum crystallinum (Aizoaceae) were germinated in 
cactus and succulent potting mix (Schultz Co.) inside a controlled-environment 
cabinet (GEC) under a 12-h light (23°C)/12-h dark (17°C) cycle. PFD during 
initial growth was 200 ^mol m~2 s_1. RH ranged from 50% during the light 
periods to 80% during the dark periods. 

After about 12 d, when leaf pair 1 on the main axis was just visible between 
the two cotyledons, seedlings were transferred to an aerated hydroponic 
solution composed of 3 mM KN03,2 mM Ca(N03)2, 0.5 ITIM NH4H2P04,0.5 mM 
(NH4)2HP04/ 0.5 mM MgS04, 12.5 fXtA H3B03, 1 /JLM MnS04, 1 ^M ZnS04, 
0.25 JUM Mo03, and 10 ^M EDTA Fe(III)-sodium salt. 

C02 Gas Exchange 

Eighteen-day-old plant shoots were sealed inside a Plexiglas cuvette 
(interior dimensions: 30 cm X 30 cm X 15 cm) in the controlled-environment 
chamber. Roots were inserted from above through a 0.8-cm-diameter hole in 
the center of the cuvette base. The hole was sealed with a nonporous synthetic 
rubber sealant, Terostat VII (Henkel-Teroson), such that the entire shoot 
system was inside the cuvette and the attached entire root system outside the 
cuvette. The roots were placed in either 0.8 L of nutrient solution that was 
continuously aerated and replaced weekly unless stated otherwise or in soil. 
Three-liter pots contained potting soil plus (Schultz) and a 5-L pot contained 
moisture control potting mix (Miracle-Gro; Scotts) to which 10 g of Osmocote 
Plus (Scotts) had been added. Plants were watered daily 

PFD inside the cuvette ranged from 320 fimol m~2 s_1 at the bottom of the 
cuvette to 370 /xmol m~2 s_1 at the top. 

Net C02 exchange by the intact shoots was measured using a flow-through 
gas-exchange system (most components from Walz; Holtum and Winter, 2003) 
operating between 2.33 and 7.21 L air min-1. The C02 concentration of the air, 
sourced 16 m above ground level and passed through aim3 container, varied 
between 360 and 430 /iL L . The container served to buffer the air source 
against short-term fluctuations in C02 concentration. The temperature inside 
the cuvette was 25.3°C during the light and 17°C during the dark. Net C02 

exchange was monitored with a LI-6252 C02 analyzer (LI-COR) operating in 
the absolute mode. 

The dew point of the air entering the gas-exchange cuvette was 10°C for 
one plant grown in nonsaline hydroponics. For all other plants, a dew point of 
15°C was used, at least initially. As plants increased in size, transpiration 
increased and the concentration of water vapor in the cuvette approached 
saturation. In some cases (e.g. with two plants grown in soil under nonsaline 
conditions), the dew point of the incoming air was adjusted to minimize 
condensation but to maintain high humidity. A small amount of condensate in 
the cuvette was tolerated to guarantee the highest possible humidity. Con- 
densate did not interfere with measurements of net C02 exchange because air 
leaving the cuvette and air bypassing the cuvette was dehumidified in a KF- 
18/2 electronically controlled cold trap (Walz) at 2°C before passage through 
the C02 analyzer at 0.5 L min-1 in an alternating fashion (2 min/gas stream). 

Gas-exchange measurements were conducted without interruption from 
the day the shoots were transferred into the gas-exchange cuvette until they 
ceased to exhibit net C02 uptake in the light and in the dark, unless stated 
otherwise. 

During the study, the absence or presence of open flowers was determined 
daily. Seed viability was quantified by studying germination of seeds placed 
on moist filter paper in petri dishes. 
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