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INTRODUCTION

Most higher plants can be categorized as C3, C4 or CAM (Cra-
ssulacean acid metabolism) according to their photosynthetic path-
ways (Ehleringer and Monson 1993). CAM plants are usually found 
in arid land such as deserts. In general, CAM plants have thick lea-
ves with a small surface area relative to their volume and have a 
low transpiration rate, which maximizes the efficiency of water use. 
In photosynthetic carbon assimilation, incoming CO2 is usually fixed 
by the carboxylation of PEP during the nighttime (Ting 1985, Luet-
tge 1987). CAM plants fix CO2 by the C4 pathway and store malate 
in large vacuoles as malic acid. During the daytime, malic acid 
leaves the vacuole and enters the cytoplasm as malate. In the cyto-
plasm, CO2 is released from the malate and enters the chloroplasts, 

where it is fixed by the Calvin cycle. CAM plants also show diur-
nal changes in malic acid and dark acidification.  Higher plants in 
33 families, 328 genus and 10,000 species are are known to use the 
CAM photosynthetic pathway (Winter and Smith 1996). Represen-
tative families showing CAM include Crassulaceae, Cactaceae, 
Orchidaceae, Aizoaceae, Agavaceae, Aspodelaceae, Bromeliaceae 
and Euphorbiaceae. In Lilliceae and Asclepidaceae, succulent spe-
cies are also known to employ the CAM pathway (Kluge and Ting 
1978). 

CAM is generally related to stressful conditions such as water 
deficit, and the use of this pathway is based on stomata which close 
during daytime and open during the night to conserve water. How-
ever, Isoetes howellii inhabiting wet environments also use the 
CAM pattern (Ting 1985). Therefore, factors other than water defi-
ciency may also induce the CAM mechanism. 
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Some succulent plants show a shift in their photosynthetic 
patterns from C3 to CAM under certain conditions. For example, 
Mesembryanthemum crystallinum (Aizoaceae) is induced to shift 
from C3 to CAM under salt treatment or water deficiency (Osmond 
1978, Winter 1979, Holtum and Winter 1982). A similar shift from 
C3 to CAM (C3-CAM) is also found in Portulacaria afra (Ting 
and Hanscom 1977).

Opunita basilaris also shows diurnal changes under water 
deficiency, but the change in levels of malic acid is very small and 
no gas exchange stage occurs. This alternative pattern, known as 
CAM-idling, has been found in many kinds of plants (Szarek 1973, 
Osmond et al. 1975). Plants displaying CAM-idling maintain their 
physiological and metabolic characteristics under water deficiency, 
and return to a normal CAM mechanism when re-watered (Rayder 
and Ting 1985). Through this mechanism, plants are capable of 
surviving severe temporary water stress.

Some succulent plants display yet another pattern, showing 
changes in levels of organic acids, but no CO2 fixation at night. 
This is known as CAM-cycling (Sipes and Ting 1985). In the fa-
mily Crassulaceae, there are many plants showing a C3 pattern 
without the change in organic acids (Teeri 1982). This CAM-cy-
cling is found in many plants, including Bromeliceae and Orchi-
daceae. Research to date on the photosynthetic patterns of Crassu-
lacean plants suggests that most plants occur as C3-CAM (Dodd et 
al. 2002).

In Korea, 25 species of Crassulacean plants have been reported 
to inhabit various habitats such as swamps, mountainous regions, 
coastal rocks, alpine areas, rice paddies and dry fields. Research on 
CAM plants in Korea so far has been described seasonal dimor-
phism and organic metabolism of Portulace grandiflora and portu-
laca oleracea (Portulacaceae) (Chang et al. 1981, Chang and Jin 
1982). However, no systematic research about photosynthetic pat-
terns or ecophysiological characteristics of Crassulacean plants has 
been conducted to date. 

The aim of this study is to investigate the fundamental photo-
synthetic patterns of three Crassulaceaen plants, Sedum sarmento-
sum, Sedum kamtschaticum and Kalanchoe daigremontiana, and to 
determine whether they display changes in their photosynthetic 
patterns (C3, CAM or C3-CAM) under drought stress. 

MATERIALS AND METHODS

Plant Materials and Treatments
Our study was conducted on young Sedum sarmentosum Bunge 

and Sedum kamtschaticum Fisch (Crassulaceae) plants, and plant of 
an induced species, Kalanchoe daigremontiana Hamet & Perrier. 
We selected plants showing uniform growth, planted them in a 

plastic pot filled with perlite, cultivated them in a greenhouse (25℃
/20℃) and supplied them with 60 mL of modified Hoagland solu-
tion (1/5 strength) every day. After 20 days of cultivation, we 
withdrew water from the study plants for 10 days (D10).

Harvest and Analysis
We harvested leaves from the experimental plants at 4-hour 

intervals for 24 hours and measured their fresh weight (FW). We 
then dried the leaves for three days at 70℃ and measured their dry 
weight (DW). Plant water (PW) was the difference between FW 
and DW. 

To measure the pH, we collected about 1.0 g of fresh leaves and 
ground them into a powder with liquid nitrogen. We then mixed 10 
ml of distilled water with the leaf powder, centrifuged the mixture, 
and measured the pH of the supernatant. 

To analyze the net CO2 exchange in each plant, leaf samples 
were measured using an infrared gas analyzer (IRGA, LCi photo-
synthesis System, ADC BioScientific Ltd) at intervals of 4 hours.

To measure the total ionic contents and osmolality, we ground 
dried leaves to a uniform powder using a UDY cyclone sample 
mill, and then added a 0.5 g sample to 5 mL of distilled water, and 
heated the mixture for 1 hour in a water-bath at 95℃. We then 
adjusted the final volume of the sample to 10 m: with distilled 
water and filtered the sample with a GFC filter (0.45 μm).  The 
total ionic contents of the extracted samples were then measured 
using the conductivity method (MX300 X-matepro: Metter-Toledo), 
and the total ionic contents were calculated by NaCl equivalent. Os-
molality of a 50 μL sample was measured using Osmometer (Micro- 
osmometer 3MO, Advanced Instrument). 

RESULTS

Water Contents
Kalanchoe and S. sarmentosum consisted of approximately 95% 

and 94% water, but S. kamtschaticum had a rather lower water 
content of only 88%. Under drought stress, the three species dis-
played similar water contents to control specimens. Even after 10 
days of drought stress, the water content for all three species did 
not differ significantly from the controls (Table 1). 

Diurnal pH Variation
Control of Kalanchoe had a pH value of 4.5, which was lower 

than those of the other two species, and the pH of Kalanchoe 
gradually decreased during the night and increased during the day. 
The pH of S. kamtschaticum and S. sarmentosum ranged between 
5 and 6, and did not fluctuate between day and night. All three 
species had slightly lower pH values after 10 days of drought stress 
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than in the control condition, but the difference was not  significant. 

Photosynthetic Characteristics

Net CO2 Exchange
The diurnal changes in net CO2 exchange of three Crassulacean

Table 1. Changes in the water content of leaves of Kalanchoe dai-
gremontiana, Sedum kamtschaticum and Sedum sarmento-
sum treated with drought. Mean values of 7 replicates with 
standard errors (g/g f.w. : %)

Plant species Control 10 days (-H2O)

K. daigremontiana 95.60 ± 4.09 94.15 ± 1.75

S. kamtschaticum 88.38 ± 0.73 86.91 ± 1.50

S. sarmentosum 95.53 ± 0.29 94.45 ± 0.48

Fig. 1. Diurnal changes in the pH of well-watered (Control; Con) and 
drought- treated (D10) leaves of K. daigremontiana (A), S. 
kamtschaticum (B), S. sarmentosum (C). Mean values of three 
replicates. Horizontal bars indicate hours of darkness. 

plants exposed to drought conditions for 10 days are shown in Fig. 
2. Control of Kalanchoe plants had the highest net CO2 exchange 
at 5:00, after which the CO2 exchange gradually decreased, with the 
lowest net CO2 exchange value occurring at 13:00. Under drought 
stress, Kalanchoe showed a similar pattern, but the net CO2 ex-
change value was somewhat lower than that of the control. In con-
trast, control of S. kamtschaticum plants showed the lowest net CO2 
exchange at 21:00 and the highest net CO2 exchange at 17:00, and 
control of S. sarmentosum plants showed the highest CO2 exchange 
at 21:00 and the lowest at 13:00. Both species showed higher net 
CO2 exchange rates in the daytime than the night, and even after 
10 days of drought treatment showed similar net CO2 exchange 
values. 

Transpiration Rate
Diurnal changes in the transpiration rates of the 3 species after 

10 days of drought stress are shown as Fig. 3. The transpiration rate 

Fig. 2. Diurnal changes in net CO2 exchange of well-watered (Con-
trol; Con), and drought-treated (D10) leaves of K. daigremontia-
na (A), S. kamtschaticum (B), S. sarmentosum (C). Mean values 
of three replicates. Horizontal bars indicate hours of darkness. 
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Fig. 3. Diurnal changes in transpiration rates of well-watered (Con-
trol; Con), and drought-treated (D10) leaves of K. daigremon-
tiana (A), S. kamtschaticum (B), S. sarmentosum (C). Mean 
values of three replicates. Horizontal bars indicate hours of 
darkness. 

of Kalanchoe, like its net CO2 exchange, gradually decreased during 
the night until the rate hit its lowest value at 13:00, and then 
increased slowly. Overall, Kalanchoe had higher transpiration rates 
at night than in the day. Conversely, S. kamtschaticum and S. sar-
mentosum showed a higher transpiration rates during the daytime 
than the nighttime. All three species showed a somewhat lower rate 
of transpiration under drought stress than in the control condition.

 
Total Ionic Contents and Osmolality

Changes in the total ionic contents of the three plant species 
under drought stress are shown in Fig. 4. Leaves of drought-treated 
S. kamtschaticum and Kalanchoe plants had higher ionic contents 
than control leaves, but S. sarmentosum did not show any consistent 
difference between treatments. In general, the ionic contents of the 
plants were high after 13:00 and decreased after sunset. No signi-
ficant differences between species in diurnal patterns of osmolality 

Fig. 4. Diurnal changes in  total ion content of well-watered (Control; 
Con), and drought-treated (D10) leaves of K. daigremontiana 
(A), S. kamtschaticum (B), S. sarmentosum (C). Horizontal 
bars indicate hours of darkness. 

were observed. However, leaves of the control plant of S. kamts-
chaticum had higher osmolality than those of the other two species. 
Under drought stress, the osmolality of Kalanchoe and S. kamt-
schaticum plants increased, whereas the osmolality of S. sarmen-
tosum plants tended to decrease (Fig. 5).

DISCUSSION

Water Contents
Because CAM species open their stomata during the night, when 

temperatures are lower and humidity is higher, they are able to 
maintain a high water content (Klug and Ting 1978, Winter 1985, 
Luttege 1998). To minimize water loss under drought conditions, 
they have evolved effective water storage and regulatory mecha-
nisms (Reddy et al. 2003). In this study, three plant species in the 
family Crassulaceae did not show significant differences in water 
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Fig. 5. Diurnal changes in osmolality of well-watered (Control; Con), 
and drought-treated (D10) leaves of K. daigremontiana (A), S. 
kamtschaticum (B), S. sarmentosum (C). Horizontal bars indi-
cate hours of darkness.

content relative to the control condition after 10 days of drought 
stress, containing 98% water regardless of treatment. This suggests 
that succulent Crassulacean plants may have higher tolerance for 
water stress than many other plant species. 

pH Changes
CAM species open their stomata at night to fix CO2 and store 

malic acid, which leads to acidification during nighttime (Bonner 
and Bonner 1948). Malic acid fixed at night is stored in the va-
cuoles of mesophyll cells, and during the daytime malic acid is 
released from the vacuoles and enters the cytoplasm as malate. In 
the cytoplasm, CO2 is released from malate and enters the chloro-
plasts, where it is fixed in the Calvin cycle. Therefore, the internal 
pH is relatively high during the day and lower at night (Holtum and 
Winter 1982). Reddy et al. (2003) found that Pedilanthus spp. 
(Euphobiaceae) not experiencing drought stress showed almost no 
diurnal changes in total acid contents, which indicated a C3 pattern. 

On the other hand, plants subjected to drought stress for 20 days 
displayed an increase in total acidic contents at night and a decrease 
during the daytime, which is characteristic of the CAM photo-
synthetic pattern. The Kalanchoe species used in this study, which 
is indigenous to Madagascar, had a low pH during the night and 
a high pH during the day in both the control and drought-treated 
conditions. Therefore, the Kalanchoe displayed the diurnal variation 
in pH typical of CAM plants, but the other two plant species, S. 
kamtschaticum and S. sarmentosum, which are indigenous to Korea, 
revealed no diurnal change in pH under drought stress, which sug-
gests that they maintained a C3 photosynthetic pattern. 

Photosynthetic Characteristics

Net CO2 Exchange
Under drought stress, plant leaves generally become thin and leaf 

growth is inhibited by a reduction in photosynthesis. It is well 
known that CAM species that are resistant against drought stress 
also display changes in their photosynthetic patterns under drought 
stress or at high temperatures (Martin et al. 1994). CAM plants 
experiencing drought stress absorb CO2 at night (Kluge and Ting 
1978). Kalanchoe had high CO2 exchange rates at night and lower 
CO2 exchange rates during the daytime, the typical CAM photo-
synthetic pattern, and CO2 exchange values were somewhat higher 
in drought-treated plants compared to controls. S. kamtschaticum  
and S. sarmentosum, however, showed the typical C3 photosyn-
thetic pattern of high CO2 exchange in the daytime and lower CO2 
exchange at night in both control and drought-treated plants (Woer-
ner and Martin 1999).

Transpiration Rate
Normal C3 plants open their stomata during the day, and rarely 

at night, but CAM plants open their stomata mostly at night (Chang 
et al. 1981, Buchanan 2002). Kalanchoe showed patterns of 
transpiration indicative of the typical patterns of stomatal opening 
and closing for CAM plants, but S. kamtschaticum and S. sarmen-
tosum displayed diurnal variation in transpiration similar to that of 
C3 plants. Drought stress induces various biochemical changes in 
plants. In particular, solute transport from roots to stems is reduced, 
which may be due to inhibition of active transport because of the 
restriction of the transpiration rate (Cui et al. 2004). In this study, 
all three Crassulacean plants examined showed a decrease of tran-
spiration rate under drought stress as compared to control. The 
result of our study of photosynthetic activity suggest that S. kamt-
schaticum and S. sarmentosum have a C3 photosynthetic pattern, 
even though S. kamtschaticum shows the  morphological features 
typical of CAM plants (Chang et al. 1983). 
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Total Ionic Contents and Osmolality
It is well known that plants reduce energy consumption and store 

ions in the vacuole by increasing inorganic solutes and succulency 
under stress (Cuartero et al. 1992, Alarcon et al. 1993, Gurrier 
1996). Accordingly, all three species of Crassulaceae examined 
showed increasing total ionic contents in the drought-treated cond-
ition compared to the control condition. However, S. kamtschaticum   
showed significantly higher total ionic contents than the other two 
species. It seems that S. kamtschaticum contains lower internal 
water content than the other two species. 

Kalanchoe had higher total ionic contents during the night time 
and lower total ionic contents during the daytime, while the other 
two species displayed the opposite pattern. This suggests that diur-
nal variation in pH is closely related to total ionic contents. In ge-
neral, plant total organic solutes, such as carbohydrates, amino 
acids, organic acids, etc., are effected by salt and drought stress 
(Strogonov 1973). The osmolality of Kalanchoe and S. kamtscha-
ticum was higher under drought stress than in the control condition. 
However, in S. sarmentosum, the osmolality was lower under drought 
stress than in the control condition. This suggests that S. sarmen-
tosum raises its total ionic contents to retain water and thereby 
tolerate drought stress, rather than changing its photosynthetic 
pattern. 

ACKNOWLEDGEMENTS

This work was supported by grants from The Korean Research 
Foundation (C00496) in 2005 and the NURI program of Kyung-
pook National University. 

LITERATURE CITED

Alarcon JJ, Sanchez-Blance MJ, Bolarin MC, Terrecillas A. 1993. 
Water relations and osmotic adjustment in Lycopersicon esculen-
tum and L. pennellifolium during short-term salt exposure and 
recovery. Plant Physiol 89: 441-447. 

Bonner W, Bonner J. 1948. The role of carbon dioxide in acid forma-
tion by succulent plants. Am J Bot 35: 113-117. 

Buchanan BB. 2002. Carbon reaction of photosynthesis. In: Plant Phy-
siology (Taiz, L, Zeiger, E, eds). Sinauer Associates Inc, Sunder-
land. pp 154-156. 

Chang NK, Lee KH, Kim HB. 1981. A study on characteristics of 
crassulacean acid metabolism in leaves and stems of Portulaca 
oleraceae L. Kor J Ecol 4: 114-123.

Chang NK, Jin CD. 1982. Characteristics of CAM and seasonal dimor-
phism in the succulent C4 dicot, Portulaca grandiflora Hook. Kor 
J Ecol 5: 89-99.

Chang NK, Lee SK. 1983. Studies on the Classification, productivity 
and distribution of C3, C4 and CAM plants in vegetation of Korea 

2. Production and Productivity of C3 and C4 Type Plants. Kor J 
Ecol 6: 114-127.

Chang NK, Lee SK. 1983. Studies on the classification, productivity 
and distribution of C3, C4 and CAM plants in vegetation of Korea 
3. Production and Productivity of C3 and C4 Type Plants. Kor J 
Ecol 6: 128-141.

Cuartero J, Yeo AR, Lowers TJ. 1992. Selection of donors for 
salt-tolerance in tomato using physiological traits. New Phytol 
121: 63-69.

Cui YY, Pandey DM, Hahn EJ, Paek KY. 2004. Effect of drought on 
physiological aspects of Crassulacean acid metabolism in Doritae-
nopsis. Plant Science 167: 1219-1226. 

Dodd AN, Borland AM, Haslam RP, Griffiths H, Maxwell K. 2002. 
Crassulacean acid metabolism: plastic, fantastic. J Exp Bot 53: 
569-580. 

Ehleringer JR, Monson RK. 1993. Evolutionary and ecological aspects 
of photosynthetic pathway variation. Ann Rev Ecol Syst 24: 411- 
439. 

Guerrier G. 1996. Fluxes of Na+, K+ and Cl- and osmotic adjustment 
in Lycopersicon pimpinellifolium and L. esculentumduring short- 
and long-term exposure to NaCl. Physiol Plant 97: 583-591. 

Heyne B. 1815. On the deoxidation of the leaves of Cotyledon caly-
cina. Trans Linn Soc Lond 11: 213-215. 

Holtum JAM, Winter K. 1982. Activity of enzymes of carbon meta-
bolism during the induction of crassulacean acid metabolism in 
Mesembryanthemum crystallinum L. Planta 155: 8-16.

Keeley JE. 1983. Crassulacean acid metabolism in the seasonally sub-
merged aquatic Isoetes howellii. Oecologia 58: 57-62.

Kluge M, Ting IP. 1978. Crassulacean acid metabolism. Analysis of an 
ecological adaption. Springer Verlag, Berlin. pp209.

Luettge U. 1987. Carbon dioxide and water demand: Crassulacean acid 
metabolism (CAM), a versatile ecological adaptation exemplifying 
the need for integration in ecophysiological work. New Phytol 106: 
593-629.

Luettge U. 1998. Crassulacean acid metabolism. In: Photosynthesis: A 
comprehensive treatise (Raghavendra AS, eds). Cambridge Univer-
sity Press, Cambridge. pp 136-149.

Martin CE, Gravatt DA, Loeschen VS. 1994. Crassulacean acid meta-
bolism in three species of Commelinaceae. Ann Bot 74: 457-463. 

Osmond CB, Bender MM, Burris RH. 1976. Pathways of CO2 fixation 
in the CAM plant Kalachoe daigremontiana: Ⅲ Correlation with 
δ

13C value during growth and water stress. Aust J Plant Physiol 
3: 787-799. 

Osmond CB. 1978. Crassulacean acid metabolism: a curiosity in 
context. Annu Rev Plant Physiol 29: 379-414. 

Rayder L, Ting IP. 1983. CAM-idling in Hoya carnosa (Asclepia-
daceae). Photosynth Res 4: 203-211. 

Reddy AR, Sunder D, Gnanam A. 2003. Photosynthetic flexibility in 
Pedilanthus tithymaloidespoit, a CAM plant. J Plant Physiol 160: 
75-80. 

Sipes D, Ting IP. 1985. CAM and CAM modification in Peperomia 
camptotricha. Plant Physiol 77: 59-63. 

Strogonov BP. 1973. Structure and function of plant cells in saline 
habitats. Willey, New York. pp 503.

Szarek SR, Johnson HB, Ting IP. 1973. Drought adaptation in Opuntia 



May 2007 Photosynthetic Patterns of 3 Crassulacean Plants 193

basilaris. Plant Physiol 52: 539-541. 
Teeri JA. 1982. Photosynthetic variation in the Crassulaceae. In: Cras-

sulacean Acid Metabolism (Ting, IP, Gibbs, M eds). pp 224- 259. 
Ting IP, Hanscom Z. 1977. Induction of acid metabolism in Portula-

caria afra.. Plant Physiol 59: 511-514. 
Ting IP. 1985. Crassulacean acid metabolism. Annu Rev Plant Physiol 

36: 595-622. 
Winter K. 1979. Effect of different CO2 regimes on the induction of 

crassulacean acid metabolism in Mesembryanthemum crystallinum. 
J Plant Physiol 6: 598-594. 

Winter K. 1985. Crassulacean acid metabolism. In: Photosynthetic 
mechanism and the environment (Barber J, Baker NR, eds.). The 
Netherlands, Amsterdam. pp 329-387. 

Winter K, Smith JAC. 1996. In: Crassulacean acid metabolism (Winter, 
K, Smith, JAC eds). Biochemistry, ecophysiology and evolution. 
Springer-Verlag, Berlin. pp 1-13. 

Woerner AC, Martin CE. 1999. Mechanistic basis of differences in 
water use efficiency between a CAM and a C3 species of 
Peperomia (Piperaceae). New Phytol 144: 307-312. 

(Received May 16, 2007; Accepted May 24, 2007)


