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Photoperiodism and Crassulacean acid metabolism 

I. Immunological and kinetic evidences for different patterns of phosphoenolpyruvate carboxylase isoforms 
in photoperiodically inducible and non-inducible Crassulacean acid metabolism plants 
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Abstract. Plants of Kalanchoe blossfeldiana v. Poelln. 
Tom Thumb and Sedum morganianum E. Walth. were 
grown under controlled photoperiodic conditions 
under either short or long days. Gaz exchange mea- 
surements confirmed that in K. blossfeldiana Crassula- 
cean acid metabolism (CAM) was photoperiodically 
inducible and that S. morganianum performed CAM 
independently of photoperiod. With K. blossfeldiana, 
a comparison of catalytic and regulatory properties 
of phosphoenolpyruvate carboxylase (PEPC, EC 
4.1.1.31) from short-day and long-day grown plants 
showed differences, but not with S. morganianum. 
Ouchterlony double diffusion tests and immunotitra- 
tion experiments (using a S. morganianum PEPC anti- 
body) established that CAM is induced in K. blossfeI- 
diana - but not in S. morganianum - through the 
synthesis of a new PEPC isoform; this form shows 
an immunological behavior different from that pre- 
vailing under non-inductive conditions and can be 
considered as specific for CAM performance. 

Key words: Crassulacean acid metabolism induction 
- Kalanchoe - Phosphoenolpyruvate carboxylase 
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Introduction 

Among plants which are capable of performing Cras- 
sulacean acid metabolism (CAM) (Kluge and Ting 
1978), a number of species (Queiroz 1979) are known 
in which a convenient photoperiodic treatment, i.e., 
the application of a convenient ratio between diurnal 

Abbreviations: CAM = Crassulacean acid metabolism; PEP = phos- 
phoenolpyruvate; PEPC = phosphoenolpyruvate carboxylase 
(EC 4.1.1.31) 

lengths of day and night, enhances the CAM pathway 
or even induces it, as defined by Brulfert et al. (1976), 
which implies non-reversibility of the effect. Kalan- 
choe blossfeldiana "Tom Thumb" is the best investi- 
gated example of this behavior : Preceding work (Gre- 
gory et al. 1954; Queiroz 1974, 1979) with this plant 
established a clearcut dependence on short days which 
act as an inducing factor for CAM involving detection 
of photoperiod by phytochrome. On the other hand, 
in the majority of CAM plants, CAM is established 
independently of photoperiod but can be modulated 
to some extent by photoperiodic treatments (Kluge 
and Ting 1978). 

The mechanism of CAM induction by photoperi- 
od in plants, e.g., Kalanchoe blossfeldiana, largely in- 
cludes photoperiodic control of the CAM key enzyme 

phosphoenolpyruvate carboxylase (PEPC) : 
a) Short-day treatment increases the capacity of 

PEPC (Queiroz and Morel 1974), following a kinetics 
similar (Brulfert et al. 1975) to that of the increase 
in dark CO2 fixation and in amplitude of the diurnal 
malic acid rhythm, which are usually considered as 
criteria for CAM operation; 

b) short-day treatment induces a new PEPC 
isoform distinguishable from the formerly present 
PEPC by its electrophoretic properties, elution pro- 
files from ion-exchange chromatography, and differ- 
ent molecular weight (Brulfert et al. 1979). 

The aim of the present study was to look for 
further evidence that the photoperiodic induction of 
CAM in Kalanchoe blossfeldiana is linked to changes 
in the PEPC isoform pattern through the synthesis 
of a protein functionally responsible for CAM opera- 
tion and showing kinetic and regulatory properties 
different from those of the enzyme existing under 
long days. 

For comparative reasons parallel experiments 
were carried out with Sedum morganianum which per- 
forms CAM independently of photoperiod. Antise- 
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r u m  aga ins t  P E P C  f r o m  Sedum morganianum was  al- 

r e ady  ava i l ab l e  (Mt i l l e r  et al. 1980), thus  a l l o w i n g  im-  

m u n o l o g i c a l  c o m p a r i s o n s  b e t w e e n  the  two  p l an t  spe-  

cies. 

Mater ia l s  and methods  

Plant material. Kalanchoe blossfeldiana Poelln. Tom Thumb (clone 
from Gif-sur-Yvette) and Sedum morganianum (clone from Botani- 
cal Garden Darmstadt) were obtained from cuttings and cultivated 
under standard conditions at the Phytotron of Gif-sur-Yvette. 
Growth conditions were as follows: long day, 16 h light/8 h dark- 
ness; short day, 9 h light/15 h darkness. The light intensity was 
100 Wm -2 at the level of the plants. The temperature during the 
day was 27 ~ C for K. blossfeldiana and 22 ~ C for S. morganianum 
and during the night 17 ~ C for Kalanchoe and 12 ~ C for Sedum. 

PEPC extraction and assay. Leaves were harvested 1 h after the 
beginning of the light period. In K. blossfeldiana, the second pair 
of leaves from the apex was extracted. In S. morganianum, the 
enzyme was obtained from the first fully developed leaves (i.e., 
about the 10th leaves from the apex). 

Fresh material was thoroughly ground in 2 vol tris(hydroxy- 
methyl)-aminomethane (Tris)-HC1 buffer (200 raM, pH 8.0) con- 
taining: MgC12 3.5 raM, dithiothreitol (DTT) 0.3 raM, polyethyl- 
ene glycol (MW 20,000) 2% fresh weight, and polyclar AT 5% 
fresh weight. The final pH after extraction was 7.4. Before being 
used in the assays, the extracts were centrifuged for 15 rain at 
100,000 g. 

PEPC capacity, KIn(PEP), PEPC inhibition by L-malate and 
activation by glucose-6-P were measured at pH 7.4 in extracts de- 
salted through Sephadex G25 columns, according to Kluge et at. 
1981. The estimation of molecular weights by polyacrylamide gel 
electrophoresis was done using the method of Brulfert et al. 1979. 

Immunological methods. The anti-PEPC immunserum used was 
raised against PEPC from S. morganianum by immunization of 
a rabbit. The antigen purification procedure, immunization, prepa- 
ration of the antiserum, and the criteria of antiserum specificity 
were described earlier (Mfiller et al. 1980). It is important to note 
that the immunological comparisons reported here were carried 
out with the same immunserum. 

Double diffusion tests were carried out after Ouchterlony 
(1958). It has been checked that the antibodies obtained against 
PEPC from S. morganianum were monospecific for plant PEPCs 
(Mfiller et al. 1980). 

For immunotitration of PEPC, increasing volumes of antise- 
rum were mixed with aliquots of enzyme crude extract correspond- 
ing to similar leaf dry weight (10 rag) to afford a comparison 
between long-day and short-day treated plants; fractions were com- 
pleted to a constant vol. of 0.9 ml by Tris-HC1 buffer (50 mM, 
pH 7.4) and stored overnight at 4 ~ C. After centrifugation 
(50,000 g, 45 rain) the residual PEPC activity in the supernatant 
was measured. The immunoprecipitates obtained were washed with 
0.2 ml distilled water, 0.2 ml 95% ethanol, dessicated, redissolved 
in 0.5 ml NaOH (0.1 M), heated 20 rain at 100 ~ C, and assayed 
for protein, according to Lowry et al. 1951. PEPC residual activity 
was expressed as % of enzyme activity in the control fiaction 
containing no antiserum. 

Measurement of COz exchange and malic acid content of the leaves. 
CO2 exchange was monitored by an infrared gas analyzer. Malate 
was assayed according to Hohorst (1970). 

Resul ts  

Effects o f  photoperiod on C A M  parameters 

F i g u r e  1 d o c u m e n t s  tha t ,  as fa r  as p e r f o r m a n c e  o f  

C A M  is c o n c e r n e d ,  Kalanchoe blossfeldiana a n d  Se- 
dum morganianum r e s p o n d e d  d i f f e r en t ly  to  p h o t o p e r i -  

od ic  t r e a t m e n t .  Th is  e v a l u a t i o n  is i m p o r t a n t  in the  

c o n t e x t  o f  c o m p a r a t i v e  e n z y m o l o g i c a l  s tudies .  

As  p r ed i c t ab l e  f r o m  ear l i e r  resul ts  ( Q u e i r o z  1965), 

s h o r t - d a y  t r e a t m e n t  i n d u c e d  C A M  in K. blossfeldiana, 

as i n d i c a t e d  by the  n o c t u r n a l  ne t  C O  2 f i xa t i on  and  

a c lea r  d iu rna l  m a l i c  ac id  r h y t h m  (Fig.  1 A).  These  

C A M  cr i t e r i a  were  p rac t i ca l ly  l ack ing  in the  l o n g - d a y  

g r o w n  K. blossfeldiana (Fig.  1 B), w h i c h  t h e r e f o r e  can  

be  c o n s i d e r e d  as n o n  C A M - p e r f o r m i n g .  

In  con t r a s t ,  S. morganianum s h o w e d  ne t  d a r k  CO2  

f i xa t i on  and  d i u r n a l  m a l i c  ac id  r h y t h m  u n d e r  l ong -  

and  s h o r t - d a y  t r e a t m e n t  (Fig.  1 C and  1 D).  H e n c e ,  

in this  species o c c u r r e n c e  o f  C A M  is n o t  c o n t r o l l e d  

by p h o t o p e r i o d i s m .  T h e  o n l y  effect  o f  the  da i ly  l e n g t h  

o f  the  l ight  p e r i o d  w h i c h  was  de t ec t ab l e  in S. morgan- 

ianum d u r i n g  o u r  e x p e r i m e n t s  c o n s i s t e d  in a subs t an -  

t ia l  ne t  CO2  u p t a k e  by the  l o n g - d a y - t r e a t e d  p lan t s  

d u r i n g  the  s econd  h a l f  o f  the  l ight  p e r i o d  (Fig.  1 D) .  

Th is  CO2  u p t a k e  was  l a ck ing  in the  s h o r t - d a y - g r o w n  

p lan t s  (Fig.  1 C), b u t  i n s p e c t i o n  o f  cu rves  C and  D 

ind ica tes  t ha t  this l a ck ing  c o u l d  resu l t  s imp ly  f r o m  

an  ear l ie r  onse t  o f  da rknes s  a n d  n o t  f r o m  a bas ic  

d i f fe rence  in m e c h a n i s m :  In  b o t h  p h o t o p e r i o d s  a ne t  

C O  2 p r o d u c t i o n  occurs  d u r i n g  r o u g h l y  8 -9  h o f  l ight .  
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Fig. 1A-D. Diurnal patterns of net CO~ exchange and malic acid 
content in Kalanchoe blossfeldiana and Sedum morganianum under 
short-day and long-day treatments. Kalanchoe: A, short days; B, 
long days; Sedum : C, short days; D, long days. Black bars indicate 
duration of daily dark period 
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Table 1. Kinetic data and sensitivity to effectors of PEPC obtained 
from long-day (LD) or short-day (SD) grown Kalanchoe blossfel- 
diana and Sedum morganianum (extraction 1 hour after beginning 
of day; extracts desalted through Sephadex G25 columns); data 
obtained at pH 7.4 and 30 ~ C. Activation by glucose-6-phosphate 
(13.3 raM) and inhibition by malate (6.6 raM) measured in presence 
of respectively non-saturating (1.25 mM) and saturating (7.5 raM) 
PEP concentration; results expressed as a % of initial activity 

Kalanchoe blossfel- Sedum morganianum 
diana 

LD SD LD SD 

PEPC capacity 0.2 6.4 0.97 + 0.4 0.805_+ 0.6 
(mmol h tg-~DW) 

Km(PEP) 1.4 2.8 5.2 5.2 
(raM) 

G-6-P activation 160 380 240 300 
(% of initial activity) 

Malate inhibition 60 35 36 27 
(% of initial activity) 

Molecular weight 174,000 184,000 232,000 

Effects of photoperiod on catalytical 
and regulatory properties of PEPC 

PEPC capacity. Table 1 shows that the different re- 
sponses of CAM to photoperiod in K. blossfeldiana 
and S. morganianum coincide with divergent catalytic 
and regulatory properties of PEPC. In K. blossfel- 
diana, as already described (Queiroz, 1968, 1969), 
there was a drastic increase in the capacity of PEPC 
(i.e., in the maximal extractable enzyme activity) when 
CAM was induced by short-day treatment. In con- 
trast, there was no photoperiodic-dependent differ- 
ence in PEPC capacity in Sedum. 

Affinity for PEP. In K. blossfeldiana, results published 
elsewhere (Kluge et al. 1981; Brulfert and Queiroz 
1982) established a), the existence of a diurnal rhythm 
in Km(PEP) for PEPC extracted from either long- 
or short-day-grown plants with a larger amplitude 
in the case of the plants under short days; b) no 
significant difference in the daily mean values of these 
rhythms. Results in Table 1 show that short-day treat- 

Fig. 2A-D. Immunological comparison of PEP carboxylases by Ouchterlony test. PEP carboxylases were obtained from Kalanchoe 
blossfeldiana and Sedum morganianum grown in long days (LD) or in short days (SD). The IgG were raised against PEP carboxylase 
of Sedum morganianum. A, K. blossfeldiana LD/LD ; B, K. blossfeldiana SD/SD ; C, K. blossfeldiana LD/SD ; D, S. morganianum LD/SD 
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ment seems to lower the affinity of PEPC for PEP 
when enzyme extraction is performed 1 h after the 
beginning of light (10 h). 

In fact a similar comparison during the night 
would have shown a remarkable inverse situation: 
PEPC affinity for PEP was significantly higher at 
0.00 h in extracts from plants under short days 
[KIn(PEP) = 0.9 mM under short days, 1.7 under long 
days], as could be expected for CAM efficiency (Brul- 
fert and Queiroz 1982). In summary, different photo- 
periods resulted, with Kalanchoe blossfeldiana, in dif- 
ferent Km(PEP) of PEPC, but not with Sedum mor- 
ganianum. 

Activation by glucose-6-P and inhibition by malate. 
The well-known effects of glucose-6-P and of malate 
on the activity of PEPC were utilized for further char- 
acterization of the effects of photoperiodism on the 
enzyme. Results reported in Table 1 show a signifi- 
cant difference in the sensitivity to glucose-6-P and 
to malate between the enzymes extracted from long- 
or short-day-treated Kalanchoe blossfeldiana. In S. 
morganianum only slight, non-significant differences 
could be noticed. 

Molecular weights. As previously described (Brulfert 
et al. 1979), an electrophoretically and chromato- 
graphically distinguishable PEPC appears with CAM 
induction under short days in K. blossfeldiana; its 
molecular weight was shown to differ from that of 
the form prevailing under long days. In contrast, the 
PEPC obtained from long- and short-day-treated 
S. morganianum plants had an identical MW of 
232,000 (Mfiller et al. 1982) and behaved identically 
in gel electrophoresis (Table 1). 

Effects of photoperiod 
on immunological properties of PEPC 

Double immunodiffusion tests. Ouchterlony double dif- 
fusion tests revealed that not only PEPC from S. 
morganianum, i.e., the homol0gue antigen, was pre- 
cipitated by the antiserum, but also PEPC obtained 
from K. blossfeIdiana. However, there were significant 
differences in the enzymes extracted from the two 
plants (Fig. 2). 

In S. morganianum, the precipitation lines of the 
long- and short-day-extracted PEPC fused complete- 
ly, indicating immunological identity between the two 
enzymes (Fig. 2 C). Contrastingly, in K. blossfeldiana, 
the precipitation lines obtained with long- and short- 
day-extracted PEPC did not fuse completely, but 
formed a spur (Fig. 2C), showing that the compared 
antigens share common antigenic determinants but 
are immunologically not completely identical. Hence, 

in Kalanchoe, not however in Sedum, photoperiodical 
treatment created differences in the immunological 
properties of PEPC. 

Immunotitration. Results reported in Fig. 3 A present 
immunotitration curves for PEPC extracted from Ka- 
lanchoe blossfeldiana grown under long and short 
days. Consideration of the equivalence points (i.e., 
the amount of antiserum required to precipitate all 
PEPC) or, for more accuracy, the 50% residual activ- 
ity points shows that the amount of PEPC-protein 
per unit of leaf dry weight is much higher under 
short days than under long days. This is confirmed 
by the difference between the variations in the 
amounts of protein in the immunoprecipitates ob- 
tained from the two extracts. 

On the other hand, it appears from the results 
that the amount of immunoprecipitates (i.e., the ap- 
proximative index of the PEPC protein) increased 
4.6 fold with short-day treatment, whereas the capaci- 
ty of PEPC was enhanced 32.0 fold: These data indi- 
cate that beyond the amount of PEPC protein its 
specific activity is also increased by short days. How- 
ever, because it is not yet known if the affinity of 
the proposed PEPC isoforms for the antibody is iden- 
tical, this question can not be resolved without further 
experimentation. 

In contrast to results with Kalanchoe blossfeldiana, 
the amounts of antiserum required to reach the 50% 
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Fig. 3A, B. Immunotitration of PEP carboxylase from short-day- 
and long-day-grown Kalanchoe blossfeldiana (A) and Sedum mor- 
ganianum (B). The antibody used was raised against PEPC from 
Sedum morganianum. PEPC residual activity remaining in the su- 
pernatant (open symbols) was expressed as % of PEPC activity 
in a control fraction where no antibody was added. Closed symbols 
indicate protein recovery in immunoprecipitate 
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residual activity were practically identical for the ex- 
tracts from long- and short-day-treated Sedum mor- 
ganianum (Fig. 3 B). Increase in protein immunopreci-  
pitate with increasing amounts of antiserum is similar 
for the two extracts. 

Discussion 

The above results support  the hypothesis that in Ka- 
lanchoe blossfeldiana photoperiodic regulation of PEP 
carboxylase is integrated in the mechanism of CAM 
induction. Until recently, evidence that induction of 
increased PEP carboxylase capacity by short days re- 
sulted f rom changes in the isozymic pattern was based 
mainly on electrophoretical and chromatographical  
studies (Brulfert et al. 1979). The present results pro- 
vide more clear-cut evidence that the mechanism of 
photoperiodic induction of CAM by short days acts 
through the synthesis (see Fig. 3) of a protein which 
was only weakly present under long days: This is 
evidenced by the Ouchterlony double diffusion test 
which showed that the short-day dependent PEPC 
is immunologically not totally identical to the form 
prevailing under long days. This divergency is also 
supported by the differences in the kinetic and regula- 
tory behavior of PEPC derived f rom either long- or 
short-day treatment. 

In summary, short-day photoperiods produce a 
large increase in the PEPC capacity form already pres- 
ent in minor amounts in the tissues (examination of 
the Ouchterlony plates indicates trace amounts of this 
form in extracts from long-day-treated plants). Ne- 
vertheless, the effects of short days are so dramatic 
that they practically turn into a new qualitative situa- 
tion, i.e., CAM effective operation, as compared to 
the non-CAM operation of plants under long days 
(see Fig. 1 B). Therefore, we assume that the photope- 
riod-sensitive form is the form specific for CAM. 

As the results show, significant photoperiodically 
determined changes of molecular, immunological, 
and regulatory properties were lacking in Sedum mor- 
ganianum, i.e., in a plant where CAM is performed 
independently of the photoperiodic conditions. In this 
regard a fundamental difference between the enzymic 
response to short days in Kalanchoe blossfeldiana and 
the response to saline conditions in Mesembryanthe- 
mum crystallinum should be noted (v. Willert et al. 
1976). In the latter case, the PEPC form correlated 
with growth in saline soil disappears when salt is 
removed. Therefore the pattern observed under salin- 
ity should not be considered as " induced"  by these 
conditions. In contrast, a few short days (e.g., 7 or 
10) were shown to result in intermediate levels of  
CAM in Kalanchoe which persisted after the plants 
were returned to long-day conditions. 

Performance of CAM in the short-day-treated 
Kalanchoe is certainly not only due to the observed 
changes of  regulatory PEPC properties but also, or 
perhaps even more, to the drastic enhancement of  
PEPC capacity. Certainly this latter factor is impor-  
tant for maintainance of a high rate of nocturnal 
CO 2 fixation, i.e., malic acid synthesis. The present 
studies revealed that an increase in the amount  of 
PEPC protein and possibly an increase in specific 
activity of the enzyme contribute to the photoperiodi- 
cally determined increase in PEPC capacity. This con- 
trasts with the mechanism of diurnal oscillations of 
PEPC capacity performed by Kalanchoe blossfeldiana 
(Queiroz 1974, 1979), where solely changes in specific 
activity and not in the level of PEPC-protein are in- 
volved (unpublished results). 
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