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Abstract. The differential expression of PSII genes was 
investigated in mesophyll and bundle-sheath cells of 
Flaveria trinervia, a dicotyledonous C4 plant of the 
NADP-malic enzyme type. A comprehensive immuno- 
blot analysis showed that three extrinsic proteins of 
the water-splitting complex (10, 16 and 23 kDa) are 
selectively depleted in mature bundle-sheath chloro- 
plasts. In contrast, the reaction-centre core remained 
virtually unaffected as inferred from the abundance of 
the 47-kDa chlorophyll-a-binding protein, the D1 and 
D2 polypeptides, cytochrome b559 and the 34-kDa poly- 
peptide. The selective depletion of the 10-, 16- and 23- 
kDa polypeptides in bundle-sheath chloroplasts was par- 
alleled by a diminished PSII capacity. On the basis of 
oxygen evolution in the presence of the artifical electron 
acceptor 2,5-dimethyl-p-benzoquinone, bundle-sheath 
chloroplasts maintained up to 23% of the PSII capacity 
shown by mesophyll chloroplasts. However, the levels of 
the 10-, 16- and 23-kDa proteins and, concomitantly, 
PSII activity varied to some degree and appeared to be 
correlated with environmental factors caused by seasonal 
changes. The selective depletion of the three members of 
the water-splitting complex was not reflected at the tran- 
script level. The corresponding mRNAs were detectable 
in considerable amounts in bundle-sheath cells, indicat- 
ing that the depletion of these proteins is regulated by 
post-transcriptional events. These findings reinforce the 
view that the peripheral proteins of the water-splitting 
complex are a focal point for controlling PSII activity in 
bundle-sheath chloroplasts of both mono- and dicoty- 
ledonous C4 plants of the NADP-malic enzyme subtype. 
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Introduction 

A characteristic of NADP-malic enzyme-type C4 plants 
is the occurrence of two morphologically distinct chloro- 
plasts. While the thylakoid membranes of mesophyll 
chloroplasts contain numerous appressed lamellae, those 
of bundle-sheath chloroplasts are almost grana-free 
(Laetsch and Price 1969). Concomitantly, bundle-sheath 
chloroplasts of mature leaves are almost devoid of PSII 
activity (Woo et al. 1970). However, non-cyclic electron 
flow has been shown to operate in the young bundle- 
sheath chloroplasts of Sorghum bicolor (Downton and 
Pyliotis 1971) indicating that PSII is active in undifferen- 
tiated bundle-sheath cells, but looses its activity as soon 
as a fully functional C4 cycle is established. 

Recently, evidence was presented that in developing 
bundle-sheath chloroplasts of maize, Sorghum and Pen~ 
nisetum the water-oxidation complex is a prime target for 
initiating or stabilizing the loss of PSII activity in the 
bundle-sheath cells (Oswald et al. 1990). Only traces of 
the nuclear-encoded 10-, 16- and 23-kDa extrinsic poly- 
peptides could be detected. It was shown for maize 
(Sheen et al. 1987) and Sorghum (Oswald et al. 1990) that 
the lack of these proteins was paralleled by drastically 
reduced levels of the corresponding mRNAs, indicating 
that protein abundance is controlled by RNA levels (Os- 
wald et al. 1990). While this picture applies to all mono- 
cotyledonous NADP-malic enzyme-type C4 species in- 
vestigated so far (Schuster et al. 1985; Sheen et al. 1987; 
Oswald et al. 1990), nothing is known about the regula- 
tion of PSII biogenesis in dicotyledonous C4 plants of 
this subgroup. This is especially interesting since C4 
plants are of polyphyletic origin (Hattersley 1987) and 
the question arises whether similar regulatory patterns 
are observed. Therefore, the present study with Flaveria 
trinervia (Asteraceae) was initiated. Flaveria trinervia has 
been classified as a NADP-malic enzyme-type C4 species 
based on enzyme-activity studies and pulse-chase experi- 
ments with 14C02 (Apel and Maass 1981 ; Bauwe 1984; 
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M o o r e  a n d  E d w a r d s  1986a). Howeve r ,  F. trinervia is also 
k n o w n  to m a k e  use o f  a s p a r t a t e  in a d d i t i o n  to  m a l a t e  as 
a shut t le  for  CO2 ( M o o r e  and  E d w a r d s  1986a). F u r t h e r -  
more ,  owing  to the  low level o f  p h o s p h o g l y c e r a t e  ( M o o r e  
and  E d w a r d s  1986b) the  o p e r a t i o n  o f  a t r i o s e - p h o s p h a t e  
shut t le  seems un l ike ly  in this  p lant .  This  indica tes  the 
poss ib i l i ty  tha t  bund l e - shea th  ch lo rop l a s t s  o f  F. trinervia 
possess  an  increased  capac i ty  for  non-cyc l ic  e lec t ron  
t r anspo r t .  This  in tu rn  raises the  ques t ion  whe the r  the 
b iogenes is  o f  PSI I  in bund le - shea th  cells exhibi ts  regula-  
t o ry  charac te r i s t i cs  different  f rom those  obse rved  in the 
m o n o c o t y l e d o n o u s  species. O u r  analys is  shows tha t  
bund le - shea th  ch lo rop la s t s  o f  F. trinervia are  severely 
dep le ted  in PSI I  ac t iv i ty  and  tha t  also in this  C4 p l a n t  the 
wa te r - sp l i t t ing  complex  appea r s  to be a p r i m a r y  ta rge t  
for  the de regu la t ion  o f  PSII .  

Material and methods 

Plant material. Seeds of Flaveria trinervia (Spreng.) C. Mohr were 
germinated on the surface of fine soil under conditions of high 
humidity. When the seedlings reached 1-2 cm in height they were 
transplanted into larger pots filled with peat compost (Triohum, 
Substrat 1 ; Klasmann, Geeste, Germany) and grown under green- 
house conditions with additional illumination (14 h per day from 
7 a.m. to 9 p.m.) provided by a combination of sodium and mercury 
high-pressure vapour lamps. The photon flux density was at least 
300 lamol �9 m -2 �9 s-  1 at plant height. Plants were watered daily and 
fertilized every second week with diluted nutrient solution (Wuxal 
8.8.6 super; Schering AG, Berlin, Germany). Depending on sea- 
sonal variations, the temperature varied from 24-31 ~ C during the 
day and from 16-20 ~ C at night. Under these conditions the plants 
developed inflorescenees after 2-2.5 months. Only fully expanded 
leaves from different nodal regions were harvested for preparation 
of choroplasts and RNA. 

Screening of 2gtl l eDNA library with antibodies. The construction 
of the copy-DNA (eDNA) library of F. trinervia was as recently 
described (Brrsch and Westhoff 1990). Screening of the library by 
antibody probes followed standard procedures (Blake et al. 1984; 
Huynh et al. 1985). Antibodies used included those listed previously 
(Oswald et al. 1990) as well as antisera to subunit 2 of PSI (Nechush- 
tai and Nelson 1985), to the 27- to 29-kDa polypeptides of the 
light-harvesting complex of PSII (Mogen et al. 1990) and to plas- 
toeyanin (Haehnel et al. 1989). Further characterization of the 
isolated eDNA clones was as in Oswald et al. (1990). 

Preparation of mesophyll and bundle-sheath protein fractions for 
measurement of  PSII activity and immunoblot analysis. Mature 
leaves (100 g divided into two portions) were cut into small pieces 
(2-3 mm) and homogenized three times for 5 s each in 250 ml of 
buffer A [400 mM sorbitol, 1 mM MnCI:, 2 mM EDTA, 10 mM 
NaC1, 0.8 mM KH~PO4, 4 mM L-cysteine, 2 mM Na-ascorbate, 
44 mM 2-(N-morpholino)ethanesulfonic acid (Mes)-KOH, pH 6.1, 
0.4% (w/v) bovine serum albumin] using a Waring blendor at low- 
speed setting. The crude extract was passed through a 20-gm nylon 
mesh before being used for the preparation of mesophyll chloro- 
plasts and soluble mesophyll contents. The retained plant material 
was transferred to 250 ml of buffer A (plus 0.1% (w/v) polyvinylpyr- 
rolidone 25) and homogenized for I min at high speed in the Waring 
blendor. The suspension was filtered through a 100-1am nylon mesh 
and the residue washed thoroughly with buffer A. This procedure 
was repeated three times until most of the adhering mesophyll cells 
were released from the bundle-sheath strands as assessed by micro- 
scopic examination. The remaining crude bundle-sheath strands 
were suspended in 200 ml of buffer C [350 mM sorbitol, 1 mM 
KHzPO4, 10 mM Mes-KOH, pH 6.0, 0.5% (w/v) bovine serum 

albumin, 1% (w/v) Cellulase Onozuka R-10, 0.2% (w/v) 
Macerozyme R-10] in a 500-ml Erlenmeyer flask, and incubated for 
1 h at room temperature while shaking continuously at 110 rpm. 
After digestion the medium was separated from the bundle-sheath 
strands by filtration (100-gin nylon mesh) and the residue washed 
with buffer A. The purifed bundle-sheath strands were then trans- 
ferred to a small (120ml) Waring blender and homogenized in 
buffer A by three 5-s bursts at low-speed setting. Finally the suspen- 
sion was passed through a 16-gin nylon mesh and the filtrate was 
used for the preparation of bundle-sheath chloroplasts and soluble 
bundle-sheath contents. 

Mesophyll and bundle-sheath chloroplasts (see above) were 
collected by centrifugation (RC-5B, HS-4 swing out rotor; Sorvall, 
Norwalk, Conn., USA; 60 s, 2300 rpm, 4 ~ C) and resuspended in 
buffer B [400 mM sorbitol, 1 mM MnCIz, 2 mM EDTA, 10 mM 
NaCI, 0.8 mM KHzPO4, 40 mM 4-(2-hydroxyethyl)-l-piperazine- 
ethanesulfonic acid (Hepes)-NaOH, pH 6.7, 0.1% (w/v) bovine 
serum albumin]. The centrifugation and resuspension step was 
repeated twice and the final pellet resuspended in a small amount 
of buffer B. Soluble cytosolic mesophyll and bundle-sheath proteins 
(see above) were prepared as in Oswald et al. (1990). 

Chlorophyll concentration was determined in 80 % acetone (Ar- 
non 1949); protein was assayed according to standard procedures 
(Lowry et al. 1951; Bradford 1976). Phosphoenolpyruvate-carbox- 
ylase (PEPCase) activity was determined as in Uedan and Sugiyama 
(1976). Sodium dodecyl sulfate (SDS) gel electrophoresis, transfer 
of the separated proteins to nitrocellulose (PH 79, 0.1 lam, Schleich- 
er & Schfill, Dassel, Germany) and immunodecoration with anti- 
bodies followed the protocols outlined elsewhere (Westhoff et al. 
1985; Oswald et al. 1990). Photosystem-II-mediated oxygen evolu- 
tion was measured polarographicaUy with a Clark-type electrode 
(Hansatech, Norfolk, UK) using 2,5-dimethyl-p-benzoquinone 
(DMBQ) as an electron acceptor (Somersalo and Krause 1990). 

Isolation and analysis of  mesophyll and bundle-sheath RNA. Leaf 
material (20-30 g) was homogenized in a Waring blendor in 250 ml 
of cold (2 ~ C) medium I [600 mM sorbitol, 30 mM NaCI, 10 mM 
MgCI2, 10 mM ethyleneglycol-bis([3-aminoethyl ether)-N,N,N',N'- 
tetraacetic acid (EGTA), 1 mM aurintricarboxylic acid, 10mM 
dithioerythritol (DTE), 5 mM diethyldithiocarbamic acid, 200 mM 
Tris-HC1, pH 8.9] by mixing three times for 5 s at low speed. The 
crude extract was filtered through a 20-~tm nylon mesh and the 
flow-through used for the preparation of mesophyll RNA (Westhoff 
et al. 1991). The residue in the cloth filter (see above) was used for 
the preparation of bundle-sheath RNA. The crude bundle-sheath 
strands were suspended in medium I (plus 0.1% diethylpyrocar- 
bonate). Purification of the bundle-sheath strands by mechanical 
treatment followed the same procedure as outlined for the isolation 
of proteins. Diethylpyrocarbonate was omitted in the washing 
steps. Further isolation of RNA from purified bundle-sheath 
strands was as in Westhoff et al. (1991). 

Ribonucleic acid was analyzed by Northern blotting (Westhoff 
et al. 1991) including the following modifications: eDNA probes 
were labelled by random priming (Feinberg and Vogelstein 1983) 
and hybridization was performed at 62~ in a phosphate-SDS- 
EDTA buffer system (Church and Gilbert 1984). When necessary, 
the hybridization signals were determined by liquid scintillation 
counting. 

Miscellaneous methods. Preparation of leaf samples for light and 
electron microscopy followed standard procedures. 

Results 

L e a f  anatomy.  Cross  sect ions  o f  Flaveria trinervia leaf  
ma te r i a l  show an  a n a t o m y  typ ica l  o f  d i c o t y l e d o n o u s  C4 
plants .  E lec t ron  m i c r o g r a p h s  were  t aken  to  examine  fur-  
ther  the  s t ruc ture  o f  the m e s o p h y l l  a n d  b u n d l e - s h e a t h  
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Fig. 1A, B. Ultrastructure of mesophyll (A) and bundle-sheath 
chloroplasts (B) of mature leaves of Flaveria trinervia. Scale bars 
represent 1 gm 

Fig. 2, Analysis of the purity of bundle-sheath preparations from 
Flaveria trinervia. Soluble fractions of the mesophyll (M) and bun- 
dle-sheath (BS) extracts were analyzed by immunoblotting with an- 
tisera to PEPCase, pyruvate orthophosphate dikinase (PPDK), and 
malate dehydrogenase (NADP +) (MDH). The positions of PPDK 
and MDH (NADP § are labelled by solid triangles. The high-mole- 
cular-weight bands in the mesophyll and the bundle-sheath lanes of 
the PPDK and the MDH immunoreactions have not been identified 

chloroplasts. Figure 1A shows that mesophyll thylakoids 
contain grana and non-appressed regions that are typical 
in the mesophyll chloroplasts of  C3 plants. In contrast, 
the bundle-sheath thylakoids of F. trinervia (Fig. 1B) 
largely lack grana development, but some granal stack- 
ing is apparent. 

Isolation of bundle~sheath fractions for immunoblot analy- 
sis and the measurement of PSII activity. The accumula- 
tion of PSII proteins in bundle-sheath cells can only be 
determined when cross-contamination due to an insuf- 
ficient removal of adhering mesophyll cells is avoided. 
Key enzymes of  the C~ biochemical pathway are strictly 
associated with one or the other of the two cooperating 
cell types. Therefore, PEPCase was chosen as a 
mesophyll-specific marker enzyme. Activity measure- 
ments showed that routine preparations of bundle- 
sheath strands exhibited less than 1% contamination of 
mesophyllic origin. This was confirmed by immunoblot 
analysis (Fig. 2) using an antiserum to the C4 isoform of 
the PEPCase of  Sorghum (Vidal et al. 1981). Thus a 
modified combination of  a differential grinding and enzy- 
matic procedure (Golbeck et al. 1981) yielded pure bun- 
dle-sheath strands and was suitable for this investigation. 
In contrast, the mesophyll fractions were severely con- 
taminated by bundle-sheath contents (up to 30%) as 
assessed by immunoblot analysis with an antiserum to 
the maize NADP-malic enzyme (data not shown). 

The 10-, 16- and 23~kDa proteins of the water-splitting 
apparatus are selectively deficient in bundle-sheath cells. 
Similar amounts of mesophyll and bundle-sheath thyla- 
koids (on a protein basis) were separated on broad-slot 
SDS polyacrylamide gels and transferred to nitrocellu- 
lose filters. Care was taken to achieve comparable trans- 
fer efficiency by checking the gel after the electrotransfer 
by Coomassie-blue staining. Filter strips with mesophyll 
and bundle-sheath proteins were always carried together 
through the immunodetection procedure to permit direct 
visual comparison of the fluorographic exposures. 

Similar amounts of  cytochrome b6, a representative 
subunit of the cytochrome b6/f complex, and of  the 
lumenal protein plastocyanin could be detected in 
mesophyll and bundle-sheath thylakoids (Fig. 3). 
photosystem-I reaction-centre polypeptides were slightly 
more abundant in the bundle-sheath fraction (Fig. 3). 

Only minor differences between mesophyll and bund- 
le-sheath cells were also apparent for subunits of the PSII 
core, i. e. the chlorophyll-a-binding protein CP47, the D 1 
and D2 polypeptides of the reaction centre, cytochrome 
b559, and the 34-kDa protein of the water-splitting com- 
plex. The levels of these proteins were only slightly re- 
duced in the bundle-sheath thylakoids (Figs. 4, 5). 

In contrast, the levels of the 10-, 16- and 23-kDa 
proteins of the water-splitting complex were significantly 
lower in bundle-sheath thylakoids (Fig 5). However, the 
amounts of these proteins in the bundle-sheath chloro- 
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plasts are correlated with the season in which the analysis 
was per formed (Fig. 5): bundle-sheath  fract ions 
prepared f rom plants in late a u t u m n  and the winter  
exhibited a higher content  o f  the 10-, 16- and 23-kDa  
polypeptides than bundle-sheath fract ions o f  summer-  
grown plants.  N o  such seasonal variat ions in protein 

levels could be observed for  the componen t s  o f  the PSI I  
core polypept ides (data  no t  shown,  see Fig. 4.) 

The reduction in the levels o f  the 10-, 16- and 23-kDa 
proteins correlates with PSII-mediated oxygen evolution. 
The relatively large amoun t s  o f  PSI I  core  polypept ides 

Fig. 3. Distribution of PSI subunits 1 (PS1-A) and 2 (PSI-D), 
cytochrome b6 (Cyt b6) and plastocyanin (PC) in mesophyll (M) 
and bundle-sheath (BS) thylakoids of Flaveria trinervia. The same 
amounts of proteins were separated on SDS-urea-polyacrylamide 
gels and immunodecorated as outlined in Material and methods. 
A representative fluorograph from six independent experiments 
(see Table 1) is shown 

Fig. 4. Immunoblot analysis of PSII polypeptides in mesophyll (M) 
and bundle-sheath (BS) thylakoids of Flaveria trinervia. Designa- 
tion of proteins: 51-kDa chlorophyll-a-binding protein (CP47), D2 
polypeptide (D2), D 1 polypeptide (D 1), cytochrome b s 59, r subunit 
(b559) (labelled by solid triangle), light-harvesting chlorophyll-a/b- 
binding complex of PSII (LHCI1). The higher-molecular-weight 
bands are the result of protein aggregation; the nature of the 
low-molecular-mass protein (below the indicated tt subunit of cyto- 
chrome b559 is not known. Representative fluorographs selected 
from six independent experiments (see Table 1) are shown 

Fig. 5A, B. Immunoblot analy- 
sis of the 10-, 16-, 23- and 
34-kDa proteins of the water- 
splitting complex of PSII in 
mesophyll (M) and bundle- 
sheath (BS) thylakoids of sum- 
mer- (A) and winter-grown (B) 
Flaveria trinervia. Represen- 
tative filters from three in- 
dependent experiments (see 
Table 1) are shown 
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Table 1. Photosystem-II-driven oxygen evolution in mesophyll and 
bundle-sheath thylakoids of Flaveria trinervia. Numbers represent 
mean values of three separate measurements. Photosystem-II- 
dependent electron transport from water to DMBQ was measured 
as 0 2 evolution with a Clark-type oxygen electrode in the presence 
of 5 mM NH4C1 and 2 ~tM Gramicidin D. The PEPCase activity 

was assayed spectrophotometrically as NADH consumption in the 
presence of malate dehydrogenase (NADH+). The ratio of 
PEPCase activity is calculated from total enzyme activity in the 
soluble supernatants obtained from mesophyll (M) and bundle- 
sheath fractions (BS) (see Material and methods) 

Expt. Ratio of PSII activity 
No. (Date) PEPCase activity (HzO~DMBQ) 

(%) 
BS/M (lamol 0 2 " (mg Chl) - 1 . h -  1)  

M BS 

Ratio of 
Chl a to b 

Ratio (%) M BS 
BS/M 

1 (25. 05. 1990) 0.3 204 3.4 1.6 3.8 3.7 
2 (01.06. 1990) 0.2 240 21 8.7 3.8 4.4 
3 (14. 06. 1990) 0.1 296 16 5.4 4.1 4.6 
4 (10. 10. 1990) 0.3 249 57 22.8 3.5 4.3 
5 (12. 10. 1990) 0.1 298 70 23.4 3.7 4.4 
6 (20. 12. 1990) 0.2 342 77 22.5 3.7 4.2 

Table 2. Characterization of cDNA clones. 
Recombinant %gtl 1 phages were digested 
with EcoRI and the inserted fragments 
subcloned into Bluescript M 13 +. After 
partial sequence determination (see Mate- 
rial and methods) the fragments were iso- 
lated and used as hybridization probes 
after labelling by random priming (Fein- 
berg and Vogelstein 1983) 

Protein Gene Plasmid cDNA mRNA 
(base pairs) (bases) 

PEPCase ppcA pcFtppc 1-1 3100 3300 
34-kDa protein psbO pcFtoec34-43 1200 1300 
23-kDa protein psbP pcFtoec23-96 690 1200 
16-kDa protein psbQ pcFtoec16-45 680 1000 
10-kDa protein psbR pcFtoec10-65 560 800 
Plastocyanin petE pcFtpc-71 450 700 
Subunit 2, PSI (PSI-D) psaD pcFtPSI-D 580 900 
Heat-shock protein 70 hsp70  pcFthsp-2233 840 2400 
Ubiquitin ubi pcFtubi-2244 1500 1600 
25S rRNA rrn25  pcFtrrn25 460 - 

in bundle-sheath thylakoids and the severe depletion of  
the 10-, 16- and 23-kDa polypeptides raised questions 
about  the functional state of  PSII  in the bundle-sheath 
chloroplasts. Therefore, the activity of  PSII was com- 
pared in mesophyll  and bundle-sheath thylakoids by 
measuring oxygen evolution in uncoupled membranes  in 
the presence of  the electron acceptor DMBQ.  Table 1 
shows that  the water-oxidizing activity of  bundle-sheath 
thylakoids is significantly reduced when compared with 
mesophyll  thylakoids, but it is, nevertheless, clearly de- 
tectable, Bundle-sheath thylakoids Prepared in late au- 
tumn and winter (Expts. Nos. 4-6, Table 1) consistently 
exhibited higher rates of  oxygen evolution than those 
prepared f rom summer-grown plants (Expt. No. 1-3). 
The activity of  PSII thus appears  to be related to the 
levels o f  the 10-, 16- and 23-kDa proteins of  the water- 
splitting complex. 

The accumulation o f  the 10~, 16- and 23~kDa polypeptides 
o f  the water-splittin 9 complex is regulated at the post- 
transcriptional level. To determine the level of  gene ex- 
pression at which the accumulat ion of  the 10-, 16- and 
23-kDa proteins of  the water-splitting complex is regu- 
lated in the bundle-sheath cells a detailed Nor thern  blot 
analysis was performed.  Hybridization probes specific 
for the four nuclear-encoded components  of  the water- 
splitting complex were isolated by immunoscreening 

f rom a )~gtll expression c D N A  library of  F. tr&ervia. 
For  comparison,  cDNAs for subunit 2 of  PSI and for 
plastocyanin were selected as representative examples of  
non-PSII  components  of  the electron-transport chain. By 
chance, c D N A  clones encoding ubiquitin,  the 70-kDa 
heat-shock protein and 25S r R N A  were obtained during 
the immunoscreening procedure. (See Table 2 for charac- 
terization of  c D N A  clones.) 

Initially isolated bundle-sheath R N A  lacked a hy- 
bridization signal when filters were probed with a c D N A  
clone for NADP-mal ic  enzyme (data not shown). The 
indicated extensive degradation of  R N A  was also appar-  
ent When agarose gels were stained with ethidium bro- 
mide. However,  the degradatiori was largely observed in 
cytosolic, but not in chloroplastic RNAs.  This indicated 
that during the preparat ion of  the bundle-sheath cells the 
RNAses were released only in the cytosolic compar t -  
ment. As outlined in Material and methods, intact bun- 
dle-sheath R N A  could be obtained by raising the sorbitol 
concentration of  the isolation medium to 0.6 M and by 
including diethylpyrocarbonate as an RNAse inhibitor 
during homogenization. In addition, the temperature of  
the isolation media was lowered to 1-4 ~ C. 

Hybridization of  Nor thern  filters with a PEPCase 
c D N A  probe detected only traces of  transcripts in the 
bundle-sheath R N A  (Fig. 6). Quanti tat ion of  the bound 
probe by liquid scintillation counting revealed that the 
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Fig. 6. Levels of cytosolic RNAs in mesophyll (M) and bundle- 
sheath (BS) cells of Flaveria trinervia. The same amounts of 
mesophyll and bundle-sheath RNA were denatured by gtyoxylation 
and subjected to electrophoresis on 1.2% agarose gels. Ribonucleic 
acids were transferred to nylon membranes and hybridized with 

cDNA probes labelled by random priming as described in Material 
and methods. For designation of genes and corresponding rnRNAs 
see Table 2. A representative out of four independent experiments 
is shown 

Fig. 7. Transcript profiles of plastome-encoded genes in mesophyll 
(M) and bundle-sheath (BS) RNA of Flaveria trinervia. For hy- 
bridization with antisense transcripts and probes used see Westhoff 
et al. (1991). Designation of genes: atpH, proteolipid subunit of 
ATP synthase; psaA, P700 apoprotein A of PSI ; psbA D 1 polypep- 
tide; psb E/F, a (9.4 kDa) and b (4.4 kDa) subunits of cytochrome 

b559; psbC, 44-kDa chlorophyll-a apoprotein (CP43); psbB, 51- 
kDa chlorophyll-a apoprotein (CP47); psbH, 10-kDa phosphopro- 
tein; petD, subunit 4 of the cytochrome b/f complex. A represen- 
tative out of four independent experiments is shown. The elevated 
level of the psaA transcript in the bundle-sheath RNA was not 
reproducible in the other experiments 

contaminat ion of the bundle-sheath fraction by 
mesophyll  R N A  was consistently well below 5%. This 
confirms the puritiy of  the bundle-sheath strands. Hy-  
bridization with cDNAs  encoding the 10-, 16- and 23- 
k D a  proteins detected only slight differences (about  1.2- 
to 2-fold, as measured by liquid scintillation counting) in 
the steady-state levels o f  these transcripts in mesophyll  
and bundle-sheath R N A  preparat ions (Fig. 6). Similar 

results were obtained when the blots were incubated with 
probes specific for the 34-kDa protein, plastocyanin, 
PSI-D,  heat-shock protein 70 and ubiquitin (Fig. 6). In 
addition, no significant differences in the amounts  of  
these RNAs  in mesophyll  and bundle-sheath cells could 
be observed when plants grown in summer  and in late 
au tumn were compared  (data not  shown). I t  follows that  
the severe reduction of  the 10-, 16- and 23-kDa proteins 
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in the bundle-sheath cells cannot be controlled at the 
transcript level. 

No major differences in transcript abundance and 
pattern were obvious when Northern blots of mesophyll 
and bundle-sheath RNA were probed by a representative 
set of plastid genes encoding PSII and non-PSII genes 
(Fig. 7). One can only conclude that the accumulation of 
both nuclear and plastid transcripts encoding PSII poly- 
peptides does not appear to proceed differentially in 
mesophyll and bundle-sheath cells of the dicotyledonous 
C4 plant F. trinervia. 

Discussion 

We are interested in understanding the regulatory mech- 
anisms underlying the differential biogenesis of PSII in 
mesophyll and bundle-sheath cells of NADP-malic en- 
zyme-type C4 plants. In a previous paper, evidence was 
presented that the PSII content in developing bundle- 
sheath chloroplasts of monocotyledonous NADP-malic 
enzyme-type C4 species varies and that the deregulation 
of PSII during the differentiation process is initiated at 
the oxidizing site (Oswald et al. 1990). In the present 
study the analysis has been extended to Flaveria trinervia, 
a dicotyledonous member of this subgroup. 

Analysis by electron microscopy revealed only rudi- 
mentary grana development in mature bundle-sheath 
chloroplasts of F. trinervia. A strong depletion of grana 
formation has also been reported for Gomphrena cele- 
soides, another dicotyledonous NADP-malic enzyme- 
type C4 species (Repo and Hatch 1976). Thus in all cases 
analyzed so far the absence or reduced amounts of stack- 
ed thylakoid membrane regions in bundle-sheath chloro- 
plasts has been correlated with a decrease in PSII activ- 
ity. It has been suggested that the light-harvesting 
chlorophyll-a/b-protein complex (LHC II) of PSII is 
involved in establishing the lateral heterogeneity of thyla- 
koid membranes (Anderson 1981). Interestingly, bundle- 
sheath thylakoids of F. trinervia contain only slightly 
reduced amounts of the major 27- to 29-kDa polypep- 
tides of this antenna complex as compared to mesophyll 
thylakoids (Fig. 4). These data indicate that the presence 
of LHC II polypeptides is not sufficient for grana forma- 
tion. It supports earlier conclusions derived from mutant 
analysis (quoted after Hiller and Goodchild 1981). 

Protein fractions of both mesophyll and bundle- 
sheath cells were isolated and tested for the activity as 
well as the polypeptide organization of PSII. Only fully 
expanded leaves were used for these experiments. The 
data, therefore, represent a view of PSII organization in 
mesophyll and bundle-sheath cells when a functional C4 
cycle has been established (Moore et al. 1986; Moore and 
Edwards 1988). Bundle-sheath thylakoids isolated from 
summer-grown plants exhibited between 2-9% of the 
PSII activity measured in mesophyll thylakoids. In con- 
trast, those from autumn- and winter-grown material 
showed consistently about 22 % of this activity (see Table 
1). Since plants in the summer were exposed to higher 
light intensities and temperatures as well as to a longer 
photoperiod than those in late autumn or winter it is 

tempting to conclude that the changes in environmental 
conditions account for the observed alterations in PSII 
activity in the bundle-sheath cells. It is well documented 
that the incident light received during growth can in- 
fluence the photosynthetic properties of C4 plants (Lud- 
low and Wilson 1971 ; Ward and Woolhouse 1986; Smith 
and Martin 1987). For example, high irradiance leads to 
an increase in the activities of several key enzymes of the 
C4 cycle (Hatch et al. 1969; Fladung and Hesselbach 
1989) and the C4-1ike C3-C4 intermediate Flaveria brow- 
nii has been used to demonstrate that high light increases 
the expressed level of C4 photosynthesis (Cheng et al. 
1989). A transition from a mixed CJC4 metabolism 
towards a fully expressed C4 syndrome has been detected 
during leaf development of F. trinervia (Moore et al. 
1986). Whether the variation in PSII activity in the bun- 
dle-sheath cells of F. trinervia is also paralleled by dif- 
ferent levels of expression of the C4 syndrome remains 
to be investigated. 

Surprisingly, the reduction of PSII activity in bundle- 
sheath chloroplasts is not accompanied by a correspond- 
ing decline in the levels of the PSII core polypeptides, i.e. 
CP47, the D1 and D2 polypeptides, cytochrome b559 and 
the 34-kDa polypeptide. However, it is paralleled by a 
selective depletion of the 10-, 16- and 23-kDa polypep- 
tides. These proteins are known to be of structural and 
regulatory importance for the functional integrity of the 
water-splitting apparatus (Homann 1988). In-vitro ex- 
periments have shown that the 16- and 23-kDa com- 
ponents are not an absolute prerequisite for water-oxida- 
tion provided that elevated levels of chloride and Ca 2+ 
are present in the assay medium (reviewed in Miyao and 
Murata 1989). However, in the case of the 23-kDa pro- 
tein, mutational analysis in Chlamydomonas has demon- 
strated that this polypeptide is necessary for PSII to be 
fully functional in vivo (Mayfield et al. 1987). Antisense 
experiments revealed that potato plants lacking the 10- 
kDa protein are not significantly affected in their growth 
under greenhouse conditions. Nevertheless, measure- 
ments of the relaxation of the flash-induced enhancement 
in the fluorescence quantum yield as determined in intact 
leaves showed that the elimination of the 10-kDa poly- 
peptide affects the PSII donor site by retarding the reox- 
idation of Q2. An analysis of the oscillation patterns 
of oxygen evolution in isolated thylakoid membranes 
indicated that the lack of the 10-kDa polypeptide in- 
troduces a greater disorder into the PSII complex (Stock- 
haus et al. 1990). It can be expected, therefore, that the 
depletion of these proteins in the bundle-sheath chloro- 
plasts must have serious consequences for the water- 
oxidizing capacity of PSII, even though the intrinsic core 
of this photosystem does not seem to be disturbed. The 
data are consistent with the view that PSII activity may 
be deregulated by changing the amounts of the 10-, 16- 
and 23-kDa polypeptides attached to the PSI! core. This 
notion is further supported by the observation that vary- 
ing rates of water-oxidation activity observed in the 
bundle-sheath chloroplasts of summer-and autumn/ 
winter-grown F. trinervia plants are associated with 
concomitant changes in the levels of these proteins. 

Whether the regulation of the levels of the 10-, 16- and 
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23-kDa proteins is achieved by lowered rates of  synthesis 
or selective degradation is not known at present. F rom 
the Northern  blot analysis it has to be concluded that 
transcript abundance and transcription cannot  account 
for the selective reduction of  the extrinsic proteins of  the 
water-splitting complex. Initially, preliminary experi- 
ments (see Discussion in Oswald et al. 1990) revealed low 
levels of  the mRNAs of  the 10-, 16- and 23-kDa proteins 
in the bundle-sheath cells, indicating a differential ex- 
pression in mesophyll and bundle-sheath cells similar to 
monocotyledonous NADP-malic  enzyme-type C4 species 
(Sheen et al. 1987; Oswald et al. 1990). However, upon 
refining the techniques for the isolation of  bundle-sheath 
RN A (see Material and methods as well as Results) the 
presence of  substantial amounts of  the mRNAs for these 
three proteins could be demonstrated in bundle-sheath 
ceils (Fig. 6). No evidence could be obtained that the 
mRNAs of the 10-, 16- and 23-kDa proteins are selective- 
ly depleted in the bundle-sheath cells. Thus a post-tran- 
scriptional controlling mechanism must be responsible 
for regulating the abundance of  these proteins in bundle- 
sheath chloroplasts. It is established that mRNAs encod- 
ing the 10-, 16- and 23-kDa proteins are selectively de- 
pleted in the bundle-sheath cells of  the monocotyledo- 
nous Ca plant Sorghum bicolor (Oswald et al. 1990). 
However, the data obtained with F. trinervia raise the 
question whether this reduction is indeed triggering the 
abundance of the corresponding protein as suggested or 
whether it is merely used to stabilize, but  not to initiate 
the PSII depletion in the bundle-sheath cells. 

As may be expected from the abundance of  the plas- 
tome-encoded PSII subunits, i.e. CP47, D1, D2 and 
cytochrome b5~9, no major differences in the levels of 
either the corresponding mRNAs or in the transcript 
profiles of  PSII-gene-containing transcription units can 
be detected in mesophyll and bundle-sheath cells of  
F. trinervia. Thus the transcriptional activities of 
mesophyll and bundle-sheath chloroplasts are similar. In 
contrast, segmental RNAs within one single transcrip- 
tion unit can accumulate to different degrees in 
mesophyll and bundle-sheath chloroplasts of  monocoty-  
ledonous NADP-malic  enzyme-type Ca species, demon- 
strating that in these plants the two types of  chloroplasts 
are different with respect to their transcriptional and-or 
RNA-processing capacity (Westhoff et al. 1991). 

It is interesting to observe that in both mono- and 
dicotyledonous Ca plants of  the NADP-malic  enzyme 
subgroup the oxidizing site of  PSII appears to be a focal 
point for regulating the functional state of  this protein 
complex. Inactivation of  the water-oxidation system is 
also used by the unicellular green alga Chlamydobotrys 
stellata to reduce linear electron transport  when the alga 
is shifted from photoautotrophic  to mixotrophic growth 
(Wiessner et al. 1981). It is tempting to speculate, 
therefore, that the controlling mechanism for the deregu- 
lation of  PSII in the bundle-sheath cells is not a new 
acquisition of  Ca plants. It may be based on an evolu- 
t ionary conserved, regulatory principle which is also used 
by C3 plants to control the activity o f  photosynthetic 
electron flow from water to plastoquinone. The identifi- 
cation of  genes which control the accumulation of  the 

nuclear-encoded PSII proteins (cf. Erickson and Rochaix 
1991) will, therefore, be of  prime importance for under- 
standing the differential biogenesis of  this photosystem 
in mesophyll and bundle-sheath cells of  C4 plants. 
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