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Summary. Phosphoenolpyruvate carboxylase (PEPCase) 
was shown to be encoded by a multigene family in var- 
ious Flaveria species analysed. Several clones were iso- 
lated from genomic libraries of F. pringlei  (C3 species) 
and F. trinervia (CA species) and classified into four dis- 
tinct groups according to their hybridization behaviour 
to a full-length cDNA clone encoding the PEPCase C4 
isozyme of F. trinervia. A detailed cross-hybridization 
analysis demonstrated that the closest relative of most 
of the PEPCase genes isolated from F. trinervia and F. 
pringlei was not found in the same but in the other spe- 
cies. Northern analysis, using stringent conditions, al- 
lowed discrimination of class-specific PEPCase tran- 
scripts and revealed characteristic organ-specific expres- 
sion patterns. 

Key words: Flaveria - Ca/CA plants - Phosphoenolpyr- 
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Introduction 

Various higher plant species which inhabit desert or 
semi-arid tropical environments have a special type of 
photosynthetic carbon assimilation called the C4 cycle. 
Photosynthesis in these plants relies upon the integrated 
metabolic activities of two morphologically and func- 
tionally distinct cell types, mesophyll and bundle sheath 
cells. As a consequence of this metabolic interaction, 
carbon dioxide is concentrated in the bundle sheath cells 
at the site of ribulose-l,5-bisphosphate carboxylase. 
Thus, photorespiration is largely abolished in plants ex- 
hibiting C4 photosynthesis (e.g. Edwards and Walker 
1983). 

Since C4 species are widely scattered among various 
families of mono- and dicotyledonous plants this special 
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kind of metabolism has probably envolved several times 
independently in angiosperms (Moore 1982). This view 
is supported by the observation that the enzymes which 
permit C4 photosynthesis are also found in the leaves 
of typical Ca plants. Thus, the evolution of C4 plants 
obviously took advantage of a set of already existing 
genes in ancestral plants (Moore 1982; Cockburn 1983). 
However, the temporal and spatial expression patterns 
of these genes as well as the regulatory properties of 
the enzymes encoded had to be changed to meet the 
special requirements of the C4 photosynthesis pathway. 

One of the key enzymes in C4 metabolism is phos- 
phoenolpyruvate carboxylase (PEPCase). This enzyme 
is located in the cytosol of the mesophyll cells and cata- 
lyzes the primary fixation of CO2 into oxaloacetate (O'- 
Leary 1982). In the NADP malic enzyme subgroup of 
C4 species, oxaloacetate is subsequently reduced in the 
mesophyll chloroplasts to form malate, which is then 
transported into the bundle sheath cells. After decarbox- 
ylation, the resulting CO2 is finally channeled into the 
Calvin-Benson cycle (Hatch and Osmond 1976; Ed- 
wards and Walker 1983; Hatch 1987). 

Besides the C4 specific PEPCase, several other 
isozymic forms have been detected in the various organs 
of C4 as well as C3 plants. These isoforms can be distin- 
guished by chromatographic, immunological and kinetic 
properties (Ting and Osmond 1973; O'Leary 1982). It 
has been postulated that they are involved in diverse 
anapleurotic functions in basic plant metabolism such 
as gluconeogenesis, NADPH regeneration or the refixa- 
tion of respired CO2 (Andreo et al. 1987) and last, but 
not least, in the function of guard cells (Cockburn 1983). 

A number of different genes which are differentially 
expressed during leaf development and in various plant 
organs (Vidal and Gadal 1983; Martineau and Taylor 
1985; Harpster and Taylor 1986; Hudspeth and Grula 
1989) have been identified in the monocotyledonous C4 
plant maize (Harpster and Taylor 1986; Hudspeth et al. 
1986). Therefore it is reasonable to expect that the var- 
ious isoforms of PEPCase are encoded by different 
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genes. Hence, one of the primary events in the evolution 
of CA plants may have been the development of a regula- 
tory mechanism which generates novel patterns of PEP- 
Case gene expression. 

To gain an insight into the changes underlying the 
evolution of C3 to CA plants we have started to analyse 
C4 photosynthesis in the genus Flaveria (Asteraceae; 
Powell 1976). This genus is characterized by a wide range 
of C3, Ca and C3-Ca intermediate species, the latter ex- 
hibiting photosynthetic and anatomical properties rang- 
ing between those of C3 and CA plants (Monson et al. 
1984; Edwards and Ku 1987). It is a commonly accepted 
hypothesis that these C3-Ca Flaveria species may be re- 
garded as representing transition forms from Ca to C4 
photosynthesis (Monson and Moore 1989). Therefore, 
the genus FIaveria provides an attractive biological sys- 
tem for studying the evolution of CA plants. 

As a prerequisite, a full-length cDNA (pcFtppcl-l) 
coding for the CA isoform of PEPCase in F. trinervia 
(Poetsch et al., in preparation) was isolated. To under- 
stand the genetic basis of evolution towards the Ca syn- 
drome, including the changes in regulatory mechanisms, 
PEPCase genes in Flaveria species were characterized. 
The isolation of genomic clones encoding PEPCase in 
a C3 (F. pringlei) and a Ca type Flaveria species (F. 
trinervia), their expression patterns and their putative 
evolutionary relationships are reported here. 

Materials and methods 

Growth of plant material and isolation of nucleic acids. 
Seeds of F. trinervia (C4), F. anomala (C3-Ca intermedi- 
ate), F. pringlei (C3) and F. brownii (C4-1ike) were ob- 
tained from H. Bauwe (ADW Gatersleben, GDR) or 
S. Holaday (Lubbock, Texas). The Tx 623 line of Sor- 
ghum bicolor (Ca) was a gift of Pioneer Hibred. Plants 
were grown in the greenhouse at 20-26° C (day) and 
18-20 ° C (night). Supplementary light was provided by 
a combination of sodium and mercury high-pressure va- 
pour lamps giving a photosynthetic photon flux density 
of 300 gE/m 2 per s at plant height. For the preparation 
of root tissue, cuttings were grown on Vermiculite under 
the same conditions. 

Nuclear DNA was prepared from chromatin 
(Steinmfiller and Apel 1986) isolated from fully ex- 
panded leaves. Total RNA was extracted from various 
F. trinervia and F. pringlei tissues following the proce- 
dure of Westhoff et al. (in preparation). Poly(A) + RNA 
was enriched on oligo(dT) cellulose according to Aviv 
and Leder (1972). 

Isolation and labelling of plasmid DNA fragments. Plas- 
mid DNA was isolated by alkaline lysis and restricted 
by standard procedures (Sambrook et al. 1989). DNA 
fragments were fractionated in agarose gels and purified 
by electroelution to NA45 membranes following the sug- 
gestions of the manufacturers (Schleicher and Schiill, 
Dassel, FRG). Hybridization probes were labelled by 
random priming (Feinberg and Vogelstein 1983) to an 
average specific activity of 1.7 x 10  9 dpm per ~tg DNA. 

Southern analysis of genomic DNA. Nuclear DNAs of 
the various species were digested to completion using 
BamHI, EcoRI, HindIII and PstI restriction enzymes. 
Ten micrograms each of the fragmented DNAs were sep- 
arated in 0.4% agarose gels and transferred to Biodyne 
B membranes as recommended by the manufacturer 
(Pall, Dreieich, FRG). Homologous hybridizations were 
carried out overnight in 50% (v/v) formamide, 1 x Den- 
hardt's solution, 50 lag/ml heterologous DNA, 1% (w/v) 
SDS at 42 ° C. For heterologous hybridizations the form- 
amide concentration and the temperature were decreased 
to 30% (v/v) and 37 ° C, respectively. The volume activi- 
ty of the probe w a s  10 6 dpm per ml solution. After hy- 
bridization the filters were washed briefly several times 
in 2 × SSC, 0.1% (w/v) SDS at the hybridization temper- 
ature and, in the case of homologous hybridizations, 
finally for 1 h in 0.1 x SSC, 0.1% (w/v) SDS. 

Construction and screening of  genomic libraries. To gener- 
ate fragments suitable for insertion into lambda vectors, 
the DNAs of F. pringlei and F. trinervia were treated 
with various restriction enzymes. F. trinervia DNA was 
digested to completion with EeoRI. In addition, partial 
digestions were carried out with EcoRI, HindIII and 
Sau3A using several enzyme to DNA ratios. In the case 
of F. pringlei only partial digestions with Sau3A were 
performed. The fragments obtained by the different as- 
says were sized to 13-25 kb either by agarose gel electro- 
phoresis followed by electroelution to NA45 membranes 
or by sucrose gradient centrifugation (Sambrook et al. 
1989). 

The genomic libraries were constructed in lambda 
DASH (Stratagene, La Jolla, USA) using standard pro- 
cedures (Sambrook et al. 1989). Plating was done on 
Escherichia coli strain CES 200 (Wyman and Wertman 
1987). A total of 2.5 x 106 (F. trinervia) and 5 x 105 (F. 
pringlei) phage were screened without amplification by 
plaque hybridization (Benton and Davis 1977). The hy- 
bridization was performed in a sodium phosphate/SDS/ 
EDTA buffer (Church and Gilbert 1984) at 50 ° C. After 
hybridization the filters were incubated several times in 
2 x SSC, 0.1% (w/v) SDS at the hybridization tempera- 
ture. 

Isolation of  phage DNA and restriction site mapping. 
Phage were grown and the DNA was isolated by stan- 
dard procedures (Sambrook et al. 1989) except for a mi- 
nor modification: the intact phage were precipitated 
from the culture medium by the addition of ammonium 
sulfate to 50% saturation instead of polyethylene glycol. 

For the localization of restriction sites the recombin- 
ant phage DNAs were first cut with an appropriate re- 
striction enzyme to release the cloned fragment. Without 
further fragment isolation the DNA was partially di- 
gested by the enzyme to be mapped. The partial products 
were used for Southern blotting and hybridized with 
probes specific to the outermost regions of the cloned 
insert. To generate these probes the whole recombinant 
phage DNA was completely digested by a frequently 
cutting enzyme (RsaI) and used as a template for in 
vitro transcriptions with T3 and T7 RNA polymerase. 



The respective promoters in lambda DASH flank the 
multiple cloning sites, thus run-off  transcription from 
both promoters yields RNAs extending up to the first 
RsaI site. After exposure of  the Southern blots, the re- 
sulting ladder of  bands reflects the distances between 
the sites. 

Slot-blot hybridization. D N A  (0.5 gg) of  each recombin- 
ant phage was denatured in 0.4 M NaOH, 0.6 M NaC1 
and bound to Biodyne B membranes using a slot-blot 
device (Schleicher and Schfill). Hybridization conditions 
were the same as described for screening of  the genomic 
libraries. Different stringencies were achieved by per- 
forming the hybridization reactions at varying tempera- 
tures. The temperatures used are indicated in each par- 
ticular experiment (see Results). The amount  of probe 
D N A  was chosen to give a molar ratio of membrane 
bound to probe D N A  of about 200-400. To quantitate 
hybridization the individual slots were cut into equal 
pieces, placed into Readymix scintillation cocktail 
(Beckman, Mfinchen, FRG),  and the amount  of  probe 
bound to each slot was determined by liquid scintillation 
spectrometry. Background hybridization was deter- 
mined by hybridization to vector DNA and was sub- 
tracted from each value. 
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Computer analysis. Phylogenetic tree analysis was per- 
formed with the program KITSCH of  the Phylogeny 
Interference Package (PHYLIP,  Vers. 3.2; J. Felsenstein, 
University of  Washington). 

R N A  analysis. Northern blotting using glyoxylated RNA 
(McMaster and Carmichael 1977) has been previously 
described by Westhoff and Herrmann (1988). Hybridiza- 
tion was at 75°C with the sodium phosphate/SDS/ 
EDTA buffer as above. 

R e s u l t s  

Genomic Southern blot analysis 

The leaf-specific F. trinervia PEPCase cDNA clone 
pcFtppcl-1 which was isolated from a lambda g t l l  
cDNA expression library (Poetsch et al., in preparation) 
was used to probe for PEPCase sequences in the nuclear 
DNA of  F. trinervia (C4), F. pringlei (Ca), F. anomala 
(C3-C~ intermediate) and F. brownii (C4-1ike). For com- 
parison, the monocotyledonous C~ plant S. bicolor was 
included in the analysis, since a PEPCase cDNA clone 

F. t r inervia  F. a n o m a l a  F. pr inglei  F. browni i  S o r g h u m  

m "Y" ~ " - -  

~ o° ._~ "~ 
m LU "i- ~_ 

~ 8 . E  "~ t~l ~ -r n 
E ~ - E ~ -- E ~ - = 8 .~ ~ = 8 .~ ~ = 8 .~ ~ 
~ z ~ ~ z ~  ~ z ~  

23.1- ~ ~ 

9.42 ~ _ . 

6.68- ' ~ :, 

4.36- ( ~  
~ { ~  , ; , ~,  ,: 

~:, ~ ~;~ 

2.32 
, 

0 . 5 6  - 
, 

23.1 - 

9.42 - 

6.68 - 

4.36 - 

2.32 - 

0 . 5 6  - 

23.1 - 23.1 - 23.1 - 
~ i ~ i  

i 

9.42- 9.42- 9.42- ~ 
~ : 

. 
6 . 6 8 -  " , 6 . 6 8 -  6 . 6 8  

4.36- " 4.36- 436-  , ~, 

:~i " 

, ; ;  

, 

. 

~ 

,:~ ~, 

, 

~ ) :  

' : 

~ ~ =  j ; j t :  f ~  

2.32- 232- 
~#Ez 

, ~ C  ~ : :  

: 0 . 5 6  - 
= 

:: ii I 0.56- 

Fig. 1. Genomic Southern blot analysis of Flaveria species and Sor- 
ghum bicolor. Genomic DNAs (10 p.g) were digested with different 
restriction enzymes as indicated above the lanes and analysed by 
Southern blotting. The random-primed labelled cDNAs pcFtppcl- 
I from F. trinervia (for Flaveria species) and pcSbppcPl from S. 
bicolor (for hybridization to the DNA from the same species; Os- 
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wald et al. 1990) were used as probes. The exposure time was 
14 days. The arrow indicates hybridization to contaminating RNA. 
Sizes are given in kb. Among the investigated species, F. brownii 
is located most distantly from F. trinervia, in terms of phylogeny. 
Hence, the hybridization signals are weak under the given condi- 
tions 
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Table 1. Frequency of phosphoenolpyruvate carboxylase (PEPCase) clones in genomic lambda libraries 

Species Type of digestion Size of library x ] 0  6 Number of positive clones" Positive clones per 106 phage 

Flaveria trinervia EcoRI total 1.20 4 4.4 
EcoRI partial 0.50 33 27.5 
HindIII partial 0.45 6 13.3 
Sau3A partial 0.75 2 2.7 

F. pringlei Sau3A partial 0.30 23 77.0 

a Each library was screened with the F. trinervia cDNA pcFtppcl-1 at 50 ° C 

specific for the C4 isoform of  PEPCase was available 
for that species (Oswald et al. 1990; Cretin et al. 1990). 

A multi-banded hybridization pattern can be de- 
tected even under stringent conditions when the F. triner- 
via leaf-specific cDNA is hybridized to nuclear D N A  
from the same species (Fig. 1). The pattern indicates the 
presence of  least three genes which show close relation- 
ship to the leaf-specific cDNA pcFtppcl-1.  In contrast, 
only one or two bands are visible in S. bicolor after 
stringent washings (Fig. 1). This permits the conclusion 
that sequences highly homologous to the leaf-specific 
cDNA are probably represented by a single-copy gene, 
just as in Zea mays (Harpster and Taylor 1986; Mat- 
suoka and Minami 1989; Hudspeth and Grula 1989). 

Multiple hybridization signals are also obtained with 
the other Flaveria species investigated, again suggesting 
the existence of  multigene families (Fig. 1). 

Screening o f  genomic libraries 

It is assumed that restriction enzyme sites are randomly 
distributed throughout  the D N A  and that a partial di- 
gest with a particular enzyme should give fragments of  
clonable sizes, allowing the construction of  a representa- 
tive library. In practice, however, there is often consider- 
able heterogeneity for the distances between cleavage 
sites. This may lead to a severe underrepresentation of  
particular sequences in the final library (Seed et al. 
1982). The multiplicity of  bands revealed by Southern 
blot analysis indicated that it could be advantageous 
to construct a multiple set of  libraries based on various 
enzymatic digestions at various stringencies, when it is 
attempted to clone the complete range of  PEPCase genes 
in F. trinervia and F. pringlei. For this reason several 
libraries were prepared in lambda DASH (Table 1). 
Since the amount  of  nuclear D N A  in Flaveria species 
is not known, rather large libraries (0.3-1.2 x 106 inde- 
pendent clones) were constructed (Table 1). 

By their ability to cross-hybridize to the cDNA 
pcFtppcl-1 at low stringency, 45 clones were isolated 
from the F. trinervia and 23 from the F. pringlei libraries. 
As expected, the number of  positive clones isolated from 
the various libraries was quite different (Table 1). All 
clones were compared by restriction analysis using 
EcoRI, HindIII and XbaI to recognize identical or over- 
lapping clones (data not  included). Twelve clones from 
F. trinervia and 18 from F. pringlei proved to be clearly 
distinct and were selected for further characterization. 

Classification of  clones by hybridization analysis with the 
pcFtppcl-1 cDNA 

To obtain information on the degree of  homology be- 
tween the various clones, phage D N A  was isolated and 
initially subjected to slot-blot analysis using the complete 
pcFtppcl-1 cDNA as a probe. Discrimination between 
non-identical but similar D N A  species can only be 
achieved if the probe D N A  is limiting and thus satura- 
tion of  the filter-bound D N A  is avoided (Beltz et al. 
1983). Therefore, at least 200-fold less probe than filter- 
bound D N A  was used in hybridization experiments. Hy- 
bridizations were carried out at varying temperatures 
(75, 68, 60, 50 and 40 ° C) to estimate the melting temper- 
atures of  the hybrids. Based on melting behaviours, both 
the F. trinervia and F. pringlei clones could be roughly 
classified into four categories as shown in Table 2. 

In separate experiments, a 240 bp BstEII-EcoRI frag- 
ment from the 3' non-translated region and a 135 bp 
EcoRI/HindIII  fragment located at the 5' end of 
pcFtppcl-1 were hybridized to the class I - IV clones of  
F. trinervia and F. pringlei. As expected, the 3' and 5' 
probes gave signals with decreasing intensity in the class 
I - I I I  clones of  F. trinervia, but failed to react with the 

Table 2. Similarity of genomic PEPCase clones to the cDNA 
pcFtppcl-1 

Species Class Melting temperature Clone designation 
with the 
cDNA pcFtppcl-1 

F. trinervia 

F. pringlei 

I > 75 ° C lnFtppc8, 
7 (overlapping), 43, 47 

II 60-75 ° C lnFtppcl 1, 
44, 52, 55, 56 

III 50-60 ° C lnFtppcl2, 32, 54 
IV < 55 ° C lnFtppc49_ 
I > 70 ° C lnFpppc65, 80 
II 60 70 ° C lnFpppc71_, 

59, 72, 76, 77, 79 
III 50-60 ° C lnFpppc64, 62, 67 
IV < 50 ° C lnFpppc66, 

61, 63, 68, 69, 70, 74 

DNA of each distinct recombinant phage was isolated and blotted 
onto Biodyne B membranes. Hybridization was carried out with 
the F. trinervia cDNA pcFtppcJ-I at 75, 68, 60, 50 and 40 ° C. 
The intensity of each signal was estimated by liquid scintillation 
counting. Melting curves were drawn to estimate the approximate 
melting points (data not shown). The designations of the clones 
used for further investigations are underlined 
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Fig. 2. Restriction maps of phosphoenolpyruvate carboxylase 
(PEPCase) phage clones. The DNA inserts are drawn in the orien- 
tation from left to right lambda arms, the locations of the genes 
are depicted as grey bars. Subclones for cross-hybridization and 

ScXh EXh K 

If 11 I 

, l n l i m . i . n m . i . m .  

expression analysis are marked with dotted lines. Abbreviations 
for the designation of restriction endonucleases: B, BarnHI; E, 
EcoRI; H, HindIII; K, KpnI; S1, SalI; Sc, SacI; Xb, XbaI; Xh, 
XhoI 

F. trinervia class IV clone (data not shown). Surprisingly, 
the same probes also hybridized to the F. pringlei class I-  
III clones, in the case of the class I clone even at elevated 
stringency (68 ° C). The hybridization analysis with the 
5' and 3' specific probes also allowed selection of those 
clones which were thought to contain the complete 
genes. One clone of each class (indicated in Table 2) was 
chosen for further analysis. 

Restriction mapping and localization of PEPCase 
sequences in genomic clones 

Physical maps were constructed using a modification of 
Smith and Birnstiel's method (1976) as outlined in Mate- 
rial and methods. This novel method circumvents the 
difficult preparation of single-sided labelled fragments. 
Figure 2 shows the restriction maps constructed using 
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the enzymes BamHI, EcoRI, HindlII, KpnI, SacI, SalI, 
XbaI and XhoI. 

To determine the approximate locations of  the genes 
and their orientations, filters carrying Southern blots of 
EcoRI, HindIII and XbaI digests of each clone were 
hybridized with the complete cDNA (F. trinervia and 
F. pringIei) and additionally with the 3' and 5' specific 
fragments (F. trinervia). The results of these experiments 
are shown in Fig. 2. 

- -  F.  p r i n g l e i - -  - -  F.  t r i n e r v i a - -  

0 0 C) ~ 0 0 0 0 
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ii~ilili 
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I 
.-11 

I 

-n 

5" 

_e. 

I 
Fig. 3. Cross-hybridization analysis of genomic PEPCase clones. 
Recombinant phage DNAs of one representative member of  each 
homology class (vertical axis) were immobilized on Biodyne B 
membranes using a slot-blot device. Hybridization probes of the 
respective clones (horizontal axis) are shown in Fig. 2. Hybridiza- 
tion was carried out at high stringency (75 ° C) 

Hybridization analysis of similarity between F. tr inervia 
and F. pringlei class I-IV clones 

To estimate sequence similarities between the various 
classes of isolated genomic clones an extensive cross- 
hybridization analysis was performed. An internal frag- 
ment of each gene as assessed by the hybridization analy- 
sis described above (see Fig. 2 for details) was isolated 
and hybridized to the undigested recombinant phage 
DNAs at high (75 ° C; Fig. 3) and low (60 ° C; blots not 
shown) stringencies. The values obtained by hybridiza- 
tion with a particular fragment were standardized rela- 
tive to its homologous hybridization (defined as 100%) 
and tabulated in a distance matrix (for values obtained 
at 60°C see Table 3). On the basis of an independent 
evolution of the PEPCase species in the Flaveria complex 

Flaveria species ~ E "5 
and distinct ppc -- "g £ 

classes 

i trinervia I +++ - 

pringlei I + +- +- 

trinervia I[ + +- + 

pringlei II +- +- + 

trinervia III +- + 

trinervia IV 

--t pringlei 111 

pringlei IV ++ + 
(ppc-r e lated) 

Fig. 4. Dendrogram of the relationships of PEPCase sequences in 
F. trinervia and F, pringlei. This tree is based on the distance data 
obtained by cross-hybridization of the genomic clones at 60 ° C. 
The species of origin and the respective homology classes are indi- 
cated at the right side. The expression patterns of the various genes 
are illustrated by + / -  symbols as deduced after visual inspection 
of the fluorographs shown in Fig. 5 

Table 3. Distance matrix of  genomic PEPCase clones 

F. trinervia F. pringlei 

Class I Class II Class III Class IV Class III Class I Class IV Class II 

F. trinervia 

Class I 100.0 22.9 10.9 0.5 2.1 74.5 0.0 17.1 
Class II 21.2 100.0 18.4 0.0 5.9 27.7 0.0 48.6 
Class IlI  17.3 30.6 100.0 2.2 7.0 27.9 0.0 21.5 
Class IV 1.0 1.2 0.8 100.0 36.2 1.3 0,0 1.0 

F. pringlei 

Class IlI  2.4 2.4 1.0 13.0 100.0 0.6 0,0 1.6 
Class I 37.4 13.8 11.7 0.7 2.4 100.0 0.0 18.7 
Class IV 0.4 0.0 1.0 2.1 8.9 0.4 100.0 0.1 
Class II •8.8 56.• •8.4 0.9 1.7 18.1 0.0 100.0 

The membrane-bound and the probe DNAs as well as the hybridization conditions, with the exception of the temperature (60 ° C), 
were the same as described in Fig. 3. The hybridization signals were normalized to percent hybridization 



a phylogenetic tree was calculated. The tree is based 
on the distance values obtained at 60 ° C (Table 3) and 
is depicted in Fig. 4. 

Expression analysis of  F. trinervia and F. pringlei 
class I - I V  clones 

In order to determine the mode in which the PEPCase 
genes found in the various classes are expressed in F. 
trinervia and F. pringlei, Northern blot analyses were 
carried out using poly(A) + RNA from fully expanded 
leaves, stems and roots of F. pringlei as well as of F. 
trinervia. From the latter species, RNA was also pre- 
pared from partially expanded leaves (about one-third 
of mature size) and complete flowers (just before open- 

c lass I 

c lass II 

F. trinervia F. pringlei 
(C 4 type) (C 3 type) 

c lass  IV 

c lass  I ' ~ :  

i ̧il /iiii~!!i 
c lass  II 

; 2  

c lass III m i c lass III 

c lass IV 

pcFt34kDa ~ ~ w 

Fig. 5. Northern blot analysis of PEPCase genes of F. trinervia 
and F. pringlei. Four micrograms of glyoxylated poly(A) + RNA 
isolated from the tissues indicated above the lanes were separated 
in 1.0% agarose gels and blotted to Biodyne A membranes. Hy- 
bridization probes used are indicated on the left side of each panel 
(see Fig. 2 for the location of the class I-IV probes on the physical 
maps). Hybridization was carried out at high stringency (75 ° C). 
The exposure time was either 1 (F. trinervia, class I; 33 kDa protein 
of the water-splitting apparatus of photosystem II) or 12 days (the 
others) 
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ing). Hybridization was performed under stringent con- 
ditions (75 ° C) with the same probes that were used to 
estimate the similarities between the various clones. 
Thus, the conditions of hybridization were suited to min- 
imize cross-hybridization between the various PEPCase 
RNA sequences. Although cross-hybridization could not 
be ruled out completely, the amounts could be assessed 
with the similarity analysis described above. 

The transcripts identified as specific for PEPCase 
were 3.3 kb. No significant difference was detectable in 
the sizes of the mRNAs between the different tissues 
and between the two species. Only the m R N A  found 
in flowers of F. trinervia seemed to be about 50- 
100 bases shorter than the other transcripts. However, 
quite drastic differences in the strength and in the organ 
specificity of the expression of the various genes were 
observed. 

When the F. trinervia class I clone was used as a 
probe an intense reaction with leaf RNA was detectable. 
Measurements with RNA slot-blot hybridizations (data 
not shown) gave a signal that was about twofold strong- 
er with RNA from fully expanded in contrast to RNA 
from immature leaves. No hybridization could be de- 
tected with RNA from stems, roots and flowers (Fig. 5). 
The type of expression of this clone is thus identical 
to that of the cDNA pcFtppcl-I  (Poetsch et al., in prep- 
aration), indicating that this gene encodes a C4 specific 
isoform of PEPCase. 

With the F. trinervia class II clone a weak signal is 
detectable with root RNA, exceeding that obtained with 
RNA from flowers and stems (Fig. 5). However, hybrid- 
ization is again most prominent with leaf RNA. Since 
this clone showed significant cross-reaction to the leaf- 
specific class I clone even under stringent hybridization 
conditions (see Fig. 3), the hybridization intensities were 
quantified by RNA slot-blot experiments at the same 
temperature (data not included). The ratio in the expres- 
sion levels in leaf tissue of F. trinervia between class I 
and class II was about 8.0. This was significantly lower 
than the cross-hybridization ratio value (12.2) of the 
DNA probes. Therefore, a significant amount  of expres- 
sion of the class II clone occurs in leaves. 

A preferential expression of  the F. trinervia class III 
clone could be detected in root tissue (Fig. 5). The signal 
with leaf RNA ranges within the degree of cross-hybrid- 
ization to other clones. No signal became visible in the 
tissues investigated when the F. trinervia class IV clone 
was used for hybridization. 

A similar expression pattern was obtained with the 
F. pringlei clones (Fig. 5). The class I clone hybridizes 
preferentially with leaf RNA but also significantly with 
RNA from stems and roots. In contrast, the class II 
clone is expressed more strongly in roots than in the 
other tissues. Just as with the corresponding F. trinervia 
clone (class IV) no signals were obtained with the F. 
pringlei class III clone. 

The F. pringlei class IV clone gave an unexpected 
result. Although hybridization analysis clearly revealed 
a relationship to the other PEPCase clones (see Tables 2, 
3), Northern analysis identified only two 0.8 and 0.9 kb 
transcripts that are expressed in photosynthetic tissues. 



466 

Therefore, the identity of this clone remains unclear and 
requires further investigation. 

As a control, Northern blots containing F. trinervia 
RNA were hybridized with a full-length cDNA encoding 
the 33 kDa protein of the water-splitting apparatus of 
photosystem II of F. trinervia (H6fer and Westhoff, in 
preparation). The corresponding gene should be ex- 
pressed in all tissues active in photosynthesis. Figure 5 
shows that mRNA encoding the 33 kDa protein (1.34 kb 
in size) can be detected in leaves, stems and young flow- 
ers, but not in root tissue. 

Discussion 

We are interested in understanding the molecular mecha- 
nisms that are responsible for the evolutionary changes 
in the development of the C4 syndrome. The present 
study concentrates on phosphoenolpyruvate carboxyl- 
ase, a key enzyme of C4 metabolism. 

It has been demonstrated that PEPCase is encoded 
by multigene families in several Flaveria species, repre- 
senting various branches of the genus (Powell 1976). In 
contrast to S. bicolor (this paper) and Z. mays (Hudspeth 
and Grula 1989), in F. trinervia even the leaf-specific 
isoform is encoded by multiple genes. This finding is 
also supported by the isolation of different PEPCase 
cDNAs from a F. trinervia leaf-specific cDNA library 
(Poetsch et al., in preparation). 

Unfortunately at present, no F. trinervia inbred lines 
are available which could have been used for the con- 
struction of cDNA and genomic libraries. Thus, it can- 
not be ruled out that the multiple bands observed in 
the Southern blots originate from alleles of a single locus 
in a heterogenous population. However, Southern blot 
analysis of F. trinervia genes coding for NADP-malic 
enzyme (D. B6rsch, personal communication), pyruvate 
orthophosphate dikinase (Rosche and Westhoff, in prep- 
aration) or the 33 kDa protein of the water-splitting ap- 
paratus (H6fer and Westhoff, in preparation) revealed 
only single copies. These results suggest that the different 
genes for PEPCase truely represent different alleles in 
a _+homogenous population. The multiplicity of leaf- 
specific PEPCase genes in F. trinervia compared to the 
monocot C4 species investigated raises the question 
whether this is a common property of dicot C4 plants 
or a unique exception. 

Relationships of  PEPCase genes 

A large number of clones were isolated from genomic 
libraries of the Flaveria species pringlei (C3) and trinervia 
(C4 type) and were arranged into distinct classes accord- 
ing to their similarity to pcFtppcl-I (Table 2). The hy- 
bridization data showed that some F. pringlei clones are 
more closely related to the leaf-specific C~ cDNA than 
some F. trinervia clones. This was supported by the strik- 
ing similarity of the 5' and 3' ends of the F. pringlei 
class I clone to the cDNA whereas several F. trinervia 
clones showed no or only weak reactions. Hence, the 

degree of heterogeneity in the PEPCase gene family 
within one species was found to be stronger than be- 
tween the species. 

To gain an insight into the relationship of the PEP- 
Case genes within and between the two species, a cross- 
hybridization analysis was performed resulting in the 
construction of a phylogenetic tree (Fig. 4). The distance 
values were calculated from the hybridization data ob- 
tained at 60°C because all PEPCase genes showed a 
measurable rate of hybridization at this temperature (cf. 
Table 3). In a few cases, the results of the reciprocal 
approaches (the specular areas of the diagonal in Ta- 
ble 3) do not match. This could be due to the fact that 
the hybridization probes (see Fig. 2) have been selected 
by the convenience of restriction sites and thus may not 
necessarily represent homologous parts of the genes. 
Varying amounts and different locations of introns 
(Hudspeth and Grula 1989; Cushman et al. 1989) could 
also influence the melting behaviours of the hybrids. 

Again, the hybridization analysis revealed a much 
higher degree of sequence divergence within than be- 
tween the two species. The closest relative to most of 
the genes is not found within the same but in the other 
species. Thus, the class I and class II clones of both F. 
trinervia and F. pringlei contain pairs of closely related 
genes. A close relationship was also found for the class 
III clone ofF.  pringlei and the class IV clone ofF.  triner- 
via. No direct counterparts were found for the F. triner- 
via class III and F. pringlei class IV clones. It is possible 
that the related genes were not among the isolated clones 
or they may still be found among the clones which at 
present have not been characterized in detail (see Re- 
sults). 

Expression analysis 

The regions of the clones of F. trinervia and F. pringlei 
expressed in leaves which show homology with the 
pcFtppcl-1 cDNA clone extend over 6.5-7.0 kb. Tran- 
scribed regions of similar size have been reported for 
Z. mays (Hudspeth and Grula 1989; Matsuoka and 
Minami 1989) and Mesenbryanthemum crystallinum 
(Cushman etal. 1989) indicating that a comparable 
number of introns (nine in both species) can be expected 
for Flaveria too. The other classes of PEPCase genes 
in both species showed no or only weak hybridization 
to the 3' and 5' probes. Thus, the extent of the tran- 
scribed regions of these genes cannot be estimated at 
present. 

The length of F. trinervia leaf mRNA encoding PEP- 
Case was estimated to be 3.3 kb, thus resembling that 
of S. bieolor (3.5 kb, Thomas et al. 1987) and Z. mays 
(3.4 kb, Harpster and Taylor 1986). Similar sizes were 
determined for the other PEPCase transcripts in F. trin- 
ervia as well as for F. pringlei. 

The cross-hybridization data obtained at 75°C 
showed that the discrimination rate was sufficiently high 
to distinguish class-specific PEPCase transcripts by 
Northern blotting. In cases where a substantial cross- 
hybridization of genes occurs (e.g.F. trinervia class I 
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compared to class II) the distance data can be used to 
estimate the contribution of each particular gene. The 
results of the expression analysis together with the phy- 
logenetic tree are summarized in Fig. 4. 

Both the class I genes of F. trinervia and F. pringlei 
may be assigned as leaf-specific PEPCase genes. The 
class I gene of F. trinervia is expressed exclusively in 
leaf tissue while the corresponding F. pringlei gene also 
shows significant expression in roots and stems. Thus, 
the expression of the gene encoding the C4 isoform of 
PEPCase is restricted to tissues exhibiting the C4 path- 
way of photosynthesis. This is supported by hybridiza- 
tion analysis with a cDNA clone coding for the 33 kDa 
protein of the water-splitting apparatus of photo- 
system II. It could be expected that this gene is expressed 
in all photosynthetic tissues and without regard to either 
the C3 or the CA mode of photosynthesis. Figure 5 shows 
that mRNA for the 33 kDa protein can be detected in 
leaves, stems and even young flowers, i.e. organs con- 
taining green tissues, but not in roots. There is no appar- 
ent difference in the abundance of transcripts in young 
and mature leaves. In contrast, the F. trinervia PEPCase 
class I clone, strictly correlated with C~, revealed only 
half as much RNA in young as compared with expanded 
leaves. This may indicate that young leaves of F. triner- 
via do not fully express the C4 cycle enzymes as has 
been found by Moore et al. (1986). The leaf-specific ex- 
pression of the gene encoding the CA isoform of PEP- 
Case in F. trinervia contrasts with Z. mays, where the 
expression of this gene is not restricted to leaves but 
occurs also in inner leaf sheaths, tassels and husks 
(Hudspeth and Grula 1989). These organs are fully or 
partially photosynthetic but do not possess Kranz anato- 
my (Hudspeth and Grula 1989). The different photosyn- 
thetic tissues in F. trinervia will offer an interesting sys- 
tem for the investigation of the development of the C4 
syndrome in a single plant species. 

A correlation between the evolutionary relationship 
and expression patterns is also found in the class II 
genes. They are transcribed in all organs investigated. 
On the other hand the class III gene of F. trinervia is 
preferentially expressed in roots. The corresponding F. 
pringlei gene, if existing, needs to be identified. No ex- 
pression can be detected for the F. trinervia class IV and 
F. pringlei class III genes, which form a third group of 
homologous genes. These clones may represent pseudo- 
genes. However, in this case one could expect that their 
close similarity would not have been conserved during 
evolution of the two species. Therefore, the question is 
raised in which tissues, cells or developmental stages 
these genes are expressed. In this investigation the very 
young stages of plant development have not been ana- 
lyzed for expression but it is known that in seedlings 
a PEPCase isozyme is expressed to ensure the refixation 
of CO2 to avoid a loss of carbon (Latzko and Kelly 
1983). 

The function of the F. pringlei class IV gene remains 
unclear. No hybridization to a PEPCase mRNA-sized 
transcript occurred. Only a double signal of about 0.8 
and 0.9 kb was obtained. It can be envisaged that these 
RNAs are transcribed from a gene which has a short 

homologous sequence in common with those that code 
for PEPCase. Alternatively, the hybridization probe 
used could contain a part of a PEPCase gene together 
with parts of a second nearby gene. The nature of this 
gene clearly requires further investigation. 

Evolution of C4 PEPCase 

The multiplicity of PEPCase genes in both Flaveria spe- 
cies is intriguing as in maize only a small number of 
genes have been detected (Harpster and Taylor 1986; 
Hudspeth et al. 1986). In F. trinervia even the gene en- 
coding the C4 isoform of PEPCase appears to be repre- 
sented by several genes. PEPCase genes which are closely 
related to the C4 genes of F. trinervia and which are 
preferentially expressed in the leaf have been found in 
the Ca species F. pringlei. According to morphological 
criteria (Powell 1976) all Flaveria CA species are more 
evolved than the C3 species of this genus. Thus, F. 
pringlei probably reflects the ancient status in terms of 
evolution. This raises the question of how the CA PEP- 
Case genes might have evolved from those genes which 
code for the leaf-expressed C3 isozyme. It is highly un- 
likely that a gene to gene relationship can be expected, 
i.e. that each of the various C~ genes has evolved inde- 
pendently from its C3 ancestor. Hence, an evolutionary 
model should be favoured in which the primary event 
was the creation of the new, C4-type gene followed by 
amplification to yield the present small C4 PEPCase gene 
family in F. trinervia. 

It will be of prime interest to identify those character- 
istics distinguishing a C~-type promoter from its C 3 
counterpart. Have distinct upstream regulatory elements 
in the C3 gene been changed to result in the mesophyll 
cell-specific expression of the C4 gene? Or have the pro- 
moters been completely revised to give this new pattern 
of expression? Sequence analysis of the corresponding 
regions should clarify these questions. 
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