Theor hEl Genet (2002) 105:404-412
DOT 101 (0 22-001-0851-7

. Besnard - B. Offmann - C. Robert - C. Rouch
E. Cadet

Assessment of the C, phosphoenolpyruvate carboxylase gene diversity

in grasses (Poaceae)

Beceived: 27 July 2001 / Accepted: 10 September 2001 / Published culine: 19 June 2002

£ Springer-Verlag 2002

Abstract C, phosphoenolpyruvate carboxylase (PEPC)
i3 a key enzyme in the C, photosynthetic pathway. To
analyze the diversity of the comresponding gene in
grasses, we designed PCE. primers to specifically amplify
C; PEPC cDNA fragments. Using RT-PCR. we generated
partial PEPC ¢cDINA sequences in several grasses display-
ing a C, photosynthetic pathway. All these sequences dis-
played a high hemology (78-99%) with known grass C,
PEPCs. PCR amplification did not occur in fwo grasses
that display the C, photosynthetic pathway, and therefore
we assumed that all generated sequences corresponded to
C, PEPC transcripts. Based on one large cDINA segment,
phylogenetic reconstruction enabled us fo assess the rela-
tionships between 22 grass species belonging to the sub-
families Panicoideae, Amndinoideae and Chloridoideae.
The phylogenetic relationships between species deduced
from C; PEPC sequences were similar to those deduced
from other molecular data. The sequence evolutien of the
C; PEPC isoform was faster than in the other PEPC iso-
forms. Finally. the utility of the Cy PEPC gene phylogeny
to study the evolution of C. photosynthesis in grasses is
discussed.

Eeywords C, photosynthesis - cDMNA sequence -
Poaceae - Phosphoenolpyruvate carboxylase - Phvlogeny

Introduction

In the grass family, there are more than 10,000 species
among which are numerous cultivated C. plants that
commonly grow in tropical areas (e.g. maize, sorghum,
sugarcane, mil, panicum). All C, grasses are classified in
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the "PACC clade” (Davis and Soreng 1993) which
includes the subfamilies Panicoideas, Amndinoideae,
Chloridoideae and Centothecoideae. C, photosynthesis
occurs in all Chloridoideae (except Eragrostis walteri
Pilg)), in a few Arnundinotdeae [1.e. the genera Arisfida L.
(tribe Aristideae) or Cenrropodia Reichenb. (tribe Arun-
dineae Dumort.)] and in most Panicoideas (Watson and
Dallwitz 1992). Grasses display very diversified photo-
synthetic pathways, C;, C, PCK (Phosphoenolpyruvate
Carb-::w—Kmase} C4 THADP—ME {(Malic Enzyme) or
C, NAD-ME, due to the differential or absence of C,
gene e‘«:pressiﬂn {Watson and Dallwitz 1922; Ku et al.
1996; Sinha and Kellogg 199§). Cun&.equenﬂy, this
falmh seems o be well adapted for an exhaustive evolu-
tionary study of the C, pathway.

The C, pathway mmhes several enzymes which
catalyze the fixation and transport of carbon dioxide.
Thts results in a eyclical reaction, called the Cy cycle or
the Hatch and Slack cycle, which enables one to concen-
trate CO5 1n the bundle-sheath cells where photosynthe-
s1s occurs (Hatch and Slack 1966). Thus, Rubisco oxyge-
nase activity, which decreases the photosyathetic vield,
15 reduced in plants displaving C,4 photosynthesis (Ku
et al. 1994). This feature is especially advantageous for
tropical plants since BRubisco oxygenase achivity 1is
enthanced with increasing temperature. in contrast fo
Rubisco carboxylase activity.

The first enzyme, which 1s invelved in the Cy cycle,
is the C, phﬂ&PhDEﬂGlpj’ﬂn rate carboxylase (PEPC
EC 4.1.1.31). The C, PEPC gene has a potential biotech-
nological interest (Ku et al. 1999} and should be worth-
while to assess the diversity of this nuclear gene. PEPC
enzymes are encoded by an oligogenic family (Lepimec

al. 1994). C, and non-C, PEPC sequences are now
avatlable in different plant families. Several isoforms
have been characterised 1n maize, sorghum and sugar-
cane. These isoforms are mvolved in several functions
such as the initial fixation of atmospheric CO, (= C,
PEPC) and anaplerotic functions associated with
nitrogen assinmulation or amine-acid biosynthesis (for a
review see Lepiniec et al. 1994). The evolution of such



nuclear oligogenic families has invelved gene duplica-
tion and ectopic expression of new isoforms (Clegg et al.
1997; Kellogg 2000). In fact, Lepiniec et al. (1994) have
postulated that C; PEPC isoforms were derived from
non-C, PEPC tsoforms. Interestingly, the C, and non-C,
1soforms of grasses have been shown to be well-differen-
tiated, whereas it appears that, in dicotyledonous plants,
C4 PEPC's are very related to non-Cy PEPCs. This would
sugoest that grass Cy PEPCs have diverged from non-C,
PEPCs over a long time, while divergence in dicots
would be more recent (Lepiniec et al. 1994). C, plants
would have appeared independently several times during
evolution, as attested by phylogenetic reconstruction
based on the different PEPC gene sequences (Lepiniec
et al. 1994; Gehrig et al. 2001). Furthermore, multiple
independent appearances of the grass C, photosynthetic
pathway are supposed to have occurred (Sinha and
Kellogg 1996) and, hence. C, PEPC isoforms would
have appeared several times. However, only a limited
number of grass C, PEPC sequences were then available.

Other molecular grass phylogenies have been recon-
structed wsing different DNA sequences (Hamby and
Zimmer 1988; Cununings et al. 1994 Nadot et al. 1994,
Clark et al. 1995; Duvall and Morton 1996; Mathews
and Sharrock 1996; Mason-Gamer et al. 1998; Soreng
and Davis 1908; Gaut et al. 1999 Hilu et al. 1909: Hsiao
et al. 1999: Mathews et al. 2000; Zhang 2000). The
available molecular information is very useful for infer-
ring the evolutionary mode of phenotypic traits inside
this family (1.e. convergence, reticulated evolution, or di-
vergence from a common ancestor). The comparison of
morphological and molecular classifications has led to
new insights about Poaceae evolution and tend to sup-
port grass Cy-pathway multiple appearances (e.g. Soreng
and Davis 1908; Hsiao et al. 1990; Kellogg 2000).
Nevertheless, such studies have rarely been based on
genes that are directly involved in the analyzed pheno-
tiypes and could be spurious to simulate the evolution of
an adaptive trait from the evolution of other a priori
independent characters. To obtain a better understanding
of the Cy-pathway evelution in grasses, phvlogenetic
relationships between C, grass species based on C,
PEPC sequences should be assessed.

In the present study, we checked the usefulness of
PCR. primers to generate grass C, PEPC cDNA frag-
ments. This enabled us to define the strategy fo generate
a long C, PEPC segment in a large sample of grasses
displaying a C, photosynthetic pathway. From this
cDMNA segment, a phvlogenetic approach was performed
to estimate the evolutionary relationships between 22 C,
orass species.

Materials and methods
Plant matenal
Wild, weed or cultivated species belenging fo the fanuly Peaceae

were collected on Feunion Island (Table 1). A voucher sample for
each of these plants was depostted at the herbarium of La Rennion
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University. We worked only on green leaves in which C, PEPC
has been reported to be highly expressed in comparison to the
other PEPC isofprms (Lepmiec et al. 1994; Dong et al. 1998;
Beanard etal 2001,

Melecular analysis

Aranassova et al. (1993). Reverse transcripiion was performed on
total BNA as previously desenibed by Cesan et sl (1999). wnsing
oligo-dT primers and the Eeverse Transcriptase Eit ('-‘C'rih-:-:u-BRT]_Jf
To define PEPC specific primers, we compared C, and non-C,
FEPC cDINA sequences, which have been isclated in sorghum
maize and sugarcane [EMBL accession numbers: for maize
N61489 (Kawamura et a2l 1992), ABO12228 (Dong et al. 1998),
X03613 (Hudspeth and Grula 1989) and X15238 (Tzw ot al. 1936);
for sorghuom, X35664 (Crétin et al. 1991}, X359925 (Lepimec et al
1991} and X17379 (Cretin et al. 1991); and for sugarcane, MEBG66]
{Albert et al. 1992)]. Sequences were aligned using Clustal W soft-
ware {Thompson et al. 1394_‘1. The cDNA length was approximately
3.300 1.;}&1"0: each 1soform €, specific primers were defined in the
C, PEPC conserved sequences (see Table 1: Fig. 1) Thus, the
primers were defined to specifically amplify C, PEPC cDNA frag-
ments in grasses related to maize and sorghum The PCR amplifi-
cations were performed using a themmocycler (FTCL00-v7, MI
Eesearch). The PCE. reaction muxture contamed 1 wl of cDNA
template, 0.25 mM of dNTE, 10 mM of KECI, 10 mM of Trs-HCI
(pH 8.3), 1.5 mM of MgCl.,, 20 pmol of each oligonucleofide
primer, 1.25 pl (5% vol) of DRSO, and 1.2 wnits of Red Hot DNA
alvmerase (Advanced Bistechnologies) in a total volume of 25 pl
& samples were mcubated for 4 nun at 94 °C, followed by 36
cycles consisting of 30 5 at 94 °C, 1 mun at a temperature between
55 °C and 65 °C according to the primer combination employed,
and 2 min at 72 °C (see Table 2). The last cycle was followed by a
f-min extension at 72 “C. PCR amplification products were sepa-
rated in 2% agarose gels and were revealed wnder UV light after
staiming with ethidiom bromade. We checked the PCE-amplifica-
fion specificity of the five primer pairs which generated overlap-
ping cDWA fragments on the entire translated C, PEPC mBNA
plus a 3" wmtranslated section of about 200 bp (see Fig. 1). Ust
the primer combimations number 2 and mumber 3, we generated a
directly sequenced a fragment for some studied accessions. In most
cases, we cloned a ET-PCE fragment before seqoencing. We used
the pGEM-T wvector (PROMEGA) and Eschervichia coli stram
DH3« according te the provider's recommendations. Double-
stranded DA sequencing reactions were performed by the ESGS
Society (Evry, France). Sequences were deposited in the EMBL
databank.

ENA extractions were camied out using the pmmc-::l;aulcyed by

Phylogenetic analyses

Encwn C, PEPC cDNAs from Sorghum bicelor QI17379), Zea
mays (K03613, X15238) and Chioris gayana (AF268091: O.E
Elaesing et al., impublished data) plus the cDNA segments gener-
ated nsmg primer pair combination number 2 were aligned using
Clustal W software (Thompson et al. 1994). C, PEPC sequences
were compared to the root PEPC from malze (accession munber
AB012228) which was chosen as an outgroup since it was the
non-C, PEPC grass sequence closest to the generated C, FEPC se-
311&]1-:&@ idata not shown). Maxinmum-parsimony analysis was con-
ucted using MEGA version 2 (Kumar et al. 2001). All characters
were equally weighted and the sequence input order was jumbled
five times. Gaps were treated as nussing data. A heuristics search
was used to find the most-parsimonious trees. Bootstrap values
were computed using 100 replicates to evaluate suppert of the
branches. A4 strict consensus ree was generated from the equally
most-parsimonious trees. As an altemative to the parsimony anal-
ysis, the maximmm-likelihood method (Felsenstem 1981} mmple-
mented i PHYTIP software was used. We considered a transi-
tlon/transversion ratio of 2 and used empirical base frequencies.
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Table 1 List, codes and EMBL accession numbers of the studied
species. We followed the classification proposed by Claytom

displayed a C; photosynthetic pathway. Other species displayed
a Cf photosynthetic pathway. *Means that the fragment was previ-
ously ¢

and Renwvoize (1984). “(C;)" indicated that the considered species loned in pGEM-T vector before sequencing
Subfamily Tribe Species Wouncher reference Code EMEL accession
nummber
Panicoideae Andropogonsae Saccharum afficinarum L. = A AJ203346:
Link. Dumert. {clone “Big Tana Ray™)
Sacchavum sponfmenm L. - AJ318338%
(clone “SES 147)
Sorghum verticilliflorum G. Besnard no. 431 C AJ3185T75%
{Steud.) Stapf AT2G3347
Sorghum bicolor (L.) Moench - - M1737%
(Crétin et al. 1991)
Fetiveria cizanioides (L) . Bemnard mo. 422 D AT31R3TI*
Nash AT3185830
Hemarthria alfissimea (Poir.) . Besnard no. 435 E -
Stapf & C.E. Hubb.
Hyparrhenia rufa (Kess) Stapf . Besnard no. 434 F AJ318580
Ischaemum koleostachys G. Besnard no. 437 G AJ318574%
{Steud.) Hack.
Eulalia aurea (Berg) Kunth, . Bemnard no. 436 H AT31RITE*
AJ3135820
Themeda guadrivalvis (L) . Besnard no. 440 I AT318381:
Euntze
Heteropogon contortus (L) G. Besnard no. 441 J AJ31853T7TH
P. Beauv. ex Eoem. & Schult.
Pogonatherum paniceum G. Besnard no. 444 K AJ318378%
{Lam.) Hack.
Zeamays L. = L X036134
X15238
Coix lacivima-jobi L. G. Besnard no. 429 M AJ318570
AJ1033480
Paniceas E. Br. FPanicum maximum Jacq. G. Besnard no. 423 N AT3135386%
Melinis vepens (Willd) Zizka . Besnard no. 426 o AJ318385%
Paspalum wrvillei Steud. . Besnard no. 42 P —
Paspalum paniculatum L. . Besnard no. 439 0 AJ318387=
Pazpalidivm geminatum G. Besnard no. 442 R AT318584%
{Forssk.) Stapf
Cplismenus composifus (L.) . Besnard no. 446 5 =
F. Beauv. —{Cy)
Chloridotdeas Cynedonteae Cyiodon dactylon (L) Pers. G. Besnard no. 428 T AJITO03E
Burmeist. Dhunort. nlovis barbata Sw. . Besnard no. 436 u AJ318380%
Chiloris gayana Kunth = a7 AFIGRN0LE
Eragrostndeas Eleuzine indica (L.) Gaertn. . Besnard no. 427 v AT318501:
Stapf Eragrestis tenuifolia . Besnard no_ 443 W AJ318300%
(A Fich) Hochst. ex Steud.
Anmdinoideas Anstideae Ariztida maurigana Kunth. G. Besnard no. 449 X AJ318388
Buormeist. C.E. Hubb.
Pootdese Benth.  Aveneae Thuwort.  Holews lanatus L - (C5) . Bemnard no_ 432 i -

* Fragment generated using primer combination no. 2

b Eragment generated using primer combination no. 3

*Complete translated sequence obtained using the primers “0F°
and “3]31 10F”

Substitution rates

We computed the rates of nonsynenymens and synonymons sub-
stitutions between pairs of sequences from sorghum and maize in-
dependenily for C,, root and housekesping C 1zoforms. For
these computations, we used the FEPC fragment number 2 and did
not consider the codons m the segment displaying indels. We cal-
culated these estimations using the method of Nei and Gojebon
i(1986). The heterogeneity in the mutation rates between each
PEPC 1soform was thus estimated.

4From Hudspeth and Grula (1989}
# From Izui et al. (1988)
fFrom O E. Blaesing et al., unpublished data

Results and discussion
Specificity of primers

In Table 2, we reported the PCR amplification spectficity
of the primers. Each primer combination did not lead to
amplification in all the species. For instance, the primer
combinations numbers 4 and 5 {see Table 2; Fig 1) led to
amplification in all species belonging to the tribe Andro-
pogoneae but not in the other species (except in the genus



Table 2 Codes, names. sequences. ammealing temperatures (1) and specificity of the different primer pairs

Species (code correspondence in Table 1)

Primer Primer  5'-3' sequence Fragment T
pair code name size® (° C) A BCDETFGH I J K
1 OF CCGMGGM SCKCCATGGCGTC 781 55 R T I

800R GGGCTGTATCCACACGGCGC

2 500F GTTCGAGGCGCTCAAGAACCAG 1237 55 + ++ + - 4+ + + + + o+
1700R  CTGCAGGTCGGCCAGCCTCTC

3 1400F CCGACGTGATCGACGCCATCAC 1207 60 + ++ + + 4+ + -+ + 4
2550R  ACGTATTTGTCCCTGAGCTGCTTC

4 2000F CGCCGGACACCATCAACGGG 831 65 + o+ 4+ + + + + + + 4+ 4
2780R  CGGCGGGCTTGTTCTCGTCG

5 2550F GAAGCAGCTCAGGGACAAATACGT 546 55 + ++ + 4+ 4+ + + + + 4
3210R  ATGCCAAGATTTTCCACTTGGAC

* PCR fragment size observed in S officinarum
® "+ " means that fragment amplification occurred
°"-" means that fragment amplification did not occur

L0V
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Fig. 1 PCE. primer peosition on the C; PEPC c¢DNA sequence.
The expected PCE. fragments (coded 1 te 5) are indicated under
the cDNA drawing

Paspalidinm). In contrast, the primer combination oum-
ber 2 led to amplification in most of the smdied genera.
Generally, the PCE amplification success was correlated
with the close relationships of the analyvzed species with
maize or sorghum, in which the primers were defined. In-
deed, the five primer pairs were successfully used only
for the Andropogoneae species (Table 2 columns A, B,
C.D I I L, M) Finally. all primer pairs failed to ampli-
fv fragments in the genera Oplismenus and Holcus
(Table 2: columns S and Y), which display a C; photo-
syathetic pathway. Thms, we can assume that all ampli-
fied fragments corresponded to partial C, PEPC cDNAs.
Moreover, their expression in green leaves and their lugh
homology with the grass C, PEPCase isoform (see be-
low) also supported this fact (Besnard et al. 2002)

C, PEPC sequence analysis

We chose the primer combinations numbers 2 and 3 to
generate C; PEPC cDINA sequences from some taxa. The
choice of the first primer pair {number 1) was selected by
the fact that it can generate fragments in C, grass acces-
stons belonging to all studied subfamilies (Table 2). In
confrast, the second primer pair {mumber 5) enabled vus to
estimate the level of variation in the 3' untranslated part
of the cDINAs in 3 few Andropogoneae. Sequencing re-

vealed a mixing of alleles in Saccharisn spontansaaum,
Heteropogan, Melinis and Eragrostis (data not shown)
and thus PCE fragment cloning was somefimes required
to generate exploitable sequences. We obtained 18 se-
quences for fragment number 2 and four sequences with
fragment nwmber 5 (Table 1). In addition, we generated
complete translated cDNA for Saccharum species using
primers “0F” and “3210R” (Fig. 1).

All the sequences displayed a high level of homology
with known grass C; PEPCs (between 78% and 99%).
Homology with grass non-C4 PEPCs ranged between 70
and 75%. A high level of recombination in the 3" un-
translated part was found between the sequences of frag-
ment number > {data not shown). In this cDNA segment,
a very low homology level with non-Cy PEPC isoforms
was also found (not computable because of the very high
recombination frequency). Consequently, the 3° cDNA
part is not appropriate for phylogenetic reconstruction.
On the other hand, a few recombinations were found in
fragment number 2 between the non-C, and C,; PEPCs.
Caly four indels (Fig. 2) occurred in a small region (lo-
cated between mucleotides 900 and 1,041 of the sugar-
cane PEPC accession AT293348). Interestingly, these in-
dels appeared to be specific to the subfamily Chloridoid-
eae (indel 1) and to the tribe Andropogoneas (indels 2
and 3; Fig. 2). Aristida (Amndinoideas) also displayed a
specific mndel (indel 4, Fig. 2). Moreover, the four indels
appeared as parsimony informative in the phylogenetic
analyses (see below; Fig. 3). Hilu and Alice (1999 and
Zhang (2000) have alread‘, reperted such observations
using indels in the chloroplast maik and rpll6 genes.

Phvlogenetic structure of grasses using
C, PEPC sequences

For phylogenetic reconstruction, we considered cDNA
fragment number 2 using a segment of 1,127 nucleotides
(after alignment) This segment 15 located befween nu-
cleotides 516 and 1.639 in the sugarcane sequence
AT293346. Using maximum-parsimony analysis, we ob-
tained two equally parsimonious trees that differ with re-
spect to the placement of Heferopogon as either sister fo
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Fig. 2 Alimment of a nucleotidic sequence that flank a ¢DNA i the sugarcane sequence {accession AT293344). The informative
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etwesn the nucleotdes 999 and 1.041

munber X 1z located
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Table 3 Mon-synonymens
a.uu:[ mmmmc-u: mnitation rates
uted from the segment

Pair of sequences (maize/sorghum)

Synomymons

Non-svmonymous
nmufation rate (dy)

mmtation Tate (d,,)

1.111.11: er 2 by comparizon

C, PEPC isoform: X15238/X17379 0.063 0.177
of pairof sequences from 4 pepc 0T Y3613 AT3 18573 0067 0167
o attess e oeiependently s PEPC isoform: X03613/X17379 0.067 0.167
e o o PG C. PEPC isoform' X13238/AT318573 0.063 0177
S bl Root PEPC isoform: AB012238/X33664 0.005 0110
of Nei and Gojobori (1986) Housekeeping PEPC isoform: X61480/{50025 0.011 0.130

Themeda or Hyparrhenia. Minimal-length trees have
1,678 steps and a consistency index (CI) of 0.47 (exclud-
ing autapomorphic characters) and a retention index (RI)
of 0.61. Bootstrap analysis revealed also that relation-
ships between Fetiveria, Coix and Ewlalic were not
clearly assigned. The consensus tree i1s given in Fig. 3A
The maxinum-likelihood method led to a very similar
phyvlogram (Fig. 3B). Phenetic reconstruction, based on
Jukes and Cantor or Kimura distances, and the Neighbor-
jomng algorithm also gave similar structures (data not
shown). thlogeuenc anah'se& enabled us to recognize
the subfamily Chloridoideae and the tribe Andmpngu—
neae. as i previous molecular studies based on chloro-
plast or nuclear gene sequences (Mathews and Sharrock
1996; Soreng and Davis 1908; Hilu et al. 1909; Hsiao et
al. 1999: Mathews et al. 2000). In addition, the genus
Aristida displaved a basal position in the PACC clade,
and the genus Eragrostis displaved a basal position in
comparison to the genera Cynodon or Chiloris in the sub-
family Chlondoideae. Similar observations were already
made using the gene sequences of ITS (Hsiao et al

1099), phytochrome B (Mathews et al. 2000) or matkl

(Hilu et al. 1999, and cpDNA restriction sites (Soreng
and Davis 1998). This shows that chloroplast and nucle-
ar DNA sequences give very similar results for the clas-
sification of the species analyzed in our study. Neverthe-
less, the tribe Paniceae displaved an intermediary posi-
tion between the Chloridoideae and the Andropogoneae.

Indeed, the genus Paspalum was more related to the tribe
Andropogoneas, whereas the genera Melinis, Panicum
and Paspalidium were more related to the subfamuly
Chloridoideae. ITS analysis has led to a simular conclu-
sion (Hsiao et al. 1999, To explain such an observation,
we can hypothesize that the Chloridoideae and the Panic-
oideae have been derived from an amndinoid-like com-
mon ancestor (Hsiao et al. 19997 and that the tribe Panic-
eae has diverged early and mamtained a higher genetic
diversity.

Grass PEPC evolution rate

Variations in the mwutation rates between each PEPC
1soform were detected for non-synonymous mufations
{Table 3). Indeed, sorghum and maize C; PEPC iso-
forms displayed higher non-syvnonyvmous mutation rates
(dh=0.063 to 0.067) than sorghum and maize non-C,
PEPC isoforms (d@,=0.005 and 0.011). This tends to con-
firm the faster evolution of Cy PEPC compared to non-
C4 PEPC 1soforms (Besnard et al. 2002). Such heteroge-
neous gene evolution has already been shown for other
multigene families (Zhang et al 2001 In our case, we
can assume that selection pressure should be relatively
weak on the C, PEPC isoform because the C, system 15
an adaptive traif not essenfial for plant subsistence.
Alternatively, it can also be suggested that, since the
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Fig. 3 Phvlogenstic tress
based on grass C; PEPC partial
cDMA sequences (1,127 nucle-
otides, 42¥ informative charae-
ters): a Stnct consensus of two
equally parsimonicus frees
El,ﬁ?ﬁstepi: CI=047.
EI=0.61: excluding antapam-
orphie characters). tstrap
values were obtained from

100 replicates and wers mdi-
cated on each comresponding
node when superior to 33%;

b Phvlogenetic tree revealed
using the maximum-hikelihood
method. Prebable position

of the insertion-deletion events
iz indicated on the branches

by the arrows. Indel numbers
are defined in Fig. 2.

The maize root PEPC 1soform
(accession ABO122238) was
used as an cutgroup in each
analysis
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C, system has recently appeared in comparison to ana-
plerotic functions in which other PEPCs are involved
{Lepiniec et al. 19947, a high selective divergence could
have consequently occurred to improve the efficacy of
the C; photosynthetic pathway.

Conclusion

In our work, we showed that primer pair combination
number 2 allowed us to generate a Ty PEPC cDNA seg-
ment in most C, grasses. Based on this fragment, we also
demonstrated that the phylogenetic relationships between
the smdied subfamilies or fribes were similar to those de-
duced from other molecular data. Of course, we must
keep in mind that this isoform, characteristic of C, spe-
cies, 15 limited to PACC grass systematics. Nevertheless,
for the phvlogeny of the PEPC multigenic fanuly, it will
be possible to study C, photosymthesis evolution in
grasses and check the existence of convergent evolution
(Sinha and Eellogg 1995). This will give some insights
mto the pertinence of the C, photosynthetic trait for grass
classification (Watson and Dallwitz 1992) and this issue
will be discussed in another forthcoming paper (Besnard
et al. 2002; Besnard and Offmann. in preparation).
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