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Abstract C, phosphoenolpyruvate carboxylase (PEPC)
is a key enzyme in the C, photosynthetic pathway. To
analyze the diversity of the corresponding gene in
grasses, we designed PCR primers to specifically amplify
C, PEPC cDNA fragments. Using RT-PCR, we generated
partial PEPC cDNA sequences in several grasses display-
ing a C, photosynthetic pathway. All these sequences dis-
played a high homology (78-99%) with known grass C,
PEPCs. PCR amplification did not occur in two grasses
that display the C; photosynthetic pathway, and therefore
we assumed that all generated sequences corresponded to
C, PEPC transcripts. Based on one large cDNA segment,
phylogenetic reconstruction enabled us to assess the rela-
tionships between 22 grass species belonging to the sub-
families Panicoideae, Arundinoideae and Chloridoideae.
The phylogenetic relationships between species deduced
from C, PEPC sequences were similar to those deduced
from other molecular data. The sequence evolution of the
C, PEPC isoform was faster than in the other PEPC iso-
forms. Finally, the utility of the C, PEPC gene phylogeny
to study the evolution of C, photosynthesis in grasses is
discussed.
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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 Panicoideae, Arundinoideage,
Chloridoideae and Centothecoideae. C, photosynthesis
occurs in al Chloridoideae (except Eragrostis walteri
Pilg.), in afew Arundinoideae [i.e. the genera Aristida L.
(tribe Aristideae) or Centropodia Reichenb. (tribe Arun-
dineae Dumort.)] and in most Panicoideae (Watson and
Dallwitz 1992). Grasses display very diversified photo-
synthetic pathways, C;, C, PCK (Phosphoenolpyruvate
Carboxylase Kinase), C, NADP-ME (Malic Enzyme) or
C, NAD-ME, due to the differential or absence of C,
gene expression (Watson and Dallwitz 1992; Ku et al.
1996; Sinha and Kellogg 1996). Consequently, this
family seems to be well adapted for an exhaustive evolu-
tionary study of the C, pathway.

The C, pathway involves severa enzymes which
catalyze the fixation and transport of carbon dioxide.
This results in a cyclical reaction, called the C, cycle or
the Hatch and Slack cycle, which enables one to concen-
trate CO, in the bundle-sheath cells where photosynthe-
sis occurs (Hatch and Slack 1966). Thus, Rubisco oxyge-
nase activity, which decreases the photosynthetic yield,
is reduced in plants displaying C, photosynthesis (Ku
et a. 1996). This feature is especialy advantageous for
tropical plants since Rubisco oxygenase activity is
enhanced with increasing temperature, in contrast to
Rubisco carboxylase activity.

The first enzyme, which is involved in the C, cycle,
is the C, phosphoenolpyruvate 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 (Lepiniec
et al. 1994). C, and non-C, PEPC sequences are now
available in different plant families. Several isoforms
have been characterised in maize, sorghum and sugar-
cane. These isoforms are involved in several functions
such as the initial fixation of atmospheric CO, (= C,
PEPC) and anaplerotic functions associated with
nitrogen assimilation or amino-acid biosynthesis (for a
review see Lepiniec et al. 1994). The evolution of such



nuclear oligogenic families has involved gene duplica-
tion and ectopic expression of new isoforms (Clegg et al.
1997; Kellogg 2000). In fact, Lepiniec et a. (1994) have
postulated that C, PEPC isoforms were derived from
non-C, PEPC isoforms. Interestingly, the C, and non-C,
isoforms of grasses have been shown to be well-differen-
tiated, whereas it appears that, in dicotyledonous plants,
C, PEPCs are very related to non-C, PEPCs. This would
suggest that grass C, PEPCs have diverged from non-C,
PEPCs over a long time, while divergence in dicots
would be more recent (Lepiniec et a. 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 a. 1994; Gehrig et a. 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 severa times. However, only a limited
number of grass C, PEPC sequences were then available.

Other molecular grass phylogenies have been recon-
structed using different DNA sequences (Hamby and
Zimmer 1988; Cummings 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 1998; Gaut et al. 1999; Hilu et al. 1999; Hsiao
et a. 1999; Mathews et a. 2000; Zhang 2000). The
available molecular information is very useful for infer-
ring the evolutionary mode of phenotypic traits inside
this family (i.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 C,-pathway multiple appearances (e.g. Soreng
and Davis 1998; Hsiao et a. 1999; Kellogg 2000).
Nevertheless, such studies have rarely been based on
genes that are directly involved in the analyzed pheno-
types 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 C,-pathway evolution in grasses, phylogenetic
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 to generate
along C, PEPC segment in a large sample of grasses
displaying a C, photosynthetic pathway. From this
cDNA segment, a phylogenetic approach was performed
to estimate the evolutionary relationships between 22 C,
grass species.

Materials and methods

Plant material

Wild, weed or cultivated species belonging to the family Poaceae
were collected on Reunion Island (Table 1). A voucher sample for
each of these plants was deposited at the herbarium of La Réunion
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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 isoforms (Lepiniec et al. 1994; Dong et al. 1998;
Besnard et al. 2001).

Molecular analysis

RNA extractions were carried out using the protocol employed by
Atanassova et al. (1995). Reverse transcription was performed on
total RNA as previously described by Cesari et a. (1999), using
oligo-dT primers and the Reverse Transcriptase Kit (Gibco-BRL).
To define PEPC specific primers, we compared C, and non-C,
PEPC cDNA sequences, which have been isolated in sorghum,
maize and sugarcane [EMBL accession numbers: for maize,
X61489 (Kawamura et a. 1992), AB012228 (Dong et a. 1998),
X 03613 (Hudspeth and Grula 1989) and X15238 (Izui et a. 1986);
for sorghum, X55664 (Crétin et al. 1991), X59925 (Lepiniec et al.
1991) and X17379 (Crétin et a. 1991); and for sugarcane, M86661
(Albert et a. 1992)]. Sequences were aigned using Clustal W soft-
ware (Thompson et a. 1994). The cDNA length was approximately
3,300 bp for each isoform. C, specific primers were defined in the
C, PEPC conserved sequences (see Table 2; 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 thermocycler (PTC100-v7, MJ
Research). The PCR reaction mixture contained 1 ul of cDNA
template, 0.25 mM of dNTP, 10 mM of KCI, 10 mM of Tris-HCI
(pH 8.3), 1.5 mM of MgCl,, 20 pmol of each oligonucleotide
primer, 1.25 ul (5% vol) of DM SO, and 1.2 units of Red Hot DNA
polymerase (Advanced Biotechnologies) in atotal volume of 25 ul.
The samples were incubated for 4 min at 94 °C, followed by 36
cycles consisting of 50 s at 94 °C, 1 min 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
6-min extension at 72 °C. PCR amplification products were sepa-
rated in 2% agarose gels and were revealed under UV light after
staining with ethidium bromide. We checked the PCR-amplifica-
tion specificity of the five primer pairs which generated overlap-
ping cDNA fragments on the entire translated C, PEPC mRNA
plus a 3" untranslated section of about 200 bp (see Fig. 1). Using
the primer combinations number 2 and number 5, we generated and
directly sequenced a fragment for some studied accessions. In most
cases, we cloned a RT-PCR fragment before sequencing. We used
the pGEM-T vector (PROMEGA) and Escherichia coli strain
DH5a according to the provider's recommendations. Double-
stranded DNA sequencing reactions were performed by the ESGS
Society (Evry, France). Sequences were deposited in the EMBL
databank.

Phylogenetic analyses

Known C, PEPC cDNAs from Sorghum bicolor (X17379), Zea
mays (X03613, X15238) and Chloris gayana (AF268091: O.E.
Blaesing et a., unpublished data) plus the cDNA segments gener-
ated using primer pair combination number 2 were aligned using
Clustal W software (Thompson et a. 1994). C, PEPC sequences
were compared to the root PEPC from maize (accession number
ABO012228) which was chosen as an outgroup since it was the
non-C, PEPC grass seguence closest to the generated C, PEPC se-
quences (data not shown). Maximum-parsimony analysis was con-
ducted using MEGA version 2 (Kumar et a. 2001). All characters
were equally weighted and the sequence input order was jumbled
five times. Gaps were treated as missing data. A heuristics search
was used to find the most-parsimonious trees. Bootstrap values
were computed using 100 replicates to evaluate support of the
branches. A strict consensus tree was generated from the equally
most-parsimonious trees. As an aternative to the parsimony anal-
ysis, the maximum-likelihood method (Felsenstein 1981) imple-
mented in PHYLIP software was used. We considered a transi-
tion/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 Clayton
and Renvoize (1986). “(C;)” indicated that the considered species

displayed a C; photosynthetic pathway. Other species displayed
a C, photosynthetic pathway. * Means that the fragment was previ-
ously cloned in pGEM-T vector before sequencing

Subfamily Tribe Species Voucher reference Code EMBL accession
number
Panicoideae Andropogoneae Saccharum officinarum L. - A AJ293346¢
Link. Dumort. (clone “Big Tana Ray”)
Saccharum spontaneum L. - AJ318338*c
(clone “SES 14”)
Sorghum verticilliflorum G. Besnard no. 431 C AJ318575*a
(Steud.) Stapf AJ293347°
Sorghum bicolor (L.) Moench - - X17379
(Crétin et al. 1991)
\etiveria zizanioides (L .) G. Besnard no. 422 D AJ318573*a
Nash AJ318583F
Hemarthria altissima (Poir.) G. Besnard no. 435 E -
Stapf & C.E. Hubb.
Hyparrhenia rufa (Ness) Stapf G. Besnard no. 434 F AJ3185802
Ischaemum kol eostachys G. Besnard no. 437 G AJ318574*a
(Steud.) Hack.
Eulalia aurea (Borg) Kunth. G. Besnard no. 436 H AJ318576*a
AJ318582°
Themeda quadrivalvis (L.) G. Besnard no. 440 I AJ318581a
Kuntze
Heteropogon contortus (L.) G. Besnard no. 441 J AJ318577*a
P. Beauv. ex Roem. & Schult.
Pogonatherum paniceum G. Besnard no. 444 K AJ318578*a
(Lam.) Hack.
ZeamaysL. - L X036134,
X15238¢
Coix lacryma-jobi L. G. Besnard no. 429 M AJ318579a
AJ293348°
Paniceae R. Br. Panicum maximum Jacqg. G. Besnard no. 423 N AJ318586*a
Melinis repens (Willd.) Zizka G. Besnard no. 426 (0] AJ318585*a
Paspalum urvillei Steud. G. Besnard no. 421 P -
Paspalum paniculatum L. G. Besnard no. 439 Q AJ3185872
Paspalidium geminatum G. Besnard no. 442 R AJ318584*a
(Forssk.) Stapf
Oplismenus compositus (L.) G. Besnard no. 446 S -
P. Beauv. — (Cy)
Chloridoideae Cynodonteae Cynodon dactylon (L.) Pers. G. Besnard no. 428 T AJ2790362
Burmeist. Dumort. Chloris barbata Sw. G. Besnard no. 456 u AJ318589*2
Chloris gayana Kunth - - AF268091f
Eragrostideae Eleusineindica (L.) Gaertn. G. Besnard no. 427 \% AJ318591a
Stapf Eragrostis tenuifolia G. Besnard no. 443 w AJ318590*a
(A. Rich.) Hochst. ex Steud.
Arundinoideae Aristideae Aristida mauritiana Kunth. G. Besnard no. 449 X AJ3185882
Burmeist. C.E. Hubb.
Pooideae Benth.  Aveneae Dumort.  HolcuslanatusL. — (Cj) G. Besnard no. 432 Y -

aFragment generated using primer combination no. 2

b Fragment generated using primer combination no. 5

¢Complete translated sequence obtained using the primers “OF”
and “3210F"

Substitution rates

We computed the rates of nonsynonymous and synonymous sub-
stitutions between pairs of sequences from sorghum and maize in-
dependently for C,, root and housekeeping PEPC isoforms. For
these computations, we used the PEPC fragment number 2 and did
not consider the codons in the segment displaying indels. We cal-
culated these estimations using the method of Nei and Gojobori
(1986). The heterogeneity in the mutation rates between each
PEPC isoform was thus estimated.

d From Hudspeth and Grula (1989)
eFrom lzui et al. (1986)
fFrom O.E. Blaesing et al., unpublished data

Results and discussion
Specificity of primers

In Table 2, we reported the PCR amplification specificity
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 al species belonging to the tribe Andro-
pogoneae but not in the other species (except in the genus



Table 2 Codes, names, sequences, annealing temperatures (T) and specificity of the different primer pairs
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Primer Primer

pair
code

name

5-3

Fragment T
sequence size2

O

Species (code correspondence in Table 1)

A BCDETFGH

I JKLMNOPRQ

W XY

1

OF

800R

500F

1700R

1400F

2550R

2000F

2780R

2550F

CCG
MGG
MSC
KCC
ATG
GCGTC
GGG
CTG
TAT
CCA
CAC
GGC
GC

GTT
CGA
GGC
GCT
CAA
GAA
CCAG
CTG
CAG
GTC
GGC
CAG
CCT
CTC

CCG
ACG
TGA
TCG
ACG
CCA
TCAC
ACG
TAT
TTG
TCC
CTG
AGC
TGC
TTC

CGC
CGG
ACA
CCA
TCA
ACG
GG
CGG
CGG
GCT
TGT
TCT
CGT CG

GAA
GCA
GCT
CAG
GGA
CAA
ATA
CGT

781

1,237

1,207

831

546

55

55

60

65

55

+b + + + < - - +

+ + + + - + + 4+

+ o+ + 4+ + + + -

+ 0+ + + + + 4+ o+

+ + + + + + 4+ o+

+ o+ - + + - - — -

+ + + + + + + + o+

+ ++ + + ++ - —
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Table 2 (continued)

Primer Primer 5-3
pair name

Fragment T
sequence size2 (°C)

Species (code correspondence in Table 1)

code

A BCDEFGHI

JKLMNOPQRSTUVWXY

5 3210R ATG
CCA
AGA
TTT

TCC
ACT
TGG
AC

aPCR fragment size observed in S. officinarum
b“+" means that fragment amplification occurred

OF 500F 1400F 2000F 2550F
>

s - - — = »
poly A
_— G PERC DA -
3 P 5
So0R SF7o0R <Z850R 2780R 5210R
1 3
2 5

— : primer
EE : untranslated part

[ : translated part ~200bp

Fig. 1 PCR primer position on the C, PEPC cDNA sequence.
The expected PCR fragments (coded 1 to 5) are indicated under
the cDNA drawing

Paspalidium). In contrast, the primer combination num-
ber 2 led to amplification in most of the studied genera.
Generally, the PCR amplification success was correlated
with the close relationships of the analyzed 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, J L, M). Findly, al primer pairs failed to ampli-
fy fragments in the genera Oplismenus and Holcus
(Table 2: columns S and Y), which display a C; photo-
synthetic pathway. Thus, we can assume that all ampli-
fied fragments corresponded to partial C, PEPC cDNAS.
Moreover, their expression in green leaves and their high
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 5 to
generate C, PEPC cDNA sequences from some taxa. The
choice of the first primer pair (number 2) was selected by
the fact that it can generate fragments in C, grass acces-
sions belonging to al studied subfamilies (Table 2). In
contrast, the second primer pair (number 5) enabled us to
estimate the level of variation in the 3' untranslated part
of the cDNAs in a few Andropogoneae. Sequencing re-

¢“—" means that fragment amplification did not occur

vedled a mixing of aleles in Saccharum spontaneaum,
Heteropogon, Melinis and Eragrostis (data not shown)
and thus PCR fragment cloning was sometimes required
to generate exploitable sequences. We obtained 18 se-
guences for fragment number 2 and four sequences with
fragment number 5 (Table 1). In addition, we generated
complete translated cDNA for Saccharum species using
primers “OF” 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-C, 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 5 (data not shown). In this cDNA segment,
avery low homology level with non-C, 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.
Only four indels (Fig. 2) occurred in a small region (lo-
cated between nucleotides 999 and 1,041 of the sugar-
cane PEPC accession AJ293346). Interestingly, these in-
dels appeared to be specific to the subfamily Chloridoid-
eae (indel 1) and to the tribe Andropogoneae (indels 2
and 3; Fig. 2). Aristida (Arundinoideae) also displayed a
specific indel (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 already reported such observations
using indels in the chloroplast matK and rpl16 genes.

Phylogenetic structure of grasses using
C, PEPC seguences

For phylogenetic reconstruction, we considered cDNA
fragment number 2 using a segment of 1,127 nucleotides
(after alignment). This segment is located between nu-
cleotides 516 and 1,639 in the sugarcane sequence
AJ293346. Using maximum-parsimony analysis, we ob-
tained two equally parsimonious trees that differ with re-
spect to the placement of Heteropogon as either sister to



Zea (AB012228)

Eragrostis (AJ318590)
Cynodon (AJ279036)
Eleusine (AJ318591)
Chloris g (AF268091)
Chloris b (AJ318589)
Paspalum (AJ318587)
Paspalidium (AJ318584)
Melinis (AJ318585)
Panicum (AJ318587)
Aristida (RJ318588)

Coix (AJ318579)

Sorghum (X17379-AJ318575)
Vetiveria (AJ318573)
Eulalia (AJ318576
Ischaemum (AJ318574)
Pogonatherum (AJ318578)
(AJ318581) Hyparrhenia
(X03613-X15238)

Saccharum (ARJ293346-AJ318338)

Themeda
Zea

(AJ318580) Heteropogon

Fig. 2 Alignment of a nucleotidic sequence that flank a cDNA
PEPC region displaying indels. This segment (inside fragment
number 2) is located between the nucleotides 999 and 1,041

(AJ318577)
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gatgaactacatcgd-----+ tcttcaagaaaa:jtgctgcaaag root PEPC
gacgaactactcagfj-—--—+ gctccaaagaag---gcttcaaag
gaacagcacctl--q4-----1 gcttcaagggaa---Haccaagaag
gagaaacacctt—T- —————— gctaccagggaal---actaagaag

gacgagcacctiy——-
gacgagcaccttj-—1

______ gcttcaagggag—z— accaagaag
——zr——gcttcaagggaa———actaagaag

2eaplopio[y)

gaagagtggtaccalj—--——- gtttcgagcaag--qattgagaag I
ggcgaactttacge-———— tcttcacagaasgl--qatttccaag =R
gaagagctacacgaly——-—-- gcttcaaagaaa——-qttgtcaagI §
gatgagctagacggg------ cgcttcaaggaaal-—dgttgtcaag °
gaagaattgtacgga=====-o gcttcaaagaaagctgctaccaag Aristideae
gaagaactccagagcactccagcttcaaagaaa:::gttaccaag
gaagaagtccagagtactccagcttcaaagaaa---gttaccaag >
gaagaagtcctcagtactccatctgcaaagaaal--qgttaccaag 2
gaagaactcctgaaaactccagactcaaagaaa—a-gttaccaag é
gaagaactccacagtactccagettcaaagaaa---{gtgaccaag @
gaagaactcctcagtactccagettcaaagaag---{gttaccaag 5
a

gatgaactcctcagtactccagecttcaaagaaa--{gttaccaag
gaagagc:ccacag:tcgtctggttcE:]caaa———gttaccaag
3

in the sugarcane sequence (accession AJ293346). The informative
indels are boxed and numbered 1 to 4

Table 3 Non-synonymous
and synonymous mutation rates
computed from the segment

number 2 by comparison

of pair of sequences from
sorghum and maize. These
parameters were independently
computed for each PEPC
isoform using the method

of Nei and Gojobori (1986)

Pair of sequences (maize/sorghum) Non-synonymous Synonymous
mutation rate (dy,) mutation rate (dg)
C, PEPC isoform: X15238/X17379 0.063 0.177
C, PEPC isoform: X03613/AJ318575 0.067 0.167
C, PEPC isoform: X03613/X17379 0.067 0.167
C, PEPC isoform: X15238/AJ318575 0.063 0.177
Root PEPC isoform: AB012228/X55664 0.005 0.110
Housekeeping PEPC isoform: X61489/X59925 0.011 0.130

Themeda or Hyparrhenia. Minimal-length trees have
1,678 steps and a consistency index (Cl) of 0.47 (exclud-
ing autapomorphic characters) and a retention index (RI)
of 0.61. Bootstrap analysis revealed also that relation-
ships between \etiveria, Coix and Eulalia were not
clearly assigned. The consensus tree is given in Fig. 3A.
The maximum-likelihood method led to a very similar
phylogram (Fig. 3B). Phenetic reconstruction, based on
Jukes and Cantor or Kimura distances, and the Neighbor-
joining algorithm also gave similar structures (data not
shown). Phylogenetic analyses enabled us to recognize
the subfamily Chloridoideae and the tribe Andropogo-
neae, as in previous molecular studies based on chloro-
plast or nuclear gene sequences (Mathews and Sharrock
1996; Soreng and Davis 1998; Hilu et al. 1999; Hsiao et
al. 1999; Mathews et al. 2000). In addition, the genus
Aristida displayed a basal position in the PACC clade,
and the genus Eragrostis displayed a basal position in
comparison to the genera Cynodon or Chlorisin the sub-
family Chloridoideae. Similar observations were already
made using the gene sequences of ITS (Hsiao et al.
1999), phytochrome B (Mathews et al. 2000) or matK
(Hilu et a. 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 displayed an intermediary posi-
tion between the Chloridoideae and the Andropogoneae.

Indeed, the genus Paspalum was more related to the tribe
Andropogoneae, whereas the genera Melinis, Panicum
and Paspalidium were more related to the subfamily
Chloridoideae. ITS analysis has led to a similar 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 arundinoid-like com-
mon ancestor (Hsiao et al. 1999) and that the tribe Panic-
eae has diverged early and maintained a higher genetic
diversity.

Grass PEPC evolution rate

Variations in the mutation rates between each PEPC
isoform were detected for non-synonymous mutations
(Table 3). Indeed, sorghum and maize C, PEPC iso-
forms displayed higher non-synonymous mutation rates
(d\=0.063 to 0.067) than sorghum and maize non-C,
PEPC isoforms (dy=0.005 and 0.011). This tends to con-
firm the faster evolution of C, PEPC compared to non-
C, PEPC isoforms (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 is
an adaptive trait not essentia for plant subsistence.
Alternatively, it can also be suggested that, since the
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Fig. 3 Phylogenetic trees
based on grass C, PEPC partial
cDNA sequences (1,127 nucle-
otides, 428 informative charac-
ters): a Strict consensus of two
equally parsimonious trees
(1,678 steps: Cl =0.47,

RI = 0.61; excluding autapam-
orphic characters). Bootstrap
values were obtained from

100 replicates and were indi-
cated on each corresponding
node when superior to 55%;

b Phylogenetic tree revealed
using the maximum-likelihood
method. Probable position

of the insertion-deletion events
isindicated on the branches

by the arrows. Indel numbers
aredefined in Fig. 2.

The maize root PEPC isoform
(accession AB012228) was
used as an outgroup in each
analysis

100

100
57
71
100

—
Rl S

89

100 e
| S

100

100
o
73

—

Zea (root PEPC isoform) / 4B012228
Aristida / AJ318588
Eragrostis / AJ 318590
Eleusine / AJ318591
Cynodon / AJ279036
Chloris g / AF268091
Chloris b / AJ318589
Paspalidium / AJ318584
Melinis / AJ318585
Panicum / AJ318586
Paspalum / AJ318587
Zea / X03613

Zea / X15238
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Ischaemum / AJ318574

Pogonatherum / AJ318578

Hyparrhenia / AJ318580
Themeda / AJ318581

Heteropogon / AJ318577

a4
Y ristida / AJ318588 @ Subf. Arundinoideas
—— Eragrostis / AJ318590

Paspalidium / AJ318584

1 Eleusine / AJ318591

Cynodon / AJ279036

_—:Chioris b /AJ318589

Chloris g / AF268091

—_:Panicum /AJ318586
Melinis / AJ318585

Zea (root PEPC isoform) / AB012228 = outgroup

Subf. Chloridoideae

Subf, Panicoideae
Trib. Paniceae

Paspalum / AJ318587
!3 [ Zea / X03613
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b 0.1
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Vetiveria / AJ318573
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I— Sorghum v/ AJ318575
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Subf. Panicoideae
Trib. Andropogoneae




C, system has recently appeared in comparison to ana-
plerotic functions in which other PEPCs are involved
(Lepiniec et al. 1994), 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 C, PEPC cDNA seg-
ment in most C, grasses. Based on this fragment, we aso
demonstrated that the phylogenetic relationships between
the studied subfamilies or tribes 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, is limited to PACC grass systematics. Nevertheless,
for the phylogeny of the PEPC multigenic family, it will
be possible to study C, photosynthesis evolution in
grasses and check the existence of convergent evolution
(Sinha and Kellogg 1996). This will give some insights
into 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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