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Abstract

Eleocharis vivipara, a unique leafless amphibious sedge, adopts the C, mode of photosynthesis under terrestrial
conditionsand the C3 mode under submerged aguatic conditions. To analyze the molecular basis of these responses
to the contrasting environments, weisol ated and characterized two full-length cDNAsfor akey C, enzyme, pyruvate,
orthophosphate dikinase (PPDK; EC 2.7.9.1). The isogenes for PPDK, designated ppdkl and ppdk2, were highly
homologous to one another but not identical. The PPDK 1 protein, deduced from the nucleotide sequence of the
cDNA, contained an extradomain at the amino terminuswhich, presumably, serves as a chloroplast transit peptide,
while PPDK2 lacked this extra domain. It seems likely, therefore, that the ppdkl and ppdk2 genes encode a
chloroplastic and acytosolic PPDK, respectively. Genomic Southern blot analysis reveal ed the existence of a small
family of genesfor PPDK in the genome of E. vivipara. Northern blot analysisindicate that both chloroplastic and
cytosolic genes for PPDK are expressed simultaneously in the culms, a photosynthetic organ, of E. vivipara and

that the pattern of expression of these genes differs between the growth forms.

Although most higher plants fix CO, through the
Cs pathway, some plants in tropical and subtropical
regionsutilizethe C, pathway [8, 14, 22]. In C, photo-
synthesis, cooperation of two types of photosynthetic
cell, namely, the mesophyl| cells and the bundle sheath
cells, isessential [14, 21]. Theenzymesinvolvedinthe
C,4 pathway are strictly compertmentalized betweenthe
two types of cell [14, 21]. It has been proposed that C,4
plantsevolved from Czancestors[8]. Thishypothesisis
supported by the observation that the key C4 enzymes,
such as phosphoenol pyruvate carboxylase (PEPCase)
and pyruvate, orthophosphate dikinase (PPDK), are
found at lower levelsin C3 plants[1, 3, 13, 24]. Recent
studies suggest that the evolution of C, photosynthes-

Thenucleotide sequencedatareported will appearintheEMBL,
GenBank and DOBJ Nucleotide Sequence Databases under the
accession numbers D86337 and D86338.

is occurred through the recruitment and alteration of
pre-existing genesin Cz plants[16, 24].

Although some succulent plants, such as Mesem-
bryanthemum crystallinum, change their mode of pho-
tosynthesisfromthe C3 tothe CAM (Crassulacean acid
metabolism) mode under water stress and NaCl stress
[36], thereare only afew reportsabout plantsthat shift
from the C3 mode to the C, mode. It was recently
demonstrated that Eleocharis vivipara, an amphibious
sedge, changesits photosynthetic and anatomical traits
dramatically with changesin its environment [31, 32,
33]. This plant develops the C, traits with Kranz ana-
tomy under terrestrial conditionsand the C; traitswith
non-Kranz anatomy under submerged aguatic condi-
tions. This species is considered, therefore, to be a
useful model plant for studies of genetic and devel-
opmental aspects of Cz and C4 photosynthesis. It was
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demonstrated very recently that the pattern of cellular
localization of C3 and C, enzymes in the terrestrial
form is unique, and that this pattern and the changes
in the extent of accumulation of these enzymes are
the main factors responsible for the difference in the
photosynthetic traits between the two forms [32].

E. viviparalacksleaf bladesand the culmsperform
all photosynthetic functions[31, 33]. This plant devel-
opsnew culmswith either the C3 modeor the C, mode,
depending on environmental conditions[33]. Whenthe
submerged formisexposedtoair, theculmsdieasares-
ult of rapid dessication. Within several days, however,
the plants begin to develop new culms, which already
have Kranz anatomy and the C, biochemical traits.
By contrast, when the terrestrial form isimmersed in
water, the plants develop new culms with intermediate
traitsand, after several months, with the C3 mode; they
change gradually from the C, to the C3 mode.

As part of our effort to elucidate the molecular
mechanisms responsible for the development of Cs
and C, traits in E. vivipara, we focused initially on
one of the key C4 enzymes: pyruvate, orthophosphate
dikinase (PPDK; EC2.7.9.1). In leaves of C, plants,
this enzyme is located mainly in the chloroplasts of
mesophyll cells where it catalyzes the conversion of
pyruvate to phosphoenolpyruvate [7, 14]. The cell-
specific expression of the gene for PPDK is regulated
at the transcriptional level [28, 29]. PPDK is encoded
by nuclear DNA and the geneis transcribed from two
different initiation sites under the control of two pro-
moters:. the larger transcript producesthe chloroplastic
PPDK, which includes atransit peptide, and the smal-
ler one produces the cytosolic PPDK [11, 12, 15, 18,
19, 26, 27]. The existence of PPDK has also been
reported in leaves of Cs plants and seeds of both Cs
and C,4 plants[1, 3, 13].

In this study, we isolated two full-length cDNAs
that encoded PPDK fromtheterrestrial form of E. vivi-
paraand characterized their structures. In addition, we
investigated the patterns of expression of these genes
in the two growth forms.

Theterrestrial and submerged forms of E. vivipara
weregrowninagreenhouseandinagquariainthegreen-
house, respectively, as described elsewhere[31]. After
removal of culms, theterrestrial plantsweretransferred
to agrowth chamber, which was programmed for 14 h
of light at 25 °C and 10 h of darkness at 20 °C. The
irradiance, provided by metal-halide lamps, was about
400 E m~2 s~1. After removal of culms, the sub-
merged plants were transferred to water tanks (301) in
the growth chamber and were grown for more than one

FStul
b
G
ba
st
FEccRI
L-Sali

ppdki ‘j

ATG

—StLul
FKpnl
L Xbal
FEcoRl
FEstXl
FPstl
=Pstl
—EcoRl

ppdk2 \‘

ATG
C

500 hases

Figure 1. Restriction maps of the full-length cDNA clones, ppdkl
and ppdk2. Total RNA was prepared from the culms of the terrestri-
a form as described by Fromm et al. [10], and poly(A)t RNA
was isolated with Oligotex-dT30 (Roche, Tokyo, Japan). cDNAs
were synthesized by reverse transcriptase from avian myelomavirus
with random primers (Amersham International, Buckinghamshire,
UK). A cDNA library was constructed in the AZAPI| vector (Strata-
gene, La Jolla, CA) using adapters [37] at the termini of the cDNA
instead of EcoRI sites. The cDNA library was screened by plaque-
hybridization with a 32P-labeled DNA fragment as probe. To obtain
a probe for genes for PPDK, a DNA fragment was amplified by
RT-PCR from RNA that had been isolated from the culms of the
terrestrial form as template with degenerate primers that correspon-
ded to highly homologous regions in the nucl eotide sequences of the
genes for PPDK of Zea mays [19] and Flaveria trinervia [25]. The
DNA fragment was 906 bp long and corresponded to the sequence
from 1966 to 2872 of Z. mays and from 1976 to 2882 of F. trinervia.
The black box indicates the region that encodes the putative transit
peptide. The black lines under the maps indicate the locations of
probes used for nothern blot analysis (A, C) and for Southern blot
analysis (B).

month prior to experiments. Thewater in the tankswas
changed at weekly intervals.

The cDNA clones encoding the isoforms of PPDK
in E. vivipara were isolated from a cDNA library that
was prepared from the culms of the terrestrial form, as
detailed in the legend to Figure 1. Two kinds of full-
length cDNA were obtained and they were designated
ppdkl and ppdk2 (Figure 1). The ppdkl and ppdk2
cDNAs were 3053 and 2868 bp in length, and they
contained singlelong open reading frames of 2841 and
2652 bp, respectively (Figure 1). The coding regions
of the two genes were highly homologous at the nuc-
lectide level (88%), but they were not identical. Dif-
ferences in nucleotides between the two genes were
found sporadically throughout the coding regions, and
ppdkl included an extradomain of 207 bp at theamino
terminus.

The open reading frames of ppdk1- and the ppdk2-
encoded polypeptides, designated PPDK 1 and PPDK 2,
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Figure2. Alignment of the deduced amino acid sequences of PPDKs from E. vivipara (ppdkl, ppdk2), Zea mays (Zm), Flaveria trinervia (Ft),
F. brownii (Fb),F. pringlei (Fp), Mesembryanthemum crystallinum (Mc), Entamoeba histolytica (Eh), and Bacteroides symbiosus (Bs). Dots
indicate amino acids identical to those of ppdkl and bars indicate gaps introduced for maximum alignment. The arrow marks a putative site for
cleavage of the precursor polypeptide, as deduced from its location in the sequence from Z. mays. The putative active site is boxed.
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of 947 and 884 amino acids with predicted molecu-
lar masses of 103.4 kDa and 95.9 kDa, respectively.
PPDK 1 had an amino-terminal sequence of 69 amino
acid that was missing from PPDK2. However, the
amino acid sequences in the other regions of the two
proteinswere highly homologous (95%). The deduced
amino acid sequences were aligned with those of
PPDK sfrom other higher plants, protozoaand bacteria
(Figure2). In PPDK of Zea mays, atransit peptide has
been identified that directs the entry of the precurs-
or protein into chloroplasts and is then removed by
proteolytic cleavage [2, 11, 12, 19, 27]. The amino-
terminal additional peptide of PPDK1 was similar in
sizeto thistransit peptide and it shared acharacteristic
featurewith the transit peptidein that its central region
was rich in basic amino acids. However, we found no
clear similaritiesamong the primary sequencesof these
PPDKs. The deduced molecular mass of the putative
meature protein, without the amino-terminal additional
peptide, was cal cul ated to be about 95 kDa, which cor-
responded approximately to the molecular mass that
had been estimated for mature PPDK in leaves of
Z. mays [12, 19, 30]. These characteristics suggest
that the amino-terminal additional peptide of 69 amino
acidresiduesin PPDK 1 servesasatransit peptide. The
absence of such an additional domain in PPDK2 sug-
gests that PPDK2 might be a cytosolic enzyme (Fig-
ure 2).

The ppdkl and ppdk2 cDNASs were closely related
to the genes for PPDK of other higher plants. The
homologies of ppdkl and ppdk2, respectively, to the
genes for PPDK from other plants were calculated
as follows: 78 and 77% for a C4 monocot, Z. mays
[19]; 76 and 75% for afacultative CAM dicot, Mesem-
bryanthemum crystallinum [9]; 75 and 74% for a Cs
dicot, Flaveria pringlei [24]; 75 and 74% for a C4-like
dicot, F. brownii [34]; and 73 and 73% for a C, dicot,
F.trinervia[25]. Thehomology of ppdkl and the ppdk2
to the genes for PPDK of bacteria and protozoa was
lower thanthat to genes of higher plants, asfollows: 48
and 52% for Bacteroides symbiosus [23]; and 46 and
49% for Entamoeba histolytica [4]. A completely con-
served amino acid sequence (GGMTSHAAVVA) was
found in PPDK1 and PPDK 2 (boxed in Figure 2), asiit
isin the deduced PPDKs of other species. Thisregion
includes histidyl and threonyl residues, which are pre-
sumed to serve as the catalytic site and the site of the
phosphorylation and dephosphorylation that regulate
the reversible activation of thisenzyme[5, 7].

To determine the number of copies of the gene for
PPDK in the genome of E. vivipara, we performed

Southern hybridization with a probe that correspon-
ded to a highly homologous region that included the
active site and was common to the both genes (Fig-
ure 3). One or two prominant bands were detected
upon digestion with three restriction enzymes. The
two bands seen with Xbal and Hindl Il could represent
the genomic sequences for each of the two cDNAS,
ppdkl and ppdk2. This suggeststhat PPDK isencoded
by asmall family of genes, probably by two genes. In
Z. mays, there are at least two genes for PPDK: one
gene encodes a cytosolic isoform exclusively, and the
other gene encodes both a chloroplastic and acytosolic
isoform [11, 15, 27]. In C3, C3-C4, and C, species of
Flaveria[24, 26, 34] and M. crystallinum[9], only one
gene for PPDK is present in the genome. It has been
suggested that the transcripts for the chloroplastic and
the cytosolicisoformsof PPDK are produced from two
different initiation sites of asingle gene, under the con-
trol of two promoters[11, 26, 27]. In E. vivipara, the
transcripts for the two isoforms are obviously derived
from different genes. It appears that the differential
expression of two isoforms of PPDK is regulated in
a different mechanism from that in Z. mays [11, 27]
although, at this time, we cannot exclude the possib-
ility that the cytosolic form might also be transcribed
from the ppdkl gene at alow level.

The organ-specificity of the expression of the two
genesfor PPDK wasinvestigated by northern blot ana-
lysis, using gene-specific probes for ppdkl and ppdk2
derived from 5’ regions of the genes (Figure 4). In the
culms, the levels of transcripts for ppdkl and ppdk2
were far more abundant in the terrestrial form than in
the submerged form. This result is consistent with the
previous observation that the terrestrial form accumu-
lates higher amounts of PPDK protein than the sub-
merged form [32, 33], and it indicates that the differ-
ence in the levels of transcripts for PPDK is one of
the key factorsresponsiblefor the expression of differ-
ent modes of photosynthesis between the two forms.
In the roots of the terrestrial form, we only found the
ppdk2 transcript (Figure 4). Previous studiesfor maize
[11, 15, 27] and Flaveria [26] indicated that the tran-
scripts of the genefor chloroplastic PPDK were found
in leaves, while those for the cytosolic PPDK were
found in roots. Thus, the existence of the ppdk2 tran-
scriptintherootsof E. vivipara supportsthe hypothesis
that ppdk2 encodes the cytosolic PPDK. The present
study demonstratesthat the chloroplastic ppdkl and the
cytosolic ppdk2 genes are expressed simultaneously in
the culms, a photosynthetic organ, of E. vivipara.
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Figure 3. Genomic Southern blot analysis of the genes for PPDK
in E. vivipara. Genomic DNA was isolated from the culms of the
terrestrial form as described by Wagner et al. [35] with modifica-
tions. Culms were ground with a mortar and pestle and suspended
in extraction buffer that contained 10% polyethylene glycol 6000,
0.35 M sorbitol, 0.1 M Tris-HCI pH 8.0, 0.5% spermidine, 0.5%
spermine, and 1% 2-mercaptoethanol. The suspension was cent-
rifuged (2800 rpm, 4 °C, 15 min), and the resulting pellet was
suspended in 5 ml of the extraction buffer without polyethylene
glycol 6000. N-Laurylsarcosine was added to the solution to afinal
concentration of 1% (w/v). After centrifugation (2800 rpm, 4 °C,
15 min), the upper agueous phase was recovered. The solution was
subjected to precipitation with cetyltrimethylammonium bromide
(CTAB) and subsequent purification of genomic DNA as described
by Murray and Thompson [20]. Genomic DNA (10 n.g) was diges-
ted with restriction enzymes and subjected to electrophoresis on a
0.7% agarose gel. After transfer of bands of DNA to a nylon filter,
the filter was hybridized with a 32P-labeled DNA fragment that had
been amplified by PCR from a cDNA clone for PPDK as template
(see Figure 1), at 65 °C, in ahybridization buffer that contained 1%
SDS, 10% sodium dextran sulfate and 1 M NaCl, and then it was
washed at 65 °Cin 2x SSC, 1% SDS.

We also examined whether the levels of transcripts
for ppdkl and ppdk2 in the terrestrial plants are influ-
enced by light-to-dark transition (Figure 5). The level
of ppdkl transcript was reduced during this period,
while the level of ppdk2 transcript remained constant.
These data suggest that the expression of ppdkl and
ppdk2 is controlled in different manners. In Flaveria
trinervia, the levels of transcript for the chloroplastic
gene of PPDK were aso reduced in leaves and stems,
whenthe plant was kept under dark conditions[26]. By
contrast, the cytosolic gene for PPDK was expressed
in the stems under dark conditions[26].

When the level of the ppdkl and the ppdk2 tran-
script were compared within the individual growth
forms, a contrasting tendency was found in the two
forms (Figure 4). In the terrestrial form, ppdkl was
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Figure 4. Northen blot analysis of transcripts of genes for PPDK
in E. vivipara. Total RNA was isolated from culms of the terrestrial
(T) and the submerged (S) forms, and from roots (R) of the terrestri-
a form, by the method of Murray and Thompson [20], with the
exception that 1/3 volume of 8 M LiCl was added to the solution
of CTAB and nucleic acids to prevent the precipitation of DNA and
low-molecular-weight RNA. Total RNA (5 1.g) was denatured in a
mixture of 56% formamide and 12% formaldehyde, and RNAswere
separated on a 1% agarose gel that contained 1.6% formaldehyde.
After transfer to nylon filters, the bands of RNA were alowed to
hybridize with 32P-|abeled cDNA probes (see Figure 1) at 60 °C in
hybridization buffer that contained 1% SDS, 10% sodium dextran
sulfate, and 1 M NaCl. Then filters were washed at 60 °C in 2x
SSC, 1% SDS.
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Figure 5. Northern blot analysis of transcript levels of genes for
PPDK in light-to-dark transition. The terrestrial plants grown under
light conditions were transferred to darkness for up to three days.
Total RNA was isolated from the culms and aiquots (3 ug) were

then fractionated on 1% agarose gels, blotted onto nylon filters, and
hybridized with 32P-labeled DNA probes, as described in Figure 4.
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expressed at somewhat higher levelsthan ppdk2. Inthe
submerged form, by contract, ppdk2 was expressed at
higher levelsthan ppdk1. Inthe culms of the terrestrial
form, the PPDK protein was found to accumulate to a
large extent in the chloroplasts and to a lesser extent
in the cytosol of the photosynthetic tissue [32]. In the
culms of the submerged form, the extent of the accu-
mulation of the chloroplastic PPDK protein was lower
than that of the cytosolic PPDK [32]. Therefore, it
appears that the pattern of expression of the isogenes
for PPDK in E. vivipara reflects this cellular distribu-
tion of PPDK protein, even though the physiologic-
a role of the cytosolic PPDK remains unknown. In
maize leaves, the accumulation of the PPDK protein
was observed only in the chloroplasts and not in the
cytosol [17].

It seems likely that osmotic stress is involved in
the conversion from the C3 mode to the C4 mode in
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E. vivipara. C4 photosynthesisand CAM share sever-
al common photosynthetic enzymes, such as PEPCase
and PPDK [22]. In severa respects, the environment-
al responses of E. vivipara appear similar to those in
facultative CAM plants. During the induction of CAM
in M. crystallinum, the level of the transcripts of a
CAM -specific isogene for PEPCase increases but that
of a C3 isogene remains unchanged [6]. Thus, the pat-
tern of expression of isogenesfor PPDK in E. vivipara
seems to be similar but not identical to that of gene
for PEPCase, since both isogenes for PPDK respond
simultaneously to environmental changes. The present
study revealed that this amphibious sedge modulates
the expression of theisogenesfor PPDK in responseto
a change in environmenta conditions and, moreover,
that mechanismsfor regulation of such modulation are
different from those in other plants. Further analys-
is of this phenomenon should shed more light on the
molecular mechanism of the change in photosynthetic
traits.
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