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C4 photosynthesis is nature’s most efficient answer to the dual activity of ribulose-1,5-bisphosphate carboxylase/oxygenase
and the resulting loss of CO2 by photorespiration. Gly decarboxylase (GDC) is the key component of photorespiratory CO2

release in plants and is active in all photosynthetic tissues of C3 plants, but only in the bundle sheath cells of C4 plants. The
restriction of GDC to the bundle sheath is assumed to be an essential and early step in the evolution of C4 photosynthesis,
leading to a photorespiratory CO2 concentrating mechanism. In this study, we analyzed how the P-protein of GDC (GLDP)
became restricted to the bundle sheath during the transition from C3 to C4 photosynthesis in the genus Flaveria. We found that
C3 Flaveria species already contain a bundle sheath–expressed GLDP gene in addition to a ubiquitously expressed second
gene, which became a pseudogene in C4 Flaveria species. Analyses of C3-C4 intermediate Flaveria species revealed that the
photorespiratory CO2 pump was not established in one single step, but gradually. The knowledge gained by this study sheds
light on the early steps in C4 evolution.

INTRODUCTION

Ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco),
the key enzyme of CO2 fixation in plants, is a bispecific enzyme.
It not only operates as a carboxylase but also as an oxygenase.
The product of the oxygenase reaction is the two-carbon com-
pound 2-phosphoglycolate that has to be recycled in a process
called photorespiration (Ogren and Bowes, 1971; Ogren, 1984).
During photorespiration, CO2 is released, leading to a net loss
of photoassimilated CO2. The loss of CO2 becomes problematic
especially under hot and arid conditions when stomata have to
close to avoid water loss (reviewed in Sage, 2004). Under these
conditions, CO2 uptake is drastically reduced, and the relation
between photosynthetic CO2 fixation and photorespiratory CO2

release becomes unfavorable.
The release of CO2 is catalyzed by Gly decarboxylase (GDC) in

the mitochondria of plant cells (Oliver and Raman, 1995). GDC is
a multiprotein system comprising the four proteins P-, L-, T-,
and H-protein (gene designations GLDP, GLDL, GLDT, and GLDH,
respectively) with the P-protein being the actual decarboxylase
(Oliver and Raman, 1995). GDC is not only essential in photo-
respiration but also necessary for C1 metabolism that presumably
takes place in all cells of a plant and provides one-carbon
compounds for a number of biosynthetic pathways (Hanson and
Roje, 2001). This was experimentally shown with a GLDP double

knockout mutant of Arabidopsis thaliana that possesses no
active GDC and cannot survive even under elevated CO2 (i.e.,
nonphotorespiratory conditions) (Engel et al., 2007).
C4 photosynthesis is one of nature’s answers to cope with the

oxygenase activity of Rubisco. It is essentially a CO2 pump that
concentrates CO2 at the site of Rubisco. In the vast majority of
C4 species, the CO2-concentrating mechanism requires the close
metabolic interaction of two different cells: mesophyll and bundle
sheath cells. The bundle sheath cells typically form a wreath-like
layer around the vasculature and harbor Rubisco and the other
Calvin-Benson cycle enzymes. Bundle sheath cells are sur-
rounded by the mesophyll cells, which are devoid of Rubisco but
contain phosphoenolpyruvate carboxylase, an oxygen-insensitive
carboxylase (Hattersley, 1984; Dengler and Nelson, 1999). The
atmospheric CO2, after conversion to bicarbonate, is initially fixed
by phosphoenolpyruvate carboxylase in the mesophyll, resulting
in a four-carbon compound, malate and/or Asp, after which
this photosynthetic pathway is named C4 photosynthesis. The
C4 compound diffuses along its concentration gradient via the
plasmodesmata into the bundle sheath cells where it becomes
decarboxylated by NADP/NAD malic enzymes or phosphoenol-
pyruvate carboxykinase (Hatch et al., 1975). The released CO2 is
finally channeled through Rubisco into the Calvin-Benson cycle.
Due to the elevated CO2 concentration at the site of Rubisco, its
oxygenase reaction is largely abolished, and photorespiration is
drastically reduced in C4 plants (Hatch, 1987; Sage, 2004). This
includes lower activities of enzymes of the photorespiratory path-
way, most of which are restricted to the bundle sheath cells (Li
et al., 2010).
C4 photosynthesis has independently evolved up to 66 times

within the angiosperms (Sage et al., 2012). This polyphyletic
origin of C4 photosynthesis suggests that the evolution of a
C3 into a C4 species must have been relatively easy in genetic
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terms. The genus Flaveria (Powell, 1978) is an attractive model in
which to study the transition from C3 to C4 photosynthesis. The
genus includes not only true C3 and C4 species but also a large
number of C3-C4 intermediate species with a differing degree of
“C4-ness” (Edwards and Ku, 1987; McKown et al., 2005). The
evolutionary analysis of the kinetic and regulatory character-
istics of C4 phosphoenolpyruvate carboxylase and of the de-
terminants for the mesophyll-specific transcription of its gene
may serve as an example of how this genus can be exploited for
dissecting the evolutionary trajectory from C3 to C4 photosyn-
thesis (Stockhaus et al., 1997; Gowik et al., 2004; Akyildiz et al.,
2007).

The compartmentation of GDC in the bundle sheath cells and,
hence, its virtual absence in mesophyll cells is assumed to
constitute a very early and essential step in the evolution toward
C4 photosynthesis (Sage, 2004; Bauwe, 2011; Sage et al., 2012).
Restriction of GDC to the bundle sheath cells results in the
photorespiratory CO2 only being released in the bundle sheath.
This results in the establishment of a photorespiratory CO2

pump creating a CO2-enriched environment for the Rubisco of
the bundle sheath, but not of the mesophyll cells. Since Gly,
a two-carbon compound, serves as a transport metabolite, this
photorespiratory CO2 concentrating mechanism is also termed
C2 photosynthesis. Immunolocalization experiments with the
C3-C4 intermediate Moricandia arvensis indicated that the com-
partmentation of GDC activity in the bundle sheath cells was
caused by the cell-specific restriction of only one of its com-
ponents, the P-protein (Rawsthorne et al., 1988; Morgan et al.,
1993).

This study seeks to answer the question of how the photo-
respiratory CO2 pump was established during the evolution of C4

photosynthesis in the genus Flaveria. From previous work, we
knew that C4 Flaveria species contain only one functional GLDP
gene (named GLDPA) that appears to be active only in the
bundle sheath (Engelmann et al., 2008). We wanted to know how
this expression specificity evolved, bearing in mind that C3 Flaveria
species contain several GLDP genes (Bauwe et al., 1995), which
should be active in all photosynthetic tissues. In recent work, we
showed that the regulation of GLDP expression is complex, in-
volving transcription from two promoters oriented in tandem and
most probably also posttranscriptional control via differential RNA
stability (Wiludda et al., 2012). The data presented here demon-
strate that the photorespiratory CO2 pump in the genus Flaveria
was established step by step and that it involved pseudogeni-
zation of one, and in addition, a relaxation of the bundle sheath
specificity of another already existing GLDP gene.

RESULTS

The GLDP Gene Family of the Genus Flaveria

To get an overview of the structure of the GLDP gene family in
C3, C4, and C3-C4 intermediate Flaveria species, we conducted
a phylogenetic analysis. We used published sequences of cDNA
or genomic clones (Kopriva and Bauwe, 1994; Bauwe et al.,
1995; Bauwe and Kopriva, 1995; Chu, 1996) and de novo assembled
sequences derived from RNaseq of different Flaveria species

using 454 (Gowik et al., 2011) or Illumina (J. Mallmann, U. Gowik,
and P. Westhoff, unpublished data) sequencing, respectively. The
sequences were aligned using ClustalX (see Supplemental Data
Set 1 online), and gene trees were constructed using the maximum
likelihood method as described in Methods. Figure 1A shows that
the GLDP genes of the various Flaveria species group into three
clusters, A, B, and C. All nine analyzed Flaveria species contained
one gene of each group with the exception of Flaveria pringlei in
which two group A and two group B genes were found (Figure 1A).
It is known that F. pringlei is a tetraploid (Cameron et al., 1989),
probably arisen by allopolyploidization with the C3-C4 intermediate
species Flaveria angustifolia (Kopriva et al., 1996; McKown et al.,
2005). Additionally, GLDP cDNA sequences from Flaveria were
compared with those from eudicot species with fully sequenced
genomes. It turned out that the Flaveria GLDPs were more closely
related to each other than to any other GLDP sequence (see
Supplemental Figure 1 and Supplemental Data Set 2 online).
The phylogenetic analysis revealed that group A and B GLDP

genes are more closely related to each other than to group C
genes. Group A GLDP genes contain GLDPA of Flaveria trinervia
(C4; formerly gdcsPA; Cossu and Bauwe, 1998; accession
number Z99767) and GLDPA1 and GLDPA2 of F. pringlei (C3;
formerly gdcsPB and gdcsPA; Kopriva and Bauwe, 1994; Bauwe
et al., 1995; Bauwe and Kopriva, 1995; accession numbers
Z36879 and Z54239), all of which have been characterized by
sequencing of genomic clones. Group B GLDP genes are ex-
emplified by the GLDPB* pseudogene of F. trinervia (C4; formerly
gdcsPB; Cossu and Bauwe, 1998; accession number Z99768)
and the GLDPB1 and GLDPB2 genes of F. pringlei (C3; formerly
gdcsPE and gdcsPD; Chu, 1996; accession numbers KC545951
and KC545950, respectively). The GLDP group C contains the
GLDPC gene of F. pringlei (C3; formerly gdcsPC; Chu, 1996;
accession number KC545949).
To determine the spatial expression patterns of the different

GLDP genes, we used data sets from Illumina RNaseq experi-
ments of roots, stems, and leaves of Flaveria bidentis (C4) and
Flaveria robusta (C3). Figure 1B shows that transcripts of group
C GLDP genes could be detected predominantly in roots and
stems in both species, while the GLDP group A and group B
genes accumulated preferentially in leaves. Accordingly, group
A and group B GLDP genes are mainly relevant for photores-
piration, whereas group C GLDP genes most likely are not in-
volved in photorespiration but in the maintenance of basal C1

metabolism (Hanson and Roje, 2001) in stems and roots.

The Group A GLDP Genes of the C3 Flaveria Species
F. pringlei and F. robusta Are Expressed Specifically
in Bundle Sheath Cells

RNA in situ hybridization experiments had shown that GLDP
transcripts accumulate in the leaves of F. trinervia and F. bidentis
(both C4) only in bundle sheath cells (Engelmann et al., 2008).
Promoter-reporter gene studies were in line with these ob-
servations and conclusions. When 1571 bp of 59 flanking
sequences of the F. trinervia GLDPA gene (including the 59
untranslated region upstream of the AUG codon) were fused to
the b-glucuronidase (GUS) reporter gene and transformed into
F. bidentis (C4), reporter gene activity was only observed in the
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Figure 1. Molecular Phylogenetic Analysis of GLDP Genes of the Genus Flaveria and GLDP Transcript Abundance in Organs.

(A) Maximum likelihood tree of GLDP sequences in Flaveria. The tree was constructed with MEGA5 (Tamura et al., 2011) using the Tamura 3 parameter
model. The tree is drawn to scale, with branch length measured in the number of substitutes per site. The tree is based on 203 nucleotide positions,
starting at the ATG, which were aligned using ClustalX 2.0.8 (Higgins and Sharp, 1988, 1989; Thompson et al., 1997; Larkin et al., 2007) (alignment is
shown in Supplemental Data Set 1 online). Bootstrap values (1000 replicates) are shown next to the branches (Felsenstein, 1985). Branches corre-
sponding to partitions reproduced in less than 50% of bootstrap replicates are collapsed.
(B) Abundance of GLDPA, GLDPB, and GLDPC transcripts in stems, roots, and leaves of F. bidentis (Fb; C4) and F. robusta (Fro; C3) as measured by
mapping RNaseq Illumina reads on the respective cDNAs and expressed in reads per kilobase per million (rpkm).
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bundle sheath cells and to a small degree in the vascular bundle,
but not in the mesophyll tissue (Engelmann et al., 2008). To gain
insight into how bundle sheath–specific GLDP expression evolved
in the genus Flaveria, we analyzed the expression specificity of the
GLDPA genes of F. pringlei (C3) and F. robusta (C3) in both the C4

plant F. bidentis and the C3 species Arabidopsis.
The 59 flanking sequences of the GLDPA genes of F. pringlei

(GLDPA1, 2217 bp; GLDPA2, 2040 bp; Bauwe et al., 1995) and
F. robusta (1154 bp; accession number KC545947) were fused
to the GUS reporter gene and transformed into F. bidentis
plants. Figure 2A demonstrates that the 59 flanking sequences
of the GLDPA1 gene of F. pringlei and the GLDPA gene of
F. robusta were able to drive expression of the GUS reporter gene
predominantly in the bundle sheath cells and to a lesser extent in
the vasculature (compared with Engelmann et al., 2008; Wiludda
et al., 2012). No GUS activity could be detected in the mesophyll
cells (Figure 2A, top panel). The promoter strengths of the two
GLDPA 59 flanking sequences were comparable (Figure 2B) and
were in the same range as that of the GLDPA promoter of
F. trinervia (compared with Engelmann et al., 2008). The 59 flanking
sequence of GLDPA2 of F. pringlei exhibited a similar expression
behavior in F. bidentis as the other two GLDPA 59 flanking se-
quences (see Supplemental Figure 2A online, top panel).

Transformation systems for C3 Flaveria species are not avail-
able. Since the Brassicacean C3 species Arabidopsis faithfully
recapitulates the expression profile of the GLDPA 59 flanking re-
gion of the C4 species F. trinervia (Engelmann et al., 2008), this
species was also used for the analysis of the 59 flanking se-
quences of the GLDPA genes of F. pringlei and F. robusta. Figure
2A shows that the spatial expression pattern of the GLDPA1 59
flanking region of the C3 Flaveria species F. pringlei in transgenic
Arabidopsis resembles that observed for the C4 plant F. bidentis.
Promoter activity could not be detected in the mesophyll cells but
only in the bundle sheath and the vasculature. In addition, the
promoter strength in Arabidopsis was also comparable to that
in F. bidentis (Figure 2B). Thus, the expression profile of the

GLDPA1 promoter of the C3 species F. pringlei in Arabidopsis is
indistinguishable from that of the GLDPA promoter of F. trinervia
in this distantly related C3 species (compared with Engelmann
et al., 2008). The 59 flanking regions of the GLDPA gene of
F. robusta and of the GLDPA2 gene of F. pringlei also function
essentially as bundle sheath/vasculature-specific promoters in
Arabidopsis; however, they additionally exhibit a faint activity in
the mesophyll tissue (Figure 2A; see Supplemental Figure 2A
online).
Taken together, the expression specificities and quantities

encoded by the 59 flanking sequences of the group A GLDP
genes of the two C3 Flaveria species are almost indistinguish-
able from that of the 59 flanking region of the GLDPA gene of
the C4 species F. trinervia. This suggests that the last common
ancestor, leading to extant C3 and C4 Flaveria species, already
had a bundle sheath specific GLDP gene.

The GLDPB2 Gene of the C3 Species F. pringlei Is Active
in All Photosynthetic Tissues of Both F. bidentis (C4) and
Arabidopsis (C3)

The group B gene GLDPB* of F. trinervia (C4) is known to be
a pseudogene due to an insertion into the first exon leading to
an interruption of the GLDPB reading frame (Cossu and Bauwe,
1998). Moreover, the 59 flanking region (1981 bp) of GLDPB* did
not show any promoter activity when analyzed in Arabidopsis
(see Supplemental Figure 3 online). To assess the expression
specificity of the 59 flanking sequences of group B GLDP genes
of C3 Flaveria species, 2733 bp of the 59 flanking region of the
GLDPB2 gene of F. pringlei were fused to the GUS reporter gene
and analyzed in transgenic F. bidentis (C4) and Arabidopsis (C3).
Figure 3 shows that this 59 flanking region drives the expression
of the reporter gene in all photosynthetic leaf tissues in both
species.
It follows that C3 Flaveria species contain at least two GLDP

genes, one each from groups A and B, which differ in their

Figure 2. Functional Analysis of the 59 Flanking Sequences of the GLDPA Genes of the C3 Species F. pringlei and F. robusta.

The 59 flanking sequences of GLDPA1-Fp (2217 bp) and GLDPA-Fro (1154 bp) were fused to the GUS reporter gene and analyzed in transgenic
F. bidentis (C4) and transgenic Arabidopsis (C3).
(A) Histochemical localization of GUS activity in leaf sections of transgenic plants.
(B) GUS activities in leaves of transgenic plants. Each dot indicates an independent transgenic line. The black line represents the median.
MU, 4-methylumbelliferone.
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expression patterns in leaves. While group A GLDP genes are
specifically/preferentially expressed in the bundle sheath, group
B GLDP genes are active in all photosynthetic tissues. During
evolution of C4, the ubiquitously expressed group B GLDP gene
was converted into a pseudogene; hence, GLDP expression in
leaves became bundle sheath specific.

The 59 Flanking Sequences of the Two GLDP Genes of
Arabidopsis Do Not Direct Any Tissue Specificity in Leaves

To investigate whether a bundle sheath–specific GLDP gene
might be a common feature of C3 plants, we analyzed the pro-
moters of the two GLDP genes of Arabidopsis. We fused the
1852- and 1451-bp 59 flanking sequences of both genes,
GLDP1 (AT4G33010) and GLDP2 (AT2G26080), to the GUS re-
porter gene and transformed these constructs into Arabidopsis.
Figure 4 demonstrates that both 59 flanking regions drive GUS
expression in all photosynthetic leaf tissues, supporting the

genetic findings that the two GLDP genes act redundantly (Engel
et al., 2007). A bundle sheath–specific GLDP gene is therefore
not a common feature of dicotyledonous C3 plants.

Expression of Group B GLDP Genes in Different Flaveria
Species Is Negatively Correlated to the Degree of C4-Ness,
While Group A GLDP Genes Show a Maximum of Expression
in C3-C4 Intermediate Species

The genus Flaveria offers the unique opportunity to study the
steps taken during evolution from C3 to C4 photosynthesis,
particularly because of its large number of C3-C4 intermediate
species. According to McKown et al. (2005), the genus contains
three main phylogenetic groups. The first diverging group in-
cludes the three C3 Flaveria species (F. pringlei, Flaveria cron-
quistii and F. robusta) and the C3-C4 intermediate Flaveria
sonorensis. Clade B contains seven C3-C4 intermediate species
and the C4-like species Flaveria brownii. All true C4 Flaveria
species belong to clade A, which also contains several C4-like
species (for instance, Flaveria palmeri) and the C3-C4 intermediate
Flaveria ramosissima. It is thought that C3-C4 intermediate (C2)
photosynthesis evolved twice in Flaveria, once in the predecessor
of the extant basal species F. sonorensis, and once in the line
leading to the last common ancestor of clade A and B species
(McKown et al., 2005).
To obtain insight into changes in the expression of group A

and B GLDP genes, we used RNaseq to compare their RNA
amounts in the leaves of different Flaveria species, ranging from C3

(F. pringlei and F. robusta [basal Flaveria species]), via C3-C4 in-
termediate species with varying degrees of C4-ness (F. chloraefolia,
F. pubescens, F. anomala [all belonging to clade B], and
F. ramossisima [clade A]), and the C4-like species F. brownii (clade
B), to the fully fledged C4 species F. bidentis and F. trinervia (both
belonging to clade A).
Figure 5 illustrates that the amounts of group B GLDP tran-

scripts are lower in C3-C4 intermediates than in the C3 reference.
Even lower levels of group B GLDP transcripts were found in the
C4-like species F. brownii, and no group B GLDP transcripts
were detected in the two C4 Flaveria species. By contrast, group
A GLDP transcripts increased continuously from C3, to C3-C4

intermediates, to the C4-like species, but dropped to lower levels
in the true C4 species, as expected. These findings indicate a
progressive increase of C2 cycle activity in both Flaveria clades
until the establishment of a fully functional C4 pathway in clade A
species.

The Tandem Promoter Structure of the GLDPA Gene
of F. trinervia (C4) Is Evolutionary Conserved in
GLDPA-Type Genes

The transcriptional regulation of the GLDPA gene of F. trinervia
(C4) appears to be rather complex, since its 59 flanking sequence
was shown to contain two transcriptional start sites, each of
which is preceded by a promoter (Wiludda et al., 2012). The
proximal promoter, defined by region 7 (PR7; Figure 6) of the 59
flanking sequence, is responsible for the expression in the
bundle sheath and the vasculature, while the distal promoter,
defined by region 2 (PR2; Figure 6), is active in all green leaf

Figure 3. Functional Analysis of the 59 Flanking Sequence of a Group B
GLDP Gene of the C3 Species F. pringlei.

The 59 flanking sequence of GLDPB2-Fp (2733 bp) as a representative of
group B GLDP genes of C3 Flaveria was fused to the GUS reporter gene
and analyzed in transgenic F. bidentis (C4) and transgenic Arabidopsis
(C3).
(A) Histochemical localization of GUS activity in leaf sections of trans-
genic plants.
(B) GUS activities in leaves of transgenic plants. Each dot indicates an
independent transgenic line. The black line represents the median. MU,
4-methylumbelliferone.
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tissues (Wiludda et al., 2012). The most reasonable explanation
for this dual promoter structure is the need for small amounts
of GLDP in the mesophyll cells of C4 plants for maintaining C1

metabolism, after the complete switch off of the GLDPB genes
(Wiludda et al., 2012). We wanted to know whether this promoter
organization is specific for C4 Flaveria species or whether it is
an ancient feature of GLDPA genes and occurred already in C3

Flaveria species.
The comparison of the 59 flanking sequences of the GLDPA1

and GLDPA genes from the C3 species F. pringlei and F. robusta
with those from the C4 species F. trinervia and F. bidentis (ac-
cession number KC545946; Figure 6) revealed a high degree
of sequence conservation in regions 2 and 7, which define the
distal and proximal promoters, respectively. High levels of se-
quence similarity were also observed for regions 1 and 3, while
the regions in between (i.e., regions 4 to 6) are much less con-
served and may even be drastically shortened as in F. robusta
(Figure 6).

To test experimentally whether regions 2 and 7 of the 59
flanking regions of the GLDPA1 and GLDPA genes of F. pringlei
and F. robusta, respectively, function as promoters, they were
fused to the GUS reporter gene, and the constructs were

transformed into F. bidentis (GLDPA1 of F. pringlei ) and Arabi-
dopsis (GLDPA1 of F. pringlei and GLDPA of F. robusta).
Figure 7 illustrates that region 7 of the GLDPA1 59 flanking

region of F. pringlei directs bundle sheath expression in
F. bidentis, while region 2 shows promoter activity in all green leaf
tissues. Similar expression profiles were observed when the two
regions from the GLDPA1 gene of F. pringlei or from the GLDPA
gene of F. robusta were analyzed in transgenic Arabidopsis
(Figure 7; see Supplemental Figure 4 online). It follows that the
GLDPA1 and GLDPA genes of F. pringlei and F. robusta, re-
spectively, possess the same dual promoter structure as found
in the 59 flanking sequence of the GLDPA gene of the C4 species
F. trinervia.

The Amounts of Transcripts Derived from the Distal
Subpromoter of the GLDPA Gene of C3 Flaveria Species
Are Negligible

When assayed by promoter-reporter gene fusions, the distal
GLDPA subpromoter of F. trinervia (defined by region 2) turned
out to be much stronger than the proximal subpromoter (defined
by region 7; Wiludda et al., 2012). By contrast, when the two
promoters are in their natural configuration as in the 59 flanking
region of the F. trinervia GLDPA gene, their RNA output was
opposite. Only traces of transcripts originating from the distal
transcriptional start site were detectable, while RNAs starting at
the proximal site made up the vast majority of all GLDPA tran-
scripts (Wiludda et al., 2012). To test if the same was true for the
GLDPA promoters of C3 and C3-C4 intermediate Flaveria spe-
cies, we used the RNaseq data available for C3, C3-C4, and C4

Flaveria species and mapped the reads against the genomic
sequence of GLDPA from F. trinervia.
We found that the vast majority of all GLDPA transcripts of

F. trinervia (C4), but also of F. bidentis (C4), originated from the
proximal transcriptional start site (TSSR7) and that only small but
clearly detectable amounts arose from the distal site (TSSR2;
Figures 8A and 8B). By contrast, transcripts derived from
the distal transcriptional start site were drastically reduced
(F. pringlei) or even absent (F. robusta) in the GLDPA transcript
populations of the C3 Flaveria species (Figures 8C and 8D). In
C3-C4 intermediate species, the amounts of transcripts derived
from the distal transcription start site were in between those of
the C4 and C3 Flaveria species (see Supplemental Figures 5A to
5E online). Taken together, the data indicate that RNA output
from the distal promoter of the GLDPA 59 flanking region is
negligible in the C3 species but that it rose to small but clearly
detectable amounts during C4 evolution. Moreover, it has to be
inferred that the promoter structures of the GLDPA 59 flanking
regions were functionally conserved during evolution within
clades A and B of the genus Flaveria.

Splicing of Transcripts Derived from the Distal
Transcriptional Start Site Changed during C4 Evolution

Transcripts originating from the distal transcriptional start site of
the GLDPA gene of F. trinervia contain a large intron of ;1000
nucleotides that has to be spliced in order to generate functional
GLDPA mRNAs (Wiludda et al., 2012). These spliced mRNAs

Figure 4. Functional Analysis of the 59 Flanking Sequences of GLDP1
and GLDP2 Genes of Arabidopsis.

The 59 flanking sequences of GLDP1 (1852 bp) and GLDP2 (1451 bp) of
Arabidopsis (C3) were fused to the GUS reporter gene and analyzed in
transgenic Arabidopsis (C3).
(A) Histochemical localization of GUS activity in leaf sections of trans-
genic plants.
(B) GUS activities in leaves of transgenic plants. Each dot indicates an
independent transgenic line. The black line represents the median. MU,
4-methylumbelliferone.
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can be detected in F. trinervia, although only in small amounts.
The large GLDPA 59 intron is spliced out much less efficiently
than the gene-internal introns (Wiludda et al., 2012). Unspliced
GLDPA transcripts of F. trinervia appear to be unstable, possibly
due to the presence of many open reading frames within the

59 intron, which could be involved in activating the nonsense-
mediated mRNA decay pathway (Wiludda et al., 2012). Since RNA
output from the distal promoter was barely detectable in the C3

species (Figures 8C and 8D) but detectable in small amounts
in the C3-C4 intermediates (see Supplemental Figures 5A to 5E

Figure 6. Schematic Comparison of the 59 Flanking Sequences of Group A GLDP Genes from C4 and C3 Flaveria Species.

The 59 flanking sequence of the GLDPA gene of F. trinervia was divided into seven functionally characterized regions (Engelmann et al., 2008). Regions
2 (orange) and 7 (dark green) contain the two subpromoters PR2 and PR7. Region 1 (light green) enhances the activities of both subpromoters. Region 3
(red) is required to suppress the mesophyll activity of the subpromoter PR2, but only in Arabidopsis. Regions 4 to 6 (gray) are not required for promoter
activity. The 59 flanking sequences of the GLDPA genes from F. bidentis (C4), F. pringlei (C3), and F. robusta (C3) are color-labeled according to their
homologous regions in the GLDPA 59 flanking region of F. trinervia. Similarities are given as percentage of identical nucleotide positions relative to the
corresponding regions of GLDPA-Ft.

Figure 5. Transcript Abundance of Group A and Group B GLDP Genes in C3, C3-C4 Intermediate, and C4 Flaveria Species.

The transcript abundance was calculated as the median of four Illumina RNaseq experiments and is expressed in reads per kilobase per million (rpkm).
Transcript abundances of group A GLDP genes are displayed in green, and transcript abundances of group B are displayed in yellow. Fp, F. pringlei;
Fro, F. robusta; Fch, F. chloraefolia; Fpu, F. pubescens; Fa, F. anomala; Fra, F. ramossisima; Fbr, F. brownii; Fb, F. bidentis; Ft, F. trinervia.
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online), we wanted to know when during C4 evolution the 59
intron and its splicing were established.

Inspection of the RNaseq data did not reveal any correctly
spliced GLDPA RNAs derived from the distal transcriptional start
site in the two C3 species or the C3-C4 intermediates. By con-
trast, in the C4-like species F. brownii, small amounts of spliced
GLDPA RNA accumulate (see Supplemental Figure 6 online). As
expected, splicing of the 59 intron occurs also in the C4 species
F. bidentis (see Supplemental Figure 6 online). A functional
spliced 59 intron was therefore not only observed in the C4

Flaveria species F. bidentis and F. trinervia, but also in the
C4-like species F. brownii. This indicates that its presence is
a typical feature of C4 and C4-like Flaveria species.

Interestingly, the splice acceptor sites differ in the two C4

species (see Supplemental Figure 6 online). While the splice
acceptor site of the GLDPA gene of F. trinervia is located ;16
nucleotides downstream of the first ATG codon of the GLDPA
open reading frame, the acceptor sites found in F. bidentis and
also in F. brownii are positioned ;15 nucleotides upstream (see

Supplemental Figure 6 online). We conclude that the splicing of
the 59 intron was established at least two times independently
during C4 speciation in clade A of Flaveria.

DISCUSSION

The photorespiratory CO2 pump is considered to be an essential
and early step in the evolutionary trajectory toward C4 photo-
synthesis (Sage, 2004; Bauwe, 2011; Sage et al., 2012). The
establishment of this pump required that the Gly-decarboxylating
step of the photorespiratory pathway, which is performed by
GDC, became restricted to the bundle sheath cells. Earlier
studies with C3-C4 intermediate species indicated that mod-
ifications to the gene encoding the P-protein, the actual GDC,
were responsible for this reallocation of GDC activity from the
mesophyll to the bundle sheath and that this event occurred
rather early during C4 evolution (Monson et al., 1984; Morgan
et al., 1993; Sage, 2004; Bauwe, 2011; Sage et al., 2012). Two
questions immediately arose from this evolutionary scenario: By
which gene regulatory mechanism did GLDP become restricted
to the bundle sheath cells, and how was this compartmentation
achieved in time? Work presented here, using the genus Flaveria
as an evolutionary model, provides conclusive answers to both
questions.

C3 Flaveria Species Contain a Bundle Sheath Cell–Specific
GLDP Gene

Two scenarios can be imagined how a bundle sheath–specific
expression of GLDP evolved during the transition from C3 to C4.
First, a ubiquitously expressed GLDP gene changed its ex-
pression behavior to become bundle sheath specific. Alterna-
tively, a GLDP gene with the requested bundle sheath specificity
of expression was already present in C3 species and an addi-
tional, ubiquitously expressed GLDP gene became inactivated
during C4 evolution. The first scenario is best exemplified by
the evolution of mesophyll expression specificity in the ppcA
phosphoenolpyruvate carboxylase gene of the genus Flaveria
(Stockhaus et al., 1997; Gowik et al., 2004; Akyildiz et al., 2007).
By contrast, the evolution of bundle sheath specificity of

GLDP expression in Flaveria followed the second scenario. The
GLDPA genes of the C3 Flaveria species F. pringlei and F. robusta
already contained promoter sequences driving bundle sheath–
specific gene expression in both C4 and C3 plants (Figure 2; see
Supplemental Figure 4 online). The other leaf-expressed GLDP
genes (i.e., those of group B) were expressed in all photosyn-
thetically active tissues of C3 Flaveria species, but turned into
pseudogenes in the C4 species (Cossu and Bauwe, 1998; Figure
5; see Supplemental Figure 3 online).
The occurrence of bundle sheath–specific GLDP genes is

not a universal feature of C3 plants. The C3 species Arabidopsis,
for instance, contains two GLDP genes both of which are ex-
pressed similarly in all leaf chlorenchyma cells as concluded
from their promoter activities (Figure 4). The presence of a GLDP
gene with bundle sheath specificity of expression in C3 Flaveria
species should therefore be viewed as part of a precondition-
ing syndrome that distinguishes C3 taxa that evolved C4

Figure 7. Functional Analysis of the Subpromoters PR7 and PR2 of the
GLDPA1 Gene of F. pringlei.

Regions 1 and 2 (GLDPA-Fp1-2; 641 bp) and 7 (GLDPA-Fp7; 318 bp) of
the 59 flanking region of the GLDPA gene of F. pringlei (C3) were fused to
the GUS reporter gene and analyzed in transgenic F. bidentis (C4) and
transgenic Arabidopsis (C3).
(A) Histochemical localization of GUS activity in leaf sections of trans-
genic plants.
(B) GUS activities in leaves of transgenic plants. Each dot indicates an
independent transgenic line. The black line represents the median. MU,
4-methylumbelliferone.
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Figure 8. Transcript Coverage of the GLDPA Genes of F. trinervia, F. bidentis, F. pringlei, and F. robusta Leaf RNaseq Experiments.

Illumina reads obtained from sequencing the leaf transcriptomes of F. trinervia (C4) (A), F. bidentis (C4) (B), F. pringlei (C3) (C), and F. robusta (C3) (D)
were mapped on the sequence of the GLDPA gene of F. trinervia including its 59 flanking sequence. Region 2 (orange); region 3 (red); regions 4, 5, and 6
(gray); and region 7 (light green) are indicated in the 59 flanking region, and exon parts of the coding region are indicated in dark green. The numbers of
reads covering each position of the gene sequence were counted.
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photosynthesis from others that did not (Sage, 2004; Sage et al.,
2011, 2012). Such a preconditioning phase has been proposed
as an inherent, most likely necessary step in C4 evolution. One
can envision that the presence of a bundle sheath–specific
GLDP gene, in addition to a ubiquitously expressed GLDP gene,
in a C3 species facilitated the evolution of C3-C4 intermediate
photosynthesis. This is because a knockout or the drastic
downregulation of the ubiquitously expressed GLDP gene would
suffice to initiate the establishment of a photorespiratory CO2

pump as a precondition to evolve the C4 pathway (Sage, 2004;
Bauwe, 2011; Sage et al., 2012). As deduced from the phylog-
eny (McKown et al., 2005), a photorespiratory CO2 pump must
have evolved twice in Flaveria, once in the lineage leading to
the C3-C4 intermediate F. sonorensis, and once in the lineage
leading to the C3-C4 intermediate and C4 species of clades A
and B.

To support the notion that the presence of bundle sheath–
specific GLDP genes in C3 species could be a general enhancer
of C4 evolution, one could analyze GLDP genes from C3 species
closely related to clades with several C4 origins, such as the
Amaranthaceae or the PACMAD clade of grasses. The grasses
are probably the oldest angiosperm lineage in which C4 species
evolved (Edwards et al., 2010) and therefore illustrate how fully
optimized C4 species finally look with respect to metabolic or-
ganization and the underlying transcriptional regulation. While
the genome of the C3 grass rice (Oryza sativa) contains two GLDP
genes (Goff et al., 2002; LOC_Os01g51410 and LOC_OS06g40940),
the genomes of the C4 grasses maize (Zea mays; Schnable et al.,
2009) (GRMZM2G104310), sorghum (Sorghum bicolor; Paterson
et al., 2009) (Sb08g003440), and Setaria italica (Bennetzen et al.,
2012) (Si000068m) harbor only one GLDP copy. If the C4 grasses
represent the terminal stage of C4 evolution and if they pursued
a similar evolutionary path as Flaveria, one may speculate that
their ubiquitously expressed GLDP gene(s) have been lost from
the genomes after pseudogenization.

The Photorespiratory CO2 Pump in Flaveria
Is Established Gradually

It was proposed that the photorespiratory CO2 pump was es-
tablished by an abrupt loss of GLDP in the mesophyll cells
(Sage, 2004; Sage et al., 2012). This hypothesis does not comply
with our RNA profiling studies, which included a representative
set of species from all different phylogenetic groups of Flaveria
ranging from those with C3 through C3-C4 intermediate and
C4-like to C4 photosynthesis. Our investigations demonstrated
that GDC disappeared from the mesophyll cells not abruptly but
gradually. We showed that the ubiquitously expressed group B
GLDP genes are downregulated in the C3-C4 intermediate
Flaveria species belonging to clade A as well as to clade B
compared with the C3 species. However, they are not com-
pletely switched off (Figure 5). Clade A and B Flaveria species
derived from a common ancestor that was most likely a C3-C4

intermediate (McKown et al., 2005). The reduction in the ex-
pression of group B GLDP genes has therefore been initiated
during the establishment of the photorespiratory CO2 pump in
this last common ancestor of clade A and B Flaveria species.
After the separation of clade A and B species, expression of

these genes was progressively further reduced in clade B spe-
cies (i.e., the C4-like species F. brownii) or even completely
switched off in the C4 species of clade A.
These results are in line with a recent study that modeled the

evolution of the C4 pathway based on combining a biochemical
model with a population genetic framework (Heckmann et al.,
2013). The model shows that all C3-C4 intermediates, including
those from clade B, can be treated as true evolutionary inter-
mediates with the potential to develop a fully functional C4 cycle.
The model predicts that the photorespiratory CO2 concentrating
cycle must have originated early during the evolution of C4 pho-
tosynthesis and that the cycle was established gradually.
Is it plausible that the photorespiratory CO2 pump was not

established abruptly (Sage, 2004), but step by step? One can
imagine that the capacities to decarboxylate large amounts of
Gly efficiently and recapture the correspondingly large amounts
of photorespiratory CO2 were not ab initio present in the bundle
sheaths of C3 ancestors of contemporary C4 plants. Indeed,
bundle sheath cells of present C3 species with “Proto-Kranz”
anatomy are still relatively poor in chloroplasts and mitochondria
(Muhaidat et al., 2011; Sage et al., 2012). If such a C3 species
were to abruptly lose all its Gly decarboxylation activity in the
mesophyll, it would most probably not be viable anymore. A
gradual reduction of Gly decarboxylation in the mesophyll cells
could initiate a series of steps organized in a positive feedback
loop (Bauwe, 2011; Muhaidat et al., 2011; Sage et al., 2012). Gly
had to diffuse to the bundle sheath for decarboxylation, thereby
creating a higher CO2 concentration around Rubisco in the
bundle sheath. The Rubisco in the bundle sheath would become
more engaged in CO2 fixation than the mesophyll enzyme, thus
creating a selection pressure to enhance the number of bundle
sheath chloroplasts and the amount of Rubisco in these cells.
Even more Gly decarboxylation activity could then be shifted to
the bundle sheath cells; concomitantly, the number of mitochon-
dria would increase. This would lead to further CO2 enrichment in
the bundle sheath and allow an increase in the amount of Rubisco
in this compartment, in which the enzyme would operate under
the favorable condition of an elevated CO2 concentration. Due to
the surrounding mesophyll, a second beneficial outcome of this
positive feedback loop would have been a higher CO2 refixation
capacity than before. Other evolutionary adaptations would have
occurred in parallel, for instance, the optimization of organelle
positioning in the bundle sheath cells (i.e., centripetal mitochon-
dria and centrifugal chloroplasts), the upregulation of inter- and
intracellular Gly and Ser transport, and/or changes in overall leaf
anatomy.

The Tandem Promoter Structure of GLDPA Is Conserved in
Both C3 and C4 Flaveria Species, but the RNA Output Is Not

The 59 flanking sequences of the GLDPA genes of C3 Flaveria
species are very similar to those of their counterparts in the
C4 species. The tandem promoter structure is highly conserved
(Figure 6) and both promoters of the C3 species direct the same
expression specificities in transgenic Arabidopsis and F. bidentis
as the corresponding regions from the C4 species F. trinervia
(compared with Wiludda et al., 2012; Figure 7; see Supplemental
Figure 4 online). By contrast, the GLDPA transcript profiles differ
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between the C3 and C4 Flaveria species. While the RNA output
from the distal GLDPA promoter is negligible in C3 Flaveria species,
RNAs derived from this promoter accumulate to small amounts in
C4 Flaveria species (Figure 8).

These findings could suggest that the distal GLDPA promoter
is silent in the context of the authentic 59 flanking region in the
C3 Flaveria species, whereas its counterpart in the C4 Flaveria
species is active. This would imply that the distal promoter is
cryptic in the C3 species and became activated only in the course
of C4 evolution. The promoter activation could be brought about
by changes in the rates of transcriptional initiation, pausing, or
elongation (reviewed in Shearwin et al., 2005; Levine, 2011; Palmer
et al., 2011). Alternatively, the different RNA output from the distal
promoter in C3 versus C4 Flaveria species may not be regulated
transcriptionally but posttranscriptionally at the level of transcript
stability. Indeed, tentative evidence indicates that the 59 intron is
involved in regulating the accumulation of stable transcripts from
the distal promoter of the GLDPA gene of F. trinervia (C4) (Wiludda
et al., 2012), possibly via nonsense-mediated mRNA decay (Kertesz
et al., 2006; Hori and Watanabe, 2007; Brogna and Wen, 2009).
How much each of these regulatory levels contributes to the dif-
ferences in RNA output from these two types of orthologous
promoters remains to be investigated.

Why do the distal promoters of C3 and C4 Flaveria species
differ in their RNA output? We proposed recently (Wiludda et al.,
2012) that expression from the distal GLDPA promoter must be
leaky in C4 Flaveria species because each plant cell must be
capable of synthesizing C1 compounds regardless of whether or
not it photorespires. A complete shutdown of GDC in the me-
sophyll cells of C4 plants would thus be fatal (Bauwe, 2011). The
promoter could be silent in C3 and C3-C4 intermediate species
because these plants possess a group B GLDP gene that is
active in all leaf chlorenchyma cells (Figure 5); consequently, no

selective pressure would favor leakiness in expression, as is
observed in C4 species.

From Evolutionary Analysis to Synthetic
Experimental Evolution

Flaveria is the youngest genus with respect to C4 evolution
(Christin et al., 2011a), and the large number of C3-C4 in-
termediate species (Edwards and Ku, 1987; McKown et al.,
2005) suggests that C4 evolution is still going on in Flaveria. We
used Flaveria to analyze the evolutionary trajectory toward the
establishment of a photorespiratory CO2 pump and its further
integration into the C4 pathway. The model derived from these
studies shows that the photorespiratory CO2 pump evolved step
by step and that this gradual evolution was eased by the pres-
ence of duplicated GLDP genes differing in expression speci-
ficity (Figure 9).
We do not know whether this evolutionary scenario is unique

for Flaveria or whether it represents a general model for C3-to-C4

transitions. It would be worthwhile, therefore, to study phylo-
genetically diverse genera that contain both C3 and C4 species,
and ideally also C3-C4 intermediates, as for instance Mollugo
(Christin et al., 2011b), Cleome (Marshall et al., 2007), or Helio-
tropium (Muhaidat et al., 2011). An alternative approach could
pursue synthetic experimental evolution (Morange, 2009) using
C3 model plants such as Arabidopsis that can easily be ma-
nipulated by genetic engineering and are suitable for multiple
rounds of mutation and selection due to their fast life cycles. The
optimization of photosynthesis by placing a C4 pathway into
current C3 species is on the agenda of crop biologists (Hibberd
et al., 2008; von Caemmerer et al., 2012). Setting up a photo-
respiratory CO2 pump by synthetic experimental evolution is an
important and necessary component of this endeavor.

Figure 9. Model for the Evolution of Bundle Sheath–Specific GLDP Expression in the Genus Flaveria.

The duplication of a photorespiratory GLDP gene in early, ancestral C3 Flaveria species led to two ubiquitously expressed GLDP genes with identical
expression patterns in all chlorenchyma tissues (M, mesophyll; B, bundle sheath) of the leaf. Subfunctionalization remodeled the expression of the
group A GLDP genes to become bundle sheath specific and led to an ancestral C3 species with the same spatial GLDP expression pattern as today’s C3

species. During transition to C3-C4 intermediate photosynthesis, the expression level of group B GLDP genes was reduced and the distal GLDPA
subpromoter became activated. Finally, group B GLDP genes were inactivated by pseudogenization. Green, group A GLDP spatial expression; yellow,
group B GLDP spatial expression.
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METHODS

Sequence Alignments and Phylogenetic Analyses

Sequences used to construct the phylogenetic tree of the GLDP genes
of the Flaveria species were obtained from either known sequences
(GLDPA-Ft [Cossu and Bauwe, 1998], GLDPB*-Ft [Cossu and Bauwe,
1998],GLDPA1-Fp [Bauwe et al., 1995],GLDPA2-Fp [Bauwe et al., 1995],
GLDPB1-Fp [Chu, 1996], GLDPB2-Fp [Chu, 1996], and GLDPC-Fp [Chu,
1996]) or from contigs assembled from either 454 (Gowik et al., 2011) or
Illumina (J. Mallmann, U. Gowik, and P. Westhoff, unpublished data) se-
quencing. Alignments of sequences for phylogenetic analyses were per-
formed with ClustalX 2.0.8 (Higgins and Sharp, 1988, 1989; Thompson
et al., 1997; Larkin et al., 2007). A full alignment of the sequences used is
available as Supplemental Data Set 1 online. Phylogenetic analyses were
done with the program MEGA 5 (Tamura et al., 2011) using the maximum
likelihood method with the Tamura 3 parameter model. Bootstrapping was
performed 1000 times. Sequence comparisons for similarity studies be-
tween the promoters were done with the Genomatix DiAlign Web interface
(Morgenstern et al., 1996; Morgenstern et al., 1998; Morgenstern, 1999).

Mapping and Quantification of Reads

Illumina reads from sequencing the leaf transcriptomes of Flaveria prin-
glei, Flaveria robusta, Flaveria chloraefolia, Flaveria pubescens, Flaveria
anomala, Flaveria ramossisima, Flaveria brownii, Flaveria bidentis, and
Flaveria trinervia were obtained in four independent experiments. All plant
species were grown next to each other in the greenhouse, RNA was
isolated as described (Westhoff et al., 1991), and construction of se-
quence libraries and sequencing followed Illumina protocols. Between 30
and 58 million reads could be obtained per species and experiment
(J. Mallmann, U.Gowik, andP.Westhoff, unpublished data). The readswere
mapped against the sequences of the GLDPA gene of F. trinervia and the
GLDPB* gene of F. trinervia to obtain an overall distribution of reads along
the 59 flanking and coding regions of the genes. Mapping was performed
with the CLC Genomics server version 3.2.1 by CLC Bio with the “map
reads against reference” tool for high-throughput sequencing.

To determine the abundance of GLDPA, GLDPB, and GLDPC tran-
scripts in roots, stems, and leaves of F. bidentis and F. robusta, the coding
sequences of GLDPA-Ft, GLDPB-Fro, and GLDPC-Fro (the latter two
obtained from full-length contigs from assembled Illumina reads) were
used as references and Illumina reads from sequencing the root, stem,
and leaf transcriptomes of F. bidentis and F. robusta were mapped on
these. Leaf, stem, and root transcriptomes of F. robusta and F. bidentis
were sequenced in a single experiment as described above. Between 37
and 42 million reads could be obtained per species and tissue. Plants
were grown next to each other in the greenhouse. The sequences for
GLDPB-Fro and GLDPC-Fro are available as Supplemental Data Set 3
online.

Isolation of GLDP 59 Flanking Regions by Vectorette PCR

The 59 flanking regions of GLDP genes from F. robusta and F. bidentis
were isolated by vectorette PCR (Siebert et al., 1995) as implemented in
the GenomeWalkingmethod. Libraries of genomic DNAwere prepared as
described in the GenomeWalker Universal Kit manual fromClontech. DNA
for library construction was isolated from leaves of the respective Flaveria
species with the Qiagen DNeasy plant mini kit.

Cloning of Promoter-Reporter Gene Constructs

The 59 regions ofGLDPA-Fp andGLDPB-Fp geneswere fused to theGUS
(uidA) gene (Novel and Novel, 1973) and cloned into the pBin19 plant
transformation vector (Bevan, 1984). All other constructs were constructed

using restriction sites added with PCR to the respective sequences. Fol-
lowing sequencing for confirmation of the sequence, these fragments were
inserted in pBI121 (Jefferson et al., 1987; Chen et al., 2003). The sequences
of the oligonucleotides used can be found in Supplemental Table 1 online.

Transformation of Arabidopsis thaliana and F. bidentis

Transformation of Arabidopsis was performed following the floral dip
protocol (Clough and Bent, 1998) as modified by Logemann et al. (2006).
Strain GV3101 ofAgrobacterium tumefaciens (Holsters et al., 1980; Koncz
and Schell, 1986) provided the helper plasmid for the transformations.
F. bidentis was transformed as described by Chitty et al. (1994) using
Agrobacterium strain AGL1 (Hood et al., 1986; Lazo et al., 1991).

In Situ Detection of GUS and Fluorimetric Activity Measurements

Fluorimetric measurements of GUS activity were performed according to
Jefferson et al. (1987) and Kosugi et al. (1990). In the case of F. bidentis,
the fifth leaf of a 40- to 50-cm tall T0 plant was harvested for the analysis,
and in the case of Arabidopsis, three rosette leafs were harvested from T1
plants that were around 4 weeks old. For both species, leaves were
harvested before the onset of flowering. Histochemical GUS staining and
light microscopywere performed as described by Engelmann et al. (2008).

Accession Numbers

Sequence data from this article are available in the GenBank/EMBL data
libraries under the following accession numbers: Z36879 (F. pringlei
GLDPA2; formerly gdcsPA), Z54239 (F. pringlei GLDPA1; formerly
gdcsPB), KC545949 (F. pringlei GLDPC; formerly gdcsPC ), KC545950
(F. pringlei GLDPB2; formerly gdcsPD), KC545951 (F. pringlei GLDPB1;
formerly gdcsPE ), Z99767 (F. trinervia GLDPA; formerly gdcsPA), Z99768
(F. trinervia GLDPB*; formerly gdcsPB pseudogene), KC545946 (59
flanking sequence of F. bidentis GLDPA), and KC545947 (59 flanking
sequence of F. robusta GLDPA). The Arabidopsis genes GLDP1
(AT4G33010) and GLDP2 (AT2G26080) can be found at The Arabidopsis
Information Resource (www.Arabidopsis.org).
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Supplemental Figure 1. Molecular Phylogenetic Analysis of GLDP
Genes.

Supplemental Figure 2. Functional Analysis of the 59 Flanking
Sequence of the GLDPA2 Gene of F. pringlei.

Supplemental Figure 3. Functional Analysis of the 59 Flanking
Sequence of the GLDPB* Gene of F. trinervia.

Supplemental Figure 4. Functional Analysis of the Proximal (PR7) and
Distal (PR2) Subpromoters of the GLDPA Gene of the C3 Species
F. robusta.

Supplemental Figure 5. Transcript Coverage of the GLDPA Genes of
the C3-C4 Intermediates F. chloraefolia, F. pubescens, F. anomala,
F. ramosissima, and F. brownii.

Supplemental Figure 6. Splice Variants of GLDPA Transcripts De-
rived from the Distal Transcriptional Start Site.
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Promoter Sequences for GUS Constructs and the 59 Splice Site of
Transcripts Derived from Distal Transcriptional Start Site of F. bidentis.
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Used for the Phylogenetic Analysis Shown in Figure 1A.
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Genes of F. robusta.
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