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The Promoter of the Gene Encoding the C, Form of
Phosphoenolpyruvate Carboxylase Directs Mesophyll-Specific
Expression in Transgenic C, Flaveria spp
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The function of the C, mechanism of photosynthesis depends on the strict compartmentation of the enzymes involved.
Here, we investigate the regulatory mechanisms that ensure the mesophyll-specific expression of the C, isoform of
phosphoenolpyruvate carboxylase. We show that 2 kb of the 5’ flanking region of the Flaveria trinervia C, PpcA1 gene is
sufficient to direct mesophyli-specific expression of the B-glucuronidase reporter gene in transgenic F. bidentis (C,)
plants. In young leaves of seedlings, the activity of this promoter is dependent on the developmental stage of the meso-
phyll cells. It is induced in a basipetal fashion (leaf tip to base) during leaf development. The promoter region of the
orthologous nonphotosynthetic Ppc gene of F. pringlei (C;) induces reporter gene expression mainly in the vascular tis-
- sue of leaves and stems as well as in mesophyll cells of transgenic F. bidentis plants. Our experiments demonstrate
that during the evolution of the C, Flaveria species, cis-acting elements of the C, Ppc gene must have been altered to

achieve mesophyll-specific expression.

INTRODUCTION

The photosynthetic C4 cycle acts as a pump that concen-
trates CO, at the site of the ribulose bisphosphate carboxy-
lase (RBCS). Photorespiration is thereby largely abolished,
and the net photosynthesis rate is increased. The concen-
tration of CO, is achieved by the metabolic interaction of
mesophyll and bundle sheath cells and is dependent on the
correct compartmentation of the enzymes of the C, photo-
synthetic carbon assimilation pathway (reviewed in Hatch,
1978, 1987). It has been shown that this compartmentation
is due to differential gene expression (reviewed in Nelson
and Langdale, 1992).

The C, mechanism of photosynthesis has evolved inde-
pendently several times during the evolution of angio-
sperms. This suggests that the changes required for the
establishment of a functional C, cycle could have been eas-
ily accomplished in evolutionary terms. All key enzymes of
C,4 photosynthesis, that is, phosphoenolpyruvate carboxy-
lase (PEPC), pyruvate orthophosphate dikinase, and NADP
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malic enzyme, are not unique to C, plants but can also be
detected in C; plants, in which they perform various func-
tions required for basic cell metabolism. These genes have
served as the basis for the evolution of the C, genes (Moore,
1982; Monson and Moore, 1989).

Closely related C; and C, species, occurring within a sin-
gle genus, provide an ideal experimental system for the in-
vestigation of the evolution of C, genes when a comparative
approach is used. Such a strategy is based on the assump-
tion that a non-C, isoform gene (hence here referred to as
C5 isoform), which represents the nearest neighbor of a C,
gene, is still very much like the original C5; ancestral gene
with respect to function and expression properties. Hence, a
comparison of such a pair of C; and C, genes would allow
us to identify the changes in gene structure and function
that occurred during the evolution of the C, gene. A plant
system that is well suited for this type of experimental ap-

. proach is the genus Flaveria of the Asteraceae (Powell,

1978). Flaveria spp contain C3 and C, species and a large
number of C,/C, intermediates that are well characterized
by physiological and biochemical experiments (reviewed in
Edwards and Ku, 1987). Recently, a transformation proce-
dure has been established for the C, species F. bidentis of
this genus (Chitty et al., 1994). Thus, an analysis of gene
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function and promoter activity using transgenic plants is
possible.

We are interested in the regulatory mechanism of the
gene encoding the C, isoform of PEPC and have chosen the
closely related species F. trinervia (C,) and F. pringlei (C;) as
our experimental organisms. In these species, PEPC is en-
coded by a small gene family that can be divided into four
different subclasses (designated PpcA to PpcD), with each
characterized by a distinct expression profile (Hermans and
Westhoff, 1990). Each class of genes of F. trinervia is more
similar to the corresponding class of F. pringlei than to the
other Ppc subclasses of F. trinervia; hence, they represent
pairs of orthologous Ppc genes (Hermans and Westhoff,
1992). The PpcA1 gene of F. trinervia (C,) encodes the C,
isoform of PEPC. This gene is expressed at high levels in
leaves and at very low levels in stems and roots. The corre-
sponding orthologous PpcA7 gene of F. pringlei (Cs) is ex-
pressed in a more or less constitutive fashion, with low
levels being expressed in leaves, stems, and roots. This pair
of orthologous genes with their different expression profiles
provides a unique experimental system to determine how
the high level of mesophyll-specific expression of the C,
PpcA gene is achieved in the C, species of the genus
Flaveria.

Experiments with a homologous transient expression sys-
tem using maize protoplasts revealed that the mesophyli-
specific expression of the C, Ppc gene in maize is at least
partially due to regulation of transcription (Schaffner and
Sheen, 1992). The maize C, Ppc promoter has also been
shown to drive the B-glucuronidase (GUS) reporter gene ex-
pression preferentially in mesophyll cells of transgenic rice
(C,) plants (Matsuoka et al., 1994). These studies, as well as
promoter studies performed with the PpcA1 gene of F. tri-
nervia in tobacco (Stockhaus et al., 1994), indicated that the
initiation of transcription plays a major role in the mesophyll-
specific expression of the C, Ppc genes.

Cell separation techniques have been used to demon-
strate that in F. trinervia, the C, Ppc gene is almost exclu-
sively expressed in mesophyll cells, whereas there was no
significant Ppc expression detected in bundle sheath cells
(Hofer et al., 1992). Our goal was to localize the cis-acting
regulatory elements of the C, Ppc gene that are responsible
for its characteristic expression pattern. in this study, we ad-
dress the cell specificity of the promoters of the orthologous
PpcA1 genes of F. pringlei (Cs) and F. trinervia (C,4) by using
stably transformed F. bidentis (C,) plants. It is important to
note that F. trinervia and F. bidentis are so closely related
that they can be crossed (Powell, 1978).

The use of transgenic plants allows us to follow promoter
activity in different organs at different developmental stages
of the plant. Based on a comparison of the expression anal-
ysis of the two Ppc promoter-GUS chimeric genes obtained
with the tobacco C; plant and with F. bidentis C, plants, we
discuss the evolutionary aspects of the switch from a con-
stitutively expressed nonphotosynthetic Ppc gene to a C,
Ppc gene that is highly expressed in mesophyli cells.

RESULTS

Chimeric PpcA1 Promoter-GUS Genes and
F. bidentis Transformation

Figure 1 shows the two chimeric genes PpcA7-L-Ft-GUS
and PpcA1-L-Fp-GUS used in this study. (Ft is the abbre-
viation for the F. trinervia C, plant, and Fp stands for the
F. pringlei Cg plant.) These are the same constructs that
were integrated into the genome of the tobacco C; plant
(Stockhaus et al., 1994). The 3’ borders of the promoter
fragments are located just 5’ of the AUG translation initiation
codon. The lengths of the PpcA gene fragments relative to
the AUG codon are 2185 bp for the PpcAT7-L-Ft-GUS gene
and 2583 bp for the PpcA7-L-Fp-GUS gene. Recent se-
quence analysis of other members of the Ppc gene family in
Flaveria spp revealed the presence of one intron in the 5’
untranslated region of the Ppc genes (Ernst and Westhoff,
1997). The position of this intron is indicated in Figure 1. The
untranslated leader sequences included in the PpcA7-L-Ft-
GUS construct and in the PpcA7-L-Fp—GUS construct are
234 and 248 bp long, respectively. In Figure 1, the gray
boxes indicate regions of similarity between the PpcA7?
genes of F. pringlei and F. trinervia (>60% identical residues
in a window of 15 bp; Hermans and Westhoff, 1992). The
constructs were transformed into the Agrobacterium strain
AGL1 (Lazo et al.,, 1991). The Agrobacterium strains were
analyzed for the integrity of the chimeric genes and used for
F. bidentis transformation. Transgenic F. bidentis plants
were subjected to DNA gel blot analysis. The results of
these experiments demonstrated that the integrated chi-
meric genes were intact (data not shown).

PpcA1-L-Ft (F. trinervia)

“\_  GUS NOS
SEEFETRS
s

PpcA1-L-Fp (F. pringlei)

Figure 1. The PpcA1-GUS Chimeric Genes Used for F. bidentis
Transformation.

The end points of the PpcA7 gene fragments are indicated in the
numbers of nucleotides relative to the translation initiation codon.
Regions of sequence similarity between the PpcA7 genes of F. prin-
glei and F. trinervia (>60% identical residues in a window of 15 bp;
Hermans and Westhoff, 1992) are indicated by gray boxes. Introns
in the 5’ untranslated region of the PpcA7 genes are indicated by
black boxes. The introns extend from nucleotides 40 to 208 in the
F. trinervia PpcA1 gene and from nucleotides 33 to 211 in the PocAT
F. pringlei gene (relative to the AUG translation initiation codon).
GUS, GUS coding region; NOS, nopaline synthase polyadenylation
signal.
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Table 1. GUS Activities Detected in Extracts of Leaves, Stems, and Roots of Different Transgenic F. bidentis Plants

Leaf Stem Root
Plant (pmol MU mg~! min~1)2 (pmol MU mg~! min—1)2 {pmol MU mg~! min—1)2
PpcA1-L-Ft1® 147,000 33 1
PpcA1-L-Ft20 76,000 48 4
PpcA1-L-Ft3b 4,460 23 14
PpcA1-L-Ft4d 43,600 26 4
PpcA1-L-Ft5b 103,700 18 4
PpcA1-L-FpTe 426 220 4
PpcA1-L-Fp2¢ 4,600 6,640 13
PpcA1-L-Fp3¢ 1,722 2,240 2
PpcA1-L-Fp4¢ 3,730 14,400 3
PpcA1-L-Fp5° 3,740 6,770 30
F. bidentis WTd 4 1 1

aGUS activities are expressed in picomoles of the reaction product 4-methylumbelliferone (MU) generated per milligram of protein per minute.
®Mean value * SE (pmol MU mg=* min~"): leaf, 74,952 + 54,704; stem, 30 + 12; root, 5 + 5.
¢Mean value = SE (pmol MU mg~" min~"): leaf, 2843 = 1715; stem, 6054 *+ 5456; root, 10 *+ 11.

dWT, wild type.

Expression Levels of PpcAT-GUS Genes in Leaves,
Stems, and Roots of Transgenic F. bidentis Plants

GUS activities of five independent transgenic T, plants for
each construct were determined in extracts of leaf, stem,
and root tissues by using the fluorometric GUS assay. These
experiments were repeated at least once, and the results did
not vary by >5%. The results of these experiments are pre-
sented in Table 1. The PpcA7-L-Ft promoter is highly active
in leaves, whereas in stem and root exfracts, GUS activity is
close to the limit of detection at approximately three orders
of magnitude (stem) and four orders of magnitude (root)
lower than in leaf extracts. This result demonstrates that in
F. bidentis, the PpocA1-L-Ft promoter is almost exclusively
active in leaf cells. The GUS expression induced by the
PpcA1-L-Fp promoter is 20- to 60-fold lower in F. bidentis
leaves than the expression induced by the PocA7-L-Ft pro-
moter (Table 1). In stems, the expression level induced by
the PpcA1-L-Fp promoter appears to be higher than in
leaves, but the difference is not very large. In roots, how-
ever, the measured GUS activities are close to the level of
detection, as in the case of the PpcA1-L-Ft construct, and
slightly higher than background levels found in wild-type
plants (Table 1).

Cell Specificity of Expression

The expression of the GUS reporter gene can be detected
by histochemical methods that lead to a blue staining of
cells expressing the GUS gene. The results summarized
here are based on the examination of a large number of sec-
tions of various plant organs of the five independent trans-
genic plants for each construct presented in Table 1. The
incubation times of the sections varied from 5 min to 16 hr

to obtain reliable information about the cell specificity of ex-
pression induced by both promoters. In Figure 2, an analysis
of two transgenic T, plants is shown. The histochemical
analysis was repeated with T, plants carrying the different
promoter and GUS fusions. In Ty and Ty plants, there were
no differences observed in the cell specificity of GUS ex-
pression. Figures 2A and 2B show that in leaf sections of the
transgenic PpcA1-L-Ft-GUS plant, the mesophyll cells were
intensely stained. In several transgenic plants, mesophyli-
specific staining could be observed after only 5 to 10 min of
incubation. In these sections, there was no staining ob-
served in bundle sheath cells, vascular tissues, and epider-
mal cells of the leaf. Incubation times >1 hr led to a diffusion
of the blue dye into the bundle sheath cells. In this case, the
staining became visible in the area of the bundle sheath
cells neighboring the heavily stained mesophyll cells (Fig-
ures 2A and 2B).

It is interesting that the mesophyll cells did not stain with
equal intensities. The highest intensity of staining was ob-
served in mesophyll cells surrounding the bundle sheaths
(Figures 2A and 2B). This is more obvious in leaf sections in
which the distance between two bundles is wider than a few
cell layers. At the underside of the leaf, spongy mesophyll
cells, which are not close to bundle sheath cells, did not
show any blue staining (Figure 2A). This result is not due to a
staining artifact that might have arisen from differences in
substrate penetration into these cells. Figure 2D shows a
leaf section of a F. bidentis plant transformed with a cauli-
flower mosaic virus 35S-GUS gene (Chitty et al., 1994).
Here, the different mesophyll cell types and bundle sheath
cells are stained.

The specific ringlike staining pattern of the mesophyll cells
surrounding the bundle sheaths, induced by the PpcA71-L-Ft
promoter, appears to be correlated with the presence of large
numbers of chloroplasts in the stained cells. The distribution



482 The Plant Cell

Figure 2. Histochemical Localization of GUS Activity (Blue Staining) in Leaf Sections of Transgenic F. bidentis and Tobacco Plants Grown in Soil.



of chloroplasts in leaf sections visualized by chlorophyll fluo-
rescence is shown in Figure 2F. The bundle sheath is sur-
rounded by mesophyll cells containing many chloroplasts,
whereas mesophyll cells that are located more than two
cell layers apart from the bundle sheath contain very few
chloroplasts. Interestingly, in transgenic F. bidentis plants,
the PpcA71-L-Ft-GUS expression could be detected in
spongy parenchyma cells that are located close to the bun-
dle sheath. However, in transgenic tobacco (C3) plants, de-
tectable PpcAT1-L-Fi-GUS gene expression was restricted
to the palisade parenchyma (Figure 2E; Stockhaus et al.,
1994).

In leaf sections of PpcA1-L-Fp-GUS plants, staining was
much weaker and was first visible in cells associated with
the vascular tissue (Figure 2C). After incubation times of
several hours, staining was observed in mesophyli cells.

In the epidermal cells of the leaf as well as in the guard
cells of the stomata, there was no GUS activity detectable
for both constructs (Figures 2A to 2C). In some sections,
there appeared o be weak staining visible in the epidermis
(Figures 2B and 2C). This staining apparently is an artifact of
the sectioning of unfixed material at room temperature.
When the epidermial layer was removed from the underside
of the leaf, there was no staining of these cells detectable
even after incubation times of >6 hr (data not shown).

For analysis of the expression pattern in stems, longitudi-
nal sections of the shoot apex as well as cross-sections
were examined. Figure 3 shows that in PpcA7-L-Ft-GUS
plants, there was no staining detectable in stem tissue (Fig-
ures 3A, 3C, and 3E). In contrast, the PpcA71-L-Fp—-GUS
construct again resulted in a strong staining signal in vascu-
lar tissues of the stem and in cells of the apical meristem
(Figures 3B, 3D, and 3F). Figure 3F shows a higher magnifi-
cation of a vascular bundle in the stem cross-section (Figure
3D). The dark blue staining is located mainly in thick-walled
metaxylem parenchyma cells. This staining is extended to
the parenchyma cells that surround the vascular bundle.
However, there was no GUS activity detectable in the re-
mainder of the interfascicular cambium and in the phloem.

In many .experiments, there was no staining of intact roots
detected in plants carrying both constructs. In only one ex-
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periment was very weak staining detected in root vascular
tissues of a PpcA71-L-Fp—-GUS plant. However, the staining
was so weak that we were unable to show this result photo-
graphically. As negative controls for these experiments, the
same analysis was performed with wild-type F. bidentis
plants. Even after extended incubation times of >16 hr,
there was no staining observed in any tissues of the wild-
type plants tested (data not shown).

Developmental Regulation of the PpcA71-L-Ft Promoter

In young primary leaves of seedlings, only the tip of the leaf
stained blue (Figures 3G and 3H), whereas in older leaves,
GUS activity was detectable in the whole leaf blade. Thus,
the activity of the PpcA1-L-Ft promoter spreads in a basipe-
tal direction (leaf tip to base)} during leaf development. In-
spection of longitudinal sections of young primary leaves (1
to 2 mm long) revealed that the differentiation of the meso-
phyli cells progresses in a basipetal direction (Figure 2G).
This can be easily followed by the development of the pali-
sade parenchyma. The cells at the base of these leaves are
very small and round. Toward the leaf tip, the upper cell
layer gradually takes on a rod-shaped appearance and
develops to the palisade parenchyma at the leaf tigh GUS-
induced staining is first visible in this transition zone, and
the intensity of the staining increases toward the leaf tip
(Figure 2G). As occurred with sections of adult leaves, the
analysis of cell specificity of expression was complicated by
the diffusion of the dye from the mesophyll cells into the ad-
jacent bundle sheath cells. An examination of many longitu-
dinal sections and cross-sections of these leaves revealed
that as soon as the bundle sheath and mesophyll cells dif-
ferentiated, the PpcA1-L-Ft-GUS construct was expressed
in a mesophyll-specific manner.

Analysis of young seedlings showed that the PpcA1-L-Ft
promoter is switched on at a certain stage during leaf devel-
opment. How is this promoter regulated in leaves through-
out plant life? To answer this question, we determined GUS
activities in leaf extracts prepared from 10 consecutive
leaves of mature F. bidentis plants before the onset of

Figure 2. (continued).

(A) and (B) Sections of a fully expanded leaf of a PpcA1-L-Ft5 plant. Incubation time was 15 min.

(C) Section of a fully expanded leaf of a PpcA7-L-Fp2 plant. incubation time was 3 hr.

(D) Section of a fully expanded leaf of a 358-GUS F, bidentis plant. Incubation time was 8 hr.

(E) Section of a fully expanded leaf of a PpcAT-L-Ft tobacco plant. Incubation time was 6 hr.

(F) Fluorescence microscopy of a section of a fully expanded F. bidentis leaf. The chloroplasts are visualized by bright red chlorophyll fluores-

cence.

(G) Leaf section of the primary leaf (1.5 mm long) of a PpcA1-L-Ft4 T, seedling grown on Murashige and Skoog medium (10 days after germina-

tion). Incubation time was 3 hr.

bs, bundle sheath; e, epidermis; m, mesophyll; pp, palisade parenchyma; sp, spongy parenchyma; v, vascular tissue. Bars = 500 um.
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Figure 3. Histochemical Localization of GUS Activity (Blue Staining) in Stem Sections and Seedlings of Transgenic F. bidentis (C,) Plants.



flowering (plant height was 45 to 50 cm). The result of this
analysis with a Ty PpcA7-L-Ft4 plant is shown in Figure 4A.
The leaves are numbered from the top, and the length of
each feaf is given in centimeters. GUS activity increased
from very low levels in young leaves to a maximum activity
in adult fully expanded leaves (leaf 6). In older leaves, GUS
activity declined significantly.

To analyze the expression profile of the endogenous Ppc
gene, RNA was extracted from the same leaves that were
used for the GUS activity measurements. One microgram of
total RNA of each leaf was dotted onto nylon membrane and
hybridized with the cDNA clone of the PpcA1 gene. The ra-
dioactivity bound to the filter pieces was quantified using a
scintillation counter. The relative amount of radioactivity is
presented in Figure 4B. The amount of detectable Ppc
steady state RNA increased starting from the youngest leaf
and reached a broad peak in leaves 4 and 5. In older leaves,
the level of steady state Poc RNA decreased again. These
experiments were repeated with an independent T, plant,
and the expression profiles were very similar to the ones
presented in Figure 4.

DISCUSSION

Organ- and Celi-Specific Expression

in this study, our goal was to elucidate the regulatory mech-
anisms that ensure the correct cell specificity and level of
expression of a Ppc gene involved in the photosynthetic C,
cycle. Our results demonstrate that regulatory cis elements
play a major role in the determination of organ- and cell-
specific expression in the F. bidentis C, plant. The 2-kb
PpcA1 promoter fragment of the F. trinervia C, plant was
sufficient to induce high levels of GUS expression in meso-
phyl celis; however, in bundle sheath cells, the activity of
this promoter fragment was undetectable (Figures 2A and
2B). The difference in expression level, assessed by his-
tochemical staining, was so great that the PpcA71-L-Ft pro-
moter could be considered mesophylt specific. This result is
in agreement with cell separation studies with F. trinervia,
demonstrating that the C, PEPC gene is expressed in a me-
sophyll cell-specific manner (Hofer et al., 1992).
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We cannot exclude that the PpcA7-L-Ft promoter shows
some weak activity in bundle sheath cells. However, analy-
sis of this possibility is complicated by the fact that with in-
creasing incubation times, the dye diffuses from the mesophyli
cells into the bundle sheath cells. This can be seen in Figure
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Figure 4. GUS Activities and Steady State mRNA Levels in Leaves
of Various Developmental Stages Taken from a Mature PpcA7-L-Ft4
T, Plant.

The leaves are numbered starting from the top of the plant. The
length of each leaf is given in centimeters.

(A) Percentage of GUS activities in leaf extracts.

(B) Percentage of C, PEPC steady state mRNA levels.

Figure 3. (continued).

Dark-field microscopy was used for (A) to (D); bright-field microscopy was used for {E) to (H).

{A) Longitudinal section of the shoot apex of an adult PpcA7-L-Ft5 plant. Incubation time was 6 hr.
(B) Longitudinal section of the shoot apex of an adult PpcA7-L-Fp2 plant. Incubation time was 3 hr.
(C) and (E) Stem sections of an adult PpcA7-L-Ft5 plant. Incubation time was 6 hr.

(D) and (F) Stem sections of an adult PocA1-L-Fp2 plant. Incubation time was 3 hr.

(G) T, seedling of a PpcAT-L-Ft5 plant 10 days after germination. Incubation time was 10 hr.

(H) Primary leaf of a PpcA1-L-Ft5 seedling. Incubation time was 10 hr.

ap, apical meristem; c, cotyledon; p, phloem; pl, primary leaf; st, stem; v, vascular tissue; x, xylem parenchyma. Bars = 500 um.
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2B. The blue dye is visible only in the areas of the bundle
sheath cells that are neighboring the heavily stained meso-
phyll cells; however, there is no dye visible in the sections of
bundle sheath cells that are adjacent to the vascular tissue
or neighboring mesophyll cells that are not heavily stained.

In the tobacco C; plant as well as in the F. bidentis C,
plant, the mesophyll is differentiated into palisade paren-
chyma and spongy parenchyma. Interestingly, the staining
pattern differed between tobacco and F. bidentis. In to-
bacco, the expression of the PpcA7-L-Ft-GUS construct
was restricted to the palisade parenchyma (Figure 2E;
Stockhaus et al., 1994). In F. bidentis, the same construct
was expressed in the palisade parenchyma cells and in cells
of the spongy parenchyma. However, the intensity of the
staining appears to be dependent on the distance of the me-
sophyll cells from the bundle sheath. The highest GUS activ-
ities were found in mesophyll cells directly neighboring the
bundle sheath, especially in palisade parenchyma cells cov-
ering the bundle sheath. With increasing distance from the
bundle sheath, the observed GUS activity in mesophyll cells
was lower, and at the underside of the leaf, many mesophyll
cells were not stained at all (Figure 2A).

This result demonstrates that the mesophyll cells of F. bi-
dentis are not only distinguishabte by their cell morphology,
that is, palisade versus spongy parenchyma type, but also
by the expression pattern induced by the C, PpcA71-L-Ft
promoter. Microscopic examination revealed that palisade
and spongy mesophyll cells directly adjacent to the bundle
sheath cells contain more chloroplasts than do mesophyli
cells that apparently are not in direct contact with the bundle
sheath cells.

To visualize the distribution of chloroplasts in cross-sec-
tions of mature leaves, we used fluorescence microscopy.
The mesophyll cells directly adjacent to the bundle sheath
contain many chloroplasts. This ringlike structure is clearly
visible in Figure 2F. The cells between these “rings” of me-
sophyll cells as well as spongy parenchyma cells at the un-
derside of the leaf contain only a few chloroplasts. It is
tempting to assume that these differences in chloroplast
numbers translate into differences in photosynthetic activi-
ties. Thus, the activity of the C, PpcA7-L-Ft promoter in me-
sophyll cells can be correlated with chloroplast number and
hence photosynthetic activity (compare GUS staining inten-
sity in Figure 2A and chloroplast distribution in Figure 2F).
Interestingly, very little or no C, PpcA1-L-Ft promoter activ-
ity could be detected in the spongy mesophyll cells adjacent
to the lower epidermis. These cells appear to contain the
smallest number of chloroplasts of all mesophyli cells. Are
these mesophyll cells engaged in C, photosynthesis? These
cells are at least two to three layers of mesophyll cells apart
from the bundle sheath cells and therefore may serve a dif-
ferent function. For instance, they might serve as reflectors
that send light back into the palisade parenchyma tissue,
thereby increasing the possibility of its absorption for photo-
synthesis (reviewed in Vogelmann et al., 1996).

The molecular basis of the non-uniform activity of the C,
PpcA1-L-Ft promoter in the mesophyll cells of F. bidentis is
not known. For the maize C, plant, Langdale and Nelson
(1991) proposed that a diffusible factor originates in the
veins, spreads into the neighboring bundle sheath and me-
sophyll cells, and influences gene expression patterns of the
affected cells. Whether this concept of a positional control
of photosynthetic cell type differentiation in the C, monocot
maize also applies to the differential expression of the C,
PpcAT promoter in the palisade and spongy mesophyll cells
of the F. bidentis C, dicot remains to be shown.

In stems and roots of F. bidentis, the PpcA1-L-Ft-GUS
construct is expressed at levels close to the limit of detec-
tion, which is approximately three to four orders of magni-
tude lower than in leaves. Leaf-specific expression of the
PpcA1-L-Fi-GUS gene in F. bidentis is in perfect agreement
with the results of the expression analysis using poly(A)*
RNA isolated from different organs of F. trinervia (Hermans
and Westhoff, 1990). There is a clear difference in the organ
specificity of this construct in F. bidentis (C,) and tobacco
(Cj) plants. In tobacco, there is significant GUS expression
detectable in roots, whereas expression in stems is rather
low (Stockhaus et al.,, 1994). In addition, in F. bidentis
leaves, the PpcA7-L-Ft promoter induced GUS activities
that were one to two orders of magnitude higher than in
leaves of the tobacco C; plant. This could be due to a basic
difference in the set of trans-acting factors in C; and C,
plants or to the fact that tobacco is a heterologous plant not
closely related to Flaveria spp.

When we compare the expression of the orthologous pro-
moters of the C; and C, Ppc genes in F. bidentis, we find
two significant differences. In evolutionary terms, the C,
promoter has gained high levels of activity restricted to me-
sophyll cells, whereas it has lost activity in other tissues,
such as in the apical meristem and xylem parenchyma cells
(compare Figures 3A and 3B, and 3C and 3D). These differ-
ences must be due to changes of the cis-acting elements.

This observation is similar to the one made by Matsuoka
et al. (1994). These authors have analyzed the promoter of a
gene encoding RBCS of maize in transgenic rice (C) plants.
The RbcS-GUS gene is expressed in mesophyll cells of
transgenic rice C; plants, whereas in the maize C, plant, ex-
pression of RbcS is suppressed in this cell type. The authors
conclude that the RbcS promoter is not suppressed in me-
sophyll cells of the rice C; plant and that it is very likely that
C,-specific trans-acting factors are involved in this process
in the maize C, plant (Matsuoka et al., 1994). However, it
cannot be excluded that post-transcriptional regulatory
mechanisms are involved in the suppression of RbcS gene
expression in mesophyll cells of the maize C, plant maize.

The PpcA1 promoter of the F. pringlei C; plant is active at
low levels in leaves and stems of transgenic F. bidentis (C,),
whereas there was no significant GUS activity detectable in
roots (Table 1). In the F. pringlei C; plant, low amounts of
transcripts of the PpcAl gene were detected in leaves,



stems, and roots (Hermans and Westhoff, 1990). The ab-
sense of detectable GUS activities in F. bidentis roots could
be due either to differences in the set of trans-acting factors
in the root cells of both plant species or to the possibility
that some cis-acting elements are missing from the PpcA7-
L-Fp-GUS construct.

Developmental Regulation of the C, PpcA1 Promoter

Our experiments show that depending on the developmen-
tal stage of the leaf, detectable GUS activity can vary by one
order of magnitude. This finding reconfirms the importance
of the developmental stage for the analysis of physiological
processes and gene expression patterns. Measurement of
GUS activities in leaves at different developmental stages
collected from the same plant revealed that PpcA7-L-Ft-
GUS gene expression is very low in young emerging leaves
and increases during the leaf expansion phase until the
maximum size is reached. After the leaf is fully mature, GUS
activity decreases. The steady state mRNA level of the C,
PEPC gene shows a similar increase in expanding leaves.
However, the relative level in young leaves is higher, and the
maximum of PEPC mRNA accumulation is reached in
younger leaves. Although these experiments cannot be di-
rectly compared, their resuits indicate that the GUS activities
reflect the developmental regulation of the C, PEPC gene.

The developmental regulation of the C, PpcAT7-L-Ft pro-
moter was also apparent when the staining pattern induced
by the PpcA1-L-FI-GUS gene in young leaves of seedlings
was analyzed. At a certain developmental stage, the leaf tip
and the distal parts of the leaf blade were stained, whereas
the base of the leaf was not stained at all (Figures 3G and
3H). No PpcA1-L-Ft promoter activity was detectable in the
developing leaf primordia. GUS staining of the primary leaf
shown in Figure 3H appears to be stronger around the veins.
We have observed that the staining of palisade parenchyma
cells on top of the bundle sheath is much more intense than
the staining of palisade parenchyma cells between the bun-
dle sheaths (Figure 2A). By looking from the top onto the
surface of the leaf, this phenomenon can explain the impres-
sion that staining is stronger around the veins. Analysis of
sections of these small primary leaves revealed that even at
this early developmental stage, the expression of the
PpcA1-L-Ft-GUS gene appears to be confined to the meso-
phyll cell type (Figure 2G).

This result demonstrates that the PpcA7-L-Ft promoter
becomes activated when the mesophyill cell has reached a
certain developmental stage. The induction of this promoter
is coupled with the maturation of the leaf that in dicotyle-
donous plants occurs in a basipetal direction (leaf tip to leaf
base) (Dale, 1992). This observation is in agreement with
previous studies that revealed the dependence of C, gene
expression on cell differentiation (Langdale et al., 1988;
Langdale and Nelson, 1991). Wang et al. (1993) analyzed
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RBCS RNA and protein localization in young leaves of the
amaranth C, plant. They found that in the tip of young
leaves, the RBCS RNA and protein are localized in the bun-
dle sheath cells, as occurs in mature leaves, whereas in the
base of young leaves, RBCS RNA and protein are found in
bundle sheath and mesophyil cells. These results indicate
that the specific C, gene expression pattern of the RbcS
genes is dependent on the developmental stage of the leaf.

The nature of the developmental signal(s) that governs the
expression of C, cycle genes is not known. One approach to
identifying these signals would be to localize precisely the
cis elements that are essential for developmental regulation
of the C, Ppc gene. The isolation of the corresponding
trans-acting factors will allow us to unravel the signal trans-
duction chain starting from DNA binding factors.

METHODS

Chimeric Genes, Transformation, and Regeneration of
Flaveria bidentis Plants

The construction of the Ppc promoter-GUS fusion genes has been
described by Stockhaus et al. (1994).

The two different PocA1 promoter-GUS constructs were intro-
duced by electroporation into the Agrobacterium tumefaciens AGL1
(Lazo et al., 1991). The transformation of F. bidentis plants was per-
formed as described by Chitty et al. (1994). The transformation was
performed with hypocotyls of 7- to 9-day-old F. bidentis seedlings.
The hypocotyls were infected with the corresponding Agrobacterium
strain and cocultivated for 2 or 3 days in the dark on CRM medium
(Chitty et al., 1994). The explants were washed and cultivated for 25
days on CRM medium containing 200 mg/L timentin and 200 mg/L
kanamycin. Developing shoots were cultivated as described by
Chitty et al. (1994).

Integration of the chimeric genes into the F. bidentis genome was
examined by DNA gel blot analysis. Genomic DNA of the transgenic
plants and a wild-type control plant was extracted using the cetyltri-
methylammonium bromide method (Murray and Thompson, 1980).
Ten micrograms of DNA, restricted with Hindlll, was subjected to
DNA gel blot analysis. The immobilized DNA was hybridized with a
32p_fabeled GUS probe. The labeled DNA fragments varied in size
and were larger than the introduced construct, indicating that the
chimeric gene was integrated in the F. bidentis genome. To analyze
the intactness of the chimeric genes, DNA gel blot experiments were
performed with DNA restricted with Hindlll and EcoRI. Duplicate
blots were hybridized with the respective labeled promoter probe or
the labeled GUS gene probe. For all plants tested, we observed the
expected size of the hybridizing fragments, indicating that the pro-
moter fragment and the intact GUS gene are linked in the genomic
DNA and that each transgenic plant contains at least one intact copy
of the respective chimeric gene.

Measurement of GUS Activity and Histochemical Analysis

Regenerated F. bidentis plants or T, plants were transferred to soil
and cultivated in a greenhouse. Seedlings or mature plants 40 to 50
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cm tall before the onset of flowering were used for the measure-
ments of GUS activity at different developmental stages and for the
histochemical analysis. Transgenic F. bidentis seedlings were grown
on Murashige and Skoog medium (Murashige and Skoog, 1962) sup-
plemented with 0.1% sucrose and 50 mg/mL of kanamycin. The
seedlings were cultivated for 10 days at 21°C under a 16-hr-light/
8-hr-dark cycle (NL 65 W S white light; Philips, Hamburg, Germanyy}
and then used for the histochemical analysis.

Fluorometric determination of GUS activities (Jefferson et al.,
1987; Kosugi et al., 1990) was performed as follows. Approximately
300 mg of plant tissue from leaves, stems, and roots was collected,
wrapped in aluminium foil, frozen in liquid nitrogen, and pulverized
using a hammer. The tissue powder was transferred to 1.5-mL reac-
tion tubes, and 1 volume of extraction buffer was added (50 mM
Na,HPQ,, pH 7.5, 10 mM B-mercaptoethanol, 10 mM Na-EDTA,
0.1% SDS, 0.1% Triton X-100, 2% polyvinylpyrrolidone, and 20%
methanol). This mixture was homogenized using a motor-driven
metal pistil that was fitted to the conical part of the reaction tube. The
homogenate was centrifuged at 15,000g, at 4°C for 5 min, and the
clear supernatant was used for measurements of protein content
(Bradford, 1976) and GUS activity (Jefferson et al., 1987). The incu-
bation buffer for the measurement of GUS activity was identical to
the extraction buffer, except that 4-methylumbelliferyl 8-D-glucu-
ronide was added to a final concentration of 2 mM. The fluorescence
was measured with a fluorescence spectrophotometer (model F-2000;
Hitachi, Tokyo, Japan).

For the histochemical analysis of GUS activity, sections of mature
plant organs were cut manually. The sectioning of 1- to 2-mm-long
primary leaves of seedlings was performed with a cryomicrotome
(Kryostat MTE; SLEE Technik, Mainz, Germany). The seedlings were
sectioned at —20°C. The sections were transferred to incubation
buffer (50 mM Na,HPO,, pH 7.5, 0.1% Triton X-100, 2 mM 5-bromo-
4-chloro-3-indotyl B-D-glucuronic acid, and 20% methanol). After a
brief vacuum infiltration, the sections were incubated at 37°C for 5
min to 16 hr. After this incubation period, the sections were washed with
water and then incubated in 70 to 96% ethano! to remove chlorophyll.

RNA Dot Blot Analysis

Leaf RNA was extracted as described by Logemann et al. (1987).
One microgram of RNA was glyoxylated in 6% glyoxal, 50% DMSO,
0.005 M sodium-acetate, 0.001 M EDTA, and 0.02 M Mops, pH 7.0,
for 45 min at 50°C. SSC buffer {20 X SSC [1 X SSC is 0.15 M NaCl,
0.015 M sodium citrate]) was added to a final concentration of 2 X
SSC, and this RNA sample was dotted onto a Hybond* nylon mem-
brane (Amersham). The fiiter was incubated at 80°C for 2 hr and hy-
bridized with a random-primed PpcA7 cDNA probe (Megaprime DNA
labeling system; Amersham) in hybridization buffer (250 mM

Na,HPO,, pH 7.2, 7% [w/v] SDS, and 2.5 mM EDTA) at 65°C for 15
hr, The filter was washed three times for 30 minin 0.1 X SSC at 65°C.
The radioactive spots were visualized by fluorography, and the bound
radioactivity was quantified by scintillation counting. The RNA quan-
tification experiment as well as the GUS activity measurements were re-
peated with an independent T, plant. The results did not vary by >6%.

ACKNOWLEDGMENTS

We thank Karl Heinz Glatzer for help with cryosectioning and the op-
portunity to use the cryomicrotome and Shahjahan Ali for comments

on the manuscript. J.S. was partially supported by the Cooperative
Research Centre for Plant Sciences as a Visiting Fellow at the begin-
ning of this work. This project was supported by a grant from the
Deutsche Forschungsgemeinschaft (No. SFB 189).

Received December 9, 1996; accepted February 6, 1997.

REFERENCES

Bradford, M.M. (1976). A rapid and sensitive method for the quanti-
tation of microgram quantities of protein utilizing the principle of
protein-dye binding. Anal. Biochem. 72, 248-254.

Chitty, J.A., Furbank, R.T., Marshall, J.S., Chen, Z., and Taylor,
W.C. (1994). Genetic transformation of the C, plant, Flaveria
bidentis. Plant J. 6, 949-956.

Dale, J.E. (1992). How do leaves grow? Advances in cell and molec-
ular biology are unraveling some of the mysteries of leaf develop-
ment. BioScience 42, 423-432,

Edwards, G.E., and Ku, M.S.B. (1987). Biochemistry of C4-C, inter-
mediates. In The Biochemistry of Plants, Vol. 10, M.D. Hatch and
N.K. Boardman, eds (New York: Academic Press), pp. 275-325.

Emst, K., and Westhoff, P. (1997). The phosphoenolpyruvate car-
boxylase (ppc) gene family of Flaveria trinervia (C4) and F. pringlei
(C3): Molecular characterization and expression analysis of the
ppcB and ppcC genes. Plant Mol. Biol., in press:

Hatch, M.D. (1978). Regulation of enzymes in C, photosynthesis.
Curr. Top. Cell. Regul. 14, 1-27.

Hatch, M.D. (1987). C, photosynthesis: A unique blend of modified
biochemistry, anatomy and ultrastructure. Biochim. Biophys. Acta
895, 81-106.

Hermans, J., and Westhoff, P. (1990). Analysis of expression and
evolutionary relationships of phosphoenolpyruvate carboxylase
genes in Flaveria trinervia (C,) and F. pringlei (Cj). Mol. Gen.
Genet. 224, 459-468.

Hermans, J., and Westhoff, P. (1992). Homologous genes for the
C, isoform of phosphoenoipyruvate carboxylase in a Cs- and a
C,-Flaveria species. Mol. Gen. Genet. 234, 275-284.

Hofer, M.U., Santore, U.J., and Westhoff, P. (1992). Differential
accumulation of the 10-, 16- and 23-kDa peripheral components
of the water-splitting complex of photosystem Il in mesophylt and
bundle-sheath chloroplasts of the dicotyledonous C, plant Fla-
veria trinervia (Spreng.) C. Mohr. Planta 186, 304-312.

Jefferson, R.A., Kavanagh, T.A., and Bevan, M.W. (1887). GUS
fusions: B-Glucuronidase as a sensitive and versatile gene fusion
marker in higher plants. EMBO J. 6, 3901-3907.

Kosugi, S., Ohashi, Y., Nakajima, K., and Arai, Y. (1990). An
improved assay for 8-glucuronidase in transformed cells: Metha-
nol almost completely suppresses a putative endogenous B-glu-
curonidase activity. Plant Sci. 70, 133-140.

Langdale, J.A., and Nelson, T, (1991). Spatial regulation of photo-
synthetic development in C,4 plants. Trends Genet. 7, 191-196.
Langdale, J.A., Zelitch, I., Miller, E., and Nelson, T. (1988). Cell
position and light influence C, versus Cj patterns of photosyn-

thetic gene expression in maize. EMBO J. 7, 3643-3651.



Lazo, G.R., Stein, P.A., and Ludwig, R.A. (1991). A DNA transfor-
mation-competent Arabidopsis genomig library in Agrobacterium.
Bio/Technology 9, 963-967.

Logemann, J., Schell, J., and Willmitzer, L. (1987). Improved
method for the isolation of RNA from plant tissue. Anal. Biochem.
163, 16-20.

Matsuoka, M., Kyozuka, J., Shimamoto, K., and Kano-
Murakami, Y. (1994). The promoters of two carboxylases in a C,
plant (maize) direct celi-specific, light-regulated expression in a C;
plant (rice). Plant J. 6, 311-319.

Monson, R.K., and Moore, B.D. (1989). On the significance of
C,-C, intermediate photosynthesis to the evolution of C; photo-
synthesis. Plant Cell Environ, 12, 689-699.

Moore, P.D. (1982). Evolution of photosynthetic pathways in flower-
ing plants. Nature 295, 647-648.

Murashige, T., and Skoog, F. (1962). A revised medium for rapid
growth and bioassays with tobacco tissue cultures. Physiol. Plant.
15, 473-497.

Murray, M.G., and Thompson, W.F. (1980). Rapid isolation of high
molecular weight plant DNA. Nucleic Acids Res. 8, 6323-6327.

Evolution of the C, Ppoc Promoter in Flaveria 489

Nelson, T., and Langdale, J.A. (1992). Developmental genetics of
C,4 photosynthesis. Annu. Rev. Plant Physiol. Plant Mol. Biol. 43,
25-47.

Powell, A.M. (1978). Systematics of Flaveria (Flaveriinae-Aster-
aceae). Ann. Mo. Bot. Gard. 65, 530-636.

Schéiffner, A.R., and Sheen, J. (1992). Maize C, photosynthesis
involves differential regulation of phosphoenolpyruvate carboxy-
lase genes. Plant J. 2, 221-232. )

Stockhaus, J., Poetsch, W., Steinmiiller, K., and Westhoff, P.
(1994). Evolution of the C, phosphoenolpyruvate carboxylase pro-
moter of the C, dicot Flaveria trinervia: An expression analysis in
the C; plant tobacco. Mol. Gen. Genet. 245, 286-293.

Vogelmann, T.C., Nishio, J.N., and Smith, W.K. (1996). Leaves and
light capture: Light propagation and gradients of carbon fixation
within leaves. Trends Plant Sci. 1, 65-70.

Wang, J.-L., Turgeon, R., Carr, J.P., and Berry, J.O. (1993). Car-
bon sink-to-source transition is coordinated with establishment of
cell-specific gene expression in a C4 plant. Plant Cell 5, 289-296.





