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ABSTRACT
C, plants, including maizeflaveria, amaranth, sorghum, and an amphibious
sedgeEleocharis viviparahave been employed to elucidate the molecular mech-
anisms and signaling pathways that contrglpbotosynthesis gene expression.
Current evidence suggests that pre-existing genes were recruited forythe C
pathway after acquiring potent and surprisingly diverse regulatory elements.
This review emphasizes recent advances in our understanding of the creation
of C4 genes, the activities of the,Qyene promoters consisting of synergis-
tic and combinatorial enhancers and silencers, the usé ah& 3 untrans-
lated regions for transcriptional and posttranscriptional regulations, and the func-
tion of novel transcription factors. The research has also revealed new insights
into unique or universal mechanisms underlying cell-type specificity, coordi-
nate nuclear-chloroplast actions, hormonal, metabolic, stress and light responses,
and the control of enzymatic activities by phosphorylation and reductive
processes.
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INTRODUCTION

The majority of plants assimilate atmospheric Qfrough the G pathway

of photosynthesis by using ribulose-1,5-bisphosphate carboxylase/oxygenase
(RUBISCO or RBC). Under high light intensity, high temperature, and arid
environmental conditions, RBC'’s low G@ffinity and inability to distinguish

O, from CG, result in low photosynthetic capacity and significant energy waste
through photorespiration in{plants (35, 36, 43, 48,49, 67) (Figure 1). The
so-called G plants have evolved the,&ycle pathway that serves as a £O
pump. By integrating the two CQassimilation pathways consecutively in
the spatially cooperative mesophyll (MC) and bundle sheath cells (BSC), C
plants can achieve high photosynthetic efficiency, especially under conditions
that cripple G plants (35, 36,43, 48,49,67). Studies of the molecular basis
of C, photosynthesis have enhanced our understanding of fundamental and
complex biological processes and provided information that can be exploited
for potential agricultural applications.

Research in molecular biology of,@hotosynthesis has been initiated from
the study of chloroplast genes in maize 20 years ago (78,152). Significant
progress has been made in understanding the molecular basis pifo®-
synthesis by using multiple model systems. Because each system evolved
independently (27,28, 35-37, 48, 67, 128), these studies offer a wealth of in-
formation about how plants use diverse and creative molecular mechanisms to
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Figure 1 Rubisco is the bottleneck ofy{®hotosynthesis. Ribulose-1,5-biphosphate carboxylase
(RuBPC) and oxygenase (RuBPO).

acquire and regulate new genes. The elucidation of biochemistry, physiology,
and leaf anatomy underlying the operation of hotosynthesis constitutes

a great accomplishment in plant biology (35, 36, 43,48,49,67). The link be-
tween leaf development and gene expression has been extensively investigated
(28,29, 73,98). Excellent reviews on some aspects,ajébe evolution and
regulation are available (29, 43,67, 73, 86, 88, 98, 134). More general coverage
of C, photosynthesis is presented by a special issue oAtistralian Journal

of Plant PhysiologyVolume 24, No 4, 1997), and a new bodije Biology of

C, Plants(edited by R Sage & RK Monson, 1998). This review emphasizes
the unique contributions in the understanding of molecular mechanisms under-
lying C, gene evolution and regulation. The most recent studies using trans-
genic plants, transient expression, and genetic approaches are summarized and
discussed. Other aspects include nuclear-chloroplast coordination, stress and
UV-B responses, and the integrated views of signal transduction from hormonal
and metabolic regulations to enzymatic controls by protein phosphorylation that
were first discovered in plants, but may turn out to be universal regulatory
mechanisms in higher plants.
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DIFFERENTIAL GENE EXPRESSION
AND C, PHOTOSYNTHESIS

Genes Involved in fZPhotosynthesis

Despite their diverse origins, all,@lants exhibit characteristic features of two
morphologically and biochemically distinct photosynthetic cell types, MC and
BSC, in leaves or culms (28, 29, 35, 36, 43,48,49,67,73,98,134,148). The
assimilation of CQis first carried out in MC through the &ycle pathway.
Carbonic anhydrase (CA) and phosphoenolpyruvate carboxylase (PEPC) are
responsible for the hydration and fixation of €10 oxaloacetate (OAA). This
process is highly efficient and insensitive tg. @he CGQ acceptor PEP is gen-
erated from pyruvate by pyruvate orthophosphodikinase (PPDK). OAA is then
converted to malate by NADP malate dehydrogenase (MDH) or to aspartate
by aspartate aminotransferase (AST). Either malate or aspartate is transferred
to BSC where CQis released by NADP- or NAD-malic enzyme (ME) or
PEP carboxykinase (PCK), and reassimilated by RBC through the Calvin cy-
cle in a CQ-enriched environment, thus avoiding photorespiration (Figure 2)
(43,48,50, 49, 67, 98).

Many nuclear genes encoding the enzymes in theyCle pathway have
been isolated from maize, amararfhgveria, sorghum, ané&leocharis vivipa-
ra (1,9, 14, 16, 45,51,54,64, 76,79, 80, 86, 93, 94, 97, 105, 120, 125, 126, 134,
141, 157). By using purified MC and BSC or in situ hybridization and im-
munolocalization, it has been demonstrated that thgsge@es display MC-
or BSC-specific expression patterns at both the protein and transcript levels
in the mature leaves of all {blants examined (Table 1). In addition, nuclear
genes encoding the conserved photosynthetic enzymes or proteins involved
in the Calvin cycle, photosystem Il, and oxygen-evolving complex have been
identified and shown to be differentially or preferentially expressed in MC
or BSC (Table 1) (14,118,121, 159). Nuclear run-on experiments have in-
dicated that MC-specific expression is mainly regulated at the transcriptional
level, whereas BSC-specific expression is likely controlled at both transcrip-
tional and posttranscriptional levels in maize leaves (109; J Sheen, unpublished
data).

Cell-Type Specific Regulation of Diverse Genes

Besides photosynthesis genes, the expression of diverse genes involved in nitro-
gen and sulfate assimilation, amino acid metabolism, metabolite transport, and
the biosynthesis of starch and sucrose also exhibits cell-type specific patterns
(15, 20, 35, 36, 48,66, 82,99, 134,138,139, 159). The most striking example
is the MC-specific expression of genes encoding nitrate reductase (NR), ni-
trite reductase (NiR), and other related functions for nitrate assimilation (134).
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Figure 2 A simplified NADP-ME-type G cycle pathway in maize leaves. The bundle sheath
cells (BSC or B) accumulate starch and are darkly stained by iodine. Mesophyll cells (MC or M)
are located between BSC and epidermal layers. Pyruvate orthophosphodiknase (PPDK), phospho-
enolpyruvate carboxylase (PEPC), and NADP-malate dehydrogenase (MDH) are present in MC,
whereas NAPD-malic enzyme (ME) is expressed in BSC.

Moreover, the genes encoding ferredoxin-dependent glutamate synthase
(Fd-GOGAT) and glutamine synthase (GS2) forammonia metabolism are pref-
erentially induced by nitrate signals in MC but not in BSC. The differential
induction of these genes in MC may accommodate the physiological special-
ization of each cell type for nitrogen metabolism (134). Recently, extensive
differential screening has been performed in sorghum and maize to identify
large number of genes that are specifically expressed in MC or BSC (Table 1).
Sequence analysis of these genes has uncovered new candidates (e.g. BSC-
specificPckin maize) that will likely broaden our understanding of the physi-
ological functions and gene regulation in MC and BSC (153, 159; T Furumoto
& K lzui, personal communication).
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Table 1 Regulation of nuclear genes involved ip ghotosynthesis

Geneé® Cell type Induction Repression Species
C4Pdk m¢ L% N, UV-A SE A, gly Maize,F. t9, A. h,

uv-B ABA Sorghum,E. v.
C4Ppc M L, N S, A Maize,F. t.

A. h, sorghum

C4Mdh M L — Maize, F. t., sorghum
C4Cah M L, N — Maize, sorghum
Cab M L S, A Maize, sorghum
PsbO M L — Maize, sorghum
PsbP M L — Maize, sorghum
PsbQ M L — Maize, sorghum
PsbR M — — Sorghum
PsbS M — — Sorghum
PsbT M — — Sorghum
Psbw M — — Sorghum
GapB M — — Sorghum
PetF M — — Sorghum
PetH M — — Sorghum
Tpi M — — Sorghum
RbcS B L S, A, ABA Maize,F. t., A. h.
Pck B — — Maize
NADPMe B L, UV-B S, A Maize,F. t., sorghum
NADMe B L — A h.
Rca B — — Sorghum
Prk B — — Sorghum
FbaC B — — Sorghum
TKIC B — — Sorghum
Rpe B — — Sorghum
Omt B — — Sorghum

“References: 1, 9, 14, 17, 86, 97, 112, 116, 118, 119, 120, 121, 126, 134, 141, 157.

bGenes not found in the texBsh photosystem [IGapB NADP-glyceraldehyde-3-phosphate dehy-
drogenasePetF ferredoxin;PetH ferredoxin-NADP-oxidoreductas@pi: triosephosphate isomerase;
Rca rubisco activasePrk: phosphoribulokinasd:ba: fructose-1,6-bisphosphatase aldolaBd; trans-
ketolaseRpe ribulose-5-phosphate 3-epimera€emt 2-oxoglutarate/malate translocator.

°M: mesophyll; B: bundle sheath; L: red and/or blue light; N: nitrogens; S: sugars; A: acetate; gly:
glycerol; ABA: abscisic acid.

9F. t.. Flaveria trinervig A. h: Amaranthus hypochondriacuis. v: Eleocharis vivipara

Leaf Development and Differential Gene Expression

Most C, genes examined show strict expression in leaves or leaf-like structures
but not in non-photosynthetic roots and stems. Antibodies and cDNA probes
for photosynthetic enzymes and genes were used as cell-specific markers by in
situ hybridization and immunolocalization to follow leaf development from pri-
modia or regenerating calli to mature leaves in maize (2,28,29,71,72,73,74,
97, 98). The expression of ,@Qenes shows temporal and spatial regulation
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patterns that match the developmental stage and age gradients of leaves. Clonal
analysis of photosynthetic BSC and MC in maize leaves suggests that MC
development is dependent on position rather than lineage (71). The photo-
synthetic competence of MC and BSC is tightly coupled to vein development
and is superimposed by light regulation. Light signaling not only enhances
C, gene expression but also reduces the expressi®boSandRbcLin MC
(75,119,120). A current model points to unknown regulatory signals gener-
ated from veins for the control BSC and MC differentiation ang&ttern gene
expression (28, 73, 98).

In the NAD-ME type of G dicot Amaranthus hypochondriacus has been
shown that posttranscriptional regulation determines initigd€he expression
patterns in developing cotyledons and leaves (9). TranscripRHdo8s, RbcL,

Ppg andPdkaccumulate in the shoot meristems and leaf primordia. RBCS and
RBCL proteins, but not the f2nzymes, are detected in early tissues. Protein
accumulation of the £enzymes occurs only when the leaf vascular system
begins to differentiate (101). Distinct from maize, light is not required for the
cell-type-specific expression &bcSand RbcL genes and other enes in
amaranth (154). In the three-color leavegofricolor, both transcription and
translation are responsible for the lack of photosynthetic capacity in the red
and yellow regions of leaves (92). There is a tight coordination between the
basipetal G to C, transition inRbcgene expression and the basipetal sink-
to-source transition in amaranth (155). In the developing cotyledons, of C
dicot Flaveria trinervia, the expression of £genes is light-dependent and
more similar to that in monocot maize but not dicot amaranth, which suggests
independent evolution of different,@lants (125).

C, GENE EVOLUTION AND REGULATION

Most C, genes have closely related homologs displaying low ubiquitous ex-
pression in G and G plants, suggesting that,@enes are recent products of
gene duplications. Drastic modifications in regulatory sequences could have
accommodated the changes in abundance and localization filvd@osynthe-

sis. The lack of consensus regulatory sequences amgggres documents

the remarkable co-evolution of diverse genetic modifications. The molecular
mechanisms for ggene evolution have been deduced from comparisons of the
C, genes with their non-photosynthetic counterparts in the saygadt or

with their orthologs in closely related;@lants.

Pdk Genes

The maizeC,Pdk gene shares almost all of its coding sequence with the an-
cestral genedyPdk) encoding a cytosolic PPDK (Figure 3). The first exon
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Figure 3 Dual promoters regulatedkexpression in gand G plants. Theblack boxrepresents
the chloroplast transit peptide (TP), tvdite boxis the unique N terminus of the cytosolic PPDK
(cyPPDK), and thénatched boxcovers the shared coding sequence h?RDK and cyPPDK.
Arrowsindicate transcription.

of C,Pdkencoding a chloroplast transit peptide is separated from the first exon
of cyPdkland the rest of the shared coding region by a 5-kb intron, which
includes repetitive sequences. The promotecydtdklis located in the first
intron of C,Pdkand has ubiquitous activity. In contrast, the promoteZ #dk
directs leaf-specific and light-inducible transcription in MC. Another family
membercyPdk2 in maize shares similarity witbyPdklup to the TATA box

of the promoter. It was proposed that the creatio@gidkcould be mediated
through repetitive sequences by unequal recombination that resulted in a new
intron and brought a transit peptide and a new promoter to fulfill the need of
a C, gene (45, 113). However, recent characterization ofRttiegene in the

C; monocot rice revealed similar dual promoters, gene structure, and expres-
sion patterns (56, 86). Furthermore, the single-cBgitgene in the ¢dicot

F. trinervia has strikingly similar structure (Figure 3) and shows high sequence
similarity to thePdkgene in the gdicotF. pringlei (103). Therefore, the major
difference between the &nd G Pdkis at the strength of the first promoter

as the transcripts for the chloroplast PPDK is expressed at very low levgl in C
rice andF. pringlei (56, 103).
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Ppc Genes

At least three classes Bpcgenes have been found in maize and sorghum. The
single copyC,Ppcgene shows a unique and high level of expression in MC
(32,54,64,76,110, 145). The comparison of the more divergent sequences
upstream of the coding regions among three m&ipe genes revealed that
C,PpczZzmland PpczZzm3Bare very similar but their’Slanking sequences di-
verge before the TATA box. The observation leads to the suggestion that the
C,Ppcgene could be generated from an ancefpd gene after the unequal
recombination near the TATA box bringing regulatory elements required for
the new expression patterns and high activity (110). Note that the two maize
cyPdkgenes also share similar sequences up to the TATA box but show dis-
tinct expression levels. Perhaps the regions near the transcription initiation site
are hot spots for DNA recombination responsible for the generation of distinct
expression patterns and levels among homologous genes in maize. The most
informative sequence comparison between the@ G Ppc orthologs was
performed in dicoF. trinervia (C,) andF. pringlei (C;). There are four classes

of Ppcgenes in each plant. THepcAgenes from these two species are 96%
identical but expressed differently. Thus the major events during the evolution
of theC,PpcAgene occurred at the promoter level (38, 51,52, 130, 157).

Me Genes

Two closely related NADP-ME genes have been isolated frobidentisand
maize (84, 105). Surprisingly, botiie genes encode chloroplast transit pep-
tides and similar sequences, but show different expression patterns. Although
bothMe genes are found in - pringlei, the expression of its fMe ortholog

(Mel) is not observed (84). In the,@icot amaranth, NAD-ME but not NADP-

ME is used for decarboxylation in the mitochondria of BSC. The amarapnth C
NAD-ME shares more similarity with human NADP-ME than with maize and
thus may represent another origin and process fayebe evolution (9, 79).

Mdh Genes

Although two distinct NADP-MDH genes have been found, the expression of
only oneMdh gene is MC-specific and light-inducible, and serves jipRoto-
synthesis in maize and sorghum (80, 94). In varielaseriaspecies, however,
there appears to be only a singlielh gene, suggesting that a pre-existing gene
has been re-regulated without gene duplication during the evolution frgdm C
C, plants (93).

Cah Genes

The cytosolic and chloroplast forms of CA have been characterized in plants
(3,16,50,67,81). The cytosolic CA is MC-specific and important fgr C
photosynthesis. Tw@€ah cDNAs have been isolated in maize, sorghum, and
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F. bidentis but only oneCahgene shows enhanced and MC-specific expression
in illuminated leaves and likely encodes thgdene (16, 81, 159). As atah
genes are closely related in @nd G plants, simple genetic alternation is likely
required for the ¢function.

Other Photosynthesis Genes

The evolution of G plants also included the altered cell-type specificity for
the existing genes involved in the Calvin cycle and photosystem Il. Agin C
plants, RBCS and chlorophylbbinding proteins (CAB) are encoded by multi-
gene families in maize, amaranth, afdveria (9, 39,118,119, 126). The six
members of the maiz€ab genes show complex light and cell-type expres-
sion patterns (118). However, unlike the g&nes whose expression pattern is
distinct from their closely related homologs, RbcSgenes exhibit a similar
BSC-specific expression pattern ip @ants (9, 39, 119, 126).

C, GENE EXPRESSION IN TRANSGENIC PLANTS

To identify, characterize, and definitively prove that any putative regulatory
elements associated with @enes are functional and can account for the unique
expression patterns and levels ip @ants, it is essential to develop reliable
transformation methods (21, 24, 63, 83,102,131, 141, 157). Despite technical
difficulties, successful studies of,@ene regulation in transgerftaveriaspe-

cies and maize have recently been achieved (21, 24,63, 83,102, 131, 141, 157).

C, Dicot Flaveria

The most extensive transgenic analyses have been carried out in, tie C
cot F. bidentisbased on a facile transformation procedure and the use of the
3-glucuronidase reporter gene (GUS) (21). The transgenic plants were ana-
lyzed by histochemical and cell separation techniques (21, 141,157).’The 5
flanking region (2185 bp) of thE. trinervia C,PpcAlgene is sufficient to re-
produce MC-specific, developmental, and basipetal expression patterns. The
promoter region (2583 bp) of the orthologoBpcAlgene fromF. pringlei
(C,) directs reporter gene expression mainly in vascular tissues of leaves and
stems and at low levels in MC. These experiments are the first to demonstrate
thatcis-acting elements are responsible for thee®pression patterns that re-
guire synergistic cooperation between distaPQ74 to—1501) and proximal
(—570to+1) regions (131, 157). Similarly, thégion (1491 bp) of th€,Pdk
gene directs MC specificity and light induction in seedlings and mature leaves
(102, 141).

Complex regulatory mechanisms have been unveiled from the study of the
C,Melgene (83, 141). Transgenic plants were obtained with a set of chimeric
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constructs using the' fup to 2361 bp) and’Jup to 5900 bp) regions of the
F. bidentis GMelgene fused to GUS. Although thérggion determines BSC
specificity, the 3region contains enhancer-like elements and confers high-level
expression in leaves. This interaction of tHeabd 3 sequences appears to be
specific to G F. bidentisbecause the same construct does not direct significant
expression in transgenicg@bacco. Although the’3egion (900 bp) of the
C,Melgene can serve as a transcriptional terminator with a heterologous pro-
moter in tobacco protoplasts, it does not enhance the promoter activity (83). It
remains to be determined whether tHe&jion affects transcription, mMRNA
stability, or translation. Independent transgeRididentisplants have also
been generated with thé$equences of the trinervia C,Melgene and the C
F. pringlei ortholog. The 5region of theC,Mel gene is sufficient for the
basipetal and BSC-specific expression patterns, whereasshguience of the
C; Melgene directs expression in all cell types and the expression is turned
off basipetally (T Nelson, personal communication). In maizedidel pro-
moter is active in MC (112). A nuclear run-on experiment with MC and BSC
showsC4Metranscription in both cell types, implying posttranscriptional con-
trol for BSC specificity (J Sheen, unpublished data). These different results
point to the possibility that th€,Melgenes might have evolved by very dif-
ferent mechanisms even in two very closely relatg@jizciesF. trinerviaand
F. bidentis

The promoter of a £F. trinervia RbcSgene gives a BSC-specific pattern
very similar to that of thé&. trinervia C;Melpromoter in transgenig bidentis
whereas the promoter of & €. pringlei RbcSgene shows expression in both
MC and BSC (T Nelson, personal communication). Thus there appear to be
C,-specificcis-acting elements for the expression of thérinervia RbcSyene
in BSC. However, analyses of thibcSpromoters in maize and rice MC and
theRbcSexpression patterns ingC,; Flaveria hybrids imply the involvement
of C,-specifictrans-acting factors (87,109,127). In the transgenigli€e
F. brownii, a G; petuniaRbcSgene can direct a high level of leaf-specific
expression, although the cell-type pattern is not known (85). In addition, trans-
lation enhancer function of the 547-bp) and 3(130-bp) UTR sequences of
the RbcSgene from amaranth can be detected when fused to GUS in trans-
genicF. bidentis.(AC Corey & JO Berry, personal communication). Thus the
regulation ofRbcSinvolves complex and diverse mechanisms jp@&nts.

In addition to the analyses of gene regulation, th&®identistransforma-
tion system provides an unprecedented opportunity for the genetic manipula-
tion of key photosynthetic enzymes in, @lants (42, 43). Antisense transfor-
mants forC,PdkandRbcSgenes have been generated that can redyieB 0K
to 40% and RBC to 15% of the wild-type levels. Co-suppression has been
used for theC,Mdh gene to achieve lower than 2% of the wild-typgMDH
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activity. Under saturating illumination, RBC levels have the most significant
effect on photosynthetic rates, buyMDH has a very minor impact. These
valuable transgenic lines will aid our understanding and improvement, of C
photosynthesis.

C, Monocot Maize

The first study of theC,Ppc promoter in transgenic monocot maize has
been accomplished (63). Théftanking region (1.7 kb) of the maiz&,Ppc

gene is sufficient to direct GUS expression in a MC-specific and light-inducible
fashion identical to the endogenous gene. Similartdi€ots, the adoption of
DNA regulatory elements for £Sspecific gene expression is a crucial step in the
C,Ppcgene evolution in maize. The transgene is repressed by metabolic sig-
nals and is blocked completely when the biogenesis of chloroplasts is inhibited
under light (63). The regulatory mechanisms gfgénes need to be integrated
into the universal signaling network that modulates photosynthesis genes in
both G, and G plants (26, 40, 60, 140, 144). The results from transgenic maize
studies fully support previous observations using isolated maize mesophyll pro-
toplasts which do not dedifferentiate in culture and behave as bona fide MC
(110, 112).

C3 Dicot Tobacco and C3 Monocot Rice

Several studies of gene expression in transgenic C3 dicot tobacco and C3
monocot rice provide valuable insights into the nature of the regulatory ele-
ments acquired by the,@enes. TheHlanking regions of th€,Pdk (—1032

to +71),C,Ppc(—1212 to+78), andRbcS(—444 to+66) genes from maize
have been introduced into transgenic rice (86, 87,90, 91). The promoters of
C,PdkandC,Ppcdisplay MC specificity, light inducibility, and high activity

that are characteristic of the,@enes. Moreover, similar DNA-binding ac-
tivities for cis-acting elements in th€,Pdk and C,Ppc promoters have been
detected in the nuclear extracts of maize andrice (56, 87,89, 91, 162, 163). Very
high levels of GPPDK and GPEPC activities have also been ectopically ex-
pressed in transgenic rice (88), opening an avenue to genetically manipulate
the G, cycle pathway in gplants. However, thRbcSpromoter of the €maize

does not support the BSC-specific expression pattern in transgenic rice. It is
suggested that differencestians-acting factors exist between, @aize and
C,rice for the regulation oRbcSgenes (87). The fexpression pattern of the

F. trinervia C,Ppc promoter in G transgenic tobacco reinforces the concept
that the evolution of this £gene needs alternations only in ttis-acting ele-
ments. However, the evolution and regulatory mechanisms dfihke gene

are unique to ¢ plants and cannot be reproduced ig t@ansgenic tobacco
(83).
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TRANSIENT EXPRESSION ANALYSES OF GENES
INVOLVED IN C, PHOTOSYNTHESIS

Many regulatory mechanisms can be more efficiently investigated by transient
expression assays using cellular systems where gene expression patterns are
faithfully retained. Maize mesophyll protoplasts currently represent the most
sophisticated system for the study of gene expression and signal transduction
relevant to photosynthesis in higher plants (22,59,109, 110, 112-114, 116,
163). Rice, tobacco and Arabidopsis protoplasts have also been applied (47, 87,
109). However, the protoplast system has a limitation as BSC are not easily
isolated with high activity. An alternative transient expression assay is to trans-
form whole tissues of maize ardlaveria with DNA-coated microprojectiles

(4, 5; T Nelson, personal communication). Histochemical analysis of intact
tissues or fluorometric assay of tissue extracts based on GUS activity is used in
this transient expression assay.

Pdk Genes

The analysis of the three maiRelk gene promoters in mesophyll protoplasts
identified distinctis-acting elements for leaf, stem, and root expression. Dele-
tion analysis revealed that a 300-bp region of@hiedkpromoter 347 to—44)
shows strong leaf specificity, developmental regulation, and light inducibility
even when itis fused to a heterologous basal promoter in etiolated and greening
protoplasts. The same promoter sequences are important for sugar, acetate, and
glycerol repression (112, 113). Deletion and site-directed mutational analyses
have identified at least six distinct functional elements @&1J Sheen, unpub-
lished data). The most significazis-acting elementis a 29mer@86 to—258)
with a pair of 7-bp inverted repeats (Table 2). The promoter activity is reduced
tenfold when this 29mer is deleted. Most significantly, only the nuclear extract
isolated from greening leaves but not from etiolated and green leaves or roots
can form a complex with th&P-labeled 29mer by a gel mobility shift assay (K
To & J Sheen, unpublished data). However, this 29mer alone cannot activate
transcription when fused to a heterologous basal promoter, which suggests that
there is a synergistic cooperation between this element and other regulatory
elements.

Another important finding is the dependence of the upstream elements on
the BUTR elements{1 to +139) for a high level of transcriptional activity
that distinguish th€,Pdkpromoter from the, Pdk1lpromoter (113; P Leon &
J Sheen, unpublished data). Extensive deletion and mutational analyses of this
5UTR region have defined at least four functional CT and CA repeats whose
deletion decreases tl@Pdk promoter activity 80-fold (Table 2). As thedk
gene in Grice only differs from theC,Pdkgene in maize at the transcriptional
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Table 2 Cis-acting regulatory elements of genes involved jpBotosynthesis

Gened Regions Sequences Species
C4Pdk 5 flanking —33 TATAA —29 Maize
5 flanking —286 CTGTAGC-GCTACAG-258 (29mer) Maize
5 flanking —308 AGTGGAGTCGTGCCGCGTGF289 Maize
5 UTR CCCCCTCTCC (CT repeats) Maize
5 UTR CACTCGCCACACACA (CA element) Maize
5 flanking —1212 to+279 F.t¢
C,Ppc 5 flankin® ~ —119 CCATCCCTATTT—107 Maize
5 flanking CCCTCTCCACATCC (C14 repeats) Maize
5 flanking AAAAAGG (29A repeats) Maize
5 flankin8  —2187to—1 F.t.
C,Me 5’ flanking —2038 TO+323,—-311 TO+83 F. b¢
3 flanking 900 bp, 5900 bp F. b.
RbcSZm1l % flankingj —24 CTATATATGCCGTCGGTG-7 Maize
5 flankingf! —105 GAACGGTGGCCACT-CCACA-83 Maize
5 flar‘lkingd —123 CCGGGTGCGGCCAG110 Maize
5 flanking®  —154 GCGCGCGT147 Maize
5 flankingf! —179 GATAAG —-174 Maize
5 flanking! —588 to—183 (silencer) Maize
3 UTR 281b Maize
RbcSZm3 % flar‘lkingd —31 CTATATATGCCGTCGGTG-14 Maize

5 flanking! —102 GTCCTGTCCTGTACT-GTCCTF81 Maize
5 flankingj —133 GAACGGTGGCCACT-CCACA-111 Maize

5 flanking! —151 CCGGGTGCGGCCAG-138 Maize
5 flankingf! —125 GATAAG —-210 Maize
RbcS-m3 5 flanking? —885 to—229 (silencer);-907 to—455 Maize
3 UTR? 289 b,+720 to+957 Maize
RbcS 5&3'UTR 47band130b Amaranth
Cab-m1 9 flankin® = —1026 to—850, 359 to+14 Maize
5 flan kingj —949 AATATTTTTTCT —937 Maize
Cabzml % flankingd —158 CGCGCCAAGTGTTCCAG-142 Maize
5 flanking®  —184 CCTCA-TGAGG-166 Maize
CabZm5 % flanking —34 TATTTA —29 (TATA box) Maize
5 flanking —59 GATAAG —54 (I box) Maize
5 flanking —90 CCAAT —86 (CAT box) Maize
5 flanking —103 CACCTCCGGCGA-92 Maize
5 flanking —115 ATCCGCCCACCT-104 Maize

“References: 4, 83, 89, 102, 109, 110, 112, 113, 114, 123, 131, 151.

bThe cis-acting regulatory elements were defined by deletion, site-directed mutagenesis, or gain-of-
function analyses.

°F. t.. Flaveria trinervia F. b.. Flaveria bidentis

dNumbers are based on the translation initiation sit&)(
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activity, this specific 3JTR may underlie the major evolutionary changes in
the maizeC,Pdkgene (Figure 3). It is not clear why the two promoters show
similar activity in maize mesophyll protoplasts, as reported by another group
(56, 88). The differences could be attributed to protoplast activity and plasmid
constructs. Interestingly, thiSBTR can function at only one position but can
interact with multiple promoters in leaves, roots, and stems in dicot or monocot
and in Gor C,plants (P Lea & J Sheen, unpublished data). This is another ex-
ample that a €gene utilizes conserved machinery to enhance gene expression
(12,143). Distinct from th€,Pdkpromoter, the, Pdklandc,Pdk2promoters

are expressed ubiquitously. The sequences upstream of the TATA box of the two
promoters are divergent and responsible for a 20-fold difference in promoter
strength (113). Deletion analysis of tisgPdk1 promoter has identified dis-
tinct cis-acting elements for leaf or root/stem expression, suggesting the use of
combinatoriatis-acting elements for tissue-specific controls (113). Functional
analysis of the maiz€,Pdkpromoter (327 to+211) has also been performed

in maize green leaves by microprojectile bombardment (89). The sequence be-
tween—308 and—289 is important for the promoter activity in green leaves.
Protein binding activity has been found with a shorter elemeB0( to—296)

using nuclear extracts isolated from green leaves but not from etiolated leaves
or roots (89). Thisis-acting element may be more important for the maize
C,Pdk promoter activity in green than in greening leaves (K& J Sheen,
unpublished data). In maize mesophyll protoplasts, thecjiedk promoter is

more active than the rice promoter for the chloroplast PPDK (56, 86—88).

Ppc Genes

The regulatory elements of tHepc promoters have been well characterized
in maize by using transfected mesophyll protoplasts. Among the three maize
Ppcpromoters examined, only th&Ppc promoter shows leaf-specific, light,
and developmental regulation (110). THé&nking sequences are sufficient to
give G, expression patterns in isolated mesophyll protoplasts and in transgenic
maize plants (63). The importance of two redundasiacting elements (A29
and C14) has been demonstrated by deletion and hybrid promoter analyses
(Table 2). The C14 and A29 direct repeats act as enhancers in maize or rice
protoplasts (87,109). Two groups have shown that proteins in the maize and
rice leaf nuclear extracts can bind to these elements (162, 87). A short promoter
(=119 to+1) retains 20% of the full promoter activity. The significance of
the TATTT sequence is confirmed by deletion and site-directed mutagenesis.
The C,Ppc and C,Pdk promoters in maize do not share common regulatory
elements, which indicates independent evolution.

Despite the identification of numerowss-acting elements important for
C, gene expression in maize, very little is known about the properties of the
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correspondingrans-acting factors. A recent study has focused on the func-
tion of a conserved zinc-finger binding protein DofINB-binding with one
finger) in the regulation of the maizg,Ppc promoter (160, 161,163). Dof
proteins represent a new family of transcription factors carrying a conserved
motif for DNA-binding, which seem to be ubiquitous in plants. The consensus
AAAAGG core sequence motif bound by Dofl is part of the A29 enhancer
identified previously in the maiz&,Ppcpromoter. Although Dofl is constitu-
tively expressed in the nuclei of etiolated and greening mesophyll protoplast,
it only binds to DNA and activates transcription in greening protoplasts as-
sayed with a synthetic promoter. In fact, Dofl can only specifically activate
the C,Ppcpromoter but not the maiz@bcSand C,Pdk promoters. Although
Dofl exhibits a ubiquitous expression pattern in maize, the function of Dofl
is leaf specific. The activity of Dofl in other tissues is likely inhibited by a
competitive transcriptional repressor Dof2 that is only expressed in roots and
stems (163).

RbcS Genes

Nuclear run-on experiments and promoter analyses in maize mesophyll proto-
plasts and transfected leaves have indicated the involvement of both transcrip-
tional and posttranscriptional regulation RbcSgenes (109, 151). Although
RbcStranscripts do not accumulate in the MC of greening and green maize
leaves, the promoters ®#bcSZmland RbcSZma3are very active and light-
inducible in transfected mesophyll protoplasts. Then@ize and g wheat
RbcSpromoters share three of five functiom#d-acting elements (Table 2) that

are distinct from thecis-acting elements found in the dicBbcSpromoters
except the universal | box (GATAAG). The activity of the upstream regulatory
elements absolutely depends on the specific TATA box, suggesting their syn-
ergism in function (109, 114). Further investigations show that the monocot
RbcSpromoters (maize, wheat, and rice) are only active in maize and wheat
protoplasts regardless of theiy @ C; origin, whereas the dic&tbcSromoters

(pea, tobacco, and Arabidopsis) are only active in the dicot tobacco protoplasts
(6,109, 142,143, 144). Deletion analyses have uncovered upstream silencers
(—588 to —183 for RbcSZmland —885 to —229 for RbcSZmBand mRNA
destablization elements (281 b RbcSZmland 289 b inRbcSZm1Bin the
JUTR that may mediate the repression of mateSin MC (109; P Leon &

J Sheen, unpublished data). Based on an in situ transient expression assay in
which each blue spot represents a group of MC or BSCRtheS-m®romoter
activity is also detected in both MC and BSC. However, further studies have
identified the 5upstream region{907 to—455) and the 3region (-720 to
+957) that act together to partially suppré&dsS-maxpression in MC of illu-
minated dark-grown seedlings. As tha&gion is equally active when located
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upstream of th&bcS-mPromoter, its photoregulated suppression is mediated
by transcriptional control (100, 151).

Cab Genes

At least six members of théabgene family are differentially expressed in MC
and BSC of the maize leaves (4, 118). Using the microprojectile-based in situ
transient expression assay, the regulatisyacting elements of the MS-specific
Cab-mlhave been determined based on GUS reporter activity. Upstream se-
guences{1026 to—850) containing foucis-acting elements (Table 2) and the
core promoter {359 to+14) are identified by deletion and gain-of-function
experiments to be important f@ab-mlregulation in maize leaves. The core
promoter directs high expression in MC and the upstream elements inhibit
expression in BSC (4,5, 123).

Deletion and mutational analyses have been carried out with the distinct
CabzZmland CabzZmb5promoters using the maize mesophyll protoplast tran-
sientassay (59, 112; H Hug& J Sheen, unpublished data). The two promoters
share extensive sequence similarity in the proximal elements from the TATA
box, | box to the CCAAT box, but use different upstream regulatory elements
(Table 2) that determine high level expression and light response<aiim5
promoter is active both in the dark and light, but @@bZmlpromoter is only
active under light. At least two upstreatis-acting elements have been de-
fined in theCabZmlpromoter that act synergistically (Table 2). In addition,
mutations that alter the sequences of TATA, |, or CCAAT boxes in both promot-
ers eliminate their activity. Unlike the strict monocot and dicot specificity of
the RbcSpromoters, the monocot (maize, wheat, and ricap promoters can
function in dicot tobacco or Arabidopsis mesophyll protoplasts but they exhibit
more than tenfold higher activity in maize mesophyll protoplasts. Similarly,
theCabpromoters from pea, tobacco, and Arabidopsis show significant activity
and light regulation in maize protoplasts (22; J Sheen, unpublished data). Only
minor changes are expected in thegplants to adjust the expression patterns of
variousCabgene members in MC and BSC.

CHLOROPLAST GENE REGULATION IN CPLANTS

The functional coordination between the nucleus and the chloroplast is evident
in C4 plants as the differential expression of the nuclear-encoded RBCS in BSC
is accompanied by a matching specificity of the chloroplast-encoded RBCL.

Moreover, dimorphic chloroplasts are pronounced in maize with agranal chloro-

plasts in BSC that have greatly reduced photosystermpdb(activity encoded

by both nuclear and chloroplast genes. RNA and protein blot analyses with pu-
rified MC and BSC from maize show that the transcripts and proteins encoded
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by psbA B, C, D, andE/F are predominant in MC but those encodedriycL

are BSC specific. The differences are more than tenfold in mature greening
(after 24 to 96 h of illumination) and green leaves (119, 122). However, in vitro
transcription and slot blot assays using chloroplasts isolated from the same BSC
and MC preparations reveal little difference in the transcription activitafL
andpsbgenes (J Sheen, unpublished data). Thus, posttranscriptional regulation
plays a crucial role in the differential expression of chloroplast genes in BSC
and MC of maize leaves. In dark-grown etiolated leaf®s;L transcripts but

not the protein can be detected in both MC and BSC. Illumination enhances
its expression in BSC but causes repression in MC (75, 119). This result has
been confirmed by in situ hybridization (75). The differential expression of
RbcLandpsbAgenes studied by Kubicki et al was less significant in maize
(threefold) than in sorghum (tenfold), perhaps due to differences in experimen-
tal procedures (68). In amaranth, the differential expressidRbal.in BSC

and MC is also controlled at the posttranscriptional level (11). The signals and
molecular mechanisms for the coordinated mMRNA degradation in the nucleus
and chloroplast in BSC and MC remain unknown (140).

REGULATION OF G, GENE EXPRESSION
BY DIVERSE SIGNALS

Nitrogen and Cytokinin

Nitrogen is a limiting factor in photosynthetic capacity, ffants not only have
higher efficiency than gplants for the utilization of light and water, but also

use nitrogen more efficiently, perhaps owing to low photorespiration that affects
carbon and nitrogen metabolism (99, 134). Although the effect of nitrogen on
photosynthesis is well known, the underlying mechanisms remained illusive.
The first evidence that nitrogen signals contrgldene expression was dis-
covered in maize. In nitrogen-starved maize seedlings, nitrate, ammonium, or
glutamine can induce the accumulation of transcripts encddjRgcandCah

in leaves (132—135). Both transcriptional and posttranscriptional mechanisms
are involved. The signaling process does not require de novo protein synthesis
but involves calcium and protein phosphorylation (106). Recent studies have
demonstrated that nitrogen signals are sensed by roots and stimulate the accu-
mulation of cytokinin, which activates @ene expression in leaves (107, 134).
This study illustrates the first link between nitrogen and cytokinin signaling

in controlling photosynthesis in higher plants. Recent advances include the
identification of early cytokinin-inducible genes in maizar(Cip) and Ara-
bidopsis ARR3-7andIBC6&7) (13,57,107,137). Sequence analyses show
that these proteins possess similarity to the response-regulators in the bacterial
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two-component signaling systems. It is proposed #maCiplcould be a sig-
naling component between cytokinin and transcriptio€g®pc, GPdk and
Cahin maize leaves (107, 134).

Metabolites

Metabolic repression of £gene transcription has been extensively demon-
strated in maize mesophyll protoplasts using€ne promoters (59, 112). The
studies revealed that tl&Pdk promoter is specifically repressed by sucrose,
glucose, fructose, acetate, and glycerol. Inhibition of positive elements but not
activation of negative elements causes transcriptional repression. The exami-
nation of six other maize promoters has uncovered the global effects of sugars
and acetate in gene repression. As these seven maize promoters are controlled
by distinct cis-acting elements, no consensus sequences responsible for the
sugar repression can be identified. Studies performed plabts support the
concept that sugar repression of genes involved in photosynthesis is a universal
phenomenon in higher plants. Biochemical, pharmacological, and molecular
approaches have been taken to elucidate the sugar sensing and signaling mech-
anisms using the maize mesophyll protoplast system. The results have demon-
strated the uncoupling of sugar signaling from sugar metabolism via glycolysis,
and the involvement of protein kinases and phosphatases. Protein synthesis is
not required. There is no evidence to suggest a role of calcium, cAMP, cGMP,
or other second messengers in the signaling process (59, 6@ & JaBheen,
unpublished data). The implication that hexokinase is a sugar sensor has been
supported by both biochemical experiments in transient expression assays and
by genetic manipulation in transgenic plants (58,59). Metabolic repression
overrides light and developmental control and may serve as a mechanism for
feedback regulation of photosynthesis and source-sink interactions in plants.
The coupling of differentiaRbcgene expression in BSC and source-sink tran-
sition discovered in amaranth may be an especially intriguing case of metabolic
control (155).

Stress and Abscisic Acid

The amphibious leafless sedBeviviparadevelops Kranz anatomy and con-
ducts G photosynthesis under terrestrial conditions, but develgdi€traits

and operates {photosynthesis when submerged in water (147, 148). As the
transition from water to land could signal a water-deficient condition for this
unique plant, the anatomical development and gene expression could repre-
sent an adaptational response to water stress. Abscisic acid (ABA) is a stress
hormone that is involved in the determination of leaf identity in some hetero-
phyllic aquatic plants and the induction of crassulacean acid metabolism (CAM)
in some succulent plants (148). The effect of ABA was tested in submerged
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E. viviparaand shown to fully induce Kranz anatomy, @=ne expression, and

C, photosynthesis. These experiments provide a new example for hormonal
control of the development of the,€ycle pathway. Although the development

of Kranz anatomy and f£type of gene expression are always tightly associated,
recent studies suggest that the two processes can be uncoupled. In the transi-
tion region of newly sprouting culms after the terrestrial culm is submerged,
the G, pattern ofRbcSand Ppc expression can still be maintained when the
development of BSC is repressed (146).

In contrast, ABA and environmental stress signals repress the expression
of genes involved in €photosynthesis. For example, tRbcSand C,Pdk
promoters are repressed significantly by ABA in maize (116, 117). This ABA
signaling pathway is mediated by calcium-dependent protein kinases (CDPKs)
and can be blocked by multiple protein phosphatases 2C (115,116). It has
been well documented that ABA and other stresses repress photosynthetic gene
expression in gplants (30, 65, 156, 158). Despite their recent evolution, the C
genes are subject to regulation of the conserved signaling pathways in plants.
In the common ice plant, NaCl stress triggers complex responses in gene ex-
pression, including the induction of genes involved in CAM but repression of
RbcSexpression (25, 30).

Because of their ubiquitous expression patterns, it has been speculated that
most ancestral genes for thggenes have housekeeping functions, but their low
expression may suggest that these functions may not be essential. A different
explanation is suggested by the finding that the cigeédkgene is dramatically
induced by low oxygene, ABA, and PEG, implicating a physiological function
in stress responses in roots. The activities of PPDK, PEPC, and MDH are
similarly induced in stressed rice plants (96). As plants cope with changing
environments, their ability to alter carbon metabolism through gene expression
offers great flexibility and adaptability for survival. Future experiments will
confirm whether this stress response is conserved in plants.

Light

The most fascinating discoveries in the regulatory mechanisms fii@osyn-

thesis are the distinct posttranslational controls of therzyme activities by

light. The light activation of GPEPC requires protein phosphorylation. The use

of protoplasts and biochemical tools has revealed a complex signaling cascade
that includes cytosolic alkalination, calcium release, CDPK activation, protein
synthesis, and the activation of a specific PEPCPK that is calcium-independent
(34,44,62,129, 149, 150). Although first discovered jptants, similar reg-
ulatory mechanisms are functional in diverse physiological contexts involving
PEPC (44, 77,150). Another light-regulategéhzyme is GPPDK. GPPDK
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undergoes a diurnal light-dark regulation of activity mediated by an unusual
bifunctional regulatory protein (RP). RP inactivates PPDK in the dark by an
ADP-dependent phosphorylation and activates PPDK in the light by dephos-
phorylation of the same Thr (456 in maize) (19, 48, 49). The light activation of
the G, NADP-MDH is mediated by another distinct mechanism, reductive pro-
cess during which disulfides are reduced into dithiols by reduced thioredoxin
(48, 95). The isolation of genes encoding PEPCPK and RP, and the identifica-
tion of regulatory residues by site-directed mutagenesis coupled to enzymatic
activity assays are the focus of current research.

The expression of most,(photosynthesis genes is controlled by light per-
ceived by red, blue, and UV light photoreceptors (17,100,117). The study
of the maizeC,Pdk promoter in mesophyll protoplasts has defined a distinct
blue light signaling pathway that is insensitive to green and red light, and un-
coupled from the phytochrome or cryptochrome action mediated by calcium
(6,18, 26,55,61,100,117,123). Thisisadirectand fastlightresponse thatdoes
not depend on the presence of chloroplasts. The requirement of low fluence
light (activated by 0.JuE/n?s of white light and saturated by 2,8/n¥s of
blue light) separates it from the blue/UVA pathway activated by high-intensity
white light (100 E/n?s) (18, 23,41,61,117,124). A similar response is ob-
served with theRbcSand CabZmlpromoters but not th€,Ppc promoter.
Inhibition of PP1 activity by okadeic acid blocks this signaling process, which
is also found in barley (23, 114). However, PKs seem to be required as well
because two PK inhibitors, K252a and staurosporine, can also abolish this
blue light response (K@ & J Sheen, unpublished data). It will be interest-
ing to determine whether any of the isolated cryptochrome genes (18) and the
light-activated PKs (53, 108) are involved in this unique blue light signaling
process.

Unlike theC,Pdk, RbcSnd CabZmlpromoters, the activity of th€,Ppc
promoter is not detected in etiolated maize mesophyll protoplasts even under
illumination (110). It is proposed that activation of this promoter by light is
indirect and tightly coupled to the light induction of chloroplast biogenesis.
In transgenic maize, it takeb h ofillumination to activate this promoter and
the inhibition of chloroplast protein synthesis eliminates its activity completely
(63). This indirect light effect also contributes to the activity of fRbcS
andCabzZm1lpromoters. As Dofl only activates ti@Ppc promoter, distinct
transcription factors are likely involved in transmitting the chloroplast signals
to theRbcSandCabZmilpromoters (40, 140).

Using the transient in situ expression assay, it has been shown that the
RbcS-m3eporter gene is stimulated in BSC via a red/far-red reversible phy-
tochrome signaling pathway. However, blue light is required for its suppression
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in MC in illuminated maize leaves (100). Although the quality of light for the
activation of the maiz€ab-mlpromoter in MC is not determined, the 54-bp
fragment (953 to —899) has been reported to mediate its photoregulation
through calcium and calmodulin (6, 123, 136).

In amaranth, extensive studies indicate that translation initiation and elonga-
tion control the accumulation of RBC proteins during dark-to-light and light-
to-dark transitions, respectively (7—10). Recent experiments have identified
two 47-kDa proteins that specifically interact with tRecL5UTR in light-
grown but not in etiolated amaranth plants based on polysome heel printing,
gel retardation, and UV cross-linking (DJ McCormac & JO Berry, personal
communication). Whether these RNA binding proteins are universal for the
regulation of RBCL translation but are modified to respond to different regula-
tory signals in diverse plants has not been determined.

Recent studies have described an effect of UV-B radiation pgede ex-
pression (17, 33). The transcript, protein, and enzymatic activity,bfEcan
all be increased by a short exposure (2—60 min) to low dose (R.B/&¥s) of
UV-B but not UV-A in maize. In addition, a low level of red light (1E/n¥s)
exhibits similar effects as UV-B radiation. A 5-min exposure to far-red light
(100E/mPs) following UV-B or red light treatment largely reverses the induc-
tion. Furthermore, the maiz&,Pdk promoter can be activated by UV-A and
UV-B radiation in maize mesophyll protoplasts (J Sheen, unpublished data).
These surprising results support a novel physiological function of theyC
cle pathway in UV responses and deserve further investigation. It is proposed
that the induction of the £enzymes may contribute to repair of UV-induced
damage by providing reductive power, increasing pyruvate for respiration, and
providing substrates for lipid synthesis and membrane repair (17, 33).

GENETIC ANALYSIS OF G GENE REGULATION

Maize Mutants

To dissect the pathway leading to dimorphic photosynthetic cell differentia-
tion, a powerful genetic approach has been taken to isolate maize mutants
that exhibit perturbed leaf development (28, 29, 46, 70,104, 111). Many

dle sheath defectivigpsd mutants that display specific disruption in BSC have
been identified and characterized (46, 70, 104). The primary effect bfthe
(allelic to goden 2, g2 mutation is on plastid biogenesis and gene expression
(RbcS, RbcL, gMe) specifically in BSC in a light-independent manner (70).
The G2 gene has been cloned by using Suppressor-mutator as a molecular tag
(46). The leaf-specific expression pattern matches its function in leaves. G2
is the first member of a plant protein family with a TEA DNA-binding domain
conserved from yeast, fly, to mammals. It has a functional nuclear localization
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signal and a proline-rich region that can act as a transcription activation do-
main. Although G2 expression is detected in both MC and BSC, it is proposed
that G2 might be regulated posttranscriptionally or act with BSC partners to
serve its BSC-specific function. However, in the C3-type sheath leaves (where
Rbcis expressed in both MC and BSC), G2 seems to be importaRtfoex-
pression in both MC and BSC (46). The BSC-specificity of this mutant could
be due to its regulation of photosynthetic functions more essential in BSC. It
will be informative to determine whether the expression of other genes encod-
ing Calvin cycle enzymes and plastid-encoded genes are also affected by the
bsd1-g2mutation. The only known MC-specific maize mutanhigh chloro-

phyll fluorescencecf3 that displays MC-specific defect in the photosystem

Il thylakoid complex that is less important in BSC (28).

Thebsd2mutant shows specific defectin RBC protein translation, accumula-
tion, or assembly. The expression of BS-specific ME and plastid biogenesis in
the dark are normal. The BS-specific defects of chloroplasts under light and the
ectopic accumulation dkbcLtranscripts in MC may be secondary effects due
to the lack of RBC for Calvin cycle activity (104). Another interesting maize
mutant that shows preferential disruption in BSC isléedf permeasellpel)
mutant (111). The clonddpelsequence indicates thatitis a membrane protein
sharing homology to the bacterial and eukaryotic pyrimidine and purine trans-
porters or permeases (111). The BS preferential nature of the phenotype may be
a consequence of the greater dependence of BSC on Lpel-related metabolites.
How Lpel affects early chloroplast development with a root- and dark-specific
expression pattern is an intriguing question. As proposed, its effect should have
occurred at the very early stage of plastid development in leaves. Itis not clear
whether thdpel mutant exhibits aberrant phenotypes in roots or other organs.

Amaranth Mutants and Flaveria£C, Hybrids

By screening plants able to grow under high {8t showing symptoms of
stress or chlorosis following exposure to normal air, séxmaranthus edulis
mutants have been isolated. Further characterization confirms that these mu-
tants show severely reduced PEPC or lack NAD-ME that are essentia), for C
photosynthesis. These mutants are very valuable for further investigation of the
role and regulation of PEPC, NADP-ME, and photorespirationjplitosyn-
thesis (31, 69).

Taking advantage of the sexual compatibility betw&¢averia C, and G
species and gene-specific molecular markers, it has been possible to genetically
identify cis-acting elements anans-acting factors that are important for the
C, gene expression patterns (127). A cross betwegrFagalmeriand a non-¢
F.ramossisiméas been carried out. Thelfybrids and Fbackcross segregates
have been analyzed fRbcSandPdkgene expression by using PCR markers, in
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situ hybridization, and immunolocalization. The results suggest that the BSC-
specific trait ofRbcSexpression in the £F. palmeriis recessive and may be
controlled by one or fewans-acting factors. On the other hand, theRelkgene
expression trait is dominant and mainly mediateaisyacting elements (127).
The result of the €Pdkgene expression in the/C; hybrids is consistent with

the similar analyses performed in transgenjca@d G plants. However, the
regulation ofRbcSgenes in BSC seems to be complex in differeppfants.

SUMMARY

The studies of €gene expression have illustrated the complexity and flexi-
bility of molecular mechanisms and the diversity of signal transduction path-
ways that are engaged in gene regulation in plants. It is clear thaj géiis
originated from closely related ancestral genes by acquiring sis\&cting
regulatory elements that are surprisingly divergent in sequences. The need of
C,-specifictrans-acting factors is also evident f@,;Me andRbcSexpression.

C, photosynthesis research was initiated 30 years ago by the discovery of the
unconventional CQfixation pathway. New findings including the dimorphic
BSC and MC in G leaves, the three decarboxylation pathways, and the light
regulation of G enzymes by phosphorylation followed. The recent application
of molecular, cellular, transgenic, and genetic approaches has revealed povel C
gene structure, specific cell-cell communications, complex transcriptional and
posttranscriptional regulations, new DNA-binding transcription factors, and
innovative signal transduction pathways.

The powerful combination of transgenic and transient expression tools will
bring new insights into the molecular mechanisms gfi€ne regulation. The
genetic crosses and molecular analyses oftageria C5/C, hybrids provide
new means to sort out the regulatory components involved in jree@e ex-
pression patterns. The protoplast transient expression system is most useful
for the elucidation of signal transduction pathways. Novel mutant screens for
uncommon MC phenotypes and variations in leaf morphology and anatomy
may uncover genetic components controllinggbotosynthesis and leaf de-
velopment. With facile transformation methods and the knowledge ge@e
structure and regulation, genetic manipulation of thec@le pathway in ¢
and G plants can now be fully enjoyed.
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