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ABSTRACT

Aim: This research can be used to design and subsequently to study stable- tissues-
specific gene expression in other plants, and potentially may be used in altering plants with
C3 photosystem into C4 through genetics.
Study design: In silico analysis by bioinformatics tools was used to analyze the promoter
regions of Phosphoenolpyruvate carboxylase (PEPC) genes in genus Flaveria
(Asteraceae).
Methodology: Detailed promoter gene studies of the C3 and C4 ppcA1 genes in Flaveria
sp. have been deposited by EMBL/GenBank data. To find regulatory elements in promoter
sequences, PLANTCARE and PLACE database were applied. Moreover, ClustalW2 &
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MAFFT were used for multiple sequence alignment.
Results: The results revealed that light-inducible promoters of PEPC genes in Flaveria
species have cis-elements for organ- and cell-specific expression, which may be
subdivided into six classes: 1) Elicitor specific, 2) Component specific (hormone-responsive
elements), 3) Light responsiveness, 4) Binding site specific, 5) Condition specific (stress-
responsive elements) and 6) Plant tissues specific.
Conclusion: The distal region (DR) of promoter behaves as an enhancer-like expression
module and is able to confer a mesophyll expression while the proximal region (PR) is
responsible for a quantitative expression. Coordinated motifs indicate that the response of
pepc gene is controlled by light in coordination with hormones and stresses and potentially
may be used in altering plants with C3 photosystem into C4 through genetics.

Keywords: Cis-regulatory element; Flaveria; Phosphoenolpyruvate carboxylase (PEPC)
promoter.

1. INTRODUCTION

The C4 plants are adapted to high light, arid and warm environments and achieve a higher
photosynthetic capacity and higher water- and nitrogen-use efficiencies compared to C3
plants [1]. C4 photosynthetic carbon cycle is a sophisticated addition to the C3 photosynthetic
pathway and enables C4 plants to cope well with high light intensities, high temperatures and
drought. The high photosynthetic capacity of C4 plants is due to their unique mode of carbon
assimilation which involves two different photosynthetic cell types, mesophyll and bundle-
sheath cells but in leaves of C3 plants, photosynthesis and subsequent carbon and nitrogen
metabolism are proceed mainly in the mesophyll cells. However, some C4 enzymes such as
phosphoenolpyruvate carboxylase (PEPC), pyruvate orthophosphate dikinase, or NADP-
dependent malic enzyme is not limited to C4 plants. In C4 plants, CO2 is initially fixed into a
C4 acids malate and/or aspartate by phosphoenolpyruvate carboxylase (PEPC) in the leaf
mesophyll cells into and then transported to the bundle-sheath. In the bundle-sheath cells
the C4 acids are decarboxylated, and the CO2 is prefixed by ribulose 1,5-bisphosphate
carboxylase/oxygenase [2,3].

C3 species and nonphotosynthetic tissues of C4 species normally contain nonphotosynthetic
isoforms of C4 enzymes. This fact may indicate that these C3 isoforms are enrolled as a
starting point for the evolution of the C4 genes [4,5]. The C4 cycle enzymes differ from their
C3 counterparts in kinetic and regulatory characteristics [6].

A gene transformation was used to overproduce C4 enzymes of bundle sheath cells in rice,
in which cDNA of C4 enzymes under a strong promoter to an increased enzyme activity up to
110-fold compared to non-transgenic lines [7]. It was shown that the different expression of
C4 genes is largely under transcriptional factors control [8,9]. Light-inducible promoters of C4-
specific PEPC genes have cis-elements for organ- and cell-specific expression.

In this research, we focused on 5’flanking sequences of pepc gene in genus Flaveria
(Asteraceae). Genus Flaveria involves both C3 and C4 and also numerous intermediate
species, so it is a very appropriate genus for this evaluation.

The PEPCs of Flaveria species are encoded by a gene family comprising three classes:
ppcA, ppcB and ppcC. PpcA orthologous of PEPC genes are found in all C3 and C3-C4
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intermediate Flaveria species [3,5,10]. The comparative enzymatic analysis of PEPC
proteins from C3 and C4 Flaveria species revealed that the ppcA PEPCs of F. pringlei (C3), F.
cronquistii (C3), F. bidentis (C4) and F. trinervia (C4) are typical C3 and C4 PEPCs
respectively and there are a few differences in amino acid sequences [5]. This study is a
short review on characterization of the promoter sequences of ppcA gene in four Flaveria
species and presents a comparative analysis by bioinformatics tools.

2. MATERIALS AND METHODS

Detailed promoter gene studies of the C3 and C4 ppcA1 genes in Flaveria sp. have been
deposited by EMBL/GenBank data libraries under the accession numbers X64143 (F.
trinervia)(C4), AY297087 (F. bidentis)(C4), AY297089 (F. cronquistii)(C3), and X64144 (F.
pringlei)(C3).

The bioinformatics tools, in silico analysis, were used to analyze the promoter regions of
Phosphoenolpyruvate carboxylase (PEPC) genes. To find regulatory elements in promoter
sequences, PLANTCARE (http://bioinformatics.psb.ugent.be/webtools/plantcare/html) and
PLACE database [11] were applied.

Moreover, ClustalW2 & MAFFT version 7 (http://mafft.cbrc.jp /alignment / server) were used
for multiple sequence alignment.

3. RESULTS AND DISCUSSION

Photosynthesis cycle genes in C4 and C3 plants are largely regulated by transcription factors.
This type of gene regulation involves sets of cis-regulatory modules and their corresponding
trans-regulatory factors that interact and thereby control the specific expression of the genes
in either mesophyll or bundle-sheath cells [9]. pepcA Promoter of Flaveria species contains
two main regions, a proximal (PR) and a distal region (DR), Both regions are necessary and
sufficient for a high mesophyll-specific expression. These regions do not act as separate
modules and have additive effect as a synergistic transcriptional controlling system that
evolves each other. The DR behaves as an enhancer-like expression module and would be
able to confer mesophyll expression while the PR is responsible for quantitative expression
and harbors cis-regulatory determinants which account for high levels of PEPC expression in
the leaf [5,12].

Translation initiation signals or the Kozak consensus sequences are species-specific and
recognized by the ribosome as the translational start site. The consensus sequence GTA in
four Flaveria species are recognized after 5'UTR [13,14] appears as 3 bp upstream of the
translational start codon ATG (Fig. 1).

After analyzing of the pepc promoter regions, we revealed that the light-inducible promoters
of PEPC genes in Flaveria species have cis-acting elements for organ- and cell-specific
expression, subdivided to six classes: 1) Elicitor specific, 2) Component specific (hormone-
responsive elements), 3) Light responsiveness, 4) Binding site specific, 5) Condition specific
(stress-responsive elements) and 6) Plant tissues specific.
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DOF

CAT-box

Skn-1

Box-W1

F.c agaca--caccaggacacaa-----gcatctgagtttttattcgaatatttctctttactcaatagaaaagtaaaacaaatccatgaaaaggataattaacttatatgtggaccatattg
F.p  agaca--caccaggacacaa-----gcatctgagtttttattcgaatatttctctttactcaatagaaaagtaaaacaaatccatgaaaaggataattaacttatatgtgggccatattg
F.t aaggactcaccaggacaggagtattgcatctatgtttttattcgaatatttctcgttacacaatagaaaaacaaaacaaatccacggaaaggataatgagcttatacgtggacaatattg
F.b --- --------------------------------------------------------------------------------------------------------------------

A DOF DOF
F.c  agactatatttttgtggttgaaatcatatgaatttatgaaaaactcgtgaagagattgaattggaaagaggaaatagaaagcaaagttggatctttcatatcacgaaaaggcatgagttc
F.p agactatatttttgtggttgaaatcatatgaatttatgaaaaactcgtgaagagattgaattggaaagaggaaatagaaagcaaagttggatctttcatatcacgaaaaggcatgagttc
F.t  agactatatttctatggttgaaatcatgtgaatttatg----------------------------------------------------------------------------------
F.b --------------------- atcatgtgaatttatg-----------aaaaaattaaattggaaagaggaaatcaaaaacaaaattggatctttcatatcacgaaaaggcaggagttc

*****▼**********
Mem1 GA -motif

F.c ttgccacttgaccaaggagtgttcgtagagccgtacttact----aaaacaaacaaaaaactaaaacaaacaaaa-----------------tcttccat-aaaagatgaatcgaacact
F.p ttgccacttgaccaaggagtgttcgtagagccgtacttact----aaaacaaacaaaaaactaaaacaaacataa-----------------tcttccat-aaaagatgaatccaacact
F.t --------------------------agagctgtacttactcactaaaacaaacaaaaaactaaaacaaacaaaaaactgaaacaaacaaaatcctccataaaaagatgaatcgaaca--
F.b ttgccacttgaccaaggagtgttcgtagagccgtacttactcactaaaacaaacaaaaaac--aaacaaacaaaaatctgaaacaaacaaattcttccat-aaaagatggatcgaaca--

GAR(Pbox) ***** ********* B *************** ************                  ** ***** ******* *** ****
F.c  ttttcttttttgtcatgatacatatacatatgta--------------------------------------------------------------------------------------
F.p  ttttcttttttgtcatgatacatatacatatgta--------------------------------------------------------------------------------------
F.t  ttttcttttt-gtcatgatacatatatatatatatatatatatatatatatgtatatgtatatatatatatatatgtatatatatatatacacacacacacacacatatatatatatata
F.b  ttttcttttt-gtcatgatacataattacatatacata----------------------------------------------------------------------------------

********** **************. * ** **
F.c ----------------------------------------tgtgtgtgtgtgaatata-tgcatatatattgagaaatggaaattaaatacaacggtattctctgtacatagaggtgtta
F.p ------------------------------------------tgtgtgtgtgaatata-tgcatatatattgagaaatggaaattaagaacaaaggtattctctgtacatagaggcgtta
F.t  tatatatatgtatgtatgtatatatgtatatatatatgtgtgtgtgtgtgtgaatatgttgcatatatattgagaaatggaaattaagtacaataatattctc--tacatagaggcgtta
F.b ----------------------------------------tttgtgtgtgggaata-attgcatatatattgagaaatggaaaataagtacaatgctattctctgtacataaaggcgtta

DOF ******** ***** .************************ ***. **** . *******  ******.***.****
F.c  acgggtcaaatttgcgtgttaaagaccaaatctgatacgaccttgaagaatttc------------------------------------------------------------------
F.p  acgggtcaaatttgcgtgttaaagaccaaatctgatacgaccttgaagattttc------------------------------------------------------------------
F.t  atgcgtcaattttgtgtgttaaagacataatctaatacaacattgaagattttc------------------------------------------------------------------
F.b  acggatcaattttgcgtgttaaagaccaaatctgatacaacattgaagattttctatgaatttggaaagtatgcatacacaaaaaaattattaaagaccaaatctgatacaacattgaag

CCAAT-box

DOF DOF

DOF

DOF

DOF

*.* .**** ****.***********  *****.****.** ******* ****

DOF ABRE
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DOF

EIRE GCN4
DOF

F.c ------tatgaatttggaaagtatgcatac--aaaaattatgtaagagaggtgaacttgaaaatgacttgcgtgttgatttttctgtcaccaagaaatcaaatatctataaaataattgc
F.p ------tatgaatttggaaagtatgcatacagaaaaattatgtaagagacgtgaacttgaaaatgacttgtgtgttgatttttttgtcaccaagaaatcaaatatatataaaataattgc
F.t ------tatgaatttggaaagtatgtatacacaaaaattatgtaagagata--------aaag----------------acttgtgt-----ggaaatcaaatacctataaaataattgc
F.b  attttttatgaatttggaaagtatgcatacacaaaaattatataagagatataa--ctgaaga----------------ttttttgtcaccaagaaatcaaatacctataaaataattgc

*******************.****  *********.********* ***..               .** ***      .***********. **************

F.c  actcgtaatgtaagatggtacgtttatttatgtgttaactttttacataaacttcctaataagtttaagatttaaaataaaataactcttaaaatttaaccaaaataaccagatgaactc
F.p  actcgt-----aagatagttcgtttattcatgttttaactttttacataaaatacctaataagtttgagatttaaaataaaataactcttaaaatttaatcagaataaccaggtgaactc
F.t  aattgttacgaaagatgatttgtttatttatgtattaactttttacataaaatacctactaagtttgatttttaaaataaaattactctt-aaattttagcagaataaccaggtaaactc
F.b  acttgttacgaaagataatttgtttatttatatattaacgttttacataaaatacctagtaagtttgatttttaaaataaaattacccct-aaatttatccagaataaccaggtgaactc

* *.** ...  *****..* .*******.**.* ***** *********** * **** *******.*  ************* **.*.* ******  **.*********.*.*****
F.c  atgaacacatcatactaactctacacttacccatttagctaagcgtgtttgtgattcgaccctatgtcgtattgtgtcaaaaattcacacatctagctatatgcattaggtgtgagagaa
F.p  atgaacacatcgtactgactttacactcacccatttagctgagagtgtttgtaattcgaccctattttgtattgtgtcaataattcacatatctagctatatgcattaggtgtgaggagc
F.t  ataaacacatggtactgactttacactcaccca-ttagctaagtgtgtttgtgatacaaccctatttcgtattatgtataaaactcacaaatctagttgtatgcattaggtgtgagatag
F.b  agaaacacatcatactgactttacactcaacaatttaggtaagtgtgtttgtgatacgaccctatttcttattat-ttaaaaattcacaaatctagttgtatgcattaggtttgagatag

* .******* .****.***.******.* * * **** *.** ********.** *.******* *. ****.* *  * **.***** ******.*.************ ****. .
F.c  gcctgaaaaattttatgggagggttttatatccggaatttttatgatcatatagttttcatt----------------------------------------------------------
F.p ctc---gaaattttatgggagggttttatatcaagaatttttatgatcatatagttttcttt----------------------------------------------------------
F.t  ccccagaaagttttatgagagggttgtatgtccaaaaactttatgatcatataggttttgtttttttgtttt-tttgtttttttgtttttttgtttttttttgttttttttgtttttttg
F.b  cccgagaaaattttatgggagggttgtatgtccagaaa-tttatgatcatataggttttgtttttttgttttgtttttttttttgttttattggttttttttgt--------tttttttg

.*   .**.*******.******* ***.** ..**  *************** ***. **
F.c -----------------------------------------------------------------------tgtgcctataagagctagtgaggttacgatagataaaaa-accactgaa
F.p -----------------------------------------------------------------------tgtatctatgagagctagtgaggttacgatagattaaaaaaccactgaa
F.t  ttttgtttttttttgttttgttttttttgttttttttgttttttttgtttttttgtttttgtttttgcgtgtgcgtgtatgagagctagtgagggtaccaccgataaaaatgccactgaa
F.b  ttttgctttgttttgtttttttgtttttg--------------------cttttgcgtgtatgtgtgtgagtgtgtgtgtgagagctagtgagggtaccaccgataaaaatgccactaaa

DOF **... *.*.************* *** *. *** **** .*****.**
F.c  atcaataaatgaatataa-gacctttggtagaagagaattaagtatttatgactacatacttttgaaggctttctcgtatttttcacagagaattacatcgttgctaattttattgtata
F.p  atcaatatttgaatataa-gacctttggtaaaagagaattaagtatttactactacatacttttgaaggctttctcgtattttacactgagaattacatcgttgctaacttttttgtata
F.t  atcgata-ttgaatataacgacctttgcaagaagagaattaagtatttatgagtacatacttttgaaggctttctcgtattt-------------------------aatctttcgcagg
F.b  atcgata-ttgaatataacgacctttgctagaacagaattaagcatttatgagtacatacttttgaaggctttttcgtattt-------------------------aattcttcgtggg

** ********* ********  *.** *********.*****. * ********************.********                               * *.. *.*.. .

DOF DOF

GA motif GAR (TA/Amy box)

GAG-motif

CAT-box
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Box4TCT-motif

F.c  atatcccacataaattatatatatt-- DOF ---------------------- DOF --------------- DOF-- ----------------------------------
F.p  atatcttacataaattacttatattttaaaagacatagtaagaatcatttaagcataaagtacaatcaatcaatacataaagtttgatggctaaatgataattttggtggactagagggt
F.t  tttaaaaatattaattatatattac-----------------------------------------------------------------------------------------------
F.b  tttaaaaacataaattatatattac-----------------------------------------------------------------------------------------------

*     *.** *****. ***  . Box4
F.c ------------------------------------------------------------------------attaattatcaacctctttattctttatggtttgtactttaagtttta
F.p tatttctcacttcttctgtcttctttctaacattgaattagtattataatgttttattattttaatattataattaatttcaaacatattttgtttttctattataacttttaaaatata
F.t ------------------------------------------------------------------------------------------------------------------------
F.b ------------------------------------------------------------------------------------------------------------------------

F.c -------------------------------------ctgggttgtattcacttttaggtat---ttttttaacctcaatacctttacatctttta------------------------
F.p atgttatataaaattatgaatacgtagttatgacgttcttatttttatctacatttcggtataagttagtcaaatataatattttttaattttttgttcatgatgtaataatttttctaa
F.t ------------------------------------------------------------------------accccaatgcttttaaatcttta-------------------------
F.b ------------------------------------------------------------------------accccaatgattctaaattttta-------------------------

* . .***. .*.*  **.***
F.c ---caatttaacccgtataat-ttttcattttcaattttggtccaatata----------------------------------------------------------------------
F.p  attcgaatataccgttacgatatgtttattttcacctacgtttcaatataaatctatttaaaataaaccgctctcaatctggggctaaaacctatgggtcaagtacaatgtattttttta
F.t ---caacttaatccttataat-ttttcattttcaactttgatcccatata----------------------------------------------------------------------
F.b ---caacttaatccttgcaat-tttttattttcaactttgatcccatata----------------------------------------------------------------------

*.* *  *.*  *...** * **.******* .* .* *.* *****
F.c ------------------------------------- ERE- BoxI ctttttatcttttacatattt-------------------------------------------------
F.p  caagtattataaaattttattattttaatattataactaatttcaaacatttttttttctcttataacttttaaaacataatgttttgtaaaattacgaatatgtagttgtgacttgctt
F.t -------------------------------------------------cttttttatattttataaaatt-------------------------------------------------
F.b --------------------------------------------------ctttttatattttataaaatt-------------------------------------------------

MeJA ***** * *.***.*   ** ERE- BoxI
F.c -ttcgttttacatttcggtctaaattttacgagttaacacaccgcaacgtgcgc-gtgtggtttcaatgtttt--------------------------------------------tat
F.p  attttatttacatttcagtataaattttgtatgaaaccaacccgggtcaaatataatatatttttaaatttttttacggcgtagtaattttctaaaatttcaaatatgtcattacgatat
F.t -tttatcttacttttcagtctaaattttacgagttaacaagcggcaacgtgcgc-gtgtggcttcaatgtttc--------------------------------------------tac
F.b -tttattttacttttcactctaaattttacgagtcaacacgcggcaacgtgcgc-gtgtggcttcaatgtttt--------------------------------------------tac

**.  .**** ****. * ********... *  * **  * * . *. .... .*.*. .**.**  ***.                                            **.

MeJA

GAR- P box

GAR-P box

TCT-motif Skn-1

GARE
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DOF DOFDOF DOF GAR-TA/Amy box

Box4

Skn-1

Skn-1

Skn-
1

CAATMYB Box4

F.c  gcatattttttcctgttttacggccccgtcacaatgcgcgtgtcatagattgacttagt---------tattatttttaatattttacatttcacgtgcgtggttcaacgtt----ttta
F.p  gcttattttcacctatttt------------------------------ttaatataaa-----------ttttatttaaaatcgatcactcgcaatgtgcggctaaaatctatgggtca
F.t  gcatattttt--ccatttgacggccccgtcacaacgcacaagtcatagatagacctagc---tattattttttttaataatattttacgtttgtcatgggtgattcaacgtt----ttta
F.b  acatattttt--ccatttgatggccccgtctcaacgcacgagtcataaattgacttagctattattattttttttattaatattttacgtttctcatgtgtgattcaacgtt----ttta

.* ******.  *..***                               * .*. **. MeJA ** *   *** **.   *..*.   .** *.*..* **  .*    *.*
F.c  cgtctaatttctgt-tcggtttatttttttcat-------------------------------------tgtttt-------------------ttataatacgagtttttccg-----
F.p  agtataatgtattt-tttatttattttttacaccaacgtaaatttttctaaattttccccaacaacgtgatgttctcctaaatttgaatataccattatgacatggttatttccaccaac
F.t  tgcataattttcatgttgatttatttatttt---------------------------------------tgttgtact----------------ttataatgcgagtatttccg-----
F.b  taaataattgtcatattgatttatttttt-----------------------------------------tgttgtact----------------ttataatacgagtctttccg-----

.  ****   . * *. .******* ** **** *                   ****.*...*. * ***** MeJA
F.c  gtgttgatagtcgttgacagttgtgtgatattagtgctac--------------------------------------------------ttgacatgattttatgcccccgtcgta---
F.p  gttttaataa-----aaaaattatttaaaaccagccccacaatgcgtggccgaaactcacggatcaaatatagctttcttcacactaacgtttttatgtttcgactataccgttgtgacg
F.t  gtgttaatgatggatgatg--------------------------------------------------------------------------------ttaaatgacatcgtttta---
F.b  gtgttaatgatcgatgatg--------------------------------------------------------------------------------ttaaataacatcgtttta---

F.c ---------------------------------------------------------acgcgggaggcttaagactag-ttttctaattcacaaaagttctcaacgaatgattagttgcg
F.p  tactgttttctacctacgtttctaaataaattatatttaaaaacatgccgctgcaacacgcgagaaaactactagttg-ttttctaattcacaaaaattctcaacgaatgattagttgcg
F.t --------------------------------------------------------------------atactaattg-ttttttaatttacaaaa-ctctcaacaaatgattagttggg
F.b --------------------------------------------------------------------atactaattgtttttttaatttacaaaa-ctctcaacgaatgattagttggg

**  * * * ****.*****.****** .*******.****** ****** *

F.c  tttgttatgcactgcgaaagcggacgctcatgtcgttattatt-----aaaaaaatact—-aagagtaaaaaatagaagtaaaagactgat---tatcaatttaataataatatccacaa
F.p  tttgttatgca-aacgaaagcggacgatcatgtcgttattattaattaaaaaaaatactaaaagagtaaaaaatagaagaaaaagactgat---tatcaatttaataataatatccacaa
F.t ttagttattca-taggaaagcggacgagcatgtcgttataatt-----aaaaaaatatcaaaagagtaaacaaaaaaggaaaaagactaat---tatttagataataataatatccacaa
F.b ttagttatgca-taggaaagcggacgaacatgtcgttataatt-----aaaaaaatatcaaaagagtaaacaaaaaaggaaaaagactgattattaatataataataataatatccacaa

** ***** **  . ***********  *********** ***     *********..  ********* ** *.*.* ********.**    **     ******************

DOF

dOCTLT
R

MeJAMeJA

** **.**..     .* .                                                                               **  *.  . .***. *.

Box4 ABRE-GBOX

Skn-1

DOF
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DOF CAAT TCA1

CAAT CAAT MBS (CA)n BOX TATA box CAAT
F.c  aaatattccaataattcaaccctgagtttgctatttgtggatgagtttctgtatcg-------ttgatacctgtaactcacacagttcataactcatacttcatctataaatactcaatc
F.p  aaatattccaataatttaa-cctgagtttgctatttgtggatgagtttctgtatcg-------ttgatacctgtaactcacacagttcttaactcatacttcatctataaatactcaatc
F.t  aaatattcgaattcttcaatcctgagtttgc--tctgtggatgagtttctgtatcattgatacttgatacctgtaattcacacacctcatatctcatacttcatctataaatacccaat-
F.b  aaatattcgaattcttcaatcctgagtttgc--tctgtggatgagcaactgtatcgttgatacttgatacctgtaactcacacacctcatatctcatacttcatctataaatacccaat-

******** ***  **.** ***********  *.**********.  *******.       ************ ******* .** ** ********************** ****

F.c  cctaattcattttgtttagagtctcaacagtgagcataccaacatctcaatttcatcatcttcttccactattcaggtgatctgattgaacatttacataactatttgctt-----aatt
F.p cccaattcgttttgtttagagtctcaacactgagcatacccatatctcaatttcatcatcttcttccactattcaggtgatctgattgaacatttacataactatttgctt-----aatt
F.t -----tcattttgctcaaagtctcaacactgagcatac--------------------------ccaatattcaggtgatctaatttaacgtttgcatgagtattttcttaataaaatt
F.b -----tcattttgctcaaagtctcaacattgagcatac--------------------------ccaatattcaggtgatctaatttaacatttgcatgagtattttcttaataaaatt

**.*****.*.*.********** *********                          *** **************.*** ***.***.***.* ***** ***     ****
ARE Box4

F.c tatgttgggtttacagtatctattggatggatttcttgtaccgttatatggtttgtggttcgatt-atg---gctctcgatcagaagtttgtgataatctgctgaaatg----------g
F.p tatgttgggtttacagtatctattggatggatttcttgtaccgttatatggtttgtggttcgatt-atg---ggtctcgatcagaagtttgtgataatctggtgaaatgggttgtttgtg
F.t tatgttgggtttacagtatctattgggtggatttcttaaacggat-tgtggttt-------gattaataaaaaatcttaatgagaagtttgtgataatatgctgaaatg----------g
F.b tctattgggtttacagtatctattgggtggatttcttatacggat-tgtggttt-------cattaataaataatcttaatcagaagtttgtgataatatgctaaaata----------g

* *.**********************.**********  **.* * * ******        *** **     . ***..** **************** ** *.****.         *
KOZAK START

F.c gttgtttttgtgttaatttttcagggttggagggga-------attaagcaagggtgtgtgtaatg
F.p gttgtttttgtgttaatttttcagggttggagggga-------attaagcaagtgtgtgtgtaatg
F.t gttgtttttgtgttaatttttcagggttggaggggaattaagtattaagcaagggtgtgagtaatg
F.b gttgtttttatgttaatttttcagggttggaggggaattaagtattaagcaagggtgtgagtaatg

*********.**************************       ********** ***** ******

Fig. 1. Sequence alignment of conserved regulatory elements of Phosphoenolpyruvate carboxylase A (ppcA1) gene promoter from C4 and C3 Flaveria species such as
F. trinervia (F.t, C4), F. bidentis (F.b, C4), F. cronquistii (F.c, C3) and F. pringlei (F.p, C3) using sequencing analysis by bioinformatics tools.
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3.1 Elicitor Specific

3.1.1 Box-W1

The W-box [(T)TGAC(C/T) motif] is the binding site for members of the WRKY family of
transcription factors. There is increasing evidence that W boxes are a major class of cis-
acting elements responsible for the pathogen inducibility of many plant genes as an elicitor
[15]. The importance of W boxes was illustrated recently by studies on the Arabidopsis
transcriptome during systemic acquired resistance [16,17]. The W1-box (TTGACC motif, by
blue box and White nucleotides, Fig. 1) appears as 6 bp upstream sequences of the Mem1
between part A & B (black bars) in DR of both C3 and C4 plants except for F. trinervia.

3.1.2 EIRE

The Cis-acting regulatory element, EIRE box (TTCGACC motif [18], marked with blue box
and white nucleotides) is involved in elicitor-responsive element of C3 plants such as F.
pringlei and F. cronquistii (Fig. 1).

3.2 Component Specific (Hormone-responsive Elements)

3.2.1 Ethylene-responsive element binding protein (EREBP or ERE box1)

ERE is a homeobox gene from Arabidopsis thaliana and other plants which encodes a
transcription factor for response to plant hormone ethylene [19]. Two ERE cis-acting
regulatory elements regions (ATTTCAAA motif, [18]) are marked by turquoise boxes only in
F. pringlei (C3) between PR and DR of pepc promoter (Fig. 1).

3.2.2 Jasmonic acid-responsive element (MejA)

The CGTCA- and TGACG- motifs [18,20] in Hordeum vulgare and the T/G-box (AACGTG) in
Nicotiana benthamiana and Brassica juncea [21] are cis-acting regulatory elements involved
in the methyl Jasmonate (MeJA)-responsiveness. These sequences are indicated by yellow
boxes (Fig. 1). T/G-box is present in all C3 and C4 Flaveria species whereas the 5’ flanking of
F. bidentis ppcA1 promoter does not contain detectable binding sites for the CGTCA- or
TGACG-motifs.

Deletion analysis in Nicotiana benthamiana showed that the removal of a conserved T/G-box
(AACGTG) in ppcA1 promoter greatly reduced the induction by MeJA [21].

3.2.3 Abscisic acid-responsive element (ABRE)

The abscisic acid-responsive cis-acting element ABRE represents the motifs TACGTG [18]
and CACGTG [22,23] which belong to the G-box family. ABRE contain an ACGT core, a
sequence known to be recognized by plant bZIP proteins [24]. The ABRE are indicated by
dark yellow box in F. trinervia and F. cronquistii (Fig. 1).

3.2.4 Salicylic acid responsive element (TCA1)

The TCA-1 type cis-acting elements (TCATCTTCTT motif, [25] can respond to salicylic acid,
a well-characterized signaling molecule in plants. The motif is marked with violet box
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and white nucleotides in proximal regions of C3 plants such as F. pringle and F. cronquistii
(Fig. 1).

3.2.5 Gibberellins-responsive (GAR)

Gibberellins response complex (GARC) includes O2S/W box, pyrimidine (P) box
(C/TCTTTT), TA/Amy box (TATCCA) and GA response element (GARE;
C/TAACC/GG/AA/CC/A, TATCCCA) [26,27,28]. P box and TA/Amy box are present in all C3
and C4 Flaveria species whereas GA response element (GARE) is marked in 5’ flanking of
F. cronquistii ppcA1 promoter (by red boxes, Fig. 1).

3.3 Light Responsiveness

BOX4 (ATTAAT motif, by teal box) in Petroselinum crispum [18], BOXI (TTTCAAA motif, by
turquoise box) in Pisum sativum [23,29], G BOX (CACGTG motif, by dark yellow box) in
Arabidopsis thaliana and Pisum sativum [23,29], GA-motif (AAAGATGA motif, by teal box) in
Helianthus annuus [23,30], GAG-motif (AGAGATG motif, by teal box) in Spinacia oleracea
[23,31] and TCT-motif (TCTTAC motif [18], by teal box) were involved in light
responsiveness. This study show that BOX4 is present in all C3 and C4 Flaveria species
whereas F. trinervia has BOX4, G BOX, GA-motif, GAG-motif and TCT-motif as light
responsive elements.

3.4 Binding Site Specific

3.4.1 MYB transcription factor binding site

A putative MYB transcription factor binding site (GTTAGTT motif [32], by pink box) is present
in all C4 Flaveria species, but is missing in two C3 species. These sequences are prime
candidates for transcription-enhancing cis-regulatory elements [33].  MYB proteins comprise
one of the largest families of transcription factors in plants with almost 200 different MYB
genes present in the Arabidopsis genome. MYB transcription factors regulate a diverse
range of pathways including secondary metabolism, signal transduction and defence
responses [34,35].

3.4.2 CAAT-box (CCAAT-box)

CAAT-box (CAAT, CAAAT, CAATT, CCAAT motifs) is a common cis-acting element in
promoter and enhancer region which is generally found in upstream of the TATA box, but at
much farther distances from the starting point and can also operate in both directions [23].
Their exact position relative is variable and they may be found in either orientation relative to
the direction of transcription from the downstream initiation site. Fang et al. [36] have
established that CCAAT-box is recognized by the Nuclear Factor 1/CCAAT transcription
factor (NF1/CTF) family and also several other transcription factors/complexes which
include; NF-E3, GATA1, NF-Y and C/EBP. They are able to regulate the initiation of
transcription by an interaction of CCAAT-binding transcription factors with the basal
transcription initiation complex [37]. CCAAT box is present at downstream of TATA box in C4
Flaveria species (by turquoise box, Fig. 1), but PR of C3 ppcA1 promoter does not contain
detectable binding sites for these transcription-enhancing cis-regulatory elements [33]. Also,
CAAT and CAATT boxes have been designated at upstream of TATA box in all C3 and C4
Flaveria species (by turquoise box, Fig. 1).
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3.4.3 TATA box

A TATA-box sequence (TTCATCTATAAATAC motif [33], by dark yellow box) has been
found in almost all plant pepc genes which in turn binds a TATA binding protein and assists
the formation of the RNA polymerase transcriptional complex. The TATA box typically lies
very close to the transcriptional start site (often within 50 bases) [23,38].

3.4.4 (CA)n box

The (CA)n box sequence (by turquoise box, Fig. 1) has been designated at upstream of the
TATA sites in all C3 and C4 Flaveria species [23,39].

3.4.5 FtHB1 to FtHB4- zinc finger homeodomain proteins (ZF-HD)

Studies were shown that an intron in the 5' untranslated leader region of ppcA1 gene in
transgenic F. bidentis (by green nucleotides, Fig. 1) is not essential for the control of
expression [5]. The PR region of the C4 ppcA1 promoter contains cis-regulatory elements so,
interacts with homeobox transcription factors of the zinc finger homeodomain proteins (ZF-
HD) subclass (named FtHB1 to FtHB4); whereas the PR of the C3 ppcA1 promoter does not
contain detectable binding sites for these zinc finger homeobox proteins [5,33,40].
Fragments of the F. trinervia ppcA1 promoter that interact with the FtHB proteins in the yeast
one-hybrid system [40] are marked by red bars (Fig. 1). Deletion of intron in 5' untranslated
region of C4 -specific ppcA1 does not affect the expression pattern and strength, indicating
that the previously isolated zinc finger-homeobox transcription factors that specifically
interact with this intron are not involved in regulating ppcA1 expression levels [33].

3.4.6 DOF protein (AAAG)

Dof transcription factors are ubiquitous in plants, and associated with many plant-specific
biological processes. In maize, both Dof1 and Dof2 have been shown to bind to an AAAAGG
motif in the 5’ upstream enhancer region of the C4 pepc gene. Dof1 is a positive regulator of
C4 pepc expression, with roles in tissue-specific and light-induced expression. In contrast,
the related Dof2 protein was shown to block transcriptional activation of the C4 pepc
promoter, possibly through competitive binding interactions with the Dof1 protein [41]. AAAG
is Dof core recognition sequence and is so frequent that is regulated by light and tissue
specific gene expression [23,42]. In this study, the AAAG Dof Core protein is indicated by
bright gray boxes and very frequent in DR and PR of all C3 and C4 Flaveria species (Fig. 1).

3.5 Condition Specific (Stress-responsive Elements)

These cis-acting elements are involved in regulation of gene expression under stress
condition.

The LTR box (CCGAAA motif, by dark red box, Fig. 1) as a stress-responsive element
involved in the low-temperature responsiveness [18] is present in F. pringle pepc promoter.
The MBS box ((C/T) AACTG motif, by dark red box) as a MYB binding site involved in
drought-inducibility [18] is indicated in 5’ upstream region of the F. bidentis C4 pepc gene.
The ARE motif (TGGTTT) is found in Z. mays, necessary for both anaerobic induction and
the binding of the transcription factors (TFs) of the MYB family [43,44] has been designated
in the 5’ flanking of all C3 and C4 Flaveria ppcA1 promoter and the CCAAT-box (CAACGG
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motif, by turquoise box) is recognized as a MYBHv1 binding site in Hordeum vulgare [18,45]
and marked in F. cronquistii ppcA1 promoter.

3.6 Plant Tissues Specific

The CAT-box (GCCACT motif [18], by green box) in all C3 and C4 Flaveria and the dOCT
motif (CaCGGATC motif [18], by green box) in F. pringle ppcA1 promoter are cis-acting
regulatory elements related to meristem expression. The GCN4 motif (TGTGTCA motif [18],
by bright green box) only in C3 Flaveria species and the Skn-1 motif (GTCAT [18,23], by
bright green box) in DR and PR of all C3 and C4 Flaveria ppcA1 promoter required for
endosperm expression.

3.6.1 Mem1 (mesophyll expression module 1)

The distal region of the ppcA1 promoter in Flaveria species has a 41-bp module, named
MEM1 (for mesophyll expression module1). Evolutionary and functional analyses identified
the tetra nucleotide CACT as a key element of Mem1 in conjunction with the PR, is sufficient
for mesophyll-specific expression and critical for Mem1 function. The CACT-containing cis-
regulatory element is necessary for mesophyll expression but may not be sufficient; this
region may be targeted by a basic leucine zipper transcription factor [5,12,33]. MEM1 could
be subdivided into two submodules, A and B regions 11 and 30 bp, respectively. The
position of Mem1 is indicated by black bars in distal region (DR) of Flaveria species (Fig. 1).
The tandem duplicated T/CACT repeats are labeled by arrows in all C4 ppcA1 promoters but
also in the C3 promoters. The part A (yellow boxes, the 11 bp of the 5’ terminal sequences)
and part B (pink and bright green boxes, the 30 bp of the 3’part of Mem1) segments in DR
are showed in Fig. 1. The comparison of Mem1 between C3 and C4 species shows two
remarkable features. The A part differs only in one single nucleotide at the very 5’ end
(labeled with black triangle in Fig. 1). Mem1 of F. trinervia (C4) and F. bidentis (C4) holds a
guanine at the outermost 5’ position of Mem1; it is an adenine in F. pringlei (C3) and F.
cronquistii (C3) [12,33].

A tetra nucleotide (CACT) is present in the Mem1 of F. trinervia (C4) and F. bidentis (C4) but
is absent in the F. pringlei (C3) and F. cronquistii (C3) sequence.

The AAACAAACAAA sequence (green boxes in DR) repeats two times in the 3’part of
Mem1 in C3 species but three times in C4. A comparison of the 5’ flanking regions identified
in each case Mem1 homologous sequences where the A and B parts were separated by 97
to 108 bp except F. trinervia (Fig. 1) this suggests that the contiguous arrangement of the A
and B parts is not of functional importance, so the A and B parts should form separate cis-
regulatory units [5].

The results revealed that light-inducible promoters of PEPC genes in Flaveria species have
cis-elements for organ- and cell-specific expression, which may be subdivided into six
classes that controlled by light in coordination with hormones and stresses. The expression
pattern of the ppcA1 gene was modified very early in evolution from C3 to C4 [45,46] so that
comparatively small changes in the nucleotide sequence should be responsible for these
changes that give rise to a novel mode of expression. It will be interesting to see whether the
evolution of mesophyll- or bundle-sheath cell-specific gene expression in Flaveria always
relied upon the same set of cis- and trans-regulatory elements.
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By fusing the DR of the ppcA1 promoter of F. trinervia (C4) to the ppcA1 promoter of F.
pringlei (C3), a mesophyll expression component is added to that promoter, but the overall
promoter strength does not alter substantially because the DR of the C4 ppcA1 promoter
provides mesophyll specificity, while the PR is responsible for a quantitative expression. The
DR of the C4 ppcA1 promoter may contain transcription repressing sequences that reduce
ppcA1 expression in the bundle-sheath cells and the vascular bundle and that thereby
relatively increase mesophyll expression potential only when it is combined with a PR from
either the C4 or the C3 ppcA1 promoter [5,12,33].

4. CONCLUSION

The key enzymes of photosynthetic carbon assimilation, Phosphoenolpyruvate carboxylase
(PEPC), in C4 plants have evolved from C3 isoforms which were present in the C3 ancestral
species. The orthologous ppc genes (ppcA) of the C3 Flaveria are only weakly expressed
and their transcripts do not accumulate in a leaf-specific manner but, rather, are present in
all plant organs. Changes in the upstream regions of the ppcA genes from C3 and C4
Flaveria are caused the differences in the expression levels. Sequence alignment of
conserved regulatory elements of ppcA1 promoter in Flaveria identified that some 5′ flanking
sequences such as TATA box, CAT box, CCAAT, MEM1 (A and B regions), Meja, BOX4,
ARE, DOF, GAR(P box), SKN-1, GAR (TA/Amy box) and kozak sequence are essentially
homologous in both C3 and C4 Flaveria. This research also provides evidence for the new
cis-acting sequences in the C4 Flaveria species such as MYB and CACT motif of MEM1 in
distal region of ppcA1 promoter that enhance mesophyll expression and concomitantly
represses expression in bundle sheath cells and vascular bundles. Changes at these
positions in the C3 sequence may be necessary and sufficient to create a mesophyll-
specificity element during C4 evolution.

The putative promoter regions share several identical sequence motifs only in C3 Flaveria
(TCA1, EIRE and GCN4 motifs). Additionally, alterations in elements that could contribute to
differences in expression rates and light regulation. This research was concluded that
promoter studies of the C3 and C4 ppcA1 genes in Flaveria sp. can be used to  design  and
subsequently  to study  stable- tissues- specific gene  expression in other plants, and
potentially may be used in altering plants with  C3 photosystem into C4 through genetics.
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