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ABSTRACT. Cassava is one of the most important tropical food
crops for more than 600 million people worldwide. Transgenic
technologies can be useful for increasing its nutritional value and
its resistance to viral diseases and insect pests. However, tissue-
specific promoters that guarantee correct expression of transgenes
would be necessary. We used inverse polymerase chain reaction to
isolate a promoter sequence of the Mec! gene coding for Pt2L4, a
glutamic acid-rich protein differentially expressed in cassava stor-
age roots. In silico analysis revealed putative cis-acting regulatory
elements within this promoter sequence, including root-specific ele-
ments that may be required for its expression in vascular tissues.
Transient expression experiments showed that the Mec/ promoter is
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functional, since this sequence was able to drive GUS expression in
bean embryonic axes. Results from our computational analysis can
serve as a guide for functional experiments to identify regions with
tissue-specific Mecl promoter activity. The DNA sequence that we
identified is a new promoter that could be a candidate for genetic
engineering of cassava roots.

Key words: Cassava; Pt2L4 glutamic acid-rich protein;
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INTRODUCTION

Cassava (Manihot esculenta Crantz) belongs to the family Euphorbiaceae, is na-
tive to South America, and is one of the most important tropical food crops for more than
600 million people worldwide. Basically, every part of the plant can be utilized, but roots
are the most commonly used product. In developing countries, cassava roots are very of-
ten the sole source of calories.

Storage roots develop from primary roots through cell division and differentiation
of parenchyma cells of the secondary xylem (Rateaver, 1951; Castilloa et al., 1997). An
anatomical model with three tissue compartmentalization systems has been used in gene
expression studies (De Souza et al., 2002, 2006). According to this model, tissue system
I is composed of phellogen and phelloderm, tissue system II of phloem and vascular
cambium, and tissue system III of secondary xylem with its highly specialized starch-rich
parenchyma cells.

Pt2L4 is an alcohol-soluble protein predominately expressed in tissue system III,
which contains secondary xylem and parenchyma cells with starch granules (De Souza
et al., 2002). The deduced amino acid composition of the Pt2L4 protein revealed that the
most abundant amino acids are glutamic acid (31.6%), alanine (16.94%), valine (13.55%),
and proline (11.29%) (De Souza et al., 2006). Pt2L4 and C54 proteins are 60% identical
with similar molecular weights (16.7 and 18.0 kDa, respectively) and isoelectric points
(3.70 and 3.97) (Zhang et al., 2003; De Souza et al., 2006). There are two or more homolo-
gous genes coding for glutamic acid-rich proteins in the cassava genome according to
Southern blot analysis (Zhang et al., 2003; De Souza et al., 2006). Studies have revealed
that their transcripts are most strongly expressed in vascular tissues and in parenchyma
cells of storage roots, indicating an important role in storage root formation (Zhang et al.,
2003; De Souza et al., 2004, 2006). In addition, Zhang et al. (2003) reported greatest C54
promoter activity in vascular cambium and starch-rich parenchyma cells of storage roots
from transgenic cassava plants containing this promoter fused to the B-glucuronidase
(GUS) reporter gene.

Despite recent advances in the isolation and characterization of endogenous pro-
moters from cassava, only a few tissue- and organ-specific promoters have been identi-
fied. The identification of tissue-specific promoters is essential for genetic engineering of
cassava, which has been used to increase nutritional value of roots, as well as to produce
plants with enhanced resistance to viral diseases and insect pests and with reduced cyano-
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genic content (Taylor et al., 2004).

In this study, we report the isolation and characterization of a promoter sequence
of Mecl gene coding for Pt2L.4, a glutamic acid-rich protein differentially expressed in
storage roots. /n silico analyses revealed some putative cis-acting regulatory elements and
transcription factor-binding sites within this promoter sequence, such as root-specific ele-
ments. Results about the Mec! promoter functionality are presented.

MATERIAL AND METHODS
Plant material

Cassava (Manihot esculenta Crantz) leaves were kindly provided by Dr. Eloisa
Cardoso from EMBRAPA Amazonia Oriental (EMBRAPA-CPATU, Belém, PA, Brazil).

Promoter sequence isolation by inverse polymerase chain reaction

Genomic DNA was isolated from cassava leaves using a Purelink Plant Total DNA
Purification Kit and quantified using a Qubit fluorimeter, both supplied by Invitrogen Life
Technologies, following manufacturer instructions.

Samples containing about 10 pg genomic DNA were totally and separately digested
with Haelll, Dral, and Hphl restriction enzymes. After phenol:chloroform:isoamyl alcohol
(24:24:1) extractions and ethanol precipitation, DNA fragments were self-circularized by
T, DNA ligase and used in inverse polymerase chain reaction (PCR). Two reverse primers
(Mec2-R: 5’actggctctgcettecttgggctette3’ and Mec3-R: 5’tcctcaggaagtgeagtetgtgetgt3’) and
one forward primer (Mec4-F: 5’gctgatgatgctccggetgaagtage3’) were designed according to
the Mecl cDNA sequence previously isolated and registered in the NCBI GenBank (accession
No. AY101376).

DNA fragments were amplified using Mec2-R/Mec4-F primers in the primary
inverse PCR and Mec3-R/Mec4-F primers in the secondary inverse PCR. The conditions
used in primary and secondary inverse PCR assays were: 5 min at 94°C, 30 amplification
cycles (1 min at 94°C, 1 min at 63°C, and 1.5 min at 72°C) and 20 min at 72°C for a final
extension. PCR assays were carried out using an Advantage 2 polymerase mix kit sup-
plied by Clontech (Palo Alto, USA). Amplified products were purified from an agarose
gel using a QIAquick Spin kit (Qiagen) and cloned into the pGEMTeasy vector system
(Promega Corporation).

PCR assays using Mec9-F (5’ggtgatgagaagagagactatttcgttgaca3’) and Mecl1-R
(5’tacctcagcagtagccatagtcageca3’) primers were conducted to obtain a contiguous pro-
moter sequence, which was amplified from non-digested genomic DNA and cloned into
the pGEMTeasy vector system generating the pMec1 plasmid. All clones were sequenced
using a Megabace Sequencer 1000 (GE Healthcare Life Sciences).

Sequence analysis

Nucleotide sequences were aligned using the BLAST algorithm (Altschul et al.,
1997) and the ClustalW program (Thompson et al., 1994). The TFSearch program was
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used for searching putative transcription factor-binding sites (Heinemeyer et al., 1998).
PlantCARE and PLACE Databases were used to determine plant cis-acting regulatory
elements (Prestridge, 1991; Higo et al., 1999; Lescot et al., 2002).

Constructs used in transient expression experiments

The 800-bp fragment containing the 35S promoter was released from the plasmid
pCAMBIA 3201 (CAMBIA, Canberra, Australia) by digestion with BamHI and Ncol. Prim-
ers Mec12-F (agggatccggtgatgagaagagagactatttcg) and Mec13-R (cagtagccatggtcageca) con-
taining BamHI and Ncol sites (underlined) were used to amplify the 970-bp Mec! promoter
from the pMec1 plasmid. After digestions with these two enzymes, the 952-bp fragment was
cloned between the BamHI and Ncol sites from pCAMBIA 3201, replacing the 35S CaMV
promoter, which generated the pPCAMBIA-Mec1 plasmid. As a negative control, the 800-bp
fragment containing the 35S promoter was released from the plasmid pCAMBIA 3201 by
digestion with BamHI and Ncol, and the DNA fragment vector was then self-circularized by
T, DNA ligase. As a positive control we used the PCAMBIA 3201.

Bombardment of bean embryonic axes

Explant preparation and particle bombardment were carried out according to pre-
viously described methods (Aragdo et al., 1996). Bean embryonic axes were surface and
transversally bombarded separately with three plasmids: pCAMBIA-Mecl, pCAMBIA
3201 and pCAMBIA 3201 with deleted CaMV 35S promoter. After bombardment (50
umol-m2-s!), explants were cultivated for 24 h at 28°C with a 16-h photoperiod on MS
medium. Tissues were analyzed for in situ localization of GUS activity according to meth-
ods described elsewhere (Jefferson et al., 1987).

RESULTS AND DISCUSSION
Isolation of Mecl promoter sequence by inverse polymerase chain reaction

Our goal in this study was to isolate a promoter sequence of Mec/ gene differ-
entially expressed in storage roots of cassava by inverse PCR. The ability to drive gene
expression in a tissue-specific manner is an important factor in transgenic crop biotech-
nology.

To achieve this goal, genomic DNA samples were digested with Haelll, Hphl, and
Dral, self-circularized by T, DNA ligase, and used in inverse PCR. Figure 1 depicts a par-
tial sequence of Mecl cDNA (GenBank accession No. AY101376) indicating the primer
sequences used in inverse PCR. Restriction enzymes Haelll and Hphl cut the Mecl cDNA
sequence at 309- and 632-bp positions, respectively, while there is no site for Dral within
this sequence.

DNA fragments with 350, 1400, and 1500 bp were amplified by inverse PCR us-
ing genomic DNA digested with Haelll, Dral and Hphl, respectively, according to analy-
sis on an agarose gel electrophoresis (data not shown). A 970-bp fragment was amplified
from non-digested genomic DNA by conventional PCR using Mec9-F/Mec11-R primers.
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Comparative sequence analysis showed that all amplified fragments corresponded to the
genomic sequences of the Mec! cDNA.

1 ACCATCTCTCTCTTTCTGETC TCTCCTTCCTGTTTSC TTCTCAGC TTTATTTTTTAGTTTC 60

61 TATTTCCTTGGC TGACTATGGC TAC TG TEAGETAGTAACAGCACAGAC TGCACTTCCTE 120
Meci-R

121 AGGRRARACCAGCTGAAGAAGTGARGGTTTCAGAGATTGTAACAGAAGRGGCAGCACCAG 180

181 CRGTRGRGCCRGTTGCEGAAGRGCCCRAGGRRGCRGAGCCRGTTGCRGTRTCTGRAGRGC 2410
MecZ-R

241 CRAAGGAGGCTGATGATGCTCCGGCTGAAGTRGQQGTTGAARCTRAAGAGGTTGTAGRAG 300
Mecd-F

301 TTGERAGHGGCCRAGACTGTGACAGARAGRGCCARCAGTAGRGAARRCTGARGARGARGREAS 360

261 AGACTCCTRAAGEAAGRARCACARAGACTGTGACAGARGAGCCARCAGTAGAGARRACTGAR 4210

421 GRAAGRRAGARGAGACTCCTRAGEARAGARECACCAGAGCCTETGETTGTTRAGGAGRCTCCT 480

481 ARAGAGGARACCAGCAGCAGAGACCGTTETTIGTGGAGGC TCCCARAGAGACAACCGAGGECT 540

541 GCAACTGAGECAGAAGCACCGGIACCGERAATCCGCACCAGCATCAGCATCGEARACTCCA 600

601 GCTSARGRAGRAGTTCCARAGEAGEAAGAMGETGAT

Figure 1. Partial sequence of Mec! cDNA (accession No. AY101376) with Mec2-R, Mec3-R and Mec4-F primers
used in inverse polymerase chain reaction. Initiator ATG is in bold. Haelll and Hphl sites are boxed.

In Figure 2, the final genomic sequence of Mec! gene is depicted, as obtained here and
registered in the NCBI GenBank (Accession No. FJ688171). The fragment amplified from ge-
nomic DNA digested with Haelll contained 37 bp downstream from Mec4-F primer and 282 bp
upstream from Mec3-R primer. This 282-bp sequence contains a very short promoter sequence
(49 bp) due to the presence of one site for this enzyme (GGCC) located at 121 bp upstream
from initiator ATG. In addition, an intron sequence with 136 bp was identified by comparison
with cDNA sequence (Figure 2). The fragment amplified from genomic DNA digested with
Dral contained 737 bp downstream from Mec4-F primer and 677 bp upstream from Mec3-R
primer, while the fragment obtained from genomic DNA digested with Hphl contained 361
bp downstream from Mec4-F primer and 1109 bp upstream from Mec3-R primer. Compara-
tive sequence analysis showed that all sequences amplified upstream from Mec3-R primer and
downstream from Mec4-F matched with the Mec! cDNA sequence previously isolated.

PCR assays using Mec9-F/Mec11-R primers generated a contiguous genomic DNA
fragment that contains the Mecl promoter sequence (Figure 2), confirming that the inverse
PCR methodology was efficient in the isolation of this promoter.
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1 GETGER EEAGAAGAGAGACTATTTCGTTGAC GRRACGATAAGGATATTTARTAGAT a0
Mec9-F

a1 ATGARRARAAAGATARAGACATTTTAATATATTTATGARRATATAGGGAGGGRCGRTTTCGT 120

121 TGACGGAAAGARACGATGAGGAGAGACTATTTCATTGACGEGARAGARARTGRATGRGRRAGGG 180
181 ACTATTTCOTTGACGGARAGARACCATEAGGATGGACTATTTCGTTARCGGRRRGRRACG 240
241 ATAAGGACGTTTTAATAGATATGAGAARAGATAARGGACTATTTCATTGACGGARAGAAAC 300
301 ATARGGACGTTTTACTAGATATGAAAAAGATARARACGTTTTAATAGATTTTTGARAATA 360
361 TATGGACTARCTTGTTAATAATAGTAATATCCAGGACTRAAATAAGGGGTTTTAATTGAGG 420

421 CTARAATTGGAT ATTTTCTCTAGCCTCCTTTATTTAATTTTAATGARRRAGA 480

SBF-1
481 GGACGGEARGGACTATTTCCTTGACGGARRRAARARTATRAGGACGTTTTARTAGGTTTCTA 540

541  ARAATATAGGGACTGRCTTGTTAATAATGACAARTARTCAGGGACTARATTGTARATCTCC 600

SBF-1
601  CAATATATATTTACTATTTAGAARAGCATTAATATATTATATATTTTCRACRAGTTGATRATA 660

661 ATTGATGACGAAGRAATCTCATCCATCTAGC TACARGATCAACTTGTTTARCATTAGTAT 720
721 CRACCATTTIGCCATTTCTCTTTCATTICAGTGAGATCGAGGECETCARRTCCCARGATTICC 780
781 TCTTTCTTAAGTGCTCCCACCTCGTTCTCTTTCATACATGAACTTCTTCAATTC 840
841 TCTATATARGCCACTCTTATTCATCCTCTCTCTGCACCATCTCTCTCTTTCTGTCTCTCC 300
901 TTCCTGTTTGCTTCTCAGCTTTATTTTTTAGTTTCTATITCCTIGGCTGACTATGGCTAC 560

Mecll-R
961 TECTGAGGTAACCCATCAATCATTTCTIGTTARGCTTTGATTCAGGTTCTTGATTTTAAT 1020

1021 TATTGATCTCATTAGTTICAGCAGCTTTACATGATARTGARAGAATTTTATCTTARAGAT 1080

1081 CTTTTGATCAATTTTGATTTTAGGTAGTAACAGCACAGACTGCACTTCCTGAGGAR
Mec3-R

Figure 2. Genomic sequence of Mecl cassava gene (GenBank accession No. FJ688171) with Mec3-R, Mec9-F and
Mec11-R primers’ positions. Start codon and TATA-box are in bold. Intron sequence is underlined. Sites for Haelll,
Dral and Hphl enzymes are boxed. Bold letters underlined with dashed arrows indicate putative SBF-1 binding sites.

In silico analysis of the Mecl promoter sequence

Cis-acting regulatory elements are important molecular switches involved in the tran-
scriptional regulation of a dynamic network of gene activities controlling various biological
processes, such as response to hormones and abiotic stress and developmental processes. /n
silico analysis has been used with success in the identification of putative regulatory elements
in plant promoters (Wei-Min et al., 2005; Pujade-Renaud et al., 2005). In order to identify
putative transcription factor binding sites and conserved plant cis-acting regulatory elements,
the 952-bp MecI promoter sequence was analyzed using TFSearch algorithm and PlantCARE
and PLACE databases.

Analysis using TFSearch algorithm with a threshold score of 86.8 revealed two pu-
tative binding sites for SBF-1 within Mec/ promoter sequence (Figure 2). SBF-1 protein
regulates chalcone synthase gene expression in maize (Lawton et al., 1991), an enzyme that
catalyzes the first reaction specific for the biosynthesis of flavonoid compounds, which have
important functions in the development of the plant and in interactions with its environment.

Sequence analysis showed that a TATA box (TATATAA) is located 103 bp upstream
from initiator ATG (Figure 2). Many known regulatory elements were identified in Mec! pro-
moter (Table 1); some of these were also found in C54 promoter sequence, such as many light-
responsive elements and binding sites for SBF-1 (Zhang et al., 2003).
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Table 1. Putative cis-acting regulatory elements identified in the MecI promoter by in silico analysis search

against PlantCARE (PC) and PLACE (P) databases.

Element

Database (ID) Position Strand

Expected function

A-box
ACE-box

AE-box
Box-1
Box-4
CAAT-box

CAT-box
CCGTCC-box
CGTCA-motif

GAG-motif
GATA-motif

I-box
MBS
Skn-1-motif

Spl
TC-rich repeats

Circadian

SPBF TACTATT-motif
ATATT-motif

AAAG-motif

CTCTT-motif

PC
PC

PC
PC
PC
PC

PC
PC
PC

PC
PC

PC
PC
PC

PC
PC
PC

P (S000184)
P (S000098)

P (S000265)

P (S000468)

480
332
435
294
350
626
153
424
570
587
599
600
660
834
849
480
120
155
190
286
500
665
877

37
236
266
268
648
566
664
103
440
112
696
612

48

87
607
633
640

33

67
162
197
232
267
326
476
622
738
806
854
884

+

+ o+

+ o+

R T T T T S o S S S S S S

Cis-acting regulatory element
Cis-acting element involved in light responsiveness

Part of a module for light response

Light responsive element

Part of a conserved DNA module involved in light responsiveness
Common cis-acting element in promoter and enhancer regions

Meristem expression
Meristem specific activation
Methyl jasmonate responsiveness

Part of a light responsive element
Part of a light responsive element

Part of a light responsive element
MYB binding site involved in drought-inducibility
Endosperm expression

Light responsive element
Cis-acting element involved in defense and stress responsiveness

Cis-acting regulatory element involved in circadian control

SPBF binding site required by sporamin storage root expression
Expression in roots

Core site required for binding of Dof proteins

Element characteristic of the promoters activated in infected cells of root
nodules

The orientation of elements is indicated (+, forward; -, reverse).
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According to our previous results, Mec! transcript is predominately found in second-
ary xylem and starch-rich parenchyma cells of storage roots, and Pt2L.4 is a protein involved in
secondary growth of the underground storage organ (De Souza et al., 2006). Interestingly, sev-
eral ATATT-motifs required for vascular expression in roots (Elmayan and Tepfer, 1995) were
identified in the Mecl promoter gene. These motifs were initially found in the promoter of rolD
genes, which are preferentially expressed in roots compared to leaves, and more specifically in
the root elongation zone and vascular tissue. ATATT-motifs were also found in two promoters
from Hevea brasiliensis that showed an expression in vascular tissues of roots in transgenic rice
(Pujade-Renaud et al., 2005). A root-specific regulatory element was also identified in the Mec!
promoter, such as an SPBF-binding site, required by sporamin gene expression, a major protein
in tuberous roots of [pomea batatas (Ishiguro and Nakamura, 1992, 1994).

Based on the expression pattern of the Mecl gene (De Souza et al., 2004, 2006), we can
hypothesize that putative cis-acting regulatory elements found in the Mecl promoter modulate
its gene expression in vascular cambium and starch-rich parenchyma cells, participating in some
mechanisms related to secondary growth. Storage roots develop from primary roots through cell
division and differentiation of parenchyma cells of the secondary xylem, which is differentiated
from meristematic cells of vascular cambium (Rateaver, 1951; Castilloa et al., 1997). According
to Northern blot experiments of five different tissue layers of cassava storage root (L1 to L5),
Mecl expression initiates in L2, composed of phloem and vascular cambium (De Souza et al.,
2006). In addition, we found no Mec! expression in stem peel, which contains phloem.

Another regulatory element identified in Mec! promoter sequence is the CTCTT-motif
found in promoters activated in infected cells of root nodules (Vieweg et al., 2004; Fehlberg et
al., 2005). Since some cellular and molecular processes occurring during storage root formation
are also common features found in nodulation/tumorigenesis-related tissues (You et al., 2003), it
is possible that in cassava these elements are important for mechanisms related to root tuberiza-
tion. Also, we found that Pt2L.4 protein has 44% of identity with agl3 protein (data not shown)
expressed in the pericycle of the nodule vascular bundle of Alnus glutinosa (Guan et al., 1997).

The AAAG-motif is a core site required for binding of Dof proteins, a type of zinc
finger regulatory protein that plays diverse roles in plants (Yanagisawa and Schmidt, 1999;
Yanagisawa, 2000). Recent studies have revealed a potential role of zinc finger proteins in
storage root formation in cassava and sweet potato, showing that their genes are developmen-
tally regulated during this process (De Souza et al., 2004; Tanaka et al., 2005).

Functional evaluation of the Mecl promoter by transient expression experiments

Transient expression experiments have been efficiently used in the functional
evaluation of plant promoter sequences (Loake et al., 1991; Bansal et al., 1992; Chibbar
et al., 1993; Pinto et al., 2002).

In order to analyze the activity of the promoter sequence isolated here, the pPCAMBIA-
Mecl1 construct was generated, which contains the GUS reporter gene under Mec! promoter control.
The germinating bean embryonic axes were then bombarded with this construct and GUS activity
was analyzed by in situ localization. GUS expression under Mec! promoter control was histochemi-
cally determined in vascular tissue, stem pith and epidermal cells of embryonic axes 24 h after par-
ticle bombardment (Figure 3). On the other hand, no GUS activity was visualized in embryonic axes
bombarded with the pPCAMBIA 3201 plasmid with the 35S promoter deleted, our negative control.
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Figure 3. Detection of GUS activity in bean embryonic axes bombarded with the pPCAMBIA-Mecl (b, e, f),
pCAMBIA 3201 (c) and pCAMBIA 3201 with deleted 35S promoter (a, d). Bars = 0.5 mm.

This result showed that the 952-bp fragment from the cassava Mec! promoter is long
enough and that it also contains enhancers and regulatory elements, such as TATA and CAAT-
box and box regulatory elements related to meristem activation and expression, necessary to
ensure GUS expression in this heterologous system. Interestingly, a distinct pattern of GUS
activity was observed in the central region (vascular tissues) of bean embryonic axes bom-
barded with pCAMBIA-Mecl plasmid in contrast to the constitutive 35S CaMV promoter,
where the most expression was found in epidermal and parenchymal cells. This observation
indicates a tissue-specific pattern of this root-promoter, which is consistent with our previous
results demonstrating that the Mec! cDNA is preferentially expressed in secondary xylem (De
Souza et al., 2004, 2006) and that several ATAT T-motifs are required for vascular expression
in roots identified by in silico analysis. However, additional studies are essential to elucidate
the functions of these elements in the tissue-specificity of the Mecl promoter sequence.

CONCLUSIONS

In this study, the isolation and characterization of a promoter sequence of Mecl gene
coding for the Pt2L4 glutamic acid-rich protein of cassava was reported. Results obtained
from transient expression experiments showed that this promoter sequence is functional, and
therefore, it is suitable for further experiments, including stable genetic transformation of
model plants. In addition, the results obtained from computational analysis can serve as a
guide to establish these functional experiments in order to identify regions exhibiting a tissue-
specific Mecl promoter activity. The DNA sequence identified here is a new promoter that can
be a potential candidate for genetic engineering of cassava roots.
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