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Abstract Forisomes are mechanoproteins that function as
valves in the phloem sieve tubes of the Fabaceae. Changes
in the Ca”" level that occur after wounding trigger an
instantaneous switch between the condensed and dispersed
conformations, allowing forisomes to seal the sieve plate
pores of injured sieve elements. Recently, three genes
encoding forisome components from Medicago truncatula
were identified [Medicago truncatula sieve element occlu-
sion 1 (MtSEOI), MtSEO2 and MtSEO3] and MtSEOI
expression was shown to be restricted to immature sieve
elements. Here, we present a detailed molecular analysis of
the MtSEO2 and MtSEO3 promoters and show, through
reverse transcriptase-polymerase chain reaction and
reporter-transgenic experiments in M. truncatula roots and
tobacco plants, that their expression profiles are comparable
to MtSEQOI. The impact of these data on the likelihood of
MISEO gene co-regulation by common transcription factors
is discussed.
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Abbreviations

CcC companion cell

GFP  green fluorescent protein
GUS  B-glucuronidase

Mt Medicago truncatula

SE sieve element

SEO sieve element occlusion

Introduction

Forisomes are ATP-independent mechanoproteins found in
the phloem sieve tubes of leguminous plants (Fabaceae).
Wound-induced increases in the level of intracellular
calcium cause forisomes to undergo a rapid conformational
change from a condensed to a dispersed state, sealing the
conducting tubes and preventing the loss of photo-
assimilates (Knoblauch et al. 2001, 2003). Remarkably,
this conformational change is fully reversible after wound
repair (Knoblauch et al. 2001). The evolutionary impor-
tance of forisomes was recently showcased by a compre-
hensive analysis of the aphid saliva proteome, which
identified a number of calcium-binding proteins that
probably absorb free Ca*" ions in order to preserve the
contracted forisome state and allow continuous feeding
from the phloem (Will et al. 2007).

The forisomes (formerly crystalline P-proteins; Behnke
1991) are grouped according to the presence (group 1) or
absence (group 2) of tail-like protrusions at both poles of
the protein body (Lawton 1978a, b). Their size differs
according to the plant species, e.g. a diameter/length ratio
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of ~3/10um in Medicago truncatula and ~6/30 um in Vicia
faba (Knoblauch et al. 2001; Noll et al. 2007). The
ultrastructure of forisomes has been described in detail
(Palevitz and Newcomb 1971; Wergin and Newcomb 1970;
Lawton 1978a, b; Arsanto 1982), and recent investigations
describe a fibrillar substructure packed into large, compact
bundles (Schwan et al. 2007a, b). These bundles appear to
be twisted, as shown by atomic force microscopy using a
specially sharpened tip (Jaeger et al. 2008). The complex
macromolecular structure of forisomes suggests the pres-
ence of multiple proteins, and the three M. fruncatula genes
designated MtFORI, MtFOR2, and MtFOR3 were subse-
quently shown to encode forisome components (Noll 2005;
Noll et al. 2007). The genes were renamed Medicago
truncatula sieve element occlusion 1 (MtSEOI), MtSEO?2,
and MtSEO3 (Pélissier et al. 2008) to avoid confusion with
the Arabidopsis thaliana FOR gene family. Green fluorescent
protein (GFP)-tagged versions of the MtSEO1, MtSEO2, and
MtSEO3 proteins were shown to incorporate into wild-type
forisomes (Pélissier et al. 2008).

The expression of MtSEOI is restricted to immature
sieve elements (Noll et al. 2007), where forisomes first
appear during plant development (Palevitz and Newcomb
1971; Wergin and Newcomb 1970). Here, we show that
MtSEO?2 and MtSEO3 are also expressed in immature sieve
elements with expression profiles very similar to MtSEO].

Materials and Methods
Plant Material and Cultivation Conditions

Medicago truncatula cv. Jemalong genotype Al7 seeds
were kindly provided by Dr. Alfred Piihler (University of
Bielefeld, Germany). After germination, plants were cultivated
in a growth chamber at 22°C with a 16-h photoperiod and a
light intensity of 200 uE m s ™', Nicotiana tabacum var. Petit
Havana SR1 plants were maintained in a greenhouse at 25°C
with a 16-h photoperiod.

Preparation of Genomic DNA and Total RNA

Genomic DNA was prepared according to established proto-
cols (Doyle and Doyle 1990). Total RNA was isolated using
the NucleoSpin® RNA Plant Kit (Macherey-Nagel, Diiren,
Germany) following the manufacturer’s recommendations.

Cloning and Design of Promoter—Reporter Constructs

The MtSEO2 promoter (PMtSEO2) was amplified by
polymerase chain reaction (PCR) from M. truncatula cv.
Jemalong A17 genomic DNA using sequence information
available in public databases (National Center for Biotech-

nology Information, http://www.ncbi.nlm.nih.gov) and the
primer combination P2 forward (5-CAA ACA ATG CAA
ATG AAC-3") and P2 reverse (5'-TGATGA TTT GTT TAT
AAA TTA A-3"). Due to the lack of sequence information
in the above databases, the MtSEO3 promoter (PMtSEO3)
was obtained by genome walking using the BD Genome-
Walker™ Universal Kit (BD Biosciences, Clontech,
Mountain View, CA, USA) in combination with the
walking primer 5'-GCT GAC ACA TTA CTT ACA AGT
GAA GAT GG-3'. All fragments were cloned in the pGEM-
T vector system (Promega, Heidelberg, Germany) and
verified by sequencing (Sanger et al. 1977).

The MtSEO2 and MtSEO3 promoter-3-glucuronidase
(GUS) constructs were generated by reamplifying the
promoter sequences from the pGEM-T constructs
described above, digesting the products with appropriate
restriction endonucleases (EcoRI and Rcal for
PMtSEO2, EcoRI and Ncol for PMtSEO3) and inserting
them into the corresponding restriction sites of pUC103-
GUS (kindly provided by Dr. Klaus Fritze, Cologne) to
obtain PMtSEO2-GUS and PMtSEO3-GUS, respectively.
PMtSEO2 was amplified using forward primer 5'-AGA
GAA TTC CAA ACA ATG CAA ATG AAC-3' and
reverse primer 5'-AGA TCA TGA TGA TGA TTT GTT
TAT AAA TTA A-3', and PMtSEO3 was amplified using
forward primer 5'-AGA GAA TTC CAA TCC ATT GCT
TGT TAT CGC AAT C-3' and reverse primer 5'-AGA
CCA TGG TAG GCC AAG AAA GTT ATT ATA TCT
CTC TTT GG-3' (restriction sites underlined). For
transformation, both promoter-GUS constructs were
inserted into the EcoRI/HindIIl sites of binary vector
pBIN19 (Bevan 1984) to obtain pBPMtSEO2-GUS and
pBPMtSEO3-GUS, respectively.

Promoter-GFPgg constructs were generated using the same
strategy, with forward primer 5'-AGA GGT ACC CAA ACA
ATG CAA ATG AAC AAA-3' and reverse primer 5'-AGA
CTC GAG TGA TGA TTT GTT TAT AAA TTA A-3' for
PMtSEO2, and forward primer 5-AGA GGT ACC CAA
TCC ATT GCT TGT TAT CGC AAT C-3' and reverse
primer 5-AGA CTC GAG TAG GCC AAG AAA GTT ATT
ATA TCT CTC TTT GG-3' for PMtSEO3. Both products
were digested with Kpnl and Xhol (restriction sites under-
lined) and inserted into the corresponding sites of pPBSGFPgr
(Noll et al. 2007) to obtain PMtSEO2-GFPgr and PMtSEO3-
GFPgg, respectively. For plant transformation, both promoter-
GFPgR constructs were inserted into the Kpnl/HindIII sites of
binary vector pBIN19 (Bevan 1984) to obtain pBPMtSEO2-
GFPgr and pBPMISEO3-GFPgg, respectively.

Plant and Root Transformation and Expression Analysis

The binary vectors described above were transferred into
Agrobacterium rhizogenes strain NCPPB2659 and Agro-
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Fig. 1 a Computer-assisted
comparison of the nucleotide
sequences of PMISEO],
PMSEO2, and PMtSEO3. For
each individual promoter, the
adenosine residue of the putative
translational start codon ATG
(indicated in bold letters) is
designated as +1. Gray boxes
mark the putative TATA box.
Potential binding sites are
shown for DOF (underlined and
bold italic letters) and HD-ZIP
(white letters in black boxes)
transcription factors. Asterisks
indicate identical nucleotides in
the promoter sequences. b
Percentage sequence identities
between MtSEO promoters and
other vascular-specific
promoters
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a
PMtSEO1 -GTCCATT---------=-=-==-=--- CGTA----- CATGCAGAAA-AGAAAGATGCCAAAGT
PMtSEO2 CAAACAATGCAAATGAACAAAATTACTTGCTGAAACTCAAACACACCAATTTTG -AT
PMtSEO3 ----CAATCC-------- ATT---GCTTGTT- -ATCGCAATCATACAAATATTC- - - -TT
P * Kk % ok k% * *
PMtSEO1 AAATGTTATAAGAGTTCTTAAAATACTCAT-GTT-TCTTACA- -~ -------=-------
PMtSEO2 C------ ATAATGGTTA-AATTAT-CCCG-TGTGATCTTCTCTAGGCATGCAATGATTTC
PMtSEO3 CTTCTTTTTAACCTTTAGTAGTAA-ACATTTATTC-CTTCTATTAGCAARAAAAG- - -AA
T kkx  wx % % [ —
PMtSEO1 - - -TATATGTAATTTCTTATAATTTTGGATACAT-ATTAACTTTAATATATCTTATAA- -
PMtSEO2 ACGCATA----CTT----- AAT-TTTTCTTTCAA-ATCACTC- - -ATTCATATTATA- - -
PMtSEO3 ACATATAT-TCCTTCCTTCAATGTTTTGATACAAGAATAACCATAAT CTTTGTCAAAAGC
ok - K kkk K kx % % ek x ok ok x
PMtSEO1 ~ ----- TTTCTTACATTTTCTTAATATGTCAGTGCATTTGAAAATTTATTTTTT CTTTACC
PMtSEO2 - - TTCTCATATTTG- - -CAAAAT -
PMtSEO3 AAAAGCTGCGGGANNVNNRN TAAAATACCGATACT - ACCCCTAATGATTAGGGCCTAATC
- k% %
PMtSEO1 AAGTTAT- - - -ACTC-TTTAACT- - - -TGGTC-------- AACCTAAACTTAATTTTTGA
PMtSEO2 -TTGCCCACATAATATTTCCATCTATG- - -C- - - - -GATCCCCATTCAACAACCATGGTT
PMtSEO3 ACCTCATGAAT - - - - CATGAACATACGAGGTTTTAAGAGCCACACACARATAAAGTTGGT
% N x  x *
PMtSEO1 CTC------- CATCTTTGAGTGTATAAATT-GATCAATTTCTTTTCATGA-TTAAAATTT
PMtSEO2 CATGTAAAAAAGT CTTTAAAAATATCAATTCAATCACCCCCTAAACACA-ATGAGA----
PMtSEO3 CAACAT--AATGTTT------ TTCTAGGCTA-ACATATTTTATTTTTTCTTTATTT----
* - * x * ox i
PMtSEO1 ACATGAATCTAATGTTATCGTT-TGAGAAACACAA-TCATAACAAA--AGA-ATGTAATG
PMtSEO2 ---TGTTTTTTAGATAGTCGAAATGAGAAA -GTTATTATAAACTT: -CATACATAAGT
PMtSEO3 ---TGTTTCTTAG-TT-TCAGT-TGATTTA-ATGG-TTTTTACTTTTTAGAGTTATAATT
Kk Kk kR xRk KEk x * Praas * .
PMtSEO1 TGAG--CTGCTTCTTTTTTTTTTTTAAATCGGGGTAAAATCCATTACGGAACAAGTGAAA
PMtSEO2 GGAGGCGTCTGAGTTCGAACCCTGGACATGACGTCCGAACAAACA- - - - - - ATTTCGA-
PMtSEO3 TGG--TTTTTTTTTTTTTATCTTTTTTTTTTTGGTAGATTTTTTT------- TTTTTTAT
* * . e - * *ox
PMtSEO1 ATTTAT----- AC---AATACGTTGATTTTTTCTCAAATATCCCACGACCCCACGACCTC
PMtSEO2 CATTTTATTAG- -TTGA- - - -GCTAAGACTTGTGGACAAACACAAT-- - - - GAGATTGAG
PMtSEO3 CTTTATCTTGGACTTTAATATGCTCATTTTTGTTTA-AATTGCAAATA - TAGAGAAGGAC
Fra * P - - *
PMtSEO1 CCCATAG-CAA-ATATAT-TACACTCTACCATGTTTTCGTCAATAT - - -ATATAG-CATT
PMtSEO2 AATAT- - - TAAATTATCGGGAC-- - - - ACAATCTAAAAATAAATAAATTAAAGGGAC-TA
PMtSEO3 AACATTGGTATAATTTTTGTACATGATAATTTTTAAAATAGTAAAAATGAGAAAGACATA
o . ok P * o* N
PMtSEO1 GAACTCCCTCTTCCTTTCTCATTCTCGATGATATGAG- - -ACTTGTTCGAAGATTTTAT -
PMtSEO2 CAAT------- TAAAAC-TTCTCAATTGTCATATG-GACCA-------- AAAAAACATAA
PMtSEO3 CAATATTTTATTGAAAT-TTATTAAAAATAATAAGAGTCCACCTT-TTGACTATTTTTTA
* x * * * * kkk Kk K * * *
PMtSEO1 ----TTATTTTTTAATCAACTCTAACAT----- GTTTAAAGTTAT----AC----TAAGA
PMtSEO2 G----TAAT---CCAATAAAAATAAAGTAAACAGAGCATATTTATT----CATT------
PMtSEO3 GAGGCTAATATTAAATGAACTCTAAAAAAATAAGAGACTATTTATTGAAACAATATAAGA
ok ox * k% k% * * kkkx *
PMtSEO1 TTTGTTGTAAGATTTCGTCATGAATAAAGCATCTTT- - - -ATTGATCAGTA----TT
PMtSEO2 ------TTTCTTTTTCTTTACCAATTG-GCATGTTACTAT - -ACTTCAAAAGCAAAAGTT
PMtSEO3 G-----ATAACATTAATATATAAATTT- - CATTATATCAACAACTTTGAAACCAAAAAAT
* - * Kk Kk ok Tex ok % *
PMtSEO1 [ TGTACCA-TTAAGGAATAT----- ATTTTTGTTCTTTC- - CTTGGAGA
PMtSEO2 - - - -CCATGGAATACTCAAATTAACAAACCTTCCTGAAGTTTGTTCTTTGT - - - CGTATT
PMtSEO3 AAAAACATG- - - TGCTCCAAGTTA-AAAT - - TTTTAAAAAT - - TTAATTGATCAACTAAT
Kok ok ok K Ak Kk Ak Rk *
PMtSEO1 CATAACATTTTTCTCCAGTTATTTTATT-------~- TTACTTTTTCCTATT-ACAACAG-
PMtSEO2 GAAAACAAAAAACARAAAAGAATGTGTACATAAGTTTGTACTTTGTCGTATTGA- -~~~ - A
PMtSEO3 AAAAAAA-TTAAGATAAGGGATACAATTGAA----- -~ ACTTTTTTGTTTCGACAAGAGA
PR PR KEREE K K Kk
PMtSEO1 TGGAA-TGAAACTATCTTTTATAAAGT - - - -TTTGTGARAA---------=---~ TCCCAA
PMtSEO2 CACAA---ARA- - - -CAAAAAGAATATG- - - TTTCGTCAINNYNNE TCAGTTAAATGACAA
PMtSEO3 TATAATTGAAA- - - -CTTATAGAATTTTTTTTTTTTTAAAAAAGGACGAAT;
Kk kR * * okx ok Kk ok Rk * *
PMtSEO1 GCARAAAGACATTCATATCGTAAGC- -ATTTTACGTG- - -ACT-AATGAAG- -CCTA-TA
PMtSEO2 TGAAAT- - - CCCTAATATA- - AATCCAATTTCACATACCAACA-AACATAG-TCATG-TG
PMtSEO3 TTTAAG- - -GTCTTA-CTA- -GTGACTATTTTAAATTTGTGTAGAAGATATTTCAAGCTA
o . Kkkk ok ok ko ox x *
PMtSEO1 AGGGGCATTTTCTGAAAATCATATCAGAGTGGCATGTTTCACACCTGAACAAGGCCCCAT
PMtSEO2 AGGG-TATATTATGAAAACCACATCATAAAATCATGTTTCAC--GTTTATAGACCACTAA
PMtSEO3 ATAT-TATAATTTAAAACTCTAAT - -TAACATTAAGTTAGA------ TAAAGGACAACCA
* Kk ok ok KRk xRk ok K okkx ok T ox
PMtSEO1 T--AGAAGCT-ACCAAGTATATTTTTT CTTTATATTCAAGTAAAACACARATCTTAT-AT
PMtSEO2 TGAAGAAGCT-ACCTTGTTTATCT---- - TTATTTTTTACTTT------- TACTTTT-AG
PMtSEO3 TGTATTTCATCACCTTCTTTTTATA- - - -GTATCTCTTTCGAA------- AACTTGTCAT
o K okkkx x ok x P Kkk ok ok
PMtSEO1 ACTAAAGTAGTTATGCCAAGTG-TAAACTCTTATGACTTTAGAGGC-TATAAATATGTGG
PMtSEO2 AA----ATATTTG----- TCTGTTAAAC- - - -ATG- - - - -TCAAG- -TATAARATA- - - -G
PMtSEO3 AC----AAA-TTA----- AGTG-TAAACTGTTATCTATTCTCAACCTTATAAATA- - - -G
* - Kk kkk ok o * ok k ok kK *
PMtSEO1 TGGGAGCACCAATACTACA--ACACAAAGT - - -ATCCTTATTCACTATAA- -GTTAAAAA
PMtSEO2 AGGAAGCACCTATCAGAAATTAAGCAAGGTGAGATA-ATTAATTTCCTAA- - -TTACTTA
PMtSEO3 GGCAAGCAACAAA-AGAACA-ARAACA- - -TCACTTGCAACAAAACCATAGTAGCTCCAAA
K kERE ok K % *oxx x * . * *
PMtSEO1 TAT-ATATTTGATAATAGCCTAAAGTTGAATTTATCAATATG
PMtSEO2 TATCAAATCTTATTAATTTATAAAC- - - AAATCATCACCATG
PMtSEO3 GAG-AGATATAATAACTTTCTTGGC- - -CTAA- -
Kk Rk ok Rk X
+1
b
PAtSUC2 [PCmGAS1| ProlC PCFDV
PMtSEO1 40,6 39,0 35,2 32,3
PMtSEO2 42,6 41,5 35,5 35,3
PMtSEO3 46,8 42,4 39,2 34,9
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bacterium tumefaciens strain LBA4404. Transgenic M.
truncatula roots were generated according to established
protocols (Collier et al. 2005) with A. rhizogenes. Genetic
transformation of N. tabacum cv. SR1 plants was carried
out by A. tumefaciens-mediated leaf-disk transformation
as described (Horsch et al. 1986). GUS activity was
detected using 5-bromo-4-chloro-3-indolyl-(3-d-glucuronide
without an oxidative catalyst according to established
protocols (Jefferson 1987). GFPgr expression in immature
sieve elements was monitored with a confocal laser
scanning microscope (CLSM; excitation 488 nm, emission
509 nm; Leica DMIRE2, Wetzlar, Germany). Prior to
analysis, the abaxial epidermis of the petiole midrib was
removed. The nuclei of immature sieve elements were
visualized by vacuum infiltration of Bisbenzimide H
33342 (5ug/ml; Fluka, Munich, Germany) solubilised in
sodium phosphate buffer (pH7) supplemented with 0.1%
Tween-20 (Fang and Spector 2007). Nuclei were
visualized by CLSM (excitation 355 nm, emission
470 nm). Sieve plates were counterstained with a
0.01% aniline-blue solution according to established
protocols (Thompson and Wolniak 2008) and visualized
by CLSM (excitation 364 nm, emission 470 nm).

The progression of MtSEO2 and MtSEO3 gene
expression in M. truncatula was monitored by reverse
transcriptase (RT)-PCR on total RNA from leaves at
different developmental stages (young, medium sized,
fully developed). After first-strand cDNA synthesis by
the reverse transcription of 1pg total RNA in the presence
of an oligo(dT) primer and 1ul SuperScript™ II reverse
transcriptase (Invitrogen, Karlsruhe, Germany), the
remaining RNA was digested using two units of RNase
H (Roche, Penzberg, Germany) for 20 min at 37°C. A

1,329-bp MtSEO2-specific fragment was then amplified
with forward primer 5-AAC CTC GTC GGT ATC TCG-
3" and reverse primer 5-AAT GCA GCA ACT ATC TGG
ATC ATC-3’, and a 1,419-bp MtSEO3-specific fragment
was amplified with forward primer 5-TAT TGG GCT
ATC ATT ACT GC-3' and reverse primer 5-TCA AGA
CCT TTT CTC AAT CTG-3'. The housekeeping gene
GAPDH was amplified as a control using forward primer
5'-AGC TCA AGG TTA AGG ATG AC-3'" and reverse
primer 5'-TGG CCA AGG GAG CAA GGC AA-3'. For
the analysis of MfSEO expression in roots, cDNA was
obtained from total root RNA as described above. A
1,314-bp MtSEO]I-specific fragment was amplified with
the forward primer 5'-GTA TCG GAC TAT ACA CTATC-
3" and reverse primer 5-TCA TAT CTT GCC ATT CTG-
3" MtSEO2 and MtSEO3 mRNA was monitored in roots
by RT-PCR with the same gene-specific primers described
above. RT-PCR products were fractionated by non-
denaturing gel electrophoresis and visualized by ethidium
bromide staining.

Computer-assisted Analysis of Promoter Sequences

The MtSEO promoter sequences were aligned using the
Lasergene software package v7.1 (DNAstar, Madison, WI,
USA). Putative TATA box sequences were identified by
analyzing the corresponding genomic clone using the
FGENESH program (http://www.softberry.com). Core
binding sites for DNA-binding-with-one-finger (DOF)
transcription factors were identified using the PLACE
Web Signal Scan software (http://www.dna.affrc.go.jp/
PLACE/index.html; Higo et al. 1999), whereas core
homeodomain-leucine-zipper (HD-ZIP) binding sites were

Fig. 2 Analysis of steady-state
MtSEO2 and MtSEO3 mRNA

levels in M. truncatula. a
Leaves at different
developmental stages, L/ young
leaves, L2 medium-aged leaves,
L3 old leaves. Detection of
MtSEO2 (b), MtSEO3 (c¢), and
GAPDH (d) expression in the
leaves described above by
RT-PCR. Scale bars=0.5 cm



http://www.softberry.com
http://www.dna.affrc.go.jp/PLACE/index.html
http://www.dna.affrc.go.jp/PLACE/index.html

530

Plant Mol Biol Rep (2009) 27:526-533

a

MISEO1 MISEO2 MISEO3

@ Springer

Fig. 3 Analysis of MtSEO expression in wild-type and transgenic M.
truncatula roots. a Detection of MtSEOI, MtSEO2, and MtSEO3
mRNA in wild-type roots by semi-quantitative RT-PCR. b PM(SEO!-
driven GFPgr expression in several “pipeline-like” assemblies of
fairly narrow, elongated cells located within the phloem of the
vascular bundle of a pBPMtSEOI-GFPgr-transgenic M. truncatula
root. ¢ A row of cells in a pBPMISEOI-GFPgr-transgenic M.
truncatula root displaying the characteristic end-to-end connection of
sieve elements. Fluorescent sieve elements from pBPM{SEO-GFPgg-
transgenic (d), pBPMtSEO2-GFPgg-transgenic (e), and pBPMtSEO3-
GFPggr-transgenic (f) roots with aniline-blue stained sieve plates
(indicated by red arrows). g Immature sieve element with vacuoles
(indicated by a blue arrow) from a pBPMtSEO2-GFPgr-transgenic
root. Scale bars=10um

identified by direct comparison with the elements described
for the AsSUC2 promoter sequence (Schneidereit et al.
2008).

Results and Discussion

Cloning and Sequence Analysis of the MtSEO?2
and MtSEO3 Promoter Regions

A 1-kb promoter region of the MtSEOI gene was isolated
recently and shown to drive gene expression specifically in
immature sieve elements (Noll, 2005; Noll et al. 2007). We
cloned similar sized fragments of the MtSEO2 and MtSEO3
promoters (designated PM(SEO2 and PMtSEO3) and
compared the three sequences (Fig. 1). Computer-assisted
comparison of the PMtSEOI, PMtSEO2, and PMISEO3
sequences (Fig. 1a) revealed an average of 46% nucleotide
sequence identity. Identical nucleotides were not concen-
trated in any particular region of the promoters but were
distributed evenly throughout the sequence, with the
exception of the putative TATA box. In addition (Fig. 1b),
the MtSEO promoters also shared sequence similarities with
other vascular tissue-specific promoters, such as the
AtSUC?2 (Truernit and Sauer 1995), CmGASI (Ayre et al.
2003), rolC (Schmiilling et al. 1989), and CFDV (Hehn and
Rohde 1998) promoters.

Recent in silico analysis of the companion cell-
specific AtSUC2 promoter identified potential binding
sites for HD-ZIP and DOF transcription factors, and site-
directed mutagenesis has shown that these binding sites
are essential for promoter activity (Schneidereit et al.
2008). Similar core binding domains for DOF and HD-ZIP
transcription factors are also present in the MtSEO
promoters (Fig. la). The core binding site of HD-ZIP
transcription factors is cAAT(A/T)ATTg (Sessa et al. 1998;
Schneidereit et al. 2008), and similar motifs are found in
PMtSEO2 (AATAATT, position —305) and PM1SEO3
(AATAATT, position —984; AATTATT, position —291)
but not in PM¢SEOI. In contrast, the typical core motifs
for DOF binding sites, AAAG and CTTT (Yanagisawa



Plant Mol Biol Rep (2009) 27:526-533

531

1995; Yanagisawa and Schmidt 1999) are present many
times in all three MSEO promoters. HD-ZIP and DOF
transcription factors are unique to the plant kingdom, and
corresponding genes have been identified in EST libraries
prepared from vascular tissue mRNA (Zhao et al. 2004;
Pommerrenig et al. 2006). However, further detailed
mutation analysis will be necessary to determine whether
the HD-ZIP and DOF motifs in the MtSEO promoters play
an essential role in limiting promoter activity to immature
sieve elements.

MtSEO?2 and MtSEO3 Expression in M. truncatula

Forisomes are known to form during the very early stages
of phloem development when sieve elements are clearly
immature and the nucleus and vacuoles are still present
(Wergin and Newcomb 1970; Palevitz and Newcomb
1971). The expression of MtSEO! is similarly restricted,
reflecting the highly regulated spatiotemporal activity of its

promoter (Noll et al. 2007). We carried out complementary
experiments for MtSEO2 and M(SEO3 by analyzing
endogenous gene expression in M. truncatula leaves at
various ages, by semi-quantitative RT-PCR. As shown in
Fig. 2, MtSEO2 (column b) and MtSEO3 (column c)
mRNA were detected in young and medium-aged leaves
but not in old leaves. The level of GAPDH mRNA
remained constant in all leaves, excluding a general decline
in mRNA levels as the basis for our observations (column
d). In addition, the expression of M{SEO genes in M.
truncatula roots was confirmed by RT-PCR (Fig. 3a).
Next, MtSEO2 and MtSEO3 promoter activity in M.
truncatula roots was analyzed by expressing an ER-
targeted version of the GFP reporter gene in order to
ensure that the spatial distribution of the endogenous
protein was not modified by diffusion or transportation.
Roots were co-cultivated with A. rhizogenes harboring either
pBPM(SEO2-GFPgr or pBPMtSEO3-GFPgR in addition to
the positive control pBPMtSEOI-GFPgr. After 3 weeks,

Fig. 4 Analysis of MtSEO2 and MtSEO3 promoter activity in
transgenic tobacco plants. ER-tagged GFP-expression in immature
sieve elements controlled either by PMtSEO2 (a) or PMtSEO3 (b).
The developing sieve plates are indicated with red arrows, nuclei with
yellow arrows. SE immature sieve element, CC companion cell. Note
that a and b represent an overlay of two individual pictures in order to

show GFP expression and the stained nuclei. Histochemical analysis
of GUS activity (indicated by black arrows) in pPBPMtSEO?2 (c¢) and
pBPMtSEO3 (e) T)-transgenic seedlings. GUS staining of the
maturation region of a pBPMtSEO2-transgenic primary root (d) and
pBPMtSEO3-transgenic secondary root (f) is marked by yellow
arrows. Scale bars=10pm
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microscopic analysis of transgenic root sections revealed the
presence of GFP exclusively in the root phloem (Fig. 3b) in
cells showing the typical end-to-end connection of sieve
elements (Fig. 3c). As expected, fluorescent sieve elements
of pBPMtSEOI-GFPgr (Fig. 3d), pBPMtSEO2-GFPgr
(Fig. 3e), and pBPM(SEO3-GFPgy (Fig. 3f) transgenic roots
possess typical sieve plates. Moreover, large vacuoles could
be identified within these cells (Fig. 3g, showing
pBPMtSEO2-GFPgR as an example), indicating their imma-
ture developmental state (see also Fig. 4). However, a more
detailed analysis of the regulation of the MtSEO2 and
MtSEO3 promoters in M. truncatula was not possible since
it proved impossible to regenerate transgenic plants from the
transformed root sections.

MtSEO?2 and MtSEO3 Promoter Analysis in N. tabacum

Next, tobacco plants transgenic for pBPMtSEO2-GFPgr
and pBPM(SEO3-GFPgr were produced in order to
characterize the regulation of MtSEO2 and MtSEO3 in the
phloem during plant development. A detailed analysis of
the pBPMtSEOI-GFPgr-transgenic tobacco plants has
already been published (Noll et al. 2007). Ten individual
transgenic lines were regenerated for each construct and
verified by PCR to establish transgene integration and RT-
PCR to confirm transgene expression (data not shown).
GFP fluorescence in transgenic tobacco plants expressing
an ER-tagged version of GFP under the control of either
PMtSEO2 (PMtSEO2-GFPgg; Fig. 4a) or PMtSEO3
(PMtSEO3-GFPgg; Fig. 4b) was exclusively restricted to
cells located within the vascular bundle of young leaves,
specifically in cells with morphological characteristics
typical of immature sieve elements. Subsequently, and as
expected, PMtSEO2 and PMtSEO3 activities were also
temporally regulated. In the seedlings of pPBPMtSEO2-GUS
(Fig. 4c) and pBPMtSEO3-GUS (Fig. 4e) T,-transgenic
tobacco plants, GUS activity was apparent only in the veins
of young leaves and disappeared soon after veins reached
functional maturity in older leaves. In addition, only the
maturation region of primary and secondary roots showed
strong GUS activity (Fig. 4d, f).

Conclusion

The MtSEO1, MtSEO2, and MtSEO3 promoters are similar
in sequence, and the corresponding genes have very similar,
if not identical, spatiotemporal expression profiles as
determined by RT-PCR and the analysis of reporter-
transgenic M. truncatula and N. tabacum plants. This
suggests that the promoters may have one or more
transcription factors in common, which could belong to
the DOF or HD-ZIP families based on the presence of

@ Springer

appropriate binding sites in the promoter sequences. The
ability of the MtSEO promoters to drive transgene expres-
sion correctly in transgenic tobacco plants that lack
forisomes indicates that the regulation of phloem develop-
ment is highly conserved in diverse plants.
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