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“Salicornia europaea” increases acetylcholinesterase (AChE)
accompanied by salt accumulation during their growth. The
plant acetylcholine (ACh)-mediated system in Salicornia could
be responsible for transport of ions through channels in a manner
similar to the animal systems. In this study, Salicornia AChE gene
was identified by RT-PCR using degenerate primers designed
based on previously cloned maize and siratro ACHE genes. The full-
length cDNA of Salicornia ACAE was 1,536 nucleotides, encoding
a 387-residue protein that includes a 28-residue signal sequence.
In silico research presumed that Salicornia AChE is targeted to the
secretory pathway via the endoplasmic reticulum.

The plant Salicornia europaea L. is a strong halophyte, which
can survive over 3% NaCl.1"? In general, halophytes often accu-
mulate saline ions to high level in shoot or root.>” These plants
may regulate ion concentrations in shoot or root by several strate-
gies. Some halophytes may regulate root ion concentrations by ion

exclusion at the root COI‘tCX,8

or accumulate glycinebetaine in the
cytoplasm following salt accumulation for the purpose of osmoreg-
ulation.”!? Salicornia plants increase acetylcholinesterase (AChE)
activity in the root and the lower part of the stem following Na*
and CI" accumulation.'34 Furthermore, high histochemical AChE
activity was detected in the cortex of roots and stems of Salicornia
plants including endodermal cells around the vascular system, and
strongly in endodermis, cortex and epidermis at the bifurcation of
lateral roots from the main root.'

The ACh—ACh-receptor (AChR)—AChE system, that is “the
ACh-mediated system”, is a well-known signal transmission system
in animals.">'7 ACh has been recently identified in a number of

non-neuronal tissues in animals, fungi, bacteria and plants.lg’19
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Table 1 Effect of NaCl on growth in Salicornia plants
NaCl concentration (%)
0

Plant length

Aerial portion 89.8 + 3.2¢ 141.7 + 3.5¢ 119.1 £ 3.7b

Root 25.0 + 2.8b 429 £ 3.1@ 32.7 + 3.40b
Fresh weight 652 + 24¢ 3106 + 1299 1469 + 53b
Dry weight 149 + 13¢ 794 + 33¢ 288 = 18°

Values are the means = standard error of the mean of ten different experiments with three replicated
measurements. Means followed by the same letters were not significantly different at p < 0.05,
according to Tukey test.

Both ACh and AChE activity has been widely recognized in
plants.20-26 The ACh-mediated system in plants might propagate
membrane depolarization and might achieve cell-to-cell transport
of the hormone and other substances between plant cells.?”?8
Thus, we proposed the ACh-mediated system in Salicornia plants
may function to elimination of excessive salt from epidermal cells
of roots by cell-to-cell transport.

To understand the function of ACh-mediated system in plants,
Salicornia AChE gene was identified by reverse transcription poly-
merase chain reaction (RT-PCR) using designed primers based
on our cloned maize and siratro ACHE genes, and introduced in
tobacco plants. Then activity of Salicornia AChE was confirmed.
Function of AChE in Salicornia plants was predicted by computer
assisted in silico research.

The effect of salts on Salicornia plant growth was determined
after 2 months salt treatment. The results are shown in Table 1
and Figure 1. The poorest growth was observed in the absence of
salt. The best growth was obtained in 3% NaCl. Length of aerial
portion and root, fresh weight and dry weight were all great in 3%
NaCl compared to 0% and 5% NaCl plots. AChE activity was the
lowest when growth was the most robust, such as in 3% NaCl.
Conversely, AChE activity was high, when plant growth was poor,
such as in 0% and 5% NaCl. The AChE activity was contrast to
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Figure 1. Growth conditions under the different NaCl concentrations. Plants were grown for 2 months at NaCl conditions adjusted to O, 3 and 5%,

respectively. (A) 0% NaCl, (B) 3% NaCl, (C) 5% NaCl.

plant growth. There was a strong relationship

between plant growth and AChE activity in 5 °
Salicornia plants (Fig. 2). WE
The partial cDNA sequence of Salicornia | & 8 6L
ACKE gene was determined using degenerate | £ 5,
primers. These primers set yielded PCR product :1 “‘E
of 418 bp for Salicornia ACKE gene. Then, this | 52 3l
PCR product was sequenced. The full-length | <3
c¢DNA for Salicornia AChE gene was cloned by =
5'-rapid amplification of cDNA ends (RACE) _— . .
and 3'-RACE with gene-specific primers. The
5-RACE (1,046 bp) and 3-RACE (662 bp) | _ 160
products were amplified and sequenced. The DNA ‘g [] Aerial portion
sequences obtained at the 5'-end of 5'-RACE and gE 120 B Root
the 3'-end of 3'-RACE were used as PCR primers [ 5 &
to obtain the full-length cDNA clone of Salicornia | 8 3 gg
AChE gene. The determined full-length nucleotide | %2 _*3
sequences of Salicornia ACHE consisted of 1,536 £5 40
bp encoded 387 amino acid residues (Fig. 3). 5
The protein domain architecture derived | = )
from the deduced amino acid sequence of 0 0 3 5

Salicornia AChE was examined by computer-

NaCl concentration (%)

associated protein family analysis using the
protein family database Pfam (htep://www.
sanger.ac.uk/Software/Pfam). This indicated
that the Salicornia AChE contains a conserved
putative lipase GDSL family domain at residues
39 to 368, similar to maize and siratro AChE
(Fig. 4). Each of the five motif blocks is characteristic of the lipase
GDSL family in bacteria and plants.??->! The deduced amino acid
sequence of Salicornia AChE shared 47% and 60% identities with
those of maize and siratro AChEs. The catalytic Ser/Asp(Glu)/His
triads of the enzymes belonging to the lipase GDSL family were
found in some of these proteins, and the sequences surrounding
the consensus residues are well conserved.??! Therefore, the
putative catalytic triad for Salicornia AChE, Ser-45/Asp-184/
His-355 (indicated by this study), siratro AChE, Ser-41/Asp-180/
His-350,32 and maize AChE, Ser-47/Asp-185/His-360,3? can be
deduced by superimposing the sequences on those of the lipase
GDSL family enzymes (Fig. 4).
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Figure 2. Effects of NaCl concentrations on plant growth and AChE activity in Salicornia plants.
Plants were grown for 2 months at NaCl conditions adjusted to O, 3 and 5%, respectively.
Vertical bars indicate standard error of the mean of ten different experiments with three repli-
cated measurements.

The Salicornia ACAHE gene was introduced behind the cauliflower
mosaic virus 35S promoter (355) to confirm AChE activity of gene
product of Salicornia ACHE gene. The 355::Salicornia ACHE was
transformed into tobacco. The 35S::Salicornia ACAHE transgenic
tobacco plants (TO generation) showed approximately 18.3-19.4
fold higher AChE activities compared with wild type plants (Fig. 5A).
Furthermore, molecular mass of Salicornia ACAHE protein in trans-
genic tobacco plant was estimated to be approximately 44-kDa by
western blot analysis, similar to that of maize AChE (Fig. 5B). Thus,
Salicornia AChE gene encodes AChE protein in Salicornia plant.

The N-terminal signal peptides were predicted by the SignalP
program34 (heep:/fwww.cbs.dtu.dk/services/SignalP-2.0/) and
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Figure 3. Nucleotide sequence and deduced amino acid sequence of the siratro AChE cDNA. Dotted underline shows a signal peptide at N-terminus
from Met1 to Ala-28. Arrowhead indicates putative signal peptide cleavage site. Two oligonucleotide primers that was used for RACE-PCR is shown as
arrows over the nucleotide sequence.
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Salicornia BIGC 1S I TLGGGLMAVITLTEVVVGQAAATEKA - 48
Sil’ﬂtl’O MIGSGAVFVGFFFLSCVVFVKGVEPKTSP - - - - - 44
Maize MA TAATATAGSRAAVLLLLS LALALRASGAGAG 50

Salicornia IBAAGIE?P IEVEYELT KKSAFZD S DEEdV L 98
Siratro 1A SV P 1 dAIRYHE G HKPS SR c DEERYL | 94
Maize LEIS LENG AARMPEANHR T M P ACERYY CONSRL V 100

Block I1

Salicornia RSE! HA BIF|S H EEWE N G O IR RQ NN Y[# KSEY 148
Siratro GRINVIERIGA N FA TG SN 1 R RQ N DRI Y (® KARY 144
Maize EINBGIGANFATEYG S B 1R RQNENIF |G FWEF ESIINEY 150

Salicornia g0 Q V[¥S PF EAS L @R V AFR TMRBID - EQL 197
Siratro 4dr £ A4T S F ERdS RINAV V GFRKMMF - DQ 1 193
Maize 4NN - [4GG 1 YRAE 1 [BdR SSYFVNMTTEEV 199

Salicornia NI ISQFSSAVEHL SPFY I TNPKQG 247
Siratro DILNQ LANAVKN I QIFYKHNIPSG 243
Maize DLMERLTSIIQSYV AIMLHRPDLAT - 248

Salicornia Y LOJKN IKGOQEIPMA | EGRIKQL[EE TV TKAAMQ LIAEEY 297
Siratro Y L YA VKDQRIEMA T EGRIKOM|SEDR I I K|MATE LEAEEY: 293
Maize PAMG T[S V TYRIK VPQ LEENILR LISE TV A S [BK T HdD IV 298

Salicornia K T[S E ANV KVESK®AE - - - - HEKEGH VW, KGVITNGST 343
Siratro N TIST E FVINAMK I [SNoNeRE - - - - HVNMTH I W NLGSAD -GKD 338
Maize AMKLIEFDORAL L T[oe e A8GGC GR YNLJL SVG GKKQVNGTSV 348

Salicornia DIGIMJHW FANQI@FNEISL S VPLSHIEYIYRN - - 387
Siratro AATSMHWY AN RIJLNES F T TPITQENEMYKH - - 382 (60%)
Maize (AALEIK FV FDQ VA LS VALRQEYMHSRGQ 394 (4’70/0)

Figure 4. Alignment of the amino acid sequences of Salicornia, siratro and maize AChEs. Conserved amino acid residues are highlighted in black.
Residues not identical, but similar to the conserved one, are highlighted in gray. The blocks of sequences conserved in the lipase GDSL family enzymes

and the putative catalytic triad Ser/Asp(Glu)/His residues in the lipase GDSL family enzymes, which were presumed previously,

3234 gre indicated by

boxes and arrowheads, respectively. The accession numbers used in the analysis are as follows: siratro AChE, AB294246; maize AChE, AB093208.

checked using the TargetP program?> (http://www.cbs.dtu.dk/
services/ TargetP/). The N terminus of the deduced Salicornia
AChE precursor protein sequence contains a 28-residue signal
sequence, which routes the protein to a secretory pathway with
a probability of 93%. Furthermore the SOSUI program (http://
bp.nuap.nagoya-u.ac.jp/sosui/sosui_submit.html), which discrimi-
nates between membrane and soluble proteins, showed that mature
Salicornia AChE do not contain any likely transmembrane helical
regions, which are features of proteins that associate with the lipid
bilayers of the cell membrane. Thus Salicornia AChE might func-
tion in the extracellular spaces similar to maize AChE3® and some
isoforms of animal AChE. In addition, high AChE activity was
detected in the root and the lower part of the stem following Na*
and Cl" accumulation.!% These results suggest that Salicornia
AChE may function to elimination of excessive salt in the extracel-
lular spaces of epidermal cells of roots.

The Salicornia seeds for cultivation were harvested around Lake
Notori in the eastern region of Hokkaido, October 2007 and sown
in April 2008. The cultivation and treatment of Salicornia plants
were performed with same method as Sagane et al.3?> who used
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37 with some modification. At 4 weeks

Shimose’s culture solution
of sowing, the culture solution for salt treatment was adjusted
to 0%, 3% and 5% NaCl. To prevent salt accumulation on the
surface of the soil and to maintain the salt concentrations, the
soil was washed with 3 liters of tap water, and was newly irrigated
every week with 1 liter of salt water. The cultures were used for
measurement of the plant growth, AChE activity and molecular
analysis after 8 weeks of treatment. The plants grown at 3% NaCl
condition were used for molecular analysis.

AChE activity for molecular analysis was measured by the
DTNB method following precisely in the same way of Yamamoto
et al.3% Plant materials were cut in 2 mm lengths and incubated at
30°C for 10 min in vials containing 300 pl of 100 mM sodium
phosphate buffer (pH 7.0) with 24 pl of 100 mM neostigmine
bromide or 24 ul of distilled water for a control. After 10 min
incubation, 500 pl of 12.5 mM acetylthiocholine (ASCh) chloride
as a substrate of AChE was added, and the solution was incubated
at 30°C for 2 h. Following incubation, 300 ul of the solution
was transferred to a vial, and 1,425 pl of 100 mM sodium phos-
phate buffer (pH 7.0) and 75 ul of 10 mM DTNB in 100 mM
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based on conserved sequences in each

AChE gene from siratro and maize
(AChE-DE, 5'-GGA GGR AGG
TMM TTC TGG ATW CAC AAC
AC-3'; AChE-DR, 5-ART GMA
CRC IGT CCC ARC TYA-3).
Using these primers together with
cDNA as a template, polymerase
chain reaction (PCR) was carried
out by rTag DNA polymerase
(TOYOBO, Osaka, Japan). The PCR
product was ligated into pT7blue
T-vector (MERCK, Darmstadr,
Germany) and DNA sequencing
was conducted using a BigDye

Terminator v3.1 Cycle Sequencing
Kit and an ABI PRISM 310 Genetic

Analyzer (Applied Biosystems).
The full-length ¢<cDNA cloning of
Salicornia AChE was carried out by
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3'- and 5'-RACE techniques using a
4 SMART RACE cDNA amplification

Figure 5. AChE activity and expression in transgenic tobacco plants. (A) AChE activity in the transgenic
tobacco plants. AChE activities in leaves of transgenic plants (TO generation) were measured by the DTNB
method. Acetylthiocholine was used as substrate. (B) Western blot analysis of transgenic tobacco plants. The
total protein was extracted from leaves of transgenic plants (TO generation). The samples were separated
on a 12.5% SDS-PAGE, blotted onto a nitrocellulose membrane, and probed with maize AChE antibody.
Lane 1, wild type; lane 2, 35S::Salicornia AChE No.1; lane 3, 35S::Salicornia AChE No.2; lane 4,

35S::Salicornia AChE No.3.

sodium phosphate buffer (pH 7.0) were added. The A,,, was read
after 1 min. All experiments were corrected for the control value
described above.

The maize AChE cDNA excluded the signal peptide sequence
was constructed in an overexpression vector, pET23a (Novagen,
Madison, WI, USA). The recombinant plasmids were used to
transform E. coli strain, Rosetta-gamiB (DE3) pLysS (Novagen,
Madison, W1, USA). Overexpression was induced by 0.05 mM
isopropyl-1-thio-B-D-galactopyranoside at room temperature in
a bacteriophage T7 RNA polymerase/promoter system. After
induction overnight, the E. coli cells were harvested and crashed
by sonication with 20 mM Tris-HCI buffer (pH 7.4) containing
200 mM NaCl and 1 mM EDTA. The overexpressed recombinant
protein was eluted from SDS-PAGE gels. The purified recombi-
nant maize AChE was used to raise antibodies in rabbits according
to standard procedure. The antisera were then purified by antigen-
affinity chromatography, and stored at 4°C in the presence of 0.1%
sodium azide.

Total RNA was prepared from 0.1 g of shoots of 3% NaCl
treated Salicornia plants using the RNeasy plant mini kit (Qiagen,
KJ Venlo, the Netherlands) and removed residual genomic DNA
with TURBO DNA-free kit (Ambion, Austin, TX, USA). The
cDNA was synthesized from RNA samples using the SuperScript
IT First-Strand Synthesis System for RT-PCR (Invitrogen Carlabad,
CA). Degenerate primers for Salicornia AChE gene were designed

www.landesbioscience.com
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kit (BD Biosciences CLONTECH,
Palo Alto, CA, USA). Gene-specific
primers were designed from the
obtained partial cDNA sequence of
Salicornia ACHE (Fig. 2), and 3" and
5" ends of the cDNA fragments were
amplified with KOD DNA poly-
merase (TOYOBO, Osaka, Japan).
RACE products were purified and cloned into the pT7blue
T-vector and sequenced on both strands. Finally, the full-length
cDNA sequence encoding Salicornia AChE was identified by
primer walking.

The full-length Salicornia ACHE cDNA sequence was cloned
into the pENTR/D-TOPO cloning vector (Invitrogen, Carlsbad,
CA) to yield entry vectors. The transfer of the Salicornia ACHE from
entry clone to pGWB2 was performed by an LR clonase reaction.
The transgenic tobacco plants were generated by Agrobacterium-
mediated transformation of leaf discs.*® Regenerated transgenic
tobacco plants were grown in a large growth cabinet (Koitotron
type KG: Koito Ind., Ltd., Co., Tokyo, Japan) at 25°C under a 16
h light and 8 h dark cycle.

Crude extracts from leaves of transgenic tobacco plants were
subjected to 12.5% SDS-PAGE. The separated proteins were
electro blotted to nitrocellulose membrane (Bio-rad Laboratories,
Richmond, CA, USA). After blotting, the membrane was blocked
with 10% (w/v) non-fat milk in TBST (10 mM Tris buffered saline
(TBS) with 0.5% Tween 20) and incubated overnight with maize
AChE polyclonal primary antibody raised in rabbit at 1:20 dilu-
tion and after washing further challenged with diluted (1:5,000)
anti rabbit IgG-biotin conjugate (Sigma-Aldrich, St. Louis, MO,
USA) as secondary antibody for 2.5 h. After briefly being rinsed
with 10 mM TBST and 10 mM TBS, an avidin-biotin-alkaline
phosphatase (AP) complex reaction was performed, and then AP
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activity was visualized using 5-bromo-4-chloro-3-indolyl phos-

phate and nitro blue tetrazolium.
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