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Lectins have been well studied and proved to play important roles in plant defense but information of
legume lectins from non-legume plants has been rarely reported. A new legume lectin gene, designhated
as SmL1, was cloned from Salvia miltiorrhiza Bunge, a famous traditional Chinese medicinal plant. The
cDNA of SmL1 was 919 bp in length and contained an 822 bp open reading frame (ORF) encoding a
putative lectin precursor with two legume lectin domains. The deduced SML1 protein of SmL1 shared 29
to 43% identities with other legume lectin sequences. Real time PCR analysis revealed that SmL1 was
predominantly expressed in the leaves and could be induced by pathogens and MeJA. The recombinant
protein (rSmL1) of SmL1 in Escherichia coli M15 was purified and showed agglutination activity towards
rabbit and mouse red blood cells, and anti-bacterial activity against E. coli (ATCC35218), Pseudomonas
lachrymans (PSL) and Xanthomonas campestris pv. Campestris (Pammel) Dowson (XC-1). Based on
these results, SmL1 could play a role in medicinal plant disease control.

Key words: Anti-bacterial activity, gene expression, legume lectin, recombinant protein, Salvia miltiorrhiza

Bunge.

INTRODUCTION

Plant lectins or agglutinins are a large group of proteins,
which possess at least one non-catalytic domain that
binds reversibly to a specific mono- or oligosaccharide
(Carlini and Grossi-de-Sa, 2002; Peumans and Van
Damme, 1995). Lectins exist in most living organisms but
were first identified as plant proteins that agglutinate
human red blood cells (Van Damme et al., 1998). Now
thousands of plant lectins were found and stored in the

Lectin database (Lectindb, http://proline.physics.iisc.
ernet.in/cgi-bin/lectindb/). Based on their different carbo-
hydrate-binding specificities, plant lectins have been
divided into 12 different families, such as (1) Agaricus
bisporus agglutinin homologs, (2) Amaranthins, (3) Class
V chitinase homologs with lectin activity, (4) Cyanovirin
family, (5) EEA family, (6) GNA family, (7) proteins with
hevein domains, (8) Jacalins, (9) proteins with legume
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lectin domains, (10) LysM domain, (11) Nictaba family
(formerly Cucurbitaceae phloem lectins), and (12) Ricin-B
family (Van Damme et al., 2008). It has been suggested
that plant lectins play important roles due to their
abundance in the immune defence, and also that lectins
have been coopted to adapt for several functions during
evolution (Charungchitrak et al., 2011). More and more
attention has been draw onto the antimicrobial activity of
plant lectins. Many lectins had been found with anti-
microbial activity, such as lectins derived from Phthirusa
pyrifolia leaves (Costa et al., 2010), Eugenia uniflora
(EuniSL) (Oliveira et al., 2008) and Myracrodruon
urundeuva (Sa et al., 2009). In recent years, even some
lectins have anti-viral activity, such as lectin from seeds
of Phaseolus vulgaris L. cv. Extralong Autumn Purple
Bean (EAPL) and BanLec isolated from the fruit of
bananas, indicated Anti-HIV-1 activities (Fang et al.,
2010; Swanson et al., 2010). Some of them, such as a
wheat germ agglutinin (WGA) (Ciopraga et al.,, 1999),
Concanavalin A (Safina et al, 2008), Sebastiania
jacobinensis bark lectin (SejaBL) (Vaz et al., 2010) and
P. pyrifolia leaf lectin (Costa et al., 2010), have been tried
to biologically control plant diseases.

However, different families of plant species, as well as
different tissues within the same plant, can contain
different lectins with different bioactivities, including
different carbohydrate-binding specificities and antimi-
crobial activity (Charungchitrak et al., 2011). They occur
widely in plants but manifest significant differences in
bioactivities, which means only a few of them has
application prospect. Presently, most of their functions
are still unclear in many plants. Salvia miltiorrhiza Bunge
is a well-known medicinal plant in the Labiatae family. Its
dry roots or rhizomes (called ‘danshen’ or ‘tanshen’ in
China, but better known in the west as Chinese sage or
red sage root) has been used in the treatment of
cardiovascular, cerebrovascular, hyperlipidemia, and
acute ischemic stroke diseases for decades (Kang et al.,
2003; Yang et al., 2006; Zhong et al., 2009). One soil-
borne disease induced by Fusarium solani could lead to
rotten roots of S. miltiorrhiza, which results in the
reduction of yields and the decline of quality. In recent
years, the incidence of diseased plants in the field has
varied from 10 to 30% in its growth zones. It is difficult to
control this disease by farm chemicals, which may pollute
this medicinal crop and its environmentif applied irrationally.
Biocontrol means has attracted people’s attention in
sustainable environmental development to control this
disease compared to the application of chemicals.

To explore the potential lectin protein-encoding genes,
we screened our cDNA library of S. miltiorrhiza (Hua et
al., 2011) and found 30 unigenes encoding putative lectin
proteins. Contig1927 (one of lectin unigenes) has also
been reported as the highest abundance gene in S.
miltiorrhiza root EST library (Li et al., 2010). Taking into
account that the roots are the part of occurrence of rotten
root in S. miltiorrhiza, we chose this gene as our object in
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the present paper. Firstly, we cloned and characterized
this novel gene (GenBank Accession Number:
EF593952), then we over-expressed it in Escherichia coli,
eventually its agglutination and antibacterial activity had
been identified in vitro. The purified recombinant protein
showed significant anti-bacterial activity against E. coli
(ATCC35218), Pseudomonas lachrymans and
Xanthomonas campestris pv. Campestris (Pammel)
Dowson. Therefore, these results suggested that the
application of this gene in genetically modified plants may
be an efficient way to control root rot in S. miltiorrhiza and
generate more profitable and productive yields without
affecting environment.

MATERIALS AND METHODS
Plant materials

The seeds of S. miltiorrhiza Bunge were collected from Shangluo
County, Shaanxi Province, China. The plants were grown in pots
with soil in greenhouse under normal irrigation and fertilization.
Two-month-old seedlings were used for DNA extraction and the
following two treatments, respectively. For the methyl jasmonate
(MeJA) treatment, leaves were sprayed with 5 yM MeJA. Then
samples were collected at hour 0, 1, 6, 12, 24 and 48 h after MeJA
application. Young leaves nicked with a knife were infected by P.
lachrymans (PSL, 102 cfu'ml™), and collected at 0, 24, 48, 72 and
96 h post-infection. All collected samples were frozen immediately
in liquid nitrogen and stored at -80°C before use.

Isolation of the lectin gene

The genomic DNA was extracted from S. miltiorrhiza by CTAB
based method (Beji et al., 1987). Total RNAs were extracted
respectively from the roots, stems and leaves of control and treated
plantlets, using BIOZOL Reagent (BIOER, China) according to the
manufacturer’s instructions. The first strand cDNA was synthesized
using Revert Aid First Strand cDNA Synthesis Kit (MBI, Fermentas).
The lectin gene was amplified with the forward primer: 5'-
ATGGCCAAGCTTCTCCAAAAC-3' and the reverse primer: 5'-
GTCGATCGCTTAGTCCTTATTGA-3', both of which were designed
according to unigene sequence (Contig1927) from cDNA library of
S. miltiorrhiza. The PCR reaction was performed under the
following conditions: genomic DNA or cDNA was denatured at 94°C
for 4 min followed by 30 cycles of amplification (94°C for 30 s, 54°C
for 30 s and 72°C for 80 s) and then extention at 72°C for 10 min.
The PCR fragments were purified by DNA Gel Extraction Kit
(Biospin) and inserted into pGMT-Easy T vector (Promega, USA)
and sequenced.

Expression level of SmL1 gene in different tissues

SYBR Green Il dye (Takara, Japan) was used for detecting the
expression levels of SmL1 under various treatments or in different
tissues of S. miltiorrhiza. Real-time PCR was conducted with an
iQ™5 Multicolor Real-Time PCR Detection System (Bio-Rad). The
SmL1 was amplified with the forward primer: 5-CATGACATC
GTCTCGTGGTATTTC-3' and the reverse primer. 5%
GATCGCTTAGTCCTTAT TGATTTGC-3'. A housekeeping gene,
SmGAPDH (glyceraldehydes-3-phosphate dehydrogenase,
CV170251), was used as our control and was amplified with
forward primer GAPF 5-CCACCGTCCACTCCATCACT-3' and
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reverse primer GAPR (5'-TG GGAACTCGGAACGACATAC-3'). The
amplification of SmL1 and SmGAPDH gene was performed as:
cDNA was denatured at 95°C for 5 min followed by 40 cycles of
amplification (95°C for 10 s, 59°C for 15 s and 70°C for 10 s to
collected fluorescence). The products were validated by
electrophoresis on a 1.5% agarose gel then further sequenced for
confirmation. Expression was quantified by the comparative C+
method (Vandesompele et al., 2002). Each data point represented
the average of three separate experiments. Statistical analysis was
done with SPSS 13.0 software. One-way analysis of variance
(ANOVA) and Tukey’s pair-wise comparison tests (P<0.05) were
successively performed to determine significant differences
between means.

Construction of lectin expression vector

The mature protein-encoding region was amplified using the
forward primer: 5-GGGGTACCCAAACGACGTCCTTCACCTA-3'
containing a Kpnl restriction site (underlined) and the reverse
primer  5-AACTGCAGGTCGATCGCTTAGTCC  TTATTGA-3'
containing a Pstl restriction site (underlined). The amplification
condition was as described previously. The PCR product digested
with Kpnl and Pstl was ligated with pQE30 vector using T4 DNA
ligase (TaKaRa), and then transformed into E. coli M15 strain.
Positive transformants were screened by plating on Luria-Bertani
(LB) agar containing kanamycin and ampicillin antibiotics after
growing overnight at 37°C.

SmL1 gene expression and purification

The positive M15 cells were cultured in LB medium containing 100
mg/ml ampicilin and 50 mg/ml kanamycin at 37°C to an
absorbance of 0.6 to 0.8 at 600 nm. 1 mM IPTG were applied into
culture to induced target gene expression. The cells for SDS-PAGE
were harvested at 0, 1, 2, 3, 4, 5 and 6 h after induction, then
centrifuged at 4°C, 4,000 g for 8 min. Afterwards, the pellet with 6 h
induction was re-suspended in PBS buffer (containing 8 M urea),
then the cell walls were fractured by ultrasound (400 w for 7 min).
After another centrifuge at 4°C, 10,000 g for 20 min, the
supernatant was collected for protein purification using equilibrated
His-bond Ni Affinity Resin column (Zhuoguan, China) according to
the manufacturer’s instructions. The elutions were analyzed by
SDS-PAGE.

Agglutination activity test of recombinant protein of SmL1
gene

The erythrocytes from rabbit and mouse (pre-treated with trypsin)
were washed with normal saline (0.9%) for three times. The
recombinant protein (0.5 mg/ml) solution was serially diluted with
two-fold increments. Agglutination assays were carried out in a 96-
U-well plate in a final volume of 50 pl containing 25 pl the diluted
recombinant protein solutions and 25 pl of a 1% suspension of red
blood cells. Elution/washing buffer of the recombinant protein and
normal saline were considered negative controls. Agglutination was
assessed visually after 2 h at room temperature using microscope.
Two separate experiments for every individual were performed and
the means were calculated.

Anti-bacterial activity of recombinant protein of SmL1 (rSmL1)
gene

The anti-bacterial activity of rSmL1 was qualitatively evaluated by
optical density. E. coli (ATCC35218), PSL, and XC-1 were bought

from China General Microbiological Culture Collection Center as
test bacteria. The test bacteria were incubated at 28°C for PSL and
XC-1, at 37°C for E. coli (ATCC35218) overnight at 180 rpm. A
secondary propagation of the cells was carried out for another 2 to
3 h, then cultures were divided into equal parts (50 ml for each).
Equal amount of purified rSmL1 protein was added into each
culture, and boiled purified protein was used as negative control.
After inoculation of purified recombinant rSmL1, the density of each
medium was measured at OD 595 nm after 0, 1, 2, 3, 4 and 5 h.
The experiments were done three times. The E. coli, PSL, and XC-
1 were cultured in Ordinary Broth Medium at 37°C, KB medium
without agar at 28°C, and modified Broth Medium containing
sucrose (10 g/L) at 28°C, respectively. Significant differences
between treatment and control groups were analyzed using one-
way ANOVA with SPSS13.0 software.

RESULTS AND DISCUSSION
Isolation and sequence analysis of SmL1

The full-length cDNA of SmL1 was amplified by RT-PCR.
The cDNA fragment was 919 bp in length and contained
an 822 bp open reading frame (ORF) positioned from 33
to 855 bp (Figure la). The ORF of SmL1 encodes 273
amino acids with the isoelectric point of 5.00 and
molecular mass of 29.2 kDa. No intron was found in
SmL1 sequence by comparing genomic and cDNA
sequences. The deduced amino acids sequence (named
as SmL1) had two legume lectin domains, a lectin-legB
(amino acids 28 to 203) domain, and a lectin-legA (amino
acids 211 to 256) domain according to BLASTp search
against NCBI (Figure 1b). The amino acid number and
molecular mass were identical with other legume lectins
as previously reported (Etzler, 1985; Sharon and Lis,
1990; Van Damme et al., 1998). Protein-protein BLAST
of deduced SmL1 amino acid sequence showed 29 to
43% identities and 49 to 61% positives in local
alignments against candidate genes from Arachis
hypogaea (ABJ15831), Sophora flavescens (AF285121),
Sophoraalopecuroides (AAA74572), Glechoma hederacea
(AAN 050977), Canavalia ensiformis (CAA25787),
Cladrastis kentukea (Q39529), Sophora japonica
(AAB51442) and Phaseolus leptostachyus (CAH60215).
All these results suggested that SmL1 belonged to
legume lectin family.

Most legume lectins are extensively distributed in
legume plants. However, Gleheda (AANO05097) (a
legume lectin isolated from G. hederacea) and SBolL (a
Salvia bogotensis seed lectin) had been identified from
non-legumes (Vega and Pérez, 2006; Wang et al., 2003)
and some of which has been shown to have important
physiological activity in plants, such as Gleheda, which
indicate insecticidal activity against Colorado potato
beetle larvae (Wang et al., 2003). To our knowledge, this
is the first time to report legume lectin gene in S.
miltiorrhiza. And our lectin gene encoding protein
sequence was similar to Gleheda, which indicated that it
may also played unusual roles in physiology in
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Figure la. The full-length cDNA sequence and deduced amino acid sequence of S. miltiorrhiza lectin
(SmL1). The star codon (ATG) and the stop codon are shown by boxes. The putative processing sites
for the cleavage of in C-terminal are marked by arrow. The putative N-glycosylation site is shown by

black ground.
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Figure 1b. Putative conserved domain has been detected with the protein-protein BLAST tool of NCBI.

S. miltiorrhiza as Gleheda in G. hederacea.

The signal peptide (SignalP, http://www.cbs.dtu.dk/
services/SignalP/) prediction on SmL1 revealed a single
peptide cleavage site between position 27 and 28th
amino acid residues (Ser-GIn) (Figure 1a). The cleavage
of the signal peptide in C-terminal sequence of SmL1
resulted in a lectin polypeptide of approximately 26.3 kDa
with theoretical pl 4.76.

Sequence analysis of SmL1

Multi-alignment of SmL1 with other legume lectins (Figure
1) was conducted by ClustalW (Figure 2a). SmL1 showed
43, 37, 37 and 37% identity to protein sequences of
Gleheda, S. alopecuroides lectin, S. flavescens lectin,
and LecCIAll (C. kentukea agglutinin), respectively. A
further examination on the sequences of SmL1, Gleheda,
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Figure 2a. Multiple sequence alignment of SmL1 with other legume lectin. The multiple
sequence alignment was performed by Clustal W (http://www.ebi.ac.uk/clustalw/
index.html): C. kentukea Agglutinin (Q39529); S. japonicum (AAB51442); S.
alopecuroides lectin (AAA74572); S. flavescens (AF285121); A. hypogaea (ABJ 15831);
C. ensiformis (CAA25787); P. leptostachyus (CAH60215); G. hederacea lectin (AANO50
977); S. miltiorrhiza ( EF593952).

S. flavescens lectin, and A. hypogaea lectin, indicated binding sites in SmL1 were found as: Aspig;, Alaia,
that the residues forming the mono-saccharide binding Asnisy, Glysss, Glnyss and Hisssg (Figure l1a). Aspior,
sites were highly conserved. The putative carbohydrates Asnis;, Gly,s, were identical to Gleheda, Gln,ss was
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Figure 2b. The phylogenetic relationships of SmL1 with other related proteins. The tree was
constructed the alignment resulting from analysis by MEGAA4.0.

identical with S. flavescens lectin and A. hypogaea lectin
(Liu et al., 2008). Ala;zs in SmL1 was replaced by Glygs
compared to Gleheda (Wang et al., 2003). Some amino
acid residues of monomer ConA (a classical legume
lectin from C. ensiformis) and legume lectin LoLI from L.
odoratus L. were highly conserved, which decided the
sorts of binding carbohydrate, such as Aspg;, Glygg,
Asngos, Gly,gs, Alasgss and Gluyg in LoLl protein. Aspsg;
and Asn,s in LoLl were consistent in all known legume
lectins, and necessary for carbohydrate activity; while
other amino acid residues, Alaog and Glu,y, (LoLI), were
alterable, probably participated in binding carbohydrate
(Bourne et al., 1990; Pergin et al., 2012). Some amino
acid residues (Aspio7, Asnys;) of the putative conservative
carbohydrates binding sites in SmL1 were invariant, while
Ala;zg and His,ss were different from other legume lectins,
just like ConA and LoLl (Sharon and Lis, 1990).

Furthermore, the phylogenetic relationship of SmL1
with other candidates was determined. The phylogenetic
tree was constructed by neighbor-joining method with
MEGA 4.0. It shows the SmL1 and Gleheda were
clustered into one sub-group; other lectins from legume
plants were clustered into another sub-group but SmL1
was closer to legume lectins than Gleheda in molecular
evolution (Figure 2b). The amino acid residues on
carbohydrate-binding site (in comparison with Glygs in
Gleheda, Alajzg in SmL1 were more conserved among
legume lectins) also supported our assumption. The
identification of SmL1 gene from S. miltiorrhiza showed
high similarity with Gleheda, provided another direct
evidence that the possibility of finding an ortholog of
legume lectins gene outside the family Fabaceae (Wang
et al., 2003), which also indicated the evolutionary
processes of the same ancestor of modern legume
lectins.

Tertiary structure prediction of SmL1 amino acid
sequence

According to the deduced amino acid sequence of SmL1
gene, the three-dimensional model of SmL1 was
constructed using SWISS-MODEL (http:
//lswissmodel.expasy.org/) (Figure 3). The model
indicated that the SmL1 monomer consisted of two B-
sheets, a curved seven-stranded [B-sheet forming the
front face, and a flattened six-stranded B-sheet forming
the back face of the monomer, which interconnected by
turns and loops. Additionally, a four-stranded B-sheet,
referred as the S-sheet, was occurred between the two B-
sheets at the top of the monomer. The model also
showed SmL1 can bind calcium and manganese ions,
which could keep the amino acid residues of the sugar-
binding site at the required positions (Roopashree et al.,
2006). Like other legume lectins (Loris et al., 1998;
Sharon and Lis, 1990; Varrot et al.,, 2011), B-sheets in
SmL1 are dominated structure, whereas a-helices are
virtually absent. Therefore, it can be concluded that
SmL1 adopts the same B-sandwich structure as the
classical legume lectins (Wang et al., 2003). Most known
legume lectins are homodimers or homotetramers (Li et
al., 2012). One monomer cannot form the complex
structure with carbohydrates (Eijsden et al., 1992; Li et
al., 2012), whether the SmL1 is homodimers or
homotetramers still need to be further elucidated.

Expression patterns of SmL1 in S. miltiorrhiza
According to the report of Li et al. (2010) SmL1 have a

very high expression level in the S. miltiorrhiza root
(2010). However, our results of real-time PCR shows that
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Figure 3. Tertiary structure prediction of SmL1 amino acid
sequence. A. flattened six-stranded B-sheet. B. Seven-
stranded B-sheet, C. The S-sheet. The red fragments on the
backbone show the putative carbohydrates binding sites.
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Figure 4. Result of the real-time PCR shows SmL1 gene expression in different tissues (A) or under different treatments (B) PSL,
(C) MeJA). Bars with the same lowercase letter are not significantly different (P > 0.05).

the expression level of SmL1 was expressed highly in
leaves, and but low in stems and roots. The expression
level of SmL1 in leaves was approximately 4 times as
high as that in stems, and little mRNAs was of SmL1
were detected in roots (Figure 4A). Gleheda gene is also
predominantly expressed in the leaves, which encoding
the closer legume lectin protein of SmL1 (Wang et al,,
2003). This might implied that SmL1 has high expression

levels in various organs, and plant lectins may have
important roles according to their abundance. Many
legume lectins were served as defense molecules
against insect herbivores and pathogens. And the lectin
protein-encoding genes can also be induced by insect
attack or pathogen infection. To investigate whether
SmL1 expression can be induced by pathogens, we firstly
selected XC-1(a pathogen causing black rot of cabbage)



to infect two-month-old S. miltiorrhiza seedlings. After
XC-1 infection, SmL1 expression was induced to the
highest level at 12 h, and gradually returned to normal
levels within 72 h (Figure 4B). That result indicated that
SmL1 was involved in defense against pathogens in S.
miltiorrhiza.

Jasmonates, as important signal molecules of plant
responses to abiotic and biotic stresses, regulate induced
defense mechanisms in plants after insect attack and
wound response in general (Wasternack et al., 2006).
Moreover, the previous studies had showed that the
increase of jasmonate levels and the expression of
wound-inducible genes after herbivory is a common
phenomenon in many plant systems (Qu et al., 2004,
Schmidt et al., 2004; Vandenborre et al., 2009). So, we
also further determined the change of SmL1 transcripts
level after exposure to methyl jasmonate (MeJA) a
derivative of jasmonates) in S. miltiorrhiza. Treatment
with MeJA only slightly increased transcripts transcript
abundance with expression peaking after at 48 h after
treatment, and the maximum peak were only about 1.6-
fold higher when compared with the control (Figure 4C).
So, we concluded that SmL1 is mainly involved in
response against pathogen and may play a small limited
role in defense against insect herbivores.

Agglutination and antimicrobial activity test

The result of SDS-PAGE indicated that SmL1 gene
expressed a protein (named as rSmL1l) with the
molecular weight of about 26.2 kDa (Figure 5), which was
identical with the size of SmL1 mature monomer
predicted by bioinformatics method. The agglutination
activity assays showed that the recombinant rSmL1
protein could agglutinate mouse and rabbit red blood
cells compared to negative control. The minimal
concentration required to agglutinate trypsin-treated
mouse and rabbit erythrocytes was about 1.99 and 3.91
pug/ml, respectively. Obviously, the agglutination potential
of rSmL1 was weaker than ConA (0.98 pg/ml) and
Gleheda (0.22 pg/ml) (Jiang et al., 2006; Wang et al.,
2003). This may be caused by applying more tyrpsin in
our experiment. The bacterial growth experiments
showed that the purified protein could inhibit the growth
of E. coli (ATCC35218), PLS and XC-1 (Figure 6). When
the concentration of recombinated SmL1 increased to 4
pag/ml, E. coli barely showed any growth (Figure 6A and
B). Compared to E. coli, the inhibition effects to PLS
(Figure 6C) and XC-1 (Figure 6D) could be observed
when the medium contained 5 pg/ml purified proteins.
This also further elucidated its role in the anti-pathogen
responses in S. miltiorrhiza.

Conclusion

Plant lectins have been studied over a century. Legume
lectin family is the best known lectin family from plants,
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Figure 5. SDS-PAGE analysis of recombinant
rSmL1 protein. Line 1, protein marker; line 2,
the protein induced after 5 h; line 3: the
purified protein (rSmL1).

which are usually, but not exclusively, found in the
leguminous plants. In recent years, legume lectins also
occur in several non-leguminous species, such as G.
hederacea and S. bogotensis. But limited numbers of
legume lectins from non-legume plant were reported.
Now, we cloned and characterized a legume lectin gene,
SmL1, which is expresses abundant in S. miltiorrhiza
root. And SmL1 can be induced by pathogen. Its purified
recombinant protein from E. coli showed significant
agglutination and antibacterial activity in vitro. These facts
indicated that the SmL1 protein might be involved in the
defense of plant against pathogen. The application of this
gene in future plant genetic modification may be an
efficient way to control root rot without damaging the
environmental biodiversity.
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