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Ta-JA1 is a jacalin-like lectin from wheat (Triticum aestivum) plants. To date, its homologs are only
observed in the Gramineae family. Our previous experiments have demonstrated that Ta-JA1 contains
a modular structure consisting of an N-terminal dirigent domain and a C-terminal jacalin-related lectin
domain (JRL) and this protein exhibits a mannose-specific lectin activity. The over-expression of Ta-JA1
gene provides transgenic plants a broad-spectrum resistance to diseases. Here, we report the differential
activities of the dirigent and JRL domains of Ta-JA1l. In vitro assay showed that the recombinant JRL
domain could effectively agglutinate rabbit erythrocytes and pathogen bacteria Pseudomonas syringe pv
tabaci. These hemagglutination activities could be inhibited by mannose but not by galactose. In contrast,
the recombinant dirigent domain did not show agglutination activity. Corresponding to these differen-
tiations of activities, similar to full-length of Ta-JAl, the over-expression of JRL domain in transgenic
plants also increased resistance to the infection of P. syringe. Unlike JRL, the over-expression of dirigent
domain in transgenic plants led to alteration of the seedling sensitivity to salts. In addition, a dn/ds ratio
analysis of Ta-JA1 and its related proteins showed that this protein family functionally limited to a few

crop plants, such as maize, rice and wheat.

© 2012 Elsevier Masson SAS. All rights reserved.

1. Introduction

Plants have evolved preventive mechanisms to cope with
various environmental stresses, such as low temperature, high salt,
drought, and pathogen infections [1]. Certain mechanisms involve
small signal molecules such as plant hormone, jasmonates (JAs). JAs
are well known to play important roles in plant stress and defense
response [2]. To date, JAs have been demonstrated to biochemically
derive from a lipoxygenase-dependent oxidation of poly-
unsaturated fatty acids. Under stress conditions, bioactive forms of
isoleucine-conjugated jasmonoyl-i-isoleucine (JA-Ile) accumulate.
These molecules have been demonstrated to bind to the F-box
protein CORONATINE INSENSITIVE1 (COI1) in the E3 ubiquitin-
ligase Skip-Cullin-F-box complex SCFCOI1 [3]. The binding of JA-
Ile to COI1 leads to proteolytic degradation of jasmonate ZIM-
domain transcriptional repressor proteins (JAZ) by proteasome
[4]. This biochemical process further leads to a cascade regulation
activities, e.g. activation of transcriptional factor MYC2 and possibly
other transcriptional regulators, the function of which activate the
expression of numerous JA-responsive genes [5].
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The activation of JA-responsive genes will lead to de novo or
altering levels of various protein syntheses, these proteins are
termed jasmonate-regulated proteins (JRPs). JRPs are associated
with numerous biological activities and biochemical processes.
These include plant secondary metabolism, formation of cell wall
structure, stress adaptation and resistance to pathogens [6]. Besides
those well-characterized JRPs such as lipoxygenase, extension and
chitinase, a group of proteins with molecular weight 32 kDa namely
JRP-32 have received extensive attention recently, as their associ-
ation with stress and unique existence in monocot plants. To date,
JRP-32 proteins identified include beta-glucosidase-aggregating
factor (BGAF) from maize and sorghum [7,8], OsJVC1 from rice
[9], Crs-1 from creeping bentgrass [10], TaVer2 [11], TaWCI-1 [12],
TaHfr-1 [13] and Ta-JA1 [14] from wheat. These proteins are related
to jacalin-related lectins and are named as monocot jacalin-related
lectins (monocot JRL) [15].

Lectins are a heterogeneous group of carbohydrate-binding
proteins that recognize and bind to specific carbohydrate mole-
cules. Based on their molecular structures, biochemical properties
and sugar-binding specificities, plant lectins are classified into 12
families [16], one of which is named jacalin-related lectins (JRLs)
characterized by one or more JRL domains which contain similar
amino acid sequences to the jacalin protein from jackfruit [17]. JRLs
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have been found in both angiosperm and gymnosperms [18]. By
contrast, monocot JRLs are only found in the Poaceae family
(in wheat, rice, maize and others) and have been demonstrated
to be modular proteins that are structurally characterized by an
N-terminal dirigent domain (also called disease response domain)
followed by a JRL domain, which is distinct from classical JRLs that
just have JRL domain [15]. Till now, the accurate functions of the
dirigent and JRL domains from wheat have not been characterized.
In this report, we biochemically and transgenically characterize the
two domains of Ta-JA1 and show their differential functions
involved in plant adaptation.

2. Materials and methods

2.1. Heterologous expression and purification of dirigent and JRL
domains

To generate the dirigent domain (residues 1—151), Ta-JA1 cDNA
was amplified using a pair of primers, 5'-CGGAATTCATGGCCAATT
TCCAGATAAC-3’ (N1) and 5'-CCCAAGCTTTTAGGGACAAAATCCATGG
ACAG-3'. The amplified product contained a restriction EcoRI site
prior to the ATG start codon and a HindIll restriction site and stop
codon TAA immediately after the residue 151 of Ta-JA1. The ampli-
fied PCR product was then cloned into pET-32a expression vector
(Novagen, USA) to obtain a recombinant plasmid designated as pET-
Dir in this study. To generate the jacalin-related lectin (JRL) domain
(residues 152—304), Ta-JA1 cDNA was amplified using a specific pair
of primers consisting of 5'-CCCAAGCTTTTAGAGAGGGAGCACGTA-
GAC-3'(C1) and 5'-CGGAATTCATGCTGAAAGGTTCACAGAG-3'. The
late one contained an EcoRI restriction site immediately prior to the
residue 151. Residue 151 is methionine so no additional start codon
was added. Then, this cDNA fragment was cloned into pET-32a
vector to obtain a recombinant plasmid designated as pET-JRL in
this study. Ta-JA1 was amplified using the pair of primers N1 and C1
and then cloned into pET-32a vector to obtain a recombinant
plasmid designated as pET-JA1. After the proof of sequences, three
recombinant plasmids were then introduced into competent
Escherichia coli strain BL21 (DE3) cells, respectively. The bacteria
culture, protein expression induction using IPTG and protein puri-
fication on Ni-NTA His-Bind® Spin Columns (QIAGEN, USA) were
conducted as reported previously [15].

2.2. Agglutination and carbohydrate-binding assays

The agglutinating activity of the purified Ta-JA1, dirigent domain
and JRL domain was tested using rabbit erythrocytes as previously
described [15]. Briefly, freshly washed rabbit red blood cells were
tested for the hemagglutination by various proteins. The mixture
was kept for 1 h at room temperature and then examined visually
for agglutination. The carbohydrate-binding specificity was deter-
mined by the inhibition of agglutination of rabbit red blood cells
with serially diluted saccharides. The lowest concentration of
saccharides that visibly decreased agglutination was defined as the
minimum inhibitory concentration (MIC). In addition, the aggluti-
nation of bacteria was conducted according to Guan et al. [19]. The
carbohydrate-binding specificity was analyzed as the same as
rabbit red blood cells.

2.3. Construction of plant expression vectors and generation of
transgenic tobacco

The full-length cDNA of Ta-JA1 and its dirigent and JRL domains
were subcloned into the binary plasmid pKYLX71 [20]. To conduct
this, artificial HindIll and Xhol restriction sites were introduced to
products at 5'-terminus and 3’-terminus by PCR, respectively. The

three primer pairs were 5 5'-CCCAAGCTTCTCATAAGCCTACAA-
CATCC-3'(N2) and 5’-AACCCTCGAGCTAGGGACAAAATCCAT-3/, 5 5'-
CGGAAGCTTGGATTTTGTCCCATGC-3' and 5-CCGCTCGAGGCTTGA-
TAGGATCTTCTAG-3’ (C2), and N2 and C2, which were designed to
amplify the dirigent domain, the JRL domain and Ta-JA1, respec-
tively. The resulting PCR products were then inserted at the
immediate downstream of the cauliflower mosaic virus (CaMV35S)
promoter of the binary vector pKYLX71 to create three recombinant
plasmids, designated as pKY-Dir, pKY-JRL and pKY-JA1l, corre-
spondingly. The three recombinant binary vectors were introduced
into competent Agrobacterium tumefaciens strain LBA4404 cells
using a routine freeze-thaw transformation method. The resulting
positive LBA4404 strains were used to transform tobacco (Nicotiana
tabacum cv Wisconsin 38) using our established protocols previ-
ously described [21]. In addition, transgenic plants were then
grown in soil in the greenhouse and allowed self-pollination to
obtain T1 progeny.

2.4. Identification of transgenic plants using regular PCR and RT-
PCR analyses

Total genomic DNA was isolated from tobacco tissues as
described by Edwards et al. [22]. Total RNA was isolated from
tobacco tissues using the TRI reagent (Molecular Research Center,
Inc, Cincinnati, USA) and following the manufacturer’s instructions.

PCR reactions were carried out with 1 pmol/L primers,
0.4 mmol/L of each dNTP and 2.5 U Taq DNA polymerase (Gibco).
To identify the transgenes in tobacco, following primers were
synthesized according to wheat Ta-JA1 cDNA sequence: D3: 5'-
CTCATAAGCCTACAACATCC-3’, D4: 5'-CTAGGGACAAAATCCAT-3/, J3:
5'-GGATTTTGTCCCATGC-3' and J4: 5'-GCTTGATAGGATCTTCTAG-3'.
The three pairs of D3 plus D4, |3 plus J4, and D3 plus J4 were used
to amplify dirigent domain transgene, JRL domain transgene, and
Ta-JA1 transgene, respectively.

For RT-PCR analysis, the first-strand cDNA was synthesized from
total RNA using SuperScript™ IIl Reverse Transcriptase Kit (Invi-
trogen Corporation, USA). Reverse transcription reactions were
carried out at 50 °C for 60 min and terminated by heating at 95 °C
for 10 min. One microliter of the reaction mixture was used as
template in PCR reaction. Primer pairs for the amplification of
cDNAs of Ta-JA1, the dirigent and JRL domains were the same as
ones for regular PCR described above. A pair of primers consisting
of 5/-CTATTCTCCGCTTTGGACTTGGCA-3' (forward) and 5’-ACCTGC
TGGAAGGTGCTGAGGGAA-3' (reverse) were designed to amplify
tobacco actin cDNA as a control to evaluate of quality of RT and
loading quantity of temperate cDNA as well as to normalize the
expression levels of targeted transgenes.

2.5. Salt tolerance assay

Seeds of T1 transgenic plants were surface-sterilized with 1%
NacClO for 8 min, followed by 5 times of washing with autoclaved
water. Fifty seeds were then inoculated on to agar-solidified MS
medium supplemented with 75 or 125 mM of NaCl. The plates were
placed in a culture condition consisting of a photoperiod of 16/8 h
(day/night) and a temperature of 25 °C. After 18 days of growth, the
root length of seedlings was measured.

2.6. Pathogen resistance assay

The fourth to sixth leaves from top of 2-month-old tobacco
plants grown in greenhouse were used to inoculate Pseudomonas
syringae pv tabaci, which cause tobacco wildfire disease. The
growth of P. syringae and inoculation on tobacco leaves were
according to Guo et al. [23]. The P. syringae population inside the
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leaf discs was determined based on the numbers of colonies formed
on King’s B plates after 7 days of the inoculation.

The experiment was repeated three times. The Student’s t-test
for independent samples [24] was applied to determine the
difference between the transgenic and the control lines that
transferred with pKYLX71 vector alone.

2.7. dy and ds analysis

Codeml program at PAL2NAL website (http://www.bork.embl.
de/pal2nal/) was used to calculate the non-synonymous substitu-
tion rate leading to amino acid replacements (dy) and synonymous
substitution rate leading to silent changes (ds) [25].

3. Results
3.1. Properties of Ta-JA1, and the dirigent and JRL domains

To study the roles of different domains in Ta-JA1, we introduced
each individual domain into plasmid to express recombinant
protein in E. coli. After induction of expression, oligomeric amino
acid products of both dirigent and JRL domains were obtained from
engineered E. coli (Fig. 1). Compared to the expression of full-length
of Ta-JA1, SDS-PAGE gel images showed that the protein production
of the dirigent and JRL domains were high (Fig. 1). The dirigent and
JRL domains plus Ta-JA1 protein from the soluble fraction of the
induced E. coli extracts was purified to homogeneity (Fig. 1).

The purified dirigent and JRL domains versus Ta-JA1 protein
were tested for the lectin activity and carbohydrate specificity. Both
JRL domain and Ta-JA1 agglutinated rabbit red blood cells in the
tested concentration ranges from 375 to 23.4 pg/mL. The aggluti-
nation was also observed when the concentration of these proteins
was reduced to 11.7 pg/mL. In contrast, the dirigent domain did not
agglutinate red blood cells in the tested concentrations up to
375 pg/mlL.

Carbohydrate specificity was determined by inhibition of
hemagglutination using three saccharides. Both the full-length Ta-
JA1 protein and the JRL domain bound to p-mannose with high
preference. In contrast, three types of sugars did not inhibit the
hemagglutination activity of the dirigent domain (Table 1).

— 72,000

— 55.000

— 43,000

— 26,000

Fig. 1. Gel electrophoresis images showing recombinant Ta-JA1 and its two domains
expressed in E. coli. Proteins were separated from the total protein fractions of unin-
duced and IPTG-induced E. coli harboring pET-Dir, pET-JRL and pET-JA1 expression
plasmids, and after His-Tag resin purification of the soluble fraction from induced cells.
PET-Dir: plasmid with dirigent domain of Ta-JA1; pET-JRL: plasmid with JRL domain of
Ta-JA1; pET-JA1: plasmid with full-length of Ta-JA1. Molecular markers are indicated on
the right of the figure.

3.2. Agglutination activity to P. syringae cells

To understand whether Ta-JA1 and its two domains agglutinate
bacteria cells, P. syringae grown to the exponential phase was tested
with different diluted proteins. The results showed that in the
tested proteins starting with concentration of 11.7 pg/mL, both Ta-
JA1 and JRL agglutinated P. syringe. In contrast, in the same tested
concentration range, the dirigent domain did not show this
agglutination activity (Table 2).

Sugar inhibition was performed to characterize the agglutina-
tion of the three types of protein to P. syringae. The tested sugars
included mannose, galactose and glucose. The resulting data
showed that mannose strongly inhibited the agglutination of Ta-
JA1 and JRL domain to P. syringe cells (Table 2).

3.3. Over-expression of Ta-JA1, dirigent or JRL domains in tobacco
plants exhibit the normal morphology and development

Approximately 30 putative transgenic tobacco plants were ob-
tained via genetic transformation of A. tumefaciens containing pKY-
Dir, pKY-JRL or pKY-JA1 expression vectors. PCR analysis amplified
DNA fragment of dirigent, JRL and Ta-JA1 from transgenic plants,
respectively, but not from control plants (Supplementary Fig. 1).
PCR-positive plants were then chosen for further analysis of
RT-PCR.

The putative transgenic plants were further demonstrated by
RT-PCR. Three recombinant genes were expressed in PCR-positive
plants but not in control plants (Fig. 2). From dirigent domain
transgenic plants, four lines Dir-1, Dir-3, Dir-4 and Dir-6 were
identified to express the recombinant gene (Fig. 2A). Four trans-
genic lines, labeled with JRL-1, JRL-5, JRL-6, and JRL-7 were ob-
tained with a high expression level of the JRL recombinant gene
(Fig. 2B). Four transgenic lines labeled with JA-1, JA-2, JA-5, and JA-
6, were identified with a high expression level of the recombinant
Ta-JA1 (Fig. 2C).

The T1 progeny of transgenic plants of the dirigent domain, JRL
domain and Ta-JA1 transgenes were selected from seeds of self-
fertilization of transgenic plants. The seeds were geminated on
medium containing kanamycin. The segregation ratio of resistance
versus sensitivity to kanamycin was approximately 3:1 in seeds of
Dir-3, Dir-4, Dir-6, JRL-1, JRL-5, JRL-6, JA-2, JA-5, and JA-6 progenies,
indicating that these transgenic plants contained one copy of T-
DNA that was integrated into the genome of these plants (data not
shown).

These transgenic lines and pKYLX71 vector control transgenic
plants were grown in greenhouse to observe their development.
The plant morphology (height and leaf number) was essentially
identical between the transgenic tobaccos and controls, with the
exception days to first flowering, as the transgenic lines Dir-3, Dir-4
and Dir-6A flowered marginally earlier than the control (Table 3).

Table 1

The carbohydrate-binding specificity of the dirigent domain, JRL domain and Ta-JA1
protein. The carbohydrate-binding specificity was determined using saccharides
that inhibit agglutination of rabbit erythrocytes. The purified recombinant proteins
and simple sugar solutions were pre-incubated for 1 h, then rabbit erythrocytes was
added into the reaction mixture. The agglutination was evaluated after 1 h of
reaction at room temperature. The lowest tested concentration of saccharides that
visibly inhibit agglutination was defined as MIC.

Sugars MIC (mM)

Ta-JA1l Dirigent JRL
Mannose 6.25 >50 6.25
Galactose >50 >50 >50
Glucose >50 >50 >50
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Table 2

Recombinant Ta-JA1 and its two domains agglutinate on P. syringe pv tabaci. The
bacteria grown to exponential phase (ODgoo = 0.4) was tested with different diluted
proteins. The lowest concentration tested was expressed as the minimum aggluti-
nating concentration (MAC). Sugar inhibition on bacteria agglutination was per-
formed with 187 pg/mL of proteins and different diluted saccharides. The lowest
concentration of saccharides that visibly inhibit agglutination was defined as MIC.

Proteins MAC (pg/mL) MIC( mM)

Mannose Galactose Glucose
Ta-JA1 11.7 6.25 >50 >50
JRL 11.7 12.5 >50 >50
Dirigent >375 >50 >50 >50

These results suggest that the over-expression of the JRL domain
and Ta-JA1 transgenes do not significantly affect tobacco growth
and development under normal conditions. Although the dirigent
domain exhibited a minor modification on flower time, the overall
morphology of the dirigent transgenes was similar to that of control
tobacco.

3.4. Alteration of salt sensitivity of the dirigent domain transgenic
plants

To further examine the biological function of Ta-JA1 and its two
domains, the transgenic tobacco and control plants were germi-
nated on MS plates supplemented with different concentrations of
NaCl. The growth of roots was used to evaluate their sensitivity to
NaCl. After 18 days of seed germination, the length of roots was
recorded from each individual seedling. Compared to control
seedlings, roots of Dir-3, Dir-4 and Dir-6 lines were much shorter on

Dirigent

Actin

Ta-JA1

Actin

Fig. 2. RT-PCR analyses of dirigent domain, JRL domain and Ta-JA1 gene expression in
transgenic tobacco plants. RT-PCR was performed using the gene-specific primers.
Actin RT-PCR was included as an internal control. (A) Dirigent domain expression in
the different transgenic tobacco lines Dir-1, Dir-3, Dir-4, and Dir-6, respectively. (B) JRL
domain expression in the different transgenic tobacco lines JRL-1, JRL-5, JRL-6, and JRL-
7, respectively. (C) The full-length of Ta-JA1 expression in the different transgenic
tobacco lines JA-1, JA-2, JA-5, and JA-6, respectively.

Table 3
Phenotype analysis of transgenic and control tobacco.

Plants Height (cm) Leaf number Days to the first flower
CK 140 + 13.7 20.3 +4.43 115.2 + 2.88
Dir-3 138 + 154 223 +£4.32 109.7 & 3.56*
Dir-4 144 + 15.5 20.8 £3.25 107.6 + 3.25*
Dir-6 136 + 10.5 18.8 +2.25 106.9 + 3.75*
JRL-1 142 + 11.5 19.8 + 3.45 116.7 + 2.25
JRL-5 145 + 12.5 18.8 +3.75 112.7 + 4.25
JRL-6 141 +£ 135 20.1 £3.25 110.7 + 4.50
JA-2 135 +9.5 20.8 +2.25 112.1 +2.95
JA-5 138 +£ 13,5 18.1 + 2.55 111.2 + 4.95
JA-6 141 +£ 125 22.1 +£4.15 113.1 + 3.65

Values presented here are expressed as mean + SD, n = 3. Probability values were
tested using the Student’s t-test and significant difference at Pygs level between
control (CK, with empty pKYLX71) and transgenic plants in the same column is
marked by *.

media supplemented with 75 mM and 125 mM NaCl (Fig. 3). In
contrast, roots of both Ta-JA1 (JA-2, JA-5 and JA-6) and the JRL
domain (JRL-1, JRL-5 and JRL-6) transgenic seedlings grew normally
on media containing NaCl. These data indicated that the over-
expression of the dirigent domain increase the root sensitivity to
salt stress.

3.5. Resistance performance of dirigent or JRL domains in
transgenic tobacco

The over-expression of Ta-JA1 has been reported to increase
disease resistance of transgenic tobacco plants [15]. To understand
whether the over-expression of the dirigent and JRL domains
altered the resistant manners to pathogen, transgenic plants were
inoculated with P. syringae pv tabaci. As observed in Ta-JA1 trans-
genic plants, the over-expression of JRL domain significantly
increased the resistance to this bacterium. After 7 days of inocu-
lation, unlike control plants with obvious yellow lesion, JRL and Ta-
JA1 transgenic plants did not show obvious lesion symptoms
(Supplementary Fig. 2). Bacterial growth was further determined 7
days after inoculation. As illustrated in Fig. 4, the growth of
P. syringae in tobacco cells was inhibited by almost one order of
magnitude in the JRL-1, JRL-5, JRL-6, JA-2, JA-5, and JA-6 transgenic
lines compared to the control line. JRL and JA plants showed
a similar level in inhibition of P. syringae growth. By contrast, Dir-3,
Dir-4 and Dir-6 transgenic lines exhibited a weak inhibition on
P. syringae growth (Fig. 4).

3.6. Patterns of Ta-JA1-related protein sequence evolution

The determination of the ratio of the non-synonymous substi-
tution rate dy to synonymous substitution rate ds has been used
extensively to infer the nature of selection operating on genes of
interest [26]. The dy/ds ratios for Ta-JAl-related proteins were
significantly lower than 1 (Table 4), suggesting potential functional
constraints and a strong purifying selection on Ta-JAl-related
proteins [27].

4. Discussion

The monocot jacalin-related lectins demonstrate to functionally
involve plant defense reactions. Examples include Hfr-1 and Ta-JA1.
Hfr-1 (Hessian fly response gene-1) gene identified from wheat has
been shown to inhibit Hessian fly larval feeding and kill larvae [13].
Our previous report showed that the over-expression of Ta-JA1
increased the resistance of transgenic plants to infection by
bacterial and fungal pathogens [15]. The monocot jacalin-related
lectins are composed of two distinct domains, which have not
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Fig. 3. Root growth of transgenic plants expressing dirigent domain, JRL domain, and Ta-JA1 under salt stress. Tobacco seeds were germinated on the medium containing 75 or
125 mM NaCl. Root length of seedlings was measured 18 days after seeding. Dir-3, Dir-4, Dir-6: dirigent domain over-expression lines; JRL-1, JRL-5, JRL-6: JRL domain over-
expression lines; JA-2, JA-5, JA-6: Ta-JA1 over-expression lines; the control is pKYLX71: transgenic line with empty pKYLX71 vector. Each column represents an average of three
replicates, and bars indicate standard errors. Probability values between the control and transgenic tobacco were estimated by the Student’s t-test and significant differences at P g5

and Py levels are marked by * and **, respectively.

been functionally characterized. In the present study, we express
and purify the dirigent domain and JRL domain of Ta-JA1l. In vitro
and transgenic analyses demonstrated the difference of their
functions. Our experiments clearly showed that JRL but not the
dirigent domain provided the agglutination and pathogen-resistant
activities of Ta-JA1. This suggests that JRL domain confers a lectin
agglutination activity of Ta-JA1 and this will be directly involved in
its biological function in disease resistance. A similar report was
obtained from a Ta-JA1 homolog in maize, called BGAF. The JRL
domain of BGAF has glucosidase binding and aggregating activities
[28]. A mannose-specific jacalin-related lectin (TaJRLL1) was re-
ported in wheat. The over-expression of TaJRLL1 in Arabidopsis
thaliana increased resistance to fungal pathogens. Interesting,
TaJRLL1 contained two JRL domains without dirigent domain [29].
This is consistent with our data that JRL domain confers the disease
resistance property.

Bacterial Growth |log(cfu/cm2)|

ok

Our results showed the dirigent domain not only lacked
aggregating activity but also contributed little to disease resistance
of Ta-JA1l. Therefore, it should be caution to call this domain as
disease-related domain as annotated in some protein databases.
Instead, the over-expression of dirigent domain in the transgenic
plants enhanced their sensitivity to salt stress (Fig. 3), although
these variations were not very remarkable. In maize BGAF, although
JRL domain could bind to glucosidase directly, but JRL domain alone
could not aggregate glucosidase and this aggregation needed
the dirigent domain. It suggested that BGAF formed a homodimer
by dirigent domain and then one BGAF dimer would bind two
B-glucosidase dimers, connecting B-glucosidase dimers in a linear
chain which would lead to aggregation [28]. Clearly, the functions
of dirigent domain warrant further investigations.

Ta-JA1 represents a new family of protein specific to monocots.
Studies on homologs may enhance the understanding of functional

0 I I 1
pKYLX71 Dir-3 Dir-4 Dir-6

JRL-1 JRL-5 JRL-6

JA-2 JA-5  JA-6

Fig. 4. Analysis of resistance to P. syringae tabaci in dirigent domain, JRL domain, and Ta-JAI-over-expressing transgenic lines. P. syringae (107 colony forming units/ml) was
inoculated into the fourth to sixth upper leaves of transgenic plants of T; progeny. The infected leaves were collected and the bacterial populations were determined 7 days after the
inoculation. Dir-3, Dir-4, Dir-6: dirigent domain over-expression lines; JRL-1, JRL-5, JRL-6: JRL domain over-expression lines; JA-2, JA-5, JA-6: Ta-JA1 over-expression lines; the
control is transgenic line with empty pKYLX71 vector. Values are means of three different experiments, and bars are standard errors. Probability values between the control and
transgenic tobacco were estimated by the Student’s t-test and significant differences at Py s and Py levels are marked by * and **, respectively.
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Table 4
The dy/ds ratios of pairwise comparisons for Ta-JA1-related proteins.

dn/ds Ta-JA1 TaHfr TaVer2 TaWCI-1 SbBAGF  ZmBAGF

Ta-JAl
TaHfr 0.360

TaVer2 0340 0370

TaWCl-1 0411 0338 0371

OsVC2 0338 0280 0338 0.366

SbBAGF 0259 0257 0325 0265 0273

ZmBAGF 0.147 0.120 0.174 0.136 0044 0510
AsCrs-1 0237 0435 0442 0489 0296 0434  0.099

0sJvCl

evolution of this group of proteins. Crs-1 is a homolog of Ta-JA1
reported in creeping bentgrass [10]. Crs-1 homologs have isolated
from the genomes of rice and maize, which have been considered to
have diverged from a common ancestor approximately 50 million
years ago. In addition, the tribe Aveneae has been proposed to
diverge from rice approximately 46 million years ago, from which
the tribe Triticeae diverged approximately 25 million years ago. Crs-
1 homologs have been identified in the genome of wheat but being
lost in bentgrass [10]. Why this group of proteins is specific to these
monocot plants remains unknown. It has been proposed that this
specificity may result from the consequence of long domestication.
The dy/ds ratio for Ta-JA1-related proteins were significantly lower
than neutral selection (Table 4), suggesting strong purifying
selection on Ta-JA1 homologs which may contribute the adaptation
evolution of this family of protein in crop plants.

Consideration of the dy/ds ratio data and the different tissue
expression profiles among Ta-JAl-related proteins, a sub-
functionalization mechanism for functional evolution may exert
on these proteins. Although the high similarity has been found in
protein primary sequence and structure, Ta-JAl-related proteins
exhibit broad functional diversity. Sorghum BGAF agglutinated
rabbit erythrocytes as maize BGAF did but did not interact to -
glucosidases [8]. The dirigent domain in Ta-JA1 (Table 2) and
OsJAC1 [30] did not affect the sugar-specificities of their JRL
domains, while this deletion abolished binding to galactose and
GalNAc in maize and sorghum BGAF [31]. Taking everything
together, Ta-JA1-related proteins are formed a special family with
restrictive functions to crop plants such as maize, rice and wheat.
The JRL domain of Ta-JA1 confers a basic disease resistant property
while its dirigent domain may be involved to fine regulation of
Ta-JA1. Chimeric genes formed through the combination of existing
coding sequences have been demonstrated to have a profound
influence on adaptive evolution [32,33]. Ta-JA1 provides a good
example for further investigations in this aspect.
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