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Continually exposed to potential pathogens, vascular plants have evolved intricate defense mechanisms
to recognize encroaching threats and defend themselves. They do so by inducing a set of defense
responses that can help defeat and/or limit effects of invading pathogens, of which the non-host disease
resistance response is the most common. In this regard, pea (Pisum sativum) pod tissue, when exposed to
Fusarium solani f. sp. phaseoli spores, undergoes an inducible transcriptional activation of pathogenesis-
related genes, and also produces (+)-pisatin, its major phytoalexin. One of the inducible pathogenesis-
related genes is Disease Resistance Response-206 (DRR206), whose role in vivo was unknown. DRR206
is, however, related to the dirigent protein (DP) family. In this study, its biochemical function was inves-
tigated in planta, with the metabolite associated with its gene induction being pinoresinol monogluco-
side. Interestingly, both pinoresinol monoglucoside and (+)-pisatin were co-localized in pea pod
endocarp epidermal cells, as demonstrated using matrix-assisted laser desorption/ionization (MALDI)
mass spectrometry imaging. In addition, endocarp epidermal cells are also the site for both chalcone syn-
thase and DRR206 gene expression. Taken together, these data indicate that both (+)-pisatin and pinores-
inol monoglucoside function in the overall phytoalexin responses.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Vascular plants possess a form of immunity, called non-host
resistance, which helps protect against plant pathogens, and which
involves induction of multiple defense genes including those for
phytoalexin production (Hadwiger, 2008). When pea (Pisum sati-
vum) pod tissue is exposed to Fusarium solani f. sp. phaseoli spores,
a number of such genes are induced, several of whose cDNA clones
have been isolated (Fristensky et al., 1988, 1985; Riggleman et al.,
1985). Expression of one of these genes in vivo, Disease Resistance
Response-206 (DRR206), was shown by Northern analysis to be
induced to high, sustained, levels very early in pathogen exposure.
A preliminary western analysis with rabbit polyclonal antibodies,
directed against DRR206, indicated that it was approximately
23,000 Da (Culley et al., 1995). However, neither its biochemical
nor physiological functions were established. In addition, this gen-
eral defense response is associated with transcriptional activation
of other pathogenesis-related (PR) genes, such as those encoding
phenylalanine ammonia-lyase (PAL), chalcone synthase (CHS),
DRR49, DRR276, chitinase, b-glucanase and defensins, as well as
with accumulation of the phytoalexin, (+)-pisatin (1) (Scheme 1)
(Hadwiger, 2008).

DRR206 (Wang and Fristensky, 2001) shares �60% sequence
identity with the (+)-pinoresinol forming dirigent protein (DP)
(Fig. 1) (Gang et al., 1999), that was previously discovered in For-
sythia sp. (Davin et al., 1997). The first example of a DP, the (+)-
pinoresinol forming DP from Forsythia intermedia (Davin et al.,
1997; Gang et al., 1999; Halls et al., 2004; Halls and Lewis,
2002), was established to be responsible for stereoselective control
of coniferyl alcohol (2)-derived radical–radical coupling to afford
(+)-pinoresinol (3a), in the presence of a one-electron oxidase or
oxidant; DPs also appear to have a unique biochemical mechanism.
While it is known that there are both (+)- and (�)-pinoresinol
forming DPs (Davin et al., 1997; Gang et al., 1999; Kim et al.,
2012; Pickel et al., 2010; Vassão et al., 2010), it is now evident from
analyses of available EST databases, gene banks, and genome
sequences, that multiple forms of DPs and their homologs are
found in the plant kingdom (Davin and Lewis, 2000); the vast
majority are yet of unknown biochemical/physiological functions,
tion of
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Scheme 1. Various aromatic constituents found in pea.
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although various roles have been contemplated (Davin and Lewis,
2005; Hosmani et al., 2013).

The coniferyl alcohol (2)-derived dimer, pinoresinol (3), is a
member of a large, structurally diverse, class of lignans, with these
having a wide range of physiological and pharmacologically impor-
tant properties (Chu et al., 1993; Vassão et al., 2010). Because of
their pronounced biological (antimicrobial, antifungal, antiviral,
antioxidant and anti-feedant) properties, a major role of lignans
in vascular plants is to apparently help confer resistance against
various opportunistic pathogens and predators.

The goal of this research was thus to determine the biochemical
function of DRR206 in planta, and the identity and location of the
metabolite(s) so produced and/or accumulating in situ on pathogen
attack. In order to address this, recombinant DRR206 was initially
obtained and its biochemical function was examined using the
monolignols p-coumaryl (5) and coniferyl (2) alcohols as potential
substrates. Next, pea pod tissue was exposed to F. solani f. sp.
phaseoli spores, in order to detect and localize the metabolite(s)
so produced. To do this, matrix-assisted laser desorption/ioniza-
tion mass spectrometry imaging (MALDI MSI) was used for metab-
olite localization in situ, in addition to ultra-high performance
liquid chromatography (UPLC), electrospray ionization mass spec-
trometry (ESI-qTOF-MS) coupled with ion mobility separation.
2. Results and discussion

2.1. Gene expression analyses

As a prelude to investigating the identity of the defense metab-
olite(s) being formed by DRR206, quantitative RT-PCR analyses
were carried out to confirm induction of its mRNA expression lev-
els at different time points/stages of fungal infection (Fig. 2). These
analyses indicated that its mRNA expression was circa 5–6-fold
higher (than in an uninfected control) in pea pods after 6 h of
fungal exposure. This confirmed that induction of the DRR206 gene
expression was due to fungal infection.
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2.2. Stereoselectivity of recombinant DRR206

To identify the biochemical function of DRR206 in vitro, the
DRR206 gene (lacking any intron) was cloned from pea leaf geno-
mic DNA and recombinant DRR206 was produced in a tomato
(Solanum peruvianum) cell suspension culture as DPs are glycosyl-
ated (Kim et al., 2012). It was then purified to apparent homogene-
ity (data not shown) using ammonium sulfate precipitation and
two cationic exchange column chromatographic steps. The purified
recombinant DRR206 was next assayed for stereoselectivity of
monolignol coupling, using p-coumaryl (5) and coniferyl (2) alco-
hols as substrates in vitro. No stereoselective coupling of p-coum-
aryl alcohol (5) was observed, as the 8–80 coupling product
ligballinol (6) formed in the assay using DRR206 in the presence
of a one electron oxidase (laccase) was racemic (data not shown).
In contrast, stereoselective coupling of coniferyl alcohol (2) was
clearly engendered, i.e. as established by formation of the (+)-anti-
pode (3a) in �38% enantiomeric excess (e.e.) over its (�)-enantio-
mer (3b) at 6.4 lM DRR206 (Fig. 3).

2.3. Metabolite analyses

Since DRR206 mRNA expression was increased by fungal infec-
tion, and assays of recombinant DRR206 in vitro resulted in stereo-
selective formation of (+)-pinoresinol (3a), pea pod tissue was next
infected with F. solani to identify the chemical nature of any metab-
olite(s) whose levels were induced. Accordingly, changes in metab-
olite levels before and after fungal exposure were investigated by
specifically targeting lignan-type molecules, using UPLC–HRMS,
with analysis of uninfected pea pods performed as a control. From
these analyses, the isoflavonoid (+)-pisatin (1) showed the most sig-
nificant level of increase in infected pea pods over uninfected (con-
trol) pea pods (data not shown), and was also the most abundant.
This observation was in agreement with previous studies (Banks
and Dewick, 1983; Celoy and VanEtten, 2014; Cruickshank and R
Perrin, 1963; DiCenzo and VanEtten, 2006; Hadwiger, 1966).

By contrast, no lignan aglycones (including pinoresinol (3)) were
detected in the extracts examined under the conditions employed.
However, since many lignans are sequestered in glycosidic form,
the crude pea pod extracts were next treated with b-glucosidase
to release aglycones and the metabolite analyses were again per-
formed. One new metabolite was detected in infected (but not con-
trol) pea pod tissue which eluted at the same retention time as
pinoresinol (3), and also had very similar electrospray mass frag-
ments (Fig. S1B) to the authentic standard (Fig. S1A) (Yamamoto
et al., 2010). Following its purification using reversed-phase HPLC
(see ‘‘Section 4’’) and chiral HPLC, the pinoresinol (3) isolate was
found to be in 84% e.e. of its (+)-form (3a) (Fig. S2B).

It was next instructive to establish the chemical nature of the
pinoresinol (3) derivative produced in fungal infected pea pods.
Accordingly, extracts of fungally infected and uninfected pea pods
(without b-glucosidase treatment) were individually analyzed
using UPLC–ESI-qToF–MS. A small new peak was detected in fun-
gal infected pea pods (Fig. 4B, arrow), whose mass spectrum sug-
gested presence of pinoresinol monoglucoside (4), this being
confirmed by synthesis of an authentic standard (see ‘‘Section
4’’). Among all the other peaks, this was the only one detected
which corresponded to a lignan glycoside based on its retention
time, UV and mass spectra. Both the purified metabolite from fun-
gal infected pea pods and synthetic 4 were individually subjected
to UPLC-ESI-qTOF-mass spectrometry analyses in the positive
and negative ion modes. The qTOF-electrospray ionization MS of
authentic 4 and the isolate from infected pea pod tissue in the posi-
tive ion mode gave molecular ion peaks at m/z 543.1843
(�0.1 ppm) [M+Na]+ and 543.1844 (�0.3 ppm) [M+Na]+, respec-
tively (Fig. S3A and B), these corresponding to the molecular
esistance response in pea (Pisum sativum) pods: Biochemical function of
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Fig. 1. Sequence alignments of pea DRR206 (PsDRR206) and Forsythia intermedia (+)-pinoresinol forming dirigent protein (FiDIR).

Fig. 2. DRR206 gene expression analysis following fungal infection using real time
quantitative PCR. Expression level of DRR206 was set to 1 for uninfected pea pod
tissue, with expression of the pea actin gene used as an internal control. Error bars
represent standard deviation of three replicates.

Fig. 3. DRR206 protein-mediated coupling of coniferyl alcohol (2) showing the
effect of varying DRR206 concentrations on the formation of (+)-pinoresinol (3a).
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formula C26H32NaO11. In the negative ion mode, authentic standard
(4) and the isolate from infected pea pod tissue gave molecular ion
peaks at m/z 519.1866 (0.0 ppm) [M�H]� and 519.1867
(�0.1 ppm) [M�H]�, respectively (Fig. S3C and D).

Next, UPLC–ESI-qToF–MS coupled with ion mobility separation
analyses were carried out in order to further confirm the identity of
4. This analytical technique gives an additional dimension of ion
separation, based on charge, size and shape. This ability to exploit
Please cite this article in press as: Seneviratne, H.K., et al. Non-host disease r
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the collision cross-section (CCS) property of a compound results in
the highest levels of separation, specificity, sensitivity and struc-
tural information. Furthermore, depending on the compound, it
can also give isomer separation, elimination of interferences, and
the ability to confirm identity through its CCS and drift time (time
taken for an ion to drift through a buffer gas under influence of an
electric field) measurements.

These analyses were also carried out in both positive and nega-
tive ion modes. In the positive ion mode, the isolate gave a molec-
ular ion peak at m/z 543.1852 (�1.8 ppm) [M+Na]+ corresponding
to the molecular formula of C26H32NaO11 (Table 1), in excellent
agreement with the authentic standard. In the negative ion mode,
the isolate had a molecular ion peak at m/z 519.1868 (�0.3 ppm)
[M�H]�, which also was well correlated with the authentic stan-
dard. Drift times of the purified 4 in both positive and negative
ion modes (85.785 bins and 100.693 bins) were also in agreement
with those of the authentic standard 4 (85.625 bins and 100.568
bins, respectively) (Table 1). Taken together, these results unam-
biguously confirmed the identity of the purified metabolite as
pinoresinol monoglucoside (4).

Accordingly, based on UV, retention time (Fig. 4) and mass spec-
tral (Fig. S3) comparisons with authentic standard 4, the metabo-
lite formed in infected pea pod tissue was pinoresinol
monoglucoside (4). Furthermore, its absence in uninfected pea
pods (control), under the conditions employed, strongly suggests
its formation was induced by fungal infection. Being present in
very low amounts, however, it was only detected and identified
using high sensitivity and high resolution chromatographic/mass
spectroscopic techniques.
2.4. Matrix-assisted laser desorption/ionization mass spectrometry
imaging analyses

MALDI MSI experiments were started by selecting and optimiz-
ing matrix conditions and other parameters, like laser energy on
authentic pisatin (1) and pinoresinol monoglucoside, (4) to deter-
mine their ionization patterns and to detect them at different sam-
ple concentrations. Initially, two commonly used MALDI matrices
(2,5-dihydroxybenzoic acid, DHB; a-cyano-4-hydroxycinnamic
acid, CHCA), reportedly useful for ionizing small molecules were
tested. The best conditions from these experiments (i.e. DHB,
40 mg/ml in MeOH–H2O (which contains 0.1% TFA) 70:30, v/v)
were utilized to study the precise localization of pisatin (1) and
pinoresinol monoglucoside (4) in fungal infected pea pod tissue.

The pea pod wall is composed of three distinct tissue layers:
exocarp, mesocarp, and endocarp (Atkins et al., 1977) (Fig. 5A). In
the fungal non-host disease response model system, where the
three regions are exposed, the endocarp tissue is the one known
to result in the non-host resistance response. Additionally, the
endocarp consists of an inner epidermis, a mid-region of two to
three layers of parenchyma, and an inner layer of sclerenchyma
esistance response in pea (Pisum sativum) pods: Biochemical function of
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Fig. 4. UPLC chromatograms. (A) Extract from uninfected pea pods. (B) Extract from
infected pea pods. (C) Pinoresinol monoglucoside (4) standard.
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cells (Fig. 5A). In this work, the cell types in pea pod tissue involved
in pisatin (1) and pinoresinol monoglucoside (4) formation and/or
accumulation were next investigated. Accordingly, MALDI MSI
coupled with ion mobility separation was used to localize them
in fungal infected pea pods (see ‘‘Section 4’’). First, authentic pisat-
in (1) and pinoresinol monoglucoside (4) standards were tested,
with ions m/z 297.0749 (4.7 ppm) and m/z 559.1594 (�2.1 ppm)
corresponding to [M�H2O+H]+ for pisatin (1) and [M+K]+ for
pinoresinol monoglucoside (4), respectively, being readily detected
when using 2,5-dihydroxybenzoic acid (DHB) as matrix (Table 2)
(Figs. S4 and S5).

In order to determine the spatial distribution of pisatin (1) and
pinoresinol monoglucoside (4), surface sections from fungal
infected pea pods were obtained. One of the major challenges
encountered during MALDI mass spectrometry imaging analysis
of pea pod surface sections was the low effectiveness of laser abla-
tion on the tissue. This was because the surface sections were
resistant to ablation, even at higher laser energy due to the waxy
layer of the endocarp in the pea pod tissue (data not shown).
Therefore, the wax was largely removed by performing a rapid
hexane dip (15 s) prior to matrix application. Next, surface sections
of an infected pea pod tissue, with and without epidermal cells,
were examined by MALDI MSI; this (as expected) established the
presence of hundreds of metabolites ranging from m/z 100 to
1000 Da (data not shown).

Pisatin (1) was abundantly detected as its [M�H2O+H]+ ion at
m/z 297.0753 (3.3 ppm) in the endocarp epidermal cells, whereas
pinoresinol monoglucoside (4) was detected as its potassium
adduct at m/z 559.1590 (�1.4 ppm) in the same region (Table 2,
Table 1
Ultra performance liquid chromatography quadrupole time of flight mass spectrometry (U

Pinoresinol monoglucoside (4) Mode

Standard Positive
Isolated from infected pea pods

Standard Negative
Isolated from infected pea pods
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Fig. 5B–G, and Figs. S4 and S5). The detection of pinoresinol
monoglucoside (4) as its potassium adduct is provisionally
explained by a high concentration of potassium salts in pea pod tis-
sue. Furthermore, the m/z 297.0753 ion showed a drift time of
27.75 bins which is similar to that of the [M�H2O+H]+ ion of the
pisatin (1) authentic standard (27.85 bins). Similarly, the m/z
559.1590 ion had a drift time of 52.11 bins which is close to that
of the [M+K]+ ion of the pinoresinol monoglucoside (4) authentic
standard (51.93 bins) (Table 2; Figs. S4 and S5). Taken together,
the above data further confirmed the identities of 1 and 4 in the
fungal infected pea pod tissue, with the relative abundance of
the former being circa 100-fold higher than pinoresinol mono-
glucoside (4) (Fig. 5B–G). Because of this, signal intensity counts
for 4 were low compared to that of pisatin (1) (Fig. 5B–G).

Surface sections of uninfected pea pods, with and without endo-
carp epidermal cells, were also examined as a control. By contrast,
although they also showed presence of hundreds of metabolites
(data not shown), none apparently corresponded to either pisatin
(1) or pinoresinol monoglucoside (4).

The MALDI MSI experiments showed localization of both pisatin
(1) and pinoresinol monoglucoside (4) in the endocarp epidermal
cell layer of pea pod tissue (Fig. 5B–G). However, MALDI images
(single ion intensity maps) of pisatin (1) also showed low levels
in the tissue with no epidermal cells (Fig. 5B–D). To further confirm
and extend these observations, pea pods were fungally treated as
before. Six hours after treatments the endocarp epidermal cell layer
was removed from half of the pods, this resulting in 3 samples: the
endocarp epidermal cell layers, and pods with/without endocarp
epidermal cell layers. Comparable tissues were also obtained from
uninfected pea pods. UPLC–ESI-qToF–MS metabolite analyses were
next performed on each tissue. As before, both pisatin (1) and
pinoresinol monoglucoside (4) were detected in the fungally
infected pea pods (Figs. S6A, D, and S7D). It was next established
that both 1 and 4 were present in the fungally infected endocarp
epidermal cells (Figs. S6C, F, and S7F). Interestingly, pisatin (1)
was also detected in very low abundance in pea pod tissue without
the endocarp epidermal cells (Fig. S6B and E), and in minute
amounts in non-infected tissues (Fig. S8, ⁄). These observations thus
presumably explain the presence of pisatin (1) in the mesocarp at
very low ion abundance as demonstrated using MALDI MSI analysis
(Fig. 5B–D). On the other hand, the UPLC–ESI-qToF–MS data indi-
cated pinoresinol monoglucoside (4) was only present in endocarp
epidermal cells (Fig. S7F) and not in the underlying tissue (Fig. S7E)
or in the uninfected tissues (Fig. S7A–C).

It was next instructive to investigate the sites of biosynthesis of
pisatin (1) and pinoresinol monoglucoside (4). In order to address
this, quantitative RT-PCR analyses of the chalcone synthase (CHS)
gene, which is involved in pisatin (1) biosynthesis, and the
DRR206 gene were carried out on various cell/tissue types includ-
ing isolated epidermal cell layer, pea pod tissue without epidermal
cell layer, and pea pod tissue with epidermal cell layer. Interest-
ingly, both CHS and DRR206 genes showed highest expression lev-
els in the endocarp epidermal cells (Fig. 6A and B). These results
indicated that both the biosynthesis and accumulation of pisatin
(1) and pinoresinol monoglucoside (4) occur in the same cell type
– the endocarp epidermal cells.
PLC-ESI-qTOF-MS) and ion mobility separation analyses results.

m/z Drift time (bins)

[M+Na]+ 543.1850 (�1.4 ppm) 85.625
[M+Na]+ 543.1852 (�1.8 ppm) 85.785

[M�H]� 519.1863 (0.5 ppm) 100.568
[M�H]� 519.1868 (�0.3 ppm) 100.693

esistance response in pea (Pisum sativum) pods: Biochemical function of
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Fig. 5. Pea pod anatomy and MALDI mass spectrometry imaging of pisatin (1) and pinoresinol monoglucoside (4). (A) Cross-section of pea pod stained with toluidine blue O.
(B�G) MALDI MSI positive ion images of pisatin (1; m/z 297.0753, [M�H2O+H]+; B�D) and pinoresinol monoglucoside (4; m/z 559.1590, [M+K]+; E�G) presented in ratio of
histology image layer (tissue image): data image layer (MALDI MSI image) for image layer opacity using HDImagingTM (V1.1) software at 100:100 (B, E), 25:50 (C, F) and 0:100
(D, G), respectively. The epidermal cell layer in the area to the right of the dotted line has been removed.

Table 2
MALDI mass spectrometry imaging with ion mobility separation results showing m/z values and drift times of pisatin (1) and pinoresinol monoglucoside (4).

Pisatin (1) [M�H2O+H]+ Pinoresinol monoglucoside (4) [M+K]+

m/z (ppm) Drift time (bins) m/z (ppm) Drift time (bins)

Standard 297.0749 27.85 559.1594 51.93
D ppm: 4.7 D ppm: �2.1

In fungal infected pea pod surface section 297.0753 27.75 559.1590 52.11
D ppm: 3.3 D ppm: �1.4
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2.5. Induction and spatial localization of defense compounds

Plants can rapidly exploit their often distinctive metabolic tool-
sets to synthesize a fantastic armory of structurally and function-
ally diverse phytochemicals. Many are often required for their
interactions with their environments, e.g. pathogen defense com-
pounds (Bednarek and Osbourn, 2009; Dixon, 2001; Halkier and
Gershenzon, 2006; Hammerschmidt, 1999; VanEtten et al., 1994).
This, together with an ever-fluctuating biotic environment, imparts
an evolutionary pressure upon plants to constantly create new phy-
tochemicals, which help confer selective advantage to the plants.
While these are essential for a plant’s survival, this is only true
under certain conditions when the pathogen is present (Lankau,
2007; Lankau and Strauss, 2007; Züst et al., 2012). Moreover, plants
can attempt to resist microbial pathogenic attack using elaborate
non-self-surveillance systems consisting of a repertoire of cell sur-
face processes. Indeed, most microbial pathogens, such as fungi and
bacteria, first come into contact with plant epidermal cells.

Defense compounds attempt to terminate microbial coloniza-
tion and often display highly localized accumulation at the site of
infection, e.g. to attempt to sterilize the area against further path-
ogen entry (Smith, 1996). Indeed, many defense compounds are
produced in a pathogen-inducible manner (Bednarek et al., 2005;
Please cite this article in press as: Seneviratne, H.K., et al. Non-host disease r
DRR206 and phytoalexin pathway localization. Phytochemistry (2014), http://
Churngchow and Rattarasarn, 2001; Zook and Hammerschmidt,
1997), suggesting that the production of toxic bioactive phyto-
chemicals could have general significance for growth restriction
of diverse pathogen classes. In this non-host resistance response,
cytological studies on endocarp epidermal cells upon fungal infec-
tion have been investigated by Hadwiger and coworkers (Choi
et al., 2001; Hadwiger et al., 1995; Teasdale et al., 1974), where
changes in endocarp epidermal cells upon pathogenic attack were
reported. These provide more evidence on the involvement of
endocarp epidermal cells in plant defense responses.

Additionally, knowing the localization of phytochemicals in
plants is important for further understanding their function, bio-
synthesis and possible transport within the plant. For example,
some flavonoids and isoflavonoids, which are produced during this
defense response and accumulate in the same cell type, are of envi-
ronmental significance because they (or their aglycones) are bio-
logically active (Dixon and Pasinetti, 2010; Harborne, 1994;
Harborne and Williams, 2000). In this regard, both antifungal activ-
ity and mode of action of (+)-pinoresinol (3a) have been reported
against several fungal strains including the human pathogen Can-
dida albicans (Bomi et al., 2010). Therefore, it can provisionally be
speculated that (+)-pinoresinol (3a) has an antifungal role in pea
pods in vivo.
esistance response in pea (Pisum sativum) pods: Biochemical function of
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Fig. 6. DRR206 and CHS gene expression analysis in pea pods by quantitative real
time PCR. Expression levels of DRR206 (A) and CHS (B) in pea pods with endocarp
epidermal cell layer, endocarp epidermal cell layer, and pea pods without endocarp
epidermal cell layer 6 h after exposure to F. solani. Expression level of DRR206 and
CHS were set to 1 in uninfected pea pod tissue (control), with expression of the pea
actin gene used as an internal control. Error bars represent standard deviation of
three replicates.
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3. Conclusion

In this study, the metabolite associated with DRR206 induction
was identified as pinoresinol monoglucoside (4), this being local-
ized in the endocarp epidermal cell layer of pea pod tissue. To
our knowledge, this is the first determination of the biochemical
function of DRR206 as a (+)-pinoresinol forming DP. Additionally,
co-localization and co-induction of their formation on fungal expo-
sure suggests both pisatin (1) and pinoresinol monoglucoside (4)
are phytoalexins. Furthermore, a combination of high resolution
chromatographic and advanced mass spectrometric techniques
allowed a better understanding of non-host disease resistance.
Such studies can, in turn, provide greater insights into how land
plants adapted to terrestrial environments and dealt with the chal-
lenges presented.
4. Experimental

4.1. Instrumentation and chromatography materials

All solvents and chemicals used were either reagent or high per-
formance liquid chromatography (HPLC) grade and purchased
from Sigma–Aldrich (St. Louis, MO, USA), unless otherwise speci-
fied. Silica gel thin-layer chromatography (TLC) utilized Partisil�
Please cite this article in press as: Seneviratne, H.K., et al. Non-host disease r
DRR206 and phytoalexin pathway localization. Phytochemistry (2014), http://
PK5F (Whatman; 20 � 20 cm, 1 mm, 150 Å) and AL SIL G/UV254

(Whatman, 20 � 20 cm, 0.25 mm), whereas silica gel column chro-
matography (CC) employed silica gel 60 (EM Science). UV light and
a 10% H2SO4 spray followed by heating were used for TLC plate
visualization. NMR spectra were recorded on an Inova 500 MHz
spectrometer operating at 499.85 MHz (1H) and 125.67 MHz
(13C), respectively, with J values given in Hz. Real time quantitative
PCR analyses of gene expression were performed on a Mx3005P™
real time PCR system (Stratagene, La Jolla, CA) with Platinum�

SYBR� Green qPCR SuperMixUDG (Invitrogen).

4.2. Plant and fungal material

Fusarium solani f. sp. phaseoli strain W-8 (ATCC No. 38135) (F. s.
phas) was obtained as a gift from Prof. Lee A. Hadwiger, Depart-
ment of Plant Pathology, Washington State University. The fungus
was maintained at room temperature on potato dextrose agar
(30 g l-1) (Beckton Dickinson, Sparks, MD, U.S.A) plates, to which
was added a dry pea pod. Fungal macroconidia were harvested
from 2 week old colonies for use as an inoculum. Pea pods were
harvested from 4 week old P. sativum cv. Alcan plants grown in a
growth chamber at 25/19�C with a 16 h light/8h dark cycle.

4.3. Fungal inoculation of pea pods

Immature pea pods, approximately 4.0–5.0 cm long, were split
into halves, using a smooth surfaced spatula. Freshly exposed
endocarp tissue was inoculated with a F. solani f. sp. phaseoli spore
suspension (50 ll) (3.0 � 106 spores/ml) and allowed to incubate
at 25 �C in a moist chamber for 6 h.

4.4. Metabolite extraction

Metabolites were extracted from either freeze-dried fungal
infected pea pods or uninfected (control) pea pods (1.1 g) using
MeOH–H2O (70:30, v/v) (3 � 200 ml), with each extract individu-
ally centrifuged (3000�g for 5 min) and evaporated to dryness in
vacuo. Each extract was treated with b-glucosidase from almonds
(Sigma; 7.4 units in 0.5 ml of NaOAc buffer at pH 5.0) for 24 h at
37 �C, with the resulting incubation mixtures individually
extracted using EtOAc as described in Nakatsubo et al. (2008).
Samples were analyzed by UPLC–ESI-qToF–MS as described below.

4.5. Metabolite analysis

High-performance liquid chromatography (HPLC) analyses were
performed using an Alliance 2690 HPLC system (Waters, Milford,
MA), equipped with a photodiode array detector (Model 2990,
Waters) with detection at 280 nm. Reversed-phase separations
were carried out with a Novapak C18 column (Waters;
150 � 3.9 mm inner diameter). Elution conditions at a flow rate of
0.6 ml min�1 were: linear gradients of 0.1% HCO2H in H2O (A) and
0.1% HCO2H in CH3CN (B) (Optima LC/MS, Fischer Scientific) from
90:10 to 60:40 in 19.50 min, then to 20:80 in 6 min, to 0:100 in
3 min with this composition held for an additional 3 min, and finally
to 90:10 in 1.50 min, with this being held for 12 min. The (+)- and
(�)-enantiomers of pinoresinols (3a and 3b) were resolved on a Chi-
ralcel OD (Chiral Technologies, West Chester, PA) column as
described (Halls et al., 2004).

Plant extracts were analyzed using a Waters Acquity Ultra Per-
formance Liquid Chromatography (UPLC) system equipped with a
Waters BEH C18 column (1.7 lm particles, 2.1 � 100 mm) with a
binary mobile phase of 0.1% HCO2H in H2O (A) and 0.1% HCO2H
in CH3CN (B) with detection at 280 nm and by electrospray ioniza-
tion qToF-mass spectrometry in both positive mode and negative
modes separately. The gradient program was as follows: flow rate
esistance response in pea (Pisum sativum) pods: Biochemical function of
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of 0.2 ml min�1; linear gradient of A: B from 90:10 to 60:40 in
6.5 min, to 20:80 in 2 min, to 0:100 in 1 min followed by 1 min
at 0:100, and finally to 90:10 in 0.5 min with this being held for
4 min. The column temperature was kept at 25 �C and sample
injection volume was 5 ll. Masses were determined using a Waters
Xevo G2 qToF mass spectrometer, using leucine-enkephalin as a
lock-mass standard, at a capillary voltage of 3 kV, cone voltage of
38 V, a desolvation gas temperature of 280 �C and source temper-
ature of 100 �C. Masslynx V4.1 (Waters Corp.) was used to collect
and process data. The chemical identities of the compounds
observed were confirmed by comparing their MS/MS and MSn

spectra (fragmentation pattern) with authentic standards. Identifi-
cation of pisatin (1), pinoresinol (3) and pinoresinol monoglucoside
(4) was done by comparing the retention time, UV, and MS spectra
of authentic standards.

UPLC–ESI-qToF–MS coupled with ion mobility mass spectrome-
try experiments were performed on a Synapt G2 high-definition
mass spectrometer (Waters Corp., Manchester, UK), a hybrid quad-
rupole/ion mobility/orthogonal time-of-flight mass spectrometer.
The traveling wave ion mobility device employs dynamic electric
fields under reduced pressures, with a trap and transfer cell located
in front of, and after, the ion mobility separator, respectively. Col-
lision-induced dissociation (CID) was initiated in the transfer cell
by elevating collision energy (CE). A wave height of 40 V and a
wave velocity of 1000.0 ms�1 were utilized for ion mobility separa-
tions in both positive and negative ion modes. He was used as a
drift gas at a flow rate of 90 ml min�1, resulting in a pressure of
3.5 mbar in the ion mobility device. Masslynx V4.1 (Waters Corp.)
was used to collect and process data. Chemical identity of metab-
olites was confirmed by comparing ion mobility MSn spectra (frag-
mentation pattern) with authentic standards.

4.6. Isolation of pinoresinol (3) from fungally infected pea pods

The EtOAc extract from fungally infected pea pods was sequen-
tially purified by preparative silica gel TLC (eluant, CH2Cl2–MeOH,
9:1, v/v) and then by reversed-phase HPLC to afford pinoresinol (3),
with the latter subsequently subjected to chiral HPLC analysis (see
‘‘Section 4.1’’).

4.7. Isolation of pinoresinol-40-O-b-D-monoglucoside (4) from fungally
infected pea pods

Fungally infected pea pods (2.4 g), as above, were subjected to
metabolite extraction using MeOH–H2O (70:30, v/v) (3 � 400 ml),
with extracts centrifuged (3000�g for 5 min) and evaporated to
dryness in vacuo. Further purification was done using a reversed-
phase HPLC system. Purified fractions were combined and sub-
jected to reversed-phase UPLC–MS and ion mobility mass spectro-
metric analyses, as described above (see ‘‘Section 4.5’’).

4.8. Chemical synthesis of pinoresinol-40-O-b-D-monoglucoside (4)

This was carried out as previously described (Vermes et al.,
1991) with the following modifications. To a solution of (±)-pino-
resinols (3) (89 mg, 0.25 mmol) in Me2CO (6 ml) and 2.5% KOH
(0.68 ml, 0.3 mmol), a solution of 2,3,4,6-tetra-O-acetyl-a-D-gluco-
pyranosyl bromide (127.5 mg, 0.3 mmol) in Me2CO (4 ml) was
added dropwise at 0 �C. After stirring for 1.5 h at 0 �C and standing
overnight at 5 �C, the solvent was then evaporated in vacuo, with
the resulting residue diluted with H2O (5 ml) and the whole
extracted with EtOAc (10 ml). The resulting residue so-obtained
was dissolved in MeOH (20 ml), with the solution adjusted to pH
10 with 1 M NaOMe and left standing overnight at room tempera-
ture. After neutralization with Amberlite IR-120 cation exchange
resin, filtration and evaporation, the resulting residue was applied
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to a neutral Al2O3 column and eluted with EtOAc–MeOH–H2O,
350 ml, 200: 33: 27 (v/v). After some unreacted aglycone (3)
(28 mg, 31.5%) was eluted first, pinoresinol-40-O-b-D-monogluco-
side (4) was collected, with the corresponding eluate evaporated
to give a clear oil which slowly solidified as an amorphous product
(42.5 mg, 33%). MS, 1H, 13C NMR, and UV spectroscopic analyses of
pinoresinol-40-O-b-D-monoglucoside (4) were in agreement with
published data (Vermes et al., 1991). The coupling constant
(J = 7.5 Hz) of the anomeric H atom confirmed that the glucopyran-
osyl unit existed in a b-configuration.

4.9. Gene expression analysis

Total RNA (5 lg) was individually isolated from uninfected and
fungally infected pea pods using the RNeasy plant Minikit (Qiagen),
with first strand cDNA (1 lg) synthesized using the SuperScript™
III First-Strand Synthesis System for RT-PCR (Invitrogen). For real
time quantitative PCR analyses, each PCR mixture contained syn-
thesized first strand cDNA, Platinum SYBR Green qPCR SuperMix-
UDG (Invitrogen) and gene-specific primers, which were designed
using Primer Premier software (Biosoft International, Palo Alto, CA)
(Supplemental Table S1). Expression levels were normalized
against the pea actin gene with expression levels for the DRR206
gene in uninfected pea pods set to 1 and data averaged from trip-
licate samples.

4.10. Cloning and construction of the DRR206 expression vector

Vector construction and transformation were carried out as
described by Kim et al. (2012). The DRR206 gene (GenBank
U11716) was PCR amplified using gene specific primers
(Forward 50-ATGGGTTCCAAACTTCTAGTACTA-30 and Reverse 50-
TTACCAACACTCAAAGAACTTGAT-30) from genomic DNA isolated
from pea leaves. The amplified fragment was then subcloned into
the pCR4TM-TOPO� vector. The DRR206 sequence was re-amplified
with the linker primers (Forward 50-GGAATTCATGGGTTC-
CAAACTTCTA-30 and Reverse 50-GAAGCTTTTACCAACACTCAA-
AGAA-30) which harbored restriction enzyme sites designed for
directional cloning into the pART7 vector. After digestion of PCR
products with EcoRI and HindIII, the DNA fragments were ligated
with pART17 vector which was also digested with the same restric-
tion enzymes. After sequence verification, the biolistic bombard-
ment technology was employed to introduce the DRR206-
harboring pART17 into tomato (S. peruvianum) cells (Kim et al.,
2012). Tomato calli were produced on media containing kanamy-
cin (75 lg ml-1) and the gene expression level of DRR206 in each
tomato callus was assessed using RT-PCR. Six calli preparations
were selected for cell suspension culture production of the
DRR206 recombinant protein.

4.11. Heterologous expression and purification of DRR206 in plant cell
cultures

Expression and purification of the DRR206 recombinant protein
in tomato cell culture were carried out according to the procedures
described in Kim et al. (2012). Transformed suspension cell cul-
tures (40 ml each) were gradually scaled-up weekly by inoculating
them into new media (up to 3 l). Seven days after final inoculation,
cells were harvested by vacuum filtration. ‘‘Cell wall bound’’ pro-
teins were recovered after stirring the cells in KPi buffer (0.1 M,
pH 5.9; buffer A) first containing 75 mM KCl and then 150 mM
KCl. After agitating the cell suspension for 30 min at 100 rpm at
4 �C, both buffered solutions were recovered by vacuum filtration,
combined and mixed with SP-Sepharose fast flow� resin (80 ml)
pre-equilibrated with buffer A containing 75 mM KCl. Proteins
were eluted with buffer A containing 1 M NaCl, followed by (NH4)2-
esistance response in pea (Pisum sativum) pods: Biochemical function of
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SO4 fractionation. Proteins precipitating between 40% and 80%
(NH4)2SO4 saturation were recovered after centrifugation for
30 min at 10,000�g, re-suspended in 40 mM MES buffer (pH 5.0),
concentrated, and desalted using an Amicon Centricon� filtration
apparatus. Each concentrate was then applied onto a Mono STM

5/50 column (5 � 50 mm, GE Healthcare) pre-equilibrated with
40 mM MES buffer (pH 5.0) at a flow rate of 1 ml min�1. DRR206
proteins were eluted using a step gradient of Na2SO4 (0 to
333 mM) in 40 mM MES buffer (pH 5.0). After desalting, each sam-
ple was applied onto a POROS� 20 SP column pre-equilibrated with
HEPES–sodium acetate–MES buffer (33 mM each, pH 5.0) at a flow
rate of 1.5 ml min�1. DRR206 proteins were eluted with 333 mM
Na2SO4, and desalted.

4.12. Dirigent protein assays

Purified recombinant DRR206 protein was assayed in a similar
way as described in Kim et al. (2012), with the assay reactions con-
taining each of 0.2, 0.4, 0.8, 1.6, 3.2, 4.8, and 6.4 lM of DRR206 pro-
tein, Trametes versicolor laccase as an oxidizing agent, and 300 lM
coniferyl alcohol (2) in 40 mM MES buffer (pH 5.0) in a total vol-
ume of 250 ll. Total protein concentration in the assays was kept
constant with bovine serum albumin (Promega). After shaking
4 h in a water bath at 30 �C, each assay mixture was individually
extracted with EtOAc (500 ll � 2). Dried EtOAc solubles were dis-
solved in MeOH–H2O (7:3, v/v) and subjected to reversed-phase
HPLC analyses as described in Section 4.5. Assays were also carried
out using the above conditions, but with 400 lM p-coumaryl alco-
hol (5) as the substrate.

4.13. Preparation of plant material for MALDI mass spectrometry
imaging and matrix application

Surface tissue sections were obtained from fresh pea (Pisum sat-
ivum cv. Alcan) pods and were inoculated with fungal spores as
described above. After 6 h infection, the tissues were subjected to
a rapid (15 s) hexane dip to largely remove the waxy layer to facil-
itate the laser ablation on the tissue. Next, the epidermal cell layer
of half of the tissue was removed by making a clean cut at one end
and pulling forward using fine forceps. Surface tissue samples with
and without endocarp epidermal cells were placed on a MALDI
imaging plate using double-sided tape (Scotch� 3M) followed by
obtaining optical images of samples using a standard flatbed scan-
ner (Epson Perfection V600 photo). Tissue samples were then
sprayed with DHB matrix (40 mg ml-1 in MeOH–H2O (which con-
tains 0.1% TFA) 70:30, v/v) using the HTX TM-Sprayer with opti-
mized conditions at a flow rate of 100 ll min�1.

4.14. MALDI mass spectrometry imaging, ion mobility separation and
data analysis

MALDI tissue imaging experiments were carried out using a
Synapt G2 HDMS (MALDI Q-TOF MS, Waters Corp., Manchester,
UK), a hybrid quadrupole, and an ion mobility time-of-flight mass
spectrometer equipped with MALDI source. It was fitted with a
1 kHz solid state Nd: YAG laser (k = 355 nm), which was used in
the resolution mode and positive polarity for data acquisition. Cal-
ibration was with red phosphorus (10 mg ml-1 in acetone), with
leucine enkephalin ([M+H]+ = 556.2771) used as a lock mass. The
data were acquired in the positive mode with acquisition mass
range set from m/z 100 to 1000 Da to cover the mass range of pisat-
in (1) and pinoresinol monoglucoside (4), in resolution mode with
spatial resolution of 75 lm at laser energy of 450. About 3796 laser
shots were carried out in order to create a MALDI ion image of the
pea pod surface tissue over an area of 21.4 mm2 at a sampling rate
of 0.5 s per pixel. Raw data were then processed and ion maps were
Please cite this article in press as: Seneviratne, H.K., et al. Non-host disease r
DRR206 and phytoalexin pathway localization. Phytochemistry (2014), http://
visualized in HDImaging™ software. Chemical identities of metab-
olites observed were confirmed by comparing MS, mass accuracy
values and drift times of authentic standards.
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