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A B S T R A C T

The biochemical characteristics of pine wood nematode (PWN)-secretory antigen 571 (PWN-SA571) identified
from the PWN secretome and PWN-infected pine tree extracts (PWNIPT) were investigated. PWN-SA571 has
homologs in various nematodes in diverse families and a signal peptide at the amino-terminal end. Since it was
not possible to express the full-length PWN-SA571 protein, two peptides showing high antigenicity were syn-
thesized and used as antigens for generating monoclonal antibodies (Mabs). Mab-secreting fusion hybridoma cell
lines were selected based on immunoreactivity to free peptide and BSA-conjugated peptide (BSA pep) antigens
by enzyme-linked immunosorbent assay for establishing Mab-secreting hybridoma lines. Ascites containing
PWN-SA571-specific Mabs showed stronger immunoreactivity to PWNIPT than to healthy pine tree extracts. In
addition, PWN-SA571-specific Mabs could recognize less than 20 ng of BSA pep in lateral flow assays.
Furthermore, purified biotin-conjugated PWN-SA571-specific Mab IgG or IgM were able to detect BSA pep
(< 15 ng) and PWN extracts (< 600 ng). Taken together, these results demonstrate that PWN-SA571-specific
Mabs could detect PWN or PWNIPT extracts by ELISA, LFA, or dot blot analysis.

Introduction

The pine wood nematode [PWN, Bursaphelenchus xylophilus (Steiner
and Buhrer) Nickle] is the most devastating pine tree parasitic nema-
tode endogenous to North America (Myers, 1988). Most species in the
genus Pinus except three needle pine trees native in North America are
known to be susceptible to PWNs. Although spreading of pathogenic
PWNs to new geographically separated areas occurred by transporta-
tion of PWN-infected pine trees by humans, pine sawyer beetles in the
genus Monochamus are known to act as a vector for spreading PWNs in
local areas (Lee et al., 2017). It has been reported that 163 long-horned
beetle species in the genus Monochamus are widely distributed (Cesari
et al., 2005). Thus, northern European countries that are currently free
from the PWN may also have endogenous long-horned beetles that may
act as a PWN vector.

PWN-susceptible pine trees include Pinus densiflora, P. korainensis, P.
parviflora, P. pinaster, P. radiata, P. thunbergii, P. sylvestris, P. pinea, etc.
(Lee et al., 2011; Lee et al., 2012; Nunes da Silva et al., 2015). Among
the four major pine trees widely distributed in Europe, P. pinea was the
most PWN-tolerant species, and P. sylvestris and P. radiata had moderate
susceptibility. P. pinaster showed the strongest susceptibility to PWNs
(Nunes da Silva et al., 2015). In addition, there were differences in PWN
susceptibility in P. pinaster distributed in the Iberian peninsula and
France according to tree diameters, temperature and seasonality
(Menéndez-Gutiérrez et al., 2017).

Current approaches to prevent PWN spread to pine trees in new
areas are either injecting nematocidal agents into pine tree trunks or
eliminating pine sawyer beetles by aircraft spraying of pesticides over
forests (Shin et al., 2015; Takai et al., 2000). The nematocidal agents
used mainly for preventing PWN infection are avermectin, emamectin
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benzoate, and morantel tartrate. The methods for eliminating PWN
vectors include aircraft spraying of fenitrothion EC over forests during
periods of pine sawyer beetle emergence or fumigation of infected pine
trees using metam sodium liquid. However, it is not possible to inject
nematocidal agents into the trunks of all pine trees, and aircraft
spraying of pesticides to eliminate pine sawyer beetles always causes
environmental contamination problems. Thus, it is of utmost im-
portance to prevent PWN from spreading to new areas or countries.
Therefore, it is critical to have diagnostic tools to determine whether
pine trees are infected by PWN.

Diagnostic methods could be divided mainly into two categories
dependent on the targets for diagnostics, namely, molecular diagnostics
or antigen/antibody diagnostics (Donoso and Valenzuela, 2018;
Siddiqui, 2010). Since molecular diagnostics using nucleotide se-
quences or patterns as biomarkers usually proceed through amplifica-
tion of targets by polymerase chain reactions (PCRs), they require a
sophisticated PCR machine and are suitable for laboratory diagnostics
with very high sensitivity and accuracy (Donoso and Valenzuela, 2018).
In addition, PCR-based techniques require additional instruments for
extracting DNAs or RNAs from samples, together with PCR machines.
Therefore, it is difficult to perform onsite diagnoses at harbor loading
docks or mountains. In contrast, different from polymerases used for
various PCRs, there are two methods for amplifying large quantities of
nucleotides under isothermal conditions (Cha et al., 2019; Notomi
et al., 2000) One method is loop-mediated isothermal amplification
(Kang et al., 2015; Kikuchi et al., 2009), and the other is recombinant
polymerase amplification (Cha et al., 2019). These isothermal ampli-
fication methods are known to have several advantages over PCR-based
diagnosis. For example, isothermal amplification methods need only an
isothermal incubator, and those reactions are terminated within 30 min
and visualized by adding double-stranded DNA-binding dyes visible
with the naked eye (Cha et al., 2019; Kang et al., 2015). Thus, advances
in molecular diagnostics will make it possible to perform onsite diag-
nostics of PWNs at loading docks or mountains in the near future.

The most widely used antigen/antibody-based diagnostics are en-
zyme-linked immunosorbent assay (ELISA), dot blot analysis, and lat-
eral flow assay (LFA) (Hsieh et al., 2017; Siddiqui, 2010). ELISA diag-
nostics using one or two antibodies specific to a target antigen are
highly sensitive but require several hours to two days along with de-
tection equipment and are thus suitable for laboratory diagnosis. Dot
blot analyses are usually faster than ELISAs but require several in-
cubation and washing steps with different solutions to complete. In
contrast, LFAs need only a kit consisting of an antigen collection or
extraction tube and an immunochromatic device. The results of an-
tigen/antibody diagnostics can be acquired in less than 20 min.

In this study, basic biochemical features of PWN-secretory antigen
571 (PWN-SA571), which is a protein that is known to be a secretory
protein while the PWN invades pine trees; Mabs specific to PWN-
SA571; and their applications for ELISAs, dot blot analyses, and LFAs
were reported.

Materials and methods

Characterization of a pine wood nematode secretory antigen

BUX_s s00579.571, identified as a secretory protein from PWNs in
pine trees (Shinya et al., 2013), was also found in PWN-infected pine
trees in Korea (Koh, 2017). To investigate the function of BUX_s
s00579.571, its deduced amino acid sequence was used to search for
any homologous proteins using NCBI BLAST (https://blast.ncbi.nlm.
nih.gov/Blast.cgi). Total 12 homolog proteins from various nematodes
identified were: Litomosoides sigmodontis Genebank accession (GB) No.
VDK69607.1, Pristionchus pacificus GB No. PDM71153.1, Diploscapter
pachys GB No. PAV85092.1, Nippostrongylus brasiliensis GB No.
VDL78520.1, Haemonchus contortus GB No. CDJ93606.1, Ancylostoma
caninum GB No. RCN33176.1, Necator americanus GB No.

XP_013307288.1, Caenorhabditis elegnas GB No. NP_485231.1, C. re-
manei, GB No. XP_003113678, C. latens GB No. OZG21059.1, C. briggase
GB No. XP_002630867, and C. nigoni GB No. PIC46541.1. A distance
tree was constructed by Neighbor Joining method using a CLS Sequence
Viewer version 8.0 (Qiagen, Hilden, Germany). The robustness of the
phylogenic tree was estimated by performing 1000 bootstrap replicates
(expressed as % in a figure).

Based on the BLAST results, BUX_s s00579.571 was named PWN-
secretory antigen 571 (PWN-SA571). The presence of a signal peptide
sequence in PWN-SA571 was investigated by searching with a signal
peptide prediction tool (http://www.cbs.dtu.dk/services/SignalP/). It
was not possible to express and purify the full length of PWN-SA571
using either the Baculovirus or E. coli expression systems (personal
communication, Yoon, G.J. and Lee, S.H.).

Design of two peptide antigens of PWN-SA571 and their conjugates with
keyhole limpet hemocyanin and bovine serum albumin

Two peptide antigens for PWN-SA571 were designed by using three
web-based antigenicity tools, SVMTriP (http://sysbio.unl.edu/
SVMTriP/) (Yao et al., 2012), Immunomedicine Group (http://imed.
med.ucm.es/Tools/antigenic.pl), and EMBOSS explorer: antigenic
(http://www.bioinformatics.nl/emboss-explorer/). The amino acid se-
quence of peptide No. 1 was 28INVDKEEDGTVNAGVN43, and that of
peptide No. 2 was 51YGGSSGLEVTSKNGSLAL68 (Peptron, DaeJeon,
Korea). The two peptides were conjugated with keyhole limpet hemo-
cyanin (KLH) or bovine serum albumin (BSA) (Peptron, Daejeon, Korea)
and used for mouse immunization or ELISA screening, respectively.

Monoclonal antibody generation protocol

The experimental animal ethics committees at Hallym University
approved and guided this study (No. HMC 2018-0-0524-8). Previously
published Mab generation protocols (Kim et al., 2018, 2019, 2017)
were followed. Briefly, KLH-conjugated PWN-SA571 peptides were in-
jected into BALB/c mice with Freund’s complete and incomplete ad-
juvant, sequentially (Merck KGaA, Darmstadt, Germany). The blood of
immunized mice was collected, and then immunoreactivity to free
peptides (free pep) and to BSA-conjugated peptides (BSA pep) were
examined by ELISA. Mice showing strong immunoreactivity to the an-
tigens were sacrificed, and spleen cells were fused with the mouse
myeloma cell line SP2/0 to generate a functional cell line library. A
total of 7680 fusion clones were generated for each peptide antigen and
then screened by ELISA using free pep or BSA pep antigens. Fusion
clones showing strong immunoreactivity to one or both antigens were
selected, and limiting dilution was performed to establish Mab-se-
creting hybridoma cell lines. Established Mab cell lines were cultured
and injected into BALB/c mice pretreated with Pristane (Merck) to
produce ascites. Ascites was purified using an AKTA fast protein liquid
chromatography (FPLC, GE healthcare, Chicago, IL, USA) system
equipped with a protein G column for immunoglobulin G or an FPLC
column manually packed with POROS™ CaptureSelect™ IgM Affinity
Matrix (ThermoFisher, Waltham, MA, USA).

Biotinylation of purified IgG or IgM from ascites

Purified IgG or IgM (1 mg/ml) was mixed with 6.7 μl of 20.0 mM
NHS-PEG4-Biotin (Merck) for 2 h at RT with strong agitation. The
mixed solution was dialyzed with PBS overnight at 4 °C, changing the
PBS three times. The concentration of biotinylated IgG or IgM was
measured by BCA methods.

Isotyping of Mabs

The isotypes of Mabs secreted from established Mab cell lines were
determined using a rapid ELISA mouse Mab isotyping kit
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(ThermoFisher). The supernatants or properly diluted ascites of Mab
cell lines were placed on 96-well plates coated with specific antibodies
recognizing isotypes of Ig heavy chains or light chains. Horseradish
peroxidase (HRP)-conjugated goat anti-mouse IgG + IgA + IgM anti-
bodies (ThermoFisher) were applied, mixed, and incubated for 1 h with
gentle agitation. TMB substrate was applied after removing the solu-
tions and washing with phosphate-buffered saline (PBS, pH 7.0, 0.01 M
Na2PO4, 137 mM NaCl, 2.7 mM KCl) with 0.2% Tween-20 (PBST,
DaeJung, Seoul, Korea). TMB substrate was incubated for 30 min at RT,
and then the reaction was terminated by 2.0 M sulfuric acid.
Absorbance at a wavelength of 450 nm was measured by an Epoch 96-
well plate spectrophotometer (Biotek, Winooski, VT, USA).

Antigen extraction from four nematodes

The PWN and three additional nematodes (Bursaphelenchus doui, B.
mucronatus, and B. thailandae) were raised, and proteins were extracted
from them as previously published (Kim et al., 2018; Lee et al., 2011).
Briefly, nematodes were homogenized with RIPA buffer (50 mM Tris,
pH 8.0, 150 mM NaCl, 0.1% NP-40, 0.5% Na-deoxycholate, 0.1% SDS)
with protease inhibitors (ThermoFisher), and then protein concentra-
tions of nematode extracts were measured by the BCA method (Bio-Rad,
Hercules, CA, USA).

ELISA screening protocol

Each antigen was diluted to 0.2 μg/ml using coating solution (0.4 M
carbonate buffer, pH 9.6) and then placed in a 96-well plate. After
overnight incubation at 4 °C, StabilCoat® (Surmodics IVD, Inc., Eden
Prairie, MN, USA) was added to each well and then incubated for 2 h at
room temperature (RT) with gentle agitation. After completely re-
moving the solutions, supernatants of Mab cell lines or properly diluted
blood or ascites were placed in the 96-well plates and incubated for 1 h
at RT with gentle agitation. After washing 3 times with PBST, properly
diluted HRP-conjugated goat anti-mouse IgG + IgA + IgM antibodies
(ThermoFisher) were added and incubated for 1 h at RT with gentle
agitation. After washing 3 times with PBST, TMB substrate was added
and incubated for 30 min at RT, and then the reaction was terminated
by adding 2.0 M sulfuric acid. Absorbance at a wavelength of 450 nm
was measured by an Epoch 96-well plate spectrophotometer (Biotek,
Winooski, VT, USA).

Generating standard extracts for healthy or PWN-infected pine trees

Previously described healthy pine tree extracts (HT) and (PWNIPT)
were used (Kim et al., 2017). Briefly, three grams of pine tree pellets
from healthy pine trees or PWN-infected pine trees in 30 ml of PBS were
incubated for 30 min at RT with agitation to extract antigens. Extracts
from 22 HTs or 74 PWNIPTs were pooled, stored at−50 °C, and used as
standard HT and PWNIPT extracts.

Immunoreactivity of Mabs for HT, PWNIPT, and four nematode RIPA
extracts by ELISA

Eight and five Mabs for PWN-SA571 antigenic peptide 1 and peptide
2 showing strong immunoreactivity to antigens, respectively, were
further analyzed with HT extract, PWNIPT extract, and RIPA extracts of
four nematodes by performing an ELISA as described above.

LFA protocol using nanogold-conjugated goat anti-mouse IgG

To examine the immunoreactivity of Mabs to its antigens,
0.02 ~ 1.0 μg of BSA pep was placed on an LFA strip (Prime4Dia,
Anyang, Korea) and then dried at 45 °C for 30 min. For LFAs, 2.0 μl of
goat anti-mouse IgG-nanogold 40 nm (Prime4dia), 20 μl of lateral dif-
fusion buffer (Primer4dia) and 20 μl of Mab supernatants, properly

diluted ascites or purified immunoglobulins were mixed in a well in a
96-well plate. An LFA strip was placed on a well and then incubated for
up to 20 min until all mixed solutions were absorbed.

Comparing antigen extraction efficiency from the PWN with four different
extraction buffers

For extracting antigens from the PWN, four different extraction
buffers were assessed, namely, RIPA buffer (50 mM Tris, pH 8.0,
150 mM NaCl, 0.1% NP-40, 0.5% Na-deoxycholate, 0.1% SDS), Tris-
cytoskeleton buffer (Tris-Cyto, 10 mM Tris, pH 7.4, 0.1 M NaCl, 1 mM
EDTA, 1 mM EGTA, 1% Triton X-100, 10% glycerol, 0.1% SDS, 0.5%
Na-deoxycholate), Tris-Triton X-100 buffer (Tris-T-100, 10 mM Tris, pH
8.0, 1% Triton X-100), and PBS-Triton X-100 (PBS-T-100, PBS, pH 7.0,
1%, Triton X-100). To test whether denaturing extracts might influence
the reactivity of Mabs, RIPA extracts were denatured by boiling with a
sodium dodecyl sulfate polyacrylamide gel electrophoresis sample
buffer (SDS-SB, 40 mM Tris, pH 6.8, 1.0% SDS, 5.0% glycerol, 50 mM
dithiothreitol, 0.0006% bromophenol blue).

Dot blot protocol with TMB substrate

First, 0.3 μl of PWN extracts (2.0 μg/μl) with the four different
buffers were placed on a nitrocellulose (NC) membrane (pore size,
0.45 μm, Merck) and then dried at 45 °C for 30 min. The NC membranes
were blocked with a blocking solution (PBS with 1.0% BSA) for 5 min
and washed three times with PBST at 1 min intervals. After incubating
for 5 min with a blocking solution, the NC membranes were incubated
for 15 min with supernatants (1:2 dilution with PBST) or 1:200 ~ 1:500
diluted biotin-labeled purified IgGs or IgMs. After washing three times
with PBST, the NC membrane was blocked with a blocking solution.
After washing three times with PBST, the NC membrane was incubated
with properly diluted goat anti-mouse IgG-HRP or streptavidin-HRP.
After washing three times with PBST, the NC membrane was developed
with TMB dot blot solution (ThermoFisher).

Results

Basic characteristics of PWN-SA571 and design of two peptides as antigens

PWN-SA571 was previously identified as one of the proteins that
PWN might secrete into pine trees while they are invading pine tree
tissues (Shinya et al., 2013) and is present in PWNIPT (Koh, 2017). A
BLAST search using the deduced amino acid sequence of PWN-SA571
showed that diverse nematodes have a homolog of PWN-SA571,
showing 29.0 ~ 34.0% identity and 48.0 ~ 57.0% similarity (Fig. 1A).
Among analyzed homologs, a protein of Litomosoides sigmodontis was
most closely related one, while those of Caenorhabditis species which
clustered an independent clade were genetically distant (Fig. 1B).
However, there are no reports regarding the possible functions of these
homologous proteins. Since it is known as a secretory protein, the
presence of a signal peptide at the amino terminus of PWN-SA571 was
highly possible. The presence of a signal peptide at the amino terminus
of PWN-SA571 was confirmed by a web-based signal peptide prediction
tool (SignalP-5.0 Server) (data not shown). The location of signal
peptide cleavage site of PWN-SA571 at amino acid position between 17
and 18 was indicated by a red arrow head (Fig. 1A). The predicted
molecular weight of PWN-SA571 without a signal peptide was
12.25 kDa, with a pI of 6.94. The coding regions of PWN-SA571 without
a signal peptide were cloned, but it was not possible to express them
with Baculovirus or E. coli expression systems. Thus, two peptide an-
tigens were designed for generating Mabs. Three web-based anti-
genicity prediction tools were used to find the optimal peptide se-
quences for generating antibodies (Table 1). Although a portion of
PWN-SA571 peptide 1 was predicted only from the SVMTrioP server, it
is highly possible that this motif is exposed to the surface on the native
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Fig. 1. Amino acid sequence alignment and phylogenic analysis results of PWN-SA571 and homologous proteins. Amino acid sequence alignment of PWN-SA571 and
their homologous proteins from other nematode species. A red arrow indicated a signal peptide cleavage site predicted by a signal peptide prediction tool. Although
there are homologs of PWN-SA571 in several nematodes, the similarities and identities of amino acid sequences among homologs were very low. A phylogenetic
distant tree of PWN-SA571 and its homologous proteins. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version
of this article.)
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protein since this peptide is very close to the signal peptide (1 ~ 17
amino acids, Fig. 1A). The second antigenic peptides were selected
since three web-based antigenicity prediction tools predicted the same
peptides. To improve the antigenicity and solubility of the two peptides,
6 or 8 additional amino acids were added to each peptide (Table 1).

Mab generation specific to PWN-SA571 peptides

KLH-conjugated PWN-SA571 peptides were used as antigens, and
free or BAS pep were used for identifying Mabs with strong im-
munoreactivity to PWN-SA571. Among 7680 fusion hybridoma clones
screened for each antigen, 16 and 10 fusion hybridoma clones for
peptide 1 and 2 with strong immunoreactivities, respectively, were
initially selected (data not shown). After performing limiting dilution
for selected fusion hybridoma clones, 8 and 5 Mab hybridoma cell lines
for peptide 1 and 2 were selected, respectively (data not shown), and
further tested for their immunoreactivity to free pep, BSA pep, and HT,
PWNIPT, and four nematode extracts (Fig. 2).

Eight Mabs for PWN-SA571 peptide 1 could be separated into three
groups based on their relative immunoreactivity to tested antigens
(Fig. 2A). The first group of Mabs showed high selective im-
munoreactivity to PWNIPT extract, including 7E4-E9, 4A4-G10, and
7E3-D7. However, these Mabs did not show selectivity to PWN extracts
over other nematode extracts. The second group of Mabs, 2E6-C11,
2C11-A6, and 9G6-E7, showed higher selectivity to PWN extracts than
to other nematode extracts. However, the second group of Mabs did not
show high selectivity to PWNIPT extract compared with that to HT
extract. The third group of Mabs, 8C6-D7 and 6E2-D7, showed the
highest reactivity to BSA pep, with weak reactivity to PWN extract.
However, the reactivity of the third group Mabs to Bm, Bd, and Bt ex-
tracts was very low or just above background levels.

Although five Mabs specific to PWN-SA571 peptide 2 showed
stronger immunoreactivity to BSA pep than free pep, the im-
munoreactivity of the Mabs to PWNIPT or HT was different (Fig. 2B).
4F12-H7-A3, 4B9-F9-G11, and 5D4-H4-D4 showed relatively higher
immunoreactivities to PWNIPT compared with those to HT. In addition,
the 4F12-H7-A3 and 5D4-H4-D4 Mabs showed relatively higher im-
munoreactivity to PWN extract compared with that of the other three
nematode extracts. 2H7-H8-B8, which showed the highest im-
munoreactivity to BSA pep, did not show any selective im-
munoreactivity to PWNIPT or PWN.

Isotypes of Mabs

The isotypes of the PWN-SA571 peptide 1 Mabs were determined.
Except for 8C6-D7 and 6E2-D7, which were IgG2b, the other Mabs were
IgM (Table 2). In contrast, the isotypes of PWN-SA571 peptide 2 Mabs
were IgG1, except for 1A4-B11-A2, which was IgG2b (Table 2).

Ascites of established Mab cell lines showed strong immunoreactivity to
antigens and PWNIPT extract

Currently, a widely used protocol for generating immunoglobulins

(Igs) with high reactivity is producing ascites (Ward, 1999). Ascites for
12 out of 13 established Mabs were generated, and their reactivity to
various antigens and samples were examined by ELISA (Fig. 3). When
1:1000, 1:10,000, or 1:100,000 diluted ascites were used, ascites of
PWN-SA571 peptide 2 Mabs showed higher relative immunoreactivity
to BSA pep (1.92 ~ 4.13) than to free pep (0.31 ~ 2.39) (Fig. 3A). In the
case of ascites of PWN-SA571 peptide 1 Mabs, ascites of the 4A4-G10,
7E3-D7, and 9G6-E6 Mabs showed strong immunoreactivity at a 1:1000
dilution (4.01 ~ 7.19) but not at a 1:10,000 or 1:100,000 dilution
(0.94 ~ 2.29). The other ascites showed very high immunoreactivity at

Table 1
Investigation of antigenic regions in the PWN-SA571 protein using three antigenicity prediction tools and identifying two peptides for antigens.

Antigenicity prediction website SVMTriP Immunomedicine Group EMBOSS explorer: antigenic Peptide antigens used in this study

No. 1 5VFLFAVVGVAITYA14 4KVFLFAVVGVAITYAFKIPLPFGQ27 4KVFLFAVVGVAITYAFKIPLPFGQI28 –

2 16TYAFKIPLPF25 28INVDKEEDGTVNAGVN43

3 34EDGTVNAGVN43 – –
4 55SGLEVTSKNG64 64GSLALKPQAAI74 65SLALKPQAAIL75 51YGGSSGLEVTSKNGSLAL68

5 72AAILANNTAY81 – – –
6 89VDKKEGIVAD98 93EGIVADT99 94GIVADTD100

7 101VDAGNHTFHG110 118FVNEVGDAVK127 119VNEVGDAVKS128

8 117QFVNEVGDAV126

Fig. 2. Immunoreactivities of Mabs recognizing PWN-SA571. Among 8 Mabs
for PWN-SA571 peptide 1, 7F4-E9, 4A4-G10, and 7E3-D7 showed higher sen-
sitivity to PWNIPT extract than HT extract, while 2E6-C11, 2C11-A6, and 9G6-
E7 showed higher sensitivity to the PWN than to other nematodes. 8C6-D7 and
6E2-D7 showed weaker but much higher selective immunoreactivity to PWNs
than to other nematodes. Five Mabs for PWN-SA571 peptide 2 showed rela-
tively increased selectivity to PWNIPT with enhanced sensitivity to BSA pep.
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1:1000 dilutions (9.53 ~ 30.36). However, ascites of the 2C11-A6, 2E6-
H7, and 7E4-E9 Mabs showed reduced immunoreactivity with 1:10,000
or 1:100,000 dilutions (1.38 ~ 7.42). In addition, ascites of the 6E2-D7
and 8C6-D7 Mabs showed very high immunoreactivities even at
1:10,000 and 1:100,000 dilutions (20.73 ~ 27.31).

When the same ascites dilutions were tested with HT and PWNIPT,
immunoreactivity to PWNIPT was higher than that to HT, with one
exception (1:100,000 diluted 6E2-D7) (Fig. 3B). Generally, the im-
munoreactivity of diluted ascites of PWN-SA571 peptide 2 Mabs
(0 ~ 0.924) was lower than that of diluted ascites of PWN-SA571
peptide 1 Mabs (0 ~ 5.39).

Taken together, these results suggested that ascites of PWN-SA571-
specific Mabs could be used to detect PWNIPT by ELISA.

PWN-SA571-specific Mab supernatants could be used for LFAs

When 8 supernatants for PWN-SA571 peptide 1 Mabs were used for
LFAs, each supernatant showed different immunoreactivities (Fig. 4A).
For example, the 8C6-D7 Mab showed the strongest signals, and the
2C11-A6 and 7E3-D7 Mabs similarly showed the second highest signals.

The 6E2-D7 Mab did not show any signal. Next, the top three Mabs
were further tested to define their detection limits (Fig. 4B). When
20 ng to 1.0 mg of BSA pep 1 was applied on a strip, the 7F4-F9 Mab
clearly detected 50 ng of antigen. The 7E3-D7 and 8C6-D7 Mabs also
detected 50 ng of antigen, with very weak signals.

When 5 supernatants of PWN-SA571 peptide 2 Mabs were used for
LFAs, the 2H7-H8-B8, 1A4-B11-A2, and 4F12-H7-A3 Mabs showed
strong signals to antigens (Fig. 4C). Among them, the 1A4-B11-A2 Mab
strongly recognized clearly 20 ng of antigen. However, the other two
Mabs showed very weak signals to 20 ng of antigen (Fig. 4D).

Purified and biotinylated IgG or IgM of PWN-SA571 Mabs could detect
PWN extracts

When biotinylated IgGs or IgMs purified from ascites for PWN-
SA571 peptide 1 Mabs were used for detecting antigens and various
PWN extracts, some of them showed strong signals to BSA pep 1 and
certain PWN extracts (Fig. 4E). The patterns of immunoreactivity of
biotinylated Mabs to BSA pep 1 were similar to those for LFAs, except
for that of the 8C6-D7 Mab. The signals from the 8C6-D7 Mab were
weaker than those from other Mabs.

Since extraction buffers might influence the antigen extraction ef-
ficiency from PWNs, four different extracting buffers were used to
homogenize the same amount of PWNs (Fig. 4E). When those extracts
were used for dot blot assays, the 2C11-A6 and 4A4-G10 Mabs re-
cognized various PWN extracts more readily than other Mabs. Among
the four different buffers, the RIPA and Tris-Cyto buffers appeared to be
most suitable for extracting antigens. Boiling with SDS-SB reduced
immunoreactivity, suggesting that the Mabs recognized native antigens
more strongly than denatured antigens.

Discussion

Plant parasitic nematodes secrete and use diverse enzymes and

Table 2
Isotypes of Mabs recognizing PWN-SA571.

Mab PWN-SA571 peptide 1-specific Mabs

7F4-
E9

9G6-
E6

2E6-
H7

7E3-
D7

8C6-
D7

4A4-G10 2C11-A6 6E2-D7

Isotype IgM IgM IgM IgM IgG2b IgM IgM IgG2b
Mab PWN-SA571 peptide 2-specific Mabs

2H7-
H8-
B8

4F12-
H7-A3

1A4-
B11-
A2

4B9-
F9-
G11

5D4-
H4-D4

Isotype IgG1 IgG1 IgG2b IgG1 IgG1

Fig. 3. Immunoreactivities of ascites of PWN-SA571-specific Mabs. The normalized immunoreactivity of diluted 12 ascites produced from 13 PWN-SA571-specific
Mabs to free pep or BSA pep antigens. The normalized immunoreactivity of diluted 12 ascites produced from 13 PWN-SA571-specific Mabs to HT or PWNIPT.
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proteins when they invade and multiply in their hosts (Gahoi et al.,
2019; Shinya et al., 2013). Since only 2 ~ 3 months are required for
PWN to dry out susceptible pine trees (Myers, 1988), PWNs must se-
crete large amounts of enzymes and proteins to rapidly propagate
themselves and degrade pine trees (Kim et al., 2019; Shinya et al.,
2013). Therefore, the most suitable targets for developing antigen/an-
tibody diagnostics are enzymes or proteins that are secreted from PWNs
when they are invading, migrating to, or degrading pine trees. Although
the physiological functions of PWN-SA571 have not yet been eluci-
dated, PWN-SA571 is one of the proteins abundantly secreted from
PWNs (Shinya et al., 2013) and is present in PWNIPT (Koh, 2017). In
addition, there were limitations using some enzymes, such as expansin
B3 (EXPB3) (Kim et al., 2017; Lee et al., 2012), pectate lyases (Kang
et al., 2015; Kikuchi et al., 2006), and galectin (Kim et al., 2018; Lee
et al., 2011), that were experimentally proven to have certain roles in
PWN pathogenesis and were used as biomarkers for detecting PWNs
and PWNIPT. Interestingly, galectin was reported to be expressed only
in PWNs fed Botrytis cinerea and not in those isolated from pine trees
(Lee et al., 2011). In addition, expansins are known to play important
roles in the pathogenesis of various plant parasitic nematodes (Marowa
et al., 2016; Qin et al., 2004), and Mabs recognizing EXPB3 could detect
PWN-infected pine trees by ELISA, with certain variations among spe-
cies and locations of pine trees (Kim et al., 2017). These results were
consistent with the variation in susceptibility of P. pinaster to PWNs in
the Iberian peninsula and France according to the sizes of trees and
environmental conditions (Menéndez-Gutiérrez et al., 2017). These
reports suggested that the pathogenesis of PWNs in pine trees might be

influenced by various factors.
The reason PWN-SA571 was selected as a biomarker for detecting

PWNs and PWNIPT was that PWN-SA571 did not show any homology
to known enzymes. Thus, instead of functioning as a pine tree tissue-
degrading enzyme, PWN-SA571 might protect PWNs in pine trees by
creating more favorable environments. Therefore, PWNs might secrete
PWN-SA571 more consistently into the host than other enzymes for
degrading pine trees. This hypothesis needs to be examined in the near
future.

As mentioned above, two isothermal DNA amplification methods,
which were recently developed among molecular diagnostics for PWN,
can complete detection within 30 min (Cha et al., 2019; Kang et al.,
2015). Thus, if a battery-operated, portable isothermal incubator was
developed, these tools could be easily used in mountains or harbors. In
this study, Mabs labeled with nanogold or biotin showed strong signals
to PWN and PWNIPT. Thus, future field-adapted studies will enable the
development of kits to quickly and easily detect PWNs and diagnose
PWNIPT. Furthermore, the simultaneous development of molecular
diagnostics and antigen/antibody diagnostics will complement each
other in the development of a faster and more accurate method of de-
tecting PWNs and diagnosing PWNIPT in the field and laboratory.
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Fig. 4. Various dot blot analysis results with PWN-SA571-specific Mabs to detect antigens and PWNs. Among 8 Mabs of PWN-SA571 peptide 1, the 8C6-D7 Mab
showed the strongest signal, followed by the 2C11-A6 and 7E3-D7 Mabs by dot blot analyses using nanogold-conjugated goat anti-mouse IgG. The 7F4-F9 and 4A4-
G10 Mabs showed moderate signals, while 2E6-H7 and 9G6-E6 showed weak but clear signals. In contrast, 6E2-D7 did not show any signal. The detection limits of
three Mabs were tested. They were able to detect 50 ng of BSA pep antigen. Among the five Mabs recognizing PWN-SA571 peptide 2, The 2H7-H9-B8, 1A4-B11-A2,
and 4F12-H7-A2 Mabs could detect 200 ng of BSA pep antigen. Three Mabs could detect 20 ng of BSA pep antigen. The signals from the 1A4-B11-A2 Mab were the
strongest and those from the 4F12-H7-A2 Mab were the weakest. Among seven purified and biotin-labeled immunoglobulins recognizing PWN-SA571 peptide 1 used
for detecting antigens and various PWN extracts, the 2C11-A6 Mab showed strong signals to BSA pep 1 and certain PWN extracts.
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