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of callus extracts against pinewood
nematodes
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Pinosylvin stilbenes are phenolic compounds mainly occurring in the Pinaceae family. We previously
reported that the accumulation of two pinosylvin stilbene compounds, dihydropinosylvin methyl
ether (DPME) and pinosylvin monomethyl ether (PME), in Pinus strobus trees was highly enhanced by
infection with pine wood nematodes (PWNs: Bursaphelenchus xylophilus), and these two compounds
showed strong nematicidal activity against PWNs. In this work, we established a system of pinosylvin
stilbene (DPME and PME) production via the in vitro culture of P. strobus calli, and we examined

the nematicidal activity of callus extracts. Calli were induced from the culture of mature zygotic
embryos of P. strobus. Optimized growth of calli was obtained in 1/2 Litvay medium with 1.0 mg/L
2,4-D and 0.5 mg/L BA. DPME and PME accumulation did not occur in nonaged (one-month-old)

calli but increased greatly with prolonged callus culture. The concentrations of DPME and PME in
three-month-old dark-brown calli were 6.4 mg/g DW and 0.28 mg/g DW, respectively. The effect of
methyl jasmonate treatment on the accumulation of DPME and PME was evaluated in cell suspension
culture of P. strobus. However, the treatment appeared to show slight increase of DPME accumulation
compared to callus browning. A test solution prepared from crude ethanol extracts from aged calli
(three months old) containing 120 pg/ml DPME and 5.16 pg/ml PME treated with PWNs resulted in
100% immobilization of the adult PWNs and 66.7% immobilization of the juvenile PWNs within 24 h.
However, nonaged callus extracts did not show any nematicidal activity against juvenile PWNs and
showed less than 20% nematicidal activity against adult PWNs. These results indicate that pinosylvin
stilbenes can be effectively produced by prolonged culture of P. strobus calli, can be isolated using
simple ethanolic extraction, and are applicable as beneficial eco-friendly compounds with nematicidal
activity against PWNs.

Pine wilt disease (PWD) caused by pine wood nematodes (PWNSs; Bursaphelenchus xylophilus) is the most severe
disease of forests worldwide'. PWN infection of pine trees occurs by migration to host trees when the pine
sawyer beetle (Monochamus spp.) feeds on the young shoots of pine trees?. PWD symptoms begin with needle
discoloration and eventually lead to the death of pine trees in PWN-susceptible pine species®. Controlling the
spread of PWN and pine destruction are major economic, ecological, and environmental concerns worldwide*.

The biological control of PWNs has remained a challenging task for a long time because PWD is the result of
a complex interaction among a nematode, a host tree and an insect vector. The current methods of controlling
PWD mainly rely on chemical treatments, including nematicide implantation in the trunks of trees. The two most
widely used nematicides are abamectin and emamectin benzoate, which are members of the macrocyclic lactone
family®. Although these chemicals are highly effective against various species of nematodes, they are highly
toxic to mammals and insects, which can spoil the forest environment and can cause adverse effects on human
health. Moreover, the recurrent use of these nematicides induces resistant nematodes, such as Trichostrongylus
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colubriformis and Ostertagia circumcincta, against abamectin®. Hence, the invention of new nematicides should be
performed continuously to identify alternative chemicals to combat PWNSs. Several papers have been published
on nematode control agents using plant extracts, essential oils, and volatile compounds”?.

Stilbenoid phytoalexins are phenolic compounds and mainly occur in the Pinaceae family. In pine trees,
pinosylvin-type stilbenes prevent wood tissues from decaying by fungi and are particularly rich in heartwood
extracts’. There are many reports on the biosynthesis of pinosylvin stilbenes in the sapwood and needles of pine
plants by abiotic and biotic treatment, such as UV-C'°, wounding', ozone'?, and fungal pathogens'?. Pinosylvin-
type stilbenes showed strong antibacterial, antifungal, and antifeedant activities'*""’. Suga et al.'® suggested that
the resistance of Pinus species to PWNs is attributed to the presence of these endogenous defense substances,
among which pinosylvin-type stilbenes extracted either from the heartwood of P. strobus or the heartwood and
bark of P. palustris have strong nematicidal activity. Recently, we reported that the accumulation of dihydro-
pinosylvin monomethylether (DPME) and pinosylvin monomethylether (PME) is highly responsive to PWN
infection and plays an important role in the PWN resistance of P. strobus trees'. The nematicidal activity of
DPME and PME resulted in a developmental stage-dependent manner: PME was more toxic to adult PWNs than
juveniles, whereas DPME was found to be more toxic to juvenile PWNs than adults'. These reports indicate
that pinosylvin-type stilbenes may be good candidates for nematicidal compounds for controlling the PWD.

Plant cell culture systems are promising technologies because they are reliable alternative methods of produc-
ing high-value secondary metabolites of industrial importance and have been extensively investigated for the
production of secondary metabolites?>*!. Resveratrol and its derivatives are well-known stilbenoid compounds
and have emerged as promising molecules because of their benefits to human health. Many reports have been
published on the biotechnological production of resveratrol and its derivatives through cell suspension culture,
particularly using grapevine cell cultures?*~2*. However, only one article reported the production of pinosylvin-
type stilbene using a cell suspension culture of Pinus sylvestris®.

To optimize production, elicitation has been shown to be the most efficient way to promote the synthesis and
accumulation of compounds of interest?”-*. Methyl jasmonate (Me]JA) has been reported as an important elicitor
to enhance the production of various secondary metabolites in plants*~°. Elicitation using MeJA is also effec-
tive for the enhancement of stilbene production (resveratol) in grapevine cell culture?>-**. There is no report on
the production of pinosylvin stilbenes by MeJA treatment in pine calli and cell suspension cultures. An elicitor
preparation from the pine needle pathogen Lophodermium seditiosum in Pinus sylvestris cell suspension cultures
resulted in strong accumulation of pinosylvin stilbenes®.

Browning of callus is frequently observed in tissue cultures of woody plants, which is caused by the accumula-
tion and oxidation of phenolic compounds®“*2. The browning process is associated with cell disorganization and
eventual cell death®. Pinosylvin stilbenes are typical phenolic compounds mainly found in the Pinus species. It
is questioned whether the production of pinosylvin stilbene is associated with the browning process of callus.
However, no report has been published on the production of pinosylvin stilbenes during the browning process
in plant tissue culture.

Here, we established in vitro culture conditions for the induction and proliferation of P. strobus calli from
zygotic embryo cultures and investigated the enhanced accumulation of pinosylvin stilbenes by callus aging with
prolonged culture. We analyzed the effect of MeJA treatment on the production of pinosylvin stilbenes from
callus. We found that ethanolic extracts of aged P. strobus calli after prolonged culture had strong nematicidal
activity against PWN .

Materials and methods

Callus induction from the culture of mature zygotic embryos of P. strobus. Seeds of P. strobus
were purchased from Danong Inc. (Gyeonggi-do, Korea). All the experiments were performed in accordance
with relevant institutional, national, and international guidelines and regulations. After dehusking shells from
seeds, inner nuts were soaked in a 70% solution of EtOH and then transferred into 1% NaClO for 10 min and
rinsed with sterilized distilled water. Then, mature zygotic embryos were dissected from the megagametophytes
and cultured in vitro on semisolid callus induction medium. Approximately 15 zygotic embryos were plated
onto a Petri dish cotaining 1/2 LV medium** supplemented with 1.0 mg/L 2,4-dichlorophenoxyacetic acid (2,4-
D). All media were also supplemented with 20 g/L sucrose and 2.8 g/L Phytagel (Sigma). The pH was adjusted to
5.7 before autoclaving at 121 °C. All the cultures were incubated at 25 °C in dark condition.

Culture conditions of optimal proliferation of callus. Friable calli were obtained from cultured
zygotic embryos after regular subculture of calli at 3-week intervals. To investigate the optimal production of
calli, various culture conditions were tested. Approximately 300 mg of callus was cultured on 1/2 LV medium
with various concentrations of 2,4-D (zero, 0.5, 1.0, 2.0, and 4.0 mg/L) or 1.0 mg/L 2,4-D with 0.5 mg/L BA.
To investigate the effects of cytokinin types, calli were cultured onto 1/2 LV medium with various types of
cytokinins (0.5 mg/L BA, zeatin, kinetin, TDZ, and 2-ip) and 1.0 mg/L 2,4-D. To investigate the effect of BA
concentration, calli were cultured onto 1/2 LV medium with various concentrations of BA (0.25. 0.5, 1.0, and
2.0 mg/L) and 1.0 mg/L 2,4-D. After 4 weeks of culture, fresh and dry weights were taken. All media were also
supplemented with 20 g/L sucrose and 2.8 g/L Phytagel (Sigma). The pH was adjusted to 5.7 before autoclaving
at 121 °C. All the cultures were incubated at 25 °C in dark. For statistical analysis, 300 mg of callus (separated to
about 12 to 15 pieces) were transferred to a Petri dish. Each treatment was conducted with three to five replicates.
The experiment was repeated three times.

MelJA treatment to callus. To investigate the effect of MeJA on the growth of calli and the production of
PME and DPME, calli were transferred onto 1/2 LV medium with 1.0 mg/L 2,4-D with 0.5 mg/L BA and vari-

Scientific Reports |

(2022) 12:770 | https://doi.org/10.1038/s41598-022-04843-6 nature portfolio



www.nature.com/scientificreports/

ous concentrations (zero, 10, 50, 100 uM) of MeJA. Callus growth and DPME and PME accumulation in callus
were analysed after 2 weeks of MeJA treatment. For analysis of gene expression involved in the biosynthesis of
PME and DPME by MeJA treatment, calli were sampled after 2 days of MeJA treatment. To investigate the effect
of MeJA on the production of PME and DPME, 500 mg of calli were transferred into 200 mL Erlenmeyer flasks
containing 50 mL 1/2 LV liquid medium with 1.0 mg/L 2,4-D with 0.5 mg/L BA and with and without 100 uM
MeJA. Culture flasks were agitated at 120 rpm under dark conditions. Each treatment was conducted with three
replicates and the experiment was repeated three times. Cells were harvested after zero, 1, 3, and 7 days of cul-
ture, and the content of PME and DPME was analyzed by GC/MS.

RT-PCR and qRT-PCR analysis in MeJA treated callus. Total RNA was isolated from calli, treated
with or without MeJA treatment by the RNeasy Plant Mini Kit for RT-PCR (Qiagen, Germany), and converted to
cDNA using M-MLYV reverse transcriptase (Invitrogen, USA). RT-PCR was conducted using first-strand cDNA
as a template with the following conditions: 95 °C for 3 min; 30 cycles at 95 °C for 30's, 55 °C for 30 s, and 72 °C
for 2 min; and a final extension at 72 °C for 10 min. The primers used for RT-PCR analysis used in this study are
listed in Table S1. RT-PCR analysis was repeated three times, and representative data are shown in Fig. 8.

Rotor-Gene Q with QuantiTect SYBR Green PCR Kit (Qiagen, Germany) was used for qPCR analysis. Real-
time cycler conditions were 95 °C for 15 min, followed by 40 cycles of 94 °C for 15 s, 60 °C for 30 s, and 72 °C
for 30 s. qPCR analysis was performed with at least three replicates, and the data are presented as the average
relative quantities + SEs. The relative expression value of each gene was calculated using the 2-**CT method™®.
The B-actin gene of P. strobus was used for normalization. The primers for qPCR analysis used in this study are
listed in Table S1.

GC-MS analysis of DPME and PME in callus.  Calli were subcultured onto 1/2 LV medium with 20 g/L
sucrose, 1.0 mg/L 2,4-D, and 0.5 mg/L BA at 2-week intervals. Calli were not subcultured until 3 months to
induce callus aging. Calli was sampled after one, two, and three months of culture. To measure the contents of
PME and DPME compounds by gas chromatography-mass spectrometry (GC-MS), calli were air-dried at 50 °C
in a drying oven. Milled powder (200 mg) from each of the samples was soaked in 100% methanol (1 ml) and
sonicated for 30 min at a constant frequency of 20 kHz at 25 °C. The supernatant obtained by centrifugation
(15,000 x g for 10 min) was subsequently filtered using a SepPak C-18 Cartridge (Waters) to remove debris. The
filtered aliquots were analyzed by GC (Agilent 7890A) linked to an inert MSD system (Agilent 5975C) with its
Triple- Axis detector and equipped with an HP-5MS capillary column (30 m % 0.25 mm, film thickness 0.25 mm).
The injection temperature was 250 °C, and the column temperature program was as follows: 70 °C for 4 min,
followed by an increase to 220 °C at a rate of 5 °C min™?, heating at 4 °C min™! up to 320 °C, and a hold at 320 °C
for 5 min. The carrier gas was He, and the flow rate was 1.2 ml min™". The interface temperature was 300 °C,
with a split/splitless injection (10:1). The temperature of the ionization chamber was 250 °C, and ionization
was performed by electron impact at 70 eV. The standards of PME and DPME used in GC-MS analysis were
purchased from Sigma-Aldrich Co. Each analysis was conducted with three replicates, and the experiment was
repeated three times.

Nematicidal activity of callus extracts. PWNs were cultured on potato dextrose agar medium (PDA)
with Botrytis cinerea for 2 weeks in darkness. The proliferated PWNs were separated using the Baerman funnel
method?®. To estimate the nematicidal activity of callus extracts, aged calli with dark brown color and nonaged
calli with faded yellow color were dried in an oven at 50 °C for 24 h. The dried calli were ground well using a
mechanical blender into fine powder. The powdered callus (4 g) was dipped in a 50 mL conical tube contain-
ing 100% EtOH and sonicated for 30 min at a constant frequency of 20 kHz at 25 °C. After centrifugation of
the tube (5000 x g for 10 min), the supernatant was collected, and then EtOH was evaporated to obtain the
concentrated extracts. The callus extracts were dissolved in water containing 10 mg/mL 2-hydroxypropyl-p-
cyclodextrin (HP-B-CD), which was used as an emulsifier to dissolve hydrophobic stilbene by He et al.*. The
final tested concentration of DPME using EtOH extracts of three-month-old calli with dark brown color was
adjusted to 120 pug/mL by gradual dilution with HP-B-CD after GC analysis. The same dilution of EtOH extracts
of one-month-old calli with a faded yellow color was achieved with HP-B-CD solution. PWNs at the adult and
juvenile stages obtained using the same protocol presented by Hwang et al. ! were inoculated in each treatment
solution in 96-well plates and cultured for 24 h at 25 °C. About 50 adults and 80 ]2 juvenile stage nematodes
were inoculated in each test solution. HP-B-CD solution without PME and DPME was used as control. HP-3-CD
(10 mg/mL) solution without callus extracts was used as a control. The immobilization of PWNs was counted by
a light microscope. The experiment was performed in triplicates and repeated five times.

Statistical analysis. Statistical analysis was performed using Microsoft Excel and SPSS software. The sig-
nificance of callus production was tested by analysis of variance (ANOVA). Significant differences among means
were identified using Tukey’s test at a significance level of 5%.

Results

Induction and proliferation of calli from the culture of mature zygotic embryos of P. stro-
bus. Mature zygotic embryos (Fig. 1a) were cultured on 1/2 LV medium with 1.0 mg/L 2,4-D. Calli were
produced on the surfaces of zygotic embryos after 3 weeks of culture (Fig. 1b). The enlarged zygotic embryos
were subcultured onto the same medium and turned to callus mass after three weeks of culture (Fig. 1c). Highly
friable callus masses were obtained after consecutive subculture on the same medium with 1.0 mg/L 2,4-D five
times at two-week intervals (Fig. 1d).
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Figure 1. Induction and proliferation of calli from mature zygotic embryo culture on 1/2 LV medium with

1 mg/L 2,4-D and 0.5 mg/L BA. (a) Culture of mature zygotic embryos of P. strobus. (b). Induction of calli on
the surfaces of zygotic embryos after two weeks of culture. (c) Callus induction after subculture on new 1/2 LV
medium with 1 mg/L 2,4-D and 0.5 mg/L BA. (d) Actively proliferated calli on 1/2 LV medium with 1 mg/L
2,4-D and 0.5 mg/L BA after 4 weeks of culture. Bar in (a) =4 mm. Bar in (b) =2 mm. Bar in (¢) =2 mm. Bar in
(a)=15 mm.

Calli were transferred onto various concentrations (0, 0.25, 0.5, 1.0, 2.0, and 4.0 mg/L) of 2,4-D to evaluate the
optimal concentration of 2,4-D. After 3 weeks of culture, fresh weight and dry weight were calculated (Fig. 2a,b).
Calli actively proliferated at 0.5 and 1.0 mg/L 2,4-D (Fig. 2a,b). Interestingly, combined treatment with BA and
2,4-D stimulated the growth of calli (fresh weight) compared to 2,4-D alone. However, there were no differ-
ences in the growth of calli induced by the different types of cytokinins (0.5 mg/L BA, zeatin, kinetin, TDZ, and
2-ip) with 1.0 mg/L 2,4-D (Fig. 2c). When calli were cultured on medium with 1.0 mg/L 2,4-D and different
concentrations of BA, 0.25 and 0.5 mg/L BA was better than 1.0 and 2.0 mg/L BA for callus production (Fig. 2d).

Enhanced DPME and PME accumulation by prolonged culture of calli.  For proliferation of calli,
P, strobus calli were subcultured onto 1/2 LV medium with 1.0 mg/L 2,4-D and 0.5 mg/L BA at 3-week intervals.
When the P. strobus callus was not subcultured until 3 months, the color of the callus turned pale yellow after
one month of culture (Fig. 3a), turned brown after 2 months of culture (Fig. 3b), and turned dark brown after
3 months of culture (Fig. 3c). Calli with different colors were sampled and milled after drying. The color of the
dried callus powders still had the same color as undried fresh callus masses (Fig. 3a—c). Microscopic observation
of the callus revealed that a 1-month-old faded yellow callus was composed of aggregated cells with a spherical
structure with dense cytoplasm (Fig. 4a,b). However, three-month-old brown calli were composed of cells with a
brown pigment near the cell walls and less dense cytoplasm than the cells of faded yellow calli (Fig. 4c,d).

Pinosylvin stilbene content in the MeOH extract of calli with different colors (faded yellow, brown, and
dark brown) was analyzed by GC/MS. Interestingly, the accumulation of DPME and PME was highly increased
by callus aging (Fig. 5). Only DPME was detected in a small amount, but PME was not at a detectable level in
one-month-old calli with a faded yellow color (Fig. 5a). DPME and PME accumulations in calli were highly
enhanced as the culture time proceeded to two and three months (Fig. 5b,c). The production of DPME and
PME was confirmed by the retention times of authentic standards (Fig. 5d) and mass fraction pattern of the two
compounds by GC/MS (Fig. 5e,f). Surprisingly, the total ion chromatogram over the full range of retention times
revealed that the two DPME and PME peaks were the only major components in the extracts from dark brown
calli (Fig. 5¢). The amounts of DPME and PME in three-month-old calli with dark brown colors were 6.4 mg/g
DW and 0.28 mg/g DW, respectively (Fig. 6).
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Figure 2. Fresh and dry weights of P. strobus calli proliferated under various culture conditions. (a) Fresh
weight of calli cultured on various concentrations of 2,4-D (zero, 0.25, 0.5, 1.0, 2.0, 4.0 mg/L) and 1.0 mg/L
2,4-D with 0.5 mg/L BA after 4 weeks of culture. (b) Dry weight of calli cultured on various concentrations
of 2,4-D (zero, 0.25, 0.5, 1.0, 2.0, 4.0 mg/L) and 1.0 mg/L 2,4-D with 0.5 mg/L BA after 4 weeks of culture. (c)
Fresh weight of calli cultured on 1/2 LV medium containing 1.0 mg/L 2,4-D with different types of cytokinins
(BA, TDZ, zeatin, kinetin, and 2-iP, 0.5 mg/L) after 4 weeks of culture. Means with the same letter are not
significantly different from each other (P> 0.05 one-way ANOVA). Error lines represent + SE of the mean of
three independent experiments, each performed in technical triplicates.

Effect of MeJA treatment of callus on DPME accumulation. When P, strobus calli were transferred
onto medium with MeJA at various concentrations (0, 10, 50, and 100 pM), callus growth after 2 weeks of
culture was slightly suppressed by MeJA treatment, although there was no statistically significant difference
(Fig. 7a). Pinosylvin synthase (STS) and pinosylvin O-methyltransferase (PMT) are key enzymes for pinosylvin
stilbene biosynthesis in pine trees'>*”*. Previously, we selected the best candidate genes of the STS and PMT
genes involved in pinosylvin stilbene biosynthesis in P. strobus'. The effect of MeJA treatment on the expression
levels of PsSTS and PsPMT genes in calli was analyzed by qPCR. The expression of PsSTS and PsPMT was weak
without MeJA treatment but significantly enhanced by MeJA treatment (Fig. 7b,c). Among the different con-
centrations (zero, 10, 50, and 100 uM MeJA treatment), the highest accumulation of PsSTS and PsPMT mRNAs
was detected in calli after 100 uM MeJA treatment (Fig. 7b,c). The expression of PsSTS gene was more strongly
responded by MeJA treatment than the PsSPMT.

Cell suspension culture was obtained by shake flask culture of P. strobus calli in 1/2 LV liquid medium with
1.0 mg/L 2,4-D with 0.5 mg/L BA and with and without 100 uM MeJA. The accumulation of DPME and PME
was monitored in the cell suspension culture during zero, 1, 3, and 7 days of culture. Without MeJA treatment,
DPME accumulation was slightly increased as the culture period proceeded until 7 days (Fig. 7d, Supplemental
Fig. S1a). Although the accumulation of DPME was more conspicuous in 100 uM MeJA treatment compared to
control (Fig. 7d, Supplemental Fig. S1b), the amount of DPME (0.358 mg/g DW) in suspension cultured cells
by 100 uM MeJA treatment for 7 days was 17.9 times lower than that of dark brown callus. Moreover, PME was
under the detectable levels in suspensions cultured cells even regardless MeJA treatment (Supplemental Fig. S1b).

Nematicidal activity of crude extracts from P. strobus calli. Crude extracts were obtained by 100%
EtOH extraction from calli of different ages (faded yellow and dark brown). The crude extracts were dissolved
in water containing 10 mg/L 2-hydroxypropyl-B-cyclodextrin (HP-B-CD), which was used as an emulsifier of
hydrophobic chemicals®*. We previously demonstrated that the water soluble formulation of the pinosylvin
stilbene:HP-B-CD complex was effective for the analysis of the nematocidal activity of DPME and PME com-
pounds. The aqueous test solution of DPME and PME from extracts of dark brown callus was adjusted to the
concentration of 120 pg/mL DPME (5.16 pug/mL PME) by dissolving in water containing HP-B-CD, and the
same dilution was also applied for the crude extracts from faded yellow callus. The content of DPME and PME in
faded yellow calli was nearly zero. These crude extracts were used to treat adult and juvenile PWNs. The extracts
from dark brown calli showed strong nematicidal activity. More than 70% of adult PWNs lost their mobility
with strait bodies after 3 h of callus extract treatment, and nearly all adult PWNs were immobilized after 24 h

Scientific Reports |

(2022) 12:770 |

https://doi.org/10.1038/s41598-022-04843-6 nature portfolio



www.nature.com/scientificreports/

Figure 3. Photos of callus its ground powders after drying. (a) Faded yellow callus after one month of culture
on 1/2 LV medium with 1.0 mg/L 2,4-D with 0.5 mg/L BA. (b) Brown callus after 8 weeks of culture on 1/2
LV medium with 1.0 mg/L 2,4-D with 0.5 mg/L BA. (c) Dark brown callus after 12 weeks of culture on 1/2

LV medium with 1.0 mg/L 2,4-D with 0.5 mg/L BA. Photos on the right sides (a-c) are ground powders after
drying. Bars in (a-c) =20 mm.

(Fig. 8a). However, the treated adult PWNs using the crude extracts from yellow calli did not exceed the immo-
bilization of PWNs by less than 20% (Fig. 8a). In the control treatment (only water with HP-B-CD), less than 5%
of PWNs showed immobilization of adult PWNs (Fig. 8a). When the crude extracts were treated with juvenile
PWNs, the control water treatment and the extracts from faded yellow calli did not induce the immobilization
of PWNss (Fig. 8b); only treatment with extracts from dark brown calli was effective for immobilization of PWNs
at 67% after 24 h (Fig. 8b).

Photos of PWNss revealed that all the PWNs showed active pendulation of their bodies by the extract treat-
ment from yellow calli both after 9 h (Fig. 9a) and 24 h (Fig. 9b). In contrast, many PWNs rapidly lost their
mobility at 9 h (Fig. 9c) and became strait body shaped due to immobilization at 24 h (Fig. 9d).

Discussion

Induction and proliferation of P. strobus callus. Pinosylvin stilbenes in the seedlings, bark, and sap-
wood of pine plants are not present or were present at low amounts and are only rich in knots*® and heartwood’.
In three-year-old P. strobus plants, DPME and PME were either not or faintly detected under natural conditions
but were highly enhanced after PWN infection'. Plant cell culture systems are an alternative method for pro-
ducing secondary metabolites with industrial importance?. There is no report on the production of pinosylvin
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Figure 4. Light microscopic observation of yellow and dark brown calli. (a) Faded yellow callus after one
month of culture constituted with cell mass with spherical cell structure with dense cytoplasm. (b) Callus
constituted with cell mass with spherical cell structure with brown pigment. Right side of photos are enlarged
views. Bars in (a,b) =50 um.

stilbenes in callus or cell suspension cultures of P. strobus except for a report on the production of pinosylvin stil-
benes using P. sylvestris cell suspension cultures®. In this work, we attempt to investigate the culture conditions
for the proliferation of calli and the production of pinosylvin stilbenes in P. strobus calli. We used LV medium to
induce callus formation from mature zygotic embryos of P. strobus, which is one of the commonly used media
for the cell culture of pine species®’. The concentration of 2,4-D was effective for callus growth between 0.5
and 1 mg/L. Callus growth was stimulated by the addition of cytokinin (0.5 mg/L BA) to medium with 2,4-D
(1.0 mg/L). There was no clear difference in the proliferation of calli among samples treated with different types
of cytokinins. Generally, 2,4-D and BA are the most common plant growth regulators used for embryogenic
callus induction and proliferation*’. We found that the proliferation of nonembryogenic P. strobus calli actively
occurred on medium with the combination of 2,4-D and BA, which is similar to the embryogenic callus culture
reported in other pine species®.

Enhanced DPME and PME accumulation by prolonged callus culture. There was no browning of
the P, strobus callus in consecutive subcultures at 3-week intervals. However, the browning of callus color rapidly
proceeded with prolonged culture without subculture. The fade yellow color of the callus turned dark brown
after 3 months of culture. Generally, browning of calli is a common problem in plant tissue culture systems
caused by the accumulation and oxidation of phenolic compounds®"**. We found that DPME and PME were
not or faintly detected in nonbrown calli. Browning of the callus color commenced with prolonged culture. The
accumulation of DPME and PME was highly enhanced in dark brown calli. The amounts of DPME and PME
in dark brown calli at three months of age were 6.4 mg/g DW and 0.28 mg/g DW, respectively. These results
indicate that callus aging strongly stimulates the production of pinosylvin stilbenes. The accumulation of phe-
nolic pinosylvin stilbenes might be related to brown pigment accumulation. The accumulation of pinosylvin
stilbenes accompanied with callus browning may be induced by cell death processes and induced by starvation
of nutrients in the culture medium. In pine plants, normal undamaged sapwood does not contain pinosylvin
stilbenes, which were found to be restricted to heartwood tissue without any living tree cells*". The accumula-
tion of pinosylvin stilbenes in aged calli of P. strobus may be enhanced during cell death processes similar to the
accumulation of pinosylvin stilbenes in heartwood tissues.

Effect of MeJA on DPME and PME accumulation in P. strobus calli. Elicitor treatment using
Me]JA is effective for enhancing the production of resveratol (trans-3,5,4 -trihydroxystilbene) in grapevine cell
culture??-?%, We investigated the effect of MeJA on the accumulation of DPME and PME in a cell suspension cul-
ture of P. strobus and found that MeJA treatment only slightly stimulated DPME accumulation as the duration of

Scientific Reports |

(2022) 12:770 | https://doi.org/10.1038/s41598-022-04843-6 nature portfolio



www.nature.com/scientificreports/

a x108
§ 21 Yellow callus e 7 187.1
s (4 week-old) S 6 DPME
S S5 an.0 (callus extract)
Qo c
© 1 =]
2 DPME g 4 228.1
3 \ A \ 23
e o 52 66.0
5 10 15 20 25 30 35 40 45 50 e 1 S0l }\I. it 15111?5'%8141 213.1]
b x108 0 50 70 90 110 130 150 170 190 210 230
@
o | Brown callus 91.0 187.0
§ (8 week-old) - g 3 DPME standard
[ ©
3 N 2 s
©1 35
2 /PME o4 228.1
5 2
¢, e B 32 TAO
* |
s 10 15 20 25 %0 35 40 45 50 :3 10 il st 1508%9 81,0 213.0
C x108 DPME\ 50 70 90 110 130 150 170 190 210 230
L
02| Dark brown callus
§ (12 week-old) f o 8 226.1
2 e 7 PME
R PME 36 (callus extract)
2 / 55
5 | ¢
] =2 3
T T T I B 5
5 10 15 20 25 30 35 40 45 50 & 1
0 .
d Authentic standard DPME \| . O O 50 70 90 110 130 150 170 190 210 230
o 226.1
% 3 PME standard
OCHy
3 'g 6
5
2 0) PME s
HO. N / g
1 O s
o 2
oty o _
ol .
5 10 15 20 25 30 35 40 45 50 50 70 90 110 130 150 170 190 210 230

Retention time (min)

Figure 5. GC/MS analysis of the production of DPME and PME in P. strobus calli by prolonged culture. (a) GC
chromatogram of extract from yellowish calli after 4 weeks of culture. (b) GC chromatogram of callus extract
from pale brown callus after 8 weeks of culture. (c¢) GC chromatogram of callus extract from dark brown calli
after 12 weeks of culture. (d) GC chromatogram of authentic standards of DPME and PME. (e) Mass fraction of
a DPME peak in callus and DPME standard. (f) Mass fraction of a PME peak in callus and PME standard.

culture proceeded until 7 days compared to the control. PME was undetectable inspite of MeJA treatment. This
result indicates that the amount of DPME accumulation by MeJA treatment is much less (17.9 times lower) than
by callus browning. Moreover, PME was not accumulated in suspensions cultured cells regardless MeJA treat-
ment. Thus, callus browning is highly effective strategy for production of pinosylvin stilbenes in P. strobus. One
report indicated that the production of pinosylvin stilbenes using P. sylvestris cell suspension cultures in which
an elicitor treatment (prepared from the pine needle pathogen Lophodermium seditiosum) resulted in enhanced
accumulation of pinosylvin and pinosylvin methyl ether?. Thus, fungal elicitors may be another effective treat-
ment to enhance pinosylvin stilbene production by P. strobus calli and cell suspension culture.

Strong nematicidal activity of diluted extracts from dark brown P. strobus callus. Recently, we
reported that DPME and PME accumulation in P, strobus plants was highly enhanced by PWN infection, and the
nematicidal activity of DPME and PME was different in adult and juvenile PWNs'. We prepared an aqueous test
solution using ethanolic crude extracts from faded yellow and dark brown calli and investigated the nematicidal
activity. Suga et al.'® reported that PME and DPME have strong nematicidal activity with 100% immobilization
after 24 h of PWNs at concentrations of 10 pg/ml PME and 100 pg/ml DPME, respectively. We prepared an aque-
ous test solution at concentrations of 120 pg/mL DPME and 5.16 pg/mL PME using dark brown callus extracts.
When the test solution containing DPME and PME using extracts from dark brown callus was treated to the
PWNs, all the adult (100%) and juvenile (67%) PWNs were dead after 24 h. In contrast, most of the PWNs were
alive by the treatment of the test solution using extracts from faded yellow callus. This result suggests that the
aqueous test solution using dark brown callus extract has strong nematicidal activity, which might be related to
the presence of DPME and PME.

In conclusion, we developed a protocol for establishing a callus culture system of P. strobus, and the produc-
tion of pinosylvin stilbene in calli that effectively achieved by prolonged callus culture. The crude extracts of P
strobus calli showed strong nematicidal activity against PWNs. Thus, crude extracts from aged P. strobus calli can
be used as ecofriendly agents with nematicidal activity against PWD. We will proceed with further experiments
on the possible nematicidal activity of callus-derived pinosylvin stilbenes on PWN-susceptible pine tree plants.
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Figure 6. Enhanced accumulation of DPME and PME in P. strobus calli by prolonged incubation. The analysis
results are presented as the means + SEs of three independent experiments, each performed in technical
triplicates.
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callus. The qPCR data were normalized to -actin gene expression. The vertical bars indicate the SE based

on three biological replicates. (d) DPME accumulation in cell suspension during different days of culture in
medium with or without 100 pM MeJA.

Scientific Reports | (2022) 12:770 | https://doi.org/10.1038/s41598-022-04843-6 nature portfolio



www.nature.com/scientificreports/

a

Adult PWN mortality (%)

Juvenil PWN mortality (%)

Figure 8. High nematicidal effects of P. strobus of aged dark brown callus extracts against PWNSs. (a)
Nematicidal effects of P. strobus callus extracts against adult PWNs during 24 h incubation. (b) Nematicidal
effects of P. strobus callus extracts against juvenile PWNs during 24 h incubation. The concentrations of DPME

120

100 ]

80
60
40
20

0 ]

80
70
60
50
40
30
20
10

m Control
m Faded yellow callus
m Dark brown callus

0 3 6 9 24
Time after treatment (hr)
3 = Control
] mFaded yellow callus
1 mDark brown callus I |
0 3 6 9 24

Time after treatment (hr)

and PME in the dark brown callus extract were adjusted to 120 pg/mL and 5.16 pug/mL, respectively.

After 9 hr

A B /
|
N {1 |
1 & ]
N !
( \
\
|
]
After 9 hr After 24 hr
Faded Yellow callus (one-month-old) extract treatment to PWNs
o O -
C ®H. % D

.ﬁ_..,,_,\\ 7

After 24 hr

Figure 9. Photographs of PWN mobility after treatment with P. strobus callus extracts. (a,b) PWNs with active
mobility after 9 h (a) and 24 h (b) of yellow callus extract treatment. (c,d) PWNs mixed with immobilized strait

w...-///'///
Dark brown callus (3-month-old) extract treatment to PWNs

dead body shape after 9 h (c) and 24 h (d) of dark brown callus extract treatment.

Scientific Reports | (2022) 12:770 |

https://doi.org/10.1038/s41598-022-04843-6

nature portfolio



www.nature.com/scientificreports/

Data availability
The original data presented in the study are included in the article/supplementary material, and further inquiries
can be directed to the corresponding author.

Received: 27 August 2021; Accepted: 23 December 2021
Published online: 14 January 2022

References
1. Hirata, A. et al. Potential distribution of pine wilt disease under future climate change scenarios. PLoS ONE 12, e0182837 (2017).
2. Naves, P. M., Camacho, S., De Sousa, E. M. D. & Quartau, J. A. Transmission of the pine wood nematode Bursaphelenchus xylophilus
through feeding activity of Monochamus galloprovincialis (Col., Cerambycidae). J. Appl. Entomol. 131, 21-25 (2007).
3. Mamiya, Y. Pathology of the pine wilt disease caused by Bursaphelenchus xylophilus. Annu. Rev. Phytopathol. 21, 201-220 (1983).
4. Futai, K. Pine wood nematode, Bursaphelenchus xylophilus. Annu. Rev. Phytopathol. 51, 61-83 (2013).
5. James, R., Tisserat, N. & Todd, T. Prevention of pine wilt of scots pine (Pinus sylvestris) with systemic abamectin injections. Arboric.
Urban For. 32, 195-201 (2006).
6. Gopal,, R.M., Pomroy, W.E. & West, D.M. Resistance of field isolates of Trichostrongylus colubriformis and Ostertagia circumcincta to
ivermectin. Int. J. Parasitol. 29, 781-786 (1999).
7. Barbosa, P. et al. Nematicidal activity of EOs and volatiles derived from portuguese aromatic flora against the pinewood nematode,
Bursaphelenchus xylophilus. ]. Nematol. 42, 8-16 (2010).
8. Andrés, M. E, Gonzalez-Coloma, A., Sanz, J., Burillo, J. & Sainz, P. Nematicidal activity of essential oils: A review. Phytochem. Rev.
11, 371-390 (2012).
9. Harju, A. M. & Veniliinen, M. Measuring the decay resistance of Scots pine heartwood indirectly by the Folin-Ciocalteu assay.
Can. J. For. Res. 36, 1797-1804 (2006).
10. Schoeppner, A. & Kindl, H. Stilbene synthase (pinosylvine synthase) and its induction by ultraviolet light. FEBS Lett. 108, 349-352
(1979).
11. Harju, A. M., Venildinen, M., Laakso, T. & Saranpid, P. Wounding response in xylem of Scots pine seedlings shows wide genetic
variation and connection with the constitutive defence of heartwood. Tree Physiol. 29, 19-25 (2009).
12. Rosemann, D., Heller, W. & Sandermann, H. Biochemical plant responses to ozone: II. Induction of stilbene biosynthesis in Scots
pine (Pinus sylvestris L.) seedlings. Plant Physiol. 97, 1280-1286 (1991).
13. Gehlert, R., Schoppner, A. & Kindl, H. Stilbene synthase from seedlings of Pinus sylvestris: Purification and induction in response
to fungal infection. Mol. Plant Microbe. Interact. 3, 444-449 (1990).
14. Celimene, C., Micales, ., Ferge, L. & Young, R. Efficacy of pinosylvins against white rot and brown rot fungi. Holzforschung 53,
491-497 (1999).
15. Lindberg, L., Willfor, S., Hemming, J. & Holmbom, B. Antibacterial effects of hydrophilic knotwood extracts on papermill bacteria.
J. Ind. Microbiol. Biotechnol. 31, 137-147 (2004).
16. Bryant, J. P, Wieland, G. D., Reichardt, P. B., Lewis, V. E. & McCarthy, M. C. Pinosylvin methyl ether deters snowshoe hare feeding
on green alder. Science 222, 1023-1025 (1983).
17. Sullivan, T. P, Crump, D. R., Wieser, H. & Dixon, E. A. Influence of the plant antifeedant, pinosylvin, on suppression of feeding
by snowshoe hares. J. Chem. Ecol. 187, 1151-1164 (1992).
18. Suga, T. et al. Endogenous pine wood nematicidal substances in Pines, Pinus massoniana, P. strobus and P. palustris. Phytochemistry
33, 1395-1401 (1993).
19. Hwang, H. S., Han, J. Y. & Choi, Y. E. Enhanced accumulation of pinosylvin stilbenes and related gene expression in Pinus strobus
after infection of pine wood nematode. Tree Physiol. 41, 1972-1987 (2021).
20. Ramachandra, R. & Ravishankar, G. A. Plant cell cultures: Chemical factories of secondary metabolites. Biotechnol. Adv. 20,101-153
(2002).
21. Jeandet, P. et al. Phytostilbenes as agrochemicals: Biosynthesis, bioactivity, metabolic engineering and biotechnology. Nat. Prod.
Rep. 38, 1282-1329 (2021).
22. Krisa, S. et al. Stilbene production by Vitis vinifera cell suspension cultures: Methyl jasmonate induction and 13C biolabeling. J.
Nat. Prod. 62, 1688-1690 (1999).
23. Zamboni, A., Vrhovsek, U., Kassemeyer, H. H., Mattivi, F. & Velasco, R. Elicitor-induced resveratrol production in cell cultures of
different grape genotypes (Vitis spp.). Vitis 45, 63-68 (2006).
24. Lijavetzky, D. et al. Synergistic effect of methyl jasmonate and cyclodextrin on stilbene biosynthesis pathway gene expression and
resveratrol production in Monastrell grapevine cell cultures. BMC Res. Notes 1, 132 (2008).
25. Belhadj, A. et al. Effect of methyl jasmonate in combination with carbohydrates on gene expression of PR proteins, stilbene and
anthocyanin accumulation in grapevine cell cultures. Plant Physiol. Biochem. 46, 493-499 (2008).
26. Lange, B. M., Trost, M., Heller, W,, Langebartels, C. & Sandermann, H. Jr. Elicitor-induced formation of free and cell-wall-bound
stilbenes in cell-suspension cultures of Scots pine (Pinus sylvestris L.). Planta 194, 143-148 (1994).
27. Mulabagal, V. & Tsay, H. S. Plant cell cultures—An alternative and efficient source for the production of biologically important
secondary metabolites. Int. J. Eng. Sci. 2, 29-48 (2004).
28. Namdeo, A. G. Plant cell elicitation for production of secondary metabolites: A review. Pharmacogn. Rev. 1, 69-79 (2007).
29. Walker, T. S., Bais, H. P. & Vivanco, J. M. Jasmonic acid induced hypericin production in cell suspension cultures of Hypericum
perforatum L. (St. John’s wort). Phytochemistry 60, 289-293 (2002).
30. Singh, A. & Dwivedi, P. Methyl-jasmonate and salicylic acid as potent elicitors for secondary metabolite production in medicinal
plants: A review. J. Pharmacogn. Phytochem. 7, 750-757 (2018).
31. Jones, A. M. P. & Saxena, P. K. Inhibition of phenylpropanoid biosynthesis in Artemisia annua L.: A novel approach to reduce
oxidative browning in plant tissue culture. PLoS ONE 8, 76802 (2013).
32. Tang, W. & Newton, R. J. Increase of polyphenol oxidase and decrease of polyamines correlate with tissue browning in Virginia
pine (Pinus virginiana Mill.). Plant Sci. 167, 621-628 (2004).
33. Laukkanen, H., Rautiainen, L., Taulavuori, E. & Hohtola, A. Changes in cellular structures and enzymatic activities during brown-
ing of Scots pine callus derived from mature buds. Tree Physiol. 20, 467-475 (2000).
34. Litvay, ]. D., Verma, D. C. & Johnson, M. A. Influence of loblolly pine (Pinus taeda L.). Culture medium and its components on
growth and somatic embryogenesis of the wild carrot (Daucus carota L.). Plant Cell Rep. 4, 325-328 (1985).
35. Livak, K. J. & Schmittgen, T. D. Analysis of relative gene expression data using real time quantitative PCR and the 2-**CT Method.
Methods 25, 402-408 (2001).
36. Togashi, K., Matsunaga, K., Arakawa, Y. & Miyamoto, N. The random dispersal of Bursaphelenchus xylophilus in pine twigs. Trans
Jpn. For. Soc. 114, 753 (2003).
37. Chiron, H. et al. Molecular cloning and functional expression of a stress-induced multifunctional O-methyltransferase with

pinosylvin methyltransferase activity from Scots pine (Pinus sylvestris L.). Plant Mol. Biol. 446, 733-745 (2000).

Scientific Reports | (2022) 12:770

https://doi.org/10.1038/s41598-022-04843-6 nature portfolio



www.nature.com/scientificreports/

38. He, ]., Zheng, Z. P, Zhu, Q., Guo, F. & Chen, ]. Encapsulation mechanism of oxyresveratrol by p-cyclodextrin and hydroxypropyl-
B-cyclodextrin and computational analysis. Molecules 22, 1801 (2017).

39. Willfér, S., Hemming, J., Reunanen, M. & Holmbom, B. Phenolic and lipophilic extractives in Scots pine knots and stemwood.
Holzforschung 57, 359-372 (2003).

40. Maruyama, T. E. & Hoshi, Y. Progress in somatic embryogenesis of Japanese pines. Front. Plant Sci. 10, 1-15 (2019).

41. Jorgensen, E. The formation of pinosylvin and its monomethyl ether in the sapwood of Pinus resinosa Ait. Can. J. Bot. 39, 1765-1772
(1961).

Acknowledgements
We would like to thank Dr. Md. MoshfekusSaleh-E-In (Brain Pool Fellow, Kangwon National University) for his
critical reading of this manuscript.

Author contributions

Y.E.C. designed the research, and both E.J.C. and Y.E.C. wrote the paper. ].Y.H. and Y.S.K. performed the analy-
sis of secondary compounds by G.C./M.S. H.B.K. and H.S.H. performed the callus culture and analysis of gene
expression. All authors read and approved the manuscript.

Funding
This work was supported by the R&D Program for Forest Science Technology (Project No. 2021339A00-
2123-CD02) provided by Korea Forest Service (Korea Forestry Promotion Institute), Republic of Korea.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-022-04843-6.

Correspondence and requests for materials should be addressed to Y.E.C.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

= License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports |

(2022) 12:770 | https://doi.org/10.1038/s41598-022-04843-6 nature portfolio


https://doi.org/10.1038/s41598-022-04843-6
https://doi.org/10.1038/s41598-022-04843-6
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Enhanced production of pinosylvin stilbene with aging of Pinus strobus callus and nematicidal activity of callus extracts against pinewood nematodes
	Materials and methods
	Callus induction from the culture of mature zygotic embryos of P. strobus. 
	Culture conditions of optimal proliferation of callus. 
	MeJA treatment to callus. 
	RT-PCR and qRT-PCR analysis in MeJA treated callus. 
	GC–MS analysis of DPME and PME in callus. 
	Nematicidal activity of callus extracts. 
	Statistical analysis. 

	Results
	Induction and proliferation of calli from the culture of mature zygotic embryos of P. strobus. 
	Enhanced DPME and PME accumulation by prolonged culture of calli. 
	Effect of MeJA treatment of callus on DPME accumulation. 
	Nematicidal activity of crude extracts from P. strobus calli. 

	Discussion
	Induction and proliferation of P. strobus callus. 
	Enhanced DPME and PME accumulation by prolonged callus culture. 
	Effect of MeJA on DPME and PME accumulation in P. strobus calli. 
	Strong nematicidal activity of diluted extracts from dark brown P. strobus callus. 

	References
	Acknowledgements


