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Antioxidant processes
involving epicatechin decreased
symptoms of pine wilt disease

Ruizhi Zhang™, Jianan Wang", Rui Xia®, Danlei Li*
and Feng Wang™*

tKey Laboratory of Alien Forest Pest Detection and Control-Heilongjiang Province, School of
Forestry, Northeast Forestry University, Harbin, China, ?Liaoning Provincial Key Laboratory of
Dangerous Forest Pest Management and Control, Liaoning forestry and grassland Bureau,
Fushun, China

Since the pine wood nematode (PWN, Bursaphelenchus xylophilus) invasion of
Northeast China, both symptomatic and asymptomatic PWN carriers have
been found. Asymptomatic PWN carriers, which are more dangerous than
symptomatic carriers, constitute a source of infection in the following spring.
The simultaneous presence of symptomatic and asymptomatic PWN carriers
indicates that Pinus koraiensis has different tolerance levels to PWN. In this
study, validity of susceptibility testing discovered differential types of P.
koraiensis including Latent Reservoirs, Low Susceptibles, High Susceptibles
and Bell Ringers. Among those types, the Low Susceptibles and Latent
Reservoirs were asymptomatic PWN carriers, and Latent Reservoirs were the
most dangerous. Transcriptome and metabolomic data showed that 5 genes (3
ans and 2 anr gene) involved in the epicatechin (EC) synthesis pathway were
significantly upregulated, which increased the content of EC antioxidants in
Latent Reservoirs. Hydrogen peroxide (H,O,) staining and content
determination showed that the hypersensitive response (HR) and H>O,,
which functions as a signaling molecule in systemic acquired resistance,
decreased in Latent Reservoirs. However, low contents of EC and high
contents of H,O, were found in the High Susceptibles of P. koraiensis. RT-
PCR results showed that the expression of ans and anr was upregulated
together only in Latent Reservoirs. These results show that the susceptibility
of P. koraiensis to PWN differed among different individuals, although no
resistant individuals were found. Latent Reservoirs, in which more PWNs
resided without visible symptoms via prolonged incubation period, inhibited
the symptoms caused by H,O, because of increased contents of the
EC antioxidants.
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Introduction

As an obligate endoparasitic nematode of Pinaceae species,
pine wood nematode (PWN, Bursaphelenchus xylophilus) causes
pine wilt disease (PWD) and major ecological damage (Futai,
2013). Although native to North America, PWN has caused
more severe damage to pine trees in East Asia, especially in
China (Ye, 2019). Recently, PWNs have crossed the line where
the annual average temperature is 10°C and expanded to
Liaoning and Jilin in Northeast China (Zhao et al., 2017; Li
and Zhang, 2018; Hou et al,, 2021; Li et al., 2022a). With the
entry of PWN into Liaoning, it was found that Pinus koraiensis
was also a natural host (Yu and Wu, 2018). P. koraiensis-
broadleaf mixed forests are typical zonality forests in the
northeastern region of China. Moreover, asymptomatic PWN
carriers were found in P. koraiensis after PWN infection in
Liaoning Province. Identifying incipient symptoms of
asymptomatic PWN carriers is difficult (Futai, 2013) until the
symptoms are visible in the next year. Asymptomatic carriers are
the leading cause of the rapid spread of PWN.

To determine the pathogenesis of pine trees infected with
PWN, many physiological (Futai, 2013; Kenichi et al., 2018),
biochemical (Yamada, 2006; Yamada, 2008), histological and
structural (Futai, 2013) studies have been performed. Although
the enzyme hypothesis, the toxin hypothesis and the cavitation
hypothesis have been proposed for the pathogenesis of PWD
(Yang et al., 2003), the infection processes of host plants are
unclear. In a previous study, it was found that pine trees showed
a hypersensitive response (HR) after PWN infection (Mamiya,
1983; Jones and Dangl, 2006). Beginning with an oxidative burst
of reactive oxygen species (ROS) (Lamb and Dixon, 1997), the
HR is activated to limit the growth of obligatory parasitic
pathogens (Heath, 2000; Nanda et al., 2010). Consequently, a
large number of ROS accumulate at the infection site of the
pathogen (Apel and Hirt, 2004; Gill and Tuteja, 2010). High
levels of ROS production are lethal to cellular integrity.
However, high levels of ROS production are also necessary for
plant defence (Nanda et al., 2010). ROS accumulation is the key
to plant disease resistance. In response to oxidative stress, plants
have developed antioxidant defense systems that involve
enzymatic and nonenzymatic antioxidant reactions to
maintain normal cellular metabolism and function to protect
themselves from oxidative stress (Gill and Tuteja, 2010; Ren
et al., 2021). Suppression of ROS toxicity and control of ROS
accumulation in plants requires a large network of genes (Mittler
et al,, 2004). Elucidating this process is helpful to better
understand the pathological process of PWD.

Epicatechin (EC) is flavonoid with strong antioxidant activity
(Xu et al, 2004). EC has direct antioxidant activity, but this
activity is limited to tissues that contain high amounts of EC
(Fraga et al., 2018). Proanthocyanidins (PAs, including catechin
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and EC) are an antioxidant that scavenge harmful free radicals in
cells and have a very high antioxidant capacity, 20 times that of
vitamin C and 50 times that of vitamin E (Shi et al., 2003; Xin
et al,, 2020). The biological activity of EC is mainly attributed to
their interaction with proteins and lipids, which can affect the level
of oxidants in cells (Fraga et al., 2018). PAs are essential for the
antioxidant activity of fruits and are also prefabricated or induced
antibacterial agents in plants (Goupil et al., 2020; Xin et al., 2020).
EC is an important inducible defensive compound in tea plant (Li
et al,, 2022b). In the mulberry, the content of EC in transgenic
mulberry was increased by MnANR transgenic, and the resistance
to Botrytis cinerea was improved (Xin et al., 2020). EC has been
reported to inhibit the appressorial melanization of the
necrotrophic fungus Colletotrichum kahawae causing coffee-
berry disease (Chen et al., 2006). Epicatechin is also an effective
chemical to prevent rust infection (Ullah et al., 2017). The above
studies show that EC is critical to plant disease resistance. The
biosynthesis of EC involves the conversion of leucoanthocyanidins
into anthocyanins by anthocyanin synthase (ANS) followed by the
reduction of anthocyanins to corresponding 2,3-cis-flavan-3-
alcohol, which is EC, by anthocyanin reductase (ANR) (Xu
et al., 2012). When ans is introduced into plants and
overexpressed, the accumulation of anthocyanin glycosides in
plants changes, and the antioxidant capacity of plants increases
(Liuetal., 2021). Moreover, overexpression of anr can increase the
level of PAs and improve the antioxidant capacity of plants (Wang
et al,, 2013).

Metabolic profiling by integrating the metabolome with
other omics tools has proven to be very effective in functional
gene identification and pathway elucidation in plant pro-
metabolism and secondary metabolism (Zhu et al, 2018). In
this study, 4 different types of P. koraiensis were discovered,
which were selected on the basis of their symptoms of PWD and
the number of isolated PWNSs. Transcriptome sequencing was
used to compare the differentially expressed genes between
Latent Reservoirs and the other types, and antioxidant-related
genes were identified. The contents of PWN-related hydrogen
peroxide (H,0,) and EC in the different P. koraiensis types were
determined by UV spectroscopy and metabolomics. The
oxidation and antioxidation mechanisms of host plants
infected with PWN were investigated to elucidate the
pathogenesis of PWD.

Materials and methods
Biological material
The FSBx population of PWN used in the experiment was

collected from P. koraiensis infected with PWN in Fushun city,
Liaoning Province (Figure 1A). FSBx were cultured on B. cinerea
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FIGURE 1

Distribution of the collected samples and unmanned aerial vehicle-collected images of the PWN sampling site. (A) Occurrence and sampling
sites of PWN in Northeast China (Data source: up to March 2022). The basemap is the color English version of the map of China (including POI)
in ArcGlIS. (B) P. koraiensis sampling sites in the experiment (C) Over-year death of P. koraiensis in the PWN sampling area (In 2020, P. koraiensis
trees in this area were infected with PWN through M. saltuarius. In March 2021, some P. koraiensis trees in the area showed initial symptoms. In
June 2021, P. koraiensis trees that were infected by PWN were completely symptomatic.).

fungi at 25°C in the dark for propagation. All in vivo PWN tests
were completed in Liaoning under controlled laboratory
condition. After the test, all materials carry PWN were sent to
sterilization for conducting harmless treatment.

Sixty P. koraiensis individuals were collected from 13 seed
orchards in a nonepidemic area of Northeast China (Figure 1B).
The two-year-old branches of each P. koraiensis individual were
cut and used as experimental materials.

Frontiers in Plant Science

03

Plant inoculation and
symptom evaluation

Cultured nematodes (a mixture of adult and juvenile
nematodes in a male to female to juvenile ratio of approx.
1:1:2) were added to ddH,O to adjust the concentration of the
PWN suspension to 50 strips per microliter. The 60 P. koraiensis
individuals were inoculated following the method (Wang et al.,
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2019). Healthy two-year-old branches of each P. koraiensis
individual were removed, cleaned, and placed in a 100 mL
conical flask. Fifty milliliters of ddH,O were added to each 100
mL conical flask. These two-year-old branches were cultivated in
a greenhouse in Fushun City, Liaoning Province (16 h of light,
8 h of darkness), at 25°C for 1 day. Several needles in the middle
of the two-year-old branches were removed to expose a small
stem segment. A sterile scalpel was used to cut a small
longitudinal wound at the exposed stem segment. In the
treatment group, a suspension with 5,000 FSBx (100 uL PWN
suspension) was pipetted into the small longitudinal wound; in
the CK group, 100 uL of ddH,O was pipetted into the small
longitudinal wound. The inoculated wounds were covered with
parafilm to prevent drying of the inocula.

All 60 P. koraiensis individuals were imaged, and the disease
infection index of each individual was recorded every day
(Modesto et al.,, 2021). Plants for which less than 1/4 of whose
needles were partially chlorotic were classified as disease grade I.
Plants for which half of whose needles were chlorotic, with the
tips curved, were classified as disease grade II. Plants whose
majority of needles were chlorotic, yellowing and browning, with
shoots bent and drooping, were classified as disease grade III.
Plants of whose all needles were brown and whole plants that
were dead were classified as disease grade IV.

When the disease infection index of one P. koraiensis
individual reached grade IV, the symptoms of 60 P. koraiensis
individuals were imaged and recorded. The ratio of green and
red needles of P. koraiensis in the images was calculated
according to color clusters, which were calculated using k-
means clustering. The disease infection index of each P.
koraiensis individual was calculated from the ratio of green to
red needles. The calculation formula was as follows:

proportion of green needles

disease infection index =1 - proportion of all needles

The P. koraiensis trees in the treatment group and CK group
of 60 individuals were sliced by hand at 33 days post-inoculation
(dpi). The transverse sections were made in segments 1 cm
above the inoculation sites. The trees in the treatment group and
CK group were cut such that 6 transverse sections were obtained
from each individual.

Isolation of PWN

The PWNs were isolated from the branches of the 60 P.
koraiensis individuals by the Behrman funnel method (Chen
et al.,, 2021b). The isolated PWNss of each P. koraiensis individual
were imaged and counted via a dissecting microscope. Then, the
PWNs were stained with green fluorescent dye. The stained
PWNss were imaged under a 492 nm excitation wavelength by a
fluorescence microscope (OLYMPUS, BX51).
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RNA extraction, library construction,
and sequencing

Total RNA from the treatment and CK groups with 4
different types of P. koraiensis trees at 12 h after treatment was
extracted by cetyl-trimethylammonium bromide (CTAB) and
then cleaned through an Rneasy Mini Kit column (Qiagen,
Valencia, CA, USA) (Chen et al., 2021b). There were 3
biological replicates in the treatment and CK groups of 4
different types of P. koraiensis. The purity and integrity of the
extracted RNA were evaluated by agarose gel electrophoresis and
a NanoDrop microvolume spectrophotometer (Thermo
Scientific, Wilmington, DE, USA). Transcriptome sequencing
was performed on an Illumina HiSeq 150 platform (BGI,
Shenzhen, China). FastQC was used to evaluate the quality of
the sequencing data. RNA libraries were constructed using Qubit
and an Agilent 2100 instrument. The original data was further
filtered to obtain high-quality data. The filtering standards
included removing the adapter sequence of version 2 by the
adapter, quality filtering and length filtering by the sliding
window method (removing sequences less than 50 bp).

Identification of differentially
expressed genes

The read distribution of gene expression levels in each
library was normalized to construct an effective library size.
The differentially expressed P. koraiensis genes were analyzed
according to the method of Li et al. (Li et al, 2016). The
expression levels of the differentially expressed genes were
compared using the log,(treatment/CK fold-change) of the
normalized read levels. Multiple hypothesis test corrections
were performed according to the P values of the tests, and the
domain value of the P value was determined by controlling the
false discovery rate (FDR) (Benjamini and Yekutieli, 2001). The
threshold of differentially expressed genes was set to log,
(treatment/CK fold-change) > 1 or < -1 (FDR<0.05).
Similarly, the threshold for significant differentially expressed
genes was set to log,(treatment/CK fold-change) > 1 or < -1
(FDR<0.01) (Wang et al, 2019). Ten genes were randomly
selected to verify the reliability of transcriptome data by RT-PCR
(Primer sequences in Supplementary Table SI).

Identification of latent reservoirs-related
genes and functional classification

The differentially expressed genes of P. koraiensis induced by

FSBx were designated PWN-induced genes. The genes that were
upregulated in Latent Reservoirs and whose expression was
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unchanged or downregulated in the other three plant types were
considered Latent Reservoirs-related genes.

Kyoto Encylopedia of Genes and Genomes (KEGG)
enrichment analysis was performed on Latent Reservoirs-
related genes (https://www.keggjp/). Through the analysis of
the corresponding database, the KEGG information of Latent
Reservoirs-related genes was obtained.

Determination of H,O, and EC content

The H,O, content was detected by 3,3’-diaminobenzidine
(DAB) histochemical staining. The stem segments of P. koraiensis
branches were first sliced. For determination of the H,O, content,
the transverse sections were vacuumized in 50 mmol-L ™! Tris-HCl
with 1 mgml™" DAB solution; cultured in the dark at 25°C for
24 h; washed in 80% (V/V) ethanol at 70°C for 10 min; and fixed
in lactic acid, phenol and water (V/V/V=1/1/1) (Zhang and Lin,
2019). The DAB-stained transverse sections were imaged by a
microscope equipped with a digital camera.

According to previously described methods (Brennan and
Frenkel, 1977; Liang et al, 2015), the content of H,0, was
determined by monitoring the absorbance at 415 nm (Ay;s) of
the titanium peroxide complex, with slight modifications. P.
koraiensis branches (0.5 g) were immediately frozen in liquid
nitrogen and then ground to a powder. The powder and 5 mL of
cooled acetone were then mixed together in an ice bath. The
mixture was centrifuged at 10,000 x g for 15 min (4°C) to obtain
1 mL of supernatant. To precipitate the titanium-hydrogen
peroxide complex, 0.2 mL of titanium reagent (20% W/V) and
0.4 mL of ammonium solution were added. The reaction mixture
was centrifuged at 10,000 x g for 10 min. The precipitate was
dissolved in 5 mL of 2 M H,SO,, and the A,;5 was measured by
an ultraviolet spectrophotometer. A standard response curve
was generated according to the known H,O, contents. The H,0,
content was estimated using a standard curve prepared with the
H,0, concentrations of standard solution. There were 3
biological replicates in the treatment and CK groups of 4
different types of P. koraiensis. The H,O, content changes of
P. koraiensis before and after PWNs infection were calculated.

Nontargeted metabolic analysis (BGI, Shenzhen, China) was
used to detect the metabolites in the P. koraiensis branches and to
determine the concentrations of metabolites in branches of
different P. koraiensis individuals (Dunn et al, 2018). There
were 3 biological replicates in the treatment and CK groups of 4
different types of P. koraiensis. The EC content was calculated by
analyzing the nontarget metabolic data (Di Guida et al.,, 2016; Wen
et al., 2017). The ratio of EC content is the ratio of EC content of P.
koraiensis after PWN inoculation to that of CK group.

RT-PCR validation

RT-PCR was used to measure the expression of 3 ans and 2
anr genes in 10 P. koraiensis individuals to further verify the
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transcriptome data (Primer sequences in Supplementary Table
S1). According to the instructions of the manufacturer, a GoTaq
Two-Step RT-PCR System Kit (Promega, Madison, Wisconsin,
USA; directory number, A6010) and a Stratagene Mx3000P
Qper system (Agilent Technologies, Santa Clara, California,
USA) were used for RT-PCR (Chen et al,, 2021a). Primer
Premier 5 was used for designing primers, which are shown in
Supplementary Table S1. The RT-PCR results were normalized
(log,[fold-change]) with the 18S ribosomal RNA and Actin as
reference genes. Each reaction involved three independent
repeated tests. The relative quantification method was used to
calculate the data (Livak and Schmittgen, 2001).

Gene network analysis

The correlation coefficient between genes was calculated by
using the dynamic correlation heat map of the Omicshare
(https://www.omicshare.com/tools/home/report/reporticawg.
html). Select genes with correlation coefficients greater than 0.5.
Cytoscape software was used to construct the network
relationship between genes (Chen et al., 2021b).

Statistical analysis

All data were analyzed by statistical software Graphpad
Prism 8.0. Before the analysis, the normality and homogeneity
of the variance were verified by Shapiro-Wilk and Levene tests,
respectively. Data analysis was performed using one-way
analysis of variance (ANOVA) based on the total number of
factors in each experiment. Tukey’s post-test was used to
compare differences between groups.

The stability of the two reference genes was analyzed using
the analysis of the average level and variability of cycle
thresholds (Cts) (Wei et al., 2020) and BestKeeper (Pfaffl et al.,
2004). BestKeeper evaluates the stability of the reference genes
based on the standard deviation (SD) and coefficient of variation
(CV) of the Cts. RG with SD less than 1 is considered to be stably
expressed. CV decreases with SD, indicating that reference gene
is more stable (Pfaffl et al., 2004; Wei et al., 2020).

Results

PWD tolerance analysis of P. koraiensis
individuals from Northeast China

P. koraiensis asymptomatic PWN carriers were found in
Fushun City, Liaoning Province. These trees were infected
during the feeding of the newly discovered vector sawyer
beetle Monochamus saltuarius in the summer of the first year.
The asymptomatic PWN carriers showed no symptoms until the
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following spring or summer (Figure 1C). This phenomenon is
commonly referred to as “over-year death”.

PWNs were collected from diseased P. koraiensis in Fushun
City, Liaoning Province, China (Figure 1A). P. koraiensis
individuals were collected from 13 seed orchards in the
Xiaoxing’an Mountains, Changbai Mountains and Qianshan
Mountains in China (Figure 1B). The PWNs were cultured on
B. cinerea. To identify the tolerance of different P. koraiensis
individuals to PWN, two-year-old branches of 60 individuals
were inoculated with PWN in a greenhouse in Liaoning
Province, China. Sixty P. koraiensis individuals were classified
on a scale from 0 to IV according to the disease infection index:
0, absence of symptoms; I, a quarter of the needles are chlorotic
and brown; II, half of the needles are chlorotic and brown; 111,
only a quarter of the needles are healthy; and IV, all the needles
are chlorotic and brown, and whole branches were withered. All
60 individuals were classified: 51 individuals were symptomatic
(4 individuals classified as I; 8, as II; 9, as III; and 30, as IV), and 9
individuals were asymptomatic (classified as 0) (Supplementary
Table S2). Among the 51 symptomatic individuals, the initial
symptoms could be seen in 39 individuals at 7 dpi, in 8
individuals at 15 dpi and in 4 individuals at 21 dpi
(Supplementary Figure S1 and Figure 2A). Until 33 dpi, the
most severely affected needles were chlorotic, brown and
withered. The pathogenesis time of these 53 individuals was
similar to that of other susceptible pine tree species (P.
thunbergii, 19 days; P. massoniana, 29 days) (Chen et al,
2021b). However, asymptomatic individuals, known as
asymptomatic PWN carriers, showed no symptoms at 33 dpi
(Supplementary Figure S1 and Figure 2A), while susceptible
pines showed symptoms and died at 33 dpi. The needles of P.
koraiensis in the CK group remained green and healthy for 33
days (Supplementary Figure S1).

Although transverse sections of all PWN-infected branches
were brown due to oxidation, the branches of P. koraiensis
showing symptoms were dark brown and appeared dried and
shrunken at 33 dpi (Figure 2B). However, the sections of the
branches of the trees in the CK group were green and
healthy (Figure 2B).

PWNs in P. koraiensis branches were isolated and counted at
33 dpi (Figures 2C, D and Supplementary Figure S2). The
number of PWNs isolated from P. koraiensis branches with
different disease infection index were also different. On the basis
of the number of PWNss (either greater or less than the average),
the 60 individuals were divided into individuals with relatively
more PWNs and individuals with fewer PWNs, which were 20
and 40, respectively (Supplementary Table S3). Among them,
the disease infection index of two individuals with relatively
more PWNs was 0.96 and 0.12, respectively, and the disease
infection index of the two individuals with fewer PWN's was 0.98
and 0.02, respectively (Figure 2E).
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The 60 P. koraiensis individuals, which were divided into 2
types according to the number of isolated PWNs, were further
divided into 4 types due to the symptomatic or asymptomatic
branches of P. koraiensis (Figure 2E). Individuals with more
PWNss were divided into High Susceptibles (type 1) and Latent
Reservoirs (type 2). Individuals with fewer PWNSs included Bell
Ringers (type 3) and Low Susceptibles (type 4). Among all the
types, High Susceptibles type and Bell Ringers showed
symptoms; however, Latent Reservoirs and Low Susceptibles
type were asymptomatic (Figure 2F). Sixty P. koraiensis
individuals including 17 High Susceptibles, 3 Latent
Reservoirs, 34 Bell Ringers and 6 Low Susceptibles
(Supplementary Table S4)

Transcriptome analysis

P. koraiensis individuals from each of the 4 types of P.
koraiensis were inoculated with PWN and ddH,O. P. koraiensis
trees inoculated with PWN constituted the treatment group
(Treatment 1, Treatment 2, Treatment 3, and Treatment 4), and
P. koraiensis trees inoculated with ddH,O constituted the CK
group (CKI, CK2, CK3, and CK4). To determine the
characteristics of the 4 different types of P. koraiensis, 8 cDNA
libraries (Treatment 1, CK1, Treatment 2, CK2, Treatment 3,
CK3, Treatment 4, and CK4) of P. koraiensis were constructed
and sequenced.

RNA sequencing of the 8 samples of P. koraiensis yielded an
average of 6.39 Gb per sample (Supplementary Table S5). A total
of 106,603 unigenes were identified by assembling all the
samples and filtering for abundance. The total length, average
length, N50 and GC contents were 121,574,412 bp, 1,140 bp,
1,861 bp and 43.62%, respectively. The dataset was deposited in
the Sequence Read Archive (SRA, SRR18792142, SRR18792143,
SRR18792144, SRR18792145, SRR18792146, SRR18792147,
SRR18792148, and SRR18792149).

To verify the differentially expressed genes screened in the
transcriptome data, 10 differentially expressed genes were
randomly selected for RT-PCR. The results showed that the
transcriptome data of 10 genes were consistent with the
expression trend of RT-PCR data (Supplementary Figure S3).
The above results show that the transcriptome data is reliable.

Identification of differentially expressed
genes and upregulated latent reservoirs-
related genes

The differentially expressed genes of the 4 types of P.

koraiensis at 12 hour post-infection (hpi) were analyzed.
Among them, 21,632 differentially expressed genes were found

frontiersin.org
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PWN-infected branches at 33 dpi. (C) PWNs as seen via fluorescence microscopy images at 33 dpi. (When the number of PWNs exceeded 1,000, the
green fluorescence was very obvious; thus, green was selected as the representative color of PWN-rich individuals, and gray represents individuals with
fewer PWNs.) (D) Number of PWNs isolated from the 4 types of P. koraiensis. (E) Disease infection index of the 4 types of P. koraiensis. (F) Classification
of the 4 types of P. koraiensis. Data in (D, E) were analyzed by one-way ANOVA followed by Tukey's posthoc test, with different letters indicating
statistically significant differences at 95% confidence. The data in the figures are means + SE (n=3). Letter a: the maximum average number marked with
the letter a Letter b: The maximum average is compared with the following averages. Where the difference is not significant, the letter a is marked until
a significant difference is marked with the letter b Letter labeling followed by analogy. Where there is an identically marked letter, the difference is not
significant; where there are different marked letters, the difference is significant.

in High Susceptibles—8,828 upregulated genes and 12,804
downregulated genes. There were 9,261 upregulated genes and
6,042 downregulated genes in Bell Ringers. Moreover, there were
17,800 differentially expressed genes in Low Susceptibles
(namely, 6,404 upregulated genes and 11,396 downregulated
genes) and 8,472 differentially expressed genes in Latent
Reservoirs (namely, 5,279 upregulated genes and 3,193
downregulated genes) (Figure 3A and Supplementary Table S6).
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The intersection of differentially expressed genes among the
4 types of P. koraiensis was used to screen upregulated Latent
Reservoirs-related genes, and 801 upregulated Latent Reservoirs-
related genes were identified (Figure 3B, Supplementary Figure
54). Eight hundred and one genes were upregulated in Latent
Reservoirs but downregulated or exhibited no change in
expression in the other three types (Figure 3B, Supplementary
Figure 54). According to criterion of fragments per kilobase of

frontiersin.org


https://doi.org/10.3389/fpls.2022.1015970
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Zhang et al.

Iog,, fold change

up
57}
LR

LR Latent

HS BR Ls

HS High

FIGURE 3

10.3389/fpls.2022.1015970

Ls
= g « down
unchanged
“up

 fold change

n=3

unchanged and down up

a8 O

HS BR Ls LR

BR BellRingers LS Low Susceptibles

Identification of upregulated Latent Reservoirs-Related genes. (A) Scatter plots of genes expressed in response to PWN according to the library
data of 4 types of trees (t test, n = 3). The expression level was normalized by the average number of FTPM according to the log(fold change)
of the normalized reads and the -log;g(fold change) of the P value. The blue, red, and gray data points represent downregulated genes,

upregulated genes or genes whose expression was unchanged. (B) Intersections of upregulated genes in Latent Reservoirs and all genes in the

other three types.

transcript per million mapped reads (FPKM) > 1, 528 of the 801
genes were included.

Functional and pathway enrichment
analyses of candidate genes

After PWNs infected P. koraiensis, the cross-sectional area of
P. koraiensis transverse sections was reddish brown. This sign is
consistent with the symptoms of plant oxidation, considering
that oxidation occurs in P. koraiensis after PWNs infection. So,
our focus is on oxidation. Among the 528 upregulated Latent
Reservoirs-related genes, 268 were enriched in 83 KEGG
pathways (Figure 4A and Supplementary Table S7), mainly
those involving ribosomes (ko03010) and flavonoid
biosynthesis (ko00941) (Figure 4A). Flavonoids play an
important role in plant growth and development and in
improving plant stress tolerance. Therefore, 25 genes enriched
in the flavonoid pathway (Supplementary Figure S5) according
to the KEGG enrichment analysis were selected for
further study.

Further KEGG analysis of the 25 genes showed that there
were 10 chalcone-related genes, 5 anthocyanin-related genes, 4
naringenin 3-dioxygenase genes, 2 bifunctional dihydroflavonol
4-reductase genes, 2 flavonoid 3’,5-hydroxylase genes, 1
caffeoyl-CoA O-methyltransferase gene and 1 gibberellin-44
dioxygenase gene. There were 15 genes involved in the
procyanidin synthesis pathway. The procyanidin synthesis
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pathway is an important branch of the flavonoid synthesis
pathway (Supplementary Figure S5). The process of
procyanidin synthesis can be divided into three main stages
(Figure 4B). Eleven enzymes are involved in this synthesis
process, including ANS and ANR (Figure 4B).

Five anthocyanin-related genes were identified: 3
anthocyanin synthase (ans) genes and 2 anthocyanin reductase
(anr) genes. In the procyanidin synthesis pathway, ANS converts
leucoanthocyanidins into cyanidins, after which cyanidins are
converted into EC through ANR (Figures 4B, 5). By analyzing
the expression of these 5 genes of the 4 types of P. koraiensis at
12 hpi, we found that the expression of these 5 genes was
upregulated in Latent Reservoirs (Figure 5). However, the
expression of ansl, ans2, ans3 and anr2 was downregulated or
unchanged in the others. Anrl expression was unchanged in the
other three P. koraiensis types.

The expression of 5 genes of 4 types of P. koraiensis was
further analyzed at 24 hpi, 48 hpi and 72 hpi. It was found that at
24 hpi, 48 hpi and 72 hpi, the expression levels of 5 genes (except
for ans3 and anr2 at 24 hpi, ansl at 48 hpi and ans2 at 72 hpi)
were up-regulated in Latent Reservoirs. It was also found that the
expression of these 5 genes (except ansl and anr2 in High
Susceptibles) was significantly down-regulated in the other three
types of P. koraiensis at 24 hpi and 48 hpi. At 72 hpi, ansl in
High Susceptibles, ansl and anr2 in Bell Ringers and ansI, ans3
and anr2 in Low Susceptibles were up-regulated, and other genes
were down-regulated in the three types (Supplementary Figure
56). This result was consistent with the results obtained at 12 hpi,
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again indicating that the expression of 5 EC synthesis-related
genes was always up-regulated in Latent Reservoirs.

H,O, contents and EC contents of 4
types of P. koraiensis

According to DAB histochemical staining, the stained
transverse sections of High Susceptibles and Bell Ringers were
dark brown, while those of Low Susceptibles and Latent
Reservoirs were light brown (Figure 6A). These results
indicated that after inoculation with PWN, the content of
H,O, in High Susceptibles and Bell Ringers was higher than
that in Low Susceptibles and Latent Reservoirs.

Additionally, the content of H,O, in P. koraiensis was
measured using a spectrophotometer. Among the 4 types of P.
koraiensis, the content of H,O, at 12 hpi was 1.11 times, 1.05
times, 1.16 times and 1.06 times higher than that of the trees in
the CK group (Figure 6B, Supplementary Table S8). The results
of the content assays were consistent with the DAB
staining results.

The content of EC was significantly lower in High
Susceptibles, Bell Ringers, Low Susceptibles and Latent
Reservoirs at 12 hpi than in the CK plants by approximately
0.24 times, 0.18 times, 0.29 times, and 0.37 times, respectively
(Figure 6B, Supplementary Table §9). This showed that EC was
consumed when P. koraiensis was infected by PWN.

The content of H,O, was lower and the content of EC was
higher in the asymptomatic PWN carriers P. koraiensis than in
the symptomatic P. koraiensis. Among the different types, the
content of EC was the highest in Latent Reservoirs, and the
content of H,O, was the lowest. These results showed that there
was increased antioxidant activity in Latent Reservoirs.
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Anthocyanin-related gene expression
levels in other P. koraiensis individuals

Correlation analysis of anthocyanin-related genes FPKM
and EC content showed that except for ans2 (the correlation
coefficient is -0.35) and ans3 (the correlation coefficient is -0.02),
the other 3 genes were positively correlated with EC content,
with correlation coefficients of 0.19, 0.20, and 0.35, respectively
(Supplementary Figure S7).To further verify the expression
levels of 5 anthocyanin-related genes in different P. koraiensis
individuals, 10 individuals were selected from the original 60 P.
koraiensis individuals and named Nos. 1 to 10, respectively.
There were 2 individuals of High Susceptibles (No. 1 and No. 2),
2 individual Latent Reservoirs (No. 3 and No. 4), 4 individuals of
Bell Ringers (No. 5, No. 6, No. 7 and No. 8) and 2 individuals of
Low Susceptibles (No. 9 and No. 10).

Ct is the number of cycles that the reaction curve intersects
with the threshold line. It represents the number of cycles required
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FIGURE 5

Changes in the expression of EC synthesis-related pathway genes in
4 P. koraiensis plant types. Pathway of EC synthesis. (The color-
coded blocks represent the expression levels of 3 ans and 2 anr
genes in High Susceptibles, Latent Reservoirs, Bell Ringers, and Low
Susceptibles. The pathway was drawn according to information in
literature and the KEGG database results.).
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followed by analogy. Where there is an identically marked letter, the difference is not significant; where there are different marked letters, the
difference is significant.
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to detect a true signal from a sample. To analyze the expression
stability of the two reference genes, the Cts of 20 samples were
analyzed with analysis of the average level and variability of Cts
and BestKeeper. Average Cts of 18.74 (Actin) and 17.14 (18S
ribosomal RNA). The change of Cts of Actin is larger than that of
18S ribosomal RNA (Supplementary Figure S8A). BestKeeper
calculated SD values of Actin and 18S ribosomal RNA were less
than 1, indicating that both reference genes are stable. CV
decreases with SD, indicating that reference gene is more stable.
The CV value of 18S ribosomal RNA (3.69%) was less than that of
Actin (4.82%) (Supplementary Table S10), indicating that 18S
ribosomal RNA was more stable as a reference gene. When 18S
ribosomal RNA and Actin were used as reference genes
respectively, we observed that 3 ans genes and 2 anr genes had
similar expression trends (Supplementary Figure S8B). Therefore,
18S ribosomal RNA was selected as the reference gene.

The RT-PCR results indicated that ansI, ans2 and anr2 were
significantly higher in No. 3 and that ansl, ans3 and anr2 were
significantly higher in No. 4 at 12 hpi compared with those in the
CK group (Figure 7, Supplementary Figure S8). Moreover,
compared with that in the CK group, the expression of 3 ans
and 2 anr genes was unchanged or was significantly lower at 12
hpi in Nos. 1, 5, 6, 7, 9, and 10. However, anr2 was significantly
higher in No. 2 and No. 8 at 12 hpi than in it was in the CK
group (Figure 7, Supplementary Figure S8). These findings
showed that both ans and anr were upregulated in Latent
Reservoirs. Plants in which ans or anr were only upregulated
were not Latent Reservoirs.

The correlation between the expression of 5 genes in
increased 10 individuals of 4 types and the expression of 5
genes in 4 types of transcriptome sequencing was analyzed. The
results showed that the expression of 5 genes in the same type of
P. koraiensis was highly correlated, except for No. 8 (Correlation
coefficient, 0.28), the correlation coefficients were greater than
0.45 (Supplementary Figure S9).

Discussion

P. koraiensis is an evergreen coniferous species, which is an
important native and precious forest species in Northeast China,
far East of Russia and Korean Peninsula (Li et al., 2020). P.
koraiensis has great ecological and economic value and plays an
important role in both ecological environment construction and
economic development in Northeast China (Li et al., 2022a). For
centuries, owing to its excellent wood properties and nutritional
value, P. koraiensis has been widely used as a major source of
high-quality timber, natural medicine and edible pine nuts
(Kaviriri et al., 2020). Additionally, P. koraiensis is also the
dominant tree species of mixed forests in the cold temperate
zone of China (mainly distributed in the Changbai Mountains
and Xiaoxing’an Mountains in Northeast China). This mixed
forest in Northeast China is critical to China because it is an
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important base for wood supply, an important reservoir of
biodiversity, a potential carbon sequestration area, a
destination for ecotourism and a broad ecological barrier in
Northeast China (Yu et al., 2011; Kaviriri et al., 2020). In 2013, P.
koraiensis was listed as a vulnerable species by the International
Union for Conservation of Nature (Kaviriri et al., 2020).
According to an announcement of the Ministry of Agriculture
and Rural Affairs of the China State Forestry and Grassland
Administration (No. 15 of 2021), P. koraiensis is listed as a key
protected wild plant in secondary countries. Therefore, to
protect and utilize precious P. koraiensis wild resources, it is
necessary to protect P. koraiensis from PWN. For this, the most
important thing is to understand the response mechanism of P.
koraiensis asymptomatic PWN carriers to PWN infection.
PWN undergoes an obvious incubation period in North
America, the process of which is influenced by the host and
environment (Dropkin, 1981; Wingfield, 1982; Halik and
Bergdahl, 1994; Li et al,, 2021). During the field investigation
of P. koraiensis in Liaoning Province, over-year death of P.
koraiensis after PWN infection was found. In the experiment
with P. koraiensis individuals in response to PWN infection, a
few branches of P. koraiensis individuals remained
asymptomatic at 33 dpi after PWN infection. According to the
symptoms of P. koraiensis and the number of PWNs, P.
koraiensis individuals were divided into 4 different types.
Among them, Low Susceptibles and Latent Reservoirs were
asymptomatic PWN carriers. Low Susceptibles had a few
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FIGURE 7

Expression levels of 3 ans and 2 anr genes in 10 P. koraiensis
individuals at 12 hpi. Data were analyzed by one-way ANOVA
followed by Tukey's posthoc test, with different letters indicating
statistically significant differences at 95% confidence. The data in
the figure are means + SE (n=3). Letter a: the maximum average
number marked with the letter a Letter b: The maximum average
is compared with the following averages. Where the difference is
not significant, the letter a is marked until a significant difference
is marked with the letter b Letter labeling followed by analogy.
Where there is an identically marked letter, the difference is not
significant; where there are different marked letters, the
difference is significant.
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PWNss that had little impact. Latent Reservoirs had numerous
PWNs that could become sources of infection the next year,
which is very dangerous. There was no obvious difference
between the P. koraiensis asymptomatic PWN carriers and
healthy P. koraiensis trees. P. koraiensis asymptomatic PWN
carriers are easily overlooked when P. koraiensis trees in a stand
damaged by PWN are cut down. In the prevention and control
of PWD, diseased wood cleaning is one of the main measures. It
becomes particularly important to identify Latent Reservoirs in
forest stands (Futai, 2013; Li et al., 2021). Therefore, it is critical
to study the asymptomatic mechanisms of P. koraiensis Latent
Reservoirs in the process of controlling PWD.

At present, in the study of plant nematodes, the disease
tolerance of host plants is defined as the ability to withstand or
recover from the damage caused by nematodes (Trudgill, 1991;
Jones et al., 2008). Pine trees resistant to PWN have been shown
to display a HR at the PWN infection site (Jones et al., 2008). In
the experiment with P. koraiensis individuals in response to
PWN infection, the content of H,O, was higher in the 4 types of
P. koraiensis at 12 hpi than in the trees in the CK group. These
results showed that when PWN infected P. koraiensis, the P.
koraiensis trees produced oxidation reactions to protect
themselves from PWN. However, when ROS accumulate to a
certain extent, they will cause a HR (Gill and Tuteja, 2010; Ren
et al., 2021). However, the HR of pine trees cannot inhibit the
growth or reproduction of PWN because of the mycetophagous
phases of these organisms (Tsai et al., 2016). There were many
PWNs in Latent Reservoirs, but the content of H,O, was lower
than it was in the other three types. These results indicate that
antioxidative reactions occurred in Latent Reservoirs.

Further study of the Latent Reservoirs showed that genes
involved the metabolite pathway were differentially upregulated
compared with those of the other three plant types, and there
were more flavonoid pathway genes that were upregulated.
Among the upregulated genes involved in the flavonoid
pathway, 3 ans and 2 anr genes were related to EC synthesis.
The stable expression of anr in various plants is related to the
accumulation of procyanidins and EC (Pang et al, 2007;
Szankowski et al., 2009; Pang et al,, 2013; Hammerbacher
et al., 2014). ANS is an enzyme that plays a key role
downstream of the anthocyanin biosynthesis pathway (Liu
et al.,, 2021). Ans and anr are also related to plant
antioxidative activity (Wang et al, 2013; Liu et al, 2021). As
flavonoid, EC, like other flavonoid, contributes to the color
change and sexual reproduction of flowers and fruits. EC is
also a stress resistance substance and antioxidant, which is
important to improving plant resistance (Ullah et al., 2017).

The EC content in all P. koraiensis trees infected with PWN
was lower than that in the CK group. However, the content of
EC in Latent Reservoirs was higher than that in the other three
types. In Latent Reservoirs, the expression of the ans and anr
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genes was upregulated at 12 hpi, indicating that when PWNs
infected Latent Reservoirs, the EC synthesis pathway was always
synthesizing EC. The transcript levels of anr were significantly
correlated with EC content in Vitis vinifera and Malus domestica
(Gagné et al., 2009; Han et al., 2012; Liao et al., 2015), and this
was verified in the present study. As important dietary
antioxidant, EC is a potent ROS scavenger involved in the
redox modulation of cells (Fraga et al., 2018; Zhang et al,
2018). The low content of EC indicated that they participate in
the antioxidant process of all P. koraiensis trees. However, in
symptomatic P. koraiensis trees, EC did not have an antioxidant
effect. Latent Reservoirs did not show typical symptoms of ROS,
which showed that EC exhibited antioxidant activity. We
speculated that EC could reduce the content of H,0, to
improve the antioxidant activity of P. koraiensis.

In apples, the antioxidant activity inhibits the accumulation
of mycotoxin accumulation. The apple cultivars with the
strongest antioxidant activity have the higher content of
catechin and EC (Loncaric et al.,, 2021). It has also been shown
that the polyphenols from Rheum roots, which include EC, can
inhibit the growth of fungal and oomycete plant pathogens and
induce disease resistance in plants (Gillmeister et al., 2019). The
above studies show that EC contributes to the antioxidant
activity of plants and also plays an important role in the
antifungal process of plants (Xin et al, 2020). Antioxidant
processes involving EC were also found to exist in P.
koraiensis after PWN infestation in this study.

The genes and KEGG pathways involved in EC were
analyzed, and the related network diagram was found. Three
ans genes and 2 anr genes were screened for genes highly related
to them. Genes with weights greater than 0.2 are selected and
their network data is output to Cytoscape. The whole network
contains 30 regulatory relationships of 32 genes (Supplementary
Figure S10). Thirty-two genes were enriched in 12 different
KEGG pathways. The 12 pathways include MAPK pathway
(ko04010, ko04011, ko04013, and ko04016), NF-kappa B
signaling pathway (ko04064), flavonoid biosynthesis
(ko00941), cytochrome P450 (ko00980 and ko00982), Calcium
signaling pathway (ko04020), plant hormone signal
transduction (ko04075), NOD-like receptor signaling pathway
(ko04621), and plant-pathogen interaction (ko04626). MAPK,
NF-kappa B, NOD-like receptor signaling pathway and
cytochrome P450 are related to cellular redox (Fraga et al,
2018). Therefore, it is speculated that EC in Latent Reservoirs
achieves antioxidant effects by affecting these pathways.

In this study, according to the changes of H,O, content of four
types P. koraiensis after PWNs infection, it was found that the
changes of H,O, content in P. koraiensis were different after
PWNs infection. Among them, the H,O, content of Latent
Reservoirs and Low Susceptibles changed little after PWNs
infection. Simultaneously, we found that EC content decreased
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in the four types after PWNs infection, and Latent Reservoirs and
Low Susceptibles decreased less. EC has direct antioxidant activity
(Fraga et al., 2018). Therefore, we believe that EC is involved in the
antioxidant process of P. koraiensis after PWNs infection. In
Latent Reservoirs, the antioxidant process decreased symptoms
of PWD. Studies have shown that regulating the antioxidant
system of P. pinaster can improve the tolerance of P. pinaster to
PWN (Nunes da Silva et al., 2021). Therefore, the importance of
the antioxidant pathway in the host plant response to PWN
infection is worthy of further study.

Our results showed that the contents of H,O, and EC in P.
koraiensis were changed after PWNs infection. It indicated that
oxidation and antioxidation reaction occurred in P. koraiensis
after PWNs infection. Among them, only the antioxidant process
involving EC in Latent Reservoirs decreased symptoms of PWD.
Various inanimate and biological agents disrupt the balance
between cellular oxidants and antioxidants (Soln, K et al., 2022).
Identifying Latent Reservoirs through oxidation and antioxidant
processes becomes particularly important. It is more meaningful if
Latent Reservoirs can be identified in the nursery through
oxidation and antioxidant parameters. In the future, our
research group will classify P. koraiensis by inoculating PWNs
on a large number of individual branches in the nursery, in order
to obtain a large number of four types of P. koraiensis genome
information. Identifying four types through the differences in
SNPs and SSRs in different types will be our future research object.
Rapid identification of Latent Reservoirs will facilitate the control
of PWN in Northeast China.

In conclusion, there are different degrees of disease tolerance
among P. koraiensis individuals infected with PWN. Additionally,
the molecular mechanisms of oxidation and antioxidation of
symptomatic and asymptomatic PWN carriers of P. koraiensis
were also studied. These results could help to increase the
understanding of Latent Reservoirs and provide a theoretical
basis for the control of PWD.
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