"™ forests

Article

Early Diagnosis of Pine Wilt Disease in Pinus thunbergii Based
on Chlorophyll Fluorescence Parameters

Fei Liu 12, Mao-Jiao Zhang 12, Jia-Feng Hu 2, Min Pan 2, Lu-Yang Shen 2, Jian-Ren Ye ?and Jia-Jin Tan 2*

Citation: Liu, F.; Zhang, M.-].; Hu, J.-
F.; Pan, M.; Shen, L.-Y.; Ye, J.-R.; Tan,
J.-J. Early Diagnosis of Pine Wilt
Disease in Pinus thunbergii Based on
Chlorophyll Fluorescence
Parameters. Forests 2023, 14, 154.
https://doi.org/10.3390/f14010154

Academic Editor: Roberto Faedda

Received: 7 December 2022
Revised: 12 January 2023
Accepted: 13 January 2023
Published: 14 January 2023

(ONOM

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC  BY)
(https://creativecommons.org/license

s/by/4.0)).

license

1 Co-Innovation Center for Sustainable Forestry in Southern China, College of Forestry, Nanjing Forestry
University, Nanjing 210037, China

2 Jiangsu Key Laboratory for Prevention and Management of Invasive Species, Nanjing 210037, China

* Correspondence: tanjiajin@njfu.edu.cn; Tel.: +86-137-7070-6308

Abstract: As the most severe forestry quarantine disease in several countries, pine wilt disease
(PWD) causes substantial economic losses and poses a significant threat to the forest ecosystem. It
is necessary to find a rapid and sensitive method for the early diagnosis of the disease to control the
development of the disease effectively. This paper investigated the effect of Bursaphelenchus xy-
lophilus (the pinewood nematode; PWN) on the chlorophyll fluorescence kinetic curve (OJIP curve)
and the parameters of needles using four-year-old Pinus thunbergii as experimental materials and
chlorophyll fluorescence analysis as a technical tool. It was shown by the results in the OJIP curve
that the fluorescence intensity of the inoculated plants was significantly increased at points O and
I. Additionally, the relative variable fluorescence intensity at points K and ] was comparable to that
of the control plants. Several chlorophyll fluorescence parameters of the treatment significantly in-
creased or decreased with disease progression. At the same time, the control group had no signifi-
cant changes in each parameter. Therefore, chlorophyll fluorescence parameters can be used as in-
dicators for the early diagnosis of PWD, among which the DIo/RC parameter was the best. In sum-
mary, PWN invasion will produce fluorescence on the PSII of P. thunbergii, and its chlorophyll flu-
orescence parameters are expected to achieve early PWD diagnosis.

Keywords: Bursaphelenchus xylophilus; chlorophyll fluorescence kinetic curve;
chlorophyll fluorescence parameters; early diagnosis; Pinus thunbergii

1. Introduction

Pine trees are widely distributed worldwide and are mainly concentrated in northern
hemisphere countries. These trees have essential economic and ornamental values. Cur-
rently, the pinewood nematode (PWN), Bursaphelenchus xylophilus, is thought to be trans-
mitted from North America [1], and the pine wilt disease (PWD) it causes is a devastating
pine tree disease [2]. PWD has caused catastrophic damage to pine forest resources in
Japan [2] and poses a severe threat to pine forest resources in China, Korea, Portugal, and
Spain [3-7]. The pathogenic mechanism of PWN has not been clarified, thus leading to
unsolved PWD control challenges. The current disease early diagnosis technology is lim-
ited by technical means and conditions to meet disease prevention and control [8], and
further research is needed.

Pine trees usually die within a brief period after being infected with PWN. In the
early stages of disease development, many defense substances, such as terpenoids and
reactive oxygen species (ROS), are produced in pines to resist or inhibit the invasion of
PWN. Terpenoids are subdivided into monoterpenoids, sesquiterpenoids, and polyterpe-
noids, with a-pinene being the most common monoterpenoid secreted by conifers [9]. Hy-
drogen peroxide (H202) is the most stable ROS in pine [10]. Along with the aggravation
of the disease, the excessive accumulation of hydrogen peroxide in the tree leads to dam-
age to the pine tree itself. H2O: can freely cross the cell membrane, leading to the
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peroxidation of internal cellular components, weakening organelle function, and poten-
tially causing cell death [11]. The rapid increase in the content of monoterpenes and ses-
quiterpenes in the pine tree triggers the production of air bubbles in tubular xylem cells,
causing blockage of water transport and eventually leading to death [12]. At the middle
and late stages of disease development, the net photosynthetic rate, stomatal conductance
[13], and chlorophyll content decreased significantly [14]. This indicates that PWD may
cause damage to the photosynthetic machinery of pine needles.

The chlorophyll fluorescence technique uses chlorophyll in plants as a probe to ana-
lyze the effects of various stresses on plants. Its use as an effective research method to
study the function of photosynthetic mechanisms in plant leaves under adversity [15,16]
can rapidly reflect the changes in light energy uptake and utilization capacity of plant
leaves under adverse stress [17,18]. The chlorophyll fluorescence technique has the ad-
vantages of being fast, sensitive, and non-destructive. It has become an effective method
for studying changes in plant physiological status or stress from adversity [19,20]. The
chlorophyll fluorescence kinetic OJIP curve contains a large amount of information about
the structure and function of photosystem II (PSII), which includes two critical intermedi-
ate nodes, the ] and I points. Thus, it is possible to divide the plant leaf fluorescence inten-
sity change curve into three main phases: O-J, J-I, and I-P [21]. The O-J phase contains
photochemical information, and the J-I and I-P phases include thermal dissipation infor-
mation. Meanwhile, information about the photosynthetic electron transport chain is pro-
vided by many fluorescence parameters derived from OJIP curves.

It has been shown that PWN invasion of pine trees leads to significant changes in
variable chlorophyll fluorescence for a brief period after invasion [22]. The net photosyn-
thetic rate of Pinus thunbergii and P. massoniana infected by the PWN was more significant
at the stage of needle discoloration and wilting than at the asymptomatic stage [14]. This
experiment investigated the PSII reaction center activity changes and photosynthetic en-
ergy partition coefficient of needles under PWN stress by applying the chlorophyll fluo-
rescence induction technique with four-year-old P. thunbergii as the experimental mate-
rial. The research aims were to investigate changes in chlorophyll fluorescence parameters
to establish a diagnostic method to evaluate whether pine is susceptible to the disease at
the early stage of PWN infection.

2. Materials and Methods
2.1. Experimental Materials

PWN (AMAZS strains) were provided by the Forest Pathology Laboratory of Nanjing
Forestry University. Four-year-old P. thunbergii were purchased from Sugian City, Jiangsu
Province, China, and planted at Nanjing Forestry University.

2.2. PWN Inoculation Experiment and Disease Observation

The experiment was conducted on June 9, 2022. Two groups were set up, and the
truncated casing method was used for inoculation [23]. The treatment group (TR) was
inoculated with 10,000 AMAS3 for 30 plants. At the same time, the control group (CK) was
injected with sterile water for a total of 6 plants. Watering and seedling management were
conducted every three days. The disease development of P. thunbergii was observed, and
disease indices were recorded at 1, 4, 7, 10, and 13 days after inoculation.

The calculation of the disease grade and disease index of P. thunbergii was based on
the method proposed by Tan [24], with slight modifications: grade 0 was normal, with
green leaves, and the representative value was 0; grade 1 was for 1/2 or less with chlorotic
leaves and 1/4 or less with yellowish leaves, and the representative value was 1; grade 2
was for 1/2 or more with chlorotic leaves and from 1/4 to 3/4 with yellowish leaves, and
the representative value was 2; grade 3 was for 3/4 or more with yellowish leaves and 1/2
or less with reddish leaves, and the representative value was 3; and grade 4 was for 1/2 or
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more with reddish leaves, and the representative value was 4. The calculation formula
was as follows:

Disease index = X(number of plants of each disease grade x 100/(total num-
ber of plants x representative value of the highest disease grade).

M

2.3. Measurement of Chlorophyll Fluorescence Kinetic Parameters in P. thunbergii Needles

The OJIP parameters of black pine needles were determined using a mini excitation
chlorophyll fluorometer (FluorPen FP 110/D, PSI, Brno, Czech Republic). At least five trees
were simultaneously measured in the TR and CK groups. Before measuring, the needles
needed to be darkened with leaf clips for at least 0.5 hour. Care was taken to fill the meas-
urement holes with needles and avoid any overlap between needles completely.

The OJIP parameters were induced using 90% saturated pulsed light (3000
pmol-m2-s1) at the moments corresponding to 0.051, 2.021, 30.321, and 1001.621 ms for
the O, ], I, and P points, respectively. The fluorescence signal was recorded from 11 ps
until the end of 2 s. A total of 458 data points were recorded. OJIP bar graphs were plotted
using the mean values of the OJIP parameters (excluding outliers) for five different meas-
urement times. The raw data were normalized for the O-P and O-] points, and the hori-
zontal coordinates of the parameters were transformed using log Lg as the base using the
following formulas:

O-P point normalization:

Vo-r= (Ft - Fo)/(Fm - Fo) (2)
O-] point normalization:
Vo] = (Ft - Fo)/(FJ - Fo) 3)

note: Ft in the formula is the fluorescence intensity at each time point.
The difference in the OJIP parameters normalized in TR and CK was calculated sep-
arately according to the following formulas:

AVO-P =VO-P(TR) - VO-P(CK) (4)

AVO-J= VOJ(TR) - VOJ(CK) ()

the measured OJIP parameters were analyzed using the JIP test to obtain the following
variables: chlorophyll fluorescence parameters—the electron transfer status of PSII
(Fm/Fo), the maximum photosynthetic quantum yield of PSII (Fv/Fm), the potential activ-
ity of PSII (Fv/Fo), the yield of the electron transport per trapped exciton (Psi_o), the quan-
tum yield of electron transport flux (Phi_Eo), the basal quantum yield of the non-photo-
chemical processes in PSII (Phi_Do), the absorption flux per reaction center (ABS/RC), the
capture flux per reaction center (TRo/RC), the quantum yield per reaction center (Phi_Do),
the absorption flux per reaction center (ABS/RC), the capture flux per reaction center
(TRo/RC), and the dissipation flux per reaction center (DIo/RC) for non-photochemical
processes in PSII [25,26].

2.4. Data Analysis

The mean values of the main chlorophyll fluorescence parameters between the TR
and CK groups were calculated using SPSS and analyzed for significant differences.
Origin was used to build the graphs. The relative rate of change of each fluorescence pa-
rameter was calculated to compare the degree of variation between the chlorophyll fluo-
rescence parameters. The relative rate of change AFm/Fo was calculated using Fm/Fo as
an example:

AFm/Fo = [Fm/Fo(TR) - Fm/Fo(CK)]/[Fm/Fo(CK)] 6)
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3. Results
3.1. Statistics on the Disease Incidence and Disease Index of P. thunbergii

Thirteen days after inoculation, 10 pines in the TR began to have discolored needles
at the inoculation site. Most P. thunbergii in TR had discolored needles sixteen days after
inoculation. All plants inoculated with PWN died 30 days after inoculation. During the
inoculation period, the trees in CK were healthy, and their needles remained green (Table
1).

Table 1. Susceptibility and disease index of P. thunbergii seedlings after inoculation with PWN.

Disease Incidence/% Disease Index
Treatment
1 4 7 10 13 16 30 . 4 7 10 13 16 30
AMA3 0O 0 0 O 333 60 100 0 O O O 83 16.7 100
CK 0O 0 0 O 0 0 0 0O 0 0 O 0 0 0

3.2. Effect of PWN on the Rapid Chlorophyll Fluorescence Induction Kinetic Curves of P.
thunbergii

The OJIP curve contains rich information on the primary photochemical reaction of
PSII, which can be studied, including the electron supply and transfer of PSII and the
change in PSII reaction center activity. The OJIP curves of P. thunbergii needles under
PWN stress were altered (Figure 1a). The fluorescence intensities of points O and J in TR
were higher than those in CK (Figure 1b). The fluorescence intensity at points O and I
increased significantly (p <0.05) after comparing the mean values of fluorescence intensity
at O, ], I, and P for the five time points in the TR and CK groups (Figure 1b). The pattern
of fluorescence intensity changes at points I and P was not obvious (Figure 1b).
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Figure 1. Effect of PWN on rapid chlorophyll fluorescence induction kinetic curves of P. thunbergii
needles. (A) The trend of OJIP curves. (B) Analysis of the differences between O, ], I, and P points.
CK1, CK4, CK7, CK10, and CK13 indicate day 1, day 4, day 7, day 10, and day 13 after inoculation
in the control group (CK), whereas TR1, TR4, TR7, TR10, and TR13 indicate day 1, day 4, day 7, day
10, and day 13 after inoculation in the treatment group (TR). * p < 0.05, ** p < 0.01, and NS: not
significant using the Duncan’s multiple range test.

3.3. Effect of PWN on the Electron Acceptor Side and Electron Donor Side Transfer Capacity of
PSIl in P. thunbergii

Because the raw OJIP data are susceptible to external factors, the fluorescence data
are often standardized by mathematical transformation to facilitate comparisons between
data from different treatments. After normalizing the OJIP data, it was found that the rel-
ative variable fluorescence intensity at point J was significantly enhanced in the OJIP
curve of TR compared with CK. Additionally, the relative variable fluorescence intensity
at points ] and I was the highest in TR on the 10th day after nematode inoculation. In
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contrast, the relative variable fluorescence intensity in CK did not change significantly
(Figure 2a,b). It was also shown by the difference of OJIP curves normalized between TR
and CK at different times that the relative variable fluorescence intensity of P. thunbergii
changed significantly at point J after inoculation with PWN. In addition, the relative var-
iable fluorescence intensity at point ] reached its maximum on the 10th day after inocula-
tion. Point I had a trend of enhancement several times except for the decrease of relative
variable fluorescence intensity on the 4th day after inoculation with nematodes (Figure
2¢, d). The fluorescence intensity of point K on the OJIP curve of P. thunbergii needles
under PWN stress increased at 0.3 ms. It reached its maximum variable fluorescence in-
tensity on the seventh day after inoculation.
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Figure 2. Analysis of O-P and O-] curves to standardize P. thunbergii needles under PWN stress. (A)
Trends of O-P normalized fluorescence curves; (B) Trends of O-] normalized fluorescence curves.
(C) Trends of O-P standardized difference fluorescence curves; (D) Trends of O-] standardized dif-
ference fluorescence curves. The numbers 1, 4, 7, 10, and 13 indicate days 1, 4, 7, 10, and 13 after
inoculation.

3.4. Effect of PWN on Chlorophyll Fluorescence Parameters of P. thunbergii Needles

The light energy absorption and distribution parameters of P. thunbergii needles un-
der PWN stress changed significantly (Figure 3). Compared with CK, Fm/Fo, Fv/Fm, and
Fv/Fo in TR showed a significant decreasing trend, indicating that the light energy con-
version efficiency and potential viability in PSII decreased after the invasion of PWN into
P. thunbergii. Psi_o and Phi_Eo in TR also had a decreasing trend, indicating that the open-
ness of the active reaction centers and the quantum yield of electron transfer flux de-
creased. Phi_Do in TR had an increasing trend, indicating that the quantum yield of the
non-photochemical burst increased. ABS/RC in TR had a more apparent increasing trend.
This indicated that the decrease in the number of active reaction centers in the PSII reac-
tion centers forced the remaining active reaction centers to increase their efficiency. An
increase in light energy absorption was shown. TRo/RC in TR had an increasing trend,
indicating that the number of active reaction centers in the PSII reaction centers decreased.
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The increase in TRo/RC and DIo/RC in TR meant that the proportion of light energy ab-
sorbed by PSII reaction centers for photosynthetic electron transfer energy and heat dissi-
pation increased, and the increase in QA- reduction captured more energy per reaction
center.
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Figure 3. Analysis of chlorophyll fluorescence parameters of P. thunbergii needles under PWN stress.
*p <0.05, * p <0.01, ** p <0.001 using Duncan’s multiple range test.

Among the relative change rates of chlorophyll fluorescence parameters (Table 2), the
change in degree of DIo/RC, ABS/RC, and TRo/RC was more prominent on day one after
inoculation. The degree of change in ABS/RC was the largest, and Fm/Fo was the smallest.
On day four after inoculation, the degree of change in Fv/Fo, Phi_Do, DIo/RC, and
ABS/RC was more prominent. On the seventh day after inoculation, Fm/Fo, Fv/Fo,
Phi_Do, DIo/RC, ABS/RC, and TRo/RC changed more prominently; DIo/RC changed the
most, and Psi_o changed the least. On the 10th day after inoculation, Fv/Fo, Phi_Do,
DIo/RC, and ABS/RC changed to a more prominent extent, DIo/RC changed to the great-
est extent, and Psi_o changed to the least extent. On the 13% day after inoculation, the P.
thunbergii began to show symptoms; at this time, Fm/Fo, Fv/Fo, Phi_Do, DIo/RC, ABS/RC,
and TRo/RC changed to a more prominent extent, DIo/RC changed to the greatest extent,
and Psi_o changed to the least extent. It was shown that these chlorophyll fluorescence
parameters, Fv/Fo, Phi_Do, DIo/RC, and ABS/RC, were better indicators for early diagno-
sis, with the best combined performance with DIo/RC.

Table 2. The relative rates of change in chlorophyll fluorescence parameters of P. thunbergii after
inoculation with PWN.

Days af- The Relative Rates of Change in Chlorophyll Fluorescence Parameters
ter Inoc- AFm/Fo AFv/Fo AFv/Fm APsi_o APhi_Do APhi_Eo ADIo/RC AABS/RC ATRo/RC
ulation 1% 1% 1% 1% 1% 1% 1% 1% 1%

1 0.107 -3.300 -0.875 -1.539  6.866 -7916  29.728  54.155  48.888

4 -18.340 -38.398 -7.535 -5.689 39.374 -6.351 95.139 41.942 5.620
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7 -35.692 -44.484 -17.756 -7.699 61330 -18.749 144.725  66.697 45.578
10  -25.521 -30.927 -12.316 -12.135 33.402 26301  81.783 49.739 24.224
13 -52.893 -45.520 -14.428 -9.918 59.959  -14.529 101.160  49.950 33.453

4. Discussion

It was revealed by the results of the study that the K point rose in the JIP-test analysis
of P. thunbergii under PWN stress. The rise in K points due to salt stress was also observed
in maize [27] because it disrupts the oxygen-emitting complex (OEC) and impairs the elec-
tron transfer capacity of the PSII donor side. Since OEC is involved in the photo-oxidation
of water during the light reaction of photosynthesis, it is hypothesized that the oxygen-
evolving complex is impaired in P. thunbergii needles under PWN stress. Fv/Fm, Psi_o,
and Phi_Eo had a decreasing trend, indicating a decrease in the opening of active reaction
centers and a decrease in the quantum yield of electron transfer flux. Researchers have
obtained equivalent results in studies of other plant diseases [28-30]. Damage to the OEC
on the electron donor side of PSII was indicated in all studies [31].

ABS/RC and TRo/RC appeared to rise at an early stage of PWN infection in P. thun-
bergii. The rise in ABS/RC and TRo/RC in transgenic mustard under heavy metal stress
implies the inactivation of certain RCs [32]. Thus, PWN would likely lead to a decrease in
the number of active reaction centers in the PSII reaction centers of P. thunbergii needles.
The increase in DIo/RC indicates the excess excitation energy used for heat dissipation
[32]. This may be a resistance mechanism generated by P. thunbergii to PWN stress. An
increase in the proportion of photosynthetic electron transfer energy would inevitably in-
crease the generation of assimilative power and, thus, carbon assimilation capacity [33]
and produce more defense substances. Therefore, under PWN stress, there is a change in
the ability of the photosynthetic apparatus of P. thunbergii needles to absorb and utilize
light energy. Additionally, there is an increase in the proportion of energy absorbed by
the PSII reaction centers of P. thunbergii needles for electron transfer after QA- and the
energy captured per reaction center for electron transfer. This is one of the essential man-
ifestations of the positive response of the photosynthetic apparatus of P. thunbergii to resist
its damage. Additionally, higher plants protect PSII by initiating a nonradiative energy
dissipation mechanism dependent on the xanthophyll cycle and a reduction in the activity
of reaction centers [34]. Early in disease development, P. thunbergii may reduce the degree
of photoinhibition of needle PSII under PWN stress by initiating the xanthophyll cycle to
combat the massive inactivation of PSII reaction centers.

Invasion by PWN leads to a large amount of H202 being produced by P. thunbergii
in a short time [35], and chloroplasts are a significant site for the intracellular production
of ROS [36] and play an essential role in the defense response [37]. It has been shown in
many studies that when plants are subjected to adversity stresses, such as drought and
pathogenic bacteria, leaf cells rapidly produce substantial amounts of substances, such as
ROS, for defense responses [38,39]. However, ROS can impact photosynthesis-related
structures and functions [40]. Therefore, it may not be possible to distinguish whether
pine trees are affected by PWN or drought using chlorophyll fluorescence parameters.

The chloroplast itself does not contain a catalase (CAT) that scavenges H202, and
excess H202 impairs the function of PSII [41]. When the activity of OEC is inhibited, it
intensifies the production of H202 during hydrolysis [42]. Therefore, PWN invasion may
reduce photosynthetic electron production by inhibiting the OEC activity of P. thunbergii
needles. The OEC inhibition of OEC activity will intensify ROS production in P. thunbergii,
thus disrupting intracellular metabolism [43], eventually leading to cell necrosis. In addi-
tion, PWN stress caused a decrease in the electron transfer rate and disrupted light energy
utilization in P. thunbergii needles, which is the leading cause of photoinhibition.

Although the traditional chlorophyll fluorescence technique is expected to achieve
an early diagnosis of PWD at the leaf level, it cannot address the spatial variation in re-
sponse to the same leaf. The sample trees selected for the experiment were young enough
to provide a reference for future field studies on large trees. Still, factors such as canopy
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position and season of adult pine trees in the field may impact leaf chlorophyll fluores-
cence information [44,45], and further validation of the method is needed. Additionally,
whether other pine pests, diseases, and different regions affect the discrimination of the
results needs to be further investigated.

5. Conclusions

In this study, it was explored how PWN stress affected the PSII function of the pho-
tosynthetic apparatus in P. thunbergii seedlings using chlorophyll fluorescence kinetics.
Chlorophyll fluorescence curves and related parameters changed significantly after P.
thunbergii was subjected to PWN stress. These parameters are expected to be used as in-
dicators for early PWD diagnosis.

Author Contributions: Conceptualization, experimental, data analysis, manuscript—writing, F.L.;
writing —article guidance and data analysis, M.-].Z.; sample collection, J.-F.H., M.P. and L.-Y.S,;
guarantor of the integrity of the entire study and approval of the final version of the manuscript, J.-
J.T. and J.-R.Y. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Key Research and Development Program of
China (2021YFD1400900) and the Major Emergency Science and Technology Project of the National
Forestry and Grassland Administration (ZD202001).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the
study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Kikuchi, T.; Cotton, J.A.; Dalzell, J.J.; Hasegawa, K.; Kanzaki, N.; McVeigh, P.; Takanashi, T.; Tsai, L.].; Assefa, S.A.; Cock, P.J.A.;
et al. Genomic Insights into the Origin of Parasitism in the Emerging Plant Pathogen Bursaphelenchus xylophilus. PLoS Pathog.
2011, 7, e1002219.

2. Futai, T. Field Diagnosis of the Asymptomatic Carrier of Pinewood Nematode. In Pine Wilt Disease: A Worldwide Threat to Forest
Ecosystems; Springer: Dordrecht, The Netherlands, 2008; pp. 279-290.

3. Jiang, M.; Huang, B.; Xu, Y.U.; Zheng, W.T; Jin, Y.L.; Liao, M.N.; Jian, N.I. Distribution, Damage and Control of Pine Wilt
Disease. ]. Zhejiang For. Sci. Technol. 2018, 38, 83-91.

4.  Shin, S.C; Moon, 1.S,; Han, H. Current research and management on pine wilt disease in Korea. J. Nanjing For. Univ. (Nat. Sci.
Ed.) 2010, 34, 167-168.

5. Mota, M.; Bonifacio, L.; Bravo, M.A.; Naves, P.; Penas, A.C,; Pires, J.; Sousa, E.; Vieira, P. Discovery of PWN in Portugal and in
Europe. Brill Academic publishers. 2003, 1, 1-5.

6. Abelleira, A.; Picoaga, A.; Mansilla, ]J.P.; Aguin, O. Detection of Bursaphelenchus Xylophilus, causal agent of pine wilt disease on
in northwestern Spain. Plant Disease. 2011, 95, 776-776.

7. Hunt, D. Pine wilt disease: A worldwide threat to forest ecosystems. Nematology 2009, 11, 315-316.

8. Ma, Y, Lv, Q; Yu, C-M,; Li, Q; Liu, H.-X.; Zhang, X.-Y. A review of the early diagnosis technology of pine wood nematode
disease. ]. Shandong Agric. Univ. (Nat. Sci. Ed.) 2014, 45, 158-160.

9. Ning, T, Fan, J.-T,; Fang, Y.-L.; Sun, J.-H. Changes in contents of host volatile terpenes under different damaged states and
electroantennogram response of Monochamus alternatus Hope to these volatiles. J. Entomol. 2006, 49, 179-188.

10. Vellosillo, T.; Vicente, J.; Kulasekaran, S.; Hamberg, M.; Castresana, C. Emerging complexity in reactive oxygen species produc-
tion and signaling during the response of plants to pathogens. Plant Physiol. 2010, 158, 444-448.

11. Chen, Y.-H;; Ye, J.-R.;; Wei, C.-].; Yang, X.-M. Effects of Pine Wood Nematode Infection on Metabolism of Active Oxygen in
Japanese Black Pine and Slash Pine Seedlings. J. Nanjing For. Univ. (Nat. Sci. Ed.) 2002, 26, 19-22.

12.  Oku, H. Role of phytotoxins in pine wilt diseases. ]. Nematol. 1988, 20, 245-251.

13. Gao, R.-H.; Luo, Y.-Q.; Shi, J. Effect of Pine Wilt Disease Infection on Leaf Photosynthetic Characteristics of Masson Pine. For.
Res. 2019, 32, 65-73.

14. Zhang, H.; Huang, X.-F.; Xu, H.-C. Changes of photosynthesis and antioxidant enzyme activities at different stage naturally

infected by Bursaphelenchus xylophilus. J. Environ. Entomol. 2014, 36, 139-144.



Forests 2023, 14, 154 9 of 10

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Linn, A.L; Zeller, AK,; Pfiindel, E.E.; Gerhards, R. Features and applications of a field imaging chlorophyll fluorometer to
measure stress in agricultural plants. Precis. Agric. 2020, 22, 947-963.

Recchia, I; Sparla, F.; Pupillo, P. Photosynthetic properties of spring geophytes assessed by chlorophyll fluorescence analysis.
Plant Physiol. Biochem. 2017, 118, 510-518.

Smillie, R.M.; Nott, R. Salt tolerance in crop plants monitored by chlorophyll fluorescence in vivo. Plant Physiol. 1982, 70, 1049—
1054.

Méthy, M.; Olioso, A.; Trabaud, L. Chlorophyll fluorescence as a tool for management of plant resources. Remote Sens. Environ.
1994, 47, 2-9.

Chavez-Arias, C.C.; Gdmez-Caro, S.; Restrepo-Diaz, H. Physiological, Biochemical and Chlorophyll Fluorescence Parameters
of Physalis peruviana L. Seedlings Exposed to Different Short-Term Waterlogging Periods and Fusarium Wilt Infection. Agronomy
2019, 9, 213.

Banks, J.M. Chlorophyll Fluorescence as a Tool to Identify Drought Stress in Acer genotypes. Environ. Exp. Bot. 2018, 155, 118—
127.

Schansker, G.; Téth, S.Z.; Strasser, R.J. Methylviologen and dibromothymoquinone treatments of pea leaves reveal the role of
photosystem I in the Chl a fluorescence rise OJIP. Biochim. Et Biophys. Acta (BBA) Bioenerg. 2005, 1706, 250-261.

Melakeberhan, H.; Toivonen, P.M.A ; Vidaver, W.E.; Webster, ].M.; Dube, S.L. Effect of Bursaphelenchus xylophilus on the water
potential and water-splitting complex of photosystem II of Pinus sylvestris seedlings. Physiol. Mol. Plant Pathol. 1991, 38, 83-91.
Xie, L.-Q.; Ju, Y.-W.; Yang, Z.-D.; Zhao, B.-G. Dynamics of densities of bacteria and nematode in the branches of Pinus thunbergii
inoculated with Bursaphelenchus xylophilus. J. Zhejiang A F Univ. 2005, 22, 310-314.

Tan, J.-J.; Wu, H.-P.; Chen, Y.; Yang, R.-Z. Effect of Bursaphelenchus xylophilus on the Free Proline Content in Leaves of Pinus
thunbergii. J. South China Agric. Univ. 2000, 21, 92-92.

Wang, G.; Bi, A.; Amombo, E; Li, H.; Zhang, L.; Cheng, C.; Hu, T.; Fu, J. Exogenous Calcium Enhances the Photosystem II
Photochemistry Response in Salt Stressed Tall Fescue. Front. Plant Sci. 2017, 8, 2032.

Strasser, R.].; Srivastava, A.; Tsimilli-Michael, M. The fluorescence transient as a tool to characterize and screen photosynthetic
samples. Probing Photosynth. Mech. Regul. Adapt. 2000, 25, 445-483.

Kan, X,; Ren, J.; Chen, T.; Cui, M,; Li, C.; Zhou, R.; Zhang, Y.; Liu, H.; Deng, D.; Yin, Z. Effects of salinity on photosynthesis in
maize probed by prompt fluorescence, delayed fluorescence and P700 signals. Environ. Exp. Bot. 2017, 140, 50-64.

Ajigboye, O.O.; Bousquet, L.; Murchie, E.H.; Ray, R.V. Chlorophyll fluorescence parameters allow the rapid detection and dif-
ferentiation of plant responses in three different wheat pathosystems. Funct. Plant Biol. 2016, 43, 356-369.

Swarbrick, P.J.; Schulze-Lefert, P.; Scholes, ].D. Metabolic consequences of susceptibility and resistance (race-specific and broad-
spectrum) in barley leaves challenged with powdery mildew. Plant Cell Environ. 2006, 29, 1061-1076.

Weng, H,; Liu, Y.; Captoline, I; Li, X.; Ye, D.; Wu, R. Citrus Huanglongbing detection based on polyphasic chlorophyll a fluo-
rescence coupled with machine learning and model transfer in two citrus cultivars. Comput. Electron. Agric. 2021, 187, 106289.
Zhang, Z.; Wu, J.; Xi, Y.; Zhang, L.; Gao, Q.; Wang-Pruski, G. Effects of Autotoxicity on Seed Germination, Gas Exchange Attrib-
utes and Chlorophyll Fluorescence in Melon Seedlings. J. Plant Growth Regul. 2021, 41, 993-1003.

Yusuf, M.A.; Kumar, D.; Rajwanshi, R.; Strasser, R.J.; Tsimilli-Michael, M.; Govindjee, n.; Sarin, N.B. Overexpression of y-to-
copherol methyl transferase gene in transgenic Brassica juncea plants alleviates abiotic stress: Physiological and chlorophyll a
fluorescence measurements. Biochim. Et Biophys. Acta (BBA) Bioenerg. 2010, 1797, 1428-1438.

Fei, L.; Chu, J.; Zhang, X.; Dong, S.; Dai, X.; He, M. Physiological and Proteomic Analyses Indicate Delayed Sowing Improves
Photosynthetic Capacity in Wheat Flag Leaves Under Heat Stress. Front. Plant Sci. 2022, 13, 848464.

Jahns, P.; Holzwarth, A.R. The role of the xanthophyll cycle and of lutein in photoprotection of photosystem II. Biochim. Et
Biophys. Acta (BBA) Bioenerg. 2011, 1817, 182-193.

Liu, H.-B.; Rui, L.; Feng, Y.-Q.; Wu, X.-Q. Autophagy contributes to resistance to the oxidative stress induced by pine reactive
oxygen species metabolism, promoting infection by Bursaphelenchus xylophilus. Pest Manag. Sci. 2020, 76, 2755-2767.

Singh, R.; Singh, S.; Parihar, P.; Mishra, R.K,; Tripathi, D.K,; Singh, V.P.; Chauhan, D.K.; Prasad, S.M. Reactive Oxygen Species
(ROS): Beneficial Companions of Plants' Developmental Processes. Front. Plant Sci. 2016, 7, 1299.

Wojtaszek, P. Oxidative burst: An early plant response to pathogen infection. Biochem. J. 1997, 322, 681-692.

Hu, Y.; Zhong, S.; Zhang, M; Liang, Y.; Gong, G.; Chang, X,; Tan, F.; Yang, H.; Qiu, X.; Luo, L.; et al. Potential Role of Photosyn-
thesis in the Regulation of Reactive Oxygen Species and Defence Responses to Blumeria graminis £. sp. tritici in Wheat. Int. J. Mol.
Sci. 2020, 21, 5767.

Sperdouli, I.; Mellidou, I.; Moustakas, M. Harnessing Chlorophyll Fluorescence for Phenotyping Analysis of Wild and Culti-
vated Tomato for High Photochemical Efficiency under Water Deficit for Climate Change Resilience. Climate 2021, 9, 154.
Meravi, N.; Kumar Prajapati, S. Seasonal variation in chlorophyll a fluorescence of Butea monosperma. Biol. Rhythm Res. 2018, 51,
879-886.

Else, M.A.; Janowiak, F.; Atkinson, C.J.; Jackson, M.B. Root signals and stomatal closure in relation to photosynthesis, chloro-
phyll a fluorescence and adventitious rooting of flooded tomato plants. Ann. Bot. 2008, 103, 313-323.



Forests 2023, 14, 154 10 of 10

42. Zhang, H.; Liu, N.; Zhao, J.; Ge, F.; Xu, Y.; Chen, Y. Disturbance of photosystem II-oxygen evolution complex induced the
oxidative damage in Chlorella vulgaris under the stress of cetyltrimethylammonium chloride. Chemosphere 2019, 223, 659-667.

43. Apel, K; Hirt, H. Reactive Oxygen Species: Metabolism, Oxidative Stress, and Signal Transduction. Annu. Rev. Plant Biol. 2004,
55, 373.

44. Cendrero-Mateo, M.P.; Moran, M.S.; Papuga, S.A.; Thorp, K.R.; Alonso, L.; Moreno, J.; Ponce-Campos, G.; Rascher, U.; Wang,
G. Plant chlorophyll fluorescence: Active and passive measurements at canopy and leaf scales with different nitrogen treatments.
J. Exp. Bot. 2015, 67, 275-286.

45. Romero, ].M.; Cordon, G.B.; Lagorio, M.G. Re-absorption and scattering of chlorophyll fluorescence in canopies: A revised
approach. Remote Sens. Environ. 2020, 246, 111860.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-
thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.



	1. Introduction
	2. Materials and Methods
	2.1. Experimental Materials
	2.2. PWN Inoculation Experiment and Disease Observation
	2.3. Measurement of Chlorophyll Fluorescence Kinetic Parameters in P. thunbergii Needles
	2.4. Data Analysis

	3. Results
	3.1. Statistics on the Disease Incidence and Disease Index of P. thunbergii
	3.2. Effect of PWN on the Rapid Chlorophyll Fluorescence Induction Kinetic Curves of P. thunbergii
	3.3. Effect of PWN on the Electron Acceptor Side and Electron Donor Side Transfer Capacity of PSII in P. thunbergii
	3.4. Effect of PWN on Chlorophyll Fluorescence Parameters of P. thunbergii Needles

	4. Discussion
	5. Conclusions
	References

