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Abstract: The pinewood nematode (Bursaphelenchus xylophilus) is one of the most important pathogens of conifer forests worldwide
that causes the pine wilt disease. This problem has increased the scientific interest in Bursaphelenchus species both in the world and
in Turkey. Previously, six Bursaphelenchus species were isolated from wilted pine trees in Turkey. The main goal of this study was to
investigate the effects of nematode inoculation on the total carbohydrate concentrations of tree species. Native six Bursaphelenchus
species were inoculated on three pine species (Pinus pinaster, P. nigra, and P. sylvestris) under natural stand conditions. Two different
doses of nematodes (2000 and 20,000) were used for inoculation. For each treatment, three trees of each species were inoculated. The
total carbohydrate concentrations were differed significantly among tree species, nematode species and between nematode doses. The
total carbohydrate concentration values were higher in P. pinaster than both P. nigra and P. sylvestris. These results may suggest that pine
species responded to nematode inoculation by changing the amount of TCC.
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1. Introduction
Stress is defined as any biotic and abiotic environmental
factors potentially unfavorable to plants (Rhodes and
Nadolska-Orczyk 2001). These factors play very important
roles in the changes and development of forest ecosystems
(Shibata et al., 2010). The growth and development of trees
in forests are governed by the interactions between these
components. Stress in a plant can be divided into two basic
categories as abiotic and biotic (Verma et al., 2013; Gull et
al., 2019). Biotic stress is caused by biological agents like
insects, viruses, bacteria, fungi, nematodes, arachnids, and
weeds or intraspecific competition for available resources
(Hill et al., 1998; Verma et al., 2013; Singla and Krattinger,
2016). However, abiotic stress is produced by drought,
extremes in temperature, submergence, waterlogging,
salinity/alkalinity, heavy metals, radiation, etc. (Gull et al,,
2019; Hasanuzzaman et al., 2020). When a plant is exposed
to stress, several changes can be observed in plant physiology
such as water and nutrient absorption, photosynthesis,
respiration, growth, and reproduction (Salisbury and Ross,
1994; Cepel, 1995; Lambers et al., 1998; Verma et al., 2013).
Plant-parasitic nematodes are one of the major biotic
factors causing serious damage to a wide range of crop and
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forest species worldwide (Lambert and Bekal, 2002; Ruehle,
2003; Cram and Fraedrich, 2012; Espada et al., 2018). The
estimation of crop losses in the agricultural sector due to
nematodes represents 8.8%-14.6% of total crop production
(Singh et al., 2013). Moreover, the cost of crop damage by
plant-parasitic nematodes has been estimated at about 80—
118 billion dollars per year (Sasser, 1987; Nicol et al., 2011;
Bernard et al.,, 2017).

Bursaphelenchus xylophilus (Steiner and Buhrer 1934)
Nickle 1970 (Nematoda: Aphelenchoididae) (the pinewood
nematode) is one of the top 10 nematodes of scientific and
economic importance according to a survey conducted by
researchers working with plant parasitic nematodes (Jones
et al,, 2013). This nematode is the causal pathogen of pine
wilt disease (Ekino et al., 2020) which is one of the most
significant and devastating diseases affecting the genus Pinus
L. worldwide (Webster and Mota, 2008). At the beginning
of the 20th century, the nematode has been accidentally
introduced to Japan via timber exports (EPPO, 2013) and
also spread to other East Asian countries (Wu et al., 2013).
In Europe, the first discovery of the pinewood nematode
was reported on P pinaster (Aiton 1789) in Portugal
(Mota et al., 1999). The introduction of this nematode
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into nonnative regions has caused huge wood product
losses and irreversible changes in forest ecosystems (Mota
et al., 2009). Due to this serious threat, the scientific
interest to this group of nematodes has increased. In
Turkey, several survey studies have been conducted and
six Bursaphelenchus species were previously reported
(Akbulut et al., 2006, 2007a, 2008, 2013; Day1 et al., 2014).
In addition, pathogenicity studies were also carried out
in both greenhouse and under field conditions (Akbulut
et al., 2007b, 2015; Day1 and Akbulut, 2012; Oztiirk et al.,
2019).

A close relationship has been observed between the
development of pine wilt disease and environmental
factors (Mamiya, 1983). Both high-temperature and water
stress accelerate the development of disease in pine trees
(Tkeda et al., 1990; Sikora and Malek, 1991). It has also
been reported that the number of susceptible pine trees to
nematodes increases when the temperature is above 20 °C
(Braasch and Enzian, 2004).

It is well known that soluble sugars (sucrose, glucose,
and fructose) play a role in plant metabolism and supports
plant growth and development (Halford et al, 2011;
Lastdrager et al.,, 2014; Sami et al., 2016; Yasseen et al.,
2018; Ciereszko, 2018). Due to its regulatory functions, it
affects all life cycle stages of plants and controls the growth
and development processes (Wind et al., 2010; Stokes et
al., 2013). The soluble sugar content plays a very important
role in carbohydrate metabolism and is closely related to
photosynthesis and production (Wilcox, 2001). When
plants are exposed to stress, a significant decrease occurs
in photosynthetic source tissues and reduces the supply
of soluble sugars to sink tissues (Rosa et al., 2009). In
addition, plants adapt themselves to stress by accumulating
various organic solutions such as sugar and proline (Gill et
al., 2001). There is a strong relationship between soluble
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Figure 1. Study areas.

sugar concentration and stress tolerance (Morkunas and
Ratajczak, 2014).

The present study was conducted to evaluate changes
in total carbohydrate concentration (TCC) amounts due
to the biostress induced by two inoculum doses of six
different Bursaphelenchus species inoculated on three pine
species under field conditions.

2. Materials and methods

2.1. Site description

The study was conducted in forested areas of the Diizce
Forest District Directorate (40°48'N, 31°15'E for P
pinaster; 40°48'N, 31°16'E for P. nigra; 40°40'N, 31° 9'E
for P. sylvestris stand) (Figure 1). In selected experimental
plots, P. pinaster plots were established by planting P. nigra
and P, sylvestris plots naturally. Some descriptive values of
trees located in experimental plots are given in Table 1.

To evaluate the physiological responses of three
pine species to six native Bursaphelenchus species (B.
mucronatus (Mamiya & Enda, 1979), B. sexdentati
(Rihm, 1960), B. anamurius (Akbulut, Braasch, Baysal,
Brandstetter, & Burgermeister, 2007), B. vallesianus
(Braasch, Schonfeld, Polomski, & Burgermeister, 2004), B.
andrassyi (Dayi, Calin, Akbulut, Gu, Schroder, Vieira, &
Braasch, 2014), and B. hellenicus (Skarmoutsos, Braasch,
& Michalopoulou, 1998)) a total of 36 trees (6 nematode
species x 3 tree species x 2 doses) were selected for two
inoculum doses (2000 nematodes for low and 20 000 for
high) from each tree species. In addition, three trees were
served as a control group for each tree species. Studies were
carried out between June, 2015 and May, 2016. During the
study period, temperature and relative humidity data were
obtained by the data logger (Cem DT-172) located at each
tree species stand.
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Table 1. Mean (+SD) diameter, height, age, and bark thickness of tree stands.

Tree species Diameter (d, ,)) Height (m) Age (Year) Bark thickness (mm)
P pinaster 352 +6.5 23.2+1.2 258+ 0.9 3.2+0.7
P. nigra 25.7+£3.0 206+ 1.4 40.1+1.3 24+04
P, sylvestris 31.2 4.1 23.6+0.9 420+14 20+1.5

2.2. Nematode culturing and inoculation

Before the inoculation study, nematode species were
reared on grey mold, Botrytis cinerea Pers., cultures
on potato dextrose agar in Petri dishes at 25 °C for 7-8
days, and were extracted using the tray method. Each
Bursaphelenchus species were placed into a 500-mL beaker
and a homogeneous nematode suspension was obtained
with the help of a magnetic stirrer. Five 0.5-mL samples
were taken from the beaker. The nematode samples were
placed in a scaled (1 cm X 1 cm) petri dish. Then the
nematode density in the solution was calculated under a
microscope. These processes were performed separately
for both inoculum densities.

A method used in previous studies was taken into
account for the inoculation of nematodes into trees. For
this purpose, a 2.5-mL nematode suspension (mixed-stage
nematodes) was inoculated into the hole (4-5 cm deep)
on the trunk at 1.5 m above the ground of level, then holes
were covered with styrofoam and grafting wax. Trees used
as control groups were inoculated with distilled water (2.5
mL).

2.3. Carbohydrate concentration

After inoculation, trees were monitored once a month
for 6 months. The needle samples were taken from tree
branches with long pruning shears by climbing the trees.
Three branch samples from each tree were taken from the
southern sides and the middle or top parts of the trees.
Needles were removed from the branches and wrapped in
aluminum foil, then brought to the laboratory in a sample
transport container and analyzed to determine the TCC
amount. Collected samples were stored in refrigeration
condition (-86 °C) until processing.

The total carbohydrate concentration was determined
according to Dubois et al. (1956). For this purpose, glucose
stock (20 pg/mL) was prepared. First 0.02 g of glucose
was weighed and 1 L of distilled water was added. Then,
the mixture was homogenized in a magnetic stirrer. For
the preparation of the 5% phenol solution, 5 g of phenol
was weighed and completed with 100 mL of distilled
water. To reset the photometer, 1 mL of H O, 1 mL of 5%
phenol (Surechem Products LTD., P 1922), and 5 mL of
H,SO, were added into a tube and cooled for 15 min. One
milliliter of glucose stock, 1 mL of 5% phenol, and 5 mL
of H,SO, (Sigma, 33, 974-1) were added into a tube and
cooled for 15 min for measurement.
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Needle samples taken from the trees were cut into
pieces and placed into small paper bags and then dried at
60 °C for 48 h. Then, 0.025-g samples were weighed from
the extracted samples and placed in Eppendorf tubes. The
processes were repeated 3 times for each sample. Samples
were stored at -30 °C until shredding. When all samples
were ready, 1 mL of 80% ethanol was added to deep freeze
Eppendorf tubes at -86 °C to disintegrate in the tissue
disintegrant. Thereafter, it was centrifuged at 8000 rpm for
10 min and 1 mL of supernatant was taken from the filtrate
and then transferred to Eppendorf tubes, and stored at -30
°C until the processing time.

Into 10 mL capped glass tubes, 950 uL of purified
water was added, later 50 uL (contained in -30 °C in-
house extract) was taken and added to the glass vials and
vortexed. After adding 1 mL of 5% phenol into the tube,
it was vortexed again. Subsequently, 5 mL of sulfuric acid
was added to the mixture and vortexed again. The reaction
mixture was then allowed to cool for 15 min. Carbohydrate
concentration was measured by reading the absorbances at
490 nm in 3-mL cuvettes against a blank.

2.4. Statistical analysis

The factorial ANOVA analysis was used to evaluate the effects
of nematode species on TCC amounts of pine species. All
statistical analyses were performed using the SPSS Statistical
Package. The results were considered significant at p < 0.05.

3. Results

All data were tested for normality with the Kolmogorov—
Smirnov test (Achim and Zofel 2000). The distributions of
the total carbohydrate concentration (TCC) significantly
deviated from normality (Kolmogorov-Smirnov tests,
p < 0.05). Therefore, the nonparametric Kruskal-Wallis
test was used to investigate significant differences in the
TCC among tree species. It was found that the TCC was
significantly different among tree species (x* = 435.911
SD =2, p = 0.000) (Table 2). The Mann-Whitney U test
was used for nonparametric comparisons. Bonferroni
correction for multiple comparisons were applied;
corrected o = 0.0167 (0.05/3). The TCC was significantly
different between Pinus pinaster and P. nigra; P. pinaster
and P. sylvestris; P. nigra and P. sylvestris (respectively;
U = 101,080, p = 0.000; U = 178,834.500, p = 0.000; U =
134,992.000, p = 0.000). The TCC was higher in P. pinaster
than in both P. nigra and P, sylvestris (Table 2).
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According to the results of the Kruskal-Wallis H test,
the effect of nematode species on TCC was significantly
different (x2 = 44.573 SD = 6, p = 0.000). Pairwise
comparisons with significant differences between
nematode species are given in Table 3. The highest amount
of TCC was measured in P. sylvestris trees inoculated with
B. hellenicus in May and the control group of P nigra
trees in August. In P, pinaster stand, the highest TCC was
measured in trees inoculated with B. sexdentati and the
control group in November. However, the lowest amount of
TCC in P, pinaster stand was measured in trees inoculated
with B. mucronatus in September. In addition, the lowest
amount of TCC in P. nigra and P. sylvestris stands was
measured in trees inoculated with B. vallesianus in May
and October, respectively (Figure 2).

The use of two different nematode doses for inoculation
significantly affected the amount of TCC among pine
species (x* = 26.593 SD=2, p= 0.000). In general, the
highest TCC was measured in control groups in all three
species. However, the lowest TCC was measured in trees
inoculated with a high dose of nematodes (Figure 3).

Average temperatures in P. pinaster and P. nigra stands
were above 20 °C between July and September except
for P sylvestris stand (Figure 4). There was a significant
and negative correlation between the TCC and monthly
temperatures for P. pinaster (r = -0.085, p = 0.024). No
relationship was found between the TCC and the relative
humidity (r = 0.040, p = 0.287) for P. pinaster. The TCC
and the relative humidity were correlated negatively and
positively for P, nigra (r=-0.195, p = 0.000) and P. sylvestris
(r =0.077, p = 0.041), respectively. A positive correlation
was found between the TCC and monthly temperatures
for P, nigra (r = 0.155, p = 0.000). The total carbohydrates
and monthly temperatures were negatively correlated for
P sylvestris (r = -0.220, p = 0.000).

4. Discussion

Stress induced by abiotic or biotic factors such as
temperature, drought, nutritional substrate availability,
pathogen activities can cause changes in plant physiology
including metabolic activities of plant tissues (Bolla et al.,
1987; Salisbury and Ross, 1994; Cepel, 1995; Lambers et al.,

Table 2. Kruskal-Wallis nonparametric test results.

Tree species N Mean rank SD X p

P, pinaster 702 1356.76 2 435911 0.000
P, nigra 702 687.78

P, sylvestris 702 1115.95

Table 3. Pairwise comparisons of nematode species (independent-samples

Mann-Whitney U test).

Nematode comparison” Z U Adjusted p value
1 with 3 -3.15 44981.0 0.002
1 with 5 -2.65 46170.0 0.008
1 with 6 -3.65 43797.0 0.000
1 with 7 -6.00 17488.5 0.000
2 with 3 -2.07 47568.0 0.039
2 with 6 -2.67 46120.0 0.008
2 with7 -5.13 18757.5 0.000
3 with 7 -3.00 21865.5 0.003
4 with 6 -2.16 47350.0 0.031
4 with 7 -4.70 19389.5 0.000
5 with 7 -3.92 20523.0 0.000
6 with 7 -2.49 22603.5 0.013

‘1 = B. mucronatus; 2 = B. vallesianus; 3 = B. sexdentati; 4 = B. hellenicus; 5 = B.
andrassyi; 6 = B. anamurius; 7 = Control Group
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Figure 2. Effects of nematode species on TCC in P. pinaster (a) P. nigra (b), and P. sylvestris

(c) stands.

1998; Verma et al., 2013). Plant-parasitic nematodes lead
to stress in host plant species. Bursaphelenchus xylophilus is
one of the most significant and devastating plant parasitic
nematodes affecting the genus Pinus L. worldwide. Pine
seedlings respond to the stress after inoculation of B.
xylophilus by initial decreasing in both reducing and
nonreducing carbohydrates (Bolla et al, 1987). They
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suggested that the nematode parasitism has caused several
changes in pine seedlings (disruption of nutrient and
water movement, and declining photosynthetic activity
due to leaf chlorosis resulting from B. xylophilus infection)
(Bolla et al., 1987).

In the current study, the TCC differed significantly
among tree species and P. pinaster had the highest TCC.
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Figure 3. Effects of nematode doses on TCC in P. pinaster (a) P. nigra (b), and P. sylvestris

(c) stands.

The TCC was significantly different among nematode
species and inoculation doses. These differences were
mainly found between B. mucronatus and 3 other
Bursaphelenchus species and B. vallesianus and 2 other
species (Table 3). These results suggested that pine species
responded to nematode inoculation by changing the
amount of TCC. No mortality was observed in nematode

inoculated trees. In a previous study, it was reported that
six native Bursaphelenchus species inoculated to pine trees
under natural stand conditions were not pathogenic to pine
trees (Oztiirk et al., 2019). They suggested that inoculated
nematode species were not successful in colonizing and
killing trees under natural stand conditions or successful
colonization occurred but the population was not able
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Figure 4. Monthly mean temperature and relative humidity of each tree stand during study period.

to survive for a long time in healthy host trees. In the
current study, similar results were found. Due to nematode
inoculation, the TCC initially decreased and fluctuated
during the study period. Nematodes may cause temporary
stress but not enough to kill trees at the end of the study.

Carbohydrates in plants are a physiological measure
of stress tolerance and are used as energy reserves under
stress conditions (Watschke et al., 1972, 1973; Beard,
1973; Howard and Watschke, 1985, 1991; Hull, 1992;
Maness, 2010). Studies have shown that changes in the
carbohydrate contents of plants are closely related to the
weather temperature (Liu and Huang, 2000; Huang and
Gao, 2000; Liu and Huang, 2001). The reduction in total
carbohydrate content may result from an imbalance
between carbon production in photosynthesis and its
consumption in respiration (Liu et al., 2011). Energy and
nutrient stresses caused by biotic and abiotic stress factors
in plants lead to changes in growth functions (Lastdrager et
al., 2014). Sugars, which have an effect on the growth and
development of plants, are active components that reflect
the energy status of plants and play a protective role against
stress factors (Lastdrager et al. 2014; Ciereszko, 2018).

In previous studies, sugar accumulation has been
observed under biotic and abiotic stress conditions
(Ciereszko, 2009; Morkunas and Ratajczak, 2014;
Zebrowska et al., 2017; Lukaszuk et al., 2017). Lower sugar
levels were observed in plant tissues under abiotic stress
conditions (Ciereszko, 2009; Sami et al., 2016). A study
was conducted to determine the level of soluble sugars
(sucrose, glucose, and fructose) on leaves of 10-day-old
Pisum sativum L. seedlings infected with 10, 20, and 30
apterous adult females of the Acyrthosiphon pisum Harris
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(Morkunas et al., 2015). They reported that the lower total
sugar content was observed at 72 and 96 h after infestation
by A. pisum compared to the control groups of P. sativum.

The total carbohydrates in plants decrease seasonally
from the beginning of the vegetation period to the middle
of summer, then increase gradually and reach their highest
level in the winter period (Kulag et al., 2012; Wang and
Zwiazek, 1999). In the current study, the TCC fluctuated
from July to May (Figure 3). Different patterns were
observed among tree species. Unfortunately, no data
is available between November and May due to severe
weather conditions in the location of the P. sylvestris stand.

It was reported that carbohydrate concentrations
initially decreased due to the decrease or loss of
transpiration as a result of B. xylophilus infection (Bolla
et al., 1987). It was found that high-dose inoculated trees
had a lower sugar concentration than that of low-dose
inoculated trees. In the current study, the TCC increase
in control groups of pine species as a result of high
transpiration due to high temperatures in November.

The present study was carried out due to limited
information available about the responses of the trees
to biotic stress infected with Bursaphelenchus spp.
under natural stand conditions. Forests are complex
ecosystems that comprise abiotic and biotic components.
These components are connected with each other in an
ecosystem. In this context, it is important to investigate the
effects of biotic and abiotic factors and their results in the
protection and utilization of forested areas. Forest pests
and diseases will be more effective to the plants directly
or indirectly due to the changing balances of the world’s
ecosystems.
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