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ABSTRACT

The influence of stand density on the resin duct morphological structure and terpene
components of Pinus massoniana were studied. The resin duct morphological characteristics
and the relative content of the terpene components were investigated by microscopy and gas
chromatography-mass spectroscopy, respectively. The experimental results revealed that there
was a specific correlation between the stand density and resin duct area, resin duct diameter,
and the relative contents of main terpene components in the turpentine extracts. Additionally,
the relative contents of fB-pinene and (+)-camphene were positively correlated with stand
density, with correlation coefficients of 0.8208 and 0.5539, respectively. In contrast,
the relative contents of (+)-longifolene and (+)-longicyclene were negatively correlated with
stand density, with correlation coefficients of -0.5750 and -0.7726, respectively, and a-pinene,
p-caryophyllene, and (+)-a-longipinene had no correlation with stand density. The relative
content of (+)-a-pinene was negatively correlated with the relative contents of both
(+)-longifolene and (+)-longicyclene, with correlation coefficients of -0.8770 and -0.8914,
respectively. There were positive correlations between the relative contents of (+)-longifolene
and (+)-longicyclene with correlation coefficient of 0.9718, (+)-longifolene and
(+)-o-longipinene  with  correlation  coefficient ~ of  0.8399,  p-caryophyllene
and (+)-a-longipinene with correlation coefficient of 0.9360, and (+)-longicyclene and
(+)-a-longipinene with correlation coefficient of 0.8626.

KEYWORDS: Pinus massoniana, stand density, terpene components, resin duct
morphological structure.

INTRODUCTION

Pinus massoniana Lamb., also known as Masson pine, belongs to the family Pinaceae
Lindl., Pinus Linn., and is widely available in Central and Southern China. Pinus massoniana
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is an important resin-producing tree species in China; more than 90% of the pine resin in
China is tapped from P. massoniana (Lai et al. 2020).

A resin duct is a typical self-protective structure of Pinaceae plants and is the first line of
defense against insects and pathogens (Roberds et al. 2003, King et al. 2011). Pine oleoresin
secreted by the resin duct is a mixture of terpenoids, and is a transparent and colorless mucus.
Pine oleoresin is the leading secondary metabolite of pine, and it can be made into rosin,
turpentine, and other valuable industrial raw materials using heat and distillation to remove
any impurities (Rodrigues-Corréa et al. 2012).

Most of the research literature focuses on forest resource management, genetic breeding,
and pest control (Song et al. 2005, Zeng and Tang 2012, Ali et al. 2019, Ni et al. 2019).
Additionally, few of the published research discusses the relationship between the stand
density, the microstructure or macrostructure of wood, and the resin yield of trees
(Giagli et al. 2019, Lyu et al. 2020).

Some studies show that the chemical components of resin, the resin flow rate, the number
and density of resin ducts, and other defensive characteristics of many coniferous trees are
controlled by their heredity, which are the stable genetic characteristics of the trees
(Roberds et al. 2003, Franceschi et al. 2005, King et al. 2011, Moreira et al. 2012).

Resin ducts and resin cells are two characteristic structures commonly found in pine
needles and trunks (Berryman 1972). Wu and Hu (1995) studied the relationship between the
resin duct morphological structure, resin yield, and secretion of the tree Pinus tabulaeformis,
then clarified the mechanism for resin synthesis and secretion. Zhu and Huang (2002) found
a significant positive correlation between the number of resin ducts and the resin yield of
P. massoniana. In addition, the resin yield capacity of pine is related to the resin duct
diameter: a larger resin duct diameter results in a higher flow velocity and flow amount
(Phillips and Croteau 1999). Mu et al. (2012) found that the number of resin ducts and resin
cells in high resin-yield trees was higher than that in low resin-yield trees, which can be used
as a noticeable and valuable index for early screenings of the high resin-yielding capacity of
Pinus kesiya var. langbianensis trees. A similar conclusion was reached by
Lombardero et al. (2000) in which the resin yield of Pinus yunnanensis is closely related to
the number of resin ducts in the needles, the phloem and xylem, and the area of resin ducts in
the phloem. However, analyzing the factors affecting the resin yield of 79 high-yielding
P. massoniana trees from different regions shows that the resin yield of P. massoniana has
little relationship with the diameter and number of sapwood resin ducts and instead shows that
it is related to the area of the resin ducts (Moghaddama and Farhadib 2015). Other research
focused on P. massoniana clones has similar conclusions (Liu et al. 2013). Others have found
a remarkable difference in the resin yield of P. massoniana with different densities. Increasing
the stand density results in an increase in the resin yield per unit area of P. massoniana but
additionally results in a decrease in the average annual yield per plant. However, increasing
the stand density to a certain extent results in a decrease in the resin yield per unit area
(Rodriguez-Garcia et al. 2014, Neis et al. 2018).

The aims of this paper are: (a) to investigate the relationship between the stand density
and the resin duct morphological structure of P. massoniana; and (b) the relationship between
the stand density and the terpene components in turpentine extracts of P. massoniana.
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MATERIAL AND METHODS

Materials

The turpentine extracts were collected from the sample trees of Pinus massoniana
plantation, located in Damaoping area of Pingchang County (Bazhong, China) at an altitude
of approximately 740 m. Four plots with an area of approximately 600 m? were delineated
using a round quadrat method. The stand density of each sample plot was 833 plants/hm?,
1000 plants/hm?, 1167 plants/hm?, and 1333 plants/hm?, and each plot was labeled Group A,
B, C, and D, respectively. Five P. massoniana trees with diameter at breast height (DBH) of
20 to 35 cm were randomly selected from each group and were harvested for resin at 1.2 m
above the ground surface. The resin from each group was collected separately, packed in
vacuum bags, and stored with no access to light. After the completion of resin tapping,
all the sample trees were cut down, and the discs of corresponding resin tapping areas were
collected for wood anatomical experiments. Finally, the turpentine was extracted via a steam
distillation method in the laboratory.

Methods
Resin duct morphological characteristics determination experiment

Each disc was cut into five samples (10 x 10 x 10 mm) with an electric jigsaw. Samples
were softened in distilled water for 6 h and then sliced into 30-um sections by a sliding
microtome on the cross-section, radial section, and tangential section. The sections were
stained with 0.1% safranine for 1 to 2 min, dehydrated in graded alcohols (30%, 50%, 75%,
95%, and 100%) 5 min each, and cleaned for 5 min in fresh xylene.

The wood anatomical characteristics were determined via image analysis on histological
cuts using a microscope (Leica DMS500; Leica Microsystems, Wetzlar, Germany)
at a magnification of 40x to 400x and analyzed with Leica Application Suite (LAS) EZ
software (Leica Microsystems, Version 4.2.0, Wetzlar, Germany) (Fig. 1).

and (b) resin cells.
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The following characteristics were measured: resin duct area (um?), resin duct density
(cells/mm?), the total area of resin duct per unit area (um*mm?), the length-width ratio of the
resin cell, resin duct diameter (um), and the ratio of wall-to-cavity of the resin cell.

Relative content of terpenes in turpentine extracts determination experiment

The terpenes components in the turpentine extracts were analyzed by a gas
chromatograph-mass spectrometer (GCMS-QP2010 Plus; Shimadzu, Tokyo, Japan). Helium
was used as the carrier gas with a flow rate of 1.2 mL'min™. The gas chromatograph (GC)
oven temperature was programmed at 50°C (held 2 min), raised to 120°C (held 2 min)
at 10°C'min™, raised to 260°C at 5°C'min™, and subsequently to 290°C (held 15 min)
at 10°C'min™. The injector temperature was set at 220°C, and the GC split ratio was adjusted
to 10 : 1. A sample of 1.0 puL was injected using the splitless mode after being dissolved into
n-hexane, and the mass conditions were as follows: electron impact ionization was employed
with a collision energy of 70 eV, and the mass spectrometer ion source was maintained
at 200°C, full scan mode in the m/z range 1250 with a 0.50 s/scan velocity. The relative
concentration (%) was determined by integrating all peaks obtained in the total ion
chromatogram (TIC) mode. The terpene components were identified via comparison of the
mass spectra with the NISTO8 library (NIST, Version 2.0, Gaithersburg, MD, USA).

RESULTS AND DISCUSSION

Relationship between stand density and resin duct morphological characteristics

The programming language R (R Foundation for Statistical Computing, Version 3.6.3,
Vienna, Austria) was used to analyze the correlation coefficient and linear regression between
the stand density and the resin duct morphological characteristics. The results from
the analysis of stand density with each of the following are shown in Fig. 2, respectively:
resin duct area, resin duct diameter, resin duct density, the total area of resin duct per unit area,
the length-width ratio of the resin cell, and the ratio of wall-to-cavity of the resin cell.

320000 __ 750
& E 2
€ i 2 004 y=1681-1.881x+0.0008011x
2 300000 y=884901-1105x+0.4742x’ 5 0 R2=0.8432
© R?=0.9953 @
© 280000 £ 650
© S
3 T
S 260000 4 600
o sl Pl T .---
£ ©
@ 240000 £ 550
< [
« 2

220000 500

800 1000 1200 1400 800 1000 1200 1400
B . c 2. D A B . c 5 D
Stand densitv (plants/hm®) Stand densitv (plants/hm®)

(@) (b)

646



WOOD RESEARCH

E 045- 120000+
E y=1.023-0.001161x+4.639x107x? LN l y=428189-595,1x+0.2489x2
5 0407 l__ R?=0.7362 3 E 1000004 [F-._ R?=0.8973
ol T £ o000 z
2 N I T T ) 1D =

0.30 oS T FTeeR-----
% 0257 % ® 60000
5 0.20- v C
T 015+ £ . 40000+
3 0.10 35
o T 3 20000
c 005+ ]
2 0.00 et BRREED S 1 0t e e |
€ 500 1000 C1200 1400 800 1000 1200 1400

A A B C D
Stand density (plants/hm?) Stand density (plantslhmz)
(c) (d)

y=-4.893+u.u 140 1x-6.512x106x?

i R?=0.4538

34 -+ leeeeees L -

y=0.2361-0.0003376x+1.607x107x?
R?=0.7318

Length-width ratio of resin cell

800 1000 1200 1400 T 800 1000 1200 1400
B c 5 D 23 A B c D
Stand densitv (plants/hm*) Stand densitv (olants/hm?)

(€) ®

Fig. 2: Linear regression of stand density and resin ducts morphological characteristics:
(a) stand density and resin duct area; (b) stand density and resin duct diameter; (c) stand
density and resin duct density; (d) stand density and total area of resin duct per unit area;
(e) stand density and length-width ratio of resin cell; (f) stand density and ratio of wall-to-
cavity of resin cell.

Figs. 2a,b show that increasing the stand density resulted in a significant decrease in
the resin duct area at a level of p = 0.05. This decrease in the resin duct area slowed after
the stand density reached a level of 1167 plants/hm?. The direct correlation between the resin
duct area and the resin duct diameter showed that the changing trend of the resin duct
diameter with the stand density was similar to that of the resin duct area; however,
the standard deviation value for the latter was higher due to the noticeable difference within
the group. When the stand density was 833 plants/hm?, the resin duct area and resin duct
diameter reached the maximum. Because of the limited environmental conditions of
the sample plot, the sampling range of stand density could not be expanded, so it was
impossible to determine whether the changing trend of resin duct area and resin duct diameter
would rise or becomes slow. Based on relevant research reports by Lombardero et al. (2000)
and Liu et al. (2013), it can be deduced that the maximum resin yield was in this study
gradient at 833 plants’/hm?. Meanwhile, increasing stand density resulted in a decrease in
the resin duct area and resin duct diameter, leading to the decline of resin yield per plant. This
showed similar results to other studies (Rodriguez-Garcia. 2014).

As shown in Fig. 2c,d the resin duct density and the total area of resin duct per unit area
were negatively correlated with the stand density in the range of 833 to 1333 plants/hm? with
small correlation coefficient R? value.
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From Fig. 2e,f the standard deviation of the length-width ratio of the resin cell and
the ratio of wall-to-cavity of the resin cell in the range of 833 to 1333 plants/hm? was too high.
Additionally, the R? values obtained of the fitting curve was too low, so the fitting curves
have no reference value. Therefore, the correlation between the stand density and the length-
width ratio of the resin cell, and between stand density and ratio of wall-to-cavity of resin cell
are not significant in the range of 833 to 1333 plants/hm?.

Relationship between stand density and terpene components in turpentine extracts

Quantification was determined via percentage peak area calculations using gas
chromatography-flame ionization detector (GC-FID). The chromatographic peaks were
preliminarily identified using an automatic search of the National Institute of Standards and
Technology (NIST) gas chromatograph-mass spectrometry (GC/MS) library. The obtained
mass spectra were then compared with those reported in previous literature (Adams 2007,
loannou et al. 2014, Lyu et al. 2018). The chemical compounds were analyzed qualitatively
using the relative reservation index and via peak area normalization measurements. The total
ion chromatograms (TIC) of the turpentine terpene components in stand density Groups A, B,
C, and D are shown in Fig. 3.
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Fig. 3: lon chromatogram of terpene components extracted from the turpentine extracts
of Pinus massoniana plantations with different stand densities: (a) Group A with stand
density 833 plants/hm?; (b) Group B with stand density 1000 plants/hm?; (c) Group C with
stand density 1167 plants/hm?; (d) Group D with stand density 1333 plants/hm?.
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The results of the relative content analysis showed that the content of (+)-a-pinene
and (+)-longifolene were the first and second highest, which occupied 46.25% to 58.52%
and 21.10% to 30.14% of total terpenes in turpentine extracts, respectively, and followed
by p-caryophyllene in Groups A and C, in which its content was 4.12% and 3.55%,
respectively. In group B, caryophyllen oxide ranked third in relative content with 3.56%,
and in Group D, g-pinene ranked third in relative content with 4.42%. The top five relative
contents of each group are marked on the graph; however, Group B shows six terpenes
because the relative contents of S-pinene and (+)-longicyclene in Group B were both 1.86%.
Other studies have shown partially similar results: (+)-a-pinene was also the dominant
compound ranging from 34.99% to 43.60%, followed by g-pinene ranging from 15.29%
to 29.40%, but (+)-longifolene only ranked fourth ranging from 4.39% to 6.78%
(Ttimen and Reunanen 2010).

Additionally, R was used to analyze the correlation coefficient and the linear regression
between the stand density and relative content of the main terpene components in turpentine
extracts. The results of stand density and (+)-a-pinene, (+)-longifolene, p-pinene,
S-caryophyllene, cyclohexene, (+)-camphene, (+)-longicyclene, (+)-a-longipinene, and
7-methyl-3-methyleneocta-1,6-diene are shown in Fig. 4a through Fig. 4i.
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Fig. 4. Linear regres(sl,)ion of stand density and turpentine terpene components: (a) stand
density and (+)-a-pinene; (b) stand density and (+)-longifolene; (c) stand density and
S-pinene; (d) stand density and p-caryophyllene; (e) stand density and cyclohexene; (f) stand
density and (+)-camphene; (g) stand density and (+)-longicyclene; (h) stand density and
(+)-a-longipinene; (i) stand density and 7-methyl-3-methyleneocta-1,6-diene.

According to Fig. 4a, there was a positive correlation between the relative content of
a-pinene in the turpentine extracts with a stand density in the range of 833 to 1333 plants/hm?.
The relative content of a-pinene at the stand density of 1333 plants/hm? was positive
at a p = 0.05 level when compared with the relative content at the stand density of
833 plants/hm?®. According to Fig. 4b, the relative content of (+)-longifolene at 1000 and
1333 plants/hm? showed significance at p = 0.05 and 0.01 level, respectively. According to
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Fig. 4c, there was a positive correlation between the relative content of -pinene in turpentine
extracts and stand density in the range of 1000 to 1333 plants/hm? with R? = 0.9564.
The p-pinene relative content at stand density of 1000 plants/hm? showed significance at
p = 0.05 level, and at stand density of 1333 plants/hm? extremely significant at p = 0.01 level.
According to Fig. 4d, the p-caryophyllene relative contents at stand densities of 1000 and
1333 plants/hm? both showed extreme significance at p = 0.01 level. According to Fig. 4e,
the cyclohexene relative content in turpentine extracts at the stand density of 1333 plants/hm?
showed significance at a p = 0.05 level. However, due to the absence of cyclohexene in Group
B, although the R? value of the fitting curve generated by polynomial curve fitting was ideal,
the positive correlation between cyclohexene and stand density in the range of 833 to
1333 plants/hm? could not be determined. According to Fig. 4f, there was a positive
correlation between the (+)-camphene relative content and stand density in the range of
1000 to 1333 plantss/hm? The relative content of (+)-camphene at a stand density of
1000 plants/hm? showed extreme significance at a p = 0.01 level, and the relative content at
the stand density of 1333 plants/hm? showed significance at a p = 0.05 level. According to
Fig. 4g, the relative contents of (+)-longicyclene at 1000 and 1333 plants/hm? showed
extreme significance at a p = 0.01 level, but no correlation conclusion could be drawn
between the relative content of (+)-longicyclene and stand density in the range of 833 to
1333 plants/hm?, and the fitting curve here was approximate to a straight line. According to
Fig. 4h, the relative content of (+)-a-longipinene at 1000 and 1333 plants/hm? showed
significance at p = 0.01 and 0.05 level, respectively. According to Fig. 4(i), the relative
content of 7-methyl-3-methyleneocta-1,6-diene in the turpentine extracts at a stand density of
1167 plants/hm? showed extreme significant correlation at a p = 0.01 level. However, it could
not be determined that there was any correlation between 7-methyl-3-methyleneocta-
1,6-diene and stand density in the range of 833 to 1333 plants/hm? because of the missing
values in Group B. The reason may be due to the instability of many substances in turpentine
extracts, some components in the turpentine extracts will change in the structure under
conditions where there is light; additionally, as the isomer of a-pinene, B-pinene will change
into D-a-pinene or L-a-pinene under the action of the external physical environment, to
a certain extent. Some a-pinene will produce a-pinene oxide through an oxidation-reduction
reaction in air, and (+)-longifolene will transform into (+)-longicyclene in the presence of
oxidants (Wilbon et al. 2013).

Correlation analysis of terpene components in turpentine extracts

Due to the missing values of cyclohexene and 7-methyl-3-methyleneocta-1,6-diene in
the turpentine extracts of Group B, the two sets of data cannot be used for multiple
comparisons, which affects the results of the comparisons. Therefore, cyclohexene and
7-methyl-3-methyleneocta-1,6-diene were excluded from the terpene components of
turpentine extracts in the multiple comparisons.

The Pearson multiple comparison method was used via the programming language R to
compare the filtered data, and the scatter plot matrix method was used to establish the matrix.
Based on the results of the two analyses, the correlation between the relative content of
the primary terpene components in turpentine extracts were analyzed, and the correlation
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analysis and curve fitting of the main selected terpene components were implemented.

The Pearson multiple comparison method was used to obtain the correlation matrix
among the terpene components (Fig. 5). The results were as follows: for the relative contents
of a-pinene and (+)-longifolene, a-pinene and (+)-longicyclene were significantly negatively
correlated; for the relative contents of (+)-longifolene and (+)-longicyclene, (+)-longifolene
and (+)-a-longipinene were significantly positively correlated; lastly, there was a significant
positive correlation between f-caryophyllene and (+)-a-longipinene and between
(+)-longicyclene and (+)-a-longipinene.
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Fig. 5: Correlation matrix of the relative contents of main terpene components in turpentine
extracts.

After summarizing and screening the results shown in Fig. 5, the possibly-related main
terpene components were compared using analysis of variance method of the programming
language R for a test on statistical significance. Then, the linear regression and binomial
nonlinear regression were carried out by using the R software with function Im() which is
used to fit linear models. Finally, the scatter diagram and regression model diagram were
combined in Fig. 6.

As shown in Fig. 6, the correlation matrix and correlation analysis of six pairs of the main
terpene components in the turpentine extracts have a good fitting effect, and all data showed
that there was a significant correlation among them. There were linear correlations between
a-pinene and (+)-longifolene, a-pinene and (+)-longicyclene, and (+)-longifolene and
(+)-longicyclene, where the former two were the negative correlations and the latter was
a positive correlation. In contrast, the curve correlation between (+)-longifolene and
(+)-o-longipinene, p-caryophyllene and (+)-a-longipinene, and (+)-longicyclene and
(+)-a-longipinene were more potent than the linear correlation. Additionally, all of them were
positively correlated.
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Fig. 6: Regression model between selected terpene components in turpentine extracts:
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(c) (+)-longifolene and (+)-longicyclene; (d) (+)-longifolene and(+)-a-longipinene;
(e) -caryophyllene and (+)-a-longipinene; (f) (+)-longicyclene and (+)-a-longipinene.

Through the comparative analysis of the main terpene components in the turpentine
extracts, it was found that some terpenes in the turpentine extracts showed a significant
correlation. These correlations were a linear correlation or curvilinear correlation. The cause
of the considerable relationship may be partly due to how some terpenes could be transformed
into each other or were antagonistic to each other in chemical reactions. However, it may also
be the stress of P. massoniana on the environment, which triggers gene regulation
(Ren et al. 2008, Quan and Ding 2017).

CONCLUSIONS

(1) Under different stand densities, the resin duct morphological structure of Pinus
massoniana followed a specific trend of change. The correlation factors of the resin duct
morphological characteristics showed a similar trend of change. For example, the two
elements with a higher correlation, i.e., the resin duct area and resin duct diameter, would be
negatively correlated with the change of the stand density gradient in this study. When
the stand density was 1167 plants/hm?, the decrease in the resin duct area and resin duct
diameter began to slow down. (2) The change of the stand density resulted in a change in
the relative contents of the main terpene components in the P. massoniana turpentine. Some
of the terpene components were positively correlated with the change of the stand density,
such as a-pinene, p-pinene, and (+)-camphene, and some terpene components had no
significant relationship with the evolution of the stand density, such as (+)-a-longipinene and
S-caryophyllene. (3) Due to the absence of the two terpene components 7-methyl-3-
methyleneocta-1,6-diene and cyclohexene, no relevant components were detected in Group B.
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Therefore, it was impossible to determine the relationship between the changes of the two
terpenes with the stand density. This may be due to the instability of many substances in
the volatile oil of the turpentine extracts. A series of chemical reactions began when the resin
flowed out of P. massoniana and was exposed to the air.
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