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selection of the main resin
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Pine resin, as a natural material, has been widely used in food, pharmaceutical, and
chemical industries. Slash pine (Pinus elliottii Engelm var. elliottii) is the primary tree
species for resin tapping due to its high resin yield, low resin crystallization rate, and
high turpentine content. Current researches focuse on the targeted improvement
of several significant components to meet industrial needs rather than just resin
yield. The objective of this study was to examine the genetic variation and
correlation of genetic and phenotype for four main resin components (o pinene,
B pinene, abietic acid, and levoprimaric acid) of 219 half-sib progenies from 59
families. The results showed that the levopimaric acid had the largest content
(mean value = 21.63%), while the B pinene content had the largest variation
coefficient (CV = 0.42). The a pinene content has the highest heritability (h? =
0.67), while levopimaric acid has the lowest heritability (h® = 0.51). There was a
significant negative correlation between o pinene and the other three components
and a significant positive correlation between B pinene and the two diterpenes. The
family ranking and genetic gain suggested that it is possible to improve
the contents of main resin components of slash pine through genetic
breeding selection.
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Introduction

Pine resin is a mixture of terpenoids composed of volatile turpentine (monoterpenes and
sesquiterpenes) and nonvolatile rosin (diterpene resin acids) (Diao et al., 2022). It is a
renewable and eco-friendly biomass resource that plays an important role in the resistance of
organisms to biotic and abiotic stress tolerance. In addition, pine resin has been widely used
in the forest chemical industry (da Silva Rodrigues-Corréa et al., 2013), such as in cosmetics,
medicine, pesticides, spices, adhesives, and new biomass fuels (Luan et al., 2021). The reason
for the functional diversity of rosin is the abundance of single components and combinations
of different components (Lai et al., 2020). For example, o pinene and 3 pinene are well known
as anti-inflammatory, analgesic (da Silva Rivas et al., 2012), inhibitors of breast cancer, and
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leukemia (Zhou et al., 2004), as well as play a crucial role in the
fragrance and flavor industry (Allenspach and Steuer, 2021); abietic
acid exerts in vivo anti-inflammatory activity and has partial ability to
prevent the production of some inflammatory mediators (Fernandez
et al., 2001); and pimaric-type acids, including pimaric acid,
sandaracopimaric acid, isopimaric acid, and levopimaric acid, can
be used to prepare anti-inflammatory and anticancer agents. A
complete understanding of the genetic variation and correlation
between different components of pine resin is essential for
developing appropriate targeted breeding strategies.

Early researches on pines focused on the growth and wood traits, and
it was not until 1940 that work on genetic improvement of resin traits in
Pinus palustris Miller was first reported in America (Liefeld, 1940). Since
the 1980s, studies to reveal the laws of genetic variation in pine resin yield
and components have continued to emerge worldwide. For example,
Austria selected the high-resin-yielding individuals of Pinus nigra (Rezzi
et al, 2005); Portugal and Spain completed the high-resin-yielding
breeding of Pinus pinaster (Rubini et al., 2021). China is a major
producer and exporter of pine resin in the world, and domestic
researchers have conducted many researches on its genetic
improvement (Yi et al., 2021). The genetic variation in resin
components of Pinus massoniana (Liu et al, 2016; Wu et al,, 2019)
and Pinus kesiya (Lai et al., 2020) has been quantified in recent years. The
o pinene content in some individuals of Pinus merkusii is much higher
than the other (Jantan et al., 2002), indicating that there is significant
variation in the chemical components of resin between families and
between individuals within families. These studies have revealed the
genetic characteristics of different resin components, which can
contribute to targeted breeding of various resin components.

Slash pine (Pinus elliottii Engelm var. elliottii), originally from the
southeastern United States and widely planted in southern China in
the 1930s, is the primary tree species for resin tapping because of its
high resin yield, low resin crystallization rate, and high turpentine
content (Nelson et al., 2013). In the 1980s, the United States carried
out the first-generation selection of slash pine, and the resin yield
increased by more than 60%-100%, and then established a high-resin-
yielding seed orchard (McReynolds and Gansel, 1985). In China, the
studies on genetic improvement of resin traits occurred later than that
in the United States; thus far, a small number of high-resin-yielding
seed orchards have been established (Zhang et al., 2016; Yi et al,
2021). Studies have shown that the characteristics of resin
components in different geographical distributions of slash pine are
basically the same, indicating its high heritability (Song et al., 1993).
The genetic improvement effect of pine resin traits may be more
significant, which can encourage researchers to select elite trees with
multiple excellent traits.

To understand the quantitative genetics of the four main resin
chemical components of slash pine, a study using 219 progeny trees
of 59 families was conducted, and the research aims were as follows:
(1) to examine and describe the four resin components of slash pine;
(2) to evaluate the narrow-sense inheritance of the four resin
components; (4) to determine the genetic and phenotype
correlations within the four resin components; (3) to rank the
families and select the elite families and individuals by the
breeding value of the four resin components; and (5) to obtain
the genetic gain of the four resin components at different
selection intensities.
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Materials and methods
Materials

All 59 half-sib families with 6 replications and 6 individual trees of
slash pine were planted in a randomized complete block of a 2 m x
3 m spacing in the Yuhang region in Hangzhou, China (30°27'N, 119°
49'E), established in March 1994. The specific experimental design
has been detailed in Ding (Ding et al., 2022).

Sample collection

Pine resin samples were collected in July 2021 from individuals
whose diameter at breast height was close to the mean value of a
family. A special plastic pipe with an aperture of 20 mm and volume
of 15 ml was fixed at the drilling hole in the trunk to collect resin from
the sunny side (Zhang et al., 2017). In total, we collected the resin
from 219 representative individuals from 59 unrelated open-
pollinated families (T'able S1).

Gas chromatography-mass spectrometry
(GC-MS) analysis

Gas chromatography experiments were carried out with a GC
6890 gas chromatograph coupled with a Hewlett Packard GC 5975B
mass spectrometer (Agilent 5975B, Santa Clara, CA, USA). The GC-
MS operation was performed according to the procedure described by
(Chen et al,, 2020). To obtain the resin component content, 0.05 g
resin was dissolved in 0.5 mL of ethyl alcohol containing 50 pL
tetramethylammonium hydroxide. The GC column temperature
conditions were as follows: the initial column temperature was 60°
C, held for 2 min, increased at 8°C min™! to 80°C, and reached a
maximum of 280°C at a rate of 2°C per min for 5 min. The helium gas
flow was set at 1 ml min™'. The temperature of the injector was 260°C,
and the volume was 1 pL with a 1/50 split ratio. Mass spectra were
recorded under electron impact ionization at an electron energy of 70
eV in the range from m/z 30 to 600 along with solvent delay for 3 min.

Resin compositions were identified by matching experimental
fragmentation patterns in mass spectra with the NIST08 database
through the data processing system of Agilent Chem Station and then
comparing with the relevant literature. Monoterpene and sesquiterpene
content were determined by isobutylbenzene content, and diterpene
content was determined by heptadecanoic acid content. We calculated
the resin component content by comparing their peak areas.

Statistical analysis

Mixed linear model (LMM) with restricted maximum likelihood
(REML) analysis was used for the estimation of genetic parameters.
The model for a single-trait observation y; for a tree is shown in
Equation (1):

Vi :xim+bi+f;' + ¢ (1)

frontiersin.org


https://doi.org/10.3389/fpls.2023.1079952
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Ding et al.

where x; is a vector linking the fixed effects m to the observation y;,
and b;, f;, and e; are the random block, family, and residual effects,
respectively. Stacking those vectors for all trees produces model
Equation (2):

y = Xm + Zib+ Zf + e )

where y is a vector of total phenotypic observations, m is the vector of

fixed effects (overall mean), and b, f, and e are vectors of bivariate
random effects for block, family, and residual effects, respectively. X,
Z1, and Z2 are the incidence matrices linking observations to the
appropriate effects. We defined the vector of expected values (E) and
dispersion matrices (Var) as:

Ely] = Xm (3)
Varb] =Z, ® B, (4)
Varlf] =Z, ®F, (5)
Varle] = Z ®R, (6)

and
r 2
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By = ) } @)
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where ® and @ are the direct product and direct sum operations,
respectively; o7, (Fle, and o represent the block, family, and residual
variances for trait i, respectively; and Opip; » Opf and O, are the
covariances of block, family, and residual between traits i and j.

The variance components from the model were used to calculate
the narrow sense heritability (H):
i

hi =

=— 10
crff+crb2[+0'§i (10)

The genetic correlations () between trait i and trait j were
calculated as:

O;
ry, = ——2 (11)

& 2 . 2
Vot
and phenotypic correlation ( 7, ):

Oxi + Geo

i T 2 2\( 52 2 (12)
(o) + Gei)(ij +0p)

where 0y, is the estimated family covariance between trait i and trait j

and of and crf]? are the estimated family variances for trait i and trait j.

The breeding value (BV) of each tree is the family random effect value

of the LMMs, and the realized genetic gain (AGg) was computed by

subtracting the mean BV of the selected top ratio trait from its total mean.
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The statistics were calculated by the “mmer” and “h2.fun” functions
of the “sommer” package (Covarrubias-Pazaran, 2016), and the figures
were plotted by the “ggplot2” package (Gomez-Rubio, 2017). All
analyses were performed in the R environment (Team, 2013).

Results
Variation in resin components of slash pine

In total, we obtained 10 monoterpenes, 3 sesquiterpenes, and 18
diterpenes (Table S2). We then selected four components believed to
have broad industrial utility for subsequent analysis, including two
monoterpenes (0. pinene and [ pinene) and two diterpenes (abietic acid
and levoprimaric acid). The contents variation of the four compositions
have a reasonable range (2.00% to 24.12% in monoterpenes and 2.35%
to 28.58% in diterpenes) (Figure 1). Among monoterpenes, 0. pinene
has the highest content (mean value = 14.79%), while levopimaric acid
has the highest content in diterpenes (mean value = 21.63%). The B
pinene has the largest content variation with a variable coefficient (CV)
of 0.42, followed by abietic acid (CV = 0.37), o pinene (CV= 0.29) and
levopimaric acid (CV = 0.15).

The estimated narrow-sense heritabilities (h?) of the four resin
components were 0.67, 0.57, 0.63, and 0.51, respectively (Figure 2).
Overall, the heritability of the four resin components was high and the
monoterpenes had higher heritability than diterpenes. The /* of o
pinene was the highest, while the levopimaric acid has the lowest 1°.
Additionally, the margin of system error for /” is small, between plus
or minus 0.13 to 0.17. This indicated that the traits of resin
components of slash pine were not greatly affected by
environmental factors but were mainly controlled by genetics.

The genetic (r,) and phenotypic correlation (r,) analyses of the four
resin components of slash pine are shown in Figure 3. The strongest
negative genetic correlation (r, = -0.67) and phenotypic correlation (r, =
-0.89) were found between the two monoterpenes (o pinene and [ pinene).

301 : 28.58
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< 19.77 21.63
& 201 e
o .
T
e}
© 14.79 rj 13.07 “14:46
§
101 10.66
8.18
YT
200 2.35
0. . 2.?0 : .
a.pinene B.pinene abietic.acid levopimaric.acid
Resin composition
FIGURE 1

Variation in the o pinene, B pinene, abietic acid and levoprimaric acid
contents. The minimum, maximum, and average values of each pine
resin component content in the slash pine population were marked at
the bottom, top, and middle of each boxplot, respectively.
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FIGURE 2

Heritability of o pinene, B pinene, abietic acid and levoprimaric acid.
The red line at the top of each column shows the margin of standard
error for heritability.

The B pinene and abietic acid had the weakest genetic correlation (r, =
0.62) and phenotypic correlation (r, = 0.67). Interestingly, the genetic
correlation (ry = 0.67) and phenotypic correlation (r, = 0.84) between the
two diterpenes (abietic acid and levoprimaric acid) were stronger than
those between monoterpenes and diterpenes.

Ranking of breeding value and selection of
excellent families with different
resin components

We ranked the family performance of slash pine by a breeding
value (BV) of o pinene, 3 pinene, abietic acid and levoprimaric acid in

o
0.8
apinene -0.68" -0.89° 077"
0.6
0.4
- . %
-0.66 abietic.acid 0.62 0.84 02
0
) 02
0.67" 0.67" B.pinene 071"
04
06
-0.67 067" 0.67 levopimaric.acid | |
Ll
FIGURE 3
Estimates of genetic correlation (below the diagonal) and phenotypic
correlation (above the diagonal) of different resin components.

10.3389/fpls.2023.1079952

Figure 4. Apparently, o pinene had a significantly consistent family
ranking with B pinene, while a similar result was also found between
abietic acid and levoprimaric acid. Unfortunately, 3 pinene and
abietic acid did not show a highly consistent family ranking,
indicating a worse correlation between the monoterpenes and the
diterpenes, which was consistent with the conclusion of Figure 3.
However, it was still possible to select traits by families according to
certain purposes.

The relationship between o pinene, B pinene, abietic acid and
levoprimaric acid traits is displayed in Figure 5. There were 15
families with BVs above the mean value of o pinene and 3 pinene
that were marked in red. In addition, 15 families were identified that
involved a BV above the mean of abietic acid and levoprimaric acid,
which were labeled as purple. Fortunately, there are 5 families,
including 2, 3, 4, 6 and 7, whose BVs are above the mean of all
four resin components that deserve to be selected.

Realizing a high genetic gain of four
resin components

The AG% (improved percentage of the genetic gain) was
calculated with the top 10% to 40% samples from 59 families for
each resin component (Figure 6). On the whole, the top 10% of
families could produce the highest yield of pine resin among other
selection intensities. Except for the top 10%, there was little difference
in the performance of the other three intensities. The top 10% yielded
nearly 1.5 times as much as the top 40% selection intensity in abietic
acid but not significantly in o pinene, 3 pinene, and levoprimaric acid.

The largest average AG% was observed in 3 pinene, where the top
10% to 40% families yielded 42.7%, 39.9%, 37.1, and 35.1%,
respectively, followed by o pinene, abietic acid, and levoprimaric
acid, with estimated genetic gains ranging from 37.0% to 31.0%,
40.3% to 28.4%, and 11.8% to 9.3%, respectively.

<
<
> 07
m

14

a.piﬁene B.pir;ene abieti'c.acid Ievopim'aric.acid
Family ranking

FIGURE 4

Fifty-nine families rankings for breeding value (BV) of the o pinene, B
pinene, abietic acid and levoprimaric acid in slash pine at age 29. Each
purple dot and gray line represent one family.
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FIGURE 5

Relationship between o pinene, B pinene, abietic acid and levoprimaric
acid BV of the slash pine family. Each large gray dot represents one
family. Red label: BV of o pinene, B pinene above the mean value;
Purple label: BV of abietic acid and levoprimaric acid above the mean
value. A family with two color tags in the red box was considered to
perform excellently. The mean BV of o pinene and B pinene are
displayed as a gray solid line.

Discussion

The abundance of genetic variation
determines the depth of
genetic improvement

In this study, we first assessed the variation and heritability of four
relatively important resin components in the slash pine population.
The results showed that the content of o pinene is approximately 1.4
times higher than that of § pinene, which was similar to the study
conducted by Zhang (Zhang et al., 2016) and Lai (Lai et al., 2020).
However, the content of o pinene accounted for more than 90% of the
total monoterpenes in Masson pine (Liu et al., 2016). The content of

50
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0.3 399
401 370 37.1
= —1 346 3.8 127 35.1
s ] °20 a0 310
230 1 8.4
‘®
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Q
® 20
C
3
1.8
0.4 9.7
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Selection intensity (%)
[ a.pinene [ B.pinene M abietic.acid [ levopimaric.acid
FIGURE 6

Realized genetic gains of a pinene, B pinene, abietic acid and
levoprimaric acid at age 29 for slash pine. Selection intensity ranged
from 10% to 40% of the 59 families; genetic gains were calculated as
an improved percentage.
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levopimaric acid was the highest, accounting for 21.63% of the total
content on average, followed by abietic acid, accounting for 8.12%,
which were, respectively higher and lower than the results of previous
similar studies (Zhang et al., 2016; Lai et al., 2020). These differences
may be attributed to differences in environmental and climatic
conditions. In addition, turpentine is volatile, and errors in resin
collection and measurement must be accounted for (Luan
et al., 2022).

Heritability is an important population parameter that can help
understand the genetic architecture of complex traits (Lee et al,
2011). In this study, the four resin components were under strong
genetic control, which was higher than the results estimated by Lai
(Lai et al., 2020). A similar result that heritability of o pinene is higher
than B pinene was also found both in slash pine (Zhang et al., 2016)
and Masson pine (Liu et al., 2016). An estimate of the heritability of a
trait is specific to population, species, and environment, and it may
change over time (Li et al,, 2020). High heritability will drive the
process of genetic improvement of these four important resin
components of slash pine. The heritability estimated in this study
would be significant for our slash pine population and has some
reference value for other studies.

Correlation analysis can direct the
development of targeted breeding strategies

Understanding the genetic and phenotypic correlation among
traits contributes to researchers developing breeding strategies more
effectively (Lee et al., 2002; Li et al., 2020). The correlation analysis of
genetic and phenotypic of the four main resin components found that
two monoterpenes (0 pinene and [} pinene) exhibited a strongly
negative correlation, and o pinene and B pinene had negative and
positive correlations with the two diterpenes (levopimaric acid and
abietic acid), respectively, which agrees with the results of previous
reports (Lei et al., 2015; Zhang et al., 2016; Lai et al., 2020). It is
believed that o pinene and B pinene may be controlled by the same
pair of alleles, and the syntheses of these two components are
negatively correlated (Li et al, 2012). Alternatively, they are
controlled by different genes, and their synthesis signals suppress
each other (Hall et al., 2013; Diao et al., 2022). There was a strongly
positive genetic and phenotypic correlation between 3 pinene and two
diterpenes with high content in this study. Previous studies have also
shown that B pinene is significantly related with resin yield traits,
which highlights the importance of B pinene in high yield of pine
resin breeding (Karanikas et al, 2010; De Lima et al., 2016; Neis
et al., 2019).

Elite family selection and genetic
gain statistics

Simultaneous selection of several important monoterpenes and
diterpenes in resin is desirable for breeders in a long-term breeding
program. Our family breeding value (BV) study of four important
slash pine resin components provided the possibility for their joint
selection. This method has been successfully applied to the combined
selection of slash pine growth and wood traits (Li et al., 2020), as well

frontiersin.org


https://doi.org/10.3389/fpls.2023.1079952
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Ding et al.

as the combined selection of leaf color parameters and chlorophyll of
Sassafras tzumu (Li et al., 2019). In this study, we selected 5 families,
2, 3, 4, 6, and 7, all of which contained high levels of o pinene, 3
pinene, abietic acid and levoprimaric acid, providing an important
reference for the subsequent establishment of high-resin-yielding
slash pine seed orchards.

Genetic gain can characterize the effect of direct or indirect
breeding selection. Stronger genetic selection ratios tend to lead to
higher genetic gain (Li et al., 2018; Zhang et al., 2018), and the same
patterns were also reflected in this study. The (3 pinene possesses the
highest genetic gain, which means that our high resin yield breeding
for slash pine is effective.

Conclusions

Resin is an important nontimber secondary forest product. In this
study, a total of 219 individuals from 59 slash pine families were used
for resin tapping. Then, we used GC-MS to characterize and quantify
different resin components. Different from the usual selection of resin
yield and mixture of turpentine or rosin in previous studies, we
selected four components considered to be more important, including
two kinds of turpentine (ot pinene and P pinene) and two kinds of
resin acids (levopimaric acid and abietic acid). Industrial production
often requires some important chemical components rather than the
entire resin. To this end, we first analyzed the genetic variation in the
contents of the four resin components. The results suggested an
abundant variation and a strong genetic control in resin components
of slash pine breeding population. The B pinene has the largest
variation coefficient, and the o pinene has the highest heritability.
Then, correlation analysis revealed a law consistent with the other
results found in previous studies on slash pine resin. Moreover, we
ranked the families by breeding value and selected 5 families,
including 2, 3, 4, 6 and 7, whose BVs were above the mean of all
four resin components. Finally, we found that the largest average AG
% was observed in [ pinene, while the lowest was observed in
levopimaric acid at all selection intensities. These results help us to
gain a deeper understanding of the genetic basis of resin traits of slash
pine and facilitate its genetic improvement.

Data availability statement

The original contributions presented in the study are included in
the article/Supplementary Material. Further inquiries can be directed
to the corresponding author.

Author contributions

Conceptualization: QL and XD. Data curation: QL and JJ.
Formal analysis: XD. Funding acquisition: QL. Investigation: QL,
XD, and YZ. Methodology: QL and XD. Project administration:
QL. Resources: QL and JJ. Software: XD. Supervision: JJ, QL, YL,

Frontiers in Plant Science

10.3389/fpls.2023.1079952

and SD. Validation: QL. Visualization: XD. Writing - original
draft: XD. Writing - review & editing: QL, YL, SD, and
XD. All authors contributed to the article and approved the
submitted version.

Funding

This research was funded by Zhejiang Science and Technology
Major Program on Agricultural New Variety Breeding (2021C02070-
8) and the National Key Research and Development Program of
Ministry of Science and Technology of the People’s Republic of China
(2022YFD2200023-2).

Acknowledgments

We are very grateful to Mr. Li Fahai for his help in sample
collection and to the Quality Testing Center of the National Forestry
and Grassland Administration for their help in the detection of
resin components.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fpls.2023.1079952/

full#supplementary-material

TABLE S1
Sample information

TABLE 2
Resin components of 240 accessions of Pinus elliottii.

SUPPLEMENTARY DATA SHEET 1-6
S1-S6 Data. The source data for Fig. 1 to Fig. 6

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fpls.2023.1079952/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2023.1079952/full#supplementary-material
https://doi.org/10.3389/fpls.2023.1079952
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Ding et al.

References

Allenspach, M., and Steuer, C. (2021). o-pinene: A never-ending story. Phytochemistry
190, 112857. doi: 10.1016/j.phytochem.2021.112857

Chen, Y., Li, Z,, Zhao, Y., Gao, M., Wang, J., Liu, K,, et al. (2020). The Litsea genome and
the evolution of the laurel family. Nat. Commun. 11, 1-14. doi: 10.1038/s41467-020-15493-5

Covarrubias-Pazaran, G. (2016). Genome-assisted prediction of quantitative traits
using the r package sommer. PloS One 11, e0156744. doi: 10.1371/journal.pone.0156744

da Silva Rivas, A. C., Lopes, P. M., de Azevedo Barros, M. M., Costa Machado, D. C,,
Alviano, C. S, and Alviano, D. S. (2012). Biological activities of a-pinene and B-pinene
enantiomers. Molecules 17, 6305-6316. doi: 10.3390/molecules17066305

da Silva Rodrigues-Corréa, K. C., de Lima, J. C., and Fett-Neto, A. G. (2013). Oleoresins
from pine: production and industrial uses. Natural Products, 4037-4060. doi: 10.1007/
978-3-642-22144-6_175

De Lima, J. C., De Costa, F., Fiiller, T. N., Rodrigues-Corréa, K., Kerber, M. R., Lima, M.
S., et al. (2016). Reference genes for qPCR analysis in resin-tapped adult slash pine as a
tool to address the molecular basis of commercial resinosis. Front. Plant Sci. 7, 849. doi:
10.3389/pls.2016.00849

Diao, S., Zhang, Y., Luan, Q., Ding, X,, Sun, J., and Jiang, J. (2022). Identification of
TPS-d subfamily genes and functional characterization of three monoterpene synthases in
slash pine. Ind. Crops Products 188, 115609. doi: 10.1016/j.indcrop.2022.115609

Ding, X,, Diao, S., Luan, Q., Wu, H. X, Zhang, Y., and Jiang, J. (2022). A transcriptome-
based association study of growth, wood quality, and oleoresin traits in a slash pine
breeding population. PloS Genet. 18, €1010017. doi: 10.1371/journal.pgen.1010017

Fernandez, M. A., Tornos, M. P., Garcia, M. D., De las Heras, B., Villar, A. M., and Saenz,
M. T. (2001). Anti-inflammatory activity of abietic acid, a diterpene isolated from Pimenta
racemosa var. grissea. J. Pharm. Pharmacol. 53, 867-872. doi: 10.1211/0022357011776027

Hall, D. E., Yuen, M., Jancsik, S., Quesada, A. L., Dullat, H. K., Li, M., et al. (2013).
Transcriptome resources and functional characterization of monoterpene synthases for
two host species of the mountain pine beetle, lodgepole pine (Pinus contorta) and jack
pine (Pinus banksiana). BMC Plant Biol. 13, 1-14. doi: 10.1186/1471-2229-13-80

Jantan, I. B,, Ahmad, A. S., and Ahmad, A. R. (2002). A comparative study of the
oleoresins of three Pinus species from Malaysian pine plantations. J. Essential Oil Res. 14,
327-332. doi: 10.1080/10412905.2002.9699872

Karanikas, C., Walker, V., Scaltsoyiannes, A., Comte, G., and Bertrand, C. (2010). High
vs. low yielding oleoresin Pinus halepensis mill. trees GC terpenoids profiling as diagnostic
tool. Ann. For. Sci. 67, 412.

Lai, M., Zhang, L., Lei, L., Liu, S,, Jia, T., and Yi, M. (2020). Inheritance of resin yield
and main resin components in Pinus elliottii engelm. at three locations in southern China.
Ind. Crops Products 144, 112065.

Lee, S. J., Woolliams, J., Samuel, C. J. A., and Malcolm, D. C. (2002). A study of
population variation and inheritance in sitka spruce. Silvae Genetica 51, 55-64.

Lee, S. H.,, Wray, N. R,, Goddard, M. E., and Visscher, P. M. (2011). Estimating missing
heritability for disease from genome-wide association studies. Am. J. Hum. Genet. 88,
294-305. doi: 10.1016/j.ajhg.2011.02.002

Lei, L. E. L, Pan, X, Zhang, L., Ai, Q,, Li, B., Yi, M,, et al. (2015). Genetic variation and
comprehensive selection of turpentine composition in high-yielding slash pine (Pinus
elliottii). For. Res. Beijing 28, 804-809.

Li, Y., Apiolaza, L. A, and Altaner, C. (2018). Genetic variation in heartwood
properties and growth traits of Eucalyptus bosistoana. Eur. ]. For. Res. 137, 565-572.
doi: 10.1007/s10342-018-1125-0

Li, Y., Ding, X,, Jiang, J., and Luan, Q. (2020). Inheritance and correlation analysis of
pulpwood properties, wood density, and growth traits of slash pine. Forests 11, 493. doi:
10.3390/£11050493

Liefeld, T. A. (1940). Increased naval stores production from chemically treated streaks.
South. For. Exp. Station 97, 6.

Frontiers in Plant Science

07

10.3389/fpls.2023.1079952

Li, Y., Luan, Q. Shen, D., Chen, B, Jiang, J., and Fu, Y. (2012). Study on genetic
variation of resin components among open-pollinated families of slash pine. For. Res. 25,
773-779.

Li, Y, Sun, Y., Jiang, J., and Liu, J. (2019). Spectroscopic determination of leaf
chlorophyll content and color for genetic selection on Sassafras tzumu. Plant Methods
15, 1-11. doi: 10.1186/s13007-019-0458-0

Liu, Q., Wei, Y., Fan, H,, Shen, D., Chen, W., and Zhou, Z. (2016). Family variation of
oleoresin compounds and their correlation in Pinus massoniana. For. Res. 29, 324-330.

Luan, Q,, Diao, S., Sun, H,, Ding, X., and Jiang, J. (2022). Prediction and comparisons of
turpentine content in slash pine at different slope positions using near-infrared
spectroscopy. Plants 11, 914. doi: 10.3390/plants11070914

Luan, Q., Tao, X, Diao, S., Ding, X, and Jiang, J. (2021). “Methods, characteristics,
variance, and genetics of pine oleoresin components, and their potential for renewable
and sustainable energy,” in Studies in natural products chemistry Online: ELSEVIER BV,
vol. 68. , 221-253.

McReynolds, R. D., and Gansel, C. R. (1985). High-gum-yielding slash pine:
Performance to age 30. South. J. Appl. Forestry 9, 29-32. doi: 10.1093/sjaf/9.1.29

Neis, F. A, de Costa, F., de Almeida, M. R, Colling, L. C., de Oliveira Junkes, C. F., Fett,
J. P, et al. (2019). Resin exudation profile, chemical composition, and secretory canal
characterization in contrasting yield phenotypes of pinus elliottii engelm. Ind. Crops
Products 132, 76-83. doi: 10.1016/j.indcrop.2019.02.013

Nelson, C. D., Peter, G. F., McKeand, S. E., Jokela, E. ]., Rummer, R. B., Groom, L., et al.
(2013). “Pines,” in Biofuel crops production, physiology and genetics edited by bharat p.
singh, vol. 213. (Fort Valley, Georgia USA: Fort Valley State University), 427-459.

Rezzi, S., Bighelli, A., Castola, V., and Casanova, J. (2005). Composition and chemical
variability of the oleoresin of pinus nigra ssp. laricio from Corsica. Ind. Crops Products 21,
71-79. doi: 10.1016/j.indcrop.2003.12.008

Rubini, M., Feuillerat, L., Cabaret, T., Leroyer, L., Leneveu, L., and Charrier, B. (2021).
Comparison of the performances of handheld and benchtop near infrared spectrometers:
Application on the quantification of chemical components in maritime pine (Pinus
pinaster) resin. Talanta 221, 121454. doi: 10.1016/j.talanta.2020.121454

Song, Z., Liu, X,, Liang, Z., and Wang, W. (1993). Characteristics of chemical
composition of pine resin introduced from abroad. Chem. Industry For. Products 13,
277-287.

Team, R. C. (2013). R: A language and environment for statistical computing Vol. 201
(Vienna: R Core Team), 1-12.

Gomez-Rubio, V. (2017). ggplot2-elegant graphics for data analysis. Journal of
Statistical Software 77, 1-3.

Wu, D, Yang, Z., and Huang, Y. (2019). Analysis and evaluation of resin productivity
and resin component among different half sibling families of Pinus massoniana. J. Beijing
Forestry Univ. 41, 53-61.

Yi, M,, Jia, T., Dong, L., Zhang, L., Leng, C,, Liu, S., et al. (2021). Resin yield in Pinus
elliottii engelm. is related to the resin flow rate, resin components and resin duct
characteristics at three locations in southern China. Ind. Crops Products 160, 113141.

Zhang, S., Jiang, J., and Luan, Q. (2016). Genetic and correlation analysis of oleoresin
chemical components in slash pine. Genet. Mol. Res. 15, 1-12. doi: 10.4238/gmr.15038982

Zhang, S., Jiang, J., and Luan, Q. (2018). Index selection for growth and construction
wood properties in Pinus elliottii open-pollinated families in southern China. South.
Forests: ]. For. Sci. 80, 209-216. doi: 10.2989/20702620.2017.1334177

Zhang, S., Luan, Q., and Jiang, J. (2017). Genetic variation analysis for growth and
wood properties of slash pine based on the non-destructive testing technologies. Scientia
Silvae Sinicae 53, 30-36.

Zhou, J., Tang, F., Mao, G., and Bian, R. (2004). Effect of alpha-pinene on nuclear
translocation of NF-kappa b in THP-1 cells. Acta Pharmacol. Sin. 25, 480-484.

frontiersin.org


https://doi.org/10.1016/j.phytochem.2021.112857
https://doi.org/10.1038/s41467-020-15493-5
https://doi.org/10.1371/journal.pone.0156744
https://doi.org/10.3390/molecules17066305
https://doi.org/10.1007/978-3-642-22144-6_175
https://doi.org/10.1007/978-3-642-22144-6_175
https://doi.org/10.3389/fpls.2016.00849
https://doi.org/10.1016/j.indcrop.2022.115609
https://doi.org/10.1371/journal.pgen.1010017
https://doi.org/10.1211/0022357011776027
https://doi.org/10.1186/1471-2229-13-80
https://doi.org/10.1080/10412905.2002.9699872
https://doi.org/10.1016/j.ajhg.2011.02.002
https://doi.org/10.1007/s10342-018-1125-0
https://doi.org/10.3390/f11050493
https://doi.org/10.1186/s13007-019-0458-0
https://doi.org/10.3390/plants11070914
https://doi.org/10.1093/sjaf/9.1.29
https://doi.org/10.1016/j.indcrop.2019.02.013
https://doi.org/10.1016/j.indcrop.2003.12.008
https://doi.org/10.1016/j.talanta.2020.121454
https://doi.org/10.4238/gmr.15038982
https://doi.org/10.2989/20702620.2017.1334177
https://doi.org/10.3389/fpls.2023.1079952
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Genetic analysis and elite tree selection of the main resin components of slash pine
	Introduction
	Materials and methods
	Materials
	Sample collection
	Gas chromatography-mass spectrometry (GC-MS) analysis
	Statistical analysis

	Results
	Variation in resin components of slash pine
	Ranking of breeding value and selection of excellent families with different resin components
	Realizing a high genetic gain of four resin components

	Discussion
	The abundance of genetic variation determines the depth of genetic improvement
	Correlation analysis can direct the development of targeted breeding strategies
	Elite family selection and genetic gain statistics

	Conclusions
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


