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Plants evolved the capacity to synthesize highly diverse sets of secondary metabolites
which are important for plant adaptation and health. In forest trees, many classes of
compounds, particularly ones related to defense against insects, fungi, and bacteria
accumulate to levels that enable their recovery and commercial use. One of the oldest
examples is conifer terpenes, but terpenes are important secondary products from
other tree species including eucalypts. Because terpenes, latex, and natural gums
are synthesized and stored in specialized secretory glands, ducts, and laticifers in
mostly pure forms they can be collected from live trees in addition to being extracted
during industrial processing of wood. This minireview describes the potential of breeding
and genetic engineering approaches to increase the quantities of terpene secondary
metabolites to increase the amount of secondary products and thereby increasing
the value of planted and managed forest trees. I advance the view that breeding and
genetic engineering of metabolic pathways and specialized cell secretory structures can
dramatically increase tissue terpene content.
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INTRODUCTION

Plants evolved the ability to synthesize a large diversity of carbon rich compounds, including fatty
acids, lipids, phenolics, sterols, tannins, and terpenes. Some of these hydrocarbons can accumulate
to high percentages of dry mass. For example, oil seeds accumulate 10–75% triacylglycerol by
dry mass, depending on the species. With the goal of producing hydrocarbons directly in plants
for renewable chemicals and biofuels, tobacco was engineered using a push-pull-protect strategy
to accumulate 15% of leaf dry mass as triacylglycerol (Vanhercke et al., 2014). In addition
to hydrocarbons synthesized via primary metabolic pathways, there are many synthesized via
secondary metabolic pathways. One of the most diverse sets of plant hydrocarbons are terpenes.
Plant terpenes are synthesized via the plastid localized 2-C-methyl-D-erythritol 4-phosphate (MEP)
pathway and the cytosolic mevalonate pathway (MVA) (Kirby and Keasling, 2009; Vranova et al.,
2013). Terpenes are critical components of plant defense against herbivores, insects, pathogenic
fungi, and bacteria (Franceschi et al., 2005). For terpene defenses to be effective, sufficient amounts
need to accumulate prior to invasion; however, at these levels they are phytotoxic. To minimize
this toxicity, plants evolved the ability to sequester them in extracellular spaces formed during
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specialized differentiation of secretory tissues (Fahn, 1979, 1988).
In a wide variety of plant species terpenes accumulate in
extracellular cavities, or lumen that form during differentiation
of glandular trichomes (Glas et al., 2012; Huchelmann et al.,
2017), secretory cavities, or oil glands (OG) (Mewalal et al., 2017),
and resin ducts (Zulak and Bohlmann, 2010). These tissues are
specialized for the biosynthesis and storage of terpenes.

In many forest tree species, terpenes are vital chemical,
and physical defense compounds, and specialized tissues are
crucial to their biosynthesis and storage at high concentrations.
For example, in Eucalyptus species mono- and sesquiterpenes
are important for defense against insects, and herbivores, and
are synthesized, and accumulate in secretory cavities, or OG
within leaves (King et al., 2006; Naidoo et al., 2014). Eucalypt
leaf terpene content ranges from 0.5 to 8% of dry mass and
they are commercially extracted and used in the fragrance
and pharmaceutical industries and have potential as biofuels
(Mewalal et al., 2017). Conifer terpenes are a primary component
of a durable, quantitative defense mechanism against stem
boring insects and fungal pathogens (Trapp and Croteau, 2001;
Franceschi et al., 2005). Constitutive and induced terpenes are
critical for resistance (Hodges et al., 1985; Strom et al., 2002;
Klepzig et al., 2005). Upon wounding, preformed constitutively
produced terpenes are released at the wound site and the
insects, and fungi are contained and growth is inhibited. The
toxic terpenes cannot only kill the attacking organisms but
they also flush and seal the wound site forming a physical
barrier protecting the stem from further infection (Trapp and
Croteau, 2001). Conifer terpenes are synthesized and accumulate
in primary and secondary resin ducts, and form a viscous
oleoresin secretion consisting of a complex mixture of volatile
monoterpene olefins, and non-volatile diterpenoid resin acids
that naturally accumulate to between 2 and 40% of the dry mass
of wood (Trapp and Croteau, 2001).

The native levels of terpenes in eucalypt leaves and wood of
conifer species is adequate for commercial extraction and use
as renewable chemicals, and biofuels. In conifers, commercial
scale collection of terpenes occurs today from live pine trees
by tapping, solvent extraction of stumps, and during chemical
pulping of wood, with global production from all sources about
3.5–4.0 millon tons y−1. Southeastern United States pulp mills
recover ∼900,000 tons y−1 of pine terpenes and fatty acids as
crude tall oil (CTO) supporting specialty chemical biorefineries
that compete in markets with petroleum derived feedstocks
justifying the concept that biofuels from pine hydrocarbons
could be profitable without subsidy if supply was increased
(American, 2011). In the European Union, CTO is converted
to renewable diesel fuel at two industrial scale biorefineries:
one with a capacity of 120 million liters y−1 (UPM-Kymmene,
2018). Pine monoterpenes can be efficiently dimerized to make
jet fuel (Harvey et al., 2010; Mewalal et al., 2017). Globally, pine
chemicals are the largest non-food based renewable hydrocarbon
supply. However, the pine terpene supply is limited by the
relatively low 2–4% average wood terpene content of dry wood.

Here, I discuss three synergistic approaches to increase tissue
terpene content that can lead to forest trees with improved
resistance to herbivores, insects, and pathogens as well as greater

supplies of terpenes for renewable chemicals, and biofuels. Three
main approaches to increase tissue terpene content considered
are: (1) increase the number of specialized secretory glands and
duct in plant organs to create greater biosynthetic, and storage
capacity; (2) increase luminal storage volume of specialized
secretory tissues; and (3) enhance carbon flux into terpene
biosynthetic pathways.

INCREASE SECRETORY TISSUES IN
PLANT ORGANS

In conifers, primary resin ducts (RD) form in needles and non-
woody shoots, and secondary RD form in the secondary xylem,
or wood (Larson, 1994). Although there is limited knowledge of
primary RD formation, secondary RD formation, and function
are better studied (Larson, 1994; Zulak and Bohlmann, 2010).
Within a network of secondary RDs, terpenes are synthesized
by heterotrophic epithelial cells that line the duct and are
secreted into the lumen where they accumulate (Fahn, 1979;
Trapp and Croteau, 2001; Zulak and Bohlmann, 2010; Figure 1).
The lumens of axial and radial RDs are interconnected such
that upon wounding the terpene oleoresin can flow from
within the wood toward the surface of the stem (Larson,
1994; Figure 1A). The interconnectedness of the network is
also important for the RD to obtain sucrose and nutrients
from the phloem at the periphery of the stem through the
live ray cell files. During stem diameter growth, axial, and
radial RDs differentiate in the cambial zone from derivatives of
fusiform and ray initials (Larson, 1994). Two adjacent derivatives
begin dividing anticlinally to form a multicellular pre-duct
structure which subsequently form the lumen schizogenously
by separation of the cells at the middle lamella (Larson, 1994;
Figure 2).

The genetic mechanisms that control constitutive RD cell fate
and differentiation are not known. In loblolly pine, we showed
that constitutive axial resin duct number (Westbrook et al.,
2015) is under moderate genetic control, inherited as a polygenic
trait, positively genetically correlated with xylem growth, and
has sufficient variation for breeding to increase constitutive axial
RD number about 10% in a single generation. Picea species
(spruce) have emerged as the best-studied experimental system
for dissecting the developmental signals and biochemical basis
of induced terpene resin formation (Franceschi et al., 2005;
Keeling and Bohlmann, 2006; Zulak and Bohlmann, 2010).
Insect feeding, wounding, ethylene, and methyl jasmonate (MeJ)
treatments induce development of traumatic resin ducts (TRD),
which develop as a single contiguous row of elements derived
from xylem mother cells in the cambial zone (Franceschi
et al., 2005). Anatomical time course studies show that axial
TRD take about 9–36 days to differentiate depending on the
species (Larson, 1994; Nagy et al., 2000). In Norway spruce, a
detailed time course of TRD formation and terpene synthesis
in wood after MeJ application shows that geranylgeranyl-
pyrophosphate synthase, monoterpene, and diterpene synthase
activity began increasing after 5 days and peaked ∼15 days
and increases in wood monoterpene and diterpenoid content
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FIGURE 1 | Resin duct organization and induction. (A) A theoretical three dimensional model depicting the interconnectivity of constitutive axial and radial resin
ducts in woody stems of Pinaceae; (B) Transverse cryosection of an untreated 1-year-old loblolly pine stem, stained with safranin red, showing constitutive axial and
radial resin ducts in the wood and cortical resin duct in the bark (Peter, 2018, Unpublished); (C) Transverse cryosection of 1-year-old loblolly pine stem 10 days after
treatment with 10 mM methyl jasmonate (Martin et al., 2002), stained with safranin red showing newly formed axial traumatic resin ducts in the cambial zone/young
xylem (Peter, 2018, Unpublished).

FIGURE 2 | Resin duct formation in the cambial zone. (A) Simple conceptual model for secondary resin duct formation; (B) Transverse plane drawing of two ways
cambial zone cells may divide to form epithelial cells in more narrow or wider axial resin ducts, adapted from Sato and Ishida (1983), the colors indicate cell lineage.

were observed after 10 days and peaked between 15 and
25 days (Martin et al., 2002). New TRD are observed at
10 days and supports the conclusion that in spruce wood
newly synthesized terpene is only present in the newly formed
TRD and not in undifferentiated ray cells. Thus, increasing RD

numbers should be an effective strategy to increase wood terpene
content. Exogenous application of MeJ induces axial TRD in the
cambial region (Martin et al., 2002; Figure 1C), and application
of inhibitors of ethylene biosynthesis suppresses jasmonate
TRD induction, suggesting that jasmonate induces ethylene
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synthesis which then induces TRD formation (Hudgins and
Franceschi, 2004). Consistent with this model, MeJ application
to sitka spruce bark rapidly upregulates genes that code
for the rate limiting enzyme for ethylene biosynthesis, 1-
aminocyclopropane carboxylic acid synthase (Ralph et al., 2007).
These observations support that genetically increasing ethylene,
or jasmonate biosynthesis, or signaling in the cambial zone
should increase RD number and lead to greater wood terpene
content.

To identify RD specific and jasmonate regulated genes in RDs,
the transcriptomes of isolated cortical RDs from bark of Norway
spruce were compared before and after treatment with MeJ
(Celedon et al., 2017). In untreated bark, 863 cortical RD specific
transcripts (Tau score > 0.75) were identified, and in MeJ treated
bark, 766 cortical RD specific transcripts were identified. Of these
766 transcripts, about 648 were also identified as being specific
to untreated cortical RD, indicating that 85% of the cortical RD
specific genes remain RD specific 8 days after MeJ treatment
(Celedon et al., 2017). As expected in the untreated cortical
RD, specific transcripts included genes that code for all MEP
biosynthetic enzymes, and a large number of cytochrome P450s,
and terpene synthases. In addition, they included 34 transcripts
that are annotated as transcription factors or encode putative
DNA binding domains. There is potential that these regulators
mediate RD specification and terpene pathway gene expression.
In bark, ∼3,700 genes were differentially expressed 8 days after
MeJ treatment; however, the number of jasmonate responsive
genes in cortical RD was not reported. The terpene pathway
genes in cortical RD showed that they were reduced 8 days after
MeJ treatment relative to controls (Celedon et al., 2017). Overall,
this data shows that in control and jasmonate treated bark, the
genes coding for terpene biosynthesis are specifically expressed
in cortical RDs.

Manipulating ethylene or jasmonate may induce more
secondary RDs but could also have unintended effects on
tracheids, so targeted genetic manipulation may be preferred.
Targeted manipulation is limited by our lack of knowledge of
the molecular mechanisms that regulate resin duct cell fate,
differentiation, and function. Figure 2 shows a simple conceptual
model for secondary axial and radial RD formation. During
normal stem diameter growth, constitutively formed secondary
axial RDs appear to occur randomly throughout the wood
volume but are typically adjacent to one or more ray cell
files (Figure 1). While, derivatives of fusiform initials typically
differentiate into tracheids, those adjacent to ray initials can also
differentiate into axial resin ducts. Because the vast majority
of fusiform derivatives differentiate into tracheids, for axial
RDs to form, a first step is to inhibit regulators that specify
tracheid cell fate. Although the molecular control of tracheid
cell specification is presently unknown in conifers, vascular
related NAC domain transcription factors function as master
switches in angiosperms xylem (Zhang et al., 2014; Jokipii-
Lukkari et al., 2017). In analogy to xylem cell specification,
it is reasonable to hypothesize that a master transcriptional
regulator specifies RD identity. Based on parsimony, this
regulator also will be responsive to ethylene and/or jasmonate,
and therefore these hormones could be important for constitutive

RD formation in addition to TRD formation. However, the
overlap between the traumatic RD and constitutive RD pathways
is not known. It is also unknown whether the fusiform
derivatives need to first have ray cell identity to differentiate
into RDs or whether derivatives can directly acquire RD
cell fate. Constitutive radial RDs also form in the cambial
zone; however, it is unclear if they can differentiate within
existing ray cell files deeper in the stem. Once a radial RD
forms, typically next to an axial RD, the radial RD fate
extends within that ray cell file out to the cambial meristem
(Figure 1). To discover genes involved in RD formation, we
are using association genetics in loblolly pine. With single
nucleotide polymorphisms (SNP) in 4027 genes we identified
16 well supported candidate genes associated with axial RD
number, some of which were also significant for oleoresin flow
(Westbrook et al., 2015). More recently, we genotyped ∼70,000
SNPs in this population and identified significant SNPs in an
additional 18 genes for constitutive axial RD number (Peter,
2018, Unpublished). We are investigating the importance of some
of these candidate genes in RD specification through genetic
engineering.

INCREASE LUMINAL VOLUME OF
SECRETORY TISSUES

Conifer species differ in the organization of terpene resin
producing cells and tissues. Abies species form both resin cells
and multicellular resin blisters, while some Pinaceae species
form constricted resin passages and other Pinaceae species form
non-occluded resin ducts (Penhallow, 1907; Lewinsohn et al.,
1991). Although no rigorous comparison amongst these species
is available to separate the significance of resin structure number
and extracellular volume, in general, wood terpene content is
greater in species with resin ducts compared with species with
resin cells (Lewinsohn et al., 1991).

Increasing luminal volume in addition to increasing RD
number should lead to wood with greater terpene content. What
controls RD luminal diameter is unknown, but lumen volume
tends to be greater in RDs that form from a greater number of
early cell divisions during differentiation (Figure 2B). Possibly
four instead of two cambial derivatives could be induced to
divide and commit to RD large diameter lumen would form.
In loblolly pine, the length of axial RD range from 5 to 20 cm
and average 10.4 cm, and in slash pine average RD length was
more than double (49.8 cm vs. 20 cm) at 20 versus 10 years
(Larson, 1994). In southern pines, axial RDs are 10–100 times
longer than individual fusiform initials (3–5 mm) suggesting
that a large number of contiguous fusiform initial derivatives
within a single file need to commit to form axial RDs. The
mechanism(s) which mediates axial RD length are unknown, but
I hypothesize that cell to cell communication signals that specify
RD identity are important for coordinating differentiation of the
10–100s of cambial meristem derivatives. If this hypothesis is
correct, then discovery of this transmissible signal could enable
engineering of larger RD and thereby increase wood terpene
content.
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In Eucalyptus polybractea, the number of OG is correlated
well with leaf terpene content (King et al., 2006; Goodger and
Woodrow, 2012). Analysis of individual OG shows they have very
similar capacities, suggesting that the storage volume of the cavity
is relatively tightly controlled, and it was hypothesized that gland
capacity is controlled by leaf expansion (King et al., 2006). If
King’s hypothesis is correct, then increasing leaf thickness could
increase cavity volume. Because leaf terpene content is limited
not only by the number of OG but also by luminal volume
of the gland it could be possible to increase this volume by
engineering OG to be more duct like, similar to primary RD in
conifers. I hypothesize that the difference between formation of
spherical glands and elongated ducts is related to the existence of
a cell to cell signaling mechanism which evolved in Pinaceae that
mediates duct formation.

ENHANCE CARBON FLUX TO
TERPENES

Plants synthesize monoterpenes and diterpenes via the plastid
localized 2-C-MEP pathway, and sesquiterpenes, and triterpenes
via the cytosolic MVA (Kirby and Keasling, 2009; Vranova
et al., 2013; Banerjee and Sharkey, 2014). The MEP pathway is
considered the high flux pathway in part because many species
including Eucalyptus are rich in monoterpenes and conifers are
rich in monoterpenes, and diterpenoids. The first committed step
in the MEP pathway is catalyzed by 1-deoxyxyulose 5-phosphate
synthase (DXS). Constitutive overexpression of DXS enzymes
elevated terpene alkaloids in C. roseus (Peebles et al., 2011),
taxadiene in Arabidopsis thaliana expressing a taxadiene synthase
(Botella-Pavia et al., 2004), and terpenes 2–3.5 fold in leaves
of L. latifolia (Munoz-Bertomeu et al., 2006). DXS is sensitive
to feedback inhibition by isoprenoid precursor’s isopentenyl
diphosphate and dimethylallyl diphosphate which can control
carbon flux through the pathway (Banerjee et al., 2013; Banerjee
and Sharkey, 2014). A mutant form of poplar DXS was described
that is less sensitive to feedback regulation; however, this has
yet to be tested in plants (Banerjee et al., 2016). In spruce,
the DXS gene family codes for type I and type II enzymes.
Type II DXS genes are involved in secondary metabolism
and in spruce are upregulated by wounding and fungal
infection, suggesting that DXS overexpression should enhance
wood terpene synthesis (Phillips et al., 2007). Upregulation of
deoxyxyulose 5-phospate reductoisomerase (DXR) leads to a
50% increase in terpene based essential oils stored in globular
trichomes of peppermint (Mahmoud and Croteau, 2001),
and increased isoprene products, e.g., chlorophyll, β-carotene
and taxadiene in A. thaliana expressing taxadiene synthase
(Carretero-Paulet et al., 2006).

The plant MEP pathway is conserved with the deoxy-
xyulose 5-phosphate (DXP) pathway in microbes which has
been improved through extensive genetic engineering (Ajikumar
et al., 2008; Wang et al., 2009; Kirby et al., 2016) and synthetic
biology approaches (Keasling, 2014). The results from many of

these studies show that larger increases in isoprene products
occur when multiple genes are manipulated in combination
(Ajikumar et al., 2008; Wang et al., 2009). Changes to multiple
genes in plants will require advances in genetic engineering
efficiencies and more effective gene editing tools, particularly
for conifers which have very large genomes and large gene
families (Birol et al., 2013; Nystedt et al., 2013; Neale et al.,
2014; Wegrzyn et al., 2014; Zimin et al., 2014). A particularly
interesting finding was the identification of two Escherichia coli
genes that can bypass the DXS catalyzed step (Kirby et al.,
2015). By-passing DXS should improve carbon efficiency as DXS
releases CO2 when it condenses pyruvate and glyceraldehyde
3-phosphate into the five carbon 1-DXP product. The wild
type yajO and mutant forms of ribB gene product were shown
to convert ribulose 5-phosphate into DXP in vitro and upon
expression in E. coli improve terpene synthesis (Kirby et al.,
2015). Transgenic loblolly pine constitutively expressing plastid
localized YajO and RibB(G108S) showed significantly increased
terpenes in the wood of 1-year-old seedlings (Kirby et al., 2018,
Unpublished).

CONCLUSION

There is great opportunity to increase terpene hydrocarbon
content in eucalypts and conifers through breeding and genetic
engineering. Continued discovery of the molecular mechanisms
that control OG and RD specification and cell to cell signaling
have the potential to enable genetic engineering and targeted
breeding to increase the number of resin ducts and OG and
their size leading to trees with greater levels of constitutively
produced terpenes. Capitalizing on the advances in genetic
engineering and synthetic biology with the MEP pathway in
microbes should further enable greater carbon flux and carbon
efficiency.

AUTHOR CONTRIBUTIONS

The author confirms being the sole contributor of this work and
has approved it for publication.

FUNDING

U.S. Department of Energy DE-AR0000209, DE-SC0 019099,
and U.S. Department of Agriculture 2011-68002-30185 provided
funds for GP research on pine terpenes. University of Florida
provided publication fees.

ACKNOWLEDGMENTS

I wish thank J. Kirby for many discussions on MEP pathway
engineering and Y. Wang for the cross section images in Figure 1.

Frontiers in Plant Science | www.frontiersin.org 5 November 2018 | Volume 9 | Article 1672

https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-09-01672 November 16, 2018 Time: 14:58 # 6

Peter Tree Terpenes

REFERENCES
Ajikumar, P. K., Tyo, K., Carlsen, S., Mucha, O., Phon, T. H., and

Stephanopoulos, G. (2008). Terpenoids: opportunities for biosynthesis of
natural product drugs using engineered microorganisms. Mol. Pharm. 5, 167–
190. doi: 10.1021/mp700151b

American Chemical Council (2011). Economic Benefits of the American Pine
Chemical Industry. Available at: https://pinechemistry.americanchemistry.
com/Pine-Chemistry-Basics/Learn-about-the-Economic-Benefits-of-Pine-
Chemistry.pdf

Banerjee, A., Preiser, A. L., and Sharkey, T. D. (2016). Engineering of
recombinant poplar deoxy-D-xylulose-5-phosphate synthase (PtDXS) by Site-
directed mutagenesis improves its activity. PLoS One 11:e0161534. doi: 10.1371/
journal.pone.0161534

Banerjee, A., and Sharkey, T. D. (2014). Methylerythritol 4-phosphate (MEP)
pathway metabolic regulation. Nat. Prod. Rep. 31, 1043–1055. doi: 10.1039/
c3np70124g

Banerjee, A., Wu, Y., Banerjee, R., Li, Y., Yan, H. G., and Sharkey, T. D. (2013).
Feedback inhibition of deoxy-D-xylulose-5-phosphate synthase regulates the
methylerythritol 4-phosphate pathway. J. Biol. Chem. 288, 16926–16936. doi:
10.1074/jbc.M113.464636

Birol, I., Raymond, A., Jackman, S. D., Pleasance, S., Coope, R., Taylor, G. A.,
et al. (2013). Assembling the 20 Gb white spruce (Picea glauca) genome from
whole-genome shotgun sequencing data. Bioinformatics 29, 1492–1497. doi:
10.1093/bioinformatics/btt178

Botella-Pavia, P., Besumbes, O., Phillips, M. A., Carretero-Paulet, L., Boronat, A.,
and Rodriguez-Concepcion, M. (2004). Regulation of carotenoid biosynthesis
in plants: evidence for a key role of hydroxymethylbutenyl diphosphate
reductase in controlling the supply of plastidial isoprenoid precursors. Plant
J. 40, 188–199. doi: 10.1111/j.1365-313X.2004.02198.x

Carretero-Paulet, L., Cairo, A., Botella-Pavia, P., Besumbes, O., Campos, N.,
Boronat, A., et al. (2006). Enhanced flux through the methylerythritol 4-
phosphate pathway in Arabidopsis plants overexpressing deoxyxylulose 5-
phosphate reductoisomerase. Plant Mol. Biol. 62, 683–695. doi: 10.1007/s11103-
006-9051-9

Celedon, J. M., Yuen, M. M. S., Chiang, A., Henderson, H., Reid, K. E., and
Bohlmann, J. (2017). Cell-type- and tissue-specific transcriptomes of the white
spruce (Picea glauca) bark unmask fine-scale spatial patterns of constitutive and
induced conifer defense. Plant J. 92, 710–726. doi: 10.1111/tpj.13673

Fahn, A. (1979). Secretory Tissues in Plants. New York, NY: Academic Press, 302.
Fahn, A. (1988). Secretory-tissues in vascular plants. New Phytol. 108, 229–257.

doi: 10.1111/j.1469-8137.1988.tb04159.x
Franceschi, V. R., Krokene, P., Christiansen, E., and Krekling, T. (2005).

Anatomical and chemical defenses of conifer bark against bark beetles and other
pests. New Phytol. 167, 353–375. doi: 10.1111/j.1469-8137.2005.01436.x

Glas, J. J., Schimmel, B. C., Alba, J. M., Escobar-Bravo, R., Schuurink, R. C.,
and Kant, M. R. (2012). Plant glandular trichomes as targets for breeding
or engineering of resistance to herbivores. Int. J. Mol. Sci. 13, 17077–17103.
doi: 10.3390/ijms131217077

Goodger, J. Q. D., and Woodrow, I. E. (2012). Genetic determinants of oil yield in
eucalyptus polybractea R.T. Baker. Trees 26, 1951–1956. doi: 10.1007/s00468-
012-0744-1

Harvey, B. G., Wright, M. E., and Quintana, R. L. (2010). High-density renewable
fuels based on the selective dimerization of pinenes. Energy Fuels 24, 267–273.
doi: 10.1021/ef900799c

Hodges, J. D., Nebeker, T. E., Deangelis, J. D., Karr, B. L., and Blanche, C. A.
(1985). Host resistance and mortality: a hypothesis based on southern pine
beetle-microorganism-host interactions. Bull. Entomol. Soc. Am. 31, 31–35.
doi: 10.1093/besa/31.1.31

Huchelmann, A., Boutry, M., and Hachez, C. (2017). Plant glandular trichomes:
natural cell factories of high biotechnological interest. Plant Physiol. 175, 6–22.
doi: 10.1104/pp.17.00727

Hudgins, J. W., and Franceschi, V. R. (2004). Methyl jasmonate-induced
ethylene production is responsible for conifer phloem defense responses and
reprogramming of stem cambial zone for traumatic resin duct formation. Plant
Physiol. 135, 2134–2149. doi: 10.1104/pp.103.037929

Jokipii-Lukkari, S., Sundell, D., Nilsson, O., Hvidsten, T. R., Street, N. R., and
Tuominen, H. (2017). NorWood: a gene expression resource for evo-devo

studies of conifer wood development. New Phytol. 216, 482–494. doi: 10.1111/
nph.14458

Keasling, J. D. (2014). Synthetic biology: a global approach. Nature 510, 218. doi:
10.1038/510218c

Keeling, C. I., and Bohlmann, J. (2006). Diterpene resin acids in conifers.
Phytochemistry 67, 2415–2423. doi: 10.1016/j.phytochem.2006.08.019

King, D. J., Gleadow, R. M., and Woodrow, I. E. (2006). Regulation of oil
accumulation in single glands of Eucalyptus polybractea. New Phytol. 172,
440–451. doi: 10.1111/j.1469-8137.2006.01842.x

Kirby, J., Dietzel, K. L., Wichmann, G., Chan, R., Antipov, E., Moss, N., et al. (2016).
Engineering a functional 1-deoxy-D-xylulose 5-phosphate (DXP) pathway in
Saccharomyces cerevisiae. Metab. Eng. 38, 494–503. doi: 10.1016/j.ymben.2016.
10.017

Kirby, J., and Keasling, J. D. (2009). Biosynthesis of plant isoprenoids: perspectives
for microbial engineering. Annu. Rev. Plant Biol. 60, 335–355. doi: 10.1146/
annurev.arplant.043008.091955

Kirby, J., Nishimoto, M., Chow, R. W. N., Baidoo, E. E., Wang, G., Martin, J., et al.
(2015). Enhancing terpene yield from sugars via novel routes to 1-deoxy-D-
xylulose 5-phosphate. Appl. Environ. Microbiol. 81, 130–138. doi: 10.1128/AEM.
02920-14

Klepzig, K. D., Robison, D. J., Fowler, G., Minchin, P. R., Hain, F. P., and Allen,
H. L. (2005). Effects of mass inoculation on induced oleoresin response in
intensively managed loblolly pine. Tree Physiol. 25, 681–688. doi: 10.1093/
treephys/25.6.681

UPM-Kymmene Corp (2018). Available at: https://www.upm.com/Businesses/
upm-biofuels/Pages/default.aspx

Larson, P. (1994). The Vascular Cambium –Development and Structure. Berlin:
Springer-Verlag, 725. doi: 10.1007/978-3-642-78466-8

Lewinsohn, E., Gijzen, M., Savage, T. J., and Croteau, R. (1991). Defense-
mechanisms of conifers - relationship of monoterpene cyclase activity to
anatomical specialization and oleoresin monoterpene content. Plant Physiol. 96,
38–43. doi: 10.1104/pp.96.1.38

Mahmoud, S. S., and Croteau, R. B. (2001). Metabolic engineering of essential
oil yield and composition in mint by altering expression of deoxyxylulose
phosphate reductoisomerase and menthofuran synthase. Proc. Natl. Acad. Sci.
U.S.A. 98, 8915–8920. doi: 10.1073/pnas.141237298

Martin, D., Tholl, D., Gershenzon, J., and Bohlmann, J. (2002). Methyl jasmonate
induces traumatic resin ducts, terpenoid resin biosynthesis, and terpenoid
accumulation in developing xylem of Norway spruce stems. Plant Physiol. 129,
1003–1018. doi: 10.1104/pp.011001

Mewalal, R., Rai, D. K., Kainer, D., Chen, F., Külheim, C., Peter, G. F., et al. (2017).
Plant-derived terpenes: a feedstock for specialty biofuels. Trends Biotechnol. 35,
227–240. doi: 10.1016/j.tibtech.2016.08.003

Munoz-Bertomeu, J., Arrillaga, I., Ros, R., and Segura, J. (2006). Up-regulation of
1-deoxy-D-xylulose-5-phosphate synthase enhances production of essential oils
in transgenic spike lavender. Plant Physiol. 142, 890–900. doi: 10.1104/pp.106.
086355

Nagy, N. E., Franceschi, V. R., Solheim, H., Krekling, T., and Christiansen, E.
(2000). Wound-induced traumatic resin duct development in stems of Norway
spruce (Pinaceae): anatomy and cytochemical traits. Am. J. Bot. 87, 302–313.
doi: 10.2307/2656626

Naidoo, S., Kulheim, C., Zwart, L., Mangwanda, R., Oates, C. N., Visser, E. A., et al.
(2014). Uncovering the defence responses of eucalyptus to pests and pathogens
in the genomics age. Tree Physiol. 34, 931–943. doi: 10.1093/treephys/tpu075

Neale, D. B., Wegrzyn, J. L., Stevens, K. A., Zimin, A. V., Puiu, D., Crepeau, M. W.,
et al. (2014). Decoding the massive genome of loblolly pine using haploid DNA
and novel assembly strategies. Genome Biol. 15:R59. doi: 10.1186/gb-2014-15-
3-r59

Nystedt, B., Street, N. R., Wetterbom, A., Zuccolo, A., Lin, Y.-C., Scofield, D. G.,
et al. (2013). The Norway spruce genome sequence and conifer genome
evolution. Nature 497, 579–584. doi: 10.1038/nature12211

Peebles, C. A., Sander, G. W., Hughes, E. H., Peacock, R., Shanks, J. V., and San,
K. Y. (2011). The expression of 1-deoxy-D-xylulose synthase and geraniol-
10-hydroxylase or anthranilate synthase increases terpenoid indole alkaloid
accumulation in Catharanthus roseus hairy roots. Metab. Eng. 13, 234–240.
doi: 10.1016/j.ymben.2010.11.005

Penhallow, D. P. (1907). A Manual of the North American Gymnosperms. Boston:
Athenaeum Press.

Frontiers in Plant Science | www.frontiersin.org 6 November 2018 | Volume 9 | Article 1672

https://doi.org/10.1021/mp700151b
https://pinechemistry.americanchemistry.com/Pine-Chemistry-Basics/Learn-about-the-Economic-Benefits-of-Pine-Chemistry.pdf
https://pinechemistry.americanchemistry.com/Pine-Chemistry-Basics/Learn-about-the-Economic-Benefits-of-Pine-Chemistry.pdf
https://pinechemistry.americanchemistry.com/Pine-Chemistry-Basics/Learn-about-the-Economic-Benefits-of-Pine-Chemistry.pdf
https://doi.org/10.1371/journal.pone.0161534
https://doi.org/10.1371/journal.pone.0161534
https://doi.org/10.1039/c3np70124g
https://doi.org/10.1039/c3np70124g
https://doi.org/10.1074/jbc.M113.464636
https://doi.org/10.1074/jbc.M113.464636
https://doi.org/10.1093/bioinformatics/btt178
https://doi.org/10.1093/bioinformatics/btt178
https://doi.org/10.1111/j.1365-313X.2004.02198.x
https://doi.org/10.1007/s11103-006-9051-9
https://doi.org/10.1007/s11103-006-9051-9
https://doi.org/10.1111/tpj.13673
https://doi.org/10.1111/j.1469-8137.1988.tb04159.x
https://doi.org/10.1111/j.1469-8137.2005.01436.x
https://doi.org/10.3390/ijms131217077
https://doi.org/10.1007/s00468-012-0744-1
https://doi.org/10.1007/s00468-012-0744-1
https://doi.org/10.1021/ef900799c
https://doi.org/10.1093/besa/31.1.31
https://doi.org/10.1104/pp.17.00727
https://doi.org/10.1104/pp.103.037929
https://doi.org/10.1111/nph.14458
https://doi.org/10.1111/nph.14458
https://doi.org/10.1038/510218c
https://doi.org/10.1038/510218c
https://doi.org/10.1016/j.phytochem.2006.08.019
https://doi.org/10.1111/j.1469-8137.2006.01842.x
https://doi.org/10.1016/j.ymben.2016.10.017
https://doi.org/10.1016/j.ymben.2016.10.017
https://doi.org/10.1146/annurev.arplant.043008.091955
https://doi.org/10.1146/annurev.arplant.043008.091955
https://doi.org/10.1128/AEM.02920-14
https://doi.org/10.1128/AEM.02920-14
https://doi.org/10.1093/treephys/25.6.681
https://doi.org/10.1093/treephys/25.6.681
https://www.upm.com/Businesses/upm-biofuels/Pages/default.aspx
https://www.upm.com/Businesses/upm-biofuels/Pages/default.aspx
https://doi.org/10.1007/978-3-642-78466-8
https://doi.org/10.1104/pp.96.1.38
https://doi.org/10.1073/pnas.141237298
https://doi.org/10.1104/pp.011001
https://doi.org/10.1016/j.tibtech.2016.08.003
https://doi.org/10.1104/pp.106.086355
https://doi.org/10.1104/pp.106.086355
https://doi.org/10.2307/2656626
https://doi.org/10.1093/treephys/tpu075
https://doi.org/10.1186/gb-2014-15-3-r59
https://doi.org/10.1186/gb-2014-15-3-r59
https://doi.org/10.1038/nature12211
https://doi.org/10.1016/j.ymben.2010.11.005
https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-09-01672 November 16, 2018 Time: 14:58 # 7

Peter Tree Terpenes

Phillips, M. A., Walter, M. H., Ralph, S. G., Dabrowska, P., Luck, K., Urós, E. M.,
et al. (2007). Functional identification and differential expression of 1-deoxy-D-
xylulose 5-phosphate synthase in induced terpenoid resin formation of Norway
spruce (Picea abies). Plant Mol. Biol. 65, 243–257. doi: 10.1007/s11103-007-
9212-5

Ralph, S. G., Hudgins, J. W., Jancsik, S., Franceschi, V. R., and Bohlmann, J. (2007).
Aminocyclopropane carboxylic acid synthase is a regulated step in ethylene-
dependent induced conifer defense. Full-length cDNA cloning of a multigene
family, differential constitutive, and wound- and insect-induced expression,
and cellular and subcellular localization in spruce and Douglas fir. Plant Physiol.
143, 410–424. doi: 10.1104/pp.106.089425

Sato, K., and Ishida, S. (1983). Formation of vertical resin canals. Res. Bull. Coll.
Exp. For. Hokaido Univ. 40, 723–740.

Strom, B. L., Goyer, R. A., Ingram, L. L., Boyd, G. D. L., and Lott, L. H. (2002).
Oleoresin characteristics of progeny of loblolly pines that escaped attack by
the southern pine beetle. For. Ecol. Manag. 158, 169–178. doi: 10.1016/S0378-
1127(00)00710-6

Trapp, S., and Croteau, R. (2001). Defensive resin biosynthesis in conifers. Annu.
Rev. Plant Physiol. Plant Mol. Biol. 52, 689–724. doi: 10.1146/annurev.arplant.
52.1.689

Vanhercke, T., El Tahchy, A., Liu, Q., Zhou, X. R., Shrestha, P., Divi, U. K., et al.
(2014). Metabolic engineering of biomass for high energy density: oilseed-
like triacylglycerol yields from plant leaves. Plant Biotechnol. J. 12, 231–239.
doi: 10.1111/pbi.12131

Vranova, E., Coman, D., and Gruissem, W. (2013). Network analysis of the MVA
and MEP pathways for isoprenoid synthesis. Annu. Rev. Plant Biol. 64, 665–700.
doi: 10.1146/annurev-arplant-050312-120116

Wang, H. H., Isaacs, F. J., Carr, P. A., Sun, Z. Z., Xu, G., Forest, C. R., et al. (2009).
Programming cells by multiplex genome engineering and accelerated evolution.
Nature 460, 894–898. doi: 10.1038/nature08187

Wegrzyn, J. L., Liechty, J. D., Stevens, K. A., Wu, L. S., Loopstra, C. A., Vasquez-
Gross, H. A., et al. (2014). Unique features of the loblolly pine (Pinus taeda
L.) megagenome revealed through sequence annotation. Genetics 196, 891–909.
doi: 10.1534/genetics.113.159996

Westbrook, J. W., Walker, A. R., Neves, L. G., Munoz, P., Resende, M. F. Jr.,
Neale, D. B., et al. (2015). Discovering candidate genes that regulate resin canal
number in Pinus stems by integrating association genetics and QTL analysis
across environments, ages, and populations. New Phytol. 205, 627–641. doi:
10.1111/nph.13074

Zhang, J., Nieminen, K., Serra, J. A., and Helariutta, Y. (2014). The formation of
wood and its control. Curr. Opin. Plant Biol. 17, 56–63. doi: 10.1016/j.pbi.2013.
11.003

Zimin, A., Stevens, K. A., Crepeau, M. W., Holtz-Morris, A., Koriabine, M.,
Marçais, G., et al. (2014). Sequencing and assembly of the 22-gb
loblolly pine genome. Genetics 196, 875–890. doi: 10.1534/genetics.113.15
9715

Zulak, K. G., and Bohlmann, J. (2010). Terpenoid biosynthesis and specialized
vascular cells of conifer defense. J. Integr. Plant Biol. 52, 86–97. doi: 10.1111/
j.1744-7909.2010.00910.x

Conflict of Interest Statement: The author declares that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Peter. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Plant Science | www.frontiersin.org 7 November 2018 | Volume 9 | Article 1672

https://doi.org/10.1007/s11103-007-9212-5
https://doi.org/10.1007/s11103-007-9212-5
https://doi.org/10.1104/pp.106.089425
https://doi.org/10.1016/S0378-1127(00)00710-6
https://doi.org/10.1016/S0378-1127(00)00710-6
https://doi.org/10.1146/annurev.arplant.52.1.689
https://doi.org/10.1146/annurev.arplant.52.1.689
https://doi.org/10.1111/pbi.12131
https://doi.org/10.1146/annurev-arplant-050312-120116
https://doi.org/10.1038/nature08187
https://doi.org/10.1534/genetics.113.159996
https://doi.org/10.1111/nph.13074
https://doi.org/10.1111/nph.13074
https://doi.org/10.1016/j.pbi.2013.11.003
https://doi.org/10.1016/j.pbi.2013.11.003
https://doi.org/10.1534/genetics.113.159715
https://doi.org/10.1534/genetics.113.159715
https://doi.org/10.1111/j.1744-7909.2010.00910.x
https://doi.org/10.1111/j.1744-7909.2010.00910.x
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

	Breeding and Engineering Trees to Accumulate High Levels of Terpene Metabolites for Plant Defense and Renewable Chemicals
	Introduction
	Increase Secretory Tissues in Plant Organs
	Increase Luminal Volume of Secretory Tissues
	Enhance Carbon Flux to Terpenes
	Conclusion
	Author Contributions
	Funding
	Acknowledgments
	References


