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Abstract 
Based on lumber prices, Western redcedar (Thuja plicata, hereafter referred to as WRC) is at 
times the highest prized forest tree species in Canada. WRC lumber is durable and dimension 
stable and therefore highly priced for various outdoor applications. The utilization of WRC is not 
without problems however. Reforestation with WRC is expensive and inefficient due to 
extensive herbivory by ungulates, i.e. deer and elk. Although regarded as highly durable, WRC 
heartwood frequently succumbs to rot. There is a need to develop markers that can aid the 
selection of suitable parents for seed production and reforestation with respect to these traits. 
Both traits have been linked to the production of monoterpenoid compounds, although the 
genetic and biochemical basis of these compounds is completely unknown in this species. Deer 
selectively browse plants with low monoterpene content, with significant deterrence from plants 
with high content of the monoterpenoid thujone content. Knowledge regarding the biosynthetic 
pathway of thujone in WRC may be beneficial in the identification of deer resistant breeding 
material by providing reliable molecular markers for thujone content. We have identified one 
monoterpene synthase, two cytochrome P450s, two dehydrogenases, and two reductases present 
in wild type WRC, but absent in trees that contain no foliar monoterpenes/thujone. Therefore, 
these genes are potentially involved in the biosynthesis of thujone. We have also found that the 
size of foliar resin glands, storing terpenoids, correlate strongly with the levels of 
monoterpenoids and thujone. This is a marker that can be scored rapidly by simple microscopy 
and therefore of particular value for widespread application in selection for deer browsing 
resistance. WRC heartwood rot resistance has been attributed to high levels of monoterpenoid 
tropolones, particularly thujaplicins. There is evidence that thujaplicins are derived from the 
monoterpene terpinolene. We have identified a gene those enzyme has strong and specific 
terpinolene synthase activity. This gene is in addition expressed primarily in wood-forming 
tissues.  Taken together, we have identified a set of molecular markers that are suitable 
candidates for the development of genetic markers for deer browsing and heartwood rot 
resistance as well as an easy to score anatomical marker for foliar monoterpene content and deer 
browsing resistance. 
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Introduction 
 

Background to the problems 

Based on lumber prices, WRC is one of the most prized, at times the highest prized, forest tree 

species in Canada. In 2002, exports of WRC products topped 1 billion dollars (Gonzales, 2004). 

Since then, the allowable cut has been reduced, which resulted in exports around $ 770 million in 

2006 (Statistics Canada, 2007). WRC is native to the Pacific Northwest and in Canada is unique 

to British Columbia (BC) with a closely related species, Eastern white cedar, found from Ontario 

to New Brunswick. WRC is in the top category for durability of any softwood and also show 

unusually high dimensional stability at different moisture content (Gonzales, 2004). Based on 

these unique properties, WRC is primarily used for value-added applications, distinct from 

construction lumber.  The natural durability makes WRC lumber “ideal for exterior uses: roofs, 

siding, soffits, porches, fences, sashes, decks, windows, doorframes, planters, screens, shelters 

and garden furniture” (Gonzales, 2004). Because of its value-added traits, WRC lumber was 

excluded from the recent softwood lumber dispute, despite the fact that the US also produces 

WRC lumber. Also, because of its enormous cultural value for First Nations who have 

extensively used WRC for centuries in all aspects of their lives and because of its unique 

economic and ecological value for BC, WRC has been officially named BC’s provincial tree. 

The range of WRC is expected to expand with predicted scenarios of climate change (Hamann 

and Wang, 2006). However, sustainable production of WRC is not without problems for the 

industry.  Reforestation with WRC is expensive due to extensive browsing of seedlings by 

ungulates, i.e. hoofed mammals. For example, Stroh et al. (2008) found the population of Sitka 

black-tailed deer (Odocoileus hemionus sitkensis) to be the primary factor preventing 

regeneration of WRC in Haida Gwaii/Queen Charlotte Islands. This finding is in agreement with 

other studies showing that deer have strong feeding preference for WRC (Martin and Daufresne, 

1999; Martin and Baltzinger, 2002; Vourc’h et al., 2002a,b,c). Also, although WRC wood is 

regarded as durable, there is a large tree-to-tree variation in the extent of internal rot, and a 

significant fraction of second growth trees are culled for that reason, especially in the interior 

cedar/hemlock biogeoclimatic zone (DeBell et al., 1999). These are problems that cannot be 

addressed with pesticide application or crop rotation. 

 

The connection between deer browsing resistance and monoterpenoids 

 

Ungulate browsing deterrence is linked to high levels of modified monoterpenes or 

monoterpenoids in the foliage (Vourc’h et al. 2001; Vourc’h et al. 2002a). Ungulates selectively 

feed on individuals with low levels of foliar monoterpenoids, while avoiding plantlets with 

higher levels (Vourc’h et al., 2002a). Vourc’h et al. (2002b) have found that the two most 

important monoterpenoids for deterring ungulate feeding are α- and β-thujone, which are 
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typically the most abundant monoterpenoids in WRC foliage. Therefore, high foliar content of 

thujones is an important trait for selection of material for reforestation. 

 

 

The connection between heartwood rot resistance and monoterpenoid tropolones 

 

The heartwood of trees is protected from microbial degradation by a variety of biologically 

active compounds. Five tropolones have been identified in WRC, of which β-thujaplicin, γ-

thujaplicin and β-thujaplicinol make up 98% by weight of the total tropolone content (Daniels 

and Russell, 2008). These tropolones are strong antimicrobial terpenoid compounds that confer 

decay resistance and contribute to WRC’s extraordinary lifespan (> 2000 years). The sites of 

tropolone production are unknown. Tropolones are derived from monoterpenes, compounds that 

together with sesqui-and di-terpenes are deposited in resin ducts in needles and stems of conifers 

in the Pinaceae family such as pine and spruce species which have been well characterized for 

biosynthesis and storage of terpenoid resins (Keeling and Bohlmann, 2006a,b). While WRC 

foliage contains resin glands, resin canals are absent from the stem wood. Thin-walled 

parenchymatic cells with dark content can be found primarily in wood produced late in the 

season (Gonzales, 2004). It has been hypothesized, but not confirmed, that these cells are resin-

producing cells in WRC. Tropolone content varies greatly within stems and content is related to 

tree age. DeBell et al., (1999) found newly formed heartwood in young trees contained less 

tropolones than newly formed heartwood of mature trees, indicating that as the tree ages, its 

ability to produce tropolones increases (There also appears to be within-stem variation in 

tropolone content. The highest amounts are found in the heartwood adjacent to the sapwood near 

the tree base of the tree (Swan and Jiang, 1970). Despite the durability of WRC lumber, 

heartwood rot can be extensive, especially in old trees (Gonzalez, 1994). It is believed that 

successive fungal invasion degrades tropolones and other antimicrobial compounds, eventually 

resulting in unprotected wood that is degraded from the centre outwards (Gonzalez, 1994). 

Heartwood rot is no surprise in old-growth trees many hundreds of years of age. What is 

surprising though is that a large proportion of relatively young second-growth trees also are 

afflicted with heartwood rot (references plus stats). Furthermore, there is much variability 

between trees of the same age. Trees with high decay resistance tend to have high levels of 

heartwood tropolones (DeBell, 1999), differences that probably are genetic in nature. In line with 

this hypothesis, Dr. Russell and coworkers have identified considerable variation in 

genotypically distinct trees growing at the same site. Tropolone degradation can also occur in 

wood in service. Recent work at FPInnovations has demonstrated that WRC exposed to natural 

inocula above ground and in ground contact rapidly lost tropolones and was subsequently more 

susceptible to decay by a brown-rot fungus. Thus, genetic selection for high heartwood content 

of tropolones may result in increased harvest volumes and increased lumber durability.  
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Terpenoid and Tropolone biosynthesis  

A considerable amount of information is available for terpenoid biosynthesis also in conifers, in 

particular in spruce species (Keeling and Bohlmann, 2006a).  Precursors of thujone and β-

thujaplicin are derived from monoterpenoid biosynthesis (Zhao et al, 2006; Bentley, 2008; Haluk 

et al, 2000 and 2003). Tracer experiments have demonstrated that the plastidial methyl-erithritol 

phosphate (MEP) pathway is the chief route from which monoterpenoids are derived.  In the 

MEP pathway of terpenoid biosynthesis, the enzyme 1-Deoxy-D-xylulose-5-P (DXP) synthase 

(DXS) catalyzes the first committed and potentially rate-limiting step of monoterpene synthesis. 

DXP is then converted by DXP reductoisomerase (DXR) into MEP, which are then used as 

substrates to form isopentenyl pyrophosphate (IPP) and its isomer dimethylallyl pyrophosphate 

(DMAPP), the universal building block for terpenoids (Keeling and Bohlmann, 2006a; 

Bohlmann and Keeling, 2008). In addition to the plasitidial MEP pathway, the cytosolic 

mevalonic acid pathway may also contribute to tropolone biosynthesis. A family of potentially 

rate-limiting DXS genes was functionally characterized in Norway spruce (Picea abies) 

(Philipps et al., 2007). In addition, prenyltransferases which catalyze the condensation of IPP and 

DMAPP to geranyl diphosphate (GPP), the direct precursor for monoterpenoids, were also 

characterized in Norway spruce (Schmidt and Gershenzon, 2008). Both the DXS and the GPP 

synthases are encoded in small in gene families in conifers with individual members responding 

differentially to stress treatment (e.g. treatment with methyl jasmonate) or fungal inoculation 

(Philipps et al., 2007). GGP is the substrate for all known conifer monoterpene synthases (mono-

TPS) (Keeling and Bohlmann, 2006a). Terpenoids produced by TPS may undergo further 

diversification; oxidizations, rearrangements of hydrocarbon skeletons, or additions of other 

functional groups are common. Cytochrome P450s (CYTP450s) are important enzymes for the 

formation of oxygenated terpenoids in conifers (Ro et al., 2005; Hamberger and Bohlmann, 

2006). In Salvia officinalis (common sage), a cytochrome P450 converts the monoterpene 

sabinene to α- and β- thujone through the intermediate sabinol by a similar biosynthetic pathway. 

The biosynthetic pathway of thujone from Artemisia absinthium, Tanacetum vulgare, and Salvia 

officinalis (Croteau, R., 1996) is depicted in Figure 1. The process begins with geranyl 

pyrophosphate (GPP) being converted to sabinene by sabinene synthase, TpSS-1. Sabinene is 

then converted by a cytochrome P450 to sabinol, and then to sabinone by a dehydrogenase, and 

finally to thujone by a reductase. Oleoresin in resin glands has been found to be rich in sabinene. 

Based on monoterpene extracts from Cupressus lusitanica cell cultures a biosynthetic route from 

terpinolene has been proposed for the biosynthesis of β-thujaplicin (Bentley, 2008; Zao, 2007). 

While the biosynthesis of tropolones is thought to occur by ring expansion from a monoterpenoid 

precursor, such a reaction was demonstrated only recently (Xin and Bugg, 2010). Treatment of 

monoterpenoids with the non-haem iron(II)-dependent extradiol catechol dioxygenase enzyme  

from E. coli resulted  in the formation of a tropolone ring-expansion. On the foundation of 

current knowledge of terpenoid biosynthesis in cedars and other conifers, the most relevant gene 

targets for the identification of rate- or quality-determining steps of tropolone biosynthesis in 
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WRC include DXS genes, mono-TPS genes, P450 genes and potentially also dioxygenases 

expressed in tropolone-producing cells.  

 

Methods 
 

cD�A library Construction and Screening 

RNA was extracted from roots, leaves, and stems of 2 to 3 week old seedlings, 1 year old 

saplings, vascular cambium of mature trees, and whole seed radicals. Tissues were harvested for 

RNA extraction 16 hours after being treated with a number of hormones and stress conditions to 

maximize differential gene expression.  A specific emphasis was placed on the treatment of 

foliage and cambium with 10mM methyl jasmonate and 2% yeast extract as the application of 

jasmonic acid to conifer tissues induces the expression of monoterpene synthases (Martin et al., 

2002; Byun McKay et al., 2003; Martin et al., 2003; Miller et al., 2005). PolyATract System 

1000 kit (Promega) was used to purify mRNA and double stranded cDNA was produced using 

SMART cDNA synthesis kit (Clontech). The cDNA library was sequenced using 

pyrosequencing technology provided by Roche/454 life sciences (GSFLX). To identify putative 

monoterpene synthases from the cDNA library, protein sequences from known monoterpene 

synthases from other conifer species were compared to the library using TBLASTN.  

 

Rapid amplification of cD�A ends (RACE) 

To acquire the 5’-terminus of the truncated EST, 5’-rapid amplification of cDNA ends (RACE) 

was carried out using First Choice Ligase Mediated Rapid Amplification of cDNA Ends kit 

(RLM-RACE; Ambion). RNA was extracted from 1 gram of young foliage from a two year old 

WRC tree following a protocol published in Kolosova et al. (2004). The 5' cDNA end was 

amplified from reverse transcriptase reactions according to instructions outlined by the 

manufacturer (RLM-RACE). Nested RACE primers were used in combination with Ambion 

5’Outer and 5’Inner RACE primers respectively. PCR was conducted using Phusion DNA 

Polymerase (Finzymes) for 35 cycles at 98˚C for 10 seconds, 62˚C for 30 seconds, 72˚C for 45 

seconds then 10 minutes at 72˚C. Blunt ended PCR products were purified using QIAquick PCR 

Purification Kit (Qiagen). PCR products were treated with TAQ polymerase (Fermentas) for 30 

minutes at 72˚C. PCR products were then cloned into plasmid pTZ57R/T using InsTAclone PCR 

cloning Kit (Fermentas) and sequenced by Macrogen Inc. (Korea) using M13/puc universal 

forward and reverse primers. Full length cDNA was cloned and sequenced as mentioned for 

RACE products. 

Functional Characterization of Recombinant Terpene Synthases  
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Expression of recombinant TPS enzyme and functional characterization followed the general 

procedures described in Martin et al. (2004).  Primers were designed with attB1 sites to clone the 

full translated region of TPS-L into the gateway vector pDONR/Zeo (Invitrogen). PCR was 

conducted using Phusion DNA Polymerase for 35 cycles at 98˚C for 10 seconds, 62˚C for 30 

seconds, 72˚C for 60 seconds then 10 minutes at 72˚C. PCR products were cloned into 

pDONR/Zeo using BP Clonase II (Invitrogen) following the manufacturers’ instructions. The 

recombinant plasmid was cloned into competent E. coli (Lucigen) and selected using zeocin. 

Plasmid pDONR-TPS-L was purified using Wizard SV plus miniprep kit (Promega). TPS-L was 

cloned into pDEST17 expression vector (Invitrogen) using LR Clonase II (Invitrogen). Positive 

clones were screened by sequencing done by Macrogen using T7 Forward and T7 Reverse 

universal primers. Purified pDEST17-TPS-L was cloned into E. coli BL21CodonPlus 

(Invitrogen) for functional characterization. For expression, bacterial cultures were grown to 

OD600 = 0.6 at 37°C in 5 ml of LB medium supplemented with 100 µg of ampicillin/ml. Cultures 

were induced by addition of L-arabinose to a final concentration of  0.2% and grown for 4 hours 

at 20°C. Cells were harvested by centrifugation (2000g, 15 min, 4°C) and resuspended in 4 ml of 

cell lysis buffer (20mM MaPO4, 500mM NaCL, 30mM imidazole, 1 mg/ml lysozyme, 

0.01mg/ml DNase, 0.01mg/ml RNase, 5mM DTT, 1xPIC, 1mM MgCL2, pH 7.4). Cells were 

disrupted by sonication using a Branson Sonifier 250 (Branson Ultrasonic Corporation, Danbury 

Conn., USA). Homogenates were cleared by centrifugation (14,000g, 20 minutes). 6x His tag 

recombinant proteins were purified using His SpinTrap columns (GE Healthcare Life Sciences), 

then desalted with Pd MiniTrap G-25 columns. 50 µl of desalted recombinant protein (0.8-

1mg/mL) was added to 450 µl monoterpene synthase buffer (Matrin et al. 2004), supplemented 

with geranyl diphosphate (GPP). Each assay was overlaid with 0.5 ml of pentane, and the assay 

mixtures were incubated in glass tubes in a water bath at 30°C for 1 hour. The aqueous fraction 

was extracted with pentane by briefly vortexing, and then frozen at -80ºC for 30 minutes. 

Aqueous and organic fractions were separated by centrifugation at 2500g for 2 minutes. 

Monoterpene production was confirmed by gas chromatograph-mass spectrometry (GC-MS) 

analysis of the pentane extract. 

 

Monoterpene Quantification from Foliage and Resin Canals 

To determine if monoterpenes within the foliage of WRC is isolated to resin canals, 100 resin 

canals and 100 locations containing surrounding the resin ducts were pierced with a needle. 

Following penetration of tissue, needles were dipped into 0.5 ml of ethyl acetate to remove any 

foliar resin, then washed with 70% ethanol and dried prior to piercing another part of tissue. 

Because of the volatile nature of monoterpenes, resin canal and surrounding tissue extractions 

were performed at different times to prevent cross-contamination of samples. Monoterpenes 

from foliar tissue were extracted following a procedure modified from Bohlmann et al. (1997). 

For each tree, 1 gram of mature leaves frozen with liquid nitrogen and ground using a motar and 
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pestle to a fine powder. Half the ground sample was stored for RNA extraction and the other 0.5 

grams was transferred to a 10mL glass tube and extracted with 5mL of ethyl acetate on a 

horizontal shaker for 30 minutes. To remove solid tissue, the extract was passed through a glass 

wool filter. Samples were then concentrated using a vacuum. Each sample was analyzed with an 

HP 5890 Series II Gas Chromatograph (Hewlett Packard) with a ZB-5ms 30 m × 0.25 mm I.D. 

column (Phenominex) programmed to initiate at 50°C for 2 minutes then increased by 10°C per 

minute to a maximum of 80°C. Mass spectrometry (MS) was conducted with a Varian Saturn 

2000 MS ion trap. 

 

Quantitative PCR Analysis (qPCR) 

RNA was extracted from the stored homogenized foliar tissue of twenty-five different WRC 

breeding lines. RNA was extracted using Purelink RNA Reagent (Invitrogen). 2µg of total RNA 

was DNase treated then cDNA was generated with Revert-aid H-minus MMULV (Fermentas) 

using an oligo dT primer. Dynamo SYBR Green qPCR kit (Finzymes, Finland) was used for the 

real-time PCR analysis following the manufacturer’s specifications. A reference gene, contig 

14596, was chosen from the sequenced cDNA library. BLASTN of this EST against the NCBI 

database shows that contig 14596 share close homology with elongation factor 1 beta from 

Arabidopsis (Genbank accession: NM121956). Primers were used to amplify these house-

keeping genes. Relative qPCR protocols were followed as described by Livak and Schmittgen 

(2001). For each sample, three technical replicates were preformed. ∆CT was calculated by 

subtracting the reference gene CT from the target gene CT.  The equation 2∆CTref-∆CTsample was 

used to determine the relative transcript abundance, where ∆CTref is a reference ∆CT value from 

a single tree and ∆CTsample the ∆CT from the tree being sampled. Pearson’s correlation was used 

to compare expression of contig 03292 to monoterpene content within foliage. Paired T-test was 

used to compare ∆CTs of cDNA from a wild stand tree to mutant line 280 to the ∆CT. Statistical 

analysis of the data was carried out using Statistix 8 Analytical Software.  

 

 

 

Results 
 

Identification of candidate terpene synthase-encoding genes 

Presently the genome of WRC is virtually unknown with only a handful of EST sequences in 

Genbank. Under this study, we generated more than 15 cDNA libraries. The libraries stemmed 

from various treatments such as methyl jasmonate, fungal extract, and other stresses to induce 

genes involved in terpene and tropolone production, in whole seedlings and foliage and cambium 
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of adult trees. The cDNA libraries were pooled and subjected to a transcriptome sequencing by 

novel next generation pyrosequencing technology provided by Roche/454 Lifesciences (FLX 

machine). This sequencing generated a total of 48.6 million bases of sequences from 243,101 

reads of an average read length of 199.8 bases. Other than inclusion of more than 50% of mRNA 

from non‐green cambium tissues to avoid excess amount of photosynthesis‐related sequences, 

the material was not normalized to enrich for rare sequences. Nevertheless, the data was 

assembled into 16,076 unique contiguous DNA sequences (contigs), with an average 7‐fold 

sequencing depth. Among these sequences, we have identified 14 contigs corresponding to 

putative TPS‐encoding genes, with 12 of them summarized in Table 1. The length of contigs 

varies between 1047and 145 basepairs (bp) and generally correlate with the number of sequence 

reads that each contig consists of. Two of the contigs consists of a much larger than average 

number of reads, which is interesting as it provides an indication that the corresponding 

transcript may be more abundant than transcripts corresponding to the other contigs. Seven of the 

12 contigs match the same Limonene/borneol synthase from Chamaecyparis obtusa. This 

similarity cannot be taken for evidence though that they all encode Limonene/borneol synthases. 

Instead, since Chamaecyparis obtusa is by far the most closely related species with identified 

TPS genes, the high similarity may reflect strong evolutionary relationship between these species 

rather than strong functional relationship between these proteins. The degree of similarity as 

indicated by the e‐value provides good evidence that the identified sequences correspond to 

transcripts for terpene synthases. The e‐values varies from relatively low for TpTPS‐L12 

indicating distantly related sequences, to extremely high for TpTPS‐7, which if they were from 

the same species, could be taken as evidence for allelic variants of the same gene in the scored 

region.  

 

Resin Canal Identification and Characterization 

We could not find literature describing the internal anatomy of WRC foliage.  Before we began 

in situ hybridizations, we analyzed paraffin sectioned foliage. We did not observe a distinct 

palisade or spongy mesophyll. Instead, we found chlorenchyma arranged around large air spaces, 

which is common in conifer foliage. Scales were often fused into bundles of three. In such cases, 

a central flat scale would be flanked by two lateral scales. These lateral scales curled around the 

central scale and partially encapsulated its distal edges. There was a large vascular bundle in the 

central scale, and where a lateral scale connected to a central scale, there was a smaller vascular 

bundle connecting with the central scale bundle. We always observed two resin canals in the 

central scale, one on the abaxial side and one on the adaxial side. We found variable numbers of 

resin canals in the lateral scales. There was always at least one in lateral scales; however we 

often observed two or three. Resin canal content was analyzed and compared with the content of 

surrounding tissues. Monoterpenes and resin acids were identified within resin canals, but not 

detected in the surrounding tissues.  
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Contig 03292 is expressed in epithelial cells that line foliar resin canals 

Since we found that the vast majority of foliar terpenes appear associated with resin glands, we 

hypothesized that contig 03292 expression is closely associated with resin glands. We tested this 

hypothesis by in situ RNA hybridization to sectioned tissues. To differentiate between specific 

and non-specific probe binding, sense and antisense probes were used. For contig 03292 sense 

probe, hybridization was completely absent in epithelial cells lining resin canals (Foster et al., 

unpublished). The contig 03292 antisense probe produced a strong hybridization signal in 

epithelial cells surrounding resin canals. The contig 03292 antisense probe always produced a 

strong hybridization signal in resin canals in both central and lateral scales (Foster et al., 

unpublished). As the contig 03292 sense probe did not produce a signal in these locations, this 

shows contig 03292 is expressed in resin canals throughout the foliage, and further demonstrates 

contig 03292 has strong specific expression in resin canals. The contig 03292 antisense probe 

also produced a strong signal in young scales with developing resin canals. 

 

Contig 03292 encodes a protein with sabinene synthase activity 

Recombinant contig 03292 protein was expressed in E .coli. The protein was active with GPP as 

substrate and produced monoterpene product profile with the primary product being sabinene 

(87%) identified by gas chromatography-mass spectrometry (GC-MS) using authentic standards 

for comparison (Foster et al., unpublished). Low quantities of α-pinene (5.5%), α-thujene (0.4%) 

and limonene (1.5%) were also produced by this enzyme. As sabinene was found to be the major 

product we renamed contig 03292 WRC sabinene synthase-1 (TpSS-1). 

 

The expression of TpSS-1 correlates with ββββ-thujone content in WRC breeding material 

A significant Pearson’s correlation was observed between the expression of TpSS-1 and the α-

thujone content from WRC individuals (Figure 6). The correlation was significant for all the 

monoterpene products of the protein (sabinene: R2=0.39; α-pinene: R2=0.44; α-thujene: 

R2=0.79), and the oxygenated monoterpenes α-thujone (R2=0.67) and β-thujone (R2=0.70). 

 

TpTS1 encodes a protein with terpinolene synthase activity 

In addition to the above described TpSS1, we have also identified a terpinolene synthase gene 

based on the in vitro activity of the recombinant protein (Figure 4; Thuja plicata Terpinolene 

Synthase 1; TpTS1).  The cloned terpinolene synthase is primarily expressed in sapwood and 

cambium, with low levels of expression in foliage (not shown). Terpinolene is a candidate 

enzyme in the synthesis of the thujaplicin tropolones (Zhao et al., 2006; Fig. 2). 
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Identification of additional candidate genes based on differential gene expression  

 As can be seen in figure 1 and 2, the predicted biosynthesis of thujone and thujaplicin involves 

multiple modifications and enzymatic activities. In addition to monoterpene synthases, 

cytochome P450 with hydroxylation activity, dehydrogenases, and reductases are believed to be 

involved (see introduction). We have identified a large number of candidate genes with predicted 

activities of these types based on sequence similarity to genes with characterized enzymatic 

functions. Thus, the problem is to identify those that may be involved specifically in the 

biosynthesis of thujone and thujaplicin. To enable that, we have compared the expression of 

candidate genes in tree provenance lines that have resin glands and contain high levels of thujone 

(described as wildtype, WT) to their expression in foliage from three provenance lines that lack 

resin glands produce almost undetectable levels of monoterpenes (lines 280, 273 and 323).  

Terpene synthases 

We found that the predicted terpene synthases TPS-L1, TPS-L2, TPS-L5, showed expression in 

foliage with resin glands, but no expression in foliage without resin ducts (Figure 5).  

Cytochrome P450 enzymes  

Among 17 tested putative cytochrome P450 encoding genes, contigs 14130 and 11028 also 

showed an absence of expression in foliage without resin glands (Figure 5). The EST sequences 

for contig14130 and 11028 were blasted against the NCBI NR database and sequence similarities 

to cytochrome P450s were identified, therefore contig11028 was renamed P450-L1 and 

contig14130 was renamed P450-L2. Due to the absence of P450-L1 and P450-L2 expression in 

all three biological replicates, these two genes were identified as potential thujone biosynthesis 

genes, therefore 5’RACE was performed to obtain the full length cDNA. Gel purified RACE 

product for P450-L1 and P450-L2 were then cloned. The full length cDNA for P450-L1 was 

sequenced resulting in a 1782bp cDNA that encodes 541 amino acids. BLASTp results found the 

predicted polypeptide sequence closely related to a cytochrome P450 from Eschscholzia 

californica (California poppy) with a percent identity of 33. Figure 6 displays the conserved 

regions between the two genes. The full length cDNA for P450-L2 was also sequenced by 

Macrogen resulting in a 1682bp cDNA that encodes 436 amino acids (Appendix 1). BLASTp 

results for the amino acid sequence identify the predicted polypeptide to be most closely related 

to a punitive cytochrome P450 from Pinus taeda (Loblolly Pine). Figure 7 shows the conserved 

regions between the Pinus taeda P450 and the Thuja plicata P450 sequence. A paired T test for 

P450-L1 and P450-L2 expression in ten wild type trees from the BC Ministry of Forests’ 

Breeding program showed that expression of P450-L1 is 80 fold higher than P450-L2 (P < 

0.0001). 
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Dehydrogenases and reductases  

Contig 09447 and 14320 share sequence similarities to known dehydrogenases and were 

renamed ScD-L1 and ScD-L2 respectively. Figure 5 displays expression of the genes in foliage 

with resin glands and absence of expression in foliage without resin glands. Contig 08712 has 

been identified from nBLAST as a potential reductase. PCR results show presence of expression 

in wild type and minimal to no expression in the three zero lines. Contig10267 has also been 

identified as a potential dehydrogenase and reductase. PCR results indicated a difference in 

expression between the wild type tree and the zero lines. Expression was observed in zero line 

280. Figure 5 shows the results of contig 08712 and 10267 against the wild type and the three 

biological replicates. Due to the variable expression patterns for contig 08712, 10267, and 06748 

within the zero lines, Quantitative Polymerase Chain Reaction (QPCR) was performed to 

measure the expression of the genes in zero line 280. Figure 10 displays the results of the QPCR. 

Contig 10267 showed a 19.74 fold increase in expression for the wild type tree compared to the 

zero line 280. Contig 08712 showed a 10.29 fold expression increase in wild type over the zero 

line, and contig 06748 showed a 2.32 fold increase in expression from wild type to zero line.  

DX synthases  

The enzyme 1-Deoxy-D-xylulose-5-P (DXP) synthase (DXS) catalyzes the first committed and 

potentially rate-limiting step of monoterpene synthesis. We have identified three unique putative 

DXS-encoding genes based on similarity to characterized proteins. An alignment of one of them 

to a spruce DXS is shown in Figure 8.  

 

Resin gland size correlates with foliar monoterpene content 

Since we observed that the majority of foliar monoterpenes are confined to resin glands, and that 

different provenance lines showed marked differences in foliar resin gland size, we hypothesized 

that the foliar monoterpene content may be linked to the size of resin ducts. An initial study of 

resin gland size compared with monoterpene content in a small number of plants with a wide 

range in monoterpene content showed a significant positive Pearson's correlation between the 

area of resin glands and the monoterpene content (R2=0.50). Older trees tended to have larger 

resin gland and high monoterpene contents. In the larger study, preliminary data showed a 

significant positive Pearson's correlation between the width (R2=0.25), and area (R2=0.24) of 

resin glands and the monoterpene content. The genetic correlation between resin gland area and 

monoterpene content is 0.88 and the environmental correlation is 0.29. The narrow sense 

heritabilities are 0.2 and 0.7 for resin gland area and monoterpene content respectively. The 

heritability values we found are typical for morphology and chemical traits. The Pearson's 

correlation between calculated breeding values shows a significant positive correlation 
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(R2=0.91). The study is described in an extension note (Foster, Russell, Mattsson, unpublished) 

and the calculation of breeding value will also be described in more detail after completion of the 

analysis of a second set of independent individuals.   

 

Discussion 

Agricultural breeding, involving both plants and animals, is rapidly moving towards large-scale 

selection of desired trait combinations by selection of individuals that harbour DNA 

polymorphisms associated with specific traits (Guimarães et al., 2007). It is also possible to link 

a specific trait to the level of expression, both RNA and protein of the gene involved in or 

responsible for a specific trait. Ideally, a polymorphism is not only linked to a specific 

locus/gene but an intragenic polymorphism that actually change/improve the function of the 

encoded protein or alter the steady-state levels of expression in a beneficial manner. Here we 

have worked towards identification of genes those gene products are candidate enzymes involved 

in the biosynthesis of thujones and thujaplicins, compounds strongly associated with deer 

browsing resistance and heartwood rot resistance in WRC respectively. To that end, we started 

by purifying mRNA from tissues and treatments that were likely to harbour mRNA of candidate 

genes. The mRNA was converted to cDNA and thereafter subject to high-throughput sequencing. 

This sequencing generated > 16,000 unique contiguous DNA sequences of various lengths. In 

this database, we have identified a large set (> 200) of candidate genes based on sequence 

similarity to genes and gene families with known functions in the biosynthesis of 

monoterpenoids, to which thujones and thujaplicins belong. We have relied on the 

characterization of the expression of these genes to identify those among them that are most 

likely to be relevant for thujone and thujaplicin biosynthesis. First, we focused on those genes 

that were represented by a larger number of individual sequence reads, since, being based on 

expressed mRNAs, this indicates higher levels of expression in the chosen tissues relative to 

other genes represented by fewer sequence reads. Secondly, we used quantitative PCR (qPCR) to 

determine in what organ a gene was primarily expressed in, and how strong that expression was 

relative to other related genes. For example, TpSS1 was found to be expressed in foliage, and at 

higher levels in older individuals, and at high levels relative to other candidate monoterpene 

synthase genes. Based on this information, TpSS1 was a prime candidate for a function in the 

production of foliar monoterpenes. Thirdly, we have also used in situ RNA hybridization to map 

expression to specific tissues. In the case of TpSS1, this revealed expression in the epithelial 

cells lining the resin glands in the WRC foliage. Fourth, we have compared the expression of 

candidate genes in WRC provenances with and without foliar resin ducts and found many genes 

encoding putative monoTPSs, cytochome P450s, dehydrogenases and  reductases those 

expression is strongly linked to resin glands. Finally, we have also expanded several clones into 

full length sequences, expressed full length recombinant protein, and assayed its monoterpene 

synthase activity. To date, this analysis has identified a sabinene synthase (TpSS1), a terpinolene 
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synthase (TpTS1) and a synthase with unknown, potentially novel product (not described here). 

Since there is evidence that sabinene is the precursor monoterpene for the terpenoid thujone 

(Croteau, 1996), and it is by far the most abundantly expressed monoTPS gene in WRC foliage, 

and also expressed in the cells lining the glands that store large amounts of thujone, it is therefore 

a primary candidate among monoTPS genes for the biosynthesis of thujone. Since it is known 

that the levels of expression of monoTPS genes usually correlate with the levels of 

corresponding monoterpene, it may be possible to use qPCR as method to quantify the levels of 

expression as a proxy of thujone content. We have identified such a correlation, albeit limited, by 

the use of qPCR. QPCR is, based on the numbers available to us, both faster and cheaper than 

quantification of extracted monoterpenes, although not without its own requirements for 

expertise and specialized equipment. We have found similar correlations for the TpTS1: First, it 

is expressed primarily in wood forming tissues, Secondly, it synthesizes the monoterpene 

terpinolene, which is the suspected precursor of the thujaplicins. Taken together, this gene is 

therefore presently our prime monoTPS candidate in the biosynthesis of thujaplicins, and 

indirectly also heartwood rot resistance and wood service durability. As we found that the 

majority of monoterpenes/thujones reside in foliar resin glands, variation in the frequency and 

size of these structures became an interest of ours. There is definitely variation in the frequency 

of resin glands among WRC provenances, but the scoring of this trait requires relatively tedious 

histology. There is, however, a central major resin gland on both the adaxial and abaxial side of 

each central scale those sizes can be scored by microscopy of intact foliage. We have found 

repeated evidence in support of the hypothesis that resin gland measurements can be used as a 

breeding marker for monoterpene content in WRC foliage. Currently, we are expanding the 

analysis to a second year of analysis including another 70 families with 15-20 individuals per 

family.  

Conclusion and Management Implications 

To the best of our knowledge, this is the first study to identify genes involved in the biosynthesis 

of monoterpenoid compounds in Western redcedar. Monoterpenoids are of central importance in 

this species, both from an ecological and human perspective. WRC use monoterpenoids to ward 

off various organisms ranging from heartwood rot-causing fungi to insects and mammals that eat 

foliage and kill off planted seedlings. Essential oils extracted from WRC foliage, which is mostly 

the extracted content of resin glands, is used for various social and medicinal purposes. 

Monoterpenoid tropolones, primarily thujaplicins, contribute to heartwood rot resistance and are 

essential to the trademark service durability of WRC. WRC essential oils aside, the financial 

losses that can be attributed to deer browsing of planted seedlings and damage to juvenile trees 

can be counted in millions of dollars each year in BC alone. Similarly, the frequency of culled 

trees due to heartwood rot is actually higher in WRC than in any other softwood species in BC, 

despite the service durability of WRC lumber. This is not only found in first growth trees, that 

due to their high age are naturally prone to heartwood rot, but also frequently found in much 

younger second growth trees as well. There is evidence of considerable genetic variation with 
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respect to this trait, suggesting that targeted selection may be used select for parents for seed 

production that produce offspring with more even and high rot resistance. The main problem 

here is that monoterpenoid tropolones accumulate at quantifiable levels only after >15 years, 

which is not compatible with a selection program involving multiple generations. Here we have 

identified a large set of candidate genes in WRC monoterpenoid biosynthesis that are candidates 

for marker-assisted-selection in WRC. Their application as markers, especially in the prediction 

of heartwood rot resistance, requires additional work. We have also identified a morphological 

marker that can already now, and with simple means, be used as a proxy for foliar monoterpene 

content and indirectly also for ungulate browsing resistance. The scoring of this marker is both 

much faster (minutes rather than days) and costs only a fraction of monoterpenoid extraction and 

quantification currently used by MoFR to score monoterpenoid content.  
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Figures  

 

Table 1. Summary of 12 of the identified contigs corresponding to putative Thuja plicata terpene 

synthase (Tp‐TPS) encoding genes. The “reads” column show the number of 454 sequence reads 

that each contig consists of. The length of contigs is shown in basepairs, followed by most 
similar match in GenBank Blast searches, and the obtained bit scores and evalues. 
 
Rame         Reads Length (bp) Most Similar Match                                                  Bit  Score    E- Value 

TpTPS-L1   12        985            Abies grandis (-)-4S-limonene synthase                     300              7.00E-78 
TpTPS-L2   32        794            Chamaecyparis obtusa Limonene/borneol synthase   235              2.00E-58 
TpTPS-L3     2         229            Pseudotsuga menziesii (E)-beta-farnesene synthase    78.8             4.00E-11 
TpTPS-L4     3         445            Chamaecyparis obtusa Limonene/borneol synthase   214              8.00E-52 
TpTPS-L5     5         440            Chamaecyparis obtusa Limonene/borneol synthase   192              3.00E-45 
TpTPS-L6     8         488           Taxus canadensis taxa-4(5),11(12)-diene synthase        70                2.00E-08 
TpTPS-L7   26        1047           Chamaecyparis obtusa Limonene/borneol synthase    383                7.0E-103 
TpTPS-L8     1          201           Chamaecyparis obtusa Limonene/borneol synthase    147              9.00E-32 
TpTPS-L9     1         269            Chamaecyparis obtusa Limonene/borneol synthase    224              4.00E-55 
TpTPS-L10   2         224            Picea abies E,E-alpha-farnesene synthase                    46.4             2.40E-01 
TpTPS-L11   3         145            Chamaecyparis obtusa Limonene/borneol synthase     123              1.00E-24 
TpTPS-L12   2        205             Abies grandis myrcene synthase    50       1.90E-02 
 
 



 

Figure 1. Proposed biosynthesis pathway of

above the arrows, and candidate gene indentities indicated below lines. 

 

 

 

     geranyl                   terpinolene            

pyrophosphate          

Figure 2. Proposed biosynthesis pathway of 

18 

Proposed biosynthesis pathway of thujone , with expected enzymatic activities indicated 

above the arrows, and candidate gene indentities indicated below lines.  

 

 (1S,2S,6S)‐(+)‐1,6‐epoxy‐         thujaplicin 

       4(8)‐p‐menthen‐2‐ol       R=H 

Proposed biosynthesis pathway of β-thujaplicin (from Bentley, 2008) 

, with expected enzymatic activities indicated 
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Figure 3. Illustration showing the position of identified contigs (TpTPS‐L1‐12) in relation to 

typical terpene synthases. The domain structure on the top of the figure is adapted from Keeling 
and Bohlmann (2007) 
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Figure 4.  GC-spectrum of the enzyme assay product for Thuja plicata Terpinolene Synthase1 (TpTS1). 

Terpinolene was the only major product produced. Benzene and isobutylbenzene (IBB) were added as 

internal standards. 
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(A)                                                                 (B) 

 

   

(C)                                                              (D) 

Figure 5. Quantitative PCR analysis of gene expression in foliage of a provenance line with 

resin ducts (A) and three provenance lines without resin ducts (B, C,D). L indicates DNA ladder, 

numbers to the left indicate contig number tested by Q-PCR, ELONG indicate elongation factor 

used for normalization, here used to show equal amounts of original cDNA for amplification.  

(A) Terpene synthases (TPS-L’s)  

(B) Potential cytochrome P450's  

(C) Potential dehydrogenases  

(D) Potential reductases 
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Figure 6. Protein Alignment between P450-L1 and a known cytochrome P450 from 

Eschscholzia californica (California poppy)(Ec-P450). Alignment was conducted using Clustalx 

2.0. Comparison of the sequences found percent identities of 168/499 (33%). 
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                   *        20         *        40         *       

P450-L2 : MEEYLYWGVMGIVLSVTLFVWKQIFGNSKTQEISLPRGSTGWPVIGESIS :  50 

Pt-P450 : -------------------------------------------------- :   - 

                                                                   

                                                                   

                  60         *        80         *       100       

P450-L2 : FYRGLTSLQPRQFIQDHENRYGSVFRTNLFGRSRMAISVDPEFNKYVLQN : 100 

Pt-P450 : -------------------------------------------------- :   - 

                                                                   

                                                                   

                   *       120         *       140         *       

P450-L2 : EGRLFQANYPRSFKDLVGKYGILNVHGELQRKLHGTAANLLKNENLMPSF : 150 

Pt-P450 : ------------------------------RKLHGAAVNLLRFERLSVDF :  20 

                                                                   

                                                                   

                 160         *       180         *       200       

P450-L2 : MNDLQNVFLVAMEKWQNKGVIHLQKECHKVLLNIMGKKLLDLPPYEDSKE : 200 

Pt-P450 : MEDIQNLLHITLAKWEAKRDIHLQEECHQLVLNLMAKQLLDLSPSKDTEE :  70 

                                                                   

                                                                   

                   *       220         *       240         *       

P450-L2 : IYEAFEAYVVAILQIPIKIPGSKYTRGIKGREAFIRKVEECIEERRQHPE : 250 

Pt-P450 : ICEAFGHFSEALLAVPIKIPGTKYARGFKAREFLIKKIYESIEDRRQHPE : 120 

                                                                   

                                                                   

                 260         *       280         *       300       

P450-L2 : VIRNDLLTRILKEESWSNEIIGDFILFLMFAGYETSSTTMAFAIKFLTDN : 300 

Pt-P450 : AVHNDLLTKLLKEDSFSEEIIADFILFLLFAGHETSSRSMSFAIKFLTDC : 170 

                                                                   

                                                                   

                   *       320         *       340         *       

P450-L2 : PQAMEELTAEHDSLLKDNG---NRKLTWDNYQAMKFTHCVIKESLRLGSA : 347 

Pt-P450 : PRALEELKAEHDALLKRKGNLKNQKLNWDDYQSLKFTQCVIHETLRVGNF : 220 

                                                                   

                                                                   

                 360         *       380         *       400       

P450-L2 : GQGIYREATQNIKFKD-FVIPKGWTVYVVLVAMHLDEKYYPDPFNFNPWR : 396 

Pt-P450 : GPGVFRETKEDIKTKGGFVIPRGWTVYVFLTGTHLDEKYHSSALKFDPWR : 270 

                                                                   

                                                                   

                   *       420         *       440         *       

P450-L2 : WQ-NESSLALSENPWYMPFGRGARLCPGHYLARFENCSLLT--------- : 436 

Pt-P450 : WQPHLQDQELLKNPSFMPFGGGARLCPGMHLAKMELALFLHNFVTKFRWE : 320 

                                                                   

                                            

                 460         *              

P450-L2 : --------------------------- :   - 

Pt-P450 : ALQDDKISYFPFPRLIKGLPIRLRLRE : 347 

Figure 7. Protein Alignment between P450-L2 and a punitive cytochrome P450 from Pinus 

taeda (Pt-P450) with an identity of 250/416 (60%). Alignment was conducted using Clustalx 2.0. 



24 

 

 
 

Figure 8. WRC DXS-L1 aligned with Picea abies 1-deoxy-D-xylulose 5-phosphate synthase     

type I (DXS1). 

           

           

PaDXS-1  : 

TpDXS-L1 : 

           

                                                                        

 580         *       600         *       620         *       640        

GRILLEGDRVALLGYGTVVQNCLAASALLEEQGLSLTVADARFCKPLDRDLIRSLAREHEVIITVEEGTIGG

-RILKEGDRVALLGYGTVVQNCLAASALLEEQGLSVTVVDARFCKPLDRDLIRSLAKEHEVLITVEEGTIGG

                                                                        

           

           

PaDXS-1  : 

TpDXS-L1 : 

           

                                                                     

 *       660         *       680         *       700         *       

FGSHVAHFLALDGFLDGKLKWRPMVLPDHYIEHGAPNDQMVEAGLTASHIAASVLNILGRTREALQVMS

FGSHVAQFLALDGLLDGKLKWRPMVLPDHYIEHGAPIDQMIEAGLTSSHVAASVLNILG----------

                                                                     


