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Abstract

Terpenes are responsible for most or all of the odor and flavor properties of Cannabis sativa,

and may also impact effects users experience either directly or indirectly. We report the

diversity of terpene profiles across samples bound for the Washington dispensary market.

The remarkable degree of variation in terpene profiles ultimately results from action of a

family of terpene synthase genes, only some of which have been described. Using a

recently available genome assembly we describe 55 terpene synthases with genomic con-

text, and tissue specific expression. The family is quite diverse from a protein similarity per-

spective, and subsets of the family are expressed in all tissues in the plant, including a set of

root specific monoterpene synthases that could well have agronomic importance. Ultimately

understanding and breeding for specific terpene profiles will require a good understanding

of the gene family that underlies it. We intend for this work to serve as a foundation for that.

Introduction

Most terpenes, particularly the more volatile 10 carbon monoterpenes and 15 carbon sesqui-

terpenes, are secondary metabolites whose synthesis evolved in response to selection for

increased fitness for some ecological niche. Terpenes play central roles in plant communica-

tion with the environment, including attracting beneficial organisms, repelling harmful ones,

and communication between plants [1]. Monoterpenes and sesquiterpenes are also responsible

for most of the odor and flavor properties of C. sativa, meaning that variation in terpene con-

tent is an important differentiator between cultivars. For this reason alone, there has long been

interest from breeders in creating cultivars with particular terpene profiles. Further, there is a

growing body of preliminary evidence that terpenes play a role in the various effects of C.

sativa on humans, either directly or by modulating the effect of the cannabinoids [2], meaning

that medical C. sativa breeding may include terpene targets. Lastly, decades of research on the
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role played by terpenes in other plant species suggests that some terpenes may have substantial

agronomic impacts [1]. While more than 100 terpenes have been identified in C. sativa [3], the

number routinely observed in flower samples is in the range of 30 to 35, most of which can be

identified against available standards.

Consistent with a role in environmental adaptation, terpenes are made by a family of ter-

pene synthases (TPS) that have evolved such that new TPS with differing product profiles can

be derived from existing enzymes by changes to just a few amino acids [4]. There is a common

“terpenoid synthase fold” [5], but sequence divergence across the family is very high, just stay-

ing within the constraints of maintaining an overall fold and basic configuration of the active

site. These enzymes are unusual in that they can be promiscuous both in terms of substrate,

(with some being shown to use either the ten carbon geranyl diphosphate (GPP) or the 15 car-

bon farnesyl diphosphate, (FPP)) and product. Many TPS will produce a mixture of different

products from a single substrate (see, for example, [6,7]). The central feature of this evolution-

ary plasticity is that change of just a single amino acid in the active site can lead to a different

product profile [4,8–10]. Angiosperms tend to have moderately large families of these

enzymes, some apparently from recent duplications, and others quite distant from each other

with both divergent and convergent evolution taking place. Generally, product profile of a

given enzyme cannot be determined from sequence similarity [11].

A complete understanding of the C. sativa TPS family will be a valuable resource for efforts

to create new varieties. Functional characterization has been completed for 12 C. sativa mono-

terpene and sesquiterpene synthases, along with preliminary genomic characterization of doz-

ens more putative genes [7,12]. But without a reasonably complete reference genome, it has

not been possible to determine the total size or genomic arrangement of the family. The Jamai-

can Lion assembly (GenBank accession GCA_003660325.2) has provided contigs long enough

to see cluster organization, so we carried out gene discovery in this more complete genome.

The assembly we used to the gene discovery work has a total size of 1.06 gb, and an N50 of 2.6

mb. Availability of a large Purple Kush RNA-Seq data set [13] allowed us to refine gene discov-

ery, verify activity, and provide a view of overall gene structure across the entire C. sativa
transcriptome.

We start with a description of trends in terpene profile data collected from flower samples

brought to a C. sativa testing lab, and then proceed to a genomic description of the TPS gene

family. Ultimately everything we see in the terpene data has an underlying explanation in the

gene family, and complete characterization of this family will enable the next generation of

craft and medicinal breeding.

Materials and methods

Terpene extraction and GC-MS analysis of C. sativa inflorescence

Terpenoids were isolated from female C. sativa inflorescence and quantitated by Steep Hill

Washington using gas chromatography mass spectrometry (GC-MS) measurement. Between

400–600 milligrams of dried homogenized inflorescence was weighed into 15mL polypropyl-

ene tubes and extracted in 10mL HPLC grade acetone containing 1,500 μg/mL cyclohexanone

as an internal standard (ISTD). Samples were vortexed for 30 seconds and sonicated for 15

minutes, repeated, and then filtered using 0.2 micron PTFE filters and diluted 1:20 with 50 μL

of filtered extract and 950 μL of LC-MS grade methanol into 2mL glass autosampler vials. Pre-

pared samples were then analyzed using 1 μL liquid injection into a split/splitless inlet set on

split on a GC-MS-QP2010 (70 eV electron impact (EI) ionization, single quadrupole MS, Shi-

madzu, Kyoto). Gas chromatographic separation was achieved with Helium as a carrier gas on

a RESTEK Rxi-5Sil MS: 30m x 0.25mm x 0.25 μm column using a flow rate of 1.2 mL/minute
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with column oven starting at 100˚C with a 4 minute hold, then ramping to 315˚C over 16 min-

utes with a 4 minute final hold. Identification and retention times for specific analytes were

determined using purified standard certified reference materials or Q3 scans and the NIST 70

eV EI Mass Spectral Data Base. Selective Ion Monitoring was performed for quantitation and

he peak areas of analytes were quantitated relative to the ISTD using external calibration

against commercially available terpene standard mixes (Emerald Scientific, San Luis Obispo,

California)

Expression and transcriptome analysis

For expression and transcriptome analysis we used the published Purple Kush (PK) RNA-Seq

data set ([13], SRA Accessions SRR352208, SRR352210, SRR352195, SRR352196, SRR352198,

SRR352200, SRR35221, SRR352202, SRR352203, SRR352205). This data set comprises more

than 600 million reads, and includes six tissue types: roots, stems, vegetative shoots, pre-

flowers (i.e. primordia) and flowers in two stages, early flower (flowers with visible stigmas),

and mid-flower (flowers with visible, non-withered stigmas and conspicuous trichomes).

This data set does not contain replicates, so no statistics was done with the mapping results.

The reference genome we used was the Jamaican Lion assembly (GenBank accession GCA_

003660325.2). Because we are using rna-SEQ data from one cultivar mapped onto an assembly

for a different cultivar, we started with an estimate of genetic distance within the transcribed

regions of the genome. PK reads were mapped to the reference genome using Hisat2 version

2.0.6 [14] setting a maximum intron size of 10kB. Output was filtered for map quality = 60

resulting in just less than 400 million uniquely mapped reads. Coverage was estimated from

bam files with samtools (samtools.sourceforge.org), and output was filtered for coverage

greater than or equal to 5. Next variants were called using the bcftools mpileup and call com-

mands, and output was filtered for quality scores greater than 100 (www.sanger.ac.uk/science/

tools/samtools-bcftools-htslib). This gave 294802 called SNPs across a bit more than 80Mb

of genomic sequence, for an overall 0.36% variation rate. This was judged to be an acceptible

distance, so sorted bam files for the six tissue specific libraries were processed and converted

to RPMK values using Ballgown [15]. A high confidence reference guided transcriptome was

calculated using StringTie v1.3.4d [16] with the parameters -c 200 -a 15. This requires a mini-

mum depth of 200, and a minimum overlap of 15 bases past the junction to call a splice

junction.

Gene discovery

Gene discovery and refinement were done along much the same lines described in [17]. A pro-

tein query set representing TPS families was constructed based around the PFAM PF01397

profile representing a domain that is conserved across all terpene synthases. Full length

sequences containing this domain were combined with the full length C. sativa TPS protein

sequences from [7], to yield a query set of 77 proteins that were used in BLAST searches [18].

against the Jamaican Lion genomic contigs. The Jamaican Lion assembly was sequenced with

Pacific Biosciences Sequel II platform. 40Kb reads (version 5 and version 6 CLR chemistry)

were utilized to seed the FALCON-UNZIP hierarchical assembly process delivering a 665kb

N50 assembly with a BUSCO score of 93.6% completeness. Since the submission of this manu-

script more details are available in a pre-print described by McKernan et al. (https://osf.io/

7d968/). The initial set of raw BLAST hits was used to identify TPS gene containing regions,

and for each raw hit the most informative protein query was determined by maximizing total

hit length and percent identity. Next these queries were used to estimate gene models using

Exonerate operating in exhaustive mode on the gene region. (Exonerate version 2.2.0, [19]).

Cannabis terpene synthase family
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This gave a set of protein similarity based gene models that were often full length, but due to

relatively low levels of conservation in the first exon (particularly when a targetting signal is

present) some models were missing part of the first coding exon. Where possible gene models

were manually adjusted based on the transcriptome data to yield complete gene structures.

Assignment of named genes from [7] was not always obvious due to a combination of

sequence variability, and possibly also splice variation, but we have tried to stay consistent

with that naming scheme.

Results

Variation in terpene profile across cultivars

To better understand how terpene content varies across C. sativa flower bound for the dispen-

sary market in Washington state, GC-MS data for flower samples was filtered for samples with

more than 0.5% total terpene to yield 475 samples. These were aggregated by cultivar to give a

final data set of 240 cultivars. Note that while this data set represents a broad range of C. sativa

samples, Jamaican Lion and Purple Kush (the source, respectively, of the assembly and tran-

scriptome data we are using) are not in this set, so no direct correlations can be made between

the oil profile data and the expression results shown below. This data set was used to construct

a heat map of the twenty most abundant terpenes (Fig 1). The heatmap has been ordered with

the most abundant terpene (β-myrcene) at the top, and hierarchical clustering on the normal-

ized and mean-centered columns (cultivars). This clustering brings together similar profiles

and shows some of the patterns in terpene profile.

Starting with overall terpene profile, while typically one or two terpenes dominate a particu-

lar sample, the terpene profile in C. sativa flowers tends to be complex, with an average of 11.2

terpenes present at above 1% of total terpene content, and 5.4 present at above 5% of the total

terpenes (S1 Fig). The dominant terpene on average constitutes just 35% of total terpene, and

it’s rare, at least in this data set, for a single terpene to constitute more than 50% of total ter-

pene. On average, the top four terpenes comprise just 72% of the total.

The clustering shown in Fig 1 suggests it would be possible to identify chemovars based on

terpene profile, just grouping cultivars by the one or two most abundant terpenes. However,

differences between cultivar profiles are more complex than this, and a simple classification

scheme may miss potentially important variation. One of the driving features of this variability

is the dynamic range of individual terpenes. Terpinolene, for example, a cyclic monoterpene

with a very distinctive smell, is present at less than 0.01% fresh weight in 86% of the cultivars

shown here, but in the remaining 14% of cultivars, it is either the dominant terpene, or close to

it. A possible explanation for this would be to posit that there are two enzymes in C. sativa that

produce terpinoline. The first makes terpinolene as it’s primary product, but a second enzyme

produces terpinolene as a minor side product, accounting for the background level of terpino-

lene found in most cultivars. While variability in concentration is most pronounced with terpi-

nolene, it is apparent across the full set of terpenes shown here. In fact, each of the top five

terpenes (β-myrcene, α-pinene, D-limonene, β-caryophyllene and terpinolene) vary from

being the single most abundant terpene in a cultivar to being a minor component, or in some

cases not detectable. The less abundant terpenes, such as the acyclic monoterpenes β- and cis-

ocimene (made by TPS6 and TPS13, respectively, [7]), or the acyclic sesquiterpenes α-and β-

farnesene, also vary from undetectable levels to being major components in other cultivars.

Another pattern visible in the heatmap is that some terpenes follow each other’s concentra-

tion very closely. The most visually obvious example of this is β-caryophyllene and α-humu-

lene, plotted against each other in Fig 2A. Data points are scattered around the regression line

consistent with sample variability and perhaps measurement error, but there is a strong linear
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relationship (R^2 = 0.92). TPS9 has been shown to produce a mixture of β-caryophyllene and

α-humulene at a ratio of about 2.5:1 [7]. In our data this ratio is 3.2:1, which is close enough to

the in vitro result that it could just represent the difference between in vitro and in vivo envi-

ronments. Fig 2B–2F show linear relationships between the rest of the top six most highly cor-

related terpene pairs. The linear relationship between the cyclic monoterpenes α-and γ-

terpinene can be explained by the fact that TPS33 has been shown to make these two molecules

in approximately equal proportions [7]. These striking linear relationships arise when mole-

cules share a common enzymatic source, but correlation may be degraded when there are mul-

tiple enzymatic sources for a pair of molecules.

The larger scale correlation structure of the data set is shown in the correlation plot in Fig 3.

Certain correlations like β-caryophyllene and α-humulene stand out, but some examples of

Fig 1. Variation in terpene abundance. Abundance of the twenty most abundant terpenes across 240 cultivars sorted with the most abundant (β-myrcene)

at the top. Individual samples were normalized to percent of total terpene present, euclidean distance was calculated with the R dist command prior to

clustering with hclust using the “complete” method.

https://doi.org/10.1371/journal.pone.0222363.g001
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Fig 2. Highly correlated terpenes.Linear relationships between the six most highly correlated compound pairs in this data set. Regression lines were fitted with the

R lm command, the R^2 values are shown in the figure, and the F-test p-values for A-E are less than 2.2e-16, while F has a p-value of 3.296e-09.

https://doi.org/10.1371/journal.pone.0222363.g002
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lack of correlation are also informative. For example, β-myrcene is fairly independent in the

correlation plot, with just a modest correlation to β-pinene (Pearson correlation coeffi-

cient = 0.56). So far, two enzymes have been characterized that produce β-myrcene as sole

product, TPS3 and TPS30 [7], which would lead you to suspect β-myrcene should be fairly iso-

lated. But TPS5, which is a highly expressed gene in Purple Kush (see Fig 4 below), has been

shown to produce approximately equal amounts of β-myrcene and α-pinene [7]. This would

seem sufficient to account for the amount of correlation we see. Further, many cyclic monoter-

pene synthases produce small amounts of β-myrcene as a side product [1]. The C. sativa β-

pinene synthase is as yet unidentified, but it is common for α-and β-pinene synthases in other

species to produce some amount of β-myrcene as a by-product [20]. Cis-ocimene is produced

as a single product by TPS13 [7], and shows no correlation to other terpenes (Fig 3). The clus-

ter including terpinolene, α-and γ-terpinene, carene and α-phellandrene would be consistent

Fig 3. Terpene correlation plot. Visual representation of the correlation matrix, Darker blue color and larger dot size indicate stronger

positive correlation, while darker red means stronger negative correlation. Figure generated using the R corrplot package (https://github.

com/taiyun/corrplot).

https://doi.org/10.1371/journal.pone.0222363.g003
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Fig 4. TPS family structure. Neighbor-joining tree calculated for protein sequence of 55 full length TPS genes with ClustalW2. The bar plot on the

right shows number of uniquely mapped reads from the combined Purple Kush RNA-Seq data set. TPS families are noted on the tree with A

denoting TPS-a sesquiterpene synthases, B TPS-b monoterpene synthases, and C TPS-c diterpene synthases. Blue bars show related genes that exist in

clusters on the genomic contigs. Note that TPS7 was not found in the genomic contigs, so the protein sequence was taken from [7].

https://doi.org/10.1371/journal.pone.0222363.g004
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with a yet to be identified terpinolene synthase enzyme that produces this whole group. This

fits with current knowledge because all of these molecules could arise from the same carboca-

tion intermediate [6], and are frequently seen as byproducts of synthases that make terpino-

lene, either as primary product or a byproduct [20,21].

Terpene synthase family structure and genomic organization

Twelve C. sativa TPS genes have been functionally characterized and described at the cDNA

level, and in the same study about half of the TPS family was detected at least as an initial

sequence similarity hit [7]. We conducted exhaustive reference protein-based gene discovery

using a Jamaican Lion assembly, with a total size of 1.06 gb and an N50 of 2.6 mb. Our strategy

started with blast searches to identify gene containing regions, followed by exonerate searches

with the most similar reference TPS sequence as query in order to estimate gene models. This

approach yielded 65 candidate genes which were filtered to remove those with multiple frame-

shifts, or that were otherwise fragmentary. This left 55 complete or essentially complete genes

for further analysis. The total number of active TPS genes in C. sativa may be higher than this

since some cultivars may carry active versions of genes we omitted for frameshifts, or because

of gaps in the current genome builds, but given the relative completeness of this assembly, we

expect this to represent all or most of the family. Fig 4 shows a neighbor joining tree calculated

from this set of 55 predicted proteins with ClustalW2 [22], with a bar plot on the right side of

the figure showing expression in the Purple Kush RNA-Seq data set [13]. While product profile

cannot yet be predicted from protein sequence [6], based on protein similarity we can classify

by family, using the characterized TPS1 limonene synthase sequence from C. sativa [12] and

the Mentha spicata limonene synthase [23] as exemplars for classification of the TPS-b family,

and the characterized TPS9 β-caryophyllene / α-humulene synthase from C. sativa [7] and the

Abies grandis γ-humulene synthase as exemplars for identification of TPS-a family members.

The exemplar for the TPS-c family was KSG_ARATH, the Arabidopsis ent-kaur-16-ene

synthase. The TPS-a family is primarily responsible for sesquiterpene synthesis, TPS-b

accounts for monoterpene synthesis and TPS-c accounts for diterpene synthesis [10]. These

categories are labelled in the tree. The C. sativa TPS family breaks down into 26 TPS-b mono-

terpene synthases, 21 TPS-a sesquiterpene synthases and four TPS-c diterpene synthases. To

get an idea of the sequence diversity of this family, the complete set of pairwise comparisons of

the protein sequences was carried out with BLASTP to create a distance matrix. This family is

extremely diverse with just 2% of pairwise comparisons having greater than 90% amino acid

identity, and the median pairwise identity at just 42%. 54 of these genes had detectable tran-

scripts in the Purple Kush RNA-Seq data set. Total expression in Purple Kush is dominated by

just a few genes TPS1, TPS18 and TPS5, but there are 16 genes each accounting for at least 1%

of total transcription, and 23 accounting for at least 0.5% of total TPS gene expression. While

we lack detailed terpene profile data for Purple Kush, a pattern of expression like this, where a

small number of synthases dominate, but the total set of expressed synthases is reasonably

large would fit well with the oil profile data we report for dispensary bound samples.

About half of the identified genes are in genomic arrays of various sizes, primarily contain-

ing closely related genes. These arrays are shown as blue bars on the dendrogram in Fig 4. The

largest TPS cluster contains 11 TPS-b genes, including characterized genes TPS1, TPS2, TPS3

and TPS33, spread over about a megabase, with sections of intervening unrelated genes. This

would appear to be the oldest array, as on average these genes share just 66% identity, but

there are three pairs of genes in this array that are nearly identical, suggesting more recent

local duplications.

Cannabis terpene synthase family
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There are two arrays of five genes each, one containing TPS-a genes, and the other TPS-b

genes. The first of these spans 135kB, and contains four closely related sesquiterpene synthases,

sharing an average of 90% amino acid identity, and including TPS8 (the γ-eudesmol, valencene

synthase [7]), and a fifth gene, TPS32, that is slightly more distant at around 81% identity.

From a sequence similarity standpoint, TPS7 would be expected to be found in this cluster, but

no convincing candidate was found in the Jamaican Lion, Pineapple Banana Bubba Kush

(GenBank accession GCA_002090435.1) or Cannatonic (GenBank accession GCA_001865755.1)

contigs. The TPS7 gene is clearly expressed, however, in Purple Kush (Fig 4), so failure to find a

copy is most likely due to the incomplete nature of the genome assemblies. The second of these

five gene arrays spans 225kB and includes TPS5, a β-myrcene / α-pinene synthase [7] and, four

uncharacterized monoterpene synthases. These four are nearly identical (on average 97% identi-

cal at the protein level), and they have very similar gene structure, with seven coding exons sepa-

rated by unusually compact introns, a 5’ UTR in a separate exon, and 3’ UTR in the last exon

(Fig 5). At 2650 bp in length, these are the shortest terpene synthase genes in C. sativa. Lastly

they all show root specific expression in the Purple Kush data set (see below, Fig 6). TPS5, on

the other hand, is on average 73% identical to the four root specific synthases, is one of the lon-

ger TPS genes at about 8500 bp, including UTRs, and has a very different expression pattern

(see below, Fig 6). Interestingly, the first three coding exons are very similar both structurally

and in terms of protein sequence across the entire set of five, with the length difference resulting

from large additions into the last four introns.

RNA-Seq expression analysis

To assess tissue specific expression we used the Purple Kush RNA-Seq data [13], comprising

samples from six tissues: root, stem, shoot, pre-flower, early flower, and midflower. This sam-

ple set contains no biological replicates for the tissue samples, so no statistical analysis can be

done here, but large differences in fragment count can still be judged to be biologically signifi-

cant. As discussed in Methods, sequence divergence between Purple Kush and Jamaican Lion

was estimated at 0.36%, which is certainly compatible with accurate fragment alignment. Pur-

ple Kush reads were mapped onto a cDNA set representing the 55 predicted TPS genes using

HISAT2 [24], and converted to RPMK values with the R ballgown module [14]. A heatmap of

the 48 most abundant transcripts is shown in Fig 6.

Fig 5. TPS5/TPS11 monoterpene synthase cluster. On the left is the overall organization of this 225kB long cluster,

with detailed exon structure on the right.

https://doi.org/10.1371/journal.pone.0222363.g005
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Looking at total gene expression across the six tissue types, almost 45% of TPS gene expres-

sion occurs in the mid flower sample, while about 10% of expression occurs in roots. Tran-

scripts are detected for 54 genes, but the top five TPS1, TPS5, TPS18, TPS7, TPS14 constitute

about 70% of total TPS gene expression (this set includes synthases for D-limonene, β-myrcene

and γ-eudesmol, [7]). One or two tissues tend to dominate expression for any given TPS, with

the top tissue on average accounting for about 60% of total expression. The expression patterns

fall into six clades, one for each of the six tissues in this data set, with the root specific set being

the largest and having the highest degree of tissue specificity. Of the 23 genes expressed in

root, ten show highly root-specific expression, meaning that roots account for greater than

80% of total expression (six of these roots are 100% root specific). TPS6, the β-ocimene

synthase is the only functionally characterized synthase in this set, but nine out of the ten are

TPS-b genes and thus expected to be monoterpene synthases. The flower specific clade (com-

bining genes most highly expressed in early and mid-flower samples) accounts for most of the

total expression, but these genes show less pronounced specificity than the root specific set. 44

genes have at least some expression in mid-flower plus early flower. These are a mix of mono-

and sesquiterpene synthases (either demonstrated or predicted based on sequence similarity).

Gene structure

Gene models for 53 substantially complete terpene synthases (manually curated by combining

Exonerate and StringTie outputs) are shown in Fig 7.

Fig 6. Tissue specific gene expression. Heatmap of terpene synthase gene expression across the six tissues of the

Purple Kush RNA-Seq data set [13] Each gene (row) normalized to percent of total expression for each gene (summed

across all tissue types). Darker color means higher percentage of total expression for a given gene.

https://doi.org/10.1371/journal.pone.0222363.g006
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Fig 7. Gene length variation. Gene structure of 55 full length TPS genes. TPS subfamily is indicated by color. A:

sesquiterpene synthases, B: monoterpene synthases, C: diterpene synthases.

https://doi.org/10.1371/journal.pone.0222363.g007
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In terms of exon structure, the C. sativa TPS family shows consistent patterns that are

highly conserved across angiosperms, gymnosperms, and even bryophytes [1,25] The TPS-a

and TPS-b subfamilies, encoding sesquiterpene and monoterpene synthases respectively, tend

very strongly to have seven exons, (sometimes containing 5’- or 3’-UTRs in separate exons).

Members of the TPS-c family, which is primarily responsible for diterpenes, typically have 15

exons [1], similar to what we observe. While the overall exon/intron structure in the C. sativa
TPS family is conserved, gene sizes vary across a nearly eightfold range from TPS37 at 2223 bp

to TPS4-like at almost 19 kbp. Most of this variation comes from intron size, from the very

compact TPS37 at 135% of coding sequence length, to TPS4-like at 1150% of coding length.

The average intron size for the TPS synthase genes is 984 bp with a median of 673 bp, but

many of these genes have one or two exceptionally large introns. 70% of these genes have at

least one intron longer than 1000 bp, and 11 have an intron longer than 5000 bp (the longest is

in TPS4-like at 8672 bp).

To investigate whether these introns are unusually long we needed to know more about the

distribution of intron sizes in C. sativa. This is still a largely unannotated genome, so we con-

structed a high confidence reference guided transcriptome as described in the methods,

requiring a read depth of 200 to call an intron junction. This yielded 10,913 transcripts across

9,173 genes with a median coverage of 730 reads. In total, this yields 80,229 introns, with an

overall median length of 147 bp, and the most common length (or mode) at 88 bp. This is a

highly skewed distribution, with 65% of introns shorter than 250 bp, but less common introns

as large as 10 kbp (the maximum length cutoff set for this transcriptome assembly). A recently

available assembly of the C. sativa genome includes annotation using a more comprehensive

approach than we’ve used here, [26] and analysis of their annotation shows essentially the

same overall intron length distribution. Finally, we compared the longest intron in each TPS

gene against the longest introns per gene across the entire transcriptome. The length distribu-

tion for the longest introns is shown in Fig 8 (median = 713 bp, mean = 1030 bp), with the lon-

gest TPS introns shown as red arrows. The mean length for the longest TPS introns, 2424 bp,

is in the top 11% of longest introns across the whole transcriptome, and some TPS introns are

among the longest in C. sativa.

Active site variation

Both the monoterpene and sesquiterpene synthase active sites have been extensively studied

through crystallographic, mutational, and functional activity assays [6]. For example, using the

crystal structure of the Mentha spicata D-limonene synthase 2ONH [26], alanine scanning

mutagenesis was used to show that only residues within 5 angstroms of the substrate had a

strong impact on enzyme output. The 24 monoterpene synthases identified in this study were

aligned to the Mentha spicata 2ONH sequence, and the aligned active site residues are shown

in Fig 9. Both the monoterpene and sesquiterpene synthase active sites contain a set of

completely conserved residues that, when mutated, result in complete loss of enzymatic activ-

ity [10]. The rest of the active site consists of highly variable positions, or plasticity residues,

mutation of which can lead to a change in product profile of the enzyme [4,8,9,27]. These are

indicated in Fig 9. Known major products from the published C. sativa characterization work

are shown on the right hand side of the figure [7,12].

Fig 10 shows an alignment of the active site residues from 25 sesquiterpene synthases,

aligned to the Abies grandis γ-humulene synthase (AAC05728), where similar studies, includ-

ing a crystal structure and mutagenesis experiments have been done [8,9]. There are several

sets of two or even three of the C. sativa synthases that are identical for this set of active site res-

idues, but that doesn’t necessarily mean they make the same products. Although TPS4 and
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TPS9 have identical active site residues, and are 97% identical at the protein level, TPS4 makes

primarily alloaromadendrene with side products including α-humulene, while TPS9 produces

β-caryophyllene and α-humulene [7].

Discussion

The terpene profile in C. sativa flowers is complex, averaging about eleven terpenes present at

above 1% total terpene content, and varies across genotypes. All of this complexity arises from

a very diverse family of synthases with at least 55 members. The TPS gene family has been

investigated in a number of plant species and diverse repertoires of 40 to 152 TPS genes have

been reported [1]. This enzymatic diversity reflects the roles these compounds play in environ-

mental adaptation. Different terpenes, and perhaps combinations of terpenes, can attract or

repel various organisms both above and below ground, and individual terpenes can play multi-

ple different roles. For example, β-caryophyllene is a defense against a bacterial pathogen of

Arabidopsis [28], while in maize, the same molecule is released by roots under attack by west-

ern corn rootworm to attract entomopathogenic nematodes, which then attack the root

worms [29]. In a citrus hybrid, monoterpene emissions are triggered by insect herbivory, but

the mix of terpenes released depends on whether the herbivory is above ground or below

ground. In response to below ground attack by root weevil, the mix of monoterpenes, domi-

nated by β-pinene, attracts entomopathogenic nematodes that attack the weevil [30]. Further,

terpenes and other volatiles have been shown to define bacterial niches, with bacterial popula-

tion density varying strongly based on scent emissions [31]. The finding of a root specific

expression clade in the C. sativa TPS family is particularly interesting in light of the role vola-

tile terpenes play in plant interaction with the soil biome. Only one of these genes, TPS6, the β-

ocimene synthase, has been functionally characterized, and it is not known what role, if any,

Fig 8. Longest intron size distribution. Distribution of sizes for the longest intron across each of 10,913 multi-exon

genes derived from a high confidence transcriptome. The median size, and the sizes from the five largest introns in the

TPS family are indicated with arrows.

https://doi.org/10.1371/journal.pone.0222363.g008
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these compounds play in C. sativa. But it could well be that the precise terpene profile emitted

by C. sativa varieties, either above or below ground will have substantial agronomic impacts

and could easily lead to future breeding targets.

Purple Kush was not among the cultivars in our oil profile data set, so we cannot make any

sort of correlation with this expression data, but Booth and colleagues [7] looked for correla-

tion between expression of characterized TPS genes with metabolite concentration in trichome

heads from Finola flowers. The only significant correlation found was between TPS1 and D-

limonene. This suggests that TPS1 is the primary source of D-limonene in Finola trichomes, as

the presence of an independent synthase would tend to degrade any correlation. Following on

this, the lack of correlation between TPS3 and myrcene is expected since there are multiple

known enzymatic sources for myrcene already, and this number may go up as the remaining

Fig 9. Monoterpene synthase active site residues. Alignment of active site residues for Family B TPS genes. For

characterized enzymes the most abundant product with GPP as substrate are shown on the right. Residues indicated

with an asterisk (�) are essential for enzyme activity, while those indicated with arrows, if changed will alter the product

profile of the enzyme. Amino acid numbering is according to the alignment in Dataset S4 of [9].

https://doi.org/10.1371/journal.pone.0222363.g009
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TPS-b family members are characterized. The lack of correlation between TPS2 gene expres-

sion and α-pinene is consistent with the presence of more than one α-pinene synthase. It

seems likely another will be found because there is no identified β-pinene synthase, and it is

common for an enzyme that makes one of the pinene isomers to also make the other, either as

a minor by-product or in approximately equal proportions [20,32]. This idea is supported by

the correlation between α-and β-pinene we see (Fig 3). The terpinolene synthase has yet to be

identified, but if it is found to make α- and γ-terpinene, carene, and α-phellandrene as by-

products, it would explain the strong co-linearities we see between these compounds. A num-

ber of terpinolene synthases described in other species make some or all of these compounds

as well [20,21].

The overall gene structure of the individual TPS genes within each family is remarkably

well conserved across the range of higher plants, and even in bryophytes [1], and references

therein). This is also observed for the C. sativa TPS-a and TPS-b families, as well as the four

TPS-c family members identified here. C. sativa TPS-a and TPS-b genes do not vary from 7

coding exons, although UTRs may occur in additional exons. Gene length, on the other hand,

Fig 10. Sesquiterpene synthase active site residues. Alignement of active site residues for Family A TPS genes,

aligned to the Abies grandis γ-humulene synthase AAC05728. For characterized enzymes the most abundant product

with FPP as substrate are shown on the right. Residues indicated with an asterisk (�) are essential for enzyme activity,

while those indicated with arrows, if changed will alter the product profile of the enzyme. Residue numbering is taken

from supplementary Fig 11 in reference 8.

https://doi.org/10.1371/journal.pone.0222363.g010
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varies over a nearly eight-fold range, which does appear to be unusual. Although we are not

aware of a systematic study of TPS gene length across species, in the large TPS families in Euca-
lyptus grandis [33], Vitis vinifera [24], Tomato [34], and Arabidopsis [35] TPS-a and TPS-b

gene lengths vary across an approximately 2-fold range. So not only are the C. sativa TPS

introns unusually large for C. sativa, it would seem that they are also unusually large for TPS-a

and TPS-b genes more generally. Introns, of course, may harbor a range of different regulatory

elements [36,37], but assessing whether these have any functional significance will require fur-

ther work.

The oil profile correlation structure shows that there are some limits to what we can breed

for in C. sativa. For example, β-caryophyllene and α-humulene occur at close to a 3:1 ratio,

consistent with there being a single source for these molecules, TPS9 [7]. So it seems unlikely

we could breed an α-humulene dominant cultivar. Something over half of TPS genes in C.

sativa occur in tandem arrays, in keeping with what has been found in other species [1]. This

means that especially with the compact TPS clusters one would expect them to be tightly linked

genetically. For example, a breeder aiming to create a cultivar containing a particular variant

of the β-myrcene / α-pinene synthase TPS5 will also be bringing in a specific set of variants of

four root-specific monoterpene synthases.

But these are small limitations. One thing that stands out looking at terpene distribution is

the remarkably wide dynamic range of individual terpenes, suggesting that the spectrum of

potential breeding targets, where each represents a unique mixture of terpenes, is enormous. It

is our intention that this initial genomic characterization of the gene family serves as the foun-

dation for a road map for the next generation of craft and medicinal C. sativa breeding.

Supporting information

S1 Fig. Prevalence of terpenes in flower samples. A. Number of terpenes detected above 1%

ot total terpene content. B. Number of terpenes found above 5% of total terpene content.

Median values are indicated with dashed red lines.

(TIF)

S1 File. TPS Transcripts. Predicted transcripts for the genes described in this study (with

TPS7 from reference 7 added for completeness sake).

(TXT)

S2 File. Terpene profile data. Aggregated oil profile data used in this study.

(TSV)
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