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Summary

e Terpenoid based essential oils are economically important commodities, yet beyond
their biosynthetic pathways, little is known about the genetic architecture of terpene
oil yield from plants. Transport, storage, evaporative loss, transcriptional regulation
and precursor competition may be important contributors to this complex trait.

e Here, we associate 2.39 M single nucleotide polymorphisms derived from shallow
whole genome sequencing of 468 Eucalyptus polybractea individuals with 12 traits
related to the overall terpene yield, eight direct measures of terpene concentration and
four biomass-related traits.

e Our results show that in addition to terpene biosynthesis, development of secretory
cavities where terpenes are both synthesised and stored, and transport of terpenes
were important components of terpene yield. For sesquiterpene concentrations, the
availability of precursors in the cytosol was important. Candidate terpene synthase
genes for the production of 1,8-cineole and a-pinene, and B-pinene, (which made up
more than 80% of the total terpenes) were functionally characterised as a 1,8-cineole
synthase and a 3 / a-pinene synthase.

e Our results provide novel insights of the genomic architecture of terpene yield and we
provide candidate genes for breeding or engineering of crops for biofuels or the
production of industrially valuable terpenes.

Keywords: 1,8-cineole, essential oil, eucalypt, genome-wide association study (GWAS),
pinene, terpene oil yield, terpenes, terpene synthase

Introduction

Plant derived essential oils such as lavender oil, tea tree oil and eucalyptus oil are valued for
their use in pharmaceuticals, cosmetics, cleaning products and industrial solvents and are
gaining in commercial importance (Bohlmann & Keeling, 2008; Vickers et al., 2014).
Although they typically contain dozens to hundreds of chemical compounds, they are often
dominated by one or a few terpenoids. For example, lavender oil is dominated by the
monoterpene alcohol linalool and the monoterpene ester linalyl acetate (Renaud et al., 2001),
tea tree oil is dominated by the monoterpene alcohol terpinen-4-ol (Butcher et al., 1994), and
eucalyptus oil by the monoterpene 1,8-cineole (Barton, 1999). Often these dominant terpenes
give the essential oil its commercial value, and certain terpenes are increasingly being sought
as feedstock for new products. For example, for the production of advanced renewable
biofuels, the monoterpenes a- and B-pinene, camphene and limonene are particularly useful
(Mewalal et al., 2017), and may be sourced from many plant species.

Essential oil producing plant species are largely undomesticated and huge variation exists
within species both quantitatively (up to 20-fold intraspecific variation; (King et al., 2006;
Webb et al., 2014; Kainer et al., 2017)) and qualitatively (Keefover-Ring et al., 2009;
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Padovan et al., 2014), which affects the consistency of harvested oil yield, or more
specifically, the yield of valuable terpenes. Some efforts have been made to improve oil yield
and consistency through traditional breeding. For example, tea tree breeding programs have
succeeded in doubling terpene yield over two decades (Baker et al., 2014). However,
knowledge of the genetic basis of complex phenotypic variation, here terpene yield, may lead
to greater improvement in a shorter time. In order to do so, we need to investigate the genetic
components of the complex trait of terpene yield, which is a function of the concentration of
terpenes in the leaf and the total amount of leaf mass that can be harvested (Kainer et al.,
2017).

The most studied aspect of terpene yield is the biosynthesis of terpenes (reviewed by
(Lichtenthaler, 1999; Lange et al., 2000; Keszei et al., 2008; Vranova et al., 2013); Figure 1).
All terpenes are derived from the C5 precursor isopentenyl diphosphate (IPP) and its isomer
dimethylallyl diphosphate (DMAPP), which are synthesised in two spatially separate
pathways in plants (Lange et al., 2000). The methylerythritol phosphate (MEP) pathway, of
the chloroplast, produces IPP and DMAPP from pyruvate and glyceraldehyde-3-phosphate.
The mevalonate (MVA) pathway, in the cytosol, produces IPP from acetyl-CoA, some of
which is converted to DMAPP by the isopentenyl diphosphate isomerase (IPPI) enzyme.
Downstream, IPP and DMAPP are condensed into prenyl-diphosphates (GPP, GGPP, FPP)
which are the immediate substrates for terpene synthesis. In the chloroplast, terpene synthase
(TPS) enzymes produce monoterpenes, diterpenes and tetraterpenes, while sesquiterpenes
and triterpenes are produced in the cytosol. Further modification of terpenes often takes place
through the actions of cytochrome P450 monooxygenases (Hamberger & Bohlmann, 2006) or
glucosyl transferases (Rivas et al., 2013).

Studies of the genetic basis of terpene variation have focused on candidate genes found in the
MEP and MVA pathways. Within the Myrtaceae, Kiilheim et al. (2011) found allelic variants
in the hds and hdr genes at the end of the MEP pathway that were significantly associated
with the foliar concentration of the monoterpene 1,8-cineole in a population of E. globulus.
Similarly, in E. loxophleba hds and mcs were associated with variation in concentration of
1,8-cineole and mcs, hdr and mct were associated with total terpene concentration (Padovan
et al., 2017). Such candidate gene studies, however, are limited by their inherent bias. That is,
they can only reveal details in what is already known from biochemical studies (Cappa et al.,
2013), and typically explain only a small portion of the additive genetic heritability of a trait.

Other aspects of the genetic basis of variation in foliar terpene yield such as biomass
accumulation, loss of volatile terpenes, transport of terpenes and their storage, are less
studied. Terpenes can either be continuously released to the atmosphere or stored in
specialized structures such as trichomes or schizogenic secretory cavities. In the case of tea
tree and Eucalyptus, terpenes are stored in secretory cavities within the leaf, and their
capacity may set a limit to the accumulation of oil in a leaf (King et al., 2004). Goodger and
Woodrow (2012) showed that foliar terpene concentration in E. polybractea is tightly
correlated with the total volume of secretory cavities, yet the genetic basis of the formation of
these cavities is poorly understood. Thus, there are potentially hundreds of other quantitative
trait loci (QTL) outside of the MEP or MV A pathways and tps genes affecting terpene yield.
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Genome-wide association studies (GWAS) can identify the genomic architecture of a trait,
through identification of candidate genes, followed by functional characterization. To date,
several GWAS have been performed in forest tree species (Cappa et al., 2013; Uchiyama et
al., 2013; Evans et al., 2014; McKown et al., 2014; Resende et al., 2017; Miiller et al., 2019),
but none for terpene traits. One of the reasons for this is that the undomesticated, outcrossing
nature of forest tree species causes very rapid decay of LD (Kiilheim et al., 2009;
Thavamanikumar et al., 2013), which is simultaneously a curse and a blessing from the
perspective of GWAS. Since the power to detect significant QTLs is a function of the extent
of LD (Long & Langley, 1999), populations with very short LD require very high marker
densities to ensure that most QTL are in linkage with at least one marker, making this
approach cost prohibitive in reasonable large populations until recently. On the other hand,
with short range LD and dense markers obtained from NGS sequencing, GWAS becomes an
ideal tool to locate significant loci at the gene and sub-gene level. This is not possible using
sparse markers in Eucalyptus, such as those obtainable by GBS or the EuCHIP60K SNP chip
(Silva-Junior et al., 2015).

In this study, we perform GWAS in Eucalyptus polybractea using a dense sequence-based
marker set. We obtained millions of biallelic SNPs via low-depth whole genome re-
sequencing of a population of 480 E. polybractea from 40 open pollinated half-sib families.
However, the cost of sequencing hundreds of whole genomes means that each individual was
sequenced to low (1-8 x) depth, which presents challenges for accurate genotyping and
association testing. We applied an LD-aware genotyping approach to reduce genotyping error
rates due to the low-depth samples. We performed single-SNP association tests with 12 traits
being eight related to terpene yield and four to biomass traits. We also performed multivariate
and regional GWAS analysis to increase power in this moderately sized experiment and find
SNPs and regions that affect multiple terpene-related traits. The outcomes of this study
provide a greater understanding of the genetic architecture of terpene yield and will help
inform programs to selectively breed or genetically engineer Myrtaceae species for improved
terpene production.

Materials and Methods

Phenotypes

We analysed phenotypes and genotypes of trees from a progeny experiment of Eucalyptus
polybractea (R.T. Baker) located on the property of GR Davis Pty Ltd, near West Wyalong,
NSW Australia (Lat. 33°58°S Long. 147°03’E). The experiment contains half-siblings from
40 open-pollinated families, where all 40 maternal trees originated from six sites around the
immediate West Wyalong region (Supporting Information Fig. S1). We selected 12 trees
from each of the 40 families with visually clear phenotypic diversity from large to small
individuals, for a total of n = 480. Details of the phenotyping protocol and analysis of terpene
and biomass traits can be found in Kainer ef al. (2017).
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Twelve phenotypes were selected for downstream analysis: total terpene concentration
(TTC), total monoterpene concentration (MONO), total sesquiterpene concentration (SESQ),
monoterpene:sesquiterpene ratio (MSratio), 1,8-cineole concentration (CIN), 1,8-cineole
proportion (PCIN), a-pinene concentration (APIN), B-pinene concentration (BPIN), leaf area
(LA), height (HT), 1 year change in height (AHT between 1, and 2 years post coppice), 1 year
change in crown area (ACA between 1, and 2 years post coppice). Some traits were
transformed in R when they were not normally distributed using log transform (MSratio,
APIN and BPIN) and square root transform (SESQ).

DNA extraction, library preparation, sequencing, QC and alignment

DNA from all 480 individuals was extracted and sequenced as described in Kainer et al.
(2018). Briefly, after DNA extraction with lysis stage extended to 20 min (DNeasy Plant kit,
Qiagen, Valencia, CA), 500 — 1000 ng DNA / sample was fragmented with a Diagenode
Bioruptor NGS (Diagenode, Denville NJ), with 13 cycles of 30 s on and 30 s off at maximum
intensity. After blunt-end repair, a universal Illumina P7 adapter and one of 96 barcoded P5
adapters were ligated to the ends of genomic DNA fragments from each sample using a
protocol as described by Rohland and Reich (2012). The resulting libraries were pooled by
barcode distance and DNA concentration into 22 pools. We first sequenced one individual at
the Biomolecular Resource Facility (Australian National University;MiSeq, 2 x 150 bp) to
test our custom made library preparation method. This was followed by testing a pool of 13
samples at our local facility to verify that multiplexing worked on the HiSeq2500 platform (2
x 150 bp). The remainder of pools were sequenced at Macrogen (Republic of Korea; 1 pool
of 14, 1 pool of 20 and 18 pools of 24 samples, 2 x 125 bp). Five lanes produced relatively
poor total output and were sequenced a second time, creating a set of 120 low-depth
replicates for the samples in those pools.

Sequence read quality was assessed with FastQC (Andrews 2010) and we used the BBtools
suite v36 (Bushnell, 2016) to remove adapters and trim low quality bases from the pooled
fastq reads, followed by demultiplexing with Flexbar v2.5 (Dodt et al., 2012) allowing for 1
mismatch per barcode. Eucalyptus grandis is one of a few eucalypt species planted around
tropical and subtropical regions worldwide and was the first in its genus with an annotated
genome sequence (Myburg et al., 2014). Due to the estimated divergence of E. grandis and
E. polybractea ~21 mya (Thornhill et al., 2015; Gonzalez-Orozco et al., 2016), we
anticipated that there would be significant sequence diversity. To reduce the mismatch rate
we used a two stage alignment strategy. First, we aligned the cleaned reads of each sample to
the E. grandis v2.0 reference genome (Myburg et al., 2014; Bartholomé et al., 2015) using
BWA MEM v0.7.12 (Li & Durbin, 2009) on default settings. Next, we called variants in 40
individuals using both Freebayes v0.9.21 (Garrison & Marth, 2010) and Samtools v1.3.1 (Li
et al., 2009). After variant filtering (100% call rate and Minor Allele Frequency (MAF) >
0.80) we derived the intersection of the two sets. This represented an E. polybractea
“species” set of fixed or nearly fixed variants in E. polybractea relative to E. grandis. We
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then replaced sites in the E. grandis reference genome with the alternate alleles from E.
polybractea using BCFtools (Li et al., 2009). Each of the 480 samples plus 120 replicate
samples were then realigned to the new reference genome, resulting in 600 BAM files. We
merged replicate BAMs for those 120 samples that were sequenced twice. In preparation for
genotyping we marked PCR and optical duplicates, followed by left alignment around
INDELSs using GATK 3.6 (DePristo et al., 2011). Ten samples were deemed to have
inadequate coverage for variant calling.

Genotyping

Due to the low sequencing coverage, we elected to make use of LD-aware imputation and
genotype refinement techniques provided by Thunder (Li ef al., 2011) as part of the
GotCloud pipeline (Jun et al., 2015). This pipeline calculates genotype likelihoods, phases
haplotypes, imputes missing genotypes, and finally refines error-prone genotype calls based
on LD and haplotype frequencies using samples with higher sequencing depth as guidance.
The population-scaled mutation rate prior was set to 0.02 as calculated from genotype
likelihoods by Angsd 0.913 (Korneliussen et al., 2014). Thunder was run with 20 iterations
on the National Computer Infrastructure HPC (nci.org.au). The variants output from Thunder
excluded those with low (<0.95) average genotype posterior probability and low (< 0.90)
imputation confidence. The performance of the genotyping approach was assessed by
including two low depth replicates (labelled A and B) for 12 of the samples that were
sequenced twice, and then measuring the percentage of genotypes that were discordant
between A and B, and between each individual replicate (A or B) and its corresponding
merged sample (AB).

Variant Filtering

Variants output from Thunder were filtered to remove those with low average genotype
quality (GQ < 20), low or very high population-level depth (DP<800; DP>3300), or low
MAF (< 0.02). Variants were also removed if they fell within regions of low complexity
(entropy), which were calculated with the BBtools suite bbmask feature. In order to test
whether SNPs departed from Hardy-Weinberg Equilibrium (HWE) without family structure,
we randomly selected one individual per family and recorded the p-value from the HWE test
of each SNP in that unrelated group using the SNPRelate v1.8.0 R package (Zheng er al.,
2012). We repeated this process with 100 different sets of random unrelated individuals.
SNPs with a median p-value across the 100 tests of less than 1.0 x 107 were deemed to be
consistently out of HWE and were thus removed. Finally, any SNP where more than one of
the 12 duplicated samples had discordant genotypes within its replicates was excluded from
further analysis. The remaining SNPs are described as the Thunder SNP set. SNP data is
available at https://figshare.com/s/be57a3a4d49742dd6fdf.
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Population Stratification and kinship

For population stratification analysis we performed a linkage disequilibrium (LD)-pruning,
with the Thunder SNP set, using the --indep function in PLINK v1.9 (Chang et al., 2015),
which produces a set of SNPs that have reduced collinearity between them. We used default
parameters as described in the Plink documentation: a sliding window of 50 bases shifting by
5 bases, a variance inflation factor (VIF) of 1.5 and MAF > 0.05. Principal components were
calculated using the GENESIS v2.4.0 R package (Conomos & Thornton, 2016). We then
used these in the estimation of pairwise kinship with GENESIS, refining pairwise kinship
coefficients (B;pp) by removing the signal of ancestral population structure, resulting in only
recent familial and/or cryptic relatedness. We estimated linkage disequilibrium (LD) decay
for 2.39 M SNPs and all 468 individuals, as well as three families (7, 35 and 37) and from a
random selection of 12 individuals using the method described in Marroni ef al. (2011).

Single-SNP GW AS, regional heritability mapping, and multivariate GWAS

Detailed methods for single-SNP GWAS, regional heritability mapping and multivariate
GWAS are described in the Supplemental Information Methods S1; in brief, for single-SNP
association testing we used a slightly pruned Thunder SNP set (VIF=50) with the GENESIS
R package using the ‘assocTestMM’ function. Bonferroni correction for multiple testing was
considered too stringent because the GWAS SNP set contains many SNPs in relatively strong
LD, which results in non-independence of each association test. We applied the less stringent
false discovery rate (FDR) with the Benjamini and Hochberg method on a per chromosome
basis and selected SNPs that had a FDR < 0.1 as significant. Furthermore, we used
experimental validation of several GWAS hits to verify some of the results of the GWAS (see
methods below). For regional heritability mapping, the full set of 2.39 M SNPs was divided
into regions of 100 contiguous SNPs without overlap between regions using a custom script
in R. We then performed regional heritability mapping using the Genome-wide complex trait
analysis tool (GCTA) for each region and trait (Yang et al., 2011). We applied false
discovery rate (FDR) with the Benjamini and Hochberg method on a per chromosome basis
and selected regions that had a FDR < 0.1 as significant. For the multivariate GWAS, we
used the multivariate version of BIMBAM (Stephens, 2013) to perform genetic association of
multiple related phenotypes. We used five terpene traits: CIN, APIN, SESQ, MONOREST
(where MONOREST = MONO - CIN — APIN) and PCIN.

Terpene synthase functional characterisation

We selected several tps genes that were declared significantly associated with 1,8-cineole
(CIN), a- or B-pinene (APIN or BPIN) to test whether we can infer function from association.
Detailed methods are described in the Supplemental Information Methods S2, in short total
RNA was extracted from samples that had a high proportion of either 1,8-cineole or a-pinene
followed by cDNA synthesis. Genes were amplified with primers (Supporting Information
Table S1) based on the E. polybractea pseudo reference. PCR products were cloned into the
pCR4-TOPO or pJET vector and sequenced with Sanger sequencing technique. Three full-
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length ORFs were isolated which showed high similarity to fps genes and were called Eptps|,
Eptps2 and Eptps3 (GenBank submission: #2219851).

The ORFs were cloned into the expression vector pASK-IBA37+ and amplified with nested
primers (Supporting Information Table S1). Vectors containing the three TPS genes were
transformed into E. coli TOP10 cells and grown on selective medium. Gene expression was
induced for 20 h at 18°C. Cells were disruption by sonication and the crude protein extract
was transferred into assay buffer.

Terpene synthase activity assays were performed with 30 pl crude enzyme extract and 70 pl
reaction mix. Enzyme products were collected by a solid phase microextraction fiber
(SPME), exposed to the headspace of the assay mixture for 45 min at 35°C in a water bath.
Terpene products were identified with a gas chromatograph mass spectrometer.

Results

Sequencing and Alignment

[llumina sequencing produced 1.52 terabases of data. We removed low quality bases,
barcodes and adapters, which reduced the amount of data to 1.37 terabases (Supporting
Information Table S2). During the first stage of the alignment strategy, we generated a
pseudo E. polybractea reference, by replacing 3.35 M (0.547% of 620 Mbp) sites in the E.
grandis reference with high frequency homozygous alternate variants from our population.
When we re-aligned all samples to the new pseudo reference. The average mapping quality
(MQ) improved by 0.6 and slightly increased the number of successfully mapped reads and
percentage of proper pairs. This was a consequence of average mismatches per read dropping
from 5.5 to 4.9 (Supporting Information Table S3). Across the E. grandis genome, 56% was
covered by at least one read in each sample, with one sample covering up to 73% (Supporting
Information Table S3, Fig. S2). On average 22% of the genome was covered by a depth of 4x
or greater across all samples.

Genotyping

The GotCloud genotyping pipeline produced 6.28 M SNPs in the 11 chromosomes of the
reference genome. Applying filters reduced the SNP number to 2.39 M. The MAF
distribution of the 2.39 M SNPs showed that the majority of SNPs had a MAF < 0.1
(Supporting Information Fig. S3). Of the 2.39 M SNPs, 1.03 M were located within the
34,110 annotated genes from the 11 primary chromosome scaffolds of E. grandis (Supporting
Information Table S4), and another 0.82 M SNPs were within 5 kb of a gene. We defined a
candidate gene set for terpene traits that contained 123 genes that are directly involved in
terpenoid biosynthesis (MEP and MV A pathway genes plus fps genes) and located in the 11
E. grandis chromosomes (Supporting Information Table S5). Of these, 89 genes contained at
least one SNP in the Thunder SNP set.
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Population Stratification

We used a pruned SNP set of 307,136 SNPs with MAF > 0.05 for the population
stratification analyses. The principal component analysis showed a small degree of ancestral
population structure although the majority of samples clustered into one general population
(Supporting Information Fig. S4). The first three PCs, respectively captured 2.92%, 2.37%
and 2.16% of the variation in the genotypic data. Pairwise kinship analysis revealed that some
siblings were closer to a full-sib relationship than the expected half-sib relationship of 0.25
(see Figure 1 in Kainer et al., 2018). Family 37 showed clear signatures of inbreeding, as
shown by a much slower rate of LD decay compared to the other families (Supporting
Information Fig. S5). Two sequentially labelled samples appeared to be unintentional
sequencing duplicates (Coeff of Ancestry = 1.03), and were removed from further analysis
leaving 468 individuals for the GWAS.

Single-SNP GWAS

We used the Thunder SNP set of 2.39 M SNPs for association analyses using a linear mixed
model approach. Trait heritability estimates based on the null model from the analysis ranged
from h° = 0.15 for change in crown area (ACA) to 0.76 for concentration of sesquiterpenes
(SESQ; Supporting Information Table S6). We found 2,623 SNPs associating (Benjamini
Hochberg FDR a = 0.1) with one or several of the traits investigated here (Supportive
Information Table S7). Composite terpene traits total terpene concentration (TTC) and total
monoterpene concentration (MONO) yielded relatively few SNPs with strong significance
and a noticeable paucity of significant SNPs in the candidate gene set (see Table 1,
Supporting Information Table S7). There was a slight enrichment of the effect of SNPs in
these candidate genes relative to all other genes (Table 1). For example, for concentration of
1,8-cineole (CIN), the mean absolute SNP-effect of SNPs in the candidate set (|EFF| =
1.26) was significantly higher than the mean absolute SNP-effect of SNPs in all genes
(|JEFF| = 1.23; p = 0.046). In contrast, for biomass-related traits such as height (HT) and leaf
area (LA), the mean SNP-effect in terpene candidate genes was not significantly different to
the mean SNP-effect in all genes, as expected. This trend was also present when comparing
the SNP effect of 100 random sets of 100 SNPs from a similar number of genes as the
candidate gene set (Supporting Information Fig. S6).

The strongest genetic associations were identified for B-pinene (BPIN), forming a QTL on
chromosome 1 from 25.45 to 25.50 Mbp, with a peak SNP at 25.455 Mbp (FDR 1.6 x 10™';
Figure 2, Figure 3a). Eucalyptus grandis 2.0 annotations from Phytozome show no annotated
genes in this immediate region, nor is there any recorded gene expression, the closest
annotated terpene synthase is EgTPS060 at 24.5 Mbp (annotation: (Kiilheim et al., 2015)).
However, the BlastX track in Phytozome JBrowse (Figure 3b) revealed high similarity to
putative monoterpene synthase genes found in Arabidopsis thaliana, such as AT4G16730.1
(https://phytozome.jgi.doe.gov/jbrowse/index.html?data=genomes %2FEgrandis&loc=Chr01
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%3A25450024..25500024). Based on sequence similarity, the two closest #ps of E. grandis
are EgTPS055 and EgTPS058 (data not shown).

Figure 4 shows Manhattan plots for terpene traits, with details of high-ranking SNP
associations shown in Table 2 and Supporting Information Table S7. Aside from BPIN, the
strongest associations for any trait were two SNPs (Chr10_27384836, FDR 1.56 x 10° &
Chr10_27384848, FDR 2.73 x 10’9) associated with SESQ and located in
phosphoenolpyruvate (pep)/phosphate translocator 2 (Eucgr.J02222). These two SNPs were
also highly significantly associated with the derived trait monoterpene:sesquiterpene ratio
(MSratio) but not with any other trait. A SNP on chromosome 1 (ChrO1_31758048), located
within a cluster of monoterpene synthases, was the most significant association with a-pinene
concentration (APIN; FDR 2.54 x 10’5) and was also one of the most significant associations
with CIN (FDR 0.042). Several SNPs at Chr10 19.02 Mbp were associated with both TTC
and SESQ and are located within a gene encoding an S-adenosyl-L-methionine-dependent
methyltransferase (SAM-Mtase) gene.

Growth in tree height from 1-year post-coppice to 2-years post-coppice (AHT) presented no
associations with notably strong statistical significance. Nevertheless, several of the top-
ranking associations were located within or very near to genes that have been implicated in
structural development or growth regulation such as Eucgr.JO1613 (FDR 0.079; SPT16,
involved in regulation of vegetative development in Arabidopsis thaliana) and Eucgr.JO0015
(FDR 0.079; actin 4).

Regional heritability mapping

Testing for significant associations between non-overlapping regions of 100 SNPs and
phenotypic traits provided results, which overlapped with the single SNP GWAS for terpene
related traits (Table 2, Supporting Information Fig. S7, Table S8). We found 80 associated
regions with nine traits, with several regions associating to multiple traits for a total of 93
associations (e.g. region 1391 associated with APIN, CIN, and the proportion of 1,8-cineole
(PCIN)). Several regions on chromosome 5 associated with biomass related traits (HT, AHT).
We observed no clear peaks as could be expected for regional QTL; instead, many of the
SNPs across this chromosome were significant and should therefore be interpreted with
caution.

Multivariate GWAS

Multivariate association of five terpene traits with the GWAS SNP set produced Bayes
factors (BFs) for each SNP, representing how much that SNP improved a null model for any
combination of the five terpene traits. A total of 197 SNPs had a BF > 4, 48 SNPs had a BF >
5 and 17 SNPs had a BF > 6. By examining the 48 SNPs with BF > 5.0 we can see how
regions of significant association affect various terpene traits differently (Figure 5). For
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example, three SNPs on chromosome 6 (e.g. Chr06_21496016, unknown function) appear to
affect PCIN directly plus several other terpene traits indirectly, but with little effect on CIN.
This indicates that the region may affect the production of non-cineole terpenes, thereby
altering the proportion of 1,8-cineole in stored terpenes, but not affecting the amount of 1,8-
cineole.

The SNPs on chromosome 1 around 31.75 Mbp are located within a cluster of 8 monoterpene
synthases and show a strong probability of directly affecting CIN and APIN, and lesser
probability of affecting other monoterpenes (MONOREST), PCIN and SESQ. This provides
evidence for the presence of 1,8-cineole and/or a-pinene synthases in this region leading us to
investigate this region in more detail (Figure 6). Interestingly, SNP Chr01_25455245, which
is located within the previously described -pinene QTL on chromosome 1, appears to have a
strong direct effect on APIN and an indirect effect on MONOREST.

Figure 6 reveals a lack of SNPs within most of the terpene synthases in this cluster. The
strong LD block around the prominently associated SNPs near TPS058 (31.75 Mbp) also
forms a moderately strong LD block with downstream SNPs around TPS061 (31.95 Mbp)
and upstream SNPs near TPS054 (31.52 Mbp). It is worth noting that the small region of
dense SNPs just after 31.9 Mbp is probably a rearrangement in E. polybractea relative to E.
grandis, so TPS061 could be physically closer to the rest of the TPS group than it appears. It
is apparent from the top panel that CIN and APIN are the traits most likely to be directly
affected by SNPs throughout this region. APIN is also least likely to be affected indirectly
(Supporting Information Fig. S8).

Functional Gene Validation

Terpene synthase genes putatively responsible for 1,8-cineole and a-pinene production were
localised to chromosome 1. We amplified two complete terpene synthases, which showed
high similarity to one of the genes, EgTPS055, from two individual plants. Eptps3 was
isolated from an individual with a high proportion of 1,8-cineole (DK238; 92% 1,8-cineole)
and Eptps2 was isolated from an individual with a low proportion of 1,8-cineole (DK264;
48% 1,8-cineole). The two gene products have an amino acid sequence identity of 95.1%.
Both EpTPS2 and EpTPS3 were heterologously expressed and formed 1,8-cineole as the
major product with minor amounts of other terpenes (Figure 7B and 7C). We cloned a third
terpene synthase with sequence similarity to EgTPS060 from individual DK264. The
corresponding enzyme, EpTPS1 produced B- and a-pinene (Figure 7A).

Discussion

We performed the first genome-wide association for terpene traits using dense markers
obtained by whole genome re-sequencing. Candidate gene studies have previously revealed
significant associations of terpene concentration with key genes in the MEP and MVA
pathways and downstream terpene synthases. Here, we used 2.39 million SNPs to explore the
genomic architecture in these candidate genes and all other regions of the genome. The use of
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very high density SNPs enabled us to perform GWAS on a fine scale, though the moderately
small population size meant that power to detect QTLs of smaller effect was limited
(Visscher et al., 2017). Nevertheless, through single-, regional- and multivariate association
we pinpointed the location of several commercially important terpene synthases and then
functionally validated them. Furthermore, we found evidence for allelic influence on
important factors beyond the synthesis of terpenoids, such as precursor availability, terpene
transport, cavity formation and storage.

One quarter (20/80) of the significant region associations also contained SNPs that were
significantly associated in the single-SNP GWAS (Supporting Information Tables S7, S8).
Strongly significant SNPs were one of the main drivers for this overlap (e.g. SNP
Chr01_31758048 associated with CIN, PCIN and APIN, was included in region 1392, which
associated with the same three traits). Another driver were regions that contained multiple
significant SNPs (e.g. region 19021 (TTC and SESQ) contained seven SNPs significantly
associated with TTC, SESQ, MONO and MSRATIO). Finally, many significant regions that
did not contain individual significant SNPs may provide valuable information about small
QTL of small effect that we were unable to detect in our single-SNP GWAS.

Identification of terpene synthases and implications for industry

The significant GWAS associations found in a cluster of TPS genes on chromosome 1 led to
the successful functional validation of two of those genes, which showed that they produced
1,8-cineole and, to a lesser extent, a-pinene. This was in agreement with the dual effect of
these genes shown by multivariate GWAS (Figure 6), as well as previous studies that have
shown that cineole synthases in A. thaliana and Salvia officinalis also produce lesser amounts
of pinenes (Wise et al., 1998; Chen et al., 2004). Overall, the successful validation of these
tps genes provides support for performing GWAS in highly related populations using low
depth sequencing, as well as the strength of multivariate approaches.

In the Eucalyptus essential oil industry 1,8-cineole is the most important terpene. Growers
seek genotypes with high terpene yield that is qualitatively almost entirely 1,8-cineole.
Therefore, identifying which genes, out of dozens of putative monoterpene synthases,
actually produce 1,8-cineole is beneficial for molecular breeding. Given the identity of
cineole synthases, it may be possible to evaluate prospective parental genotypes for copy-
number variation in these genes, or engineer individuals with more copies of 1,8-cineole
synthases than would be found naturally. On the other hand, if biofuel production via
dimerization of non-oxygenated monoterpenes is the goal (Meylemans et al., 2012; Mewalal
et al., 2017), it may be possible to knockout 1,8-cineole synthases in high yielding genotypes,
while simultaneously boosting the copy-number of pinene synthases to convert the excess of
GPP substrate to a- or B-pinene. This process can be guided by the functionally validated
pinene synthase (Figure 7A), as well as the strong association between B-pinene and two un-
annotated monoterpene synthases at another locus on chromosome 1 (Figure 3). The B-/a-
pinene synthase EpTPS1 shows high sequence similarity to EgTPS060, which is 1 Mbp
distant from the strong QTL for B-pinene. It is possible that EETPSO60/EpTPS1 is closer to
the B-pinene QTL due to structural variation or deletions in E. polybractea relative to E.
grandis.
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Terpene transport and storage

The strongest signal of association with TTC and MONO was a cluster of seven UDP-
Glycosyltransferase (UDP-GT) genes on chromosome 10 between 10.55 and 10.65 Mbp.
Glycosylation of terpenes enables transport and storage of hydrophobic terpenes (Rivas et al.,
2013; Schwab et al., 2015). Terpene glycosylation has been shown to occur naturally in many
plants, including cultured Eucalyptus perriniana cells (Shimoda et al., 2006) and A. thaliana
(Caputi et al., 2008). AtUGT85A2, which showed strong activity with citronellol and
geraniol is the closest Arabidopsis thaliana homolog for three of the GTs within the
associated region on chromosome 10 (Eucgr.J00971, Eucgr.JO0972 and Eucgr.J00973),
providing evidence that allelic variants at this locus may affect the glycosylation of
monoterpenes, which in turn may have an effect on monoterpene and total terpene
concentration. Although eucalypts have secretory cavities for terpene storage, it is possible
that a significant proportion of the terpenoids produced by the MV A and MEP pathways are
subsequently glycosylated and stored in that form, perhaps as a protective barrier for cells
around the perimeter of the secretory cavities (Goodger et al., 2016).

Terpenoid biosynthesis is highly polygenic

The GWAS showed that there were relatively few loci strongly associated with TTC or
MONO. This reflects the highly polygenic architecture of this trait and supports findings in
Mpyrtaceae that gene expression and transcript abundance are regulators of variation in
terpene concentration (Webb et al., 2013). None of the significant SNPs were located in or
near the Candidate Gene set, which is in contrast with previous QTL and SNP association
studies in candidate genes which show that a sizeable proportion of quantitative variation in
TTC is due to allelic variation within the MEP and/or MV A pathway (Henery et al., 2007,
Kiilheim et al., 2011; O’Reilly-Wapstra et al., 2011; Padovan et al., 2017).

There are several possible explanations for this result. Firstly, associations detected by
candidate gene studies are often subject to the ‘winners curse’ or Beavis effect (Beavis,
1994), which inflates effect sizes. Indeed, simulating a SNP set derived only from the
candidate gene set, the genes containing the most significant associations are those previously
shown to have an effect on terpene concentration, such as dxs, dxr, hds, gpps, ggpps as well
as several terpene synthases and Amgr and pmdl from the MV A pathway. In the limited
context of just the candidate gene set it is easy to interpret this subset of results, genome-wide
they may explain only a small proportion of the heritability.

Secondly, there is a large body of evidence showing that much of the flux through the MVA
and MEP pathways is due to a complex network of regulatory mechanisms (Hemmerlin,
2013; Webb et al., 2013; Vickers et al., 2014; Davies et al., 2015). Allelic variants within
genes encoding MEP and MV A enzymes could affect the efficiency of these enzymes, but
that may be a relatively small signal of variation compared to the effects of transcriptional,
post-transcriptional, translational, and post-translational regulation, precursor availability and
transport. For example, an individual with a well-optimized terpene biosynthesis pathway
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may produce monoterpenes at lower capacity if the availability of G3P or pyruvate in the
chloroplast is sub-optimal.

Thirdly, allelic variation within the candidate gene set may indeed cause variation in the total
production of terpenes, but this may be masked by the relative ability of an individual plant to
store the terpenes in foliar secretory cavities. TTC (and MONO to a lesser extent) is as much
a measure of an individual’s terpene storage capacity as its capacity to actually synthesise
terpenes, and since TTC and total cavity volume are highly correlated (Goodger & Woodrow,
2012). Association for TTC may also reveal genes involved in the formation and maintenance
of cavity space in the leaves, which will confound any signal from the candidate gene set.
Furthermore, eucalypts emit large amounts of volatile terpenes (Winters et al., 2009;
Kanagendran et al., 2018), which may indicate excess production capacity beyond the storage
capacity of the secretory cavities, or perhaps synthesis of terpenes in the mesophyll and not
exclusively in the secretory cavities (Winters, 2010). A recent investigation of the molecular
mechanism of formation of schizogenous intercellular spaces in Marchantia polymorpha,
found that two proteins were essential for its initiation: a U-box E3 ubiquitin ligase which
interacts with a Leucine-rich repeat kinase (Ishizaki, 2015). After the initiation, genes for cell
wall remodelling including expansins, cellulases and xyloglucan
endotransglucolases/hydrolases are induced (Ishizaki, 2015). Here, we identified a U-box E3
ubiquitin-protein ligase (Eucgr.FO0384, Chr06_4956541, FDR = 0.05), a leucine-rich repeat
kinase (Eucgr.G02301, Chr07_43651762, FDR = 0.04) as well as an expansin-like gene
(Eucgr.E00317, Chr05_2988627, uncorrected p-value 1.45 x 10"6, FDR = ns) that are all
associated with the foliar concentration of terpenes (Table 2). While the evolutionary distance
between a liverworth and eucalypts is large, the mechanism of initiation of secretory cavity
formation may be convergent (Ishizaki, 2015).

Precursor availability

The second strongest single-SNP and multivariate associations were between SESQ and
SNPs in the phosphoenolpyruvate/phosphate translocator (PPT2) gene (Eucgr.J02222,
Chr10_27384836, FDR = 1.6 x 10”). This translocator resides in the plastid inner-envelope
membrane and is responsible for importing phosphoenolpyruvate (PEP) from the cytosol into
the chloroplast (Knappe et al., 2003; Linka & Weber, 2010). PEP is the direct precursor to
the shikimate pathway and may also be converted to pyruvate via pyruvate kinase, though
this mechanism has not been demonstrated yet in plants (Banerjee & Sharkey, 2014). As both
G3P and pyruvate are required by the MEP pathway for IPP production, the import of PEP
may provide a secondary source of pyruvate that contributes to a high rate of terpene
production in mature leaf when volatile isoprene emissions are greatest (Banerjee & Sharkey,
2014). This is supported by studies of Arabidopsis thaliana cuel mutants with defective
PPT2, which produce only one third the carotenoids, one quarter the chlorophylls, have vastly
reduced flux through the shikimate pathway, yet show no reduction in fatty acid biosynthesis
(Streatfield et al., 1999).
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While there is evidence that PPT?2 plays a role in terpenoid biosynthesis in the chloroplast, it
is difficult to explain why Eucgr.J02222 is directly associated with SESQ, but not with
terpene traits such as MONO and CIN that are perhaps more dependent on MEP precursor
availability. We hypothesise that while a loss of function in PPT2 (as in the cuel mutants)
results in reduced availability of precursors to both the MEP and shikimate pathways, over-
expression of PPT2 may not result in greater production of monoterpenes if flux through the
MEP pathway is already at maximum. Loreto et al. (2007) showed evidence that cytosolic
PEP is partitioned between respiration, anabolic metabolism and chloroplast import.
Increased transport of PEP from the cytosol to the chloroplast may reduce production of
cytosolic acetyl-CoA, depriving the MVA pathway of its precursor and therefore reducing the
production of sesquiterpenes.

Conclusion

In this study, we used over 2 million markers obtained from whole genome re-sequencing of
480 E. polybractea individuals to explore the genomic architecture of terpene and biomass
related traits. We showed that variation in monoterpene, sesquiterpene and total terpene
concentration may be influenced by many loci of small effect beyond the genes of their
biosynthetic pathways, with few loci of large effect. We observed significant effects of the
chloroplast PEP translocator (PPT2), and evidence from associations with multiple UDP-
glycosyltransferase genes that glycosylation of terpenes may influence the accumulation of
extractable terpenes. Finally, terpene synthases that are responsible for 1,8-cineole and a-
pinene production are localised in a cluster of 7ps genes on chromosome 1. These results
provide a new list of candidate genes including several for formation of secretory cavities that
warrant further investigation to provide additional avenues beyond the MEP and MVA
pathways for improvement of terpene production in Myrtaceae.
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Figure legend

Figure 1: Schematic overview of mono- and sequiterpene biosynthesis. Genes are shown
with gene copy number based on the genome of Eucalyptus grandis. Examples of possible
terpene modifications are shown. Terpenes are in bold type.

Figure 2: Manhattan plot of p-pinene (BPIN) concentration. Only the single nucleotide
polymorphisms within the highly significant QTL on chromosome 1 of Eucalyptus
polybractea passed the genome-wide significance threshold denoted by the red horizontal
line. The blue horizontal line denotes an arbitrary significance threshold of p = 10”.

Figure 3: Regional Manhattan plot and BLASTX track of quantitative trait loci for f3-
pinene concentration (BPIN). a) Manhattan plot of single nucleotide polymorphism
associations (SNPs) with BPIN on chromosome 1 (25,440,000 — 25,520,000 bp) of
Eucalyptus polybractea. The horizontal dotted line indicates the Bonferroni threshold of FDR
= 0.1. Black circled dots are SNPs at FDR < 0.1 with Benjamini-Hochberg method on a per
chromosome basis; b) The BLASTX track against Arabidopsis thaliana from Phytozome.
Annotation of BLASTX hits: 1 and 2 mono terpene synthase (At2g24210, At3g25810,
At3g25820, At4g16730 and Atdg16740).

Figure 4: Manhattan plots of genome-wide associations in six terpene traits in
Eucalyptus polybractea. The x-axis represents the genomic position of each SNP, the y-axes
shows the strength of association measured as the —log;o(p-value) for each single nucleotide
polymorphism (SNP) and trait. Panels are APIN: a-pinene concentration, CIN: 1,8-cineole
concentration, MONO: monoterpene concentration, PCIN: proportion of 1,8-cineole, SESQ:
sesquiterpene concentration, TTC: total terpene concentration. The dashed horizontal line
shows the highly conservative genome-wide Bonferroni threshold. SNPs with a Benjamini
Hochberg corrected FDR < 0.10 at the genome-wide level are coloured in orange, while
SNPs with a FDR < 0.10 at the less stringent chromosome level are shown in blue. Vertical
orange lines are drawn at SNPs Chr01_31758048, which is located within a cluster of terpene
synthase genes, and Chr10_10603390, which is located in a cluster of UDP-
glycosyltransferases.
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Figure 5: Heatmap of most significant multivariate associated single nucleotide
polymorphisms (SNPs) in Eucalyptus polybractea (BF > 5). Color indicates the SNP
having a direct effect on the trait (PrD), the posterior probability of the SNP having any effect
on the trait (PrA), or an indirect effect on the trait (Prl). Red indicates higher probability, blue
indicates lower. SNPs (rows) are ordered by genomic position. The green shaded annotations
on the left indicate the multivariate BF for each SNP.

Figure 6: Multivariate association within cluster of seven terpene synthase genes on
chromosome 1 in Eucalyptus polybractea. a) posterior probability that a given single
nucleotide polymorphism (SNP) has a direct effect on one of five terpene traits, where
brighter yellow means greatest probability and darker purple means least. b) Manhattan plot
of Bayes factors for multiple terpene traits. Points are sized according to their Bayes factor
and coloured according to their pairwise linkage disequilibrium (LD) with the most
significant association at 31.75 Mbp (labelled). GWAS, genome-wide association study. c)
Pairwise LD between each SNP in the 500 kb region, where lighter colour signifies stronger
LD.

Figure 7: Terpene products of the heterologously expressed enzymes from Eucalyptus
polybractea. a) EpTPS1, b) EpTPS2 and ¢) EpTPS3. The compounds were collected with
solid phase micro extraction and analysed by gas chromatography-mass spectroscopy. They
were identified as 1. a-pinene, 2. sabinene, 3. B-pinene, 4. myrcene, 5. limonene, 6. 1,8-
cineole, and 7. a-terpineol.

Supporting Information

Additional supporting information may be found in the online version of this article.
Table S1 Primers used in this study.

Table S2 Next generation sequencing quality statistics.

Table S3 Reference alignment statistics per sample.

Table S4 Single nucleotide polymorphism filtering statistics.

Table S5 123 Terpene biosynthesis related genes with their location in the Eucalyptus

grandis genome, gene annotation and gene model.

Table S6 Heritability estimates for each trait based on the Genesis null models for single

SNP GWAS.
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Table S7 Complete table of all SNPs that passed the Benjamini Hochberg FDR alpha = 0.1

for each trait, including up to three of the closest E. grandis gene models.

Table S8 Regions that were significantly associated with phenotypic traits with an FDR

significance threshold of 0.1 on a per chromosome basis.
Figure S1 Maternal seed sources for Eucalyptus polybractea progeny trial.

Figure S2 Sequencing and genotype depth for shallow whole genome sequencing of

Eucalyptus polybractea.

Figure S3 Minor allele frequency distribution of 2.39 million SNPs across the population of

468 Eucalyptus polybractea individuals.

Figure S4 Principal Component Analysis of 468 individuals of Eucalyptus polybractea
labelled by family.

Figure S5 Linkage disequilibrium decay from 468 individuals of Eucalyptus polybractea.

Figure S6 Tests for trait-effect size between single nucleotide polymorphisms from random

genes compared to the candidate gene set.

Figure S7 Genome-wide regional heritability mapping manhattan plots for eight oil yield

related traits.

Figure S8 Probability of single nucleotide polymorphisms indirect effect on oil traits from

multivariate associations of a terpene synthase rich region on chromosome 1.

Method S1 Detailed information about the methods and models used for single-SNP GWAS,

regional heritability mapping and multivariate GWAS.

Method S2 Detailed information about the methods for functional characterisation of terpene

synthase genes.
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Tables

Table 1 — p-values of single nucleotide polymorphisms (SNPs) located within genes and
mean absolute SNP effect size IEFFI| in Eucalyptus polybractea.

WG CAND GENES CAND

threshold FDR 0.1 FDRO0.2 FDR 0.1 FDR 0.2 IEFFI [EFFI t-test
Oil

TTC 2 9 0 0 1.703 1.707 0.429
MONO 0 0 0 0 1.554 1.556 0.460
CIN 0 2 0 0 1.230 1.260 0.046
PCIN 1 2 0 0 0.014 0.014 0.910
APIN 2 2 0 0 0.097 0.099 0.120
BPIN 0 5 0 0 0.153 0.156 0.057
SESQ 9 16 0 0 0.969 0.987 0.079
MSratio* 905 8425 2 24 0.150 0.151 0.210
Biomass

LA 0 2 0 0 26.357 25.059 1.000
HT 0 0 0 0 6.779 6.622 0.967
AHT 0 0 0 0 3.224 3.165 0.923
ACA 0 0 0 0 0.032 0.032 0.373

The number of SNPs with p-values below the given thresholds within the whole genome (WG) or within oil
candidate genes (CAND) are shown (left side of the table). Mean SNP effects size is shown in all genes
(GENES) and candidate genes (CAND:; right side of the table). T-test reports the p-value from a 1-sided t-test to
see if estimated SNP effects are greater in candidate genes than in all genes. *MSratio showed signs of p-value
inflation.
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Table 2 — Selected single nucleotide polymorphisms (SNPs) associations by trait in

Eucalyptus polybractea.

Traits SNP ID FDR MAF R’ Nearest gene Annotation Possible
function

BPIN Chr01_25455245 *  7.74E-43 0.309 0.3383 NA Putative monoterpene synthases TERP

SESQ Chr10_27384836 *  1.56E-9 0.473  0.114 EucgrJ02222 phosphoenolpyruvate PRE
(pep)/phosphate translocator 2

APIN, Chr01_31758048 *  2.54E-5 0.258  0.081 Eucgr.TPS058  Monoterpene synthase cluster TERP

CIN, PCIN

SESQ, Chr10_19020945 *  0.0007 0.056  0.064 Eucgr.J01534 SAM-Mtase superfamily protein ~ STRESS

TTC,

MONO

TTC, Chr02_38232403 *  0.008 0.056 0.058 Eucgr.B01785 Disease resistance protein (CC- STRESS

MONO NBS-LRR class) family

TTC, Chr10_10603390*  0.0124 0.079  0.059 Eucgr.J00973 UDP-Glycosyltransferase TRAN,

MONO superfamily protein STOR

SESQ Chr06_45031390 0.019 0.029  0.058 Eucgr.F03370  S-locus lectin protein kinase STRESS
family protein

TTC, Chr02_52005554 0.032 0.045 0.050 Eucgr.B03157  plasmodesmata callose-binding TRAN

MONO protein 3

SESQ Chr05_13544393 0.038 0.054  0.055 Eucgr.E01295  NB-ARC domain-containing STRESS
disease resistance protein

TTC Chr(07_43651762 0.039 0.121  0.054 Eucgr.G02301  leucine-rich repeat CAV
transmembrane protein kinase
family protein

TTC, Chr07_13026919 *  0.039 0.051  0.052 Eucgr.G00843  HXXXD-type acyl-transferase STOR

APIN family protein

MONO Chr06_4956541 0.052 0.120  0.054 Eucgr.FO0384  RING/U-box E3 ubiquitin- CAV
protein ligase

MONO Chr10_19980843 0.054 0.067 0.046 Eucgr.J01589 Calcium-dependent lipid-binding ~ TRAN
(CaLLB domain) family protein

APIN Chr07_37694713 0.054 0.050 0.048 Eucgr.G01944 translocase inner membrane TRAN
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AHT

AHT

SESQ

CIN

Chr10_20285569 *  0.079

Chr10_236988 0.080

Chr05_27914866 *  0.083

Chr02_55962524 0.099

0.041

0.052

0.037

0.036

0.050

0.049

0.049

0.049

Eucgr.JO1613

Eucgr.JO0015

Eucgr.E02010

Eucgr.B03623

GLOBAL TRANSCRIPTION
FACTOR C, SPT16

actin-4

Vacuolar sorting protein 39

Bifunctional inhibitor/lipid-
transfer protein/seed storage 2S

albumin superfamily protein

GROW

GROW

TRAN

TRAN

SNP IDs with * indicate that there are multiple SNPs at similar significance levels near this locus. Nearest gene
shown from E. grandis. Annotation: Annotation for Eucalyptus grandis genes were taken from Phytozome
(https://phytozome.jgi.doe.gov/pz/portal.html) with the exception of Chr01_25455245, which was annotated
based on the BLASTX track of phytozome. Abbreviations: TRAN (transport), STOR (storage), STRESS (stress

response), CAV (cavity formation or cavity structure), PRE (precursor availability), TERP (terpenoid

biosynthesis), GROW (growth regulation).
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