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Abstract

Terpenes are economically and ecologically important phytochemicals. Their synthesis is controlled by the ferpene synthase
(TPS) gene family, which is highly diversified throughout the plant kingdom. The plant family Myrtaceae are characterised
by especially high terpene concentrations, and considerable variation in terpene profiles. Many Myrtaceae are grown
commercially for terpene products including the eucalypts Corymbia and Eucalyptus. Eucalyptus grandis has the largest
TPS gene family of plants currently sequenced, which is largely conserved in the closely related E. globulus. However, the
TPS gene family has been well studied only in these two eucalypt species. The recent assembly of two Corymbia citriodora
subsp. variegata genomes presents an opportunity to examine the conservation of this important gene family across more
divergent eucalypt lineages. Manual annotation of the TPS gene family in C. citriodora subsp. variegata revealed a similar
overall number, and relative subfamily representation, to that previously reported in E. grandis and E. globulus. Many of the
TPS genes were in physical clusters that varied considerably between Eucalyptus and Corymbia, with several instances of
translocation, expansion/contraction and loss. Notably, there was greater conservation in the subfamilies involved in primary
metabolism than those involved in secondary metabolism, likely reflecting different selective constraints. The variation in
cluster size within subfamilies and the broad conservation between the eucalypts in the face of this variation are discussed,
highlighting the potential contribution of selection, concerted evolution and stochastic processes. These findings provide the
foundation to better understand terpene evolution within the ecologically and economically important Myrtaceae.

Introduction

Terpenes are an extensive group of hydrocarbon-based
compounds present in most plants, with thousands currently
characterised (Padovan et al. 2014). Although some ter-
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there is wide variation in the terpenes produced across
different species, in line with their role in modulating
diverse interactions between plants and their environment
(Keszei et al. 2010a). Along with regulating growth and
other developmental processes (Chen et al. 2011), terpenes
play roles in pollinator attraction (Pichersky and Ger-
shenzon 2002), chemical and physical barriers to herbivory
(Lawler et al. 1999; O’Reilly-Wapstra et al. 2004; Heiling
et al. 2010), and thermotolerance (Pefiuelas et al. 2005), to
name a few. Terpenes are also important economically due
to their utilisation as pharmaceuticals, industrial materials
and biofuel precursors, as well as their direct impact on the
fragrance and flavour of horticultural food products such as
apples and wine (Schwab et al. 2013).

These varied terpenoid products are created by terpene
synthase (TPS) enzymes. TPS enzymes synthesise terpe-
noid products from isopentenyl diphosphate (IPP) and
dimethylallyl diphosphate (DMAPP), which are both cre-
ated by the action of the mevalonic acid (MEV) pathway
operating in the cytosol and the methylerythritol phosphate
(MEP) pathway operating in the plastids (Chen et al. 2011).
Extensive study in many plant species (Aubourg et al. 2002;
Martin et al. 2010; Xiong et al. 2016; Hansen et al. 2017)
has revealed that the TPS gene family is generally a mid-
size family, with gene numbers ranging from 1 in Physco-
mitrella patens to 113 in Eucalyptus grandis. Previous
phylogenetic analyses of the TPS gene family have revealed
eight different subfamilies, designated TPS-a through to
TPS-h. Each subfamily influences the synthesis of different
terpenoid products, with the genes in the subfamilies TPS-a
(sesqui-terpene), TPS-b and TPS-g (cyclic/acyclic mono-
terpene), TPS-c and TPS-e (copalyl diphosphate, ent-kaur-
ene, and di-, mono- and sesqui-terpene) and TPS-f (ent-
kaurene and di-, mono- and sesqui-terpene) categorised by
the structurally distinct compounds they synthesise. Sub-
families TPS-c, -e and -f are predominantly involved in the
synthesis of primary metabolites such as gibberellin and
abscisic acid, while subfamilies TPS-a, TPS-b and TPS-g
generally synthesise secondary metabolites including
cineole and citronellal (Chen et al. 2011). The representa-
tion of TPS subfamilies is quite different across taxa; TPS-d
and TPS-h subfamilies, for example, are specific to gym-
nosperms and Selaginella spp., respectively (Chen et al.
2011). Given the large amount of variation in terpenoid
profiles within and between taxa as well as the economic
and evolutionary importance of terpenoid products (Keszei
et al. 2008; Schwab et al. 2013), it is no surprise there is an
extensive body of literature exploring these compounds.
Further investigation of the gene family underlying terpenes
in different taxa will greatly contribute to understanding
how this diversity arises.

The Myrtaceae, of the order Myrtales, is a family of
plants that exhibit some of the highest concentrations and
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diversity of foliar terpenes in plants. Across the Myrtaceae,
hundreds of compounds have been characterised (Padovan
et al. 2014), with the foliage of individual trees often con-
taining over 40 identifiable compounds (Keszei et al. 2008).
Due to these features many Myrtaceous genera are key
resources for commercial industries utilising terpenes as
essential oils (Padovan et al. 2014) including Melaleuca
(Keszei et al. 2010b), Leptospermum (Douglas et al. 2004),
Eucalyptus and Corymbia (Batish et al. 2008). Along with
Angophora, Eucalyptus and Corymbia are broadly classi-
fied as eucalypts (Slee et al. 2006). Eucalypts are the
dominant trees in most Australian native forest and the
predominant hardwood plantation species in Australia and
overseas, due to their importance to the pulp, biofuel and
timber industries (Rockwood et al. 2008; Shepherd et al.
2011). The characteristic smell of the eucalypts is due to
their especially high concentration of foliar terpenes, with
the high diversity of compounds present in this foliage
extensively studied (Ammon et al. 1985; Lawler et al. 1998;
Asante et al. 2001; Keszei et al. 2008). While the terpenoid
profiles of most eucalypts are dominated by a-pinene and
1,8-cineole (Keszei et al. 2010a; Padovan et al. 2014),
chemotype variation is important both to plant ecology
(O’Reilly-Wapstra et al. 2004; Keszei et al. 2010a) and the
essential oil industry. Analysis of the Eucalyptus grandis
reference genome (Myburg et al. 2014) revealed that this
variability is accompanied by the largest number of TPS
genes of any plant yet sequenced, closely followed by
Eucalyptus globulus (Kiilheim et al. 2015). These genes
often occur in duplicate arrays or physical clusters which
are prone to relatively rapid expansion and contraction
(Hanada et al. 2008). Given the most likely fate of duplicate
genes is degeneration (Lynch and Conery 2000), the large
number of genes present in these eucalypts suggests natural
selection preserved these expansions, resulting in high
variability of terpene products. Indeed, the combinations of
terpenes present in eucalypts varies both between and
within species (Keszei et al. 2008; O’Reilly-Wapstra et al.
2011) and within individuals (Padovan et al. 2012), in line
with the diverse roles these compounds play in responding
to ecological variation. Specific comparison of E. grandis
and E. globulus also suggests that most TPS genes evolved
prior to the divergence of these species, approximately 12
million years ago (MYA), but points to ongoing evolution
as indicated by novel gene duplication, degeneration and
gene loss (Kiilheim et al. 2015). Although this gene family
has been well categorised in E. globulus and E. grandis, the
extent to which it is conserved in other eucalypt lineages is
currently unknown.

The genus Corymbia is predominantly endemic to the
tropical, arid, and semi-arid zones of northern Australia
(Hill and Johnson 1995; Ladiges et al. 2003), but is
increasingly cultivated for forestry and essential oil
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production in Australia, India, Brazil, Fiji and South Africa
(Asante et al. 2001; Vernin et al. 2004). It is a sister genus
to Eucalyptus (Lee 2007), which diverged from a common
ancestor approximately 52 MYA (Crisp et al. 2011,
Thornhill et al. 2015). All eucalypts share the same haploid
chromosome number (n = 11), which is highly conserved
across most Myrtaceous species (Grattapaglia et al. 2012).
However, in comparison to E. grandis, Corymbia citriodora
subsp. variegata (hereafter referred to as CCV) has both a
smaller genome size (370 vs 640 MB, Grattapaglia and
Bradshaw 1994) and several major differences in chromo-
some structure (Butler et al. 2017). The recent de novo
genome assemblies for two CCV genotypes (Shepherd et al.
2015) provides the opportunity for comparison of individual
loci and gene families.

In this study we annotate the terpene synthase gene
family in the CCV reference genome and compare it to
other plants (Vitis, Populus, Arabidopsis), but focus on the
comparison of Corymbia with E. grandis and E. globulus
(Kiilheim et al. 2015). We present evidence for broad
conservation in this gene family across eucalypt
lineages along with extensive variation within subfamilies
in terms of the presence of specific clusters, and the number
of genes contained within them. These results are discussed
in the context of their evolutionary and ecological
importance.

MATERIAL AND METHODS
Terpene synthase gene discovery

Initially, a CoGeBLAST (Lyons et al. 2008) search for 7PS
genes was performed on the CCV reference genome vl1.1
(CCV18, Healey et al. 2017), based on conserved domains
from all 7PS subfamilies following Kiilheim et al. (2015). A
preliminary list of putative 7PS genes was created based on
hits with high similarity (e-value < le~%). To identify if
these preliminary hits were full length genes, the genomic
regions surrounding each BLAST hit (5 000 bp) were
used in reverse BLAST searches against the non-redundant
database at Genbank (http://www.ncbi.nlm.nih.gov, acces-
sed 23/02/2017). The closest matching 7PS gene from E.
grandis, E. globulus, Arabidopsis thaliana, Populus tri-
chocarpa or Vitis vinifera was compared to the putative 7PS
sequence using GeneWise (Birney and Durbin 2000), to
determine exon-intron borders and reveal reading frame
shifts or premature stop codons. A partial genome assembly
from a different CCV individual (1CCV2-054) was also
mined for TPS genes and, where possible, used to validate
the results from the CCV 18 genome assembly (Healey et al.
2017).

Phylogenetic analysis and annotation

The amino acid sequence of all putative CCV TPS genes
were aligned using ClustalW along with those from E.
grandis, E. globulus, A. thaliana, P. trichocarpa and V.
vinifera (Kiilheim et al. 2015). Due to high levels of var-
iation and variable exon counts between taxa the alignment
was trimmed to focus on regions conserved among all genes
(positions in the alignment with >75% gap representation
were removed), allowing a direct comparison with the
results of Kiilheim et al. (2015). The phylogeny of the TPS
family in these six organisms was determined using
IQTREE (Nguyen et al. 2015) with 1 000 ultrafast bootstrap
replicates (Minh et al. 2013). The JTT amino acid sub-
stitution model with estimation of invariable sites and
gamma distribution was used as this model created the tree
with the highest AICc value (corrected Akaike’s informa-
tion criterion) using the program SMS (Lefort et al. 2017).
CCV putative TPS genes were sorted into the subfamilies
TPS-a, -b, -c, -e, -f and -g based on sequence similarity to
TPS genes previously classified in the other species. These
genes were sorted by chromosome and by position within
chromosome in the CCV reference genome, and annotated
from the first TPS-a gene (CorciTPS001) to the final TPS-g
gene (CorciTPS102).

Gene birth/death rates were estimated using the program
Badirate (Librado et al. 2012). The BD-FR-CML model
was used with the family option, which allows for a free
turnover rate for each branch of the species tree, with the
gain/loss events of internal nodes inferred by maximum
likelihood and informed by the relative representation of
each subfamily (Librado et al. 2012). This was performed
for both the tree of the six species (with divergence times
taken from Wikstrom et al. (2001)), and for the eucalypts
alone. To improve the accuracy of the rate estimation in the
latter analysis of the eucalypts, TPS subfamilies were fur-
ther divided into their component orthologous groups
before analysis, which were defined as the most inclusive
clade of the gene tree compatible with the species tree.

RNA-Seq expression analysis

To examine the expression of putative functional genes,
RNA sequencing was undertaken using mRNA isolated
from five tissue types: flower initials, flower buds, bark,
expanded leaf, and unexpanded leaf. Tissue was obtained
from 1CCV2-054 (sequenced for the CCV54 assembly),
and RNA extracted using Ambion RNAquenous kit with
Ambion RNA Isolation aid and the standard protocol (Life
Technologies Australia, Mulgrave Vic). Total RNA was
shipped to AGRF (Melbourne, Australia) for library pre-
paration (TruSeq Stranded mRNA Sample, Illumina) and
sequencing (HiSeq HT chemistry single read 50/100,

SPRINGER NATURE
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Table 1 Copy numbers of TPS genes by subfamily in various plant species

Subfamily C. citriodora subsp. variegata (CCV) E. grandis E. globulus V. vinifera A. thaliana P. trichocarpa
TPS-a 51 (2) 52 45 29 23 13

TPS-bl 26 (1) 27 28 8 6 10

TPS-b2 10 (1) 10 2 0 2

TPS-c 1(1) 2 2 1 2

TPS-e 1(1) 1 1 2

TPS-f 4 (0) 7 0 1 1

TPS-g 9 (0) 13 10 15 1 2

Total 102 113 106 57 33 32

Table adapted from (Kiilheim et al. 2015). Numbers in brackets indicate the number of orthologous pairs between C. citriodora subsp. variegata

(CCV) and E. grandis.

Illumina). A total of 75 GB of sequence data was generated
across all five libraries: 25 GB of 100 bp single-end reads,
and 50 GB of 100 bp paired-end reads. Reads were quality
controlled using BBMap tools (Bushnell 2016), and
assembled into transcripts using Trinity de-novo RNA-Seq
assembly pipeline (Haas et al. 2013). Transcripts were
aligned to the CCV reference genome using CoGe’s RNA-
Seq analysis pipeline (Lyons and Freeling 2008). Detectable
expression at the location of putative functional and pseu-
dogenes was a criteria used to support the existence of
putative genes. The clustering of gene expression was
examined using the complete linkage method and Euclidean
distance measures contained within the package ‘gplots’
(Warnes et al. 2016) in R (R Core Team 2017), allowing
clusters to be identified based on dendogram structure.

Comparative analysis of the TPS gene family
between species

To examine differences in genome organisation and gene
number in specific TPS clusters, the positions of TPS genes
in the CCV and E. grandis genomes were collated and
assigned to specific physical clusters. A physical cluster of
TPS genes was defined as genes from the same subfamily
occurring on the same chromosome, with further support for
gene clusters based on close phylogenetic relationships.
Homologous clusters were matched, requiring both close
phylogenetic relationships between TPS genes and similar
genomic position in each genome assembly. Homologous
clusters that were both syntenic (located on the same
chromosome) and matched the approximate position within
that chromosome in both species were examined for copy
number variation. TPS genes in the CCV54 assembly were
also assigned to physical clusters and compared to the
CCV18 reference genome to determine if there were any
changes in copy number.

In cases where gene clusters in the CCV reference gen-
ome were placed on a different chromosome to their

SPRINGER NATURE

apparent homologue in E. grandis (evaluated by phyloge-
netic relatedness), verification of their position was under-
taken in CCV54. The tool SYNFIND in CoGe (Lyons and
Freeling 2008) was used to determine the likely position of
homologous genes in CCV54 taking into account the syn-
teny of the surrounding region. If gene position was con-
served across both CCV genome assemblies, movement of
loci relative to E grandis was considered real, while dis-
agreements between the CCV assemblies were flagged as
possible errors caused by misassembly, with more weight
given to the loci position mirroring that of E. grandis.

As the CCV genome assemblies (Healey et al. 2017) are
anchored to linkage maps (Butler et al. 2017), it is possible
that markers on these maps may be mis-ordered, leading to
incorrect contig positioning and potentially incorrect con-
clusions on loci position and movement. To examine this,
the number of markers used to anchor and orient each
contig housing 7PS loci with putative movement was used
to determine the strength of contig placement.

RESULTS
Discovery of TPS loci

In the Corymbia citriodora subsp. variegata reference
genome (CCV18) 127 loci were discovered with high
sequence similarity to terpene synthase (TPS) genes from
other species. Using a modified version of the classification
method of Kiilheim et al. (2015), loci were classified into
three categories: (i) 64 were full length with no structural
abnormalities and had evidence of expression; (i) 17 were
full length, expressed but with up to two frame shifts or
premature stop codons; and (iii) 21 were full length, had no
evidence of expression and up to two frame shifts or pre-
mature stop codons. In accordance with Kiilheim et al.
(2015), these were considered putatively functional TPS
genes, resulting in a total of 102 genes (Table 1, Table S1)
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Fig. 1 Phylogeny of the 7PS-a subfamily. This tree was created
through maximum likelihood analysis comparing the TPS-a subfamily
from C. citriodora subsp. variegata (Corci) with those from E. grandis
(Egran), E. globulus (Eglob), P. trichocarpa (Pt), V. vinifera (Vv) and
A. thaliana (At). Bootstrap values supported by <80% are noted by
number, while those with bootstrap values between 80 and 94% are
indicated by the symbol *. All others have values >95%. Scale
represents amino acid substitutions per site. A TPS-b gene from C.
citriodora subsp. variegata was used as the outgroup. a—d refers to
results discussed further in the text. Examples of orthologous pairings
are given by numbers 1 & 2. 3 is not considered an orthologous pairing

used in further analysis. The remaining 25 loci were clas-
sified as pseudogenes with more than two frame shifts or
premature stop codons, with no consideration given to
expression (Table S2). Similar analysis of the partially
assembled CCV54 without expression data revealed 69
putative functional TPS genes and seven pseudogenes
(Table S3). See Fig. 1 for examples of orthologous pairs.

' é? ] d
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TPS010
Eg‘?gmwsw
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as EglobTPS004 shares its most recent ancestral gene with two genes
from E. grandis rather than one. 4 is not considered an orthologous
pairing as EglobTPS027 and EgranTPS021 do not share the same most
recent ancestral gene. a shows an example of a clade that is expanded
in CCV relative to the other eucalypts. b gives an example of genes in
orthologous pairings, with the exception of EgranTPS029, which does
not pair to a single gene from another species. ¢ shows an example of a
non-orthologous pairing, as EglobTPS022 is closely related to several
genes from CCV rather than a specific one. d shows a clade structure
possibly resulting from concerted evolution

Phylogenetic analysis

The phylogenies presented show the relationship between
the CCV18 TPS genes and those from E. globulus, E.
grandis, V. vinifera, P. trichocarpa, and A. thaliana, divi-
ded into TPS-a (Fig. 1), TPS-b and TPS-g (Fig. 2) and TPS-
¢, TPS-e and TPS-f (Fig. 3) subfamilies. The same 7PS
subfamilies were represented in each eucalypt species.
Orthology (genes in different species directly descended
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Fig. 2 Phylogeny of the TPS-b and TPS-g subfamilies. This tree was
created through maximum likelihood analysis comparing the TPS-b
and TPS-g subfamilies from C. citriodora subsp. variegata (Corci)
with those from E. grandis (Egran), E. globulus (Eglob), P. tricho-
carpa (Pt), V. vinifera (Vv) and A. thaliana (At). Bootstrap values

from the same ancestral gene) between TPS genes in E
grandis and E. globulus was common, with 60% of genes
found in orthologous pairs (defined as a single gene in one
species more closely related to a single gene in a different
species than to a gene within its own genome, see Fig. 1 for
examples). However, only 9% of TPS genes in CCV were
orthologous with pairs from the other eucalypts.

The TPS-a subfamily was represented by the most genes
in CCV, as was the case in E. grandis and E. globulus
(Table 1). However, specific TPS-a clades in CCV were
expanded relative to the other eucalypts (for example, the
clade containing CorciTPS035 [Fig. la]), or missing
entirely (for example, the clade containing EgranTPS029
[Fig. 1b]). An interesting orthologous relationship was seen

SPRINGER NATURE
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supported by <80% are noted by number, while those with bootstrap
values between 80-94% are indicated by the symbol *. All others have
values >95%. Scale represents amino acid substitutions per site. A
TPS-a gene from C. citriodora subsp. variegata was used as the
outgroup. a—c refers to results discussed in the text

between an E. globulus TPS gene (EglobTPS022) and a
clade of CCV TPS genes with no specific E. grandis
ortholog, suggesting this gene was lost or not found in E.
grandis (Fig. 1c). While 31 of the TPS-a genes in E.
grandis (60% of total TPS-a genes) and E. globulus (69%)
were in orthologous pairs, greater divergence was evident in
CCV as only two TPS-a genes (4%) were in orthologous
pairs with other eucalypt genes (specifically CorciTPS025
and CorciTPS026; Fig. 1).

As seen in the TPS-a subfamily, the TPS-b and TPS-g
subfamilies also provided evidence for expansion and
contraction of physical clusters as well as loss of loci among
the eucalypts (Fig. 2). Only one TPS-bl gene (Cor-
ciTPS053) in CCV (4% of the total) was in an orthologous
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Fig. 3 Phylogeny of the TPS-c,
TPS-e and TPS-f subfamilies.
This tree was created through
maximum likelihood analysis
comparing the TPS-c, TPS-e and
TPS-f subfamilies from C.
citriodora subsp. variegata
(Corci) with those from E.
grandis (Egran), E. globulus

(Eglob), P. trichocarpa (Pt), V. @,@
vinifera (Vv), and A. thaliana 2%)
(At). Bootstrap values supported
by <80% are noted by number, B
while those with bootstrap /:‘)25‘,)
values between 80 and 94% are Qi .
indicated by the symbol *. All “S%
others have values >95%. Scale
represents amino acid Woroos, 4T7G79460
substitutions per site. A TPS-b 5007
gene from C. citriodora subsp. V01001153001 2
variegata was used as the 10005523190
outgroup J—
o }
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pair with the other eucalypts. In contrast, 19 of the TPS-b/
genes in E. grandis (710%) and E. globulus (68%) occurred
in orthologous pairs. Another potential gene loss in E.
grandis was seen in the clade containing EglobTPS077 and
multiple CCV genes (Fig. 2a). Of the TPS-b2 genes (Fig. 2),
five were in orthologous pairs between E. grandis (55%)
and E. globulus (50%), while in CCV only one (10%) was
orthologous to the other eucalypts. The remainder of the
genes were arranged in clades specific to each eucalypt with
no orthologous pairing (Fig. 2b, c). In the TPS-g subfamily,
six genes in E. grandis (46%) and E. globulus (60%) were
found in orthologous pairs, but no orthologous pairs were
found between CCV and the other eucalypts.

The TPS-c and TPS-e subfamilies, involved in the
synthesis of primary metabolites, were generally conserved
between the eucalypts (Fig. 3). The single TPS-c gene in
CCV was found in an orthologous pair with both other
eucalypts, while a second orthologous pair was found
between E. grandis and E. globulus. An identical situation
was observed in the TPS-e subfamily, with the single gene
in CCV paired with the two Eucalyptus species, and a
second orthologous pair between E. grandis and E. globu-
lus. In both cases, a second TPS-c and TPS-e gene was
found in the CCV54 assembly in the minor scaffolds
(contigs that were assembled into scaffolds but not anchored
to the 11 chromosomes), suggesting the corresponding
genes may be missing from the CCV18 assembly (although
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the possibility that the minor scaffolds represent alternate
haplotypes which did not fuse to the chromosomes cannot
be dismissed). Both of these subfamilies are highly con-
served in A. thaliana, V. vinifera and P. trichocarpa, as
each only has 1-2 genes of each subfamily (Fig. 3).

The TPS-f subfamily was more dynamic than the other
subfamilies involved in primary metabolism (Fig. 3). The
orthologous pairings seen in this clade differed somewhat to
those presented by Kiilheim et al. (2015), likely influenced
by low bootstrap support in both studies, slight differences
in methodology and the addition of CCV weakening sup-
port for previous clade structure. In our analysis, only two
of the E. grandis (29%) and E. globulus (22%) TPS-f loci
were in orthologous pairs, while a single TPS-f loci was
directly orthologous between CCV (25%) and E. globulus
(CorciTPS092 and EglobTPSI121), with no gene from E.
grandis present. In contrast to TPS-c and TPS-e, A. thaliana
and P. trichocarpa only have a single TPS-f gene, while no
TPS-f was found in V. vinifera (Table 1).

The estimated gene birth rate in the 7PS gene family was
negligible (< 0.0002 events/gene/million years [e/g/my]) for
A. thaliana, V. vinifera and P. trichocarpa, while the death
rate ranged from 0.0016 to 0.0031 e/g/my (Figure S1-a). In
contrast, the eucalypt lineage was estimated to have
experienced a two orders of magnitude higher rate of gene
birth (0.0282 e/g/my). Within the eucalypt lineages, death
rate was similar in both Eucalyptus and Corymbia
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Table 2 Structure of the Corymbia citriodora subsp. variegata (CCV) terpene synthase physical clusters and the Eucalyptus grandis clusters

which are syntenic to CCV

Species® Subfamily Chromosome TPS genes Position (bp) Span (bp) Intervening genes Internal clustering®
ccv TPS-a Chr3 9 29,395,680 3,598,941 202 1(9)2(1)1(22)3(2)1(168)1
Egr TPS-a Chr3 3 47,928,331 1,606,854 64 1(2)1(62)1

Cccv TPS-a Chr4 3 11,823,925 14,705 0 N/A

Cccv TPS-a Chr4 2 18,100,282 23,876 0 N/A

Egr TPS-a Chr4 5 19,896,024 246,197 7 1(2)3(5)1

Cccv TPS-a Chr5 4 16,525,672 1,219,850 68 1(68)3

Cccv TPS-a Chr6 6 33,461,887 106,929 0 N/A

Egr TPS-a Chr6 10 42,991,263 321,452 0 N/A

Cccv TPS-a Chr7 3 2,183,056 809,251 59 1(58)1(H1

ccv TPS-a Chr7 2 14,463,251 1,761,379 105 1(105)1

Cccv TPS-bl Chrl 8 22,285,470 1,866,767 103 1(64)2(1)2(36)1(1)1(1)1
Egr TPS-bl1 Chrl 7 17,720,921 1,286,126 50 1(3)4(1)1(46)1

CCvV TPS-bl1 Chr2 2 2,027,307 13,692 N/A

CCv TPS-bl1 Chr4 2 8,861,360 169,636 15)1

Egr TPS-bl1 Chr4 8 16,009,931 217,347 1(DH1(1)2(4)2(1)2
CCv TPS-bl1 Chr5 3 41,952,144 3,787,929 215 1(192)1(23)1

CCV TPS-bl Chr8 3 29,799,505 47,398 3 1(H12)1

CCcv TPS-b2 Chrl10 3 13,605,402 38,144 1 2(H1

CCv TPS-b2 Chrll 5 23,810,145 420,788 25 2(25)3

Egr TPS-b2 Chrll 9 10,288,308 1,164,219 33 3BDHI(4A)L

CCvV TPS-f Chr4 3 7,135,889 385,574 31 1(31)2

Egr TPS-f Chr4 7 12,270,273 287,241 2 3(2)4

ccv TPS-g Chr2 2 19,657,471 29,412 2 12)1

CCv TPS-g Chr5 3 44,341,209 100,371 2 1(2)2

Egr TPS-g Chr5 12 62,540,499 1,272,677 25 3(2)3(2)1(19)1(1)1(1)3

* Egr indicate TPS clusters from E. grandis syntenic with the CCV TPS cluster directly above. Loci with only a single TPS gene are not shown

b Structure of the gene cluster, with non-TPS genes indicated by brackets. N/A indicates no intervening genes

(0.0063-0.0071 e/g/my, Figure S1-b). However, the gene
birth rate in E. grandis (0.0125 e/g/my, since divergence
from E. globulus) was seven times higher than the estimated
birth rate in CCV (0.0018 e/g/my).

Proportional representation and genome
organisation of TPS genes

There were no significant differences in subfamily repre-
sentation (the proportion of genes in each subfamily)
between E. grandis and CCV (X24 =3.69, P>0.05 [com-
bining TPS-c, -e, and -f due to sample size]), or the number
of genes involved in primary versus secondary metabolism
(le =241, P>0.05). A similar lack of significant differ-
ence was observed between E. grandis and E. globulus in
the number of loci at the subfamily (x24 =1.53, P>0.05) or
primary versus secondary metabolite (X21 =0.3, P>0.05)
levels, providing evidence that the broad features of this
gene family are conserved between Eucalyptus and
Corymbia.
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Seventy-five putative functional TPS genes were found
across all 11 chromosomes (74% of the total) in the CCV 18
genome assembly, with 27 genes found within minor
scaffolds (26%, Table S1). In comparison, 97 and 16 TPS
genes were found on chromosomes (86%) and minor scaf-
folds (14%), respectively, in E. grandis. The relative pro-
portion of genes located on the main chromosomes in each
species is consistent with the estimated completeness of
each assembly (Myburg et al. 2014; Healey et al. 2017). In
the CCV genome, TPS genes were often arranged in phy-
sical clusters with genes from only one subfamily, as was
seen in E. grandis (Kiilheim et al. 2015). On average, there
were 3.7 TPS genes per cluster in CCV (only considering
those on chromosomes), while E. grandis averaged 5.1 per
cluster. This difference may reflect the greater proportion of
TPS genes on minor scaffolds in CCV compared to E.
grandis. In CCV these clusters occurred in true tandem
arrays (no intervening genes between putative TPS genes),
localised clusters with other genes contained within and
combinations of the two (Table 2, Table S4).
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Fig. 4 Comparison of copy number and genomic location of TPS
physical clusters between E. grandis (Egr) and C. citriodora subsp.
variegata (CCV). Chromosomes are scaled by physical size. Locus
names show the number of TPS genes and the subfamily they belong
to. Separate clusters on the same chromosome were defined based on
both physical distance and phylogenetic relatedness (see Table S4).
Solid lines indicate clusters that are both homologous and syntenic
between the two species, while broken lines indicate homologous
clusters that are present on different chromosomes in each species. For
example, in the TPS-b subfamily, a cluster of eight TPS genes are

Across all TPS subfamilies, 10 physical clusters were
both syntenic and phylogenetically similar between E.
grandis and CCV18 (Fig. 4). These clusters were assumed
to be homologous between these species and were exam-
ined for copy number variation. E globulus was not
examined due to the lack of an assembled genome. There
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present on chromosome 4 in E. grandis, in contrast to the syntenic and
non-syntenic homologous clusters present in C. citriodora subsp.
variegata on chromosome 4 and 2, respectively. Non-syntenic loci
between C. citriodora subsp. variegata and E. grandis are circled
(only on CCV) to indicate support for this placement based on the
CCV54 genome assembly. Similarly, loci are tagged with an asterisk
on CCV to indicate disagreement (see Table S5). TPS clusters without
lines indicate that their homologue is present in the minor scaffolds of
the other species and cannot be examined for synteny. Homology of
singleton 7PS genes is not shown

was no significant correlation between gene number in
syntenic homologous clusters between species (Spearman’s
rg=10.29, P>0.10), suggesting independent expansion or
contraction has occurred between E. grandis and CCV.
Seven clusters were homologous but non-syntenic, with the
chromosome assignment of three non-syntenic clusters in
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Fig. 5 Gene structure of the 102 putative functional TPS genes from Corymbia citriodora subsp. variegata. Exons are shown as boxes, while
introns are shown as lines. The arrow indicates the position of the conserved DDxxD motif

the CCV reference genome supported by the second CCV
genome assembly CCV54 (Fig. 4, Table S5). The position
of the single TPC-c gene conflicted between the CCV
assemblies (despite both CCV18 and CCV54 [not shown]
having contig-marker support for placement), potentially
due to assembly error in one or the other. The general
placement of clusters was supported by examining the
markers in the linkage maps used to aid genome assembly.
Contigs were anchored to their map position by an average
of ten markers, with only three contigs not supported by at
least three markers (Table S6), providing support for their
correct placement and therefore the non-syntenic nature of
the TPS clusters.

Gene structure in the TPS-a, -b and -g subfamilies
(involved in secondary metabolite synthesis) was highly
conserved (Fig. 5), with most having seven exons, and only
a small proportion departing from this structure with
between four and six exons. The conserved catalytic motif
DDxxD (Hosfield et al. 2004; Gao et al. 2012) was gen-
erally located on the fourth exon, similar to E. grandis
(Kiilheim et al. 2015). The placement of this motif on dif-
ferent exons was always associated with uncommon exon
number. The genes from 7PS subfamilies -c, -e, and -f
(involved in primary metabolite synthesis) had between 10
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and 13 exons, with the exception of CorciTPS092 with six
exons. The DDxxD motif in these subfamilies, when pre-
sent, was not found in a consistent position. High variability
was noted in the size of the first intron across all sub-
families, similar to that observed in E. grandis (Kiilheim
et al. 2015). Genes ranged in size from 1564 to 7747 bp,
with final products ranging from 337 to 739 amino acids in
length (Table S1).

TPS gene expression

A heat map showing relative transcript abundance in five
tissues is shown in Fig. 6. Several expression clusters were
observed, with the first expressed in both unexpanded and
expanded leaves. This cluster mostly comprised genes from
the TPS-a and TPS-b2 subfamilies. The next cluster was
characterised by expression of TPS-a and TPS-bl genes in
leaves and flowers. A final cluster consisted of 7PS-a and
TPS-b1 genes expressed in flower initials and flower buds.
Of the genes involved in primary metabolism, CorciTPS088
(TPS-c) was moderately expressed in bark, while Cor-
ciTPS089 (TPS-e) was moderately expressed across all five
libraries examined. No expression was detected in the TPS-f
subfamily.
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Fig. 6 Gene expression clustering of 102 TPS genes from Corymbia
citriodora subsp. variegata expressed in five tissues. RNAseq data is
shown as fragments per kilobase of transcript per million mapped
reads (FPKM), with FPKM values normalised within libraries (largest
FPKM value set to 1, with other scores scaled accordingly). The TPS
subfamily is indicated by suffix after the gene name. The sampled
tissues are: flower initials (FI), flower buds (FB), bark (BA), expanded
leaf (LE), and unexpanded leaf (LU)

DISCUSSION
Broad conservation in the eucalypt TPS family

Our analyses indicate broad conservation in gene numbers,
subfamily representation, physical position and structure of
clusters in the TPS gene family in Corymbia citriodora
subsp. variegata (CCV) when compared to its divergent
sister eucalypts Eucalyptus grandis and E. globulus. These
eucalypts all have the same TPS subfamilies, which is
expected given the evolution of these subfamilies is
believed to pre-date the formation of the Myrtaceae (Keszei
et al. 2010a). However, their similar gene numbers and
subfamily representation was unexpected given (i) their
divergence time from one another (Crisp et al. 2011;
Thornhill et al. 2015) relative to their divergence time from
the other species studied (V. vinifera, P. trichocarpa, and A.
thaliana) and (ii) the instability generally found in large
gene families (Lynch 2007; Demuth and Hahn 2009).

We found 102 putative functional 7PS genes in CCV,
which is similar to the numbers found in Eucalyptus grandis
(113) and E. globulus (106) (Kiilheim et al. 2015). The low
variation in total number of TPS genes and proportional

representation of each subfamily between E. globulus, E.
grandis and CCV provides evidence for broad conservation
of this gene family across these eucalypt lineages. This is in
contrast to the other taxa examined in this study (V. vinifera,
P. trichocarpa, and A. thaliana), which varied extensively
in the TPS family in gene number, subfamily presence and
proportional representation (Aubourg et al. 2002; Martin
et al. 2010; Irmisch et al. 2014). Few instances of gene
orthology were detected between these three species or to
the eucalypts, especially in the subfamilies involved in
secondary metabolite synthesis. All these species are
thought to have shared a common ancestor approximately
115 MYA (Wikstrom et al. 2001; Chaw et al. 2004), which,
when considering the divergence of Eucalyptus and Cor-
ymbia at ~52 MYA (Crisp et al. 2011; Thornhill et al.
2015), makes the conservation observed between these
divergent eucalypts notable. This leads us to suggest the
TPS family size and structure observed is representative of
eucalypts in general.

The number of TPS genes in all three eucalypts currently
studied is notably high compared to other plants. Previous
studies have revealed 7PS gene family sizes ranging from
one in the bryophyte Physcomitrella patens (Hayashi et al.
2006) to 57 in V. vinifera (Martin et al. 2010). Consistent
with our relatively high estimates of gene birth in eucalypts
compared with other taxa (Figure S1), Eucalyptus grandis
appears to have a gene duplication rate 3-5 times that of
Arabidopsis and Populus but comparable rates of gene loss
(Myburg et al. 2014), which may contribute to the higher
TPS gene numbers in the eucalypts. Factors such as phy-
siology and longevity of these plants may play a role in
determining the optimal 7PS gene family size. For instance,
plants that emit or store few terpenes generally have few
TPS loci, such as A. thaliana and P. trichocarpa, while
those that emit and store a more varied range of terpenes
often contain more 7PS genes (Kiilheim et al. 2015).
Overabundance of terpenes can cause autotoxicity (Goodger
et al. 2013), but plants able to store terpenes in trichomes or
other glandular structures (Carr and Carr 1970) may escape
this autotoxic effect. Indeed, eucalypts and V. vinifera, both
characterised by diverse terpene profiles and the highest
numbers of TPS loci in plants studied to date, have spe-
cialised storage structures such as oil glands. Longevity
may also be a contributing factor. Due to their long gen-
eration time, more elaborate stress response mechanisms are
required in perennial plants compared to herbaceous species
(Soler et al. 2015). This may account for the expansion of
gene families involved in stress responses in many per-
ennials, as large numbers of genes provide an advantage in
inducible responses such as pathogen resistance and other
stressors and allow for rapid evolution in response to
environmental change (Zmieriko et al. 2014; Sharma and
Pandey 2015). For example, the MYB gene family, known
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to be involved in responses to biotic and abiotic stressors, is
often expanded into large duplicate arrays in woody species
but not in herbs (Soler et al. 2015), mirroring the dis-
crepancy seen in TPS numbers between herbaceous species
such as A. thaliana and the eucalypts.

Variation in the TPS genes specific to each eucalypt
lineage

The conservatism at the subfamily level masks the variable
expansion and contraction of gene numbers in orthologous
clusters within subfamilies of TPS genes which, along with
the much higher birth and death rate relative to the other
taxa studied (Figure S1), signals an evolutionarily dynamic
gene family. While the importance of whole genome
duplications in plant evolution is often emphasised (Soltis
et al. 2014), equally as important are smaller scale dupli-
cations at the level of individual genes or gene families
(Zmieriko et al. 2014). These smaller scale gene duplica-
tions (broadly defined as segmental duplications) occur
when errors in DNA replication, recombination or repair
generate a copy of a DNA segment containing one or more
genes (Lynch and Conery 2000). Many duplicate genes
are tandemly associated with their parent copy (tandem
duplicates) or occur in ‘localised’ (within a few Mb) regions
of the genome, although non-localised inter/intra-chromo-
somal duplicates are found at lower frequency (Leister
2004; Myburg et al. 2014). Two copies of a gene are often
superfluous and  thus either may begin to
accumulate mutations, resulting in one of several fates: neo-
functionalization, where the mutated gene develops a new
function; sub-functionalization, where the two copies of the
gene split the function of the original gene; or degeneration,
where the gene is deactivated through mutations causing
loss of function, often resulting in a pseudogene (Lynch
and Conery 2000). The varied structures of 7PS clusters in
both E. grandis and CCV is indicative of the
complex evolutionary history of this gene family (explored
further in the section Physical structure of TPS gene
clusters).

Many clades throughout the phylogenies show ortholo-
gous pairing between genes from E. grandis and E. glo-
bulus. In contrast CCV TPS genes are more divergent with
the most closely related genes to the Eucalyptus species
often in separate clades within subfamilies; consistent with
the more recent divergence of E. grandis and E. globulus
compared to the divergence of Corymbia and Eucalyptus
(Crisp et al. 2011; Thornhill et al. 2015). Kiilheim et al.
(2015) suggest that the similarities in 7PS genes observed
between E. grandis and E. globulus are a result of much of
the evolution of this gene family occurring prior to their
divergence. In contrast, the differences exhibited between
Corymbia and Eucalyptus may result from the expansion or
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contraction of these gene clusters after their divergence.
This is likely the case in clades with a large disparity in 7PS
gene number between CCV and the other eucalypts, for
instance the TPS-a clade with 16 genes in CCV compared
to six in E. grandis (Fig. 1a). Concerted evolution may have
played a role in the differentiation of some members of the
TPS gene family, obscuring the orthology between TPS
genes from E. grandis and E. globulus compared with the
related Corymbia. Concerted evolution is a process by
which copies of genes separated by speciation grow to
resemble neighbouring gene copies rather than their true
orthologs from other species, through mechanisms such as
ectopic gene conversion (Chen et al. 2007). This process
may be acting throughout the 7PS gene family and is
probably the most parsimonious explanation for cases
where a cluster is of similar size in all three species such as
shown in Figs. 1d and 2c, d, as opposed to multiple
instances of lineage specific expansion. For example, evi-
dence for gene conversion was found between CCV TPS-b2
genes in a clade with similar numbers of genes in each
species (Fig. 2d, Table S7), lending support to this
hypothesis. However, sequencing and annotation of the 7PS
gene family in a sister taxa of the eucalypts (e.g., Arillas-
trum, Allosyncarpia, Stockwellia, or Eucalyptopsis (Mac-
phail and Thornhill 2016)) is needed to provide a suitable
outgroup to elucidate which mode of evolution affected
specific clades as well as whether expansion/contraction of
clusters occurred in the Corymbia or Eucalyptus lineage.

Variation in the TPS subfamilies involved in
secondary metabolite synthesis

While the overall proportional representation of each 7PS
subfamily is not significantly different, CCV and Euca-
lyptus exhibit marked differences in gene number within
several physical clusters in subfamilies 7PS-a, -b and -g
(Figs. 1 and 2). These TPS subfamilies are involved in the
synthesis of secondary metabolites, which play roles in
biotic/abiotic stress responses (Chen et al. 2011). Differ-
ential expansion/contraction of gene clusters between spe-
cies has been often observed, including in the receptor
kinase gene family across Brassicaceae (Hofberger et al.
2015) and the MYB family across various taxa (Wilkins
et al. 2009; Soler et al. 2015); specifically, R2R3-MYB gene
number varies from 118 in V. vinifera to 192 in P. tricho-
carpa (Wilkins et al. 2009). There is potential that localised
duplication of these genes facilitates the gain of new
function while keeping new copies under similar regulatory
control, either through directly copying the original reg-
ulatory elements or through other controls such as shared
promoters (Williams and Bowles 2004). This mechanism is
thought to provide a selective advantage in inducible
responses such as biotic resistance, as their shared
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regulatory control will express both the original and this
new potentially advantageous gene when a response is
induced (Leister 2004; Hanada et al. 2008). If advanta-
geous, these duplicate genes will be maintained, leading to
the expansion of clusters as seen in the 7PS genes presented
here.

Conservation in the TPS subfamilies involved in
primary metabolite synthesis

In contrast to the other subfamilies, those involved in the
synthesis of primary metabolites (TPS-c, -e and to a lesser
extent -f) are more conserved in cluster copy number across
eucalypt species (Fig. 3), likely reflecting stronger selective
constraints on primary versus secondary metabolites (Chen
et al. 2011). Conservation within a selectively constrained
section of an expanded gene family has been previously
observed in families such as MYB (Wilkins et al. 2009) and
SBP-box in plants (Zhang et al. 2015), consistent with our
findings. As well as greater conservation of gene numbers
within clusters, there was also greater conservation of
synteny in the subfamilies involved in the synthesis of
primary metabolites than those involved in secondary
metabolite synthesis across the eucalypts. All TPS loci
involved in primary metabolite synthesis (TPS-c, -e and -f)
were syntenic between E. grandis and CCV with no evi-
dence of transposition between chromosomes (aside from a
single TPS-c gene for which there is evidence of mis-
assembly). The hypothesis of ‘gene balance’ suggests that
duplicate genes that act in dosage-dependant manners are
usually only retained after polyploidy events (Veitia 2004).
In the event of a small scale duplication the other parts of
the metabolic pathway are often unchanged, which may
cause unused product to accumulate and result in detri-
mental dosage effects (Freeling 2009; Tang and Amon
2013). The conservation seen in TPS gene families involved
in primary metabolism is consistent with this hypothesis. It
is interesting to note that A. thaliana has only a single copy
of TPS-c, -e and -f genes, while the eucalypts generally have
two or more (Table 1, Fig. 3). Whole genome duplications
specific to each lineage have been detected in both Arabi-
dopsis and the plant order Myrtales to which the family
Myrtaceae belongs (Arabidopsis Genome Initiative 2000;
Myburg et al. 2014), suggesting the persistence of TPS
duplicates in these subfamilies was not advantageous for
Arabidopsis.

Contributions of stochastic and selective pressures
to the variation in the TPS gene family

The balance observed in total subfamily representation may
be due to the stochastic nature of mechanisms driving gene
duplication and loss (Lynch 2007). While selection will act

to fix or purify (inactivate) a beneficial or detrimental
duplicate gene, these duplicates can also be selectively
neutral, leading to their maintenance and subsequent cluster
expansion with very minor impact on the fitness of the
organism (Iskow et al. 2012). Maintaining a large library of
neutral genes can be selectively advantageous in areas of
environmental volatility, allowing the organism potentially
to be ‘pre-adapted’ to stressors (Hurles 2004; Hanada et al.
2008; Kondrashov 2012). Genes in large families have also
been shown to be gained and lost at very similar rates
through analysis of gene ‘birth and death’ across gene
families in multiple genomes (Demuth and Hahn 2009;
Sz6116si and Daubin 2012) and specifically in A. thaliana
(Cannon et al. 2004). If changes in cluster number are
occurring across the entire 7PS gene family within a spe-
cies, expansion in one cluster may be countered by
degeneration in another, contributing to the overall balance
in subfamily representation despite the apparent species
specific gain and loss of loci observed between the
eucalypts.

The conservation of high TPS numbers and subfamily
proportional representation across the eucalypts despite the
extensive variation in some subfamilies may be a signal that
selection is involved. While selection may be acting on the
phenotype to drive duplicated genes to fixation or degen-
eration, the combined effect of these large gene families is
also likely to be influenced by selection. The maintenance
of a large library of genes, while advantageous in some
situations (Zmieriko et al. 2014; Sharma and Pandey 2015),
may have associated costs. These include increasing
expression and regulation requirements with increasing
number (Schiffer et al. 2016) and the possibility of ‘run-
away expansion’ contributing to genome instability (Gijzen
2009; Schiffer et al. 2016), which may be detrimental
enough to select against further expansion of TPS clusters.
Given that increased gene copies often result in increased
expression of the subsequent product, there may also be a
maximum amount of TPS genes that eucalypts can support
without experiencing specific deleterious gene dosage
effects. For example, the overexpression of particular 7PS-a
genes has been shown to retard growth in tomato (Fray et al.
1995), tobacco (Busch et al. 2002) and A. thaliana (Aharoni
et al. 2003; Ee et al. 2014) (though not without exception,
see Schnee et al. (2006)). This is thought to be the result of
under-expression of primary metabolites, such as gibber-
ellin and abscisic acid, due to terpenoid precursor reserves
becoming exhausted by the over-synthesis of secondary
metabolites. This theory, along with the
autotoxicity explored earlier, may select against unregulated
expansion in TPS clusters and contribute to the stability in
TPS gene numbers and subfamily representation across the
eucalypts.
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Pseudogenes and expression of TPS loci

The most likely fate of duplicate genes is to be released
from selection and acquire mutations which render them
non-functional, resulting in pseudogenes. We found 25 TPS
pseudogenes in the CCV genome, which is 24.5% of the
total putative 7PS gene family size (Table S2). Fifteen of
these occurred in the main chromosome assemblies of
which all but one was within existing TPS clusters, pro-
viding further evidence for the extensive history of local
gene duplications in this lineage. Of the 25
pseudogenes, 15 showed evidence of expression, which is
an interesting finding. While pseudogenes are thought to
play at most a passive role in the genome, such as being
sequence donor/receptors for proximal genes (Zheng and
Gerstein 2007), it has been shown that some pseudogene
transcripts in humans can bind to mRNA from related
functional genes and affect their expression (Vinckenbosch
et al. 2006). If this is the case in Corymbia, these pseudo-
genes may be part of a mechanism for modulating gene
expression.

Expression analysis of putative functional genes (Fig. 6)
revealed several distinct expression clusters each of which
involved multiple subfamilies. Secondary metabolite sub-
families were represented across most tissues, consistent
with the broad applications of these terpenoids (Keszei et al.
2010a). An interesting pattern was detected in the TPS-b2,
which were highly expressed in the unexpanded and
expanded leaf tissue libraries, with low expression in other
libraries. This subfamily is involved in the synthesis of
isoprene, a terpenoid hypothesised to confer thermo-
tolerance (Pefiuelas et al. 2005). Isoprene is known to lower
tissue surface temperature when emitted (Sasaki et al. 2007)
and also improves the stability of plant membranes (Sing-
saas et al. 1997). As both affect photosynthetic rate, the
higher expression of isoprene in leaf tissue is consistent
with these modes of action. The analysis also showed the
TPS-f subfamily in CCV was not expressed in the five tis-
sues examined (flower buds and initials, unexpanded and
expanded leaf, and bark). This is consistent with
similar analysis in E. grandis, which revealed that most
TPS-f genes were solely expressed in root tissue (Kiilheim
et al. 2015), a tissue not covered by our analysis. This
subfamily also showed higher divergence than the
other primary metabolite subfamilies in all three eucalypt
species. Due to this non-typical expression pattern,
Kiilheim et al. (2015) suggest TPS-f play a role mediating
interactions ~ with  herbivores and  other  soil
organisms (Wenke et al. 2010), or influencing allelopathic
effects (del Moral and Muller 1970). Indeed, the
divergence of the TPS-f subfamily across the eucalypts
could signal the potential environmental specificity of these
interactions.
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Physical structure of TPS gene clusters

In both E. grandis and CCV, most TPS genes were clus-
tered in localised regions of the genome (spanning up to
3.5MB). The fact that each cluster contained only 7PS
genes from the same subfamily that are also closely related
in sequence (with the exception of one 7PS-a gene located
within a dispersed TPS-b cluster on chromosome five of
CCV) suggests they were generated by localised or tandem
gene duplication. Indeed, E. grandis is characterised by a
high rate of tandem duplication relative to other plants
(Myburg et al. 2014), which has been proposed as the main
reason for the extensive TPS family in the eucalypts
(Myburg et al. 2014; Kiilheim et al. 2015), as well as gene
families in many other species (Kliebenstein et al. 2001;
Leister 2004; Hofberger et al. 2013; Hofberger et al. 2015;
Li et al. 2015). In some cases the eucalypt 7PS genes were
in true tandem arrays with no genes interspersed (the largest
being a syntenic cluster with six 7PS-a genes in CCV and
10 in E. grandis), while in most cases several non-7PS
genes were present within these clusters, ranging from 1 -
192 genes separating the closest TPS in CCV (Table 2). The
varying spans and intervening gene number of 7PS clusters
in E. grandis and CCV likely reflect the many ways clusters
can form and be subsequently rearranged (Leister 2004;
Lynch 2007; Field et al. 2011). For example, segmental
duplications range in size and can result in partial genes to
large-scale genome segments being copied and translocated
to new inter/intra-chromosomal positions (Flagel and
Wendel 2009; Wang et al. 2012), or positions local to the
origin (Cannon et al. 2004). Hence, the duplication process
may initially result in tandem, localised or dispersed gene
pairs. Superimposed on this variation, localised (and tan-
dem) duplications can be subsequently dispersed by various
mechanisms of genome rearrangement (Lynch 2007; Field
et al. 2011); including inversions, insertion/deletions,
translocations and further segmental duplications (the tan-
dem expansion of NB-LRR genes contained within several
TPS clusters may be an example of the latter, see Table S4).
Differentiating between these various processes requires
determining the relative age of duplications, which due to
the inherent difficulties introduced by concerted evolution
obfuscating mutations is beyond the scope of this study
(Mendivil-Ramos and Ferrier 2012).

The physical clustering of non-homologous, but func-
tionally related genes is an emerging theme in plant geno-
mics, particularly in the case of secondary metabolite
pathways (Chu et al. 2011; Field et al. 2011; Takos and
Rook 2012). Many non-TPS genes within TPS clusters have
putative functions that may interact with or complement the
function of TPS genes (Table S4). Genes potentially
involved in the synthesis of terpene precursors, such as
prenyl transferases, along with those involved in post-
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translational modification of terpenes such as cytochrome c
oxidases and NAD-dependant dehydrogenases (Keszei et al.
2008) were found within TPS clusters in both E. grandis
(Kiilheim et al. 2015) and CCV. Also found were genes
from the NB-LRR, MYB and WRKY families, which among
other things are involved in pest resistance (Liu et al. 2004;
Eitas and Dangl 2010), much like TPS genes. The location
of these genes within TPS clusters may be advantageous, as
genes involved in the same biosynthetic pathway or in
similar responses can be regulated together at the chromatin
level (Field and Osbourn 2008; Chu et al. 2011). This
arrangement may also be beneficial for inheritance, as a
collection of beneficial alleles from a single metabolic
pathway are less likely to be separated by recombination
when in close proximity (Chu et al. 2011).

Conclusions

This study contributes to a greater understanding of the
terpene synthase gene family through detailed annotation in
the recently assembled C. citriodora subsp. variegata
genome and comparative analysis with the previously stu-
died E. grandis and E. globulus. These Eucalyptus species
have the most TPS loci discovered in any plant to date, and
our results show the large size of this gene family is con-
served in the sister genus Corymbia, suggesting this may be
a characteristic of the eucalypts. Both the proportional
representation of subfamilies and the syntenic physical
position of gene clusters indicated a high degree of con-
servation in the TPS gene family between CCV and E.
grandis. Despite this conservation, cluster specific variation
within subfamilies involved in secondary metabolite
synthesis were observed, and we discuss the potential
contributions of selection, concerted evolution and sto-
chastic processes to this observation. The higher degree of
conservation of TPS genes involved in primary metabolite
synthesis is likely due to greater selective constraints.
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