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Intraspecific diversity of terpenes of Eucalyptus
camaldulensis (Myrtaceae) at a continental scale
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Abstract. Plants show a high degree of intraspecific variation in several traits including plant secondary metabolites.
This variation can be influenced by genetic and environmental factors that result in geographical structure in their
distribution. By growing plants from several populations in a controlled environment, we studied variation in foliar
terpenes in Eucalyptus camaldulensis, which is the widest distributed eucalypt, with a large range both latitudinally and
longitudinally. We found that the concentration of terpenes is highly variable among subspecies. We identified four
chemotypes dominated by 1,8-cineole, g-terpinene, a- and b-phellandrene. While the 1,8-cineole chemotype is abundant
in all populations, the other three chemotypes are rare in the central area and the north-east of Australia. The g-terpinene
chemotype is mainly restricted to the north and west of Australia, whereas the a- and b-phellandrene chemotypes
show an opposite distribution in the north and south of the continent. The annual mean temperature and humidity of the
source populations correlate with the abundance of the dominant terpenes. We also tested the effects of elevated CO2

concentrations on the terpene concentration and found that elevated CO2 atmosphere reduces the overall accumulation
of foliar terpenes. The results suggest that variation in terpene composition in E. camaldulensis can be influenced by
environmental variables, mainly favouring the 1,8-cineole chemotype in arid locations.

Additional keywords: chemotypes, elevated CO2, eucalyptus oil, geographical clines, phytochemical diversity, plant
secondary metabolites.
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Introduction

Plant secondarymetabolites (PSM)are highly diverse bothwithin
and among plant species. Most studies of PSMs focus on small-
scale variation, but larger, continental-scale studies allow a
better understanding of intraspecific diversity, how interactions
with abiotic and biotic factors can influence the PSM phenotype
among individuals and populations and how populations can
respond to future climate changes (DeFrenne et al. 2013). Several
studies have used population differentiation and latitudinal
gradients to explain variation in PSMs (Levin 1976; Jaakola
and Hohtola 2010; Rasmann and Agrawal 2011; Pratt et al.
2014). Traditionally, it has been proposed that concentrations
of PSMs, and plant defences more generally, are influenced
by latitude, given that populations closer to the tropics would
face more intense antagonistic interactions (Dobzhansky 1950;
Schemske et al. 2009). However, a recent meta-analysis and
data from worldwide collections have challenged this idea
(Moles et al. 2011a, 2011b). Nevertheless, it is likely that

variation in PSM among plant populations is influenced to
some degree by differences in climatic conditions and biotic
interactions that can correlate with latitude but also with other
geographical parameters.Althoughmost previous ecogeographic
studies on PSM variation have focussed on its relationship with
latitude, few studies have explored how the variation in PSM can
be explained at a continental scale, including wide gradients both
in latitude and longitude (but see Woods et al. 2012). Therefore,
continent-wide studies can contribute to our understanding of
how geographic and climatic factors influence the intraspecific
diversity on PSM by including wide gradients in key abiotic and
biotic variables.

Sampling from several natural populations allows the
detection of existing clines in the production of PSM, and
several studies have investigated the presence of chemotypes
in different plant species (e.g. Keszei et al. 2010; Taft et al. 2015).
However, the contribution of genetic and environmental factors
topopulationdifferences cannot beunderstoodby studying solely
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natural populations. Common-garden experiments where seeds
from different source sites are grown in a common environment
allowgenetic-based differences in phenotypic traits to be identified
and makes it possible to separate those from the effects of
phenotypic plasticity (Woods et al. 2012; De Frenne et al.
2013; Holeski et al. 2013; Pratt et al. 2014). As a consequence,
these types of studies require an enormous sampling effort and
access to collections from many populations of plant species that
are widely distributed across a continent.

Terpenes are a highly diverse class of secondary compounds
that are produced by a range of organisms frombacteria and fungi
to plants and animals. They are abundant across the biosphere and
play an important role in regulating environmental processes and
ecological interactions between organisms (Lawler et al. 1999;
Rasmann et al. 2005; Ali et al. 2010; Kleine and Müller 2011;
Moore et al. 2014). Terpenes are highly diverse and ~25 000
different terpenes have been identified, with thousands more
very likely to exist (Gershenzon and Dudareva 2007). Enzymes
that convert prenyl pyrophosphates to terpenes are called terpene
synthases and are well characterised in angiosperms and
gymnosperms (Tholl 2006; Keszei et al. 2010; Külheim et al.
2015). Terpenes as well as many other PSMs show intraspecific
variation due to ontogenetic effects, somatic mutations or
following herbivory, but variation between individuals is also
common (Moore et al. 2014). Plants producing high
concentrations of terpenes in the leaves can present discontinuous
variation in the proportion of compounds, which is defined as
chemical polymorphisms or chemotypes (Keszei et al. 2008).
Chemotypes can be the result of only a few genes that are
differentially expressed in the same tissues of different plants of a
single species. Identification of chemotypes provides a useful way
of studying natural genetic variation that can be readily linked to
causativegenes and thebiosynthetic pathwaysof terpene production
(Vernet et al. 1986; Keszei et al. 2010; Andrew et al. 2013). It is still
unclear how abiotic factors can affect the accumulation of terpenes.
It is expected that predicted changes in atmospheric CO2 will
affect secondary metabolism (Misra and Chen 2015), but whether
elevated CO2 increases, decreases or has minimal effects on terpene
accumulation is highly variable (Zvereva and Kozlov 2006;
Valkama et al. 2007).

Plants from the genus Eucalyptus (Myrtaceae) are well
known for producing terpene-rich oils in high quantities
(Keszei et al. 2008; Padovan et al. 2014) and these terpenes
could be crucial in the success of the trees that dominate the
Australian continent. For example, plants emitting isoprene are
better at tolerating reactive oxygen species and heating induced
by sunlight (Sharkey et al. 2008) and some terpenes can protect
Eucalyptus from herbivores (Stone and Bacon 1994). Although
the genusEucalyptus consists of ~800 species, only a few species
are distributed across the Australian continent and Eucalyptus
camaldulensis is themostwidespread (Butcher et al. 2009). Thus,
it provides the opportunity of describing intraspecific trait
diversity among different ecosystems at a continental scale. Its
mainland distribution ranges along watercourses that can be
intermittent and, in many ecosystems, it can be a dominant
species that provides habitat for fauna and facilitates river
stabilisation (Butcher et al. 2009). Recently, seven subspecies
have been characterised, on the basis of the variation of 11
microsatellites and morphological traits (Butcher et al. 2009;

McDonald et al. 2009). Eucalyptus camaldulensis is also an
important plantation tree and is the most widespread eucalypt
in the world. It provides wood, shade and shelter as well as pulp
and essential oils; thus, several studies have been conducted
regarding its terpene profile and concentration. The foliar
terpenes of this species show qualitative and quantitative
variation in individual compounds (Boland et al. 1991; Sadeghi
et al. 2014); this has been argued to be influenced by water
availability with subsequent effects on herbivory (Edwards and
Wanjura 1993; Stone and Bacon 1994). Although some studies
have found chemical variants in E. camaldulensis (Boland et al.
1991; Edwards and Wanjura 1993; Moudachirou et al. 1999;
Padovan et al. 2014), no study has thoroughly examined the
natural variation in terpenes across its geographic distribution.
The geographic distribution of E. camaldulensis includes many
climatic zones, which, in turn, result in varying degrees of biotic
and abiotic stressors. By studying the chemical variation across
these zones, we can investigate whether environmental influences
have left signatures of adaptation.

One of themajor abiotic impacts onplant growth and chemical
composition is the global increase in atmospheric CO2 (Coley
et al. 2002; Zvereva and Kozlov 2006; Valkama et al. 2007).
There are several examples describing modifications in the
concentration of terpenes in both gymnosperms (Heyworth
et al. 1998; Sallas et al. 2001) and angiosperms (Johnson and
Lincoln 1991; Peñuelas and Llusia 1997; Staudt et al. 2001;
Rosenstiel et al. 2003) grown at elevated CO2. Nonetheless, the
effects are variable (Misra and Chen 2015) and the concentration
of foliar terpenes in three species of Eucalyptus was not affected
by growth under elevated CO2 (Lawler et al. 1997; McKiernan
et al. 2012). Therefore, the outcome of an increase in CO2

might depend on each plant species, and it is particularly
useful to understand how a widely distributed species such as
E. camaldulensis will respond to expected changes in
atmospheric CO2. There could be variation at the population
(or chemotype) level in response to increases in CO2, potentially
leading to changes in levels of susceptibility to either biotic or
abiotic stress, which is important for reforestation and plantation
management.

In the present study, we describe the diversity of terpenes
among populations of E. camaldulensis across the Australian
continent; the plants were grown from seed in a controlled
environment at ambient and elevated concentrations of CO2.
This allowed the analysis of variation in the foliar terpene
composition attributable to genetic-based differences among
populations, subspecies and geographic regions. The research
questions we addressed in the study are as follows: (1) are there
terpene-based chemotypes in E. camaldulensis; (2) are these
chemotypes equally distributed across the geographic range;
and (3) do the concentration and composition of terpene
correlate with climatic variables; and (4) does elevated CO2

affect the concentration of terpenes, which could lead to
differences in the response to abiotic and biotic stress?

Materials and methods
Seed collection and growing conditions
SeedsofE. camaldulensisobtained from theAustralianTreeSeed
Centre (Canberra, Australia) were previously collected from
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individual mother trees in natural populations. Our samples
included six subspecies (49 populations), with between 5 and
12 maternal sources per population. Selected genotypes were
distributed over the species’ range to capture the breadth of
genetic diversity in the species (Fig. 1), broadly representing
its range of distribution, including populations from the following
six different geographic–climatic regions in Australia: North-
west, North-east, West, Central, Central South and South-east.

Seeds were germinated in April 2013 in a germination tray
with low phosphorus potting mix and then brought to a nursery
room at ambient CO2 (400mmol/mol) at a temperature of 28�C
on a 16-h day–8-h night light cycle. From sowing until potting,
seedlings were watered daily so as to ensure that the soil
was damp because small seedlings are prone to desiccation.
Four weeks after germination, seedlings were repotted into
10-cm-diameter 0.75-L planter bags with a low-phosphorus
potting mix (1/3 river sand, 1/3 peat moss and 1/3 natural
compost) suitable for Australian plants, and moved to a
glasshouse in similar atmospheric conditions (400mmol/mol,
24�C) and natural 12-h day–12-night light cycle. Two applications
of a systemic fungicide (Fongarid®, AgNova Technologies,
Melbourne, Vic., Australia; active constituent: 250 g/kg
furalaxyl; dilution: 1 g/L) were applied at ~5 weeks of age and
2 weeks after repotting, to reduce the chance of root fungal
diseases. At ~2 months of age, individual healthy seedlings
(6–12 plants per population) were transferred to controlled-
growth chambers (PGC20 Conviron®, Controlled Environments,
Winnipeg, Canada) located at the Australian Plant Phenomics

Facility (Canberra, Australia), using a randomised design. At
this time Aquasol® (Yates, Clayton, Vic., Australia) soluble
plant fertiliser (N : P : K ratio 23 : 3.95 : 14) was provided at
half strength, and, subsequently, every month for the duration
of the experiment.

Four environmental growth chambers were used to evaluate
leaf-level responses. Eucalypt seedlings are prone to abnormalities
(intumescences, anthocyanin accumulation) when grown in
artificial conditions; thus, special care was taken to minimise
the occurrence of those abnormalities and also simulate a
realistic natural environment. Temperature was maintained at
18�C during the night and 24�C during the day. These conditions
were designed to encapsulate the average maximum and
minimum temperatures recorded for each sampled population.
Photoperiod was set as a 16-h day–8-night cycle, with conditions
approximating natural photoperiod length between 37�S and
14�S, and 115�E and 149�E. Each cabinet was fitted with a
backlight (Sylvania FHE 28W/T5/BLB, Sylvania Lighting,
Padstow, NSW, Australia) to provide high-frequency light in
the ultraviolet-A spectrum for normal growth of eucalypts
(Close and Beadle 2003). Light intensity was changed via an
hourly step function in the morning and evening to simulate
natural light conditions. Plants experienced full light, corresponding
to ~1000mmolm–2 s–1, for 7 h each day. Each cabinet was
programmed for the same photoperiod, but there was a delay
of 2 h between chambers to allow for measurements of plants.
Relative humidity (RH) in the cabinet was controlled by a
dehumidifier (Belta 601, Australia) connected to each growth
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Fig. 1. Map of Australia, showing the sites of Eucalyptus camaldulensis seed collection. The pie charts indicate the proportion of plants of each chemotype
within a single subspecies. Chemotypes are indicated by the following colours: ChemotypeA (red), ChemotypeB (green), ChemotypeC1 (cyan) andChemotype
C2 (purple). The size of the pie charts is proportional to the mean monoterpene concentration per subspecies, with a range of 15.5–25.2mg�g–1. Subspecies
acuta (*), arida (&), camaldulensis (¤), obtusa (~), refulgens (!) and simulata (*), and the six geographic regions of North-west (blue), North-east (black),
West (orange), Central (red), South central (green) and South-east (yellow) are indicated.
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chamber. This maintained a RH between 50% during the day and
60%atnight. Plantswerewatered to saturation from thebasedaily
for the first 6 weeks, and twice daily from 7 weeks.

CO2 conditions
At 2 months after germination, plants from 43 populations
were exposed to ambient [CO2] (aCO2, 400 mmol/mol) over
10 weeks followed by elevated [CO2] (eCO2, 800 mmol/mol)
for a further 8 weeks (�20 mmol CO2). This included a period
of 2 weeks to allow plants to acclimatise to the cabinets before
commencing the ambient CO2 exposure. The rationale for
choosing the conditions for our study was based on current,
and projected (Year 2100) atmospheric CO2 concentrations
in an extreme scenario (if anthropogenic emissions keep on
increasing and peak after Year 2080; IPCC 2013). To maintain
[CO2] at the desired levels, a non-dispersive CO2 analyser
(GMT220 Vaisala Carbocap® CO2, Vaisala, Vantaa, Finland)
continuously measured [CO2] in each chamber and directly
controlled a solenoid valve that released CO2 into the
chambers as necessary from a cylinder of industrial-grade
compressed CO2. Every second week over the course of the
experiment, trays within each cabinet were rotated to avoid
potentially confounding position effects. Additionally, between
treatment phases, plants were re-randomised within and between
cabinets. One or two individuals from 31 populations were
maintained at 400mmol/mol for the duration of the experiment
as a control set, whereas 5–10 plants from the 43 populations
were subjected to both aCO2 and eCO2 phases. This was
necessary because of the sequential design of the cabinet
experiment, to account for possible developmental effects over
the two experimental time points. The number of individuals
and populations were reduced as a result of space limitations in
the cabinets.

Terpene analysis
At Week 18 after germination, we collected ~1 g of mature
leaves in Ziploc bags on dry ice from 414 plants from 49
populations growing at aCO2 and immediately transferred the
samples to a �80�C freezer. After the plants were kept in the
elevated CO2 treatment (Week 26 after germination), we again
collected ~1 g of mature leaves for 43 control and 327 test
plants (only from 43 populations), making sure that these
leaves were developed after the start of the elevated CO2

treatment with the help of a colour mark that was painted
on the youngest leaf’s petiole of each plant immediately before
commencing the elevated CO2 treatment. The number of
plants sampled was lower at the second time point, because
of mortality or unavailability of enough mature tissue.
A quantity of ~0.5 g of tissue was immediately transferred
to pre-weighted vials with 5mL of ethanol and tetradecane
(0.25 g.L–1) as an internal standard. The remainder of the leaf
material was weighed and transferred into paper envelopes
and oven dried (50�C for 3 days), then reweighed again to
determine fresh to dry mass ratio. The frozen leaf tissue from
the first leaf collection was treated similarly. After 7 days
in ethanol, we injected 1 mL of the extract onto an Agilent
6890 gas chromatograph (Agilent Technologies, Deerfield, IL,
USA), at 250�C and 1 : 25 split ratio. Ethanol extracts were

separated on a SGE BPX-35 column (SGE Analytical Science,
Ringwood, Vic., Australia). The column was 60m long
(internal diameter 0.25mm), with a stationary-phase film
thickness of 0.25 mm, and helium was used as the carrier
gas. The temperature ramp was as follows: 100�C for 4min,
ramping to 180�C at 20�C�min�1, held at 180�C for 10min,
followed by a ramp at 20�C�min�1, and held at 250�C for
4.5min. The total elution time was 26min. Mass spectra were
obtained through a mass selective detector (HP 5073; Agilent
Technologies, Deerfield, IL, USA) at a temperature of 250�C
(source) and 150�C (quad), with transfer line at 280�C and ion
source-filament voltage of 70 eV.

The gas chromatography–mass spectrometry files were
processed with the software package PyMS (O’Callaghan
et al. 2012) to extract the mass spectral peaks, quantify the
peak areas and align the peaks across the files. Peak areas
were estimated relative to the area of the internal standard,
to obtain concentrations as milligrams per gram dry matter.
Individual terpenes were identified by comparison of the
elution order and mass spectra with published data (NIST
database) and previous literature using a similar 35% phenyl
polysilphenylene–siloxane column (Southwell and Russell
2002). In addition, we compared the peaks with authentic
standards for a-pinene, b-pinene, myrcene, b- phellandrene,
terpinen-4-ol, 1,8-cineole, a-terpineol, a-terpinyl acetate and
b- caryophyllene (99% purity, made available by Mike Lacey
and Thomas Wallenius, CSIRO, Canberra; Keszei et al. 2010).

Chemotyping
We performed a hierarchical cluster analysis on the correlation-
based dissimilarity matrix of monoterpene and sesquiterpene
proportions, using the Ward agglomeration method (pvclust
package in R; Suzuki and Shimodaira 2006). For this analysis,
we included the plants from 49 populations that were sampled
for terpenes at ambient CO2 concentrations at the first sampling
time (see Terpene analysis section earlier). A multiscale
bootstrap resampling was used for calculating the P-values
of each cluster (10 000 pseudoreplications). In a preliminary
correlation analysis, a-thujene was correlated with several
groups and, because it is known that it can arise from different
biosynthetic pathways (as can other compounds) via g-terpinene
synthase (Alonso and Croteau 1991; Külheim et al. 2015) and
sabinene synthase (Chang and Chu 2011), it was excluded
from the present analysis. We selected the main clusters of
compounds and identified discontinuous distributions in these
groups.We thenmade scatterplots of the proportional contribution
of each group of monoterpenes to the total monoterpene
concentration and classified each discrete group of samples as
chemotypes.

Environmental variables
Environmental variables of each source population were sourced
from the Atlas of Living Australia (2015). We calculated
Pearson’s correlation between the latitude, longitude and
several environmental variables of each population that were
likely to interact with terpene production in E. camaldulensis.
Consequently, we selected three independent environmental
variables for the selected locations (mean annual temperature,
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mean relative humidity and soil nutrient index) to analyse the
relationship with terpene traits across populations.

Statistical analysis
We performed linear mixed models within the R environment
(ver. 3.2.2; package lme4 ver. 1.1-10, Bates et al. 2015) to
identify the contribution of geographic region, subspecies and
population to variance in terpenes under ambient CO2 (the first
sampling time). The models included the random factors region,
subspecies within region and population within subspecies. The
amount of variance explained by the random factors indicates the
level of genetic differentiation among them. Significance of
variance estimates for random factors was tested by a likelihood
test between models with and without a given random factor. The
response variables were the total concentration of terpenes at
the initial sampling (before the elevated CO2 treatment) for
monoterpenes and sesquiterpenes, or concentrations of the main
individual terpenes (1,8-cineole, g-terpinene, a-pinene, b-pinene,
a-phellandrene and b-phellandrene) with total concentration of
terpenes as a covariate. The analysis of the effects of elevated
CO2 on terpene concentration was performed using similar
mixed models, but with the concentrations from the second
sampling (after the CO2 treatment) as the response variable. We
added thefixed factors ‘treatment’ (control or test plants) to evaluate
the differences between plants under ambient and elevated
CO2, ‘chemotype’ to control for the effect of differences in the
proportion of chemotypes between control and test plants, and
the interaction between both factors to test whether the response
to CO2 treatment depended on the plant chemotype.We performed
an ANOVA based on Type II sum of squares on these analyses
to interpret independently the main effects and interaction effects
(see Langsrud 2003).

We performed multiple regressions to detect effects of the
environmental variables on the total mono- and sesquiterpene
concentrations of the plants at the first sampling point. Then, we
performed similar regressions for the main individual terpenes,
but included the total terpene concentration as a covariate.

Results

Terpene composition

We investigated the terpene composition among 49 populations
ofE. camaldulensis from across the Australianmainland (Fig. 1),
using plants growing in a controlled environment. In most of
the leaf extracts among plant samples, 1,8-cineole was the
dominant terpene; however, other compounds were dominant
in some samples (g-terpinene, a-phellandrene, b-phellandrene
and p-cymene). Monoterpenes were more abundant than
sesquiterpenes relative to the total concentration of terpenes
(68–100% and 0–32% respectively). Monoterpenes formed
four highly supported clusters (P > 0.95; Fig. 2) classified
as Group mono1 (a-phellandrene, piperitone, p-cymene and
monoterpene 4), Group mono2 (sabinene, trans-sabinene
hydrate, cis-sabinene hydrate, b-phellandrene and linalool),
Group mono3 (limonene, a-pinene, b-pinene, 1,8-cineole, b-
trans-ocimene, a-terpineol, a-terpinyl acetate and monoterpene
1) and Group mono4 (g-terpinene, terpinen-4-ol, a-terpinene
and terpinolene). Sesquiterpenes formed two highly supported
clusters which were sesq1 (a-caryophyllene, b-caryophyllene)

and sesq2 (a-gurjunene, b-gurjunene, aromadendrene and
alloaromadendrene; data not shown). Monoterpene groups showed
evidence of discontinuous distribution, whereas sesquiterpene
groups did not. The relationships among monoterpene groups
showed a pattern with four main profiles that were identified as
chemotypes (Tables 1 and 2), including Chemotype A (more
than 30% of Group mono3, and low percentage of the other
terpene groups, dominatedmainly by 1,8-cineole), Chemotype B
(more than 60% of Group mono4, dominated by g-terpinene),
Chemotype C1 (more than 40% of Group mono1, dominated
mainly by a-phellandrene) and Chemotype C2 (more than 20%
of Group mono2, dominated mainly by b-phellandrene).

Distribution of chemotypes

Across all subspecies, Chemotype A plants were dominant, with
more than 95% of individuals in subspecies E. c. arida and E. c.
simulata being Chemotype A (Fig. 1). Eucalyptus c. refulgens
was dominated by Chemotype A plants but 12% of the plants
were Chemotype B. Subspecies E. c. obtusa had the greatest
diversityof chemotypes, includingplantsofChemotypeA(61%),
B (17%) and C1 (high in a-phellandrene, 22%). Chemotype C2
(high in b-phellandrene) was found in populations of subspecies
E. c. arida (3%) and E. c. camaldulensis (13%, Fig. 1).

Sources of variation

To explore to which extent spatial and biological factors could
explain the variation in terpenes, we performed linear mixed
models. Variation in concentration of total monoterpenes was
explained mostly by ‘subspecies’ (11.2%, Fig. S1, available as
Supplementary Material to this paper), with ‘population’
explaining 6.5% of the variance, whereas ‘region’ explained
only little variation. However, only the ‘population’ factor was
detected as significant. Patterns in the concentration of total
sesquiterpenes were similar (Table 3, Fig. S1). When the total
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Fig. 2. Cluster analysis of the correlations of monoterpene proportions in
all Eucalyptus camaldulensis plants. Unbiased approximate test was used to
calculate the P-values by multiscale bootstrap resampling (10 000 pseudo
replications). Clusters highly supported by the data are enclosed in a blue
box (P > 0.95).
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terpene concentration was used as a covariate, variation in
individual terpenes was explained to a large extent by
‘population’ and ‘region’. Concentration of 1,8-cineole was
explained by ‘region’ (15.8%) and among-population variance
(29.9%) with a negligible contribution from ‘subspecies’. The

variation in g-terpinene was mainly explained by ‘population’
(44.5%). Most of the variation in other individual terpenes
followed a pattern similar to that observed in 1,8-cineole
(Table 3); however, the estimated deviation of the variance
components was higher for these terpenes and the ‘region’
factor was not detected as significant.

Environmental variables

Variation in terpene production across the geographic scale was
partly related to environmental variables. Total monoterpene
concentration was positively associated with the temperature
of the source site (t(410) = 3.46, P = 0.0006), but it was not
related to humidity or the soil-nutrient index (t(410) = –1.3,
P = 0.2 and t(410) = –1.45, P= 0.15 respectively). The
concentrations of sesquiterpenes were positively correlated
with temperature and humidity (t(410) = 3.58, P = 0.0004 and

Table 1. Mean concentration (mg�g DM–1) per compound among the four identified chemotypes (A, B, C1 and C2)
Standard errors of the mean are shown in parentheses. The three most abundant terpenes per chemotype are in bold and shaded

Parameter A B C1 C2
N 353 23 22 16

a-Thujene 0.04 (0.00) 0.06 (0.02) 0.37 (0.03) 0.63 (0.12)
a-Pinene 3.67 (0.15) 0.19 (0.02) 0.74 (0.15) 1.32 (0.26)
Sabinene 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.42 (0.09)
Myrcene 0.18 (0.01) 0.03 (0.01) 0.10 (0.01) 0.30 (0.06)
b-Pinene 0.42 (0.07) 0.00 (0.00) 0.01 (0.01) 1.29 (0.53)
a-Phellandrene 0.08 (0.02) 0.05 (0.02) 6.60 (0.84) 1.23 (0.33)
a-Terpinene 0.00 (0.00) 0.09 (0.02) 0.05 (0.02) 0.00 (0.00)
trans-b-Ocimene 0.08 (0.02) 0.00 (0.00) 0.00 (0.00) 0.07 (0.07)
Limonene 1.87 (0.08) 0.27 (0.04) 0.78 (0.11) 0.63 (0.10)
b-Phellandrene 0.09 (0.01) 0.00 (0.00) 0.30 (0.03) 7.13 (1.38)
p-Cymene 0.15 (0.02) 1.31 (0.18) 2.97 (0.37) 0.03083 (0.23)
1,8-Cineole 12.09 (0.32) 1.07 (0.37) 1.41 (0.34) 3.75 (0.70)
g-Terpinene 1.12 (0.13) 14.67 (1.41) 0.65 (0.15) 0.87 (0.28)
trans-Sabinene hydrate 0.00 (0.00) 0.02 (0.01) 0.00 (0.00) 0.17 (0.04)
Terpinolene 0.21 (0.02) 0.45 (0.08) 0.13 (0.02) 0.04 (0.02)
Linalool 0.01 (0.00) 0.02 (0.01) 0.01 (0.01) 0.19 (0.05)
cis-Sabinene hydrate 0.01 (0.00) 0.08 (0.04) 0.01 (0.00) 0.27 (0.06)
Terpinen-4-ol 0.16 (0.02) 1.23 (0.14) 0.15 (0.03) 0.11 (0.04)
Monoterpene 1 0.22 (0.01) 0.09 (0.07) 0.23 (0.03) 0.27 (0.04)
Terpenoid 2 0.10 (0.01) 0.20 (0.03) 0.01 (0.01) 0.00 (0.00)
a-Terpineol 0.35 (0.02) 0.06 (0.02) 0.10 (0.02) 0.24 (0.06)
Monoterpene 3 0.01 (0.00) 0.02 (0.01) 0.00 (0.00) 0.00 (0.00)
Monoterpene 4 0.00 (0.00) 0.00 (0.00) 0.08 (0.01) 0.04 (0.02)
Monoterpene 5 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.04 (0.02)
Piperitone 0.01 (0.00) 0.01 (0.01) 0.20 (0.02) 0.02 (0.01)
Sesquiterpene 1 0.02 (0.00) 0.01 (0.00) 0.00 (0.00) 0.00 (0.00)
Sesquiterpene 2 0.00 (0.00) 0.00 (0.00) 0.10 (0.02) 0.04 (0.02)
Terpinyl acetate 0.12 (0.02) 0.00 (0.00) 0.00 (0.00) 0.20 (0.10)
a-Gurjuene 0.33 (0.02) 0.26 (0.07) 0.02 (0.01) 0.13 (0.04)
b-Caryophyllene 0.06 (0.01) 0.00 (0.00) 0.04 (0.04) 0.25 (0.11)
b-Gurjuene 0.04 (0.00) 0.01 (0.01) 0.00 (0.00) 0.00 (0.00)
Aromadendrene 0.46 (0.02) 0.46 (0.13) 0.06 (0.03) 0.37 (0.11)
a-Caryophyllene 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.01 (0.01)
Alloaromadendrene 0.20 (0.01) 0.11 (0.04) 0.02 (0.01) 0.38 (0.09)
Viridiflorene 0.02 (0.00) 0.03 (0.02) 0.00 (0.00) 0.03 (0.02)
Bicyclogermacrene 0.07 (0.01) 0.00 (0.00) 0.29 (0.13) 1.53 (0.29)
Sesquiterpene 3 0.01 (0.00) 0.01 (0.01) 0.00 (0.00) 0.01 (0.01)
Sesquiterpene 4 0.02 (0.01) 0.00 (0.00) 0.00 (0.00) 0.01 (0.01)

Total terpenes 22.75 (0.55) 21.35 (1.67) 15.77 (1.10) 23.38 (3.25)

Table 2. Differences in the relative abundance of the four proposed
monoterpenegroups (Fig. 2) amongchemotypes, shownas thepercentage

of the total monoterpene concentrations per plant
Values in parentheses express the standard error of the mean

Group Chemotype
A B C1 C2

mono1 1.16 (0.13) 6.97 (0.64) 65.94 (2.63) 11.88 (1.16)
mono2 1.36 (0.07) 0.66 (0.20) 2.73 (0.19) 38.43 (3.88)
mono3 6.78 (0.59) 82.12 (1.97) 6.49 (0.91) 6.20 (1.84)
mono4 89.42 (0.66) 8.77 (2.16) 22.34 (3.14) 39.72 (4.79)
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t(410) = 4.71, P< 0.0001 respectively), but not with the soil
nutrient index (t(410) = –1.24, P = 0.22). In general, individual
terpenes were positively correlated with either temperature or
humidity (Table 4).

Elevated CO2 treatment

The treatmentwith elevatedCO2 had a small but significant effect
on the concentration of terpenes (Fig. 3, Table S1, available as
SupplementaryMaterial to this paper). Plants exposed to elevated
CO2 had a lower concentration of total monoterpenes (c2(1) = 4.7,
P = 0.029, Fig. 3a) than did control plants. Sesquiterpene
concentrations were similar between control plants and those
exposed to elevated CO2 (Table S1). There was no significant

effect of the interaction between CO2 treatment and chemotype
(Table S1). When the comparison was made among the same
groups of plants, but with the data obtained before the elevated
CO2 treatment (Fig. 3a), neither monoterpenes (c2(1) = 1.33,
P = 0.25) nor sesquiterpenes (c2(1) = 0.23, P = 0.63) showed
significant differences among treatment groups. Thus, plants
under ambient CO2 conditions showed an increased
concentration of monoterpenes at the second sampling point,
but this increase was lower when plants were moved to elevated
CO2 (Fig. 3a) When taking total terpenes as a covariate, a-
phellandrene and b-pinene were less abundant in plants under
elevated CO2 (c2(1) = 6.3, P= 0.012 and c2(1) = 15.7, P < 0.0001
respectively), whereas other measured terpenes showed no
difference between the CO2 treatments (Fig. 3b). The

Table 3. Variance partition between spatial and subspecies random factors for terpenes in Eucalyptus camaldulensis
The percentage of the total variance explained is also indicated. The variance components were obtained from the linear mixed models analysing the variance
of the total concentration of monoterpenes and sesquiterpenes, and the abundance of the most dominant terpenes with total terpenes as a covariate. Values

in parentheses indicate the standard deviation of each component. Significant estimates are shown in bold. *P< 0.05, **P< 0.001, ***P< 0.0001

Parameter Population Subspecies Region Residual Population Subspecies Region Total variance
variance (%) (%) (%)

Monoterpenes 5.81* 10.00 0.12 73.27 6.51 11.21 0.14 89.20
(2.41) (3.16) (0.35) (8.56)

Sesquiterpenes 0.13** 0.27* 0.02 1.12 8.34 17.62 1.40 1.54
(0.36) (0.52) (0.15) (1.06)

1,8-Cineole 6.29*** 0.00 3.32 11.44 29.88 0.00 15.76 21.04
(2.51) (0.00) (1.82) (3.38)

g-Terpinene 7.07*** 0.00 0.00 8.80 44.52 0.00 0.00 15.87
(2.66) (0.00) (0.00) (2.97)

a-Phellandrene 0.26** 0.00 0.82 2.20 7.93 0.00 24.94 3.27
(0.51) (0.00) (0.90) (1.48)

b-Phellandrene 0.32** 0.00 0.35 2.38 10.66 0.00 11.38 3.05
(0.57) (0.00) (0.59) (1.54)

a-Pinene 2.01*** 0.00 0.14 3.35 36.49 0.00 2.60 5.51
(1.42) (0.00) (0.38) (1.83)

b-Pinene 0.11** 0.00 0.20 1.40 6.42 0.00 11.87 1.71
(0.33) (0.00) (0.45) (1.18)

p-Cymene 0.17*** 0.28 0.00 0.44 18.52 31.80 0.00 0.89
(0.41) (0.53) (0.00) (0.67)

Bicyclogermacrene 0.02*** 0.00 0.02 0.18 11.20 0.00 7.23 0.22
(0.16) (0.00) (0.13) (0.42)

Table 4. Estimates of the multiple linear regressions testing the effects of environmental variables on total
concentration of monoterpenes and sesquiterpenes and abundances of the main terpenes, with total terpenes as

a covariate
Standard errors of the estimates are shown in parentheses. Significant values are shown in bold. *P < 0.05, **P < 0.001,

***P < 0.0001

Parameter Temperature Humidity Nutrient index Total terpenes

Monoterpenes 0.46*** (0.13) –0.08 (0.06) –1.66 (1.15)
Sesquiterpenes 0.06*** (0.02) 0.04*** (0.01) –0.18 (0.15)
1,8-Cineole –0.28*** (0.07) –0.07* (0.03) 0.69 (0.56) 0.5*** (0.02)
g-Terpinene 0.28*** (0.06) 0.08** (0.03) –1.23* (0.50) 0.07*** (0.02)
a-Phellandrene 0.06* (0.03) –0.01 (0.01) 0.32 (0.22) –0.01 (0.01)
b-Phellandrene –0.12*** (0.02) 0 (0.01) 0.22 (0.21) 0.04*** (0.01)
a-Pinene –0.08* (0.03) –0.1*** (0.01) –0.41 (0.28) 0.15*** (0.01)
b-Pinene 0.04 (0.02) 0.04*** (0.01) 0.12 (0.16) 0.03*** (0.01)
p-Cymene 0.05*** (0.01) 0.01 (0.01) 0.06 (0.11) 0 (0.00)
Bicyclogermacrene –0.01 (0.01) 0 (0.00) 0.02 (0.06) 0 (0.00)
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interaction between the CO2 treatment and chemotype had a
significant effect on a-phellandrene (c2(3) = 103, P< 0.0001),
with plants of the a-phellandrene chemotype (C1) showing
a larger difference between the CO2 treatments. This
interaction was significant also for b-phellandrene and
p-cymene (c2(3) = 10.6, P = 0.014 and c2(3) = 11.0, P< 0.012
respectively); these compounds were more abundant in plants
of Chemotype C2 (b-phellandrene) under elevated CO2

conditions; however, these results must be taken with caution
because onlyoneplant ofChemotypeC2wasunder ambientCO2.

Other compounds were not affected by the interaction between
the CO2 treatment and chemotype (Table S1).

Discussion

We described the variation of the abundance of foliar terpenes
of E. camaldulensis across a very wide continental distribution.
These data captured both quantitative and qualitative variation
and allowed us to identify chemical polymorphisms or
chemotypes. We identified four main chemotypes on the basis
of variation in monoterpenes. Variation in terpene concentration
was explained mainly by the subspecies identity, whereas
environmental variables were correlated with the abundance of
individual terpenes.We also detected a reduction inmonoterpene
concentration when plants were subjected to elevated CO2

conditions in a controlled environment.

Quantitative and qualitative variation in terpenes

Concentrations of total monoterpenes and sesquiterpenes were
partially explained by the subspecies group (11%); therefore,
the genetic differences among subspecies must correlate with
differences of expression in genes that determine the quantitative
variation in terpene production. These are likely to be the genes
regulating the methylerythritol phosphate pathway (MEP) in the
chloroplast or the mevalonate pathway (MVA) in the cytosol,
as shown in Eucalyptus globulus and Melaleuca alternifolia
(Külheim et al. 2011; Webb et al. 2013).

Also, the distribution of chemotypes across Australia is not
homogeneous, because some of the chemotypes are restricted
to a few areas; for example, the a-phellandrene chemotype
(Chemotype C1) is present only in the North-west region and
b-phellandrene chemotype (C2) is just found in the south regions
(Fig. 1). The distribution of chemotypes must be spatially
restricted due to a low genetic flow between geographic
regions or, alternatively, because some chemotypes might be
at a selective disadvantage in some populations (Thompson
et al. 2013). Populations from the North-west region showed
a higher chemical diversity on the basis of the chemotypes, so
this could be related to the higher genetic diversity in those
populations, probably reflecting the tropical origin of
E. camaldulensis (Butcher et al. 2009). Because terpenes can
function as plant defences (Stone and Bacon 1994; Gershenzon
and Dudareva 2007; Oates et al. 2015), it is also possible that
variation in the distribution of chemotypes is maintained by
interactions with natural enemies such as herbivores or
pathogens. Additional studies on the local adaptation of plant
chemotypes to natural enemies would be needed to explore this
possibility.

Consistent with the distribution of chemotypes, the relative
abundance of the individual terpenes was more influenced by
the population and geographic area than by subspecies; thus,
variation in the proportion of the main terpenes was more
important at the spatial scale. The variation in individual
terpenes was also associated with environmental variables
such as mean temperature and mean humidity. This suggests a
link between the spatial structure of the plant populations
and the environmental variables that influence the terpene
composition. Chemotype B (dominated by g-terpinene) was
found in the North-west and West regions. Accordingly, we
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H Australian Journal of Botany C. Bustos-Segura et al.



expected that g-terpinene would bemore abundant in plants from
locations with higher annual mean temperature but also with
higher humidity, whereas 1,8-cineole-rich plants should be more
common in locations with lower mean temperatures. Both of
these expectations were supported by the data. The compound b-
phellandrene was more abundant in populations at lower
temperatures, which are located in the Central South
and South-east regions. Whether this relationship between the
environment and distribution of genetically variable chemotypes
is a result of adaptation to abiotic conditions is unknown and,
to find out, it would require specific experiments at different
locations that evaluate the selective advantage of a set of
chemotypes under different climatic conditions.

The dataset presented here highlights the variation that exists
in foliar terpene abundance in E. camaldulensis at a large scale.
The 1,8-cineole chemotypes are common in most populations,
but those in the North-west and South have phellandrene
chemotypes. These regions experience medium to high relative
humidity; it is, therefore, possible that these chemotypes are at
a disadvantage in very dry locations, such as in the West or
Central regions. Also, most of the plants with the g-terpinene
chemotype are located in the west of the continent where they
face high temperatures (West region) or high temperatures
combined with high humidity (North-west region). Therefore,
the environmental patterns along the latitudinal scale, but also
at the longitudinal scale, help explain the distribution of
chemotypes.

Dispersion patterns

The distribution of E. camaldulensis across the Australian
continent is likely to be a result of its ability to disperse
through rivers and drainage basins. Seeds can float more than
10 days before sinking (Pettit and Froend 2001), so they can
travel many kilometres along a river and disperse to downstream
locations. However, genetic similarity is higher among closer
geographic locations independent of the river system and it has
been proposed that gene flow is driven more by pollen transfer
than by seed dispersal (Butcher et al. 2002, 2009). Therefore,
gene flow among populations within the same region could
maintain chemical traits that are relatively similar within a
region. Despite the sampled populations experiencing very
different environments, ranging from desert to rainforest
ecosystems, the terpene diversity over the species distribution
is not greater than that observed in other Eucalyptus species
with much narrower distributions (e.g. Wallis et al. 2011;
Andrew et al. 2013). This could be a result of a recently
expanded range of E. camaldulensis across the river systems,
or it could indicate low selection pressures of abiotic variables
on terpene traits. Butcher et al. (2009) found evidence that
historical processes have a significant influence on the genetic
structure of E. camaldulensis, which suggests that selection
has played only a small role in the distribution of genetic
diversity.

Biosynthetic inference

The groups of monoterpenes that were identified in
E. camaldulensis are consistent with their expected biosynthetic
relationships and, thus, the chemotypes obtained through our

analysis can help identify the enzymatic differences among
chemotypes. Monoterpene synthases can produce different
terpenes from the same precursor, geranyl diphosphate (GPP;
Tholl 2006) and some terpene synthases have been reported to
be multi-substrate (Pazouki and Niinemets 2016). In Fig. 4
we propose the steps involved in carbocation transition and
stabilisation that can lead to the diversity of monoterpenes
found in E. camaldulensis. Some of these steps have been
confirmed by functional characterisation of terpene synthases
(Degenhardt et al. 2009; Falara et al. 2011), whereas others can
currently be inferred only through the systematic co-occurrence
of metabolites (Keszei et al. 2008).

The groups observed in the cluster analysis of monoterpenes
(Fig. 2) are consistent with their proposed carbocation origins
(Keszei et al. 2010). In Fig. 4, the compounds on the lowest level
(a-terpinyl acetate, p-cymene and piperitone) are derived from
modifications of the original product of the terpene synthase
modification. In some cases, such as with a-terpinyl acetate,
formed by the addition of an acyl group to a-terpineol (Liaw and
Liu 2010), only one possible terpene can contribute to the
formation of a particular product. Therefore, the distribution of
this compound will correlate strongly with the group of terpenes
containing its precursor (a-terpineol). Others, such as p-cymene,
piperitone and thymol, may arise by spontaneous oxidation and
non-specific de-phosphorylation (or alternatively the action of
a specific P450 reaction), and may be associated with multiple
terpene synthases from any of the major groups (Poulose and
Croteau 1978).

All cyclic terpenes in the mono3 group come from the a-
terpinyl carbocation, and the pinyl carbocation, which is formed
from it via a hydride shift (Croteau et al. 1989). The two acyclic
monoterpenes are both derived from the linalyl carbocation,
which is the last intermediate before cyclisation of the terpene
backbone, so common catalytic origins can be assumed
(Degenhardt et al. 2009). This group includes 1,8-cineole and
is characteristic of the genus Eucalyptus (Padovan et al. 2014).
The terpenes of the Group mono4 can all be derived from the
g-terpinyl carbocation, and may in fact all be products of a single
terpene synthase (Keszei et al. 2008).

The terpenes of the Group mono2 come from different
origins. As with other acyclic monoterpenes being synthesised
from GPP, linalool is a possible non-specific product of previous
steps of the terpinyl carbocation (Alonso and Croteau 1991; van
Schie et al. 2007; Schilmiller et al. 2009; Külheim et al. 2015).
Although this grouping is not as biosynthetically intuitive as
are mono3 and mono4, the catalysis of the formation of both
sabinene and b-phellandrene by the same terpene synthase has
already shown to be possible in Solanum lycopersicum by van
Schie et al. (2007).

Effect of CO2 on terpenes

We detected a small but significant negative effect of elevated
CO2 on the accumulation of foliar terpenes, which was similar
across the different chemotypes. The effect was particularly
higher for the proportions of a-phellandrene and b-pinene.
This result is opposite to the response seen in some other plant
systems (Peñuelas and Llusia 1997; Staudt et al. 2001) and with
theoverall effect of elevatedCO2 in combinationwith elevatedO3
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(Valkama et al. 2007). However, green tissue fromwoody plants
tends to contain a lower abundance of terpenoid compounds
under elevated CO2 conditions (Zvereva and Kozlov 2006).
Other Eucalyptus species that have been tested under elevated
CO2 conditions have not shown any significant changes in the
accumulation of terpenes (Lawler et al. 1997; McKiernan
et al. 2012). Therefore, the response of terpene accumulation
to different concentrations of CO2 would very likely depend on
the genetic background of the species. The Eucalyptus genome
contains more than 100 terpene genes involved in terpene
expression, which is many more than for any other genome
studied (Külheim et al. 2015); so, eucalypts could react to
changes in CO2 very differently from other genera. The increase
in the concentration of monoterpenes from the first to the second
sampling was smaller in plants under elevated CO2 conditions,
indicating thatCO2 can regulate the ontogenetic changes in terpene
accumulation. In contrast, sesquiterpenes were not affected by the
change in CO2, suggesting that elevated CO2 is mainly affecting
theMEP or other plastid biosynthetic steps that are responsible for
the synthesis of monoterpenes.

Little is known about the biotic interactions of the two
monoterpenes that showed the strongest reduction under
elevated CO2, namely a-phellandrene and b-pinene. The

monoterpene a-phellandrene has been shown to attract insects
(Kant et al. 2009), which can affect herbivores in two ways,
namely, either as insect herbivore attractant or as insect
herbivore-predator attractant. Oates et al. (2015) showed that
a-phellandrene is present only in Eucalyptus grandis genotypes
that are resistant to a gall wasp Leptocybe invasa, whereas
b-pinene was present in both resistant and susceptible
Eucalyptus genotypes, but was induced in susceptible
E. grandis genotypes after infestation with L. invasa (Oates
et al. 2015). Without further study, it is difficult to predict
whether the small quantitative changes of these two
monoterpenes would affect plant–herbivore interactions.

Plants having lower concentrations of terpenes might be
regarded as less well defended against plant herbivores,
because they can offer protection (Stone and Bacon 1994);
however, experiments testing the herbivore performance on
other Eucalytpus species have shown that Paropsis atomaria,
a common specialist on Eucalyptus, performs worse under
elevated CO2 (Gherlenda et al. 2015). Nevertheless, it is likely
that a reduction in terpene production will affect terpene
emissions of E. camaldulensis under higher temperatures and
compromise the ability of this species to tolerate heat stress in
the future (Sharkey and Monson 2014).
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Fig. 4. Biosynthetic relationships among monoterpenes grouped in the hierarchical cluster analysis found across the populations of Eucalyptus camaldulensis
(Fig. 2). The proposed carbocation transitions are linked to the final products of terpene synthase in the four groups of monoterpenes.
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Conclusions

The current study has presented the patterns of terpene
variation in populations of E. camaldulensis, and, although the
variation is substantial, it is similar to the variation found in
other Eucalyptus species with a much narrower distribution. It is
likely that the observed structure is a result of the dispersion
processes from the centre of origin of the species, as well as
the suitability of chemotypes to contrasting environments.
Experiments that assess the performance of the different
monoterpene chemotypes found in E. camaldulensis to their
local biotic and abiotic conditions are needed to establish
whether the present distribution of chemotypes is a reflection
of adaptive processes or whether it is solely a product of neutral
variation and the dispersion patterns along the river systems.
The reduced accumulation of terpenes in plants under elevated
CO2 conditions implies that physiological responses to global
changes will have an impact on the health of natural populations
and plantations of the most common eucalypt species around
the world.

Acknowledgements

We thank David Kainer for developing the python pipeline for GC–MS data
processing using PyMS. Thanks go to Amanda Padovan for commenting
on an earlier version of the manuscript. CBS was supported by CONCYT
and ANU scholarships. Experimental part was supported by funding from
the CSIRO Transformational Biology Catalytic Platform. Analyses and
the writing of the paper were funded by an ARC Discovery Project
DP140101755 to WJF.

References

Ali JG, Alborn HT, Stelinski LL (2010) Subterranean herbivore-induced
volatiles released by citrus roots upon feeding by Diaprepes abbreviatus
recruit entomopathogenic nematodes. Journal of Chemical Ecology 36,
361–368. doi:10.1007/s10886-010-9773-7

Alonso WR, Croteau R (1991) Purification and characterization of the
monoterpene cyclase g-terpinene synthase from Thymus vulgaris.
Archives of Biochemistry and Biophysics 286, 511–517.
doi:10.1016/0003-9861(91)90073-R

Andrew RL, Keszei A, Foley WJ (2013) Intensive sampling identifies
previously unknown chemotypes, population divergence and biosynthetic
connections among terpenoids in Eucalyptus tricarpa. Phytochemistry 94,
148–158. doi:10.1016/j.phytochem.2013.05.002

Atlas of Living Australia (2015) ‘Atlas of Living Australia.’ Available at
http://www.ala.org.au/. [Accessed 19 July 2015]

Bates D,MaechlerM, Bolker B,Walker S (2015) Fitting linear mixed-effects
models using lme4. Journal of Statistical Software 67, 1–48.
doi:10.18637/jss.v067.i01

Boland DJ, Brophy JJ, House APN (1991) ‘Eucalyptus leaf oils: use,
chemistry, distillation and marketing.’ (Inkata Press: Melbourne)

Butcher PA, Otero A, McDonald MW, Moran GF (2002) Nuclear RFLP
variation in Eucalyptus camaldulensis Dehnh. from northern Australia.
Heredity 88, 402–412. doi:10.1038/sj.hdy.6800074

Butcher PA, McDonald MW, Bell JC (2009) Congruence between
environmental parameters, morphology and genetic structure in
Australia’s most widely distributed eucalypt, Eucalyptus camaldulensis.
Tree Genetics & Genomes 5, 189–210. doi:10.1007/s11295-008-0169-6

Chang YT, Chu FH (2011) Molecular cloning and characterization of
monoterpene synthases from Litsea cubeba (Lour.) Persoon. Tree
Genetics & Genomes 7, 835–844. doi:10.1007/s11295-011-0377-3

Close DC, Beadle CL (2003) The ecophysiology of foliar anthocyanin.
Botanical Review 69, 149–161.
doi:10.1663/0006-8101(2003)069[0149:TEOFA]2.0.CO;2

Coley PD, Massa M, Lovelock CE, Winter K (2002) Effects of elevated CO2

on foliar chemistry of saplings of nine species of tropical tree. Oecologia
133, 62–69. doi:10.1007/s00442-002-1005-6

Croteau R, Satterwhite DM, Wheeler CJ, Felton NM (1989) Biosynthesis of
monoterpenes: stereochemistry of the enzymatic cyclizations of geranyl
pyrophosphate to (+)-alpha-pinene and (–)-beta-pinene. The Journal of
Biological Chemistry 264, 2075–2080.

De Frenne P, Graae BJ, Rodríguez-Sánchez F, Kolb A, Chabrerie O, Decocq
G, De Kort H, De Schrijver A, Diekmann M, Eriksson O, Gruwez R,
Hermy M, Lenoir J, Plue J, Coomes DA, Verheyen K (2013) Latitudinal
gradients as natural laboratories to infer species’ responses to
temperature. Journal of Ecology 101, 784–795.
doi:10.1111/1365-2745.12074

Degenhardt J, Köllner TG, Gershenzon J (2009) Monoterpene and
sesquiterpene synthases and the origin of terpene skeletal diversity in
plants. Phytochemistry 70, 1621–1637.
doi:10.1016/j.phytochem.2009.07.030

Dobzhansky T (1950) Evolution in the tropics. American Scientist 38,
209–221.

Edwards P, Wanjura W (1993) Selective herbivory by Christmas beetles
in response to intraspecific variation in Eucalyptus terpenoids.Oecologia
95, 551–557. doi:10.1007/BF00317440

Falara V, Akhtar TA, Nguyen TTH, Spyropoulou EA, Bleeker PM,
Schauvinhold I, Matsuba Y, Bonini ME, Schilmiller AL, Last RL,
Schuurink RC, Pichersky E (2011) The tomato terpene synthase gene
family. Plant Physiology 157, 770–789. doi:10.1104/pp.111.179648

Gershenzon J, Dudareva N (2007) The function of terpene natural products
in the natural world. Nature Chemical Biology 3, 408–414.
doi:10.1038/nchembio.2007.5

Gherlenda AN, Haigh AM, Moore BD, Johnson SN, Riegler M (2015)
Responses of leaf beetle larvae to elevated [CO2] and temperature
depend on Eucalyptus species. Oecologia 177, 607–617.
doi:10.1007/s00442-014-3182-5

Heyworth CJ, Iason GR, Temperton V, Jarvis PG, Duncan AJ (1998)
The effect of elevated CO2 concentration and nutrient supply on
carbon-based plant secondary metabolites in Pinus sylvestris L.
Oecologia 115, 344–350. doi:10.1007/s004420050526

Holeski LM, Keefover-Ring K, Bowers MD, Harnenz ZT, Lindroth RL
(2013) Patterns of phytochemical variation in Mimulus guttatus (yellow
monkeyflower). Journal of Chemical Ecology 39, 525–536.
doi:10.1007/s10886-013-0270-7

IPCC (2013) ‘Climate change (2013: the physical science basis.
Contribution of Working Group I to the fifth assessment report of the
Intergovernmental Panel on Climate Change.’ (Eds TF Stocker, D Qin,
G-K Plattner, M Tignor, SK Allen, J Boschung, A Nauels, Y Xia, V Bex,
PM Midgley) (Cambridge University Press: Cambridge, UK)

Jaakola L, Hohtola A (2010) Effect of latitude on flavonoid biosynthesis
in plants. Plant, Cell & Environment 33, 1239–1247.

Johnson RH, Lincoln DE (1991) Sagebrush carbon allocation patterns and
grasshopper nutrition: the influence of CO2 enrichment and soil mineral
limitation. Oecologia 87, 127–134. doi:10.1007/BF00323790

Kant MR, Bleeker PM, Van Wijk M, Schuurink RC, Haring MA (2009)
Plant volatiles in defence. Advances in Botanical Research 51, 613–666.
doi:10.1016/S0065-2296(09)51014-2

Keszei A, Brubaker CL, Foley WJ (2008) A molecular perspective on
terpene variation in Australian Myrtaceae. Australian Journal of
Botany 56, 197–213. doi:10.1071/BT07146

Keszei A, Brubaker CL, Carter R, Köllner T, Degenhardt J, FoleyWJ (2010)
Functional and evolutionary relationships between terpene synthases
from Australian Myrtaceae. Phytochemistry 71, 844–852.
doi:10.1016/j.phytochem.2010.03.013

Intraspecific diversity of terpenes Australian Journal of Botany K

dx.doi.org/10.1007/s10886-010-9773-7
dx.doi.org/10.1016/0003-9861(91)90073-R
dx.doi.org/10.1016/j.phytochem.2013.05.002
http://www.ala.org.au/
dx.doi.org/10.18637/jss.v067.i01
dx.doi.org/10.1038/sj.hdy.6800074
dx.doi.org/10.1007/s11295-008-0169-6
dx.doi.org/10.1007/s11295-011-0377-3
dx.doi.org/10.1663/0006-8101(2003)069[0149:TEOFA]2.0.CO;2
dx.doi.org/10.1663/0006-8101(2003)069[0149:TEOFA]2.0.CO;2
dx.doi.org/10.1007/s00442-002-1005-6
dx.doi.org/10.1111/1365-2745.12074
dx.doi.org/10.1016/j.phytochem.2009.07.030
dx.doi.org/10.1007/BF00317440
dx.doi.org/10.1104/pp.111.179648
dx.doi.org/10.1038/nchembio.2007.5
dx.doi.org/10.1007/s00442-014-3182-5
dx.doi.org/10.1007/s004420050526
dx.doi.org/10.1007/s10886-013-0270-7
dx.doi.org/10.1007/BF00323790
dx.doi.org/10.1016/S0065-2296(09)51014-2
dx.doi.org/10.1071/BT07146
dx.doi.org/10.1016/j.phytochem.2010.03.013


Kleine S, Müller C (2011) Intraspecific plant chemical diversity and its
relation to herbivory. Oecologia 166, 175–186.
doi:10.1007/s00442-010-1827-6

Külheim C, Yeoh SH, Wallis IR, Laffan S, Moran GF, Foley WJ (2011)
The molecular basis of quantitative variation in foliar secondary
metabolites in Eucalyptus globulus. New Phytologist 191, 1041–1053.
doi:10.1111/j.1469-8137.2011.03769.x

Külheim C, Padovan A, Hefer C, Krause ST, Köllner TG, Myburg AA,
Degenhardt J, Foley WJ (2015) The Eucalyptus terpene synthase gene
family. BMC Genomics 16, 450. doi:10.1186/s12864-015-1598-x

Langsrud Y (2003) ANOVA for unbalanced data: use Type II instead of
Type III sums of squares. Statistics and Computing 13, 163–167.
doi:10.1023/A:1023260610025

Lawler IR, Foley WJ, Woodrow IE, Cork SJ (1997) The effects of elevated
CO2 atmospheres on the nutritional quality of eucalyptus foliage and its
interactionwith soil nutrient and light availability.Oecologia 109, 59–68.
doi:10.1007/s004420050058

Lawler I, Stapley J, Foley W, Eschler B (1999) Ecological example of
conditioned flavor aversion in plant–herbivore interactions: effect of
terpenes of Eucalyptus leaves on feeding by common ringtail and
brushtail possums. Journal of Chemical Ecology 25, 401–415.
doi:10.1023/A:1020863216892

Levin DA (1976) Alkaloid-bearing plants: an ecogeographic perspective.
American Naturalist 110, 261–284. doi:10.1086/283063

Liaw E-T, Liu K-J (2010) Synthesis of terpinyl acetate by lipase-catalyzed
esterification in supercritical carbon dioxide. Bioresource Technology
101, 3320–3324. doi:10.1016/j.biortech.2009.11.081

McDonald MW, Brooker MIH, Butcher PA (2009) A taxonomic revision
of Eucalyptus camaldulensis (Myrtaceae). Australian Systematic Botany
22, 257–285. doi:10.1071/SB09005

McKiernan AB, O’Reilly-Wapstra JM, Price C, Davies NW, Potts BM,
Hovenden MJ (2012) Stability of plant defensive traits among
populations in two Eucalyptus species under elevated carbon dioxide.
Journal of Chemical Ecology 38, 204–212.
doi:10.1007/s10886-012-0071-4

Misra BB, Chen S (2015) Advances in understanding CO2 responsive plant
metabolomes in the era of climate change.Metabolomics 11, 1478–1491.
doi:10.1007/s11306-015-0825-4

Moles AT, Bonser SP, Poore AGB, Wallis IR, Foley WJ (2011a) Assessing
the evidence for latitudinal gradients in plant defence and herbivory.
Functional Ecology 25, 380–388.
doi:10.1111/j.1365-2435.2010.01814.x

Moles AT, Wallis IR, Foley WJ, Warton DI, Stegen JC, Bisigato AJ, Cella-
Pizarro L, Clark CJ, Cohen PS, Cornwell WK, Edwards W, Ejrnæs R,
Gonzales-OjedaT,Graae BJ, HayG, LumbweFC,Magaña-RodríguezB,
Moore BD, Peri PL, Poulsen JR, Veldtman R, von Zeipel H, AndrewNR,
Boulter SL,Borer ET,CampónFF,CollM,Farji-BrenerAG, deGabriel J,
Jurado E, Kyhn LA, LowB,Mulder CPH, Reardon-Smith K, Rodríguez-
Velázquez J,, Seabloom EW, Vesk PA, van Cauter A, Waldram MS,
Zheng Z, Blendinger PG, Enquist BJ, Facelli JM, Knight T, Majer JD,
Martínez-Ramos M, McQuillan P, Prior LD (2011b) Putting plant
resistance traits on the map: a test of the idea that plants are better
defended at lower latitudes. New Phytologist 191, 777–788.
doi:10.1111/j.1469-8137.2011.03732.x

Moore BD, Andrew RL, Külheim C, Foley WJ (2014) Explaining
intraspecific diversity in plant secondary metabolites in an ecological
context. New Phytologist 201, 733–750. doi:10.1111/nph.12526

Moudachirou M, Gbénou JD, Chalchat JC, Chabard JL, Lartigue C (1999)
Chemical composition of essential oils of Eucalyptus from Bénin:
Eucalyptus citriodora and E. camaldulensis. Influence of location,
harvest time, storage of plants and time of steam distillation. Journal
of Essential Oil Research 11, 109–118.
doi:10.1080/10412905.1999.9701085

O’Callaghan S, De Souza DP, Isaac A,WangQ, Hodkinson L, OlshanskyM,
ErwinT,AppelbeB,TullDL,RoessnerU,BacicA,McConvilleMJ,Liki�c
VA (2012) PyMS: a Python toolkit for processing of gas chromatography-
mass spectrometry (GC–MS) data. Application and comparative study
of selected tools. BMC Bioinformatics 13, 115.
doi:10.1186/1471-2105-13-115

Oates CN, Külheim C, Myburg AA, Slippers B, Naidoo S (2015) The
transcriptome and terpene profile of Eucalyptus grandis reveals
mechanisms of defense against the insect pest, Leptocybe invasa. Plant
& Cell Physiology 56, 1418–1428. doi:10.1093/pcp/pcv064

Padovan A, Keszei A, Külheim C, Foley WJ (2014) The evolution of foliar
terpene diversity in Myrtaceae. Phytochemistry Reviews 13, 695–716.
doi:10.1007/s11101-013-9331-3

Pazouki L, Niinemets Ü (2016) Multi-substrate terpene synthases: their
occurrence and physiological significance. Frontiers in Plant Science
7, 1019. doi:10.3389/fpls.2016.01019

Peñuelas J, Llusia J (1997) Effects of carbon dioxide, water supply, and
seasonality on terpene content and emission by Rosmarinus officinalis.
Journal of Chemical Ecology 23, 979–993.
doi:10.1023/B:JOEC.0000006383.29650.d7

Pettit NE, Froend RH (2001) Availability of seed for recruitment of riparian
vegetation: a comparison of a tropical and a temperate river ecosystem in
Australia. Australian Journal of Botany 49, 515–525.
doi:10.1071/BT00059

Poulose AJ, Croteau R (1978) Biosynthesis of aromatic monoterpenes.
Conversion of g-terpinene to p-cymene and thymol in Thymus vulgaris
L. Archives of Biochemistry and Biophysics 187, 307–314.
doi:10.1016/0003-9861(78)90039-5

Pratt JD, Keefover-Ring K, Liu LY, Mooney KA (2014) Genetically based
latitudinal variation in Artemisia californica secondary chemistry. Oikos
123, 953–963. doi:10.1111/oik.01156

Rasmann S, Agrawal AA (2011) Latitudinal patterns in plant defense:
evolution of cardenolides, their toxicity and induction following
herbivory. Ecology Letters 14, 476–483.
doi:10.1111/j.1461-0248.2011.01609.x

Rasmann S, Köllner TG, Degenhardt J, Hiltpold I, Toepfer S, Kuhlmann U,
Gershenzon J, Turlings TCJ . (2005) Recruitment of entomopathogenic
nematodes by insect-damaged maize roots. Nature 434, 732–737.
doi:10.1038/nature03451

Rosenstiel TN, Potosnak MJ, Griffin KL, Fall R, Monson RK (2003)
Increased CO2 uncouples growth from isoprene emission in an
agriforest ecosystem. Nature 421, 256–259. doi:10.1038/nature01312

Sadeghi H, Niazmand AR, Yoosefi S (2014) Essential leaf oil and nuclear
ribosomal DNA sequence variation in six Eucalyptus populations.
Journal of Essential Oil Research 26, 377–384.
doi:10.1080/10412905.2014.933133

SallasL,KainulainenP,Utriainen J,HolopainenT,Holopainen JK(2001)The
influenceof elevatedO3andCO2concentrationsonsecondarymetabolites
of Scots pine (Pinus sylvestris L.) seedlings. Global Change Biology 7,
303–311. doi:10.1046/j.1365-2486.2001.00408.x

SchemskeDW,MittelbachGG,Cornell HV, Sobel JM,RoyK (2009) Is there
a latitudinal gradient in the importance of biotic interactions? Annual
Review of Ecology Evolution and Systematics 40, 245–269.
doi:10.1146/annurev.ecolsys.39.110707.173430

Schilmiller AL, Schauvinhold I, Larson M, Xu R, Charbonneau AL,
Schmidt A, Wilkerson C, Last RL, Pichersky E (2009) Monoterpenes
in the glandular trichomes of tomato are synthesized from a neryl
diphosphate precursor rather than geranyl diphosphate. Proceedings of
the National Academy of Sciences, USA 106, 10865–10870.
doi:10.1073/pnas.0904113106

Sharkey TD, Monson RK (2014) The future of isoprene emission from
leaves, canopies and landscapes. Plant, Cell & Environment 37,
1727–1740. doi:10.1111/pce.12289

L Australian Journal of Botany C. Bustos-Segura et al.

dx.doi.org/10.1007/s00442-010-1827-6
dx.doi.org/10.1111/j.1469-8137.2011.03769.x
dx.doi.org/10.1186/s12864-015-1598-x
dx.doi.org/10.1023/A:1023260610025
dx.doi.org/10.1007/s004420050058
dx.doi.org/10.1023/A:1020863216892
dx.doi.org/10.1086/283063
dx.doi.org/10.1016/j.biortech.2009.11.081
dx.doi.org/10.1071/SB09005
dx.doi.org/10.1007/s10886-012-0071-4
dx.doi.org/10.1007/s11306-015-0825-4
dx.doi.org/10.1111/j.1365-2435.2010.01814.x
dx.doi.org/10.1111/j.1469-8137.2011.03732.x
dx.doi.org/10.1111/nph.12526
dx.doi.org/10.1080/10412905.1999.9701085
dx.doi.org/10.1186/1471-2105-13-115
dx.doi.org/10.1093/pcp/pcv064
dx.doi.org/10.1007/s11101-013-9331-3
dx.doi.org/10.3389/fpls.2016.01019
dx.doi.org/10.1023/B:JOEC.0000006383.29650.d7
dx.doi.org/10.1071/BT00059
dx.doi.org/10.1016/0003-9861(78)90039-5
dx.doi.org/10.1111/oik.01156
dx.doi.org/10.1111/j.1461-0248.2011.01609.x
dx.doi.org/10.1038/nature03451
dx.doi.org/10.1038/nature01312
dx.doi.org/10.1080/10412905.2014.933133
dx.doi.org/10.1046/j.1365-2486.2001.00408.x
dx.doi.org/10.1146/annurev.ecolsys.39.110707.173430
dx.doi.org/10.1073/pnas.0904113106
dx.doi.org/10.1111/pce.12289


Sharkey TD, Wiberley AE, Donohue AR (2008) Isoprene emission from
plants: why and how. Annals of Botany 101, 5–18.
doi:10.1093/aob/mcm240

Southwell IA, Russell MF (2002) Volatile oil comparison of cotyledon
leaves of chemotypes of Melaleuca alternifolia. Phytochemistry 59,
391–393. doi:10.1016/S0031-9422(01)00405-8

Staudt M, Joffre R, Rambal S, Kesselmeier J (2001) Effect of elevated CO2

on monoterpene emission of young Quercus ilex trees and its relation
to structural and ecophysiological parameters. Tree Physiology 21,
437–445. doi:10.1093/treephys/21.7.437

Stone C, Bacon P (1994) Relationships among moisture stress, insect
herbivory, foliar cineole content and the growth of river red gum
Eucalyptus camaldulensis. Journal of Applied Ecology 31, 604–612.
doi:10.2307/2404151

Suzuki R, Shimodaira H (2006) Pvclust: an R package for assessing the
uncertainty in hierarchical clustering. Bioinformatics 22, 1540–1542.

Taft S, Najar A, Godbout J, Bousquet J, Erbilgin N (2015) Variations in
foliar monoterpenes across the range of jack pine reveal three
widespread chemotypes: implications to host expansion of invasive
mountain pine beetle. Frontiers in Plant Science 6, 342.
doi:10.3389/fpls.2015.00342

Tholl D (2006) Terpene synthases and the regulation, diversity and
biological roles of terpene metabolism. Current Opinion in Plant
Biology 9, 297–304. doi:10.1016/j.pbi.2006.03.014

Thompson J, Charpentier A, Bouguet G, Charmasson F, Roset S, Buatois B,
Vernet P, Gouyon PH (2013) Evolution of a genetic polymorphism
with climate change in a Mediterranean landscape. Proceedings of the
National Academy of Sciences of the United States of America 110,
2893–2897. doi:10.1073/pnas.1215833110

Valkama E, Koricheva J, Oksanen E (2007) Effects of elevated O3, alone
and in combination with elevated CO2, on tree leaf chemistry and insect
herbivore performance: A meta-analysis. Global Change Biology 13,
184–201. doi:10.1111/j.1365-2486.2006.01284.x

van Schie CCN, Haring MA, Schuurink RC (2007) Tomato linalool
synthase is induced in trichomes by jasmonic acid. Plant Molecular
Biology 64, 251–263. doi:10.1007/s11103-007-9149-8

Vernet P, Gouyon R, Valdeyron G (1986) Genetic control of the oil content
in Thymus vulgaris L: a case of polymorphism in a biosynthetic chain.
Genetica 69, 227–231. doi:10.1007/BF00133526

Wallis IR,KeszeiA,HeneryML,MoranGF,ForresterR,Maintz J,MarshKJ,
Andrew RL, Foley WJ . (2011) A chemical perspective on the evolution
of variation in Eucalyptus globulus. Perspectives in Plant Ecology,
Evolution and Systematics 13, 305–318.
doi:10.1016/j.ppees.2011.05.005

Webb H, Lanfear R, Hamill J, Foley WJ, Külheim C (2013) The yield of
essential oils in Melaleuca alternifolia (Myrtaceae) is regulated through
transcript abundance of genes in theMEP pathway. PLoS One 8, e60631.
doi:10.1371/journal.pone.0060631

Woods EC, Hastings AP, Turley NE, Heard SB, Agrawal AA (2012)
Adaptive geographical clines in the growth and defense of a native
plant. Ecological Monographs 82, 149–168. doi:10.1890/11-1446.1

Zvereva EL, Kozlov MV (2006) Consequences of simultaneous elevation
of carbon dioxide and temperature for plant-herbivore interactions:
a meta-analysis. Global Change Biology 12, 27–41.
doi:10.1111/j.1365-2486.2005.01086.x

Handling Editor: Linda Broadhurst

Intraspecific diversity of terpenes Australian Journal of Botany M

www.publish.csiro.au/journals/ajb

View publication statsView publication stats

dx.doi.org/10.1093/aob/mcm240
dx.doi.org/10.1016/S0031-9422(01)00405-8
dx.doi.org/10.1093/treephys/21.7.437
dx.doi.org/10.2307/2404151
dx.doi.org/10.3389/fpls.2015.00342
dx.doi.org/10.1016/j.pbi.2006.03.014
dx.doi.org/10.1073/pnas.1215833110
dx.doi.org/10.1111/j.1365-2486.2006.01284.x
dx.doi.org/10.1007/s11103-007-9149-8
dx.doi.org/10.1007/BF00133526
dx.doi.org/10.1016/j.ppees.2011.05.005
dx.doi.org/10.1371/journal.pone.0060631
dx.doi.org/10.1890/11-1446.1
dx.doi.org/10.1111/j.1365-2486.2005.01086.x
https://www.researchgate.net/publication/317241351

