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Abstract

Introduction Chromatography with mass spectrometry
(MS) is a technique of choice for metabolomic analysis
of plant extracts. Single dimension gas chromatography
(1DGC) with MS leads to poorly resolved metabolites of
complex FEucalyptus spp. leaf oil secondary metabolites
and consequently limited metabolic coverage of secondary
compounds. Multidimensional chromatography with high
resolution MS can contribute to advances in this field.
Objectives Deeper insight into metabolite composition
and variation for Eucalyptus spp. leaf oils through system-
atic untargeted metabolic profiling using comprehensive
two-dimensional GC (GC x GC) with high resolution time-
of-flight MS (accTOFMS), using generalised processes for
metabolite identification.

Methods GC X GC separation used cryogenic modulation,
with standard length polar first dimension and short fast
analysis non-polar *D columns. Compound tentative iden-
tification incorporated 'D and %D retention information,
retention indices, mass spectrum matching, and accurate
mass MS data. Global metabolic profiles were interpreted
through 2D contour plots and chemometric analysis.

Electronic supplementary material The online version of this
article (doi:10.1007/s11306-017-1173-3) contains supplementary
material, which is available to authorized users.
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Results  Strategies for metabolite screening and identifica-
tion using GC X GC-accTOFMS were proposed. Consider-
ably more components are detected and recognised than for
IDGC. Structured 2D molecular composition chromato-
graphic patterns aid identification. ca. 400 metabolites were
detected, 183 compounds were identified or tentatively
identified, representing between 50.8-90.0% of the total ion
count, comprising various chemical families. PCA revealed
discriminating metabolites, allowing chemotaxonomic
classification of species.

Conclusion Expansion of metabolic coverage by using
GCxGC-accTOFMS, and detailed 2D metabolic fin-
gerprints of E. polybractea, E. citriodora, E. radiata and
E. globulus leaf oils were established. This high resolu-
tion analytical platform, and identification strategy can be
adapted to metabolic analysis of other plant extracts.

Graphical abstract Phytoconstituents of four Austral-
ian eucalypt leaf oils were profiled using high resolution
GCx GC-accurate mass TOFMS. Two-dimensional plots
illustrated significant expansion of metabolic coverage.
PCA discriminated metabolites of the eucalypts.
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1 Introduction

The genus Eucalyptus, an Australian native, comprising
more than 700 species belonging to the Myrtaceae family,
is one of the world’s most important and widely cultivated
hardwood trees (Cossalter and Pye-Smith 2003; Hantao
et al. 2013). The aromatic volatile oil steam-distilled from
its foliage [referred to as Eucalyptus oil (EO)], is among the
world’s top traded essential oils in terms of volume (Batish
et al. 2008). The study of EO has attracted much attention;
this penetrating oil reportedly exhibits anti-microbial, anti-
bacterial, anti-septic, fungicidal and nematicidal activities
(Pandey et al. 2000; Ramezani et al. 2002; Sartorelli et al.
2007; Cermelli et al. 2008; Mulyaningsih et al. 2010; Tyagi
and Malik 2011). EO is comprised of two major types, the
cineole-rich/medicinal-type and citronellal-rich/lemon-
scented-type (the latter produced mainly by E. citriodora).
The cineole-type EO is primarily used in medicinal/phar-
maceutical industries, while the lemon scented oil is mainly
for perfumery, cosmetics and functional food (flavouring
agent) purposes (Goodger et al. 2007; Singh et al. 2012).

A recent upsurge in interest arises from the discovery of
potent insecticidal and herbicidal/allelopathic activity of
the volatile oil which may be derived from its foliage, sug-
gesting future alternative bio-insecticides, crop protectants
or bio-herbicides. Numerous studies have demonstrated
that EO retards growth of vegetation and provides defence
against phytopathogenic fungi, herbivors and harmful
insects (Batish et al. 2008; Verdeguer et al. 2009; Zhang
and Fu 2009). The extent of effects obtained from different
species of eucalypt differ markedly, attributed to variability
in metabolite composition. Different degrees of allelopathic
potential of eucalypt have been highlighted; even though
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some Eucalyptus species (E. radiata; E. globulus) have
1,8-cineole as the major component, they display notice-
able differences in activities (May and Ash 1990; Kohli
et al. 1998). These discoveries prompted investigations to
correlate these observations with metabolites present in
EO. Trace components apparently play a critical role in
mediating these activities, possibly by synergistic effects
with other components (Hummelbrunner and Isman 2001;
Nerio et al. 2010). Detailed profiling using advanced com-
prehensive approaches, expanding the metabolic coverage,
would be valuable in identifying the full suite of metabo-
lites, and aid exploration of possible synergistic relation-
ships between chemical components (including minor con-
stituents) and bio-activity.

Extensive chemical diversity associated with high vari-
ability in intrinsic physicochemical properties of plant
secondary products, make separation, detection and iden-
tification of phytochemicals challenging (Wolfender et al.
2015). Whilst gas chromatography (GC) combined with
mass spectrometry (MS) is pre-eminent for global profiling
of plant secondary metabolites, the inability of GC-MS to
distinguish between components of similar structure and/
or mass spectra is a major limitation, especially where
GC resolution is a limiting factor. Given the functional
importance of isomers in biology, this is an important
constraint (Fernie et al. 2004; Rathahao-Pari et al. 2016).
Targeted analysis using specific capabilities in MS (triple
quadrupole analysis with selected reaction monitoring, or
multiple reaction monitoring) may elucidate known ana-
lytes of interest in the presence of complex matrix inter-
ferences, such that improved GC separation is less criti-
cal. However, this is not suited to untargeted profiling of
plant metabolites, since they invariably focus on known
target compounds. Therefore, utilisation of multiple sepa-
ration dimensions is important for comprehensive analy-
sis of a complex plant metabolome. Comprehensive two-
dimensional GC (GCxGC), offering high resolution and
increased peak capacity has considerable potential as a tool
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for metabolomics (Dettmer et al. 2013; Chin and Marriott
2014; Wong et al. 2014). Semi-automated data processing
for metabolomics applications have been proposed (Koek
et al. 2011). More usual, is the use of GC-MS as a part
of the strategy of metabolite identification using multiple
instrumental techniques (Lopez-Sanchez et al. 2015).

Various reports describe chemotyping of EO of dissimi-
lar species using GC-MS (Boland et al. 1991; Bendaoud
et al. 2009; Cheng et al. 2009), though previous work did
not address the complexity of metabolites in the oils, nor
limitations of 1DGC as a result of limited peak capacity of
the 1D separation, particularly where low abundance com-
ponents suffer overlap with major components. As research
shifts toward comprehensive ‘““-omics” approaches for
measurement of plant metabolomes, deep insights of bio-
chemical regulation within plants, improved detection, and
global compound identification is critical. Here, GC X GC
with high resolution quadrupole time-of-flight MS
(GCx GC-accTOFMS) is described for untargeted meta-
bolic profiling of leaf oils of E. polybractea, E. citriodora,
E. radiata, and E. globulus. Metabolite screening strategies
and identification are proposed, based on a detailed study
regarding metabolite diversity among eucalypt generated in
a single comprehensive high resolution analytical approach.
This study provides valuable information for studies of bio-
logical variation of secondary metabolites in eucalypts,
their associated bioactive activities (allelopathic, insecti-
cidal, etc.) and factors that trigger metabolite formation.
Although GCxGC fully resolves many more compounds
than 1DGQC, its ability to provide a commensurate increase
in metabolite coverage was of interest.

2 Materials and methods
2.1 Materials
2.1.1 Chemicals and reagents

Myrcene, a-pinene, P-pinene, carvone, methyl eugenol,
1,8-cineole, 1-octen-3-ol, cuminaldehyde, terpinolene, lin-
alool oxide, p-cymene, camphor, car-3-ene, bornyl acetate,
sabinene, cis-ocimene, o-terpinyl acetate, y-terpinene,
menthone, cinnamyl acetate, p-anisaldehyde, fenchone and
estragole were provided by Australian Botanical Products
(Hallam, Australia). Limonene, terpinen-4-ol, a-terpineol,
linalyl acetate and linalool standards were provided by
FGB Natural Products Pty Ltd (Oakleigh South, Australia).
HPLC grade dichloromethane and hexane were purchased
from Merck (Darmstadt, Germany). A series of n-alkanes
(C;—C5,) was purchased from Sigma—Aldrich (St. Louis,
MO).

2.1.2 Eucalyptus leaf oil samples

All leaf oil samples were sampled from four plantation
areas: the Inglewood region of Australia (E. polybractea),
South Africa (E. radiata), and Yunnan (E. citriodora and
E. globulus). They were provided by FGB Natural Products
Pty Ltd. All collected oil samples were steam distilled from
the foliage of the plant. Yields ranged from ca. 0.9 to 1.1%
of wet material weight. Samples were stored refrigerated
(4°C), and were diluted in dichloromethane (1.0, 0.5 and
0.1% v/v) prior to injecting into the GC.

2.2 Methods
2.2.1 GCxGC-accQTOFMS system

Separations were conducted on an Agilent 7890 A GC
coupled with a 7200 series quadrupole time-of-flight mass
spectrometer (QTOFMS; Agilent Technologies, Mulgrave,
Australia), retrofitted with an Everest model longitudinally
modulated cryogenic system (LMCS, Chromatography
Concepts Ltd, Doncaster, Australia). Chromatographic
separation was performed using a first dimension ('D)
SUPELCOWAX®10 column of dimension 30 mx0.25 mm
[.D.x0.25 pm film thickness (dy); (Supelco, Bellefonte,
PA), with a Rxi®-5Sil MS second dimension (°D) column
(1 mx0.1 mm I.D.x0.1 pm df; Restek Corp, Bellefonte,
PA) connected by a deactivated Press-Tight connector
(Restek) through the LMCS. Modulation was performed
at 0°C with modulation period (Py;) of 5 s. Helium was
used as carrier gas (99.999% purity) at a constant flow
rate of 1.2 mL min~!. The chromatographic conditions
were: oven temperature program, 40°C (hold 2 min),
increased at 3°C min~!' to 240°C (hold 20 min); injec-
tor temperature, 230 °C; injection volume, 1 pL. and using
split ratios of 100:1 or 50:1. The outlet of the D column
was connected to the MS source via deactivated fused sil-
ica (0.45 mx0.10 mm 1.D.). The QTOFMS was operated
in total transfer ion mode through the quadrupole sector,
so the MS functioned as an accurate mass (acc)TOFMS
instrument. The ion source T was 280°C, transfer line
T was 250°C, with ionisation of 70 eV. A mass range of
45400 Da was used, with TOF mass resolution of 2 GHz
extended dynamic range. GC-accTOFMS experiments
were conducted using the same column configuration and
instrument conditions, except the cryogenic modulation
process was not performed. Agilent MassHunter software
was used for modulation control, data acquisition and pro-
cessing. A schematic of the system configuration is illus-
trated in Fig. S1 (Supporting Information).
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2.3 Data handling

Data acquisition and processing were performed using
Agilent MassHunter ver. B.06.00 (Agilent Technologies).
NIST (National Institute of Standards and Technology)
11 MS spectrum library was used for spectrum search-
ing and identification. Retention indices (RI) were calcu-
lated using the Van den Dool and Kratz equation, relative
to C,—C;, n-alkanes (note that f is determined as the total
retention time on both the 'D and 2D columns) effectively
corresponding to the polar SUPELCOWAX®10 column.
Replicate analyses, and of the same sample at different
concentration indicated acceptable reproducibility of reten-
tion time and index values. Metabolite identification levels
were classified according to minimum reporting standards
guidelines defined by the Metabolomics Standards Initia-
tive (Sumner et al. 2007). Contour plots were generated by
exporting MassHunter data in CSV file format, followed
by data conversion to 2D matrix (according to the Py and
data acquisition rate) using in-house software (2D GC con-
verter), with 2D plots generated using Transform software
(ver. 3.3, Fortner Research, VA). Precise data acquisition
rates (nominally 50 Hz) were assessed by calculating the
number of data points in a given time period. Principal
component analysis (PCA) was performed using Multibase
(NumericalDynamics.com, Tokyo, Japan), and Microsoft
Excel Version 14.0.7140.5002 (Microsoft Corporation,
Remond, WA).

3 Results

Metabolic profiles of leaf oils from E. polybractea (EP), E.
citriodora (EC), E. radiata (ER) and E. globulus (EG) were
analysed by GCx GC-accTOFMS in order to classify dif-
ferences in expression of their metabolites.

3.1 Assessment of GC x GC chromatographic
parameters and operating conditions

Separation performance of GCXGC is dependent on the
right column combination and also the selectivity of the
stationary phases. Prior experience with similarly com-
plex samples of agarwood (Aquilaria malaccensis) extracts
allowed choice of a suitable column combination here
(i.e. a polarxnon-polar set) to effect appropriate separa-
tion within the 2D space (Wong et al. 2015). To obtain
acceptable GCxXGC separation and support metabolite
identification and coverage, both Py, and modulation tem-
perature (7)) were investigated by using the EC leaf oil.
The effect of Ty; over the range —20-20°C was investi-
gated; too low Ty, may lead to incomplete re-mobilisation
of high boiling point compounds; at too high 7\, the more
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volatile components might not be trapped effectively, caus-
ing some breakthrough. 7,,=0°C was chosen as a com-
promise. Similarly, a larger Py, will reduce wrap-around,
but results in reduced 'D resolution (i.e. insufficient mod-
ulation events performed across a peak), potentially caus-
ing overlapping of some peaks already separated in 'D.
Py=5 s was subsequently chosen. To validate the accu-
racy of linear temperature programmed retention indices
(RI) using GCXGC-accTOFMS, experimental RI (RI,)
for a mixture of monoterpenes were determined and com-
pared with reference RI data (RI,.s; Supporting Information
Table S1); a good linear correlation (R*=0.9994) between
RI,; and RI,; was obtained. Adequate reproducibility of
the GC x GC experiment, and reliable index calculation are
two prerequisites for metabolite identification.

3.2 Metabolic profiling of eucalypt leaf oils using
GCx GC-accTOFMS

GC-accTOFMS analysis of EP leaf oil (Fig. 1A) shows
a reasonably complex chromatogram, with many peak
overlaps apparent or suspected (due to lack of sufficient
peak separation). Therefore GC-accTOFMS is unable
to adequately resolve and identify the large proportion of
metabolites present within the oil. Hence, higher resolution
GC X GC-accTOFMS utilising 2D separation in real-time
with high resolution MS detection was conducted. Cou-
pling the two columns with different separation mecha-
nisms (here, polar 'D and non-polar 2D phases) and cryo-
genic modulation, with accurate mass MS detection, results
in enhanced metabolite profiling with respect to the total
coverage of measured metabolites. The gain in metabolic
coverage can be readily observed. 1DGC analysis (Fig. 1A)
enables the detection of ca. 90 compounds in EP leaf oil,
while GCxGC analysis indicated detection of ca. 302
compounds (Fig. 1C), corresponding to a threefold increase
in detected components.

Identification of phytochemicals by conventional
GC-MS is often based on comparison of both detected
compound spectra with those recorded in MS libraries, plus
retention indices. There is a distinct possibility of reject-
ing low abundance or co-eluting compounds, which con-
sequently have lower threshold MS match scores. This is
a universal concern for almost all metabolic analysis tasks
using chromatography with MS platforms. As GCxGC
provides increased peak separation, and cryogenic focusing
gives better peak sensitivity (i.e. higher S/N ratios; contrast
Fig. 1B with Fig. 1A), an increased number of compounds
with high match scores is expected. Hence, GC X GC analy-
sis provides improved component peak assignment in con-
trast to 1DGC, especially for trace metabolites. The likeli-
hood of having more than one matching library entry with
similar score for a detected compound is a major constraint



Untargeted metabolic profiling of Eucalyptus spp. leaf oils using comprehensive...

Page 50f 17 46

129, 4.
~ 10 { (A1) 5\3 (Aii)
g1

B &} Il

= 6__ b I
3 4 Va
S

0__ \\_L‘_LJ’ . l i,.L&L“lMLJ‘ Il :L JL

Counts (x10%)

Fig. 1 GCXGC-accTOFMS analysis of E. polybractea leaf oil. Ai
1D GC-accTOFMS analysis, Aii expansion of rectangle region in
(Ai), Bi linear presentation of the GC result using cryogenic modula-
tion with Py; =5 s, Bii expansion of rectangle region in (Bi), C 2D
contour plot of data shown in (B)

to identification; the highest match score cannot be guar-
anteed as correct, particularly for isomers. High resolution
TOFMS provides increased confidence for components
with different molecular formulae, especially those com-
prising heteroatomic species; (Table 1; Supporting Infor-
mation Table S2), as indicated for mass spectra for two ten-
tatively identified compounds (level 2 identifications (L2);
Supporting Information Fig. S2), m-cumenol (alkyl phenol)
and phytol (diterpenic alcohol), with mass accuracy values
<12 ppm for corresponding ion formulae. However, not all
molecular ions will necessarily be observed with electron
ionisation (Fig. S2) due to complete fragmentation of the
molecular ion. Hence, molecular ions alone are insufficient
for identification. Base peak ions may provide an advantage

to discriminate against molecules having similar exact
masses. Both a-caryophyllene and 7y-selinene have the
same exact masses (204.1878 Da) but have base peak ions
of 93.07043 ([C;H,]™) and 189.16393 ([C,,H,,1"), respec-
tively. Use of retention index (RI) values (RI., vs. Rl )
as a filter adds another degree of identification certainty,
and may reduce the number of possible compounds gener-
ated from the NIST library search. However, RI for the 2D
column (*RI; non-polar phase) is not used for the current
study, due to the lower accuracy threshold for solutes hav-
ing higher retentions (von Miihlen and Marriott 2011; Jiang
et al. 2015).

Structured 2D chromatographic behaviour in the contour
plot aids classification of structurally related compounds
into chemical groupings based on clustering of their elu-
tion in the GC X GC plane, based on chemical composition.
This can support characterisation of a compound, by relat-
ing 2D chromatographic position to possible chemical fam-
ilies and/or structures. Thus, compounds with match scores
>80% and mass accuracy within +12 ppm (but without
supporting RI . data) that are located outside the expected
corresponding family group cluster, will be rejected. The
generalised procedural steps employed for compound iden-
tification (Fig. 2; taking the peak with 'tz of 1183.2 s and
2z‘R of 3.2 s, for example), commenced with (1): the mass
spectrum for the component at a given ltR and 2tR; (2): the
library match, revealing 6 compounds with relatively high
match factor; (3): consideration of mass precision/accu-
racy (ppm) of molecular and base ions; (4): calculation of
retention index, as isobaric compounds (e.g. chemical sub-
classes of mono- or sesquiterpenes) could not be differenti-
ated solely by accurate mass and/or fragmentation patterns;
and finally (5): consideration of 2D structure relationships
for chemical class position.

Detected compounds are identified based on compari-
son of mass spectra to standard compounds where avail-
able, or using the NIST 11 MS spectrum database, and by
comparison of GC retention indices with values reported
in the literature for a poly(ethylene glycol) phase column.
Higher MS match score values correspond to better MS
correlation. Mass accuracies were determined for the base
ion masses of the respective components. A match score
>80%, with consistent RI_,, (within +20 of RI ;) values and
mass accuracy values (within +12 ppm), were employed as
criteria for the tentative identification (L2) of compounds.
For compounds that do not have available R/, values, m/z
ion mass fragmentation patterns with corresponding rela-
tive ion abundances and ion formulae were determined to
aid tentative identification. A total of ca. 400 compounds
(estimated from the number of peak contours in the 2D
plots, Fig. 3; Table S2) were detected; of these 172 were
tentatively identified (L2), 11 were positively identified
(via co-injection of standards; level 1 identification, L1),

@ Springer



Y. F. Wong et al.

46 Page 6 of 17

+°H%0]
96'8 ST1690°18 ¥'8¥6
L9T 99690°18 096
(8°6€) O+ 80  (9789) 10 €9690°18 1'¢S6
Socl1 ret LOTI SocI  €0cTl 8I'C 0L690°18 O¥'HY"D  9-78-0L ¥'e T8¥6 on #39[09UID-8°] L
HHO]
06'8 €9€50°L9 1'8€6
89°¢ 86€50°L9 TELo
(9] #'8) (€0 Iy 8¢'¢ 00¥S0°L9 786
10¢1 6611 L6T1 L6IT  S611 L8V 06£50°L9 STHYD  €-98-8¢1 [ T'8C6 HW #xUSUOWIT 9
s PTHOTD] L ETHOOT 4 [*HO1 L [*HD]
(F"6Y) SOVTI9ET *(6°€8)
SE001°IZI (001) 00690°€6 (T'€9) TEESO'16
Hitee)! (6°€5) 88ETI'9€1 “(6°€8)
we 00690°€6 1€00T°1TT “(001) 1#690°€6 “(T+L) 12€S0°16 T'8L8
(10>) O &0 10°¢ 17690°€6 (1'96) 81¥T1'9¢1 “(8'88) 1'¢88
LLTT 6LTT pu 6LIT  8LII SOy L¥690°€6 S6001°1ZI (00D L690°€6 (S'S9) £6£S0°'16 TTHYD  6-98-66 1I'e 1'¢88 HW -0 ‘oudurdiag, S
s PTHY'D] L [*HEO] “ [“HEO1 “4 [FH®D]
(6'7) 9€€T19€1
(001) T1690°€6 “(+°0S) 62€S0°16 “(€°ST) 89LED'LL
1] (SLT) PEPTI9ET
T8 11690°€6  “(001) 81690°€6 (6'48) ¥8ES0 16 “(1'TH) 0E8E0'LL 8'TH8
((Y0)) 81 (50 6¥'L 81690°€6 (S'91) SOPTI9ET TEv8
€911 €11 pu S9IT 9911 ST $9690°€6  (001) $9690°€6 “(L'8L) 66£S0°16 (L'0F) £S8E0°LL TTHYD 768766 I'e 88 HW -0 ‘auaIpue[[dYd 14
L)l
oLt 91690°¢6 0'8¢L
T 10> (€0) 19'0 78690°¢6 1'8€L
pu 0cIT 0crl ocIr  8ITI 10T 69690°€6 STHYD  GIveL8¢g 0¢ 1'8¢L HN #xUSUIQES €
1]
96°6 $6890°¢6 €869
1294 9690°¢6 Te0L
Lo &1 90 o1 $69 €7690°€6 TeoL
YOI 9011 9011 90IT  ¥OTII SO 05690°¢6 STHYD  €-L9-TLIST £'e £e0L HN -g “xsouoUId C
1]
80C— LOOLO'€6 L AY4Y
€Cs 6£690°€6 £'eTs
(4] 0 (S0) 02 el 100L0°€6 £'€Cs
1201 1201 1201 1201 1201 06’1 0L690°€6 STHYD  8-96-08 Ve 14 Y4Y HN D ‘AU I
D4 o4 od dd
(% *dduepunqe a3ejuo1ad oane[y) ‘sassewt B[OULIO) (s) (s)
Sy M (wdd) v uor asegq o(S0UBPUNQE UOT SADE[SX) SUOT JUBDJIUSIS JO 2/l IR[MOS[OIN NASVD Uy s SSeD punodwo)  "oN

sordures 1dAeons juaroytp oy ur pagnuopt punodwod jeyy
0) puodsa110o punodwod udAIS © 10§ sAINUd 1eadoy "SINJOL98-DD X DD Suisn pasA[eue s[1o Jed 1dATeona juaroyip ut (z7) paynuapt A[eaneiud) 1o (1) Aeanisod spunodwos 1ofej T dqel,

pringer

Qs



Page 70f 17 46

Untargeted metabolic profiling of Eucalyptus spp. leaf oils using comprehensive...

***LOSIEUQ
[o"H®D1 1 [0%H%D] “{[‘H°D] *,[*H™D]
(9°6) EPEOTOST ‘(¥ L) 0SO80°SET “(8°99)

L[fH"D] £L9S0°80T “(L8S) 68£S0°6L “(001) 678€0°€S
cD To €9°1 6¥8€0°€S (S'9) LEEOT0ST “(1°8%) 89080°SET “(1°89) 981
S9¢61 pu pu G961  SHSI PES— 988€0°€S 12LSO'801 “(L°LS) 81¥S0°6L “(001) 988£0°€S O"HYD  $-T6-09t0€ Tt 981 X -0 ‘duoArRdOUld €
***LOM:I:_U_ nLLOm_IoU_
SETHOT L IMTHEDT L IOPHED] L [“HD] “,[‘H"D]
(T'€) Y6EET ST ((T'€T)
e LJFHTDD S601T°6€1 “(L49) 0S001°1TT “(1°29) 60580°S6
pu pu €961 pu 1961 L1 117S0°L9  “(9'8%) €€950°¥8 “(001) T1#5S0°L9 ‘(6'Th) 66£50°SS O¥HYD  9-19-98LL [ T'LS8I nWo [o3axdos]  ZI
w4 [OSTHOD]
LIETHOT L IMHROT LIHD] L [“H*D]
(9'61) T601T°6€T “(#'LS) 6¥001°1C1
(00T) €L¥80°S6 “(6'66) 05890°69 “(0°98) 9S£50°L9
H'"HAO] (L'ST) 08ITT'6€T “(£°8S) 68001°1T1
8¢'8 €L¥80°S6  “(00T) 0TS80°S6 "(1°96) 1S690°69 (£°0L) STHSO'LY €7991
10> (¢60) (eoen) e 0TS80°S6 (0°81) 09ZIT°6€1 “(1°01) 691001°1T1 $'TS91
pu 6LYT 6LYT 6LYT  S8F1 €6 €9180°S6  “(00T) £9%80°S6 “(1°€6) 10690°69 (0°86) 6S+S0°L9 O”'H"D  0-€T-901 v'C ¥'TS91 VN [eruonty 1
H'"HO]
09§ 9880611 SLINI
€61 $6¥80°611 STITI
(X9 D 0 ((Y9] €Tl 8680611 SLITI
oLzl 89Tl 0LTl  0LTl  L9TI yLT 0TS80°611 THYD 9718766 9T LLITI HW -d Puowky 01
L°HI
'S LE690°€6 6501
T (S0 90 €T’s 6£690°€6 €501
pu 741 szl Tl Thel 079 0£690°€6 STHYD  1-19-6LLE 0¢ 18701 HW -g-S10 4 PUAWIQ 6
***LO_EEUQ
ETHODT L [°H8D] L [°HA] L [FHED] L [*HPD]
(+'9¢)
86£TT9€T “(+°9€) 9S00T°TTT “(T'LT) T1690°S0T
(00T) €T0LO'E6 “(8°L8) €THSOT16 “(€71S) OT8E0'LL
(8'80)
TLTTT'9ET “(+°6T) ¥900TTTT ‘(' €T) £6890°S0T
(001) LE690'E6 “(ST8) 0SESO 16 “(T'6€) 19LEDLL
(€10
LPHDD  1pPT1'9€1 (6°82) 001017121 “(6°E1) TH690°SO1
08'¢— €20L0°€6  “(00T) 89690°€6 “(9'8L) €0¥SO'16 (S'0F) 8780 LL 18701
249 LE690°€6 (0°62) €501
90 90 o (VX0)] 11'c 89690°¢6  LSYTI'9EI ((9°L7) 8EI0I'ITI “(S°ED) L9690°SOT 1'€501
374! 8741 sS4 S¥CI  ovel LOO £8690°€6  “(00T) L8690°€6 “(T'8L) LTFSO'T6 (S TH) SS8E0LL THYD  $-68-66 0¢ €501 HW -A ‘ouourdiag, 8
ok i) oq dd
(% “eouepunqe d3ejucorad dATE[SY) ‘sassewt B[OUWLIO) (s) (s)
oy My (wdd) v uor oseqg o(90UBPUNGE UOI DANR[OI) SUOL JUBDJIUSIS JO 2/t IR[NIJ[OIN NaSVD Y, o, JSseID punodwo) ‘ON

(ponunuod) [ Aqel,

pringer

a's



Y. F. Wong et al.

46 Page 8 of 17

s [ THOO]
[o°HD1 4 [*H4D1 1[0 H D] “[*'H*D] 4 [*H™D]
6€p)
SPP80°611 (872 SO¥90°601 (001) 92190°T6
“(€'11) 0£850°€8 “(T€S) 9L9LOOL (S'08) ¥6€S0'SS

Akice) 'Ly
1o ((3(0)] 09°'8 9219026 78S80°611 “(0°ST) 19590601 “(00T) £2T90°C6 0°LS0T
8191 pu pu  0S9T  9+91 P61 €2790°T6  “($'9%) TT6Y0 €8 “(1'+S) LYLLO 0L (9°08) S9+SO°SS O'HYD  §-19-L¥S 0C 07902 NO -Suel) ‘JodAIROoUld 8
***LwNEEUg
BLL S Lo R EL S oI RMLL S Vo RN s Lo R S e
(8'20) €6L81'+0T
(T°9€) 6LEIT'68T “(S'08) L6TET'TIT “(1°SL)
96680°611 “(001) 09%S0°16 “(L'8S) ¥I1¥S0°L9
(T'81) 8¥S8T+0T
(8'427) 8STIT°681 “(1°S9) SETET'TIT “($°S9)
NG R SEE80°611 (001) THESO'16 “(I'Fh) 68CSO'LY
or'p— 09¥$0'16 (1°12) 68L81+0T I'vS61
8D 10> (80 L6'8 17€50°16 (L°T1€) T0S9T°681 “(€°6L) 0SEETTIT “(L°0L) 1'6S61
$091 9091 pu 9091 9191 vL9— ¥8¥S0'16 00980°61T “(001) ¥8+S0'16 ‘(6CS) 09¥S0°L9 TH'D  6-LT9vTST 'y 06561 HS QUAIPUSPEWOILONTY L]
L[0*H"D]
€99 L98YOTL Th61
YTy ¥8870'TL TLEGT
@n ©¢) (10> @wn 19 0L8Y0'TL TLY61
86ST 9651 1091 66ST 6651 850 0T6+0'TL O¥HYD  €bLT9s T €TH6l Wo s [0-p-uoUIdIRL, 9T
***LEISU;
LS Lo ) ML S e ML S Kie | RS S Lo ) R L S o)
(T0) 0£981°¥0C
‘(L'SD 01¥91°681 “(0°62) 08TET' 191 (T'18)
6L00T°€€T “(00T) 96£S0°16 “(S7SS) 6+690°69
(T ¥6581'+0T
‘(FHT) €829T°681 “($'97) €TTET'TIT “(8°SL)
TTTOT°EET “(001) TLESO 16 “(T0S) 6+690°69
(80) 0T981'+0T
AR iee) (0°ST) 89¥91°681 “(0°LT) 00EETTIT “(0°6L)
€6'C 96£50°16 88001°€€T “(001) LIFSO 16 “(€+S) 88690°69 8'¢€61
L9°S 1LESO'T6 (8'T) 95S81°+0T 8'€€61
(a0l (0] D 10> 790 LI¥SO'16 ‘("ST) THP9T°681 “(L°627) 8STET'T9T “(T'6L) , 6'€v61
S6S1 Y651 6651 L6ST  #6S1 ¥6'1 SO¥S0'16 9ETOT°EET “(001) SO¥SO16 “(8°TS) LL69V 69 THD  SvbL8 6'¢ 6'8€61 HS -g ‘ouapikydodrey ¢
#2,[0THO' D] L [O°TH®D]
SETHEDT L IMHAD] L ICHD] L [FHED] L [FHTD]
(8%) 8STET¥ST “(#'ST)
LLITT'6ET “(9°€9) €5001° 12T “(£729) STH0'S6
(I'TL) LT690'T8 “(001) TLESO'LY “(1'SH) 9TESO'SS
LHH0] (90) 6€SET¥ST (0°0T)
(10>) (2] 9L TLESO'LY 6VITT'6ET “(¥°L9) ¥6001° 121 *(9'%9) 91580°S6 1'L981
pu L9ST ILST pu  L9GT 681 0T¥S0'L9  “(9°0L) TS690°T8 “(00T) 0T¥S0°L9 “(6'F+) 90¥S0'SS O*'H"D  z-6L-68 1 €LLYT no [o3ondosy 41
o4 e oq dd
(% “eouepunqe d3ejusdIad dATIE[SY) ‘sassewt B[OUWLIO) (s) (s)
oy My (wdd) v uor oseq o(90UBPUNGE UOI DAN[OI) SUOL JUBDJIUSIS JO 2/t IR[NIJ[OIN NaSvD Y, o, SseID punodwo) ‘ON

(ponunuod) [ Aqel,

pringer

Qs



Page 9of 17 46

Untargeted metabolic profiling of Eucalyptus spp. leaf oils using comprehensive...

s [STHOOD L [FTHEO]
MTHEOL L[] L [CH D] L [FHED] L [FHTD]
(¥'81) STOTT'ETT “(L'ST)
61001°601 “(8%5) 90580°S6 ‘(L'SL) £€690'18
“(£'6L) £2690°69 “(001) 08€50°L9 “(6'€S) 86£S0'SS

HHH0] (F"61) $0911°€2T “(6°02)
Te) (10> 9¢'9 08€50°L9 $0001°601 “(1°LS) LIY80'S6 “(8'4L) £5690° 18 1'21€T 1A
pu pu 9Ll 09L1 VN €8°¢ L6€SOLY  “(9°€L) 15690769 “(001) L6ESO"LI “(8°9S) L6ESOSS O"HYD  $-8t-L090F 0T 6'90€T WO -wIp-L'g TO-[-UOT 9T
g [TCHS' D1 [HHED]
OO L MHED] L [CHED] L [FHD] “, [°H*D]
(L) 6S981°+0T ‘(+'82)
€n LETHOOD  ZLIET 19T “(001) LY0OT 1TT “(S°TS) 69¥80°LOT
pu T€LT pu pu VYN ¥8°S LYOOT'TTT  “(+L8) £2690°€6 “(8'9S) T9£50°6L “(L'6S) 61690°69 TH'D 20670599 8¢ 8'EHTT HS xouRIORWLIAZOPAdY 6T
***LOSEEUQ
LOf'HD] L ["H O] L [0*H*D] 4 [*H*D] *,[*H"D]
S
1S811°CST (9°07) #0S60°LET “(+°9T) 9€9LOT6
(972€) 6195078 “(001) +2690°69 “(9°TT) 98LED'ES
L[°H®D] (€¢)
(1'0>) () 6 ¥2690°69  8TOIT'TST (L'¥T) 99560°LET “(1°€T) 81LLOH6 TLETT
8TLI 0€LT pu pu  IgLl LS°E £969069  “(6'6€) 62950°+8 “(001) £9690°69 “(6°01) STSE0ES O'HY"D  SLTIvl Tt 1Ty 740 [PlURRD {7
L[°HD]
87 (€0 197 TI0LO'€6 L'LS1T
pu 7691 Pu  T691  6L91 vS1— 200L0°€6 OHYD 79708 LT L'LS1T VW #0008 [AuldRL, €7
L[0"H®D]
0L'0 016¥0°6S 0°LSIT
90°6— ¥h6v0°6S 12912
Lo (6°9) 10 Lo 60t 0687065 0291¢
7691 Y691 7691 691  T691 90°6— ¥h6v0°6S O¥HYD  6-56-86 0T 0°LSIT WO 0 ‘gxloourdio, T
w4 [OSTHOD]
SMHEO] L IOTHED] L [OFHED] L [PH D]
(6°01) ¥9¥60°LET ((9°TT) 6780°611
LCHSDD  (T'89) 0TLLOT6 “(£7€€) 698+0°€8 “(001) 1€690°69
(1'0) sn 0z'8 1€690°69 (I'TD) 61960°LET (8°ST) 91580°611 I'LTIT
6L91 1891 pu pu 2991 yI'e 9969069 “(S7TS) TELLOY6 “(9°0%) LLYF0'ES “(001) 9969069 O”'H"D  €-92-901 1C TTEIT 74 [PN 1T
w5 [0"HEO] L [0"THED]
[0%H%D1 L [0*H%D] L [*H°D] “,[‘H D]
19
91 LOH%D] 86£01°8ET “(6'11) TEO80'€TI “(¥'56) YOLSO96
pu pu PuU  0L91  S991 €8T~ 176v0°S6 (001 1+6¥0°S6 “(8'1€) LS690"18 “(L°9S) 0THSO"L9 O"'H®D  L-T0-00S 1C I'L01¢ b'/e] auoidAry 0z
***LEEEU_
SETHED] L IMTHAD] L ICH%D] L [FHED] L [FHTD]
0vD
968€1°8E1 “(F0P) ¥TOIT°€TI “(€'LL) 9vP80°S6
(001) 91690°18 “(T'T6) ¥6£50°L9 “(+°0€) LOYSO'SS
L°H°D] LD
(90en) D +8'8 91690°18 696£1°8€1 “(6'T%) ¥9911°€T1 “(L'6L) 6%580°S6 L'T80T
pu 6591 0991 pu 8691 68'1— €00L0°T8  “(00T) £00LO'T8 “(T'S6) £6+SO°LY (L'9E) 6TSO'SS  “OFHY'D  S-+8-0S1 8T 6'780T oV 91eIooe [O[UOnI) 6]
ok i) oq dd
(% “eouepunqe d3ejucorad dATE[SY) ‘sassewt B[OUWLIO) (s) (s)
oy My (wdd) vy uor oseqg o(90UBPUNGE UOI DAN[OI) SUOL JUBDJIUSIS JO 2/t IR[NIJ[OIN NaSVD Y, o, JSseID punodwo) ‘ON

(ponunuod) [ Aqel,

pringer

a's



Y. F. Wong et al.

46 Page 10 of 17

Ao e ]RGS o] RNEG ¢ ilfe)
ETHEDL G IETHOD] L EH3] L IO H D L
(9'1) TLL6T'TTT ‘(8'LS)
STLST'HOT “(6'78) 6SEIT'68T “(00T) 68TET 19T
(6'LS) ¥H00T'€ET (1'Th) 8SESO'T6 “(L'ST) ¥98Y0°6S
(S'1) T8+61°7TT ‘(1'65)
TLL8T+0T “(€716) 88€9T°68T “(00T) 8TTET 191

HEHEDI (('68) 1L00T°€ET (T'TH) S6£50°16 (6°LT) ST60°6S
¥9'¢ 68T1€T' 191 (S'1) 68861°7CT “(6'19) S'LOTE
(oD ao 10> w1 8CTTET'TI9T  80L8IHOT (L'46) TIE9T 681 (00T) €8TET 91 S'Lo1E
91t 91¢ pu  79IT  T8IT 0Y €81E1° 191 “(0°69) LL660'EET “(€:09) L8TSO'16 (L'EE) 86LY0"6S O”H"D $1L-60Cl ST SLOIE SO -k ‘owsapng  [¢
Lqmmm_o_ ,+—_NEEU_ f-imﬁo_
SETHOOL L IPHD] L [CHA] L [FH D s
(S'T2) $SL8T+0T “(0°€S) TBEIT 68T
($°26) 00€ET°T9T “(L°TS) 6S00T°€ET “(001)
78690°S01 “(S'16) #8690°€6 “(1'6L) €1¥50°L9
(F"L1) LOLST+0T “(STh) 65€91°681
“(8'%8) +ETEI'T91 “(0'9%) STO0T'EET “(001)
Ak el S1690°S01 “($°98) 87690°€6 ($°99) TO¥SO'L9
$$°0 78690°S01 (T°02) 98$81+0T “(6°9t) T6T91'681 9°LY6T
1o (1°0>) 10 69 S1690°S01 (7°€6) SIETT9T “(1°SH) TOOOI EET “(001) 9'TS6T
9.0 6L0T pu  6L0CT  €LOT €8 00690°S0T 00690°S0T “(6'L8) 68890°€6 “(8°€L) LSESO'LI O"H'D  €T0-Tss 9T L'TS6T SO [0IOPIPUIA  OF
LG See) R LT Lo M I EL & Cie ) RN LS S e )|
THEOT L IPHAD] L IH%D] L FHE D e
(T'81) STLTH0T “(1°6€) STEIT 681 “(+°08)
€81€1°191 “(T°€h) £FO0T°EET “(001) TO¥80"LOT
(0°16) 12690°€6 (S°08) 62690°18 “(0°9L) SSESO°L9
(T'81) 61L81+0T “(6'8€) S8E9T°681 “(L'EL)
98TET'T9T “(1°€h) THO0T'EET “(00T) 98+80°LOT
LTHEOD (6'88) LE690°€6 (L'8L) 6£690°18 (8°69) L6ESO'LY
LY'8 T9180°L01 (€'61) LO8STH0T “(I'TH) L6V9T°681 “(L'6L) 9°TE6T
9 aTo (V)] €9 98¥80°L0T  €EEET 19T “(8'h) 6ETOT"EET (00T) 06580°LOT S'LE6T
890¢C 1L0T PuU  890C  190C 6v€— 06S80°L01  “(€716) LIOLO'E6 (9°€8) L6690°18 (0FL) THFSO'LY OH'D  TLvlLElS 9T 9°TE6T so [onqon 67
Hleid s o) B LL S tie)
< [0°HPD] * [“HD] L [“H%D] L [“H D
1o
(a0 LOPHRD]  9€811°TST “(8°L1) TE8OTHET “(001) €T490°601 -d-sp ‘[o-g
0881 pu pu pu 8881 [9¥Y €TH90°601  “(9°€6) LSESO'16 ‘(1°T8) 19€50°6L “(+786) ¥8E£S0'LY O"'HY"D  €-€p-979tT 8l 8°195C no “UAIP-g*(L)T-BYIWSIN 8T
HTHOTDL L MTHED)
< [0°HPO] * [“HD] L [“H%D] L [“H D s
(6°99)
10601 +€T “(6°08) 1SS80°6TT “(001) T8S90°601
(0°L6) LEYSO'16 “(€7LS) LOYSO'6L “(STT9) 80¥S0'LI
+0°H D] (79
Tn (10>) £'6— 78590°601  SL8OIHET (0°€8) STSB0'61T “(001) 1++90°601 6'1LET
06LT pu pu  T6LT VN 0S¢ 17790601  “(1°L6) €0¥S0'16 ‘(S'ES) STHSO'6L (T'8S) ¥1+S0°L9 O”'H"D  6°01-L06SE 61 8'9LET WO #[09AIRDOS] /T
ok e oq dd
(% “eouepunqe d3ejusdIad dATIE[SY) ‘sassewt B[OUWLIO) (s) (s)
oy My (wdd) vy uor oseq o(90UBPUNGE UOI 9AN[OI) SUOL JUBDJIUSIS JO 2/t IR[NIJ[OIN NaSVD Y, o, SseD punodwo) ‘ON

(ponunuod) [ Aqel,

pringer

Qs



Page 11 of 17 46

Untargeted metabolic profiling of Eucalyptus spp. leaf oils using comprehensive...

proe o1jAx0qIed sruadisjouowr Yy Joyodre oruadiainbsas §O “au0lay O1[0Ad ) ‘are1ade oruadisjouow Iy ‘U0qIedoIpAy oruad
-10)mbsas {§ ‘ou0jey druadisjouowr ypy ‘[oyode dtuadisjouow O ‘epAyeple druadisiouowr Yy ‘9pixo dtuadisjouow O U0QIEI0IPAY JIUSdISIOUOW Hjy ‘SISS[O [EdNAYD punodwod ‘SSe[)),

aseqejep ATeIqry

LSIN wnnoads ssew ayj 03 pareduwod uaym 9%(08< 21008 Suryojew Ay aaoqe paptodar sjusuodwod oy [[e “usuedwod paynuspt ayj 10§ (d, + ;) SWn UOHUSIAI [E10) WOLY PAR[NI[Ed [y 771y,

(uoneurtoyur Suntoddns ur spqe[reAr s90ULISJaI) spunodwod paje)s oy 10§ aseyd xem Jejod uo sonfea Jy peyiodar ,.?En

SSBUW UOI 9SBQ dY) JO SSBW 9JLINOOE WOIJ PAje[no[ed AOBINOOE SSBW V' Jy/,

(D7) snnqos "7 pue (Yo7) vivipovi g (D) vioporird i (dd) pa1viqijod 7 Jo 19pio ur pajrodar suroped uonejuowser],

9qE[IeAR JOU SN[BA XOPUI UOTJUIAI dOUISAI 10 (NYSVD) Joquinu Ans13aI SV VN,

vare DI [830} JO 9 St BAIE DI JO SISEq UO P3JR[O[Ed QOUBPUNAE % SATEIIY 4

so[dures 9A1303dsa1 o s10[d INOJUOD PAUIEIQO ALY} O} OUIYI (1M W) UOHUIAI UOISUSWIP PUOIIS IFLIGAT JO UOHRWNSH,,

SUOT 9} JO SSBW J)BINOOE I} 0) SUIPUOdSOIIOD QR[NUIIOJ UOT 4 4 5

pIepue)s 9A130adsal 9y} Jo uonda[ur woly paure}qo eyep wnaoads sSew YIm pauLIuod AJNUIP] 4

QINJRIS)I] Y} UI PUNOj 99 J0U P[NOJ SAN[BA [y JIAY) ‘I9AdMOY ‘ATRIqI] JSIN Y} Ul pUnoj 9oy} yojew eyep wnnoads SSeIAl,

(pa30939p J0U) PU I0 (%1()"Q > S[eA] Je Juasald juauodwiod) a0k Se PIISI[ SSA[UN UOTJEIIUIIUOI JATIB[AI JB P)SI] e sjuauodwo))

L[Lo¥HY'D1 4, [0”'HY" D]
LGS GO ML S Co) LS o) I 1 € Lie ) PP
(C32]

@D LHRDD 10621°0LT “(€°4T) TE6ITTST “(7vE) 81LOTOT T
pu pu LLTT pu VN e €2580°S6  (001) £2580°S6 (6'€6) £6690°69 (S+S) 61+S0°SS OMH"D  9-LpT0s 81 8°91¢€ VOW +PIOB JI[[PUONID ¢
+—<NE£U_ W—RIZU_ ,+—:N:N_U_ w+—n_~|~:U_
SEHODT L ETHROT L FHPD] O H DL
L9)
LOL8TY0T “(#T1) 87E€9T°68T (T08) THSST+91
((T08) LYTET 671 “(€°L1) SO9TT'SEL “(6'€h)
260801 (€76€) TLESO'6L “(001) ST6¥0°6S
©1n
1#981°70T “(1°€1) LSEIT 68T (L'8T) SO¥ST ¥91
(€°LL) SBIET6YT “(L'ST) SYOTT'SET *(9°Sh)
82260801 (8'0%) €FES0O'6L “(001) LL8YO'6S
+{o'H®I &L
SI°0— SI6V0'6S  T¥L81'H0T (9T T¥¥91°681 “(0°81) LI9ST Y91 L'LITE
(60 (10>) (€0) 629 LL8Y0'6S ‘(08 68TET 671 “(S'LT) 6S9TT'SEL “(6'71) Y LITE
€TTT €7TT pu €CCT  91TC 81— ST610°6S ST€60°80T “(L'7€) €0¥S0°6L “(00T) ST6H0'6S O"H'D  vSI-eLy 9T 9'LITE so -g ‘Jowsopng  ¢¢
memm_m& ,L_NEEUQ
ke s e RACE : Lo R L ¢ o) R (o : o) O
(L°6¥) 00L81'+0T
(0°€9) TSEIT 681 “(668) 9LIET 9T “(8°08)
sozel'6vl (L'15) T9¥80°LOT “(001) L98Y0'6S
(#°69) €5L81°10T
(F'19) SLEIT 68T “(T°L6) €6TETTIT *(1°€8)
+{o'HDI TITET6FT “(L'SS) T6H80°LOT “(00T) 16870'6S
86'L L9810°6S (1°S¥) 08L8T+0T S'Lele
8D (10>) (10>) we 1687065 (9'89) TI¥91°681 “(€°6L) SHTET'T9T ‘(1°€L) §aoce
CIce ¥1¢T pu YIce  0€TT 0ce— €€610°6S T1ZEL 671 “(€7TS) 61S80°L0T “(001) £€6+0°6S O"H'D  S9I-€LY Sy geoce so -0 ‘jowsapnyg 7€
o4 a4 o4d dd
(% *eouepunqe d5ejusoIad dATIEISY) ‘sassewr B[NULIOY (s) (s)
oy M (wdd) v uor oseq o(90UBpUNGE UOL 9ANE[A1) SUOL JUBDJIUSIS JO 2/ut IR[NOJ[OIA NASYD o, A SseD punodwo)  ‘oN

(ponunuod) [ Iqel,

pringer

a's



46 Page 12 of 17

Y. F. Wong et al.

[CsH, 1
100 (CHT worrt? Mass spectrum:
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s e S R TR Identification through
60 . . .
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applicable) and base within = 15 ppm
ion evaluation =opp

Pentyl isopentanoate
Isopentyl isopentanoate
Pentyl pentanoate
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4 possible compounds
—
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Contour plot
position

Isopentyl

isopentanoate

Fig. 2 Workflow diagram of the process employed for compound identification in GC X GC-accTOFMS analysis. A peak at 'D ; = 1183.2's
and %D #z = 3.2 s is used as an example to illustrate the overall selection and identification process

while the remainder remain unidentified. Among these 183
components (representing 88.7% (EP), 50.8% (EC), 90.0%
(ER) and 82.2% (EG) of the total ion counts of the respec-
tive samples), there are 91 monoterpenoids, 52 sesquiter-
penoids, 1 diterpenoid and 39 other components. These
results indicate that GC X GC-accTOFMS provides much
higher metabolic coverage for the characterisation of phy-
tochemicals compared with 1DGC, explained as mainly
due to the dual separation experiment (‘D and *D) leading
to better resolution of components in 2D space.

Contour plots (Fig. 3) demonstrate that terpenic com-
pounds are organised mainly into four major structural
clusters in the 2D separation space: monoterpenic/ses-
quiterpenic hydrocarbons are located at a lower 'D reten-
tion and 2D higher retention; their oxygenated analogues
locate at a higher 'D retention and lower °D retention. The
low polarity D column phase leads to reduced ?D reten-
tion for more polar oxygenated species. Results show that
earlier 'D retention terpene or sesquiterpene components
in GCXGC analysis have low-to-moderate polarity; they
elute later on D. Later 'D eluting components will be more
polar, and are primarily oxygenated. Many of these show
extensive 'D co-elution, usually with 2—4 overlapping com-
pounds for every ‘peak’ on the 'D column (Fig. 3). These
results clearly demonstrate that the complexity of EO is
much greater than that which might be suspected from
1DGC analysis. With GCx GC, minor constituents which
otherwise overlap larger components in 'D may still be well
characterised and quantified due to 2D separation. From the
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chromatographic retention patterns, their chemical nature
may be indicated.

Supporting Information (Fig. S3) presents various
selected mass spectra for closely eluting compounds (show-
ing 'tR differences of <0.8 s) in Table S2 (indicated as bold
entries), which in most cases have quite distinct spectra,
and therefore identities. These selected examples are only a
subset of such closely eluting compounds that confound the
analysis, but serve to illustrate that often quite dissimilar
spectra are obtained, and offer independent library identi-
ties. It is important to note that the separation window in
2D (5 s) is sufficient to allow the resolution of suspected
overlapping components, due to the zone compression
effect providing narrow modulated peaks (w,, of <450 ms
for peaks with counts <10°). This supports the case that the
better resolution of GC X GC does indeed lead to a greater
peak density in the chromatographic space.

The detailed analysis of eucalypt leaf oils allowed the
positive/tentative identification of 120 secondary com-
pounds in EP, 58 in EC, 76 in ER and 100 in EG. Table S2
summarises an extended list of all identified secondary
metabolites and relative abundance based on total ion
counts; a considerable variation (both qualitative and quan-
titative) between the species can be observed. An overall
metabolic composition of the analysed eucalypt leaf oils
is depicted in Fig. 4. Monoterpenic compounds predomi-
nated in all species, both in relative amount (45.0-83.7%)
and in the number of compounds detected. 1,8-Cineole
was the major compound in EP, ER and EG, accounting for
>39.8% of the total ion count; citronellal was the principal
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Fig. 3 2D contour plots of the analysed eucalypt leaf oils. Ai E. poly-
bractea, Aii expansion of braced region in (Ai), Bi E. citriodora, Bii
expansion of braced region in (Bi), Ci E. radiata, Cii expansion of
braced region in (Ci) and Di E. globulus, Dii expansion of braced

constituent for EC (29.3%). Whilst oxygenated monoter-
penes dominated the profiles, other abundant compounds
detected were the hydrocarbon monoterpenes o-pinene
(0.5-3.2%), limonene (0.3-8.4%), p-cymene (0.4-5.5%),
and the monoterpenic alcohols terpinen-4-ol (0.03-3.6%)
and o-terpineol (0.1-5.9%). Notable differences between
the four species appeared in the sesquiterpenic profiles.
A large number of sesquiterpenes were detected (54 com-
pounds), but they comprised <16% of the total oil compo-
sition. Both qualitative and quantitative differences were
observed in the sesquiterpene profiles: alloaromadendrene
(0.8%) and globulol (0.4%) were the main compounds in
EP, whereas p-caryophyllene (0.4%) and bicyclogerma-
crene (1.3%) were the principal sesquiterpenes of ER.
Alloaromadendrene (1.8%), globulol (2.6%), viridiflorol
(1.1%), a-eudesmol (1.8%) and p-eudesmol (2.9%), were
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region in (Di). @ monoterpenic hydrocarbons, b sesquiterpenic hydro-
carbons, ¢ oxygenated monoterpenes, d oxygenated sesquiterpenes.
The numbering of compounds is given in Table S2

the main compounds of these fractions in EG leaf oil. A
small amount (0.09%) of oxygenated diterpenes was found
in EG.

4 Discussion

Leaf oils of different Eucalyptus spp. could be differenti-
ated by the presence or absence of certain metabolites, and
this can be supported by visual discrimination and retention
time comparison to identify discriminators for each species
with reference to the obtained 2D contour profiles (Fig. 3),
where each observed contour spot denotes a specific sec-
ondary compound. Specifically, PCA was performed on
the basis of the selected 27 identified compounds (approxi-
mately based on largest relative abundance) in respective
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Fig. 4 Relative metabolic compositions (%) of the analysed eucalypt
leaf oils. EP E. polybractea, EC E. citriodora, ER E. radiata, EG E.
globulus. MO monoterpenic oxide, MH monoterpenic hydrocarbon,
MA monoterpenic aldehyde, OM monoterpenic alcohol, OS oxygen-
ated sesquiterpene, SH sesquiterpenic hydrocarbon, MK monoter-
penic ketone, MAC monoterpenic acetate, OT other subgroups of
metabolites (refer to Table S2), UN not defined (unidentified)

species to objectively identify differences between meta-
bolic profiles of the analysed eucalypts. The obtained load-
ing plot and score plot (Fig. 5) represented 85.7% of the
metabolic composition. The scores clustered in four groups
according to the eucalypt species. The main explanatory
variables (based on the loading plot) were citronellal, iso-
pregol, isopulegol, citronellic acid and p-caryophyllene
for EC; trans-pinocarveol, globulol, p-eudesmol, and
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Fig. 5 Principal component analysis of 27 selected metabolites
(based on relative abundance) in analysed eucalypt leaf oils, A load-
ing plot and B score plot. Percentage of variance explained by each
principal component is indicated in parenthesis. EP E. polybrac-
tea, EC E. citriodora, ER E. radiata, EG E. globulus. a a-pinene, b
B-pinene, ¢ sabinene, d a-phellandrene, e limonene, f 1,8-cineole; g
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a-eudesmol for EG. However, the significance of this is
not yet apparent, and further studies covering additional
uniform sample sets of each species, covering different
geographical origins are warranted to increase confidence
in class attributes and chemical resemblance to different
chemotypes.

The obtained metabolic compositions might shed light
on different biological activities of eucalypt leaf oils. Albeit
bioactivities of plant extracts are generally attributed to
particular compounds (mainly major constituents), a syn-
ergistic phenomenon among corresponding mixtures have
been shown to result in a higher bioactivity compared to
the isolated individual component (Nerio et al. 2010). A
number of reports have indicated that minor compounds
may act additively or synergistically to achieve the desired
biological effects, in line with evolutionary hypotheses of
plant defence where a single phytochemical alone might
not be the basis for mediating deterrence (Becerra et al.
2009; Agrawal 2011). For instance, some studies have
highlighted that 1,8-cineole (a major constituent) might not
be the principal chemical responsible for the allelopathic
suppression of weeds (Angelini et al. 2003; Verdeguer et al.
2009). These indicate that minor constituents also contrib-
ute to the allelopathic and insect repellent activities, and
reflect the importance of compositional complexity in con-
ferring bioactivity to natural terpenoid mixtures.

In the current study, phenethyl propionate was found to
be present only in the EP leaf oil. This compound is well
known for its herbicidal activity and has been patented as a
formulation in herbicide (Dayan et al. 2009). Citral, another
phytotoxic metabolite that displayed contact herbicidal
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y-terpinene, h cis-pf-ocimene, i p-cymene, j p-cymenene, k citronel-
lal, [ isopregol, m isopulegol, n f-caryophyllene, o terpinen-4-ol, p
alloaromadendrene, g trans-pinocarveol, r citronellol acetate, s cryp-
tone ¢ a-terpineol, u terpinyl acetate, v 3,7-dimethyl-2-octen-1-o0l, w
caryophyllene oxide, x globulol, y a-eudesmol, z f-eudesmol, z* cit-
ronellic acid
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activity (Bessette 2000), was found to be present in both ER
and EG. Interestingly, both EP and EG oils were found to
contain thymol and carvacrol—phytochemicals that show
broad-spectrum insecticidal activities. p-caryophyllene (a
strong repellent against Aedes aegypti) was found within
the leaf oils of all the analysed eucalypt samples (Gillij
et al. 2008). Notably, the presence of caryophyllene oxide
in some of the eucalypts (EP, EC and EG) indicated pos-
sible repellent activity against Artini ants (leaf-cutting
ant—a major pest affecting agricultural and forestry pro-
duction) (Boulogne et al. 2012). Eugenol (a fast acting con-
tact insecticidal compound) was found to be present only
within EC (Dayan et al. 2009). Additionally, phytol is pre-
sent in EG leaf oil; this diterpene alcohol has been reported
to have high repellent activity against Anopheles gambiae
(Odalo et al. 2005). Considering some reported studies on
the discrepancy of activities exerted by leaf oils of different
eucalypt, it may be suggested that these minor secondary
compounds can account for some of the differences in their
overall activities (Inouye et al. 2001; Vilela et al. 2009).
However, the perception of plant metabolite interactions is
presumably far more complex than what might be expected.

Ecologically, the biosynthesised array of secondary
metabolites may serve to confound the capacity for natu-
ral competitors or herbivores to evolve resistance to all of
the secondary compounds (i.e. plant signaling in response
to environmental stimuli), and hence slow the rate of break-
through of the plant’s defence. Resolving the mechanisms
involved in the interactions (additive, synergistic or even
antagonistic) between metabolites resulting in the overall
observed activities will require further detailed investiga-
tion. It is not the aim of this study to draw conclusions on
the interrelation of designated metabolites to the overall
bioactivities of eucalypt leaf oils. Nevertheless, it is shown
that a more comprehensive approach allows improved
expression of the “metabolic pool” of these biosynthesised
metabolites in a single analysis with well-resolved com-
ponents. Tentative identification of some phytochemicals
(octene-1,2-diol, undecatrien-3-ol, sulcatone, phenethyl
pivalate, 1,8-terpin, jasmone, gleenol, etc.) that have not
been previously identified in some of the analysed euca-
lypts, raises some pertinent questions on their formation
mechanism and ecological significance. It is demonstrated
that the study of such samples offers a rich tapestry with
which to work, largely due to the number of secondary
metabolites tentatively proposed or unidentified. Future
studies that focus on unambiguous identification of detected
secondary compounds by methods such as sequential heart-
cut multidimensional GC (GC-GC), preparative GC—GC in
combination with nuclear magnetic resonance spectroscopy
or X-ray crystallography (if the targeted compound is crys-
talline) would be valuable, supported by a more complete
reference standard set (Eyres et al. 2008).

Being confined to a small number of samples of each
species, the findings presented above are exploratory in
nature and interpretation of putative biochemical variations
between Eucalyptus spp. should be drawn with care, as
their relevance and consistency needs to be further evalu-
ated. Importantly, the presented metabolic diversity of dif-
ferent eucalypt leaf extracts can serve to provide a basis for
plant scientists, biochemists and microbiologists to explore
molecular mechanisms behind the microevolutionary
events of secondary metabolism and eucalypt adaptations
to environmental demands, potentially providing insights
or clues to their natural biological activities (Brakhage
et al. 2009). It is thus worthwhile to explore the meta-
bolic compositions of EOs to a deeper extent, as described
herein, which could serve as clues in searching for impor-
tant biosynthetic pathways, and might serve to unravel the
response (i.e. signaling metabolites) of eucalypts towards
environmental stimuli, extending the knowledge on the
physiological role of the produced secondary metabolites
which confer biological advantages for the producer. Addi-
tionally, the identified diverse array of secondary metabo-
lites might serve as an important extension to the recent
reported genome database of E. grandis, correlating with
some of the identified terpene synthase genes responsible
for mediating the synthesis of these specialised metabolites
(Myburg et al. 2014).

5 Concluding remarks

Here, we report detailed untargeted metabolic profiling
of secondary metabolites in E. polybractea, E. citriodora,
E. radiata and E. globulus leaf oils using high resolution
GC X GC-accTOFMS analysis. This extends the meta-
bolic coverage when compared with conventional 1DGC,
allowing deeper characterisation of the metabolic com-
position of eucalypt leaf oils. Terpenic profiles presented
in 2D contour plots allow visual discrimination of the
metabolic composition among interspecies of Eucalyptus.
This can be extended to chemotaxonomical applications
such as metabolite fingerprinting and more complete
characterisation of leaf oils of different Eucalyptus spp.
(i.e. for defining chemotypes—rvisually recognised 2D
patterns), provided that more samples of the same species
and of different provenances are analysed to increase con-
fidence. A schematic of the metabolite identification pro-
cedures based on mass spectra, mass accuracy, retention
indices, and solute retentions in the 2D chromatographic
space were proposed. Specifically, PCA allows classifica-
tion of different eucalypt leaf oils into their correspond-
ing species, characterised according to their metabolic
composition and providing information on discriminating
metabolites in each species. This high resolution platform
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together with proposed identification procedures can be
applied to untargeted profiling of other plant derived
extracts, allowing significant gain in metabolite cover-
ages. This raises the possibility of future work to iden-
tify and decode the function of terpene synthase genes
responsible for mediating biosynthesis of these special-
ised metabolites.
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