JJOURNAL O

AGRICULTURAL AND
FOOD CHEMISTRY

J. Agric. Food Chem. 2003, 51, 2679-2686 2679

Solid-Phase Microextraction of Volatile Compounds from the
Chopped Leaves of Three Species of Eucalyptus

CLAUDIA A. ZINI,T8 KELEN D. ZANIN,® EvA CHRISTENSEN*
ELINA B. CARAMAO,3 AND JANUSZ PawLiszyn* T

Department of Chemistry, University of Waterloo, Waterloo, Ontario, Canada N2L 3G1;
Institute of Chemistry, Federal University of Rio Grande do Sul (UFRGS),
90040-060 Porto Alegre, Rio Grande do Sul, Brazil; and
Eurofins Danmark A/S, Smedeskovvej 38, DK-8464 Galten, Denmark

Headspace solid-phase microextraction (HS-SPME) coupled with gas chromatography and ion-trap
mass spectrometry has been used to identify biogenic volatile organic compounds present in the
headspace of chopped leaves of Eucalyptus (E.) dunnii, E. citriodora, and E. saligna. A simple HS-
SPME method entailing 30 min of extraction at 30 °C was developed for this purpose. Thirty
compounds were identified in the headspace of 60 juvenile chopped Eucalyptus leaves, and another
30 were tentatively identified. The presence of compounds such as (E)-4,8-dimethyl-1,3,7-nonatriene
(DMNT), (E,E)-4,8,12-trimethyl-1,3,7,11-tridecatetraene (TMNT), (E,E)-a-farnesene, (E,E,E)-3,7,11,15-
tetramethyl-1,3,6,10,14-hexadecapentaene (TMHP), -caryophyllene, a-humulene, germacrene D,
and $-cubebene in the headspace of the leaves but not in the essential oils from the same Eucalyptus
trees and information about the infochemical roles of some of these compounds in other living plant
systems suggest they might play a bioactive role in Eucalyptus leaves.

KEYWORDS: Solid-phase microextraction (SPME);  Eucalyptus dunnii ; Eucalyptus citriodora ; Eucalyptus
saligna ; biogenic volatile organic compounds (BVOC)

INTRODUCTION other Eucalyptus species (includingE. citriodora) @, 9).
Investigation of the BVOC present in the fresh chopped leaves

Headspace solid-phase microextraction (HS-SPME) is an - ) e
of E. dunniiandE. salignaand more data oE. citriodoraare

excellent technique for the extraction of volatile compounds *' )
from dried or living (fresh) plantsl( 2). Especially for dried  Still lacking.
plants HS-SPME has been successfully used as a technique for Investigation of BVOC can be conducted by using the
screening complex volatile mixtures and for complementing macerated or cut parts of a plant or can be performed in situ.
information obtained from other methods of extraction, espe- The volatile fraction obtained by use of each method might be
cially because of its simplicity and reliability (3). Some of  different and furnish complementary information about the plant
the techn|ques Convent|0na"y Used to extract VO|atI|e CompoundS(lo) Results from previous |nvest|gat|0ns have Shown in S|tu
from plants are dynamic and static headspace, supercritical fluidys_spME to be a very useful analytical tool for the study of
extra_clz_ﬂonf! several fVE:.]I‘IatIOI’]S of d|skt]|IIat|on, fanéjdsqlvellwtdext_rac- the circadian profiles of the BVOC from three species of living
gpr;..” t'e irst two ollt esefrequwgt teﬁsehota |t|or][a ewce(sj, Eucalyptusplants (1,11). This work is a continuation of the
istifation 1S usually performed at high temperatures, an study of living EucalyptusBVOC, but this time using chopped
distillation and solvent extraction are time-consuming processes. . .
. ) : . leaves. Taking advantage of the differences between the two
Plant biogenic volatile organic compounds (BVOC) are ) T : .
techniques used (distillation is an exhaustive technique that

involved in multiple interorganism interactions and are also emplovs hiah temperatures. whereas HS-SPME is an equilibrium
important in the flavor and fragrance, pesticide, and perfumery ploys hig P ’ q .
industries (4—7). As far as the authors are aware only two process that enables study of fresh chopped leaves at mild

publications have been devoted to the BVOC present in the fresh{€MPeratures), our aim was to investigate qualitative differences
parts ofEucalyptus volatile compounds from the cut stem tips ~P&tween the composition of the headspacEwtalyptudeaves
of six species ofEucalyptus (different from the species and that of the volatile oils from the same trees. Data obtained

investigated in this work) and from the chopped leaves of three in this study of fresh chopped leaves and results previously
obtained from leaves in situ are discussed in terms of their

* Author to whom correspondence should be addressed [fax (519) 746 Implications in plant biology. Changes in the chromatographic

04 35; telephone (519) 888-4641; e-mail janusz@uwaterioo.cal]. profile of choppedE. dunnii leaves have, moreover, been
*gggi;'%g{,g:’;ﬁ??ﬁ%io Grande do Sul. followed by PDMS extraction some minutes and 24 h after
# Eurofins Danmark A/S. cutting.
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EXPERIMENTAL PROCEDURES NaHPO,—KHP(Oy) and stirring at 306-:1000 rpm (10 mL clear glass

Plants. Juvenile leaves from one tree Bf citriodoraandE. saligna ~ Vials) were performed under the same conditions. The same applied to
and two trees, A and B, &. dunnii(21—22 months old) were sampled ~ €Xperiments used to monitor GLV, which were performed in quadru-
during July and August 2000 and submitted to HS-SPME. Fifteen leaves Plicate. Preliminary experiments were performed manually, and a
from E. saligna, 12 fromE. dunnii A, 12 from E. dunniiB, and 21 temperature-controlled block (Multiblock Labline Instruments) was
from E. citriodora were submitted to HS-SPME. Although most of ~€mployed during experiments. Leaves fré&mdunniiwere used for
the leaves tested were totally expanded (leaf that reached the maximunihese experiments because this species is rich in monoterpenes and
size genetically defined), two to five leaves of each set of leaves were S€Squiterpenes.
only partially expanded. Leaves were collected from different positions ~ In the general procedurucalyptuseaves were cut with stainless
on the tree, ensuring variable and comprehensive sampling. steel scissors, and 0.05 g of the piece$ (n¥) was placed inside 10

Leaves used for hydrodistillation were randomly sampled from the ML clear glass vials. Buffer solution (pH 7, 2 mL) was added to each
canopy of the tree and included both totally and partially expanded Vial, which was then immediately capped and placed on a temperature-
leaves. Whereas leaves used for HS-SPME and hydrodistillation were controlled tray (30°C) for a minimum of 24 h. Extraction of headspace
taken from the samg. dunniiandE. salignatrees, leaves from five =~ BVOC was performed automatically (Combipal autosampler, CTC
E. citriodora trees were employed for hydrodistillation (leaves from Analytics, Basel, Switzerland) for 30 min, using the PDMS fiber.
one of these five trees were used for HS-SPME). All of the trees came ~ EXxtraction time profiles were investigated for 7 and86 PDMS
from the Barba Negra tree farm (Guaiba, RS, Brazil) when they were at 30°C and for 30um PDMS at 45°C, with stirring at 300 rpm, for
6 months old and were cultivated in the greenhouse of the University €xtraction times of 1, 5, 15, 30, 45, and 90 min. Two totally expanded

of Waterloo. leaves ofE. dunnii A were chopped and mixed to homogeneity, and
SPME Materials. The SPME holder and fibers coated with 100, the pieces were distributed among six 10 mL clear glass vials.
30, and 7um poly(dimethylsiloxane) (PDMS), 8Gm polyacrylate Experiments were repeated in triplicate for each extraction time and

(PA), and 65um PDMS/divinylbenzene (DVB) were supplied by for each set of experimental conditions.

Supelco (Oakville, ON, Canada). Before use, fibers were conditioned ~ Results obtained by HS-SPME with 7 and th PDMS were

according to the supplier’s instructions. compared for five leaves @&. citriodoraand for the same number of
Gas Chromatography—lon-Trap Mass Spectrometry (GC- leaves ofE. dunniiA and B. Each leaf was submitted to the general

ITMS). Chromatographic analysis was performed with a Saturn 4D Procedure described above, placed in two different vials, and submitted

GC-ITMS system (Varian Associates, Sunnyvale, CA) fitted with a t0 headspace extraction with the 7 and @@ PDMS fibers in the

30 m x 0.25 mm x 0.25 um HP-5MS column (Hewlett-Packard, ~different vials.

Avondale, PA) and a septum-equipped programmable injector (SPI). Repeatability of the area counts of BVOC peaks obtained by HS-

TAG-grade helium (Praxair, Kitchener, ON, Canada) was used as carrier SPME of chopped leaves was assessed by use of two fully expanded

gas. Mass spectra recorded by the ITMS system were used to producés- dunniileaves. These leaves were submitted to the general procedure

a total ion chromatogram (TIC). For chromatographyEafcalyptus already described and placed in five vials. After extraction and analysis,
leaf essential oils and headspace from the chopped leaves, the columihe relative standard deviation of the area counts obtained for 80% of
oven was programmed from 60 to 28C at 5 miml. The only the BVOC peaks was 20%.

exception to this was for chromatography of the green leaf volatiles ~ Extraction of the headspace of chopped leaves was performed twice
(GLV) after the preliminary experiments (see Experimental Procedure) Or three times with each leaf (totally expanded leaf) unless there was

when the oven temperature was maintained atG@or 1 min, then insufficient green tissue (partially expanded leaf).

programmed at $C min~ to 60°C, and finally programmed at 3T Hydrodistillation was performed in a modified Clevenger apparatus
min~* to 280°C; the first ramp was slower to make it easier to observe for 5 h with~300 g of fresh leaves anl L of deionized water. The
the GLV peaks. The temperature of the SPI was 250the carrier refrigeration system was maintained betweehand 4°C by use of a

gas was helium at 15 psig (1.5 mL mi), the ion-trap and transfer ~ Mixture of water and ethylene glycol, to avoid losses of volatile
line temperatures were 150 and 24D, respectively, and the electron ~ compounds. The hydrodistilled oil was dried over sodium sulfate.
multiplier potential was from 1710 to 1860 V (optimized daily). The Although quantitative analysis of the BVOC detected was not
PDMS fibers were left in the injector for 30 min. Compounds were intended in this work, relative amounts of the same compounds were
identified by comparison of their retention data obtained using the HP- compared in different experiments. For this reason detector response
5MS column with the ones of standard compounds and by comparison (GC-ITMS) was investigated in the working range of%00 ng and

of their mass spectra with those in a laboratory-produced mass spectralroved to be linear for the compounds 2-carene, 2,5-dimethylstyrene,
database previously collected from chromatographic runs of pure 1,8-cineole, myrtenal, linalyl acetaf@caryophyllene, and caryophyl-
compounds (Sigma, St. Louis, MO; Aldrich, Milwaukee, WI; and Fluka, lene oxide. These compounds were chosen because they are representa-
Buchs, Switzerland) performed with the same equipment and under tive of the terpenoid classes hydrocarbon monoterpenes, oxygenated
the same conditions (compounds labeled “b'Tiable 1). Whenever monoterpenes, hydrocarbon sesquiterpenes, and oxygenated sesquiter-
necessary, a 30 m 0.25 mmx 0.50um HP-Innowax column or a 60 penes, classes that represent some of the most common compounds
m x 0.25 mmx 0.25um HP-1MS column (Agilent) was employed to ~ among the BVOC present iucalyptusoils (5).

further confirm the identity of compounds. Three compounds, octane,

citronellyl acetate, anch-eicosane, were used as chromatographic RESULTS AND DISCUSSION

markers (12). When pure compounds were not available, comparison .

with retention data and linear temperature programmed retention indices Method Development. The SPME coatings Zm PDMS,
(LTPRI) reported in the literature was also used for tentative identifica- 65 4m PDMS/DVB, and 85%:m PA were tested for extraction

tion of some of the compounds (12—19). The LTPRI of some of the Of E. dunniileaves during 1 min at 24C. Although the same
volatile components dEucalyptudeaves headspace were determined numbers of compounds were extracted by use of the three
by use of a GC 3400¢FID (Varian Associates) equipped with an HP-  coatings, the best results were obtained withn7 PDMS. A

SMS column, under experimental conditions described above. The FID |arger amount of low molecular weight compounds was
temperature was 25 (compounds labeled “c” ifable 1). Finally, extracted by PDMS/DVB, but the chromatographic column was

e s oo e e e e overloade by the main compounds of the volatie mixture
g vp P P ' resulting in poor resolution of some peaks. The high perfor-

MS library, and literature data (12). . . ;
Experimental Procedure. The performance of the several coatings mance of PDMS/DVB in the extraction of low molecular weight

(100, 30, and %m PDMS, 85um PA, and 65:m PDMS/DVB) was compounds has previously been reported, as have competition
tested during preliminary experiments on 0.05 g of chopped leaves in @Mong ana')’t(_as and displacement effects (20). Peak areas for
4 mL amber glass vials and with extraction for 1 min at 22. compounds with molecular masses~0204 g mof?! (sesqui-
Experiments with and without addition of buffer solution (0.025 M terpene hydrocarbons) were, however, larger whemPDMS
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Table 1. Some Compounds Detected in the Headspace of the Chopped Leaves or in the Hydrodistilled Oils from E. citriodora, E. dunnii, and E.
saligna and Their Relative Abundances?

E. citriodora E. dunnii A (B) E. saligna identification
no. compound HD SPME HD SPME HD SPME procedure
1 o-thujene X X X Xi a
2 o-pinene X X + +++ ++ ++ a
3 camphene X X + + a
4 p-pinene X X X X X Xi a
5 pB-myrcene X X X Xi a
6 a-phellandrene X Xi X Xi a
7 o-terpinene Xi a
8 p-cymene X X+ X +H+ (+) + +H+ a
9 limonene X Xi + + + + a
10 1,8-cineole + X ++ ++ + + a
11 (2)-p-ocimene X xl+ + + a
12 (E)-p-ocimene X X+ XI+i a
13 y-terpinene X X+ + ++/+ (x) + X a
14 terpinolene X X X Xi (X) X Xi a
15 linalool X X X c/b (14, 18, 19, 40)
16 isoamyl isovalerate X a
17 cis-rose oxide X X+ a
18 endo-fenchol X X c/b (19, 40, 41)

19 DMNT Xl++ Xi c/d

20 campholenal + c/b (17, 19, 40)

21 trans-rose oxide X X a

22 trans-pinocarveol X (+) X c/b (18, 19, 40)

23 isopulegol + X+ a

24 citronellal ++ ++ a

25 isopinocamphone X c/b (17)

26 pinocarvone X X c/b (18, 19)

27 borneol + c/b (13, 17, 19, 40)
28 terpinen-4-ol X X Xi X a

29 o-terpineol X + X + a

30 trans-carveol X X c/b (16, 18, 40)

31 citronellol ++ ++ a

32 cis-carveol X X c/b (16)

33 o-cubebene X Xi c/b (18, 42)

34 citronellyl acetate X X+ a

35 o-copaene X Xi X X+ X X+ a

36 [3-bourbonene Xi c/b (13,17, 18, 42)
37 [-elemene X c/b (15, 18)

38 [3-cubebene Xi (X) c/b (13, 14, 16, 41)
39 longifolene X X c/b (16)

40 o-gurjunene Xi X X/ (X) X X c/b (16, 40)

41 p-caryophyllene + ++ X (x/+) X X+ a

42 calarene X X+ a

43 aromadendrene X Xi + ++ (H++) X XI+ a

44 o-guaiene X X X X c/b (15)

45 o-humulene X xl+ Xi (X) X X a

46 allo-aromadendrene X Xi + + X X+

47 y-muurolene X X c/b (15)

48 germacrene D X XI+ Xi (x/+) c/b (13-15, 17, 18)
49 valencene X X c/b (16, 18)

50 (E,E)-o-farnesene X+ Xi (x/+) X/ c/b (13, 14)

51 y-cadinene X X c/b (13, 17, 18)
52 (1S)-cis-calamenene X X X X X X c/b (13, 15, 17-19, 42)
53 o-cadinene X X X X X X c/b (13, 15, 17-19, 42)
54 T™MTT X (X/+) Xl++ c/b/d (13, 16, 18, 40)
55 spathulenol X X X c/b (13, 16, 18, 40)
56 caryophyllene oxide X X/+ c/b (17, 40)

57 globulol + + X X+ a

58 guaiol + + X X+ c/b (16)

59 o-eudesmol X X X Xi c/b (16)

60 TMHP X (X/+) c/d

@ Compounds are listed in order of elution from an HP-5MS column. Procedures employed for identification or tentative identification of BVOC and for estimation of the
relative abundance of each compound, among other information: a, co-injection with pure compound and comparison with its retention data in one to three GC columns;
b, comparison with literature LTPRI; ¢, comparison with mass spectra from the NIST-98 and Saturn (Varian) libraries and literature retention data (12); d, comparison with
mass spectra in Dr. M. Posthumus’ mass spectra library from the University of Wagenigen; e, ++ = peak area usually 10.0% or more of the total area of all detected
compounds; + = peak area usually between 1.0 and 10.0% of the total area of all detected compounds and x = peak area usually <1.0% of the total area of all detected
compounds; i, compound detected in the headspace of leaves investigated but its presence is not constant. Empty cells indicate the compound was not detected. Different
contributions found in the headspace of E. dunnii B are given in parentheses in the E. dunnii columns. Compounds were considered to be present in the headspace of a
tree if they were detected in at least five leaves from the tree.

was used; this afforded better quality mass spectra. There wagpredominant in the second part of the chromatogram obtained
no significant qualitative difference between results obtained after extraction with PA (from 13 min), and the abundance of
with PDMS and PA, even though the affinity of the PA coating the target analytes peaks was extremely low. Because of these
is higher for the most polar compounds. Bleed peaks were results, the PDMS coating was chosen for subsequent work.
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Figure 1. Extraction time profiles at 30 °C for (A) extraction of a-pinene,
o-terpineol, aromadendrene, and globulol with PDMS 7 um and (B)
extraction of globulol with PDMS 7 um and PDMS 30 um.

The terpenoid compounds usually presentBnocalyptus
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Figure 2. Total ion current chromatograms showing elution of GLV
extracted from the headspace of chopped E. dunnii leaves (A) 28 min,
(B) 3.3 h, and (C) 24 h after chopping of the leaves: (a, b) C6-GLV; (c)
3-(2)-hexen-1-ol; (d) 3-(2)-hexenol acetate; (e) hexyl acetate.

for which the same issues were also observed with greater

leaves oils are prone to chemical transformation promoted by intensity.

temperature, light, and pH. For this reason°8was chosen

For these reasons, and because use @m7PDMS would

as the extraction temperature to enable extraction of the BVOCresult in a shorter equilibrium time for globulol (30 min) and

present in the natural composition of the headspace of the leavesnable use of a lower extraction temperature and because the
and to prevent artifact formation (21). To choose the thickness extraction process would take less time than the chromatographic
of the PDMS coating used in this work, the time needed to run (44 min), 7um PDMS was considered to be an advanta-
achieve equilibrium between the volatile mixture in the head- geous choice over other PDMS coating thicknesses for this

space and the fiber coating was taken into consideration. Thework.

extraction time profile was investigated forufn PDMS after
1, 5, 15, 30, 45, and 90 min; the results are showfrigure

Green Leaf Volatiles (GLV). From the moment the green
tissue is disrupted, enzymatic processes are initiated and the

1A. The compounds chosen for this investigation represent someso-called GLV are emitted to the headspa@?)( These

of the major classes of compound presentircalyptusoils,
that is, monoterpene hydrocarbong-finene), oxygenated

enzymatic processes generate a complex analytical situation in
which the concentration of analytes varies during the extraction.

monoterpenes (a-terpineol), sesquiterpene hydrocarbons (arofigure 2 depicts results from monitoring of the dynamic
madendrene), and oxygenated sesquiterpenes (globulol). Norchromatographic profile of the headspaceEofdunniileaves

malized areas shown iRigure 1 were obtained by use of the
equation

AN = Ax/Almin (1)
whereAy is the normalized peak area after extractiondanin,
A is the peak area after extraction fomin, andA;min is the
peak area after extraction for 1 min. Equilibrium was achieved
after~5—15 min fora-pinene a-terpineol, and aromadendrene
and after 15—30 min for globulol. When the same experiments
were performed with 3Qum PDMS, similar behavior was
observed fora-pinene, a-terpineol, and aromadendrene, but
globulol took longer £90 min) to reach equilibrium, as is
apparent fromFigure 1B. Another trial was performed with
30um PDMS at 45°C and stirring at 300 rpm to accelerate the
time necessary for globulol to reach equilibrium between the
headspace and the coating. Equilibrium was reached after 60
90 min, which is longer than the time needed for the chromato-
graphic run (44 min) and would make the whole analytical
process inconveniently long. Finally, at 3C there were no
significant differences between the chromatographic profiles
obtained by use of both PDMS fiber coatingsuih PDMS

during the 24 h after leaf chopping. Twenty-eight minutes after
chopping Figure 2A) the peaks of C6-GLV (green leaf volatiles
presenting six carbons in the molecular structure) can be seen
(a—c), as can that of the green leaf ester peakZ)hexenol
acetate (d). Esters such as this are synthesized from their
alcohols 22). A second estethexyl acetate (e)starts to appear
under thex-terpinene peak tailHigure 2A), as is shown by its
mass spectrum; the level of this compound is highest 3.3 h after
chopping (Figure 2B) and is decreasing by 24Higure 2C).
Similar behavior is observed for Z)-hexenol acetate (d),
whereas the contributions of the other terpenoid peaks remain
similar throughout the sampling period. Repetition of this
experiment under different experimental conditions such as
temperature, season of the year, and solar radiation (data not
shown) revealed the presence of the same compounds in the
headspace of chopped leaves, although the kinetics of formation
and fading was different. Similar GLV were also presenEin
citriodora andE. saligna as is shown irrigure 3. These results
show the simplicity and potential of HS-SPME for the study of
dynamic processes in living systems such as chopped leaves.
In a recent publication in vitro experiments with tomato plants
(Lycopersicon esculentuiill.) by HS-SPME revealed changes

afforded smaller peak areas but also less disturbance of thein 3-(2)-hexenal and 3#)-hexenol emissions during an 80 min
equilibrium between the living sample and its headspace. Otherperiod; monitoring ofEucalyptuseaf GLV has not, however,

reasons for not using the 30n coating were the distortion of

yet been reported (23).

the shapes of the major peaks in the chromatograms due to the Comparison of SPME and HD. Table 1shows 30 BVOC

overloading of the chormatographic column and extraction of

identified and another 30 tentatively identified in the headspace

amounts outside the range of linearity of the ITMS. Bleed peaks of 60 choppedEucalyptusleaves and in theEucalyptus

from PDMS coatings were also less intense for theri7coating
than for the 3Qm coating. The same applies to & PDMS,

hydrodistilled oils, by the procedures described under Experi-
mental Procedures. Another remaining 60 compounds were also
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250 a £ dunnii d Table 2. Number of Compounds Detected in Eucalyptus Leaves by
Headspace SPME and in the Hydrodistilled Qil from the Leaves
150 blle
50 L N L f\ ‘ E. citriodora E. dunnii E. saligna
250 - HD 57 59 58
a £ citriodora HS-SPME 48 59 35

150 d only by HD 14 8 27
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Figure 3. Total ion current chromatograms showing elution of GLV
obtained from the headspace of chopped E. dunnii, E. citriodora, and E.
saligna leaves: (a, b) C6-GLV; (c) 3-(2)-hexen-1-ol; (d) 3-(Z)-hexenol
acetate.

GCATMS response (M Counts)

HD

detected but not included ifable 1 as their identification was AJJ(
not possible. The best option results from the ITMS libraries 150 175
search (>90% purity match) for these compounds combined ) ) )
with the investigation of their elution order in the literatutd) Figure 4. Sections of the total ion current chromatograms obtained by
are as follows: 3 butanoic or propanoic esters, 15 terpenoid (A) HS_-SI_DME and (B) hydrodistillation of E. dunnii leaves (filled black
compoundsp-cymenene, E)-B-terpineol, isoborneop-cymen- peaks indicate sesquiterpenes detected by HS-SPME only).
8-ol, neral, geranialcis-isopulegyl acetate, thymol, thymol o ) .
isomer, jasmone, eugenol, geranyl isobutyrate, 10 sesquiterpende distilled oil was higher than that found by HS-SPM),
hydrocarbons, calacorene, viridiflorene, 3 oxygenated sesqui-/N contrast, the number of volatile compounds found in the
terpenes -eudesmol, 9 sesquiterpenes, and another 4 com- flowers and leaves of sachalinmimiéntha sachalinensBriq.
pounds that could not be assigned at all. The individual Kudd) was approximately the same (25), and, according to
contribution of these compounds to the total area of all detected Rohloff, HS-SPME gave additional detailed information about
compounds was less than 1.0%, and they were detected in aless important terpenic compounds in sachalinmint volatiles. In
least one of the experimental trees. the analysis of choppefucalyptudeaves some homoterpenes

In general, the major compounds found in the headspace ofand sesquiterpenes detected by use of HS-SPME were not found
chopped leaves were also found in the essential oils, althoughin the hydrodistilled oil and might play a biological role in the
minor monoterpene oxygenated compounds were found only leaves, because different amounts are obtained by analysis of
by HD and some significant peaks were found only by SPME. different leaves and they are mentioned in the literature as
These cases will be discussed later in the text. Discussion ofpotential infochemicals in several other living plants. It is very
the HS-SPME results will be restricted to compounds present likely that these findings are because of the extraction of a living
in two of theEucalyptusspecies or to compounds having peak Sample (freshly cut leaves) in which enzymatic processes are
areas contributing close to or more than 1% of the total peak Still occurring, whereas the study of sachalinmint was performed
area. with dead (dried) matrice26). Another study okE. citriodora,

Comparison of results from totally and partially expanded E. nicholli, andE. globulusfound a richer fraction of sesqui-
juvenile leaves by use of HS-SPME revealed no qualitative terpene hydrocarbons in the headspace of freshly cut leaves
differences, although the percentage of the total peak areathan in the essential oils of the same species, although the
contributed by several peaks varied for totally and partially reported composition of the oil was taken from the literature
expanded leaves. There were no qualitative differences betweerfind did not correspond to the same experimental trees used for
the essential oils o. dunniitrees A and B. HS-SPME (9). In our work, a larger number of hydrocarbon

Direct quantitative comparison of results obtained by HS- sesquiterpenes and some homoterpenes were found by HS-
SPME and hydrodistillation is not possible because the tech- SPME only and were identified, or tentatively identifieable
niques are based on fundamentally different principles and 1), asp-cubebene38), f-caryophyllene41), a-humulene 45),
extract different matrices. SPME is an equilibrium extraction germacrene D (48), (E,E)-a-farnesene (50), (E)-4,8-dimethyl-
process, and hydrodistillation is an exhaustive process; the latterl,3,7-nonatriene (DMNT)19), (EE)-4,8,12-trimethyl-1,3,7,11-
extracts the essential oil, whereas the former extracts the volatiletridecatetraene (TMTT)4), and E,E,E)-3,7,11,15-tetramethyl-
compounds present in the headspace of the leaves. This can bé,3,6,10,14-hexadecapentaene (TMHM0)( Numbers in
used to advantagebecause of the difference between the two parentheses correspond to those giveable 1. Figures 3
techniques used in this investigation, qualitative differences and4 show the peaks corresponding to these compounds in two
between results obtained from hydrodistillation and from HS- parts of the chromatographic profile of the BVOC obtained from
SPME might lead to interesting findings, because the SPME E. dunniileaves. Additional data obtained in previous work in
method employed in this work exploits mild experimental which the BVOC ofE. dunnii, E. citriodora, andE. saligna
conditions, whereas hydrodistillation occurs at approximately leaves were extracted in situ for 6—9 days are also included in
the boiling point of waterTable 2 shows a summary of the this discussion, because they are related to the results found in
numerical results obtained by applying both techniques to this work. Further details of the experimental procedure used
Eucalyptudeaves. In an investigation of the oil of rhizomes of for in situ extraction of BVOC have been published elsewhere
Rhodiola rosed.., the number of volatile compounds found in (1, 11).

[\

250 275

w»
S
o

o o =4 o
N o w @ b
e
Fg_spathulenol
&
o

time {min}



2684 J. Agric. Food Chem., Vol. 51, No. 9, 2003

80| DMNT A
u / .
‘2 60— a-terpineol SPME
3 ) terpinen-4-ol
o
O 401 N
= HEEAN
2 204
s u T ——n
2 80 -
2 ] pinocarvone p-cymen-8-ol
- \ B
g 60
S 40: trans-carveol HD
3 B fer\\chol \ \ —cis-carveol
20 e o
) T T T T T
8 | 9 10 11 12

trans-pinocarveol time {min)

Figure 5. Sections of the total ion current chromatograms obtained by

(A) HS-SPME and (B) hydrodistillation of E. dunnii leaves (filled black
peak indicates DMNT detected only by use of HS-SPME).

4 2 4 3 2

5 3 S 5 7N 1
6

4 ¢l

8 9 J 9

(E)-4,8-dimethyl-1,3,7-nonatriene 11 10
DMNT 12 ’
13

(E £)+4,8,12-trimethyl-1,3,7,11-tridecatetraene

TMTT

11,10 8 /J7\6/5\
12 N B J;
3
13 2,

14
15
16
(EE,£)-3,7,11,15-tetramethyl-1,3,6,10,14-hexadecapentacne
TMHP
7.5
8// \6 N

|4

{E}-3,7-dimethyloctatriene

(E)-p-ocimene
(E E)-3,7,11-trimethyi-1,3,6,10-dodecatetraene
(E.E)-o—famesene

Figure 6. Structural formulas of some of the compounds present in the
headspace of Eucalyptus leaves.
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TMTT are also emitted by several herbivore-infested plants,
such as lima bean29), green walnuts (Hartley var2), and
cotton plants (4).

DMNT and TMTT have been found in the headspace of the
chopped leaves d&. dunniiandE. salignaand in the headspace
of their leaves in situ when sampled in natural light. Traces of
these compounds have been detected by in situ sampligg of
dunnii leaves. Similarly, on the first day of in situ sampling of
E. salignaleaves, only traces of these compounds were found,
whereas in the two subsequent days the peak areas of these
compounds increased during the sampling peridd® b per
day. Similar results were obtained for cotton plants, for which
DMNT had a circadian profile with two emission peaks when
the plant was intact and also when damaged by caterpillars,
although in the experiment performed on the damaged plant
the emissions were higher. Another compound found in cotton
plant emissions was (E,E)-a-farnesene, which had the same
circadian profile as DMNT (% Interestingly, E,E)-a-farnesene
was also found in the chopped leaves of the tHEeealyptus
species studied, and its emission behavior during in situ
sampling ofE. salignaandE. dunnii leavesvas similar to that
described for DMNT and TMTT emissions during in s
salignasampling. Although mechanical damage of theca-
lyptustissue was very small (only six small holes in the green
tissue at the beginningf 8 h of sampling) compared with the
damage inflicted on cotton plants (continuous caterpillar feeding
during the sampling period after starving for 6 h), similarity
among emissions from cotton plants akdcalyptusleaves
suggests that the triggering mechanism for synthesis and/or
emission of these compounds might be similar in both situations.
DMNT is also known as a predator attractant in agricultural
plants (28). An example of its action is its emission from lima
bean plants infested with. urticae—DMNT was found to attract
the predatory mitePhytoseiulus persimilig29). Similarly,
Takabayashi and co-workers reported an increas&,B){a-
farnesene emissions after infestation of apple leaved by
urticae When DMNT was present in the headspace of chopped
E. dunnii and E. saligna leaves, and in situ leaves, mild
infestation withT. urticaewas noticed on a branch distal from
the sampling point. This presence Df urticaeon Eucalyptus
leaves and infested lima bean plants is worthy of comment. It
seems reasonable to hypothesize that the presence of DMNT
in the headspace dtucalyptusleaves might be a systemic
response of the tree, and not only to mechanical damage. It is,
furthermore, also possible to suppose that an incipient spider
mite infestation could be present on the tested leaves (chopped
and in situ), even though they were not apparent to inspection
by the human eye. In this instance emission of DMNT could
also be interpreted as a local response of the tree or a result of
spider mite activity 29). All of this reasoning requires further
investigation, however, and a final conclusion on this issue is
beyond the scope of this work.

In a recent publication it was suggested that the presence of
DMNT indicates to theEucalyptuswoodborerPhorocantha

Intact plants emit DMNT and its higher homologue TMTT ~ semipunctatdhatOlea europeags a nonhost tree. Barata and
(Figure 6) and their emission has on several occasions beenco-workers even suggest the use of DMNT as a possible aid in

found to increase after herbivore attadk26). In combination

with other volatile compounds DMNT and TMTT are used as
“alarm calls” to attract insects that reduce the herbivore
population on the host plant27). Both compounds, and

f-ocimene, are part of a volatile mixture emitted by defoliated
black aldersAlnus glutinos which possibly makes these trees

and their neighbors more resistant¥gelastica alnherbivores

by contributing to interplant communication (28). DMNT and

integrated strategies for control Bf semipunctat430).

It seems relevant to mention th&,E)-o-farnesene, present
in the headspace of choppé&dicalyptudeaves from the three
species studied, is accompanied by the presence of its higher
homologue TMHP (tentatively identified) in the headspace of
choppecE. dunniileaves. Emission of (E)-$-ocimene, a lower
member of this homologous series, has already been detected
by in situ headspace analysis of the leaves of the same three
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Eucalyptusspecies (and the same trees) investigated in this leum majuscv. Mahogany) (36). In a recent investigation of
work. The circadian profile of)-3-ocimene emissions in a  the Eurasian cotton bollworm motHelicoverpa armigeraa
greenhouse environment is the same for the three species studiethajor type of receptor neuron with high sensitivity and selec-
in situ; one emission peak was observed durirgl@ h of tivity to germacrene was identifie@7). Its levorotatory enantio-
sampling. The presence of this homologous seri&y-f mer has also been recognized as a masking substance, inhibiting
ocimene, (E,E)-a-farnesene, and TMHP] in the headspace oflocomotory movement of the cerambycid beelftgnochamus
the three species oEucalyptusin different experiments alternatus, toward healthy pineBjnus densiflora(38).
(chopped and in situ leaves) is, at the very least, noteworthy The sesquiterpeng-caryophyllene was also detected only
and might be indicative of a possible biochemical relationship by HS-SPME of bottE. dunniileaves investigated and not by
among these compounds (1). HD. The amount of3-caryophyllene extracted from the head-
Although several components were detected by HS-SPME Space ofE. dunniiB was higher than that fror&. dunniiA.
only, some oxygenated compounds were detected in thePreviously publisheq d_ata ShO\.Ned. tha}t the cirqadian profile of
hydrodistilled oil only. Spathulenol, a common oxygenated /-caryophyllene emissions during in situ sampling of the same
sesquiterpene dEucalyptusessential oils, was detected only E. dunniitree (B) followed the same pattern as that described
in the hydrodistilled oil from the leaves of the thracalyptus ~ for (E)-f-ocimene, wheregs-caryophyllene was not detected
species under study. During investigation of liverwoRagjio- in the volatile emissions frork. dunniiA (1). That/-caryo-
chila fruticoseand others), )-ent-spathulenol was found to  Phyllene plays infochemical roles in several plants and is present
be an artifact produced during the extraction process. The in choppedE. dunniileaves but absent from the hydrodistilled

compound {)-entbicyclogermacrene was transformed into{ oil of the same trees reinforces previous hypotheses of a possible
ent-spathulenol at ambient temperat8&)( Bicyclogermacrene ~ infochemical role for this compound Bucalyptus(1, 28, 39).
was not detected in thBucalyptusoils obtained in this work Because of the multiple biological activity, reported in the

or in the headspace &ucalyptuschopped leaves; the absence literature, of the seven compoundsEf¢4,8-dimethyl-1,3,7-
of spathulenol from the headspace of chopped leaves might,nonatriene (DMNT), E,E)-4,8,12-trimethyl-1,3,7,11-trideca-
however, possibly indicate that spathulenol is somehow gener-tétraene (TMNT), E,E)-o-farnesene, (E,E,E)-3,7,11,15-tetra-
ated during the HD process. methyl-1,3,6,10,14-hexadecapentaene (TMiBRaryophyllene,
Other oxygenated compounds, for exammadoefenchol, a-humulene, and germacrene D] detecteo! only by H.S'SPME
campholenalirans-pinocarveol, pinocarvone, borneol, and other o_f Eucalyptuschopped leaves (and sometimes alsq In _the In
minor components (seEable 1 for their contribution to total situ headspace of.the ]eaves) a.nd not in the essential oil of the
peak area), were also found in the hydrodistilled oil only. same trees, possible infochemical roles can be suggested for

; - f : these compounds iBucalyptusleaves.
Although it was not possible to reach a final conclusion about ) - .
the reasons these oxygenated compounds were not detected in On the basis of this study it can be concluded that HS-SPME

the headspace of chopped leaves, two hypotheses were pro!-s a simple and reliable means of obtaining complementary

posed: (1) The compounds might be artifacts resulting from information about BVOC in the fresh parts of a plant, ex situ,

the oxidation of other terpenes, because of the high temperatureWithOUt the use of the special devices or temperature conditions

used during HDZ21). (2) The low affinity of the PDMS coating required by other techniques. This work with choppiasta-

for more polar compounds might have restricted their extraction, gc‘i?;:ﬁ,avﬁféj\?omgﬁg@i ;gfeistfagtfinHSc_oSrEN(l)Enn dost t%r;tyafr%r
especially those present in small amour2)( Because cam- 9 9 P ’

. A, . perhaps, important in the physiology of the living plant and are
Ipet;c\)llsg ailnwsrz\ﬂﬁicfgpgitmhgr:g s\::::hhle;?:;j&%e;g%.gk atl;]gena;irst not found by hydrodistillation. Results obtained in this work
proposition does not seem to be plausible, at Ieéist for this SU99est thgt app!ication of this teghnique to a vast range of qther
specific compound (1). Preliminary experiments with the PA living matrices might lead to the discovery of compounds which

coating (which has a greater affinity for polar compounds) did might play important bioactive roles in living systems.
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