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Analysis of Terpenoids from Hemlock (Tsuga) Species by
Solid-Phase Microextraction/Gas Chromatography/lon-Trap
Mass Spectrometry
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A sampling method for determining the volatile terpenoid composition from single needles of seven
Tsuga species was developed using headspace solid-phase microextraction (SPME). A reproducible
sampling method for the volatile components was generated by examination of sample storage,
method of needle cutting, and headspace sampling duration. Following SPME collection of the volatile
compounds from the seven Tsuga species, gas chromatography/ion-trap mass spectrometry was
used to identify 51 terpenoids present in the needle headspace. A semiquantitative method was
devised to express individual terpenoid amounts as a percentage of all of the identified peaks in the
chromatogram. The semiquantitative results permitted facile interspecies comparison using principal
component analysis. Two components were able to account for 90% of the variance and were
interpreted as a “species” component and a “resistance/susceptibility” component. Three interspe-
cies groupings were evident from the principal component analysis: (1) Tsuga canadensis and Tsuga
caroliniana; (2) Tsuga chinesnsis, Tsuga diversifolia, Tsuga heterophylla, and Tsuga sieboldii; and
(3) Tsuga mertensiana. The finding that T. mertensiana was grouped alone and far removed from
the other species adds to the morphological evidence that this species should be segregated from
other Tsuga.

KEYWORDS: Adelges tsugae ; chemosystematics; terpenoids; GC-MS; hemlock; hemlock woolly adelgid;
SPME; Tsuga canadensis ; Tsuga caroliniana ; Tsuga diversifolia ; Tsuga chinensis ; Tsuga heterophylla ;
Tsuga mertensiana ; Tsuga sieboldii

INTRODUCTION natural predators of herbivores (synomones) are conveyed

The genusTsuga(hemlock trees) consists of nine species, trough volatile terpenoids6]. Identifying these chemical
two in eastern North America, two in western North America, Signals and their function may suggest alternative methods to
and five in Asia (). Phylogenetic relationships between species enhance resistance of pl_ants to insect attack_s. For instance, in
in the genus have been based on morphological and anatomicaf SUga, the foliar terpenoids ifsuga canadensig..) Carriere
characters (2), geography (3), and molecular markéyshut andeuga_l sieboldiCarriere were mea_sured_ar)d_ related to the
there is no general agreement on phylogeny. We wish to identify "éproductive success of two scale insedtgrinia externa
relationships between species in the context of resistance/(Marlatt) andNuculapsis tsugéerris (7).
susceptibility ofTsugaspecies to the hemlock woolly adelgid A wide variety of analytical methods are used to extract
(Adelges tsugaeAnnand). The Asian and western North terpenoids from plant material (8). These methods generally
American hemlock species are considered to be resistant to thanclude a maceration or homogenization of the plant material
hemlock woolly adelgid, and the eastern North American speciesto increase access to the essential oils in the resin canals of the
are very susceptible, resulting in eventual tree dea}h ( plant. Techniques commonly used to extract the oils include

Volatile terpenoids are abundant and diverse in conifers and steam distillation, Soxhlet extractiofd), and supercritical fluid
play a complex, vital role in relationships between plants and extraction (11). Once isolated, the essential oil components are
insects. Signals for sexual reproduction (pheromones, kari- separated and identified using a suitable chromatographic
omones), for defense against herbivores (allomones), or to attracimethod. Typically, gas chromatographymass spectrometry
(GC-MS) is chosen, largely due to the ability of GC-MS to

* Corresponding author [telephone (570) 963-2564; e-mail afll@ identify the terpenoids through retention index matching and
pﬂfj?r?g]i:ennsylvania State University. provide confirmation through comparison to library mass
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Table 1. Terpenoid Composition (Area Percent) from Individual Needles (n = 3) in the Seven Species of Tsuga

m/z  T.caroliniana  T.canadensis T. chinensis T. diversifolia  T. heterophylla ~ T. mertensiana T. sieboldii

1 tricyclene 93 1.85+0.20 432+0.37 0.77 £0.06 1.93+0.12 3.24+0.03 0.56 +0.09 203+0.14
2 o-pinene 93 10.07 £0.57 13.19+0.55 18.74 + 1.67 17.47 £ 0.67 18.61 +0.46 26.62 +£0.53 20.03+2.35
3 camphene 93 5.25+0.36 7.79+0.76 2.12+0.15 537+0.23 8.39+0.24 0.46 +0.07 4.84+0.33
4 sabinene 93 0.41+0.02 0.15+0.05 1.46 +£0.10 * 0.40 +0.06 0.13+0.02
5 f-pinene 93 1.41+0.10 2.44 +0.06 1.71+0.09 2.07£0.07 1.77 £0.05 7.03+0.48 4.47 +0.58
6 myrcene 93 8.26£0.76 1.65 + 0.56 0.62 £0.07 3.65+0.38 2.62 +0.46 1.54 +0.26 0.90+0.14
7 o-phellandrene 91 431+0.29 1.45+0.58 0.91+0.14 222+0.27 0.52+0.13 7.26+0.16 151+0.21
8 o-terpinene 121 0.27+0.01 * * 0.11+0.01 * * *

9 o-cymene 119 0.58 £ 0.06 1.63+0.19 * 041+£0.10 0.10 +0.03 0.51+0.08 *

10 limonene 67 0.85+0.16 1.96+0.18 0.98+0.20 153+0.17 1.79 +0.30 0.85+0.06 0.63+0.09
11 p-phellandrene 3 414 +0.07 3.06 +0.64 1.75+0.23 7.21+0.55 342035 19.85+0.24 2.18+0.30
12 cis-ocimene 93 362+0.17 1.91+0.37 0.57£0.03 0.67+0.10 1.00+0.27 0.54 +0.05 0.21£0.03
13 trans-ocimene 93 2.00+0.14 * * 0.62 £0.09 *

14 y-terpinene 93 * 0.18 £0.05 * 0.28 £0.03 0.13+0.02 * *

15  terpinolene 93 0.27 +£0.05 0.13+0.01 * 0.27 +£0.03 0.17+0.05 0.27 £0.04 0.12+0.02
16 linalool 71 0.16 £0.02 * *

17 cis-p-menth-2-en-1-ol 93 * * * * * *

18  trans-p-menth-2-en-1-ol 93 * * * * *

19 borneol 95 * 2.99+0.38 * * * *

20 ethyl octonoate 88 0.49+0.09

21 trans-piperitol 91 * *

22 piperitone 82 * 3.56£0.18 *

23 isobornyl acetate 95 38.88 +1.57 42.86 +1.28 9.52+1.89 18.98 + 1.45 28.40+1.13 3.24+046 21.37+2.40
24 sabinyl acetate 91 * 0.18 £0.03 * * *

25  O-elemene 121 0.81+0.14 * * * * *

26 o-cubebene 161 * 0.12+0.01 0.83+0.23 0.64 £0.01 0.46 £0.03 * 1.25+0.36
27 citronellyl acetate 67 0.13+0.13 * 1.23+£0.24 0.49 £0.05 *

28 neryl acetate 69 * * * *

29  o-ylangene 105 * 0.56 +0.11 0.16 £0.01 0.16 +0.01 * 0.34 +0.04
30  o-copaene 161 * 0.19£0.04 157+0.29 1.09 +0.04 0.69 £ 0.04 0.20£0.02 212+0.15
31 geranyl acetate 69 * 0.26 £0.05 * 1.11+0.27

32 [-bourbonene 81 * * * 0.12+0.01 0.13+0.04
33 [-elemene 67 181+0.11 * * * * 0.33+0.03 0.23+0.01
34 longifolene 91 * * 0.31+0.02 0.31£0.02 0.21+0.02
35  p-caryophyllene 91 1.77+0.34 1.37+0.12 13.32+0.48 7.07 £0.07 6.09 + 0.53 0.79+£0.06 6.01+0.27
36 [-gurjunene 161 * 0.12+0.01 139+0.24 0.31+0.02 0.46 +0.03 0.27 +£0.03 0.73+0.09
37 Z-trans-o.-bergamotene 119 * * * 0.32+0.01
38  a-humulene 93 3.84+0.60 3.26 £ 047 10.79 £0.32 12.27+0.10 1232 £1.24 0.60 +0.05 6.06 +0.30
39  y-muurolene 161 0.23+0.05 0.70+0.11 7.68+1.37 1.25+0.06 2.06 +0.08 0.61+0.08 2.38+0.39
40  germacrene D 161 401+0.12 0.66 +0.29 458+0.23 0.21+0.03 046 +0.15 21.65+0.98 10.58 +0.20
41  p-selinene 105 0.11+0.04 0.25+0.07 0.23+0.01 0.29 £0.02 0.15+0.01 * 0.49 £0.02
42 viridiflorene 189 0.14+£0.01 0.48 £0.07 * 0.58 +0.04 0.29+£0.01 0.10 +0.01 0.90+0.04
43 o-farnesene 93 0.27+£0.07 * * * 0.21+0.04
44 [-bisabolene 67 0.78+0.09 * * * * 0.12+0.01 0.13+0.01
45 cis-y-hisabolene 119 0.31+£0.04 * * 0.05

46 y-cadinene 161 1.18 +0.02 2.17+0.53 5.56 £0.79 4,66 +0.10 2.20 +0.06 1.30+0.17 2.76 £0.37
47 d-cadinene 161 2.28+0.15 323+0.79 9.39+1.36 7.19+0.27 3.12+0.06 239051 8.17+0.13
48  E-y-bisabolene 107 * * * *

49 germacrene D-4-ol 81 * *

50  z-cadinol 161 0.15+0.04 * * * * * *

51  o-cadinol 121 * * *

am/z fragment values listed were used for single-ion quantification of a given compound. ® Compound was present at <0.10%.

Solid-phase microextraction (SPME) with subsequent analysis to determine the relative levels of terpenoids in a given species.
using GC-MS has emerged as a powerful, solvent-free methodThe objective of the study was to identify the similarities and
to analyze volatile compounds present in the plant headspacedifferences in the terpenoid levels of the sevesugaspecies
(12—19). In SPME, plant volatiles are concentrated onto a that could ultimately propose a qualitative relationship between
coated fiber and subsequently desorbed into the heated GQterpenoid level and hemlock woolly adelgid resistance.
injection port for analysis. The quantity of a given compound
adsorbed onto the fiber depends on both the partitioning of the \jaTER|IALS AND METHODS
compound into the headspace from the plant matrix and the _ _ _ o _
partitioning of the compound into the fiber coating from the Plant Material. In mid-April 2002, T. caroliniana,T. canadensis,
headspace. In plant headspace sampling, these two factors ar&: chinensisT. sieboldii, andT. diversifoliawere obtained from the
controlled by the sample homogenization technique, the sam-z's_'I '\'2"’(‘;602”3' Arbolret”mrr(waSht'”gt(?n' DCL'I _A}ddr']t'(t’”a”yﬁdl‘l”'ng mid-
pling duration, the extraction temperature, and the chemical pril » samples oft. mertensianaand . heterophyllawere

. . obtained from Longwood Gardens (Kennett Square, PA) and the
nature of the fiber coating (20).

- . . . University of Rhode Island (Kingston, RI), respectively. Two of the
Comparative studies on sev@sugaspecies [T. caroliniana  yoriq's nineTsugaspeciesT. dumosdD. Don) Eichler andr. forrestii
Engelm., T. canadensisT. chinensis(Franch.) E. Pritz.T. Downie, both native to China, were not available. Samples were
diversifolia (Maxim.) Mast., T. heterophylla(Raf.) Sarg.,T. obtained by clipping foliage from healthy, uninfested or lightly infested

mertensiandBong.) Carriere, andl. sieboldi] were carried out trees of each species. The clippings were immediately placed in
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polyethylene bags and shipped overnight with ice packs in insulated 1.0 ‘
containers to Pennsylvania State University, where they were stored at 7. merrtsians |
—20 °C until analysis. 0.8 1

® T. chinensis

SPME. A 1004m PDMS fiber and a manual SPME holder (Supelco,
Bellefonte, PA) were used for all SPME samplings of volatile
compounds. For each species, three nonadjacent, individual needles g
representing randomized locations on the previous-year growth segment £ 04
of the branch were analyzed. In all cases, feeding by a hemlock woolly ©
adelgid was absent from the selected needle. Needles were selected to2 0.2
represent the previous year’s growth rather than new growth. Each
needle was manually removed from the branch and allowed to reach
ambient temperature. The needles were manually cut using stainless
steel scissors. Cuts were made perpendicular to the long axis of the
needle. Each needle was cull5 times per centimeter length of the
needle. Clippings of each needle were collected directly into three 4
mL screw-top vials and capped with PTFE/silicone septa (VWR
Scientific, Pittsburgh, PA). The sample vials were placed in a water-
jacketed beaker maintained at %0 by a Haake model FJ circulating ~ Figure 1. Rotated score plot of the first two components of the PCA for
water bath. Each sample was maintained atG@or 1 h toallow the the terpenoid composition data in Table 1.
volatiles to equilibrate in the headspace. Following the equilibration
period, the _sample vial remained in the water-jacketed _beaker Whilg investigated. Although the highly volatile terpenoids, such as
the SPME fiber was exposed to the headspace for 15 min under Stat'ca-pinene, reached a gas-fiber partition equilibrium in 1 min,

conditions. : . ;
GC-MS Analysis. Samples were analyzed on a Star software 15 min was necessary for the Iels.s \(olatlle terpenoids, such as
pB-caryophyllene, to achieve equilibrium.

(Varian, Walnut Creek, CA) computer-controlled Varian 3900 gas
chromatograph. The Varian 1177 injector was fitted with a Merlin We also measured thepinene content in a single needle of
Microseal septum. The injector temperature was maintained at@20  T. canadensiselative to the mass of the needle. The results
and a 20:1 split ratio was used for all samples. The SPME was insertedconcurred with the findings of Schéfer et al. (18), who observed
into the injection port for 2 min for sample desorption. Separation was that thea-pinene levels for 15 individual needles of Macedonian
accomplished using a Varian CP-Sil 8 CB column (30 m, 0.26 mm pine deviated greatly. However, our results showed that
1.d., 0.25um phase thickness). The column temperature program was canadensig.-pinene levels were reproducible (relative standard

from €0 °C (0 min hold) to 240°C (0 min hold) at 3°C/min. The  qa\iation= 0.05,n = 7) when expressed as the peak area of
helium carrier gas was electronically pressure controlled at a constant _ ~ . lati to the total K f all identified
flow of 1.0 mL/min. The Varian 2100T ion-trap mass spectrometer - PIN€Ne refative to ine total peak area of all identime
was operated in El-node (ionization energy, 70 eV; multiplier, 1400 cOMpounds. This indicates that either the absolute amount of

V; mizrange, 45—400). terpenes varies significantly from needle to needle or the
Processing of ResultsThe compounds were tentatively identified ~ partitioning of the terpenoids between the plant matrix and the
using a mass spectrum database search (Varian NIST MS databaseheadspace during the sample cutting procedure is irreproducible.
1992, and IMS terpene library, 1992) and on the basis of their measuredRegardless of the correct interpretation, the relative percentage
retention indices as compared to the retention indices reported usingof a single terpene remains virtually constant and can form the

an equivalent DB-5 columr2(). Compounds iffable 1are labeled  pasjs for interspecies comparison using the SPME method.

as tentative, with the exception af-pinene, camphengj-pinene, To establish the effect of sample transport and storage on

o-phellandrene,o-cymene, limonenef-phellandrene, terpinolene, h id o b h df
borneol, piperitone, isoborneal acetgtezaryophyllene, and-humu- the terpenoid composition, a branch was removed from a

lene. Authentic samples (Aldrich, Milwaukee, W) for these compounds Nemlock on the Pennsylvania State University campus. Three
were compared to experimental retention indices and mass spectra. Théeedles were analyzed immediately, and three needles were
area under an identified peak was integrated using a sinfgleagment analyzed after storage overnight in the freezer-20 °C to

from the total-ion spectrum for each compound. Tile fragment was simulate shipment. Within statistical uncertainty, no differences
the most intense ion in the mass spectrum and is listeGaisle 1. in the relative terpenoid composition were observed between
Relative quantity (area percent) is calculated by the ratio of the peak the needles analyzed immediately and those stored overnight.
area .fqr an individual gompound relative to the total peak area for all Furthermore, volatile, nonterpenoid artifacts, such as hex-2-en-
identified compounds in a chromatogram. 1-al, that are indicative of wounding responses were never
RESULTS AND DISCUSSION observed in any single needle samples that were analyzed. These

Analytical Method. The single-needle SPME method re- findings concur with the findings of von Rudloff that cold
ported was found to be the most reproducible method to chop storage of foliage in the dark is sufficient for accurate chemical
reduce volatile losses, and ensure all portions of the needle@nalysis of volatiles in conifer2@). Interestingly, von Rudloff
length were sampled reproducibly. For instance, when an electricobserved little or no change in terpene composition in conifer
chopper was usedno5 g of needles, the frequency and the foliage sampled in Canada from the fall through the winter.
direction of the cuts along the midrib of an individual needle ~ SPME/GC-MS terpenoid levels for an individudisuga
were random and irreproducible. This led to nonuniform access Species are presented as peak area percentages. The reported
to the resin canals in the midrib of the needle and irreproducible percentage is relative to the peak area of all |de_nt|fled peaks in
sampling of the needle volatiles. Manually cutting a single the chromatogram using a single-ion for quantitation. For the
needle into<1 mm lengths produced the most reproducible Purpose of interspecies comparison, this semiquantitative method
concentration of volatiles for SPME headspace sampling (aver-is sufficient. To quantitatively determine the headspace con-
age relative standard deviation of all compounds WEG%). centrations of a given terpenoid, response factors for the
This is presumably because access to the resin canals in thdndividual terpenoids using external calibration standards must
midrib of the needle is maximized by uniform, small sectioning be determined. Additionally, the fiber/gas partition coefficients
of the needle along the long axis of the needle. Headspace SPMEf the individual terpenes must be determined, which can be
exposure times of 1, 3, 5, 7, 10, 15, 20, and 30 min were approximated from the terpenoid linear temperature-programmed
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Figure 2. Relative terpenoid content (area percent) of the five terpenoids with high principal component loadings. Shadings are intended to represent
the three groupings from the PCA (black = hemlock woolly adelgid susceptible, gray = hemlock woolly adelgid resistant, white = T. mertentsiana).

retention index (LTPRI) using a chromatographic column that Tsugaanalyzed. A principal component analysis (PCA) was

is representative of the SPME fiber coatirZB). Given that computed from a correlation matrix of the measured terpenoid

the fragmentation pattern, response factors, and fiber/gas parti-compositions for each species. The matrix treated thisuga

tion coefficient are constant for a single terpenoid, reproducible, species as variables and the 51 terpenoids as subjects in an

semiquantitative, interspecies comparison of an individual R-technique PCA. Two principal components were identified,

terpenoid is possible through this volatile component “finger- accounting for 75.3 and 14.9% of the variance, respectively.

print”. The major limitation of the semiquantitative method is Figure 1 is a rotated score plot using an oblique rotatiér=

that the terpenoid compositions specified are not relative to 0, Kaiser normalization) of the first and second principal

terpene absolute amounts but rather to relative terpene peak areasomponents. The first principal component can be interpreted

in the chromatogram. Although this precludes comparisons of as an interspecies separation based on the dominant terpenoids

absolute compound amounts, it provides terpenoid profiles that present inTsuga. It is evident that the group means lie in three

are expecially useful in defining relationships between species. distinct clusters. One cluster represents the eastern North
Biological Implications. Analysis of the seven species of American species]. canadensigndT. caroliniana. Another

Tsugaresulted in the identification of 51 terpenoids with a match cluster consists ofT. heterophyllaand the Asian species.

in both retention indexrf = 0.9998,n = 51) and MS library Interestingly,T. mertensianés grouped alone, having a negative

spectrum. These terpenoids are identifiedable 1 along with first principal component score, well separated from the other

the relative percentages found in each of the seven species ofjroupings. This grouping conforms to the usual systematic
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separation of the genus into two sections with eight species in gratitude to Supelco Inc. for the contribution of a manual SPME

SectionTsugaandT. mertensiandy itself in SectionrHesper-
opeuce. This taxonomic separation is based omertensiana
having stomata on both faces of the needle and relatively large
female cones compared to the otfisugaspecies, which have
stomata only on the underside of the needle and ceresm
long. The most noticeable difference in the terpenoid composi-
tion of T. mertensianaand otherTsugaspecies is that the
dominant peaks in the chromatogram erpinene and germa-
crene D, rather than isobornyl acetafemertensiandas been
classified in a separate genus (24), although this classification
is not universally accepted on the basis of the morphology of
reproductive and vegetative parts, 5) and molecular phy-
logenetics (4). From PCA of the seed fatty acid compositions,
T. mertensiandnas little in common with the Abietoid#\pies,
Cedrus, Keteleeria, Pseudolarix, andTsuga) and more in
common with the Pinoids (Pinus,arix, Picea, andPseudo-
tsuga) @6). The PCA results ofigure 1 further substantiate
the notion thatT. mertensianamay be a result of either
evolutionary convergence within the Pinoids or the hybridization
of Tsugaand Picea (2).

A tentative interpretation of the second principal component
is a separation corresponding to the resistance/susceptibility of
the species to the hemlock woolly adelgitidelges tsugae.

Second-component scores that are negative (the two eastern

North American species) indicate susceptiblility, and positive
scores (the Asian and western North American species) indicate
resistance to the hemlock woolly adelgid. Adelgids and their
close relatives, aphids, are known to have a limited tolerance
of monoterpenes. High levels of santalene and camphor in red
spruce (Picea rubenSarg.) inhibit colonization by the adelgid
Pineus floccugPatch) (27), high concentrations of limonene
and myrcene in Douglas fir det&delges cooley(Gillette) (28),

and high concentrations of myrcene and piperitone in Sitka (10)

spruce [Picea sitchens{8ong. Carr.)] deter several species of
aphids (29). The levels of five illustrative terpenoids with high
first and second principal component loadings are shown in
Figure 2. These terpenoids are candidate deterrents and attrac-
tants for the hemlock woolly adelgid. For instance, it is possible
that elevated levels af-pinene 3-caryophyllene, ooi-humulene
may function as deterrents for hemlock woolly adelgid feeding,
whereas elevated levels of isobornyl acetate may function as
hemlock woolly adelgid attractants. A more detailed study of
hemlock woolly adelgid fecundity and population levels on these
species will elucidate which are predictors of susceptibility/
resistance to the hemlock woolly adelgid.

SPME/GC-MS was extremely efficient in time, expense, and
accuracy in determining the composition of terpenes in different

hemlock species. Such information can be used to assess

(12)

fiber assembly and to Varian for the Merlin Microseal.

LITERATURE CITED

(1) Farjon, A.Pinaceae. Drawings and Descriptions of the Genera
Abies, Cedrus, Pseudolarix, Keteleeria, Nothotsuga, Tsuga,
Cathaya, Pseudotsuga, Larix, and Picea; Koeltz Scientific
Books: Konigstein, Germany, 1990; Vol. 121, 330 pp.

(2) Taylor, R. J. The relationship and origin 8§uga heterophylla
andTsuga mertensianbased on phytochemical and morphologi-
cal interpretationsAm. J. Bot.1972,59, 149—157.

(3) Tiffeney, B. H. Perspectives on the origin of the floristic
similarity between eastern Asia and eastern North Ameidca.
Arnold Arbor.1985,66, 73-94.

(4) Vining, T. P. Molecular phylogenetics of Pinaceae. Ph.D. Thesis,
University of Maine, 1999.

(5) McClure, M. S.; Salom, S. M.; Shields, K. Bemlock Woolly

Adelgid; USDA Forest Service, FHTET-2001-03; U.S. GPO:

Washington, DC, 2001.

Harrewijn, P.; van Oosten, A. M.; Piron, P. G. Mlatural

Terpenoids as Messengers: A Multidisciplinary Study of their

Production, Biological Functions, and Practical Applications

Kluwer Academic Publishers: Dordrecht, The Netherlands, 2001;

p 440.

McClure, M. S.; Hare, J. D. Foliar terpeniodsTisugaspecies

and the fecundity of scale insect®ecologial984,63, 185—

193.

Banthorpe, D. V. Classification of terpenoids and general

procedures for their characterisation. Methods in Plant

Biochemistry, Vol. 7, TerpenoidBey, P. M., Harborne, J. B.,

Eds.; Academic Press: London, U.K., 1991; pp 1—41.

Muzika, R. M.; Campbell, C. L.; Hanover, J. W.; Smith, A. L.

Comparison of the techniques for extracting volatile compounds

from conifer needles]. Chem. Ecol1990,16, 2713—2722.

Koedam, A. Some aspects of essential oil preparation. In

Capillary Gas Chromatography in Essential Oil Analysis

Sandra, P., Bicchi, C., Eds.; Huethig: Heidelberg, Germany,

1987; pp 13—27.

(6)

7

~

®)

©)

11) Milner, C. P.; Trengove, R. D.; Bignell, C. M.; Dunlop, P. J.

Supercritical CQ@ extraction of the essential oils of eucalypts:
a comparison of other methods. Modern Methods of Plant
Analysis, Vol. 19, Plant Volatile Analysitinskens, H. F.,
Jackson, J. F., Eds.; Springer-Verlag: Berlin, Germany, 1997;
pp 141—158.

Cornu, A.; Carnat, A.; Martin, B.; Coulon, J.; Lamaison, J.;
Berdagué, J. Solid-phase microextraction of volatile components
from natural grassland plant3. Agric. Food Chem2001,49,
203—209.

(13) Fravel, D. R.; Connick, W. J.; Grimm, C. C.; Lloyd, S. W.

Volatile compounds emitted by sclerotia §€tlerotinia minor,
Sclerotinia sclerotiorum, an8clerotium rolfsii.J. Agric. Food
Chem.2002,50, 3761—3764.

phylogenetic relationships. The relationships among the terpe- (14) Shang, C.; Hu, Y.; Deng, C.; Hu, K. Rapid determination of

noids of theTsugaanalyzed herein conform to natural clas-
sifications based on morphology. An important, practical use
of SPME terpenoid analysis is to provide a basis to engineer

volatile constituents oMichelia albaflowers by gas chroma-
tography—mass spectrometry with solid-phase microextraction.
J. Chromatogr. A2002,942, 283—288.

pest-resistant crops. Future experiments are planned to elucidate(15) Rohloff, J. Essential oil composition of sachalinmint from

the role of terpenoids in suitability dfsugaspecies, and perhaps
species hybrids, as hosts for the hemlock woolly adelgid as well
as the effects of environmental factors on terpenoid/hemlock/
pest relationships.

ACKNOWLEDGMENT

We thank Casey Scalar (Longwood Gardens), Susan Bentz
(National Arboretum), and Brian Maynard (URI) for providing
theTsugasamples used in this work and Daniel Bontempo (PSU
Statistical Consulting Center) for assistance. A.F.L. expresses

Norway detected by solid-phase microextraction and gas chro-
matography-mass spectrometry analysis.Agric. Food Chem.
2002,50, 1543—1547.

(16) Rohloff, J. Monoterpene composition of essential oil from

peppermint Mentha piperital.) with regard to leaf position
using solid-phase microextraction and gas chromatography/mass
spectrometryJ. Agric. Food Chem1999,47, 3782—3786.

(17) Rohloff, J. Volatiles from rhizomes oRhodiola roseal.

Phytochemistry2002,59, 655—661.

(18) Schéfer, B.; Hennig, P.; Engewald, W. Analysis of monoterpenes

from conifer needles using solid phase microextractiotdigh
Resolut. Chromatogr1 995,18, 587—592.



2120  J. Agric. Food Chem., Vol. 51, No. 8, 2003 Lagalante and Montgomery

(29) zini, C. A.; Augusto, F.; Christensen, E.; Smith, B. P.; Cdfama (26) Wolff, R. L.; Lavialle, O.; Pedrono, F.; Pasuier, E.; Destaillats,

E. B.; Pawliszyn, J. Monitoring biogenic volatile compounds F.; Marpequ, A. M.; Angers, P.; Aitzetmuller, K. Abietoid seed
emitted by Eucalyptus citriodorausing SPME.Anal. Chem. fatty acid compositionsA review of the generdbies,Cedrus,
2001,73, 4729—4735. Hesperopeuceeteleeria,Pseudolarixand Tsugaand prelimi-

(20) Pawliszyn, JSolid-Phase Microextraction Theory and Practice nary inferences on the taxonomy of Pinacdapids 2002, 37,
Wiley-VCH: New York, 1997; p 247. 17—26.

(21) Adams, R. Pldentification of Essential Oil Components by Gas ~ (27) Alexander, H. J. Inhibition oPineus floccuscolonization by
Chromatography/Quadrupole Mass Spectroscéired: Carol volatile compounds found in leaf tissue of red sprude. J.
Stream, IL, 2001. Sci. 1987,38, 27-34.

(22) von Rudloff, E. Volatile leaf oil analysis in chemosystematic  (28) Stephan, B. R. Differences in the resistance of Douglas fir
studies of North American coniferBiochem. Syst. Ecol975, provenances to the woolly aphi@illetteella cooleyi. Silvae
2, 131-167. Genet.1987,36, 76-79.

(23) Martos, P. A.; Saraullo, A.; Pawliszyn, J. Estimation of air/ 59y jackson, D. L.; Jarosik, V.; Dixon, A. F. G. Resource partitioning
coating distribution coefficients for solid phase microextraction and tolerance of monoterpenes in four species of spruce aphid.
using retention indexes from linear temperature-programmed Physiol. Entomol1996,21, 242—246.

capillary gas chromatography. Application to the sampling and
analysis of total petroleum hydrocarbons in anal. Chem.
1997,69, 402—408. Received for review October 7, 2002. Revised manuscript received
(24) Page, C. N. New and maintained genera in the conifer families January 8, 2003. Accepted January 12, 2003. This work was funded
Podocarpaceae and Pinacebetes R. Bot. Gard. Edinburgh by the U.S. Forest Service (02-CA-11242343-092) and a Research
1988,45, 377—395. Development Grant from the Pennsylvania State University.
(25) Frankis, M. P. Generic inter-relationships in Pinacéaxes R.
Bot. Gard. Edinburghl 989,45, 527—-548. JF021028S




