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Abstract

Pine forests constitute some of the most important renewable resources supplying timber, paper and chemical industries, among other funct
Characterization of the volatiles emitted by differ@aius species has proven to be an important tool to decode the process of host tree selection by
herbivore insects, some of which cause serious economic damage to pines. Variations in the relative composition of the bouquet of semiochem
are responsible for the outcome of different biological processes, such as mate finding, egg-laying site recognition and host selectioresThe vola
present in phloem samples of four pine spedieBalepensis, P. sylvestris, P. pinaster andP. pinea, were identified and characterized with the aim
of finding possible host-plant attractants for native pests, such as the barkTeetles piniperda. The volatile compounds emitted by phloem
samples of pines were extracted by headspace solid-phase micro extraction, using a 2 cm 50/30 mm divinylbenzene/carboxen/polydimethylsilo:
table flex solid-phase microextraction fiber and its contents analyzed by high-resolution gas chromatography, using flame ionization and a
polar and chiral column phases. The components of the volatile fraction emitted by the phloem samples were identified by mass spectrom
using time-of-flight and quadrupole mass analyzers. The estimated relative composition was used to perform a discriminant analysis among
species, by means of cluster and principal component analysis. It can be concluded that it is possible to discriminate pine species based o
monoterpenes emissions of phloem samples.
© 2005 Published by Elsevier B.V.
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1. Introduction is a monogamous species which have no known pheromones to
either attract mates or locate breeding gifsHost selection is
Bark beetles constitute some of the economically mostimporachieved by detection of the monoterpenes released by the trees,
tant insects for pine foresf&], since epidemic levels are often which act as kairomond2-6].
reached, particularly after fires and storms, killing healthy trees Monoterpenes are a group of volatile plant secondary
and causing serious damage to starfsuicus piniperda is  metabolism compounds, that act as primary defence against
an endemic species able of colonizing weakened, stressed pathogenic agents and are thought to be a key tool to decode
recently killed treeq1]. The larvae excavate galleries in the insect—host interactionN$—15] Several authors have referred
phloem of the trunks and of freshly cut logs, while adults musthat both biosynthesis and biogenesis of mono- and sesquiter-
feed on shoots to complete sexual maturaie]. T. piniperda penes are genetic and species depenflehi6] The differ-
ences found in the emission patterns of the gePluss are
reported to be mainly quantitative, allowing for interspecific dis-
+ Corresponding authors. cr|m|nat|0n[9—12,15] Th_e |mportance_of specifying the typ_e
E-mail addresses: mrp@fct.unl.pt (M.R. Paiva), mrb@isa.utl.pt of tissue sample used in the analysis has also been pointed
(M. Branco). out, since variations in the relative amount of the constituents,



as well as the enantiomeric composition of the monoterTable 1 o
penes were observed, both between and within conifer speci@gmpling locations, in Portugal, October 2004

[9,12,17] Species Sampling site Latitude Longitude
Most stud!es on conifer monoterpene emissions used sarr}g{—pinamr Serra da Lot 2008N 10w
ples from foliage[8,9,11,16,18-22]cortex tissug12], seeds  p yesris Serra da Lous 4008N 810w
[10], conedq11], or bark volatiles emissions after insect ovipo- p. pinea Alcacer do Sal 323N 8°31W
sition induction [14,15] In most of these studies, simul- P halepensis Serra da Ota 397N 8°59W

taneous destillation-extraction (SDE) methods were used to
isolate the volatile compounds from the complex matrices
[8,9,13,20,23,24]However, the presence of the extraction sol-2.3. Sample preparation
vent that frequently coelutes, during the chromatographic run,
with less retained peaks, is an important drawback of this tech- All phloem samples were weighted, cut and transferred
nique[22]. Headspace solid-phase microextraction (HS-SPME}o a 7.0ml sealed vial (Supelco, Bellefonte, USA). Their
has the isolation capability of SDE while allowing for the iso- volatile fraction was extracted by solid-phase microextrac-
lation to be achieved without solvent intervention. Moreovertion using a 10@um polydimethylsiloxane (PDMS) coated
the wide variety of fibers that can be used, depending on thfiber for enantiomeric separation, and a 5Q430 divinyl-
functionalities of the target organic compounds, made it a Simbenzene/Carboxen/polydimethylsiloxane (DVB/CAR/PDMS)
ple, quick, sensitive and versatile method of sample preparaoated fiber (both from Supelco, Belfonte, USA) for non-
tion, suitable for routine analysis of monoterpenes in tree tissugnantiomeric separation. The headspace extraction was per-
[10-12,14-16,22,23] formed at room temperature for 60 min and the trapped com-
Within the genu®inus, phylogenetic relationships have been pounds desorbed at 25 in the injection port, for 60 s. Before
established mostly based on pine morphological characteristicghe analysis, the fibers were conditioned according to the man-
such as needles and cones, as well as on the species geograpfiicturer standard procedures.
distribution [25], while DNA markers, proteins and terpenes
have been used to corroborate the taxonomic distinctions founéj4 Analvsi
among specid@6—28] Further studies showed that itis possible 2% Analysis of monoterpenes
to differentiatePinus genus using the volatile terpene composi-
tion of pine needlef8-11,13,16hnd similar results were found
for the genudsuga [29]. In this study, we investigated whether
volatile terpene emissions from the phloem of pine trunks, migh . . N .
also be used as a distinguishing character among conifero ckard, USA) eqmpped W'th_ flame ionization de'Fectlon (GC-
species. Therefore, we characterized the volatile fraction emit- .D)' The separation was achleved_ onaDB-5 capﬂlqry c.o.lumn
ted by trunk phloem sections of four pine speciRginaster, with 30mx 0.32mm I'D." .1-9”‘? thlck.ness S .&W Scientific,
P. sylvestris, P. pinea andP. halepensis, by means of headspace Folsom, USA) after split injection (1:20), using hydrogen as

solid-phase microextraction (SPME), gas chromatography (Gcﬁarrler gas, atflow rate of 1.7 ml/min.

and mass spectrometry (GC—-MS), as a potential method to he Oven temperature was initially held qt 50 for 1 min af?d
used for the determination of pine species. increased up to 128, at a rate of 4C/min. From 125C, it

Hierarchical cluster analysis was used to study the chemic% ahsj ffurthSer |.ncr_(re:sef.d ulptto 230 att 6°C/ ;négéate whererllt v(\j/ast
variability of the fourPinus species analyzed. Principal compo- eldfor >min. The final temperature o was reached &

nent (PC) analysis was applied to study the nature and magnitué’flerate ?f %gggcnm The flame ionization detector temperature
of the differentiation among species. was seta '

2.4.1. GC-FID analysis
The analysis of the volatile compounds was performed by gas
hromatography, using a HP 5890A gas chromatograph (Hewlett

2. Materials and methods 2.4.2. Enantiomeric analysis
The separation of enantiomeric monoterpenes was per-
2.1. Standards formed on a taylor made fused silica capillary column

with 30mx 0.25mm I.D., coated with 0.2bm film of
All monoterpene standards used were purchased frori5% heptakis (2,3-d?-methyl-6-0-terc-butyldimethylsilyl)-
Aldrich (Deisenhofen, Germany), Fluka (Neu-Ulm, Germany)p-cyclodextrin in SE52 (DiMe). The column was placed on

and Kasei (Tokyo, Japan). a GC-Trace 2000 (Thermo Unicam, USA) equipped with
flame ionization detection. Hydrogen was used as carrier gas,
2.2. Research materials with a flow rate of 1.0ml/min. The oven temperature was

initially set at 68°C and kept isothermal for 15 min. After-
Phloems were sampled froR halepensis, P. sylvestris, P. wards, it was increased at a rate of@2min until 125°C,
pinaster and P. pinea, in October 2004, from stands located followed by a rate of 3C/min to 200°C where it was held
in central Portugal able ). After collection samples were for 1min. The flame ionization detector temperature was
stored immediately in liquid nitrogen until the analysis wereset at 250C. All compounds were detected by standard
performed. co-injection.



2.5. Identification of the monoterpenes 2

2.5.1. GC-TOF-MS analysis

The GC-MS analysis were carried out on an Agilent 6890N
gas chromatograph, coupled to a mass spectrometer Micromass
GCT (Manchester, UK) equipped with a time-of-flight (TOF) 6 8
mass analyzer. Separation was performed on a 2025 mm
I.D., 0.25um thickness fused silica ZB-5ms column (Phe-
nomenex, Torrance, USA). Sample injection was performed
with a split ratio of 1:20. Helium was used as carrier gas with a
flow rate of 0.8 ml/min.

The mass spectrometer operated in electron impact mode
(70 eV) with a mass range set from 35 to 3&0Q. The interface
and source temperatures were set atZ5and gas chromatog-
raphy conditions were as given.

2.6. Data analysis

2.6.1. Peak identification g 5
Individual peaks of compounds were detected by compari-
son with retention times of standard pure solutions under similar |
operating conditions. The compounds were identified by com- 910
paring the mass spectra obtained for the standards and by Wiley , f ,\ A M

7th mass spectral reference library. Poor e e rooror
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2.6.2. Statistical analysis
Relative area percentage of the monoterpenes present in thig- 1. Typical chromatogram of the volatile fraction emitted by phloem samples
volatile fraction was used for data analysis. Data processing wd /> ialepensis detected by GC-FID using a DBS5 column and SPME extraction.
f d usina SPSS (V.12 for Wind tatistical K Peak identification: 1-thujene; 2,a-pinene; 3, fenchene; 4, camphene; 5,
per (_)rme u§|ng ( . orwin OWS) sta |§ Ica pf?lc agesabinene; 6B-pinene; 7, myrcene; &-3-carene; 9n-terpinene -cymene;
Pine species homogeneity was analyzed by hierarchical clugg, limonene.
ter analysis using Ward’s method and square Euclidean dis-
tances, based on the content of the monoterpenes emitted by
phloem samples, which were variables impossible to normal-
ize. Principal component analysis was used to determine the key
enantiomers that best explain the species sets. Enantiomers rela-
tive percentages were transformed (cubic root) and standardized 7563
to obtain normal distributed variables. 5

3. Results and discussion 6037 b

The chromatogram profiles for non-chiral and chiral analy-
sis of the volatile fractions present in the phloem samples are
exemplified, respectively, iRigs. 1 and 2

We identified 11 monoterpendsids. 1 and 2Tables 2 and3 (mVolt) | 1
that have been previously reported to play a role in the pro-
cess of host tree selection by conifers phytophagous insects
[1,2,4-11,15,17-20]Traces of non-terpenoid volatiles, such as
4-methyl-hex-4-en-3-one, oct-1-en-3-ol and benzaldehyde were
also identified, although not used for data treatment. The volatile

45.11F

29.84

14.58

compositions estimated for the species sampled are shown or s 3;‘ 6

Table 2 Fig. 3 represents the dendrogram obtained through “ A L
a hierarchical cluster analysis, using Ward’s meth®chinea 068,70 11.90 2380 370 4760
appears as the most homogeneous group, Whileilepensis Time (min)

.Show.s. Iarger heteroQ?nelty’ Wlth two groups of sample's Clear|¥ig. 2. GC profile of chiral monoterpenes of the phloem volatile fraction of
identifiable. P. sylvestris and P pinaster are separated in the p sylvestris detected by FID, using a tailor made chiral column. Peak identifi-
dendogram at species level. Nevertheless, these two species asgon: 1, ¢)-a-pinene; 2, (+)a-pinene; 3, (+)p-pinene; 4, £)-B-pinene; 5,
grouped together in one of the three main clusters obtained. 3-3-carene; 6,€)-limonene; 7, (+)-limonene.



Table 2

Monoterpene composition of thi&nus species studied, using non-enantiomeric separation, calculated based on relative area percentages

Monoterpenes P. pinaster (N=2) P. sylvestris (N=5) P. pinea (N=5) P. halepensis (N=T7)
Relative area  Standard Relative area  Standard Relative area  Standard Relative area  Standard
mean deviation (%) mean deviation (%) mean deviation (%) mean deviation (%)
a-Thujene 0 0 0 0 0 2.229 1.725
a-Pinene 51.574 8.065 50.968 14.635 8.101 6.8613 33.577 18.045
Camphene 0.965 1.364 0.000 0.000 0.000 0.000 1.350 1.508
Sabinene 0.000 0.000 0.000 0.000 0.357 0.958 3.600 2.549
B-Pinene 30.126 4.208 38.503 11.689 7.565 5.877 25.419 20.189
Myrcene 3.483 1.084 0.224 0.601 9.973 13.834 7.091 11.099
3-3-Carene 8.625 12.198 1.020 1.004 3.364 3.216 6.338 9.468
a-Terpinene
p-Cymene 1.812 0.142 4.044 1.957 2.017 3.234 18.326 21.015
Limonene 3.415 2.231 5.240 4.852 68.623 27.852 2.071 2.9725
Table 3

Enantiomeric monoterpene composition of flieus species studied, using enantiomeric separation, calculated based on relative area percentages

Monoterpenes  P. pinaster (N=2)

P. sylvestris (N=5)

P. pinea (N=5) P. halepensis (N=T7)

Relative area  Standard

Relative area  Standard

Relative area  Standard Relative area  Standard

mean deviation (%) mean deviation (%) mean deviation (%) mean deviation (%)
(-)-a-Pinene 1.487 1.758 42.335 11.945 0 0 3.974 1.271
(+)-a-Pinene  58.100 33.942 48.720 10.507 3.506 1.636 37.793 20.800
(+)-B-Pinene 2.623 3.709 0.840 0.325 1.094 1.001 39.603 24.032
(—)-B-Pinene 4.184 5.917 0.584 0.201 4.109 5.626 0.129 0.239
3-3-carene 2.742 2.436 70.134 11.411 2.259 2.123 0.419 0.396
(=)-Limonene  12.251 8.533 0.642 0.255 0.688 0.093 9.756 14.438
(+)-Limonene  18.857 19.978 3.412 3.493 88.344 10.142 8.325 15.264
a As reported by Sjodin et aJ8] and by Gomes da Silva et al.
i 16], it is possible to discriminat®inus species by analyzin
)
i tissues, other than phloem, of trees of this genus, based only
! on the quantitative enantiomeric composition of the samples.
& { PC analysis was performed using only the results obtained with
H the chiral column, since it was not possible to normalize the
[}
! monoterpene data.
i Since the enantiomers usually have specific biological activi-
- E ties, each one has to be considered as two separated constituents.
! For this reason, principal component analysis was performed
E using the enantiomeric compositions, given as total area per-
i centages, for the monoterpenic compounds identifiadlé 3.
=0 The three principal components explained 85.78% of the total
E variance with the first factor scoring 43.8%aple 4.
)
)
(]
i —
v o+
| Table 4
E Percentage of the total variance explained by PC analysis, referring to the enan-
! : _| _| tiomeric monoterpene composition of tAews species studied
1
- . [:I | Components Initial Eigenvalues
*
~ & TY OTUTYY T YT TNoN % of Variance % Cumulative
S8f $eIioEEEEc foziii iy 1 43.837 43.837
S S555 2E2E2E22 5 55 85858% 2 25.491 69.327
U AR AU XA coeee T SIS
KA KR e S S S8 3 16.430 85.757
oA Al Al A 4 12.811 98.569
5 1.431 100.000

Fig. 3. Dendogram using Ward’s method for hierarchical cluster analysis. Pine.

species were grouped using non-chiral volatile concentrations only.

Three main components were extracted.
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The first component is explained by the enantiomers (+)different from those obtained for other tissuesRafus trees.
limonene and{)-B-pinene versus (+y-pinene, while the sec- We were able to discriminat® pinea based on the emissions
ond component is defined by (BHpinene versus{)-a-pinene.  of both (+)-limonene and«)-B-pinene, and’. pinaster based
Finally, the third component is characterized by &-pinene  on (+)-w-pinene emissions. Finally, the distinction betwe®n
(Fig. 4). PC analysis results, illustrated W¥igs. 4 and 5  sylvestris andP. halepensis was made based on the contents of
show that the discrimination of. pinea is strongly influ-  (+)-B-pinene and-{)-a-pinene.
enced by the contents of (+)-limonene ard-3-pinene. (+)- The fact that the enantiomeric discrimination achieved
B-pinene and €)-a-pinene contents discriminate betweBn reflects Shaw’s morphological classification of the gePiugss
halepensis andP. sylvestris, respectively. FinallyP. pinaster is  is an encouraging result leading to further research.
discriminated based on the contents of &+pinene. Unpub-
lished results (Vasconcelos, in preparation) showedZati-  Acknowledgements
cus spp. in Portugal preferably attacR pinaster in com-

parison to other native and exotic pine species. Thus, vari- This work was financed by projects POCTI/AGG/47275/02
ations encountered amongnus species, regarding phloem and EU-PROMOTH (QLRT-2001-00852). The authors are
monoterpene emissions, are of significance considering thgrateful to Professor Dr. Susana Barreiros research team, DQ,
selection and colonization processes for insects such as bagcT, New University of Lisbon, for logistic support with chiral
beetles. analysis.
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