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Abstract
Emissions of defence chemicals from Norway spruce seedlings can be induced by feeding arthropods or by exogenous hor-
monal application. Some defence chemicals may attract or repel associated arthropods. The aim of this study was to show 
that it is possible to detect and collect stress-induced volatiles from micro sites, such as at the scale of a single needle, in vivo 
by using SPME. Methyl jasmonate application on the stem of Norway spruce seedlings induced emission of (E)-β-farnesene 
only from the needles closest to the application site. Emissions of (E)-β-farnesene, (E,E)-α-farnesene and (E)-α-bisabolene 
were only detected from needles infested by the spider mite Oligonychus ununguis. The total volatile amount detected by 
SPME-GC-MS reached a considerable mass of 14 ng/needle/24 h, suggesting that emission from damaged and stressed 
conifers might have a larger impact on the macro climate than previously estimated.

Keywords (E)-β-Farnesene · Methyl jasmonate · Picea abies · Solid-phase microextraction (SPME) · Stress-induced 
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Introduction

Plants emit a multitude of compounds, which influence 
their biotic environment. These volatiles may attract herbi-
vores for feeding and egg deposition, as well as their preda-
tors and parasitoids (Hilker and Fatouros 2015; Aartsma 
et al. 2017). They may also mediate plant–plant signalling 
(Dudareva et al. 2006) and contribute to the content of vola-
tile organic compounds in the atmosphere (Goldstein and 
Galbally 2007). Conifers of the family Pinaceae produce 
terpenoids extensively, some of these terpenoids are stored 
in resin ducts in the plant tissues and others are directly 

released into the environment (Copolovici and Niinemets 
2016). In addition to the constitutive compounds, many 
conifer species have an induced production of terpenes and 
other stress-related compounds when wounded and infested 
by insects or other arthropods (Franceschi et al. 2002, 2005; 
Kännaste et al. 2009; Kurz et al. 2008; Zhao et al. 2011; 
Krokene 2015).

Detection, collection and analysis of plant volatiles are 
essential steps in understanding plant–environment interac-
tions. A common technique that has been used for thermally 
sensitive compounds is adsorption to a variety of chemical 
structures with subsequent desorption using solvents (Fäldt 
et al. 2000; D’Alessandro and Turlings 2006). However, 
evaporating the solvents results in concentration of the sol-
vent impurities, which is problematic for chemical analyses. 
Solvent-free methods, such as the solid-phase microextrac-
tion (SPME) adsorb the volatiles on a polymer (fibre coat-
ing) with selected polarity followed by subsequent desorp-
tion by heating, are advantageous for studies of volatile 
emissions. SPME was introduced by Zhang and Pawliszyn 
(1993) and since then has been widely used in chemical 
ecology (Borg-Karlson and Mozuraitis 1996; Lundborg et al. 
2016a, b and references therein). It is predominantly a quali-
tative sampling method, and different fibre coatings make it 
possible to tailor the extraction for the selective compounds 
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(Mani 1999; Fäldt et al. 2000). It is non-invasive and simple 
to handle which makes it suitable for monitoring volatiles 
emitted by living organisms (Borg-Karlson and Mozuraitis 
1996; Augusto and Valente 2002; Chung et al. 2016; Araniti 
et al. 2018). SPME is one of few options for sampling trace 
amounts of compounds, it can be adjusted to thermosensi-
tive compounds by lowering the heating temperature in the 
injector and we can take advantage of our experience using 
SPME, that certain fibre coatings favour topical compounds 
with a higher molecular weight.

Methyl jasmonate (MeJA), a volatile derivative of the 
plant hormone jasmonic acid, plays a role in the stress-
induced biosynthetic pathway. MeJA is often used to induce 
plant stress in studies under controlled conditions (Phillips 
et al. 2006) and also in practical applications for protect-
ing newly planted conifer seedlings (Björklund et al. 2005). 
Although the complete volatile profile differs, the main vola-
tiles released by Norway spruce seedlings infested with the 
spider mite Oligonychus ununguis (Kännaste et al. 2009) 
are the same as the major ones emitted by MeJA-treated 
plants (Martin et al. 2003), e.g. (E)-β-farnesene, linalool 
and methyl salicylate. In this study, we compared vola-
tiles released by plants naturally infested with spider mite 
and manually treated with MeJA to test if it is possible to 
detect and collect rapidly formed stress-induced volatiles 
from micro sites, e.g. at the scale of a single spruce needle. 
Since the volatile emission from stressed sites may influence 
plant selection by herbivores as well as their predators and 
parasites, we applied non-invasive, well in situ manageable 
SPME. Results obtained show that both mite infestation and 
MeJA application induce highly local stress reactions in 
young Norway spruce (Picea abies [L.] H. Karst, Pinaceae) 
plants which can be easily detected and followed in vivo at 
the single needle scale using SPME.

Materials and methods

Plant material

Two-year-old Norway spruce seedlings from open crosses 
(obtained from Anders Lindström, Dalarnas Högskola, Swe-
den) were used for methyl jasmonate (MeJA) treatment. 
Plants were grown in a greenhouse and transported to the 
laboratory at KTH (Royal Institute of Technology, Sweden) 
where they were kept at 22 °C, ca 50% relative humidity 
(RH) and a 20/4 (light/dark) photoperiod for two weeks 
before the experiments started (Fig. 1).

In a separate room, three-year-old plants of clone line 
1509 from the botanical archives of Skogforsk (the Forestry 
Research Institute of Sweden) were used for spruce spider 
mite infestation (Oligonychus ununguis Jacobi, Acari, Tet-
ranychidae). These plants were grown in a greenhouse and 

transported to KTH where they were kept at a temperature 
of 22 °C, ca 50% RH and 18/6 (L/D) photoperiod for two 
weeks before the experiments started.

All plants were planted in commercial plant soil (Ham-
menhög) in 12-cm plastic pots three months before the 
experiments (Fig. 1).

Chemicals

Methyl jasmonate (98%, Sigma-Aldrich, Inc.) was dissolved 
in deionized water to 45 mM concentration with the help of 
four drops of the surfactant Nordex Debitol Extra (Nordex 
Sverige AB, Uppsala, Sweden). Compounds for calibration 
and the SPME competition study were obtained from com-
mercial sources. (−)-α-Pinene (≥ 99%), (S)-(−)-limonene 
(≥ 99.5%), myrcene (90%) and bornyl acetate (90%) were 
purchased from Fluka TM (Honeywell International, Inc.), 
linalool from Koch-Light Laboratories (Pty) Ltd. (rac., ≥ 

Fig. 1  Single needle collection setup. (1) MeJA solution was applied 
at the lowest 5 cm of the stem. (2, 3) Needles growing on the MeJA-
treated area, covered with thin glass tubes with SPME’s holders 
mounted and fibres exposed inside. (4) needle growing 1  cm above 
the treated area. (5) Needle growing 2  cm above the treated area. 
SPME holder and glass tube mounted against the stem 10 cm above 
treated area
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90%), methyl salicylate (≥ 99%) from Lancaster Synthesis 
and (E)-β-farnesene (≥ 95%) from Bedoukian Research Inc.

MeJA treatment of plants and collection of volatiles 
from single needles

Four Norway spruce seedlings of similar size were used in 
the MeJA experiment. For each plant, four needles with dif-
ferent positions on the stem were chosen: two on the low-
est 5 cm of the stem, measured from the base of the soil 
surface, one 6 cm and one 7 cm from the soil surface (i.e. 
two needles growing on the area later treated with MeJA 
and two needles 1 and 2 cm above the MeJA-treated area). 
Small conical glass tubes (diameter 1–2 mm, 8 cm length, 
volume ~ 0.6 mL) were made by cutting off the tip of Pasteur 
pipettes (VWR International GmbH, Darmstadt, Germany). 
Glass tubes were placed over each needle without touching 
the needles and the fibre of the SPME device was inserted 
into the opposite end of the glass tube (Fig. 1). In addition, 
one glass tube was placed towards the stem about 10 cm 
above the MeJA-treated area to serve as a control and for 
background collection. After the glass tubes were mounted, 
an SPME fibre was carefully introduced to each tube and 
exposed for 22 h, collecting headspace samples of single 
needles (day 0, as control).

On day 1, a 45 mM (1:100) solution of MeJA in distilled 
water was applied, with a soft painting brush (1 mm, syn-
thetic hair), to the first 5 cm of the stem, measured from the 
base of the soil surface (approximately 0.4 mL, correspond-
ing to 4 mg MeJA, was applied to each seedling). The glass 
tubes were in place over the chosen needles during applica-
tion. After MeJA application, another 22-h collection period 
started. This gave a total of eight collections from needles on 
untreated areas both before and after treatment.

Spider mite infestation and collection of volatiles 
from single needles in spider mite‑infested plants

Several needles of prepared spruce clonal trees were nat-
urally infested with a low abundance of spider mites (all 
instars pooled together), while other needles on the same 
plants were undamaged, and not infested with spider mites. 
Infested and uninfested parts of four plants were identified 
using a magnifying glass. For each SPME collection, two 
needles were randomly chosen on the same plant, one from 
the uninfested area and one in an area infested with one 
or two adult mites per needle. The infested and uninfested 
areas were located on different branches of the plant, typi-
cally growing on opposite sides at a similar height on the 
plant stem.

Glass tubes were placed over needles and volatiles col-
lected by SPME as described. The glass tubes were a little 
wider (diameter 2–3 mm) to avoid crushing the mites on the 

spruce needles. The emissions of single needles were ana-
lysed on each plant, involving two or three pairs of healthy/
infested needles, leading to a total of ten collections from 
mite-infested needles and ten collections from uninfested 
needles. Each infested needle was compared with an unin-
fested needle on the same plant and at the same sampling 
time. Thus, abiotic factors and background volatiles should 
be similar for both infested and control needles.

Volatile analysis

Solid-phase microextraction (SPME) with 65 µm poly-
dimethylsiloxane/divinylbenzene (PDMS/DVB) coating 
(Supelco, Sigma-Aldrich Inc.) was used to collect the vola-
tiles. Before each sampling period, the fibres were cleaned 
by heating at 220 °C for 5 min in a helium flow.

The volatile samples collected with SPME were analysed 
with a Varian 3400 gas chromatograph (GC, SpectraLab 
Scientific Inc. Markham, Canada) connected to a Finnigan 
SSQ 7000 mass spectrometer (Finnigan Corp., San Jose, 
USA, EI, 70 eV, ion source temperature: 150 °C, scan range 
33–400 m*z− 1) with a transfer line kept at 240 °C. The fibres 
were inserted for 2 min at 220 °C (split/splitless 30 s) to an 
 SPBTM-1 column (Supelco® Analytical, Munich, Germany, 
30 m, 0.25 mm id and 0.25 µm film thickness). The column 
temperature was 40 °C for one minute, thereafter increasing 
by 15 °C*min− 1 to 230 °C and then held at this temperature 
for 1 min. Linalool, (E)-β-farnesene, (E, E)-α-farnesene and 
(E)-α-bisabolene were clearly separated and identified by 
comparing the mass spectra and retention times with avail-
able reference compounds and literature data. Although, 
SPME is a qualitative approach, the amounts of these vola-
tiles released from Norway spruce needles were estimated by 
weighted calibration curves (Miller and Miller 2005) based 
on direct injection of dilutions of (E)-β-farnesene and lin-
alool (see Supplementary material).

Selectivity of SPME: SPME competition

The possible competition of other volatiles adsorbed on the 
fibre during collection of (E)-β-farnesene was investigated. 
The adsorption of (E)-β-farnesene by the fibre was com-
pared with adsorption of (E)-β-farnesene in a mixture with 
six other common spruce compounds (α-pinene, limonene, 
myrcene, bornyl acetate, linalool and methyl salicylate) of 
the same concentration (1:100 000, 8 ng*µL− 1). The com-
pounds were chosen because they are present in spruce nee-
dles and could possibly be released during the adsorption 
experiment (see below). A similar setup to that for single 
needle experiments was used. First, a 1 × 1.5 mm piece of 
filter paper (Munktell, Ahlstrom-Munksjö, Helsinki, Fin-
land) was placed inside the glass tube. One µL of one of the 
terpene solutions was applied on the filter paper, thereafter 
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the tube was sealed with aluminium foil and volatile sam-
pling was performed as before with five repetitions of each 
experiment.

In addition to volatiles, spruce needles also release water 
to the environment. To ensure that water molecules did not 
cover the fibre, and outcompete the nonpolar volatiles from 
being adsorbed to the fibre coating, a similar experiment 
using the mixture described above was made. For these 
experiments (n = 7), one µL of deionized water was added 
to the filter paper before sealing with aluminum foil.

Statistical analysis

The emission of stress-related volatiles (e.g. linalool, (E)-
β-farnesene, (E, E)-α-farnesene and (E)-α-bisabolene) from 
needles situated in MeJA-treated and untreated parts of the 
Norway spruce plants were compared using a t-test. The 
emissions from needles infested by the spider mite and 
uninfested needles were compared using a paired t-test. All 
t-tests were performed with the data analysis tool in Excel 
2010 (Microsoft Corp., Redmond, WA, USA). Two-tail 
p-values are presented.

Results

Needle‑released volatiles of MeJA‑treated plants

Needles on MeJA-treated areas emitted significantly more 
(E)-β-farnesene (0.1-4 ng detected) than needles grow-
ing 1–2 cm above the treated seedling stem areas (t-test, 
p = 0.01), of which only one needle (n = 8) emitted small 
amounts of (E)-β-farnesene (Fig. 2). In addition, (E, E)-α-
farnesene, (E)-α-bisabolene and linalool were detected in the 
headspace of the needles on the MeJA-treated stem. Before 
application of MeJA, none of the stress-induced compounds 
were present in the headspace of the needles and none of 
them were found in the background collections, neither 
before nor after application of MeJA.

Needle‑released volatiles from mite‑infested 
needles

Needles infested with the spruce spider mite emitted signifi-
cantly larger amounts of (E,E)-α-farnesene (p = 0.02) and 
(E)-α-bisabolene (p = 0.03) than uninfested needles of the 
same plant as well as increased emission of (E)-β-farnesene 
(p = 0.06) (Fig. 3). The total amounts of volatiles collected 
from single needles were estimated by calibration of the 
GC-MS with direct injection of (E)-β-farnesene standards 
and ranged between 0.5 and 14 ng.

Selectivity of SPME: SPME competition analysis

No significant competition in adsorption was found for ter-
penes when water was added to the filter paper in the glass 
tube (Fig. 4). No competition was found for (E)-β-farnesene, 
neither under a high concentration of water (p = 0.87) nor 
when terpenes were mixed with a similar portion of (E)-
β-farnesene (p = 0.48). Five − 10% of the (E)-β-farnesene 
applied on the filter paper was detected by SPME-GC-MS.

Fig. 2  The amount of linalool, (E)-β-farnesene, (E,E)-α-farnesene 
and (E)-α-bisabolene (mean ± SE) released from needles on MeJA-
treated and untreated area, 24 h after brushing 44.5 mM MeJA on the 
lowers oart of the stem. The star denotes the significant difference at 
p = 0.01 level between emission from needles on untreated area and 
needles on MeJA-treated area

Fig. 3  The amount of (E)-β-farnesene, (E,E)-α-farnesene and (E)-
α-bisabolene (mean ± SE) released from Norway spruce needles, 
infested and uninfested by the spruce spider mite (Oligonychus 
ununguis). The stars denote significant differences at p = 0.05 level 
between the emission from uninfested needles and needles infested 
with spruce spider mite
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Discussion

The unobtrusive and non-disturbing nature of using an 
SPME fibre inserted in a narrow glass tube makes it a suit-
able method for following the stress reaction of individual 
needles by needle feeding arthropods and, probably, local 
microbial infestations. This miniaturized tool allows detailed 
(in situ) studies of the chemical ecology of small arthropods 
associated with micro sites. Methyl jasmonate (MeJA), a 
well-known plant hormone with systemic functions, and spi-
der mite sucking on needles causing defence reactions were 
used to induce plant microsite stress. Emissions released 
from both MeJA-treated and mite-infested single needles 
indicated a strict local reaction in plants This means that the 
emissions of spruce seedlings not only differ between indi-
viduals (Lundborg et al. 2016a, b, 2018), and different parts 
of the same plant (Persson et al. 1996) but, as in this study, 
between closely growing individual needles. We expect a 
similar reliability of the SPME approach for plant specific 
volatile studies with other plant-stressor systems.

Thus, this narrowly induced chemical response should 
allow arthropods to recognize and locate stressed/infested 
sites on spruce with high precision, being either attracted 
or repelled. For instance, certain egg parasitoids are 
attracted to eggs placed on spruce needles which cause 
emission of (E)-β-farnesene from the needles (Hilker and 
Fatouros 2015 and references therein). Many Aphid spe-
cies are known to produce (E)-β-farnesene as their alarm 
pheromone. A special case is the spruce aphid Cinara 
pilicornis Walker (Hemiptera, Aphididae) that feed and 
reproduce on spruce. The feeding activity of the aphids 
results in local emissions of the spruce defence compound 
(E)-β-farnesene. It is unknown whether C. pilicornis also 
produce (E)-β-farnesene as an alarm pheromone or if they 
use other compounds (Pettersson et al. 2008). It is possi-
ble that the emission of (E)-β-farnesene has a disruptive 

function on spruce aphid predators making it advantageous 
for the aphids to exist in such an odour plume.

The medium polar fibres used in the SPME have been 
shown to be appropriate for the isolation of sesquiterpenes 
(Fäldt et al. 2000). However, this porous fibre type works 
through the process of adsorption, and competition may 
occur on the fibre (Gorecki et al. 1999). At a low concen-
tration, such as the amounts emitted from one needle, not 
all sites of the fibre will be occupied by volatile sesquiter-
penes, and competition between stress-induced plant vola-
tiles will occur at higher concentrations. To investigate if 
the terpenes and water vapour released by the plants might 
influence the quantification of stress-related compounds, 
an SPME competition experiment, i.e. comparison for cer-
tain volatile compounds, was performed using compounds 
at a similar concentration as the (E)-β-farnesene detected 
from the headspace of single needles. Similarly, we did 
not detect any SPME competition between terpene mixture 
and (E)-β-farnesene and the water vapour in the headspace 
(mimicking evaporation by the needle) did not appear to 
influence the quantification of (E,E)-α-farnesene (Fig. 4).

(E)-β-Farnesene, (E,E)-α-farnesene, (E)-α-bisabolene 
and (-)-linalool are the main compounds released by 
spruce in response to different stressors and are released 
already after 6 h after stress exposure (Kännaste et al. 
2009; Martin et al. 2003; Miller et al. 2005; Mumm et al. 
2003). This makes them suitable target compounds for 
stress monitoring of e.g. conifer forests. Martin et  al. 
(2003) found that the rate of linalool emission increased 
more than 100-fold and sesquiterpenes increased more 
than 30-fold after treatment of whole spruce seedlings 
with MeJA. Recently, a broad study on maritime pine 
(Pinus pinaster) defence strategy (López-Goldar et al. 
2018) showed that MeJA treatment on seedlings with high 
genetic variation induced most of the constituents in stem 
resin except flavonoids. Here, we used open-crossing of 
Norway spruce seedlings for MeJA treatments and clonal 
trees for the mite experiment. Although open-crossing 
seedlings would have a larger variation in stress response 
than clonal material due to a higher genetic variation, the 
results showed that both mite infestations and MeJA treat-
ment induced the emission of these stress-related volatiles.

Our results may also be applicable to atmospheric 
chemistry research where a major challenge is to identify 
and judge the importance of sources, structures and oxi-
dation products of organic aerosols emitted from living 
organisms (Goldstein and Galbally 2007). In a recent study 
of aerosols from boreal forests, sesquiterpenes like (E)-β-
farnesene and β-caryophyllene contributed substantially 
to forest emissions during the summer (Faiola et al. 2018; 
Hellén et al. 2018). With a warming climate, it might be 
of interest to calculate terpene emission rates of infested 

Fig. 4  SPME competition experiment using (E)-β-farnensene (EβF) 
as a representative to determine if the presence of tree terpenes 
(EβF + Tmix), or terpenes with water vapour (EβF + Tmix + W) influ-
ence the quantification of stress-related volatiles released from Nor-
way spruce. The data were presented as mean ± SE (n = 7). No statis-
tical differences detected
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needles, which are collectively high and thus contribute to 
the total emission of a stressed spruce forest.
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