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Abstract Conifers produce terpenoid-based oleoresins as
constitutive and inducible defenses against herbivores and
pathogens. Much information is available about the genes
and enzymes of the late steps of oleoresin terpenoid bio-
synthesis in conifers, but almost nothing is known about
the early steps which proceed via the methylerythritol
phosphate (MEP) pathway. Here we report the cDNA
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cloning and functional identification of three Norway
spruce (Picea abies) genes encoding 1-deoxy-p-xylulose
5-phosphate synthase (DXS), which catalyzes the first step
of the MEP pathway, and their differential expression in
the stems of young saplings. Among them are representa-
tives of both types of plant DXS genes. A single type I DXS
gene is constitutively expressed in bark tissue and not
affected by wounding or fungal application. In contrast,
two distinct type II DXS genes, PaDXS2A and PaDXS2B,
showed increased transcript abundance after these treat-
ments as did two other genes of the MEP pathway tested,
1-deoxy-p-xylulose 5-phosphate reductoisomerase (DXR)
and 4-hydroxyl 3-methylbutenyl diphosphate reductase
(HDR). We also measured gene expression in a Norway
spruce cell suspension culture system that, like intact trees,
accumulates monoterpenes after treatment with methyl
jasmonate. These cell cultures were characterized by an
up-regulation of monoterpene synthase gene transcripts and
enzyme activity after elicitor treatment, as well as induced
formation of octadecanoids, including jasmonic acid and
12-oxophytodienoic acid. Among the Type II DXS genes in
cell cultures, PaDXS2A was induced by treatment with
chitosan, methyl salicylate, and Ceratocystis polonica (a
bark beetle-associated, blue-staining fungal pathogen of
Norway spruce). However, PaDXS2B was induced by
treatment with methyl jasmonate and chitosan, but was not
affected by methyl salicylate or C. polonica. Our results
suggest distinct functions of the three DXS genes in pri-
mary and defensive terpenoid metabolism in Norway
spruce.
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Introduction

One of the most characteristic features of conifers is their
production of a viscous and pungent oleoresin which is
thought to serve as a defense against herbivores and
pathogens (Phillips and Croteau 1999; Franceschi et al.
2005; Keeling and Bohlmann 2006a,b). Composed of
mono-, sesqui-, and diterpenes, oleoresin is present con-
stitutively in many conifer species, but accumulation is
also induced upon herbivore or pathogen attack. Induction
involves the differentiation of traumatic resin ducts or resin
blisters (Phillips and Croteau 1999; Martin et al. 2002),
enhanced biosynthesis of terpenoid constituents (Martin
et al. 2002; Miller et al. 2005; Zeneli et al. 2006), and
emission of terpenoid volatiles from needles (Martin et al.
2003).

Picea spp. are a well-established system for investigating
the molecular, biochemical and ecological aspects of con-
stitutive and induced oleoresin defenses in conifers (Martin
et al. 2002; Byun-McKay et al. 2003; Martin et al. 2003,
2004; Miller et al. 2005; Schmidt et al. 2005; Erbilgin et al.
2006; Keeling and Bohlmann 2006a, b; Ralph et al. 2006;
Zeneli et al. 2006). Both the octadecanoid and ethylene
signaling pathways are known to be involved in the insect
and wound-induced defense response in spruce (Franceschi
et al. 2002; Martin et al. 2002; Hudgins et al. 2003;
Hudgins and Franceschi 2004; Zhao et al. 2004; Huber
et al. 2005; Hudgins et al. 2006; Ralph et al. 2007).
Treatment of Sitka (P. sitchensis) or Norway spruce (P.
abies) with methyl jasmonate induces oleoresin accumula-
tion (Franceschi et al. 2002; Martin et al. 2002; Miller et al.
2005), and this has been used to study the ecological roles of
terpenoid defenses. For example, methyl jasmonate-treated
trees were more resistant to colonization by the bark beetle,
Ips typographus (Erbilgin et al. 2006), and the bark beetle-
associated fungus, Ceratocystis polonica (Zeneli et al.
2006). Further understanding of the defensive function of
conifer oleoresin would benefit greatly from more knowl-
edge of the pathway of oleoresin terpenoid biosynthesis and
how this is regulated.

The biosynthesis of oleoresin terpenes in conifers
involves three stages: (1) the production of the central Cs
intermediates, isopentenyl diphosphate (IPP) and dimeth-
ylallyl diphosphate (DMAPP), by the methylerythritol
phosphate (MEP) and mevalonate pathways, (2) the con-
densation of IPP and DMAPP into C,, C,5, and C,( prenyl
diphosphates, the precursors of mono-, sesqui- and dit-
erpenes, respectively, and (3) the late cyclization and
oxidation steps catalyzed by terpenoid synthases (TPS) and
cytochrome P450 dependent monooxygenases (CYP450)
which determine the particular carbon skeleton and oxi-
dation pattern of the product (reviewed in Croteau 1987).
The third stage has been well studied, starting with

@ Springer

pioneering work on the molecular biology and enzymology
of TPS and CYP450 activities in grand fir (Abies grandis)
(Steele et al. 1995; Bohlmann et al. 1997; Steele et al.
1998a). More recently, inducible 7PS gene expression was
found to be responsible for much of the chemical diversity
of traumatic oleoresin in Norway (Féldt et al. 2003; Martin
et al. 2004) and Sitka spruce (Miller et al. 2005). In
addition, CYP450 gene expression was demonstrated to be
involved in traumatic diterpene resin acid biosynthesis in
loblolly pine (Pinus taeda) (Ro et al. 2005; Ro and Bohl-
mann 2006). In contrast, only limited knowledge is
available on the role of second stage enzymes, the iso-
prenyl diphosphate synthases, in conifer oleoresin
formation (Martin et al. 2002; Schmidt et al. 2005). To the
best of our knowledge, there are no reports on the possible
regulatory function of genes and enzymes of the first stage.
However, recent microarray gene expression analysis of all
known steps of the terpenoid oleoresin pathway in Sitka
spruce revealed substantial induction of transcript for some
of the early pathway steps upon insect attack (Ralph, et al.
2006; S. Ralph and J. Bohlmann, unpublished results).

To learn more about the first stage of terpenoid bio-
synthesis in conifer oleoresin production, we began by
investigating the first step in the MEP pathway of terpenoid
biosynthesis, which is catalyzed by I1-deoxy-p-xylulose
5-phosphate synthase (DXS) (Sprenger et al. 1997; Lange
et al. 1998; Lois et al. 1998; Rodriguez-Concepcion and
Boronat 2002). The MEP pathway is thought to be much
more important than the mevalonate pathway in providing
precursors for both monoterpenes and diterpenes (Lange
and Ghassemian 2003), the major components of spruce
oleoresin. In addition, previous studies have shown that
DXS is a highly regulated enzyme that is a significant rate-
determining step of the MEP pathway in other plant species
(Lois et al. 2000; Walter et al. 2000; Estevez et al. 2001).
Two types of DXS genes have been characterized based on
sequence properties and expression pattern: one type (type
I) which is constitutively expressed in photosynthetic tis-
sues and is probably involved in supplying substrate for
primary isoprenoids, such as carotenoids and phytol, and a
second type (type II) which appears to be involved in
supplying substrate for specialized terpenoids involved in
ecological interactions (Walter et al. 2002). Here we report
the cDNA cloning, functional identification, and expression
analysis of three DXS genes from Norway spruce and their
different roles in terpenoid biosynthesis.

Oleoresin formation in conifers has been a difficult
process to study at the molecular and biochemical levels
because it typically occurs in large, slow-growing trees and
is restricted to specific tissues and stages of development,
or only occurs after initial herbivore or pathogen attack
(Martin et al. 2002; Franceschi et al. 2005). To overcome
these problems, we established a Norway spruce cell
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culture system to study terpene formation and examined
the expression of DXS and other genes of terpene biosyn-
thesis after induction.

Materials and methods
Plant growth conditions and treatments

Norway spruce (P. abies L. Karst) saplings of clonal lines
3166-728 and 1015-903 were propagated from lateral
branches at the Niedersichsische Forstliche Versuchsanstalt
(Escherode, Germany) and grown in a walk-in growth
chamber under lighting conditions as reported previously
(Martin et al. 2002). After 6 months, saplings were trans-
ferred to 2 1 pots with a 2:3 (v/v) mixture of peat:universal
planting mix and grown in a greenhouse at 24°C with
mechanical misters supplying 10 s of mist per hour. Sap-
lings were 2-3 years old (60-90 cm tall) when treatments
were carried out as follows. Methyl jasmonate (MelJA,
Aldrich, Steinheim, Germany) was sprayed onto saplings as
a 25 mM solution containing 0.2% Tween 20 as described
previously (Martin et al. 2002). Control saplings were
sprayed with a Tween 20 solution only. Mechanical
wounding consisted of a series of horizontal razor blade
scores along the entire length of the trunk, approximately
3-4 per cm. After 2 h, saplings were wounded a second
time. For combined treatments, the freshly wounded trunks
were treated with either a chitosan solution (10 mg/ml) or a
C. polonica spore culture using a fine tipped paint brush.
Saplings used for time course measurements were harvested
at 1, 3, 7, and 10 days post-treatment, while those used for
single time point treatments were harvested at day 3. A
minimum of six saplings was harvested from each group.
After harvesting of stems, the outer bark and cambium were
separated from the xylem (Martin et al. 2002) and the for-
mer frozen in liquid nitrogen prior to RNA extraction.

Norway spruce cell culture: establishment, treatments,
and analysis

Somatic embryogenic cultures of Norway spruce were
initiated from mature seeds, propagated as callus on solid
EDM6 medium (Bishop-Hurley et al. 2001) and sub-
cultured every 7 days. Actively growing calli were then
transferred to 30 ml liquid EDM6 media and grown at
24°C in darkness with gentle shaking and sub-culturing at
10-12 day intervals. For induction experiments with
defined elicitors, MeJA, chitosan (Sigma Chemicals, St.
Louis, MO, USA), or methyl salicylate (MeSA) (Sigma
Chemicals) was added to a final concentration of 50 puM,
50 pg/ml, and 50 pM, respectively, 10 days after

subculture. For induction experiments with a fungal path-
ogen, C. polonica spore cultures (isolate 93-208/115,
courtesy of the Culture Collection of the Norwegian Forest
Research Institute, As, Norway) were diluted 1:100 into
spruce liquid cultures for induction. C. polonica spore
cultures were prepared by transferring a 5 mm disk of
mycelium onto a 9 cm sterile Petri dish containing 4% malt
extract (w/v), 0.4% yeast extract (w/v), and 1.5% agar
(w/v) at pH 7.0, incubating the sealed plate at 22°C in
darkness for 8 days, and then gently washing the plate
surface with 2 ml solution of 0.9% NaCl and 0.5% Tween
20, followed by 10 ml 0.9% NaCl to collect the spores.
Induced tissue from liquid Norway spruce cell cultures was
harvested by filtration on a side-arm flask equipped with a
Buchner funnel and No. 2 Whatman filter paper. For
monoterpene analysis of cell cultures, a single 30 ml cul-
ture was used to inoculate 200 ml fresh liquid EDM6 and
grown under the same conditions for 3 days. Two grams of
sterile XAD4 Amberlite resin (Sigma Chemicals) were then
added to the culture along with isobutylbenzene (Acros,
Geel, Belgium) as internal standard (1 pg/ml final con-
centration), and either MeJA (50 uM final concentration),
MeSA (50 uM final concentration), chitosan (50 pg/ml
final concentration), or 2 ml C. polonica spore culture were
added as elicitors. After 1 week, the cells were separated
from the XAD4 resin by centrifugation, and the resin was
vacuum filtered on Whatman No. 2 paper. The dried resin
was extracted with 1 ml pentane with vigorous shaking for
2 h, and the solvent then passed over a Pasteur pipette
column containing 100 mg each silica gel and MgSO, and
concentrated to 100 pl under a gentle nitrogen stream. The
concentrated extracts were transferred to a GC vial and
analyzed by electron impact GC-MS using an Agilent 6890
gas chromatograph (Palo Alto, CA, USA) equipped with a
5973 mass selective detector as previously described
(Phillips et al. 2003). For monoterpene synthase enzyme
assays, triplicate cultures were induced with 50 pM MeJA
in 0.2% Tween 20 (Sigma Chemicals) or 0.2% Tween 20
alone (control) and then harvested at the indicated time
points by vacuum filtration for extraction and assay as
described below.

RNA isolation and cDNA synthesis

RNA from cultured cells was obtained with the Plant
RNeasy kit (QIAGEN, Hilden, Germany) using 100 mg
tissue homogenized in a chilled 2 ml glass Tenbroek
homogenizer containing 450 pl RLT buffer (QIAGEN) and
0.14 M f-mercaptoethanol. Total RNA from spruce bark
and needles was isolated with the Invisorb Spin Plant RNA
kit (Invitek, Berlin, Germany). Contaminating DNA was
removed via on-column Dnase I digestion (QIAGEN) in
both cases. Total RNA quality and concentration were
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determined using an Agilent Bioanalyzer 2100 (Palo Alto,
California, USA) and RNA Nano 6000 LabChips.

cDNA library construction and screening

PolyA+ RNA was purified from total RNA isolated from
MeJA-treated Norway spruce liquid culture using
poly(dT),s coated magnetic Dynabeads (Dynal Biotech,
Oslo, Norway). Residual rRNA contamination was deter-
mined using an RNA Pico6000 LabChip (Agilent). Five
micrograms purified mRNA was used to construct a
AZAPII-cDNA library (Stratagene, La Jolla, CA, USA)
according to manufacturer’s instructions. cDNAs were
separated on a CL-2B Sepharose (Stratagene) size exclu-
sion column, ligated into the lambda ZAP vector
(Stratagene), and packaged using Gigapack Gold III
packaging extract (Stratagene). Average insert size in the
amplified and titered library was judged by T3 and T7
primed PCR amplification of randomly selected phage
plaques. The library was screened by replica filter
hybridization (Bohlmann et al. 1997) using a mixture of
three putative spruce DXS cDNA fragments, 600, 800, and
1,400 bp in length, identified in the database and clone
bank of TREENOMIX:Conifer Forest Health EST
sequencing project (http://www.treenomix.ca; Ralph et al.
2006). PCR amplified and gel purified DXS fragments were
diluted to 20 ng/ul and labeled with 5 pl [¢-*?P]dCTP
(10 pCi/pl, Hartmann Analytic, Braunschweig, Germany)
using a MegaPrimer DNA Labeling System (Amersham
Pharmacia Biotech, Uppsala, Sweden). /. phage plaques
hybridizing with the DXS probes were isolated in two
rounds of screening under high stringency conditions
(overnight hybridization at 65°C in 5x SSC followed by
three washes for 15 min at 65°C and 1Xx, 0.5%, and 0.1x
SSC, or until radioactivity as judged by a hand held Geiger
counter was below 10 times background) starting with
300,000 phage plaques. The in vivo excised phagemids
were transfected into E. coli SOLR cells to obtain pBlue-
script plasmids, which were sequenced using M13 and
MI3R on an ABI Prism®™ 3100 sequencing system.

Functional expression and characterization
of recombinant DXS proteins

Based on TargetP and ChloroP predictions of plastid transit
peptide truncation sites, pseudomature forms of each DXS
cDNA lacking the sequence for the predicted transit peptide
were PCR amplified with primers bearing attB sites for
cloning into Gateway™ entry clones with BP Clonase II and
pDONR207 (Invitrogen, Carlsbad, CA, USA). Sequences of
the attB primers used are provided in Supplement Table S1.
Entry clones were obtained using manufacturer’s protocols
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and then transferred into a Gateway-compatible pET32
vector using LR Clonase II (Invitrogen). Single colonies
carrying each spruce DXS expression construct were used to
start cultures in 5 ml LB medium containing 50 pg/ml
carbenicillin for plasmid preparations. Purified destination
vectors were fully sequenced and then used in a bacterial
complementation assay with a DXS-deficient strain of
E. coli engineered to utilize exogenously supplied meval-
onate as a source for isoprenoid biosynthesis (Campos et al.
2001). DXS activity was confirmed by transforming the
DXS-deficient strain with the plasmids and then growing
transformed cells on mevalonate-free media.

Quantitative real-time PCR

For measurements of transcript abundance, 1 pg total RNA
from culture or saplings was converted to cDNA in a 20 pl
reverse transcription reaction using SuperScript III RT
(Invitrogen) and 50 pmol anchored poly dT primer (Sup-
plement Table S1), then diluted 1:20 with sterile water.
Quantitative real-time PCR was performed using a Strata-
gene Mx3000P and Brilliant SYBR® Green assays in 20 pl
containing 1 pl diluted template, 10 pmol each forward and
reverse primer, and Taq SYBR Green mix prepared
according to manufacturer’s instructions (Stratagene). All
primers used for quantitative PCR for Norway spruce DXS
genes and reference genes are shown in Supplement Table
S1. Primer design was performed with BeaconDesigner 5.0
(PremierBiosoft, Palo Alto, USA). All primers were HPLC
purified. Six amplicons from each primer pair were cloned
and sequenced to confirm primer specificity. Primer effi-
ciencies and fold change calculations were performed
according to the Pfaffl method (Pfaffl 2001). Possible pri-
mer cross-hybridization between the three similar PaDXS
sequences was tested by a real-time PCR competition assay
using dilute, purified plasmids encoding each DXS cDNA as
template in all possible combinations with each DXS primer
pair. In addition to non-template (water) controls, non-RT
controls were used as templates in real-time PCR assays to
detect the presence of genomic DNA contamination. Ref-
erence genes used for relative quantification were Norway
spruce tubulin or Norway spruce ubiquitin. Significance for
fold change expression between treatment and control was
tested using a one-sample t-test. P-values were calculated
using Origins v.7.03.

Analysis and quantification of jasmonic acid (JA)
and 12-oxophytodienoic acid (OPDA)

Following the method described by Schulze et al. (2006),
3 g frozen cell culture material were mixed with 3 ml of a
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pentafluorobenzylhydroxylamine solution, 0.05 M in
methanol (Sigma-Aldrich, Taufkirchen, Germany) fol-
lowed by addition of 9,10-[*H,]-dihydrojasmonic acid
(250 ng) and [2H2]-dihydr0dicranenone B (250 ng) as
internal standards. Tissue was homogenized for 5 min with
a high performance polytron disrupter at 24,000 rpm
(Ultra-Turrax T-25, IKA-Werk, Germany). Samples were
derivatized while shaking for 2 h at room temperature and
then transferred to 10 ml glass centrifuge tubes. Water
(3 ml) was added, and the solutions were adjusted to pH 3
with HCI. The methanol-water mixture was extracted with
hexane (3 x 10 ml), and the organic phase was collected
following phase separation by centrifugation. Combined
hexane layers were subsequently passed through Chroma-
bond aminopropyl cartridges (0.5 g, Macherey-Nagel,
Diiren, Germany) preconditioned with 5 ml each methanol
and hexane. The cartridges were washed with i-propa-
nol:dichloromethane (5 ml, 2:1, (v/v)) and eluted with
diethyl ether:formic acid (10 ml, 98:2, (v/v)). The samples
were dried under a gentle stream of argon and the residue
treated with an ethereal solution of diazomethane. After
removal of diazomethane, the obtained residue was re-
dissolved in 30 pl of dichloromethane. Derivatized sam-
ples were analyzed on a Finnigan GCQ instrument
(Thermoelectron, Bremen, Germany) running in negative
CI mode, as previously described (Schulze et al. 2006).
Characteristic fragment ions of the perfluorobenzyl oximes
of JA and OPDA were used for quantification (JA, m/z 399;
9,10-[2H2]-dihydr0jasmonic acid, m/z 403; OPDA, m/z
481; [ZHZ]-dihydrodicraneone B, m/z 483). Tissue matrix
effects were measured with a calibration curve based on
known amounts of JA and OPDA added to non-elicited cell
culture material.

Monoterpene synthase assays

Assays were performed as previously described (Bohlmann
et al. 1997; Martin et al. 2002; Phillips et al. 2003) with
minor modifications. In brief, approximately 200 mg cells
were homogenized in a chilled 2.0 ml glass Tenbroek
homogenizer in 1.0 ml cold assay buffer (100 mM HEPES
pH 8.0, 10% (v/v) glycerol, 2 mM dithiothreitol, 0.5 mM
MnCl,, 100 mM KCl), gently mixed at 4°C for 30 min, and
finally centrifuged for 30 min at 16,000g in a microcen-
trifuge at 4°C. Supernatants were filtered through a 0.2 um
syringe filter. A 10 pl aliquot was diluted 1:10 into fresh
cold assay buffer containing 0.5 pl [1-*H] geranyl pyro-
phosphate (20 Ci/mmol, 1 mCi/ml, American Radiolabeled
Chemicals, St. Louis, MO, USA) and a 1.0 ml hexane
overlay. Incubations were carried out at 30°C for 20 min,
then vortexed and centrifuged for 1 min to separate phases.
The organic (upper) phase was aspirated and passed over a

glass column containing glass wool, silica gel 60 (Merck,
Darmstadt, Germany), and MgSO, into a scintillation vial
containing 2 ml Lumasafe LSC cocktail (Lumac B.V.,
Groningen, Netherlands). The extraction was repeated
once, and organic phases were pooled and counted by
scintillation counting. Protein concentrations were deter-
mined by Bradford assay (Biorad, Hercules, CA, USA).

Results

Norway spruce contains both type I and type II DXS
genes

To investigate a possible role of DXS and other MEP
pathway genes in Norway spruce terpenoid oleoresin for-
mation, we first mined the nearly 200,000 Sitka spruce,
white spruce (P. glauca), and interior hybrid spruce
(P. glauca x engelmannii) sequences in the EST database
developed by the TREENOMIX:Conifer Forest Health
Project (http://www.treenomix.ca; Ralph et al. 2006) for
sequences with similarities to known genes of the plant
MEP pathway. This search revealed three distinct contigs
of ESTs for candidate spruce DXS genes. Partial cDNA
clones corresponding to the three DXS candidates were
then used to screen a cDNA library made from methyl
jasmonate (MeJA)-treated Norway spruce cell cultures
yielding full length cDNAs for three distinct genes (Fig. 1).
All three P. abies DXS genes (PaDXSs) showed features
similar to known DXS genes from other plant species,
including the presence of an N-terminal targeting sequence,
a highly conserved His at position 127 (relative to PaD-
XS1) thought to be involved in proton transfer (Lois et al.
1998), and a conserved thiamine pyrophosphate binding
domain typical of transketolase-like sequences (positions
212-244). Comparison of their deduced amino acid
sequences to known DXS sequences of plant origin indi-
cated that one sequence, PaDXS1, grouped with type I DXS
genes, while the other two, PaDXS2A and PaDXS2B,
represented two distinct subclasses of type II DXS genes
(Fig. 2). Specifically, mature PaDXS1 exhibits 83% iden-
tity (88% similarity) to MtDXS1 from Medicago
truncatula (Walter et al. 2002) but only 73% identity (80%
similarity) to MtDXS2. Mature PaDXS2A is 78% identical
(86% similar) to MtDXS2 and only 73% identical (81%
similar) to MtDXS1. Likewise, PaDXS2B has a 80%
identity score (85% similarity) to MtDXS2 and displays
only 76% identity (82% similarity) to MtDXS1. As for the
relationships within spruce DXS sequences, the mature
form of PaDXS1 shows 74% and 75% amino acid identity
(87% and 85% similarity) with those of PaDXS2A and
PaDXS2B, respectively, while the two type Il PaDXS share
80% identity (89% similarity).
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PaDXS1 ——MATTMAMASPAVIQSNANQLTSMPSALSSRSLRYQIﬁH——TKLEFEK!GRRFEKﬁHgAALSDQg —————————————————— EYYSIHSIUINmRY : 78
PaDXS2A : -MAIJSRAGHANE LQEDCHLTHFHSITELG INSAMEOSAT PCHFFIOSAATIRKRCILFJKLNNSDGEKMKNVRAAVEIAPKKDFAISIISIRMUERY : 99
PaDXS2B : MASLGVASTGESPSMYINGSNISQPSWMEHGEFK I 3PHON I Ssloni{PAK SWHE THCHT S SDADENESTKGI SNTGKDGPLMIKCE GG RMsugsY : 100

*

PaDXS1 Y PIEHMKNESTINE LIM0O LEIWE ER SISEYT Fl1V Al SISLGVVELTVALHYVFBIPEDKRNVDVGHEEAY PHK ILTGRRIFBKMIZTINR O TINGLEG F KR SJE S EV S ihs}
PaDXS2A YPNH!KHLS QD EQLATEERA LVISGMSK] SLGVVDLTVALHHVFDSPEDEII DVGHESYPHKILTGRRSKMIs! IRQTSGLAGFPKRDESEY : 199
PaDXS2B Y PIEHMK NISNTSE 1IN0 LAINE ERINEIT F SV A BINSLGVVBLTVALHMVFINENPEIDKYAYVDVGHOS Y PHK ILTGRREKMETUR QTS GLAGF PR \YE S Ei= SNy li]
PaDXS1 [DOFGAGHSSTSISAGHGY GRDLINGINY {QVS A sPNIPPVGALSSALS PLIA : 278
PaDXS2A [DAFGAGHSSTSISAGHEGNM GPDLLKNH‘JNAVIGDGAMTAG < LAL I : 299
PaDXS2B GRDLEGKEINHVEAVIGDGAMTAGQANMEAIMNNAGIFLBSNMI BT LNDNKQVSLPTAMMDGRPAPPVGALSSA LGN FIl : 300
PaDXS1 YIGPVDGHNI|SDEINTE T (e}8) UNSITING PVL THUMVTEKGIGY PMAMRA ADKMHG V| 378
PaDXS2A G SHN T IIDNNATE T 1 Kl DSGPVLIHEVTEKGKGYPPAEE \DK]| 399
PaDXS2B VDGHN I @JDENAAT T, B IEGPVLIHMVTEKGKGY PRAEINAADKEH 400
PaDXS1 P\KEDPATGKQFKEKENZTORYY TF SJEABNMDINPAYVATHAAMGGGTGLNMFSKREFPRCFDVGIAEQH 478
PaDXS2A KFDPATGKQFKSKSSELSYTQYFAES MGGGTGLNMFQKISF PERCFDVGI 499
PaDXS2B KFDPATGKQFK)ZKSSEESYTQYFAEE A INDIAKEVATHAAMGGGTGLNMFOKRFPERCFDVGI 500
PaDXS1 OVIHDVDLQKLPVRFAMDRAGLVGADGPTHCGAFDVEYMACLPNMVVMAPSDEAELIFHMVATAAATIDDRPSCFRFPRGNGVGENST, PREN K GIY P L E\YG KG I
PaDXS2A QVVHDVDLQKLPVRFAMDRAGLVGADGPTHCGEFDVﬁYMACLPNMVV APSDENELMHMVATAAAIDDRPSCFRFPRGNGVGLSNLPEN iGLPLEIGEG : 599
PaDXS2B OVMHDVDLQKLPVRFAMDRAGLVGADGPTHCGAFDVEBYMACLPNMVVMAPSDEAELMHMVATEAAIDDRPSCFRFPRGNGVGRL PENNK GNP LIEEG KG EEEEEE]
PaDXS1 676
PaDXS2A 699
PaDXS2B 698
PaDXS1

PaDXS2A

PaDXS2B

Fig. 1 Alignment of amino acid sequences of Norway spruce DXS
proteins deduced from cDNAs. Alignments were performed with
VectorNTI 10.0 (gap opening penalty 10, gap extension penalty 0.1).
Residues conserved among all three genes are shown in black, while
residues conserved in two out of the three are shown in grey. The
asterisk indicates the conserved His residue thought to be involved in

Predictive algorithms suggested plastid localization for
PaDXS1 (Predotar, 0.96; TargetP, 0.73) and PaDXS2B
(Predotar, 0.92; TargetP, 0.87), while predictions for
PaDXS2A were less clear (Predotar: 0.14 plastid, 0.82
elsewhere; TargetP: 0.22 plastid, 0.24 mitochondria).
Because the targeting peptides of all known DXS sequen-
ces are bipartite, it is likely their ultimate destination is the
thylakoid lumen (Krushkal et al. 2003). The amino acid
sequence of PaDXS1 shows the presence of tandem Arg
residues at positions 48—49 of the transit peptide N-domain
(Fig. 1), followed by moderately hydrophobic residues in
the H-domain and a Lys at position 68 before a conserved
PPT motif, which suggests participation of the ApH/tat
targeting pathway (Mori and Cline 2001). PaDXS2A and
PaDXS2B lack the tandem Arg sequences and have instead
KR and KH in the same positions (Fig. 1). They both
contain numerous basic residues in the H-C domain,
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proton transfer. The horizontal line denotes part of the TPP binding
motif conserved among DXS proteins. The dashed line denotes the N
domain of the presumed transit peptide and the arrow indicates the
presumed transit peptide cleavage site. This last was the truncation
site used for bacterial expression and complementation

making these sequences incompatible with the sec target-
ing pathway (Mori and Cline 2001). Thus, all three spruce
DXS genes encode transit peptides with features consistent
with targeting to the thylakoid lumen via the ApH/tat
translocation pathway.

All three Norway spruce DXS genes encode functional
proteins

Functional identification of proteins encoded by the three
PaDXS cDNAs was accomplished via complementation of
a DXS-deficient Escherichia coli strain engineered to uti-
lize mevalonate for isoprenoid biosynthesis (Campos et al.
2001). In the absence of mevalonate, only cells trans-
formed with a plasmid bearing a functional DXS gene are
viable. Since E. coli lacks subcellular compartments typical
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MpDXS2 (Mentha)
TeDXS2 (Tagetes)

PaDXS2B (Picea)
PaDXS2A (Picea)

GbDXS2 (Ginkgo)
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MtDXS1 (Medicago)
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(Arabidopsis)
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GbDXS1 (Ginkgo)

PaDX$1 (Picea)

CrDXS (Chlamydomonas)

Fig. 2 Similarity tree of amino acid sequences of mature DXS
proteins excluding transit peptides. The tree was generated using the
programs Distances and Splits of the HUSAR analysis package using
default values. The DXS of the green alga Chlamydomonas
reinhardtii (CrDXS, AJ007559) was used as an outgroup. Novel
sequences resulting from this work are highlighted. The following
plant sequences were included: CaDXS1 (TKT2), Capsicum annuum,
accession number Y15782; SIDXS1, Solanum lycopersicum,
AF143812; MtDXS1, Medicago truncatula, AJ430047; AtDXS1
(CLAD), Arabidopsis thaliana, U27099; AaDXS1, Artemisia annua,
AF182286; GbDXSI1, Ginkgo biloba, AY505128; PaDXS1, Picea
abies, EF688331; MpDXS2, Mentha piperita, AF019383; TeDXS2,
Tagetes erecta, AF251020; PaDXS2B, Picea abies, EF688333;
PaDXS2A, Picea abies, EF688332; GbDXS2, Ginkgo biloba,
AY494185; MtDXS2, Medicago truncatula, AJ430048; SrDXS2,
Stevia rebaudiana, AJ429232; NpDXS2, Narcissus pseudonarcissus,
AJ279018; CrDXS2, Catharanthus roseus, AJ011840; ShDXS2,
Solanum habrochaites, AY687353

of plant cells, we used truncated forms of the three PaDXS§
cDNAs lacking the putative transit peptide for comple-
mentation tests. All three PaDXS cDNAs, PaDXSI,
PaDXS2A, and PaDXS2B, complemented the E. coli dxs™
strain, allowing growth in the absence of mevalonate, while
vector-transformed controls required addition of mevalo-
nate for growth (Fig. 3). These results clearly prove that
PaDXS1, PaDXS2A, and PaDXS2B encode functional DXS
proteins. Although we cannot exclude the possibility that
additional DXS genes may exist in the Norway spruce
genome, the fact that no additional contigs of ESTs for
DXS-like genes were found in the TREENOMIX database
of more than 200,000 spruce ESTs, which covers a diverse
array of tissues and treatments (Ralph et al. 2006), and the
fact that no additional DXS genes were found during
screening of 300,000 phage plaques from our original
cDNA library, make it unlikely that DXS genes other than
those represented by PaDXSI, PaDXS2A, and PaDXS2B
contribute much to constitutive or induced terpenoid bio-
synthesis in spruce.

The DXS genes are differentially expressed in sapling
stems

It has previously been shown that mechanical wounding or
treatment of conifer trees with MeJA results in increased
transcript levels of late genes of terpenoid biosynthesis,
specifically members of the large TPS gene family and
CYP720-type CYP450 genes, leading to induced oleoresin
formation (Steele et al. 1998b; Fildt et al. 2003; Miller
et al. 2005; Ro et al. 2005). To investigate the role of each
of the three PaDXS genes in induced (traumatic) oleoresin
formation in Norway spruce, we analyzed transcript levels
via quantitative real-time PCR (qRT-PCR) using gene-
specific primers for PaDXSI1, PaDXS2A, and PaDXS2B.
The specificity of each pair of DXS primers was confirmed
in qRT-PCR SYBR Green assays in which each primer
pair was individually tested using plasmids encoding each
of the three cloned PaDXS cDNAs as template in separate
reactions. In each case, DXS primers produced a C, value at
least 15 C;s lower for the intended target than for the other
two DXS cDNAs at similar concentrations. Cloning and
sequencing of multiple independent qRT-PCR products
obtained with each primer pair and total cDNA templates
further confirmed these primer specificities.

In an initial time course analysis, we measured gene-
specific changes of DXS transcript levels in RNA samples
isolated from whole bark peels of Norway spruce saplings
treated by mechanical wounding (Fig. 4A) or MelJA
(Fig. 4B). Trees were harvested for RNA isolation at 1, 3,
7, and 10 days after treatment. PaDXS! transcript levels
responded only slightly and transiently to wounding or
MeJA (Fig. 4). In contrast, transcripts for both PaDXS2A
and PaDXS2B in wounded and MeJA-treated trees had
increased rapidly by the first time point measured and
maintained levels well above those found in non-treated
control trees over the ten-day time course (Fig. 4). Treat-
ment with MeJA produced greater effects than mechanical
wounding, and the timing of PaDXS2A and PaDXS2B
transcript changes also appeared to be somewhat different
when comparing MeJA treatment with wounding.

Transcripts of DXS type II and other MEP pathway
genes are induced by wounding and fungal treatments
in Norway spruce stems

Given the strong induction of PaDXS2A and PaDXS2B
transcripts in stems 3 d after mechanical wounding
(Fig. 4A), we chose this time point to compare the effects
of wounding and fungal infection on the expression of the
DXS genes using three different treatments. The first
treatment consisted of mechanical wounding of the stems
with a razor blade. The second simulated fungal infection
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Fig. 3 Functional expression of
Norway spruce DXS genes in
E. coli. A DXS deficient strain
of E. coli engineered to utilize
mevalonate as a source of
isoprenoids was transformed
either with plasmids bearing
individual spruce DXS genes as

| Empty pET32 | | PaDXS2B-pET32 |

( \
\ /

indicated or empty vector
(negative control). Growth on

| PaDXS1-pET32 |

| PaDXS2A-pET32 |

media lacking mevalonate
indicates an active DXS gene

by mechanical wounding followed by application of a
chitosan solution (Miller et al. 1986; Croteau et al. 1987).
The third treatment involved actual fungal inoculation
accomplished by wounding followed by application of a
C. polonica spore solution. C. polonica is a blue-stain
pathogen of Norway spruce that is nearly always associated
with the attack of the bark beetle L. typographus.

Wounding and fungal infection led to an increase in
steady-state transcript levels from PaDXS2A and PaD-
XS2B, but not for PaDXS1 (Fig. 5A), demonstrating that
the lack of response of PaDXS1 previously observed in the
time course assays with wounded or MeJA-treated trees
(Fig. 4) was not altered by addition of fungal elicitors.
PaDXS2A showed a three- to fivefold increase in transcript
abundance in response to mechanical wounding and fungal
treatment, while induction of PaDXS2B transcripts was
nearly twice this amount. Although treatment of wounded
trees with chitosan did not increase transcript abundance
beyond that of wounding alone, C. polonica inoculation of
wounded stems caused a slight, yet reproducible increase in
both PaDXS2A and PaDXS2B beyond that observed for
wounding alone (P < 0.01).

We extended this experiment by analyzing the transcript
levels of putative genes encoding two subsequent steps of
the MEP pathway, 1-deoxy-p-xylulose 5-phosphate
reductoisomerase (DXR) and 4-hydroxyl 3-methylbutenyl
diphosphate reductase (HDR). The sequence for DXR was
obtained from the TREENOMIX:Conifer Forest Health
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EST database (http://www.treenomix.ca), while a full
length HDR was obtained by homology-based cDNA

library screening (M. Phillips, unpublished results).
Mechanical wounding and fungal treatment caused an up-
regulation of transcript levels for genes encoding both
DXR and HDR (Fig. 5A).

Elicitor treatment triggers monoterpene accumulation
in Norway spruce cell suspension cultures and increases
in jasmonic acid and OPDA

To distinguish between the effects of wounding and fungal
infection on DXS expression, we sought an experimental
system that would allow application of fungal elicitors
without mechanical wounding, a difficult challenge with
intact trees and their protective bark covering. However, an
inducible cell culture system would meet these require-
ments and allow the regulation of terpene formation to be
investigated apart from specific cell types. We established
a Norway spruce cell suspension from calli of an
embryogenic culture that had been initiated from mature
seeds. Despite the lack of specialized, resin forming cells
typical of conifer stems in the culture (Keeling and Bohl-
mann 2006b), we detected small amounts of monoterpenes
resembling the oleoresin compounds of intact trees. Using
a sterilized XAD4 resin overlay to trap and concentrate
monoterpenes, we reproducibly measured «a-pinene,
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Fig. 4 Changes in steady-state transcript levels of different DXS
genes in Norway spruce saplings following mechanical wounding (A)
or MeJA treatment (B). A minimum of six saplings per replicate were
harvested and pooled, used in RNA extractions, and analyzed by
qRT-PCR in triplicate (n = 12). Control saplings for the MeJA
treatment were sprayed with 0.2% (v/v) Tween 20. Control saplings
for the wounding treatment were not handled at all. The normalizer
gene used was ubiquitin. Error bars indicate standard deviations

f-pinene, camphene, limonene, and myrcene released from
the cultured cells following addition of MeJA to the
growth medium (Fig. 6). Based on comparison to the
internal standard, all were detected at concentrations cor-
responding to 25-50 ng/ml culture. These monoterpenes
were absent in all controls, including cells not treated with
MeJA, MeJA-induced cells grown in the absence of XAD4
resin, and XAD4 resin incubated in culture medium with-
out cells (data not shown).

This inducible cell culture provided an excellent
opportunity to learn more about the signaling pathway
involved in triggering oleoresin terpene formation in
conifers. Given the dramatic effects of MeJA on resin
production in Norway spruce (Martin et al. 2002) and the
elevated transcript levels of octadecanoid pathway genes
observed on insect attack in Sitka spruce (Miller et al.
2005; Ralph et al. 2006), we searched for jasmonic acid
(JA) and other oxylipins after elicitation with chitosan.
Compared to unelicited controls (0 h), JA levels more than
doubled 2 h after application of chitosan (Fig. 7A), con-
sistent with previous reports of induced JA formation in
conifer cell cultures (Blechert et al. 1995). In addition to

121 A

Il Control

10 4 [J Wounding

[ Wounding + chitosan

8 4 [8] Wounding + Ceratocystis polonica

Fold change gene expression

DXS2B DXR HDR

16 B

1411 control

12 4 [0 Methyl jasmonate
B Methyl salicylate
[ Chitosan

18 c. polonica

10 A

Fold change gene expression

DXS1  DXS2A DXS2B DXR HDR PS

HMGR

Fig. 5 Steady-state transcript levels of isoprenoid biosynthetic genes
in Norway spruce saplings (A) and suspension cultured cells (B) after
various treatments as determined by qRT-PCR (n = 12). Saplings were
harvested 3 days after treatment, while cultured cells were harvested
18 h after treatment. The normalizer gene used was ubiquitin. Fold
changes were calculated according to the efficiency corrected method
(Pfaffl 2001). DXR (1-deoxyxylulose 5-phosphate reductoisomerase)
and HDR (1-hydroxy-2-methyl-2-butenyl 4-diphosphate reductase)
catalyze the second and seventh steps, respectively, of the MEP
pathway and have previously been shown to be regulated steps. PS ((—)-
o/ f-pinene synthase) was functionally characterized previously (Martin
et al. 2004) and HMGR (3-hydroxy 3-methylglutaryl CoA reductase)
was identified from an EST collection (Ralph et al. 2006;
http://www.treenomix.ca) based on sequence similarity. Error bars
indicate standard deviations

the increase in JA levels, the isomeric composition shifted
towards a greater proportion of the less stable cis-JA
(18.4% in controls rising to 70.0% at 2 h after treatment)
compared to the trams-isomer, suggesting de novo JA
biosynthesis in induced cells. Another oxylipin detected
was 12-oxophytodienoic acid (OPDA), a JA precursor
potentially active in defense signaling. Levels of OPDA
increased more than ten-fold (4 h) after chitosan elicitation
(Fig. 7B).

Elicitor treatment stimulates monoterpene synthase
activity in cultured cells
To measure the activation of terpene biosynthesis in cul-

tured Norway spruce cells, we monitored TPS enzyme
activity by measuring the conversion of various prenyl
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Fig. 6 Profile of monoterpene products accumulated in Norway
spruce cell suspension culture after application of MeJA to the
growth medium. Depicted is the total ion trace of GC-MS analysis
performed on a pentane extract of XAD4 resin beads which had been
co-incubated with cultured spruce cells as a monoterpene trap.
Compounds were identified by their mass spectra and retention times
compared with authentic standards. IBB, isobutylbenzene, was used
as an internal standard

diphosphate substrates to terpene products. Mono-TPS
activity (conversion of geranyl diphosphate to monoterp-
enes) was readily detectable under constitutive conditions,
and increased substantially after application of chitosan or
MelJA (Fig. 8A). A time course of mono-TPS activity after
application of MeJA showed a detectable increase in
enzyme activity in as little as two hours (Fig. 8B). Mono-
TPS activity continued to rise after 2 h and reached levels
approximately five times higher than those measured in
control cells after 48 h. In contrast to mono-TPS activity,
neither sesqui-TPS (farnesyl diphosphate to sesquiterp-
enes) nor di-TPS (geranylgeranyl diphosphate to
diterpenes) activity was found in control or MeJA-induced
cell cultures, nor were any sesquiterpenes or diterpenes
detected in organic extracts (data not shown). Taken
together, the formation of jasmonates, the induction of
monoterpene synthase activity and the accumulation of
monoterpenes suggest that at least a portion of the signal-
ing and metabolic pathways of induced terpenoid defense
are functional in cultured Norway spruce cells.

Type II DXS genes are differentially induced in cell
cultures by fungal treatment, elicitors, and signaling
compounds

The expression of PaDXS and other isoprenoid biosynthetic
genes was measured in our inducible, terpene-producing

@ Springer

257 A -+ 100%
CJA

) 207 g cis-JA —+ 80%
8 &S
\é: 154 T60% &
2 10+ +40% £
Q o
o
<
S 54 1 20%

0 0%

0 0.5 2 4
1000 - B

0
3 800 -
o
kg
£ 600 4
€
8
S 400 -
o
<
£ 200
[¢)

0

0 0.5 2 4
Time after chitosan application (h)

Fig. 7 Content of jasmonic acid (JA) and 12-oxophytodienoic acid
(OPDA) in Norway spruce cell suspension cultures following
treatment with chitosan, a fungal cell wall component. Results are
expressed per gram fresh weight of cells. The ratio of cis-jasmonic
acid (cis JA) to trans-jasmonic acid is an indicator of de novo
biosynthesis since JA biosynthesized in the cis form tautomerizes to
the more stabile trans isomer

cell cultures to compare and extend the results obtained
with intact plants. The use of cell cultures allowed us to test
the effect of certain signaling compounds on Norway spruce
tissue in a more direct fashion than by application to
mechanical wounds of intact saplings. Transcript levels
were analyzed 18 h after treatment of cells. In agreement
with the results obtained from intact saplings (Fig. SA),
PaDXS|1 transcript levels were not affected by any of the
treatments tested on cell cultures (Fig. 5B), suggesting
again that PaDXS! does not encode a regulated step in the
formation of induced terpenoid defenses in Norway spruce.
Similarly, transcript levels of DXR were also not affected,
and a response of HDR transcript was detected only in
response to MeJA treatment (n = 12, P < 0.01) (Fig. 5B).

In contrast, the type II DXS genes, PaDXS2A and
PaDXS2B, were both activated by some of the signaling
compounds and elicitors tested, but not in a similar manner.
PaDXS2A transcript levels were not affected by MeJA but
increased approximately fourfold in response to chitosan
and C. polonica spores (Fig. 5B). PaDXS2A also responded
slightly to treatment with methyl salicylate (MeSA)
(n =12, P < 0.01) consistent with its activation by fungal
elicitors. On the other hand, transcript levels of PaDXS2B
responded strongly (more than 10-fold increase) to MeJA,
but were not affected by MeSA or C. polonica spores.
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Fig. 8 The effect of elicitors on the induction of monoterpene
synthase activity in Norway spruce cell suspension cultures. Chitosan
(50 pg ml™}) or MeJA (50 puM) was applied (A), and activity was
measured by the conversion of GPP to monoterpene products 18 h
after induction. The product spectrum was similar to that in Fig. 6. A
time-course of monoterpene synthase activity in Norway spruce cell
cultures after induction with 50 uyM MeJA (B) was conducted
separately. Error bars in A and B indicate standard deviations

Chitosan was the only common elicitor for both type II
DXS genes.

Among other genes studied, transcripts of the mono-
terpene synthase, (—)-o/f-pinene synthase (PS) (Martin
et al. 2004) responded to MeJA like PaDXS2B (Fig. 5B),
indicating that genes of other stages of terpene biosynthesis
may be coordinately regulated with specific DXS2-type
isogenes. The lack of response of the mevalonate pathway
gene, HMG-CoA reductase (HMGR; Fig. 5B) upon MeJA
treatment supports the dominant role of the MEP rather
than the mevalonic acid pathway in supplying substrate for
monoterpene formation in Norway spruce.

Discussion

Transcription of MEP pathway genes regulates
defensive oleoresin formation in Norway spruce

Despite the intensive study of genes and enzymes partici-
pating in oleoresin terpene biosynthesis in conifers, almost
no information is available about the role of the MEP

pathway in this process. The MEP pathway, along with the
mevalonate pathway, constitutes the first stage of terpene
biosynthesis, producing the Cs intermediates, IPP and
DMAPP, from basic precursors, such as glyceraldehyde-3-
phosphate and pyruvate. Here we have isolated and func-
tionally characterized three genes from Norway spruce
encoding DXS, the first step of the MEP pathway, and
examined their expression and the expression of other
MEP pathway genes after wounding and simulated path-
ogen attack.

We observed a general increase in transcripts of all three
MEP pathway genes studied in response to mechanical
wounding, fungal elicitors, and treatment with defensive
signaling compounds known to activate terpene oleoresin
formation (Martin et al. 2002; Phillips et al. 2006). These
results suggest that the MEP pathway plays an important
role in regulating the formation of oleoresin components,
and that this regulation is at least partly at the level of
transcription. Among the steps of the MEP pathway, DXS
appears to have particular regulatory significance since
there is a small family of DXS genes, differentially
responsive to various wounding treatments and biotic
stresses. In addition, DXS transcripts collectively increase
to a much greater extent than transcripts for the two other
MEP pathway genes examined, DXR and HDR.

Type II but not Type I DXS genes are activated
by wounding, fungi, and signaling compounds

The two types of DXS genes were previously reported in
plants based on differences in sequence and expression
pattern (Walter et al. 2002). Both were found in Norway
spruce. Type I genes have been implicated in primary
terpenoid metabolism due to their constitutive expression
in photosynthetic tissues, consistent with a role in provid-
ing precursors for chlorophyll and carotenoid biosynthesis.
Here we found PaDXSI to be constitutively expressed
under all conditions, and not induced by any wounding,
fungal elicitor or defensive signal, indicating it is likely to
be involved in primary metabolism (Walter et al. 2002).
In contrast, type II DXS genes have been shown to be
active in isoprenoid metabolism in specialized tissues, such
as in the apocarotenoid-accumulating roots of legumes
following mycorrhizal colonization (Walter et al. 2002), in
the monoterpene synthesizing gland cells of mint leaf
trichomes (Lange et al. 1998), or in tissues forming dit-
erpenes in Ginkgo biloba (Kim et al. 2006). Here we
demonstrated for the first time the involvement of type II
DXS in inducible terpene defenses. The two type II DXS
genes of Norway spruce respond to a variety of stimuli
previously associated with the activation of induced resin
defenses in conifers, including fungal infection,
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mechanical wounding, chitosan and MeJA treatment
(Steele et al. 1995; Martin et al. 2002, 2005), and their up-
regulation is linked to the activation of other genes
involved in the defense response, such as terpene synth-
ases. While some small differences were noted in the
timing and extent of the responses of PaDXS2A and
PaDXS2B to various forms of defense induction in sap-
lings, these differences were much more pronounced in
cell suspension culture. For example, while PaDXS2B was
highly activated by MeJA in culture, PaDXS2A was
completely unresponsive. Methyl salicylate (MeSA) had
the opposite effect, producing a slight induction of PaD-
XS2A (n = 12, P < 0.01) but not of PaDXS2B. Treatment
with live C. polonica spores resembled MeSA with a slight
induction of PaDXS2A and a slight repression of PaDXS2B
(n =12, P = 0.05). Chitosan was the only treatment that
had a similar effect on both genes in cell culture.

The distinct expression patterns of the two type II DXS
genes in spruce cell culture may be indicative of separate
jasmonate- and salicylate-mediated signaling pathways in
gymnosperms homologous to those known in angiosperms
(Kunkel and Brooks 2002; Glazebrook et al. 2003).
Jasmonates have been demonstrated to induce defense
signaling and accumulation in a variety of gymnosperm
species, especially in cell cultures (Ketchum et al. 1999;
Kozlowski et al. 1999; Lapointe et al. 2001; Khosroushahi
et al. 2006). However, only rarely has an attempt been
made to measure endogenous jasmonate levels in gymno-
sperms (Blechert et al. 1995). In this investigation, we
found measurable levels of jasmonic acid in Norway
spruce cell suspension cultures that increased 2 h after
treatment with chitosan. The presence of OPDA, an inter-
mediate in jasmonic acid biosynthesis, at levels more than
30 times higher than JA is notable because this octadeca-
noid has been postulated to serve as a signal independent of
JA (Stintzi et al. 2001; Taki et al. 2005; Buseman et al.
2006). To our knowledge, this is the first report of OPDA in
a gymnosperm. There is also evidence for salicylic acid
(SA) as an endogenous signal in gymnosperms. Increases
in bound SA have been observed in Norway spruce seed-
ling roots inoculated with Pythium sp. (Kozlowski and
Metraux 1998) and increases in both free and bound SA
have been detected in seedlings treated with MeJA
(Kozlowski et al. 1999).

In angiosperm defense signaling, jasmonate is more
commonly associated with responses to herbivores and
salicylic acid with responses to pathogens. Our results on
DXS expression in spruce cell culture show the rudiments
of a similar pattern in that one transcript (PaDXS2A, but
not PaDXS2B) is inducible by both MeSA and C. polonica
spore treatment, while the other transcript (PaDXS2B, but
not PaDXS2A) is inducible by MeJA. However, both genes
respond similarly to chitosan, and the response pattern in
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saplings is not qualitatively different. This may not be too
surprising because herbivore and pathogen attack often
occur simultaneously in gymnosperms. Bark beetle attacks,
for example, are nearly always associated with fungal
invasion (Bohlmann et al. 1997; Phillips and Croteau 1999;
Franceschi et al. 2005; Keeling and Bohlmann 2006a, b),
so responses to insects, pathogens and wounding may
appear to be similar. Studies with mature Norway spruce
showed increased formation of traumatic resin ducts after
inoculation with C. polonica. However, control trees in
which a wound was made for insertion of sterile agar plugs
also developed more traumatic ducts than non-wounded
controls indicating similar response to pathogens and
wounding (Nagy et al. 2000).

Inducible accumulation of terpenes in Norway spruce
cell suspension cultures provides a convenient
experimental system for studying induced oleoresin
formation

Despite the enormous differences in tissue organization
between spruce cell suspension cultures and intact spruce
trees, suspension cultures also exhibit induced terpene
formation making them a useful system for a detailed
dissection of this process. A wide range of elicitors can be
tested on suspension cultures in known concentrations, and
experiments may allow separation of specific wound and
pathogen-specific pathways. In addition, suspension cul-
tures allow uniform stimulation of a large population of
cells which should facilitate isolation of components of the
signaling pathway. In our cultures, treatment with MeJA
led to the accumulation of a similar profile of monoterp-
enes as in intact trees. Such accumulation is likely a result
of increased biosynthesis since MeJA treatment also caused
an increase in monoterpene synthase activity, as measured
by in vitro enzyme assays, and an increase in the transcript
level of one of the major monoterpene synthases as mea-
sured by qRT-PCR. Norway spruce cultures were
previously described as incapable of de novo monoterpene
biosynthesis (Lindmark-Henriksson et al. 2003, 2004), but
this conclusion may be blamed on the difficulty of
detecting low levels in culture.

Measurements of gene expression in our cultures dem-
onstrated that genes encoding key steps in the MEP
pathway were stimulated by MeJA. However, such an
increase was not observed for HMGR, a key gene of the
mevalonate pathway, suggesting that the MEP pathway is
primarily responsible for providing precursors for induced
oleoresin biosynthesis. Interestingly, the gene expression
pattern measured in suspension culture differed from that
observed in intact saplings. For example, PaDXS2B
responded significantly to MeJA in culture and in saplings,
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while DXR and HDR only responded in saplings. These
observations suggest that the lack of differentiated cells
and specialized anatomical structures in the suspension
cultures may limit transcriptional activation. Incomplete
activation of the MEP pathway may be responsible for the
low levels of monoterpenes detected in cultures, in com-
parison to intact plants, and the lack of sesquiterpene and
diterpene accumulation in cultures.

In spite of its importance in terpenoid biosynthesis, the
MEP pathway was first discovered slightly more than ten
years ago (Rohmer et al. 1993). Hence there are still many
unanswered questions about the enzymology of the path-
way and its regulation, and about which terpenes are
formed from MEP pathway products, and how this path-
way complements the mevalonate pathway, the other route
for producing the Cs units of terpenes. We have now
demonstrated an important function of the MEP pathway in
controlling production of terpene metabolites in conifer
oleoresin, using Norway spruce as a model. Knowledge of
how oleoresin formation is regulated should contribute to a
greater understanding of conifer defense and facilitate our
ability to manage many of the destructive pests of conifer
forests.
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