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Diterpene resin acids (DRAs) are specialized (secondary) metabolites of the oleoresin defense of conifers produced by
diterpene synthases and cytochrome P450s of the CYP720B family. The evolution of DRA metabolism shares common origins
with the biosynthesis of ent-kaurenoic acid, which is highly conserved in general (primary) metabolism of gibberellin
biosynthesis. Transcriptome mining in species of spruce (Picea) and pine (Pinus) revealed CYP720Bs of four distinct clades. We
cloned a comprehensive set of 12 different Sitka spruce (Picea sitchensis) CYP720Bs as full-length cDNAs. Spatial expression
profiles, methyl jasmonate induction, and transcript enrichment in terpenoid-producing resin ducts suggested a role of
CYP720B4 in DRA biosynthesis. CYP720B4 was characterized as a multisubstrate, multifunctional enzyme by the formation of
oxygenated diterpenoids in metabolically engineered yeast, yeast in vivo transformation of diterpene substrates, in vitro assays
with CYP720B4 protein produced in Escherichia coli, and alteration of DRA profiles in RNA interference-suppressed spruce
seedlings. CYP720B4 was active with 24 different diterpenoid substrates, catalyzing consecutive C-18 oxidations in the
biosynthesis of an array of diterpene alcohols, aldehydes, and acids. CYP720B4 was most active in the formation of
dehydroabietic acid, a compound associated with insect resistance of Sitka spruce. We identified patterns of convergent
evolution of CYP720B4 in DRA metabolism and ent-kaurene oxidase CYP701 in gibberellin metabolism and revealed
differences in the evolution of specialized and general diterpene metabolism in a gymnosperm. The genomic and functional
characterization of the gymnosperm CYP720B family highlights that the evolution of specialized metabolism involves

substantial diversification relative to conserved, general metabolism.

Nature produces an impressive assortment of more
than 3,300 known diterpenoids, many of which are
specialized (i.e. secondary) metabolites of plant origin
(Buckingham, 2010). Diterpene resin acids (DRAs), to-
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gether with monoterpenes and sesquiterpenes, are major
components of the oleoresin defense system of the conif-
erous trees of the pine family (Pinaceae; Gymnospermae;
Phillips and Croteau, 1999; Langenheim, 2003; Keeling
and Bohlmann, 2006). Oleoresin terpenoids occur in
conifers as complex mixtures of dozens of compounds
that may protect the long-lived sessile trees against
potentially faster evolving and highly mobile pests
and pathogens such as weevils, bark beetles, and their
associated fungi (Keeling and Bohlmann, 2006; Boone
et al., 2011). For example, the DRAs abietic acid and
isopimaric acid inhibit spore germination, and abietic
acid also inhibits mycelial growth of Ophiostoma ips, a
tree pathogenic fungal symbiont of the bark beetle Ips
pini (Kopper et al., 2005). In larch (Larix laricina), the
DRAs dehydroabietic acid, abietic acid, isopimaric
acid, and neoabietic acid are associated with feeding
deterrence of gypsy moth (Lymantria dispar) larvae
(Powell and Raffa, 1999). The same DRAs also reduce
feeding damage and growth rates of several sawfly
species (Wagner et al.,, 1983; Schuh and Benjamin,
1984). In Sitka spruce (Picea sitchensis), the accumula-
tion of dehydroabietic acid is associated with resis-
tance against spruce shoot weevil (also referred to as
white pine weevil [Pissodes strobi]; Robert et al., 2010).
Beyond their roles in conifer defense, DRAs provide a
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large-volume, renewable resource for industrial bio-
products (Bohlmann and Keeling, 2008).

In spruce species (Picea spp.), large amounts of
oleoresin diterpenoids accumulate constitutively in
axial resin ducts in the phloem and cortex, in radial
resin ducts that connect cortex, phloem, and xylem,
and to a lesser degree in the scarce axial resin ducts of
the xylem (Banan, 1936; Fahn, 1979). In addition,
traumatic resin ducts are formed de novo in the
cambial zone and in the differentiating xylem as an
induced defense response against stem-boring insects
or fungal inoculation, providing anatomical struc-
tures for the increased production and accumulation
of oleoresin (Zulak and Bohlmann, 2010). The forma-
tion of traumatic resin ducts and the induced biosyn-
thesis and accumulation of terpenoids in spruce
xylem can be triggered by treatment of trees with
methyl jasmonate (MeJA; Franceschi et al., 2002;
Martin et al., 2002; Zulak et al., 2009). The biosynthe-
sis of diterpenoids is localized to epithelial cells
of cortical and traumatic resin ducts (Keeling and
Bohlmann, 2006; Abbott et al., 2010; Schmidt et al.,
2010; Zulak et al., 2010).

The diterpenoids of conifer oleoresin are largely
members of three structural groups, the abietanes,
pimaranes, and dehydroabietanes, all of which are
characterized by tricyclic parent skeletons (Fig. 1A).
These diterpenoids are structurally similar to the
tetracyclic ent-kaurane diterpenes, which include the
ubiquitous GA phytohormones. Both the oleoresin
diterpenoids of specialized metabolism and the GAs
of general (i.e. primary) metabolism are derived from
the common diterpenoid precursor geranylgeranyl
diphosphate (GGPP), which is converted by the se-
quential activity of diterpene synthases (diTPSs) and
cytochrome P450 monooxygenases (P450s) into di-
terpene acids (i.e. ent-kaurenoic acid or DRAs). The
diTPSs of conifer DRA biosynthesis yield the tricyclic
core structures (Keeling et al., 2008, 2011a). Oxidation
at the C-18 carbon of ring A by P450 activity leads to
the corresponding diterpene alcohols, aldehydes,
and acids (Fig. 1A). The conifer diTPS genes of
specialized and general diterpenoid metabolism
share common evolutionary ancestry (Keeling et al.,
2010).

While diTPSs for DRA biosynthesis have been cloned
and characterized in several species of the pine family
(Vogel et al., 1996; Martin et al., 2004; Ro and Bohlmann,
2006; Keeling et al., 2011b), only a single P450 of DRA
biosynthesis has been reported, with the cDNA cloning
and functional characterization of PtCYP720B1 from
loblolly pine (Pinus taeda; Ro et al., 2005). PtCYP720B1
was shown to catalyze two consecutive oxidations of
abietadienol and abietadienal to abietic acid and also
converts the alcohol and aldehyde forms of dehydroa-
bietadiene, isopimaradiene, as well as levopimaradie-
nol to the corresponding DRAs. PtCYP720B1 was
characterized as the first member of the newly iden-
tified, conifer-specific CYP720B group. However, de-
spite the emergence of additional members of the
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CYP720B family in conifer EST sequences (Hamberger
and Bohlmann, 2006) and their likely importance for
the biochemical diversification of DRA biosynthesis,
the complexity of the CYP720B family has not yet been
dissected in detail in any species, and enzyme bio-
chemical data have been lacking to support prelimi-
nary results that CYP720B enzymes may catalyze all
three consecutive C-18 oxidations of DRA biosynthesis
(Ro et al., 2005).

The specialized diterpenoid metabolism of DRAs
and the biosynthesis of ent-kaurenoic acid, the ubig-
uitous precursor for GAs of general diterpenoid
metabolism, are remarkably similar and share some
common ancestry (Keeling et al., 2010). However, the
diversity of diterpenoid metabolites in the special-
ized DRA metabolism of conifers appears to be much
larger compared with general ent-kaurenoic acid bi-
osynthesis. In general, various pathways of special-
ized metabolism in plants evolved from conserved
elements of general metabolism (Bohlmann et al.,
1996; Pichersky and Gang, 2000; Ober 2010; de Kraker
and Gershenzon, 2011; Shoji and Hashimoto, 2011).
The diversification of specialized metabolism can
result from events of gene duplication, retention of
multiple gene copies, as well as subfunctionalization
and neofunctionalization. Apparently, diversification
is much more restricted in general metabolism. This
pattern is well illustrated with the plant TPS gene
family of specialized and general metabolism (Chen
et al., 2011) and the gymnosperm TPS-d family in
particular (Keeling et al., 2010, 2011b). Likewise,
P450s are well known to have multiplied in plant
genomes and contribute much to the chemical diver-
sity of plant specialized metabolism (Nelson and
Werck-Reichhart, 2011).

To investigate the diversification of specialized
diterpene metabolism and the contributing role of
P450s in a gymnosperm system, and to compare
features of diversification in specialized metabolism
with features of conserved general metabolism, we
performed a comprehensive gene discovery of mem-
bers of the conifer-specific CYP720B family across
several species of spruce and pine. Based on tran-
script profiling and phylogeny of 12 full-length (FL)
cDNA members of the CYP720B family in Sitka
spruce, we identified PsCYP720B4 with a role in
DRA biosynthesis. The biochemical properties of the
multisubstrate and multifunctional PsCYP720B4 en-
zyme highlight the molecular underpinnings of the
diversification of DRA biosynthesis in the special-
ized metabolism of conifer defense. The activity of
PsCYP720B4 resembles that of CYP701 in ent-kaure-
noic acid biosynthesis, but their functions appear to
have evolved independently in specialized and gen-
eral metabolism.

Given the large number of thousands of diterpenoid
structures in nature, the results of this work in a
gymnosperm system are relevant for the broader un-
derstanding of specialized diterpene metabolism and
the evolution of specialized metabolism in general.
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Figure 1. Metabolite profiles of diter-
pene olefins, alcohols, aldehydes, and
acids in the outer (bark/phloem) and
inner (wood/xylem) stem tissues of Sitka
spruce. A, Structures of tricyclic abie-
tane, pimarane, and dehydroabietane
skeletons of diterpenoids of the special-
ized metabolism of conifer oleoresin
and the structurally related tetracyclic
ent-kaurane diterpene precursors of
GA plant hormones in general plant
metabolism. The abietane class of diter-
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RESULTS

Sitka Spruce Oleoresin Contains a Complex Mixture of
Diterpene Olefins, Alcohols, Aldehydes, and Acids

To assess the diversity of oleoresin diterpenoids and
the levels of diterpene oxidation in Sitka spruce stems,
we determined the quantitative and qualitative com-
position of oxidized and nonoxidized oleoresin diter-
penoids in outer (bark/phloem) and inner (wood/
xylem) stem tissues. We identified and quantified 28
different compounds of the abietane, pimarane, and
dehydroabietane classes of diterpenoids (Fig. 1A) in
the bark and phloem and in the wood and xylem of
stems of 5-year-old Sitka spruce (Fig. 1B). In both types
of samples, the various C-18 resin acids represented
the largest fraction of diterpenoids, followed in de-
creasing order by much lower amounts of the C-18
aldehydes, alcohols, and olefins (Fig. 1B). Of the total
amount of diterpenoids of 48.98 = 4.30 ug mg ™' stem
dry weight in the outer stem tissues (Fig. 1B), 92%
were resin acids, 5% were aldehydes, 3% were alco-
hols, and less than 1% were olefins. This result showed
that most of the diterpene pool formed by diTPSs
is readily converted, presumably by P450 activity, to
the fully oxidized C-18 DRAs. Substantially lower
amounts of diterpenoids (0.54 = 0.11 ug mg ' dry
weight) were present in the inner stem tissues (ap-
proximately 1% of the amount found in outer stem
tissues), which is probably due to the low abundance
of terpenoid-producing axial resin ducts in xylem
tissue of spruce stems (Zulak and Bohlmann, 2010).
Recent work suggested that the levopimaradiene/abie-
tadiene synthase (LAS) type of conifer diTPSs produces
epimeric C-13 allylic alcohols as highly unstable, initial
products (Keeling et al., 201la), which dehydrate
spontaneously to some of the olefins detected in Sitka
spruce (Fig. 1). Although some of the diterpenoids
detected in the oleoresin of Sitka spruce may also
occur as C-13 alcohols, such compounds have not been
found in our or previous analyses and would be
difficult to identify with current methods (Keeling
et al., 2011a).

The majority of diterpenoids accumulating in outer
and inner stem tissues were of the abietane type
(palustrates, levopimarates, neoabietates, and abie-
tates; Fig. 1B). Among the pimarane-type diterpe-
noids, isopimarates were the most abundant. In trees
of the clonally propagated Sitka spruce line FB3-425
used in this study, the dehydroabietanes were among
the least abundant in both tissue types, with the
exception that a relatively high amount of dehydroa-
bietadienol was found in outer stem tissues. Although
the same diterpene classes were found in outer and
inner stem tissues, some distinct qualitative differ-
ences stood out, in particular the relatively high abun-
dance of levopimaric acid and its lesser oxidized
precursors in inner stem tissues. Pimaric acid was
only found in inner stem tissues. It is important to note
that the abundance of individual terpenoids can vary
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across different genotypes of Sitka spruce (Robert
et al., 2010).

Gene Discovery of the Conifer-Specific CYP720B
Subfamily of the CYP85 Clan

The 28 diterpenoids identified in Sitka spruce stem
tissues represent various degrees of C-18 oxidation of
eight different parent structures and include all of the
fully oxidized DRAs (Fig. 1B). Therefore, the question
arises of how many of the possible 24 oxidations (eight
homologous series of olefins, alcohols, aldehydes, and
acids) involved in specialized DRA biosynthesis can
be attributed to single or multiple P450 enzymes. To
generate a comprehensive inventory of the CYP720B
subfamily, we searched nearly 1 million spruce and
pine ESTs and constructed a maximum likelihood
phylogeny of the predicted CYP720B protein se-
quences from Sitka spruce, white spruce (Picea glauca),
interior spruce (P. glauca X Picea engelmannii), loblolly
pine, and lodgepole pine (Pinus contorta), rooted with
Arabidopsis (Arabidopsis thaliana) P450 CYP720A1
(At1g73340) as an outgroup (Fig. 2). We identified 39
CYP720B members that form four distinct phyloge-
netic clades, clades I to IV. Twelve distinct CYP720Bs
were found as Sitka spruce cDNAs, two of those with ad-
ditional putative allelic variants; 11 distinct CYP720Bs
were identified in white spruce, with one putative
allelic variant; and 11 distinct CYP720Bs were identi-
fied in loblolly and lodgepole pine. Unique gene
identifiers were assigned for each distinct CYP720B
cDNA (http://drnelson.uthsc.edu/CytochromeP450.
html; Nelson, 2009). Within each of the four clades
(I-1V), groups of probable CYP720B orthologs were
identified in Sitka spruce, white spruce, interior
spruce, as well as loblolly pine. These phylogenetic
patterns are indicative of complete or nearly complete
coverage of the expressed complement of Sitka spruce
CYP720B genes in the available EST sequences.

Across the four clades of the CYP720B subfamily,
members show a high level of sequence divergence,
with amino acid sequence identity being as low as 49%
between clades I and IV (Supplemental Fig. S1). For
comparison, conifer P450s of subfamilies representing
general metabolism in the CYP85 clan (e.g. PsCYP85A17)
share from 55% to 69% sequence identity with putative
orthologs in the distantly related angiosperms (e.g.
AtCYP85A2). These findings suggest an increased rate
of sequence divergence within the CYP720B subfamily of
specialized metabolism.

FLcDNAs of Sitka Spruce PsCYP720Bs

We cloned a representative set of 12 different Sitka
spruce PsCYP720B members as FLcDNAs (Fig. 2B).
The translated proteins were predicted to cover the
entire open reading frames (ORFs), according to the
presence of starting Met residues with stop codons
upstream within the 5’ untranslated regions (UTRs)
and patterns of ORF versus UTR sequence similarity
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Figure 2. Phylogenetic relationships of the conifer-specific CYP720B genes. A, Schematic of the CYP720B subfamily relative to
other P450 subfamilies of the CYP85 clan. Subfamilies are represented with their roles in terpenoid metabolism as known.
Subfamilies highlighted in yellow appear to be conifer specific or may have substantially expanded in conifers. Shown in
boldface are the CYP720B subfamily of conifer DRA biosynthesis and subfamilies CYP701 (ent-kaurene oxidase) and CYP88
(ent-kaurenoic acid oxidase) of GA biosynthesis. Note that subfamily CYP701 is not part of the CYP85 clan (dotted line), but it
was included in the phylogeny because of the highly similar reactions catalyzed by CYP720B and CYP701. B, Phylogeny of 39
CYP720B deduced amino acid sequences from species of spruce and pine. The maximum likelihood phylogeny was
reconstructed using amino acid sequences deduced from cDNAs of Sitka spruce (Ps), white spruce (Pg), interior spruce (Pge),
loblolly pine (Pt), and lodgepole pine (Pc). The CYP720B sequences cluster into four clades, I to IV. PsCYP720B4 is highlighted in
red. The scale bar represents 0.1 amino acid substitutions per site. Bootstrap confidence values over 60% are given. The tree is
rooted using Arabidopsis AtCYP720A1 as an outgroup. v, Putative allelic variant. [See online article for color version of this

figure.]
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within the CYP720B subfamily. We identified two pairs
of putative allelic variants (98% or greater amino acid
identity) among the 12 PsCYP720B FLcDNA sequences
(PsCYP720B5v1/PsCYP720B5v2 and PsCYP720B17v1/
PsCYP720B17v2; Fig. 2B; Supplemental Fig. S1). The
PsCYP720B FLcDNAs represent members of each of
the four CYP720B clades. They also represent the com-
plete set of groups of orthologous spruce and pine
CYP720Bs. Only two PsCYP720Bs, PsCYP720B10 and
PsCYP720B14, could not be cloned as FLcDNAs despite
extensive efforts. Of the PsCYP720Bs, PsCYP720B4 is
the closest related to the loblolly pine PtCYP720B1 (Ro
et al., 2005), with 86% amino acid identity and 92%
similarity (Supplemental Fig. S2C).

Transcript Profiles of PsCYP720Bs Reveal Differential
Gene Expression across Different Organs and Tissues

To assess the correlations of PsCYP720B transcripts
with oleoresin accumulation in Sitka spruce stems,
we performed comparative and quantitative tran-
script analysis using real-time quantitative (RT-q)
PCR for the set of 12 distinct PsCYP720Bs across a
range of tissues (Supplemental Fig. S3): wood /xylem
of the stem section of the first interwhorl from the top
of the tree (W), bark/phloem of the first (B1) and
second (B2) interwhorls from the top of the tree, roots
(R), young (YN) and mature (MN) needles, and
young shoots (YS). Transcript profiles are shown
in Figure 3 organized by phylogenetic clades I to IV
(Fig. 2).

Ell PsCYP720Bs of clades I to III, with the exception
of PsCYP720B10 (clade I) and PsCYP720B14 (clade
II), were expressed at relatively high levels in the
three different types of stem samples (W, B1, and B2).
These stem tissues accumulate substantial amounts
of DRAs (Fig. 1). For two genes, PsCYP720B10 and
PsCYP720B14, transcript levels were very low across
all samples tested. PsCYP720B8 also showed low
levels of transcript in stem tissues, while transcripts
for CYP720B9 of the same clade IV were not detected
in stem tissues, suggesting that these four genes are
not substantially involved in the DRA biosynthesis of
Sitka spruce stems. PsCYP720B8 was preferentially
expressed in young and mature needles (YN and MN)
and young shoots that included needles (Supplemen-
tal Fig. S3). PsCYP720B9 was unique in that transcripts
were detected only in roots. Conifer roots are poorly
characterized for oleoresin biosynthesis, and this
finding warrants future studies into the role of
PsCYP720B9 in belowground tissues.

Transcript levels of PsCYP720B4 were highest in Bl
and B2, followed by YS that also contains bark and
xylem, R, and W. This pattern of expression is consis-
tent with a role in DRA biosynthesis in stems and
possibly roots. Transcript levels of PsCYP720B4 were
low in young and mature needles (YN and MN), in
which levels of DRAs were also below detection limit
(Miller et al., 2005).
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MeJA-Induced Accumulation of PsCYP720B Transcripts
of Clade III Is Consistent with a Role in Induced
DRA Biosynthesis

Treatment with MeJA simulates the effect of insect
attack on Sitka spruce, with increased accumulation of
DRAs and diTPS transcripts in the bark and phloem
(Miller et al., 2005). Consistent with induced DRA bio-
synthesis, the PsCYP720Bs of clade III (PsCYP720B4, -5,
and -7) showed MeJA-induced increases of transcript
accumulation in bark tissue 8 d after treatment of trees
(Fig. 4). This time point was chosen for correlation with
the MeJA-induced increase of diTPS (Zulak et al., 2009).
In addition, a less pronounced induction was also ob-
served with PsCYP720B8 of clade IV. The induction of
clade Il PsCYP720B transcripts is similar to that of diTPS
(PsLAS) transcripts, in agreement with a role in MeJA-
induced DRA biosynthesis. The transcript profiles for
other PsCYP720Bs of clades I, II, and IV at day 8 after
MeJA treatment do not indicate a role in MeJA-induced
diterpene resin biosynthesis; however, induced expres-
sion with different temporal and/or spatial patterns of
transcript accumulation cannot be excluded.

Localization of PsCYP720B Transcript in
Laser-Microdissected Stem Tissues Shows
Preferential Accumulation in Cortical Resin Ducts

Cortical resin ducts (CRDs) are the primary site of
DRA accumulation in spruce stems, and diTPS pro-
teins are localized to epithelial cells of CRDs (Zulak
et al., 2010). Using recently established methods for
transcript analysis in laser-microdissected CRD tissue
of spruce stems (Abbott et al., 2010), we tested by RT-
qPCR if PsCYP720B transcripts, and in particular those
of clade III, colocalize with diTPS transcripts to CRD
epithelial cells (Fig. 5). For comparative spatial analy-
sis, we measured transcript levels of individual
PsCYP720Bs in entire stem cross sections dominated
by the woody xylem, in the cambial zone, and in
epithelial cells of CRDs isolated by laser microdissec-
tion. We also measured diTPS (PsLAS) transcripts as a
positive control for diterpenoid biosynthesis in CRD
epithelial cells and PsCYP73A20, a P450 encoding
cinnamate 4-hydroxylase associated with lignification
and xylem development, as a negative control. PsSLAS
transcripts were detected at high levels in laser-micro-
dissected CRDs and were substantially enriched rela-
tive to the stem cross sections (Fig. 5). Low levels of
PsLAS in cambial zone may be attributed to radial
resin ducts. Conversely, PsCYP73A20 transcripts were
most abundant in stem cross sections and cambial
zone but were detected at low levels in CRDs.

Matching the CRD localization of PSLAS transcripts,
several PsCYP720Bs (PsCYP720B2, -4, -12,-15, -16, and
-17) showed highly enriched transcript levels in CRDs,
with much lower transcript levels in stem cross sec-
tions and cambial zone (Fig. 5). Among clade III genes,
transcripts of PsCYP720B4 were most highly enriched
in CRDs. Consistent with results from transcript anal-
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Figure 3. Relative transcript abundance of 12 different PsCYP720Bs in
different parts of Sitka spruce. Transcripts were measured in wood and
xylem (W) of the first interwhorl from the top; in bark and phloem of the
first (B1) and second (B2) interwhorls; in roots (R); in young (YN) and
mature (MN) needles; and in young shoots (YS; Supplemental Fig. S3).
Genes are grouped according to their phylogenetic association with
clades I to IV, as indicated with insets. Transcript abundance was
measured by RT-qPCR and normalized to the internal reference TIF.
Error bars represent st values of biological replicates (n = 3). Statistically
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ysis in various samples across the entire plant (Fig. 3),
transcript levels of PsCYP720B10 and -14 were low
or not detected in the laser-microdissected stem tis-
sues. Also consistent with the lack of transcripts of
PsCYP720B8 and PsCYP720B9 in complex stem sam-
ples (Fig. 3), these transcripts were not detected in
laser-microdissected cambial zone or CRDs.

Functional Characterization of PsCYP720B4 Using in
Vivo Assays of DRA Formation in Metabolically
Engineered Yeast

The combined patterns of gene expression profiles
(Figs. 3-5) and phylogenetic proximity with PtCYP720B1
(Fig. 2) strongly support a role of PsCYP720B4 in DRA
biosynthesis in Sitka spruce. Therefore, we selected
PsCYP720B4 for a first comprehensive functional char-
acterization of a CYP720B enzyme, building in part
on methods previously established for the initial char-
acterization of PtCYP720B1 (Ro et al., 2005). To test
for biochemical functions of PsCYP720B4, we gener-
ated two different diterpene olefin-producing yeast
(Saccharomyces cerevisiae) strains as platforms for P450
in vivo assays. Each strain expressed the yeast GGPP
synthase (GGPPS) together with one of two different
spruce diTPSs, abietadiene synthase (PaLAS) or iso-
pimaradiene synthase (PalSO; Martin et al., 2004), in the
yeast WAT11 (with chromosomally integrated Arabi-
dopsis NADPH-dependent P450 reductase ATR1; here
referred to as AtCPR) background (Pompon et al,
1995). The induced strain produced abietadiene with
yields of up to 6 mg L™ (Fig. 6). The yeast strain
expressing SCGGPPS/PalSO/ AtCPR was newly devel-
oped for this study and produced isopimaradiene with
yields of up to 1.6 mg L™ (Fig. 6). Although PaLAS can
form multiple diterpene products in vitro (Keeling
et al., 2008), only abietadiene accumulated in the yeast
strain expressing ScGGPPS/PaLAS/AtCPR. Diter-
penes were detected at approximately 80-fold higher
levels in the yeast cell pellet compared with culture
medium, suggesting either a lack of efficient secretion
and accumulation of diterpenes in yeast cells or their
association with cell surfaces after secretion. No diter-
penes were detected in the empty-vector control strains.

PsCYP720B4 ¢cDNA was codon optimized for ex-
pression in yeast (Supplemental Fig. S2B). When
PsCYP720B4 was coexpressed with ScGGPPS/
PalSO/AtCPR, levels of the isopimaradiene olefin in
yeast cells dropped below the detection limit, which
was paralleled by the accumulation of isopimaric acid
of up to 0.9 mg L ™" (Fig. 6A). When PsCYP720B4 was
coexpressed with ScCGGPPS/PaLAS/AtCPR, levels of
abietadiene were reduced and abietic acid accumu-
lated up to 0.2 mg L' (Fig. 6B). No oxidized diterpe-
noids were detected in strains lacking the PsCYP720B4

significant differences are indicated with different letters (t test, P <
0.05). n.d., Transcript not detectable; t.d., transcript detected but below
the threshold for quantification. [See online article for color version of
this figure.]
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Figure 4. Relative transcript abundance of 12 different PsCYP720Bs
and PsLAS in Sitka spruce bark and phloem tissue in response to
treatment with MeJA. Genes are grouped according to their phyloge-
netic association with clades | to IV. Transcript abundance was mea-
sured by RT-qPCR and normalized to the internal reference TIF. Error
bars represent se values of biological replicates (n = 4). Statistically
significant differences of the treated samples from the control are
indicated by asterisks (* P < 0.05, ** P < 0.01). n.d., Transcript not
detectable; t.d., transcript detected but below the threshold for quan-
tification. [See online article for color version of this figure.]

cDNA. None of the diterpene alcohol or aldehyde
intermediates of the conversion of isopimaradiene to
isopimaric acid or of abietadiene to abietic acid accu-
mulated to detectable levels. These results showed
convincingly that PsCYP720B4 expressed in yeast cat-
alyzes the complete three-step sequence of diterpene
oxidation to form the DRAs isopimaric acid and
abietic acid from the corresponding diterpene olefins.
Differences in yields of DRAs in the metabolically
engineered yeast cells may suggest a substrate prefer-
ence of CYP720B4 for isopimaradiene over abieta-
diene. To further assess substrate preferences, we
developed additional assay systems for PsCYP720B4
expressed in yeast and Escherichia coli.

Functional Characterization of PsCYP720B4 Using in
Vitro Assays with Protein in an E. coli Membrane
Fraction and Authentic Diterpenoid Substrates

Testing of PsCYP720B4 function in metabolically
engineered yeast cells was limited to two diterpenes
produced by PaLAS and PalSO, abietadiene and isopi-
maradiene, respectively. For further functional character-
ization, with a much larger set of synthesized authentic
substrates and standards, we used 32 diterpene metab-
olites, including all of the olefins, alcohols, aldehydes,
and acids corresponding to eight different diterpene
skeletons (abietadiene, palustradiene, levopimaradiene,
neoabietadiene, pimaradiene, isopimaradiene, sanadar-
acopimaradiene, and dehydroabietadiene; Fig. 1A).
These compounds represented all of the diterpenoid
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resin acids and intermediates detected in Sitka spruce
stem tissues (Fig. 1B). Putative C-13 alcohol derivatives of
some of these compounds could be speculated as addi-
tional diterpenoids of the Sitka spruce resin, but these
compounds have never been detected and could not be
synthesized as substrates or standards, as they are highly
unstable (Keeling et al., 2011a).

We used two strategies to test PsCYP720B4 against
the panel of substrates: one approach involved feed-
ing of substrates to yeast cell cultures expressing
PsCYP720B4 (see below); the other approach used
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Figure 5. Transcript abundance of 12 different PsCYP720Bs, PsLAS,
and PsCYP73A20 in whole cross sections and laser-microdissected
cambial zone and cortical individual resin duct tissues of Sitka spruce
stems. Transcript abundance was measured by RT-qPCR in whole cross
sections (XSEC), cambial zone tissue (CZ), and epithelial tissue of CRDs
isolated by laser microdissection from Sitka spruce stems. PsCYP73A20
is Sitka spruce cinnamate 4-hydroxylase; PsLAS is Sitka spruce levo-
pimaradiene/abietadiene diterpene synthase. Transcript abundance
was normalized to the internal reference gene TIF. Roman numerals
in parentheses indicate the clade. Error bars represent st values of
biological replicates (n = 3). Statistically significant differences are
indicated by letters (t test, P < 0.05). n.d., Transcript not detectable;
t.d., transcript detected but below the threshold for quantification. [See
online article for color version of this figure.]
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Figure 6. PsCYP720B4-dependent in vivo formation of the DRAs
isopimaric acid and abietic acid in engineered yeast. A, GC-MS total
ion chromatograms of extracts from engineered yeast strains expressing
GGPPS, diTPS, PalSO, and CPR in the presence (bottom trace) or
absence (middle trace) of PsCYP720B4. B, GC-MS total ion chromat-
ograms of extracts from engineered yeast strains expressing GGPPS,
diTPS, PaLAS, and CPR in the presence (bottom trace) or absence
(middle trace) of PsCYP720B4. Retention times and mass spectra of
compounds (1, isopimaradiene; 2, isopimaric acid methylester; 3,
abietadiene; 4, abietic acid methylester) match those of authentic
standards. A minor peak labeled with an asterisk in B differs in retention
from peak 4 and represents a phthalate derivative contamination. Top
traces in A and B are GC-MS total ion chromatograms of extracts from
control engineered yeast strains transformed with empty vectors. For ad-
ditional details of metabolite identification, see Supplemental Table S1.

PsCYP720B4 protein produced in an E. coli membrane
fraction. For the latter approach, an N-terminally mod-
ified form of PsCYP720B4 was expressed in E. coli,
and membrane fractions were tested for the presence
of P450 protein by SDS-PAGE analysis and carbon
monoxide difference spectroscopy (Supplemental Fig.
54). For initial tests of the activity of PsCYP720B4 pro-
duced in E. coli, we performed in vitro assays with Sitka
spruce NADPH-dependent P450 reductase (PsCPR)
and dehydroabietadiene, dehydroabietadienol, or de-
hydroabietadienal as a substrate. All three substrates
were converted by PsCPR/PsCYP720B4 (Fig. 7). Fol-
lowing a 30-min incubation, the dehydroabietadiene
substrate was converted primarily to the alcohol and
the acid, with only traces of the aldehyde detectable
(Fig. 7). When dehydroabietadienol was used as the
substrate, dehydroabietadienal and dehydroabietic acid
were formed as products; and dehydroabietadienal as a
substrate was completely converted to dehydroabietic
acid. These results with the dehydroabietadiene series
of substrates showed, to our knowledge for the first
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time with a CYP720B enzyme in an E. coli membrane
fraction and in vitro assays, that PsCYP720B4 can
catalyze three consecutive oxidations at C-18, confirm-
ing the in vivo assays with abietadiene and isopimar-
adiene in engineered yeast cells. Furthermore, these
combined results showed that PsCYP720B4 acts on
compounds of each of the three different structural
classes of Sitka spruce oleoresin diterpenes, the abie-
tane, pimarane, and dehydroabietane classes.

PsCYP720B4 Is Active with 24 Different
Diterpenoid Substrates

We used both of the aforementioned assay systems,
in vivo feeding of substrates to yeast cultures express-
ing the PsCYP720B4 cDNA and in vitro assays with

A 0 min
7 control

g8 30 min

0 min
control

30 min

lon intensity

0 min
control

=3 30 min

standards

2 4 6 min

Figure 7. Oxidation of dehydroabietadiene, dehydroabietadienol, and
dehydroabietadienal in in vitro assays with PsCYP720B4 protein in an
E. coli membrane fraction. LC-MS selected ion chromatograms are
shown for oxygenated diterpene substrates and products from in vitro
assays with recombinant PsCPR and PsCYP720B4 after O or 30 min of
incubation with dehydroabietadiene, dehydroabietadienol, or dehy-
droabietadienal as substrates. Assays were performed with 1 mm
NADPH and 0.1 unit of CPR. Substrates are shown with their chemical
structures. Diterpenoids were identified by comparison of their
retention times and mass spectra with those of authentic standards.
Numbered peaks are as follows: dehydroabietic acid (6), dehydroabie-
tadienol (7), and dehydroabietadienal (8). For additional details of
metabolite identification, see Supplemental Table S1.
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PsCYP720B4 protein in an E. coli membrane fraction,
to further substantiate the emerging pattern of
PsCYP720B4 as a multisubstrate and multifunctional
(i.e. catalyzing three consecutive oxidations) enzyme
of DRA biosynthesis. We tested PsCYP720B4 in both
assay systems with each of the 24 synthetic diterpene
olefin, alcohol, and aldehyde substrates (Fig. 8). As-
says with E. coli produced PsCYP720B4 protein and
were performed with limiting concentrations of
PsCPR to restrict the reactions of each assay to a single
oxidation step. This approach allowed us to separately
measure the formation of alcohols from olefin sub-
strates, the formation of aldehydes from alcohol sub-
strates, and the formation of acids from aldehyde
substrates (Fig. 8A). Results of the in vitro assays and
liquid chromatography-mass spectrometry (LC-MS)
analysis showed that the PsCYP720B4 enzyme is ac-
tive with each of the 24 different substrates tested,
confirming the multisubstrate and multifunctional
nature of this P450. These results also indicated a
possible preference for the alcohol and aldehyde forms
of the diterpene substrates and, in most cases, lower
conversion of the olefins. This result may be influ-
enced, in part, by the lower solubility of the olefins in
the aqueous assay system, although measures were
taken to maximize the solubility for each substrate
without compromising the enzyme.

In in vivo assays with yeast cells expressing
PsCYP720B4 and AtCPR (but not GGPPS and diTPS),
induced cultures were supplemented with individual
diterpene substrates at concentrations of 10 um and the
formation of the corresponding DRA was measured by
gas chromatography (GC)-MS (Fig. 8B; Supplemental
Fig. S5). With the exception of two olefin substrates
(neoabietadiene and levopimaradiene), all of the sub-
strates tested were converted. With the yeast assays,
we detected a much higher rate of conversion when
the aldehydes and alcohols were used as substrates
compared with the conversion of the olefins (Fig. 8B).
When we monitored single-step oxidations for each of
the 24 substrates in in vitro assays with isolated
PsCYP720B4 proteins, the olefins also showed consis-
tently the lowest rate of conversion (Fig. 8A). This
result may be due to reduced olefin solubility or to
uptake into yeast cells, or it may reflect a lower rate of
the three-step oxidation of the olefins compared with
the one- or two-step oxidation of the aldehydes or
alcohols, respectively.

In both types of assays, PsCYP720B4 consistently
showed the highest activity with the dehydroabieta-
dienate group of substrates (dehydroabietadiene, dehy-
droabietadienol, and dehydroabietadienal) compared
with the other seven sets of diterpenoids tested (Fig. 8).
The dehydroabietadienates are the only diterpenoids of
the Sitka spruce oleoresin with an aromatic C ring (Fig.
1). Notably, the dehydroabietadienates were of low
abundance in the diterpene mixture of the particular
clonal line of Sitka spruce investigated in this study (Fig.
1), while across a range of more than 100 genotypes of
Sitka spruce dehydroabietic acid was associated with
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Figure 8. Relative activity of PsCYP720B4 with 24 different diterpene
substrates representing eight olefins, eight alcohols, and eight aldehydes.
A, Relative in vitro transformation of authentic diterpene substrates with
PsCYP720B4 protein in an E. coli membrane fraction and PsCPR pro-
duced in E. coli. Transformations were restricted to single-step oxidation
by limitation of PSCPR. Assays were performed with T mm NADPH and 5
milliunits of CPR. Product formation is given relative to activity with
dehydroabietadienol (100%) and was determined with three indepen-
dent biological replicates by LC-MS. B, Relative in vivo transformation of
authentic diterpene substrates to the corresponding DRAs in cultures of
yeast cells expressing PsCPR and PsCYP720B4. DRA formation with
each substrate is shown relative to the formation of dehydroabietic acid
from dehydroabietadienal (100%). The complete experiment was re-
peated three times, each time with two biological replicates, each of
which was analyzed with two technical replicates by GC-MS. n.c., No
conversion detected. For both A and B, it is important to note that
different physicochemical properties of olefins, alcohols, and aldehydes
(e.g. differences in solubility) may affect the apparent lower activity with
the olefin substrates.
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genetic resistance against spruce weevil (Robert et al.,
2010).

Apparent Kinetic Properties of PsCYP720B4 Enzyme
Show a Preference for the Formation of
Dehydroabietic Acid

To substantiate the finding of PsCYP720B4 as a
multisubstrate and multifunctional P450 enzyme, we
determined basic kinetic properties with nine repre-
sentative substrates. PsCYP720B4 protein expressed in
E. coli was used for these experiments, as the isolated
membrane fractions allowed for reliable and robust
quantification of P450 via carbon monoxide difference
assays (Supplemental Fig. S4). The selected substrates
used for kinetic characterization included a homolo-
gous series of olefins, alcohols, and aldehydes from
each of the three major classes of Sitka spruce oleoresin
diterpenes, the abietane-, pimarane-, and dehydro-
abietane-type diterpenes (Fig. 1). Members of these
classes were chosen to represent substrates that
showed high to intermediate levels of relative activity
in the yeast in vivo assays and in the in vitro assays
with PsCYP720B4 produced in E. coli (Fig. 8). Specif-
ically, we tested the enzyme kinetics of PsCYP720B4
with dehydroabietadiene, dehydroabietadienol, de-
hydroabietadienal, isopimaradiene, isopimaradienol,
isomiparadienal, palustradiene, palustradienol, and
palustradienal (Table I). The enzyme kinetic properties
were measured in in vitro assays with PsCYP720B4
protein in an E. coli membrane fraction, with reactions
restricted to a single oxidation step by limitation of
PsCPR activity. It is important to note that different
physicochemical properties of olefins, alcohols, and
aldehydes (e.g. differences in solubility) may affect the
apparent kinetic parameters.

PsCYP720B4 exhibited apparent dissociation constants
(K, in the low micromolar range with all diterpene
olefins, alcohols, and aldehydes tested. PsCYP720B4
exhibited the lowest apparent K, values for two of
the diterpene alcohols, palustradienol and dehydroa-
bietadienol. Apparent turnover numbers (k) were
slightly higher for diterpene aldehydes and alcohols

Cytochromes P450 of Diterpenoid Conifer Defense

compared with diterpene olefins. Thus, the apparent
catalytic efficiencies (k.,,/K,,) of PsCYP720B4 for de-
hydroabietadienol were 1.5 and three times greater
than those for dehydroabietadiene and dehydroabi-
etadienal, respectively. These findings are in good
agreement with the relative activity determined in in
vivo and in vitro assays. Consistent with basic con-
version rates assessed in assays with all 24 substrates
(Fig. 8), PsCYP720B4 showed higher apparent k_,,/ K,
with precursors of dehydroabietic acid and isopimaric
acid than with precursors of palustric acid.

CYP720B4 RNA Interference Causes Changes in
DRA Composition

To validate the in vivo functions of CYP720B genes
in plants, we targeted the orthologous PgCYP720B4
sequence in white spruce (above 99% OREF identity at
the nucleic acid level with PsCYP720B4) by RNA
interference (RNAi). RNAi has recently been estab-
lished for white spruce (A. Séguin, unpublished data)
and has not yet been reported to be successful in any
other conifer except for radiata pine (Pinus radiata;
Wagner et al., 2007, 2009). Since Sitka spruce and white
spruce are closely related species (Yeh and Arnott,
1986), we used white spruce as a suitable system for
analysis of the effect of targeted RNAi on CYP720B
transcript levels and diterpenoid metabolites.

We generated four independent PgCYP720B4 RNAi
lines carrying a stably integrated 290-bp PgCYP720B4
hairpin loop RNAi element under the control of the
white spruce ubiquitin promoter. RT-qPCR analysis in
stem samples of 1-year-old RNAI lines (five biological
replicates for each of the four RNAI lines) showed
significant decreases of PgCYP720B4 transcripts to as
low as 25% relative to transcripts in stems of control
trees transformed with empty pCambia vector (Fig. 9;
Supplemental Table S2). We also tested the effect of
cross-reactivity and cosuppression with other mem-
bers of the PgCYP720B family in white spruce. For the
seven genes where RT-qPCR yielded detectable tran-
script levels in stems of white spruce controls and
RNAI lines, we found the strongest RNAi effect with

Table I. Apparent kinetic parameters of CYP720B4

Assays were performed with 1T mm NADPH and 5 milliunits of CPR. Different physicochemical
properties of olefins, alcohols, and aldehydes (e.g. differences in solubility) may affect the apparent kinetic

parameters.
Substrate K., Kt k./K.,

M min~! min~" um™!
Palustradiene 11.6 = 1.56 0.70 £ 0.07 0.06 = 0.002
Palustradienol 3.42 £ 0.85 1.21 = 0.03 0.35 £ 0.03
Palustradienal 10.1 = 1.58 4.07 = 0.63 0.40 = 0.02
Isopimaradiene 13.9 £ 2.07 3.19 £ 0.03 0.23 = 0.005
Isopimaradienol 10.9 = 1.90 6.56 = 0.92 0.60 = 0.03
Isopimaradienal 8.34 £ 1.46 6.40 = 0.63 0.77 = 0.04
Dehydroabietadiene 8.54 = 1.45 3.99 £ 0.15 0.47 + 0.02
Dehydroabietadienol 4.92 = 1.12 5.17 £ 0.29 1.05 + 0.07
Dehydroabietadienal 10.7 = 1.33 8.71 = 0.41 0.81 = 0.02
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the PgCYP720B4 target but also some considerable
suppression with other members of clades III, II, and I
in decreasing order of effect (Supplemental Table S2).

RNAi-mediated reduction of PgCYP720B transcript
levels was paralleled by significant (independent  test,
P < 0.05) changes in the amounts of several (but not
all) types of DRAs (Fig. 9). Levels of dehydroabietic
acid, isopimaric acid, and sandaracopimaric acid were
significantly reduced in at least three of the four
independent RNAIi lines. Levels of dehydroabietic
acid were reduced by approximately 30% to 50%
compared with the empty-vector transformed control.
Isopimaric acid and sandaracopimaric acid were re-
duced in three of the four RNAIi lines by approxi-
mately 35% to 65% of their respective levels in the
controls. An RNAI effect on levels of abietic acid was
found only in a single line, and no significant change
of abundance of neoabietate, palustrate, and levopi-
maradienate was detected in any of the four RNAi
lines. Pimaric acid was not detected in the white
spruce samples.

Reduced levels of several DRAs in the RNAi lines
support a role of CYP720B4, and perhaps other CYP720B
genes, in DRA biosynthesis in planta. The strong effect
on the accumulation of dehydroabietic acid, compared
with the other DRAs, is in agreement with the results
from enzyme assays and the kinetic characterization of
PsCYP720B4, which showed preferred enzyme activity
in the formation of dehydroabietic acid. The lack of an
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Figure 9. Effect of RNAi on PgCYP720B4 transcript abundance and
composition of DRAs in white spruce stems. A, Relative transcript
abundance of CYP720B4 in stems of 12-month-old white spruce plants
of four independent RNAIi lines and vector-transformed controls. Error
bars represent st values of biological replicates (n = 3). B, Relative
abundance of DRAs in stems of 1-year-old white spruce plants of four
independent RNAI lines and vector-transformed controls. Scale = 0 to
1. Asterisks indicate significant (¢ test, P < 0.05) reduction compared
with the empty-vector control. Error bars represent st values of biolog-
ical replicates (n = 5). C, Relative abundance of DRAs in stems of
1-year-old white spruce plants of four independent RNAi lines and
vector-transformed controls. Scale = 0 to 6.
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obvious effect of PgCYP720B4 RNAi on several other
DRAs, such as abietic acid, palustric acid, levopimaric
acid, and neoabietic acid, suggests that other P450(s),
presumably of the CYP720B subfamily, are required for
the efficient oxidation of the abietane class of spruce
oleoresin diterpenoids in planta, or that due to the
incomplete silencing of CYP720B4 residual enzyme ac-
tivity contributes to the observed profile. The fact that
more than one type of DRA is affected by PgCYP720B4
RNAI is in agreement with the multisubstrate nature of
the PsCYP720B4 enzyme and may also be due to the
cosuppression effect with others CYP720Bs.

Convergent Evolution of Nearly Identical Enzyme
Activities of CYP720B and CYP701 in Specialized and
General Metabolism, Respectively

The activity of PsCYP720B4 in the three-step C-18
oxidation of tricyclic diterpenoids in conifer specialized
metabolism resembles most closely the activity of the
distantly related CYP701 in the three-step C-18 oxida-
tion of the tetracyclic ent-kaurene to ent-kaurenoic acid
in the general metabolism of GA biosynthesis (Helliwell
et al, 1999). Phylogenetically, however, members of
the conifer-specific CYP720B family are more closely
related, within the CYP85 clan, for example to CYP8S,
which catalyzes the oxidation of ent-kaurenoic acid to
GA,, (Helliwell et al., 2001), and to CYP90, which
catalyzes C-22 and C-23 hydroxylations in the bio-
synthesis of brassinosteroid hormones (Szekeres et al.,
1996; Choe et al., 1998; Ohnishi et al., 2006; Fig. 2).
CYP701, CYP88, and CYP90 genes had not previously
been cloned from a gymnosperm. To validate the
patterns of phylogeny with the homologous Sitka
spruce set of genes, we identified the genomic se-
quences covering the full-length exonic coding regions
and introns for four representative genes of PsCYP720B
clades I to IV as well as for Sitka spruce PsCYP701,
PsCYP88, and PsCYP90 (Fig. 10). Shared positions
of introns indicate common evolutionary ancestry
(Carmel et al., 2007), and analysis of the intron-exon
structure can be used to infer evolutionary relationships
between genes (Rogozin et al., 2005). The size of nine
exons and the positions of the introns were highly
conserved across the PsCYP720B, PsCYP88, and
PsCYP90 genes (Fig. 10). In contrast, the PsCYP701
gene is organized in eight exons, and the sizes of exons
and positions of introns were substantially different
from the gene structure of PsCYP720B, PsCYP88, and
PsCYP90. These results support the interpretation of
convergent functional evolution of CYP720B and
CYP701 for the principally identical three-step C-18
oxidation of diterpenes to diterpene acids (i.e. DRAs
or ent-kaurenoic acid). An alternative interpretation
would be that C-18 diterpene oxidation was an ances-
tral function that remained conserved in the distantly
related CYP720B and CYP701; however, this is less
likely if the CYP85 clan evolved from a sterol-metabo-
lizing ancestor, as suggested by Nelson and Werck-
Reichhart (2011). Notably, CYP720B functions in the
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Figure 10. Intron-exon gene structures of representative Sitka spruce
PsCYP720B genes of clades | to IV, PsCYP90A20, PsCYP88, and
PsCYP701. Roman numerals indicate exons. The scale bar represents
1 kb.

context of the diversification of conifer specialized
metabolisms, while CYP701 functions in the context of
a highly conserved general metabolism.

DISCUSSION

Using several lines of evidence, we identified
CYP720B4 as a multisubstrate and multifunctional
P450 enzyme with an important role for the structural
diversity of specialized diterpenoid metabolism. A
major product of CYP720B4 is dehydroabietic acid,
which is associated with the resistance of Sitka spruce
against its major insect pest, the spruce weevil (Robert
etal., 2010). Beyond the general relevance of this work
for a fundamental understanding of the evolution of
specialized (i.e. secondary) metabolism, as discussed
below, the work described here also demonstrates the
association of P450 activity of DRA biosynthesis with
the specialized cells of terpenoid-accumulating resin
ducts and provides new genes and proteins that can be
developed into genetic markers or biomarkers for
Sitka spruce resistance against weevils (Hall et al.,
2011).

The abundance and structural diversity of diterpe-
noid oleoresin defenses in conifers make these gym-
nosperm trees a highly relevant system for the general
understanding of the biosynthesis and evolution of
specialized and general (ie. primary) diterpenoid
metabolism in plants. Knowledge of the evolution of
specialized and general diterpenoid metabolism in
gymnosperms complements similar work on diterpe-
noids in angiosperms, which is perhaps best estab-
lished in the rice (Oryza sativa) system (Peters, 2006;
Swaminathan et al., 2009). Specialized diterpenoid
metabolism of DRAs and the biosynthesis of ent-
kaurenoic acid, the ubiquitous precursor for GAs of
general diterpene metabolism, are remarkably similar
(Fig. 11). These pathways share structurally similar
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diterpene olefins, alcohols, aldehydes, and acids de-
rived by the activity of diTPS and P450 enzymes from
the common GGPP precursor. The general reactions
catalyzed by the diTPSs and P450s of the ent-kaurenoic
acid and DRA pathways are the same in both path-
ways. However, a number of fundamental differences
are emerging with regard to the evolution and diver-
sification of gymnosperm genes, enzymes, and metab-
olites of related general and specialized diterpenoid
biosynthesis. A major aspect of the conifer diterpenoid
metabolism is the structural diversity of metabolites
in specialized metabolism relative to comparable seg-
ments of general metabolism (Fig. 11). A diverse as-
sortment of 32 different known compounds of eight
homologous series of olefins, alcohols, aldehydes, and
acids represents the specialized DRA metabolism of Sitka
spruce (Figs. 1 and 11), and undoubtedly, additional
specialized compounds exist in this species, such as
simpler diterpenoid alcohols, contrasting ent-kaurenoic
acid and its precursors in general metabolism.
Differences at the level of structural diversity in
specialized and general metabolism are reflected in the
corresponding diTPS (Keeling et al., 2010) and P450
genes and enzymes. In previous work, it was shown
that conifer diTPSs of general and specialized me-
tabolism share common ancestry, possibly resembling
a bifunctional diTPS of the spike moss Physcomitrella
patens (Hayashi et al., 2006; Keeling et al., 2010).
Similar to the spike moss enzyme, bifunctional diTPSs
of conifer specialized metabolism catalyze two
consecutive cyclization reactions (Peters et al., 2000;
Keeling et al.,, 2008). In contrast, conifer diTPSs of
general ent-kaurenoic acid biosynthesis, namely ent-
copalyldiphosphate synthase and ent-kaurene syn-
thase, are monofunctional enzymes (Fig. 11; Keeling
et al., 2010). The conifer diTPSs of specialized and
general diterpene metabolisms arose by divergent
evolution (Keeling et al., 2010; Chen et al., 2011), as is
also supported by insights from the structural analysis
of a gymnosperm diTPS (Koksal et al., 2011). At the
genome level, conifer diTPSs of general metabolism
seem to be encoded by single-copy genes that are
functionally and structurally conserved across the
angiosperms and gymnosperms (Keeling et al., 2010),
suggesting that genes of general GA biosynthesis
evolved prior to the separation of the angiosperms
and gymnosperms more than 300 million years ago
and remained largely unchanged with regard to struc-
ture and function. This pattern of conserved gene
evolution is in agreement with a conserved role of ent-
kaurenoic acid as an essential intermediate in the
general metabolism of GA biosynthesis. In contrast,
diTPSs of conifer specialized metabolism are substan-
tially divergent from angiosperm diTPSs (Chen et al.,
2011). Hallmarks of conifer diTPSs of specialized me-
tabolism (Keeling et al., 2008, 2011b), which set them
apart from diTPSs of general metabolism (Keeling
et al., 2010), are retention and neofunctionalization of
duplicated genes that give rise to the initial diversifi-
cation of specialized metabolism. The products of the
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Figure 11. Comparison of specialized DRA biosynthesis and general GA biosynthesis in spruce. Similar diTPS and P450
enzymes catalyze the formation of diterpene acids in the form of a diverse assortment of DRAs in specialized metabolism and in
the form of the ubiquitous ent-kaurenoic acid in general metabolism. Spruce diTPSs and P450s of the general metabolism of ent-
kaurenoic acid seem to be encoded by single-copy genes. The diTPSs and P450s of general ent-kaurenoic acid metabolism are
functionally conserved across the angiosperms and gymnosperms. In contrast, the diTPSs (TPS-d subfamily) and P450s (CYP720B
subfamily) of specialized DRA biosynthesis are unique to gymnosperms and encoded by members of multigene families that
resulted, most likely, from multiple events of gene duplication. Individual diTPSs of specialized DRA metabolism can produce
multiple diterpene olefins. CYP720B4, as a representative P450 of specialized DRA metabolism, accepts multiple diterpene
substrates and catalyzes three consecutive oxidations, thus contributing to the structural diversity of DRA in specialized
metabolism. ABI, Abietic acid; ISO, isopimaric acid; SAN, sandaracopimaric acid; PAL, palustric acid; PIM, pimaric acid; LEV,
levopimaric acid; NEO, neoabietic aid; DHY, dehydroabietic acid.

diTPSs of specialized metabolism are the substrates for
P450 enzymes of the conifer-specific CYP720B family
(Fig. 11), of which PsCYP720B4, to our knowledge, is
the first member that has been characterized in detail,
with 24 different substrates as a multifunctional and
multisubstrate enzyme. PsCYP720B4 substantially in-
creases the spectrum of diterpenoids in specialized
DRA metabolism.

While the recently discovered CYP720B genes exist
with multigene families in conifers (Fig. 2), no CYP720B
member has been identified in the vast amount of
angiosperm genome and transcriptome sequences. The
CYP720Bs of specialized diterpene metabolism seem to
be taxonomically restricted to conifers and perhaps
other gymnosperms, where they diverged through
events of repeated gene duplication. In contrast to
CYP720Bs of specialized metabolism, mechanistically
identical CYP701 P450s of ent-kaurenoic acid biosyn-
thesis in general metabolism appear to be encoded by
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single-copy functional genes in conifers (Hamberger
and Bohlmann, 2006). Thus, with all known diTPSs and
P450s of specialized and general diterpene metabolism
of conifers, there is a consistent pattern of gene multi-
plication and diversification in specialized metabolism,
in contrast to single-copy genes and conserved function
in general metabolism. The conserved functions of
conifer diTPSs and CYP701 P450s of general metabo-
lism extend to their orthologs in the angiosperms. In
contrast, the conifer diTPSs and CYP720B P450s of
specialized metabolism do not have apparent orthologs
in the angiosperms.

Apparently, the specific function of three-step con-
secutive oxidation at the C-18 position of cyclic diter-
penes evolved convergently in the CYP701 and
CYP720B P450s. It is important to note that there are
other cytochrome P450 enzymes in different pathways
that also catalyze consecutive oxidations into alcohols,
aldehydes, and acids, such as CYP71AV1 in the bio-
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synthesis of artemisinic acid (Ro et al, 2006) and
CYP716A12 in the biosynthesis of triterpenoid saponins
(Carelli et al., 2011). However, in the case of CYP701 and
CYP720B4 from Sitka spruce or CYP720B1 from loblolly
pine (Ro et al., 2005), the respective cytochrome P450
enzymes use very similar diterpene substrates and
catalyze oxidations at the same C-18 positions of the
A ring (Figs. 1 and 11), supporting the notion of con-
vergent evolution of CYP701 and CYP720B in general
and specialized metabolism, respectively. The level of
functional diversification within the CYP720B family of
any given species is currently not known and awaits
future functional characterization of additional mem-
bers of this gene family.

CONCLUSION

In summary, the results of the characterization of
CYP720B4, along with the comparative analysis of P450
and diTPS genes of specialized and general gymno-
sperm diterpenoid metabolism, support models of
plant metabolism (Hartmann, 1996, 2007) in which (1)
specialized and general metabolism share common
origins, (2) specialized metabolism evolved (and con-
tinues to evolve) with patterns of taxon-specific path-
way diversification on the basis of gene duplication and
neofunctionalization, while (3) general metabolism is
conserved across distant plant lineages, such as the
gymnosperms and angiosperms. The conserved gen-
eral diterpenoid metabolism of ent-kaurenoic acid bio-
synthesis, with no obvious gene duplication in conifers,
is also indicative of tight control of general plant
hormone metabolism. Conversely, the specialized me-
tabolism of defense-related DRA biosynthesis may not
only tolerate relaxed metabolic diversification, but
plants may indeed benefit from the diversity and
dynamics of a broader assortment of specialized me-
tabolites to protect long-lived, sessile plants against
faster evolving pests and pathogens. Based on the study
of specialized metabolism at the level of metabolites,
enzyme functions, and transcriptome-wide capture of
multigene families, it appears that specialized metabo-
lism, in contrast to general metabolism, is permissive to
redundancy and diversification, which may serve as an
adaptive advantage, for example, in the chemical de-
fense of sessile, long-lived conifer trees.

MATERIALS AND METHODS
Plant Materials

Clonally propagated Sitka spruce (Picea sitchensis; clone FB3-425; 5 years
old) and white spruce (Picea glauca; clone PG653; 1 year old) were maintained
as described previously (Miller et al., 2005). Treatment with MeJA (0.1% in
0.1% [v/v] Tween 20) was as described previously (Miller et al., 2005). From
the upper two interwhorls of Sitka spruce, the following tissues were
harvested for metabolite and/or RNA analysis: young shoots, bark/phloem
(tissues outside the vascular cambium, including phloem, cortex, and peri-
derm), xylem/wood, and mature and young needles (Supplemental Fig. S3).
These samples as well as roots were flash frozen in liquid nitrogen and stored
at —80°C.
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Plasmids and Host Strains

Dual expression vectors pESC-His and pESC-Leu were from Stratagene.
Yeast strain WAT11 (MATa; ade2-1; his3-11,-15; leu2-3,-112; ura3-1; canR; cyr+)
carrying the Arabidopsis (Arabidopsis thaliana) AtCPR chromosomally inte-
grated under the control of the GAL promoter (Pompon et al., 1995) was
provided by Dr. D. Werck-Reichhart (Institut de Biologie Moléculaire des
Plantes, Centre National de la Recherche Scientifique, Strasbourg, France) and
used as a host for heterologous gene expression. The pCWori" vector for
heterologous expression of CYP720B4 in Escherichia coli was provided by Dr.
M. Mizutani (Fujita et al., 2006).

Diterpene Standards and Substrates

DRAs were purchased from Orchid Cellmark. Diterpenoid olefins, alco-
hols, and aldehydes were synthesized from the corresponding acids by Best
West Laboratories following published methods (Ro et al., 2005). The purity of
synthesized diterpenoids was assessed by 'H-NMR, *C-NMR, and GC-MS
and was equal to or exceeded the purity of the starting materials. Abietadiene
contained an unknown contamination, and levopimaradiene/levopimara-
diene derivatives contained other diterpenoid isomers (up to 30%) that could
not be removed.

Laser Microdissection

Details of sample preparation and laser microdissection procedures are
described by Abbott et al. (2010). Stem segments of 1 cm length from the
uppermost interwhorl were longitudinally cut into 20-um sections on a
cryostat (CM3050S; Leica) and laser microdissected (DM 6000B/CTR 6500;
Leica).

Extraction of Diterpenoids

Methods for the extraction and derivatization of diterpenoids and GC-MS
analysis were adapted from Lewinsohn et al. (1993) and performed with three
technical replicates and at least three biological replicates for each sample
type. All steps were carried out in 2-mL amber silanized vials (Agilent). Tissue
(50-100 mg) was extracted by shaking overnight in 1.5 mL of tert-butylme-
thylether with 200 ug mL ™" dichlorodehydroabietic acid and 100 pg mL ™'
isobutylbenzene as internal standards. Extracted tissue was dried at 50°C for
2 d prior to weighing to determine the dry weight. For derivatization, 500 uL
of the organic supernatant was mixed with 100 uL of methanol and 120 uL of
trimethylsilyl-diazomethane (2.0 m in diethyl ether; Sigma-Aldrich) and
incubated at room temperature for 20 min. Derivatized samples were con-
centrated under N, gas and adjusted to 500 uL with diethyl ether before GC-
MS analysis.

Analysis of Metabolites by GC-MS and LC-MS

Due to the complexity of the samples extracted from plant tissues and yeast
in vivo assays, advantage was taken of the superior resolution and accuracy of
GC-MS. For extracts from in vitro assays with heterologously expressed
proteins, LC-MS was the superior method to measure the large number of
samples from kinetic studies. Metabolite extracts from yeast in vivo assays
were analyzed by GC-MS on a 6890A /5993N GC-MSD system (Agilent) with
a SolGel Wax capillary column (30 m X 0.25 mm X 0.25 um; SGE Incorpo-
rated) in selected ion monitoring scan mode (scan, mass-to-charge ratio [11/z]
40-400; selected ion monitoring, m/z 270, 272, 286, 288, 314, and 316 [dwell
time 50]). Volumes of 0.5 uL per sample were injected in pulsed splitless mode
at 250°C with a column flow of 1 mL min~' helium and 20 ¢ pulse pressure.
The GC oven temperature was programmed to rise from an initial 40°C at 3°C
min~! to 110°C, at 10°C min' to 180°C, and at 15°C min' to a final
temperature of 260°C for a run time of 60.7 min. Metabolites from in vitro
assays with proteins produced in E. coli were identified and quantified by LC-
MS on a LC-MSD-Trap-XCD_plus 1100 series device (Agilent) on a Zorbax SB-
C18 rapid resolution HT column (4.6 X 40 mm X 1.8 um) in positive
electrospray ionization mode (dry temperature, 350°C; nebulizer, 55 pounds
per square inch). Samples of 2.5 uL. were injected with a column flow of 1 mL
min ™! in isocratic mode (acetonitrile:water, 85%:15% + 0.2% formic acid) with
the diode array detector scanning from 190 to 400 nm for a run time of 10 min.
Diterpenes from Sitka spruce tissue extracts were analyzed by GC-MS with an
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AT1000 capillary column (30 m X 0.25 mm X 0.25 um; Alltech) in scan mode
(scan, m/z 40-500). Samples of 0.5 uL were injected in pulsed splitless mode at
250°C with a column flow of 1 mL helium min~' and 30 p.s.i. pulse pressure.
The GC oven temperature was programmed to rise from an initial 150°C at
1.5°C min " to 220°C and at 20°C min "' to 240°C for a run time of 63.7 min.
Quantification was repeated with GC-flame ionization detection on an Agilent
6890 GC system under the same conditions. No significant differences were
observed for the metabolites detected. Compounds were identified and
quantified by comparison with the synthesized authentic standards.

RNA Isolation

RNA isolation followed the method of Kolosova et al. (2004) with minor
modifications. Extractions were scaled down to 50 to 100 mg of tissue; the
RNA pellet was washed with 70% ethanol after LiCl precipitation and
resuspended in nuclease-free water; RNA integrity was assessed using the
RNA 6000 Nano kit (Bioanalyzer 2100; Agilent). cDNA synthesis was as
described by Miller et al. (2005) using SuperScript III (Invitrogen). For
microdissected samples, RNA was isolated from 20-um-thick longitudinal
stem sections, epithelial cells of CRDs, and cambial zone tissue using the
RNAqueous-Micro Kit (Ambion) as described by Abbott et al. (2010).
Bioanalyzer 2100 RNA pico-chip assays (Agilent) were used to determine
RNA integrity and concentration.

CYP720B Gene Discovery and FLcDNA Cloning

General procedures for mining of the pine and spruce sequence databases for
genes of the CYP85 clan, including CYP720B genes, were described previously
(Hamberger and Bohlmann, 2006). In silico-generated contigs for candidate
CYP720B genes from three spruce species (Sitka spruce, white spruce [Picea
glauca], and interior spruce [P. glauca X Picea engelmannii]) and two pine species
(loblolly pine [Pinus taeda] and lodgepole pine [Pinus contorta]) were used to
reconstruct a phylogeny of the CYP720B family by maximum likelihood analysis
(Guindon and Gascuel, 2003) and for homology-based cloning of Sitka spruce
CYP720B cDNAs. 5 RACE (Ambion) was used to obtain FLcDNAs of partial
Sitka spruce ESTs. PCR amplification of FLcDNAs was performed over 40 to 45
cycles with Phusion polymerase (Finnzymes) and gene-specific oligonucleotide
primers (Integrated DNA Technologies). Amplicons were ligated into pJET
(Fermentas), and inserts were sequenced completely.

RT-qPCR Analysis

cDNA was synthesized from equal amounts of total RNA using SuperScript
III reverse transcriptase (Invitrogen) with random hexamer oligonucleotides.
The efficiency of RT reactions was assessed with internal calibrator reactions on
four reference transcripts, elongation factor 1 (ELF1), translation initiation factor-
like (TIF), polyubiquitin, and tubulin a-chain homolog. For the quantification of
target transcripts, TIF and ELF were chosen as references, as they showed the
lowest variation across all tissue types (Abbott et al., 2010). For each sample, RT-
qPCR was performed with three technical replicates on three or four biological
replicates. Detection of amplification was performed in real time with a final
melting curve using the DyNAmo HS SYBR Green kit (Finnzymes) on a DNA
Engine Opticon2 apparatus (M] Research) with Opticon3 software. HK-uracil
N-glycosylase reaction (EPICENTRE) preceded the qPCR. A real-time PCR
miner program (Zhao and Fernald, 2005) was used to determine efficiency and
cycle number over threshold (C;) values. Efficiency-corrected AC; values were
calculated, and AAC; was used to quantify relative differences in transcript
accumulation. AmplifX was used for oligonucleotide optimization (Amplifx
1.54; N. Jullien; http://ifrjrnord.univ-mrs.fr/ AmplifX). Representative PCR
products for all sample types and gene targets were sequenced to confirm target
specificity. Sequences of oligonucleotides are given in Supplemental Text S1.

Isolation and Sequencing of Genomic CYP720B Clones

Isolation of genomic DNA from young shoots of Sitka spruce was
performed according to Carlson et al. (1991) with the following modifications.
After two rounds of chloroform/isoamyl alcohol extraction, nucleic acids
were pelleted with isopropanol, washed with 70% ethanol, resuspended in
nuclease-free water, and treated with RNase A and proteinase K before the
addition of ice-cold isopropanol. DNA was hooked out of the solution,
resuspended in nuclease-free water, and quantified spectrophotometrically.
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Genomic clones covering the complete coding region were generated with 45
PCR cycles based on cDNA coding sequences using the primers listed in
Supplemental Text S1 and Phusion polymerase (Finnzymes). PCR products
were cloned into pJET (Fermentas), and inserts were sequenced completely.

Expression of Diterpene Synthases and PsCYP720B4
in Yeast

Plasmid pESC-His::PaLAS/ScGGPPS for the coexpression of PaLAS and
ScGGPPS in Saccharomyces cerevisiae was described previously (Ro et al., 2005).
Using the same approach, pESC-His::PaISO/ScGGPPS was generated for the
coexpression of ScCGGPPS and PalSO lacking the N-terminal plastid-targeting
sequence (Martin et al., 2004). Codon optimization of the 5 region of
PsCYP720B4 (Supplemental Fig. S2) recoded 561 bp (Batard et al., 2000). A
transcription initiation enhancer element (Cavener and Ray, 1991) was intro-
duced 5’ of the initiation codon. GC content was adjusted from 47% in the 5’
coding region to 33% (Marin et al., 2003), and rare yeast codons were replaced.
Using eight partially overlapping long-mer oligonucleotides, the optimized
561-bp 5' region of PsCYP720B4 was synthesized by PCR and ligated to 891 bp
of the native 3’ region. Spel-compatible restriction sites were introduced by
PCR, and the purified amplicon was ligated into the yeast expression vector
pPESC-Leu (pESC-Leu::PsCYP720B4). Oligonucleotides are given in Supple-
mental Text S1. To generate yeast strains for P450-dependent de novo
diterpenoid formation, plasmids pESC-His:: PaLAS/ScGGPPS or pESC-His::
PalSO/ScGGPPS were individually transformed into the WAT11 (AtCPR)
background, and the resulting strains were transformed with pESC-Leu::
PsCYP720B4. Engineered yeast strains to assay for P450-dependent oxidation
of supplemented diterpenoid substrates were generated by transformation of
pESC-Leu::PsCYP720B4 in the WAT11 (AtCPR) background. Details of yeast
transformation, medium, and culture conditions were described previously
(Pompon et al., 1995; Ro et al., 2005; Gietz and Schiestl, 2007). Details
of heterologous protein expression and metabolite analysis in yeast
strains carrying the plasmid pESC-Leu:PsCYP720B4 or the plasmid pairs
pESC-His::PaLAS/ScGGPPS/ /pESC-Leu::PsCYP720B4 or pESC-His::PalSO/
ScGGPPS/ /pESC-Leu:PsCYP720B4 are described below. Diterpenoids ex-
tracted from yeast cultures were analyzed by GC-MS after derivatization.

In Vivo Assays for PsCYP720 Activity Using Yeast Strains
Carrying the Plasmid pESC-Leu::PsCYP720B4

The basic procedures were as described previously by Ro et al. (2005).
Heterologous protein expression in yeast cultures was initiated at an optical
density at 600 nm of 0.6 by transfer into minimal selection medium containing
2% Gal. PsCYP720B4 protein fused to the FLAG epitope was detected in crude
cell lysates 16 h post induction by western analysis with an anti-FLAG
antibody (Stratagene) as described by Ro et al. (2005). Diterpenoids were
dissolved in acetonitrile (alcohols), ethyl acetate (alcohols and aldehydes), or
diethyl ether (olefins), depending on the substrate polarity. While acetonitrile
is 100% water soluble, ethyl acetate and to a lesser extent ethyl ether are less
miscible with water. Due to their low polarity, olefins are the least soluble in
the aqueous systems used for the assays. Hence, it cannot be excluded that the
assays may have been influenced by the lower solubility of the olefins in
water. The optimal concentration for diterpenoid substrates added to yeast
was determined in a series of tests using nine terpenoids, selected based on
initial high, medium, and low conversion, (1) the olefins dehydroabietadiene,
isopimaradiene, and palustradiene, (2) the alcohols dehydroabietanienol,
isopimaradienol, and palustradienol, or (3) the aldehydes dehydroabietadie-
nal, isomiparadienal, and palustradienal, at 100 to 1 um. For example,
complete conversion of dehydroabietadienal to dehydroabietic acid was
observed at 10 um. To analyze DRA formation in yeast, individual compounds
were added to induced yeast cultures to a final concentration of 10 um in a 20-
mL culture volume and incubated for 1 h at 29°C.

In Vivo Assays for PsCYP720 Activity Using Yeast Strains
Carrying the Plasmid Pairs pESC-His::PaLAS/ScGGPPS//
pESC-Leu::PsCYP720B4 or pESC-His::PaISO/ScGGPPS//
pESC-Leu::PsCYP720B4

For the analysis of de novo diterpenoid formation in engineered yeast
strains, cultures were grown to an optical density at 600 nm of 0.6 before
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transfer into minimal selection medium containing 2% Gal. After growth for 16
h, yeast cells were pelleted by centrifugation at 3,200¢ for 10 min. Cell pellets
were extracted twice with 5 mL of diethyl ether with 0.5 uM eicosene and 3 um
dichlorodehydroabietic acid (Orchid Cellmark) as an internal standard. Anhy-
drous sodium sulfate was added to remove residual water, and the combined
organic phases were concentrated to 500 uL. To derivatize the DRAs, 100 uL of
methanol and 60 uL of trimethylsilyl-diazomethane (Aldrich; 2.0 M in diethyl
ether) were added, and the reactions were incubated at room temperature for 20
min. Organic solvent were removed under N, gas, and samples were adjusted to
200 pL with diethyl ether before GC-MS analysis.

Expression of PsCPR and PsCYP720B4 in E. coli

Nine amino acids of the N-terminal membrane anchor region of
PsCYP720B4 were replaced by the N-terminal region (MALLLAVF) of bovine
CYP17a (Supplemental Fig. S4; Barnes et al., 1991; Kagawa et al., 2003). The
modified PsCYP720B4 cDNA was ligated into Ndel and HindIlI sites of the
bacterial expression vector pCWori*. PsCPR was amplified from a Sitka spruce
cDNA library constructed from flushing buds and ligated into Ncol and Sall
sites of pET28 (Novagen) to generate the bacterial expression construct pET28-
PsCPR. Oligonucleotides are given in Supplemental Text S1. PsCPR was
heterologously expressed in the E. coli strain BL21(DE3), and J]M109 was used
for the expression of recombinant PsCYP720B4 as described (Fujita et al.,
2006). PsCYP720B4 and PsCPR were expressed, purified, and quantified as
detailed below. The reconstitution assay with recombinant PsCPR and
PsCYP720B4 was performed following previously described methods
(Ohnishi et al., 2006). Diterpenoid analysis by LC-MS is described above.

Production of PsCYP720B4 in an E. coli Membrane
Fraction and in Vitro Enzyme Assays with PsCPR and
PsCYP720B4 Produced in E. coli

The E. coli strain BL21 (DE3) was used for heterologous expression of PsCPR,
and the enzyme was purified following Mizutani and Ohta (1998). PsCPR
activity was assayed by the rate of cytochrome c reduction. The E. coli strain
JM109 was used for the expression of recombinant CYP720B4 following Fujita
et al. (2006). E. coli cells were harvested by centrifugation at 25,000 for 10 min
and treated on ice for 30 min with 0.5 mg mL ™" lysozyme in a buffer containing
50 mm Tris-HCI (pH 7.5), 250 mm Suc, and 0.5 mm EDTA. After centrifugation,
spheroplasts were sonicated in buffer A containing 50 mm potassium phosphate
(pH 7.3), 20% (w/v) glycerol, 1 mm EDTA, 0.1 mm dithiothreitol, and 1 mwm
phenylmethylsulfonyl fluoride and subjected to centrifugation at 3,000g for 15
min to remove cell debris. The supernatant was further centrifuged at 100,000g
for 1 h, and the resulting pellet was homogenized with buffer A without
phenylmethylsulfonyl fluoride to recover the membrane fractions. The concen-
tration of active P450 was estimated from the carbon monoxide difference
spectrum (Omura and Sato, 1964). For in vitro assays, substrates were added,
dissolved in acetonitrile (alcohols), ethyl acetate (alcohols and aldehydes), or
diethyl ether (olefins), depending on the substrate polarity. PsCYP720B4 in E. coli
membrane fractions was mixed with purified PsCPR consisting of 50 mm
potassium phosphate (pH 7.25), 25 pmol mL ™' PsCYP720B4, PsCPR (0.1 unit for
analysis of enzyme activities; 5 milliunits for analysis of relative activities and
kinetic parameters), diterpene substrates (20 uMm for analysis of enzyme activities
and relative activities; a range of substrate concentrations for kinetic assays
[0.625-40 uMm]). Reactions were initiated by the addition of 1 mm NADPH
and were carried out at 30°C for 30 min (analysis of enzyme activities and
relative activities) or 20 min (analysis of kinetic parameters). After termi-
nation by adding 300 uL of ethyl acetate, 10 uL of 1 mm O-methyl
podocarpic acid was added as an internal standard. The reaction products
were extracted three times with an equal volume of ethyl acetate. The
organic phase was collected and evaporated with N,. The residue was
dissolved in 100 uL of acetonitrile before LC-MS analysis.

RNAi Suppression of CYP720B4: Binary Vector
Construction, Spruce Transformation, and Somatic
Seedling Production

RNAi-mediated suppression of CYP720B4 was performed in white
spruce clone Pg653, where efficient transformation protocols are established
(Klimaszewska et al., 2005), and followed the general strategies of RNAi-
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mediated suppression described by Wesley et al. (2001). A 290-bp region of
PgCYP720B4 with minimal similarity to paralogous CYP720B genes was
amplified by PCR (oligonucleotides are listed in Supplemental Text S1) and
cloned in the sense and antisense orientations in the multicloning site of
pTRAIN on either side of the intron as described by Levée et al. (2009). The
RNAI cassette is positioned downstream of the ubiquitin promoter-UTR
region (Christensen et al.,, 1992). The resulting plasmid was HindIII
digested, and the excised cassette carrying the RNAi construct was ligated
into pCambial305.2 (www.cambia.org). Agrobacterium tumefaciens-mediated
stable transformation of the white spruce embryogenic line Pg653, embryo
maturation, and somatic seedling production followed the protocol of
Klimaszewska et al. (2005). Ten independent kanamycin-resistant trans-
genic lines were obtained, and four were selected by transcript profiling of
PgCYP720B4 by RT-qPCR on total RNA of whole seedlings. Plants were
grown for 1 year prior to characterization, including analysis by RT-qPCR
and metabolite analysis as described above.

Phylogenetic Analyses

Phylogenetic analyses were performed on aligned amino acid sequences
(dialign2 [http:/ /bioweb2.pasteur.fr/]; manually curated, Bioedit version
7.0.9 [http://www.mbio.ncsu.edu/BioEdit/bioedithtml]). The maximum
likelihood tree was bootstrapped (PhyML [http:/ /www.atgc-montpellier.fr/
phyml/binaries.php]; four rate substitution categories, y-shape parameter
optimized, Jones-Taylor-Thornton substitution model, BioN] starting tree, and
100 bootstrap repetitions; Guindon and Gascuel, 2003) and displayed as a
phylogram using TreeView32 1.6.6 (http:/ /taxonomy.zoology.gla.ac.uk/rod/
treeview.html; Page, 2002). Tree topologies were supported using the inde-
pendent maximum likelihood algorithm TREE-PUZZLE 5.2 (http://www.
tree-puzzle.de; Schmidt and von Haeseler, 2007).

The sequences reported in this article have been deposited in GenBank
under accession numbers HM245397 to HM245410 and HQ888858.

Supplemental Data

The following materials are available in the online version of this article.
Supplemental Figure S1. Multiple sequence alignment of PsCYP720Bs.

Supplemental Figure S2. Sequence optimization of PsCYP720B4 for
expression in yeast.

Supplemental Figure S3. Organs and tissues of Sitka spruce used for
transcript and metabolite profiling.

Supplemental Figure S4. Heterologous expression of PsCYP720B4 in E.
coli.

Supplemental Figure S5. Transformation of diterpene olefins, alcohols,
and aldehydes added to yeast expressing PsCYP720B4 and PsCPR, and
formation of DRAs.

Supplemental Table S1. Identification of diterpenoids by LC-MS and
GC-MS.

Supplemental Table S2. Cosuppression effects of CYP720B4 RNAI.
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Supplemental Text S1 List of Oligonucleotides in 5° to 3’ Direction

Cloning CYP720B4 for expression in E. coli
01 GGCATATGGCTCTGTTATTAGCAGTTTTTCACAGGTGGTGGAATATCCAGAGAGG nucleotides modified are indicated in italics
02 AAGCTTAGTGATGGTGATGTTCATTCTCTACTCTACCATGAAGG four histidine codons are indicated in italics

Cloning CYP720B4 and re-formatting for expression in yeast

05 ATGGCTCCAATGGCTGATCAAATTTCTTTGTTATTGGTAGTTTTCACTGTTGCTGTTGCTTTGTTACATTTGATTCATAGATGGTGGAATAT

06 AGTTTCACCAATCAATGGCCAACCAGTAGAACCAGGTGGCAAATGAACTTCTTTATTAGACATCTTTGGACCTCTTTGAATATTCCACCATCTATGAATC
07 GGCCATTGATTGGTGAAACTTTCTCTTACTATAGATCTATGACTTCCAACCATCCAAGAAAGTTCATTGATGATAGAGAAAAAAGATACGATTCTGATA
08 CATTTTGCAAAACAAACTTGTTAAATTGTGGATCAGCAGAAACAACAGTTCTACCACCAAACAAATGAGAAATGAAAATATCAGAATCGTATCTTTTTTC
09 ACAAGTTTGTTTTGCAAAATGAAGGTAGATTTTTTCAAGCTCAATATCCAAAAGCTTTGAAGGCTTTGATTGGTAATTATGGTTTGTTATCTGTTCATGG
10 TCCATGAAATCAACTTTCAATCTTTCAAATCTTAACAAATTAACAGCAATACCATGCAATTTTCTTTGCAAATCACCATGAACAGATAACAAACCATAAT
11 ATGACATTCATTTTGCAAAGAAATTTCTTTCATATCAGCCCATCTATCCAAAGTAGAATGAACCAAATTTTGAATTTCTTCCATGAAATCAACTTTCAAT
12 ACTAGTAAAAATGGCTCCAATGGCTGATCAAATTTCT enhanced translation initiation leader is indicated in italics

13 ACTAGTTCATTCTCTACTCTACCATGAAGGC

14 CCATCTGATGACATTCATTTTGCAAAGAAATT

15 CCAGCTGATGACATTCATTTTGCAAAGAAATT

Cloning Sitka spruce CPR

16 ATGCAGTCTAATTCGAACACCGTGG

17 TTACCATACATCTCGTAAATATCTTCCTTC

03 CCCCATGGAGTCTAATTCGAACACC

04 CGTCGACTTACCATACATCTCGTAAATATCTTCC

RT-qPCR

18 CATCCGCAAGAACGGCTACATC TIF translation initiation factor (EIF-5A)-like reference gene
19 GTAACATGAGGGACATCGCAG

20 GTTGCTGTAACAAGATGGATGC ELF elongation factor 1a-like reference gene
21 CCCTCAAAACCAGAGATAGGC

22 ATCAAGTTGAGAACCATCTGGTGACATTC CYP720B4
23 CTCGTCTCTTTGGAAGGAGATAAATCC

24 GATCCATGGCGATGGAAACTTGATCAGG CYP720B9

25 ATGGTCATCTGCAAGCACATCCCATCTA

26 CTTTGCTGGCCAGACATCCTTCAGA CYP720B8

27 CAGCTGAGTTTGTGATGACCACCTTTC

28 CTATGCAAAGGGGCTTAAGGCGAGGA CYP720B5

29 CTCTAGAAGAAGTATCATGTCCAGCCAAGAGC

30 GCTATTTGTTGACTATACCAACGCACTTATG CYP720B7
31 GTCAAGTTTATTATGACCGCCCTTGGA

32 CTTAGATTATGCAACCTTGCACCAGGA CYP720B14

33 AAGAGACACCTCAAGTTTAGCTAGATGAAG

34 GGCAACTACGGGGTTCTCTCAGTG CYP720B16

35 TCTAGCCTTAATCCCCTTTGCGTAGGTG

36 TTTCTTACTTATTGCCCTGAAGCAGTGG CYP720B15

37 CTTTCACGTAAATGTGTAGCCGCTAAAAC



38 TCAGTTCATGGCGATCTCCACAGG CYP720B17

39 CATCTCAGAAATCTTTCTTATGAGAAGC

40 CTTGAGGAACTGAAGGCTGAGCACGAT CYP720B2
41 GGCATAAACGACGGGTTCTTTGAGAGT

42 TATCAGGAGTTGAAGGCTGAGCATGAG CYP720B12
43 CATAAACGAGGGGTTCTTTGAGGGC

44 GGGAGCTGAGGGCGGAACACAAC CYP720B10

45 TCCAGATGGATGCCGTTCATAAGCACCAAG

Cloning Sitka spruce FL genomic and cDNA sequences

46 GATGGAAGACGTTGAAGCAATGTTAAGG CYP701A24
47 TTAAGTGTTGGACATGGAGATATTGCTAGG

48 GGACACTTGTAAGGATGCTGAGTTTGG CYP88A28
49 GGTGTTGGCCTCATAACTTTCTGATCCT

50 GGAATAGCAATCATGGCGGAAACG CYP720B2

51 CTAGAGAGATTACTCGTCCTGTCC

52 CGCCAATGGCAGATCAAATATCATTAG CYP720B17
53 GCATGTCTTCATTGTCTACAATGAAGACG

54 CAACAATGGCAGACCAAATATCATTAC CYP720B4
55 TTATTCATTCTCTACTCTACCATGAAGGCT

56 AGTGGCGCTTGTTCACCTTATCTACAGAG CYP720B8
57 GCCCTTGGTCAAGTGAGGTAATGGAAGATATG

58 TGCACGAAGAAGAATGCATGGTCTCC CYP90A20

59 TCATGTAAATTATATACATTCCTTCGAG



Supplemental Table S la: Identification of isopimaradiene, abietadiene and the corresponding resin acids by GC-MS

Yeast Strain In vivo Product Ret. Time [min] Characteristic ions m/z [% rel. int.]
Authentic standard

GGPPS/ISO/CPR Isopimaradiene 36.7 272.0 (100), 257.0 (43), 229.0 (78)
36.7 272.0 (100). 257.0 (47), 229.0 (82)
GGPPS/ISO/CPR/CYP720B4 Methyl isopimarate 41.25 316.0 (39), 257.0 (57), 241.0 (100)
41.25 316.0 (44), 257.0 (60), 241.0 (100)
GGPPS/LASI/ICPR Abietadiene 37.2 272.0 (21), 257.0 (7), 135.0 (100)
37.2 272.0 (25), 257.0 (15), 135.0 (100)
GGPPS/LAS/CPR/CYP720B4 Methyl abietate 43.5 316.0 (78), 256.0 (100), 241.0 (70)
43.5 316.0 (85), 265.0 (100), 241.0 (72)
Supplemental Table S Ib: Identification of diterpenoids by LC-MS
Assay Substrate Assay Product Ret. Time [min] Characteristic ions m/z [% rel. int.]
Authentic Standard
Abietadiene Abietadienol 10 289.0 (100), 271.0 (29.4)
10 289 (100), 271.0 (8)
Abietadienal 15.5 trace
15.5 287.0(100), 269.0 (4), 243.0 (2.2)
Abietic acid 7.8 303.0 (100), 123.0(10
7.8 303.0 (100), 123.0 (8)
Isopimaradiene Isopimaradienol 115 289.0 (18), 271.0 (100), 174.9 (16)
11.8 289.0 (27), 271.0 (100), 174.9 (17)

Isopimaradienal 18 287.0(100), 269.0 (29), 242.9 (22)



Sandaracopimaradiene

Pimaradiene

Neoabietadiene

Palustradiene

Dehydroabietadiene

Levopimaradiene

Isopimaric acid

17.9
7.9
7.8

Sandaracopimaradienol 11.3

Sandaracopimaradienal

Sandaracopimaric acid

Pimaradienol
Pimaradienal
Pimaric acid
Neoabietadienol
Neoabietadienal
Neoabietic acid
Palustradienol
Palustradienal
Palustric acid
Dehydroabietanol
Dehydroabietanal
Dehydroabietic acid

Levpimaradienol

114
175
17
7.8
7.9
10.2
10.3
17.4
17.6
7.8
7.6
10.5
10.5
16.5
16.4
8

8
10.7
10.7
17.2
16.9
7.7
7.5
6.5
6.5
95
9.5
5.1
5.1
10.8

287.0(100), 269.0 (27), 242.9 (32)
303.0 (37), 257.0 (100)

303.0 (46), 257.0 (100)

289.0 (7), 271.0 (100)

289 (12), 271 (100), 174.9 (12)
287.0(100), 269.0 (51), 242.9 (14)
287.0(100), 269.0 (43), 242.9 (17)
302.9 (8), 256.9 (100),

303.0 (9). 257.0 (100)

289.0 (4), 271.0 (100)

289.0 (4), 271.0 (100)

287.0(100), 269.0 (39), 242.9 (14)
287.0(100), 268.9 (48), 242.9 (20)
303.0 (15), 257.0 (100), 174.9 (5)
303.0 (13), 257.0 (100), 174.9 (6)
289.0 (100), 271.0 (75)

289.0 (100), 271.0 (65)
287.0(100), 268.9 (3), 242.9 (2)
287.0(100), 269.0 (14), 242.9 (13)
303.0 (100), 257.0 (12)123.0 (7)
303.0 (100), 257.0 (58), 123.0 (5)
289.0 (100), 271.0 (49)

289.0 (100), 271.0 (23)

287.0 (100), 268.9 (2)

287.0( 100), 269.0 (4)

302.9 (100), 257.0 (38)

303.0 (100), 257.0 (26)

287.0 (3), 268.9 (100), 172.9 (90)
287.0 (4), 268.9 (100), 172.9 (90)
284.9 (45), 267.0 (33), 240.9 (100)
284.9 (70), 267.0 (68), 240.9 (100)
300.9 (20), 257.0 (89), 172.9 (100)
300.9 (15), 254.9 (84), 172.9 (100)
289.0 (100), 271 (91)



Levopimaradienal

Levopimaric acid

10.4
15.8
15.7
8

289.0 (100), 271 (20)

287.0(100), 269.0 (12)
287.0 (100), 268.9 (17)
303.0 (100), 254.0 (32)
303.0 (100), 256.9 (19)



Supplemental Table S I1: Co-suppression of transcripts of CYP720B family members in white spruce lines transformed for CYP720B4 RNA.

Family member

Transcript accumulation (% WT)

Nucleotide identity to target
CYP720B4 RNAI sequence

21-mers with match to off-
target, 20 out of 21 (21 out of 21)

* transcript detected in WT too low for quantification

CYP720B10 (class I)  independent of RNAI 89% 92 (46)
CYP720B12 (class 1) 32.1+20.1 75% 14 (4)
CYP720B2 (class I) 38.0+ 275 76% 17 (13)
CYP720B16 (class Il) 14.4+96 89% 92 (46)
CYP720B17 (class Il) * unspecific RT-gPCR in WT 89% 104 (43)
CYP720B15 (class Il) 15.7+6.7 89% 87 (45)

* transcript detected in WT too low for quantification
CYP720B14 (class I11)  independent of RNAI **n.a. as sequence not FL n.a
CYP720B7 (class I11) 185+94 94% 163 (104)
CYP720B5 (class I11) 20.5%7.2 94% 195 (72)
CYP720B4 (class II1) ***59+1.0 100% 269 (269)
CYP720BS8 (class 1)  * transcript not detected in WT independent of RNAI  82% 44 (22)
CYP720B9 (class IV)  * transcript not detected in WT independent of RNAi  78% 34 (27)

* These results are consistent with the constitutive low abundance of the orthol ogous gene transcripts in Sitka spruce stems (see Figure 3).
** n.a.: Could not be analyzed, as the sequence was not full length.
*** P|egse note that this number (5.9 % residual transcript level) islower than the number (25% residual transcript level) obtained in a separate experiment

shown in Figure 9A.
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Figure S1: Multiple sequence alignment of Sitka spruce PsCYP720B and
Arabidopsis AtCYP720A. Manually curated alignment of amino acid sequences
generated by dialign! and visualised using bioedit2. Highlighted in blue 80% identical
positions, in grey similar amino acids (Blosum62). 1B. Morgenstern (2004). DIALIGN:
Multiple DNA and Protein Sequence Alignment at BiBiServ. Nucleic Acids Research

32, W33-W36.

2Hall, T.A.

(1999). BioEdit: a user-friendly biological sequence

alignment editor and analysis program for Windows 95/98/NT. Nucl. Acids. Symp.
Ser. 41:95-98



A membrane hinge globular domain 100 amino acids
anchor /

hydrophobic region
|

cluster of basic residues

oxygen binding
and activation

heme binding
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Figure S2: Optimization of PsCYP720B4 for expression in yeast. (A)
Primary structure of the PsCYP720B4 protein. 600 bp encoding the N-terminal
hydrophobic membrane anchor and the cluster of basic residues and
arginines and prolines of the hinge region were optimized for heterologous
expression in yeast, indicated by the dashed box. The oxygen binding
domain and the heme binding domain are indicated in the globular domain of
PsCYP720B4. The scale represents 100 amino acids. (B) High occurrence of
rare yeast codons encoding amino acids of the basic cluster and clustering
arginine and proline were adjusted together with the GC-content in the 600 bp
5’-coding region of CYP720B4 (the native PsCYP720B4 in the first, the
optimized PsCYP720B4 in the second lane). (C) Amino acid alignment of
PtCYP720B1 and PsCYP720B4. Highlighted in grey are 80% similar amino
acids (Blosum80).



young needles (YN)

roots (R) :

5-year old Sitka spruce trees of clonal line FB3-425, average height 150cm.

Figure S3: Organs and tissues of Sitka spruce used for transcript and metabolite profiling.
YN, young needles; MN, mature needles; YS, young shoots; W, wood and xylem of the first
interwhorl; B1, bark and phloem of the first interwhorl; B2, bark and phloem of the second
interwhorl; R, roots.
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Figure S4: Heterologous expression of CYP720B4 in
E.coli. (A) Sequence of the N-terminus of PsCYP720B4
modified for expression in E. coli. (B) Carbon monoxide
differential spectrum of PsCYP720B4 in E. coli membrane
fraction.
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Figure S5: Transformation of diterpene olefins, alcohols and aldehydes added to yeast expressing PsCYP720B4 and PsCPR and formation of diterpene resin acids. DRAs were analyzed by GC-MS and
monitoring of selected characteristic ions (m/z 316 for compounds 25-30 and 32 and m/z 314 for compound 31) in ether extracts of yeast cell pellets after culture supplementation with eight olefin, alcohol or aldehyde
diterpenoid substrates. The time scale Is indicated for each panel. The scale for relative ion abundance is identical for all profiles. Insets show total ion chromatograms of the corresponding substrates in the absence of
an active yeast transformation (controls). Impurities in the substrates were identifiled as diterpenoids and are the result of presence of the corresponding resin acid in the starting material used for the synthesis.
aCompounds 26, 30 and 32 share the same retention time. Diterpenoid resin acids were unequivocally identifled by comparison of mass spectrum and retention time with authentic standards. 1, Abietadiene; 2,
Isopimaradiene; 3, Sandaracopimaradiene; 4, Pimaradiene; 5, Neoabietadiene; 6, Palustradiene; 7, Dehydroabietadiene 8; Levopimaradiene; 9, Abietadienol; 10, Isopimaradienol; 11, Sandaracopimaradienol; 12,
Pimaradienol; 13, Neoabietadienol; 14, Palustradienol; 15, Dehydroabietadienol; 16, Levopimaradienol; 17, Abietadienal; 18, Isopimaradienal; 19, Sandaracopimaradienal; 20, Pimaradienal; 21, Neoabietadienal; 22,
Palustradienal; 23, Dehydroabietadienal; 24, Levopimaradienal; 25, Abietic acid methyl ester; 26, Isopimaric acid methyl ester; 27, Sandaracopimaric acid methyl ester; 28, Pimaric acid methyl ester; 29, Neoabietic acid
methyl ester; 30, Palustric acid methyl ester; 31, Dehydroabietic acid methyl ester; 32, Levopimaric acid methyl ester.
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