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Cyanogenic glucosides are a class of specialized metabolites widespread in the plant kingdom. Cyanogenic glucosides are a-
hydroxynitriles, and their hydrolysis releases toxic hydrogen cyanide, providing an effective chemical defense against herbivores.
Eucalyptus cladocalyx is a cyanogenic tree, allocating up to 20% of leaf nitrogen to the biosynthesis of the cyanogenic monoglu-
coside, prunasin. Here, mass spectrometry analyses of E. cladocalyx tissues revealed spatial and ontogenetic variations in pru-
nasin content, as well as the presence of the cyanogenic diglucoside amygdalin in flower buds and flowers. The identification
and biochemical characterization of the prunasin biosynthetic enzymes revealed a unique enzyme configuration for prunasin
production in E. cladocalyx. This result indicates that a multifunctional cytochrome P450 (CYP), CYP79A125, catalyzes the initial
conversion of L-phenylalanine into its corresponding aldoxime, phenylacetaldoxime; a function consistent with other members
of the CYP79 family. In contrast to the single multifunctional CYP known from other plant species, the conversion of phenylac-
etaldoxime to the a-hydroxynitrile, mandelonitrile, is catalyzed by two distinct CYPs. CYP706C55 catalyzes the dehydration of
phenylacetaldoxime, an unusual CYP reaction. The resulting phenylacetonitrile is subsequently hydroxylatedby CYP71B103
to form mandelonitrile. The final glucosylation step to yield prunasin is catalyzed by a UDP-glucosyltransferase, UGT85A59.
Members of the CYP706 family have not been reported previously to participate in the biosynthesis of cyanogenic glucosides,
and the pathway structure in E. cladocalyx represents an example of convergent evolution in the biosynthesis of cyanogenic

glucosides in plants.

Cyanogenic glucosides are a class of specialized
metabolites found widespread in the plant kingdom.
They are present in diverse taxa, including species
in the genera Pteridium (monilophyte), Taxus (gymno-
sperm), Sorghum (monocot), Manihot, Trifolium, Prunus,
and Eucalyptus (eudicots; Vetter, 2017). Upon tissue
disruption, such as would be caused by herbivory,
the cyanogenic glucoside is hydrolyzed by a specific
p-glucosidase that cleaves off the sugar moiety. The result-
ing cyanohydrin dissociates, spontaneously or catalyzed
by an a-hydroxynitrile lyase, resulting in the release
of toxic hydrogen cyanide. This process is known as
cyanogenesis (Gleadow and Moller, 2014). Their ability
to release hydrogen cyanide makes cyanogenic gluco-
sides chemical defense molecules against generalist her-
bivores and pathogens (Gleadow and Woodrow, 2002).
Cyanogenic glucosides also have been shown to consti-
tute a source of reduced nitrogen that is mobilized by
endogenous turnover pathways (Picmanové et al., 2015;
Bjarnholt et al., 2018; Schmidt et al., 2018a).

The biosynthetic pathway genes for a cyanogenic
glucoside were first identified and cloned from sorghum

(Sorghum bicolor), which accumulates the Tyr-derived
dhurrin (Koch et al., 1995; Bak et al., 1998; Jones et al.,
1999). This provided a starting point for the identifica-
tion of cyanogenic glucoside pathway genes in other
plant species. The biosynthetic pathway for the Val-
derived linamarin and Ile-derived lotaustralin has been
elucidated from cassava (Manihot esculenta; Andersen
et al., 2000; Jorgensen et al., 2011; Kannangara et al.,
2011) and Lotus japonicus (Forslund et al., 2004; Takos
et al., 2011), and recently, the full pathway for the Phe-
derived diglucoside amygdalin from almond (Prunus
dulcis) was identified (Thodberg et al., 2018). In species
with characterized cyanogenic glucoside biosynthetic
pathways, the production of monoglucosides involves
two cytochrome P450s (CYPs) and a soluble UDP-
glucosyltransferase (UGT). The first CYP is a member
of the CYP79 family and catalyzes the conversion of an
amino acid to the corresponding aldoxime. A CYP71
or CYP736 family member subsequently converts the
aldoxime to a cyanohydrin. The labile cyanohydrin is
stabilized by glucosylation to form the final cyanogenic
glucosides in a reaction catalyzed by a UGT from
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the UGT85 family. Work on dhurrin biosynthesis in
sorghum shows that the two CYPs and UGT of the
pathway form a metabolon enabling efficient channel-
ing between enzymes that avoids the accumulation of
toxic intermediates (Laursen et al., 2016; Bassard et al.,
2017).

Eucalyptus is a large genus with over 800 species
(Coppen, 2002). They are the world’s most widely
planted forest hardwood trees due to their fast growth,
environmental plasticity, and exceptional wood prop-
erties (Myburg et al., 2014). The trees are grown for
industrial purposes such as the production of pulp for
paper, firewood, charcoal, and essential oils. Eucalyp-
tus plants synthesize a broad spectrum of specialized
metabolites, including terpenes, phenolics, formylated
phloroglucinols, and cyanogenic glucosides (Eschler
et al., 2000; Gleadow et al., 2008; Padovan et al., 2014;
Marsh et al., 2017). Very little is known about the bio-
synthesis of specialized metabolites in Eucalyptus
trees. The genome of Eucalyptus grandis, published in
2014 (Myburg et al., 2014), will potentially facilitate
the identification of enzymes involved in these path-
ways. E. grandis has many tandem duplicated genes
and tandem expanded clusters, as exemplified by the
large number of terpene synthase genes (113) and the
expansion of some phenylpropanoid genes (Myburg
etal., 2014; Kiilheim et al., 2015). The significant expan-
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sion of some gene families in Eucalyptus species pro-
vides challenging obstacles toward the identification
of pathway genes due to the large number of possible
candidates.

More than 400 Eucalyptus species have been screened
for cyanogenesis and 23 cyanogenic species have been
identified, all containing prunasin as the major cyano-
gen (Fig. 1B; Gleadow et al., 2008). The South Aus-
tralian species Eucalyptus cladocalyx (sugar gum) was
first reported to be cyanogenic in 1928 (Finnemore and
Cox, 1928), and a few years later, the foliar hydrogen
cyanide source was identified as prunasin (Finnemore
etal., 1935). In particular, the apical tips and young leaf
tissue of E. cladocalyx can be highly cyanogenic, with
up to 20% of leaf nitrogen allocated to prunasin biosyn-
thesis (Gleadow et al., 1998; Gleadow and Woodrow,
2000b). Cyanogenic Eucalyptus species display unique
ontogenetic variation. For example, E. cladocalyx has
high levels of prunasin as a seedling compared with
the adult, while the opposite trend is observed for
Eucalyptus yarraensis and Eucalyptus camphora (Goodger
et al., 2006; Neilson et al., 2011). As such, cyanogenic
Eucalyptus species are an excellent system in which to
investigate the regulation of chemical defense (Moller,
2010).

In this study, we investigate the spatial and onto-
genetic variation and localization of cyanogenic glu-
coside accumulation in E. cladocalyx. Furthermore, we
report the identification and functional characteriza-
tion of the enzymes catalyzing the formation of pru-
nasin from L-Phe in E. cladocalyx. We show that the
conversion of Phe into the corresponding cyanohy-
drin requires the sequential action of three CYPs and
includes the production of a free nitrile intermediate.
One of the CYPs belongs to the CYP706 family, a
family not reported previously to be involved in the
synthesis of cyanogenic glucosides.

RESULTS

Spatial Distribution of Cyanogenic Glucosides

Prunasin extracts of expanded leaves from E. cla-
docalyx seedlings (4 months old), along with expande
dleaves, immature flower buds, mature flower buds,
flowers, and mature fruit from adult trees, were ana-
lyzed by liquid chromatography-mass spectrometry
(LC-MS; Fig. 1). Prunasin was detected in all tissues
examined. The lowest levels of prunasin were detected
in young and adult leaves (17 + 2.8 and 14 + 4.2 ng
mg~' dry weight, respectively) and the highest levels
were found in immature and mature flower buds (62 +
12 and 53 + 9 pg mg™! dry weight, respectively), with
intermediate levels detected in fruit (43 = 1 png mg™'
dry weight) and flowers (40 + 1 pg mg™" dry weight).
Additionally, the diglucoside amygdalin (Fig. 1B) was
found in the mature flower buds (4 = 1.8 ug mg™'
dry weight) and flowers (9 + 0.6 ng mg™" dry weight),
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Figure 1. Prunasin and amygdalin accumulation in E. cladocalyx. A, Prunasin (dark gray) and amygdalin (light gray) content
in expanded leaves from seedling and adult trees, immature and mature flower buds, flowers, and fruits. Bars represent
means with se. Magnified amygdalin concentrations are shown in the insert. Letters denote significance at P < 0.05 by one-way
ANOVA. DW, Dry weight. B, Structures of prunasin and amygdalin.

accounting for approximately 6% and 18% of total
cyanogenic content, respectively (Fig. 1A).

The use of matrix-assisted laser-desorption ion-
ization-mass spectrometry imaging (MALDI-MSI) to
map the spatial localization of prunasin and amyg-
dalin within prepared tissues revealed prunasin to
be localized to the mesophyll and vascular tissue of
seedling and adult E. cladocalyx leaves (Fig. 2, A and
B). Amygdalin was not detected in the leaf material
using this method. MALDI-MSI of an E. cladocalyx
flower bud demonstrated the presence of prunasin
in the ground tissue of the ovary, hypanthium, and
operculum as well as in filaments and anthers. Amyg-
dalin was observed to be colocalized with prunasin,
specifically in the filaments and staminal ring region
(Fig. 2, C and D).

Phe Is the Precursor for Prunasin Synthesis in E.
cladocalyx

Cyanogenic glucosides are known to be derived
from amino acids (Gleadow and Magller, 2014); thus,
we expected prunasin in E. cladocalyx to be derived

Plant Physiol. Vol. 178, 2018

from L-Phe, based on its structure (Fig. 1B). To verify
this, L-["C]Phe was administered to apical tips, expand-
ing leaves, and fully expanded leaves. All tested tissues
demonstrated activity of the prunasin biosynthetic
enzymes by the ability to synthesize prunasin from
L-Phe (Fig. 3).

Identification and Testing of Three Candidate Genes
Involved in Prunasin Biosynthesis

A candidate CYP79 was identified by PCR, using
cDNA generated from young leaves of E. cladocalyx
and primers designed to the E. yarraensis CYP79A34
(Neilson, 2012). Based on characterized cyanogenic
glucoside biosynthetic pathways, candidate genes be-
longing to the CYP71 and UGT85 families that showed
high expression in an E. cladocalyx transcriptome and
no or very low expression in an acyanogenic Eucalyp-
tus globulus transcriptome were identified (Spokevicius
et al.,, 2017). Degenerate primers were designed to
anneal to the untranslated regions of the CYP71 and
UGTS85 orthologs from the E. grandis genome avail-
able on Phytozome (Goodstein et al., 2012) and used
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and adult isobilateral (B) leaves prepared for MALDI-MSI, with corresponding ion maps of prunasin (yellow; mass-to-charge
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of the flower bud, with the section overlaid shown in the corresponding boxes 1 and 2. Prunasin ions were distributed in the
ground tissue within the hypanthium, stamens, and operculum. Colocalization with amygdalin occurs in the filaments and
around the staminal ring (indicated by white arrows). All images are root mean square normalized, with internal scaling of
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Figure 3. L. cladocalyx leaves of different developmental stages can
synthesize prunasin from Phe. A, E. cladocalyx seedling withthe tissues
used for administration with t-['*C]Phe are indicated. B, Thin-layer
chromatography (TLC) plate showing the production of prunasin from
L-["*CIPhe in apical tips, first and second expanding leaves, and fully
expanded leaves.

to isolate the two gene sequences from E. cladocalyx
cDNA. The CYPs where named CYP79A125 and
CYP71B103 by David Nelson for the Standardized
Cytochrome P450 Nomenclature Committee (Nelson,
2009), and the UGT candidate was named UGT85A59
according to the standard UGT Nomenclature Guide-
lines (Burchell et al., 1991; Mackenzie et al., 2005).

Testing of the three candidates by coinfiltration into
Nicotiana benthamiana leaves resulted in the formation
of only trace amounts of prunasin (Fig. 4A; Supple-
mental Fig. S1). The data, however, confirmed that CY-
P79A125 and UGT85A59 were functionally active in
N. benthamiana. The expression of CYP79A125 resulted
in the production of glucosylated phenylacetaldoxime
(Supplemental Fig. S2). This suggests that CYP79A125
can catalyze the conversion of L-Phe into phenylacet-
aldoxime that subsequently becomes glucosylated by
endogenous N. benthamiana UGTs. The coexpression of
UGT85A59 showed an increase in glucosylated pheny-
lacetaldoxime, demonstrating that UGT85A59 is active
and able to glucosylate phenylacetaldoxime.

CYP706C55 Is Involved in Prunasin Biosynthesis

To identify other potential candidates involved in
prunasin biosynthesis, a transcriptome was prepared
from the highly cyanogenic and biosynthetically active
apical tips of E. cladocalyx. CYP71B103 and CYP79A125
were the second and third most highly expressed
CYPs, respectively, and UGT85A59 was the highest
expressed UGT. The most highly expressed CYP in
the transcriptome belonged to the CYP706 family. This
CYP706 was named CYP706C55 (Nelson, 2009) and
selected for functional analysis.

Plant Physiol. Vol. 178, 2018
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CYP706C55 was tested by transient expression in
N. benthamiana together with the previously identified
pathway candidates. The expression of CYP79A125,
CYP706C55, and UGT85A59 resulted in small amounts
of prunasin (Fig. 4A). However, the combined expres-
sion of all three CYP candidate genes with UGT85A59
resulted in high accumulation of prunasin (Fig. 4A).
Additionally, a novel peak with m/z 404 was observed
and tentatively identified as a malonic acid ester of
prunasin (Supplemental Fig. S3). Malonic acid deriv-
atives have been observed previously upon transient
expression in Nicotiana spp. (Tian and Dixon, 2006;
Franzmayr et al.,, 2012; Ting et al., 2013), likely as a
detoxification mechanism. No prunasin or derivatives
thereof were observed in the negative control, where
no E. cladocalyx genes were expressed. Likewise, no
prunasin was observed upon the expression of CY-
P71B103, CYP706C55, and UGT85A59, confirming that
CYP79A125 is required for prunasin production in
N. benthamiana. Small amounts of prunasin were ob-
served if the three CYPs were coexpressed, indicating
that endogenous N. benthamiana glycosyltransferases
can glycosylate the mandelonitrile to some extent.
However, the prunasin levels increased 50-fold upon
coexpression of UGT85A59 (Fig. 4A).

To establish the order of the catalytic activity of
CYP71B103 and CYP706C55 in prunasin biosynthesis,
microsomes were prepared from infiltrated N. benth-
amiana leaves and assayed using radioactively labeled
L-Phe as a substrate. Microsomes with CYP79A125
activity converted L-Phe into a product that comigrat-
ed with phenylacetaldoxime (Fig. 4B). Microsomes
with CYP79A125 and CYP706C55 produced phenylac-
etaldoxime and phenylacetonitrile, and microsomes
with all three CYPs showed the production of pheny-
lacetaldoxime and mandelonitrile. Microsomes with
CYP79A125 and CYP71B103 only produced phenylac-
etaldoxime, and the negative control without E. cladoc-
alyx CYPs did not show any product formation.

In summary, based on transient expression analysis
and microsomal assays, we demonstrate a route for
prunasin biosynthesis in E. cladocalyx leaves. Specif-
ically, CYP79A125 converts L-Phe into phenylacetaldox-
ime, which then is dehydrated into phenylacetonitrile
by CYP706C55, hydroxylated by CYP71B103 to form
mandelonitrile, and finally glucosylated by UGT85A59
to form prunasin (Fig. 4C).

Phylogenetic Analysis of the CYP79, CYP706, CYP736, and
CYP71 Families

The amino acid sequences of CYP79A125, CYP706C55,
and CYP71B103 were subjected to phylogenetic
analysis together with functionally characterized
CYP members from the CYP79, CYP706, CYP71, and
CYP736 families (Fig. 5). These CYP families all contain
at least one member involved in cyanogenic glucoside
biosynthesis (Supplemental Table S1). All functionally
characterized CYP79 members convert amino acids
into their corresponding oximes (Serensen et al., 2018),
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Figure 4. Prunasin biosynthesis is catalyzed by three CYPs and a UGT. A, LC-MS extracted ion chromatograms (EIC) for pruna-
sin ([M+Nal* m/z 318) of N. benthamiana leaf extracts transiently expressing candidate genes. B, Microsomes prepared from
N. benthamiana leaves transiently expressing candidate CYP genes were assayed with ['*C]Phe, and products were separated
by TLC. C, Proposed pathway for prunasin synthesis in E. cladocalyx.

including 12 CYP79 members involved in cyanogenic
glucoside biosynthesis. In contrast, members of the
CYP71 family show broad functional diversity (Sup-
plemental Table S1). The cyanogenic glucoside CYP71
members are distributed across several subfamilies,
and this study introduces the first CYP71B involved
in cyanogenic glucoside biosynthesis. Fewer CYPs
belonging to the CYP706 and CYP736 families have been
functionally characterized, with only a single member in
each of the CYP706 and CYP736 families known to par-
ticipate in cyanogenic glucoside biosynthesis.

Prunasin Accumulation through Leaf Ontogeny

The spatial variation of leaf prunasin was measured
during plant development, and prunasin was extracted
from apical tips, expanding leaves, and fully expanded
leaves in plants at 4, 7, and 10 months of age. Quantita-
tive variation in prunasin accumulation was observed
throughout leaf ontogeny (Fig. 6A). The most cyano-
genic tissue was the apical tips in 4-month-old plants.
The accumulation of prunasin decreased with leaf age:
in 4-month-old plants, prunasin accumulated to 45 + 5
pg mg™' dry weight in apical tips and decreased to 25 +
2 pg mg! dry weight in expanding leaves and to 17 + 3
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pg mg' dry weight in fully expanded leaves. In older
plants at 7 and 10 months of age, prunasin accumu-
lation in leaves was lower and showed less variation
between leaf types and plant age, not exceeding 11 ug
mg' dry weight.

Expression of CYP79A125, CYP71B103 and CYP706C55 Is
Positively Correlated

The expression of the characterized biosynthetic
pathway genes was analyzed in apical tips and ex-
panding and fully expanded leaves in plants at 4, 7,
and 10 months of age (Fig. 6B). The expression of all
genes was observed in all tested tissues, consistent with
their ability to synthesize prunasin (Figs. 3 and 6A). Bi-
ological replicates showed a relatively large variation
in expression; however, most individuals showed the
same trend across tissues and time. In particular, all
plants except one showed the lowest CYP79A125 ex-
pression in expanded leaves at the three different time
points. A Pearson correlation analysis revealed that
the expression of the CYPs correlated: the expression
of CYP79A125 correlated with CYP706C55 (P < 0.01)
and CYP71B103 (P < 0.01), and the expression of
CYP706C55 and CYP71B103 also correlated (P < 0.05;
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Figure 5. Phylogenetic analysis of
functionally characterized CYPs
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Fig. 6C). In general, UGT85A59 was highly expressed,
and did not correlate with CYP expression.

DISCUSSION

Prunasin Accumulation Varies between Tissue Type and
Plant Age

The accumulation of cyanogenic glucosides was
investigated in different tissues of E. cladocalyx by
LC-MS and MALDI-MSI. At the overall spatial level,
the highest prunasin concentration (62 + 12 pg mg™
dry weight) was found in reproductive tissues (Fig. 1).
In addition, E. cladocalyx leaf tissue was most cyano-
genic in 4-month-old plants and then decreased with
plant age; in particular, prunasin accumulation was
found to decrease by leaf age, with apical tips being
the most cyanogenic followed by expanding leaves
and expanded leaves (Fig. 6). This is in agreement with
a previous study observing relatively high cyanide
potentials in flower buds, flowers, and fruits (Gleadow
and Woodrow, 2000b) and reports showing that juve-
nile E. cladocalyx leaves are more cyanogenic than adult
leaves, with the inverse relationship between leaf age
and cyanogenic glucoside concentration (Gleadow and

Plant Physiol. Vol. 178, 2018

Woodrow, 2000b; Goodger et al., 2006). Only in young
1-week-old seedlings was prunasin content found to
be insignificant (Gleadow and Woodrow, 2000b). We
also identified the presence of the cyanogenic digluco-
side amygdalin in E. cladocalyx (Fig. 1), with the highest
levels in the flower buds and flowers (4 + 2 and 9 = 1
pg mg™ dry weight, respectively). Amygdalin has not
been reported previously to be present in E. cladocalyx.
Cyanogenic diglucosides, including amygdalin, were
identified in E. camphora, with the highest concentra-
tion also identified in reproductive tissue (Neilson et al.,
2011).

Juvenile E. cladocalyx plants tend to be more cyano-
genic compared with adult plants (Goodger et al,,
2006). However, this is not the case in all cyanogenic
Eucalyptus species, and the ontogenetic trajectory of
cyanogenic glucoside production is known to differ be-
tween some species. In E. camphora, foliar cyanogenic
glucoside production was found to increase with
plant age, as prunasin accumulation increased from
seedling to sapling to adult (Neilson et al., 2011). A
similar pattern has been observed for Eucalyptus poly-
anthemos (Goodger et al., 2004). A different trajectory
was observed for E. yarraensis, where a detailed study
of prunasin concentration through ontogeny revealed
that production increased gradually, with a maximum
concentration at around 240 d after sowing; thereafter,
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Figure 6. Prunasin accumulation and expression of the biosynthetic genes in 4-, 7-, and 10-month-old E. cladocalyx plants (n =
6-8). A, Prunasin accumulation in apical tips, expanding leaves, and expanded leaves. Bars represent means = st. Letters denote
significance at P < 0.05 by one-way ANOVA. dw, Dry weight. B, Normalized gene expression of CYP79A125, CYP706C55,
CYP71B103, and UGT85A59 in apical tips, expanding leaves, and expanded leaves. Symbols represent biological replicates
(n = 3). C, Spearman correlation analysis of gene expression showing the coregulation of some genes.

prunasin accumulation declined with age (Goodger
et al., 2007). The species-specific differences in the
onset of cyanogenic glucoside production provide a
unique experimental system for studying the role and
regulation of cyanogenic glucoside biosynthesis.

The high concentration of cyanogenic glucosides in
young plants, apical tips, and reproductive tissue of
E. cladocalyx is in accordance with the optimal defense
theory of plant defense, whereby the most vulnerable
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and important structures are the most highly defended
(Rhoades, 1979). These results support the general
role of cyanogenic glucosides as chemical defense
compounds against generalist herbivores and patho-
gens (Gleadow and Woodrow, 2002). In recent years,
it has become apparent that cyanogenic glucosides
perform additional roles in plant metabolism, for exam-
ple, as storage molecules or in quenching reactive
oxygen species (Gleadow and Meller, 2014; Schmidt
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et al., 2018a). Enzymes and intermediates in the en-
dogenous recycling of autotoxic cyanogenic gluco-
sides, including prunasin and amygdalin, have been
identified (Jenrich et al., 2007; Picmanova et al., 2015;
Bjarnholt et al., 2018). Tissue-based localization studies
using MALDI-MSI provide important information to
aid the understanding of specialized metabolite multi-
functionality in planta (Bjarnholt et al., 2014; Boughton
et al., 2016). Using MALDI-MSI, we show that pruna-
sin is localized to the mesophyll and vascular tissue of
seedling and adult E. cladocalyx leaves (Fig. 2, A and B).
The localization of prunasin in the vascular tissue of E.
cladocalyx leaves suggests the transport of cyanogenic
glucosides within the plant. The transport of cyano-
genic glucosides is known in other cyanogenic spe-
cies, including cassava (Jergensen et al., 2005), Hevea
brasiliensis (Selmar et al., 1988; Selmar, 1993), and sor-
ghum (Selmar et al., 1996; Darbani et al., 2016). Once
transported, it is hypothesized that the cyanogenic
glucoside is recycled and provides a source of reduced
carbon and nitrogen (Pi¢cmanova et al., 2015; Bjarnholt
etal., 2018).

MALDI-MSI of the E. cladocalyx flower bud revealed
distinct patterns of prunasin and amygdalin localiza-
tion. Prunasin was distributed widely throughout the
ground tissue of the ovary, hypanthium, and oper-
culum and was present in the filaments and anthers
(Fig. 2, C and D), consistent with a role in chemical de-
fense. Amygdalin colocalized with prunasin but was
restricted specifically to the filaments and around the
staminal ring region (Fig. 2, C and D). In other species,
cyanogenic diglycosides are suggested to be the trans-
port form (Selmar, 1993; Selmar et al., 1996; Neilson
et al., 2011), and the results here may suggest the trans-
port of cyanogenic glucosides from the hypanthium to
the stamens. The role of cyanogenic glucosides in flower
parts has received little attention (Lai et al., 2015).
Cyanogenic glucosides have been detected previously
in the pollen of almond flowers (London-Shafir et al.,
2003; Del Cueto et al., 2017), where they are hypothe-
sized to act as a chemical deterrent to inefficient polli-
nators. Other specialized metabolites, such as flavonol
glycosides, provide a critical role in pollen devel-
opment, thermotolerance, and reactive oxygen species
protection (Paupiere et al., 2014). With their multiple
functions in plants, investigations into the role of
cyanogenic glucosides in Eucalyptus flowers would be
an intriguing avenue of research.

Recruitment of CYP706C55 Involves an Additional Free
Nitrile Intermediate in Prunasin Synthesis

We have identified and characterized three CYPs
and a UGT from E. cladocalyx catalyzing the formation
of prunasin. Similar to other known cyanogenic gluco-
side biosynthetic pathways, the first step of prunasin
biosynthesis in E. cladocalyx is catalyzed by a multifunc-
tional CYP79 that converts an amino acid into an aldox-
ime. The following conversion of the aldoxime into a
cyanohydrin requires two CYPs in E. cladocalyx instead
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of a single multifunctional CYP. CYP706C55 converts
phenylacetaldoxime into phenylacetonitrile, which is
subsequently hydroxylated by CYP71B103 to form man-
delonitrile. This is in contrast to the well-characterized
dhurrin biosynthesis in sorghum, where CYP71E1
catalyzes a rearrangement of (E)-p-hydroxypheny-
lacetaldoxime to (Z)-p-hydroxyphenylacetaldoxime,
then a dehydration of (Z)-p-hydroxyphenylacetal-
doxime to p-hydroxyphenylacetonitrile, followed by a
C-hydroxylation resulting in p-hydroxymandelonitrile
(Kahn et al., 1997, 1999; Bak et al., 1998; Clausen et al.,
2015). In prunasin-producing Prunus species, the conver-
sion of phenylacetaldoxime to mandelonitrile likewise
is catalyzed by a single CYP71 (Yamaguchi et al., 2014).
The small amount of prunasin observed from N. ben-
thamiana leaves expressing CYP79A125, CYP706C55,
and UGT85A59 could imply that an endogenous N.
benthamiana enzyme can hydroxylate phenylaceto-
nitrile or that CYP706C55 has minor hydroxylation
activity. However, mandelonitrile was not observed as
a product in microsomes containing CYP79A125 and
CYP706C55.

The involvement of an extra CYP in prunasin bio-
synthesis in E. cladocalyx supports the hypothesis that
cyanogenic glucoside biosynthesis has evolved inde-
pendently in several plant lineages. This hypothesis is
exemplified by the identification and characterization
of L. japonicus CYP736A2 in lotaustralin and linama-
rin biosynthesis (Takos et al., 2011). Differences in the
biosynthesis of hydrogen cyanide-based defenses also
are known from outside the plant kingdom. In 2010, it
was shown that cyanogenic glucoside biosynthesis in
plants and insects evolved independently; in the bur-
net moth (Zygaena filipendulae), linamarin and lotaus-
tralin are produced by two CYPs (CYP405A2 and
CYP332A3) and a glucosyltransferase (UGT33A1; Jen-
sen et al., 2011). The number of enzymes required for
the production of the cyanohydrin also may differ in
insects. The millipede Chamberlinius hualienensis pro-
duces mandelonitrile as a precursor substrate for its
hydrogen cyanide-based defense, and recently, a CYP
(CYP320B1) was shown to hydroxylate phenylacetoni-
trile to form mandelonitrile (Yamaguchi et al., 2017).
This function is similar to that of CYP71B103 reported
here and indicates that the production of a-hydroxyni-
triles for hydrogen cyanide defense in some insects
also might involve three CYPs.

The three-CYP system in prunasin biosynthesis in
E. cladocalyx presented here comprises an additional
intermediate that needs to be channeled between en-
zymes for the production of prunasin compared with
the two-CYP system in other cyanogenic species. In-
terestingly, the volatile intermediate phenylacetoni-
trile is produced and released in some plant species
in response to herbivory. For example, the production
of herbivore-induced volatiles including phenylace-
tonitrile has been reported for western balsam poplar
(Populus trichocarpa; Irmisch et al., 2013), black pop-
lar (Populus nigra; McCormick et al., 2014), and giant
knotweed (Fallopia sachalinensis; Noge et al., 2011). It

1089

Downloaded from on December 12, 2018 - Published by www.plantphysiol.org

Copyright © 2018 American Society of Plant Biologists. All rights reserved.


http://www.plantphysiol.org

Hansen et al.

can be speculated whether some Eucalyptus species
might produce and release herbivore-induced nitriles.
To our knowledge, however, the emission of these vol-
atile compounds has not been reported for Eucalyptus
species.

Interestingly, CYPs from different families have ac-
quired the ability to produce phenylacetonitrile from
phenylacetaldoxime. In E. cladocalyx, CYP706C55 from
the CYP706 family catalyzes this reaction, whereas P.
trichocarpa and F. sachalinensis possess CYPs belong-
ing to the large and functionally diverse CYP71 family
that convert phenylacetaldoxime into phenylacetoni-
trile (Irmisch et al., 2014; Yamaguchi et al., 2016; Fig. 5;
Supplemental Table S1). Phylogenetically, the E. clado-
calyx CYP71B103 that hydroxylates phenylacetonitrile
groups together with the P. trichocarpa CYP71s. These
examples of functional diversity within CYP families,
together with the examples of independent evolution
of cyanogenic glucoside biosynthesis in plants, suggest
that it is sometimes necessary to move away from phy-
logeny for the identification of CYP enzymes involved
in the biosynthetic pathway of interest. In contrast, the
reactions catalyzed by the CYP79 family are more con-
served, as they all convert an amino acid into its corre-
sponding oxime (Serensen et al., 2018).

CYP706C55 Catalyzes an Atypical CYP Reaction

CYP706C55 was identified as the second enzyme
in the prunasin biosynthetic pathway in E. cladoca-
lyx. Three CYP706 members from other plant species
have been functionally characterized previously and
demonstrated to catalyze oxygenation reactions:
CYP706B1 from cotton (Gossypium arboruem; Luo et
al., 2001), CYP706M1 from Alaska cedar (Callitropsis
nootkatensis), and a CYP706X from Erigeron breviscapus
(Liu et al., 2018). In contrast, CYP706C55 catalyzes
an unusual CYP reaction, which is the dehydration of
phenylacetaldoxime to phenylacetonitrile. Although
this is an unusual CYP reaction, CYP-catalyzed de-
hydration of an oxime to its corresponding nitrile has
been characterized before for human CYP3A4 (Boucher
et al., 1994), Arabidopsis (Arabidopsis thaliana) CYP71A13
(Nafisi et al., 2007), P. trichocarpa CYP71B40v3 and
CYP71B41v2 (Irmisch et al., 2014), and F. sachalinensis
CYP71AT96 (Yamaguchi et al., 2016). Dehydration of
an aldoxime also is one of the partial reactions cata-
lyzed by the multifunctional CYP71E1 in dhurrin biosyn-
thesis in sorghum, as discussed above. Nonetheless,
if CYP71E1 was administered with p-hydroxypheny-
lacetaldoxime in the absence of cytochrome P450
oxidoreductase (POR) and NAPDH, the reaction resulted
in the accumulation of p-hydroxyphenylacetonitrile
(Bak et al., 1998).

Exogenous NADPH and POR are not necessarily
needed in in vitro assays for CYP71A13 and CYP71B41v2
to catalyze the formation of indole-3-acetacetonitrile
and phenylacetonitrile, respectively (Nafisi et al., 2007;
Irmisch et al., 2014). Even though POR may not be
required for CYP706C55 catalysis, it has been shown
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that a reducing environment is needed for the CYP-
catalyzed dehydration of oximes (DeMaster et al., 1992;
Boucher et al., 1994; Hart-Davis et al., 1998). A reduc-
ing environment established by, for example, the addi-
tion of NADPH or dithionite to an assay will bring the
heme group of the CYP to the Fe(Il) state. This enables
binding of the aldoxime nitrogen to the heme, which
allows for a charge transfer from Fe(1I) to the aldoxime
C=N bond, favoring elimination of the hydroxy group
(Boucher et al., 1994; Hart-Davis et al., 1998).

Regulation of Prunasin Biosynthesis

Prunasin accumulation and gene expression were
investigated in 4-, 7-, and 10-month-old E. cladocalyx
seedlings (Fig. 6). Overall, biological replicates showed
a large variation in expression of the pathway genes.
Likewise, a large variation in prunasin content also
was observed. A great variation in prunasin levels
was to be expected from the eight individuals, as stud-
ies of a natural population of adult E. cladocalyx also
showed great variation, with a difference of 2 orders
of magnitude in hydrogen cyanide potential detected
(Gleadow and Woodrow, 2000a). The expression pat-
tern of the pathway genes in apical tips and expanding
and expanded leaves in 4-month-old plants showed
less decrease with leaf age than expected based on the
observed pattern of prunasin accumulation. However,
most plants showed the highest expression of the CYPs
in apical tips and expanding leaves at all three time
points, and the expression was found to correlate. In
contrast, the expression of UGT85A59 did not correlate
with any of the CYPs. Similar to these findings, the ex-
pression levels of the two CYPs in cyanogenic gluco-
side biosynthesis in L. japonicus both decreased with
leaf age, and expression of the UGTs, which catalyze
glucosylation of the cyanohydrins, did not follow the
CYP pattern (Takos et al., 2011). CYP79A125 was the
lowest expressed pathway gene and showed the larg-
est relative variation between leaf types (Fig. 6), which
may indicate that the first committed step in pruna-
sin biosynthesis controls the overall flux through the
pathway. Similarly, the catalytic activity of CYP79A1
constitutes the rate-limiting step in dhurrin biosynthe-
sis in sorghum (Busk and Mpeller, 2002; Nielsen et al.,
2016).

Glucosylation by UGT85A59 Results in Prunasin
Formation

Transient expression of UGT85A59 in N. benthamiana
showed that UGT85A59 catalyzes glucosylation of the
cyanohydrin, resulting in prunasin formation. Consis-
tent with the function of stabilizing the labile cyano-
hydrin to avoid a toxic release of hydrogen cyanide,
UGT85A59 was the highest expressed pathway gene
at most time points (Fig. 6). Since the diglucoside
amygdalin was detected in E. cladocalyx metabolite
extracts (Fig. 1) but not upon transient expression
of UGT85A59 in N. benthamiana, an additional UGT
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remains to be identified that can catalyze a f(1—-6)-
O-glycosylation of prunasin to yield amygdalin. In other
cyanogenic plant species, UGT85 members catalyze a
monoglucosylation of the cyanohydrins, resulting in
the corresponding cyanogenic glucoside (Jones et al.,
1999; Franks et al., 2008; Kannangara et al., 2011; Takos
et al., 2011). In contrast, less is known about UGTs that
catalyze the addition of a second sugar. Recently, two
glucosyltransferases, UGT94AF1 and UGT94F2, were
shown to glucosylate prunasin to yield amygdalin in
almond (Thodberg et al., 2018), and it can be specu-
lated that a UGT94 also catalyzes the glucosylation of
prunasin in E. cladocalyx.

CONCLUSION

This study has characterized cyanogenic glucoside
content and prunasin biosynthesis in E. cladocalyx. The
monoglucoside prunasin is the major cyanogen in all
tissues, although significant levels of the diglucoside
amygdalin were detected in the reproductive organs.
Until now, all characterized biosynthetic pathways of
cyanogenic glucosides in higher plants consisted of
two CYP-catalyzed reactions followed by a final gluco-
sylation reaction. Here, we show by biochemical char-
acterization that prunasin production in E. cladocalyx is
catalyzed by three CYPs from different families and a
glucosyltransferase. Notably, the second biosynthetic
step is catalyzed by a CYP706, a CYP family not reported
previously to participate in the biosynthesis of cyano-
genic glucosides. This finding represents a unique
example of convergent evolution in the biosynthesis of
cyanogenic glucosides in plants.

MATERIALS AND METHODS

Plant Material

Eucalyptus cladocalyx (sugar gum) seeds from a single maternal tree were
purchased from the CSIRO Australian Tree Seed Centre. Seedlings for the
ontogenetic study were germinated in the glasshouse at the University of
Copenhagen on August 24, 2013, and grown at a minimum 22°C during the
day (10 h of light) and a minimum 19°C at night and harvested 4, 7, and
10 months after sowing (110, 215, and 285 d after sowing, respectively). At
each time point, eight biological replicates were sampled and used for me-
tabolite and RNA extraction. Plant material for transcriptomic sequencing
likewise was grown in the glasshouse at the University of Copenhagen.
Apical tips from six individual 8-month-old E. cladocalyx seedlings were
harvested, combined, and snap frozen in liquid nitrogen. Seedlings for
MALDI-MSI imaging were germinated in the glasshouse at the University
of Melbourne on September 10, 2014, and were grown at an average tem-
perature of 23.3°C + 1.3°C during the day and 19.6°C = 1.5°C at night.
E. cladocalyx expanded adult leaves, immature and mature flower buds,
flowers, and young fruit were harvested from three trees growing at the
University of Melbourne Parkville Campus (37.7964° S, 144.9612° E, January
2015), the Royal Botanic Gardens (37.8304° S, 144.9796° E, February 2015),
and the University of Melbourne Creswick Campus (37.4221° S, 143.8992°
E, February 2015). Samples were embedded and frozen on site for MALDI-MSI
analysis. Samples for LC-MS were frozen in liquid nitrogen and stored at —~80°C
until extraction.
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Metabolite Extraction and LC-MS

Metabolites from E. cladocalyx (15-50 mg of homogenized tissue) were
extracted with cold aqueous 80% (v/v) methanol (MeOH). Leaf metabolites
from infiltrated N. benthamiana plants expressing different combinations of
gene candidates were extracted with cold aqueous 85% MeOH from leaf discs
(1.5 cm in diameter) harvested 5 d after infiltration. All plant tissue was incu-
bated on ice in cold MeOH for 5 min, and extracts were centrifuged subse-
quently (3 min, 10,000g, 4°C) to sediment plant tissue. Extracts were diluted
five times in MilliQ water and filtered through a Durapore membrane (22-um
pore size; Merck Millipore) before injection into an Agilent 1100 Series LC sys-
tem coupled to a Bruker HCT-Ultra ion-trap mass spectrometer with an elec-
trospray ionization source run in positive mode. Metabolites were separated
on a Zorbax SB-C18 column (2.1 x 50 mm, 1.8 um; Agilent) at 35°C, applying a
flow rate of 0.2 mL min~". The mobile phase A consisted of 0.1% (v/v) HCOOH
and 50 um NaCl, and phase B consisted of 0.1% HCOOH in acetonitrile. The
first interval was 0 to 0.5 min isocratic with 2% B followed by two consecutive
linear gradients: 0.5 to 7.5 min, 2% to 40% B, and 7.5 to 8.5 min, 40% to 90% B,
followed by a second isocratic interval of 8.5 to 11.5 min, 90% B. The mobile
phase was returned to 2% B from 11.5 to 18 min. The flow rate was raised to
0.3 mL min~ in the interval 11.5 to 13.5 min. LC-MS data were analyzed using
Bruker Data Analysis 4.0 software.

MALDI-MSI and Sample Preparation

MALDI-MSI was carried out according to Schmidt et al. (2018b). In short,
the first fully expanded leaf of E. cladocalyx seedlings (139 days after sowing),
fully expanded leaves from adult trees, and flower buds were embedded in
denatured albumin (boiled egg white) and gently frozen over a bath of liquid
nitrogen. Albumin-embedded tissue was cryosectioned (30 um; Leica CM3050
S cryostat; Leica Microsystems), mounted onto double-sided carbon tape
attached to glass slides, and freeze dried overnight. 2,5-Dihydroxybenzoic acid
was used as the matrix and sublimated onto tissue sections using a custom-
built sublimation apparatus. MS images were acquired in positive ion mode
using a Bruker SolariX XR 7-Tesla Hybrid ESI/MALDI-FT-ICR-MS apparatus
(Bruker Daltonik).

A mass range of 100 to 2,000 m/z was employed, with the instrument set
to broadband mode with a time domain for acquisition of 2M, providing an
estimated resolving power of 130,000 at m/z 400. The laser was set to 30% to
45% power using the minimum spot size (laser spot size approximately 10 x
15 pm), smart-walk selected, and random raster enabled, resulting in ablation
spots of approximately 35 to 40 um in diameter; a total 1,500 to 2,000 shots
were fired per spectrum at a frequency of 2 kHz within a 40 x 40 pm array. Op-
tical images of tissue sections were acquired using an Epson Photosmart 4480
flatbed scanner using a minimum setting of 4,800 dots per inch. Optical images
are presented as an inverted image, generated in Adobe Photoshop CS2 (Ado-
be). The data were analyzed using Compass FlexImaging 4.1 (Bruker), data
were normalized using root mean square normalization, and individual ion
images were scaled as a percentage of maximum signal intensity to enhance
visualization. Potassium adducts of prunasin ([M+K]* m/z 334.0691, calculat-
ed 334.0687, 1.2 ppm error) and amygdalin ([M+K]* m/z 496.1202, calculated
496.1216, 2.6 ppm error) were compared with authentic standards, spotted,
and dried onto a separate glass slide.

Characterization of the E. cladocalyx Cyanogenic
Glucoside Biosynthetic System

To test the substrate, product, and biosynthetic capacity, E. cladocalyx leaves
of different developmental stages, newly emerged apical tips and expanding
and expanded leaves were harvested from 5-month-old seedlings (biological
duplicates) and incubated in L-['"*C(U)]-Phe (1.25 mCi, 321 mCi mmol}; Amer-
sham Biosciences, GE Healthcare) and NADPH (0.1 mm) in a total volume
of 165 pL for 12 h at room temperature. At the end of incubation, cyanogenic
glucosides were extracted in boiling MeOH (80%, 1.5 mL, 5 min), defatted
with two extractions using pentane (700 uL), and filtered (0.22 um low-binding
Durapore membrane; Millipore), and 5-uL aliquots were spotted onto a TLC
plate (Silica gel60F,,,, 0.2 mm thickness; Merck), which was developed in
EtOAcHOAc:MeOH:water (16:5:5:2, v/v/v/v). Radioactively labeled cy-
anogenic glucosides were visualized using a STORM 840 PhosphorImager
(Molecular Dynamics) and compared with the position of an unlabeled, coap-
plied prunasin standard (Meller et al., 2016) visualized by UV absorption.
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RNA Extraction

Total RNA was extracted from E. cladocalyx leaves (apical tips and expand-
ing and expanded leaves) at three different ages in biological triplicates using
the Spectrum Plant Total RNA Kit (Sigma) according to the manufacturer’s
instructions with a few modifications: approximately 20 mg of homogenized
tissue was used for extraction, and centrifugation was carried out at 4°C.
DNase treatment was performed using RNase-free DNase I from Omega Bio-
tek. The integrity of RNA was verified on an Agilent 2100 Bioanalyzer instru-
ment using an RNA 6000 Nano Kit (Agilent Technologies) according to the
manufacturer’s instructions, and quantity was estimated using a NanoDrop
ND-1000 spectrophotometer (Saveen Werner).

c¢DNA Synthesis and Quantitative PCR

cDNA was synthesized from 1.5 pug of RNA using SuperScript IV VILO
Master Mix (Invitrogen) according to the manufacturer’s instructions. The
c¢DNA was diluted 30 times, and 4 uL was used as a template in the quantita-
tive PCR (total volume, 10 uL) using the SeniFAST SYBR No-ROX Kit (Bioline)
and gene-specific primers (final concentration, 0.4 um). Reactions were carried
out in technical triplicates, and triplicate nontemplate controls were included
for every primer pair. A serial dilution from a pool of cDNA also was included
for all primer pairs to correct for primer efficiency. Reactions were carried out
on a CFX384 Touch Real-Time PCR Detection System (Bio-Rad) using two-step
cycling parameters: 95°C for 2 min, followed by 45 cycles of 95°C for 5 s and
then 60°C for 20 s. Melt-curve analysis was performed by gradually increasing
the temperature from 65°C to 95°C with 0.5°C raises. Data were analyzed using
Bio-Rad CFX Manager 3.1 and gbase+ version 3.1. Eight candidate reference
genes used previously for gene expression analysis in Eucalyptus species were
selected from the literature, and primers were designed to match nucleotide
sequences from our transcriptome (Supplemental Table S2). Eight candidate
reference genes were tested for stability on 10 different samples using geNorm
(Vandesompele et al., 2002). tRNA and MDH showed the highest expression
stability (Supplemental Fig. S4) and, thus, were used to normalize the expres-
sion of the prunasin pathway genes. Primers specific for prunasin pathway
transcripts are listed in Supplemental Table S3. Normalized relative quantities
were calculated according to Hellemans et al. (2007) by setting Cq, ., ... t0 0.

Transcriptome Analysis

RNA extracted from apical tips of E. cladocalyx was sent for transcriptomic
sequencing (Hiseq2500, 100-bp paired end) by Macrogen. The transcriptome
was de novo assembled and functionally classified, and expression levels were
quantified by Sequentia Biotech. In brief, reads were quality checked, and
low-quality reads were removed using Trimmomatic (version 0.33; Bolger
et al., 2014) with a minimum length setting of 30 bp and a minimum quality
score of 25. The high-quality reads were de novo assembled using the Trinity
pipeline (Haas et al., 2013). Transcripts were translated using Transdecoder
with a minimum length of 50 amino acids and annotated by two different
approaches: by a BLAST search against a database of Arabidopsis (Arabidop-
sis thaliana) amino acid sequences and Gene Ontology annotated using the
InterProScan software (version 5.13.52.0; Jones et al., 2014). To quantify the
expression levels, reads were mapped to the assembled transcriptome using
STAR (Dobin et al., 2013), and the expression levels were calculated with the
software eXpress (version 1.5.1; Roberts and Pachter, 2013).

Cloning of Genes Involved in Prunasin Biosynthesis

CYP79A125 was isolated from E. cladocalyx cDNA using primers that were
designed based on CYP79A34 from Eucalyptus yarraensis. CYP71B103 and
UGT85A59 were isolated from E. cladocalyx cDNA using degenerate primers
that were designed based on the orthologous sequences in the Eucalyptus
grandis genome available on Phytozome (Goodstein et al., 2012). Gene-specific
primers with attB overhangs were used subsequently to amplify the open
reading frames for Gateway recombination into pDONR207 (Invitrogen).
Primer sequences are listed in Supplemental Table S4. CYP706C55 was
ordered as a synthetic gene (GenScript) with a C-terminal strep tag. In addi-
tion, the full open reading frame of CYP706C55 was amplified from cDNA.
Candidate genes were cloned into the pJAM1502 expression vector (Luo et al.,
2007) by Gateway recombination. Candidate gene sequences in expression
constructs were verified by sequencing (EZ-Seq; Macrogen).
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Transient Expression in Nicotiana benthamiana

Plasmids were introduced into Agrobacterium tumefaciens AGL1 (Lazo et al.,
1991) by electroporation. Electroporated cells were recovered in yeast extract
peptone medium for 2 h at 28°C and selected on yeast extract peptone agar
medium containing 25 pg mL™" rifampicin, 50 pg mL™" carbenicillin, and 50
pg mL™ kanamycin. Transformants were grown overnight at 28°C and 225
rpm. Agrobacteria cells were harvested and resuspended in MilliQ water to a
final OD,, of 1. Equal volumes of agrobacteria suspensions were mixed and
introduced into N. benthamiana leaves (approximately 4 weeks old) using a
blunt syringe. An expression construct carrying the open reading frame of
p19 (Hearne et al., 1990) was always coinfiltrated to prevent posttranscrip-
tional gene silencing (Voinnet et al., 1999; Lakatos et al., 2004). Two plants
were infiltrated per combination, and infiltrations were repeated to con-
firm results. After infiltration, the plants were kept in the greenhouse (21°C
day/19°C night) until leaf material was harvested.

Microsomal Preparation

Leaves from transiently transformed N. benthamiana were harvested 5 d
after infiltration. Approximately 6 g of leaves was homogenized with 0.1 g poly-
vinylpolypyrrolidone g fresh weight and 30 mL of buffer (100 mm Tricine
[pH 7.9], 250 mm Suc, 50 mm NaCl, 2 mm DTT, and one tablet of cOmplete pro-
tease inhibitor cocktail [Roche] per 200 mL of buffer) using a mortar and pestle
at 4°C. The homogenate was filtered through two layers of nylon cloth (22 um
pore size). Samples were centrifuged at 15,000 for 15 min at 4°C. The super-
natant was applied subsequently to ultracentrifugation for 1 h at 164,244¢ at
4°C. The microsomal pellets were washed in buffer and resuspended in 200 uL
of resuspension buffer (50 mm Tricine [pH 7.9], 20 mm NaCl, and 2 mm DTT).

Microsomal Assays

The assay reactions (total volume of 25 pL) consisted of 10-uL microsomes,
0.25 uCi of L-[“C(U)]-Phe (specific activity, 487 mCi mmol ™, Perkin-Elmer), 1
mmMm NADPH, and buffer (50 mm Tricine [pH 7.5] and 100 mm NaCl). Reaction
mixtures were incubated for 30 min at 30°C and 300 rpm. The reactions were
stopped by direct application to a TLC plate (Silica gel 60F,,,, 0.2 mm thick-
ness; Merck). Substrate and products were separated using a mobile phase
consisting of n-pentane:EtOAc:MeOH (16:2:1, v/v/v). The migration of phe-
nylacetaldoxime, phenylacetonitrile, and mandelonitrile was determined by
the application of unlabeled authentic standards, which were visualized by
their UV absorbance. Analysis of radiolabeled products was carried out
by exposure of the TLC plate to a Storage Phosphor Screen (GE Healthcare)
for 8 d followed by visualization using a Typhoon TRIO Variable Mode Imager
(GE Healthcare).

Phylogenetic Analysis

Named and functionally characterized CYPs from the literature were sub-
jected to phylogenetic analysis together with the CYPs characterized here.
Accession numbers and references are listed in Supplemental Table S1. Amino
acid sequences were aligned in MEGA7 (Kumar et al., 2016) using MUSCLE
with the default setting. A neighbor-joining tree was generated with n = 1,000
bootstrap replicates.

Statistical Analyses

Metabolite data were analyzed in SigmaPlot (version 13.0) using one-
way ANOVA. Normality (Kolmogorov-Smirnov) and equal variance (Brown-
Forsythe) were tested to cutoffs of P> 0.02 and P > 0.04, respectively, and when
assumptions were not met, the data were transformed by natural logarithm.
Pearson correlation was used to analyze gene expression.

Accession Numbers

Sequence data for the prunasin biosynthetic genes identified in this study
can be found in GenBank under the following accession numbers: CYP79A125
(MH974543), CYP706C55 (MH974544), CYP71B103 (MH974545), and UGT85A59
(MH974546).
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Supplemental Data
The following supplemental materials are available.

Supplemental Figure S1. Additional LC-MS data for prunasin production
in N. benthamiana.

Supplemental Figure S2. LC-MS data for glucosylated phenylacetal-
doxime.

Supplemental Figure S3. LC-MS data for the malonic acid derivative of
prunasin.

Supplemental Figure S4. geNorm analysis of candidate reference gene
stabilities.

Supplemental Table S1. Accession numbers and references for sequences
used in the phylogenetic analysis.

Supplemental Table S2. Primer sequences and references for tested
candidate reference genes.

Supplemental Table S3. Primer sequences used for gene expression
analysis of the prunasin pathway genes.

Supplemental Table S4. Cloning primers.
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