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Opium poppy (Papaver somniferum) produces a diverse array of bioactive benzylisoquinoline alkaloids and has emerged as a
versatile model system to study plant alkaloid metabolism. The plant is widely cultivated as the only commercial source of the
narcotic analgesics morphine and codeine. Variations in plant secondary metabolism as a result of genetic diversity are often
associated with perturbations in other metabolic pathways. As part of a functional genomics platform, we used 'H nuclear
magnetic resonance (NMR) metabolite profiling for the analysis of primary and secondary metabolism in opium poppy.
Aqueous and chloroform extracts of six different opium poppy cultivars were subjected to chemometric analysis. Principle
component analysis of the '"H NMR spectra for latex extracts clearly distinguished two varieties, including a low-alkaloid
variety and a high-thebaine, low-morphine cultivar. Distinction was also made between pharmaceutical-grade opium poppy
cultivars and a condiment variety. Such phenotypic differences were not observed in root extracts. Loading plots confirmed
that morphinan alkaloids contributed predominantly to the variance in latex extracts. Quantification of 34 root and 21 latex
metabolites, performed using Chenomx NMR Suite version 4.6, showed major differences in the accumulation of specific
alkaloids in the latex of the low-alkaloid and high-thebaine, low-morphine varieties. Relatively few differences were found in
the levels of other metabolites, indicating that the variation was specific for alkaloid metabolism. Exceptions in the low-
alkaloid cultivar included an increased accumulation of the alkaloid precursor tyramine and reduced levels of sucrose, some
amino acids, and malate. Real-time polymerase chain reaction analysis of 42 genes involved in primary and secondary
metabolism showed differential gene expression mainly associated with alkaloid biosynthesis. Reduced alkaloid levels in the
condiment variety were associated with the reduced abundance of transcripts encoding several alkaloid biosynthetic enzymes.

The use of opium poppy (Papaver somniferum) as a
source of medicine predates recorded history. Archeo-
logical evidence suggests that opium poppy was
among the first domesticated plant species (Karg and
Markle, 2002; Stika, 2005), and its cultivation continues
to have important medical, socioeconomic, and polit-
ical implications. The plant remains the sole com-
mercial source of the narcotic analgesics morphine,
codeine, and semisynthetic derivatives of thebaine,
such as oxycodone. More than 80 benzylisoquinoline
alkaloids occur in opium poppy, and many have potent
pharmacological properties, including morphine and
codeine, the antimicrobial agent sanguinarine, the
muscle relaxant papaverine, and the antitumorogenic
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agent noscapine. Most alkaloids accumulate in the
multinucleate cytoplasm (i.e. latex) of articulated cells
(i.e. laticifers) that form an internal secretory system
under a positive turgor similar to sieve elements
(Thureson-Klein, 1970). The traditional harvesting of
opium (i.e. dried, oxidized latex) involves lancing
unripe seed capsules to collect the alkaloid-rich exu-
date.

In opium poppy, much work has focused on the
benzophenanthridine and morphinan alkaloid branch
pathways, which has resulted in the identification of
many biosynthetic enzymes and the isolation of sev-
eral cognate cDNAs (Zulak et al., 2006; Ziegler and
Facchini, 2008). However, certain key steps remain
uncharacterized, including the demethylation/oxidation
of thebaine and oripavine to neopinone and morphi-
none, respectively, and the demethylation of codeine
to morphine. Additionally, the biosynthetic pathways
leading to noscapine and papaverine are virtually
uncharacterized. Moreover, the regulation of alkaloid
metabolism remains largely unknown. The degree of
regulatory complexity has been indicated by the general
unpredictability of metabolic engineering involving the
posttranscriptional gene silencing of key biosynthetic
genes. Transformation of opium poppy with antisense
berberine bridge enzyme, which catalyzes the first step
in sanguinarine biosynthesis, caused an altered ratio of
alkaloids in latex but not in roots (Frick et al., 2004).
Similarly, the apparent shutdown of the entire morphinan
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pathway at the upstream precursor (S)-reticuline as a
result of the RNA interference-mediated silencing of
codeinone reductase, the penultimate step in morphine
biosynthesis, was unexpected (Allen et al., 2004). Re-
cently, suppression of salutaridinol 7-O-acetyltransferase
in opium poppy resulted in the unexpected accumula-
tion of salutaridine instead of the predicted substrate
salutaridinol (Allen et al., 2008). Natural and induced
mutant varieties of opium poppy with altered alkaloid
profiles have been reported. Millgate et al. (2004) used
chemical mutagenesis to generate a thebaine-rich vari-
ety that did not produce morphine or codeine. The
same phenotype has also been reported to occur in
natural populations (Nyman, 1978, 1980). Another nat-
urally occurring cultivar, known as ‘Marianne’, accu-
mulates noscapine and narcotoline in addition to
morphinan alkaloids (Williams and Ellis, 1989; Frick
et al., 2005). The breeding of “opium-free” varieties
with extremely low alkaloid content, such as ‘Przemko’,
was encouraged, in part, by the social and political
ramifications of illicit opium poppy cultivation (Sharma
et al., 1999; Németh et al., 2002; Bernath et al., 2003).
Metabolite analysis in opium poppy has generally
involved alkaloid profiling using traditional methods,
such as thin-layer chromatography, HPLC, and liquid
chromatography-mass spectrometry (LC-MS). Re-
cently, electrospray ionization (ESI)-MS/MS and ESI-
Fourier transform-ion cyclotron resonance-MS were
used to examine pathway flux in opium poppy seed-
lings following the feeding of [ring-1*C ]Jtyramine pre-
cursor (Schmidt et al., 2007). This approach enabled
the identification of both major alkaloids and minor
compounds that were previously not detected. Tech-
nological advances in the field of plant metabolomics
have extended applications to include mutant classi-
fication and gene annotation, rendering metabolite
profiling an integral platform for functional genomics
(Schauer and Fernie, 2006). For example, a statistical
comparison of metabolite profiles obtained for Arabi-
dopsis (Arabidopsis thaliana) mutants defective in starch
metabolism with uncharacterized mutants showed that
plants with similar genotypes clustered together based
solely on their metabolic fingerprints (Messerli et al.,
2007). Nontargeted metabolite profiling of mutant phe-
notypes provides clues about the gene(s) involved and
can reveal insights into overall pathway regulation.
Available analytical technologies include MS, NMR
spectroscopy, and vibrational spectroscopy. NMR spec-
troscopy is a specific, nonselective technology suitable
to high-throughput applications and has been used for
metabolite profiling for over 20 years (Dunn et al.,
2005). Recently, efforts have been made to standardlze
the use of 'H NMR for metabolomics applications
(Rubtsov et al., 2007; Sumner et al., 2007). NMR spectra
contain a wealth of qualitative and quantitative infor-
mation about the components of in vivo or in vitro
samples (Ratcliffe and Shachar-Hill, 2005). '"H NMR
has been used to characterize foodstuffs and trans-
genic plants (Choi et al., 2004a; Defernez et al., 2004;
Manetti et al., 2004; Moing et al., 2004; Baker et al,,
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2006; Mattoo et al., 2006), classify species or cultivars
(Choi et al., 2004b, 2005; Frédérich et al., 2004; Kim
et al., 2005), and analyze stress responses (Choi et al.,
2004c, 2006; Liang et al., 2006a, 2006b) and plant-
herbivore interactions (Widarto et al., 2006).

As part of our functional genomics program, we
have applied "H NMR metabolite profiling to investi-
gate opium poppy metabolism. Preliminary screening
of several opium poppy varieties identified six candi-
dates with unique alkaloid phenotypes. Common
problems associated with the analysis of 'H NMR
spectra are spectral overlap and low metabolite con-
centrations, which hinder the identification and quan-
tification of metabolites. We have used a novel
approach, known as targeted profiling, to overcome
these limitations (Weljie et al., 2006). Chenomx NMR
Suite version 4.6 includes a metabolite library con-
structed by chemically modeling compounds of inter-
est using their peak center and J-coupling information.
This library was used to analyze the spectra of plant
extracts and create mathematical models for detected
metabolites in a cumulative manner. Principle compo-
nent analysis (PCA) was used to extract and display
the systematic variation in the data sets. Chemometric
strategies, such as PCA, help to circumvent the over-
whelming size and complexity of metabolomic infor-
mation (Eriksson et al., 2004). Multivariate techniques
are routinely used to identify groupings, trends, and
outliers within NMR data sets (Trygg et al., 2007). Our
results show that variations in alkaloid profile were
generally associated with relatively few detectable, but
potentially important, differences in the steady-state
levels of primary metabolites.

RESULTS

PCA of '"H NMR Spectra Shows Variance in Latex Due
to Differential Alkaloid Accumulation

Latex and root extracts were partitioned to reduce
overall spectral complexity and separate compounds
based on their degree of polarity. Initial inspection of

"H NMR spectra showed greater overall abundance of
metabolites in aqueous (i.e. methanol:water [1:1, v/v])
compared with chloroform extracts. Figure 1 shows
the three-dimensional score plots for unsupervised
PCA analyses of latex and root extracts in both D,0O
and CDCl,. Greater discrimination between samples
of different varieties was observed in latex compared
with root. Sample replicates were clustered in aqueous
latex extracts, suggesting that technical error was
small in comparison with biological variation. The
largest degree of variance was observed between
‘Przemko’ (P) and three commercial cultivars desig-
nated L, 11, and 40, which contained high levels of
morphinan alkaloids. In score plots for both aqueous
and chloroform latex extracts, P separated from the
commercial cultivars along the PC1 axis (Figs. 1 and 2).
Similar results were obtained for aqueous root ex-
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Figure 1. Score plots for unsupervised, pareto-scaled three-dimensional PCA of NMR spectral data obtained for aqueous or
chloroform extracts of opium poppy latex and root tissues. NMR spectra for aqueous and chloroform extracts were obtained in
D,0O and CDCl,, respectively. Samples representing six different varieties (L, M, P, T, 11, and 40) are color coded as indicated.

tracts, although replicates for each variety were less
clustered. In aqueous latex extracts, the high-thebaine
(T) variety showed the second-highest degree of var-
iance compared with commercial cultivars by sepa-
rating along PC2, whereas the third principle
component distinguished ‘Marianne’ (M) from other
cultivars (Fig. 1).

The loading value of a given variable, or bin, along a
PC reflects the commonality between that bin and the
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particular component (Massart et al., 1988; Eriksson
et al,, 2001). For NMR data, loading plots can be
employed to discern the bins containing the metabolite
resonances responsible for variance. Since more vari-
ance was observed in latex compared with root tissue,
loading plots were generated for NMR spectra of
aqueous and chloroform latex extracts (Fig. 2). Corre-
sponding two-dimensional PCA plots are also shown
to clarify interpretation.
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Figure 2. Score and loading plots for unsupervised, pareto-scaled two-dimensional PCA of NMR spectral data obtained for aqueous
or chloroform extracts of opium poppy latex. NMR spectra for aqueous and chloroform extracts were obtained in D,O and CDCl,,
respectively. For score plots, samples representing six plant varieties are color coded as follows: L, red; M, orange; P, blue; T, green; 11,
yellow; 40, pink. For loading plots, bin numbers corresponding to those listed in Table I (aqueous) and Supplemental Table S1

(chloroform) are indicated.

Latex Aqueous Loadings

Spectral bins having the highest values along compo-
nent 1 were found to contain resonances of codeine,
morphine, and thebaine protons (Fig. 2; Table I), indicating
that an absence and/or reduced level of these alkaloids
was responsible for the separation of P extracts from those
of the commercial cultivars along PC1. Similarly, bins with
low values along component 2 were found to contain
resonances corresponding to codeine and morphine, in-
dicating that T samples, which display high values along
PC2, lack these alkaloids. Gln-containing bins 36 and 44
and tyramine-containing bin 63 had the lowest values
along component 1, suggesting an increased level of these
compounds in P compared with other varieties. Shifts
assigned to oripavine appeared in several bins with high
values along component 2, demonstrating the contribu-
tion of this alkaloid to variance in T. Other latex metab-
olites with shifts in bins contributing to variance included
v-aminobutyrate (GABA), Asns, Asp, and Suc.

Latex Chloroform Loadings

PCA of spectra acquired in CDCl,; showed a sepa-
ration of P and M from other varieties along both PCs

1808

1 and 2 (Fig. 2). The corresponding loading plot
showed that this separation was largely due to the
absence and/or reduced level of thebaine in P and M.
Nearly all of the bins with high values along the
component 1 axis contained exclusively thebaine res-
onances (Supplemental Table S1). Unambiguous
chemical shift assignments and concentration deter-
minations could not be made due to the unavailability
of a chloroform-based Chenomx standard library.
However, visual inspection of the spectra revealed
the presence of thebaine, marked by two distinctive
methyl proton singlets at 6 3.85 and 6 3.62, two
aromatic proton doublets centered at 6 6.70 and &
6.64, and characteristic C-ring proton resonances in the
5 to 6 ppm region. After corroboratmg shift assign-
ments with inspection of "H-"H total correlation spec-
troscopy and ®C-'H heteronuclear smgle quantum
coherence spectroscopy spectra, the '"H NMR spec-
trum for thebaine standard was integrated into the
Chenomx Profiler database. Analysis of the spectra
using Chenomx software indicated that thebaine was
the only detectable alkaloid and, based on PCA evi-
dence, a major contributor to the variance observed in
chloroform latex extracts.

Plant Physiol. Vol. 147, 2008
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Table I. PCA loadings of NMR spectral data obtained for latex aqueous extracts

Bin numbers, corresponding ppm ranges, and values along axes PC1 and PC2 are given (see Fig. 2).
Metabolites with proton shifts occurring within the given ppm range are indicated.

Bin Range PC1 PC2 Metabolite(s)
ppm

36 2.09-2.13 —0.18758 —0.1322 Glin

40 2.25-2.29 —0.13576 0.050093 GABA

41 2.29-2.33 0.112824 0.068253 Codeine, morphine, thebaine
44 2.41-2.45 —0.1903 —0.11936 Glin

54 2.81-2.85 0.148701 —0.07009 Asn, Asp, unknown
57 2.93-2.97 0.354216 —0.17082 Codeine

58 2.97-3.01 0.145427 —0.20391 Codeine, morphine
62 3.13-3.17 0.168642 0.016777 Codeine

63 3.17-3.21 —0.15754 —0.03232 Tyramine

64 3.21-3.25 —0.00925 0.143199 Unknown

65 3.25-3.29 0.168996 —0.03562 Codeine, morphine
67 3.33-3.37 —0.01974 0.162539 Unknown

68 3.37-3.41 —0.07023 0.18163 Unknown

70 3.45-3.49 —0.0361 0.375795 Oripavine

71 3.49-3.53 —0.11518 0.252514 Thebaine

76 3.69-3.73 —0.09147 0.274855 Thebaine

77 3.73-3.77 —0.10532 —0.16877 Codeine

78 3.77-3.81 —0.14036 —0.14064 Codeine

79 3.81-3.85 —0.13255 —0.1002 Suc

80 3.85-3.89 —0.14028 —0.07937 Suc

86 4.09-4.13 0.166037 —0.13023 Codeine, morphine
90 4.25-4.29 —0.03436 0.124292 Unknown

91 4.29-4.33 0.193299 0.06839 Codeine, morphine
115 5.25-5.29 0.199413 —-0.07834 Codeine, morphine
116 5.29-5.33 —0.01603 0.227009 Oripavine

124 5.61-5.65 0.13222 —0.03296 Codeine, morphine
125 5.65-5.69 0.132138 —0.10564 Codeine, morphine
127 5.73-5.77 —0.05792 0.208666 Oripavine
128 5.77-5.81 0.008774 0.136042 Oripavine, thebaine
147 6.53-6.57 0.197496 —-0.11224 Codeine, thebaine
148 6.57-6.61 0.089071 0.098222 Thebaine

149 6.61-6.65 0.077565 0.146763 Oripavine
150 6.65-6.69 0.09671 0.21596 Oripavine

Identification and Quantification of Metabolites Using
NMR Provides a Biochemical Profile of Different
Opium Poppy Varieties

A total of 34 metabolites from root and 21 metabolites
from latex were identified and quantified by "H NMR,
with 14 metabolites common to both. Among the de-
tectable metabolites were several classes of compounds,
including amino acids, sugars, polyols, fatty/organic
acids, amines, and alkaloids. The respective involve-
ment of these compounds in overall plant metabolism,
along with metabolites below the limit of detection or
whose signals were masked by those of other com-
pounds, is depicted in Figure 3. Neither the presence
nor the absence of masked metabolites could be deter-
mined due to the domination of spectral regions in
which their proton resonances were expected by more
abundant compounds, especially sugars and alkaloids.
Figure 3 reveals patterns in certain biochemical path-
ways. For example, metabolite levels of phenylpropa-
noid intermediates were generally below detection

Plant Physiol. Vol. 147, 2008

limits. Calvin cycle and sugar phosphate intermediates
were not observed, but their sugar end products (e.g.
Glc, Fru, and Suc) were present. Fatty acids were absent
in latex, and alkaloids were not detected in root. In
contrast, morphinan alkaloids were abundant in latex,
but sanguinarine, noscapine, and papaverine were not
detected. Individual metabolite quantities in latex and
roots are shown in Figure 4 and Supplemental Figure
51, respectively. The most abundant metabolites in root
were sugars, which presented a challenge in the detec-
tion of compounds present in lesser quantities, partic-
ularly in the spectral region & 2.5 to 6 4.5. This problem
was not encountered in the analysis of latex spectra, as
comparatively little sugar was present. Roots contained
large quantities of choline and relatively low levels of
its derivative O-phosphocholine. Also abundant in root
were metabolites known to be involved, directly or
indirectly, in nitrate assimilation, such as Gln, Glu, and
malate. In both aerial and underground tissues, GIn
was the most abundant amino acid, followed by Glu in
roots and Asp, Asn, and Ser in latex.
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Interestingly, whereas PCA results for aqueous latex
extracts indicated that GIn levels contributed to vari-
ance in P compared with other varieties (Fig. 2; Table
I), no significant differences were observed in the
quantities of this compound relative to high-morphine
varieties (Fig. 4). This prompted another PCA using
individual latex metabolite concentrations rather than
spectral bins (data not shown), which indicated that
GIn was indeed a factor contributing to variance in P
and confirmed that GIn levels, when examined in
isolation, did not show variety-specific differences.
Glutamine was consistently associated with general
trends in metabolite levels, and this relationship was
revealed by the metabolite concentration-specific PCA
as a factor contributing to variance among the varie-
ties. In contrast with Gln, aromatic amino acids were
either present in trace amounts (e.g. 0.5 umol g~' Tyr
in root) or undetectable. Phe-derived phenylpropa-
noids were also not detected or masked by chemical
shifts of more abundant compounds. Tyramine, the
decarboxylation product of Tyr and early precursor to
benzylisoquinoline alkaloids (Schmidt et al., 2007),
was detected at trace levels in roots (e.g. 0.5 umol gfl)
but was generally masked in latex. Due to a low
abundance in latex, putative tyramine shifts could not
be assigned with confidence. However, a tyramine
signature spectrum was clearly evident in Przemko
latex at a mean concentration of 4.67 + 1.03 umol mL ™.
Other metabolites showing differential accumulation
in latex were Suc (i.e. most abundant in M and P), the
amino acids Asn and Ile (i.e. lower and higher, re-
spectively, in P compared with alkaloid-accumulating
varieties), and GIn (i.e. least abundant in T). Malate
was also low in the latex and root of P compared with
other varieties (Fig. 4; Supplemental Fig. S1). The ab-
sence of alkaloids was the major contributor to vari-
ance in P compared with other cultivars and might
have masked less substantial differences in metabo-
lites. Significant modulations in the levels of Asn,
Ile, and malate were identified using targeted metab-
olite profiling in addition to chemometric analysis of
"H NMR spectra.

Comparison of Poppy Varieties Reveals Differences in
the Alkaloid Content of Latex But Not Roots

Morphinan alkaloid proton resonances clearly dom-
inated latex '"H NMR spectra. Although a degree of
signal overlap occurred in some spectral regions, those
assigned to C-ring protons at 6 4.8 to 6 6.0 (Fig. 5),
O- and N-methyl protons at 6 3.5 to 6 4.0 (data not
shown), and aromatic protons allowed the identifi-
cation and quantification of morphine, codeine, the-
baine, and oripavine. As seen in Figures 4 and 5,

"H NMR Metabolite Profiling in Opium Poppy

dramatically different alkaloid profiles occurred in P
and T latex compared with those of high-morphine
commercial cultivars. Morphine and codeine levels
were 35- to 40-fold higher in the latex of L, 11, and
40 compared with P, whereas thebaine was about
100-fold more abundant. In the latex of T, neither mor-
phine nor codeine was detected. Thebaine and oripa-
vine levels were significantly higher in T relative to
the commercial cultivars. Differential alkaloid accu-
mulation was less marked in M compared with the
commercial cultivars, although total alkaloid levels,
especially thebaine and codeine, were reduced.
Proton NMR analysis revealed codeine as the most
abundant alkaloid, which likely reflects its higher
solubility in water compared with other alkaloids.
Morphine and thebaine solubility in water are con-
siderably lower (Yalkowsky and He, 2003). Whereas
aqueous extraction was performed with 50% methanol,
"H NMR analysis was done in 100% D,O, favoring
increased concentrations of codeine relative to other
alkaloids. In turn, "H NMR in CDCl, revealed only
thebaine, whose second O-methyl group confers addi-
tional hydrophobicity. The relative abundances of the-
baine in chloroform and aqueous extracts of latex were
identical for all six varieties (data not shown). The
alkaloids noscapine and narcotoline, which have been
reported in the latex of M (Frick et al., 2005), are
insoluble in water and were not detected. Although
sanguinarine is soluble in chloroform, this alkaloid was
not detected in chloroform extracts from roots or latex.
To complement our analysis of benzylisoquinoline
alkaloids by 'H NMR, we examined methanol extracts
from latex and root tissues by reverse-phase HPLC. An
HPLC approach circumvented the problem of low
solubility, as alkaloids are generally soluble in meth-
anol. LC-UV is approximately 1,000-fold more sensi-
tive than NMR (Sumner et al., 2003), permitting the
specific detection and accurate quantification of alka-
loids. In corroboration with the "H NMR results, large
differences in alkaloid levels were observed in the
latex of P and T compared with the commercial poppy
varieties (Fig. 6). Only trace amounts of alkaloids were
detected in P, and morphine was completely absent
from T. Mean oripavine levels were 3.5-fold higherin T
latex compared with variety 11, which showed the
second highest level of this alkaloid. Alkaloids not
seen by '"H NMR were detected using LC-UV, includ-
ing sanguinarine in roots, codeine in the latex of T, and
noscapine in the latex and root of M. Narcotoline was
detected in the latex of M, although a lack of authentic
standard prevented quantification. Representative
HPLC chromatograms for latex and root extracts are
shown in Supplemental Fig. S2. Compound identity
was confirmed by LC-MS. The relative abundance of

Figure 3. Metabolite linkage map representing primary and secondary plant metabolism in opium poppy. The circles associated
with each metabolite indicate whether the metabolite was detected (green), not detected (red), or masked (yellow) in root and
latex extracts (first and second circles, respectively). Data could not be obtained for metabolites shown in gray because
information regarding their standard "H NMR spectra was not available.
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Figure 4. Individual metabolite quanti-
ties in latex as determined by "H NMR
analysis for six varieties of opium
poppy. Plant variety abbreviations are
the same as in Figure 1. Data are given
as means = sg, which were calculated
using at least three biological repli-
cates. Letters above the bars indicate
pair-wise differences identified by
Tukey-Kramer multiple comparison
tests. Bars lacking letters were not sig-
nificantly different. Quantification was
achieved using Chenomx NMR Suite
software with DSS as the internal stan-
dard.

morphinan alkaloids measured by HPLC was some-
what different (i.e. morphine and thebaine) than that
determined by "M NMR, which likely reflects their
differential solubility in D,O compared with methanol.
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An intriguing result was the lack of a significant
difference between the alkaloid content in roots of the
various cultivars. Although P latex was virtually al-
kaloid free, morphinan alkaloid levels in P roots were
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Figure 5. "H NMR spectra of latex aqueous extracts for six varieties of
opium poppy. The spectral region corresponding to C-ring protons is
shown, with proton resonances for morphine (Mo), codeine (C), theba-
ine (Th), and oripavine (O) indicated. Comparisons of relative alkaloid
abundance may be made between plant varieties, whose abbreviations
are the same as in Figure 1.
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similar to those of the commercial cultivars. Similarly,
morphine and codeine were detected in T roots but
were absent from latex. Only M roots could be distin-
guished due to the presence of noscapine.

Different Latex Alkaloid Profiles Are Not Associated
with Transcriptional Perturbations in
Primary Metabolism

The expression profiles of 30 genes encoding en-
zymes involved in pathways linked to alkaloid me-
tabolism were determined using quantitative real-time
reverse transcription (RT)-PCR to detect possible per-
turbations in primary metabolism resulting from dif-
ferential alkaloid production. In addition, the relative
expression levels for 12 genes encoding known alka-
loid biosynthetic enzymes were measured. The meta-
bolic roles for each of these 42 enzymes are illustrated
in Supplemental Figure S3. The metabolic components
that were examined included the oxidative pentose
phosphate pathway, ammonium fixation and photo-
respiration, S-adenosyl-Met metabolism, the shikimate
pathway, and benzylisoquinoline alkaloid biosynthe-
sis. The relative abundance of each gene transcript
in flower buds (Fig. 7), stems (Supplemental Fig. 54),
and roots (Supplemental Fig. S5) was determined.
Significant differences were detected in the expression
of a few primary metabolic genes in flower buds, stems,
and roots. In contrast, the abundance of gene transcripts
encoding alkaloid biosynthetic enzymes showed con-
siderably more variation. In M flower buds, transcript
levels were generally lower for approximately half of
the alkaloid biosynthetic genes tested compared with
varieties (i.e. L, T, 11, and 40) that showed higher alkaloid
accumulation (Fig. 7). These genes encode key upstream
enzymes (e.g. Tyr/3,4-dihydroxy-Phe [DOPA] decarbox-
ylase [TyDC] and (S)-coclaurine N-methyltransferase
[CNMT]) and downstream, morphinan pathway-specific
enzymes (e.g. codeinone reductase [COR]). Vari-
ety L showed relatively high expression levels of
genes encoding upstream O-methyltransferases (i.e.
norcoclaurine 6-O-methyltransferase [60OMT] and
3’-hydroxy-N-methylcoclaurine 4'-O-methyltransferase
[4'OMT]) and morphinan branch pathway-specific
enzymes (i.e. salutaridine reductase [SalR] and salu-
taridinol 7-O-acetyltransferase [SalAT]). Similar differ-
ences in alkaloid biosynthetic gene expression profiles
were also found in stems and roots (Supplemental
Figs. S4 and S5). In variety P, gene transcripts encoding
all known alkaloid biosynthetic enzymes were detected
in each organ despite the lack of alkaloid accumulation
in the latex.

DISCUSSION

Benzylisoquinoline alkaloid metabolism in opium
poppy is highly complex, involving at least 14 enzyme-
catalyzed reactions leading to morphine and begin-
ning with the primary metabolite Tyr. The enzymology
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Figure 6. Quantification of alkaloids determined by HPLC analysis for
six varieties of opium poppy. Plant variety abbreviations are the same as
in Figure 1. The different alkaloids are color coded as indicated. Data
are given as means * sg, which were calculated using six biological
replicates. Compounds were identified by comparing retention times
and UV spectra with those of authentic standards. LC-MS analysis of
each sample was also performed for further confirmation. Quantifica-
tion was achieved using standard curves developed for each alkaloid
using authentic standards.

of morphine and sanguinarine biosynthesis in opium
poppy is largely known, and many biosynthetic genes
have been isolated. However, key steps in the branch
pathways leading to morphinan, sanguinarine, and
noscapine remain uncharacterized at both the enzy-
matic and molecular levels. Moreover, little is known
about the regulation of alkaloid biochemistry in opium
poppy. Metabolite and gene transcript profiling were
used to investigate metabolism in opium poppy with a
focus on the effects of altered alkaloid levels on the
accumulation of relevant primary metabolites. Six
plant varieties were characterized in an attempt to
reveal underlying biochemical perturbations and gar-
ner clues about the genes responsible for each chemo-
type. PCA-based chemometric analysis permitted an
examination of variance between different plant vari-
eties. Although the sensitivity of "H NMR limits the
number of compounds that can be analyzed, multi-
variate analysis of proton spectra revealed modula-
tions in metabolite profile even in the absence of
specific identification. The results suggested that al-
kaloids are the primary factors discriminating two
cultivars, P and T, from several high-morphine com-
mercial varieties. Application of Chenomx NMR
Suite software enabled the identification and quanti-
fication of 34 root and 21 latex compounds within
complex sample extracts, providing a novel perspec-
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tive on the coordination of metabolism in opium
poppy. With few exceptions, quantitative data cor-
roborated those obtained by PCA, with significant
variation in the levels of morphinan alkaloids for P
and T relative to the commercial varieties L, 11, and
40. Lower levels of morphinan alkaloids, especially
thebaine, were found in the latex of M compared with
varieties L, T, 11, and 40, as shown in the multivariate
analyses of both aqueous and chloroform extracts.
Elevated Suc levels were observed in cultivars M
and P, which showed correspondingly lower alkaloid
accumulation in the latex relative to other varieties
(Fig. 4). Suc is a distal carbon source for alkaloids
(Supplemental Fig. S3), and altered levels of this
carbohydrate in latex might reflect overall carbon
use modulations. In contrast with M and P, Suc levels
were not significantly different in T relative to high-
morphine varieties L, 11, and 40. Although morphine
and codeine were not detected in T latex (Figs. 4-6),
levels of the upstream intermediates thebaine and
oripavine were substantially higher in T compared
with L, 11, and 40. Carbon requirements for alkaloid
biosynthesis were unchanged in T compared with
high-morphine varieties, consistent with the approxi-
mately stoichiometric replacement of morphine/codeine
with thebaine/oripavine.

Despite differences in Suc abundance, genetic var-
iations affecting alkaloid metabolism might not neces-
sarily perturb other primary metabolic compounds, at
least in terms of steady-state levels. To support alka-
loid biosynthesis, depletion of key precursors such as
Tyr must be avoided and metabolic homeostasis must
be maintained by the enhancement of flux through
certain pathways. Because changes in flux might be
associated with the differential regulation of genes
encoding metabolic enzymes, we examined the rela-
tive transcript abundances of 30 genes encoding en-
zymes involved in primary metabolic pathways with
links to alkaloid biosynthesis. Substantial modulations
in the abundance of available primary metabolic gene
transcripts were not detected in flower buds (Fig. 7),
stems (Supplemental Fig. S4), or roots (Supplemental
Fig. S5). However, it cannot be ruled out that com-
pensatory adjustment in the primary metabolism of
opium poppy varieties with substantially different
alkaloid accumulation profiles might occur in cell
types other than laticifers, which contain latex. The
metabolite profile of the latex does not necessarily
reflect perturbations occurring in neighboring cells.
Since the biosynthesis of alkaloids is known to occur in
sieve elements (Bird et al., 2003; Samanani et al., 2006),
alterations in primary metabolic networks might be
more pronounced in phloem tissues.

Metabolomics has been used extensively to charac-
terize root metabolites, especially in legumes and crop
plants such as tomato (Solanum lycopersicum), barley
(Hordeum wvulgare), and maize (Zea mays; Hall, 2006;
Ward et al., 2007). Although root metabolite levels are
highly species and circumstance specific, compounds
detected in abundance often include the amino acids

Plant Physiol. Vol. 147, 2008
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Asn, GIn, and/or Glu. Such was the case for all opium
poppy varieties tested with the exception of Asn,
which could not be identified in roots due to masking.
Nitrate reduction in roots provides the shoot with
organic nitrogen, mostly in the form of GIln and Asn,
via the transpiration stream in xylem vessels (Heldt,
1997; Satoh, 2006). Malate, which is required for the
transport of nitrate assimilation substrates and prod-
ucts across plastid membranes (Lam et al., 1996), was
also abundant in roots. Malate was lower in the latex
(Fig. 4) and roots (Supplemental Fig. S1) of P com-
pared with alkaloid-accumulating varieties, poten-
tially reflecting the reduced demand for nitrogen in
support of alkaloid metabolism. The substantially
reduced biosynthesis of alkaloids in P appeared to
alter the abundance of certain amino acids in the latex,
with lower levels of Asn and higher levels of Ile
compared with alkaloid-producing cultivars. These
modulations were not observed in M, which displayed
only a reduced accumulation of alkaloids compared
with cultivars L, T, 11, and 40. Amino acid levels in
phloem and xylem sap are tightly regulated to satisfy
the nitrogen requirements of various organs, espe-
cially seeds (Lam et al., 1995). In opium poppy, alka-
loid production likely increases the demand for
specific amino acids, such as Glu and, more directly,
Tyr. In general, aromatic amino acid levels were either
low or not detectable in latex and root, suggesting a
diversion of flux from the shikimate pathway toward
alkaloid biosynthesis. However, few significant mod-
ulations were detected in aromatic amino acid levels in
the latex of P compared with other varieties (Fig. 4).

In roots, choline was highly abundant in contrast with
relatively low levels of O-phosphocholine. Although
choline serves as a precursor to the osmoprotectants
betaine and Gly betaine in many plants, such com-
pounds, to our knowledge, have not been reported
previously in opium poppy. Choline is also required
for the production of the ubiquitous membrane com-
ponent phosphatidylcholine via the CDP-choline path-
way, which is known to operate in Arabidopsis, Brassica
napus, and Pisum sativum (Jackowski and Fagone, 2005).
The nonprotein amino acid GABA, a metabolite gen-
erally associated with the stress response in plants,
was abundant in latex (Fig. 4). Multiple roles for GABA
have been proposed, including defense against insects
(Bouché and Fromm, 2004). The high levels of GABA,
which acts as a neurotransmitter in both vertebrates
and invertebrates, might play a defensive role against
herbivores.

The cell-specific localization of alkaloid biosynthetic
enzymes (Bird et al.,, 2003; Samanani et al., 2006)
supports a general separation of alkaloid and primary
metabolism. Nevertheless, potentially important dif-
ferences in the steady-state levels of some primary
metabolites accompanied major differences in alkaloid
profile. However, the limited dynamic range of NMR-
based methods coupled with a degree of biological
variance might have precluded the identification of
other affected metabolites.
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Accumulation of Tyramine in Low-Alkaloid Poppy
Suggests Altered Metabolism Upstream of
Alkaloid Biosynthesis

Our present knowledge about the initial steps of
benzylisoquinoline alkaloid biosynthesis is largely
based on studies involving feeding experiments using
radiolabeled precursors (Roberts et al., 1987; Rueffer
and Zenk, 1987; Stadler and Zenk, 1990). The first
committed step in alkaloid formation uses dopa-
mine and 4-hydroxyphenylacetaldehyde to produce
(S)-norcoclaurine. Dopamine is formed by the decar-
boxylation of DOPA or the hydroxylation of tyramine.
Both DOPA and tyramine are incorporated into opium
poppy benzylisoquinoline alkaloids, although their
relative contributions in the plant are not clear. Re-
cently, opium poppy seedlings fed with [°C]tyramine
were found to accumulate dopamine and thebaine
with 49% and 37% *C content, respectively (Schmidt
et al.,, 2007). In support of previous results involving
3C NMR spectroscopy (Roberts et al., 1987), Schmidt
et al. (2007) showed that tyramine was specifically
incorporated into the tetrahydroisoquinoline moiety
of benzylisoquinoline alkaloids. The accumulation of
tyramine in the latex of the low-alkaloid cultivar P, but
not in others, suggests a perturbation early in alkaloid
metabolism. The conversion of tyramine to its cate-
cholamine derivative dopamine would require ring-
hydroxylation at the meta position, but an enzyme
catalyzing this reaction has not been isolated. Low
alkaloid levels in P could represent a reduction, or
block, in the conversion of tyramine to dopamine,
resulting in increased tyramine pools.

Altered Alkaloid Accumulation in Latex, But Not Roots,
Suggests Differential, Organ-Specific Regulation of
Alkaloid Biosynthesis

The biosynthesis and accumulation of alkaloids in
opium poppy has been localized to cell types associ-
ated with the phloem in all organs of the plant.
Alkaloid biosynthetic gene transcripts were detected
in companion cells, whereas the corresponding en-
zymes were found in sieve elements of the phloem
(Bird et al., 2003; Samanani et al., 2006). The accumu-
lation of alkaloids in laticifers suggests the intercellu-
lar translocation of pathway intermediates and/or
products. The continuity of phloem tissues throughout
the plant supports the occurrence of alkaloid biosyn-
thetic gene transcripts in flower buds (Fig. 7), stems
(Supplemental Fig. S4), and roots (Supplemental Fig.
S5). Although alkaloid profiles are different in roots
and shoots, alkaloid metabolism is generally a tissue-
specific rather than an organ-dependent process.

Differences in alkaloid profile were most prevalent
in the latex of P and T (Figs. 4-6). Variety T displays a
chemotype similar to that of topl, a mutant obtained
by induced mutagenesis (Millgate et al., 2004). Like T,
topl accumulates thebaine and oripavine but not mor-
phine. Millgate et al. (2004) suggested that a gene
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encoding a single demethylase, or one regulating its
activity, might be affected in the fopl mutant. This
phenotype might also result from a structural or
transport component that prevents thebaine and ori-
pavine from trafficking to the subcellular compart-
ment where O-demethylation occurs. As part of their
characterization of topl, Millgate et al. (2004) used a
microarray-based approach to examine global changes
in gene expression relative to the high-morphine par-
ent. Although several genes were expressed at lower
levels in topl, including an ATP-dependent membrane
transporter and three putative enzyme-encoding genes,
the differential accumulation of transcripts encoding an
oxidative, demethylating enzyme that uses thebaine or
oripavine was not detected.

An important difference between the phenotypes of
T and top1 is the occurrence of codeine in the latex of
T. HPLC analysis showed that trace amounts of co-
deine accumulate in T (Fig. 6), and because codeine
is purportedly produced subsequent to the demethyl-
ation of thebaine, the genetics responsible for the
altered profile of alkaloids in these variants could
be different. Thebaine-accumulating, morphine-free
opium poppy also occurs in nature among popula-
tions of high-morphine plants (Nyman, 1978, 1980).
Although the morphine-free phenotype might result
from the lack of a single enzyme, a more complex
mechanism cannot be ruled out. It is notable that
although alkaloid phenotypes are unique in P and T
compared with commercial varieties, the root alkaloid
profile is unaffected, suggesting that alkaloid metab-
olism is regulated differently in shoot and root organs.
Efforts to engineer alkaloid metabolism by overex-
pressing the enzyme catalyzing the penultimate step
in morphine biosynthesis, COR (Supplemental Fig.
53), increased alkaloid accumulation in the carpel but
not in roots, leaves, pollen, or seeds (Larkin et al.,
2006). Previously, transformation of opium poppy
with antisense berberine bridge enzyme cDNA altered
the ratio of alkaloids in latex but not in roots (Frick
et al., 2004). Despite the substantial differences in the
accumulation of alkaloids in the P and T varieties,
transcripts corresponding to all available biosynthetic
genes were detected in flower buds, stems, and roots
of all cultivars (Fig. 7; Supplemental Figs. 54 and S5).
This suggests that different alkaloid accumulation
profiles were the result of factors other than the
differential expression of known biosynthetic genes.
However, the possibility must be considered that
variations in the regulation of alkaloid metabolism
might result from posttranscriptional events, such as
altered enzyme activities related to known biosyn-
thetic genes, or from alterations in the transport of
enzymes and/or metabolites.

Reduced Alkaloid Accumulation Is Associated with
Lower Alkaloid Biosynthetic Gene Expression

Gene expression profiling revealed a lower abun-
dance of transcripts encoding several alkaloid biosyn-

Plant Physiol. Vol. 147, 2008

"H NMR Metabolite Profiling in Opium Poppy

thetic enzymes (e.g. TyDC, CNMT, and COR) in
variety M compared with high-alkaloid varieties (i.e.
L, T, 11, and 40). TyDC catalyzes the formation of both
tyramine and dopamine, with the latter compound
used directly for the norcoclaurine synthase-catalyzed
formation of the basic benzylisoquinoline alkaloid
skeleton (Supplemental Fig. S3). Three methyl transfer
steps, including an N-methylation catalyzed by CNMT,
and one hydroxylation reaction lead to (S)-reticuline
formation. (S)-Reticuline undergoes conversion to
(5)-scoulerine by berberine bridge enzyme or epime-
rization to (R)-reticuline, leading to the formation of
thebaine, codeine, and morphine. Three steps along
the morphinan alkaloid branch pathway have been
characterized at the biochemical and molecular levels,
including SalR, SalAT, and COR. Increased morphinan
alkaloid content has been achieved by the overexpres-
sion of COR in opium poppy, indicating an important
role for this enzyme (Larkin et al.,, 2006). However,
"H NMR and HPLC analyses of latex alkaloids showed
that the major metabolite occurring at the lowest levels
in M compared with L, T, 11, and 40 was thebaine
(Figs. 4-6), which is a pathway intermediate upstream
of COR. An overall reduction in the morphinan alka-
loid content of M latex relative to pharmaceutical-
grade varieties was observed in agreement with Frick
et al. (2005), who reported lower alkaloid levels in M
relative to an industrially elite opium poppy variety.
The generally reduced abundance of transcripts en-
coding alkaloid biosynthetic enzymes likely contrib-
utes to a reduction in the alkaloid content of the latex.

Interestingly, L flower buds showed an increased
relative abundance of several alkaloid biosynthetic
gene transcripts, including those encoding 60MT,
4'OMT, SalR, and SalAT (Fig. 7). However, the ele-
vated transcript levels were not accompanied by
increased accumulation of morphine, codeine, or
thebaine compared with other high-alkaloid varieties
(Figs. 4 and 6). Taken together with the gene expres-
sion analysis for M, this suggests that although re-
duced gene expression might contribute to lower
alkaloid levels, elevated gene expression does not
necessarily lead to increased flux through alkaloid
pathways. Alkaloid biosynthesis is at least partly
dependent on a minimum threshold of gene expres-
sion. Above this threshold, no further accumulation
occurs, but below a minimum level of gene expression,
alkaloid biosynthesis is reduced.

CONCLUSION

The nontargeted metabolite profiling analysis pre-
sented in this work represents a step toward under-
standing the consequences of alkaloid biosynthesis on
the metabolome of opium poppy. Major differences in
latex alkaloid contents of plant varieties were accom-
panied by significant modulations in the levels of
some primary metabolites, but the metabolite profiles
detected via the 'H NMR spectra of aqueous and
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chloroform extracts of opium poppy latex and roots
were generally similar. This is in contrast with the
elicitor-induced accumulation of sanguinarine in
opium poppy cell cultures, in which substantial re-
programming of primary metabolism was associated
with the accumulation of sanguinarine and other
modulations in secondary metabolism (Zulak et al.,
2007, 2008). The apparently limited effect of alkaloid
biosynthesis on the primary metabolic profile of the
intact plant might reflect the specific cellular localiza-
tion of alkaloid biosynthetic enzymes and the separa-
tion of cell types involved in alkaloid formation and
storage (Bird et al., 2003; Samanani et al., 2006).
Changes in metabolic flux might also account for the
observed differences in alkaloid accumulation profiles
without detectable alterations in the steady-state
abundance of primary metabolites. Gene expression
analysis suggested that modulations in primary met-
abolic flux are not regulated at the transcriptional
level. However, a minimum threshold of alkaloid
biosynthetic gene expression appears necessary to
support high levels of product accumulation.

MATERIALS AND METHODS
Plant Material

Three commercial, high-morphine varieties (L, 11, and 40) and three
natural mutant varieties (M, P, and T) of opium poppy (Papaver somniferunt)
were cultivated in a growth chamber (Conviron) at 20°C/18°C (light/dark)
under high-intensity metal halide lights with a photoperiod of 16 h. Seed
capsules were lanced 1 to 2 d after anthesis, and latex was collected and flash
frozen with liquid nitrogen. The same plants were used to collect root tissue,
which was flash frozen. All tissue was stored at —80°C until further analysis.

Solvents and Chemicals

D,O, CDCl,, 2,2-dimethyl-2-silapentane-5-sulfonate sodium salt (DSS),
and tetramethylsilane (TMS) were purchased from Sigma-Aldrich. (R,S)-
Stylopine was synthesized as described by Liscombe and Facchini (2007), and
morphinan alkaloids were provided by Sanofi-Aventis. All other chemicals
were purchased from Sigma-Aldrich.

Sample Preparation for NMR Spectroscopy

Immediately following harvest, all tissue was flash-frozen in liquid N, and
kept at —80°C until extraction (approximately 2—4 weeks). The method of Choi
et al. (2004a) was used, with modifications, to prepare samples for NMR
spectroscopy. Latex (500 uL) was mixed with 500 uL of methanol, and the
extract was partitioned using 3 mL of water:methanol (1:1, v/v) and 3 mL of
chloroform. The extracts were vortexed for 30 s, sonicated for 4 min at 4°C,
and centrifuged at 1,000g to separate the phases and pellet insoluble material.
The phases were collected separately, the pellet was reextracted once, and the
fractions were pooled and reduced to dryness. For root, 10 g of tissue was
ground to a fine powder using liquid nitrogen and extracted with 10 mL of
methanol:water (1:1, v/v) and chloroform. Following centrifugation at
10,000g, the upper methanol-water phase was collected and insoluble material
at the interface was removed. The lower chloroform phase was filtered using
Whatman No. 1 filter paper to remove the remaining insoluble root material,
which was then added to the material collected at the phase interface.
Following reextraction of the insoluble material, the respective fractions were
pooled and reduced to dryness. The insoluble material was dried and
weighed. Dried latex and root extracts were suspended in either 1.0 mL of
buffered D,O (100 mm KD,PO,, pH 7.0 = 0.002, 10 mm NaNj, and 0.5 mm DSS)
or CDCl; (0.5 mm TMS).
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Sample Preparation for HPLC and LC-MS

To prepare samples for HPLC and LC-MS, 10 uL of latex was suspended in
1.0 mL of methanol, vortexed and incubated at 70°C for 10 min, and centrifuged
to remove insoluble material. The pellet was reextracted with methanol, and the
supernatants were pooled and reduced to dryness. For root, 10 g was extracted
overnight in 10 mL of methanol at 70°C. The extracts were centrifuged to pellet
the tissue, which was reextracted with methanol. Supernatants were pooled
and reduced to dryness, and the remaining tissue was dried and weighed.
Latex and root extracts were dissolved in 500 uL of methanol for analysis.

NMR Spectroscopy

All experiments were performed on a Bruker Advance 600 spectrometer
(Bruker Daltonics) operating at 600.22 MHz and equipped with a 5-mm TXI
probe at 298 K for solution-state analysis. All one-dimensional 'H NMR
spectra of aqueous samples (1 mL in conventional cells) were acquired using a
standard Bruker noesyprld pulse sequence in which the residual water peak
was irradiated during the relaxation delay of 1.0 s and during the mixing time
of 100 ms. A total of 256 scans were collected into 65,536 data points over a
spectral width of 12,195 Hz, with a 5-s repetition time. A line broadening of
0.5 Hz was applied to the spectra prior to Fourier transformation, phasing,
and baseline correction. Spectra of samples in chloroform were acquired using
similar parameters, with no solvent suppression pulses. Additional NMR
experiments were performed for the purpose of confirming chemical shift
assignments, including total correlation spectroscopy and heteronuclear sin-
gle quantum coherence spectroscopy, using standard Bruker pulse programs.

Chemometric Analysis

One-dimensional "H NMR spectra were imported into Chenomx NMR Suite
version 4.6 (Chenomx) for target profiling analysis to determine compound
concentrations and spectral binning. All shifts related to the solvent (i.e. in the
range of 4.5-5.0 ppm) and DSS were excluded, and the remaining spectral
regions were divided into 0.04-ppm bins. The same approach was taken for
CDClj-solvated extracts, in which case the single chloroform proton peak was
removed prior to binning. Chemometric analysis was performed using SIMCA-P
version 11.5 (Umetrics) with unsupervised PCA. All variables were pareto
scaled to minimize the influence of baseline deviations and noise. In addition,
PCA analysis was conducted on compound concentrations from target
profiling analysis, in which case all variables were autoscaled prior to PCA.

Targeted Metabolite Profiling

Metabolite identification and quantification were achieved using the Profiler
feature of Chenomx NMR Suite version 4.6 for analysis of one-dimensional
"H NMR spectra. Chenomx Profiler is linked to a database of metabolites whose
unique NMR spectral signatures are encoded at various spectrometer frequen-
cies, including 600 MHz. For the purposes of this study, one-dimensional
"H NMR signatures corresponding to selected compounds not present in the
standard Chenomx library, including those of several benzylisoquinoline
alkaloids, were used to create a custom opium poppy database (Supplemental
Table S2). All standard NMR spectra used for metabolite identifications are
commercially available (www.chenomx.com) or can be obtained from the
corresponding author. Comparisons of NMR spectra with this database pro-
duced a list of compounds and their respective concentrations. A combination
of one- and two-dimensional proton and heteronuclear NMR techniques were
employed to confirm compound identities where necessary. Metabolites were
quantified by the addition of a known amount of internal standard (i.e. DSS
in D,0O, TMS in CDCl,), which also served as a chemical shift reference. Due to
the present unavailability of a metabolite database designed for the analysis of
NMR spectra acquired in CDCl,, extensive analysis could only be carried out
for spectra acquired in D,0. However, the "H NMR spectrum for thebaine in
CDCl; was integrated into the metabolite database such that access by
Chenomx Profiler would permit the identification and quantification of this
metabolite in chloroform extracts of latex tissue. All data used to calculate
metabolite levels are provided in Supplemental Table S3.

HPLC and LC-MS

HPLC was performed using the System Gold pump and photodiode array
detector (Beckman-Coulter). All separations were performed at a flow rate of
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1.0 mL min~" on a C,4 reverse phase column (4.6 X 250 mm, 5 um, Discovery;
Supelco). A 50-uL injection was separated using a defined gradient of solvent
A (water, 0.1% triethylamine) and solvent B (methanol, 0.1% triethylamine).
Chromatography was initiated using 70% (v/v) solvent A, which was de-
creased to 40% over 3 min, followed by a decrease over 22 min to 30%.
Subsequently, the gradient was ramped to 100% solvent B over 3 min and
maintained as such for 12 min. Peaks corresponding to morphine, oripavine,
codeine, thebaine, noscapine, and sanguinarine were monitored at 280 nm
and identified on the basis of retention times and UV spectra compared with
those of authentic standards.

The mass measurements of latex and root extracts were performed on a
Bruker Daltonics Esquire 3000 ion-trap mass spectrometer equipped with an
Agilent model 1100 ESI HPLC system (Agilent Technologies). Mass spec-
trometry in the positive ion mode with an interface flow rate set to 0.3 mL
! was performed at a nebulizer setting of 45.0 pounds per square inch, a
dry gas flow of 10.0 L min~ ', a dry gas temperature of 350°C, a capillary
voltage of 4,000 V, a tap drive voltage of 38.8 V, and a target mass of 500 11/z.

min~

Gene Expression Analysis

Total RNA was isolated with TRIzol according to the manufacturer’s
protocol (Invitrogen). RT was performed at 42°C for 60 min using 2.5 um
anchored oligo(dT) primer (dT,VN), 0.5 mM dNTP, 10 to 40 ng uL ™' RNA,
and 5 microunits uL~! reverse transcriptase (Fermentas) following denaturing
of the RNA-primer mix at 70°C for 5 min. Real-time PCR using SYBR Green
detection was performed using an Applied Biosystems 7300 real-time PCR
system. Each 10-uL PCR included 1 uL of cDNA (taken directly from the RT
reaction in the case of stem, or diluted 50% with water for bud and root), 300 nm
forward and reverse primers, and 1X Power SYBR Green PCR Master Mix
(Applied Biosystems). Primer sequences are listed in Supplemental Table S4.
The thermal cycling conditions for relative quantification included 40 cycles of
template denaturation, primer annealing, and primer extension. To evaluate
PCR specificity, the amplified products of all primer pairs were subjected to
melt curve analysis using the dissociation method suggested by Applied
Biosystems. The reported values were calculated using six independent trials
per plant line (i.e. two technical replicates for each of three independent
biological samples). The 2"**“* method was employed for the analysis of relative
gene expression (Livak and Schmittgen, 2001), where the gene encoding
elongation factor 1a (elfla) was used as the internal control and, for each of 42
target genes, the plant line exhibiting the highest expression level served as the
calibrator. All data used to calculate relative gene expression levels are
provided in Supplemental Table S5.

Statistical Methods

One-way ANOVA was performed to determine significant differences in
metabolite levels (i.e. umol mL ! latex or wmol gfl root) and transcript levels
(i.e. relative abundance) using the NCSS Statistical Analysis and Graphics 2007
software package. Tukey-Kramer multiple-comparison tests were performed
to reveal pair-wise differences between the means. a« was set to 0.05 in all cases.

Sequence data from this article can be found in the GenBank/EMBL data
libraries under accession numbers AF025430, AF108432, AF191772, AF339913,
AY217333, AY217335, AY217336, AY268893, AY860500, DQ028579, DQ316261,
EB740724 to EB740749, EB740751 to EB740754, and U08598.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. Individual metabolite quantities in root as
determined by 'H NMR analysis for six varieties of opium poppy.

Supplemental Figure S2. Typical HPLC elution profiles for latex and root
extracts for six opium poppy varieties. Peaks corresponding to mor-
phine (M, red), oripavine (O, yellow), codeine (C, dark blue), thebaine
(T, green), noscapine (N, light blue), and sanguinarine (S, purple) were
identified by comparison with UV absorption spectra and retention
times of authentic standards.

Supplemental Figure S3. Network of metabolic pathways leading from
Suc to the benzylisoquinoline alkaloids sanguinarine and morphine in

opium poppy.
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Supplemental Figure S4. Quantitative real-time RT-PCR expression anal-
ysis of 30 primary metabolic and 12 alkaloid biosynthetic genes in
stems of six opium poppy varieties.

Supplemental Figure S5. Quantitative real-time RT-PCR expression anal-
ysis of 30 primary metabolic and 12 alkaloid biosynthetic genes in roots
of six opium poppy varieties.

Supplemental Table S1. PCA loadings of NMR spectral data obtained for
latex chloroform extracts.

Supplemental Table S2. List of metabolites for which one-dimensional
'"H NMR signatures are available in a Chenomx NMR Suite com-
pound database customized for opium poppy.

Supplemental Table S3. Raw data sets for the "H NMR-based metabolite
profiling of opium poppy latex and roots.

Supplemental Table S4. Primers used for real-time PCR gene expression
analysis in opium poppy.

Supplemental Table S5. Raw data for the quantitative real-time PCR anal-
ysis of gene expression in opium poppy stem, root, and flower buds.
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