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Metabolic engineering of dhurrin in transgenic
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Focused and nontargeted approaches were used to assess the
impact associated with introduction of new high-flux pathways in
Arabidopsis thaliana by genetic engineering. Transgenic A. thali-
ana plants expressing the entire biosynthetic pathway for the
tyrosine-derived cyanogenic glucoside dhurrin as accomplished by
insertion of CYP79A1, CYP71E1, and UGT85B1 from Sorghum
bicolor were shown to accumulate 4% dry-weight dhurrin with
marginal inadvertent effects on plant morphology, free amino acid
pools, transcriptome, and metabolome. In a similar manner, plants
expressing only CYP79A1 accumulated 3% dry weight of the
tyrosine-derived glucosinolate, p-hydroxybenzylglucosinolate
with no morphological pleitropic effects. In contrast, insertion of
CYP79A1 plus CYP71E1 resulted in stunted plants, transcriptome
alterations, accumulation of numerous glucosides derived from
detoxification of intermediates in the dhurrin pathway, and in loss
of the brassicaceae-specific UV protectants sinapoyl glucose and
sinapoyl malate and kaempferol glucosides. The accumulation of
glucosides in the plants expressing CYP79A1 and CYP71E1 was not
accompanied by induction of glycosyltransferases, demonstrating
that plants are constantly prepared to detoxify xenobiotics. The
pleiotrophic effects observed in plants expressing sorghum
CYP79A1 and CYP71E1 were complemented by retransformation
with S. bicolor UGT85B. These results demonstrate that insertion of
high-flux pathways directing synthesis and intracellular storage of
high amounts of a cyanogenic glucoside or a glucosinolate is
achievable in transgenic A. thaliana plants with marginal inadver-
tent effects on the transcriptome and metabolome.

DNA microarrays | metabolic engineering | metabolite
profiling | channeling | substantial equivalence

M etabolic engineering offers the possibility to design plants
that produce desired compounds (1-3). Knowledge of the
impact of insertion of metabolic pathways on preexisting metabolic
pathways is typically scarce, and is assessed by targeted approaches,
but not by more global and unbiased approaches. We have previ-
ously reported transfer of the entire pathway for synthesis of the
tyrosine-derived cyanogenic glucoside dhurrin from Sorghum bi-
color to Arabidopsis thaliana by coexpression of three S. bicolor
cDNAs: two multifunctional cytochromes P450, CYP79A41 and
CYP7IEI, and a family 1 glucosyltransferase, UGT85BI (Fig. 1).
The transgenic A. thaliana plants accumulated up 4% of plant dry
matter of dhurrin (4). Transgenic A. thaliana plants in which only
CYP79A1 was introduced accumulated up to 3% dry matter of the
tyrosine derived p-hydroxybenzylglucosinolate, a glucosinolate that
does not occur naturally in A. thaliana (5). The accumulation of
tyrosine derived p-hydroxybenzylglucosinolate in A. thaliana is the
result of metabolic crosstalk, where the p-hydroxyphenylacetaldo-
xime produced by CYP79A1 is efficiently used by the post-oxime-
metabolizing enzymes CYP83B1 or CYP83Al in the endogenous
glucosinolate biosynthetic pathway (5, 6) (Fig. 1).

www.pnas.org/cgi/doi/10.1073/pnas.0409233102

In this study, we have used nontargeted and targeted approaches
to investigate the effect of insertion of the entire high-flux pathway
for dhurrin synthesis in A. thaliana on the transcriptome and
metabolome, and compared these effects with those accompanying
insertion of only parts of the pathway. We demonstrate that it is
possible to engineer plants to express high-flux biosynthetic path-
ways related to cyanogenic glucosides and glucosinolates produc-
tion and to accumulate large amounts of these types of natural
products without unexpected and significant changes in the tran-
scriptome or metabolome. When incomplete pathways were in-
serted, metabolic crosstalk or detoxification reactions were found
to induce significant changes in plant morphology, the transcrip-
tome, and metabolome.

Materials and Methods

Cultivation of Plants. All plant lines used were homozygous for the
transgenes. Plants were grown in 9-cm diameter plastic pots in
autoclaved soil supplemented with vermiculite (10% vol/vol) in an
insect-free growth chamber at 22°C, with 70% humidity, a photo-
synthetic flux of 100 umol photons m~2s~!, and a 16-h light:8-h
dark regime. One week after germination, seedlings were thinned
out, leaving three plants equally spaced in each pot. Plants were
watered every fifth day. Rosette leaves were harvested directly into
liquid nitrogen at ~30 day after germination or at similar devel-
opmental stages, i.e., just as the inflorescence started to appear in
the case of the 2x lines. To diminish plant to plant variation, eight
leaves from 8-35 individual plants were combined. Wild-type and
transgenic lines were grown side by side.

LC-MS Analysis. Plant material was extracted (2 min) in 85%
(vol/vol) boiling methanol. The solvent was evaporated by lyo-
philization. The residue was dissolved in water and extracted three
times with n-pentane and analyzed as described (7). The mass
spectrometer was run in both positive and negative modes. Com-
pounds were identified based on mass spectra and retention times
for authentic standards.

Oligonucleotide Microarrays. The focused array was a custom de-
signed 50-mer oligonucleotide array, with 350-um element spacing,
spotted by MWG Biotech using a single pin on epoxy-coated glass
slides. The array contained probes for 453 selected A. thaliana genes
spotted in duplicate (Data Set 1, which is published as supporting
information on the PNAS web site). The 50-mer oligonucleotides
were designed by MWG Biotech, essentially as described in ref. 8.

Freely available online through the PNAS open access option.
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Fig. 1. Biosynthesis of the sorghum-derived cyanogenic glucoside dhurrin
and glucosinolates in transgenic A. thaliana plants. CYP79A1, CYP71E1, and
UGT85B1 are enzymes encoded by the introduced sorghum transgenes. The
dashed arrow illustrates metabolic crosstalk resulting from interaction of
sorghum CYP79A1 with preexisting endogenous post-oxime-metabolizing
enzymes (CYP83B1, SUR1, a sulfotransferase, and UGT74B1), enabling use of
p-hydroxyphenylacetaldoxime produced by CYP79A1 by the post-oxime-
metabolizing enzymes in the preexisting glucosinolate biosynthetic pathway.
The presence of CYP71E1 prevents this interaction.

The global 70-mer oligonucleotide array probes were produced
by Qiagen-Operon (which can be accessed at http://oparray.oper-
on.com/arabidopsis/index.php) and printed at 180-um spacing on
Telechem superamine aminosilane-coated slides. A complete list-
ing of probes can be accessed at www.ag.arizona.edu/microarray.
Isolation and labeling of mRNA and hybridization of arrays were
performed as described (9). The arrays were scanned by using an
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Affymetrix (Santa Clara, CA) GMS 418 Array Scanner using four
different photomultiplier gains, while keeping the laser power at 30.
IMAGENE Version 5.6.0 (Biodiscovery, Marina del Rey, CA) was
used to analyze the scanned TIFF files. Scatterplots were obtained
with GENESIGHT Version 4.0 (Biodiscovery) using LOWESS normal-
ization, but with omission of the background subtraction step. For
the statistical analysis, LOWESS-normalized data were analyzed with
significance analysis of microarrays (SAM) (10) Version 1.21.

Results

Morphological Phenotypes and Metabolite Profiling. Three different
types of transgenic A. thaliana plants were compared with wild-type
plants (Fig. 2). The plants designated 1x ectopically express sor-
ghum CYP79A1 (5), 2x lines express sorghum CYP79A41 and
CYP7IEI (6), whereas 3x lines express all three sorghum genes
involved in dhurrin biosynthesis: CYP7941, CYP71E1, and
UGT85B1 (4). The impact on the metabolome was assessed by
LC-MS analysis of extracts of rosette leaves. To limit variation
between plants due to different environmental challenges, exten-
sive care was taken to grow the plants under controlled conditions,
to eliminate abiotic and biotic stresses, and to collect plant samples
at precisely the same time of the day, and at the same develop-
mental stage.

The 1x line used in this study was selected among the original 18
1x transgenic A. thaliana lines expressing sorghum CYP79A1. This
line accumulated 2-3% of its dry matter as tyrosine-derived p-
hydroxybenzylglucosinolate, as determined by GC-MS and HPLC
analyses of the glucosinolate content after conversion into desul-
foglucosinolates by sulfatase treatment (5). In the current LC-MS
analysis (table 1, Fig. 2), p-hydroxybenzylglucosinolate was detected
directly and gave rise to two peaks when analyzed in positive mode
(Fig. 2). These two peaks correspond to intact p-hydroxybenzyl-
glucosinolate [no. 7, retention time (rt) = 4.0] and desulfo p-
hydroxybenzylglucosinolate (no. 8, rt = 6.5 min), as the result of a
partial loss of the sulfate group in the mass spectrometer during the
electrospray ionization ionization process (data not shown). The 1x
plant line also accumulated minute amounts of glucosides derived
from detoxification of p-hydroxyphenylacetaldoxime (Fig. 2, Table
1, and refs. 5 and 6). Compared with wild-type plants, the level of
sinapoylglucose (no. 14, rt = 18.4 min), the shared precursor for
sinapoylcholine and sinapoylmalate, was found to be ~7 fold
down-regulated. Two metabolites, nos. 9 and 10, with unknown
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Fig. 2. Comparison of plant morphology and metabolite composition in wild-type A. thaliana and transgenic lines. Plants expressing sorghum CYP79A1 are
designated 1x, plants expressing sorghum CYP79A1 and CYP71E1 are designated 2x, and plants expressing CYP79A1, CYP71E1, and UGT85B1 are designated 3x.
Morphological phenotype (A) and metabolite profile as monitored as total ion trace (TIC) and extracted ion chromatographs (EIC) in the three transgenic lines
are shown (B). (C) Close-ups of the extracted ion chromatograms to facilitate visualization of minor components. Compound numbers and absolute and relative

changes are tabulated in Table 1.
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Table 1. Metabolic profiling of wild-type and transgenic A. thaliana lines as monitored by extracted ion chromatography from LC-MS

(Fig. 2)
No. Metabolite rt, min [M+Nal]* M+ 1x 2x 3x wt
1 p-glucosyloxy-benzylglucose* 2.5 485 462 - + - _
3.4 485 462 - + - -
4.1 485 462 - 4 -

2 p-glucosyloxy-phenylmethanol* 1.7 309 286 - + - _

3 p-glucosyloxy-benzoic acid* 5.8 323 300 - + - _

4 p-glucosyloxy-phenylethanolt 10.3 323 300 + - _

5 p-hydroxybenzoylglucose* 1.1 323 300 - +4++ + -

6 Dhurrin* 135 334 311 - - 4+ -

7 p-hydroxybenzylglucosinolate® 4.0 368 345 +++ + - _

8 Desulfo p-hydroxybenzylglucosinolate® 6.5 368 345 +4++ + - _

9 Unknown glucoside 12.0 337 314 ++ + -

10 Unknown compound 14.2 - 323 + + - -

1 Unknown compound 7.7 - 323 - + - _

12 Unknown 13.7 316 +4++ + +++ +4+
Unknown 14.3 - 316 +++ ++ +++ +++
Unknown 15.5 316 +++ ++++ +++ +++

13 Sinapoyl malate 23.2 363 339 +++ + 4+ o+

14 Sinapoyl glucose 18.4 409 385 + + +++ +++

15 Kaempferol-3-O-glucoside-7-O-rhamnoside 22.0 617 594 ++ + ++ ++

16 Kaempferol-3-O-rhamnoside-7-O-rhamnoside 23.6 601 578 ++ + ++ ++

17 Kaempferol-3-O-[rhamnosyl(1—2)glucoside]-7-O-rhamnoside 19.7 763 740 ++ + ++ ++

+, Metabolite present with relative amounts indicated by the number of plus signs. -, metabolite was not detected; rt, retention time.

*Metabolites marked derived from p-hydroxyphenylacetaldoxime.
TMetabolites marked derived from p-hydroxymandelonitrile (6).

structures, were identified at rt = 12.0 and 14.2 min, respectively.
In comparison with the wild-type A. thaliana plants, the 1x plants
did not display any apparent morphological phenotype.

In contrast to the wild-type morphological phenotype of the 1x
plant line, the 2x plant line appeared stressed and displayed a
stunted morphological phenotype (Fig. 2 and Fig. 5, which is
published as supporting information on the PNAS web site).
Among the original 10 2x transgenic lines, this stressed and stunted
phenotype correlated with the expression level of CYP79A1 and
CYP71EL1 (6) in that the highest expressers had the most severe
phenotype. While the number of rosette leaves appeared similar to
those of wild-type plants, they were rounder, and the petioles and
the leaves did not elongate to the same extent. The plants were
fertile, albeit with a much reduced seed set. In agreement with our
previously published data (4, 6), the current LC-MS analyses (Fig.
2 and Table 1) identified three major glucosides derived from
p-hydroxybenzoate: p-glucosyloxy-benzoic acid (no. 3, rt = 5.8
min), p-hydroxybenzoylglucose, (no. 5, rt = 11.1 min) (6), and
p-glucosyloxybenzoylglucose (no. 1, rt = 4.1 min) (4) with
p-hydroxybenzoylglucose (no. 1) being the most prominent. In
addition to the diglucoside p-glucosyloxybenzoylglucose (no. 1, rt =
4.1 min) (4), two minor diglucosides of p-hydroxybenzoic acid, with
an unknown glucose linkage pattern, were identified (no. 1, rt = 2.5
and 3.4 min, respectively). Whereas the apparent expression level
of CYP79A1 is similar to the lx line as estimated by the total
amount of p-hydroxyphenylacetaldoxime-derived metabolites (Fig.
2 and Table 1), the 2x plant line accumulated ~6-fold less p-
hydroxybenzylglucosinolate (nos. 7 and 8) in comparison with the
1x plant line. A range of minor glucosides were detected in addition
to those previously identified (Table 1) (6). Compared with that of
wild type, the level of both sinapoylglucose (no. 14) and sinapoyl-
malate (no. 13) in 2x plants was reduced 10-fold (Fig. 2 and Table
1). This unexpected decrease in sinapoylglucose and sinapoyl-
malate levels led us to analyze the impact on the three flavonols
known to be present in small amounts in 4. thaliana: kaempferol-
3-0-glucoside-7-O-rhamnoside (no. 15), kaempferol-3-O-
rhamnoside-7-O-rhamnoside (no. 16), and kaempferol-3-O-
[rhamnosyl(1—2)glucoside]-7-O-rhamnoside (no. 17) (11-13).
In the 2x plant line, the levels of all three kaempferol glucosides
were reduced in comparison with wild-type, 1x, and 3x plants

Kristensen et al.

(Table 1 and Fig. 2). In addition, the relative ratios of a triplet
of ions (no. 12) with m/z 316, rt = 13.7, 14.3, and 15.5 min,
respectively, of unknown composition, are altered compared
with wild-type, 1x, and 3x plants.

Throughout its life cycle, the 3x plant line displayed a normal
morphological phenotype, and the LC-MS profile was nearly
indistinguishable from wild-type plants, except for the predicted
accumulation of large amounts of dhurrin (Fig. 2, no. 6, rt = 13.5
min). The metabolites that accumulated in 2x plants were absent in
3x plants. Likewise, no traces of p-hydroxybenzylglucosinolate (nos.
7 and 8) were detected in the 3x plants, whereas the levels of
sinapoylmalate (no. 13), sinapoylglucose (no. 14), and kaempferol
glucosides (nos. 15, 16, and 17) were comparable with wild-type
plants. Because the 3x lines are directly derived from the 2x lines
(ref. 4 and Fig. 5), the morphological phenotype and the metabolite
profiling data demonstrate that the glycosyltransferase (UGT)
UGTS85B1 complements the 2x phenotype (Fig. 2).

The amino acid tyrosine is the substrate for sorghum CYP79A1.
To determine whether the high levels of dhurrin synthesis in the 3x
plants affected free amino acid pools, the relative (mol%) of free
amino acids in rosette leaves of wild-type and 3x plants were
determined and normalized to the total concentration of amino
acids (Fig. 6, which is published as supporting information on the
PNAS web site). No significant changes were observed in the 3x
plants when compared with wild-type plants.

Changes in the Transcriptome. Our LC-MS analyses of the transgenic
lines revealed both expected and unexpected impacts on the
metabolome. To study the impact on the transcriptome, and to
examine whether changes in the metabolome may be correlated to
changes in the transcriptome, the transgenic and wild-type A.
thaliana plants were analyzed by using both a focused and a global
spotted-oligonucleotide microarray. The focused array was de-
signed to enable detection of key changes at the transcriptional level
within primary and secondary metabolism that might take place in
the 1x, 2x, and 3x plants. The focused array contained 453 selected
50-mer oligonucleotide probes, including all 246 full-length A.
thaliana cytochromes P450 (ref. 14, which can be accessed at
www.P450.kvl.dk) except CYP84A44 and all 112 family 1 UGTs (15),
except for members of the UGTS0 and UGT81 families, because
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they are sterol and lipid glucosyltransferases, respectively (ref. 15,
which can be accessed at www.P450.kvl.dk). The cytochrome P450
and UGT enzyme families have been subject to multiple recent
duplication events (15-18). Under these circumstances, oligonucle-
otide arrays are advantageous and superior to arrays based on
longer probes or cDNA because they offer an opportunity to
minimize the impact of cross hybridization from closely related
paralogs (Fig. 7, which is published as supporting information on
the PNAS web site, and refs. 19 and 20). In addition to cytochromes
P450 and family 1 UGTSs, the focused array contained 36 probes for
genes involved in aromatic amino acid biosynthesis, 48 probes
comprising additional genes involved in secondary metabolism,
marker genes for stress responses, genes controlling indoleacetic
acid homeostasis, and 16 probes for constitutively expressed genes
(for details see Data Set 1). Finally, the focused array contained
probes corresponding to the three sorghum genes: CYP79A1,
CYP7IEI, and UGT85B1, to enable detection of the introduced
transgenes.

The 1x, 2x, and 3x transgenic lines were first analyzed by using the
focused array. Arbitrarily, a twofold induction or reduction has
traditionally been used to select differentially expressed genes in
microarray experiments. Using this criterion, only two endogenous
genes were selected as differentially expressed in the 3x line, and no
genes were selected in the 1x and 2x lines (Table 2, which is
published as supporting information on the PNAS web site, and
Figs. 3 and 4). Accordingly, the threshold was lowered to allow
detection of differentially expressed genes. In the 1x plant line, only
four endogenous genes were identified as slightly differentially
expressed in comparison with wild type (1.15- to 1.23-fold induc-

1782 | www.pnas.org/cgi/doi/10.1073/pnas.0409233102
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down-regulated expression levels.

W []

WT plants

tion), albeit with a false discovery rate (FDR) of 23%; 6 = 0.16, as
analyzed by using the saM program (10) (Figs. 3 and 4 and Table
2). Similarly, in the 3x plant line, only six endogenous genes were
scored as up-regulated (1.22- to 3.41-fold induction) with a FDR of
10%; & = 0.31 (Figs. 3 and 4 and Table 2). In contrast to the minute
changes observed in the 1x and 3x lines, the 2x line scored six
endogenous genes were scored as up-regulated (1.23- 1.44-fold),
and 24 genes were scored as down-regulated (1.20- to 1.43-fold) by
SAM analysis with an FDR of 2.3%; 6 = 0.37 (Figs. 3 and 4 and Table
2). To enable a comparison between the three data sets, the data
set was analyzed by fixing the threshold for differentially expressed
genes (8 value) to 0.16 (Fig. 4) as used for the 1x plant line. A total
of 4, 136, and 19 genes, including the transgenes, were scored as
differentially expressed for the lx, 2x, and 3x plant lines, respec-
tively, underpinning that an impact on the transcriptome was mainly
observed in the 2x plant line. The 3x and wild-type plants were
subsequently compared by using a global oligonucleotide array that
contained 70-mer oligonucleotide probes for 27,216 A. thaliana
genes. Only three genes were detected as up-regulated (1.37- to
1.58-fold) and two were detected as down-regulated (1.32- and
1.56-fold), with an FDR of 20%; & = 0.11 (Fig. 3 and Table 2).
The focused array proved to be superior to the global array
because a larger fraction of the data points were above the average
local background and suitable for SAM analysis. On the focused
array, <1% of the data points were below the average local mean
background and <13% were below twice the average local mean
background. The corresponding values for the global array were
10% and 55%;, respectively. On the global array, probes for highly
expressed genes like rubisco small subunit (Atlg67090) were in-

Kristensen et al.
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cluded (Fig. 3), and consequently required a laser setting avoiding
signal saturation of such highly expressed genes at the expense of
sensitivity toward low expressed genes (9). As a consequence,
signals of all known genes in glucosinolate biosynthesis and of
markers for phenylpropanoid biosynthesis were more than two
times the average local background on the focused array (Fig. 3),
whereas on the global array, only CYP8341 and CYP83B1 offered
signals that were two times higher than the average local back-
ground (compare Fig. 3 C and D). Mainly because of higher spot
density in combination with relatively higher background and
higher signal range, 42% of the probes on the global array were
excluded from the SAM analysis, whereas <13% were excluded on
the focused array, despite the fact that six replicates were used for
the global array and only four replicates were used for the focused
array.

Discussion

Metabolon Formation Ensures Channeling. The 1x and 3x plants share
three common characteristics: (i) no obvious morphological phe-
notype (Fig. 1), (if) accumulation of large amounts of a tyrosine-
derived natural product (Fig. 2 and Table 1), and (iif) no evident
impact of transgene insertion and expression on the metabolome
(Fig. 2 and Table 1) and transcriptome (Figs. 3 and 4). In S. bicolor,
CYP79A1, CYP71E1, and UGT85B1 have been argued to form a
dhurrin-producing metabolon, defined as a multienzyme complex
that facilitates channeling of the intermediates in dhurrin synthesis
(21, 22). Transient expression studies in S. bicolor epidermal cells
using various GFP and YFP fusions of CYP79A1, CYP71ELl, and
UGTS85B1 indicated that UGT85B1 colocalizes with CYP79A1 and
CYP71E1 (ref. 23 and K. A. Nielsen, D. B. Tattersall, and B.L.M.,
unpublished data). Our metabolite-profiling analyses further cor-
roborate these interpretations (Fig. 2). The high levels of p-
hydroxybenzylglucosinolate in 1x A. thaliana plants (nos. 7 and 8)
(5, 6), would support that CYP79A1 associates, interacts, or at least
colocalizes with the endogenous post-oxime metabolizing enzymes
in glucosinolate synthesis i.e., CYP83A1 or CYP83B1 (Fig. 1).
When CYP79A1 was expressed in Nicotiana tabacum (6), a plant
not producing glucosinolates nor cyanogenic glucosides, only very
low expression levels of CYP79A1 could be achieved, and the
reactive and unstable p-hydroxyphenylacetaldoxime produced was
swiftly subjected to detoxification reactions (6). In the 2x A. thaliana
plant line, CYP71El most likely associates and interacts with
CYP79A1, and thereby inhibits CYP79A1 interaction with the
endogenous post-oxime-metabolizing enzymes. Consequently, only
low levels of p-hydroxybenzylglucosinolate (nos. 7 and 8) accumu-
lated in 2x plants, whereas the cyanohydrin produced (Fig. 1) is
subjected to detoxification reactions and glucosylations (ref. 6 and
Table 1). In the 3x plant line, no p-hydroxybenzylglucosinolate is
detectable. This finding augments the proposition that UGT85B1
interacts or colocalizes with CYP79A1 and CYP71El, thereby
excluding p-hydroxybenzylglucosinolate formation (23). The 3x
plant lines were derived from the 2x lines by retransformation of the
2x plant lines with a 35S::UGT85B1 construct (4). Accordingly,
introduction of UGT85BI facilitated not only rescue of the stressed
and stunted phenotype but also eliminated the large majority of
novel metabolites observed to accumulate in the 2x plants (Fig. 2
and Table 1), and the impact on the transcriptome (Figs. 3 and 4 and
Table 2).

In the 1x plants, the total levels of glucosinolates were increased
4-fold compared with wild type. The level of p-hydroxybenzylglu-
cosinolate accounted for the increase (5). The increased flux
through the glucosinolate pathways was not accompanied by up-
regulation of the steady-state levels of the known post-oxime genes
CYP83A1, CYP83BI1, SURI, or UGT74B1 within the glucosinolate
biosynthetic pathway. In studies of dhurrin synthesis in sorghum, the
initial step catalyzed by CYP79A1 has been shown to be rate
limiting for the overall pathway and to be regulated at the tran-
scriptional level (24). The transcriptome and metabolome data
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obtained with the 1x plants strongly suggest that the same step is
rate limiting in glucosinolate synthesis.

The steady-state transcriptional level of the three sorghum genes
CYP79A1, CYP7IEI, and UGT85B1 was not detected as highly
elevated over background levels in the transgenic plants (Fig. 3).
High expression levels of the three introduced transgenes would
have been expected, because the transgenes were under regulatory
control of the strong CaMV 35S promoter, and because high levels
of tyrosine derived products were observed to accumulate in the
transgenic lines (Table 1). The relatively high signal intensities
detected with the sorghum probes in wild-type plants (Fig. 3)
indicated that these probes were crossreacting with endogenous A.
thaliana transcripts. Whereas sorghum CYP7IE] and UGT85B1
were clearly overexpressed in 3x plants and CYP7IE] was clearly
overexpressed in 2x plants, expression of sorghum CYP79A41 was
only marginally above background level in 1x, 2x, and 3x plants (Fig.
3 and Table 2). CYP79A1 occupies a branch point between primary
and secondary metabolism, and CYP79A1 has a relatively high
turnover number (Kyn = 0.21 mM and ke, = 200 min~!) (25).
Accordingly, very low steady-state levels of CYP79A41 transcript
may enable production of sufficient amounts of CYP79A1 enzyme
to turn over substantial amounts of tyrosine. This proposition is
supported by the fact that dhurrin accounts for 30% of the dry
matter of the upper part of etiolated S. bicolor seedlings (26),
although CYP79AL1 only constitutes ~0.2% of the microsomal
protein (25). It also concurs with the inability to detect CYP79A1
and CYP71ELl protein in the lx, 2x, and 3x transgenic lines by
Western blotting. Accordingly, a strong selection pressure against
high expression must have been encountered in the generation of
the transgenic lines.

Pleiotropic Effects. Surprisingly, metabolite profiling of the 2x plants
revealed that sinapoylmalate (no. 13), sinapoylglucose (no. 14), and
kaempferol glucoside (nos. 15, 16, and 17) levels were decreased
compared with wild-type plants (Fig. 2 and Table 1). Sinapoyl-
malate and sinapoylglucose serve as UV protectants and constitute
the major sinapate esters in A. thaliana leaves (27). Several mutants
with impaired sinapoylmalate levels, designated reduced epidermal
fluorescence (ref) mutants have been characterized (28). The ref2
mutant has decreased lignin content and ~3-fold-reduced sinapate
ester levels (29). The ref2 mutant is defective in CYP83A1, one of
the two oxime-metabolizing cytochrome P450s in glucosinolate
biosynthesis (30, 31). It has been suggested that accumulation of
oximes or their degradation products perturbs the biosynthesis of
phenylpropanoids (29). In the Lx plant line, the only major new
metabolite is p-hydroxybenzylglucosinolate (nos. 7 and 8) (Fig. 2
and Table 1). This finding implies that sorghum CYP79A1 colo-
calized or associated and interacted with the preexisting post-oxime
biosynthetic enzymes, e.g., CYP83’s, SUR1, and UGT74Bl1, of the
endogenous glucosinolate pathway in A. thaliana. Minute amounts
of p-hydroxyphenylacetaldoxime detoxification products did accu-
mulate and their presence may explain the reduced content of
sinapoyl glucose (Table 1). The reduction of sinapoylmalate and
sinopoylglucose and the three kaempferol glucosides in the 2x line
was not accompanied by a reduction in steady-state transcript levels
of UGT84s, UGT73C6,and UGT78D1, the corresponding sinapate
and kaempferol glucosyltransferases (32, 33).

The microarray analyses revealed that in 2x and 3x plants,
CYP85A2 was up-regulated 1.44- and 3.41-fold, respectively (Fig. 3
and Table 2). CYP85A2 has been predicted to be involved in
brassinolide biosynthesis (34). Similarly, CYP706A1 and CYP706A5
were up-regulated, 2.02- and 1.29-fold, respectively, in 3x plants
(Table 2). The function of CYP706s in A. thaliana is not known.
Induction of CYP8542 and CYP706A5 in 3x plants was not con-
firmed by using the global array. CYP706A1 is not represented on
the global array, whereas CYP85A42 is. Real-time PCR was used to
study the precise expression levels of CYP83B1, CYP706A1, and
CYP85A2 in the 3x lines relative to wild type and normalized to actin
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3 (data not shown). In agreement with the data obtained from the
focused array, CYP85A2 was slightly but significantly induced
(2.5-fold), whereas CYP83BI was not (1.1-fold induction).
CYP706A1 was not induced, which might indicate that the induction
observed in the focused microarray analysis (2.02-fold) represented
a false-positive.

Surprisingly, no UGT mRNAs were detected as being up-
regulated in 2x plants, although these plants accumulated high levels
of tyrosine-derived glucosides (Fig. 2, Table 1, and ref. 6). 4.
thaliana UGTs that glucosylate p-hydroxybenzoic acid in vitro have
been identified (35), but, as shown for UGT85B1, in vivo metabolon
formation (23) may restrict the in vitro-observed substrate speci-
ficity (7). Our transcriptome analyses demonstrated that plants
appear constantly prepared to detoxify xenobiotics. Recently, a
family 1 UGT, UGT1ALl, expressed in human colon cells has been
shown to be posttranscriptionally regulated by phosphorylation
(36). A similar scenario in plants would explain our microarray
results.

Increased metabolic flux from tyrosine into dhurrin in the 3x
plants was neither accompanied by changes in the transcriptome
nor in the pool of free amino acids. Aromatic amino acids are
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derived from the shikimate acid pathway and are precursors for a
vast array of secondary metabolites (37, 38). Up to 20% of the
carbon flow in plants passes through the shikimate pathway (39).
Aromatic amino acid biosynthesis in plants is allosterically regu-
lated at the enzyme level to accommodate rapid changes in flux and
demands for aromatic amino acid-derived natural products (39, 40).

Our combined analyses of the morphological phenotypes, and of
metabolite and transcriptome profiles of the transgenic plants used
in this study, demonstrate that insertion of an entire high-flux
pathway into a transgenic plant is achievable without pleiotropic
side effects. The flexibility of the shikimate pathway is demon-
strated by the fact that we have increased the dry-weight matter of
a tyrosine-derived metabolite to 4% with no impact on free amino
acid pools, and without changing the steady-state transcriptional
level of genes encoding enzymes in aromatic amino acid biosyn-
thesis. Our data support that formation of metabolons serve to
facilitate metabolic channeling to prevent escape of toxic and labile
intermediates and to avoid interference with other parts of basic
metabolism at all levels (22). The 1x and 2x plants used in this study
illustrate this phenomenon. In the 2x plants, the predicted result of
gene insertion would be formation of a labile and toxic cyanohydrin.
The 2x plant counteracts the accumulation of the cyanohydrin by
metabolism and detoxification reactions, as is evident from the
altered phenotype, the altered metabolite profile showing accumu-
lation of detoxification products, and the changes in transcriptome
profile. In comparison with the metabolic and transcriptome
changes that have typically been encountered as a result of changed
growth conditions or mutations (e.g., refs. 41-44), the changes in
metabolite and transcriptome profiles in the 2x plants were minor.
Thus, targeted introduction of traits by genetic engineering based
on a solid knowledge of plant metabolism offers the opportunity to
generate cultivars that more strictly adhere to the principle of
substantial equivalence than cultivars generated by classical breed-
ing procedures.
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