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1. Introduction

Anthocyanins and proanthocyanidins (PAs) are two groups of end products of the plant
flavonoid pathway (Fig. 1). Biochemical and genetic evidences have demonstrated that they
share the same upstream pathway beginning with phenylalanine through a series of
enzymatic reaction to anthocyanidins. Anthocyanidins are either modified by glycosylatio n,
methylation, or other reactions to form diverse anthocyanins (Springob et al. 2003) or
catalyzed into flavan-3-ols by an anthocyanidi n reductase (ANR) (Xie et al. 2003; Xie et al.
2006). In addition, leucoanthocyanidin reductase (LAR) has been enzymatically
demonstrated to catalyze leucoanthocyanidins into catechin (Tanner et al. 2003). To date,
whether or not this branch catalyzed by LAR exists in plants still remains open to genetic
studies.

Production of Anthocyanin Pigment 1 ( PAP1) encodes a R2R3-MYB transcription factor and
is a master regulator of anthocyanin biosynthesis in Arabidopsis thaliangdFig. 1) (Borevitz et
al. 2000; Tohge et al. 2005; Xie et al. 2006). The constitutive expression BAP1 in Arabidopsis
and tobacco resulted in massive accumulation of targeted anthocyanins and numerous other
phenylpropanoid compounds (Borevitz et al. 2000; Tohge et al. 2005). Our recent
experiments revealed that the regulatory function of PAP1 on anthocyanin biosynthesis is
closely associated with cellular specificity in tissues. In transgenic tobacco leaves ofPAP1
and papl-D Arabidopsis leaves, anthocyanins accumulated in epidermal cells and
parenchymal cells of vascular bundles in veins (Shi and Xie 2010; Xie et al. 2006). It was
interesting that the overexpression of PAP1 led to massive accumulation of anthocyanins in
transgenic tobacco leaf trichomes (Xie etal. 2006) but not in leaf trichomes of papl-D
Arabidopsis thaliangShi and Xie 2010).In vitro separation of red cells from other cells has
demonstrated that the regulatory function of PAP1 expression can be inherited by cell
culture developed from mother plants (Zhou et al. 2008). Both no anthocyanin-producing
white cells and anthocyanin-producing red cells were obtained from transgenic PAP1
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tobacco leaves. Transcript analysisshowed that the level of the PAP1 overexpression in
these two types of cells were similar, indicating that the regulatory function of the PAP1
expression was dependent upon cell types. (Zhou et al. 2008) The regulatory function of
PAP1 is also highly controlled by environmental factors. Although the papl-D Arabidopsis
plants over express PAP1 leading to high anthocyanin pigmentation in most of tissues
(Borevitz et al. 2000), when growth conditions were changed, anthocyanin levels and
composition were dramatically altered in leaves of papl-Dplants (Rowan et al. 2009; Shi and
Xie 2010; Tohge et al. 2005). In the same nutrition condition, high light conditions increased
anthocyanin levels in leaves of papl-D plants; under the same light condition, high nitrogen
nutrition conditions increased anthocyanin levels in leaves of papl-D plants; although in
these conditions, the expression levels of PAP1 were similar (Shi and Xie 2010). These
inconsistent relationships between the expression levels of PAP1 and anthocyanin levels
were likely associated with other transcription factors involved in anthocyanin biosynthesis.
PAP1 (MYB75), TT8 (transparent testa 8) (bHLH) / GL3 (glabra 3) (bHLH) and TTG1
(transparent testa glabra 1) (WD40) have beendemonstrated to form a regulatory complex
of MYB-bHLH-WD40 (MBW) controlling anthocyanin biosynthesis in  Arabidopsis(Gonzalez
et al. 2009; Ramsay and Glover 2005). We recently determined that the PAP1-TT8/GL3-
TTG1 complex independently regulate d anthocyanin biosynthesis in papl-D cells (Shi and
Xie 2011). In addition, there are other MBW regulatory complexes controlling anthocyanin
biosynthesis in Arabidopsis (Gonzalez et al. 2009). In different growth conditions, the
regulatory function of PAP1 is likely essentially dependent upon these regulatory
complexes.

ANR is a NADPH/NADH-dependent flavonoid reductase converting anthocyanidins to
flavan-3-ols (e.g. epicatechin) and PAs (Fig 1) (Xie et al. 2003). ANR is encoded by a
BANYULS gene that was first cloned from young seeds of Arabidopsis(Devic et al. 1999). Its
homologs were cloned from different species including a model legume plant Medicago
truncatula (Xie et al. 2003). The constittively ectopic expression of ANR in tobacco showed
the loss of anthocyanins in flowers, in whic h ANR competitively catalyzed anthocyanidins
into flavan-3-ols (e.g. epicatechin) and PAs (Xieet al. 2003). The transgeit vegetative tissues
including leaf and stem tissues also expressedANR, but failed to form epicatechin and PAs
due to the absence of anthocyanidins (Xie etal. 2003; Xie et al. 2006). To establish a complete
pathway of PAs in ANR transgenic leaves and stems, PAP1 were ectopically expressed in
them. The co-expression of ANR and PAP1 produced flavan-3-ols and PAs in leaves and
stems of transgenic tobacco plants (Xie etal. 2006). This result demonstrated that the
expression of ANR alone resulted in production of ANR protein in transgenic leaves and
stems and these tissues contained an incompletePA pathway. This result also demonstrated
that the overexpression of PAP1 provided substrates for ANR; thus formed an effective
platform for metabolic engineering of flavan-3-ols and PAs.

Whether the ectopic expression of PAP1, ANR, and PAP1::ANR, which form different
pathways in transgenic tobacco vegetative tissues, can impact other metabolisms beyond the
flavonoid pathway remains unknown. In this study, metabolic profiles of wild-type (WT)
and transgenic tobacco plants expressingPAP1, ANR, and PAP1::ANRwere examined by
GC-MS analysis, showing that these three transgenic ewents differentially altered
accumulation patterns of both targeted and non-targeted metabolites beyond anthocyanins
and PAs in both transgenic leaves and stems
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Fig. 1. Biosynthetic pathways of anthocyanins and proanthocyanidins starting with shikimic

acid. Enzymes include: PAL, L-phenylal anine ammonia-lyase; C4H, cinnamate-4-
hydroxylase; 4CL, 4-coumarate: CoA-ligase; CHS, chalcone synthase; CHI, chalcone

isomerase; F3H, flavanone-3-hydroxylase; F3'H flavonoid 3’-hydroxylase; F3'5’H, flavonoid

3’,5’-hydroxylase; DFR, dihydroflavonol redu ctase; ANS, anthocyanidin synthase; ANR,

anthocyanidin reductase; UFGT: uridine diphosphate glucose-flavonoid 3-O-

glucosyltransferase. Two arrows between shikimic acid and phenylal anine means there are
multiple steps. Asterisks (*) indicate steps known to be up-regulated by PAP1 expression.
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2. Materials and methods
2.1 Plant growth

Plant materials used for this experiment included PAP1, ANR and PAP1:: ANR (F1 progeny)
transgenic plants as well as wild-type (WT) plants. WT plants was the control line #3, which
has been used as control plants to characterizePAP1 gene function in metabolic engineering
of PAs (Xie et al. 2006).PAP1 transgenic plants containing an engineered pathway of
anthocyanins were a homozygotic one from the line #292 (Xie et al. 2006). TheANR
transgenic plants were derived from the line # B-21, which has only one copy of the MtANR
(Medicago truncatulaANR) transgene and produces PAs in flowers, (Xie et al. 2003), but
contains an incomplete pathway of PAs in leaves and stems. ThePAP1::ANR transgenic
plants were derived from the line # P-B-13 (PAP1 x ANR) that was obtained by crossing the
line # B-21 with the line #292 of PAP1 transgenic plants. This line produced a relatively high
level of PAs in leaves and stems resulting from an engineered PA pathway (Xie et al. 2006).

PAP1 PAP1 +ANR

Fig. 2. Phenotypes of plants and stem trichomes. a phenotypes of wild-type (WT) and
transgenic tobacco plants; b trichomes from stems; WT: wild type; ANR, PAP1, and PAP1 +
ANR: ANR, PAP1, and PAP1::ANR transgenic plants.
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Ten individual plants from each of four genetic background | ines were vegetatively
propagated by cutting. Finally, 37 plants (10 for wild-type and PAP1 and PAP1::ANR
transgenic plants, respectively, and 7 for ANR transgenic plants) were grown in a
growth chamber for metabolic profiling. To mi nimize effects of physical factors (e.g.
temperature, lighting, and humidity) on in vivo biochemical variability, plants were

grown in pots with a size of three inches in radius and eight i nches in height in a
growth chamber at a constant temperature of 25°C, 70% humidity, 16:8 hr light: dark
cycle, and under fluorescent epi-illumination . The possible effects of shading on plant
growth were reduced by rotating the pots. The growth of all plants was

morphologically similar (Fig. 2 a).

Sixty-two day old plants, which were approx imately 30 cm in height with 10-13 leaves,
were used for metabolome analysis. Plant tissues were harvested directly into liquid
nitrogen. Plant tissues collected included old leaves, young leaves, am stems. Old leaves
were defined as those that were fully expanded, 15-20 cm in length,from each individual
plant, while young leaves were defined as those with 5-10 cm in length, not yet fully
expanded. Old leaves, young leaves or stems from a single plant was pooled b create one
sample, thus 111 samples in total were obtained from 37 plants. The frozen samples were
stored at -80°C, freeze-dried at -80°C, and then ground into a fine powder, which was
stored at -80°C until use.

2.2 Tissue extraction and GC-MS analyses

A polar and a lipophilic extraction for each sample were profiled in this experiment.
Metabolites were extracted from lyophilized plant material as described previously
(Broeckling et al. 2005). Briefly, freeze-dried homogenized tissue (6.0 +/- 0.05 mg) was
weighed into a vial (4.0 ml) for extr action of metabolites by adding CHCI ;3 (1.5 ml) that
contained an internal standard (heptadecanoic acid methyl ester). Vials were thoroughly
vortexed and incubated at 50°C for 45 min, followed by addition of HPLC grade H 20 (1.5
ml) containing a second internal standard (ribitol). The bi phasic system was thoroughly
vortexed and then incubated for an additi onal 45 min at 50°C. The sample was then
centrifuged at 3000 xg for 30 min at 4°C. One ml of each phase was collected and the solvent
was then evaporated either using speed vaaium (aqueous phase) or dried under liquid
nitrogen stream (CHCI 3 phase). The polar phase extration was methoximated in 120 Il of
15 pg/ ul methoxyamine HCl in  pyridine for 120 min at 50°C and then trimethylsilyalted by
adding 120 il of MSTFA + 1% TMCS (Pierce Biotechnology, Rockford, IL, USA) and
incubating for 60 min at 50°C. The non-polar phase extraction was derivitized in 100 pl of
50% MSTFA + 1% TMCS in pyridine at 50°C for 60 min. One il of each was injected onto an
Agilent 6890 GC coupled to a 5973 MS. The polar sample was split at 15:1 and the non-polar
sample split 1:1. The oven program was 80°C (2 min) and ramped at 5°C/min to 315°C (12
min). Separation was performed on a 60m DB-5MS (J&W Scientific — 0.25 mm ID and 0.25
MM film thickness) at a flow rate of 1.0 ml/min. Metabolites w ere identified by comparison
to a library of electron impact mass spectra and GC retention time as described previously
(Broeckling et al. 2005). Identification was performed by using AMDIS deconvolution and
identification software (NIST). The same GC separation parameters were used for obtaining
positive and negative-ion chemical ionization spectra for tentative identification of the
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cembratienols using methane as the ionization gas on an Agilent 5973N MS. Quantification
was performed as described previously (Broeckling et al. 2005).

2.3 Data processing, statisti cal analysis and heatmap

Peak detection and deconvolution were performed with AMDIS (Halket et al . 1999) for 2-
3 samples of each treatment. Resultant peaklists were imported and compiled in MET-
IDEA (Broeckling et al. 2006) and then used to extract quantitative peak area values for
polar and non-polar metabolites. Redundant peaks were removed from the dataset, peak
area values were scaled to mean zero and standard deviation 1.0. The resulting data
matrix was statistically analyzed with discriminant function analysis, ANOVA, and
principal component analysis in JMP (SAS institute, Cary, North Carolina). One-Way
ANOVA was performed to extract significant di fferent levels of metabolites (p-values <
0.05), then followed by Tukey's HSD pos-hoc analysis to compare all pair-wise mean
difference (p-value < 0.05). To visualize metabolite accumulation patterns and the effect of
transgenes on metabolite levels in tissues,heatmaps were established from excel using
vision functions in macro.

2.4 Histological analysis of anthocyanin accumulation

Both young leaves and stems were dissected t010-20 um in thickness by hands and cellular
localization of anthocyanin accumulation was ex amined with light microscope as described
previously (Xie et al. 2006).

3. Results
3.1 Plant growth and cellular localization patterns of anth ocyanin accumulation

The growth of all plants was morphologicall y similar in the growth chamber except for
color difference (Fig. 2 a). Red pigmentation patterns were examined with a microscope.
Trichomes, epidermis, and hypodermis of PAP1 transgenic stems highly accumulated
anthocyanins (Figs. 2 b and 3). Parenchyma clis around vascular bundle and particularly
near phloem were clearly red or pink result ing from high accumulation of anthocyanins
(Fig. 3 b, c and e). In addition, parenchymal cells around xylem were clearly red or pink
due to the high accumulation of anthocyanins (Fig. 3 b, ¢ and e). Cells in the pith and
cortex were not observed to produce anthocyanins (Fig. 3 b, ¢c and e).In contrast, all cells
in WT stems did not produce anthocyanins in the same growth conditions (Fig. 2 a-b and
Fig. 3 a, d and f). In addition, ANR transgenic plants did not produce anthocyanins either
(Fig. 2 a and b). As reported previously for greenhouse-grown plants (Xie et al. 2006),
PAP1::ANR transgenic plants showed obviously reduced levels of anthocyanins in pl ants
(Fig. 2 a and b).

We previously reported the features of anthocyanin accumulation in PAP1 transgenic leaves
of greenhouse-grown plants. Anth ocyanins were mainly localized in trichomes, epidermal
cells, hypodermal cells, and parenchyma cellsin veins (Xie et al. 2006). In this experiment,
the accumulation patterns of anthocyanin in le aves were the same as ones in leaves of
greenhouse-grown plants (Xie et al. 2006).
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Fig. 3. Microscopic images show cellular specificity of anthocyanin accumulation in stems of
PAP1 transgenic plants. a-b cross section®f young stems of wild-type (a) and PAP1
transgenic (b) plants; ¢c a magnified image showing anthocyanin accumulation in
hypodermal cells of PAP1 transgenic stems; d a magnified image showing vascular bundle
of WT stems; e a magnified image showing anthocyanin accumulation patterns in or around
vascular bundles of PAP1 transgenic stems; f epdermal cells of WT stems; g epidermal cells
of PAP1transgenic stems. Abbreviations: C, corex; E, epidermis; Hy: hypodermis; P: pith;
Ph: phloem; VC: vascular cambium; X: xylem.

3.2 Metabolites identified and their profile properties in wild-type tobacco

Young leaves, old leaves, and stem tissues ofWT tobacco plants were used to analyze
metabolites and examine their accumulation patterns. In total, eighty-seven metabolites
including both water (polar molecular compounds) and chloroform soluble compounds
(low or non-polar molecular compounds) were characterized based on their mass spectra
profile identity and chromatographic retention times in comparison to authentic standards.
ANOVA significance tests indicated that sevent y-one metabolites were featured with tissue-
related accumulation patterns, which was shown in a heatmap (Fig. 4). Fourteen metabolites
did not show significant differences among th e three tissues examired. In addition, two
metabolites, ribose and trihydroxybutyrate showed an interesting pattern in the three

www.intechopen.com



386 Transgenic Plants — Advances and Limitations

tissues. ANOVA analysis showed that the levels of the two compounds were not obviously
different between young leaves and stems as well as between old leaves and stems but
significantly higher in young leaves than in old ones.

85 Metabolites
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Fig. 4. A heatmap shows differential accumulati on patterns of 85 metabolites in stems, young
leaves, and old leaves. In each pattern, red color means the highest levels of metabolites in the
tissue (P< 0.05), and blue color means significantly(P<0.05) higher levels of metabolites in the
tissue than in the other tissue indicated by green colors. (L): lipophilic metabolites extracted in
chloroform phase; (W): water soluble metabolites in extracted in water phase.
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