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Abstract The number of different anthocyanin molecules
potentially produced by Arabidopsis thaliana and which
anthocyanin molecule is the first product of anthocyanidin
modification remain unknown. To accelerate the under-
standing of these questions, we investigated anthocyanin
biosynthesis in rosette leaves of both papI-D and wild-type
(WT) A. thaliana plants grown in nine growth conditions,
which were composed of three light intensities (low light,
middle light, and high light) and three media derived from
MS medium (medium-1, 2, and 3). These nine growth con-
ditions differentially affected the levels of anthocyanins and
pigmentation patterns of rosette leaves, which were closely
related to the diversification levels of cyanin structures. The
combined growth conditions of high light and either
medium-2 or medium-1 induced the most molecular diver-
sity of anthocyanin structures in rosette leaves of papl-D
plants. Twenty cyanin molecules, including five that were
previously unknown, were characterized by HPLC-ESI-MS
and HPLC-TOF-MS analyses. We detected that the A. tha-
liana anthocyanin molecule A1l was most likely the first
cyanin derived from the multiple modification steps of
cyanidin. In addition, in the same growth condition, rosette
leaves of papl-D plants produced much higher levels and
more diverse molecular profiling of cyanins than those of
WT plants. The transcript levels of PAP1, PALI, CHS,
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DFR, and ANS cDNAs were much higher in papI-D
rosette leaves than in WT ones. Furthermore, on the same
agar-solidified medium, an enhancement of light intensity
increased levels and molecular diversity of cyanins in both
papl-D and WT rosette leaves. In the same light intensity
condition, the responses of anthocyanin levels and profiling
to medium alternation were different between papl-D and
WT plants.
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Abbreviations

papl-D Production of anthocyanin
pigmentation1-Dominant

PAP1 Production of anthocyanin

pigmentation]
HPLC-ESI-MS  High performance-electrospray
ionization-mass spectrometry
HPLC-TOF-MS High performance-time of flight-mass

spectrometry

RT-PCR Reverse transcription-polymerase chain
reaction

Introduction

Anthocyanins are the most abundant plant flavonoid pig-
ments prevalent in vascular plants. Their biosynthetic path-
way starting from phenylalanine has been extensively
studied in numerous plants (Grotewold 2006; Holton and
Cornish 1995; Springob et al. 2003; Winkel-Shirley 2001).
From phenylalanine to anthocyanidins, the biosynthetic

@ Springer


http://dx.doi.org/10.1007/s00425-010-1142-9

1386

Planta (2010) 231:1385-1400

pathway is catalyzed by multiple enzymes, the number of
which varies according to plant species and to the structures
of core anthocyanidins (Holton and Cornish 1995; Springob
et al. 2003). In general, these enzymes include phenylala-
nine ammonia-lyase (PAL), cinnamate 4-hydroxylase (C4H),
4-coumaroyl: CoA-ligase (4CL), chalcone synthase (CHS),
chalcone isomerase (CHI), flavanone 3-hydroxylase
(F3H), flavonoid 3’-hydroxylase (F3'H), flavonoid 3',5'-
hydroxylase (F3'5'H), dihydroflavonol reductase (DFR)
and anthocyanidin synthase (ANS, also called leucoantho-
cyanidin dioxygenase, LDOX). Variations in the presence,
substrate recognition, and number of homologs for each
anthocyanin biosynthetic enzyme occur in different plant
species. The enzyme flavonoid 3’,5'-hydroxylase is absent
in some plant species, such as A. thaliana (Fig. 1). The
genome of A. thaliana has four PAL and four 4CL gene
members (Olsen et al. 2008; Rowan et al. 2009). The Medi-
cago truncatula genome has two DFR gene members,
DFRI and DFR?2 (Xie et al. 2004). Based on substrate spec-
ificity, DFR can be a dihydrokaempferol reductase (DHK),
a dihydroquercetin reductase (DHQ) and/or a dihydromy-
ricetin reductase (DHM). The two DFR homologs of
M. truncatula show all three activities to utilize dihydroka-
empferol, dihydroquercetin, and dihydromyricetin as sub-
strates (Xie et al. 2004), while Petunia hybrid lacks DHK
activity (Meyer etal. 1987). ANS also can function as
cyanidin, pelargonidin, or/and delphinidin synthase.

PAL C4H 4CL

Phenylalanine 4-coumroyl-CoA 3 x malonyl-CoA

[PAPT] * .
CcHI cHs [ [PAPT]
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[TT2,TT8,TTG1,TT1,PAP1/| -0 mMyB12
PAP2, MYB113, MYB114]

Leucocyanidin
ANS l [TTG1, PAP1/PAP2, MYB113, MYB114]
ANR (BAN)

Cyanidin T 6Epicatechin
T2, TT78, TTG1, TT1, TT16] (TT12)
PAP1] | 3-GT
f ! 1 (TT19)
(TT19) l
Cyanins Procyanidins

Fig. 1 The biosynthetic pathway of anthocyanins in A. thaliana.
Enzymes include: PAL phenylalanine ammonia lyase, C4H cinnamate
4-hydroxylase, 4CL 4-coumaroyl: CoA-ligase, CHS chalcone syn-
thase, CHI chalcone isomerase, F3H flavanone 3-hydroxylase, F3'H
flavonoid 3’-hydroxylase, DFR dihydroflavonol reductase, ANS anth-
ocyanidin synthase (also called leucoanthocyanidin dioxygenase:
LDOX), FLS flavonol synthase, ANR anthocyanidin reductase and
3-GT 3-glucosyltransferase. Transcription factors include: PAPI and
2: production of anthocyanin pigment 1 and 2, 771, 2, 8, 16 transparent
testa 1, 2, 8, and 16, TTG1 transparent testa glabra 1, MYB 12, 113, and
114 R2R3 MYB 12, 113, and 114. Transporters include 7772 and
TT19, transparent testa 12 and 19
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Most of the anthocyanin pathway genes in A. thaliana
have been cloned and functionally characterized by differ-
ent approaches. The pathway is summarized in Fig. I,
which shows the properties of anthocyanin biosynthesis in
A. thaliana. Based on the current genome sequence infor-
mation (available on TAIR website, http://www.arabidopsis.
org), the PAL gene family includes four members; PALI
(AT2G37040), PAL2 (AT3G53260), PAL3 (AT5G0423)
and PAL4 (AT3G10340). The 4CL gene family has 4 mem-
bers: 4CLI (AT1G51680), 4CL2 (AT3G21240), 4CL3
(AT1G65060) and 4CL5 (AT3G21230). Other pathway
gene families have been reported to include only one
member, i.e., C4H (AT2G30490), CHS (AT5G13930), CHI
(AT3G55120), F3H (AT3G51240), F3'H (AT3G51240),
DFR (AT5G42800) and ANS/LDOX (AT4G22880) (Rowan
et al. 2009). As described above, the A. thaliana genome
lacks the F3'5'H gene. 5-O- and 3-O-glycosyltransferase
genes and other modification genes of cyanidin are not
listed here (Tohge et al. 2005). With the ongoing functional
characterization of A. thaliana proteins, more genes are
likely to be identified from the genome.

The exact number of anthocyanin molecules that A. tha-
liana can produce remains unknown. Recently, a few excel-
lent works have identified nearly 21 anthocyanin molecules
(including isomers) from this model plant (Bloor and
Abrahams 2002; Nakabayashi et al. 2009; Rowan et al.
2009; Tohge et al. 2005). Most of these anthocyanins were
isolated from leaves of the production of anthocyanin pig-
ment 1-Dominant (papl-D) mutants (Tohge et al. 2005).
Changes of growth conditions increase the number of
anthocyanins in the papl-D mutants (Rowan et al. 2009).
Based on all structures identified so far, A. thaliana antho-
cyanins are cyanins derived from cyanidin. It is unclear
whether other types of anthocyanins (i.e. pelargonins and
delphinins) are produced in A. thaliana. The recently iden-
tified 21 cyanins are derived from 3-0O- and 5-O-glycosyla-
tion of cyanidin (Fig. 2) (Rowan et al. 2009; Tohge et al.
2005). Addition of a coumaroyl, sinapoyl, malonyl, or
xylosyl group to glucose groups at 2''-0, 6''-0O, and 6'"'-O
increases the structural diversities of cyanins (Fig. 2)
(Rowan et al. 2009; Tohge et al. 2005). Other modifications
also increase the diversity of cyanin molecules in A. thali-
ana. For example, a cyanin acyl transferase that stabilizes
the coloration in a neutral pH condition was recently identi-
fied in this model plant (Luo et al. 2007).

PAPI is an R2R3-MYB factor that is essential for regu-
lating anthocyanin biosynthesis in A. thaliana. This gene
was identified by T-DNA activation tagging. The insertion
of 4-enhancers of the 35S promoter immediately near the
PAP] gene activated its expression, which resulted in pur-
ple pigmentation of A. thaliana (Borevitz et al. 2000). The
over expression of the A. thaliana PAPI gene in tobacco
created an anthocyanin pathway leading to formation of
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Fig. 2 Assigned structures of cyanins are derived from cyanidin via
glycosylation at 3-OH and 5-OH in papI-D and WT plants (Bloor and
Abrahams 2002; Rowan et al. 2009; Tohge et al. 2005). Al: R| —xylo-
syl, R, -H, R; -H (MW: 743) A2: R, —xylosyl, R, —H, R; —malonyl
(MW: 829) A3: R| —xylosyl, R, —p-coumaroyl, Ry -H (MW: 889) A4:
R, —sinapoyl-xylosyl, R, —-H, R; -H (MW: 949) AS: R, —xylosyl, R, —
p-coumaroyl, Ry —malonyl (MW: 975) A6: R| —xylosyl, R, -p-couma-
royl-Gle, R; —H (MW: 1,051) A7: R —sinapoyl-xylosyl, R, —-p-couma-
royl, R; —-H (MW: 1,095) A8: R —xylosyl, R, —-p-coumaroyl-Glc, R; —
malonyl (MW: 1,137) A9: R, —sinapoyl-xylosyl, R, —p-coumaroyl, R
—malonyl (MW: 1,181) A10: R, —sinapoyl-xylosyl, R, —p-coumaroyl-
Glc,R;-H (MW: 1,257) A11: R, —sinapoyl-xylosyl, R, —p-coumaroyl-
Glc, Ry —malonyl (MW: 1,343) A12: R; -H, R, —p-coumaroyl-Glc, R;
malonyl (MW: 1,005) A13: R, —sinapoyl-hexosyl, R, —p-coumaroyl-
Glc, Ry —malonyl (MW: 1,373) A14: R, —sinapoyl-xylosyl, R, —p-cou-
maroyl-Glc, R; — methyl-malonyl (MW: 1,357)

new anthocyanins in the transgenic plants (Borevitz et al.
2000; Xie et al. 2006). Furthermore, an ectopic expression
of this gene increased anthocyanins in tomato (Zuluaga
et al. 2008). Anthocyanin biosynthesis in A. thaliana is
highly regulated by multiple regulatory genes. To date,
functional genomics approaches have identified several
regulatory gene families, which directly or indirectly con-
trol the biosyntheses of anthocyanins and procyanidins in
A. thaliana (Fig. 1) (Dixon et al. 2005; Grotewold 2006;
Lepiniec et al. 2006; Springob et al. 2003). These regula-
tory protein families include MYB (TT2, PAP1/PAP2,
MYB113, MYB114 and MYBL2); bHLH (TT8, GL3 and
EGL3); WD40 (TTG1); WKRY (TTG2); WIP (TT1);
Homeodomain (ANL2); and bMADS (TT16) (Dixon et al.
2005). In addition, two transcription factors, which are Phy-
tochrome-Interacting Factor 3 (PIF3), a member of bHLH
family) and HYS5 (Long Hypocotyl5, a member of bZIP
factors) involved in light signal transduction, regulates
anthocyanin biosynthesis particularly under red and far-red
light conditions (Ang and Deng 1994; Kim et al. 2003; Ni
etal. 1998; Shin et al. 2007). In vitro binding and in vivo

CHIP experiments demonstrated that the two transcription
factors regulated anthocyanin biosynthesis via binding pro-
moters of several pathway genes in a complementary man-
ner and likely formed a complex (Shin et al. 2007; Song
et al. 2008).

Multiple reports have shown that anthocyanin biosynthe-
sis in A. thaliana can be induced by different abiotic and
biotic factors that either induce or increase the expression
of the PAPI gene (Lea et al. 2007; Lillo et al. 2008; Rowan
etal. 2009; Teng et al. 2005). Transcription of the PAPI
gene strongly responds to all environmental stimulations
investigated so far (Lillo et al. 2008). Nitrogen deficiency
increased the mRNA levels of the PAP! gene in both wild-
type and pap1-D seedlings sixfold (Lea et al. 2007). Depri-
vation or a low concentration of phosphorus in growth
media resulted in an increase of anthocyanins in seedlings
and increased the transcript level of the PAPI gene and its
homolog PAP2 (Lillo etal. 2008; Misson etal. 2005;
Morcuende et al. 2007; Muller et al. 2007). Induction of
anthocyanin by sucrose also correlated positively with
PAP] transcript levels in seedlings (Lillo et al. 2008;
Solfanelli et al. 2006; Teng et al. 2005).

Other factors that control the regulatory function of
PAP] remain unknown. To study these factors under con-
trolled conditions, we established two types of epigeneti-
cally stable cells lines in vitro from the same transgenic
tobacco leaf (Zhou et al. 2008). RT-PCR analysis showed
that the two cell lines highly expressed the PAPI transgene
in a similar level. However, the anthocyanin biosynthesis in
the two cell lines was obviously different. One cell line is
phenotypically red because of extremely high production of
anthocyanins resulting from the high expression of the
PAP] transgene. The other one is phenotypically white due
to low production or lack of anthocyanins in spite of the
high expression of the PAP] transgene. These data demon-
strates that the regulatory function of the PAPI gene in
anthocyanin biosynthesis is dependent upon cell types.
More importantly, the regulatory function of the PAPI gene
on anthocyanin biosynthesis was regulated by auxins, nitro-
gen nutrients, and light conditions (Zhou etal. 2008).
Another excellent recent study also reported that a high
temperature and low light intensity growth condition led to
less production of cyanins in leaves, although the transcript
level of the PAPI gene was greatly increased, suggesting
that the regulatory function of PAP1 required the involve-
ment of other factors (Rowan et al. 2009).

The recent work completed by Rowan etal. (2009)
excellently showed that anthocyanin biosynthesis activated
by overexpression of the PAPI gene was controlled by
changes of light and temperature conditions. To further
understand the regulation of anthocyanin biosynthesis by
other environmental factors, we here report features of the
anthocyanin biosynthesis in rosette leaves of both papl-D
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and wild-type plants grown in nine growth conditions con-
sisting of three light intensities in combination with three
media containing different nitrogen nutrient concentrations.
Both HPLC-ESI-MS and HPLC-TOF-MS were employed
to characterize cyanin molecules. Semi-quantitative RT-PCR
analysis was carried to characterize the transcript levels of
the PAP] gene and four pathway genes. Our study suggests
that the biosynthesis and diversity of cyanin molecules reg-
ulated by the transcription of the PAPI gene is strongly
dependent upon these growth conditions.

Materials and methods
Chemicals

Pelargonidin, cyanidin and delphinidin standards were pur-
chased from Indofine Company (Hillsborough, NJ, USA).
Hydrochloric acid (36.5-38%) was purchased from BDH
(cat#: BHH3028-2.5L, West Chester, PA, 19380, USA).
Acetonitrile (LC-MS grade) was purchased from EMD
(cat#: AX0156-1, Gibbstown, NJ 08027, USA). Acetic acid
(HPLC grade, cat#: 9515-03) and methanol (LC-MS grade,
cat#: 9830-03) were purchased from J. T. Baker (Phillips-
burg, NJ 08865, USA). All macronutrients, micronutrients
and organic nutrients used in MS medium (Murashige and
Skoog 1962), sucrose and phytoagar were purchased from
Plant Media Company (Dublin, OH, USA).

Medium preparation

Medium-1 (M-1) was basal MS medium (with full strength
of 20 mM NH,NO; and 18.8 mM KNO; (Murashige and
Skoog 1962). Medium-2 (M-2) was MS medium with
10 mM NH,NO; and 9.4 mM KNO; (also called as 1/2
strength). Medium-3 (M-3) was MS medium with 9.4 mM
KNO; but 0 mM NH,NO; (also called 1/2 strength KNO,
and no NH,NO;).

All media used in this study contained 3% sucrose and
were solidified with 0.8% phytoagar (g/100 ml). All media
were adjusted to pH 5.8 and then autoclaved for 15 min.
Twenty milliliter of medium was poured into one petri dish
(15 x 100 mm, height x diameter in size) and then cooled
down to room temperature for both seed germination and
seedling growth.

Light conditions

Three light conditions were used in this study. Low light
(LL) condition was 16/8 h (light/dark) of lighting with a
light intensity of 50 umol m~2 s~!. Middle light (ML) con-
dition was 24 h of continuous lighting with a light intensity
of 200 umol m~2 s~!. High light (HL) condition was 24 h
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continuous lighting with a light intensity of 500 pmol
m~2s~!. The light resource was a mixture of fluorescent
and incandescent lights.

Growth conditions, seed germination, seedling growth,
and harvest of leaves

Seeds of the A. thaliana production of anthocyanin pig-
mentl-Dominant (papl-D) mutant were purchased from
ABRC for this study. Seeds of wild-type A. thaliana eco-
type Columbia (Col-0) were harvested by us as controls.
Seeds were cold treated for 5 days in a 4°C refrigerator.
Surfaces of seeds were sterilized by using 70% alcohol for
I min followed by three washes with autoclaved MiniQ
water. For further sterilization, these surface-cleaned seeds
were treated with 10% Clorox (a regular bleach product)
for 8 min and then washed 6 times with autoclaved MiniQ
water.

Ninety-six seeds were equally planted in eight petri
dishes containing agar-solidified medium and tested for
each growth condition (Table 1). Seed germination and
seedling growth were compared in nine conditions
(Table 1). The temperature used in all growth conditions
was 22 + 0.5°C. The numbers of seed germinating and sur-
viving seedlings were recorded for each growth condition.
The rates of seed germination, seedling survival, and flow-
ering were calculated. Rosette leaves of 20-day-old plants
grown in each condition were harvested into a 15 ml plastic
tube and immediately frozen in the liquid nitrogen and then
stored at —80°C until analysis. This experiment was
repeated twice.

Reverse transcription-polymerase chain reaction

Frozen rosette leaves were ground into a fine powder in lig-
uid nitrogen. We used 0.1 g powder and Qiagen RNeasy
Plant Mini Kit (Qiagen, Germantown, MD, USA) to isolate
total RNA and then utilized on-column DNase treatment
(Qiagen product) to remove DNA from RNA samples by
following this manufacturer’s protocols. For each sample,
four ng of total RNA was used as a template to synthesize
the first strand cDNA. We used Ready-to-Go T-Primed
First-Strand Kit (Amersham Biosciences, Piscataway, NJ,
USA) to carry out reverse transcription and obtained the first
strand cDNA by following this manufacturer’s protocol.

Gene specific primers were designed to amplify cDNA
fragments of PALI, CHS, DFR, ANS, PAPI and ACTIN
genes (Table 2). Polymerase chain reaction (PCR) of 25
cycles was performed on a thermocycler (Mastercycler®-
Ep, Eppendorf). The primers and thermal gradient pro-
grams for each gene are included in Table 2. PCR products
were examined by 0.8% agarose gel electrophoresis and
imaged with a Bio-Rad imaging system.
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Table 1 Nine growth conditions are composed of three light conditions and three media

Conditions Light conditions Medium

1: LLM-1 Low light (LL): 50 pmol m~2 s~! of light intensity Medium-1 (M-1): full strength of basal MS medium

2: LLM-2 Low light (LL): 50 pmol m~2 s~! of light intensity Medium-2 (M-2): V2 strength of NH,NO; and KNO,
in MS medium

3: LLM-3 Low light (LL): 50 pmol m~2 s~! of light intensity Medium-3 (M-3): no NH,NO; and Y2 strength of KNO;
in MS medium

4: MLM-1 Middle light (ML): 200 pmol m~2 s~! of light intensity Medium-1 (M-1): full strength of basal MS medium

5: MLM-2 Middle light (ML): 200 pmol m~2 s~! of light intensity Medium-2 (M-2): Y2 strength of NH,NO; and KNO,
in MS medium

6: MLM-3 Middle light (ML): 200 pmol m2s7!of light intensity Medium-3 (M-3): no NH,NOj; and Y2 strength of KNO;
in MS medium

7: HLM-1 High light (HL): 500 pmol m~2 s~ of light intensity Medium-1 (M-1): full strength of basal MS medium

8: HLM-2 High light (HL): 500 pmol m~2 s~! of light intensity Medium-2 (M-2): V2 strength of NH,NO; and KNO,
in MS medium

9: HLM-3 High light (HL): 500 pmol m2s!of light intensity Medium-3 (M-3): no NH,NO; and Y2 strength of KNOj4

in MS medium

Table 2 Gene specific primers and thermal gradient programs were designed to amplify cDNAs

Gene name Primers Thermal gradient program

PAPI Forward: 5'-GGCAAATGGCACCAAGTTCCTGTA-3’ 95°C x 3, (95°C x 30", 55°C x 30", 72°C x 1")
Reverse: 5'-GGTGTCCCCCTTTTCTGTTGTCGT-3’ x 25,72°C x 10', 4°C

PALI Forward: 5'-AGTGGACGCTATGTTATGC-3’ 94°C x 3',(94°C x 40"", 51°C x 45'"",72°C x 1'20"")
Reverse: 5'-GATTATCGTTGACGGAGTTA-3’ x 25,72°C x 10', 4°C

CHS Forward: 5'-CAAGCGCATGTGCGACAA-3’ 94°C x 3',(94°C x 40"",51°C x 40", 72°C x 1")
Reverse: 5'-TCCCTCAAATGTCCGTCT-3’ x 25,72°C x 10’, 4°C

DFR Forward: 5'-TTTCCCAAAGCACAATCT-3’ 94°C x 3, (94°C x 30", 51°C x 30", 72°C x 40"")
Reverse: 5'-ACACGAAATACATCCATCC-3’ x 25,72°C x 10’, 4°C

ANS Forward: 5'-ACGGTCCTCAAGTTCCCACA-3’ 94°C x 3, (94°C x 25',57°C x 25", 72°C x 30")
Reverse: 5'-TCGCGTACTCACTCGTTGCTTCTAT-3’ x 25,72°C x 10', 4°C

ACTIN Forward: 5'-GATATGGAAAAGATVTGGCATCAC-3’ 94°C x 3, (94°C x 40"",51°C x 40", 72°C x 1")

Reverse: 5'-TCATACTCGGCCTTGGAGATCCAC-3’

x 25,72°C x 10',4°C

The expression level of each gene was normalized by
using ACTIN transcriptional level as a reference in a semi-
quantitative analysis on QuantityOne gel image software
(Bio-Rad) (Supplementary data).

Extraction of anthocyanin and absorbance measurements

One hundred mg powder of leaves was suspended in 1 ml
extraction solvent (0.5% HCI in methanol 100%) in a
1.5 ml extraction tube. The tube was vigorously vortexed
for 30 s, sonicated for 15 min and then centrifuged for
15 min at 10,000 rpm. The supernatant was transferred into
a new 2.0 ml tube. Another 1 ml extraction solvent was
added to the extraction tube to re-suspend the pellet and the
extraction steps were repeated. The two methanol extrac-
tions were pooled into the 2.0 ml tube.

To remove chlorophyll in the extraction, 500 pl out of
the 2 ml methanol extraction was mixed with 500 pl MiniQ

H,0 and 300 pl chloroform in a 1.5 ml tube. The mixture
was vortexed vigorously for 30 s and centrifuged at the
speed of 10,000 rpm for 5 min, then the upper water—meth-
anol phase containing red pigment was pipetted into a new
tube. The bottom chloroform phase containing chlorophyll
was disposed into a waste container. These steps were
repeated once and the upper red phase was stored at —20°C
for anthocyanin analysis. For each sample, three replicates
were conducted in this experiment.

The absorbance (ABS) of methanol-water phase extracts
was recorded at the wavelength of 530 nm on a HEAIOSy
UV-Visible spectrophotometer. The extraction buffer was
used as a control blank. A volume of 600 pl methanol-
water phase extract was measured to obtain an ABS value.
Authentic standard cyanidin was used to establish a stan-
dard curve. Total anthocyanin content in rosette leaves was
estimated as cyanin equivalent (ug/g) according to the stan-
dard curve.
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Hydrolysis of anthocyanins

Two hundred microliters of anthocyanin extraction was
added into 800 pl of n-butanol: HC1 (95:5, v/v) solvent con-
tained in a 1.5 ml tube. This mixture was boiled for 1 h.
After the sample was cooled down to room temperature, it
was dried off with flow nitrogen gas. The remaining residue
was suspended in 100 pl of 0.1% HCl-methanol. The sam-
ple was centrifuged at 10,000 rpm for 15 min, and then the
supernatant was transferred to a new 1.5 ml tube for HPLC-
ESI-MS and HPLC-TOF-MS analyses.

HPLC-UV-ESI-MS analysis of anthocyanins

The analysis of anthocyanin profiles was carried out by
using high performance liquid chromatography/mass spec-
trometry on 2,010 eV LC/UV/ESI/MS instrument (Shima-
dzu). Samples were separated on an analytical column of
Eclipse XDB-C18 (250 mm x 4.6 mm, 5 um, Agilent).
The mobile phase solvents were composed of 1% acetic
acid in water (solvent A: 1% HPLC grade acetic acid in
LC-MS grade water) and 100% acetonitrile (solvent B)
(LC-MS grade). The column was treated with a gradient
solvent system that was designed to separate metabolites
and was composed of ratios of solvent A to B: 90:10 (0-5
min), 90:10 to 88:12 (5-10 min), 88:12 to 80:20 (10-20
min), 80:20 to 75:25 (20-30 min), 75:25 to 65:35 (30-
35 min), 65:35 to 60:40 (35-40 min), 60:40 to 50:50 (40—
55 min) and 50:50 to 10:90 (55-60 min). The gradient step
was followed by a 10 min column wash with 10% of
solvent B. The flow rate was 0.4 ml/min and the injection
volume was 20 pl. The UV spectrum was recorded from
190 to 800 nm. The total ion chromatograms of positive
electrospray ionization were recorded from 0 to 60 min by
mass spectrum detector and the mass spectrum was scanned
and stored from m/z of 120-1,600 at a speed of 1,000 amu
per second. Pelargonidin, cyanidin and delphinidin were
used as authentic standards.

HPLC-TOF-MS analysis of anthocyanins

For structural characterization of anthocyanins, samples
were analyzed on an Agilent Technologies (Santa Clara,
CA, USA) 6210 time-of-flight LC/MS. The HPLC gradient
program, the separation column and the flow rate were the
same as described above. The injection volume of samples
was 10 pl. The drying gas flow was set to 12 I/min, and the
nebulizer pressure was set to 35 psi.

Statistical analysis

To compare the effects of the nine growth conditions on
anthocyanin biosynthesis, we used student’s 7 test to statis-
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tically compare contents of total anthocyanins and peak
area values of the individual anthocyanin molecules
detected by LC and MS analyses.

Results

Different anthocyanin pigmentation patterns in rosette
leaves of papl-D and WT plants

Under the same growth conditions, rosette leaves, stems,
and roots of papI-D plants consistently showed much more
intense anthocyanin pigmentation than those of WT plants
(Fig. 3a). For example, in the LLM-1 (50 pmol m2s~! of
light intensity and medium-1) condition, WT plants com-
pletely lacked anthocyanin pigmentation in all tissues,
whereas papI-D plants accumulated obvious red pigment
on petioles of rosette leaves and roots. In the condition of
MLM-1 (200 pmol m~2 s~ of light intensity and medium-1)
condition, WT plants showed only weak pink pigmentation
in petioles of rosette leaves (Fig. 3a-D), whereas papl-D
plants were very purple (Fig. 3a-M).

Enhancing light intensity increased red/purple pigmenta-
tion in rosette leaves of both papl-D and WT plants on any
given agar medium. For example, on medium-2, the HL con-
dition induced the most intense pigmentation in rosette
leaves of papI-D plants (Fig. 3a-Q), followed by ML and
then LL conditions (Fig. 3a-N, K). The same trend of pig-
mentation patterns was also observed in rosette leaves of WT
plants grown in three light conditions, in the order of HL
(Fig. 3a-H), ML (Fig. 3a-E), and then LL (Fig.3a-B). In
addition, on medium-1 and -3, the trends of light intensity
effects on anthocyanin pigmentation patterns in rosette leaves
were similar to those observed on medium-2 (Fig. 3a).

Under the same light conditions, the pigmentation pat-
terns in rosette leaves of papI-D and WT responded differ-
ently to medium changes. Decreasing total nitrogen nutrient
concentration (NHy;NO; and KNOj;) in medium (from
medium-1 to medium-3) led to an obvious reduction in
anthocyanin pigmentation intensity in rosette leaves of
papl-D plants (Fig. 3a, J-L, M-0, Q, R). In contrast, three
obvious types of pigmentation pattern trends were observed
in rosette leaves of WT plants under the same conditions.
The reduction of total nitrogen (from medium-1 to
medium-3) (1) induced the formation of anthocyanin 11
(A11) (Fig. 7a-A-C), although red pigmentation patterns
were not obviously enhanced (Fig. 3a-A—C) and total levels
of anthocyanins measured at 530 nm did not show signifi-
cant increases under LL (Fig. 4); (2) decreased anthocyanin
pigmentation under ML (Fig. 3a-D-F) and (3) increased
intensity of pigmentation (from M-1 to M-2) and then
decreased anthocyanin pigmentation (from M-2 to M3) in
HL condition (Fig. 3a-G-I).
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Fig. 3 Impacts of nine growth conditions on anthocyanin pigmenta-
tion and five gene expression levels in rosette leaves of papl-D and
WT plants. a Phenotypes of WT (A-/) and pap1-D (J-R) plants grown
in nine conditions. Bar 0.5 cm. Growth conditions: A and J: LLM-1
(low light: 50 pmol m~2s~' of light intensity and medium-1: full
strength of basal MS medium), B and K: LLM-2 (low night and medi-
um-2: Y2 strength of NH,NO; and KNO; in MS medium), C and L:
LLM-3 (low light and medium-3: 0 NH,NO; and ¥ strength of KNO;
in MS medium), D and M: MLM-1 (middle light: 200 pmol m~2s ! of
light intensity and medium-1), £ and N: MLM-2, F and O: MLM-3, G
and P: HLM-1 (high light: 500 pmol m~2s ~! of light intensity and
medium-1), H and Q: HLM-2, I and R: HLM-3. b Gel images show the
effects of three light intensities on transcriptional levels of five genes in
rosette leaves of both wild-type (WT) (a-B, E, I) and papI-D plants

Total levels of anthocyanins in rosette leaves of papl-D
and WT plants

In the nine growth conditions tested, the levels of anthocya-
nins were in the range of 0.18—-1.5 mg/g FW (fresh weight)
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(a-K, N, Q) grown on agar-solidified MS medium-2. Due to poor
growth of wild-type plants in the condition of HLM-2, total RNA iso-
lated from rosette leaves of WT plants (a-/) grown in the condition of
HLM-3 were used as a control. ¢ Gel images show the effects of three
media on transcript levels of five genes in rosette leaves of both WT
(a-D, E) and papI-D (a-M, N, O) plants grown in the ML condition.
RT-PCR analysis for WT plants grown in the MLM-3 condition (a-F)
is not shown due to low yield and poor quality of total RNA from
rosette leaves. Five genes tested include PAPI: Production of Antho-
cyanin Pigmentl; PALI: Phenylalanine Ammonia-Lyase 1; CHS:
Chalcone Synthase; CHI: Chalcone Isomerase; DFR: Dihydroflavonol
Reductase; and ANS: Anthocyanidin Synthase. (Conditions N and E are
used in b and c to help compare band intensity in different growth con-
ditions directly and easily)

in the pap1-D rosette leaves and in the range of 0-0.6 mg/g
FW in the WT rosette leaves (Fig. 4). In the conditions of
HLM-1 or HLM-2, the anthocyanin levels reached the max-
imum values of nearly 1.5 mg/g FW in rosette leaves of
papl-D plants (Fig. 4).
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Cyanidin equivalent (ug/g, FW)

Fig. 4 Levels of anthocyanins in rosette leaves of 20-day-old papl-D
and WT plants grown in nine conditions consisting of three different
light intensities (50, 200, and 500 pM m~2s~') in combination with
three different media (M-1, M-2, and M-3). LLM-1 low light:
50 umol m~2 s ~! of light intensity and medium-1: full strength of bas-
al MS medium; LLM-2 low night and medium-2: %2 strength of
NH,NO; and KNO; in MS medium; LLM-3 low light and medium-3:
0 NH,NO; and ¥ strength of KNO; in MS medium; MLM-1 middle
light: 200 pmol m~2 s~! of light intensity and medium-1; MLM-2 mid-
dle light and medium-2; MLM-3 middle light and medium-3; HLM-1
high light: 500 pmol m=2's ~! of light intensity and medium-1; HLM-
2 high light and medium-2; HLM-3 high light and medium-3; x no sig-
nificant difference in these three measurements, y no significant differ-
ence between the two measurements

Under growth conditions identical to those shown in
Fig. 3a, the total levels of anthocyanins were significantly
higher in pap1-D rosette leaves than in WT ones (Fig. 4). In
LL growth conditions, total levels of anthocyanins in pap1-
D rosette leaves were approximately 20-40-fold higher
than those in WT rosette leaves across all growth media. It
was very interesting that when light intensity was
increased, the difference in anthocyanin levels between
papl-D and WT rosette leaves was obviously reduced. In
all ML growth conditions, levels of anthocyanins in papi-
D rosette leaves were nearly 5-9-fold more than the ones in
WT rosette leaves. In the HL growth conditions, levels of
anthocyanins in papI-D rosette leaves were only 2—5-fold
more than the ones in WT rosette leaves.

Transcript levels of PAPI and four pathway genes
in pap1-D and WT plants

Total RNA was isolated from rosette leaves of 20-day-old
papl-D plants grown in 8 growth conditions and 20-day-
old WT plants grown in six conditions. We could not obtain
good quality RNA from both papl-D and WT plants grown
under the HLM-1 conditions due to unhealthy or dead
rosette leaves (Fig. 3a-G, P). Consequently, RT-PCR analy-
sis could not be performed to evaluate gene expression lev-
els in either papl-D or WT rosette leaves for these
conditions. In addition, we could not isolate good quality
RNA from WT plants grown under either conditions of
HLM-2 (Fig. 3a-H) or MLM-3 (Fig. 3a-F) to perform
RT-PCR analysis. Expression levels of PAPI and four
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pathway genes (PALI, CHS, DFR and ANS) were examined
by semi-quantitative RT-PCR analysis to evaluate their
transcriptional responses to different conditions. ACTIN
was used as a housekeeping gene control to evaluate
mRNA quality and normalize expression levels of these
five specific genes across different samples.

RT-PCR analysis showed that the transcriptional levels
of PAP] were much higher in rosette leaves of papl-D
plants than in those of WT plants in all growth conditions
tested (Fig. 3b, c; S-Fig. 1 a, b). Under the same growth
conditions, the transcriptional levels of CHS, DFR and ANS
were obviously higher in rosette leaves of papl-D plants
than in those of WT plants (Fig. 3b, c; S-Fig. la, b). For
PALI, except for in the LLM-1 growth condition, its
expression levels were higher in rosette leaves of papl-D
than in those of WT plants (Fig. 3b, c; S-Fig. 1a, b).

Semi-quantitative RT-PCR analysis and gel images
showed that three light conditions differentially affected
gene expression in rosette leaves of plants grown on the
same medium. On medium-2, in papI-D rosette leaves, we
observed that the expression levels of the five genes were
higher in the ML (200 pmol m~2s~! of light intensity)
condition than in both HL (500 pmol m~2s~! of light
intensity) and LL (50 pmol m~2 s~! of light intensity) con-
ditions (S-Fig. 1a). In WT rosette leaves, on medium-2, we
could only compare the effects of LL and ML conditions
on gene transcripts, due to low yield and poor quality of
total RNA isolated from samples harvested under the HL
condition. Gel images and semi-quantitative analysis
showed that the expression levels of PAPI, DFR, and ANS
genes were higher under the ML condition than under the
LL condition; the expression level of CHS was similar
under two conditions; in contrast, the expression level of
PALI was slightly lower under the ML condition than
under the LL condition (Fig. 3b; S-Fig. 1 a). To show the
effect of HL on gene expression, we included the HLM-3
condition to compare with the MLM-2 as well as the
LLM-2 conditions and found that the transcriptional levels
of the PAPI, CHS, DFR, and ANS were higher in the
former condition than in both of the latter conditions
(Fig. 3b; S-Fig. 1a).

Under the same light condition, the three media differen-
tially affected transcription of the five genes in rosette
leaves of both papl-D and WT plants. We chose the ML
condition (200 pmol m~2 s~! of light intensity) to compare
effects of these three lighting conditions on gene expres-
sion. In rosette leaves of papI-D plants, the transcriptional
levels of the five genes were the highest on medium-2, fol-
lowed by medium-1 and then medium-3 (Fig. 3c; S-Fig. 1
c). In rosette leaves of WT plants, RT-PCR analysis was
carried out for plants grown on medium-1 and medium-2.
The transcriptional levels of the five genes were higher on
medium-2 than on medium-1 (Fig. 3c; S-Fig. 1b).
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Fig. 5 Microscopic images
show the cellular localization of
cyanins in papl-D and WT leaf
blades grown in the condition of
HLM-2 (500 uM m~2 s~! of
light intensity and medium-2: %2
strength of both NH,NO; and
KNOj; in MS medium) (Fig. 3a-
Q). a A cross section of a pap1-
D leaf, b a cross section of a WT
leaf, ¢ leaf trichomes from
rosette leaves of pap-D plants,
d a cross section from veins
showing red vascular tissues in a
papl-D leaf. V vascular tissues,
bar length 0.5 mm (c) and

50 um (a, b, d)

Cellular localization of anthocyanins

To examine the cellular localization of anthocyanins, cross
sections were made of leaves from papl-D and WT plants
grown in HL conditions. Microscopic observation showed
that anthocyanins were mainly accumulated in the epider-
mis of both adaxial and abaxial sides of leaves, in the outer-
most layer of mesophyll cells (Fig. 5a), and in the vascular
tissues (Fig. 5d). Unlike PAPI transgenic tobacco tric-
homes described previously (Xie et al. 2006), the trichomes
on rosette leaves of A. thaliana plants did not contain
anthocyanins (Fig. 5¢). In WT rosette leaves, only epider-
mal cells showed a very weak red coloration, but none of
the other types of cells exhibited red pigmentation
(Fig. 5b).

Molecular properties of anthocyanins

HPLC-UV-ESI-MS was used to profile anthocyanins in
plants grown under all nine conditions. The growth condi-
tion of HLM-2 (500 pmol m~2s~! of light intensity and
medium-2) maximized the peak numbers of anthocyanins
extracted from rosette leaves of both papI-D (Fig. 6a) and
WT plants. Thus, we used HPLC-UV-ESI-MS and HPLC-
TOF-MS to analyze samples from this growth condition to
characterize most of the anthocyanins detected.

Twenty peaks were identified in methanolic extraction by
HPLC profiling at 530 nm (Fig. 6a). Anthocyanins were
characterized on the basis of HPLC profiles, UV absorbance,
MS fragments and previous records (Table 3, S-Fig. 2a, b).

Cyanins including A2-A11, A13, cis-AS, cis-A7 and cis-
A9 that were detected in papl-D plants by two previous
studies (Tohge et al. 2005; Rowan et al. 2009) were con-
firmed to be produced in papl-D plants by our study
(Table 3). However, we could not detect Al, m/z =743
[M]* or A12, m/z = 1,005 [M]* in our materials.

Five new anthocyanins were identified in pap-D plants,
and four of them are likely methyl esters of the reported
anthocyanins in papI-D. In our current study, we give these
five anthocyanins names: Al4, m/z = 1,357 [M]*; A15,
m/z = 1,195 [M]*; Al6, m/z =989 [M]*; A17, m/z = 1151
[M]*; and A18, m/z = 1,035 [M]*. Based on these MS anal-
yses, we predicted that A14 was a methyl ester of All,
m/z = 1,343 [M]"; A15 was a methyl ester of A9, m/z =
1,181 [M]*; A16 was a methyl ester of A5, m/z = 975 [M]*;
and A17 was a methyl ester of A8, m/z = 1,137 [M]".

Cyanidin is the major anthocyanidin in A. thaliana

Butanol: HCI hydrolysis of anthocyanin extraction was car-
ried out via boiling for 1 h to release core anthocyanidins.
HPLC analysis showed that cyanidin formed the predomi-
nant red chromophore molecule in rosette leaves of both
pap1-D and WT plants (Fig. 6b). MS analyses confirmed its
mass (m/z =287 [M]") and chemical formula as that of
cyanidin. A second minor peak was also detected at reten-
tion time 38 min from this hydrolysis (Fig. 6b). The visible
wavelength of its maximum absorbance was 522 nm. Sin-
gle quadrupole MS analysis showed that the second peak
had three major masses including 282, 329, and 595 (m/z)
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Fig. 6 HPLC profiles of cyanins and cyanidins extracted from rosette
leaves of plants. a An HPLC cyanin profile shows 20 cyanin peaks
detected at 530 nm from HCl-methanol extraction of rosette leaves of
papl-D seedlings grown in the condition of HLM-2 (500 pmol
m~2 57! of light intensity and medium-2). b HPLC profiles show anth-
ocyanidins released by butanol-HCI hydrolysis of cyanin extracts from
rosette leaves of 20-day-old papI-D (b-1) and WT (b-2) plants and
standards (b-3)

[M]*. But HPLC-TOF-MS analysis could not give us a cor-
rect chemical formula; thus its structure could not be pre-
dicted in this study. Neither delphinidin nor pelargonidin
was found from this hydrolysis of anthocyanin extraction.

Responses of cyanin levels and profiles to medium
alternation in the same light condition

In each light condition, we compared the effects of the three
media (medium-1: 20 mM NH,NO; and 18.8 mM KNO;;
medium-2: 10 mM NH,NO; and 9.4 mM KNO;; and
medium-3: 9.4 mM KNO; and 0 mM NH,NO;) on the bio-
synthesis of cyanins. Changes in the cyanin levels and pro-
files were observed in rosette leaves of both papl-D and
WT plants according to the media used.

First, in the LL (50 umol m~2 s~ ! of light intensity) con-
dition, responses of cyanin levels to the three media were
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different between papi-D and WT rosette leaves (Fig. 4).
Progressing from medium-1 to medium-3, the cyanin levels
were slightly increased in rosette leaves of WT plants
(Fig. 4) but significantly reduced in leaves of papI-D plants
(Fig. 4). These two cyanin level trends were confirmed by
HPLC analysis. On agar medium-1, in rosette leaves of WT
plants, none of cyanins was detected at 530 nm (Fig. 6a-A);
on agar medium-2 and medium-3, All formed the only
peak detected at 530 nm (Fig. 7a-B, C). In contrast, from
the rosette leaves of papl-D plants, on medium-1, 11 peaks
of cyanins, including A5, A8, A9, A10, A1l and Al4, were
detected by HPLC (Fig. 7b-J). The area values of these 11
cyanin peaks were reduced in samples from medium-2 and
3 (Fig. 7b-K, L).

Second, in the ML (200 pmol m~2 s~! of light intensity)
condition, the correlation of cyanin levels to medium com-
position was similar in rosette leaves of papl-D and WT
plants. Progressing from medium-1 to medium 3, a dra-
matic reduction trend of cyanin levels was observed in
rosette leaves (Fig.4). In comparison with medium-1
(Fig. 4), medium-2 and medium-3 led to nearly 1.3- and 6-
fold reductions, respectively, in the total cyanin levels in
rosette leaves of papi-D plants, and nearly 1.5- and 5-fold
decreases in the total cyanin levels in rosette leaves of WT
plants (Fig. 4). To support these observations, we analyzed
cyanin profiles by HPLC (Fig. 7a-D-F; b-M-0). Five
peaks of cyanins including A10, All and Al4 were
detected from rosette leaves of WT plants on agar medium-
1, but the peak area values of the five cyanins were dramat-
ically reduced on agar medium-2 (Fig. 7a-E, F), and two of
them were not detected on medium-3 (Fig. 7a-F). Likewise,
nearly 16 peaks of cyanins were detected from rosette
leaves of papl-D plants on medium-1 (Fig. 7b-M); how-
ever, the area values of the 16 cyanins were all reduced on
medium 2 (Fig. 7b-N) and several cyanins were not
detected on medium-3 (Fig. 7b-0).

Third, in the HL (500 pmol m~2s~! of light intensity)
condition, papl-D and WT plants showed changes in cya-
nin levels with changes in media. On the one hand, in WT
rosette leaves, the maximum level of total anthocyanins
was obtained on medium-2, followed by on medium-1 and
then on medium-3 (Fig.4). HPLC profiling analysis
showed nearly 11 cyanin peaks including AS, A8, A9, A10,
All, and A14 in rosette leaves of WT plants on medium-2
(Fig. 7a-H); however, these peak areas were dramatically
reduced on medium-1 and -3 (Fig. 7a-G, I). On the other
hand, in papI-D rosette leaves, cyanin levels were similar
in plants grown on both medium-1 and -2, significantly
higher than on medium-3 (Fig. 4). HPLC profile analysis
showed 20 peaks of cyanins in rosette leaves of papl-D
plants on medium-1 and -2 (Figs. 6a; 7b-P, Q). However,
the peak area values of all detected cyanins were reduced
on medium-3 (Fig. 7b-R).
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Table 3 Mass spectrum properties of cyanin peaks detected at 530 nm from rosette leaves of both papl-D and WT plants grown in the condition
of HLM-2 (500 pmol m~2 s ~! of light intensity and medium-2: ¥ strength of NH,NO; and KNO; in MS medium)

HPLCPeak # Ret. Time ESI-MS MS fragment [M]* (m/z) Amax Structure Peak Area (X1000) Peak Area (X1000)

(m/z) assigned in HLM-2 in HLM-2
for pap1-D for WT

1 18.688 829 n.a. 518,278 A2 10.5 n.a

2 19.059 949 449 [Cy + GIc]*, 287 [Cy]* 524,279 A4 433 5.5

3 20.666 1,051 287 [Cy]* 524,283 A6 34.7 4.2

4 23.656 1,137 287 [Cy]* 523,282 A8 293.0 85.0

5 23.723 1,035 287 [Cy]* 529,282 Al8 228.1 6.9

6 27.136 1,151 n.a. 529,283 Al7 35.3 16.7

7 27.624 1,257 449 [Cy + Glc]*, 287 [Cy]* 532,287 Al0 551.7 269.3

8 28.892 n.a n.a. 530,288 na 26.1 13.5

9 29.631 n.a 287 [Cy]* 530,283 na 25.1 9.8

10 30.253 n.a n.a. 531,290 na 334 15.7

11 30.928 1,343 287 [Cy]* 536,288 All 3,289.6 1,825.6

12 31.377 1,373 287 [Cy]* 537,287 Al3 218.9 87.0

13 32.458 1,095 n.a. 537,287  cis-A7 63.6 353

14 33.078 1,357 491, 287 [Cy]* 532,288 Al4 643.8 315.4
889 A3

15 33.664 975 287 [Cy]* 530,293  cis-AS 44.5 n.a

16 34.674 1,181 287 [Cy]* 532,287  cis-A9 49.3 n.a

17 36.155 975 287 [Cy]* 527,283 A5 458.0 85.3
1,095 n.a. A7

18 37.877 989 287 [Cy]* 529,290 Al6 86.2 24.6

19 38.782 1,181 287 [Cy]* 537,295 A9 529.5 102.9

20 39.88 1,195 n.a. 530,290 Al5 87.1 24.9

An enhancement of light intensity increases cyanin levels
and profiles on the same medium

On medium-1, in comparison with LL (Fig. 4), ML and HL
increased the total levels of cyanins in rosette leaves nearly
6- and 9-fold, respectively, from papl-D plants and nearly
22- and 46-fold from WT plants (Fig. 4). These increases in
cyanin levels likely resulted from induction and diversifica-
tion of the new cyanin molecules that were confirmed by
HPLC profiling analysis. First, in WT rosette leaves, in the
LL condition, not a single cyanin peak was detected at
530 nm (Fig. 7a-A); in the ML condition, three major cya-
nins, A10, A11, and A14, were identified (Fig. 7a-E); in the
HL condition, 10 cyanin peaks, including AS, A8, A9, A10,
All, and A14 molecules, were identified, and these peak
areas were significantly increased in comparison with LL
and ML conditions (Fig. 7a-G). Second, in papI-D rosette
leaves, in the LL condition, at least 10 peaks of cyanins,
including AS, A8, A9, A10, Al1, and A14 molecules, were
detected at 530 nm (Fig. 7b-J); in comparison with the LL
condition (Fig. 7b-J), the ML condition significantly
increased the peak areas of all detected cyanins (Fig. 7b-M);
in comparison with both the LL. and ML conditions, the

HL condition maximized the peak areas of all detected cya-
nins (Fig. 7b-P) and increased the peak numbers up to 20
(Fig. 6a).

On medium-2, in comparison with LL, ML and HL
increased the total levels of cyanins in rosette leaves nearly
6- and 11-fold, respectively, from papI-D plants and nearly
20- and 139-fold from WT plants (Fig. 4). These increases
of cyanin levels also likely resulted from both the formation
of new cyanins and the increase of individual cyanin levels,
as demonstrated by the HPLC profile analysis. First, in
rosette leaves of WT plants, under the LL condition, Al1
was the only detected cyanin molecule (Fig. 7a-B); in the
ML condition, A10, A11, and A14 were detected (Fig. 6b-
E); in the HL condition, six major cyanins, AS, A8, A9,
A10, Al1, and A14, were detected along with several other
minor peaks at 530 nm (Fig. 7a-H). In addition, in compari-
son with the LL condition (Fig. 7a-B), both ML and HL
conditions increased the peak area values of A1l dramati-
cally (Fig. 7a-E, H). Second, in rosette leaves of papl-D
plants, in comparison with LL (Fig. 7b-K), both ML and
HL increased both peak numbers and areas of cyanins
(Fig. 7b-N, Q). In the HL condition, 20 anthocyanin peaks
were identified by HPLC analysis (Fig. 6a).
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Fig. 7 HPLC profiles at 530 nm
show major cyanins extracted
from rosette leaves of WT (a)
and pap1-D (b) plants grown in
nine different conditions. A5,
A8, A9, A10, Al1, and A14 are
structurally assigned cyanin
molecules. GC Growth condi-
tions, LLM-1 low light:

50 umol m~2 s ~! of light inten-
sity and medium-1; full strength
of basal MS medium; LLM-2
low night and medium-2: ¥2
strength of NH,NO; and KNO;
in MS medium; LLM-3 low light
and medium-3: 0 NH,NO; and
Y4 strength of KNO; in MS medi-
um; MLM-1 middle light:

200 pmol m~2 s~ of light inten-
sity and medium-1; MLM-2 mid-
dle light and medium-2; MLM-3
middle light and medium-3;
HLM-1 high light:

500 pmol m~2 s~ of light inten-
sity and medium-1; HLM-2 high
light and medium-2; HLM-3
high light and medium-3
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Discussion

On medium-3, in comparison with LL, ML and HL
increased the total levels of cyanins in rosette leaves nearly
1.5- and 9-fold, respectively, from papI-D plants, and
nearly 3- and 30-fold from WT plants. The enhancement of
light intensity increased both peak areas and peak numbers
of cyanins in rosette leaves of both papl-D (Fig. 7b-L, O,
R) and WT (Fig. 7a-C, F, I) plants.
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Is the structure diversification of A. thaliana cyanins
a programmed consequence?

Many questions relating to the modification and molecular
diversity of anthocyanins are unanswered. One of the most
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important ones is whether such multi-step modifications of
anthocyanins are synergistically programmed at the tran-
scriptional level for genes encoding enzymes. Specifically,
the initial anthocyanin molecule derived from structural
modification in different plant species remains unclear. One
challenge is the isolation of each anthocyanin molecule in
the pathway and ordering them within it. Intensive studies
of A. thaliana cyanins lay a foundation to understand the
cyanidin modification process. The biosynthesis of cyanins
in A. thaliana is very well understood from the results of
numerous studies (Borevitz et al. 2000; Gonzalez et al.
2008; Kubasek et al. 1992; Kubo et al. 1999; Lloyd et al.
1992; Pourcel etal. 2009; Rowan etal. 2009). Recent
efforts have resolved 21 cyanin peaks, mainly from pap1-D
plants. Thirteen of these have been structurally identified as
resulting from glycosylation at 3- and 5-OH sites with fur-
ther additions of sinapoyl, xylosyl, p-coumaroyl, malonyl,
etc., groups (Nakabayashi et al. 2009; Rowan et al. 2009;
Tohge et al. 2005). In our current report, we have detected 5
new cyanin peaks, increasing the number of known cyanin
molecules to 26 in total. In addition, more cyanin molecules
are likely to be produced under different growth conditions.

Growth of plants under nine conditions allowed us to
investigate the first cyanin formed in rosette leaves. Rowan
et al. (2009) found that the cyanin Allwas the most abun-
dant molecule and its level was altered by changes of tem-
perature and light conditions. In our study, we found that
the molecule A1l most likely was the first cyanin directly
resulting from the modification of cyanidin in WT rosette
leaves in the growth conditions tested. All (Fig.2) is
cyanidin 3-O-[2''-0-(6"""-O-(sinapoyl) xylosyl-) 6''-O-(p-
O-(glucosyl)-p-coumaroyl) glucoside] 5-O-(6'"''-O-malo-
nyl) glucoside, which is predicted to be the product of 7
enzymatic reactions, including three glycosylation reac-
tions and the additions of xylosyl, sinapoyl, coumaroyl, and
malonyl groups. We found that in the condition of LLM-1
(50 umol m~2 s~! of light intensity and medium-1), rosette
leaves of 20-day-old WT plants lacked cyanins. Growth
conditions significantly affected cyanin profiles and molec-
ular diversity in WT rosette leaves (Fig. 7a). In the LL con-
dition, when total nitrogen concentration used in the growth
medium was reduced twofold in medium-2 or even more in
medium-3, a small peak of All was the only cyanin
detected from the extraction of WT rosette leaves (Fig. 7a-
B, C). When WT plants were grown in the condition of
MLM-3 (200 umol m~2 s~ ! of light intensity and medium-
3), cyanins A10, All, and A14 were detected at 530 nm,
among which All formed the main cyanin molecule
(Fig. 7a-F). Based on peak area values, A14 was the one
likely formed after A1l by cells, then A10 (Fig. 7a-F). In
addition, A1l was one of the major cyanin molecules in
leaves of papI-D plants grown in all of nine growth condi-
tions (Fig. 7b-J-R). For example, on medium-1, in papl-D

rosette leaves, A1l accounted for 51.2, 59.4, and 39.4%,
respectively, of total cyanin levels in the HL, ML, and LL
conditions. In addition, in WT rosette leaves, A1l consti-
tuted 62.5 and 67.5% of total cyanin levels in the HL and
ML conditions, respectively. In support of our current find-
ings, A1l was found to be the only cyanin in WT leaves
grown on an agar-solidified MS medium (Tohge et al.
2005). This A1l cyanin is derived from glycosylation of
both 3- and 5-OH of cyanidin and is catalyzed by both
flavonoid-3-O-glucosyltransferase and anthocyanin-5-O-
glucosyltransferase, which are encoded by UGT78D2 and
UGT75C1, respectively (Tohge et al. 2005). Mutation of
either these two genes led to the lack of or reduction in A1l
levels in the leaves of mutants (Tohge et al. 2005). It is very
interesting that A1l has not been found in papI-D roots
(Tohge et al. 2005), indicating that the first cyanin molecule
derived from cyanidin modification differs by tissue.

Properties of PAP1’s regulation on cyanin biosynthesis
in A. thaliana

The regulation of PAP1 on cyanin biosynthesis is depen-
dent upon tissue specificity, cell types, environmental con-
ditions, etc. In rosette leaves of papI-D plants, although the
transcriptional levels of the PAPI gene were uniformly
increased (Fig. 3b, c), the cyanins were only localized in
epidermal cells, the outmost layers of mesophyll cells, and
vascular tissues (Fig. 5). A knockout of the PAP] gene in
A. thaliana led to the loss of cyanin pigmentation in rosette
leaves and other vegetative tissues but did not affect procy-
anidins in seeds, indicating that cyanin biosynthesis in seed
coats was likely independent of PAP] regulation (Gonzalez
etal. 2008). Our previous transgenic study demonstrated
that anthocyanin accumulation was localized in epidermal
and hypodermal cells, trichomes and parenchyma cells in
vascular bundles of PAPI-transgenic tobacco plants,
although the transgene was expressed in all tissues (Xie
et al. 2006). Furthermore, anthocyanin biosynthesis acti-
vated by PAP] transgene expression was demonstrated to
be dependent upon transgenic cell types (Zhou et al. 2008).
Two types (red and white) of cell lines were established
from one single leaf explant of a PAPI-transgenic plant.
Although the expression levels of the PAPI transgene were
similar in both cell lines, the production of anthocyanins
was much higher in red cells than in white ones (Zhou et al.
2008). Recently, Rowan et al. (2009) demonstrated that
environmental factors, e.g., low light and high temperature,
could negatively control cyanin biosynthesis activated by
PAP] gene expression (Rowan et al. 2009). In our current
report we confirm that the over expression of the PAPI
gene essentially activates the cyanin pathway and increases
levels of cyanins in rosette leaves (Figs. 3, 5); however,
we found that the levels of cyanins were not positively
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correlated with the expression levels of PAPI in certain
growth conditions. For example, on agar-solidified
medium-2, the expression level of the PAPI gene in rosette
leaves of papI-D plants in the ML condition was nearly
3-fold higher than in the HL condition (S-Fig. 1 a, Fig. 3b).
However, the level of cyanins in rosette leaves was nearly
twofold less in the ML condition than in the HL condition
(Fig. 4). In addition, in the same ML condition, the tran-
script level of the PAPI gene in rosette leaves of papl-D
plants on medium-2 was nearly twofold higher than on
medium-1 (Fig. 3c, S-Fig. 1 b), but the level of cyanins was
lower on medium-2 than on medium-1 (Fig. 4). Similar
results were also obtained for WT plants in other growth
conditions, e.g., the ML condition (Figs. 3¢ and 4; S-Fig. 1b).
Although mechanisms behind these observations are
unknown, we suggest that the lack of a positive correlation
between the expression levels of PAPI and the levels of
total cyanins to a probable extent results from variable
transcript levels of multiple genes. In particular, we hypoth-
esize that in addition to PAPI expression, cyanin biosyn-
thesis in these growth conditions consisting of different
combinations of light and medium is likely regulated by
both other genes expression particularly those encoding
proteins to form the MBW complexes and the ratios of car-
bon/nitrogen discussed bellow. In addition, in these growth
conditions, the expression (if any) of PIF3 and HY5 (Ang
and Deng 1994; Kim et al. 2003; Ni et al. 1998; Shin et al.
2007) likely regulates cyanin biosynthesis. Further compar-
ative studies on cyanin biosynthesis in pap!, pap2, papI-D,
pap2-D, hy5, pif3, and other mutants and wild-type plants
will enhance the understanding of regulation mechanisms
in these growth conditions.

Regulation of anthocyanin biosynthesis by PAP] is con-
trolled by the ratios of carbon/nitrogen used in the culture
media. Martin et al. (2002) demonstrated that anthocyanin
biosynthesis in A. thaliana seedlings is strongly induced by
high ratios of sucrose/nitrogen (Martin etal. 2002).
Recently, Gao et al. (2008) showed that the ratio of carbon/
nitrogen (a balance or an imbalance) is critical in the regu-
lation of anthocyanin biosynthesis in seedlings of both osu!
mutants and WT. In their study, they found that high ratios
of carbon/nitrogen increases levels of anthocyanins in both
osuland WT seedlings and that OSUI encodes a putative
methyltransferase that represses the expression of the PAPI
gene under high carbon/nitrogen conditions (Gao et al.
2008). Another significant achievement was made by Rubin
et al. (2009), who identified three nitrogen-induced tran-
scription factors, LBD37, 38 and 39, which were shown to
repress the expression of the PAPI and PAP2 genes. Over
expression of these genes decreased levels of anthocyanins
that were induced by nitrogen limitation (Rubin et al.
2009). Both OSU1 and LBDs control anthocyanin biosyn-
thesis upstream of PAP1 (Gao etal. 2008; Rubin et al.
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2009). In our current study, we used 30 g/l (approximately
87.69 mM) of sucrose as the carbon source in three plant
media. Three different combinations of NH,NO; and KNO,
(medium-1: 20mM NH,/NO; and 18.8 mM KNO;,
medium-2: 10 mM NH,NO; and 9.4 mM KNO;, and
medium-3: 9.4 mM KNO; and 0 mM NH,NO;) were used
to compare their effects on cyanin biosynthesis in both
papl-D and WT plants. The concentrations of nitrogen in
the three media were 58.8, 29.4, and 9.4 mM, respectively.
In comparison with medium-1, the ratios of carbon/nitrogen
were increased threefold and nearly sixfold in medium-2
and -3, respectively. Under each lighting condition (LL,
ML, and HL), the increment of sucrose/nitrogen ratios in
media led to obvious decreases in cyanin levels in rosette
leaves of papI-D plants (Fig. 4). These observations indi-
cate that the PAPI regulation on anthocyanin biosynthesis
is controlled by the ratio of carbon/nitrogen in the medium.
In rosette leaves of WT plants, however, the responses of
anthocyanin biosynthesis to changes in the carbon/nitrogen
ratio showed three different trends under the three lighting
conditions (Fig.4). The increase of the carbon/nitrogen
ratio induced anthocyanin biosynthesis under LL,
decreased levels of anthocyanins under ML, and increased
then decreased levels of anthocyanins under HL (Fig. 4).
We hypothesize that the mechanisms of these regulations
are likely different in rosette leaves of papl-D and WT
plants. Ongoing studies are elucidating these mechanisms.
The regulation of cyanin biosynthesis by PAP1 is depen-
dent upon several transcription factor-associated protein
complexes. In our study, we observed that the total levels of
cyanins in rosette leaves of papl-D plants to some extent
were independent of an absolute expression level of PAPI.
This suggests that transcripts of other genes were likely
involved in cyanin biosynthesis, thus controlled the total
levels of cyanins in different growth conditions. Numerous
studies have shown the biosynthesis of cyanins in vegeta-
tive tissues of A. thaliana is controlled by TTG1-dependent
regulatory protein complexes (Cominelli etal. 2008;
Feyissa et al. 2009; Gonzalez et al. 2008; Lillo et al. 2008;
Ramsay and Glover 2005; Shan et al. 2009). TTG1 required
for cyanin biosynthesis is actually expressed in all major
tissues (Cominelli et al. 2008; Galway et al. 1994). The loss
of functions of the TTG1 gene resulted in pleiotropic effects
on development and secondary metabolism, including
absence of leaf and stem trichomes; excessive roots hairs
developing from the atrichoblast cells; loss of cell wall
mucilage in the seed coat; no requirement for cold treat-
ment and drying of seeds for germination; the lack of
anthocyanins in hypocotyl, leaf and seeds; and no forma-
tion of procyanidins in seeds (Galway et al. 1994; Koornneef
1981; Walker et al. 1999). Several reports have shown that
the cyanin biosynthesis of A. thaliana is likely differentially
regulated by several TTG1-dependent protein complexes.
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The PAP1-associated MBW (MYB/PAP1- bHLH-WD40/
TTG1) complex mainly regulates the biosynthesis of cya-
nins in rosette leaves and hypocotyls; For example, the
complex of PAP1- GL3/EGL3-TTG1 was demonstrated to
regulate cyanin biosynthesis particularly in vegetative tis-
sues (Gonzalez etal. 2008; Ramsay and Glover 2005;
Zhang etal. 2003). Transcriptional analysis showed an
overlaying expression pattern for the PAP1, GL3 and EGL3
genes in the same tissues of seedlings (Gonzalez et al.
2008). In addition, in a given growth condition with nitro-
gen depletion, cyanin biosynthesis in seedlings was mainly
regulated by the complex of PAP1-GL3-TTGI1 (Feyissa
etal. 2009). In certain specific conditions, however, the
biosynthesis of cyanins in vegetative tissues may be inde-
pendent of regulation by PAPI. Recently, MYB113 and
MYB114 were demonstrated to regulate the biosynthesis of
cyanins. The overexpression of either of these two genes
increased cyanin production in seedlings (Gonzalez et al.
2008). The regulatory functions of these two genes are also
dependent upon TTG1 (Gonzalez etal. 2008). PAP2 is
highly homologous to PAPI but has a different impact on
pathway gene expression and cyanin biosynthesis in seed-
lings of A. thaliana (Cominelli et al. 2008). Unlike PAPI
transgenic seedlings but like wild-type ones, PAP2 trans-
genic seedlings produced very low levels of cyanins when
transferred from dark to white or UV light (Cominelli et al.
2008). Furthermore, PAP2 transcription was reported to
respond to nitrogen depletion much more strongly than that
of PAPI (Lea et al. 2007). Therefore, although more evi-
dence is required, the PAP2/MYBI113/114-EGL/GL3-
TTG1 complexes are predicted to regulate cyanins in a
manner independent of PAP1 in leaves of A. thaliana. In
our study, the lack of a positive correlation between the
expression levels of PAPI and the production of cyanins
(Fig. 4 and S-Fig. 1) as discussed in the previous paragraph
likely supports this prediction. Although we have not inves-
tigated the gene expression levels for GL3, EGL3, and
TTGI1, we hypothesize that the expression levels of the
three genes in different growth conditions likely control the
final production of cyanins. In addition, although we have
not analyzed the expression levels of PAP2, MYBII3,
MYBI114, EGL3, and GL3, we also hypothesize that their
expression levels likely lead to the lack of a positive corre-
lation between the absolute expression level of PAP] and
the production of cyanins. Therefore, in the nine growth
conditions, cyanin biosynthesis is likely regulated by
different MYB complexes either alone or together, e.g.
PAP1-GL3-TTG1 and/or PAP2/MYB113/MYB114-GL3/
EGL3-TTGI].
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