ABSTRACT
SHI, MINGZHU. Anthocyanin Biosynthesis in pap1-D Plants and PAP1/MYB75Programmed Cells of Arabidopsis thaliana. (Under the direction of Dr. De-Yu Xie.)
Anthocyanins are a group of colorful and bioactive natural pigments with numerous
important physiological and ecological functions in plants. In general, anthocyanins attract
pollinators and seed dispersers, protect plants from high light irradiation and scavenge free
radicals produced in cells in stress conditions. In addition, anthocyanins are highly valuable
nutraceuticals with multiple benefits to human health. Over the past many years, anthocyanin
biosynthesis has been studied in many plants including model plants and crops. However, the
diversity of anthocyanin molecules in the plant kingdom and the mechanisms leading to
various structures remain largely unclear. Also, the mechanisms of genetic and
environmental regulation of anthocyanin biosynthesis need further investigation.
PAP1 is a master regulator of anthocyanin biosynthesis in the model plant
Arabidopsis whose overexpression results in the high accumulation of anthocyanins in pap1D plants. The pap1-D mutants are an ideal model system for elucidating the molecular
diversity of anthocyanins and the effect on transcriptome and metabolome alterations under
the overexpression of PAP1. To analyze the number and composition of different
anthocyanin molecules that potentially could be produced by Arabidopsis, we investigated
anthocyanin profiles of both pap1-D and WT plants in nine growth conditions including
three different light intensities and three media with different nitrogen levels. Twenty cyanin
molecules including five previously unknown were identified from pap1-D plants in our
study. Among them, A11 was likely the first cyanin formed after multiple modification steps.
In addition, an increase in light intensity was found to enhance the levels and molecular

diversity of cyanins in both pap1-D and WT plants while the response to three different
media conditions was different in pap1-D and WT plants.
Several anthocyanin-producing callus cell lines were isolated and established from
pap1-D plants through tissue culture. These pap1-D cell lines are the first anthocyaninproducing cell lines established and reported from Arabidopsis and serve as an appropriate
model system to study the metabolic specificity and the environmental regulation of
anthocyanin biosynthesis. LC-MS analysis identified seven anthocyanin molecules produced
in the pap1-D cells, one of which has not been identified from both pap1-D and WT plants.
Genome-wide transcriptome and semi-quantitative and quantitative RT-PCR analyses
showed that anthocyanin biosynthesis in pap1-D cells is likely regulated by the TTG1TT8/GL3-PAP1 complex. In addition, gene expression profiles between pap1-D and wildtype cells revealed large alterations in transcriptome.
To provide a more detailed investigation of transcriptome and metabolic changes in
pap1-D and wild-type cells, we conducted transcriptome profiling and GC-MS based
metabolic analysis from three time points during one entire culture period in both pap1-D
and WT calli. Besides anthocyanin biosynthesis, gene expression and metabolites of many
other metabolic pathways were found to be altered. For example, photosynthesis genes were
significantly down-regulated in pap1-D cells at all three time points. In addition, the
expression of anthocyanin modification genes was found to be consistent with the production
of specific anthocyanin molecules in pap1-D cells. Also, different pap1-D cell lines with
varying anthocyanin levels were established. The effect of nitrogen re-supplementation on
anthocyanin biosynthesis was studied using pap1-D cells. Our data suggest that PAP1 and
TT8 likely play primary roles in regulating anthocyanin biosynthesis in pap1-D calli. Our

results also suggest additional functions of MYBL2 in repressing anthocyanin biosynthesis in
high nitrogen conditions and in anthocyanin-producing cells likely through quantitative
competitions with PAP1 to determine the production of anthocyanins in cells.
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CHAPTER 1

Literature Review

1

ANTHOCYANINS

Introduction
Anthocyanins are one of the largest groups of plant pigments (Tanaka et al., 2008).
The formation of anthocyanins provides pink, red, purple or blue colorations to flowers,
fruits and vegetative parts of plants. These various colorations are closely associated with the
chemical structures of anthocyanins and other factors such as pH and temperature. In general,
the accumulation of anthocyanins is of ecological and reproductive significance. The
pink/red/purple/blue hue in flowers can attract pollinators to complete pollination while the
red pigmentation in fruits can attract dispensers to deliver seeds from one place to another.
Due to their absorbance of visible and UV light, anthocyanins in leaves can increase plant
resistance or tolerance to excessive light and UV irradiation; also, due to their antioxidative
activities, anthocyanins can function in reducing the damage caused by reactive oxygen
species (ROS) (Chalker-Scott, 1999; Hatier and Gould, 2009; Steyn et al., 2002; Zhang et al.,
2011).

2

Structure and major types
Anthocyanins are conjugates of aglycone anthocyanidins. In general, anthocyanidins
share the same C6-C3-C6 carbon backbone structure with other flavonoids, which consist of
two phenyl groups (termed A and B rings) linked by a heterocyclic ring (termed C ring)
(Figure 1). Anthocyanidins are structurally characterized by their unique flavylium cation
form in acidic conditions. The number and position of the hydroxyl groups on the B ring
contribute to the different color properties of anthocyanidins from pink-to-red (cyanidin),
orange-to-brick red (pelargonidin) and violet-to-blue (delphinidin). Cyanidin, pelargonidin
and delphinidin are the three major types of anthocyanidins in nature. In addition, the
methylated forms such as petunidin, malvidin and peonidin are also widely present as
anthocyanin aglycones in many plant species (He and Giusti, 2010; Mateus and de Freitas,
2009) (Figure 1).
The flavylium cation form of anthocyanins can be converted to other forms dependent
on pH. In aqueous solution, four major anthocyanin forms exist in equilibrium: the red
flavylium cation, the quinoidal blue species, the colorless carbinol pseudobase, and the
colorless chalcone (Castaneda-Ovando et al., 2008). These forms change quickly depending
on the pH. At a pH value below 2, the predominant form is the red flavylium cation and at a
pH between 2 and 4, the predominant form is the quinoidal blue species. At a pH between 5
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and 6, the predominant forms are the colorless carbinol pseudobase and the colorless
chalcone. At a pH higher than 7, anthocyanins are degraded (Table 1).
The stability of anthocyanins is enhanced by various modifications of the aglycone
structure including glycosylation, acylation and methylation. The majority of the naturally
occurring anthocyanins are glycosylated, especially at the C3 and the C5 positions (YonekuraSakakibara. et al., 2009). Major sugar molecules involved in glycosylation include glucose,
xylose, galactose, rhamnose and arabinose. The glycosylated anthocyanins can be further
modified by additional glycosylation and/or acylation and/or methylation. These
modifications increase the diversity of anthocyanin molecules in nature.

Precursor for proanthocyanidins
Anthocyanidins have not been considered as precursors of the plant flavonoid
pathway until the discovery of the anthocyanidin reductase (ANR) that converts
anthocyanidins into flavan-3-ols. Flavan-3-ols such as (+)-catechin and (-)-epicatechin are
the building blocks of proanthocyanidins (PAs). There are two types of PAs based on the
linkage between the building blocks (Figure 2). B-type PAs have only one interflavan bond
linkage between C4 of the upper unit and C8 or C6 of the lower unit. A-type PAs have an
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additional linkage between C2 of the upper unit and the oxygen at C7 of the lower unit (Dixon
et al., 2005; Xie and Dixon, 2005).
In the presence of NADPH or NADH, ANR catalyze cyanidin, delphinidin and
pelargonidin into (-)-epicatechin, (-)-epigallocatechin, and (-)-epiafzelechin, respectively
(Xie et al., 2003). Transgenic approaches via an overexpression of ANR in anthocyaninproducing cells have demonstrated that anthocyanidins are in vivo substrates of ANR (Xie et
al., 2006). To date, ANR activities have been detected in many plants investigated (Dixon et
al., 2005; Peng et al., 2012). These data demonstrated a new role of anthocyanidins in the
flavonoid biosynthesis pathway.

Physiological functions
Anthocyanins have multiple physiological functions. One of the most conspicuous
functions is to attract pollinators to flowers and seed dispersers to fruits. In addition to their
roles in reproductive organs, anthocyanins also fulfill important functions in vegetative
tissues.
One major function of anthocyanins in vegetative tissues is photoprotection. An
excessively strong light intensity can cause damage to the photosynthetic apparatus. The
presence of anthocyanins can protect the photosystems from photoinhibition (Chalker-Scott,
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1999; Hatier and Gould, 2009; Steyn et al., 2002). Anthocyanin accumulation commonly
occurs in the upper epidermal cells of leaves in many plants (Lee, 2002). This physiological
localization of anthocyanins plus their absorption in the blue to green range of the light
spectrum are compatible with their roles in light attenuation and protection of the
photosynthetic apparatus while minimizing interference to photosynthesis (Albert et al.,
2009; Chalker-Scott, 1999; Hatier and Gould, 2009; Steyn et al., 2002).
The antioxidative activity of anthocyanins in plants is important in reducing oxidative
damages caused by numerous stress conditions especially under high light irradiance. Certain
types of anthocyanins have been demonstrated to have antioxidative activity up to 3.5 times
higher than vitamin E (Wang et al., 1997). Anthocyanins can scavenge free radicals or
reactive oxygen species commonly induced by UV-irradiation, high light intensity, drought
and heat (Gould et al., 2002; Neill and Gould, 2003; Zhang et al., 2011).
Furthermore, anthocyanins have been proposed to be involved in osmotic adjustment
in cells. It has been hypothesized that the quick accumulation of anthocyanins in the vacuole
of cells responding to drought stresses would lower the water potential and maintain the
turgidity of cells during water limitation (Chalker-Scott, 1999). In addition, this hypothesis
has been used to explain the accumulation of anthocyanins in cold hardiness. Anthocyanin
accumulation in leaves in cold temperatures likely decreases the osmotic potential in cells
thus delaying freezing by preventing the formation of ice crystals and dehydration (Chalker-
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Scott, 1999). However, whether anthocyanins participate in drought resistance and cold
hardiness by acting as an osmotic adjuster requires further investigation.

Health-promoting benefits
Anthocyanins have many promising benefits for human health. Numerous studies
have demonstrated that anthocyanins have antioxidant, anti-inflammatory, anti-carcinogenic
and anti-microbial activities, and can prevent cardiovascular disease, control diabetes and
improve eye vision (He and Giusti, 2010; Pascual-Teresa et al., 2010; Toufektsian et al.,
2008; Jing et al., 2008; Speciale et al., 2010; Ghosh and Konishi, 2007). Thus, enhancing
anthocyanin levels in plants can increase plant product values. A recent study showed that
feeding mice with a diet supplemented with transgenic tomatoes that were rich in
anthocyanins resulted in an extension of life span (Butelli et al., 2008). Progress has been
made in understanding the mechanisms by which anthocyanins exert their health-promoting
effects. Red wine polyphenols, especially delphinidins, have been demonstrated to improve
the endothelial health of blood vessels by targeting estrogen receptor alpha (Chalopin et al.,
2010). As more research is completed, the beneficial effects of anthocyanins on human
health will be better understood (He and Giusti, 2010).
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Industrial applications
Due to numerous promising health benefits, anthocyanin-rich fruits, vegetables, food
product or beverages are of great health-promoting significance. In the food industry,
anthocyanins are preferred to be used as food colorants instead of synthetic colorants. This is
due to serious concerns about the potential adverse health effects of synthetic food colorants
(He and Giusti, 2010).
Anthocyanins are also important to the ornamental industry. In the past decade,
multiple successful efforts have been made to modify flower colors by genetically
engineering the anthocyanin biosynthesis pathway (Tanaka et al., 2009; Tanaka and Ohmiya,
2008). For example, several blue carnation lines resulting from high levels of delphinidin
were generated and recently, a blue rose line was successfully established through genetic
engineering (Tanaka et al., 2009). Their commercial value will be significant to the floral
industry.

Based on the fact that anthocyanins have valuable industrial applications as well as
nutritional benefits, the study of anthocyanin biosynthesis in plant species is of great
importance. For the purpose of increasing the production of these functional natural products
in plants or manipulating the pathway in order to create new traits such as novel flower
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colors, we need to acquire a better understanding of the biosynthesis of these compounds in
plants.

ANTHOCYANIN BIOSYNTHESIS IN ARABIDOPSIS THALIANA

Introduction
Arabidopsis thaliana is an ideal model plant to study anthocyanin biosynthesis. Since
late 1980s, anthocyanin biosynthesis has been one of the main focus areas of the study of
plant flavonoids in Arabidopsis. In 2002, two anthocyanin molecules were identified for the
first time from this model plant (Bloor and Abrahams, 2002). Over the past two decades,
numerous studies have been conducted and greatly enhanced our understanding of the
structural diversity and the biosynthesis of anthocyanins in this model plant.
This review summarizes the current knowledge about anthocyanin biosynthesis in
Arabidopsis. The areas covered include anthocyanin chemistry, structural diversity,
biosynthetic pathway, subcellular transport and transcriptional regulation. Also discussed are
recent advances in the understanding of anthocyanin biosynthesis in response to various
abiotic factors and phytohormones.
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Features of molecular structures
The structural properties of anthocyanins in Arabidopsis have been unknown until
2002 when two anthocyanins were identified from leaf tissues (Bloor and Abrahams, 2002).
Since then, many new anthocyanin molecules have been characterized, most of them were
identified from pap1-D (production of anthocyanin pigment 1-Dominant), 35S:PAP1
transgenic plants and callus cultures established from pap1-D plants (Rowan et al., 2009; Shi
and Xie, 2010; Shi and Xie, 2011; Tohge et al., 2005). PAP1 encodes a transcription factor
that plays a pivotal role in regulating anthocyanin biosynthesis in Arabidopsis. The pap1-D
and 35S:PAP1 plants are featured by an enhanced accumulation of anthocyanins in various
plant tissues resulting from the overexpression of PAP1 (Borevitz et al., 2000; Rowan et al.,
2009). To date, more than twenty nine anthocyanin molecules including trans- and cisisomers have been identified from Arabidopsis (Table 2). The formation of these anthocyanin
molecules is highly associated with growth conditions such as high light intensities (Shi and
Xie, 2010) and low temperature combined with high light (Rowan et al., 2009).
Cyanidin has been identified to be the predominant anthocyanidin aglycone in
Arabidopsis. To date, all identified Arabidopsis anthocyanins are derived from cyanidin
through different modifications such as glycosylation, acylation and methylation (Figure 3).
These anthocyanin molecules are numerated as A1, A2, A3 and so on, in which “A” means
“Anthocyanin” (Figure 3; Table 2). Anthocyanin profiles seem to differ in distinct tissues.
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For example, A11 appears to be the most abundant anthocyanin molecule in leaf tissues
(Bloor and Abrahams, 2002; Rowan et al., 2009; Shi and Xie, 2010; Tohge et al., 2005)
while A5 is the most abundant one detected from roots (Tohge et al., 2005). Interestingly,
anthocyanin molecules with a sinapoyl moiety (A4, A7, A9, A10 and A11) were not detected
in roots (Tohge et al., 2005) as well as in pap1-D callus cultures (Shi and Xie, 2011). In
addition, the production of specific types of anthocyanin molecules is affected by growth
conditions. In altered growth conditions consisting of different light intensities and nitrogen
forms and concentrations, we observed a few new methylated anthocyanins (A14, A15, A16,
A17, and A19) that were not reported in other conditions tested (Shi and Xie, 2010; Shi and
Xie, 2011).
Besides these major anthocyanin molecules identified, treating plants with
anthocyanin precursors has been shown to induce the formation of new anthocyanins with
simpler molecular structures. Wild-type seedlings of both Col and Ler ecotypes treated by
naringenin induced the formation of cyanidin-3-O-glucoside (C3G) molecules (449 m/z) and
three unknown anthocyanin molecules with a mass spectrum of 611 m/z (Pourcel et al.,
2010). These anthocyanin molecules are less modified in structure than the major
anthocyanins identified in Arabidopsis and are normally not detectable in plants. This study
indicates that the number and types of anthocyanins that can be produced by this model plant
are likely more diverse than our current understanding. As more experiments are being
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continued, resulting data will enhance our understanding of the structural diversity of
anthocyanin molecules in Arabidopsis.

Aglycone structure modifications
All identified anthocyanin molecules of Arabidopsis result from modifications of
cyanidin. Based on chemical structures of anthocyanins, these modifications include
glycosylation, acylation and methylation which can increase the stability of the anthocyanins
in aqueous solution and may alter their light absorption properties (Luo et al.,
2007; Yonekura-Sakakibara. et al., 2009). To date, eight genes encoding enzymes catalyzing
the major modification steps have been isolated and characterized from Arabidopsis (Table
3).
All anthocyanins identified in Arabidopsis so far contain at least one sugar group. C3
and C5 positions are glucosylated in most anthocyanins and the C3 glucosylation has been
shown to occur prior to the C5 glucosylation (Pourcel et al., 2010; Tohge et al.,
2005; Yonekura-Sakakibara. et al., 2009). Two major glucosyltransferases, UGT78D2
(encoded by At5g17050) and UGT75C1 (encoded by At4g14090), have been demonstrated
to catalyze the C3 glucosylation and C5 glucosylation, respectively (Tohge et al., 2005).
UGT78D2 can also catalyze the C3 glucosylation using flavonols as substrates and thus is
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called a flavonoid 3-O-glucosyltransferase. In addition, cyanidin 3-O-glucosides can be
further glycosylated and two genes involved have been cloned. One encodes UGT79B1, an
anthocyanin 3-O-glucoside: 2’’-O-xylosyltransferase. The other encodes UGT84A2, an
enzyme catalyzing the formation of 1-O-sinapoylglucose that can be used as substrates by an
acyltransferase to transfer the sinapoyl group to the xylose moiety (Yonekura-Sakakibara et
al., 2012). The biochemical mechanism by which the glucose group is attached to the pcoumaroyl moiety on anthocyanin 3-O-glucosides is unclear and the enzyme catalyzing this
modification step has not been identified yet. In addition to anthocyanin glycosyltransferases,
a few enzymes have been isolated and characterized to catalyze the glycosylation of
flavonols (Yonekura-Sakakibara et al., 2008; Yonekura-Sakakibara et al., 2007).
Acylation leads to diverse anthocyanin molecules in Arabidopsis (Nakayama et al.,
2003; Yonekura-Sakakibara. et al., 2009). Three BAHD types of anthocyanin
acyltransferases (AATs) encoded by At3g29590, At1g03940 and At1g03495, respectively
have been identified to catalyze the acyl transfer of the malonyl and p-coumaroyl groups to
anthocyanins using malonyl-CoA and p-coumaroyl-CoA as acyl donors (Luo et al., 2007). In
addition, a serine carboxypeptidase-like (SCPL) type of AAT has been identified from
Arabidopsis. This enzyme, encoded by At2g23000, catalyzes the transfer of sinapoyl groups
to anthocyanin molecules using sinapoylglucoses as acyl donors (Fraser et al., 2007).
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Although the methylated forms of anthocyanins have been detected from Arabidopsis
(Shi and Xie, 2010; Shi and Xie, 2011), specific methyltransferases have not been identified
yet. To date, major plant anthocyanin methyltransferases have been identified from petunia
and grape (Yonekura-Sakakibara. et al., 2009; Hugueney et al., 2009). As shown by many
previous reports, S-adenosyl-L-methionine (SAM) dependent O-methyltransferases (OMTs)
are responsible for catalyzing the methylation of various natural products (Joshi and Chiang,
1998; Yonekura-Sakakibara. et al., 2009). Future research on candidate SAM dependent
OMTs in Arabidopsis might result in the identification of novel anthocyanin
methyltransferases.

Biosynthetic pathway
The anthocyanin biosynthetic pathway is a major branch of the general
phenylpropanoid pathway which starts with phenylalanine (Figure 4). In general, from
phenylalanine to anthocyanins, the biosynthetic pathway can be divided into three phases:
early steps of the general phenylpropanoid pathway, early steps of the flavonoid pathway and
late steps of the anthocyanin specific pathway.
The early steps of the phenylpropanoid pathway include three consecutive steps from
phenylalanine through 4-hydroxy-cinnamate to 4-coumaroyl CoA, which are catalyzed by
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phenylalanine ammonia-lyase (PAL), cinnamate-4-hydroxylase (C4H) and 4-coumaroyl CoA:
ligase (4CL), respectively. In addition to flavonoid biosynthesis, the early steps of the
phenylpropanoid pathway also lead to the production of hydroxycinnamic acid derivatives
such as sinapate esters and monolignols. Genes encoding PAL, C4H and 4CL have been
cloned and characterized from Arabidopsis. Four genes have been identified to encode PAL,
among which PAL1 and PAL2 have been shown to be more important for the flavonoid
pathway based on mutant analysis and gene expression studies under nitrogen depletion and
low temperature conditions (Huang et al., 2010; Rohde et al., 2004; Olsen et al., 2008). Also,
a small gene family in Arabidopsis has been identified to encode 4CL. Based on the
expression pattern and enzymatic properties, 4CL3 appears to be the major one participating
in the formation of flavonoids while 4CL1 and 4CL2 are likely involved in the formation of
hydroxycinnamic acid derivatives (Ehlting et al., 1999). In contrast to PAL and 4CL, only
one gene in the Arabidopsis genome has been identified to encode C4H.
The early steps of the flavonoid pathway are from 4-coumaroyl CoA through
chalcone and naringenin to dihydroflavonol. These steps are catalyzed by the chalcone
synthase (CHS), chalcone isomerase (CHI), flavanone 3-hydroxylase (F3H), respectively.
The resulting molecule after these three catalytic steps is dihydrokaempferol. In Arabidopsis,
dihydrokaempferol is further hydroxylated to produce dihydroquercetin by flavonoid 3’hydroxylase (F3’H). To date, dihydrokaempferol and dihydroquercetin are the only two
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dihydroflavonol molecules identified in Arabidopsis. Genes encoding these enzymes have
been biochemically and genetically characterized in Arabidopsis. Mutations of these genes
lead to the loss of both anthocyanins and proanthocyanidins in seeds resulting in transparent
testa (Lepiniec et al., 2006; Shirley et al., 1995; Winkel-Shirley, 2001).
The late steps of the anthocyanin biosynthesis are from dihydroflavonol through
leucoanthocyanidins to anthocyanidins. These two steps are consecutively catalyzed by
dihydroflavonol reductase (DFR) and anthocyanidin synthase (ANS, also called
leucoanthocyanidin dioxygenase, LDOX). DFR and ANS are single-copy genes in
Arabidopsis. Further modifications of anthocyanidins lead to diverse anthocyanin structures
in Arabidopsis as described above.
Although the study of anthocyanin biosynthesis started later in Arabidopsis than in
several other plant species, the use of this model plant has provided solid genetic and
biochemical evidence for each step of the anthocyanin pathway. These accomplishments
greatly enhance our understanding of the biosynthesis of anthocyanins.

Metabolic channeling
Successive enzymes of the phenylpropanoid pathway are proposed to be grouped
together and associated with the ER membrane to form a metabolon. This organization of
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enzymes most likely directs the channeling of the intermediate precursors in the metabolic
complex without diffusing to the cytosol (Jorgensen et al., 2005; Lepiniec et al.,
2006; Winkel, 2004). Certain evidences for the channeling of intermediates and the colocalization of pathway enzymes have been reported (Winkel-Shirley, 1999). Direct in vitro
evidence was obtained from a study showing that PAL and C4H were co-localized on ER
membranes of tobacco cells (Achnine et al., 2004). In addition, it has been hypothesized that
the membrane-anchored C4H and F3’H, two members of the cytochrome P450 family
proteins, might act as nucleation sites for the binding of other soluble enzymes to the
complex (Achnine et al., 2004; Lepiniec et al., 2006). Although evidence is limited, this
hypothesis is considered as a favorable model for the synthesis and channeling of
anthocyanins and other flavonoids. Further research needs to be carried out to improve our
understanding of the mechanism of metabolic channeling in the biosynthesis of flavonoids.

Transport and Compartmentation
Anthocyanins are synthesized in the cytosolic face of the ER and normally stored in
the central vacuole. Thus, anthocyanins need to be transported from ER to the vacuole
(Figure 4). There are two major hypotheses proposed for flavonoid transport: transportermediated transport and vesicle-mediated transport (Zhao and Dixon, 2009). However, these
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two hypothesized mechanisms might not be mutually exlusive, and likely act in concert to
mediate the transport of anthocyanins (Gomez et al., 2011; Zhao and Dixon, 2009). The
evidence for vesicle-mediated transport has been obtained from the observation of
cytoplasmic vesicle-like structures filled with anthocyanins and the anthocyanic vacuolar
inclusions (AVIs) that exist in the large central vacuole (Pourcel et al., 2010; Gomez et al.,
2011).
The hypothesis of transporter-mediated transport is supported by the identification of
flavonoid transporters involved in the vacuolar transport of specific types of anthocyanins
and proanthocyanidin precursors in different plant species (Marinova et al., 2007; Goodman
et al., 2004; Gomez et al., 2009; Frank et al., 2011). TT12, TT19 and AHA10 have been
functionally characterized to be involved in transporter-mediated transport of anthocyanins in
Arabidopsis. TT12 encodes a multidrug and toxic efflux (MATE) antiporter responsible for
the vacuolar uptake of glycosylated flavan-3-ols and possibly glycosylated anthocyanidins in
the endothelial cells of seeds (Debeaujon et al., 2001; Marinova et al., 2007). tt12 mutants
form multiple vesicles instead of a large central vacuole in the endothelial cells of seeds and
lack the formation of proanthocyanidins that are normally oxidized into brownish pigments.
AHA10 encodes a plasma membrane H+-ATPase which may also function in endosomal or
vacuolar compartments (Baxter et al., 2005). AHA10 has been shown to be required for the
acidification of the vacuole and the formation of the proton gradient needed for TT12
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function in the seed endothelial cells. aha10 mutants also have defects in the production of
proanthocyanidins and the development of a central vacuole. However, aha10 mutants
produce epicatechins which are stored in small vesicles distributed in the cytosol. TT12 and
AHA10 are primarily expressed in developing seeds and are involved in proanthocyanidin
accumulation. The mechanism of the vacuolar uptake of anthocyanins in vegetative tissues is
unclear. No anthocyanin transporters have been identified from vegetative tissues of
Arabidopsis to date. It has been hypothesized that homologs of TT12 might function in
vegetative tissues to mediate the transport of anthocyanins (Marinova et al., 2007). The
multidrug resistance-associated protein (MRP) type of ABC transporter similar to the
ZmMRP3 in maize (Goodman et al., 2004) might be another candidate.
TT19 encodes a glutathione S-transferase (GST) that has been demonstrated to be
involved in the vacuolar uptake of both anthocyanins and proanthocyanidin precursors
(Kitamura et al., 2004). tt19 mutants lack proanthocyanidins in the seed coats. Given that
TT19 has been observed to have very weak GST activity and no anthocyanin-glutathione
conjugates have been detected in Arabidopsis (Kitamura et al., 2004; Li et al., 2011; Lepiniec
et al., 2006; Wangwattana et al., 2008), TT19 was proposed to function as a carrier protein to
‘escort’ anthocyanins or proanthocyanidin precursors to the vacuole (Kitamura et al.,
2004; Lepiniec et al., 2006; Poustka et al., 2007; Wangwattana et al., 2008; Zhao and Dixon,
2009). A recent study has shown that TT19 can bind to cyanidin and in a less affinity to C3G
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(Sun et al., 2012). Based on the subcellular localization, TT19 is proposed to bind cyanidins
near the cytosolic surface of ER and transport them to the vacuole. TT19 might function in
protecting cyanidins from degradation during the transport process before cyanidins are
further modified and stabilized. Interestingly, TT19 was found to be also localized on the
tonoplast, which deserves further investigation (Sun et al., 2012).

Transcriptional regulation of pathway genes
Pathway genes of flavonoid biosynthesis were shown to be co-regulated (Rowan et al.,
2009; Tohge et al., 2005; Stracke et al., 2010). Regulation of late biosynthesis genes of
anthocyanins has been found to be mediated by a ternary complex composed of transcription
factors from MYB, bHLH and WD40 protein families.
PAP1/ MYB75, PAP2/ MYB90, MYB113 and MYB114 are four members of the
R2R3-MYB proteins positively regulating anthocyanin biosynthesis in vegetative tissues of
Arabidopsis. R2R3-MYBs contain two imperfect repeats in the MYB domain and can be
categorized into 25 subgroups based on the conserved amino-acid sequence motifs present in
the carboxyl terminals to the MYB domain (Dubos et al., 2010; Stracke et al., 2001). PAP1,
PAP2, MYB113 and MYB114 belong to the subgroup 6. Overexpression of each of these
four genes can increase anthocyanin production in plants, while disruption or reduction in
expression results in the loss of anthocyanin pigmentation (Borevitz et al., 2000; Gonzalez et
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al., 2008). Among these four genes, PAP1 is expressed at the highest level and is sufficient
for controlling anthocyanin biosynthesis in vegetative tissues (Gonzalez et al., 2008). PAP1
overexpression results in the strong up-regulation of late anthocyanin biosynthetic genes and
also moderate increases in the expression of early flavonoid biosynthesis genes (Borevitz et
al., 2000; Rowan et al., 2009; Shi and Xie, 2010). There are controversies about whether
PAP1 can regulate the expression of early phenylpropanoid biosynthesis and early flavonoid
biosynthesis genes. Nevertheless, PAP1 has been demonstrated to be a key regulator in
promoting anthocyanin production in plants and PAP1 overexpression in many heterologous
systems resulted in obvious increases in anthocyanin levels (Li et al., 2010; Zhang et al.,
2010; Zvi et al., 2012; Gatica-Arias et al., 2012; Zuluaga et al., 2008).
GL3, EGL3 and TT8 are three members of the bHLH transcription factor family
positively regulating anthocyanin biosynthesis. They belong to subgroup IIIf based on the
classification of the bHLH protein family (Bailey et al., 2003; Heim et al., 2003; Li et al.,
2006; Toledo-Ortiz et al., 2003). Unlike the four MYB proteins which are specifically
involved in anthocyanin biosynthesis, GL3, EGL3 and TT8 have overlapping but distinct
functions in regulating several physiological events such as anthocyanin biosynthesis,
trichome initiation, non-root hair cell fate determination, seed coat mucilage formation and
proanthocyanidin biosynthesis (Baudry et al., 2004; Gonzalez et al., 2008; Payne et al.,
2000; Nesi et al., 2000; Zhao et al., 2008; Zhang et al., 2003). Genetic and biochemical
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analyses have shown that GL3, EGL3 and TT8 reduntantly regulate anthocyanin biosynthesis;
GL3 and EGL3 but not TT8 are involved in regulating trichome initiation and non-root hair
cell fate determination; EGL3 and TT8 participate in regulating seed coat mucilage
production; only TT8 has been determined to control proanthocyanidin biosynthesis in seed
endothelial cells (Figure 5). For regulating anthocyanin biosynthesis, EGL3 appears to have a
greater role than GL3 in young seedlings. The level of anthocyanins in egl3 mutants is much
lower than that in gl3 mutants, and EGL3 overexpression in the ttg1 mutant background
resulted in more anthocyanin accumulation than GL3 overexpression (Zhang et al., 2003). In
addition, studies using 35S:GL3:GR transgenic seedlings in gl3 and gl3 egl3 mutant
background also revealed a greater contribution of EGL3 in regulating late biosynthesis
genes, e.g. DFR and ANS (Gonzalez et al., 2008). TT8 also seems to play an important role in
regulating anthocyanin biosynthesis in young seedlings. The activity of the TT8 promoter has
been shown to be consistent with the anthocyanin accumulation patterns in young seedlings
(Baudry et al., 2006). Similarly to that of TT8, the expression of GL3 and EGL3 was also
detected in leaf primordia and in young seedlings. However, the expression of GL3 and
EGL3 was more prominent in trichome initials and was also detected in root tips (Zhao et al.,
2008; Zhang et al., 2003; Gonzalez et al., 2008; Petroni and Tonelli, 2011). In addition, TT8
transcripts were primarily detected in high amounts in developing seeds (Nesi et al., 2000).
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These overlapping but distinct expression patterns were compatible with the roles of these
bHLH proteins in regulating various physiological and developmental processes in plants.
TTG1 is the only WD40 protein currently determined to regulate anthocyanin
biosynthesis in Arabidopsis. WD40 proteins contain repeated WD motifs that typically end in
Trp-Asp (van Nocker and Ludwig, 2003). Mutation in the ttg1 locus results in not only the
deficiency of anthocyanin production but also defects in many other physiological and
developmental processes such as trichome initiation, non-root hair cell fate differentiation,
proanthocyanidin biosynthesis as well as seed mucilage production (Koornneef,
1981; Shirley et al., 1995; Walker et al., 1999). The pleiotropic mutant phenotype of ttg1
indicates that TTG1 is involved in regulating multiple cellular processes in cells. In addition,
experiments have shown that unlike MYB and bHLH transcription factor genes, the
expression of TTG1 in most tissues is normally constitutive and not responsive to different
environmental stimuli (Cominelli et al., 2008; Lea et al., 2007; Olsen et al., 2009).
Early flavonoid biosynthesis genes CHS, CHI, F3H, F3’H and the FLS gene which
encodes a flavonol synthase have been found to be activated together by a specific group of
R2R3-MYB transcription factors including MYB11, MYB12 and MYB111. These regulators
control the spatial production of flavonols in Arabidopsis plant tissues (Mehrtens et al.,
2005; Stracke et al., 2007; Stracke et al., 2010). Their functions in activating target gene
expression are not dependent on interactions with bHLH proteins, unlike those MYB
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regulators controlling anthocyanin biosynthesis. The expression of F3’H can be regulated by
both of these two groups of R2R3-MYB factors (Gonzalez et al., 2008; Stracke et al., 2007).
The WD40/bHLH/MYB regulatory complexes
It has been shown that the regulation of anthocyanin biosynthesis in Arabidopsis
especially the expression of late biosynthesis genes is controlled by a ternary complex
formed by WD40 repeat, bHLH and MYB transcription factors. These WD40/bHLH/MYB
(WBM) complexes controlling anthocyanin biosynthesis have also been identified from other
plant species such as maize and petunia (Hichri et al., 2011; Petroni and Tonelli, 2011). In
Arabidopsis, in addition to regulating anthocyanin biosynthesis, WBM complexes are also
involved in the control of other physiological and developmental processes including
proanthocyanidin biosynthesis, trichome initiation, non-root hair cell fate determination and
mucilage production in the seed coat. However, in maize, the WBM complexes only control
anthocyanin biosynthesis (Baudry et al., 2004; Hichri et al., 2011; Petroni and Tonelli,
2011; Zhao et al., 2008). The involvement of WBM complexes in such broad aspects of
cellular events in Arabidopsis is likely conferred by the diverse and redundant roles of bHLH
proteins as discussed above. The specific function of the WBM complex is dependent on the
target gene specificity of the MYB protein in the complex. For example, PAP1, PAP2,
MYB113 and MYB114 specifically regulate anthocyanin biosynthetic genes (Gonzalez et al.,
2008); TT2 is the only MYB factor that can activate ANR expression which is involved in

24

proanthocyanidin biosynthesis in seed endothelial cells (Baudry et al., 2004); GL1 functions
in regulating trichome formation (Zhao et al., 2008) and WER is involved in controlling nonroot hair cell fate by regulating specific sets of downstream target genes at different organs
(Lee and Schiefelbein, 1999).
Protein-protein interactions among bHLHs, MYBs and TTG1 have been
demonstrated (Figure 5). Yeast two-hybrid and pull down assays have provided evidences
that bHLH proteins GL3/EGL3/TT8 interact with TTG1, with MYB family proteins
PAP1/PAP2 and with bHLH proteins themselves (Baudry et al., 2004; Zhang et al.,
2003; Zimmermann et al., 2004). In addition, TT8 is able to interact with TT2 and TTG1 to
regulate proanthocyanidin biosynthesis (Baudry et al., 2004); GL3 and EGL3 interact with
GL1/WER, which are involved in the regulation of trichome initiation and non-root hair cell
fate determination, respectively (Zhang et al., 2003; Zimmermann et al., 2004). Sequence
analysis revealed a conserved motif consisting of [DE]Lx2[RK]x3Lx6Lx3R in the R3 repeat of
bHLH- interacting MYB proteins. Site mutation studies confirmed that this motif is
responsible for the interaction with bHLH proteins (Zimmermann et al., 2004). Those R2R3MYBs such as MYB11, MYB12 and MYB111 that do not contain this motif are not able to
interact with bHLHs. Moreover, transient expression assays also indicate that MYB proteins
interact with bHLH proteins to activate the transcription of late biosynthesis genes (Zhu et al.,
2009; Zimmermann et al., 2004).
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A recent study suggests that the C-terminal region of bHLH proteins might be
required for regulating anthocyanin biosynthesis. The N-terminal of bHLH proteins contains
a MYB-interacting region and an acidic region while the C-terminal contains a bHLH
domain that is involved in homodimer and heterodimer formation (Feller et al., 2011; Hichri
et al., 2011). A recent study showed that the N-terminal region of the maize R protein, a
homolog to GL3/EGL3, is responsible for regulating leaf trichome and root hair
differentiation when exogenously expressed in Arabidopsis, while the full length R is
required for regulating anthocyanin biosynthesis (Tominaga-Wada et al., 2012), suggesting
that the formation of bHLH homodimers or heterodimers is likely important in regulating
anthocyanin biosynthesis. Whether dimerization of bHLHs is a prerequisite for activating
anthocyanin biosynthesis gene expression remains unclear. However, it is also possible that
other co-factors might be recruited to the C-terminal regions of bHLH proteins and are
required for the activation of target genes. In maize, an EMSY-related factor, which
functions in histone modification, specifically interacts with the bHLH region of R and is
necessary for the activation of endogenous pathway genes (Hernandez et al., 2007). It needs
further investigation whether similar co-factors are required for the action of GL3 and EGL3
in Arabidopsis.
The function of TTG1 in the WBM complex has been suggested to stabilize the
protein-protein interactions. The WD motifs in TTG1 are normally the sites responsible for
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interaction with other proteins, and TTG1 is thought to act as a platform for the formation of
protein complexes (Hichri et al., 2011; van Nocker and Ludwig, 2003). TTG1 has been found
to be required for the normal distribution of GL3 in the nucleus. The loss of TTG1 caused the
GL3-YFP protein to be distributed abnormally in the nucleus resulting in ‘speckles’ (Zhao et
al., 2008). Also, a recent study demonstrated that nuclear localized GL3 can recruit TTG1 to
the nucleus by interacting with the TTG1 protein (Balkunde et al., 2011).
PAP1/PAP2/MYB113/MYB114 together with GL3/EGL3/TT8 and TTG1 form the
active WBM complexes promoting anthocyanin biosynthesis. In contrast, 1R-MYB proteins
such as CPC and MYBL2 have been identified as components of the inactive or repressive
WBM complexes inhibiting the production of anthocyanins. These 1R-MYB proteins
negatively regulate anthocyanin biosynthesis by competitively interfering with the formation
of the active WBM complexes. Results from transient expression and protein interaction
studies suggested that CPC and MYBL2 competed with the positive regulators PAP1/PAP2
to bind with bHLH proteins and negatively regulate the expression of pathway genes (Matsui
et al., 2008; Zhu et al., 2009; Zimmermann et al., 2004). PhMYBx, an ortholog of CPC from
petunia was also reported to be a suppressor of anthocyanin biosynthesis (Koes et al., 2005).
In addition to anthocyanin biosynthesis, CPC was identified to negatively regulate trichome
initiation and non-root hair cell fate differentiation (Wada et al., 2002; Wada et al., 1997) and
overexpression of MYBL2 has been found to repress trichome development (Sawa et al.,
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2002). Unlike CPC, a repression domain composed of TLLLFR was identified in the Cterminal of MYBL2 and showed a strong repressive activity (Matsui et al., 2008). These
results suggest that both inactive and repressive WBM complexes can be formed through the
participation of 1R-MYBs and can suppress the expression of anthocyanin pathway genes.

Regulation of the WBM complex

Multiple studies have shown that the gene expression of the components of the WBM
complex can be regulated by the complex itself or members of the complex. The expression
of TT8 has been shown to be regulated by the WBM complex in a positive feedback
mechanism (Baudry et al., 2006). TT2 or PAP1 can bind to the TT8 promoter as shown by
yeast one-hybrid experiments and this binding is dependent on the simultaneous expression
of TT8 or GL3/EGL3. Overexpression of TT2 and PAP1 can induce TT8 transcription, and
TTG1 is necessary for the activation of TT8. This positive feedback mechanism may ensure a
strong induction of the pathway genes after the initial activation of TT8 expression (Petroni
and Tonelli, 2011).
In addition, a transcriptional regulatory loop has been identified between TT8, PAP1
and MYBL2. PAP1 overexpression can activate the expression of TT8 (Baudry et al.,
2006; Rowan et al., 2009; Tohge et al., 2005; Shi and Xie, 2011), and TT8 can positively
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regulate the expression of MYBL2 (Matsui et al., 2008). Since MYBL2 participate in the
formation of inactive or repressive WBM complexes (Matsui et al., 2008), the expression of
TT8 will be suppressed. Such a complicated regulatory network is suggested to play a pivotal
role in fine-tuning the biosynthesis of anthocyanins.
Moreover, subunits of the transcriptional co-regulatory complex Mediator have been
found to be important in regulating the expression of phenylpropanoid pathway genes.
Mediator is a multiprotein complex that functions as a bridge between gene-specific
transcription factors and the basal transcription machinery (Backstrom et al., 2007).
REF4/MED33b and its paralog RFR1/MED33a, are subunits of the Mediator complex. The
ref4 rfr1 mutants showed increased levels of the expression of PAL1, PAL2, C4H and 4CL1.
Plants carrying the ref4-3 mutant protein have shown reduced expression of PAL1 and are
unresponsive to PAP1 overexpression, which might result from the constitutive repression of
the phenylpropanoid biosynthesis by the ref4-3 mutant protein (Bonawitz et al., 2012). These
data suggest that REF4/RFR1 can suppress the expression of early biosynthetic genes of the
phenylpropanoid pathway and are important for maintaining phenylpropanoid homeostasis.
Expression of the MYB transcription factors involved in the control of anthocyanin
biosynthesis has been found to be regulated by small regulatory RNAs.
PAP1/PAP2/MYB113 was shown to be targeted by TAS4-siR81(−) and miR828 (Hsieh et al.,
2009; Rajagopalan et al., 2006). In phosphate deficient conditions, there is an up-regulation
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of TAS4-siR81(−) and miR828 which is positively regulated by PAP1. TAS4-siR81(−) and
miR828 can further antagonize the expression of PAP1, thus a proper amount of
anthocyanins are produced (Hsieh et al., 2009). In addition, transgene silencing has been
detected when ectopically overexpressing PAP2 in tobacco and this was suggested to be
caused by small regulatory RNAs similar to Arabidopsis TAS4-siR81(−) and miR828 (Velten
et al., 2012). Moreover, a miR156-targeted SQUAMOSA PROMOTER BINDING PROTEINLIKE (SPL) transcription factor has been demonstrated to be a negative regulator of the
acropetal accumulation of anthocyanins in the inflorescent stem (Gou et al., 2011). SPL9 was
found to be able to interact with PAP1 and can directly bind to the DFR promoter. SPL9 was
suggested to negatively control anthocyanin pathway gene expression by competing with
bHLH proteins for binding with PAP1. miR156 participates in this regulatory process by
controlling the activity of SPL9.

Regulation of anthocyanin biosynthesis in response to abiotic factors and phytohormones
Anthocyanin biosynthesis can be induced by various abiotic factors such as high light,
low temperature, sucrose, nutrient depletion and by phytohormones (Christie et al., 1994;
Leyva et al., 1995; Lea et al., 2007; Feyissa et al., 2009; Solfanelli et al., 2006; Rowan et al.,
2009; Shan et al., 2009; Teng et al., 2005). Numerous significant advances have been made
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in elucidating the molecular mechanisms of anthocyanin biosynthesis in response to these
factors.

Light
Light is one of the most important environmental factors regulating anthocyanin
biosynthesis. High light can increase the production of anthocyanins (Cominelli et al., 2008;
Rowan et al., 2009; Shi and Xie, 2010). In contrast, in dark conditions, plants decrease the
production of anthocyanins.
Light signaling components have been found to play important roles in controlling
anthocyanin production in response to different light spectra. HY5, a bZIP protein, is a
positive regulator of photomorphogenesis and can be degraded by COP1 in dark-grown
seedlings (Ang et al., 1998). In far-red light conditions, HY5 and PIF3 (a phytochrome
interacting factor) collaboratively regulate anthocyanin biosynthesis in germinating seedlings.
HY5 and PIF3 can simultaneously bind to separate sequence elements in the promoters of
anthocyanin pathway genes and positively regulate their expression (Shin et al., 2007). A
light-regulated zinc finger protein 1 (LZP1), which is downstream of HY5, has also been
identified to function as a positive regulator in de-etiolation. LZP1 positively regulates
anthocyanin biosynthesis by directly or indirectly controlling the expression of PAP1 (Chang
et al., 2008). In addition, light regulatory units (LRUs) sufficient for light responsiveness
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have been identified in the promoters of the CHS, CHI, F3H and FLS genes in studies
conducted under UV-containing white light. The LRUs are characterized to consist of a
MYB-recognition element (MRE) and an ACGT-containing element (ACE), the latter of
which is recognized by bZIP proteins such as HY5 (Hartmann et al., 2005). Moreover, HY5
has been demonstrated to be a key effector in the UV light signaling pathway which was
mediated by UV RESISTANCE LOCUS8 (UVR8) (Brown et al., 2009) and also in the
cryptochrome photoreceptor mediated blue light response (Vandenbussche et al., 2007).
Anthocyanin biosynthesis in response to light is also regulated via a mechanism of
controlling the expression of the members of the WBM complex. A previous study
demonstrated that the expression of PAP1, PAP2 and bHLH genes GL3, EGL3 and TT8 were
all induced by various light spectra (Cominelli et al., 2008). The results also suggested a key
role for PAP1, but not PAP2, in the light stimulation of anthocyanin biosynthesis by
comparing pathway gene expression and anthocyanin levels in transgenic plants
overexpressing each of these two genes. Nevertheless, previous studies showed that PAP1
overexpression alone is not sufficient for the activation of anthocyanin biosynthesis in the
dark or under low light conditions (Cominelli et al., 2008; Rowan et al., 2009; Shi and Xie,
2010), which suggest that accumulation of other factors such as bHLH or HY5 proteins in
response to light is needed in order to activate anthocyanin pathway gene expression.
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Sucrose
Sucrose is known to induce anthocyanin production in plants and cell cultures (Teng
et al., 2005; Solfanelli et al., 2006; Cormier et al., 1990; Deroles, 2009; Ferri et al., 2011).
Previous studies have found that sucrose is the specific sugar that can stimulate anthocyanin
production (Solfanelli et al., 2006). By QTL analysis, the PAP1 gene has been shown to be
responsible for sucrose-induced anthocyanin accumulation (Teng et al., 2005). Microarray
studies comparing seedlings treated with sucrose and controls showed a strong up-regulation
of PAP1 while the expression of PAP2 was not affected (Solfanelli et al., 2006). These
results point to a key role of PAP1 in regulating sucrose-induced anthocyanin biosynthesis.
In addition, the mutants of SUCROSE TRANSPOTER1 (SUC1) showed less anthocyanin
accumulation in response to sucrose (Sivitz et al., 2008), suggesting a potential role of SUC1
in sucrose-induced anthocyanin production.
In a recent study, sucrose has been found to be a global regulator of plant responses to
phosphate starvation. The hypersensitive to phosphate starvation1 (hps1) mutant, which has
enhanced sensitivity to phosphate starvation, was demonstrated to be caused by the
overexpression of the SUCROSE TRANSPORTER2 (SUC2) gene (Lei et al., 2011). The hps1
mutants have elevated levels of sucrose in both shoot and root tissues and have increased
expression of, even when grown in the phosphate sufficient condition, a majority of genes
that are induced by phosphate starvation in the WT plants. The mutant phenotypes such as
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the enhanced production of anthocyanins are suggested to be caused by the elevated sucrose
levels in plants. These results indicate that besides the small regulatory RNAs mentioned
previously, the sucrose transporter gene SUC2 is also involved in anthocyanin production in
response to phosphate deficiency.
Several phytohormones such as jasmonate and cytokinin are known to induce
anthocyanin production in plants; however these phytohormones alone are not able to exert
their effects without the addition of sucrose in the growth media (Loreti et al., 2008; Shan et
al., 2009). In addition, the sucrose-activated anthocyanin biosynthesis can be suppressed by
ethylene. It has been shown that the expression of GL3, TT8 and PAP1 were down-regulated
after ethylene treatment (Jeong et al., 2010; Kwon et al., 2011) and the suppression of
anthocyanin biosynthesis by ethylene is controlled through down-regulating the expression of
SUC1 in roots (Jeong et al., 2010).

Nitrogen
Nitrogen can control the biosynthesis of anthocyanins and other flavonoids in
Arabidopsis. In nitrogen deficient conditions, anthocyanins and flavonols have been shown
to accumulate (Lea et al., 2007; Oslen et al., 2007; Oslen et al., 2009). Transcriptional
analyses have revealed that the expression levels of PAP1 and PAP2 are induced by nitrogen
deficiency and PAP2 showed a stronger induction than PAP1 (Lea et al., 2007; Lillo et al.,
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2008). In addition, the expression of PAP2 was demonstrated to be strongly induced by sugar
and low nitrogen treatment in senescing leaves (Pourtau et al., 2006). For bHLH proteins,
GL3 appears to have a greater role than EGL3 in regulating anthocyanin production in rosette
leaves in nitrogen deficiency. GL3, but not EGL3, was up-regulated in response to nitrogen
depletion (Lea et al., 2007). In addition, gl3 mutants accumulate much lower amounts of
anthocyanins in rosette leaves under nitrogen deficient conditions compared with WT and
egl3 mutants, and the expression of DFR was found to be much reduced in gl3 mutants
(Feyissa et al., 2009). These findings suggest that the nitrogen regulation of anthocyanin
biosynthesis is via a mechanism of controlling the expression of PAP1, PAP2 and GL3.
Moreover, three members of the LATERAL ORGAN BOUNDARY (LOB)
DOMAIN (LBD) family proteins, LBD37, LBD38 and LBD39, were reported to repress
anthocyanin biosynthesis genes and many other nitrogen responsive genes in nitrogen
sufficient conditions (Rubin et al., 2009). The overexpression of these genes strongly
suppressed anthocyanin production in plants grown in a nitrogen depletion condition. In
contrast, the knockout mutant plants of these genes accumulated anthocyanins even though
grown in a nitrogen sufficient condition. Transcriptional analysis has revealed that these
three regulators repress anthocyanin biosynthesis through suppressing the expression of
PAP1 and PAP2 (Rubin et al., 2009).

35

A recent study suggested that the FRUITFULL (FUL) gene is also involved in the
regulation of anthocyanin biosynthesis in response to nitrogen. The FUL gene regulates cell
differentiation during fruit and leaf development in Arabidopsis (Gu et al., 1998) and is a
homolog of VmTDR4 which has been identified to be an important player in regulating
anthocyanin accumulation during the ripening of bilberry fruits (Jaakola et al., 2010). Gene
expression analysis revealed that FUL is necessary for the expression of PAP2 under
nitrogen depletion conditions (Jaalola et al., 2010), suggesting its potential role in positively
regulating anthocyanin biosynthesis under nitrogen deficient conditions.

Jasmonate
Jasmonate (JA) is an elicitor and signal molecule that mediates plant responses to
pathogen infection, UV radiation and other abiotic stresses (Kazan and Manners, 2011). JA
can strongly increase anthocyanin biosynthesis in Arabidopsis. It was found that the F-box
protein COI1 is required for the expression of late anthocyanin biosynthesis genes and the
regulatory genes PAP1, PAP2 and GL3 in response to JA (Shan et al., 2009). It has been
demonstrated that the COI1 protein interacts with ASK1/ASK2, Cullin1, and Rbx1 to form
the SCFCOI1 complex that mediates the degradation of JA ZIM-domain (JAZ) proteins (Xu et
al., 2002). JAZ proteins are negative regulators that repress diverse JA responses including
anthocyanin biosynthesis (Pauwels et al., 2011). Recent studies demonstrated that JAZ
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proteins can interact with the C-terminal regions of both bHLH (TT8, GL3 and EGL3) and
MYB (PAP1 and GL1) transcription factors, suggesting that they might interfere with the
formation of the active WBM complexes (Qi et al., 2011). These results provide an appealing
model for the molecular mechanism of JA-induced anthocyanin production, in which JA
induces the degradation of JAZ proteins through the SCFCOI1 complex thus de-repressing the
formation of the functional WBM complexes of anthocyanin biosynthesis.

Previous studies have greatly enhanced our understanding about the molecular
mechanism of anthocyanin biosynthesis in response to different environmental factors and
developmental signals. However, still many questions remain unanswered. The molecular
components involved in these signaling pathways require further identification. In addition, it
has been suggested that functional specialization may exist among MYB and bHLH proteins
in regulating anthocyanin biosynthesis in response to different environmental factors or
developmental signals, thus it will be useful to investigate the potential contribution of each
member of those MYB and bHLH proteins to specific signaling pathways. Moreover, much
evidence has been found to indicate that there is crosstalk between different signaling
pathways in regulating anthocyanin biosynthesis (Loreti et al., 2008; Zhang et al., 2011;
Jiang et al., 2007; Kazan and Manners, 2011; Lei et al., 2011; Vandenbussche et al., 2007). It
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will be of great interest to further investigate the detailed mechanism, and the specific and
shared regulators of these signaling pathways.
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Table 1. Major anthocyanin forms dependent on pH. The predominant form of
anthocyanin in the specific pH ranges is indicated. * Anthocyanins are degraded at pH >7.
Major anthocyanin form
red flavylium cation
quinoidal blue species

pH <2

pH 2-4

pH 5-6

+

pH >7*
-

+

-

carbinol pseudobase

+

-

colorless chalcone

+

-
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Table 2. Major anthocyanin molecules identified from Arabidopsis. The mass spectrum,
available reference about NMR data and the tissue from which the molecules were detected
are shown in this table. Naming of compounds followed Tohge et al., 2005 and Rowan et al.,
2009. Data summarized was based on reports from Tohge et al., 2005, Rowan et al., 2009,
Shi and Xie, 2010 and Shi and Xie, 2011. a both trans and cis isomers were detected. b NMR
data of the same molecule identified in the garden plants of Cruciferae. c NMR data of the
same molecule identified in Matthiola Incana.
Name

ESI-MS

Reference about NMR data

Detected distribution in tissues

A1

743

-

Leaves and roots

A2

829

-

Leaves, roots and callus cultures

A3 a

889

Tatsuzawa et al., 2006 b

Leaves, roots and callus cultures

A4

949

-

Leaves

A5

a

b

975

Tatsuzawa et al., 2006

Leaves, roots and callus cultures

A6 a

1051

Tatsuzawa et al., 2006 b

Leaves

A7 a

1095

-

Leaves

A8 a

1137

Nakabayashi et al., 2009

Leaves and roots

A9 a

1181

Saito et al., 1995 c

Leaves

A10 a

1257

Nakabayashi et al., 2009

Leaves

A11 a

1343

Bloor and Abrahams, 2002

Leaves

A12 a

1005

-

Leaves

A13 a

1373

-

Leaves

A14

1357

Bloor and Abrahams, 2002

Leaves

A15

1195

-

Leaves

A16

989

-

Leaves and callus cultures

A17

1151

-

Leaves

A18

1035

-

Leaves

A19

843

-

Callus cultures
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Table 3. List of anthocyanin modification genes identified in Arabidopsis
AGI No.
Gene Name
Annotation

Reference

Glycosyltransferase
At5g17050

UGT78D2

Flavonoid 3-O-glucosyltransferase
Tohge et al., 2005

At4g14090

UGT75C1

Anthocyanin 5-O-glucosyltransferase

At5g54060

UGT79B1

Anthocyanin 3-O-glucoside: 2’’-O-xylosyltransferase

At3g21560

UGT84A2

Sinapic acid: UDP-glucosyltransferase

Yonekura-Sakakibara et al.,
2012

Acyltransferase
At3g29590

A5G6’’’MaT

Anthocyanin 5-O-glucoside:6’’’-O-malonyltransferase

At1g03940

A3G6’’p-CouT

Anthocyanin 3-O-glucoside:6’’-O-p-coumaroyltransferase

At1g03495

A3G6’’p-CouT

Anthocyanin 3-O-glucoside:6’’-O-p-coumaroyltransferase

At2g23000

SCPL10

Sinapoylglucose:anthocyanin acyltransferase

Luo et al., 2007

Fraser et al., 2007

Methyltransferase (unidentified)
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Figure 1. Structures of the major types of anthocyanidins. Figure modified from Mateus
and de Freitas (2009).
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Figure 2. Structures of flavan-3-ol units and simple B-type and A-type dimers of
proanthocyanidins. (Xie and Dixon, 2005)
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Figure 3. Structures of major anthocyanin molecules identified from Arabidopsis.
Modified from Shi and Xie, 2010. A14-A19 are deduced structures based on mass. A18
structure cannot be deduced due to the unavailability of fragments of mass.
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Figure 4. Anthocyanin biosynthesis pathway in Arabidopsis. Enzymes catalyzing
corresponding steps are indicated. Related branches of the pathway leading to the production
of other phenolic compounds are also indicated. PAL, phenylalanine ammonia lyase; C4H,
cinnamate 4-hydroxylase; 4CL, 4-coumaroyl: CoA-ligase; CHS, chalcone synthase; CHI,
chalcone isomerase; F3H, flavanone 3-hydroxylase; F3’H flavonoid 3’-hydroxylase; DFR,
dihydroflavonol reductase; ANS, anthocyanidin synthase; FLS, flavonol synthase; ANR,
anthocyanidin reductase; AGT, anthocyanin glycosyltransferase; AAT, anthocyanin
acyltransferase; AMT, anthocyanin methyltransferase; TT19, Transparent Testa 19; TT12,
Transparent Testa 12.
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Figure 5. Regulatory networks of pathways controlled by TTG1-dependent WBM
complexes in Arabidopsis (Petroni and Tonelli, 2011). This scheme shows different
physiological events that are regulated by TTG1-dependent WBM complexes. Protein
interactions and positive and negative regulatory networks at the transcriptional level are
indicated in the scheme. An arrow represents a positive regulation or protein interaction and
a blunt line indicates a negative regulation. The redundant functions of bHLH proteins and
the specificity of MYB proteins for each process are also represented in this scheme.
Regulators of anthocyanin and proanthocyanidin biosynthesis are indicated as bold.
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CHAPTER 4

Transcriptome Profiling and Metabolic Analysis of PAP1-programmed Red Cells
versus Wild-type Cells of Arabidopsis thaliana
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INTRODUCTION

Anthocyanins are one of the major groups of plant flavonoids which fulfill important
functions in plant reproduction and adaptation to environmental changes (Albert et al., 2009;
Chalker-Scott, 1999; Hatier and Gould, 2009; Steyn et al., 2002; Winkel-Shirley, 2001). In
addition, anthocyanins have promising nutraceutical benefits for human health (He and
Giusti, 2010; Pascual-Teresa et al., 2010; Toufektsian et al., 2008; Jing et al., 2008; Speciale
et al., 2010; Ghosh and Konishi, 2007; Butelli et al., 2008). Anthocyanin biosynthesis in the
model plant Arabidopsis thaliana has been intensively studied during the past two decades.
Most of the pathway genes and several key regulatory genes have been identified and
characterized (Lepiniec et al., 2006; Hichri et al., 2011; Winkel-Shirley, 2001).
On the one hand, several positive regulators have been characterized. Particularly,
ternary regulatory WBM complexes composed of WD40, bHLH and MYB transcription
factors have been identified to regulate anthocyanin biosynthesis in Arabidopsis (Gonzalez et
al., 2008; Zhang et al., 2003; Walker et al., 1999). In addition to anthocyanin biosynthesis,
the WBM complexes also regulate many other physiological and developmental processes
such as trichome initiation, non-root hair cell fate determination, seed coat mucilage
formation and proanthocyanidin biosynthesis (Baudry et al., 2004; Gonzalez et al., 2008;
Payne et al., 2000; Nesi et al., 2000; Zhao et al., 2008; Zhang et al., 2003). TTG1, a member
of the WD40 proteins, is proposed to stabilize WBM complexes (Hichri et al., 2011; van
Nocker and Ludwig, 2003). The ttg1 mutant has a pleotropic phenotype with defects in all of
these processes that are regulated by WBM complexes, which indicates a central role of
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TTG1 in the WBM complex (Walker et al, 1999; Gonzalez et al., 2008; Zhang et al., 2003).
The participation of WBM complexes in such broad aspects of physiological and
developmental processes is conferred by the diverse and redundant functions of bHLH
proteins. GL3, EGL3 and TT8, three members of the bHLH proteins, either independently or
coordinately regulate these various physiological and developmental events. MYB
transcription factors appear to determine the specific process that is regulated by the WBM
complex. For example, PAP1/MYB75, PAP2/MYB90, MYB113 and MYB114 are
specifically involved in controlling anthocyanin biosynthesis (Borevitz et al., 2000; Gonzalez
et al., 2008). Among these four MYB genes, PAP1 (PRODUCTION OF ANTHOCYANIN
PIGMENT 1) is a key regulator of anthocyanin biosynthesis. PAP1 transcript levels are the
highest in seedlings compared with the other three related MYBs (Gonzalez et al., 2008).
Also, PAP1 overexpression resulted in the enhanced accumulation of anthocyanins in various
plant organs, while the disruption of the PAP1 gene resulted in a dramatic loss of
anthocyanin pigments in seedlings (Borevitz et al., 2000; Gonzalez et al., 2008).
On the other hand, several negative regulators of anthocyanin biosynthesis have been
identified. MYBL2 and CPC are two members of the 1R-MYB proteins that have been
demonstrated to inhibit anthocyanin production by competitively binding with bHLH
proteins and preventing the formation of functional WBM complexes (Dubos et al.,
2008; Matsui et al., 2008; Zhu et al., 2009). Three members of the LATERAL ORGAN
BOUNDARY (LOB) DOMAIN (LBD) family proteins, LBD37, LBD38 and LBD39, have
been recently characterized to repress anthocyanin biosynthesis in nitrogen sufficient
conditions. Gene expression analysis shows that these three proteins directly or indirectly
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suppress the expression of PAP1 and PAP2 (Rubin et al., 2009). In addition, a miR156targeted SQUAMOSA PROMOTER BINDING PROTEIN-LIKE 9 (SPL9) transcription
factor has been reported to inhibit the basipetal accumulation of anthocyanins in the
inflorescent stem (Gou et al., 2011).
Functional specialization in different members of the MYB and bHLH transcription
factors has been indicated for their regulation of anthocyanin biosynthesis. For example,
PAP1 has been demonstrated to be essential for the sucrose-specific induction of
anthocyanins (Solfanelli et al., 2006; Teng et al., 2005). PAP1 but not PAP2 appears to have
a key role for the light stimulation of anthocyanin biosynthesis (Cominelli et al., 2008).
PAP1 and PAP2 are both induced by nitrogen deficiency, while PAP2 has shown a stronger
induction than PAP1 (Lea et al., 2007; Lillo et al., 2008). In addition, EGL3 appears to have
a greater role in controlling anthocyanin production in young seedlings compared with GL3
based on the mutant phenotypes (Gonzalez et al., 2008; Zhang et al., 2003), while GL3 has
been suggested to have more contributions in regulating anthocyanin accumulation in
nitrogen deficient conditions in adult plants (Lea et al., 2007; Lillo et al., 2008; Feyissa et al.,
2009).
In spite of the significant progress that has been made in understanding the pathway
and the regulation of anthocyanin biosynthesis in Arabidopsis, many questions still remain
unanswered. For example, the distinct function of each member of the bHLH and MYB
proteins in the WBM complexes and their relative contributions to the regulation of
anthocyanin biosynthesis at different developmental stages, in different cell types or in
response to various abiotic and biotic factors require further investigation. In addition, the
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search of the upstream molecular components controlling the expression of the members of
the WBM complexes in response to different abiotic and biotic conditions is far from
complete.
Plant cell culture is an alternative system for the study and production of plant
secondary metabolites. Plant cell culture has advantages such as a precise control of growth
conditions, making it suitable for the analysis of cellular responses to environmental factors.
Due to the capability of cell cultures to produce various secondary metabolites and the added
convenience of extracting metabolites from cell cultures over whole plants, plant cell cultures
have been established and optimized for the production of many secondary metabolites such
as shikonin, berberine and anthocyanins (Oksman-Caldentey and Inze, 2004; Mulabagal and
Tsay, 2004; Rao and Ravishankar, 2002). Anthocyanin-producing callus and suspension
cultures have been established from several plant species (Conn et al., 2003; Cormier et al.,
1990; Deroles, 2009; Kolewe et al., 2008; Rose et al., 1996; Zhang and Furusaki, 1999);
however, it has not been established from the model plant Arabidopsis until recently. We
reported the establishment for the first time of the anthocyanin-producing callus culture from
Arabidopsis which was derived from leaf tissues of pap1-D mutants (Shi and Xie, 2011). The
pap1-D mutant has an enhanced accumulation of anthocyanins in most organs, which results
from the overexpression of PAP1. This overexpression is caused by the insertion of a T-DNA
carrying four CaMV 35S enhancer sequences into the right border of the PAP1 gene
(Borevitz et al., 2000). In our previous report, we performed gene expression profiling to
characterize the transcriptome differences between the pap1-D and wild-type callus cells and
reported the expression profiles at day 15 of the culture period.
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In this report, transcriptome profiles from three time points (at days 5, 10 and 15)
during one entire culture period are presented. In addition, to understand the alterations of
biochemical products of cells due to gene expression changes, we analyzed GC-MS based
metabolite profiles at the same time points. Moreover, the effect of nitrogen re-supply on
anthocyanin biosynthesis was examined in pap1-D cells. Also, the relationship between the
anthocyanin pigmentation level and the expression of the regulatory and biosynthetic genes
was investigated in different pap1-D cell lines.

RESULTS

Genome-wide transcriptomic overview of expressed genes in pap1-D versus WT calli at
three time points
Affymetrix ATH1 GeneChips were used to analyze gene expression profiles in pap1D vs. WT calli at three different time points during a 15-day culture period. We sampled
pap1-D and WT calli at days 5, 10, and 15, respectively, after calli inoculation. These time
points represent three typical stages of callus growth: the near end of the slow growth period
after calli inoculation, the middle of the fast growth period and the beginning of a late growth
period with a reduced growth rate. Three biological replicates from each time point were
prepared for array hybridization. The present, marginal and absent flags generated by the
MAS 5.0 software (Hubbel et al., 2002) were used as indicators to determine whether or not
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a gene was expressed. Transcripts with “present” calls in all three replicates of a time point
were defined as being expressed. At each time point, of about 22,746 probe sets on the chip,
approximately 61-64% were expressed in pap1-D and WT calli (Figure 1). In pap1-D calli,
the total numbers of genes expressed were 13,840, 14,598, and 14,358 at day 5, 10 and 15,
respectively. There were 13,476 genes expressed at all three time points in pap1-D calli
(Figure 2a). In WT calli, the total numbers of genes expressed were 14,240, 14,227, and
13,897 at day 5, 10 and 15, respectively and there were 13,314 genes detected to be
expressed in WT calli at all three time points (Figure 2b). For a general functional
categorization of these expressed genes, we used functional characterization tools available at
the TAIR website (http://www.arabidopsis.org/tools/bulk/go/index.jsp). These large numbers
of genes were shown to be involved in different biological and biochemical processes (Figure
3) and in general, there was no striking difference in the number of genes in each category
among samples. The total numbers of genes expressed in WT and pap1-D calli were also
compared for each time point (Figure 2c-e). By comparing the total numbers of genes that
were expressed at all three time points for both pap1-D and WT calli, we found that 12,838
genes were expressed globally regardless of time points and genotypic differences (Figure 2f).
To understand the correlation of gene expression profiles between pap1-D and WT
calli and the reproducibility between replicates, we performed a principal component analysis
(PCA) (Figure 2g). The 2D graph of PCA showed clear separations of gene expression
profiles between pap1-D and WT calli for each time point and the relatively close proximity
of the three replicates for each sample. The PCA analysis suggested that the difference in

106

gene expression profiles between samples was primarily determined by the genotype
difference rather than the culture time difference.

Characterization of genes consistently up-regulated in pap1-D calli at all three time points
To characterize differential gene expression between pap1-D and WT calli, we used a
statistical cut-off of FDR for accumulated sets ≤ 0.027 and fold change ≥ 2 to determine the
significantly differentially expressed genes for each time point.
Thirty-four genes were found to be consistently up-regulated at all three time points
in pap1-D calli (Figure 4) (Table 1). Among them, ten genes were involved in anthocyanin
biosynthesis, these include four pathway genes F3H, F3’H, DFR and ANS and one
transporter gene TT19 which encodes a glutathione S-transferase that functions as a carrier
protein to transport anthocyanins from ER into the vacuole (Kitamura et al., 2004; Sun et al.,
2012). In addition, four genes encoding enzymes involved in the modification of
anthocyanidin structures were up-regulated at all three time points. These enzymes include
an anthocyanidin 5-O-glucosyltransferase (Tohge et al., 2005), a malonyl-CoA:
anthocyanidin 5-O-glucoside: 6”-O-malonyltransferase (Luo et al., 2007), an anthocyanin 3O-glucoside: 6”-O-p-coumaroyltransferase (Luo et al., 2007) and an anthocyanin 3-Oglucoside: 2”-O-xylosyltransferase (Yonekura-Sakakibara et al., 2012). As expected, the
PAP1 gene was highly expressed over the culture period in pap1-D calli.
Among the rest of the genes that were up-regulated at all three time points, four were
found to be F-box genes. One of the F-box genes, At3g18980, encodes ETHYLENE-
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INSENSITIVE 2 (EIN2) TARGETING PROTEIN 1 (ETP1). EIN2 is a central regulator of
ethylene responses and ETP1 can interact with EIN2 and target its degradation (Qiao et al.,
2009). The other three F-box genes are functionally unknown. In addition, a gene
(At5g47810) encoding pyrophosphate-dependent phosphofructokinase 2 was shown to be upregulated more than 2-fold in pap1-D calli at all three time points.

Characterization of genes specifically up-regulated in pap1-D calli at each individual time
points
At day 5, 179 genes were specifically up-regulated only at this time point in pap1-D
calli. Functional classification analysis revealed that genes encoding transporters, involved in
fatty acid and wax biosynthesis and involved in lignin metabolism were significantly
overrepresented among these 179 genes (Figure 4) (Table 2). The transporter genes upregulated included a sucrose transporter (SUC2, At1g22710), sulfate transporters (At3g15990,
At5g10180), an amino acid transporter (AAP4, At5g63850), a zinc transporter (ZIP1,
At3g12750), a metal ion transporter (NRAMP5, At4g18790), the glutamine dumper 1
(At4g31730), an organic cation transporter (At1g16370) and an ABC transporter
(At5g13580). Four genes involved in fatty acid and wax synthesis were up-regulated. These
four genes included a long-chain-fatty-acid-CoA ligase (At2g47240), a long-chain-alcohol
O-fatty-acyltransferase (At5g55340), an S-adenosyl-L-methionine: carboxyl
methyltransferase (At5g38020) and a fatty acid desaturase (At1g06100). Another four genes
(At2g38080, At4g39330, At3g50740 and At2g46570) up-regulated are involved in lignin
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metabolism. In addition, 12 hydrolase genes, 11 protein kinase genes and 11 zinc family
transcription factor genes were significantly and specifically up-regulated at day 5.
At day 10, 26 genes were uniquely up-regulated in pap1-D calli only at this time
point (Figure 4) (Table 3). However, no enriched functionally related gene groups were
discovered among these 26 genes by functional classification analysis.
At day 15, 155 genes were significantly and uniquely up-regulated in pap1-D calli
(Figure 4) (Table 4). Genes encoding ribosomal proteins, small nuclear ribonucleoproteins
and rapid alkalinization factor (RALF) family proteins were found to be overrepresented.
Twenty-four genes encoding ribosomal proteins were up-regulated specifically at this time
point. Among these ribosomal proteins, twenty are nuclear-encoded, three are chloroplastencoded and one is mitochondrial-encoded. In addition, three genes (At3g11500, At4g30220
and At4g30330) encoding small nuclear ribonucleoproteins that function in pre-mRNA
splicing and four genes (At4g14010, At4g13950, At1g02900 and At3g23805) encoding rapid
alkalinization factors (RALF) involved in cell-cell signaling were also found to be upregulated specifically at day 15. Moreover, two genes encoding mitochondrial respiratory
chain complex subunits, four genes involved in intracellular protein transport and six genes
encoding auxin-responsive proteins were up-regulated specifically at this time point.
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Characterization of genes significantly up-regulated at two time points
Forty-seven genes were found to be up-regulated at both days 5 and 15 (Figure 4;
Table 5). Eleven of them were transcription factors including TT8 and two of them,
At4g21750 and At4g04890, were L1 specific homeobox genes that have been reported to be
specifically expressed in the L1 layer of the meristems (Sessions et al., 1999).
Twenty-one genes were significantly up-regulated at both days 5 and 10 (Figure 4;
Table 6). Six genes were highly up-regulated at both days 10 and 15 (Figure 4; Table 7).
Functional classification analysis could not reveal enriched functionally related gene groups
from these two lists of genes.

Characterization of genes significantly down-regulated in pap1-D calli at all three time
points
Microarray analysis identified 113 genes that were significantly down-regulated in
pap1-D calli at all three time points (Figure 4) (Table 8). Thirty-four genes were involved in
photosynthesis, from which 27 were involved in the light reaction and encode components of
the light harvesting complexes, subunits of the photosystem reaction centers as well as
electron carriers such as plastocyanin, ferredoxin and cytochrome b6f complex subunits.
Another 5 of the 34 genes were involved in the Calvin Cycle and included ones encoding a
Rubisco subunit (At1g67090), a phosphoribulokinase (At1g32060) and glyceraldehyde 3phosphate dehydrogenases (At3g26650, At1g42970 and At1g12900). In addition, At3g02150,
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encoding a TCP family transcription factor (PTF1) that can bind to the psbD light-responsive
promoter and control its expression (Baba et al., 2001), was shown to be significantly downregulated. Moreover, CHL27 (At3g56940) encoding a diiron protein that is required for the
synthesis of protochlorophyllide, the precursor for chlorophyll biosynthesis (Tottey et al.,
2003), was detected to be down-regulated 5.5, 3.5 and 4.2-fold in pap1-D calli at day 5, 10
and 15, respectively. Another 15 genes encoding proteins which were located or predicted to
be located in the chloroplast were also reduced in expression. Among them, a
phosphate/triose phosphate translocator gene (At5g46110) was significantly down-regulated
6.4, 10.1 and 4.0-fold at day 5, 10 and 15 respectively in pap1-D calli.

Characterization of genes specifically down-regulated in pap1-D calli at each individual
time points
At day 5, 185 genes were uniquely down-regulated in pap1-D calli only at this time
point (Figure 4) (Table 9). Functional classification analysis showed that genes involved in
cell wall organization were significantly overrepresented. These included 10 extensin and
extensin-like, three expansins, two xyloglucan endotransglucosylases, one endoglucanase
and seven secreted peroxidase genes. In addition, genes encoding heat shock proteins were
also overrepresented among the genes that were uniquely down-regulated at day 5 in pap1-D
calli.
At day 10, 76 genes were uniquely down-regulated in pap1-D calli (Figure 4) (Table
10). Functional classification analysis revealed that photosynthesis genes and those involved
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in cell wall organization were overrepresented. Among them, there were nine genes encoding
components of the light reaction or enzymes in the Calvin Cycle, five of which were
chloroplast-encoded. Down-regulation of these chloroplast genes likely resulted from the
reduced expression of a nuclear gene SIG5 (At5g24120) that encodes the chloroplast RNA
polymerase sigma subunit. In addition, genes encoding three xyloglucan:xyloglucosyl
transferases, one endoglucanase, one pectate lyase, two pectinesterases and two
polygalacturonases involved in cell wall extension were also found to be specifically downregulated at day 10 in pap1-D calli.
At day 15, 157 genes were specifically down-regulated in pap1-D calli only at this
time point (Figure 4) (Table 11). These included five genes encoding glutathione Stransferases, five genes whose expression is responsive to nutrient level changes, eight genes
that respond to wounding, six that are involved in sulfur metabolic processes and thirteen that
encode transporters. In addition, there were eleven genes encoding transcription factors that
regulate different biological processes down-regulated at day 15, including one gene that is
responsive to JA and SA (At1g21910), one that responds to misfolded protein accumulation
in the cytosol (At2g26150) and one involved in anther development (At5g50570). Moreover,
two genes encoding β-carotene hydroxylases which convert β-carotene to zeaxanthin and
three genes involved in amino acid metabolic processes were found to be specifically downregulated at day 15 in pap1-D calli. The asparagine synthetase 1 gene (At3g47340) was
down-regulated more than 4-fold, and aspartate aminotransferase 3 gene (At5g11520) and
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proline dehydrogenase 2 (At5g38710) were found to be down-regulated more than 2-fold in
pap1-D calli at day 15.

Characterization of genes down-regulated in pap1-D calli at two time points
At both days 5 and 10, there were 55 genes found to be commonly down-regulated in
pap1-D calli (Figure 4) (Table 12). Among them, 16 genes encode proteins involved in
photosynthesis, from which two encode enzymes in the Calvin Cycle, eight encode
chloroplastic proteins including one chloroplast signal recognition particle component (CAO)
and three (At5g13630, At4g18480, and At4g27440) encode enzymes involved in chlorophyll
biosynthesis. In addition, a gene encoding glucose-6-phosphate dehydrogenase 1 (G6PD1)
which is targeted to the peroxisome through interaction with G6PD4 to start the oxidative
pentose phosphate pathway (Meyer et al., 2011) was strongly down-regulated 11.9-fold and
39.4-fold at day 5 and day 10, respectively.
At both days 5 and 15, the expression levels of 64 genes were commonly downregulated in pap1-D calli (Figure 4) (Table 13). The products of these genes include 12
hydrolases, four transporters, four cell wall modification proteins and four cytoskeleton
proteins.
At both days 10 and 15, 30 genes were identified to be commonly down-regulated in
pap1-D calli (Figure 4) (Table 14). Four of them encode cytochrome P450 proteins, two of
which are involved in indole glucosinolate metabolism.
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Characterization of expression changes of genes involved in anthocyanin biosynthesis,
modification and regulation
Based on microarray analysis, expression changes of genes involved in anthocyanin
biosynthesis, modification and regulation were compared between pap1-D and WT calli at
three time points (Table 15). In addition to the consistent up-regulation of F3H, F3’H, DFR,
ANS, TT19 and PAP1 as well as the four modification genes at all three times points as
described above, expression alterations of some early pathway genes and regulatory genes
were identified at specific time points. The expression level of CHS was up-regulated more
than 2-fold at days 10 and 15 but not at day 5 based on the statistical cut-off. The expression
of CHI was up-regulated only at day 15. We found that the CHI homolog, At5g05270, was
also expressed in pap1-D and WT calli and was significantly up-regulated at day 10. The
expression differences of other early pathway genes, PAL, C4H and 4CL, were not
significant based on our statistical cut-off except that a putative 4CL gene (At1g20490) was
slightly up-regulated at day 5 with a fold change of 2.5. This putative 4CL gene (At1g20490)
was also observed to be up-regulated in PAP1 overexpressing leave tissues (Tohge et al.,
2005). Unexpectedly, 4CL3, which was previously suggested to be preferably involved in the
branch of flavonoid biosynthesis rather than in the branch of hydroxycinnamic acid
biosynthesis (Ehlting et al., 1999), was not expressed even in pap1-D calli.
Four genes involved in the modification of anthocyanidin structures were consistently
up-regulated at all three time points as mentioned above (Table 15). Another gene
(At5g17050) encoding a flavonoid 3-O-glucosyltransferase that can catalyze the C3
glucosylation of both anthocyanidins and flavonols (Tohge et al., 2005) was not significantly
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differentially expressed between WT and pap1-D calli based on our statistical cut-off.
SCPL10, encoding a sinapoylglucose:anthocyanin acyltransferase that is responsible for the
production of sinapoylated anthocyanins (Fraser et al., 2007), was not expressed in either
pap1-D or WT calli at any of the time points (Table 15).
Several regulatory genes of anthocyanin biosynthesis were found to be differentially
expressed in pap1-D calli. The expression of TT8 was significantly up-regulated at both days
5 and 15 whereas the expression difference did not pass the statistical cut-off at day 10 most
likely due to the relatively low expression level of this regulator. However, at all three time
points, the raw fold changes of the TT8 transcripts were all greater than 10-fold comparing
pap1-D vs. WT calli. PAP1 homologs (PAP2, MYB113 and MYB114) and EGL3 were not
expressed at any of the three time points based on the criteria we used to determine
expression. The ATH1 GeneChip does not have probe sets for GL3. Thus, we cannot
compare its expression based our microarray data. ANL2, a positive regulator of anthocyanin
biosynthesis in sub-epidermal cells (Kubo et al., 1999), was slightly up-regulated only at day
5 with a fold-change of 1.68. The expression of HY5, which is a positive regulator of
anthocyanin biosynthesis in response to far-red, UV and blue light (Shin et al., 2007; Brown
et al., 2009; Vandenbussche et al., 2007) was slightly reduced at day 5 with a fold-change of
1.42. In addition, the transcript level of the negative regulator MYBL2 was significantly upregulated at day 5 with a fold-change of 11.29. Although the raw fold changes of MYBL2
expression were greater than 6-fold at both days 10 and 15, the expression differences were
not found to be significant based on our statistical cut-off. Moreover, three LBD family genes
were not significantly differentially expressed except for LBD38 which was slightly down-
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regulated only at day 10. The other two negative regulators, SPL9 and CPC, were not
expressed or not significantly differentially expressed between WT and pap1-D calli based
on the statistical criteria. In addition, the expression of regulators controlling other branches
of the phenylpropanoid pathways was compared between pap1-D and WT calli. MYB4, a
negative regulator of the sinapate ester production (Jin et al., 2000), was found to be upregulated 3-fold at day 5. Several transcription factors regulating flavonol biosynthesis such
as MYB11 and MYB12 were found to be slightly differentially expressed and only at certain
time points; those specifically involved in proanthocyanidin biosynthesis such as TT2, BAN,
TT16, TT10 and TT12 were not transcriptionally detected in pap1-D calli.

GC-MS based metabolic profiling
GC-MS based metabolic profiling was performed to characterize the differences in
the abundance and composition of metabolites in addition to anthocyanins between pap1-D
and WT calli. Portions of the same samples collected for microarray analyses from three time
points of both pap1-D and WT calli were used for metabolic profiling analysis. Metabolites
were extracted and then derivatized as described in a standardized protocol (Lisec et al.,
2006). More than 100 ion chromatographic peaks were detected from the extracts of pap1-D
and WT calli (Figure 5). All MS spectral data were normalized and subjected to multivariate
analyses including Principal Component Analysis (PCA) and Partial Least SquaresDiscriminant Analysis (PLS-DA) using MetaboAnalyst (Xia and Wishart, 2011). The
resulting 2D score plot showed clear separations of metabolite profiles between pap1-D and
WT calli (Figure 6).
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In addition, ion chromatographic peaks were deconvoluted using Automated Mass
Spectral Deconvolution and Identification System (AMDIS). Based on the matching of the
retention index and mass spectrum identity to the standards included in the Wiley 7th/NIST
05 MS library, primary metabolites such as sugars (glucose, fructose and galactose), amino
acids (L-proline and beta-alanine) and myo-inositol were identified. In addition, organic acids
such as succinate, malic acid, citric acid and propanoic acid were identified from extracts of
both pap1-D and WT calli.
To further understand the differences in the relative abundance of metabolites, we
compared the area values of ion chromatographic peaks between pap1-D and WT calli. The
resulting data revealed changes in the relative abundance of several target metabolites
(Figure 7). The levels of fructose were lower in pap1-D calli than in WT calli at all three
time points. The levels of glucose were detected to be lower in pap1-D than in WT calli at
days 5 and 10. In contrast, the levels of galactose were not significantly different between
pap1-D and WT calli at any of the time points. Also, we observed that the levels of these
three sugars were generally higher at day 5 than at days 10 and 15 in both pap1-D and WT
calli except for the fructose levels in pap1-D calli. In addition, the abundance of L-proline
and beta-alanine were found to be much lower in pap1-D calli than in WT calli at all three
time points. Moreover, at days 5 and 15, the levels of malic acid and citric acid were
significantly higher in pap1-D calli than in WT calli, while the levels of succinate were not
significantly different between these two types of calli. Also, the levels of malic acid and
citric acid in WT calli were higher at day 10 than at days 5 and 15. However, this pattern was
not obvious in pap1-D calli. Furthermore, the levels of propanoic acid, which is an organic
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acid likely derived from the degradation products of sugars, were not significantly different
between pap1-D and WT calli. The levels of myo-inositol were found to be slightly higher in
WT than in pap1-D calli only at day 10.

Total chlorophyll concentration was lower in pap1-D calli
To analyze if there is a difference in the total chlorophyll concentration between
pap1-D and WT calli, we extracted chlorophylls from 15-day-old calli and measured the
absorbance of the extracts with a spectrophotometer. Total chlorophyll concentration was
estimated according to a previous report (Lichtenthaler, 1987). The average chlorophyll
concentration was 0.4 µg per ml extract in WT calli and 0.23 µg per ml extract in pap1-D
calli (Figure 8). Total chlorophyll concentration was reduced approximately 1.74-fold in
pap1-D cells with a p-value of 0.058.

Differentiation of anthocyanin biosynthesis in pap1-D cell lines
Different cell lines with various anthocyanin pigmentation levels were obtained from
leaf explants of pap1-D plants through tissue culture. Three different pap1-D cell lines
maintained are labeled as line #3R, #7R and #7W. These cell lines are phenotypically
different in anthocyanin biosynthetic capability (Figure 9a). Line #3R and #7R were obtained
through continuous manual selection of anthocyanin-producing cells during subculture from
the original pap1-D cell line #3 or #7, respectively, while line #7W was obtained through
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selection of anthocyanin-free cells from the original pap1-D line #7. Anthocyanin estimation
at 530 nm using a spectrophotometer showed significant differences among line #3R, #7R
and #7W. The production of anthocyanins was approximately 7 and 100 times higher in line
#3R than in #7R and #7W, respectively. WT cells did not produce detectable amounts of
anthocyanins (Figure 9b).
Semi-quantitative RT-PCR was performed to analyze the expression patterns of genes
involved in anthocyanin biosynthesis including pathway genes and positive and negative
regulatory genes among different cell lines (Figure 10). The expression levels of TTG1 in
different pap1-D cell lines and the WT cell line were very similar, consistent with its role in
the higher hierarchy of the regulatory network (Zhang et al., 2003; Walker et al., 1999). As
expected, PAP1 was highly expressed in line #3R, followed by #7R and #7W, but not in WT
cells. Regarding the three members of the bHLH proteins in the WBM complex, the
expression levels of TT8 were positively well correlated with anthocyanin levels in different
cell lines. The expression levels of GL3 were also related to the levels of anthocyanins in
different pap1-D cell lines, but to a lesser extent, and GL3 expression was also detected in
the WT calli. This result was more obvious from 30 thermal cycles of PCR instead of 25
cycles. The cDNA fragments of EGL3 were not detected by RT-PCR of 25 thermal cycles.
When amplification was increased to 30 cycles, EGL3 cDNA fragments were detected from
all four cell lines. It was unexpected that the EGL3 expression levels in pap1-D lines #7R
and #7W were similar but were slightly higher than those in line #3R and WT cells. This
experiment was repeated three times and all expression patterns were confirmed in these four
cell lines.
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The expression patterns of five pathway genes, including CHS, CHI, F3’H, DFR and
ANS, were also examined by semi-quantitative RT-PCR analysis (Figure 10). The expression
levels of DFR and ANS were positively well correlated with the anthocyanin levels in
different cell lines. The transcript levels of CHS, CHI and F3’H were higher in line #3R than
in other pap1-D lines, and they were very low or hardly detected in WT cells. In addition, the
transcript levels of FLS1, which is involved in flavonol biosynthesis, were found to be
slightly higher in line #7W than in other cell lines.
Moreover, the expression patterns of four known negative regulators of anthocyanin
biosynthesis were analyzed in these four cell lines (Figure 10). These four negative regulators
included LBD37, LBD38, LBD39 and MYBL2. Although the transcripts of only LBD37 were
detected among these three LBD genes after 25 thermal cycles of PCR, the cDNA fragments
of LBD37, LBD38 and LBD39 were obviously amplified after 30 thermal cycles. The
expression levels of these three genes were similar among the four cell lines. As for MYBL2,
its expression levels were found to be higher in line #3R than in #7R, but were not detected
in #7W and WT cells. These results revealed that MYBL2 and TT8 are both expressed in
anthocyanin-producing cells, disagreeing with the observation of Matsui et al (2008).

Nitrogen effect on anthocyanin biosynthesis in pap1-D cells
Anthocyanin biosynthesis has been shown to be induced by various biotic and abiotic
factors (Christie et al., 1994; Leyva et al., 1995; Lea et al., 2007; Feyissa et al., 2009;
Solfanelli et al., 2006; Rowan et al., 2009; Shan et al., 2009; Teng et al., 2005). In order to
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test whether our pap1-D callus cultures could be used as an appropriate in vitro study system
for analyzing the effect of different environmental factors or nutritional conditions on
anthocyanin biosynthesis, we first investigated the effect of nitrogen on anthocyanin
biosynthesis with pap1-D cells. We routinely subcultured callus cells on a modified MS
medium with 9.4 mM KNO3 as the only nitrogen source (medium III). To test the effects of
nitrogen re-supply on anthocyanin biosynthesis, we transferred pap1-D cells from medium
III to two other medium conditions with higher total nitrogen concentrations: medium I (20
mM NH4NO3 and 19.8 mM KNO3; MS basal medium) and medium II (10 mM NH4NO3 and
9.4 mM KNO3).
These three media differentially affected the biomass and anthocyanin biosynthesis of
calli (Figure 11). The biomass of pap1-D calli after 15 days of culture was similar on media I
and II but was higher than on medium III. In contrast, anthocyanin levels of pap1-D cells on
medium III was the highest, followed by medium II and then medium I. These results
showed that high concentrations of nitrogen in the media reduced the levels of anthocyanins
in pap1-D cells. HPLC analysis revealed that the abundance of each individual anthocyanin
molecule was reduced in high nitrogen conditions, and it confirmed that anthocyanins were
not detectable in WT cells even grown under the low nitrogen condition (Figure 12).
RT-PCR analysis was performed to examine the expression patterns of five
regulatory genes of the WBM complex (PAP1, TTG1, TT8, GL3 and EGL3), four pathway
genes (PAL1, CHS, DFR and ANS) and five known negative regulators (LBD37, LBD38,
LBD39, MYBL2 and SPL9) (Figure 13). The transcript level of PAP1 was the highest in
pap1-D cells on medium III, followed by medium II and then medium I. The expression of
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TTG1 was relatively similar for these three conditions. The expression patterns of the bHLH
genes TT8, EGL3 and GL3 were more obviously shown after 30 cycles of PCR instead of 25
cycles. The expression level of TT8 was the highest in pap1-D cells on medium III, followed
by medium II and then medium I, consistent with the anthocyanin level changes. In contrast,
the expression levels of GL3 and EGL3 were slightly higher in pap1-D calli on media I and II
than on medium III. This was in contrast with a previous study conducted in whole plants
showing that GL3 and EGL3 were reduced in expression after nitrogen re-supply (Olsen et
al., 2009).
Of the four pathway genes analyzed, the expression levels of ANS and DFR were
positively well correlated with the anthocyanin level changes and were not detected in WT
cells. In contrast, the expression of PAL1 and CHS was also detected in WT cells. PAL1 and
CHS expression levels were slightly higher in pap1-D cells than in WT cells grown on
medium III, and were slightly higher in pap1-D cells on medium III than in those grown on
media I and II.
LBD37, LBD38 and LBD39 are negative regulators of anthocyanin biosynthesis that
suppress anthocyanin production in nitrogen sufficient conditions (Rubin et al., 2009).
Compatible with their known functions, these three genes were up-regulated in pap1-D calli
grown in high nitrogen conditions. In addition, the expression of MYBL2, another negative
regulator of anthocyanin biosynthesis, was also up-regulated in pap1-D cells in high nitrogen
conditions. In contrast, the expression of SPL9, a negative regulator of the basipetal
accumulation of anthocyanins in the inflorescence stems (Gou et al., 2011), could not be
detected from 25 cycles of PCR.
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DISCUSSION

Production of specific types of anthocyanins is associated with the expression of the
modification genes in pap1-D cells
Seven anthocyanin molecules were detected in pap1-D calli with anthocyanin A5
being the most abundant one (Shi and Xie, 2011). This profile was different from the one
from pap1-D leaf tissues which were used as explants for the induction of pap1-D calli. In
pap1-D leaves, A11 was identified to be the most abundant anthocyanin molecule in the
extract (Tohge et al., 2005). A5 can be converted to A11 by two additional modification steps:
addition of a glucose moiety to the p-coumaroyl group and addition of a sinapoyl moiety to
the xylosyl group. The former step is catalyzed by a yet unknown enzyme, while the latter
step is catalyzed by a sinapoylglucose:anthocyanin acyltransferase encoded by SCPL10
(At2g23000). A closer examination of the anthocyanin molecules produced in pap1-D calli
revealed that unlike in leaf tissues, all anthocyanins derived from these two modifications
were not detected in pap1-D calli. In agreement with this result, we found that the expression
of SCPL10 was not detectable in either WT or pap1-D calli at any of the three time points. In
contrast, four genes known to be involved in other modification steps were strongly upregulated in pap1-D calli. These four modification genes encode an anthocyanidin 5-Oglucosyltransferase (Tohge et al., 2005), a malonyl-CoA: anthocyanidin 5-O-glucoside-6”-Omalonyltransferase (Luo et al., 2007), an anthocyanin 3-O-glucoside: 6’’-O-pcoumaroyltransferase (Luo et al., 2007) and an anthocyanin 3-O-glucoside: 2''-O-
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xylosyltransferase (Yonekura-Sakakibara et al., 2012), respectively. Two other known
modification genes, At1g03940 which encodes another anthocyanin 3-O-glucoside: 6’’-O-pcoumaroyltransferase (Luo et al., 2007) and At5g17050 which encodes a flavonoid 3-Oglucosyltransferase (Tohge et al., 2005), do not have probe sets on the Affymetrix ATH1
array or were not found to be significantly differentially expressed based on our statistical
cut-off.
These results suggest that the production of specific types of anthocyanin molecules
was associated with the expression of specific modification genes in pap1-D calli. A
comparison showed that the anthocyanin profile in pap1-D cells was relatively similar to that
of root tissues from pap1-D plants (Tohge et al., 2005) in both lacking sinapoylated
anthocyanins and accumulating A5 as the most abundant anthocyanin. These observations
indicate that the modification steps of anthocyanin structures are more complicated in leaves
than in roots and pap1-D calli. One possible explanations is that leaves but not roots and
pap1-D calli contain a high metabolic activity toward the biosynthesis of sinapoylated
metabolites. As more experiments are completed, the resulting data will enhance our
understanding of the mechanisms of this metabolic differentiation.

Transcriptional regulation of anthocyanin pathway genes in pap1-D cells
Our microarray and semi-quantitative RT-PCR analysis revealed the up-regulation of
several pathway genes of anthocyanin biosynthesis in pap1-D calli. From our microarray
data, the expression of the late pathway genes DFR and ANS were strongly up-regulated in
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pap1-D calli (Table 15). DFR was up-regulated 61.9, 36.2 and 79.1-fold while ANS was upregulated 136.9, 61.0 and 72.6-fold respectively at day 5, 10 and 15. The expression of the
pathway genes F3H and F3’H were also consistently up-regulated at all three time points in
pap1-D calli, but to a lesser extent, while the expression of CHS, CHI and a putative 4CL
gene were found to be significantly up-regulated at only one or two time points (Table 15).
None of the other early pathway genes were found to be up-regulated based on our statistical
cut-off. Semi-quantitative RT-PCR confirmed the up-regulation of CHS, CHI, F3’H, DFR
and ANS at day 15 in pap1-D cells (Figure 10 and 13). It is unexpected that the expression of
4CL3, which was previously proposed to play a more important role in the branch of
flavonoid biosynthesis than in the branch of hydroxycinnamic acid biosynthesis in
Arabidopsis plants (Ehlting et al., 1999), was not detectable in either WT or pap1-D calli.
However, its known homologs were all detected to be expressed despite most of them
lacking significant different expression. This finding indicated that other 4CL gene(s), but not
4CL3, might play a primary role in anthocyanin biosynthesis in pap1-D calli. In addition, the
expression of TT19 was shown to be up-regulated 44.0, 46.1 and 26.0-fold in pap1-D calli at
day 5, 10 and 15, respectively. TT19 has been recently demonstrated to be a carrier protein
that escorts anthocyanins from the cytosol to the vacuole (Sun et al., 2012). The strong
induction of TT19 in pap1-D calli is consistent with the active transport of anthocyanins to
the large central vacuole.
PAP1 overexpression has been reported to induce the expression of a large set of
anthocyanin pathway genes in Arabidopsis (Borevitz et al., 2000; Dare et al., 2008; Rowan et
al., 2009; Tohge et al., 2005). However, there are controversies about the pathway genes that
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can be up-regulated by PAP1 overexpression. Different results were most likely due to
different materials being used, different sample harvest times, or different statistical cut-offs
applied in microarray analysis from different studies. Nevertheless, all experiments have
shown that DFR and ANS were activated by PAP1 overexpression. In our study, DFR and
ANS were found to be up-regulated by a much greater fold change than in other studies
conducted with PAP1 overexpressing plants, likely due to the enrichment of anthocyaninproducing cells and the lower complexity of cell types in pap1-D calli compared with whole
leaf tissues of PAP1 overexpressing plants.

PAP1 and TT8 likely play primary roles in regulating anthocyanin biosynthesis in pap1-D
calli
It has been shown that anthocyanin pathway genes especially late pathway genes are
regulated by WBM complexes in Arabidopsis (Gonzalez et al., 2008; Zhang et al., 2003). To
date, TTG1 is the only known WD40 protein in the WBM complexes in Arabidopsis. Four
MYB (PAP1, PAP2, MYB113 and MYB114) and three bHLH (GL3, EGL3 and TT8)
proteins are additional components of the WBM complexes. PAP1 was confirmed to be
strongly up-regulated in pap1-D calli (Table 15). The expression of PAP1 positively well
correlated with the anthocyanin levels in different pap1-D cell lines (Figure 10) and in
response to different nitrogen conditions (Figure 13). However, none of the PAP1 homologs
(PAP2, MYB113 and MYB114) and other potential positive regulators of anthocyanin
biosynthesis such as ANL2, HY5, HYH and PIF3 were detected to be expressed or determined
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to be significantly differentially expressed based on the statistical criteria (Table 15). These
findings show that PAP1 is the primary MYB member in the WBM complex activating
anthocyanin biosynthesis in pap1-D cells.
In addition, TT8 is highly expressed in pap1-D calli. Microarray analysis revealed the
strong up-regulation of TT8 especially at days 5 and 15. Although at day 10, the expression
difference of TT8 did not pass our statistical cut-off most likely due to the relatively low
expression level of this regulator, the raw fold changes of TT8 were greater than 10-fold at all
three time points when comparing pap1-D calli vs. WT calli. Also, the expression of TT8 was
strongly positively correlated with the anthocyanin levels in different pap1-D cell lines
(Figure 10) and under different nitrogen conditions (Figure 13). In contrast, the expression
levels of EGL3 were very low or below the detection limit as revealed by semi-quantitative
RT-PCR and microarray analysis, and they appearred not to be associated with the
anthocyanin levels in different cell lines and under different nitrogen conditions (Table 15)
(Figure 10 and 13). Although Affymetrix ATH1 array does not contain probe sets for GL3,
real-time RT-PCR revealed that its expression was up-regulated in pap1-D calli (Shi and Xie,
2011). Semi-quantitative RT-PCR also demonstrated this expression pattern and showed that
the transcript levels of GL3 were modestly positively correlated with the levels of
anthocyanins in different cell lines; however GL3 expression was detected in WT cells as
well (Figure 10). In addition, the expression level of GL3 was not positively correlated with
the anthocyanin level changes in pap1-D calli in response to nitrogen re-supply (Figure 13).
Taken together, these results suggest that TT8 likely have a primary role among bHLH
proteins in regulating anthocyanin biosynthesis in pap1-D calli.
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The expression of MYBL2 is positively correlated with anthocyanin levels in different
pap1-D cell lines
MYBL2 is a 1R-MYB protein that has been reported to be a negative regulator of
anthocyanin biosynthesis (Dubos et al., 2008; Matsui et al., 2008). It is interesting to find that
MYBL2 was up-regulated in pap1-D calli compared with WT calli, and there were more
MYBL2 expression detected in pap1-D cell lines with higher anthocyanin levels as revealed
by semi-quantitative RT-PCR (Figure 10). Although our microarray analysis showed
significant up-regulation of MYBL2 only at day 5 based on our statistical cut-off, the raw fold
changes of MYBL2 were greater than 6-fold at both days 10 and 15 when comparing pap1-D
with WT calli (Table 15). In addition, the activation of MYBL2 in PAP1 overexpressing
plants was also shown in a previous report (Rowan et al., 2009). These results disagree with
the observations of Matsui et al. (2008) that the expression of MYBL2 was not detected in
tissues in which anthocyanins accumulated or where TT8 was expressed. These results were
based on their studies of the promoter activities of MYBL2 in young seedlings. Our results
and those of Rowan et al. made by quantifying relative transcript levels suggest that MYBL2
can be expressed in anthocyanin-producing cells or where TT8 is expressed.
The expression of MYBL2 in anthocyanin-producing cells might be explained by a
transcriptional regulatory network composed of MYBL2, PAP1 and TT8. It is known that
PAP1 overexpression can induce the expression of TT8 (Baudry et al., 2006; Rowan et al.,
2009; Tohge et al., 2005; Shi and Xie, 2011). Also, it has been shown that TT8 is an activator
of MYBL2 (Matsui et al., 2008). Thus, the expression of MYBL2 was higher in pap1-D calli
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with more anthocyanin levels (and higher PAP1 and TT8 expression). MYBL2 has been
demonstrated to interfere with the formation of functional WBM complexes through
competitively binding with bHLH proteins (Dubos et al., 2008; Matsui et al., 2008). However,
pap1-D cells still produce high levels of anthocyanins. These results suggest additional
function mechanisms of MYBL2 in anthocyanin-producing cells. A recent study has
provided some insights into the mechanism of cell fate determination controlled by WBM
complexes. Song et al. showed that the cell fate in root epidermal cells was determined by the
quantitative competition between WER (a positive R2R3-MYB regulator) and CPC (a
negative 1R-MYB protein). Similar regulatory mechanism might also exist in regulating
anthocyanin biosynthesis in pap1-D cells: MYBL2 may compete with PAP1 to bind with
bHLH proteins and the ratio of the level of PAP1 to the level of MYBL2 may determine the
production of anthocyanins in cells. Thus, although MYBL2 was highly expressed in pap1-D
calli, its protein level might be still less than that of PAP1 and was not sufficient for
inhibiting the formation of functional WBM complexes. As a result, anthocyanins were still
highly produced in these cells. This model can be further tested using similar experimental
approaches as reported by Song et al. (2011).

Genes involved in photosynthesis and chlorophyll biosynthesis are down-regulated in
pap1-D calli
Microarray analysis revealed a significant reduction in expression of genes involved
in photosynthesis or chlorophyll biosynthesis in pap1-D calli compared to WT calli.
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Large numbers of genes encoding proteins involved in the light reaction and Calvin
Cycle were significantly down-regulated in pap1-D calli. Thirty-four photosynthesis genes
were significantly down-regulated in pap1-D calli at all three time points. These included
genes encoding subunits of photosystems, electron carriers of the light reaction and enzymes
involved in the Calvin Cycle (Table 8).
A few genes involved in the regulation of plastid gene expression or that participate
in plastid-to-nucleus signaling were down-regulated in pap1-D calli. The PLASTID
TRANSCRIPTION FACTOR1 (PTF1) gene, encoding a TCP family protein that is a transacting factor of the chloroplast psbD light-responsive promoter and is involved in the
heterochronic control of leaf differentiation (Baba et al., 2001), was down-regulated more
than 2-fold at all three time points (Table 8). CHL27, encoding a diiron protein involved in
chlorophyll biosynthesis and chloroplast development (Bang et al., 2008; Tottey et al., 2003),
was down-regulated 5.5, 3.5 and 4.2-fold in pap1-D calli at day 5, 10 and 15, respectively
(Table 8). CHL27 plays an important role in chloroplast development and its knock-down
mutant showed repression of many nuclear-encoded genes involved in photosynthesis (Bang
et al., 2008). The CHLOROPHYLL A OXYGENASE (CAO) gene encodes a component of the
chloroplast signal recognition particle pathway involved in the targeting of light-harvesting
chlorophyll a/b binding proteins to the chloroplast (Klimyuk et al., 1999). The expression of
CAO was significantly down-regulated at days 5 and 10. In addition, SIG5, a nuclear gene
encoding the sigma factor of chloroplast RNA polymerase was significantly down-regulated
in pap1-D calli at day 10. This sigma factor assembles with chloroplast RNA polymerase to
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mediate promoter recognition and thus can regulate plastid gene transcription (Fujiwara et al.,
2000; Yao et al., 2003).
Several genes involved in chlorophyll biosynthesis were also down-regulated in
pap1-D calli. GENOMES UNCOUPLED 4 (GUN4) and ChlH (GUN5), encoding the two
subunits of Mg-chelatase that catalyzes the first step of the chlorophyll branch of the plastid
tetrapyrrole biosynthetic pathway, were down-regulated in pap1-D calli. GUN4 can activate
Mg-chelatase and regulate the accumulation of magnesium-protoporphyrin IX (Mg-Proto)
which serves as a plastid signal and can repress nuclear transcription of plastid genes (Larkin
et al., 2003; Adhikari et al., 2011). ChlH was down-regulated more than 4 and 3-fold at day 5
and 10, respectively. GUN4 was down-regulated 27-fold at day 10 in pap1-D calli. In
addition, a gene (At4g27440) encoding a protochlorophyllide reductase was significantly
down-regulated more than 4-fold at days 5 and 10. A gene (At1g4446), encoding the
chlorophyll b synthase that catalyzes the conversion of chlorophyll a to chlorophyll b, was
down-regulated more than 2-fold at day 10. The down-regulation of these genes involved in
chlorophyll biosynthesis was consistent with the reduction of total chlorophyll concentration
in pap1-D calli. The average chlorophyll concentration was 0.23 µg per ml extract in pap1-D
calli and 0.4 µg per ml extract in WT calli (Figure 8). Although the total chlorophyll levels
were low in both of these two cell lines, a reduction was found in pap1-D calli compared to
WT calli with a p-value of 0.058.
The down-regulation of these large numbers of genes involved in photosynthesis or
chlorophyll biosynthesis might result from PAP1 overexpression. A previous study
demonstrated that a group of genes associated with photosynthesis were up-regulated in the
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inflorescence stem of myb75-1 knockout mutant plants in comparison with WT plants
(Bhargava et al., 2010). These data were in agreement with our results regarding the negative
correlation between the expression level of photosynthesis genes and that of PAP1/MYB75,
suggesting a possible additional function of MYB75/PAP1 in regulating photosynthesis gene
expression. However, we could not exclude the possibility that the difference in
photosynthesis gene expression between pap1-D and WT calli were caused by other reasons
such as the selection of different cell types during the establishment of pap1-D and WT calli.
Laser-microdissection of anthocyanin-producing and anthocyanin-free cells from plant
tissues and subsequent gene expression studies would be helpful in determining whether
PAP1 has a function in regulating the expression of photosynthesis genes or not.

Alteration of gene expression in multiple other metabolic pathways or biological processes
in pap1-D calli
In addition to the activation of anthocyanin biosynthesis and the down-regulation of
many genes involved in photosynthesis and chlorophyll biosynthesis, alterations in gene
expression in multiple other metabolic pathways or biological processes were identified.
Genes such as those encoding F-box proteins, involved in ethylene response, cell wall
modification, ribosomal protein synthesis and fatty acid biosynthesis were found to be
significantly differentially expressed between pap1-D and WT calli at specific time points.
Gene expression changes in major metabolic pathways were visualized using the MapMan
software (Thimm et al., 2004) (Figure 14).
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Four F-box proteins were found to be significantly up-regulated at all three time
points in pap1-D calli (Figure 4; Table 1). F-box proteins are components of the Skp1Cullin-F-box protein (SCF) complex which is a type of E3 ubiquitin-protein ligase mediating
ubiquitination and thus targeting proteins for degradation by the 26S proteasome (Kuroda et
al., 2002). One of the F-box genes, At3g18980, encodes ETHYLENE-INSENSITIVE 2
(EIN2) TARGETING PROTEIN 1 (ETP1). EIN2 is a central regulator of ethylene responses.
ETP1 can interact with EIN2 and target its degradation (Qiao et al., 2009). Up-regulation of
ETP1 in pap1-D calli might suggest a suppression of ethylene responses in anthocyaninproducing cells. In fact, several genes involved in ethylene synthesis (At4g26200, At1g05010
and At1g01480) and responses (At2g38210, At4g17490 and At2g31730) were found to be
significantly down-regulated in pap1-D calli at one or two of the time points. The other three
F-box genes found to be up-regulated at all three time points were of unknown molecular
functions.
At day 5 of subculture, on the one hand, a group of genes encoding proteins involved
in cell wall organization or modification, such as extensins, expansins, pectinesterases,
xyloglucan endotransglucosylases and peroxidases, were significantly down-regulated in
pap1-D calli (Figure 4; Table 9). Expansins, xyloglucan endotransglucosylases,
endoglucanases and peroxidases are important cell wall loosening enzymes and extensins are
hydroxyproline-rich glycoproteins that are structural constituents of the primary cell wall
(Cosgrove, 2005; Lee et al., 2001; Maris et al., 2009; Passardi et al., 2004). The downregulation of these genes suggests a likely reduction in cell elongation and enlargement at
day 5 of culture in pap1-D calli. This observation was surprising in the light of the biomass
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increase trend we found previously (Shi and Xie, 2011). The slightly higher fresh weight of
pap1-D cells likely results from the high anthocyanin production in pap1-D cells rather than
the cell growth itself. Since the increase in callus growth was measured with fresh calli in our
previous report, a dry weight measurement might help to elucidate this discrepancy. On the
other hand, several genes involved in fatty acid and long chain alkane synthesis were found
to be significantly up-regulated in pap1-D calli (Figure 4; Table 2). Also, a few genes
encoding transporters such as the sucrose transporter SUC2 were up-regulated (Figure 4;
Table 2). Taken together, these observations are suggestive that there might be an increase in
the uptake of nutrients at the early stage of subculture.
At day 15, a dramatic increase in the expression of genes involved in the biosynthesis
of many ribosomal proteins and small nuclear ribonuleoproteins occurred in pap1-D calli
(Figure 4; Table 4), which suggests an increase in mRNA processing and translation. In
addition, several genes involved in intracellular protein transport, such as those involved in
mitochondrial protein import (At3g46560, At1g64220 and At1g64220), were up-regulated
(Table 4). Four genes encoding rapid alkalinization factor (RALF) family proteins that are
involved in cell-cell signaling and signal transduction, were increased in expression (Figure 4;
Table 4). Several genes encoding components of the mitochondrial electron transport chain
were also up-regulated (Table 4). The mechanisms underlying these alterations in gene
expression are unclear. We hypothesize that these might be associated with cell senescence
or other metabolic events at the late stage of a culture period.
In addition, several transposable elements were identified to be up-regulated or downregulated in pap1-D calli. These alterations may be associated with tissue culture, since
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tissue culture has been reported to induce the transposition of transposable elements (Brettell
and Dennis 1991; Hirochika et al. 1996; Kaeppler et al. 2000; Peschke et al. 1987; Peschke
and Phillips 1991; Saito et al., 2011).

Alterations of metabolite profiles in pap1-D cells
Our GC-MS based metabolic analysis revealed that the levels of beta-alanine and Lproline were significantly lower in pap1-D calli than in WT calli (Figure 7). Beta-alanine and
L-proline are produced from the intermediates of the TCA cycle. Also, microarray analysis
revealed some changes in the expression of genes involved in amino acid metabolisms. At
day 15, the asparagine synthetase 1 gene (At3g47340), the aspartate aminotransferase 3 gene
(At5g11520) and proline dehydrogenase 2 gene (At5g38710) were down-regulated more than
4, 2 and 2-fold in pap1-D cells, respectively. At2g30970, encoding a mitochondrial aspartate
aminotransferase (ASP1) (Schultz and Coruzzi, 1995), was significantly down-regulated at
both days 10 and 15. These data suggest a reduction in the formation of the aspartate branch
of amino acids including aspartate and beta-alanine as well as the glutamate branch of amino
acids including glutamate, glutamine and proline.
In addition, the abundance of intermediate metabolites of the TCA cycle such as
malic acid and citric acid was increased in pap1-D calli (Figure 7). No significant changes in
gene expression have been detected for the enzymes in the TCA cycle from our microarray
analysis. A gene encoding phosphofructokinase 2 (At5g47810) was shown to be significantly
up-regulated more than 2- fold in pap1-D calli at all three time points (Table 1).
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Phosphofructokinase catalyzes the reaction converting fructose 6-phosphate to fructose 1, 6bisphosphate and is a key enzyme involved in regulating carbon flux to glycolysis. These
results suggest that glycolysis and the TCA cycle might be more activated in pap1-D calli
due to a higher supply of substrates. Alternatively, a greater portion of the carbon entering
the TCA cycle might be used for the production of ATP to meet the cellular energy need in
pap1-D calli than used for the production of amino acids such as beta-alanine and L-proline.
The higher cellular energy requirement in pap1-D calli could be ascribable to the production
and accumulation of anthocyanins in cells. Metabolic flux analysis using isotope labeled
carbons would be useful in tracking the carbon flow and determining the activity of the TCA
cycle in pap1-D calli.
The abundance of free fructose and glucose was lower in pap1-D cells than in WT
cells (Figure 7). The mechanism for this observation is unknown. One possible explanation is
that more of these two sugars are used in metabolism in pap1-D cells for energy production.
Also, less glucose in pap1-D cells might be due to the usage of them in the modifications of
anthocyanin molecules.

pap1-D cells form an appropriate model to examine the effect of environmental or
nutritional factors on anthocyanin biosynthesis
Our nitrogen experiment supports previous findings on anthocyanin biosynthesis in
response to nitrogen re-supply. First, anthocyanin levels in pap1-D cells were found to be
reduced when transferring from low nitrogen to high nitrogen conditions (Figure 11b),
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consistent with the opposite correlation between nitrogen concentrations and anthocyanin
levels as revealed by previous reports (Lea et al., 2007; Oslen et al., 2008; Oslen et al., 2009;
Feyissa et al., 2009). Second, the expression of PAP1 was shown to be reduced in high
nitrogen conditions while the expression of TTG1 was relatively constitutive (Figure 13), in
agreement with previous reports (Oslen et al., 2009; Scheible et al., 2004). Third, three LBD
family genes LBD37, LBD38 and LBD39 which encode negative regulators that repress
anthocyanin biosynthesis in nitrogen sufficient conditions (Rubin et al., 2009) were found to
be up-regulated in media I and II in pap1-D cells (Figure 13).
In addition, our gene expression analysis of the nitrogen experiment also suggested a
role of MYBL2 in suppressing anthocyanin biosynthesis in response to high nitrogen
conditions. MYBL2 is a known negative regulator of anthocyanin biosynthesis (Dubos et al.,
2008; Matsui et al., 2008). Its expression has been found to be inhibited in high light
conditions (Dubos et al., 2008). In our study, we found that the expression of MYBL2 was upregulated in high nitrogen conditions (Figure 13); this suggests that MYBL2 has a potential
role in regulating anthocyanin biosynthesis in response to nitrogen levels as well.
The expression patterns of GL3 and EGL3 observed in our experiments were
inconsistent with the previous reports. GL3 and EGL3 were found to be up-regulated in
nitrogen deficient conditions and down-regulated after nitrogen re-supplementation as shown
by RT-PCR (Olsen et al., 2009). In another study, based on microarray data, EGL3 was
reported not to be differentially expressed in response to nitrate re-supply (Scheible et al.,
2004). In contrast, in our study, the expression of GL3 and EGL3 were found to be slightly
induced in high nitrogen conditions (Figure 13). In addition to anthocyanin biosynthesis, both
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GL3 and EGL3 are involved in the regulation of trichome initiation and non-root hair cell
fate determination (Gonzalez et al., 2008; Zhang et al., 2003). It is unclear whether GL3 and
EGL3 play roles in regulating other cellular programs in calli or not.
Generally speaking, pap1-D cells appear to be an appropriate system for the study of
anthocyanin biosynthesis in response to environmental or nutritional factors based on our
nitrogen experiment. Callus cultures are grown in a controlled condition, thus various
environmental or nutritional factors affecting anthocyanin biosynthesis can be tested simply
by manipulating the composition of the medium or other growth parameters. Also, callus
cultures have lower complexity of cell types than whole plants. In addition, as shown above,
anthocyanin biosynthesis genes are highly enriched in expression in pap1-D cells. Thus it
forms an appropriate model system to study the regulatory mechanism of anthocyanin
biosynthesis in response to various environmental or nutritional factors as well as to identify
the molecular components involved in these signaling pathways.

MATERIALS AND METHODS

Medium preparation and callus growth
Components of the macronutrients, micronutrients and organic ingredients (Plant
Media Company, Dublin, OH) were mixed to make the full strength MS medium (Murashige
and Skoog, 1962). All media used in this study contained 3% (w/v) sucrose and were
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solidified with 0.8% phytoagar (g/ 100 ml). All media were adjusted to pH 5.8 and then
autoclaved for 15 min. All plant hormones were sterilized by filtration through 0.2 µm
membranes and added into the medium after autoclaving and temperature reduction to 5060Ԩ.
pap1-D callus cell lines were established from leave tissues of Arabidopsis pap1-D
plants as reported previously (Shi and Xie, 2011). Each cell line was established from the
cells of an individual seedling. Several cell lines from pap1-D plants and one cell line from
WT plant were maintained. Line #3R of pap1-D calli was obtained by continuous manual
selection of anthocyanin-producing cells from an original cell line #3 to enrich the population
of anthocyanin-producing cells in the calli. Line #7R and #7W were obtained by continuous
selection of anthocyanin-producing and non-anthocyanin-producing cells respectively from
the original cell line #7.
Both pap1-D and WT calli were maintained on an optimized subculture medium (MS
without NH4NO3 and with only half strength of KNO3) supplemented with 2, 4-D 0.1 mg/L
and kinetin 0.25 mg/L. Each cell line was subcultured every fifteen days. Calli were grown in
the condition of 16/8 hrs (light/dark) with a light intensity of 50 μmol m-2 sec -1, at 23 ± 2Ԩ.

Sampling
The pap1-D calli line #7 and WT calli were used for transcriptome and metabolic
analysis. For each cell line, fifteen-day-old calli (after inoculation) were inoculated onto 20
ml solidified MS subculture medium. The inoculant amount was 0.3 g fresh weight per petri
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dish. Samples were harvested at days 5, 10 and 15 of culture and immediately frozen in
liquid nitrogen. Two petri dishes of the same cell line were collected and mixed together as
one biological replicate. Three biological replicates were prepared for each cell line at each
time point. Frozen calli were stored at -80Ԩ for transcriptomics and metabolic analysis.
Similarly, pap1-D cell lines #3R, #7R, #7W and the WT cell line were harvested after fifteen
days of subculture, quickly frozen in liquid nitrogen and stored at -80Ԩ for gene expression
and anthocyanin analysis.

Effect of nitrogen on anthocyanin biosynthesis
Calli were inoculated into different modified MS media containing different nitrogen
amounts to test the effect of nitrogen on anthocyanin production. MS basal medium (referred
to as medium I), modified MS with half strength of both NH4NO3 and KNO3 (medium II)
and the current subculture medium (MS without NH4NO3 and with only half strength of
KNO3; medium III) were tested. The pap1-D cell line #1 was used in this treatment. Fifteenday-old calli (after inoculation) with a fresh weight of 0.3g were inoculated onto each type of
medium. Two petri dishes of the same sample were collected and mixed together as one
biological replicate and three biological replicates were prepared for each medium condition.
After fifteen days of culture, fresh weight of calli was measured, and then calli were
collected and frozen in liquid nitrogen immediately and stored at -80Ԩ for further analysis.
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Microarray analysis
Frozen calli of each replicate of pap1-D cell line #7 and the WT cell line were ground
into fine powders in liquid nitrogen. DNA-free total RNA was isolated from 0.1g powdered
material of each sample using a Qiagen RNeasy Plant Mini Kit and on-column RNase-free
DNase I set (Qiagen, Germantown, MD, USA) following the manufacturer’s protocols.
Target labeling and hybridization were performed at Expression Analysis, Inc.
(www.expressionanalysis.com; Durham, NC). The GeneChip Arabidopsis ATH1 genome
array (Affymetrix®, Santa Clara, CA) that contains more than 22,500 probe sets representing
approximately 24,000 genes was used for hybridization. Prior to labeling and hybridization,
the quality and quantity of each RNA sample were assessed with a 2100 BioAnalyzer
(Agilent). Biotin-labeled cRNA targets were prepared and hybridized according to the
"Affymetrix Technical Manual"
(http://media.affymetrix.com/support/downloads/manuals/expression_analysis_technical_ma
nual.pdf). Total RNA of 2 µg was used in a reverse transcription reaction to obtain cDNA
using a standard reaction mixture containing reverse transcriptase (Invitrogen) and a
modified oligo(dT)24 primer that has T7 promoter sequences (GenSet). After synthesis of the
first strand cDNA, residual RNA was degraded by the addition of RNaseH. Double-stranded
cDNAs were synthesized with DNA polymerase I and DNA ligase, followed by purification
and concentration through phenol: chloroform (1:1; v/v) extraction and then precipitation
with 70% (v/v) ethanol. The purified double-stranded cDNA products were incubated with
T7 RNA polymerase and biotinylated ribonucleotides from an In Vitro Transcription labeling
kit (Affymetrix) to obtain cRNA following the manufacturer’s protocol. The resultant cRNA
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product was purified on an RNeasy column (Qiagen) and then quantified with a
spectrophotometer. The cRNA target (20 µg) was incubated at 94ºC for 35 minutes in a
fragmentation buffer containing 200 mM Tris-Acetate, 500 mM potassium acetate and 150
mM magnesium acetate. The fragmented cRNA was diluted in a hybridization buffer (100
mM MES, 1 M NaCl, 20 mM EDTA, 0.01% [v/v] Tween 20, 0.1 mg/ml herring sperm DNA
and 0.5 mg/ml acetylated BSA) and mixed with biotin-labeled OligoB2 and Eukaryotic
Hybridization Controls (Affymetrix). The hybridization cocktail was denatured at 99°C for 5
minutes, incubated at 45°C for 5 minutes, and then injected into a GeneChip cartridge. The
GeneChip array was incubated at 42°C for at least 16 hours in a rotating oven with a speed of
60 rpm. GeneChips were washed with a nonstringent wash buffer (6X SSPE [0.9M NaCl, 60
mM Na2HPO4, 6 mM EDTA], 0.01% [v/v] Tween-20) at 25°C and then washed with a
stringent wash buffer (100 mM MES, 0.1M NaCl, 0.01% [v/v] Tween-20) at 50°C. The
microarrays were then stained with Streptavidin Phycoerythrin and the fluorescent signal was
amplified using a biotinylated antibody solution. Fluorescent images were detected in a
GeneChip® Scanner 3000 and expression data were extracted with the GeneChip Operating
System v 1.1 (Affymetrix). All GeneChips were scaled to a median intensity equal to 500.

Microarray data analysis
An estimate of signal for each transcript was calculated using the Microarray Suite
Algorithm version 5.0 (MAS 5.0) (Hubbell et al., 2002) and the Expression Console version
1.1 (Affymetrix). Raw fold-change for each transcript was calculated by taking the simple
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ratio of the geometric means of the signal values for each respective group. Differential
expression was determined with a robust implementation of permutation testing
(http://www.expressionanalysis.com/docs/PADE_Tech_Note.pdf). A modified t-statistic (Di)
was calculated for each transcript when comparing groups, and a difference (Δ) was
computed between Di and the average or expected t-statistic ordered values from a reference
distribution (D[i]) calculated by computing all possible random permutations of samples. The
above differential expression analyses were performed by ExpressionAnalysis Inc.
The present, marginal and absent flags generated by the MAS 5.0 software were used
as indicators to determine whether or not a gene was expressed. Transcripts with present calls
in all three replicates of a time point were defined to be expressed. Overlay of the numbers of
genes that were expressed in each sample was shown with Venn Diagrams. Functional
characterization tools at the TAIR website
(http://www.arabidopsis.org/tools/bulk/go/index.jsp) were used to perform a general
functional categorization of these large numbers of expressed genes.
Further, we determined the significantly differentially expressed transcripts between
pap1-D and WT calli at each time point based on the differential expression analyses using a
statistical cut-off of the false discovery rate (FDR) for accumulated sets at ≤ 0.027 and the
estimated absolute raw fold change ≥ 2. The identified significantly differentially expressed
genes were input into GeneSpring GX (Agilent Technologies, Santa Clara, CA) to find the
overlay of genes that were detected at each time point and to generate the Venn diagrams.
Gene classification analysis was performed with the Gene Functional Classification Tool at
the DAVID Bioinformatics website (Huang et al., 2009). Gene functions for individual
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transcripts were also manually inspected by querying the TAIR website
(www.arabidopsis.org).
CEL files were input into GeneSpring GX for normalization of data through the RMA
summarization algorithm and baseline transformation to median of all samples. The output
data file was then loaded into MultiExperiment Viewer (MeV) software (version 4.4.1)
(Saeed et al., 2006) for clustering analysis and principal component analysis (PCA). In
addition, raw fold changes of transcripts at each time point were loaded into the MapMan
software (Thimm et al., 2004) for visualization of expression changes of genes involved in
major metabolic pathways.

Semi-quantitative reverse transcription-polymerase chain reaction
DNA-free total RNA was isolated from 0.1g frozen calli powders with a Qiagen
RNeasy Plant Mini Kit and an on-column RNase-free DNase I set (Qiagen, Germantown,
MD, USA) following the manufacturer’s protocols. Three µg of total RNA was used for
cDNA synthesis. Reverse transcription was performed with a SuperScript® III first-strand
synthesis system (Invitrogen). Gene specific primers were designed to amplify fragments of
the cDNA of target genes as well as the ACTIN gene as a control. Twenty-five cycles of PCR
were performed on a thermocycler (Mastercycler®-Ep, Eppendorf). Thirty cycles of PCR
were performed for genes with low expression levels. The primers and thermal gradient
programs for each transcript tested are listed in Table 16. PCR products were separated by
electrophoresis through 1% agarose gels and imaged by a Bio-Rad imaging system.
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Extraction of anthocyanins and absorbance measurement
One hundred mg powder of calli was suspended in 1 ml extraction buffer (0.5% [v/v]
HCl in 100% [v/v] methanol) contained in a 1.5 ml extraction tube. The extracts were
vigorously vortexed for 30 sec and sonicated for 15 min using an ultrasonicator (Fisher
Scientific FS60H) followed by a centrifugation at 10,000 rpm for 15 min. The supernatant
was transferred into a new 2.0 ml tube. Another 1 ml extraction buffer was added to the
extraction tube to re-suspend the pellet and the same extraction steps were repeated once. For
each sample, three replicates were conducted.
The absorbance (ABS) of methanol-water phase extracts was recorded at the
wavelength of 530 nm on a HEλIOSγ UV-Visible spectrophotometer. The extraction buffer
was used as a blank solution. A volume of 600 µl methanol-water phase extract was
measured to obtain an ABS value. Serial dilutions of an authentic standard of cyanidin were
used to generate a standard curve. Total anthocyanin content in calli was estimated as
cyanidin equivalent (µg/g) according to the standard curve.

Extraction and measurement of total chlorophyll concentration
A total of 0.1g powder of WT or pap1-D calli was extracted with 1 ml 100% (v/v)
acetone in 1.5 ml tubes. Extracts were vortexed vigorously and sonicated for 15 min at room
temperature. Samples were subjected to centrifugation at 13,000 rpm for 20 min and the
supernatant was transferred to a new tube. Absorbance of acetone extracts were measured at
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661.6 nm and 644.8 nm using a spectrophotometer and total chlorophyll concentrations
(µg/ml extract) were calculated based on the method described by Lichtenthaler (1987).

HPLC-UV-ESI-MS analysis
The analysis of profiles of anthocyanins and other phenolic compounds was carried
out with high performance liquid chromatography/mass spectrometry on 2010EV
LC/UV/ESI /MS instrument (Shimadzu). Samples were separated on an analytical column of
Eclipse XDB-C18 (250 mm x 4.6 mm, 5 µm, Agilent). The mobile phase solvents were
composed of 1% (v/v) acetic acid (HPLC grade) in water (LC-MS grade) (solvent A) and
100% (v/v) acetonitrile (solvent B) (LC-MS grade). A gradient solvent system, which was
designed to separate metabolites, 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), 50: 50
to 10: 90 (55-60 min), then followed by 10 min column washing with 10% (v/v) of solvent B.
The flow rate was 0.4 ml/min and the injection volume was 20 µl. The UV spectrum was
recorded from 190 nm to 800 nm. The total ion chromatograms of positive electrospray
ionization were recorded from 0 to 60 min by mass spectrum detector. The mass spectrum
was scanned and stored from m/z of 120 to 1600 at a speed of 1000 amu per second.
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GC-MS analysis
Portions of the same calli samples used for microarray experiments were used for
GC-MS analysis. One hundred mg calli powder was used for extraction of metabolites.
Samples were extracted with 100% (v/v) methanol (Fisher), then with chloroform (Alfa
Aesar) and water following the protocol from Lisec et al., 2006. Ten µl of ribitol (1 mg/ml)
(Alfa Aesar) was used as an internal standard and added into the initial extraction buffer. For
derivatization, forty µl of freshly prepared methoxyamination agent (20 mg/ml
methoxyamine hydrochloride [Supelco Analytical] in pyridine [Sigma]) were added into
vacuum-dried extracts and samples were incubated for 2 hour at 37Ԩ. Then 70 µl of NMethyl-N-trimethylsilyltrifluoroacetamide (MSTFA) + 1% (v/v) TMCS reagent (Thermo
Scientific) were added to the extracts which were further incubated at 37Ԩ for 30 min. Then
samples were subjected to centrifugation at 13,200 rpm for 10 min before transferring the
supernatant for GC-MS analysis.
GC-MS was performed on an Agilent 5890 Series II gas chromatograph coupled to an
Agilent 5972 mass spectrometer equipped with ESI and an ion detector. A positive electron
impact ion source (70 EV) was used to ionize compounds and fragment masses were scanned
in the range of 40–800 (m/z). Chromatographic separation was achieved with a Restek Rtx-5
Sil MS (5% [w/w] phenyl polysiloxane) column (30 m in length; 0.25 mm i.d.; 0.25 mm film
thickness). Helium was used as the carrier gas and a constant flow was set at 1 ml per min
(linear gas velocity of ~ 40 cm s-1). One µl of extract was injected via a PTV injector
operated in a splitless mode. The initial column oven temperature was set at 80Ԩ for 4 min
and then ramped to 320Ԩ with an increase rate of 8Ԩ min-1.

147

Co-eluting metabolite peaks were deconvoluted with the Automated Mass Spectral
Deconvolution and Identification System (AMDIS) (ChemiStation Software). Identification
of major compounds was performed by mass spectrum matching to standards recorded in the
Wiley 7th/NIST 05 MS library, Version 2.0d (built on Apr. 26, 2005). The identified
compounds with a quality score over 80 (at least 80% matching) were selected as target
compounds for further analysis. Peak areas of the target compounds were extracted and
normalized based on the internal standard ribitol. Normalized peak areas of the target
compounds were compared between pap1-D and WT calli for each time point. In addition,
raw GC-MS spectral data were processed and normalized (row-wise normalization by the
sample median and column-wise normalization by auto scaling) with MetaboAnalyst (Xia
and Wishart, 2011). Multivariate analyses including PCA and Partial Least SquaresDiscriminant Analysis (PLS-DA) were performed with MetaboAnalyst.
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Table 1. List of thirty-four genes significantly up-regulated in pap1-D calli at all three time points
Gene MIPS
code

Name

Annotation

Anthocyanin biosynthesis (10)
At4g22870 ANS
Anthocyanidin synthase (leucoanthocyanidin
dioxygenase)
At5g42800 DFR
Dihydroflavonol reductase
At3g51240 F3H (TT6) Flavanone 3-hydroxylase
At5g07990 F3’H (TT7) Flavonoid 3'-hydroxylase
At1g56650 PAP1
MYB75 transcription factor
At4g14090 UGT75C1
Anthocyanidin 5-O-glucosyltransferase
At5g54060 UGT79B1
Anthocyanin 3-O-glucoside:2''-Oxylosyltransferase
At5g17220 TT19
Glutathione S-transferase
At3g29590 A5G6'''MaT Anthocyanin 5-O-glucoside:6'''-Omalonyltransferase
At1g03495 A3G6''pAnthocyanin 3-O-glucoside:6''-O-pcoumaroyltransferase
CouT
Other transcription factor (2)
At4g25530 FWA
Homeodomain-containing transcription factor
controls flowering
At5g06500 AGL96
MADS box transcription factor
F-box family protein (4)
At3g18980 ETP1
A F-box family protein (EIN2 targeting protein
1)
At4g00320
A F-box family protein; function unknown
At4g19940
A F-box family protein; function unknown
At4g39753
A kelch repeat-containing F-box family protein;
function unknown

FC

Day 5
p-value

FC

Day 10
p-value

FC

Day 15
p-value

136.89 0.0005 61.03 0.0006 72.62 0.0000
61.93
4.78
3.61
26.99
81.86
21.23

0.0002
0.0004
0.0008
0.0003
0.0001
0.0016

36.17
7.43
2.94
95.79
51.27
45.36

44.00
23.59

0.0007 46.10 0.0015 25.95 0.0000
0.0004 17.52 0.0063 19.24 0.0182

33.98

0.0007 48.67 0.0003 17.68 0.0003

4.70

0.0000

33.48

0.0037 42.72 0.0107 17.31 0.0026

8.87

0.0008

55.58
3.18
4.09

0.0000 75.30 0.0002 43.63 0.0019
0.0006 3.25 0.0018 3.15 0.0009
0.0040 3.90 0.0031 4.31 0.0002

2.91

6.21

0.0000
0.0000
0.0006
0.0073
0.0037
0.0044

0.0000

0.0002

79.12
10.62
2.93
64.37
46.31
21.98

3.36

4.74

0.0000
0.0000
0.0005
0.0032
0.0022
0.0001

0.0005

0.0026
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Table 1 Continued
Gene MIPS
code

Name

Others (18)
At5g47810 PFK2
At3g21860 ASK10

Annotation

Phosphofructokinase (PFK2)
E3 ubiquitin ligase SCF complex subunit SKP1LIKE 10
At4g33220
Pectinesterase family protein
At4g34980
Subtilase family protein
At4g29200
Beta-galactosidase like protein
At4g08430
Ulp1 protease family protein with cysteine-type
peptidase activity
At3g27650 LBD25
LOB domain-containing protein 25 (LBD25)
At1g33130
CACTA-like transposase family
At3g20990
Unknown protein similar to putative
retroelement pol polyprotein
At3g21040
Hypothetical protein, similar to putative
retroelement pol polyprotein
At3g21020
Unknown protein similar to putative
retroelement pol polyprotein
At4g21620
A glycine-rich protein; function unknown
At4g29020
A glycine-rich protein; function unknown
At2g15560
Involved in response to oxidative stress
At4g38150
A pentatricopeptide (PPR) repeat-containing
protein; function unknown
At5g28560
Unknown protein; function unknown
At3g23080
Polyketide cyclase/dehydrase and lipid transport
superfamily protein, function unknown
At5g35350
No result in TAIR
(Fold change (FC) ≥ 2 and FDR for accumulated sets ≤0.027)

FC

Day 5
p-value

FC

Day 10
p-value

FC

Day 15
p-value

3.02
2.28

0.0002
0.0021

2.24
5.18

0.0016
0.0054

2.12
2.64

0.0001
0.0065

2.38
2.38
8.05
5.53

0.0000
0.0000
0.0015
0.0011

2.15
2.28
8.16
4.63

0.0002
0.0000
0.0011
0.0034

2.50
2.20
9.85
3.60

0.0150
0.0172
0.0054
0.0026

2.71
24.25
9.94

0.0109 5.85 0.0000 2.79 0.0023
0.0000 17.33 0.0000 30.42 0.0006
0.0127 5.35 0.0001 6.46 0.0002

4.36

0.0033

2.79

0.0023

4.89

0.0010

2.91

0.0010

2.79

0.0009

3.44

0.0001

2.00
12.20
6.76
2.55

0.0060
0.0001
0.0000
0.0116

3.42
9.09
4.88
2.52

0.0007
0.0003
0.0009
0.0002

3.09
5.50
7.15
2.26

0.0044
0.0133
0.0000
0.0023

6.96
2.03

0.0008 14.91 0.0060 26.00 0.0001
0.0006 2.29 0.0015 2.03 0.0011

2.53

0.0003

3.09

0.0011

3.02

0.0012
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Table 2. List of 179 genes significantly up-regulated in pap1-D calli specifically at day 5
(Fold change ≥ 2 and FDR for accumulated set ≤0.027)
ProbeSet
Gene
Annotation
ID
MIPS code
Transporter (9)
264204_at
At1g22710
sucrose transporter / sucrose-proton symporter (SUC2)
262756_at
At1g16370
transporter-related
258287_at
At3g15990
sulfate transporter, putative
254640_at
At4g18790
NRAMP metal ion transporter 5, putative (NRAMP5)
250475_at
At5g10180
sulfate transporter
247304_at
At5g63850
amino acid transporter 4, putative (AAP4)
250239_at
At5g13580
ABC transporter family protein
257715_at
At3g12750
zinc transporter (ZIP1)
253510_at
At4g31730
expressed protein (glutamine dumper 1)
Wax and fatty acid synthesis (4)
long-chain-fatty-acid--CoA ligase family protein /
260531_at
At2g47240
long-chain acyl-CoA synthetase family protein
260948_at
At1g06100
fatty acid desaturase family protein
S-adenosyl-L-methionine:carboxyl methyltransferase
249567_at
At5g38020
family protein
long-chain-alcohol O-fatty-acyltransferase family
248061_at
At5g55340
protein / wax synthase family protein
Terpene synthesis (3)
lupeol synthase, putative / 2,3-oxidosqualene264137_at
At1g78960
triterpenoid cyclase, putative
terpene synthase-related protein contains Pfam profile:
257638_at
At3g25820
PF01397 terpene synthase family
248736_at
At5g48110
terpene synthase/cyclase family protein
Lignin metabolic process (4)
267094_at
At2g38080
laccase, putative / diphenol oxidase, putative
laccase family protein / diphenol oxidase family
265447_at
At2g46570
protein
252943_at
At4g39330
mannitol dehydrogenase, putative
UDP-glucoronosyl/UDP-glucosyl transferase family
252183_at
At3g50740
protein
Hydrolase (12)
267121_at
At2g23540
GDSL-motif lipase/hydrolase family protein
267123_at
At2g23560
hydrolase, alpha/beta fold family protein
glycosyl hydrolase family 10 protein / carbohydrate255150_at
At4g08160
binding domain-containing protein
254202_at
At4g24140
hydrolase, alpha/beta fold family protein
253559_at
At4g31140
glycosyl hydrolase family 17 protein
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Table 2 Continued
ProbeSet
Gene
ID
MIPS code
252363_at
At3g48460
249576_at
At5g37690
245955_at
At5g28510
261341_s_at
At1g52940
245637_at
At1g25230
253191_at
At4g35350
248732_at
At5g48070
Protein kinase (10)
265031_at
At1g61590
259350_at
At3g05140
257120_at
At3g20200

Annotation
GDSL-motif lipase/hydrolase family protein
GDSL-motif lipase/hydrolase family protein
glycosyl hydrolase family 1 protein
calcineurin-like phosphoesterase family protein
purple acid phosphatase family protein
cysteine endopeptidase, papain-type (XCP1)
xyloglucan:xyloglucosyl transferase, putative

protein kinase, putative
protein kinase family protein
protein kinase family protein
leucine-rich repeat transmembrane protein kinase,
254515_at
At4g20270
putative
254409_at
At4g21400
protein kinase family protein
254155_at
At4g24480
serine/threonine protein kinase, putative
252569_at
At3g45420
lectin protein kinase family protein
251912_at
At3g53840
protein kinase family protein
leucine-rich repeat transmembrane protein kinase,
248590_at
At5g49660
putative
267550_at
At2g32800
protein kinase family protein
Zinc finger family transcription factor (11)
266216_at
At2g28810
Dof-type zinc finger domain-containing protein
265504_at
At2g15520
zinc finger protein, putative
265081_at
At1g03840
zinc finger (C2H2 type) family protein
262969_at
At1g75710
zinc finger (C2H2 type) family protein
262192_at
At1g77830
zinc finger (C3HC4-type RING finger) family protein
261409_at
At1g07640
Dof-type zinc finger domain-containing protein
253011_at
At4g37890
zinc finger (C3HC4-type RING finger) family protein
252586_at
At3g45610
Dof-type zinc finger domain-containing protein
250587_at
At5g07640
zinc finger (C3HC4-type RING finger) family protein
246891_at
At5g25490
zinc finger (Ran-binding) family protein
245813_at
At1g49920
zinc finger protein-related
MYB family transcription factor (4)
262921_at
At1g79430
myb family transcription factor-related
259751_at
At1g71030
myb family transcription factor
259365_at
At1g13300
myb family transcription factor
252958_at
At4g38620
myb family transcription factor (MYB4)
Other transcription factor (5)
265351_at
At2g22630
MADS-box protein (AGL17)
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Table 2 Continued
ProbeSet
Gene
ID
MIPS code
251289_at
At3g61830
251890_at
At3g54220
251245_at
At3g62090
252425_at
At3g47620
Transposon/transposase (2)
262578_at
At1g15300
266343_at
At2g01550
Others (115)
259568_at
At1g20490
266322_at
At2g46690
266126_at
At2g45040
265561_s_at
At2g05510
265411_at
At2g16630
265318_at
At2g22650
264532_at
At1g55740
264457_at

At1g10400

264346_at
264052_at
263147_at
262682_at
262628_at
262517_at
261888_at
261690_at
261459_at
260799_at
260159_at
260035_at
259579_at
259197_at

At1g12010
At2g22330
At1g53980
At1g75900
At1g06490
At1g17180
At1g80800
At1g50090
At1g21100
At1g78270
At1g79890
At1g68850
At1g28010
At3g03670

259172_at
259167_at
258672_at
258506_at

At3g03630
At3g01570
At3g08570
At3g06520

Annotation
transcriptional factor B3 family protein / auxinresponsive factor AUX/IAA-related
scarecrow transcription factor, putative
basic helix-loop-helix (bHLH) protein, putative
TCP family transcription factor, putative
hAT-like transposase family (hobo/Ac/Tam3)
putative non-LTR retroelement reverse transcriptase
4CL putative
auxin-responsive family protein
matrix metalloproteinase
glycine-rich protein
proline-rich family protein
FAD-dependent oxidoreductase family protein
alkaline alpha galactosidase, putative
UDP-glucoronosyl/UDP-glucosyl transferase family
protein
1-aminocyclopropane-1-carboxylate oxidase, putative /
ACC oxidase, putative
cytochrome P450, putative
polyubiquitin-related
family II extracellular lipase 3 (EXL3)
glycosyl transferase family 48 protein
glutathione S-transferase, putative
pseudogene, 40S ribosomal protein S12 (RPS12B)
aminotransferase class IV family protein
O-methyltransferase, putative
UDP-glucose glucosyltransferase, putative
helicase-related
peroxidase, putative
multidrug resistance P-glycoprotein, putative
peroxidase, putative
cysteine synthase, chloroplast, putative / O-acetylserine
(thiol)-lyase, putative / O-acetylserine sulfhydrylase,
putative
glycine-rich protein / oleosin
phototropic-responsive protein, putative
agenet domain-containing protein
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Table 2 Continued
ProbeSet
Gene
ID
MIPS code
258414_at
257964_at
257920_at
257701_at
257245_at
257181_at
257197_at
257151_at
257155_at
257093_at

At3g17380
At3g19850
At3g23260
At3g12710
At3g24110
At3g13190
At3g23800
At3g27200
At3g27290
At3g20570

256937_at
256919_at

At3g22620
At3g18970

256145_at
256023_at

At1g48750
At1g58330

255987_s_at

At5g35050

255082_at

At4g09160

255088_at
255031_at
254986_at
254902_at

At4g09350
At4g09490
At4g10640
At4g11550

254175_at
253050_at
253024_at

At4g24050
At4g37450
At4g38080

252953_at
252915_at

At4g38570
At4g38810

252853_at
252870_at

At4g39710
At4g39940

252684_at

At3g44400

Annotation
meprin and TRAF homology domain-containing
protein / MATH domain-containing protein
phototropic-responsive NPH3 family protein
F-box family protein
methyladenine glycosylase family protein
calcium-binding EF hand family protein
myosin heavy chain-related
selenium-binding family protein
plastocyanin-like domain-containing protein
F-box family protein-related
plastocyanin-like domain-containing protein
protease inhibitor/seed storage/lipid transfer protein
(LTP) family protein
pentatricopeptide (PPR) repeat-containing protein
protease inhibitor/seed storage/lipid transfer protein
(LTP) family protein
transcription factor-related
putative protein predicted proteins, Arabidopsis
thaliana
SEC14 cytosolic factor family protein /
phosphoglyceride transfer family protein
DNAJ heat shock N-terminal domain-containing
protein
RNase H domain-containing protein
calmodulin-binding family protein
DC1 domain-containing protein
short-chain dehydrogenase/reductase (SDR) family
protein
arabinogalactan-protein (AGP18)
hydroxyproline-rich glycoprotein family protein
CDP-diacylglycerol--inositol 3phosphatidyltransferase, putative / phosphatidylinositol
synthase, putative
calcium-binding EF hand family protein
immunophilin, putative / FKBP-type peptidyl-prolyl
cis-trans isomerase, putative
adenylylsulfate kinase 2 (AKN2)
disease resistance protein (TIR-NBS-LRR class),
putative
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Table 2 Continued
ProbeSet
Gene
ID
MIPS code
252370_at
At3g48600
252312_at
At3g49380
252227_at
At3g49900
252240_at
At3g50010
251668_at
At3g57010
251583_at
At3g58590
251488_at
At3g59440
251211_s_at
At3g62470
250500_at
At5g09530
249860_at
At5g22860
249439_at
At5g40020
249336_at
249108_at
249070_at
248189_at
248121_at
248015_at
247362_at

At5g41070
At5g43690
At5g44030
At5g54090
At5g54690
At5g56370
At5g63140

247116_at
246601_at
246602_at

At5g65970
At1g31710
At1g31700

246390_at
246326_at

At1g77330
At1g16590

246236_at
246195_at
246149_at
246108_at
245889_at
245891_at
245736_at
245719_at
245552_at
245463_at
245267_at
245231_at

At4g36470
At4g36410
At5g19890
At5g28630
At5g09480
At5g09220
At1g73330
At5g04110
At4g15360
At4g17030
At4g14060
At4g25600

Annotation
SWIB complex BAF60b domain-containing protein
calmodulin-binding family protein
BTB/POZ domain-containing protein
DC1 domain-containing protein
strictosidine synthase family protein
pentatricopeptide (PPR) repeat-containing protein
calcium-binding protein, putative
pentatricopeptide (PPR) repeat-containing protein
hydroxyproline-rich glycoprotein family protein
serine carboxypeptidase S28 family protein
pathogenesis-related thaumatin family protein
double-stranded RNA-binding domain (DsRBD)containing protein
sulfotransferase family protein
cellulose synthase, catalytic subunit (IRX5)
DNA mismatch repair MutS family protein
glycosyl transferase family 8 protein
F-box family protein
calcineurin-like phosphoesterase family protein
seven transmembrane MLO family protein / MLO-like
protein 10 (MLO10)
copper amine oxidase, putative
copper amine oxidase, putative
1-aminocyclopropane-1-carboxylate oxidase, putative /
ACC oxidase, putative
mitotic spindle checkpoint protein, putative
S-adenosyl-L-methionine:carboxyl methyltransferase
family protein
ubiquitin-conjugating enzyme 17 (UBC17)
peroxidase, putative
glycine-rich protein
hydroxyproline-rich glycoprotein family protein
amino acid permease 2 (AAP2)
protease inhibitor, putative (DR4)
DNA topoisomerase II family protein
cytochrome P450 family protein
expansin-related
major latex protein-related / MLP-related
ShTK domain-containing protein
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Table 2 Continued
ProbeSet
Gene
ID
MIPS code
245193_at
At1g67810
245161_at
At2g33070
260459_at
At1g68240
257287_at
At3g29660
251940_at
At3g53450
267459_at
At2g33850
266364_at
At2g41230
264774_at
At1g22890
263227_at
At1g30750
263032_at
At1g23850
261247_at
At1g20070
259166_at
At3g01670
258546_at
At3g07060
257005_at
At3g14190
256813_at
At3g21360
253940_at
At4g26950
253877_at
At4g27435
253585_at
At4g30720
252196_at
At3g50200
251684_at
At3g56410
251646_at
At3g57780
251527_at
At3g58650
251169_at
At3g63210
249837_at
At5g23480
245181_at
At5g12420
247068_at
At5g66800

Annotation
Fe-S metabolism associated domain-containing protein
jacalin lectin family protein
hypothetical protein
hypothetical protein
hypothetical protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
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Table 3. List of 26 genes significantly up-regulated in pap1-D calli specifically at day 10.
(Fold change ≥ 2 and FDR for accumulated set ≤0.027)
ProbeSet
Gene MIPS
Annotation
ID
code
Protein Kinase (3)
247850_at
At5g58150
leucine-rich repeat transmembrane protein kinase,
putative
247170_at
At5g65530
protein kinase, putative
253227_at
At4g35030
protein kinase family protein
Others (23)
chalcone-flavanone isomerase family protein, CHI
250794_at
At5g05270
putative
264083_at
At2g31230
ethylene-responsive factor, putative
gibberellin 2-oxidase, putative / GA2-oxidase,
259614_at
At1g47990
putative
256560_s_at
At3g31415
terpene synthase/cyclase family protein
putative PttA2-like transposon protein related to
265757_x_at
At2g13160
En/Spm transposon family of maize
262260_at
At1g70850
Bet v I allergen family protein
mitochondrial transcription termination factor
259634_at
At1g56380
family protein / mTERF family protein
256875_at
At3g26330
cytochrome P450 family protein
256176_at
At1g51640
exocyst subunit EXO70 family protein
254064_at
At4g25410
basix helix-loop-helix (bHLH) family protein
UDP-glucoronosyl/UDP-glucosyl transferase
253281_at
At4g34138
family protein
253036_at
At4g38340
RWP-RK domain-containing protein
252396_at
At3g47970
integral membrane HPP family protein
251625_at
At3g57260
glycosyl hydrolase family 17 protein
248812_at
At5g47330
palmitoyl protein thioesterase family protein
248428_at
At5g51760
protein phosphatase 2C, putative / PP2C, putative
putative protein predicted proteins, Arabidopsis
252726_at
At3g43060
thaliana
255293_at
At4g04730
hypothetical protein
259691_at
At1g63200
hypothetical protein
246048_at
At5g28880
putative protein
252635_at
At3g44510
expressed protein
253460_at
At4g32130
expressed protein
266982_at
At2g39500
expressed protein
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Table 4. List of 155 genes significantly up-regulated in pap1-D calli specifically at day
15. (Fold change ≥ 2 and FDR for accumulated sets ≤0.027)
ProbeSet
Gene MIPS
Annotation
ID
code
Ribosomal protein (24)
263585_at
At2g25210
60S ribosomal protein L39 (RPL39A)
259130_at
At3g02190
60S ribosomal protein L39 (RPL39B)
258937_at
At3g10090
40S ribosomal protein S28 (RPS28A)
258521_at
At3g06680
60S ribosomal protein L29 (RPL29B)
258532_at
At3g06700
60S ribosomal protein L29 (RPL29A)
258296_at
At3g23390
60S ribosomal protein L36a/L44 (RPL36aA)
256438_s_at
At3g11120
60S ribosomal protein L41 (RPL41C)
254030_at
At4g25890
60S acidic ribosomal protein P3 (RPP3A)
253715_at
At4g29390
40S ribosomal protein S30 (RPS30B)
253482_at
At4g31985
60S ribosomal protein L39 (RPL39C)
253291_at
At4g33865
40S ribosomal protein S29 (RPS29C)
253202_at
At4g34555
40S ribosomal protein S25, putative
252693_s_at
At3g44010
40S ribosomal protein S29 (RPS29A)
251486_at
At3g59540
60S ribosomal protein L38 (RPL38B)
251357_at
At3g61110
40S ribosomal protein S27 (ARS27A)
250895_at
At5g03850
40S ribosomal protein S28 (RPS28B)
249975_s_at
At5g18790
ribosomal protein L33 family protein
249742_at
At5g24490
30S ribosomal protein, putative
247968_at
At5g56670
40S ribosomal protein S30 (RPS30C)
247267_at
At5g64140
40S ribosomal protein S28 (RPS28C)
244992_s_at
rps7.1_chloroplast ribosomal protein S7
244938_at
rps15
ribosomal protein S15
244940_at
rps12.2
ribosomal protein S12 (trans-splice part 2 of 2)
244944_s_at
rpl16.mitochondria ribosomal protein L16
Small nuclear ribonucleoprotein (3)
259288_at
At3g11500
small nuclear ribonucleoprotein G, putative
253668_at
At4g30220
small nuclear ribonucleoprotein F, putative
253607_at
At4g30330
small nuclear ribonucleoprotein E, putative
Rapid alkalinization factor (RALF) family protein (4)
245386_at
At4g14010
rapid alkalinization factor (RALF) family protein
245310_at
At4g13950
rapid alkalinization factor (RALF) family protein
262131_at
At1g02900
rapid alkalinization factor (RALF) family protein
257204_at
At3g23805
rapid alkalinization factor (RALF) family protein
Mitochondria respiratory chain complex subunit (2)
ubiquinol-cytochrome C reductase complex
258772_at
At3g10860
ubiquinone-binding protein, putative
251186_at
At3g62790
NADH-ubiquinone oxidoreductase-related
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Table 4 Continued
ProbeSet
Gene MIPS
Annotation
ID
code
Intracellular protein transport (3)
ADP-ribosylation factor, putative (small GTPase
252224_at
At3g49860
superfamily)
mitochondrial import inner membrane translocase
252479_at
At3g46560
(TIM9)
preprotein translocase-related (mitochondrial import
262336_at
At1g64220
receptor subunit TOM7-2)
Transcription factor (8)
265621_at
At2g27300
no apical meristem (NAM) family protein
260430_at
At1g68200
zinc finger (CCCH-type) family protein
258623_at
At3g02790
zinc finger (C2H2 type) family protein
auxin-responsive protein / indoleacetic acid-induced
257769_at
At3g23050
protein 7 (IAA7)
265416_at
At2g37120
DNA-binding S1FA family protein
258713_at
At3g09735
DNA-binding S1FA family protein
251223_at
At3g62610
myb family transcription factor (MYB11)
254011_at
At4g26370
antitermination NusB domain-containing protein
Other auxin-responsive protein (5)
256137_at
At1g48690
auxin-responsive GH3 family protein
257690_at
At3g12830
auxin-responsive family protein
expressed protein (Auxin-Regulated Gene Involved
251436_at
At3g59900
in Organ Size)
expressed protein (mediates responses Arabidopsis
root to the synthetic auxin 2,4254721_at
At4g13520
Dichlorophenoxyacetic acid)
253255_at
At4g34760
auxin-responsive family protein
Others (106)
245017_at
psaI
subunitI of PSI
248673_at
At5g48780
disease resistance protein (TIR-NBS class), putative
dihydroflavonol 4-reductase family /
253195_at
At4g35420
dihydrokaempferol 4-reductase family
266030_x_at
At2g05870
cytochrome P-450 aromatase-related
262796_at
At1g20850
cysteine endopeptidase, papain-type (XCP2)
copper homeostasis factor / copper chaperone
251733_at
At3g56240
(CCH) (ATX1)
252700_at
At3g43690
copia-like retrotransposon family protein
251210_at
At3g62810
complex 1 family protein / LVR family protein
chalcone-flavanone isomerase / chalcone isomerase
251827_at
At3g55120
(CHI)
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Table 4 Continued
ProbeSet
Gene MIPS
ID
code
256671_at
At3g52290
250454_at
At5g09830
264860_at
At1g24290
253846_at
At4g28000
264895_at
At1g23100
256741_at
At3g29375
258821_at
At3g07230
255807_at
At4g10270
253483_at
At4g31910
250968_at
At5g02890
248991_at

At5g45220

246581_at
251482_s_at
252933_at
254789_at
252044_at
263371_at

At1g31760
At3g59740
At4g39110
At4g12880
At3g52420
At2g20490

264730_at

At1g62090

257054_at
254239_at

At3g15353
At4g23400

253581_at

At4g30660

258751_at

At3g05890

266983_at
259358_at

At2g39400
At1g13250

251317_at

At3g61490

266613_at
258853_at
257239_at
264294_at
258841_at
258019_at
250933_at
261976_at
255097_at

At2g14900
At3g06440
At3g24100
At1g78750
At3g04660
At3g19470
At5g03170
At1g37063
At4g08610

Annotation
calmodulin-binding family protein
BolA-like family protein
AAA-type ATPase family protein
AAA-type ATPase family protein
10 kDa chaperonin, putative
XH domain-containing protein
wound-responsive protein-related
wound-responsive family protein
transferase family protein
transferase family protein
Toll-Interleukin-Resistance (TIR) domaincontaining protein
SWIB complex BAF60b domain-containing protein
receptor lectin kinase 3 (lecRK3)
protein kinase family protein
plastocyanin-like domain-containing protein
outer envelope membrane protein, putative
nucleolar RNA-binding Nop10p family protein
mitochondrial transcription termination factor family
protein / mTERF family protein
metallothionein protein, putative
major intrinsic family protein / MIP family protein
hydrophobic protein, putative / low temperature and
salt responsive protein, putative
hydrophobic protein (RCI2B) / low temperature and
salt responsive protein (LTI6B)
hydrolase, alpha/beta fold family protein
glycosyl transferase family 8 protein
glycoside hydrolase family 28 protein /
polygalacturonase (pectinase) family protein
gibberellin-regulated family protein
galactosyltransferase family protein
four F5 family protein / 4F5 family protein
F-box family protein
F-box family protein
F-box family protein
fasciclin-like arabinogalactan-protein (FLA11)
hypothetical protein predicted by genemark.hmm
hypothetical protein
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Table 4 Continued
ProbeSet
Gene MIPS
ID
code
246812_at
At5g27180
261738_s_at
At1g47820
261509_at
At1g71740
256471_at
At1g42580
257325_at
orf113
267553_s_at
At2g32650
267284_at
At2g23700
266906_at
At2g34585
266916_at
At2g45860
264725_at
At1g22885
264466_at
At1g10380
263759_at
At2g21290
262159_at
At1g52720
261991_at
At1g33700
261790_at
At1g16000
261221_at
At1g19960
260708_at
At1g32310
260668_at
At1g19530
260617_at
At1g53345
260078_at
At1g73790
259706_at
At1g77540
259235_at
At3g11600
259131_at
At3g02180
258699_at
At3g09460
258642_at
At3g07910
258662_at
At3g02900
258397_at
At3g15357
258027_at
At3g19515
257609_at
At3g13845
257279_at
At3g14430
256784_at
At3g13674
256743_at
At3g29370
255035_at
At4g09550
254303_at
At4g22830
254118_at
At4g24790
253686_at
At4g29750
253694_at
At4g29735
253516_at
At4g31360
253475_at
At4g32290

Annotation
hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
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Table 4 Continued
ProbeSet
Gene MIPS
ID
code
253304_at
At4g33640
253117_at
At4g35905
253001_at
At4g38490
252946_at
At4g39235
252882_at
At4g39675
252724_at
At3g43540
252419_at
At3g47510
252390_at
At3g47836
252034_at
At3g52040
251669_at
At3g57180
251676_at
At3g57320
251446_at
At3g59840
251355_at
At3g61100
251194_at
At3g62920
251117_at
At3g63390
250881_at
At5g04080
250562_at
At5g08040
248186_at
At5g53880
247474_at
At5g62280
246839_at
At5g26718
246842_at
At5g26731
246479_at
At5g16060
246344_at
At3g56730
245106_at
At2g41650

Annotation
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein

172

Table 5. List of 47 genes significantly up-regulated in pap1-D calli at both days 5 and 15.
(FDR for accumulated sets ≤0.027 and fold change ≥ 2)
Probe Set
Gene
Annotation
ID
MIPS code
Transcription factor (11)
259998_at
At1g68120
expressed protein (basic pentacysteine 3 (BPC3))
259994_at
At1g68130
zinc finger (C2H2 type) family protein
high mobility group protein alpha (HMGalpha) /
246311_at
At3g51880
HMG protein alpha
253065_at
At4g37740
expressed protein (growth regulating factor)
myb family transcription factor (MYB92)(response to
250450_at
At5g10280
JA, SA stimulus)
253423_at
At4g32280
auxin-responsive AUX/IAA family protein
252081_at
At3g51910
heat shock transcription factor family protein
L1 specific homeobox gene (ML1) / ovule-specific
254370_at
At4g21750
homeobox protein A20
homeobox-leucine zipper protein protodermal factor
255277_at
At4g04890
2 (PDF2)
255056_at
At4g09820
basic helix-loop-helix (bHLH) family protein (TT8)
homeobox-leucine zipper transcription factor family
259223_at
At3g03660
protein (WUSCHEL-related homeobox 11)
GDSL esterase/lipase (3)
259786_at
At1g29660
GDSL-motif lipase/hydrolase family protein
259788_at
At1g29670
GDSL-motif lipase/hydrolase family protein
262680_at
At1g75880
family II extracellular lipase 1 (EXL1)
Others (33)
245718_at
At5g04100
DNA topoisomerase II family protein
263443_at
At2g28630
beta-ketoacyl-CoA synthase family protein
262265_at
At1g42460
Ulp1 protease family protein
UDP-glucoronosyl/UDP-glucosyl transferase family
250751_at
At5g05890
protein
short-chain dehydrogenase/reductase (SDR) family
258253_at
At3g26760
protein
258633_at
At3g07990
serine carboxypeptidase S10 family protein
255313_at
At4g04590
putative transposon protein
245079_at
At2g23330
putative retroelement pol polyprotein
phosphatidylinositol 3- and 4-kinase family protein /
249780_at
At5g24240
ubiquitin family protein
248382_at
At5g51890
peroxidase-related
LOB domain protein 17 / lateral organ boundaries
257386_at
At2g42440
domain protein 17 (LBD17)
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Table 5 Continued
Probe Set
Gene
ID
MIPS code
267276_at

At2g30130

254548_at
266772_s_at
252047_at
257896_at

At4g19870
At2g03020
At3g52490
At3g16920

253051_at

At4g37490

249245_at
266209_at
257898_s_at
262312_at

At5g42280
At2g27550
At3g30670
At1g70830

253545_at

At4g31310

258392_at
248394_at

At3g15400
At5g52070

246642_s_at

At5g34920

256630_at
250815_s_at
263498_at
262010_at
252938_at
252823_at
252352_at
251162_at

At3g28230
At5g05060
At2g42610
At1g35612
At4g39190
At4g40045
At3g48185
At3g63300

Annotation
LOB domain protein 12 / lateral organ boundaries
domain protein 12 (LBD12)
kelch repeat-containing F-box family protein
heat shock protein-related
heat shock protein-related
glycoside hydrolase family 19 protein
G2/mitotic-specific cyclin (CYC1) / B-like cyclin
(CYC1)
DC1 domain-containing protein
centroradialis protein, putative (CEN)
CACTA-like transposase family (Ptta/En/Spm)
Bet v I allergen family protein
avirulence-responsive protein-related / avirulence
induced gene (AIG) protein-related
anther development protein, putative
agenet domain-containing protein
putative protein predicted proteins, Arabidopsis
thaliana
hypothetical protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
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Table 6. List of 21 genes significantly up-regulated in pap1-D calli at both days 5 and 10.
(FDR for accumulated sets ≤0.027 and fold change ≥ 2)
Gene
Probe Set ID
Annotation
MIPS code
256994_s_at At3g25830
myrcene/ocimene synthase, putative
S-adenosyl-L-methionine:carboxyl methyltransferase
family protein (convert IAA to methyl ester form)
248104_at
At5g55250
(IAMT1)
S-adenosyl-L-methionine:carboxyl methyltransferase
249599_at
At5g37990
family protein
253794_at
At4g28720
auxin synthetic gene regulated by RVE1 (YUC8)
263979_at
At2g42840
protodermal factor 1 (PDF1)
255732_at
At1g25450
very-long-chain fatty acid condensing enzyme, putative
265713_at
At2g03530
F-box family protein-related
262819_at
At1g11600
cytochrome P450, putative
259375_at
At3g16370
GDSL-motif lipase/hydrolase family protein
259383_at
At3g16470
jacalin lectin family protein
258227_at
At3g15620
6-4 photolyase (UVR3)
256923_at
At3g29635
transferase family protein
255517_at
At4g02290
glycosyl hydrolase family 9 protein
aquaglyceroporin / NOD26-like major intrinsic protein 2
254608_at
At4g18910
(NLM2)
254264_at
254225_at

At4g23510
At4g23670

252282_at
248427_at

At3g49360
At5g51750

246244_at

At4g37250

disease resistance protein (TIR class), putative
major latex protein-related / MLP-related
glucosamine/galactosamine-6-phosphate isomerase
family protein
subtilase family protein
leucine-rich repeat family protein / protein kinase family
protein

246552_at
257540_at

At5g15420
At3g21520

expressed protein
expressed protein
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Table 7. List of six genes significantly up-regulated in pap1-D calli at both days 10 and
15. (Fold change ≥ 2 and FDR for accumulated sets ≤0.027)
ProbeSet
Gene
Annotation
ID
MIPS code
chalcone synthase / naringenin-chalcone synthase
250207_at
At5g13930
(CHS)
hydrophobic protein (RCI2A) / low temperature and salt
258735_at
At3g05880
responsive protein (LTI6A)
266214_at
At2g06890
gypsy-like retrotransposon family
257679_at
At3g20470
pseudogene, glycine-rich protein
257139_at
At3g28890
leucine-rich repeat family protein
259275_at
At3g01060
expressed protein
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Table 8. List of 113 genes significantly down-regulated in pap1-D calli at all three time points
Gene
MIPS code

Annotation

Day 5

Day 10

Day 15

FC*

p-value

FC*

p-value

FC*

p-value

2.73

0.0044

3.08

0.0000

2.30

0.0023

5.34

0.0003

6.29

0.0002

4.54

0.0006

4.26
6.15
5.34
6.71
7.83
7.20

0.0055
0.0010
0.0002
0.0001
0.0001
0.0009

3.06
5.11
5.70
6.09
5.13
4.53

0.0004
0.0007
0.0018
0.0000
0.0001
0.0026

2.53
3.57
2.89
3.33
4.35
2.97

0.0050
0.0079
0.0012
0.0114
0.0019
0.0008

4.51

0.0015

2.27

0.0082

2.03

0.0032

12.16
4.16
5.55

0.0000
0.0000
0.0008

6.31
5.59
4.00

0.0000
0.0001
0.0000

4.30
3.60
3.04

0.0014
0.0006
0.0020

5.35

0.0002

4.02

0.0000

2.39

0.0011

5.54

0.0001

4.46

0.0000

3.04

0.0044

4.87

0.0152

6.75

0.0005

2.15

0.0028

5.42

0.0002

6.56

0.0001

3.44

0.0055

Photosynthesis (light reaction) (27)

At3g54890
At3g61470
At2g20260
At4g28750
At1g31330
At1g55670
At4g12800
At1g30380
At1g10960
At1g60950
At1g61520
At5g66570
At1g15820
At1g06680
At4g21280
At4g05180

A component of the light harvesting complex associated
with photosystem I (LHCA1)
A component of the light harvesting antenna complex of
photosystem I (Lhca2)
Subunit E of photosystem I
Subunit E of Photosystem I
Subunit F of photosystem I
Subunit G of photosystem I
Subunit L of photosystem I reaction center
Subunit K of photosystem I reaction center
FERREDOXIN 1 (ATFD1); function including: electron
carrier activity, iron-sulfur cluster binding, 2 iron, 2 sulfur
cluster binding; involved in electron transport chain
Encodes a major leaf ferredoxin (Fd)
PSI type III chlorophyll a/b-binding protein (Lhca3*1)
An extrinsic subunit of photosystem II
Lhcb6 protein (Lhcb6), light harvesting complex of
photosystem II
23 kD extrinsic protein that is part of photosystem II and
participates in the regulation of oxygen evolution
PsbQ subunit of the oxygen evolving complex of
photosystem II
PsbQ subunit of the oxygen evolving complex of
photosystem II
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At4g10340
At5g54270
At4g13250
At1g29910
At1g79040
At4g02770
At1g20340
At2g26500
At4g03280
At1g67740

At4g04640

Annotation

Photosystem II encoding the light-harvesting chlorophyll
a/b binding protein CP26 of the antenna system of the
photosynthetic apparatus
Lhcb3 protein, a component of the main light harvesting
chlorophyll a/b-protein complex of Photosystem II (LHC
II)
A chlorophyll b reductase involved in the degradation of
chlorophyll b and LHCII (light harvesting complex II)
LHCII-1.1, member of chlorophyll a/b-binding protein
family
The 10 kDa PsbR subunit of photosystem II (PSII)
PsaD1 (photosystem I reaction center subunit II) like
protein
DNA-damage resistance protein (DRT112); one of two
Arabidopsis plastocyanin genes (PETE2)
Putative Cytochrome b6f complex subunit (petM);
plastoquinol-plastocyanin reductase activity
The Rieske FeS center of cytochrome b6f complex
PsbY precursor (psbY) mRNA. This single nuclear gene is
imported into the chloroplasts where it is processed into
two integral membrane proteins with identical topology
(PsbY-1 and PsbY-2). The protein appears to bind
manganese but its role is not well understood
One of two genes (with ATPC2) encoding the gamma
subunit of Arabidopsis chloroplast ATP synthase.

FC*

Day 5
p-value

Day 10
FC*
p-value

Day 15
FC*
p-value

3.96

0.0004

4.94

0.0000

2.83

0.0073

3.52

0.0002

4.30

0.0001

2.95

0.0049

2.63

0.0027

2.21

0.0000

3.26

0.0037

4.42

0.0002

4.07

0.0014

3.99

0.0034

7.19

0.0002

4.85

0.0001

3.13

0.0015

6.07

0.0036

8.03

0.0006

3.57

0.0015

6.37

0.0007

6.27

0.0003

3.68

0.0026

7.16

0.0007

4.40

0.0003

3.01

0.0034

3.68

0.0000

3.16

0.0001

2.64

0.0039

4.46

0.0001

3.81

0.0005

3.12

0.0005

5.28

0.0058

5.93

0.0000

4.13

0.0064
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Photosynthesis (Calvin Cycle) (5)

At1g67090
At1g42970
At3g26650
At1g12900
At1g32060

Annotation

Ribulose biphosphate carboxylase small chain 1A
(RBCS1A)
Glyceraldehyde-3-phosphate dehydrogenase
One of the two subunits forming the photosynthetic
glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
Glyceraldehyde 3-phosphate dehydrogenase A subunit 2
(GAPA-2)
Phosphoribulokinase (PRK); protein binding,
phosphoribulokinase activity, ATP binding

Photosynthesis (regulation) (2)
At3g56940 A putative ZIP protein with varying mRNA accumulation in
leaves, stems and roots; containing a consensus carboxylatebridged di-iron binding site (Crd1)
At3g02150 Trans-acting factor of the psbD light-responsive promoter, TCP
family protein
Other chloroplastic proteins (15)

At5g35630
At5g46110
At1g68010
At5g16010

Chloroplastic glutamine synthetase (GS2)
Chloroplast triose phosphate translocator
Encodes hydroxypyruvate reductase
3-oxo-5-alpha-steroid 4-dehydrogenase family protein
A member of the annexin gene family, which is a diverse
At1g35720 and multigene family of calcium-dependent, membranebinding proteins
At3g26570 A low affinity phosphate transporter
(S)-2-hydroxy-acid oxidase, peroxisomal, putative /
At3g14415
glycolate oxidase, putative

FC*

Day 5
p-value

Day 10
FC*
p-value

Day 15
FC*
p-value

6.72

0.0018

4.29

0.0008

4.33

0.0087

6.72

0.0018

4.29

0.0008

4.33

0.0087

4.78

0.0000

4.12

0.0000

3.19

0.0028

6.51

0.0171

5.32

0.0016

3.59

0.0002

3.76

0.0080

7.78

0.0128

17.20

0.0026

5.46

0.0001

3.66

0.0011

4.17

0.0009

2.14

0.0076

2.38

0.0004

2.83

0.0035

2.56
6.39
3.59
2.36

0.0037
0.0008
0.0088
0.0059

2.03
10.04
4.55
2.25

0.0008
0.0000
0.0002
0.0026

2.03
4.10
3.20
2.91

0.0051
0.0018
0.0046
0.0120

8.17

0.0002

4.26

0.0001

3.34

0.0009

2.24

0.0010

2.23

0.0025

2.13

0.0008

3.88

0.0103

7.98

0.0073

4.75

0.0177
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At5g54770
At1g74470
At5g14780
At3g54400
At1g64970
At1g52220
At3g51510
At1g54780

Annotation

A thiamine biosynthetic gene that has a dual function in
thiamine biosynthesis and mitochondrial DNA damage
tolerance
Geranylgeranyl reductase
NAD-dependent formate dehydrogenase
Aspartyl protease family protein; aspartic-type
endopeptidase activity
G-TMT tocopherol O-methyltransferase
Expressed protein (function known)
Expressed protein (function known)
Expressed protein (function known)

FC*

Day 5
p-value

Day 10
FC*
p-value

Day 15
FC*
p-value

2.49

0.0077

5.11

0.0000

2.46

0.0084

2.88
2.35

0.0003
0.0004

2.53
2.60

0.0003
0.0030

2.17
3.67

0.0095
0.0002

3.53

0.0004

2.72

0.0016

4.00

0.0049

2.42
2.99
2.54
12.52

0.0080
0.0024
0.0087
0.0056

2.50
5.24
2.18
6.57

0.0002
0.0000
0.0006
0.0046

2.51
3.16
2.64
3.18

0.0112
0.0109
0.0068
0.0067

3.11

0.0000

2.44

0.0000

2.91

0.0000

2.28

0.0014

2.02

0.0042

2.88

0.0070

2.28
3.09

0.0020
0.0028

3.92
2.50

0.0016
0.0023

4.39
2.59

0.0031
0.0018

2.64
3.00
5.73

0.0007
0.0024
0.0021

2.34
3.15
2.46

0.0042
0.0066
0.0028

2.09
4.11
2.10

0.0051
0.0010
0.0097

7.47

0.0000

5.25

0.0001

5.20

0.0003

Other transcription factor (4)

No apical meristem (NAM) family protein, involved in
At3g18400 multicellular organismal development, regulation of
transcription
No apical meristem (NAM) family protein, involved in
At5g18270 multicellular organismal development, regulation of
transcription
At1g52890 No apical meristem (NAM) family protein
At5g02030 A homeodomain transcription factor (BELLRINGER)
Glutathione S-transferase (3)

At1g59700 Glutathione transferase belonging to the tau class of GSTs
At1g69930 Glutathione transferase belonging to the tau class of GSTs
At1g17190 Glutathione S-transferase, putative
Response to biotic or abiotic stress (7)

At2g18980

Putative peroxidase; electron carrier activity, peroxidase
activity, heme binding
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Annotation

At5g20230 Al-stress-induced gene
AZI1 (azelaic acid induced 1); Involved in the priming of
At4g12470 salicylic acid induction and systemic immunity triggered
by pathogen or azelaic acid
A sulfotransferase that acts specifically on 11- and 12At5g07010
hydroxyjasmonic acid
A putative disease resistance protein (CC-NBS-LRR class)
At1g59124
/ putative PRM1 homolog
A polygalacturonase inhibiting protein involved in defense
At5g06860
response
A soluble epoxide hydrolase induced by auxin and water
At2g26740
stress

FC*

Day 5
p-value

Day 10
FC*
p-value

Day 15
FC*
p-value

4.85

0.0005

6.75

0.0039

7.10

0.0094

3.34

0.0056

10.94

0.0002

3.19

0.0082

2.83

0.0008

2.02

0.0014

2.97

0.0014

4.20

0.0003

4.98

0.0005

2.95

0.0026

2.58

0.0016

2.77

0.0047

2.81

0.0008

2.78

0.0046

4.27

0.0000

2.78

0.0012

4.42
3.94

0.0000
0.0000

3.89
3.71

0.0010
0.0003

5.01
4.50

0.0004
0.0004

36.66

0.0009

3.53

0.0007

4.42

0.0002

5.21

0.0003

2.94

0.0068

3.88

0.0083

2.71

0.0005

2.91

0.0002

3.17

0.0035

4.72

0.0004

4.08

0.0002

4.78

0.0078

2.04

0.0050

2.48

0.0019

2.69

0.0073

Others (27)

At1g01140 a CBL-interacting protein kinase with similarity to SOS2
At5g57350 A member of plasma membrane H+-ATPase family
A protein containing a LOB domain that is expressed in
At4g00220 embryos, flower primordium and lateral floral organ
boundaries
A protein shown to have carboxylesterase activity, methyl
At4g16690 IAA esterase activity, and methyl jasmonate esterase
activity in vitro
At5g24030 A protein with ten predicted transmembrane helices
A putative cytochrome P450; electron carrier activity,
At1g66540 monooxygenase activity, iron ion binding, oxygen binding,
heme binding
At1g78000 A sulfate transporter
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At5g53970
At5g06530
At1g18100
At5g19110
At2g22470
At1g13080
At1g17020
At3g44550
At5g55050
At1g61820
At5g48850
At4g01050
At5g48570
At2g28470
At2g43570

Annotation

A tyrosine aminotransferase which is strongly induced
upon aging and coronatine treatment
ABC transporter family protein
An E12A11 protein (E12A11)
An extracellular dermal glycoprotein-related / EDGPrelated; aspartic-type endopeptidase activity
Arabinogalactan-protein (AGP2).
Cytochrome P450 monooxygenase, involved in heat
acclimation, functions in oxygen binding, electron carrier,
ion binding activity, monooxygenase, heme binding
activity
Encodes a novel member of the Fe(II)/ascorbate oxidase
gene family; senescence-related gene.
FATTY ACID REDUCTASE 5 (FAR5); oxidoreductase
activity, acting on the CH-CH group of donors, binding,
catalytic activity
GDSL-motif lipase/hydrolase family protein; hydrolase
activity, acting on ester bonds, lipase activity,
carboxylesterase activity
Glycosyl hydrolase family 1 protein
Homologous to the wheat sulphate deficiency-induced
gene sdi1
Hydroxyproline-rich glycoprotein family protein
peptidyl-prolyl cis-trans isomerase, putative / FK506binding protein, putative
Putative beta-galactosidase (BGAL8 gene)
Putative chitinase; chitin binding, chitinase activity

FC*

Day 5
p-value

Day 10
FC*
p-value

Day 15
FC*
p-value

2.89

0.0005

2.05

0.0002

2.62

0.0006

2.44
3.04

0.0159
0.0017

3.23
2.58

0.0011
0.0054

3.52
5.35

0.0020
0.0005

2.70

0.0029

6.63

0.0056

4.76

0.0034

2.67

0.0023

2.20

0.0079

2.61

0.0061

4.27

0.0012

3.11

0.0016

5.46

0.0034

2.02

0.0016

2.17

0.0006

2.49

0.0018

3.67

0.0058

2.35

0.0048

3.02

0.0009

4.41

0.0003

2.64

0.0005

4.06

0.0026

3.70

0.0012

3.94

0.0041

3.98

0.0190

2.70

0.0023

4.58

0.0013

4.37

0.0016

3.17

0.0065

2.82

0.0002

2.45

0.0114

4.50

0.0002

3.55

0.0005

2.46

0.0003

2.70
3.56

0.0008
0.0001

2.15
2.01

0.0048
0.0026

2.30
2.58

0.0017
0.0008
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At4g33110
At5g50260
At5g43330
At2g37540
At1g74010

Annotation

Putative coclaurine N-methyltransferase; cyclopropanefatty-acyl-phospholipid synthase activity, (S)-coclaurineN-methyltransferase activity
Putative cysteine proteinase; cysteine-type endopeptidase
activity, cysteine-type peptidase activity
putative malate dehydrogenase
Short-chain dehydrogenase/reductase (SDR) family
protein; oxidoreductase activity, binding, catalytic activity
Strictosidine synthase family protein; strictosidine
synthase activity

FC*

Day 5
p-value

Day 10
FC*
p-value

Day 15
FC*
p-value

3.34

0.0005

2.24

0.0045

2.41

0.0084

6.74

0.0000

4.88

0.0014

6.60

0.0002

2.12

0.0030

2.31

0.0001

2.39

0.0022

2.25

0.0011

2.39

0.0004

3.03

0.0036

3.37

0.0003

2.29

0.0032

3.49

0.0016

13.25
57.42

0.0010
0.0004

58.00
66.89

0.0008
0.0021

45.95
102.33

0.0041
0.0003

3.87

0.0003

3.12

0.0042

2.78

0.0053

8.01

0.0010

5.19

0.0006

7.93

0.0001

2.18

0.0093

2.84

0.0089

3.24

0.0031

2.22
2.65
19.27
11.22
7.07

0.0005
0.0014
0.0207
0.0002
0.0036

2.27
2.05
4.29
18.01
2.96

0.0056
0.0020
0.0043
0.0015
0.0000

5.18
2.30
5.94
11.55
5.08

0.0083
0.0041
0.0032
0.0002
0.0000

11.16

0.0000

14.96

0.0001

12.06

0.0001

Genes with unknown function (23)

At3g31955 CACTA-like transposase family (Ptta/En/Spm)
At2g06730 CACTA-like transposase family (Ptta/En/Spm)
Disease resistance protein (CC-NBS-LRR class), putative,
At1g58842
no result in TAIR
En/Spm-like transposon protein related to En/Spm
At2g05650
transposon family of maize
En/Spm-like transposon protein related to En/Spm
At2g04770
transposon family of maize
At5g17650 Glycine/proline-rich protein
At2g46140 Late embryogenesis abundant protein, putative
At1g12720 Mutator-like transposase
At3g33066 Pseudogene
At2g26630 Transposase IS4 family protein
Putative MuDR-A-like transposon protein similar to Z.
At4g08680
mays MuDR-A protein
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At4g07810 Putative polyprotein
At5g30332 Putative protein
At5g30820 Putative protein
At5g03090 Hypothetical protein
At2g10850 Hypothetical protein
At5g37880 Hypothetical protein
At5g03090 Hypothetical protein
At2g26530 Expressed protein
At2g41800 Expressed protein
At2g46420 Expressed protein
At2g14350 Expressed protein
At4g16410 Expressed protein
(Fold change ≥ 2 and FDR for accumulated sets ≤0.027)
*Absolute value

FC*

Day 5
p-value

3.60
30.60
8.14
47.80
47.98
63.37
8.59
2.05
2.93
3.97
292.35
3.91

0.0029
0.0007
0.0002
0.0002
0.0034
0.0002
0.0116
0.0032
0.0011
0.0057
0.0007
0.0179

Day 10
FC*
p-value

2.38
29.70
19.03
29.41
40.33
23.97
10.88
3.08
2.76
2.65
295.59
2.85

0.0006
0.0005
0.0000
0.0131
0.0000
0.0039
0.0008
0.0054
0.0022
0.0004
0.0002
0.0030

Day 15
FC*
p-value

4.13
47.30
7.85
10.48
33.58
13.25
10.38
2.91
2.10
3.33
126.38
2.31

0.0003
0.0001
0.0001
0.0009
0.0127
0.0006
0.0002
0.0105
0.0033
0.0050
0.0018
0.0022
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Table 9. List of 185 genes significantly down-regulated in pap1-D calli specifically at day
5. (fold change ≥ 2 and FDR for accumulated sets ≤0.027)
Gene MIPS
Probe Set ID
Annotation
code
Extensin and extensin-like family protein (10)
265169_x_at At1g23720
proline-rich extensin-like family protein
263552_x_at At2g24980
proline-rich extensin-like family protein
255516_at
At4g02270
pollen Ole e 1 allergen and extensin family protein
251842_at
At3g54580
proline-rich extensin-like family protein
251843_x_at At3g54590
proline-rich extensin-like family protein
250778_at
At5g05500
pollen Ole e 1 allergen and extensin family protein
250682_x_at At5g06630
proline-rich extensin-like family protein
250683_x_at At5g06640
proline-rich extensin-like family protein
245172_at
At2g47540
pollen Ole e 1 allergen and extensin family protein
257041_at
At3g28550
proline-rich extensin-like family protein
Expansin (3)
261099_at
At1g62980
expansin, putative (EXP18)
259525_at
At1g12560
expansin, putative (EXP7)
255822_at
At2g40610
expansin, putative (EXP8)
Peroxidase activity (9)
265102_at
264567_s_at
261157_at
253998_at
250059_at
247297_at
246991_at
258957_at

At1g30870
At1g05250
At1g34510
At4g26010
At5g17820
At5g64100
At5g67400
At3g01420

248486_at
At5g51060
Heat shock protein (6)
266294_at
262911_s_at

At2g29500
At1g59860

262148_at

At1g52560

260978_at
247691_at

At1g53540
At5g59720

cationic peroxidase, putative
peroxidase, putative
peroxidase, putative
peroxidase, putative
peroxidase 57 (PER57) (P57) (PRXR10)
peroxidase, putative
peroxidase 73 (PER73) (P73) (PRXR11)
pathogen-responsive alpha-dioxygenase, putative
respiratory burst oxidase protein C (RbohC) /
NADPH oxidase
17.6 kDa class I small heat shock protein
(HSP17.6B-CI)
17.8 kDa class I heat shock protein (HSP17.8-CI)
26.5 kDa class I small heat shock protein-like
(HSP26.5-P)
17.6 kDa class I small heat shock protein
(HSP17.6C-CI) (AA 1-156)
18.1 kDa class I heat shock protein (HSP18.1-CI)
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248752_at
At5g47600
Transcription factor (12)
246977_at
At5g24930
253023_at
At4g38070
245126_at
At2g47460
245592_at

At4g14540

263690_at

At1g26960

245250_at

At4g17490

267026_at
246215_at

At2g38340
At4g37180

254130_at
265573_at

At4g24540
At2g28200

263549_at
At2g21650
261815_at
At1g08325
Terpenoid biosyntetic process (3)

Annotation
heat shock protein-related
zinc finger (B-box type) family protein
bHLH family protein
myb family transcription factor (MYB12)
CCAAT-box binding transcription factor subunit B
(NF-YB) (HAP3 ) (AHAP3) family
homeobox-leucine zipper protein, putative / HD-ZIP
transcription factor, putative
ethylene-responsive element-binding protein,
putative
AP2 domain-containing transcription factor,
putative (DRE2B) (dehydration-responsive elementbinding protein)
myb family transcription factor
MADS-box family protein (AGL24, regulate
flowering)
zinc finger (C2H2 type) family protein
myb family transcription factor (RSM1, invovled in
early morphogenesis; embryo development ending
in seed dormancy)
bZIP family transcription factor

cytochrome P450 family protein (catalyze the
addition of a double bond to thalian-diol at carbon
248727_at
At5g47990
15)
gibberellin 2-oxidase, putative / GA2-oxidase,
259445_at
At1g02400
putative
cytochrome P450 family protein (lutein
251969_at
At3g53130
biosynthesis)
Other genes involved in ethylene synthesis and response (3)
267138_s_at

At2g38210

265194_at

At1g05010

253999_at

At4g26200

ethylene-responsive protein, putative
1-aminocyclopropane-1-carboxylate oxidase / ACC
oxidase / ethylene-forming enzyme (ACO) (EAT1)
1-aminocyclopropane-1-carboxylate synthase,
putative / ACC synthase, putative
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Others (140)
263736_at

At1g60000

262638_at
265741_at
247232_at
249073_at
261931_at
249375_at
252833_at
255345_at
266106_at
263959_at
259272_at
245903_at
263003_at
248164_at

At1g06650
At2g01320
At5g64940
At5g44020
At1g22430
At5g40730
At4g40090
At4g04460
At2g45170
At2g36210
At3g01290
At5g11100
At1g54450
At5g54490

267076_at

At2g41090

246596_at

At5g14740

264313_at

At1g70410

262473_at

At1g50250

245306_at

At4g14690

260529_at

At2g47400

258005_at

At3g19390

246947_at
263883_at
248183_at
266920_at

At5g25120
At2g21830
At5g54040
At2g45750

245456_at

At4g16950

Annotation
29 kDa ribonucleoprotein, chloroplast, putative /
RNA-binding protein cp29, putative
2-oxoglutarate-dependent dioxygenase, putative
ABC transporter family protein
ABC1 family protein
acid phosphatase class B family protein
alcohol dehydrogenase, putative
arabinogalactan-protein (AGP24)
arabinogalactan-protein (AGP3)
aspartyl protease family protein
autophagy 8e (APG8e)
auxin-responsive family protein
band 7 family protein
C2 domain-containing protein
calcium-binding EF-hand family protein
calcium-binding EF-hand protein, putative
calmodulin-like calcium-binding protein, 22 kDa
(CaBP-22)
carbonic anhydrase 2 / carbonate dehydratase 2
(CA2) (CA18)
carbonic anhydrase, putative / carbonate
dehydratase, putative
cell division protein ftsH homolog 1, chloroplast
(FTSH1) (FTSH)
chlorophyll A-B binding family protein / early lightinduced protein, putative
CP12 domain-containing protein
cysteine proteinase, putative / thiol protease,
putative
cytochrome P450 family protein
DC1 domain-containing protein
DC1 domain-containing protein
dehydration-responsive family protein
disease resistance protein (TIR-NBS-LRR class),
putative
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Table 9 Continued
Gene MIPS
Probe Set ID
code
252648_at

At3g44630

265183_at

At1g23750

255866_at

At2g30350

264685_at

At1g65610

266945_at
253660_at
265067_at
260584_at
266166_at

At2g18880
At4g30140
At1g03850
At2g43660
At2g28080

255577_at

At4g01410

260344_at
250483_at
245967_at
249152_s_at

At1g69240
At5g10300
At5g19800
At5g43370

266765_at

At2g46860

254534_at
265051_at
264053_at

At4g19680
At1g52100
At2g22560

262047_at

At1g80160

267597_at
253734_at
254648_at
262733_s_at
246915_at

At2g33020
At4g29180
At4g18550
At1g28670
At5g25880

256021_at

At1g58270

264920_at

At1g60550

Annotation
disease resistance protein RPP1-WsB-like (TIRNBS-LRR class), putative
DNA-binding protein-related
endo/excinuclease amino terminal domaincontaining protein
endo-1,4-beta-glucanase, putative / cellulase,
putative
fibronectin type III domain-containing protein
GDSL-motif lipase/hydrolase family protein
glutaredoxin family protein
glycosyl hydrolase family protein 17
glycosyltransferase family protein
harpin-induced family protein / HIN1 family protein
/ harpin-responsive family protein
hydrolase, alpha/beta fold family protein
hydrolase, alpha/beta fold family protein
hydroxyproline-rich glycoprotein family protein
inorganic phosphate transporter (PHT1) (PT1)
inorganic pyrophosphatase, putative (soluble) /
pyrophosphate phospho-hydrolase, putative / PPase,
putative
iron-responsive transporter (IRT2)
jacalin lectin family protein
kinase interacting protein-related
lactoylglutathione lyase family protein / glyoxalase I
family protein
leucine-rich repeat family protein
leucine-rich repeat protein kinase, putative
lipase class 3 family protein
lipase, putative
malate oxidoreductase, putative
meprin and TRAF homology domain-containing
protein / MATH domain-containing protein
naphthoate synthase, putative / dihydroxynaphthoic
acid synthetase, putative / DHNA synthetase,
putative
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Table 9 Continued
Gene MIPS
Probe Set ID
code
256892_at

At3g19000

249102_at
246252_s_at
258765_at
250801_at

At5g43590
At4g37070
At3g10710
At5g04960

250739_at

At5g05740

257217_at

At3g14940

248333_at
251918_at

At5g52390
At3g54040

259840_at

At1g52230

267569_at

At2g30790

262679_at

At1g75830

245745_at

At1g51115

262283_at

At1g68590

251226_at

At3g62680

256935_at

At3g22570

259947_at
260366_at
245577_at
263711_at

At1g71530
At1g70460
At4g14780
At2g20630

248636_at

At5g49080

265956_at
263689_at

At2g37290
At1g26820

253244_at

At4g34580

265439_at
252606_at

At2g21045
At3g45010

Annotation
oxidoreductase, 2OG-Fe(II) oxygenase family
protein
patatin, putative
patatin, putative
pectinesterase family protein
pectinesterase family protein
peptidase M50 family protein / sterol-regulatory
element binding protein (SREBP) site 2 protease
family protein
phosphoenolpyruvate carboxylase, putative / PEP
carboxylase, putative
photoassimilate-responsive protein, putative
photoassimilate-responsive protein-related
photosystem I reaction center subunit VI,
chloroplast, putative / PSI-H, putative (PSAH2)
photosystem II oxygen-evolving complex 23,
putative
plant defensin-fusion protein, putative (PDF1.1)
plastid-lipid associated protein PAP / fibrillin family
protein
plastid-specific 30S ribosomal protein 3, putative /
PSRP-3, putative
proline-rich family protein
protease inhibitor/seed storage/lipid transfer protein
(LTP) family protein
protein kinase family protein
protein kinase, putative
protein kinase, putative
protein phosphatase 2C, putative / PP2C, putative
putative protein similar to unknown protein (pir
|T14195)
RabGAP/TBC domain-containing protein
ribonuclease 3 (RNS3)
SEC14 cytosolic factor, putative / phosphoglyceride
transfer protein, putative
senescence-associated family protein
serine carboxypeptidase III, putative
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Table 9 Continued
Gene MIPS
Probe Set ID
code
267555_at
At2g32765
253039_at

At4g37760

247756_at
247709_at
260943_at
251031_at

At5g59100
At5g59250
At1g45145
At5g02120

257284_at

At3g29650

256319_at

At1g35910

266291_at

At2g29320

249469_at

At5g39320

254044_at

At4g25820

247871_at

At5g57530

266320_at
263341_at
262719_at
261243_at
257096_at
255918_at
247913_at
257327_at
264544_s_at
257292_s_at
267294_at
267261_at
267172_at
264998_at
264341_at
263947_at
263676_at

At2g46640
At2g05030
At1g43590
At1g20180
At3g30820
At5g28570
At5g57510
orf100c
At1g55800
At3g15600
At2g23670
At2g23120
At2g37660
At1g67330
At1g70270
At2g35820
At1g09340

Annotation
small ubiquitin-like modifier 5 (SUMO)
squalene monooxygenase, putative / squalene
epoxidase, putative
subtilase family protein
sugar transporter family protein
thioredoxin H-type 5 (TRX-H-5) (TOUL)
thylakoid membrane one helix protein (OHP)
TNP1-like protein similar to TNP1 protein
GB:S23817 [Antirrhinum majus]
trehalose-6-phosphate phosphatase, putative
tropinone reductase, putative / tropine
dehydrogenase, putative
UDP-glucose 6-dehydrogenase, putative
xyloglucan:xyloglucosyl transferase / xyloglucan
endotransglycosylase / endo-xyloglucan transferase
(XTR9)
xyloglucan:xyloglucosyl transferase, putative /
xyloglucan endotransglycosylase, putative
hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
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Table 9 Continued
Gene MIPS
Probe Set ID
code
263164_at
At1g03070
262801_at
At1g21010
261861_at
At1g50450
260983_at
At1g53560
260005_at
At1g67920
258049_at
At3g16220
256766_at
At3g22231
256759_at
At3g25640
256215_at
At1g50900
256159_at
At1g30135
253401_at
At4g32870
252908_at
At4g39670
252217_at
At3g50140
251640_at
At3g57450
251293_at
At3g61930
251243_at
At3g61870
251036_at
At5g02160
250844_at
At5g04470
250224_at
At5g14150
250187_at
At5g14370
249778_at
At5g24165
249358_at
At5g40510
248889_at
At5g46230
248292_at
At5g53030
248227_at
At5g53820
247880_at
At5g57780
247214_at
At5g64850
246534_at
At5g15890
265670_s_at At2g32210
265674_at
At2g32190
262832_s_at At1g14870

Annotation
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
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Table 10. List of 76 genes significantly down-regulated in pap1-D calli specifically at day
10. (Fold change ≥ 2 and FDR for accumulated sets ≤0.027)
Probe Set ID Gene MIPS code
Photosynthesis (light reaction)(8)
245047_at
psbA
245003_at
psbC
245006_at
psaB
245007_at
psaA
244972_at
psbB
263114_at
259981_at

At1g03130
At1g76450

245213_at
At1g44575
Photosynthesis (Calvin cycle) (1)
251762_at
At3g55800
Cell wall organization (9)
250142_at
At5g14650
261834_at
At1g10640
245196_at
At1g67750
248263_at
At5g53370
260962_at
At1g44980
259897_at

At1g71380

257203_at

At3g23730

253040_at

At4g37800

255433_at
At4g03210
Transcription factor (8)
260237_at
263467_at
257610_at

At1g74430
At2g31730
At3g13810

Annotation
PSII 32 KDa protein
PSII 43 KDa protein
PSI P700 apoprotein A2
PSI P700 apoprotein A1
PSII 47KDa protein
photosystem I reaction center subunit II,
chloroplast, putative / photosystem I 20 kDa
subunit, putative / PSI-D, putative (PSAD2)
oxygen-evolving complex-related
photosystem II 22kDa protein, chloroplast / CP22
(PSBS)
sedoheptulose-1,7-bisphosphatase, chloroplast /
sedoheptulose-bisphosphatase
polygalacturonase, putative / pectinase, putative
polygalacturonase, putative / pectinase, putative
pectate lyase family protein
pectinesterase family protein
pectinesterase family protein
glycosyl hydrolase family 9 protein (endoglucanase
9)
xyloglucan:xyloglucosyl transferase, putative /
xyloglucan endotransglycosylase, putative / endoxyloglucan transferase, putative
xyloglucan:xyloglucosyl transferase, putative /
xyloglucan endotransglycosylase, putative / endoxyloglucan transferase, putative
xyloglucan:xyloglucosyl transferase, putative /
xyloglucan endotransglycosylase, putative / endoxyloglucan transferase, putative
myb family transcription factor (MYB95) (response
to JA and SA)
ethylene-responsive protein, putative (bHLH)
zinc finger (C2H2 type) family protein
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Table 10 Continued
Gene MIPS
Probe Set ID
code

249769_at
259293_at
254347_at
247151_at

At5g24120
At3g11580
At4g22070
At5g65640

246523_at
Others (50)

At5g15850

259452_at

At1g44060

266418_at

At2g38750

257021_at

At3g19710

256712_at

At2g34020

245242_at

At1g44446

262667_at

At1g62810

265943_at

At2g19570

257628_at
263120_at
260106_at
263374_at
264565_at
252929_at
263320_at

At3g26290
At1g78490
At1g35420
At2g20560
At1g05280
At4g38970
At2g47180

251746_at

At3g56060

260745_at
260007_at
260248_at
251952_at
259387_at
252143_at

At1g78370
At1g67870
At1g74310
At3g53650
At1g13370
At3g51150

262704_at

At1g16530

Annotation
RNA polymerase sigma subunit SigE (sigE) / sigmalike factor (SIG5)(encode a speical sigma factor
functions in regulating plastid genes)
DNA-binding protein, putative
WRKY family transcription factor (WRKY31)
basic helix-loop-helix (bHLH) family protein (093)
zinc finger protein CONSTANS-LIKE 1
(COL1)(flower development, circadian rhythm)
En/Spm-like transposon protein, putative similar to
En/Spm-like transposon protein GI:6598520 from
[Arabidopsis thaliana]
annexin 4 (ANN4)
branched-chain amino acid aminotransferase,
putative / branched-chain amino acid transaminase,
putative (BCAT4)
calcium-binding EF hand family protein
chlorophyll a oxygenase (CAO) / chlorophyll b
synthase
copper amine oxidase, putative
cytidine deaminase (CDD) / cytidine
aminohydrolase
cytochrome P450 71B26, putative (CYP71B26)
cytochrome P450 family protein
dienelactone hydrolase family protein
DNAJ heat shock family protein
fringe-related protein
fructose-bisphosphate aldolase, putative
galactinol synthase, putative
glucose-methanol-choline (GMC) oxidoreductase
family protein
glutathione S-transferase, putative
glycine-rich protein
heat shock protein 101 (HSP101)
histone H2B, putative
histone H3, putative
kinesin motor family protein
LOB domain protein 3 / lateral organ boundaries
domain protein 3 (LBD3)
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Table 10 Continued
Gene MIPS
Probe Set ID
code
252220_at

At3g49940

264574_at
257008_at
263161_at
266140_at
254024_at

At1g05300
At3g14210
At1g54020
At2g28120
At4g25780

254832_at

At4g12490

258456_at
267635_at
258169_at
256789_at
248348_at
257932_at
262577_at

At3g22420
At2g42220
At3g21590
At3g13672
At5g52190
At3g17040
At1g15290

266292_at

At2g29350

262449_at

At1g11160

253806_at

At4g28270

258230_s_at
245980_at
247744_at
249747_at
251519_at
255532_at
258223_at
262452_at
264915_at
266693_at
267199_at

At3g27710
At5g13140
At5g59020
At5g24600
At3g59400
At4g02170
At3g15840
At1g11210
At1g60790
At2g19800
At2g30990

Annotation
LOB domain protein 38 / lateral organ boundaries
domain protein 38 (LBD38)
metal transporter, putative (ZIP5)
myrosinase-associated protein, putative
myrosinase-associated protein, putative
nodulin family protein
pathogenesis-related protein, putative
protease inhibitor/seed storage/lipid transfer protein
(LTP) family protein
protein kinase family protein
rhodanese-like domain-containing protein
senescence/dehydration-associated protein-related
seven in absentia (SINA) family protein
sugar isomerase (SIS) domain-containing protein
tetratricopeptide repeat (TPR)-containing protein
tetratricopeptide repeat (TPR)-containing protein
tropinone reductase, putative / tropine
dehydrogenase, putative
WD-40 repeat family protein / katanin p80 subunit,
putative
zinc finger (C3HC4-type RING finger) family
protein
zinc finger protein-related
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
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Table 11. List of 157 genes significantly down-regulated in pap1-D calli specifically at
day 15. (Fold change ≥ 2 and FDR for accumulated sets ≤0.027)
Probe Set ID Gene MIPS code
Annotation
Glutathione S-transferase (5)
266270_at
At2g29470
266236_at
At2g02380
266181_at
At2g02390
264436_at
At1g10370
250983_at
At5g02780
Response to nutrient levels (5)
266673_at

At2g29630

259221_s_at At3g03540
252415_at
At3g47340
252677_at
At3g44320
266743_at
At2g02990
Response to wounding (7)
262382_at
247655_at
264415_at
267612_at

At1g72920
At5g59820
At1g43160
At2g26690

256178_s_at At1g51780
250292_at
At5g13220
260391_at
At1g74020
Other transporters (12)
267483_at
At2g02810
251457_s_at At3g60160
254710_at
At4g18050
251090_at
249255_at

At5g01340
At5g41610

266649_at
254743_at

At2g25810
At4g13420

glutathione S-transferase, putative
glutathione S-transferase, putative
glutathione S-transferase zeta 1 (GSTZ1) (GST18)
glutathione S-transferase, putative (ERD9)
In2-1 protein, putative
thiamine biosynthesis family protein / thiC family
protein (response to vitamine B1)
phosphoesterase family protein (response to P
depletion)
asparagine synthetase 1 (glutamine-hydrolyzing) /
glutamine-dependent asparagine synthetase 1
(ASN1)(response to sucrose starvation)
nitrilase 3 (NIT3) (response to P depletion)
ribonuclease 1 (RNS1) (response to P depletion)
disease resistance protein (TIR-NBS class),
putative
zinc finger (C2H2 type) family protein (ZAT12)
AP2 domain-containing protein RAP2.6 (RAP2.6)
nitrate transporter (NTP2)
IAA-amino acid hydrolase 3 / IAA-Ala hydrolase 3
(IAR3)
expressed protein (JAZ10)
strictosidine synthase family protein
UDP-galactose/UDP-glucose transporter
ABC transporter family protein
ABC transporter family protein
mitochondrial substrate carrier family protein
(succinate transport)
cation/hydrogen exchanger, putative (CHX18)
tonoplast intrinsic protein, putative (Aquaporin
TIP4-1)
potassium transporter (HAK5)
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Table 11 Continued
Probe Set ID Gene MIPS
code
262855_at

At1g20860

262925_at
At1g65730
266672_at
At2g29650
264652_at
At1g08920
264191_at
At1g54730
Transcription factor (9)
256149_at
267087_at
258960_at

At1g55110
At2g32460
At3g10590

251114_at

At5g01380

260856_at
259729_at

At1g21910
At1g77640

266841_at

At2g26150

260632_at

At1g62360

248524_s_at At5g50570
Others (157)
265615_at
At2g25450
255284_at

At4g04610

264745_at

At1g62180

256969_at

At3g21080

263348_at

At2g05710

264929_at
251642_at

At1g60730
At3g57520

Annotation
phosphate transporter family protein
oligopeptide transporter OPT family protein
(Probable metal-nicotianamine transporter YSL7)
inorganic phosphate transporter, putative
sugar transporter, putative
sugar transporter, putative
zinc finger (C2H2 type) family protein
myb family transcription factor (MYB101)
myb family transcription factor
expressed protein (Homeodomain-like superfamily
protein)
AP2 domain-containing transcription factor family
protein (response to JA, SA, heat and freezing)
AP2 domain-containing transcription factor, putative
heat shock transcription factor family protein
(Involved in response to misfolded protein
accumulation in the cytosol. Regulated by alternative
splicing and non-sense-mediated decay)
homeobox protein SHOOT MERISTEMLESS
(STM)
squamosa promoter-binding protein, putative
(SPL13, anther development)
2-oxoglutarate-dependent dioxygenase, putative
5'-adenylylsulfate reductase (APR1) / PAPS
reductase homolog (PRH19)
5'-adenylylsulfate reductase 2, chloroplast (APR2)
(APSR) / adenosine 5'-phosphosulfate 5'adenylylsulfate (APS) sulfotransferase 2 / 3'phosphoadenosine-5'-phosphosulfate (PAPS)
reductase homolog 43 (PRH-43)
ABC transporter-related
aconitate hydratase, cytoplasmic, putative / citrate
hydro-lyase/aconitase, putative
aldo/keto reductase family protein
alkaline alpha galactosidase, putative
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Table 11 Continued
Probe Set ID Gene MIPS code
257644_at

At3g25780

246260_at
257241_at

At1g31820
At3g24210

250385_at

At5g11520

250293_s_at At5g13360
254020_at
At4g25700
248311_at
At5g52570
264524_at

At1g10070

245650_at
256049_at
249197_at
251060_at
262244_at

At1g24735
At1g07010
At5g42380
At5g01820
At1g48260

251975_at

At3g53230

254185_at

At4g23990

264514_at

At1g09500

255235_at
245197_at
262381_at

At4g05510
At1g67800
At1g72900

249386_at

At5g40060

249264_s_at At5g41740
258984_at

At3g08970

251884_at
265075_at
252997_at
247640_at

At3g54150
At1g55450
At4g38400
At5g60610

261218_at

At1g20020

Annotation
allene oxide cyclase, putative / early-responsive to
dehydration protein, putative / ERD protein, putative
amino acid permease family protein
ankyrin repeat family protein
aspartate aminotransferase, chloroplast /
transaminase A (ASP3) (YLS4)
auxin-responsive GH3 family protein
beta-carotene hydroxylase
beta-carotene hydroxylase, putative
branched-chain amino acid aminotransferase 2 /
branched-chain amino acid transaminase 2 (BCAT2)
caffeoyl-CoA 3-O-methyltransferase, putative
calcineurin-like phosphoesterase family protein
calmodulin-related protein, putative
CBL-interacting protein kinase 14 (CIPK14)
CBL-interacting protein kinase 17 (CIPK17)
cell division cycle protein 48, putative / CDC48,
putative
cellulose synthase family protein
cinnamyl-alcohol dehydrogenase family / CAD
family
contains similarity to transposases
copine-related
disease resistance protein (TIR-NBS class), putative
disease resistance protein (TIR-NBS-LRR class),
putative
disease resistance protein (TIR-NBS-LRR class),
putative
DNAJ heat shock N-terminal domain-containing
protein
embryo-abundant protein-related
embryo-abundant protein-related
expansin family protein (EXPL2)
F-box family protein
ferredoxin--NADP(+) reductase, putative /
adrenodoxin reductase, putative
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Table 11 Continued
Probe Set ID Gene MIPS code
264506_at

At1g09560

249729_at

At5g24410

253496_at

At4g31870

249337_at

At5g41080

253012_at
258038_at
265680_at

At4g37900
At3g21260
At2g32150

250994_at

At5g02490

264543_at
259915_at
267038_at
248713_at

At1g55780
At1g72790
At2g38480
At5g48180

262603_at

At1g15380

265379_at

At2g18340

246332_at

At3g44830

252984_at
263403_at
263404_s_at
252989_at
262139_at
246464_at
249406_at
255129_at
261576_at
253104_at
245757_at

At4g37990
At2g04040
At2g04100
At4g38420
At1g52610
At5g16980
At5g40210
At4g08290
At1g01070
At4g36010
At1g35140

245744_at

At1g51110

249527_at

At5g38710

Annotation
germin-like protein (GLP4) (GLP5)
glucosamine/galactosamine-6-phosphate isomeraserelated
glutathione peroxidase, putative
glycerophosphoryl diester phosphodiesterase family
protein
glycine-rich protein
glycolipid transfer protein-related
haloacid dehalogenase-like hydrolase family protein
heat shock cognate 70 kDa protein 2 (HSC70-2)
(HSP70-2)
heavy-metal-associated domain-containing protein
hydroxyproline-rich glycoprotein family protein
integral membrane protein, putative
kelch repeat-containing protein
lactoylglutathione lyase family protein / glyoxalase I
family protein
late embryogenesis abundant domain-containing
protein / LEA domain-containing protein
lecithin:cholesterol acyltransferase family protein /
LACT family protein
mannitol dehydrogenase, putative (ELI3-2)
MATE efflux family protein
MATE efflux family protein
multi-copper oxidase type I family protein
Mutator-like transposase family
NADP-dependent oxidoreductase, putative
nodulin MtN21 family protein
nodulin MtN21 family protein
nodulin MtN21 family protein
pathogenesis-related thaumatin family protein
phosphate-responsive protein, putative
plastid-lipid associated protein PAP / fibrillin family
protein
proline oxidase, putative / osmotic stress-responsive
proline dehydrogenase, putative
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Table 11 Continued
Probe Set ID Gene MIPS code
263419_at
266037_at

At2g17220
At2g05940

262281_at

At1g68570

248022_at

At5g56510

263595_at

At2g01890

256057_at

At1g07180

250094_at
246335_at
253632_at
256014_at

At5g17380
At3g44880
At4g30430
At1g19200

258815_at

At3g04000

265044_at
265375_at

At1g03950
At2g06530

248607_at

At5g49480

261107_at

At1g63010

261242_at
264720_at

At1g32960
At1g70080

261430_at

At1g18830

249494_at
255922_at
251334_at
256522_at

At5g39050
At1g22210
At3g61390
At1g66160

251971_at

At3g53160

257940_at

At3g21790

257949_at

At3g21750

260567_at

At2g43820

Annotation
protein kinase, putative
protein kinase, putative
proton-dependent oligopeptide transport (POT)
family protein
pumilio/Puf RNA-binding domain-containing
protein
purple acid phosphatase, putative
pyridine nucleotide-disulphide oxidoreductase
family protein
pyruvate decarboxylase family protein
Rieske (2Fe-2S) domain-containing protein
senescence-associated family protein
senescence-associated protein-related
short-chain dehydrogenase/reductase (SDR) family
protein
SNF7 family protein
SNF7 family protein
sodium-inducible calcium-binding protein (ACP1) /
sodium-responsive calcium-binding protein (ACP1)
SPX (SYG1/Pho81/XPR1) domain-containing
protein
subtilase family protein
terpene synthase/cyclase family protein
transducin family protein / WD-40 repeat family
protein
transferase family protein
trehalose-6-phosphate phosphatase, putative
U-box domain-containing protein
U-box domain-containing protein
UDP-glucoronosyl/UDP-glucosyl transferase family
protein
UDP-glucoronosyl/UDP-glucosyl transferase family
protein
UDP-glucoronosyl/UDP-glucosyl transferase family
protein
UDP-glucoronosyl/UDP-glucosyl transferase family
protein
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Table 11 Continued
Probe Set ID Gene MIPS code
245363_at
267160_at

At4g15120
At2g37670

252320_at

At3g48580

253628_at

At4g30280

247290_at
250951_at
252623_at
262356_at
264311_at
260118_s_at
246158_at
247208_at
247324_at
247488_at
248205_at
248959_at
253643_at
254380_at
254629_at
255608_at
255950_at
257421_at
257672_at
259399_at
259856_at
260686_at
261297_at
262369_at
265618_at
265698_at
266004_at

At5g64450
At5g03550
At3g45320
At1g73000
At1g70400
At1g33940
At5g19855
At5g64870
At5g64190
At5g61820
At5g54300
At5g45630
At4g29780
At4g21865
At4g18425
At4g01140
At1g22110
At1g12030
At3g20300
At1g17710
At1g68440
At1g17620
At1g48500
At1g73010
At2g25460
At2g32160
At2g37330

Annotation
VQ motif-containing protein
WD-40 repeat family protein
xyloglucan:xyloglucosyl transferase, putative /
xyloglucan endotransglycosylase, putative / endoxyloglucan transferase, putative
xyloglucan:xyloglucosyl transferase, putative /
xyloglucan endotransglycosylase, putative / endoxyloglucan transferase, putative
hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
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Table 12. List of 55 gene transcripts significantly down-regulated in pap1-D calli at both
days 5 and 10. (Fold change ≥ 2 and FDR for accumulated sets ≤0.027)
Gene
Probe Set ID
Annotation
MIPS code
Photosynthesis (light reaction)(14)
photosystem II reaction center W (PsbW) protein267526_at
At2g30570
related
chlorophyll A-B binding protein / LHCII type I
267002_s_at At2g34430
(LHB1B2)
265722_at
At2g40100
chlorophyll A-B binding protein (LHCB4.3)
264837_at
At1g03600
photosystem II family protein
261769_at
At1g76100
plastocyanin
258993_at
At3g08940
chlorophyll A-B binding protein (LHCB4.2)
photosystem I reaction center subunit VI, chloroplast,
258285_at
At3g16140
putative / PSI-H, putative (PSAH1)
256979_at
At3g21055
photosystem II 5 kD protein, putative
chlorophyll A-B binding protein 4, chloroplast / LHCI
252430_at
At3g47470
type III CAB-4 (CAB4)
251082_at
At5g01530
chlorophyll A-B binding protein CP29 (LHCB4)
photosystem I reaction center subunit PSI-N,
247320_at
At5g64040
chloroplast, putative / PSI-N, putative (PSAN)
248828_at
At5g47110
lil3 protein, putative, chlrorophyll a/b binding
membrane protein, putative (with sequence similarity to
265374_at
At2g06520
the spinach photosystem II subunit PsbX)
261746_at
At1g08380
expressed protein (Encodes subunit O of photosystem I)
Phtosynthesis (Calvin Cycle)(2)
fructose-1,6-bisphosphatase, putative / D-fructose-1,6bisphosphate 1-phosphohydrolase, putative / FBPase,
251885_at
At3g54050
putative
ribulose bisphosphate carboxylase/oxygenase activase /
245061_at
At2g39730
RuBisCO activase
Chlorophyll biosynthesis (3)
magnesium-chelatase subunit chlH, chloroplast, putative
250243_at
At5g13630
/ Mg-protoporphyrin IX chelatase, putative (CHLH)
magnesium-chelatase subunit chlI, chloroplast / Mg254623_at
At4g18480
protoporphyrin IX chelatase (CHLI) (CS) (CH42)
protochlorophyllide reductase B, chloroplast / PCR B /
253871_at
At4g27440
NADPH-protochlorophyllide oxidoreductase B (PORB)
Other chloroplastic protein (8)
chloroplast signal recognition particle component
245123_at
At2g47450
(CAO) (target protein to thylakoid membrane)
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Table 12 Continued
Gene
Probe Set ID
MIPS code
258087_at

At3g26060

265182_at
263761_at
247813_at

At1g23740
At2g21330
At5g58330

249876_at
254187_at
262954_at
Others (28)

At5g23060
At4g23890
At1g54500

247318_at

At5g63990

256358_at
266342_at
267119_at
256714_at

At1g66470
At2g01540
At2g32610
At2g34080

261100_at

At1g63020

256336_at

At1g72030

260221_at
249694_at
266299_at

At1g74670
At5g35790
At2g29450

260704_at

At1g32470

253009_at

At4g37930

258151_at

At3g18080

248332_at

At5g52640

255695_at

At4g00080

247450_at

At5g62350

261199_at
250793_at
251770_at

At1g12950
At5g05600
At3g55970

Annotation
peroxiredoxin Q, putative (protect photosynthesis
apparatus)
oxidoreductase, zinc-binding dehydrogenase family
protein (Quinone oxidoreductase, chloroplastic)
fructose-bisphosphate aldolase, putative
malate dehydrogenase (NADP), chloroplast, putative
expressed protein (modulate cytoplasmic Ca2+
concentration, crucial for proper stomatal regulation in
response to elevated Ca2+)
expressed protein (molecular function unknown)
rubredoxin family protein
3'(2'),5'-bisphosphate nucleotidase, putative / inositol
polyphosphate 1-phosphatase, putative
basic helix-loop-helix (bHLH) family protein
C2 domain-containing protein
cellulose synthase family protein
cysteine proteinase, putative
DNA-directed RNA polymerase alpha subunit family
protein
GCN5-related N-acetyltransferase (GNAT) family
protein
gibberellin-responsive protein, putative
glucose-6-phosphate 1-dehydrogenase / G6PD (APG1)
glutathione S-transferase (103-1A)
glycine cleavage system H protein, mitochondrial,
putative
glycine hydroxymethyltransferase / serine
hydroxymethyltransferase / serine/threonine aldolase
(SHM1)
glycosyl hydrolase family 1 protein
heat shock protein 81-1 (HSP81-1) / heat shock protein
83 (HSP83)
invertase/pectin methylesterase inhibitor family protein
invertase/pectin methylesterase inhibitor family protein /
DC 1.2 homolog (FL5-2I22)
MATE efflux family protein
oxidoreductase, 2OG-Fe(II) oxygenase family protein
oxidoreductase, 2OG-Fe(II) oxygenase family protein

202

Table 12 Continued
Gene
Probe Set ID
MIPS code
250095_at

At5g17230

265117_at

At1g62500

248932_at

At5g46050

265472_at
245906_at
246919_at
247899_at
255809_at
263142_at

At2g15580
At5g11070
At5g25460
At5g57345
At4g10300
At1g65230

Annotation
phytoene synthase (PSY) / geranylgeranyl-diphosphate
geranylgeranyl transferase
protease inhibitor/seed storage/lipid transfer protein
(LTP) family protein
proton-dependent oligopeptide transport (POT) family
protein
zinc finger (C3HC4-type RING finger) family protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
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Table 13. List of 64 genes significantly down-regulated in pap1-D calli at both days 5
and 15. (Fold change ≥ 2 and FDR for accumulated sets ≤0.027)
Gene MIPS
Probe Set ID
Annotation
code
Hydrolase (12)
beta-fructosidase (BFRUCT4) / beta260969_at
At1g12240
fructofuranosidase / invertase, vacuolar
264433_at
At1g61810
glycosyl hydrolase family 1 protein
267389_at
At2g44460
glycosyl hydrolase family 1 protein
251428_at
At3g60140
glycosyl hydrolase family 1 protein
247356_at
At5g63800
glycosyl hydrolase family 35 protein
254952_at
At4g10960
lipase class 3 family protein
latex-abundant protein, putative (AMC9) / caspase
245697_at
At5g04200
family protein
262198_at
At1g53830
pectinesterase family protein
260492_at
At2g41850
endo-polygalacturonase, putative
245148_at
At2g45220
pectinesterase family protein
267264_at
At2g22970
serine carboxypeptidase S10 family protein
258923_at
At3g10450
serine carboxypeptidase S10 family protein
Transporter (4)
266184_s_at At2g38940
phosphate transporter (PT2)
259133_at
At3g05400
sugar transporter, putative
246781_at
At5g27350
sugar-porter family protein 1 (SFP1)
integral membrane protein, putative / sugar transporter
260676_at
At1g19450
family protein
Cytoskeleton (4)
microtubule associated protein (MAP65/ASE1) family
266412_at
At2g38720
protein
264991_s_at At3g43400
phagocytosis and cell motility protein ELMO1-related
258880_at
At3g06420
autophagy 8h (APG8h)
UDP-glucose transferase (UGT75B2)(may involve in
263184_at
At1g05560
callose synthesis, cell plate formation)
Transcription factor (3)
263210_at
At1g10585
expressed protein (bHLH, senenscence specific)
250781_at
At5g05410
DRE-binding protein (DREB2A)
AP2 domain-containing transcription factor family
267451_at
At2g33710
protein (ethylene responsive factor)
Others (41)
gypsy/Ty3 element polyprotein, putative similar to
259547_at
At1g35370
polyprotein [Sorghum bicolor] GI:4539660
1-aminocyclopropane-1-carboxylate synthase 2 /
259439_at
At1g01480
ACC synthase 2 (ACS2) (ACC1)
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Table 13 Continued
Gene MIPS
Probe Set ID
code
267168_at
At2g37770
249688_at
At5g36160
262454_at
At1g11190
246302_at
At3g51860
266995_at
At2g34500
260312_at

At1g63880

266368_at
263228_at
266711_at
263426_at
264988_at

At2g41380
At1g30700
At2g46740
At2g31570
At1g27140

266316_at

At2g27080

256464_at

At1g32560

259426_at

At1g01470

267496_at
256321_at
259743_at
246417_at
246463_at
250257_at

At2g30550
At1g55020
At1g71140
At5g16990
At5g16970
At5g13770

260410_at

At1g69870

245866_s_at At1g57990
245449_at
At4g16870
266265_at

At2g29340

260335_at
261653_at
260551_at
256576_at
254672_at
260018_at
246672_at
246584_at

At1g74000
At1g01900
At2g43510
At3g28210
At4g18420
At1g41820
At5g30426
At5g14730

Annotation
aldo/keto reductase family protein
aminotransferase-related
bifunctional nuclease (BFN1)
cation exchanger, putative (CAX3)
cytochrome P450 family protein
disease resistance protein (TIR-NBS-LRR class),
putative
embryo-abundant protein-related
FAD-binding domain-containing protein
FAD-binding domain-containing protein
glutathione peroxidase, putative
glutathione S-transferase, putative
harpin-induced protein-related / HIN1-related /
harpin-responsive protein-related
late embryogenesis abundant group 1 domaincontaining protein / LEA group 1 domain-containing
protein
late embryogenesis abundant protein, putative / LEA
protein, putative
lipase class 3 family protein
lipoxygenase (LOX1)
MATE efflux family protein
NADP-dependent oxidoreductase, putative
NADP-dependent oxidoreductase, putative (P1)
pentatricopeptide (PPR) repeat-containing protein
proton-dependent oligopeptide transport (POT) family
protein
purine permease-related
retrotransposon like protein
short-chain dehydrogenase/reductase (SDR) family
protein
strictosidine synthase family protein
subtilase family protein
trypsin inhibitor, putative
zinc finger (AN1-like) family protein
hypothetical protein
hypothetical protein
putative protein
expressed protein
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Table 13 Continued
Gene MIPS
Probe Set ID
code
249377_at
At5g40690
249715_at
At5g35760
251727_at
At3g56290
256542_at
At1g42550
259653_at
At1g55240
261033_at
At1g17380
265569_at
At2g05620

Annotation
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein

206

Table 14. List of 30 genes significantly down-regulated in pap1-D calli at both days 10
and 15. (Fold change ≥ 2 and FDR for accumulated sets ≤0.027)
Gene MIPS
Probe Set ID
Annotation
code
Cytochrome P450 (4)
253101_at
At4g37430
cytochrome P450 81F1 (CYP81F1) (CYP91A2)
247949_at
At5g57220
cytochrome P450, putative
246620_at
At5g36220
cytochrome P450 81D1 (CYP81D1) (CYP91A1)
245728_at
At1g73340
cytochrome P450 family protein
Thylakoid membrane (3)
chlorophyll A-B binding protein / LHCII type II
263345_s_at At2g05070
(LHCB2.2)
250073_at
At5g17170
rubredoxin family protein
254848_at
At4g11960
expressed protein (molecular function unknown)
Cell wall modification (3)
248622_at
At5g49360
glycosyl hydrolase family 3 protein
245052_at
At2g26440
pectinesterase family protein
BURP domain-containing protein / polygalacturonase,
264315_at
At1g70370
putative
Others (20)
aspartate aminotransferase, mitochondrial / transaminase
267151_at
At2g30970
A (ASP1)
254189_at
At4g24000
cellulose synthase family protein
255659_at
At4g00895
ATP synthase delta chain-related
264400_at
At1g61800
glucose-6-phosphate/phosphate translocator, putative
249955_at
At5g18840
sugar transporter, putative
255895_at
At1g17990
12-oxophytodienoate reductase, putative
263668_at
At1g04350
2-oxoglutarate-dependent dioxygenase, putative
265188_at
At1g23800
aldehyde dehydrogenase, mitochondrial (ALDH3)
257697_at
At3g12700
aspartyl protease family protein
carbonic anhydrase, putative / carbonate dehydratase,
265170_at
At1g23730
putative
En/Spm-like transposon protein related to En/Spm
263273_x_at At2g11580
transposon family of maize
ferric reductase-like transmembrane component family
248540_at
At5g50160
protein
261016_at
At1g26560
glycosyl hydrolase family 1 protein
265116_at
At1g62480
vacuolar calcium-binding protein-related
250135_at
At5g15360
hypothetical protein
251127_at
At5g01080
hypothetical protein
255246_at
At4g05640
hypothetical protein
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Table 14 Continued
Gene MIPS
Probe Set ID
code
255333_at
At4g04410
249522_at
At5g38700
262050_at
At1g80130

Annotation
putative polyprotein
expressed protein
expressed protein
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Table 15. Expression level changes of anthocyanin pathway, modification, transport and regulatory genes as well as several
genes involved in related flavonoid pathways. Raw fold change, present or absent call (WT vs. pap1-D) detected by MAS5,
FDR for accumulated sets and p-value were shown for individual transcript. The purple color indicates significant differential
expression of the transcript (FDR ≤ 0.027) and the low-intensity to the high-intensity of the purple color represents FC < 2, 2 ≤ FC
< 5 and FC ≥ 5.
Abbreviated
Name
PAL1
PAL2
PAL3
PAL4
C4H
4CL1
4CL2
4CL3
4CL5
4CL putative
CHS
CHI
CHI putative
F3H
F3'H
DFR
ANS
FLS1
FLS putative
FLS putative
FLS putative
UGT78D2
UGT75C1
UGT79B1
UGT84A2
UGT71C1
UGT78D1

Gene ID
At2g37040
At3g53260
At5g04230
At3g10340
At2g30490
At1g51680
At3g21240
At1g65060
At3g21230
At1g20490
At5g13930
At3g55120
At5g05270
At3g51240
At5g07990
At5g42800
At4g22870
At5g08640
At5g63600
At5g63580
At5g63590
At5g17050
At4g14090
At5g54060
At3g21560
At2g29750
At1g30530

Day5_
FC
1.35
1.14
1.78
1.77
-1.17
1.52
1.54
3.61
1.85
2.47
1.45
1.28
1.19
4.78
3.61
61.93
136.89
-1.30
-1.15
-2.93
3.24
1.09
81.86
21.23
1.10
-14.41
1.35

Day5_PA
call
PPP-PPP
PPP-PPP
AAA-AAA
PPP-PPP
PPP-PPP
PPP-PPP
PPP-PPP
AAA-AAA
PPP-PPP
PPP-PPP
PPP-PPP
PPP-PPP
PPP-PPP
PPP-PPP
AAA-PPP
AAA-PPP
AAA-PPP
PPP-PPP
PPP-PPP
PPP-AAP
AAA-PPP
PPP-PPP
AAA-PPP
AAA-PPP
PPP-PPP
AAA-AAA
PAA-AAP

Day5_
FDR
0.134
0.457
1.000
0.017
0.332
0.054
0.036
1.000
0.044
0.017
0.065
0.178
0.457
0.017
0.017
0.017
0.017
0.178
0.598
0.054
0.036
0.332
0.017
0.017
0.598
1.000
0.241

Day5_
p value
0.1039
0.2681
0.5520
0.0067
0.0709
0.0293
0.0176
0.1346
0.0337
0.0006
0.0373
0.1132
0.3295
0.0004
0.0008
0.0002
0.0005
0.0820
0.2081
0.0512
0.0385
0.1413
0.0001
0.0016
0.4937
0.0031
0.2480

Day10
_FC
1.02
-1.03
-1.66
1.97
-1.15
1.10
1.14
2.85
1.49
2.13
2.67
2.16
2.03
7.43
2.94
36.17
61.03
1.35
-1.27
-1.75
1.91
1.17
51.27
45.36
1.30
-1.88
-1.11

Day10_PAc
all
PPP-PPP
PPP-PPP
AAA-AAA
PPP-PPP
PPP-PPP
PPP-PPP
PPP-PPP
AAA-AAA
PPP-PPP
PPA-PPP
PPP-PPP
PPP-PPP
PPP-PPP
PPP-PPP
AAA-PPP
AAA-PPP
AAA-PPP
PPP-PPP
PPP-PPP
PPP-PPP
PPP-PPP
PPP-PPP
AAA-PPP
AAA-PPP
PPP-PPP
PPP-APP
AAM-AAP

Day10
_FDR
1.000
1.000
1.000
0.048
0.236
0.721
0.236
1.000
0.080
0.100
0.027
0.031
0.027
0.027
0.027
0.027
0.027
0.236
0.100
0.100
0.069
0.132
0.027
0.027
0.132
0.132
0.871

Day10_
p value
0.9278
0.8670
0.3291
0.0214
0.0568
0.4464
0.0418
0.0299
0.0340
0.0822
0.0013
0.0073
0.0027
0.0000
0.0006
0.0000
0.0006
0.1443
0.0223
0.0602
0.0381
0.0135
0.0037
0.0044
0.0474
0.1062
0.6330

Day15_
FC
-1.14
-1.19
-3.62
-1.03
-1.32
-1.21
1.08
12.17
1.48
3.66
5.30
2.63
2.35
10.62
2.93
79.12
72.62
1.24
-1.64
-2.14
1.44
1.53
46.31
21.98
1.39
-1.98
-1.35

Day15_PAc
all
PPP-PPP
PPP-PPP
AAA-AAA
PPP-PPP
PPP-PPP
PPP-PPP
PPP-PPP
AAA-AAA
PPP-PPP
APP-PPP
PPP-PPP
PPP-PPP
PAP-PPP
PPP-PPP
APA-PPP
AAA-PPP
AAA-PPP
PPP-PPP
PPP-PPP
PPP-APP
AAM-MPP
PPP-PPP
AAA-PPP
AAA-PPP
PPP-PPP
APA-AAP
APP-PPP

Day15
_FDR
0.608
0.465
1.000
1.000
0.032
0.608
0.608
1.000
0.084
0.135
0.022
0.022
0.029
0.022
0.022
0.022
0.022
0.465
0.248
0.048
0.248
0.027
0.022
0.022
0.069
0.135
0.608

Day15_
p value
0.2766
0.2569
0.2024
0.9270
0.0036
0.3689
0.3788
0.0000
0.0700
0.1766
0.0009
0.0031
0.0211
0.0000
0.0005
0.0000
0.0000
0.3353
0.1574
0.0321
0.2066
0.0060
0.0022
0.0001
0.0316
0.1151
0.3206
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Table 15 Continued
Abbreviated
Name
UGT73C6
UGT84A1
UGT73B2
UGT78D3
A3G6''p-CouT
A5G6'''MaT
SCPL10
GST/TT19
TT12
TT12 homolog
PAP1/MYB75
PAP2/MYB90
MYB113
MYB114
TTG1/WD40
TT8
EGL3
TT2
BAN
TT10
TT16
ANL2
NLA
HY5/bZIP
HYH/bZIP
PIF3
MYB11
MYB12
MYB111
MYB32
MYB4
LBD37
LBD38
LBD39
MYBL2

Gene ID
At2g36790
At4g15480
At4g34135
At5g17030
At1g03495
At3g29590
At2g23000
At5g17220
At3g59030
At4g25640
At1g56650
At1g66390
At1g66370
At1g66380
At5g24520
At4g09820
At1g63650
At5g35550
At1g61720
At5g48100
At5g23260
At4g00730
At1g02860
At5g11260
At3g17610
At1g09530
At3g62610
At2g47460
At5g49330
At4g34990
At4g38620
At5g67420
At3g49940
At4g37540
At1g71030

Day5_
FC
1.13
-1.25
-1.17
1.88
33.98
23.59
-1.06
44.00
1.69
-1.14
26.99
-1.21
2.12
2.12
-1.09
13.99
1.10
2.33
-3.95
3.85
-2.48
1.68
-1.20
-1.42
-1.55
-1.64
1.51
-2.08
1.77
1.14
3.03
-1.31
-7.21
-1.31
11.29

Day5_PA
call
PPP-PAP
AAA-AAA
PPP-PPP
AAA-AAA
AAA-PPP
AAA-PAM
AAA-AAA
AAA-PPP
AAA-PAA
PPP-PPP
AAA-PPP
AAA-AAA
AAA-AAA
AAA-AAA
PPP-PPP
AAA-PAA
AAP-AAA
AAA-AAA
AAA-AAA
AAA-AAA
APA-AAA
PPP-PPP
PPP-PPP
PPP-PPP
PPP-PPP
PPP-PAP
PPP-PPP
PPP-PPP
AAA-AAA
PPP-PPP
PPP-PPP
PPP-PPP
PPP-AAA
PPP-PPP
AAA-AAP

Day5_
FDR
0.598
1.000
0.598
1.000
0.017
0.017
1.000
0.017
0.457
0.457
0.017
1.000
1.000
1.000
0.743
0.026
0.882
1.000
1.000
1.000
0.332
0.017
0.457
0.017
0.034
0.332
0.065
0.017
1.000
0.241
0.017
0.031
0.036
0.178
0.017

Day5_
p value
0.5391
0.6905
0.2990
0.4853
0.0007
0.0004
0.9245
0.0007
0.4662
0.0952
0.0003
0.7845
0.3032
0.3032
0.2141
0.0272
0.9091
0.2894
0.0716
0.0707
0.2294
0.0060
0.1781
0.0012
0.0110
0.1821
0.0531
0.0007
0.0512
0.0947
0.0129
0.0018
0.0364
0.0715
0.0000

Day10
_FC
1.20
1.21
1.15
1.08
48.67
17.52
1.22
46.10
-1.60
1.32
95.79
-1.24
1.11
1.11
-1.25
20.71
1.89
1.77
4.64
-1.47
1.59
1.69
-1.66
-1.04
1.07
-1.54
1.61
-1.27
2.25
1.20
1.64
-1.21
-2.57
-1.06
6.58

Day10_PAc
all
APA-PPP
AAA-AAA
PPP-PPP
AAA-AAA
AAA-PPP
AAA-PPP
AAA-AMA
AAA-PPP
APP-APA
PPP-PPP
AAA-PPP
AAA-AAA
AAA-AAA
AAA-AAA
PPP-PPP
AAA-AAA
AAA-APA
AAA-AAA
AAA-AAA
APA-AAA
AAA-AAA
PPP-PPP
PPP-PPP
PPP-PPP
PPP-PPP
PPA-PPP
PPP-PPP
PPP-PPP
AAA-APA
PPP-PPP
PPP-PPP
PPP-PPP
PPP-APP
PPP-PPP
AAA-PPP

Day10
_FDR
0.721
1.000
0.569
1.000
0.027
0.027
1.000
0.027
0.132
0.056
0.027
1.000
1.000
1.000
0.132
1.000
0.569
1.000
1.000
0.721
1.000
0.043
0.069
0.871
0.871
0.080
0.080
0.174
0.437
0.437
0.043
0.324
0.027
1.000
0.100

Day10_
p value
0.6390
0.8214
0.4397
0.9520
0.0003
0.0063
0.4057
0.0015
0.0765
0.0095
0.0073
0.7228
0.8707
0.8707
0.0458
0.0005
0.4136
0.4818
0.0555
0.5934
0.4721
0.0121
0.0317
0.4408
0.7661
0.0470
0.0452
0.0603
0.3980
0.3233
0.0123
0.1188
0.0029
0.8534
0.1071

Day15_
FC
-1.80
-1.20
-1.79
-1.17
17.68
19.24
-1.12
25.95
-1.12
-1.11
64.37
-3.38
-1.58
-1.58
-1.08
19.83
-3.10
1.97
2.01
1.31
-1.34
1.56
-1.42
1.01
-1.20
-1.26
2.09
1.04
1.01
1.46
1.54
-1.27
1.06
-1.23
6.95

Day15_PAc
all
PPP-PPP
AAA-AAA
PPP-PPP
AAA-AAA
AAA-PPP
AAA-PPP
AAA-AAA
APA-PPP
AAP-AAA
PPP-PPP
AAA-PPP
AAA-AAA
AAA-AAA
AAA-AAA
PPP-PPP
AAA-MPP
AAA-AAA
AAA-AAA
AAA-AAA
AAA-AAA
APA-APA
PPP-PPP
PPP-PPP
PPP-PPP
PPP-PPP
AAA-AAM
PPP-PPP
PPP-PPP
AAA-AAA
PPP-PPP
PPP-PPP
PPP-PPP
APA-AMP
PPP-PPP
AAA-PPP

Day15
_FDR
0.027
1.000
0.084
1.000
0.022
0.023
1.000
0.022
1.000
0.755
0.022
1.000
1.000
1.000
0.608
0.022
1.000
1.000
1.000
1.000
0.608
0.039
0.178
0.887
0.755
1.000
0.022
0.887
1.000
0.106
0.106
0.341
0.887
0.248
0.039

Day15_
p value
0.0103
0.6386
0.0639
0.8502
0.0003
0.0182
0.7358
0.0000
0.8860
0.3003
0.0032
0.2527
0.6069
0.6069
0.0939
0.0008
0.1654
0.2869
0.2799
0.1682
0.3722
0.0180
0.1094
0.9342
0.3936
0.2860
0.0078
0.7881
0.9668
0.0896
0.0791
0.1446
0.8288
0.1076
0.0447
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Table 15 Continued
Abbreviated
Name
SPL9
CPC

Gene ID
At2g42200
At2g46410

Day5_
FC
-1.97
-1.24

Day5_PA
call
AAA-AAA
PPP-PPP

Day5_
FDR
1.000
0.743

Day5_
p value
0.27
0.4823

Day10
_FC
-1.324
-1.57

Day10_PAc
all
AAA-AAA
PPP-PPP

Day10
_FDR
1.00
0.100

Day10_
p value
0.7035
0.0645

Day15_
FC
2.561
1.37

Day15_PAc
all
AAA-AAA
PPP-PPP

Day15
_FDR
1.000
0.248

Day15_
p value
0.195
0.1728
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Table 16. List of primers and PCR programs used for RT-PCR in this study
Gene
Name
PAL1
CHS
CHI
F3’H
DFR
ANS
ACTIN2
FLS1
TTG1
PAP1
TT8
GL3
EGL3
LBD37
LBD38
LBD39
MYBL2
SPL9

Primer Sequence (5’-3’)

PCR Program

Forward: 5’-AGTGGACGCTATGTTATGC-3’
Reverse: 5’-GATTATCGTTGACGGAGTTA-3’
Forward: 5’-CAAGCGCATGTGCGACAA-3’
Reverse: 5’-TCCCTCAAATGTCCGTCT-3’
Forward: 5’-CTCTCTTACGGTTGCGTTTTCG-3’
Reverse: 5’-CACCGTTCTTCCCGATGATAGA-3’
Forward: 5’-TTCCTTACCTTCAGGCGGTTATC-3’
Reverse:5’-CGAGAGTGGTGTTGGTGGATG-3’
Forward: 5’-TTTCCCAAAGCACAATCT-3’
Reverse: 5’-ACACGAAATACATCCATCC-3’
Forward: 5’-ACGGTCCTCAAGTTCCCACA-3’
Reverse: 5’-TCGCGTACTCACTCGTTGCTTCTAT-3’
Forward: 5’-GTTGGGATGAACCAGAAGGA-3’
Reverse: 5’-GAGGAGCCTCGGTAAGAAGA-3’
Forward: 5’-CCACCGTCATGCGTCAATTACAG-3’
Reverse: 5’-TCTCCGCCGAGACCTTCTTTCAA-3’
Forward: 5’-TCGTCATGTGCGTAAGTAGGTT-3’
Reverse: 5’-GTCCAATAAAGCAAGACAGGGT-3’
Forward: 5’-TGAAAAAGAGAGACATTACGCCCAT-3’
Reverse: 5’-TCGCTTCAGGAACCAAAATATCTACC-3’
Forward: 5’-CCGTCGTCACAATGGGTGC-3’
Reverse: 5’-CCTCCTGCGTCGCTCTGCTA-3’
Forward: 5’-TCGGTTCGTTTGGTAATGAGG-3’
Reverse: 5’-GCTTGCAATTGACGGTTAAGC-3’
Forward: 5’-CATCAGCTAATACTCGGACCGC-3’
Reverse: 5’-TCTGCGATTTCTCTCCCAATGT-3’
Forward: 5’-TGCTTTGTTTCAGTCGTTGCTC-3’
Reverse: 5’-TGCTCCGTTAACTGGATTGACA-3’
Forward: 5’-TGCCCTGCTTTGTTTCAGTCTT-3’
Reverse: 5’-CGTTCACCGGATTCACAGTTCT-3’
Forward: 5’-GAACTCCAACGTCCTGCTTTGT-3’
Reverse: 5’-ATACCAACCGCTCCGTTAACC-3’
Forward: 5’-ATGAACAAAACCCGCCTTCG-3’
Reverse: 5’-TCATCGGAATAGAAGAAGCG-3’
Forward: 5’-CAAGGT TCAGTTGGTGGAGGA-3’
Reverse: 5’-TGAAGAAGCTCGCCATGTATTG-3’

94°C × 3’, (94°C × 40”, 51°C × 45”,
72°C × 1’20”) ×25, 72°C 10’
94°C × 3’, (94°C × 40”, 51°C × 40”,
72°C × 1’) ×25, 72°C 10’
94°C × 3’, (94°C × 15”, 51°C × 15”,
72°C × 15”) ×25, 72°C 10’
94°C × 3’, (94°C × 15”, 52°C × 15”,
72°C × 15”) ×25, 72°C 10’
94°C × 3’, (94°C × 30”, 51°C × 30”,
72°C × 40”) ×25, 72°C 10’
94°C × 3’, (94°C × 25”, 57°C × 25”,
72°C × 30”) ×25, 72°C 10’
94°C × 3’, (94°C × 15”, 50°C × 15”,
72°C × 15”) ×25, 72°C 10’
94°C × 3’, (94°C × 15”, 53°C × 15”,
72°C × 15”) ×25, 72°C 10’
94°C × 3’, (94°C × 15”, 51°C × 15”,
72°C × 20”) ×25, 72°C 10’
94°C × 3’, (94°C × 15”, 51°C × 15”,
72°C × 25”) ×25, 72°C 10’
94°C × 3’, (94°C × 15”, 58°C × 15”,
72°C × 15”) ×25, 72°C 10’
94°C × 3’, (94°C × 15”, 50°C × 15”,
72°C × 15”) ×25, 72°C 10’
94°C × 3’, (94°C × 15”, 50°C × 15”,
72°C × 15”) ×25, 72°C 10’
94°C × 3’, (94°C × 15”, 52°C × 15”,
72°C × 15”) ×25, 72°C 10’
94°C × 3’, (94°C × 15”, 52°C × 15”,
72°C × 15”) ×25, 72°C 10’
94°C × 3’, (94°C × 15”, 52°C × 15”,
72°C × 15”) ×25, 72°C 10’
94°C × 3’, (94°C × 15”, 51°C × 15”,
72°C × 40”) ×25, 72°C 10’
94°C × 3’, (94°C × 15”, 51°C × 15”,
72°C × 15”) ×25, 72°C 10’
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Figure 1. Percentages of genes expressed in each sample from microarray analysis.
Total number of genes determined to be expressed based on present or absent flags in
replicates were divided by the total number of probe sets on the ATH1 array to calculate the
percentage for each pap1-D and WT callus samples at three time points.
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Figure 2. Venn diagrams comparatively showing the numbers of expressed genes
identified from microarray analysis between pap1-D and WT calli and an ordination 2D
graph of PCA showing correlations of gene expression between two calli types at three
different time points. a: comparison of expressed gene numbers in pap1-D calli at day 5, 10,
and 15; b: comparison of expressed gene numbers in WT calli at day 5, 10, and 15; c:
comparison of expressed gene numbers between pap1-D and WT calli at day 5; d:
comparison of expressed gene numbers between pap1-D and WT calli at day 10; e:
comparison of expressed gene numbers between pap1-D and WT calli at day 15; f:
comparison of the numbers of genes expressed at all three time points in pap1-D and WT
calli; g: an ordination 2D graph of PCA shows correlations of gene expressions in pap1-D
and WT calli at three different time points.
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Figure 3. Functional categorization of all the expressed genes detected in each sample
by GO annotation for biological processes. Functional categorization was conducted using
GO annotation tools on the TAIR website
(http://www.arabidopsis.org/tools/bulk/go/index.jsp). a, c, and e: pap1-D calli at day 5, 10,
and 15 respectively; b, d, and f: WT calli at day 5, 10, and 15 respectively.
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Figure 4. Venn diagram showing the overlap of the number of significantly
differentially expressed genes in red pap1-D vs. WT calli at three time points of the 15day culture period. Rectangular boxes show significantly enriched gene functional groups
and the corresponding numbers of genes within each functional group identified for
subsections. Enriched gene functional groups were identified using the Gene Functional
Classification Tool on the DAVID Bioinformatics website
(http://david.abcc.ncifcrf.gov/gene2gene.jsp) and further by manual inspection.
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Figure 5. GC-MS profiling of metabolites extracted from red pap1-D and WT calli at
day 15 of culture. GC-MS based profiling was performed in pap1-D and WT calli at days 5,
10 and 15 of culture. Typical GC-MS total ion chromatograms at day 15 are shown.
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Figure 6. Score plot of principal components. PLS-DA analysis was performed to show
ordination correlations of GC-MS based non-targeted profiles between red pap1-D and WT
calli at day 5, 10 and 15 during the 15-day culture period. W5: WT, day 5; W10: WT, day 10;
W15: WT, day 15; P5: pap1-D, day 5; P5: pap1-D, day 10; P5: pap1-D, day 15.
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Figure 7. Levels of ten targeted metabolites analyzed by GC-MS. These metabolites were
extracted from red pap1-D and WT calli at day 5, 10 and 15 of a 15-day culture period.
* Significant difference between pap1-D and WT calli (p-value < 0.05)
** Significant difference between pap1-D and WT calli (p-value < 0.01)
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Figure 8. Total chlorophyll concentration in pap1-D and WT calli. Fifteen-day-old calli
were used to measure total chlorophyll concentrations (unit: ug/ml extract) and three
replicates were measured for each sample.
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Figure 9. Differentiation of pap1-D calli. a. phenotypes of different pap1-D callus lines
with different anthocyanin accumulation levels. Bar length: 1 cm. b. measurements of levels
of anthocyanins in different pap1-D callus lines.
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Figure 10. Semi-quantitative RT-PCR analysis of the expression patterns of genes in
different callus lines. CHS, chalcone synthase; CHI, chalcone isomerase; F3’H, flavonoid
3’-hydroxylase; DFR, dihydroflavonol reductase; ANS, anthocyanidin synthase; FLS1,
flavonol synthase 1; TTG1, transparent testa glabra 1; GL3, glabra 3; EGL3, enhancer of
glabra 3; TT8, transparent testa 8; PAP1, production of anthocyanin pigment 1; LBD37,
lateral organ boundary domain protein 37; LBD38, lateral organ boundary domain protein 38;
LBD39, lateral organ boundary domain protein 39; MYBL2, MYB-like 2; WT, WT calli; 7W,
pap1-D cell line #7W; 7R, pap1-D cell line #7R; 3R, pap1-D cell line #3R.
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Figure 11. Effects of three nitrogen concentrations on callus growth and anthocyanin
levels. a. average biomass of pap1-D calli cells after fifteen days of culture on three different
media b. levels of anthocyanins in pap1-D and WT calli grown on three different media.
Medium I: 20 mM NH4NO3 and 18.8 mM KNO3 (MS basal); Medium II: 10 mM NH4NO3
and 9.4 mM KNO3; Medium III: 0 NH4NO3 and 9.4 mM KNO3.
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Figure 12. HPLC profiles of peaks recorded at 530 nm showing anthocyanins produced
by wild-type and red pap1-D calli grown on three different media with different
nitrogen concentrations. Medium I: 20 mM NH4NO3 and 18.8 mM KNO3 (MS basal);
Medium II: 10 mM NH4NO3 and 9.4 mM KNO3; Medium III: 0 NH4NO3 and 9.4 mM KNO3.
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Figure 13. Semi-quantitative RT-PCR analysis of the gene expression patterns in wildtype and red calli cultured on different media. Medium I: 20 mM NH4NO3 and 18.8 mM
KNO3 (MS basal); Medium II: 10 mM NH4NO3 and 9.4 mM KNO3; Medium III: 0 NH4NO3
and 9.4 mM KNO3. PAL1, phenylalanine ammonia lyase 1; CHS, chalcone synthase; DFR,
dihydroflavonol reductase; ANS, anthocyanidin synthase; TTG1, transparent testa glabra 1;
GL3, glabra 3; EGL3, enhancer of glabra 3; TT8, transparent testa 8; PAP1, production of
anthocyanin pigment 1; LBD37, lateral organ boundary domain protein 37; LBD38, lateral
organ boundary domain protein 38; LBD39, lateral organ boundary domain protein 39; SPL9,
squamosa promoter binding protein-like 9; MYBL2, MYB-like 2.
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Figure 14. Alterations of gene expression profiles involved in different metabolic
pathways. Microarray genes were mapped into major metabolic pathways or processes using
the MapMan software. Each individual dot represents a gene. Red-colored dots mean
significant up-regulation of genes while blue-colored dots mean significant down-regulation
of genes (FDR ≤ 0.027). Grey dots indicate no significant alterations in gene expression.
Gene groups that were significantly enriched in expression were circled with red rectangle
lines or blue rectangle lines showing up-regulation or down-regulation respectively.
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CHAPTER 5

Future Perspectives
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As discussed in Chapter 4, pap1-D calli form an appropriate system for the study of
anthocyanin biosynthesis in response to various environmental and nutritional factors. Thus
different factors such as light qualities, nutrients and hormones can be tested by manipulating
the culture conditions of pap1-D cells to analyze their effects on anthocyanin biosynthesis.
Genome-wide gene expression analysis comparing treated and non-treated calli samples
would be helpful in identifying the molecular components involved in these signaling
pathways. As shown in the previous chapter, PAP1 is a primary MYB protein in the WBM
complexes in pap1-D calli. PAP1 is known to be a master regulator of anthocyanin
biosynthesis but how the activity of PAP1 is regulated remains largely unknown. Thus, pap1D cells serve as an alternative and appropriate system to elucidate the mechanism of the
regulation of PAP1 expression especially in response to various environmental and
nutritional factors.
In addition, our microarray data suggested another possible role of PAP1/MYB75 in
repressing photosynthesis besides its known function in positively regulating anthocyanin
biosynthesis. Microarray experiments conducted using the inflorescence stems of myb75
knockout mutants also revealed the negative correlation between PAP1 expression and the
transcript levels of several photosynthesis genes (Bhargava et al., 2010). It will be interesting
to test whether indeed PAP1 has roles in other cellular metabolic pathways such as
photosynthesis. It will be necessary to identify the direct targets of PAP1 on a genome-wide
level. Chromatin immunoprecipitation combined with qPCR or RNA-Seq by using
myb75/pMYB75::YFP-MYB75 plants can be used to identify PAP1 binding sites. By
comparing the transcriptome expression data with the results from chromatin
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immunoprecipitation, a more comprehensive view of PAP1 binding sites and direct targets in
the whole genome can be revealed. In addition, expression analysis conducted using isolated
single cells from plants can provide more accurate information on PAP1 regulated genes.
Laser-microdissection of anthocyanin-producing and anthocyanin-free cells from plant
tissues and subsequent gene expression studies would be helpful in determining whether
PAP1 has a function in regulating the expression of photosynthesis genes or not. Moreover,
genes that were up-regulated or down-regulated in pap1-D cells at all three time points as
revealed by our microarray data are potential candidates of PAP1 regulated genes. Functional
characterization of those candidates can help to reveal their functions.
Red pap1-D calli can also be used to study the regulatory mechanism of the
expression of specific modification genes of anthocyanin biosynthesis. Our pap1-D calli do
not produce detectable amounts of sinapoylated anthocyanins (Shi and Xie, 2011) and the
expression of SCPL10 encoding the acyltransferase responsible for the production of
sinapoylated anthocyanins was not expressed in pap1-D cells. Sinapoylated anthocyanins
were not detected to be produced in the roots of pap1-D plants as well (Tohge et al., 2005).
These results suggest that the expression of specific modification genes such as SCPL10 is
under fine control and thus different sets of anthocyanin molecules can be produced in
different tissues. Further analysis will be required to investigate how the expression of this
modification gene is regulated
Red pap1-D callus could also be useful in identifying unknown anthocyanin
modification genes such as methyltransferases. In pap1-D calli, we identified two new
methylated anthocyanins which were not found in the previous reports of PAP1
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overexpressing plants (Rowan et al., 2009; Tohge et al., 2005). In fact, our culture conditions
seem to be able to generate more methylated anthocyanins than previous reports as revealed
by our study on PAP1 overexpressing plants (Shi and Xie, 2010). Thus pap1-D calli grown
on our culture conditions can be used to identify the potential methyltransferases involved in
anthocyanin biosynthesis which have not been identified so far from Arabidopsis. In our
microarray data, we found that an S-adenosyl-L-methionine (SAM) dependent Omethyltransferase gene At5g37990 was up-regulated 6.85 and 5.65 times at days 5 and 10
respectively and another SAM dependent O-methyltransferase gene At4g36470 was upregulated 5.84 times at day 5. These two genes are possible candidates for methyltransferases
involved in anthocyanin biosynthesis and further functional characterization of these genes
can be performed to characterize their functions.
In addition to the synthesis of anthocyanins, pap1-D cells could also be used to study
the degradation of anthocyanins which is still unclear. We reported that when transferring
pap1-D calli grown on low nitrogen medium to high nitrogen medium, anthocyanin
production was reduced and pigmentations were gradually lost. We identified that there was
a decrease in the production of anthocyanins after the re-supplementation of nitrogen in the
media. It will be interesting to analyze how the synthesized anthocyanins were degraded. It
would be necessary to identify and analyze the possible metabolites that are derived from
anthocyanin degradation. Comparison of extract profiles using HPLC-TOF-MS recorded at
280 nm before and after nitrogen re-supplementation would be helpful in elucidating this
degradation process.
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Moreover, due to the easy observation of anthocyanin accumulation in the vacuoles
of the calli, pap1-D cells can be used as a potential system to understand the transport and
sequestration of anthocyanins. Anthocyanins have been hypothesized to be transported via
ER derived vesicles or membrane transporters to the vacuole and these two transport
pathways may not be mutually exclusive (Zhao and Dixon, 2009). The transporters that are
responsible for transporting anthocyanins into the vacuole in vegetative tissues have not been
identified yet. From our microarray result, the expression of TT19, which binds to
anthocyanins and transports them from the cytosol to the central vacuole (Kitamura et al.,
2004; Zhao and Dixon, 2009; Sun et al., 2012), was strongly up-regulated in pap1-D cells.
However, no candidate ABC transporter or MATE transporter genes were identified to be
highly up-regulated in pap1-D cells. Further research needs to be conducted to study the
detailed mechanism of anthocyanin transport in anthocyanin-producing cells and I believe
that pap1-D calli would be an alternative and effective system in facilitating the study of the
intracellular transport of anthocyanins.
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Appendix 1: Characterization of Proanthocyanidin Condensation Process in vitro Using
Tobacco Red Suspension Culture

INTRODUCTION

Proanthocyanidins (PAs), also called condensed tannins, are oligomers or polymers of
flavan-3-ol units. Proanthocyanidins are found in the fruits, leaves, barks and seeds of many
plants. They function by protecting the plants from fungal and bacterial infection and
deterring herbivory. The most common flavan-3-ol units are (+)-catechin and (-)-epicatechin.
There are two basic types of PAs based on the linkage between the building blocks flavan-3ols. B-type PAs only have one interflavan bond linkage between C4 of the upper unit and C8
or C6 of the lower unit. A-type PAs have an additional linkage between C2 of the upper unit
and the oxygen at C7 of the lower unit (Dixon et al., 2005; He et al., 2008; Xie and Dixon,
2005). Proanthocyanidin structures vary depending on the various characteristics including
the nature of the flavan-3-ol units, the degree of polymerization, the stereochemistry of the
linkage and the modifications (Dixon et al., 2005).
Although our understanding in proanthocyanidin biosynthesis has been improved
greatly during the past decade, many questions still remain unanswered especially about the
condensation process of PAs. We are uncertain whether this polymerization process is a
chemical reaction or is catalyzed by one or more enzymes. In addition, if this reaction is an
enzymatic reaction, it is unclear what kind of enzyme(s) is/are responsible for catalyzing this
step. In order to examine those questions, we plan to use anthocyanin-producing tobacco
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suspension culture established in our laboratory as an in vitro study system. We hypothesize
that the anthocyanin-producing tobacco suspension cultures contain the enzyme(s) that can
catalyze the polymerization process once reacting with the precursors supplied.

RESULTS AND DISCUSSION

HPLC of the products of the reactions using the protein extracts from 6R tobacco
suspension culture revealed that the crude enzyme extractions can use both catechin and
epicatechin as substrates to produce other compounds (Figure 1). Based on the results that
the enzymes extracted from the liquid media with cells removed (the liquid part) and from
the filtered cells (the cell part) can produce similar products after reacting with the same
substrate (Figure 2), we focused on the reactions using the enzymes extracted from the liquid
part due to the lower complexity of the protein composition in them.
HPLC-ESI-MS and HPLC-TOF-MS identified that the enzyme reactions using crude
enzyme extracts from the media part and using catechin as the substrate can produce
proanthocyanidin B-type dimer like compound (m/z 579) and proanthocyanidin A-type dimer
like (m/z 577) and trimer like (m/z 865) compounds. The products have the same molecular
formula as proanthocyanidin B-type or A-type dimers or trimers (Figure 3). This result
suggested that the enzymes extracted from the tobacco red suspension culture are able to
convert catechin to proanthocyanidin-like compounds.
We further tested the effect of substrate concentration and reaction time on the
production of proanthocyanidin-like compounds. There was an increase in the production of
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those target compounds when the catechin concentration was increased from 50 mM to 400
mM (Figure 4). In general, an increase in the products was seen from the reactions with
reaction times from 1 min to 15 min (Figure 5). However, some compounds revealed an
increase followed by a decrease in abundance (Figure 5). These results suggested that some
of compounds produced could be used as substrates for down-stream reactions and there
might be more than one enzyme involved in these reactions.
One obvious phenomenon we observed was that after boiling the enzyme even as
short as one min, the reaction products were dramatically reduced (Figure 6). This suggested
that the reaction is likely an enzymatic reaction, not a chemical reaction, or, the reaction was
very sensitive to heat.
However, proteinase K treatment gave us confusing results. Although the digestion
of proteins by proteinase K was quite complete and only the band of proteinase K was left in
our treated protein samples in SDS-PAGE (Figure 7b), there was only a slight reduction in
the production of target compounds by using proteinase K treated enzyme extracts (Figure
7a).
In addition, we found that if only adding the substrate catechin in the reaction buffer
without adding the enzymes, after staying at the room temperature for more than 24 hours,
yellow compounds could also be produced (Figure 8b). The product profiling was slightly
different from the previous one and more polar compounds seemed to be produced (Figure
8c). This result demonstrated that the substrate itself can be converted into other compounds
after long time incubation. However, our results also suggest that adding the enzymes in the
reaction can speed up the production of the target compounds.
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In order to identify the enzyme(s) that might be responsible for producing the target
compounds, we performed ion exchange chromatography trying to separate proteins from the
crude enzyme extracts. We first used DEAE-Sepharose fast flow column, which was a weak
anion exchanger, at the pH 7.0 and pH 8.0 using 20 mM Tris HCl as the start buffer. After
loading the samples to the column, we collected the flow-through and then washed the
column using the start buffer for several times. Then we washed the column using a series of
Tris HCl buffer containing increasing amounts of NaCl, at least 5 column volumes of each
kind of buffer was used to wash the column and all the flow-through fractions were collected.
We found that at pH8.0, most of the proteins were bound to the column and could be washed
off using Tris HCl with 50 mM NaCl and 100 mM NaCl (Figure 9a), however the production
of the target compounds was found to be the highest in the reaction using the flow-through
fraction collected after loading the crude proteins to the column (Figure 9b). This suggested
that the target protein(s) might not bind to the DEAE-Sepharose column at pH 8.0 due to its
net surface charge.
To check if the target protein(s) would bind to the cation ion exchanger, we used CMSepharose fast flow ion exchanger and tested pH 7.0. Phosphate buffer (20 mM) was used as
the start buffer and similar procedures of loading the sample, washing the column with series
of buffers containing increasing amounts of NaCl and collecting the flow-through fractions
were performed. We found that the first two flow-through fractions collected after washing
the column with the start buffer following the sample loading had the highest activities in
producing the target compounds after 15 min’s reaction (Figure 10b). When we checked the
protein compositions in these fractions, most proteins from the crude protein extracts seemed
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to remain in the first fraction after washing the column with start buffer. Although the
following fraction also had high activity in producing the target compounds, the number of
proteins found was less (Figure 10a). Further research needs to be performed in order to
identify which protein(s) in those fractions actually gave the activity.
In order to check whether β-mercaptoethanol affects the reaction by reducing the
disulfide bonds in the protein structure, we conducted the reaction with the addition of βmercaptoethanol. It was shown that with the addition of β-mercaptoethanol in the reaction,
the production of the yellow compounds were inhibited (Figure 11c). HPLC profiling
showed that the production of target compounds was inhibited and instead there were several
other compounds being produced with the addition of β-mercaptoethanol in the reaction
(Figure 11 a and b). This result showed that adding β-mercaptoethanol in the reaction
changed the compounds produced and inhibited the formation of the yellow compounds.
In conclusion, we found that protein mixtures extracted from the red tobacco
suspension culture could react with the substrate catechin to produce proanthocyanidin Btype and A-type like dimers and trimers. In general, with the increase of substrate
concentration and reaction time, the production of the target compounds was increased while
heat and the addition of β-mercaptoethanol could inhibit the production of the target
compounds. However, proteinase K treatment did not affect the reaction activity to a great
extent. After long time incubation, the substrate catechins can self-react to produce target
compounds as well as other compounds. However, the addition of protein mixtures could
speed up the production of the target compounds. Several compounds identified in the
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reaction might be intermediates for a series of reactions and multiple enzymes might be
involved in those reactions.
Further experiments need to be performed to look for the reason why proteinase K did
not affect the reaction activity to a great extent, to better understand the nature of these
reactions and to identify the candidate enzyme(s) involved in catalyzing these reactions. The
separation capability of the ion exchange column can be further improved by increasing the
column height, reducing the column diameter and testing various pH conditions. Proteins in
the fraction that gave high activities in producing the target compounds could be isolated
from the bands on SDS-PAGE and sequenced. Candidate gene(s) can be further cloned and
expressed in E. coli to characterize its/their enzyme activity(s) in vitro.

MATERIALS AND METHODS

Tobacco red suspension culture
Tobacco red suspension culture was developed from tobacco red callus cell line #6R.
Red callus cells of tobacco were established from PAP1 overexpression tobacco plants as
reported in Zhou et al., 2008. Suspension cells were cultured in the liquid MS medium
supplemented with 2, 4-D 0.25 mg/L and kinetin 0.1 mg/L. Culture flasks were grown on a
rotary shaker with a speed of approximately 100/min and under light condition of 16/8 hrs
(light/dark) with a light intensity of approximately 50 μmol m-2 sec -1. Suspension culture was
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subcultured every eighteen days. Cells were filtered in a sterile hood using a set of
autoclaved standard test sieves (Fisher brand no. 18 and no. 100). Cell aggregates larger than
150 µm and smaller than 1 mm in size were collected and inoculated into 300 ml fresh
subculture medium contained in 1L flask for subculture.

Sample collection
After the suspension cells were filtered, besides the cells inoculated into the new
medium for subculture, the remaining cells and the pre-filtered medium were collected. The
remaining cells were quickly frozen in liquid nitrogen and stored at -80Ԩ. The pre-filtered
medium were centrifuged at 10,000 rpm for 30 min in 500 ml bottles and filtered again
through Watman P1 filter paper with the aid of pump pressure. The filtered medium was
stored at 4 Ԩ for further analysis.

Protein extraction, purification and concentration
For the filtered cell part (referred to as 6R CELL), frozen suspension cells were
grounded into fine powders in liquid nitrogen. One gram powder was extracted using 3 ml
phosphate buffer saline (pH 7.0, 100 mM). Extractions were vortexed vigorously for 30 sec
and stored on ice for about 30 min, then extractions were centrifuged at 4,000 rpm for 15
min. Supernatants were transferred to 1.5 ml tubes and stored at 4 Ԩ.
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For the liquid culture medium part (referred to as 6R LC), ammonium sulfate was
slowly added into the stirred medium in an ice bath to reach 80% saturation. Then the liquid
part was centrifuged at 10,000 rpm at 4 Ԩ for 40 min. Supernatant was removed and the
pellet was re-suspended in Tris HCl buffer or phosphate buffer. Crude protein extracts were
dialyzed against the same buffer on a stirrer using dialysis tubing (Fisher, flat width 45 mm
and vol/cm 6.42 ml) for four hours and then overnight. Buffer was changed during each time
of dialysis. Protein extractions were centrifuged at 4,000 rpm for 15 min at 4 Ԩ to remove
the remaining solid part after dialysis.
Proteins extracted from 6R CELL and 6R LC were further concentrated using a 10K
Amicon® Ultra-15 centrifugal filter device (Millipore) by centrifugation at 3,000 rpm
repetitively. A small volume (~ 1-2 ml) of protein extracts were obtained after concentration.
Total protein concentrations were analyzed by Bradford assay. Four microliter of
concentrated protein extracts were mixed with 200 µl Bradford reagent, the absorbance at
595 nm was measured using Nanodrop.

SDS-PAGE
Thirty µl of crude protein extracts was mixed with ten µl of 3 X LAEMMLI loading
dye containing beta-mercaptoethanol. Mixed samples were boiled for 5 min before loading to
the SDS-PAGE. 12 % pre-cast Tris HCl ready gels (Bio-Rad) with 50 µl well capacity were
used. SDS-PAGE was set up in Mini-PROTEAN® system (Bio-Rad) and run for ~90 min at
100 V in the running buffer containing 1 X Tris/Glycine/SDS. After running, gel was stained
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in Coomassie Brilliant Blue R-250 staining solution (Bio-Rad) for about 2 hours and then
washed using destaining buffer containing water, methanol and acetic acid (50: 40: 10, v/v/v)
for about 1.5 hours.

Enzyme reaction
Twenty to 200 µl of crude enzyme extracts were added with the substrate (10 µg/µl)
in the reaction buffer (either Tris HCl or phosphate buffer saline) to reach 500 µl total
reaction volume. Reactions were carried out at room temperature for designated time length.
Enzyme reaction products were extracted using 500 µl ethyl acetate for three times. The
combined ethyl acetate extracts were dried using nitrogen gas and re-dissolved in 100 µl
100 % methanol. Samples were centrifuged at 13,200 rpm for 15 min before loaded to the
HPLC vial.

Proteinase K digestion
Ten µl proteinase K (10 mg/ml, Sigma) was added into one hundred microliter
protein extracts. Samples were mixed and then incubated at 37 Ԩ for about 22 hours.
Proteinase K treated samples were directly used in enzyme reactions.

246

Ion Exchange Chromatography
Protein extracts were separated using self-made columns containing DEAESepharose fast flow matrix (anion ion exchanger, Sigma) or CM-Sepharose fast flow matrix
(cation ion exchanger, GE healthcare). A glass Pasteur pipette (Fisher, cat no. 13-678-20D)
was set up straight on a holder and some cotton and a P3 filter were inserted into the glass
pipette to prevent the loss of the matrix beads. Matrix were equilibrated to the room
temperature and pre-swollen using about 10 column volumes of start buffer before loading to
the column. Column was first washed for several times with the start buffer and then the
equilibrated matrix beads were poured into the column. After the matrix had been stabilized
in the column, it was washed for several times using the start buffer. Then the proteins
samples were loaded to the column followed by washing for about 5 column volumes of start
buffer. Then a series of washing buffer containing increasing amounts of NaCl were applied
to the column, each kind of buffer of at least 5 column volumes were used to wash the
column. All the flow-through fractions were collected. After enzyme reactions using each
flow-through protein fraction, flow-through fractions with high activities were further
concentrated using Amicon® Ultra-2ml centrifugal filter device (Millipore) before loading to
the SDS-PAGE.

TLC and DMACA staining
Reaction products extracted by ethyl acetate were spotted on TLC Silica gel 60 F254
plate (EMD chemical Inc, NJ). TLC plate was developed in a TLC tank containing the
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running buffer of acetyl acetate, water and formic acid (18:1:1, v/v/v) for about 30 min. After
drying, TLC plate was sprayed with 0.1% (v/v) DMACA (Fluka) to identify target
compounds. TLC plate was also observed under 254 nm UV light to analyze the UV
absorption of the target compounds.

HPLC
The analysis of profiles of enzyme reaction products was carried out by using high
performance liquid chromatography/mass spectrometry on 2010EV LC/UV/ESI /MS
instrument (Shimadzu). Samples were separated on an analytical column of Eclipse XDBC18 (250 mm x 4.6 mm, 5 µm, Agilent). The mobile phase solvents were composed of 1 %
(v/v) acetic acid (HPLC grade) in water (LC-MS grade) (solvent A) and 100% (v/v)
acetonitrile (solvent B) (LC-MS grade). A gradient solvent system, which was designed to
separate metabolites, 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), 50: 50 to 10: 90 (5560 min), then followed by 10 min column washing with 10% of solvent B. The flow rate was
0.4 ml/min and the injection volume was 20 µl. The UV spectrum was recorded from 190 nm
to 800 nm. The total ion chromatograms of positive electrospray ionization were recorded
from 0 to 60 mins by mass spectrum detector and mass spectrum was scanned and stored
from m/z of 120 to 1600 at a speed of 1000 amu per second.
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HPLC-TOF-MS
For further structure characterization of enzyme reaction products, samples were
analyzed on an Agilent Technologies (Santa Clara, CA) 6210 time-of-flight LC/MS/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 µl. The drying gas flow was set to 12 L/min,
and the nebulizer pressure was set to 35 psi.
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Figure 1. HPLC profiling of the compounds produced by reactions using protein
extracts from 6R red tobacco suspension culture liquid part (LC) with different
substrates.
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Figure 2. Reactions using enzymes extracted from 6R liquid part (6R LC) and cell part
(6R CELL) produced similar compounds as detected by HPLC.
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Figure 3. Products of the reaction using proteins extracted from 6R liquid media with
catechin as the substrate. a. HPLC profiling of the products of the reaction. b. Table of
mass and molecular formula of the compounds detected by HPLC-ESI-MS and HPLC-TOFMS. The compounds detected have the same molecular formula as the proanthocyanidin Atype or B-type compounds.
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Figure 4. HPLC profiling of compounds produced by protein extracts from 6R liquid
part reacting with different concentrations of the substrate catechin. [Ca]=catechin
concentration.
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Figure 5. HPLC profiling of compounds produced by the reaction of enzyme extracts
from 6R liquid media with catechin as the substrate for different reaction time. The
control with no enzyme added and the one with no substrate added were also shown.
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Figure 6. HPLC profiling showing the reaction products from the boiled and non-boiled
enzymes. The reaction was inhibited greatly if the enzyme was boiled.
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Figure 7. Effect of proteinase K treatment on the reaction. a. HPLC profiling of reaction
products from reactions using proteinase K treated and non-treated protein extracts. b. SDSPAGE of proteinase K treated and non-treated protein extracts. Proteinase K standard (~29
kDa) was also shown in the SDS-PAGE.
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Figure 8. Comparison of reactions with enzyme extracts from liquid media in short
reaction time and reactions without enzyme extracts after long reaction time. a.
Reactions using enzyme extracts from red tobacco liquid media and catechin as the substrate
as well as the no enzyme control in short reaction time. b. Self-reactions of catechin in the
reaction buffer after long time incubation (> 24 hours). c. HPLC profiling of the products
from catechin self-reactions at different reaction times.
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Figure 9. Reactions using protein fractions separated by DEAE-Sepharose column. a.
SDS-PAGE of protein fractions separated by DEAE-Sepharose column at pH 8.0. b. HPLC
profiling of reaction products using different protein fractions separated by DEAE-Sepharose
column. Catechin was used as the substrate.
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Figure 10. Reactions using protein fractions separated by CM-Sepharose column. a.
SDS-PAGE of protein fractions separated by CM-Sepharose column. b. Reactions using
protein fractions separated by CM-Sepharose column. Catechin was used as the substrate.
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Figure 11. Effect of β-Mercaptoethanol on the reaction. a. HPLC profiling of catechin
reactions using protein extracts from red tobacco liquid media with and without the addition
of β-Mercaptoethanol (2-ME). b. HPLC profiling of compounds produced using protein
extracts from red tobacco liquid media reacting with different substrates and with the
addition of 2-ME. c. Reactions of enzyme extracts with catechin and with/without the
addition of 2-ME.
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Appendix 2: Supplemental Data for Chapter 2

Figure S1. Normalized values of band intensities of semi-quantitative RT-PCR products
show expression levels of 5 genes in rosette leaves of plants grown in different growth
conditions. a: Normalized values show the impacts of three light intensities on transcript
levels of five genes in rosette leaves of both WT and pap1-D plants grown on agar-solidified
medium-2. Due to poor growth of WT plants in the condition of HLM-2, total RNA isolated
from plants grown in the condition of HLM-3 were used as controls. HLM-2 (WT:M-3)
means that total RNA for pap1-D plants was isolated from leaves on the condition of HLM-2
and total RNA for WT plants was isolated from leaves on the condition of HLM-3. b:
Normalized values show the impacts of three media on transcript levels of 5 genes in rosette
leaves of both WT and pap1-D plants grown in the ML condition. RT-PCR analysis for WT
seedlings grown on medium-3 in the ML condition is not shown due to low yield and poor
quality of total RNA from rosette leaves. Band intensities were measured using the
QuantityOne gel image software (Bio-Rad). The value of the band intensity for the PCR
product of each gene was normalized against that of the ACTIN gene in the same growth
condition. The values of the band intensities of the PCR products from pap1-D plants grown
on the LLM-2 (a) or MLM-1 (b) were set to 1 and used as a reference for comparing the
relative expression level of each gene under different growth conditions between WT and
pap1-D plants. LLM-2: low light (50 μmol m−2 s−1 of light intensity) and medium-2 (½
strength of NH4NO3 and KNO3 in MS medium), MLM-2: middle light (200 μmol m−2 s−1 of
light intensity) and medium-2, HLM-2: high light (500 μmol m−2 s−1 of light intensity) and
medium-2, HLM-3: high light and medium-3 (0 NH4NO3 and ½ strength of KNO3 in MS
medium), MLM-1: middle light and medium-1 (full strength of basal MS medium), MLM-3:
middle light and medium-3
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Figure S2. Mass spectra of 20 cyanins detected at 530 nm from rosette leaves of 20-dayold pap1-D plants grown in the condition of HLM-2 (high light: 500 μmol m−2 s−1 of light
intensity and medium-2: ½ strength of both NH4NO3 and KNO3 in MS medium)
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Appendix 3: Supplemental Data for Chapter 3
Table S1. Media tested to induce red callus from pap1-D plants
Basal MS medium supplemented with different combination of plant hormones
(1) 2, 4-D 5.0 mg/L, Kinetin 0.05 mg/L
(8) 2, 4-D 0.02 mg/L, Kinetin 0.11 mg/L
(2) NAA 2.0 mg/L, Kinetin 0.05 mg/L
(9) 2, 4-D 0.11 mg/L, Kinetin 0.11 mg/L
(3) NAA 3.0 mg/L, Kinetin 0.05 mg/L
(10) 2, 4-D 0.2 mg/L, Kinetin 0.11 mg/L
(4) NAA 5.0 mg/L, Kinetin 0.05 mg/L
(11) 2, 4-D 1.0 mg/L, Kinetin 0.11 mg/L
(5) NAA 0.02 mg/L, Kinetin 0.11 mg/L (12) 2, 4-D 4.0 mg/L, Kinetin 0.11 mg/L
(6) NAA 1.0 mg/L, Kinetin 0.11 mg/L
(13) NAA 0.2 mg/L, Kinetin 0.11 mg/L
(7) NAA 2.0 mg/L, Kinetin 0.11 mg/L
Half strength of NH4NO3 and KNO3 in MS media supplemented with different
combination of plant hormones.
(14) 2, 4-D 0.1 mg/L, Kinetin 0.05 mg/L (19) 2, 4-D 0.1 mg/L, BAP 0.05 mg/L
(15) 2, 4-D 0.2 mg/L, Kinetin 0.05 mg/L (20) 2, 4-D 0.2 mg/L, BAP 0.05 mg/L
(16) 2, 4-D 0.5 mg/L, Kinetin 0.05 mg/L (21) 2, 4-D 0.5 mg/L, BAP 0.05 mg/L
(17) 2, 4-D 1.0 mg/L, Kinetin 0.05 mg/L (22) 2, 4-D 1.0 mg/L, BAP 0.05 mg/L
(18) 2, 4-D 2.0 mg/L, Kinetin 0.05 mg/L (23) 2, 4-D 2.0 mg/L, BAP 0.05 mg/L
MS media with only half strength of KNO3 but without NH4NO3 supplemented with
different combination of plant hormones.
(24) 2, 4-D 0.1 mg/L, Kinetin 0.11 mg/L
(25) 2, 4-D 0.1 mg/L, Kinetin 0.55 mg/L
(26) 2, 4-D 0.1 mg/L, Kinetin 1.1 mg/L
(27) 2, 4-D 0.1 mg/L, Kinetin 4.4 mg/L
(28) IAA 0 mg/L, Kinetin 4.0 mg/L
(29) IAA 0.01 mg/L, Kinetin 0.5 mg/L
(30) IAA 0.02 mg/L, Kinetin 0.5 mg/L
(31) IAA 0.01 mg/L, Kinetin 1.0 mg/L
(32) IAA 0.02 mg/L, Kinetin 1.0 mg/L
(33) IAA 0.01 mg/L, Kinetin 2.0 mg/L
(34) IAA 0.02 mg/L, Kinetin 2.0 mg/L
(35) IAA 0.01 mg/L, Kinetin 3.0 mg/L
(36) IAA 0.02 mg/L, Kinetin 3.0 mg/L
(37) IAA 0.01 mg/L, Kinetin 4.0 mg/L
(38) IAA 0.02 mg/L, Kinetin 4.0 mg/L
(39) IAA 0.01 mg/L, Kinetin 5.0 mg/L
(40) IAA 0.02 mg/L, Kinetin 5.0 mg/L
(41) IAA 0.05 mg/L, Kinetin 0.5 mg/L
(42) IAA 0.05 mg/L, Kinetin 1.0 mg/L
(43) IAA 0.05 mg/L, Kinetin 2.0 mg/L
(44) IAA 0.05 mg/L, Kinetin 3.0 mg/L
(45) IAA 0.05 mg/L, Kinetin 4.0 mg/L
(46) IAA 0.05 mg/L, Kinetin 5.0 mg/L
(47) IAA 0.1 mg/L, Kinetin 0.1 mg/L
(48) IAA 0.2 mg/L, Kinetin 0.1 mg/L
(49) IAA 0.1 mg/L, Kinetin 0.5 mg/L
(50) IAA 0.2 mg/L, Kinetin 0.5 mg/L
(51) IAA 0.1 mg/L, Kinetin 2.0 mg/L
(52) IAA 0.2 mg/L, Kinetin 2.0 mg/L
(53) IAA 0.1 mg/L, Kinetin 4.0 mg/L
(54) IAA 0.2 mg/L, Kinetin 4.0 mg/L
(55) IAA 0.3 mg/L, Kinetin 0.1 mg/L
(56) IAA 0.4 mg/L, Kinetin 0.1 mg/L
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Table S1 Continued
(57) IAA 0.3 mg/L, Kinetin 0.5 mg/L
(59) IAA 0.3 mg/L, Kinetin 2.0 mg/L
(61) IAA 0.3 mg/L, Kinetin 4.0 mg/L
(63) IAA 0.5 mg/L, Kinetin 0.1 mg/L
(65) IAA 0.5 mg/L, Kinetin 0.5 mg/L
(67) IAA 0.5 mg/L, Kinetin 2.0 mg/L
(69) IAA 0.5 mg/L, Kinetin 4.0 mg/L
(71) IAA 2.0 mg/L, Kinetin 0.1 mg/L
(73) IAA 2.0 mg/L, Kinetin 0.5 mg/L
(75) IAA 2.0 mg/L, Kinetin 2.0 mg/L
(77) IAA 2.0 mg/L, Kinetin 4.0 mg/L
(79) IAA 4.0 mg/L, Kinetin 0.1 mg/L
(80) IAA 4.0 mg/L, Kinetin 0.5 mg/L
(81) IAA 4.0 mg/L, Kinetin 2.0 mg/L
(82) IAA 4.0 mg/L, Kinetin 4.0 mg/L
(83) NAA 0.02 mg/L, Kinetin 0.5 mg/L
(85) NAA 0.02 mg/L, Kinetin 1.0 mg/L
(87) NAA 0.02 mg/L, Kinetin 2.0 mg/L
(89) NAA 0.02 mg/L, Kinetin 3.0 mg/L
(91) NAA 0.02 mg/L, Kinetin 4.0 mg/L

(58) IAA 0.4 mg/L, Kinetin 0.5 mg/L
(60) IAA 0.4 mg/L, Kinetin 2.0 mg/L
(62) IAA 0.4 mg/L, Kinetin 4.0 mg/L
(64) IAA 1.0 mg/L, Kinetin 0.1 mg/L
(66) IAA 1.0 mg/L, Kinetin 0.5 mg/L
(68) IAA 1.0 mg/L, Kinetin 2.0 mg/L
(70) IAA 1.0 mg/L, Kinetin 4.0 mg/L
(72) IAA 3.0 mg/L, Kinetin 0.1 mg/L
(74) IAA 3.0 mg/L, Kinetin 0.5 mg/L
(76) IAA 3.0 mg/L, Kinetin 2.0 mg/L
(78) IAA 3.0 mg/L, Kinetin 4.0 mg/L

(84) NAA 0.5 mg/L, Kinetin 0.1 mg/L
(86) NAA 0.5 mg/L, Kinetin 0.5 mg/L
(88) NAA 0.5 mg/L, Kinetin 2.0 mg/L
(90)NAA 0.5 mg/L, Kinetin 0.1 mg/L
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Table S2. Gene specific primers and thermal gradient programs designed to amplify
cDNA fragments using semi-quantitative RT-PCR
Gene
Primers
Thermal gradient program
name
Forward:
95oC x 3’, (95oC x 30’’, 55oC
PAP1
5’- GGCAAATGGCACCAAGTTCCTGTA-3’ x 30’’, 72oC x 1’) x25, 72oC
Reverse:
x10, 4oC
5’- GGTGTCCCCCTTTTCTGTTGTCGT-3’
Forward:
94oC x 3’, (94oC x 40’’, 51oC
PAL1
x 45’’, 72oC x 1’20’’) x25,
5’-AGTGGACGCTATGTTATGC- 3’
72oC x10, 4oC
Reverse:
5’- GATTATCGTTGACGGAGTTA- 3’
Forward:
94oC x 3’, (94oC x 40’’, 51oC
CHS
5’- CAAGCGCATGTGCGACAA- 3’
x 40’’, 72oC x 1’) x25, 72oC
Reverse:
x10, 4oC
5’- TCCCTCAAATGTCCGTCT- 3’
Forward:
94oC x 3’, (94oC x 30’’, 51oC
DFR
5’- TTTCCCAAAGCACAATCT- 3’
x 30’’, 72oC x 40’’) x25, 72oC
Reverse:
x10, 4oC
5’- ACACGAAATACATCCATCC- 3’
Forward:
94oC x 3’, (94oC x 25’’, 57oC
ANS
x 25’’, 72oC x 30’) x25, 72oC
5’ –ACGGTCCTCAAGTTCCCACA- 3’
x10, 4oC
Reverse:
5’ -TCGCGTACTCACTCGTTGCTTCTAT3’
94oC x 3’, (94oC x 40’’, 51oC
ACTIN2 Forward:
5’-GATATGGAAAAGATVTGGCATCAC-3’ x 40’’, 72oC x 1’) x25, 72oC
x10, 4oC
Reverse:
5’-TCATACTCGGCCTTGGAGATCCAC-3’
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Table S3. Gene specific primers used in real time RT-PCR
Gene name
Primers
Forward:
PAP1
5’-TGAAAAAGAGAGACATTACGCCCAT-3’
Reverse:
5’-TCGCTTCAGGAACCAAAATATCTACC-3’
Forward:
PAP2
5’-GTTGCAGCCATCTCAATGGTCTG-3’
Reverse:
5’-ACCCACAATCTTAAACAAACGGTGA-3’
Forward:
CHS
5’-CCCTCTGACACCCACCTTGACTC-3’
Reverse:
5’-CCAACTTCCCTCAAATGTCCGTCT-3’
Forward:
TTG1
5’-TCGTCATGTGCGTAAGTAGGTT-3’
Reverse:
5’-GTCCAATAAAGCAAGACAGGGT-3’
Forward:
TT8
5’-CCGTCGTCACAATGGGTGC-3’
Reverse:
5’-CCTCCTGCGTCGCTCTGCTA-3’
Forward:
GL3
5’-TACGGCGGATAGTAAAGTGTTTAGC-3’
Reverse:
5’-TGTGATAATCGGATCTTGCTGGTA-3’
ACTIN2*

Forward:
5’-GTTGGGATGAACCAGAAGGA-3’
Reverse:
5’-GAGGAGCCTCGGTAAGAAGA-3’

* Primers designed from:
Fan, L. M., Zhang, W., Chen, J. G., Taylor, J. P., Jones, A. M., Assmann, S. M., 2008.
Abscisic acid regulation of guard-cell K+ and anion channels in Gβ- and RGSdeficient Arabidopsis lines. Proc Natl Acad Sci USA 105, 8476-81.
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Table S4. List of 185 genes up-regulated in pap1-D cells at day 15 (FDR for accumulated
sets ≤ 0.017 and fold change ≥ 2).
Annotation
Fold
pGene MIPS Probe
code
Set ID
Change value
Ribonucleoprotein (22)
At5g24490 249742_at
30S ribosomal protein, putative
2.064
0.0019
At4g34555 253202_at
40S ribosomal protein S25, putative
2.212
0.0003
At3g10090 258937_at
40S ribosomal protein S28 (RPS28A)
3.529
0.0051
At5g03850 250895_at
40S ribosomal protein S28 (RPS28B)
2.797
0.0027
At5g64140 247267_at
40S ribosomal protein S28 (RPS28C)
2.322
0.0047
At3g44010 252693_s_at 40S ribosomal protein S29 (RPS29A)
2.104
0.0038
At4g33865 253291_at
40S ribosomal protein S29 (RPS29C)
2.275
0.0038
At4g29390 253715_at
40S ribosomal protein S30 (RPS30B)
2.587
0.0052
At5g56670 247968_at
40S ribosomal protein S30 (RPS30C)
2.336
0.0084
At4g25890 254030_at
60S acidic ribosomal protein P3
2.183
0.0055
(RPP3A)
At3g06700 258532_at
60S ribosomal protein L29 (RPL29A)
2.728
0.0042
At3g06680 258521_at
60S ribosomal protein L29 (RPL29B)
3.264
0.0037
At3g23390 258296_at
60S ribosomal protein L36a/L44
2.182
0.0041
(RPL36aA)
At3g59540 251486_at
60S ribosomal protein L38 (RPL38B)
2.187
0.0005
At3g02190 259130_at
60S ribosomal protein L39 (RPL39B)
3.321
0.0003
At4g31985 253482_at
60S ribosomal protein L39 (RPL39C)
3.203
0.0018
At3g11120 256438_s_at 60S ribosomal protein L41 (RPL41C)
2.92
0.0015
At2g20490 263371_at
nucleolar RNA-binding Nop10p family
2.375
0.0046
protein
At5g18790 249975_s_at ribosomal protein L33 family protein
2.6
0.0012
At4g30330 253607_at
small nuclear ribonucleoprotein E,
2.035
0.0005
putative / snRNP-E, putative / Sm
protein E, putative
At4g30220 253668_at
small nuclear ribonucleoprotein F,
2.483
0.0083
putative / snRNP-F, putative / Sm
protein F, putative
At3g11500 259288_at
small nuclear ribonucleoprotein G,
2.422
0.0013
putative / snRNP-G, putative / Sm
protein G, putative
Flavonoid biosynthesis (10)
At5g42800 249215_at
dihydroflavonol 4-reductase
79.121
0
(dihydrokaempferol 4-reductase) (DFR)
At4g35420 253195_at
dihydroflavonol 4-reductase family
2.353
0.0013
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Gene MIPS Probe
code
Set ID
At3g55120 251827_at
At5g13930 250207_at

Annotation

chalcone isomerase (CHI) (TT5)
chalcone synthase / naringenin-chalcone
synthase
At5g07990 250558_at
flavonoid 3'-monooxygenase / flavonoid
3'-hydroxylase (F3'H) / cytochrome P450
75B1 (CYP75B1) / transparent testa 7
protein (TT7)
At3g51240 252123_at
naringenin 3-dioxygenase / flavanone 3hydroxylase (F3H) (TT6)
At4g22870 254283_s_at leucoanthocyanidin dioxygenase,
putative / anthocyanidin synthase,
putative (ANS)
At4g09820 255056_at
basic helix-loop-helix (bHLH) family
protein (TT8)
At1g56650 245628_at
myb family transcription factor
(MYB75)
At3g62610 251223_at
myb family transcription factor
(AtMYB11)
Cell-cell signaling (3)
At3g23805 257204_at
rapid alkalinization factor (RALF)
family protein
At4g13950 245310_at
rapid alkalinization factor (RALF)
family protein
At4g14010 245386_at
rapid alkalinization factor (RALF)
family protein
Response to auxin stimulus (4)
At4g13520 254721_at
expressed protein (mediates responses
Arabidopsis root to the synthetic auxin
2,4-Dichlorophenoxyacetic acid)
At4g34760 253255_at
auxin-responsive family protein
At1g48690 256137_at
auxin-responsive GH3 family protein
At3g12830 257690_at
auxin-responsive family protein
F-box family protein (7)
At3g04660 258841_at
F-box family protein
At3g18980 256920_at
F-box family protein
At3g19470 258019_at
F-box family protein
At4g00320 255715_s_at F-box family protein

Fold
Change
2.631
5.296

pvalue
0.0031
0.0009

2.929

0.0005

10.623

0

72.624

0

19.827

0.0008

64.369

0.0032

2.091

0.0078

3.135

0.0106

2.063

0.0027

2.673

0.0057

3.445

0.0049

2.417
9.583
2.368

0.0048
0.008
0.0029

4.039
4.74
2.104
43.63

0.0029
0.0026
0.0062
0.0019
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Gene MIPS Probe
code
Set ID
At4g19940 254519_at
At4g39753 252865_at

Annotation

F-box family protein
kelch repeat-containing F-box family
protein
At4g19870 254548_at
kelch repeat-containing F-box family
protein
Other transcription factors (8)
At4g32280 253423_at
auxin-responsive AUX/IAA family
protein
At3g09735 258713_at
DNA-binding S1FA family protein
At1g68120 259998_at
expressed protein
At4g04890 255277_at
homeobox-leucine zipper protein
protodermal factor 2 (PDF2)
At3g03660 259223_at
homeobox-leucine zipper transcription
factor family protein
At4g25530 245239_at
homeodomain protein (FWA)
At4g21750 254370_at
L1 specific homeobox gene (ML1) /
ovule-specific homeobox protein A20
At5g06500 250731_at
MADS-box family protein
Protein transport (3)
At3g46560 252479_at
mitochondrial import inner membrane
translocase (TIM9)
At1g64220 262336_at
preprotein translocase-related
At5g08040 250562_at
expressed protein
Transition metal ion binding (4)
At5g42280 249245_at
DC1 domain-containing protein
At4g12880 254789_at
plastocyanin-like domain-containing
protein
At3g02790 258623_at
zinc finger (C2H2 type) family protein
At1g68130 259994_at
zinc finger (C2H2 type) family protein
Transmembrane (5)
At3g09460 258699_at
expressed protein
At3g05880 258735_at
hydrophobic protein (RCI2A) / low
temperature and salt responsive protein
(LTI6A)
At3g05890 258751_at
hydrophobic protein (RCI2B) / low
temperature and salt responsive protein
(LTI6B)

Fold
Change
3.154
4.305

pvalue
0.0009
0.0002

2.146

0.0069

3.355

0.0001

2.644
2.12
4.621

0.0007
0.0012
0.0001

2.622

0.0002

3.362
2.307

0.0005
0.0013

17.313

0.0026

2.05

0.0039

2.428
2.674

0.0009
0.0054

2.645
2.022

0.0014
0.0055

2.286
2.121

0.0049
0.0057

2.479
2.307

0.0048
0.0004

3.029

0.0012
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Set ID
At4g23400 254239_at
At5g35350 246606_at
ATP-binding (6)
At1g24290 264860_at
At5g48780 248673_at
At4g37740
At4g39110
At5g47810
At5g04100
Others (59)
At3g21040

253065_at
252933_at
248722_at
245718_at
256977_at

Annotation
major intrinsic family protein / MIP
family protein
putative protein
AAA-type ATPase family protein
disease resistance protein (TIR-NBS
class), putative
expressed protein
protein kinase family protein
phosphofructokinase family protein
DNA topoisomerase II family protein

hypothetical protein predicted by
genemark.hmm, similar to putative
retroelement pol polyprotein
At5g34920 246642_s_at putative protein predicted proteins,
At3g49860 252224_at
ADP-ribosylation factor, putative
At5g52070 248394_at
agenet domain-containing protein
psaI
245017_at
photosystem I subunit I
rps7.1
244992_s_at chloroplast ribosomal protein S7
rpl16.mito 244944_s_at mitochondrial ribosomal protein L16
chondria
rps12.2
244940_at
ribosomal protein S12
rps15
244938_at
chloroplast ribosomal protein S15
At4g26370 254011_at
antitermination NusB domain-containing
protein
At1g70830 262312_at
Bet v I allergen family protein
At2g28630 263443_at
beta-ketoacyl-CoA synthase family
protein
At1g33130 261619_x_a CACTA-like transposase family
t
(Ptta/En/Spm)
At3g52290 256671_at
calmodulin-binding family protein
At3g62810 251210_at
complex 1 family protein / LVR family
protein
At3g43690 252700_at
copia-like retrotransposon family protein

Fold
Change
2.24

pvalue
0.0013

3.022

0.0012

2.273
2.188

0.0048
0.0068

2.42
5.034
2.121
2.026

0.0014
0.0117
0.0001
0.0022

4.892

0.001

3.353
2.16
2.029
2.27
2.27
2.25

0.0009
0.0011
0.0007
0.0063
0.0014
0.0003

2.24
2.05
2.503

0.0002
0.0044
0.0011

5.577
3.369

0.0025
0.0004

30.424

0.0006

2.114
2.361

0.0013
0

2.188

0.0001
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code
Set ID
At3g56240 251733_at
At2g05870 266030_x_a
t
At3g21860 257945_at

Annotation
copper homeostasis factor / copper
chaperone (CCH) (ATX1)
cytochrome P-450 aromatase-related

E3 ubiquitin ligase SCF complex subunit
SKP1/ASK1 (At10), putative
At5g03170 250933_at
fasciclin-like arabinogalactan-protein
(FLA11)
At3g24100 257239_at
four F5 family protein / 4F5 family
protein
At4g37490 253051_at
G2/mitotic-specific cyclin (CYC1) / Blike cyclin (CYC1)
At3g06440 258853_at
galactosyltransferase family protein
At1g29660 259786_at
GDSL-motif lipase/hydrolase family
protein
At1g29670 259788_at
GDSL-motif lipase/hydrolase family
protein
At5g17220 250083_at
glutathione S-transferase, putative
At4g21620 254372_at
glycine-rich protein
At4g29020 253754_at
glycine-rich protein
At3g61490 251317_at
glycoside hydrolase family 28 protein /
polygalacturonase (pectinase) family
protein
At5g54060 248185_at
glycosyltransferase family protein
At2g06890 266214_at
gypsy-like retrotransposon family
At2g03020 266772_s_at heat shock protein-related
At3g51880 246311_at
high mobility group protein alpha
(HMGalpha) / HMG protein alpha
At2g39400 266983_at
hydrolase, alpha/beta fold family protein
At3g28890 257139_at
leucine-rich repeat family protein
At2g30130 267276_at
LOB domain protein 12 / lateral organ
boundaries domain protein 12 (LBD12)
At2g42440 257386_at
LOB domain protein 17 / lateral organ
boundaries domain protein 17 (LBD17)
At3g27650 258241_at
LOB domain protein 25 / lateral organ
boundaries domain protein 25 (LBD25)
At3g15353 257054_at
metallothionein protein, putative

Fold
Change
2.622

pvalue
0.0001

9.963

0.0035

2.637

0.0065

2.08

0.0054

2.133

0.0035

2.884

0.0094

2.008
5.317

0.0014
0.0047

26.419

0.0025

25.948
3.093
5.495
2.695

0
0.0044
0.0133
0.0002

21.977
2.118
4.556
2.021

0.0001
0.0045
0.0008
0.0014

2.748
2.4
2.271

0.0026
0.0019
0.0042

2.641

0.0012

2.792

0.0023

3.191

0.0025
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code
Set ID
At1g62090 264730_at

Annotation

mitochondrial transcription termination
factor family protein / mTERF family
protein
At3g62790 251186_at
NADH-ubiquinone oxidoreductaserelated
At3g52420 252044_at
outer envelope membrane protein,
putative
At4g38150 253027_at
pentatricopeptide (PPR) repeatcontaining protein
At5g51890 248382_at
peroxidase-related
At5g24240 249780_at
phosphatidylinositol 3- and 4-kinase
family protein / ubiquitin family protein
At1g03495 265091_s_at pseudogene, transferase family
At2g23330 245079_at
putative retroelement pol polyprotein
At4g04590 255313_at
putative transposon protein
At3g07990 258633_at
serine carboxypeptidase S10 family
protein
At3g26760 258253_at
short-chain dehydrogenase/reductase
(SDR) family protein
At5g45220 248991_at
Toll-Interleukin-Resistance (TIR)
domain-containing protein
At3g10860 258772_at
ubiquinol-cytochrome C reductase
complex ubiquinone-binding protein,
putative / ubiquinol-cytochrome C
reductase complex 8.2 kDa protein,
putative
At5g05890 250751_at
UDP-glucoronosyl/UDP-glucosyl
transferase family protein
At4g14090 245624_at
UDP-glucoronosyl/UDP-glucosyl
transferase family protein
At4g08430 255143_at
Ulp1 protease family protein
At3g20990 256974_at
unknown protein similar to putative
retroelement pol polyprotein
GB:AAD17409 from
At3g21020 256976_at
unknown protein similar to putative
retroelement pol polyprotein
GB:AAD17409 from
At4g10270 255807_at
wound-responsive family protein

Fold
Change
4.448

pvalue
0.004

2.091

0.0012

2.481

0.003

2.255

0.0023

2.222
2.655

0.0037
0.0074

17.683
2.753
5.926
2.405

0.0003
0.0002
0.0018
0.0004

2.068

0.0001

2.294

0.0045

2.039

0.0026

2.012

0.0004

46.309

0.0022

3.604
6.455

0.0026
0.0002

3.436

0.0001

2.473

0.0067
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Gene MIPS Probe
code
Set ID
At3g07230 258821_at
Unknown genes (54)
At2g21290 263759_at
At1g10380 264466_at
At1g19960 261221_at
At1g22885 264725_at
At1g32310 260708_at
At1g33700 261991_at
At1g35612 262010_at
At1g52720 262159_at
At1g53345 260617_at
At2g15560 265486_at
At2g41650 245106_at
At2g45860 266916_at
At3g01060 259275_at
At3g02180 259131_at
At3g02900 258662_at
At3g07910 258642_at
At3g11600 259235_at
At3g13674 256784_at
At3g13845 257609_at
At3g15357 258397_at
At3g19515 258027_at
At3g23080 257772_at
At3g43540 252724_at
At3g47510 252419_at
At3g47836 252390_at
At3g48185 252352_at
At3g52040 252034_at
At3g56730 246344_at
At3g57320 251676_at
At3g59840 251446_at
At3g61100 251355_at
At3g63390 251117_at

Annotation
wound-responsive protein-related

Fold
Change
2.467

pvalue
0.0071

expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein

2.048
2.101
4.129
2
2.013
2.016
2.603
2.027
2.075
7.152
2.236
2.735
2.34
2.062
2.036
2.301
2.185
12.269
2.825
2.272
2.08
2.027
2.176
2.319
2.313
2.325
2.551
2.464
2.633
2.457
2.231
2.443

0.0045
0.0013
0.0007
0.0058
0.0015
0.002
0.0004
0.0004
0.0035
0
0.0017
0.0106
0.0038
0.0068
0.0005
0.0002
0.0008
0.0129
0.0087
0.0049
0.0001
0.0011
0.0016
0.0007
0.0019
0.002
0.0005
0.0027
0.0013
0.0006
0.0019
0.0024
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code
Set ID
At4g29735 253694_at
At4g35905 253117_at
At4g38490 253001_at
At4g39235 252946_at
At4g39675 252882_at
At4g40045 252823_at
At5g04080 250881_at
At5g16060 246479_at
At5g53880 248186_at
At5g62280 247474_at
At1g73790 260078_at
At4g09550 255035_at
At4g33640 253304_at
At1g77540 259706_at
At5g05060 250815_s_at
orf113
257325_at
At1g71740 261509_at
At3g28230 256630_at
At4g29200 253707_at
At5g28560 255917_at
At1g47820 261738_s_at
At4g08610 255097_at

Annotation
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein

Fold
Change
2.311
2.043
2.36
2.717
2.188
2.073
3.157
2.065
2.296
2.356
2.425
2.23
2.701
2.793
2.187
2.06
2.08
3.648
9.846
25.999
3.066
2.917

pvalue
0.0037
0.0033
0.0092
0.0048
0.0013
0.0038
0.0016
0.0001
0.0029
0.005
0.0065
0.0085
0.0014
0.0035
0.003
0.0000
0.0051
0.0002
0.0054
0.0001
0.0013
0.0071
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Table S5. List of 299 genes down-regulated in pap1-D cells at day 15 (FDR for
accumulated sets ≤ 0.017 and fold change ≥ 2).
Gene
Probe Set
Annotation
Fold
MIPS
ID
Change
code
Chloroplast and photosynthesis (44)
At4g04640 255290_at
ATP synthase gamma chain 1,
-4.129
chloroplast (ATPC1)
At3g61470 251325_s_at chlorophyll A-B binding protein
-4.544
(LHCA2)
At3g54890 251814_at
chlorophyll A-B binding protein / LHCI -2.303
type I (CAB)
At1g61520 265033_at
chlorophyll A-B binding protein / LHCI -3.603
type III (LHCA3.1)
At2g05070 263345_s_at chlorophyll A-B binding protein /
-4.173
LHCII type II (LHCB2.2)
At5g54270 248151_at
chlorophyll A-B binding protein /
-2.952
LHCII type III (LHCB3)
At1g29910 255997_s_at chlorophyll A-B binding protein 2,
-3.985
chloroplast
At4g10340 254970_at
chlorophyll A-B binding protein CP26, -2.831
chloroplast / light-harvesting complex II
protein 5 / LHCIIc (LHCB5)
At1g15820 259491_at
chlorophyll A-B binding protein,
-2.394
chloroplast (LHCB6)
At4g03280 255435_at
cytochrome B6-F complex iron-sulfur
-2.637
subunit, chloroplast / Rieske iron-sulfur
protein / plastoquinol-plastocyanin
reductase (petC)
At2g26500 245044_at
cytochrome b6f complex subunit
-3.013
(petM), putative
At3g56940 251664_at
dicarboxylate diiron protein, putative
-4.167
(Crd1)
At1g60950 259727_at
ferredoxin, chloroplast (PETF)
-4.301
At1g10960 260481_at
ferredoxin, chloroplast, putative
-2.034
At1g20020 261218_at
ferredoxin--NADP(+) reductase,
-3.706
putative / adrenodoxin reductase,
putative
At5g35630 249710_at
glutamine synthetase (GS2)
-2.034

p-value

0.0064
0.0006
0.0023
0.0006
0.0097
0.0049
0.0034
0.0073
0.0011
0.0039

0.0034
0.0009
0.0014
0.0032
0.0087
0.0051
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ID
code
At3g26650 257807_at

At1g42970 259625_at

At2g29650 266672_at
At5g66570 247073_at

At4g21280 254398_at
At4g05180 255248_at
At3g26570 257311_at
At5g46110 248886_at
At1g32060 255720_at
At4g02770 255457_at

At1g31330 262557_at
At4g28750 253738_at
At2g20260 265287_at

Annotation

Fold
Change

p-value

glyceraldehyde 3-phosphate
dehydrogenase A, chloroplast (GAPA) /
NADP-dependent
glyceraldehydephosphate
dehydrogenase subunit A
glyceraldehyde-3-phosphate
dehydrogenase B, chloroplast (GAPB) /
NADP-dependent
glyceraldehydephosphate
dehydrogenase subunit B
inorganic phosphate transporter,
putative
oxygen-evolving enhancer protein 1-1,
chloroplast / 33 kDa subunit of oxygen
evolving system of photosystem II
(PSBO1) (PSBO)
oxygen-evolving enhancer protein 3,
chloroplast, putative (PSBQ1) (PSBQ)
oxygen-evolving enhancer protein 3,
chloroplast, putative (PSBQ2)
phosphate transporter family protein
phosphate/triose-phosphate translocator,
putative
phosphoribulokinase (PRK) /
phosphopentokinase
photosystem I reaction center subunit II,
chloroplast, putative / photosystem I 20
kDa subunit, putative / PSI-D, putative
(PSAD1)
photosystem I reaction center subunit
III family protein
photosystem I reaction center subunit
IV, chloroplast, putative / PSI-E,
putative (PSAE1)
photosystem I reaction center subunit
IV, chloroplast, putative / PSI-E,
putative (PSAE2)

-3.189

0.0028

-4.33

0.0087

-23.306

0.0006

-3.042

0.002

-2.147

0.0028

-3.436

0.0055

-2.126
-4.102

0.0008
0.0018

-17.198

0.0026

-3.573

0.0015

-2.894

0.0012

-3.568

0.0079

-2.53

0.005
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code
At1g30380 256309_at

Annotation

photosystem I reaction center subunit
psaK, chloroplast, putative /
photosystem I subunit X, putative / PSIK, putative (PSAK)
At1g55670 264545_at
photosystem I reaction center subunit
V, chloroplast, putative / PSI-G,
putative (PSAG)
At4g12800 254790_at
photosystem I reaction center subunit
XI, chloroplast (PSI-L) / PSI subunit V
At1g79040 264092_at
photosystem II 10 kDa polypeptide
At1g67740 245195_at
photosystem II core complex proteins
psbY, chloroplast (PSBY) / L-arginine
metabolising enzyme
At1g06680 262632_at
photosystem II oxygen-evolving
complex 23 (OEC23)
At1g51110 245744_at
plastid-lipid associated protein PAP /
fibrillin family protein
At1g20340 255886_at
plastocyanin
At1g67090 264474_s_at ribulose bisphosphate carboxylase small
chain 1A / RuBisCO small subunit 1A
(RBCS-1A) (ATS1A)
At5g17170 250073_at
rubredoxin family protein
At1g54780 264185_at
thylakoid lumen 18.3 kDa protein
At1g52220 259838_at
expressed protein
At3g51510 252116_at
expressed protein
At4g11960 254848_at
expressed protein
At2g05620 265569_at
expressed protein
Glutathione S-transferase (8)
At2g02390 266181_at
glutathione S-transferase zeta 1
(GSTZ1) (GST18)
At1g10370 264436_at
glutathione S-transferase, putative
(ERD9)
At2g02380 266236_at
glutathione S-transferase, putative
At1g27140 264988_at
glutathione S-transferase, putative
At1g59700 262916_at
glutathione S-transferase, putative
At2g29470 266270_at
glutathione S-transferase, putative
At1g69930 260405_at
glutathione S-transferase, putative
At5g02780 250983_at
In2-1 protein, putative

Fold
Change

p-value

-2.972

0.0008

-3.333

0.0114

-4.348

0.0019

-3.125
-3.123

0.0015
0.0005

-3.041

0.0044

-23.821

0.0002

-3.684
-4.074

0.0026
0.0071

-2.614
-3.181
-3.158
-2.641
-4.379
-3.246

0.0072
0.0067
0.0109
0.0068
0.001
0.002

-2.122

0.0027

-2.424

0.0086

-2.087
-2.509
-2.093
-6.518
-4.106
-2.58

0.0016
0.0103
0.0051
0.0034
0.001
0.0009
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Transporter activity (8)
At1g19450 260676_at
At2g38940 266184_s_at
At1g20860 262855_at
At5g18840 249955_at
At1g54730 264191_at
At1g08920 264652_at
At5g27350 246781_at
At1g78000 262133_at
Transmembrane (4)
At2g37330 266004_at
At2g38480 267038_at
At1g57990 245866_s_at
At1g63010 261107_at
Oxidoreductase (10)
At1g04350 263668_at
At5g36220 246620_at
At4g37430 253101_at
At1g13080
At2g34500
At1g73340
At5g57220
At1g66540
At1g17020

262826_at
266995_at
245728_at
247949_at
256386_at
262482_at

At2g18980 266941_at
Aminotransferase (4)
At5g53970 248207_at
At5g36160 249688_at
At5g11520 250385_at
At2g30970 267151_at

Annotation

Fold
Change

p-value

integral membrane protein, putative /
sugar transporter family protein
phosphate transporter (PT2)
phosphate transporter family protein
sugar transporter, putative
sugar transporter, putative
sugar transporter, putative
sugar-porter family protein 1 (SFP1)
sulfate transporter (Sultr1;2)

-2.32

0.0035

-2.964
-10.983
-2.589
-2.069
-3.272
-5.077
-2.685

0.0113
0.0055
0.0034
0.0071
0.0034
0.0132
0.0073

expressed protein
integral membrane protein, putative
purine permease-related
SPX (SYG1/Pho81/XPR1) domaincontaining protein

-3.632
-2.76
-2.833
-2.057

0.0026
0.0077
0.0059
0.0008

2-oxoglutarate-dependent dioxygenase,
putative
cytochrome P450 81D1 (CYP81D1)
(CYP91A1)
cytochrome P450 81F1 (CYP81F1)
(CYP91A2)
cytochrome P450 family protein
cytochrome P450 family protein
cytochrome P450 family protein
cytochrome P450, putative
cytochrome P450, putative
oxidoreductase, 2OG-Fe(II) oxygenase
family protein
peroxidase, putative

-2.597

0.0059

-4.229

0.0023

-2.507

0.0015

-5.463
-2.624
-2.688
-4.197
-4.775
-2.486

0.0034
0.0106
0.0039
0.0027
0.0078
0.0018

-5.195

0.0003

-2.623
-2.805
-2.212

0.0006
0.0011
0.001

-2.681

0.0034

aminotransferase, putative
aminotransferase-related
aspartate aminotransferase, chloroplast /
transaminase A (ASP3) (YLS4)
aspartate aminotransferase,
mitochondrial / transaminase A (ASP1)
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Glycoprotein (12)
At2g28470 264078_at

Annotation

beta-galactosidase, putative / lactase,
putative
At1g70370 264315_at
BURP domain-containing protein /
polygalacturonase, putative
At2g44460 267389_at
glycosyl hydrolase family 1 protein
At3g60140 251428_at
glycosyl hydrolase family 1 protein
At1g61810 264433_at
glycosyl hydrolase family 1 protein
At1g26560 261016_at
glycosyl hydrolase family 1 protein
At2g45220 245148_at
pectinesterase family protein
At2g26440 245052_at
pectinesterase family protein
At5g06860 250670_at
polygalacturonase inhibiting protein 1
(PGIP1)
At2g01890 263595_at
purple acid phosphatase, putative
At3g48580 252320_at
xyloglucan:xyloglucosyl transferase,
putative / xyloglucan
endotransglycosylase, putative / endoxyloglucan transferase, putative
At4g30280 253628_at
xyloglucan:xyloglucosyl transferase,
putative / xyloglucan
endotransglycosylase, putative / endoxyloglucan transferase, putative
Embryonic development ending in seed dormancy (4)
At1g01470 259426_at
late embryogenesis abundant protein,
putative / LEA protein, putative
At2g46140 266581_at
late embryogenesis abundant protein,
putative / LEA protein, putative
At2g18340 265379_at
late embryogenesis abundant domaincontaining protein / LEA domaincontaining protein
At1g32560 256464_at
late embryogenesis abundant group 1
domain-containing protein / LEA group
1 domain-containing protein
Endopeptidase activity (4)
At5g50260 248545_at
cysteine proteinase, putative
At5g19110 249971_at
extracellular dermal glycoproteinrelated / EDGP-related
At3g12700 257697_at
aspartyl protease family protein

Fold
Change

p-value

-2.297

0.0017

-2.003

0.0013

-4.953
-4.173
-4.222
-2.832
-2.577
-2.349
-2.808

0.0024
0.0013
0.006
0.0029
0.0017
0.0026
0.0008

-2.851
-2.779

0.0104
0.0009

-4.338

0.0108

-2.001

0.0037

-2.302

0.0041

-3.358

0.007

-2.957

0.0017

-6.595
-4.755

0.0002
0.0034

-2.476

0.0035
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At3g54400 251899_at
ATP-binding (12)
At5g06530 250690_at
At3g25620 256757_at
At3g60160 251457_s_at
At5g57350 247902_at

Annotation

Fold
Change

p-value

aspartyl protease family protein

-4.004

0.0049

ABC transporter family protein
ABC transporter family protein
ABC transporter family protein
ATPase 3, plasma membrane-type /
proton pump 3
cell division cycle protein 48, putative /
CDC48, putative
disease resistance protein (CC-NBSLRR class), putative / PRM1 homolog,
putative
disease resistance protein (CC-NBSLRR class), putative / PRM1 homolog,
putative
disease resistance protein (TIR-NBSLRR class), putative
disease resistance protein (TIR-NBSLRR class), putative
disease resistance protein (TIR-NBSLRR class), putative
heat shock cognate 70 kDa protein 2
(HSC70-2) (HSP70-2)
protein kinase, putative

-3.515
-1.996
-3.005
-4.504

0.002
0.006
0.0024
0.0004

-2.082

0.0081

-2.954

0.0026

-2.781

0.0053

-3.614

0.0083

-5.08

0.0056

-2.169

0.0003

-2.163

0.0054

-2.071

0.0015

carbonic anhydrase, putative / carbonate
dehydratase, putative
At1g55110 256149_at
zinc finger (C2H2 type) family protein
At1g67800 245197_at
copine-related
At5g50570 248524_s_at squamosa promoter-binding protein,
putative
Serine/threonine protein kinase (3)
At5g01820 251060_at
CBL-interacting protein kinase 14
(CIPK14)
At1g01140 261581_at
CBL-interacting protein kinase 9
(CIPK9)
At1g33940 260118_s_at hypothetical protein
Transcription factor activity (11)

-2.573

0.0022

-2.078
-2.083
-2.502

0.0017
0.0002
0.0021

-2.374

0.0022

-5.005

0.0004

-2.131

0.0001

At3g53230 251975_at
At1g59124 245219_at
At1g58842 245218_s_at
At1g63880 260312_at
At5g40060 249386_at
At5g41740 249264_s_at
At5g02490 250994_at
At2g17220 263419_at
Zinc ion binding (4)
At1g23730 265170_at
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At1g43160 264415_at
At2g33710 267451_at
At1g77640 259729_at
At1g10585 263210_at
At2g26150 266841_at
At3g10590 258960_at
At2g32460 267087_at
At3g18400 257718_at
At5g18270 250024_at
At1g52890 260203_at
At3g02150 259129_at
Others (129)
At1g35370 259547_at
At1g12720 255932_at
At1g17990 255895_at
At1g01480 259439_at
At2g25450 265615_at
At4g04610 255284_at

Annotation

Fold
Change

p-value

AP2 domain-containing protein RAP2.6
(RAP2.6)
AP2 domain-containing transcription
factor family protein
AP2 domain-containing transcription
factor, putative
expressed protein
heat shock transcription factor family
protein
myb family transcription factor
myb family transcription factor
(MYB101)
no apical meristem (NAM) family
protein
no apical meristem (NAM) family
protein
no apical meristem (NAM) family
protein
TCP family transcription factor,
putative

-5.599

0.0068

-3.268

0.0107

-3.037

0

-9.405
-2.441

0.0011
0.0076

-27.139
-2.016

0.0021
0.0011

-2.913

0

-2.882

0.007

-4.392

0.0031

-2.831

0.0035

-3.292

0.0074

-5.938

0.0032

-4.397

0.0003

-2.689

0.0058

-2.058

0.0023

-2.025

0.0063

gypsy/Ty3 element polyprotein,
putative similar to polyprotein
[Sorghum bicolor] GI:4539660
mutator-like transposase, putative
similar to mutator-like transposase
GI:4388821 from [Arabidopsis thaliana]
12-oxophytodienoate reductase,
putative
1-aminocyclopropane-1-carboxylate
synthase 2 / ACC synthase 2 (ACS2)
(ACC1)
2-oxoglutarate-dependent dioxygenase,
putative
5'-adenylylsulfate reductase (APR1) /
PAPS reductase homolog (PRH19)
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At1g62180 264745_at

At3g21080 256969_at
At2g05710 263348_at
At3g44550 252639_at
At1g23800 265188_at
At1g60730
At2g37770
At3g57520
At3g25780

264929_at
267168_at
251642_at
257644_at

At1g31820
At1g35720
At2g22470
At3g47340

246260_at
261285_at
264005_at
252415_at

At4g00895
At5g13360
At4g25700
At5g52570
At1g12240

255659_at
250293_s_at
254020_at
248311_at
260969_at

At1g11190 262454_at
At1g10070 264524_at
At5g24030 249765_at

Annotation

Fold
Change

p-value

5'-adenylylsulfate reductase 2,
chloroplast (APR2) (APSR) / adenosine
5'-phosphosulfate 5'-adenylylsulfate
(APS) sulfotransferase 2 / 3'phosphoadenosine-5'-phosphosulfate
(PAPS) reductase homolog 43 (PRH43)
ABC transporter-related
aconitate hydratase 3, mitochotrion,
putative / citrate hydro-lyase/aconitase,
putative
acyl CoA reductase, putative
aldehyde dehydrogenase, mitochondrial
(ALDH3)
aldo/keto reductase family protein
aldo/keto reductase family protein
alkaline alpha galactosidase, putative
allene oxide cyclase, putative / earlyresponsive to dehydration protein,
putative / ERD protein, putative
amino acid permease family protein
annexin 1 (ANN1)
arabinogalactan-protein (AGP2)
asparagine synthetase 1 (glutaminehydrolyzing) / glutamine-dependent
asparagine synthetase 1 (ASN1)
ATP synthase delta chain-related
auxin-responsive GH3 family protein
beta-carotene hydroxylase
beta-carotene hydroxylase, putative
beta-fructosidase (BFRUCT4) / betafructofuranosidase / invertase, vacuolar
bifunctional nuclease (BFN1)
branched-chain amino acid
aminotransferase 2 / branched-chain
amino acid transaminase 2 (BCAT2)
C4-dicarboxylate transporter/malic acid
transport family protein

-2.072

0.0053

-2.254
-2.295

0.0042
0.0012

-3.018
-2.999

0.0009
0.0046

-2.06
-6.55
-2.639
-2.12

0.0034
0.0009
0.0093
0.002

-2.701
-3.34
-2.608
-4.115

0.0023
0.0009
0.0061
0.0116

-2.511
-2.044
-2.136
-3.109
-3.508

0.0068
0.005
0.0044
0.0092
0.0034

-5.314
-2.19

0.0028
0.0013

-3.174

0.0035
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At2g06730 265743_s_at

Annotation

Fold
Change

p-value

CACTA-like transposase family
(Ptta/En/Spm)
At3g31955 256844_s_at CACTA-like transposase family
(Ptta/En/Spm)
At1g24735 245650_at
caffeoyl-CoA 3-O-methyltransferase,
putative
At5g42380 249197_at
calmodulin-related protein, putative
At3g51860 246302_at
cation exchanger, putative (CAX3)
At5g41610 249255_at
cation/hydrogen exchanger, putative
(CHX18)
At4g24000 254189_at
cellulose synthase family protein
At4g23990 254185_at
cellulose synthase family protein
At2g43570 260568_at
chitinase, putative
At4g14690 245306_at
chlorophyll A-B binding family protein
/ early light-induced protein, putative
At1g09500 264514_at
cinnamyl-alcohol dehydrogenase family
/ CAD family
At4g33110 253362_s_at coclaurine N-methyltransferase,
putative
At4g05510 255235_at
contains similarity to transposases
At1g72900 262381_at
disease resistance protein (TIR-NBS
class), putative
At1g55450 265075_at
embryo-abundant protein-related
At2g41380 266368_at
embryo-abundant protein-related
At3g54150 251884_at
embryo-abundant protein-related
At2g04770 263675_x_at En/Spm-like transposon protein related
to En/Spm transposon family of maize
At2g05650 263346_at
En/Spm-like transposon protein related
to En/Spm transposon family of maize
At2g11540 263269_at
En/Spm-like transposon protein related
to En/Spm transposon family of maize
At2g41850 260492_at
endo-polygalacturonase, putative
At2g26740 267607_s_at epoxide hydrolase, soluble (sEH)
At4g16690 245349_at
esterase/lipase/thioesterase family
protein
At4g38400 252997_at
expansin family protein (EXPL2)
At2g46740 266711_at
FAD-binding domain-containing
protein

102.328
-45.949

0.0003
0.0041

-2.423

0.0005

-2.932
-3.681
-2.233

0.0013
0.0012
0.0011

-2.826
-17.642
-2.579
-1.998

0.0066
0.0091
0.0008
0.0039

-4.597

0.0071

-2.411

0.0084

-3.59
-2.146

0.0017
0.0006

-2.044
-2.685
-2.071
-3.24

0.0006
0.0017
0.0016
0.0031

-7.933

0.0001

-10.477

0.0009

-10.462
-2.775
-3.877

0.0002
0.0012
0.0083

-2.07
-2.93

0.0024
0.0031
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At5g50160 248540_at
At5g14780 246595_at
At5g55050 248118_at
At1g61800 264400_at
At2g31570 263426_at
At1g12900 261197_at

At1g68010 260014_at
At5g41080 249337_at
At5g17650
At4g37900
At3g21260
At2g32150

246440_at
253012_at
258038_at
265680_at

At2g27080 266316_at
At1g62360 260632_at
At5g02030 251032_at
At1g72790 259915_at
At1g51780 256178_s_at
At5g48180 248713_at
At5g04200 245697_at
At3g44830 246332_at
At2g30550 267496_at

Annotation

Fold
Change

p-value

ferric reductase-like transmembrane
component family protein
formate dehydrogenase (FDH)
GDSL-motif lipase/hydrolase family
protein
glucose-6-phosphate/phosphate
translocator, putative
glutathione peroxidase, putative
glyceraldehyde 3-phosphate
dehydrogenase, chloroplast, putative /
NADP-dependent
glyceraldehydephosphate
dehydrogenase, putative
glycerate dehydrogenase / NADHdependent hydroxypyruvate reductase
glycerophosphoryl diester
phosphodiesterase family protein
glycine/proline-rich protein
glycine-rich protein
glycolipid transfer protein-related
haloacid dehalogenase-like hydrolase
family protein
harpin-induced protein-related / HIN1related / harpin-responsive proteinrelated
homeobox protein SHOOT
MERISTEMLESS (STM)
homeodomain protein (BELLRINGER)
hydroxyproline-rich glycoprotein
family protein
IAA-amino acid hydrolase 3 / IAA-Ala
hydrolase 3 (IAR3)
kelch repeat-containing protein
latex-abundant protein, putative
(AMC9) / caspase family protein
lecithin:cholesterol acyltransferase
family protein / LACT family protein
lipase class 3 family protein

-2.22

0.0076

-3.667
-4.059

0.0002
0.0026

-14.491

0.0014

-2.334
-3.593

0.0018
0.0002

-3.201

0.0046

-2.482

0.0049

-5.182
-2.188
-3.482
-2.411

0.0083
0.0071
0.0009
0.0035

-2.808

0.0033

-22.914

0.0002

-2.594
-2.524

0.0018
0.0029

-2.006

0.0001

-2.895
-3.065

0.003
0.0065

-3.133

0.0029

-2.478

0.008
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At4g10960 254952_at
At4g00220 255701_at
At5g43330 249147_at
At5g48850 248676_at
At4g37990 252984_at
At2g04040 263403_at
At2g04100 263404_s_at
At5g01340 251090_at
At1g18100 256073_at
At1g52610 262139_at
At5g16970 246463_at
At2g26690
At3g44320
At1g01070
At4g08290
At4g36010

267612_at
252677_at
261576_at
255129_at
253104_at

At5g48570 248657_at
At3g43400 264991_s_at
At1g35140 245757_at
At5g20230 246099_at
At4g12470 254818_at
At3g33066 257345_s_at
At4g08680 255102_s_at
At4g07810 255159_at
At5g17380 250094_at

Annotation

Fold
Change

p-value

lipase class 3 family protein
LOB domain protein 30 / lateral organ
boundaries domain protein 30 (LBD30)
malate dehydrogenase, cytosolic,
putative
male sterility MS5 family protein
mannitol dehydrogenase, putative
(ELI3-2)
MATE efflux family protein
MATE efflux family protein
mitochondrial substrate carrier family
protein
mother of FT and TF1 protein (MFT)
Mutator-like transposase family
NADP-dependent oxidoreductase,
putative (P1)
nitrate transporter (NTP2)
nitrilase 3 (NIT3)
nodulin MtN21 family protein
nodulin MtN21 family protein
pathogenesis-related thaumatin family
protein
peptidyl-prolyl cis-trans isomerase,
putative / FK506-binding protein,
putative
phagocytosis and cell motility protein
ELMO1-related
phosphate-responsive protein, putative
plastocyanin-like domain-containing
protein
protease inhibitor/seed storage/lipid
transfer protein (LTP) family protein
pseudogene
putative MuDR-A-like transposon
protein similar to Z. mays MuDR-A
protein
putative polyprotein
pyruvate decarboxylase family protein

-3.87
-4.422

0.0039
0.0002

-2.392

0.0022

-4.369
-5.729

0.0016
0.0051

-2.94
-2.009
-2.497

0.0097
0.0003
0.0001

-5.347
-15.03
-3.058

0.0005
0.0015
0.0115

-3.383
-2.217
-2.255
-7.376
-2.425

0.0037
0.0003
0.0045
0.0129
0.0079

-2.463

0.0003

-3.998

0.0067

-2.013
-7.102

0.0058
0.0094

-3.189

0.0082

-11.548
-12.056

0.0002
0.0001

-4.133
-2.475

0.0003
0.0019
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At1g19200 256014_at
At2g29340 266265_at
At2g37540 267169_at
At3g04000 258815_at
At4g13250 254764_at
At2g06530 265375_at
At1g03950 265044_at
At5g49480 248607_at
At1g74010
At1g74020
At1g74000
At1g01900
At1g32960
At5g07010
At1g70080
At5g54770

260386_at
260391_at
260335_at
261653_at
261242_at
250662_at
264720_at
248128_at

At1g18830 261430_at
At5g39050
At2g26630
At2g43510
At1g66160
At3g61390
At2g02810

249494_at
245032_at
260551_at
256522_at
251334_at
267483_at

At2g43820 260567_at
At3g21750 257949_at
At3g21790 257940_at

Annotation

Fold
Change

p-value

senescence-associated protein-related
short-chain dehydrogenase/reductase
(SDR) family protein
short-chain dehydrogenase/reductase
(SDR) family protein
short-chain dehydrogenase/reductase
(SDR) family protein
short-chain dehydrogenase/reductase
(SDR) family protein
SNF7 family protein
SNF7 family protein
sodium-inducible calcium-binding
protein (ACP1) / sodium-responsive
calcium-binding protein (ACP1)
strictosidine synthase family protein
strictosidine synthase family protein
strictosidine synthase family protein
subtilase family protein
subtilase family protein
sulfotransferase family protein
terpene synthase/cyclase family protein
thiazole biosynthetic enzyme,
chloroplast (ARA6) (THI1) (THI4)
transducin family protein / WD-40
repeat family protein
transferase family protein
transposase IS4 family protein
trypsin inhibitor, putative
U-box domain-containing protein
U-box domain-containing protein
UDP-galactose/UDP-glucose
transporter
UDP-glucoronosyl/UDP-glucosyl
transferase family protein
UDP-glucoronosyl/UDP-glucosyl
transferase family protein
UDP-glucoronosyl/UDP-glucosyl
transferase family protein

-2.153
-2.243

0.0002
0.0021

-3.026

0.0036

-2.013

0.004

-3.257

0.0037

-2.426
-2.119
-2.144

0.0002
0.0048
0.0051

-3.489
-2.307
-3.9
-2.9
-4.423
-2.967
-2.668
-2.463

0.0016
0.0021
0.0117
0.0003
0.0081
0.0014
0.0072
0.0084

-3.605

0.0116

-2.237
-5.082
-2.435
-3.215
-2.283
-2.333

0.0007
0
0.0033
0.0093
0.0064
0.0046

-4.521

0.013

-2.152

0.0001

-2.306

0.008
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At3g53160 251971_at
At1g05560 263184_at
At1g62480 265116_at
At4g15120 245363_at
At2g37670 267160_at
Unknown genes (42)
At1g12030 257421_at
At1g17620 260686_at
At1g22110 255950_at
At1g42550 256542_at
At1g55240 259653_at
At1g68440 259856_at
At1g73010 262369_at
At1g80130 262050_at
At2g14350 265604_s_at
At2g25460 265618_at
At2g26530 245041_at
At2g41800 260553_at
At2g46420 263787_at
At3g20300 257672_at
At4g01140 255608_at
At4g16410 245388_at
At4g18425 254629_at
At4g29780 253643_at
At5g19855 246158_at
At5g35760 249715_at
At5g38700 249522_at
At5g40690 249377_at
At5g45630 248959_at
At5g54300 248205_at
At5g64870 247208_at
At1g17380 261033_at
At1g48500 261297_at
At1g41820 260018_at
At1g70400 264311_at

Annotation

Fold
Change

p-value

UDP-glucoronosyl/UDP-glucosyl
transferase family protein
UDP-glucose transferase (UGT75B2)/
IAA beta-glucosyltransferase 1
vacuolar calcium-binding proteinrelated
VQ motif-containing protein
WD-40 repeat family protein

-2.074

0.0072

-8.512

0.0021

-2.166

0.0008

-2.077
-6.193

0.0033
0.0099

expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
expressed protein
hypothetical protein
hypothetical protein

-3.846
-2.101
-2.828
-4.293
-2.883
-2.339
-2.73
-11.012
-126.38
-2.532
-2.914
-2.101
-3.326
-2.197
-2.792
-2.305
-3.947
-2.688
-2.084
-26.999
-2.636
-2.643
-13.222
-2.708
-3.342
-3.857
-4.285
-30.447
-18.785

0.0027
0.0049
0.0016
0.0008
0.0041
0.0077
0.0005
0.0003
0.0018
0.0009
0.0105
0.0033
0.005
0.0067
0.0092
0.0022
0.0077
0.003
0.0042
0.0001
0.0006
0.0049
0.0046
0.0003
0.0036
0.0034
0.013
0.0068
0.0006
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Table S5 Continued
Gene
Probe Set
MIPS
ID
code
At2g10850 264075_at
At3g45320 252623_at
At4g05640 255246_at
At4g18420 254672_at
At5g01080 251127_at
At5g03090 250979_at
At5g03550 250951_at
At5g15360 250135_at
At5g37880 249591_at
At5g64450 247290_at
At5g30820 246671_at
At5g30426 246672_at
At5g30332 246698_at

Annotation

Fold
Change

p-value

hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein
putative protein
putative protein
putative protein

-33.583
-14.691
-7.357
-10.174
-3.197
-10.378
-2.118
-4.037
-13.252
-2.737
-7.847
-3.213
-47.303

0.0127
0.0123
0.0028
0.0001
0.0083
0.0002
0.0049
0.0001
0.0006
0.0082
0.0001
0.0023
0.0001
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Table S6. Microarray analysis shows the expression profiles of sixty-one genes clearly or putatively involved in the
flavonoid biosynthesis in the red or WT cells. (P: presence and A: absence)
Gene Name

MIPS Code

Probe_set_id

Annotation

pap1-D

WT

PAL1
PAL2
PAL3*
PAL4
C4H

At2g37040
At3g53260
At5g04230
At3g10340
At2g30490

263845_at
251984_at
245690_at
259149_at
267470_at

P
P
A
P
P

P
P
A
P
P

4CL1
4CL2
4CL3*
4CL5
4CL putative
CHS
CHI
F3H
F3’H**

At1g51680
At3g21240
At1g65060
At3g21230
At1g20490
At5g13930
At3g55120
At3g51240
At5g07990

256186_at
258047_at
261907_at
258037_at
259568_at
250207_at
251827_at
252123_at
250558_at

P
P
A
P
P
P
P
P
P

P
P
A
P
P
P
P
P
A

DFR**

At5g42800

249215_at

P

A

ANS**

At4g22870

254283_s_at

P

A

FLS1
FLS putative
FLS putative
FLS putative**

At5g08640
At3g50210
At5g63580
At5g63590

250533_at
252213_at
247358_at
247354_at

Phenylalanine ammonia-lyase 1 (PAL1)
Phenylalanine ammonia-lyase 2 (PAL2)
Phenylalanine ammonia-lyase 3 (PAL3)
Phenylalanine ammonia-lyase, putative
Trans-cinnamate 4-monooxygenase / cinnamic acid 4hydroxylase (C4H) (CA4H)
4-Coumarate--CoA ligase 1 (4CL1)
4-Coumarate--CoA ligase 2 (4CL2)
4-Coumarate--CoA ligase 3 (4CL3)
4-Coumarate--CoA ligase, putative (4CL)
AMP-dependent synthetase and ligase family protein
Chalcone synthase / naringenin-chalcone synthase
Chalcone-flavanone isomerase (CHI)
Naringenin 3-dioxygenase / flavanone 3-hydroxylase (F3H)
Flavonoid 3'-hydroxylase (F3'H) / transparent testa 7 protein
(TT7)
Dihydroflavonol 4-reductase (dihydrokaempferol 4-reductase)
(DFR)
Leucoanthocyanidin dioxygenase, putative / anthocyanidin
synthase, putative
Flavonol synthase 1 (FLS1)
2-Oxoacid-dependent oxidase, putative
Flavonol synthase, putative
Flavonol synthase, putative

P
P
P
P

P
P
P
A
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Table S6 Continued
Gene Name

MIPS Code

Probe_set_id

Annotation

pap1-D

WT

AGT/FGT
UGT78D2
AGT/
UGT75C1**
AGT/
UGT79B1**
UGT/ UGT84A2
UGT/
UGT71C1*
UGT/ UGT72B1
UGT/
UGT85A5*
FGT/ UGT78D2
FGT/ UGT78D1
FGT/ UGT73C6
UGT/
UGT91A1*
UGT/
UGT84A1*
UGT/ UGT73B2
UGT/
UGT78D3*
AAT1**
AAT**
GST/TT19**

At5g17050

246468_at

UDP-glucoronosyl/UDP-glucosyl transferase family protein

P

P

At4g14090

245624_at

UDP-glucoronosyl/UDP-glucosyl transferase family protein

P

A

At5g54060

248185_at

Glycosyltransferase family protein

P

A

At3g21560
At2g29750

258167_at
266669_at

UDP-glucosyltransferase, putative
UDP-glucoronosyl/UDP-glucosyl transferase family protein

P
A

P
A

At4g01070
At1g22370

255622_at
255943_at

UDP-glucoronosyl/UDP-glucosyl transferase family protein
UDP-glucoronosyl/UDP-glucosyl transferase family protein

P
A

P
A

At5g17050
At1g30530
At2g36790
At2g22590

246468_at
261804_at
265200_s_at
265290_at

UDP-glucoronosyl/UDP-glucosyl transferase family protein
UDP-glucoronosyl/UDP-glucosyl transferase family protein
UDP-glucoronosyl/UDP-glucosyl transferase family protein
Glycosyltransferase family protein

P
P
P
A

P
P
P
A

At4g15480

245560_at

UDP-glucoronosyl/UDP-glucosyl transferase family protein

A

A

At4g34135
At5g17030

253268_s_at
246419_at

UDP-glucoronosyl/UDP-glucosyl transferase family protein
UDP-glucoronosyl/UDP-glucosyl transferase family protein

P
A

P
A

At1g03940
At3g29590
At5g17220

265091_s_at
256924_at
250083_at

Pseudogene, transferase family
Transferase family protein
Glutathione S-transferase, putative

P
P
P

A
A
A
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Table S6 Continued
Gene Name

MIPS Code

Probe_set_id

Annotation

pap1-D

WT

GST
GST*

At1g02930
At1g02940

262119_s_at
262103_at

TT12

At3g59030

251504_at

P
A
A

P
A
A

PAP1
/MYB75**
PAP2
/MYB90*
MYB113*
MYB114*
TTG1/WD40
TT8**
EGL3*
TT2*
TT16*
ANL2/HD
HY5/bZIP
HYH/bZIP

At1g56650

245628_at

Glutathione S-transferase, putative
Glutathione S-transferase, putative
Transparent testa 12 protein (TT12) / multidrug transporter-like
protein
Myb family transcription factor (MYB75)

P

A

At1g66390

260140_at

A

A

At1g66370
At1g66380
At5g24520
At4g09820
At1g63650
At5g35550
At5g23260
At4g00730
At5g11260
At3g17609

260134_at
260139_at
249739_at
255056_at
260242_at
249704_at
249851_at
255636_at
250420_at
258349_at

A
A
P
P
A
A
A
P
P
P

A
A
P
A
A
A
A
P
P
P

PIF3*
MYB11
MYB12
MYB111*
MYB32
MYB4

At1g09530
At3g62610
At2g47460
At5g49330
At4g34990
At4g38620

264510_at
251223_at
245126_at
248596_at
253219_at
252958_at

Myb family transcription factor, putative / production of
anthocyanin pigment 2 protein (PAP2)
Myb family transcription factor (MYB113)
Myb family transcription factor (MYB114)
Transparent testa glabra 1 protein (TTG1)
Basic helix-loop-helix (bHLH) family protein
Basic helix-loop-helix (bHLH) family protein
Myb family transcription factor (MYB123)
MADS-box protein, putative
Anthocyaninless2 (ANL2)
bZIP protein HY5 (HY5)
bZIP transcription factor family protein / HY5-like protein
(HYH)
Phytochrome interacting factor 3 (PIF3)
Myb family transcription factor
Myb family transcription factor (MYB12)
Myb family transcription factor
Myb family transcription factor (MYB32)
Myb family transcription factor (MYB4)

A
P
P
A
P
P

A
P
P
A
P
P
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Table S6 Continued
Gene Name

MIPS Code

Probe_set_id

Annotation

pap1-D

WT

LBD37

At5g67420

246996_at

P

P

LBD38*

At3g49940

252220_at

A

A

LBD39

At4g37540

253043_at

LOB domain protein 37 / lateral organ boundaries domain protein
37 (LBD37)
LOB domain protein 38 / lateral organ boundaries domain protein
38 (LBD38)
LOB domain protein 39 / lateral organ boundaries domain protein
39 (LBD39)

P

P

GL3 and TT1 do not have probe sets on Affymatrix ATH1 genome array
*: absent in both red and WT callus
**: present in red but not in WT callus
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Table S7. Gene order (from top to bottom) on the heat map shown in Figure 5
(hierarchical clustering of 185 genes significantly up-regulated in red cells at day 15)
Gene MIPS
code
Annotation
At5g42800
dihydroflavonol 4-reductase (dihydrokaempferol 4-reductase) (DFR)
At4g00320
F-box family protein
At3g51240
naringenin 3-dioxygenase / flavanone 3-hydroxylase (F3H)
At4g29200
hypothetical protein
At1g56650
myb family transcription factor (MYB75)
At1g33130
CACTA-like transposase family (Ptta/En/Spm)
At5g17220
glutathione S-transferase, putative
At5g54060
glycosyltransferase family protein
leucoanthocyanidin dioxygenase, putative / anthocyanidin synthase,
At4g22870
putative
At1g03495
pseudogene, transferase family
At2g15560
expressed protein
At5g13930
chalcone synthase / naringenin-chalcone synthase
At1g70830
Bet v I allergen family protein
At4g29020
glycine-rich protein
At3g18980
F-box family protein
At3g15353
metallothionein protein, putative
At2g28630
beta-ketoacyl-CoA synthase family protein
At4g21620
glycine-rich protein
hydrophobic protein (RCI2B) / low temperature and salt responsive protein
At3g05890
(LTI6B)
At4g37740
expressed protein
At3g07990
serine carboxypeptidase S10 family protein
LOB domain protein 12 / lateral organ boundaries domain protein 12
At2g30130
(LBD12)
At3g13674
expressed protein
At3g13845
expressed protein
At4g25890
60S acidic ribosomal protein P3 (RPP3A)
small nuclear ribonucleoprotein E, putative / snRNP-E, putative / Sm
At4g30330
protein E, putative
At1g29670
GDSL-motif lipase/hydrolase family protein
psaI
PSI I protein
rps7.1_chlor
oplast
ribosomal protein S7
rps12.2
ribosomal protein S12 (trans-splice part 2 of 2)
At4g04590
putative transposon protein
At5g35350
putative protein
At5g34920
putative protein, predicted proteins
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Table S7 Continued
Gene MIPS
code
Annotation
At3g15357
expressed protein
At5g05060
expressed protein
At3g23080
expressed protein
At5g24490
30S ribosomal protein, putative
At4g37490
G2/mitotic-specific cyclin (CYC1) / B-like cyclin (CYC1)
At3g55120
chalcone-flavanone isomerase / chalcone isomerase (CHI)
At4g34760
auxin-responsive family protein
At3g62610
myb family transcription factor
At3g23805
rapid alkalinization factor (RALF) family protein
At1g35612
expressed protein
At4g12880
plastocyanin-like domain-containing protein
At1g19960
expressed protein
At5g28560
hypothetical protein
At4g14090
UDP-glucoronosyl/UDP-glucosyl transferase family protein
At5g06500
MADS-box family protein
unknown protein similar to putative retroelement pol polyprotein
At3g20990
GB:AAD17409 from [Arabidopsis thaliana]
At4g08430
Ulp1 protease family protein
At4g25530
homeodomain protein (FWA)
At4g35420
dihydroflavonol 4-reductase family / dihydrokaempferol 4-reductase family
At4g39110
protein kinase family protein
At4g04890
homeobox-leucine zipper protein protodermal factor 2 (PDF2)
At3g04660
F-box family protein
At1g71740
hypothetical protein
unknown protein similar to putative retroelement pol polyprotein
At3g21020 GB:AAD17409 from [Arabidopsis thaliana]
flavonoid 3'-hydroxylase (F3'H) / cytochrome P450 75B1 (CYP75B1) /
At5g07990
transparent testa 7 protein (TT7)
At2g03020
heat shock protein-related
At4g32280
auxin-responsive AUX/IAA family protein
At5g42280
DC1 domain-containing protein
At4g39753
kelch repeat-containing F-box family protein
hypothetical protein predicted by genemark.hmm, similar to putative
At3g21040
retroelement pol polyprotein GB:AAD17409 from [Arabidopsis thaliana]
At5g04080
expressed protein
At3g09735
DNA-binding S1FA family protein
At4g13520
expressed protein
At3g06700
60S ribosomal protein L29 (RPL29A)
At3g02190
60S ribosomal protein L39 (RPL39B)
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Table S7 Continued
Gene MIPS
code
Annotation
At3g07230
wound-responsive protein-related
At4g10270
wound-responsive family protein
At3g47836
expressed protein
At5g03850
40S ribosomal protein S28 (RPS28B)
At5g53880
expressed protein
At1g77540
expressed protein
At3g52040
expressed protein
At3g59840
expressed protein
At2g41650
expressed protein
At4g19940
F-box family protein
At3g21860
E3 ubiquitin ligase SCF complex subunit SKP1/ASK1 (At10), putative
hydrophobic protein (RCI2A) / low temperature and salt responsive protein
At3g05880
(LTI6A)
At3g07910
expressed protein
At1g73790
expressed protein
At4g39675
expressed protein
At3g56240
copper homeostasis factor / copper chaperone (CCH) (ATX1)
At3g48185
expressed protein
At5g52070
agenet domain-containing protein
At3g57320
expressed protein
At3g10090
40S ribosomal protein S28 (RPS28A)
At3g06680
60S ribosomal protein L29 (RPL29B)
At4g31985
60S ribosomal protein L39 (RPL39C)
At3g11120
60S ribosomal protein L41 (RPL41C)
At5g18790
ribosomal protein L33 family protein
small nuclear ribonucleoprotein F, putative / snRNP-F, putative / Sm
At4g30220
protein F, putative
At3g62810
complex 1 family protein / LVR family protein
At3g02790
zinc finger (C2H2 type) family protein
At3g09460
expressed protein
At3g59540
60S ribosomal protein L38 (RPL38B)
At5g56670
40S ribosomal protein S30 (RPS30C)
At4g38490
expressed protein
At3g63390
expressed protein
At3g26760
short-chain dehydrogenase/reductase (SDR) family protein
At3g03660
homeobox-leucine zipper transcription factor family protein
At4g09550
expressed protein
At1g47820
hypothetical protein
At4g33640
expressed protein
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Table S7 Continued
Gene MIPS
code
Annotation
At4g29735
expressed protein
At4g33865
40S ribosomal protein S29 (RPS29C)
At5g08040
expressed protein
At2g20490
nucleolar RNA-binding Nop10p family protein
At5g64140
40S ribosomal protein S28 (RPS28C)
At4g29390
40S ribosomal protein S30 (RPS30B)
At3g23390
60S ribosomal protein L36a/L44 (RPL36aA)
At2g45860
expressed protein
At3g62790
NADH-ubiquinone oxidoreductase-related
At3g44010
40S ribosomal protein S29 (RPS29A)
At3g46560
mitochondrial import inner membrane translocase (TIM9)
phosphatidylinositol 3- and 4-kinase family protein / ubiquitin family
At5g24240
protein
LOB domain protein 25 / lateral organ boundaries domain protein 25
At3g27650
(LBD25)
At4g26370
antitermination NusB domain-containing protein
At5g62280
expressed protein
At4g23400
major intrinsic family protein / MIP family protein
rpl16.mitoc
hondria
ribosomal protein L16
At5g47810
phosphofructokinase family protein
mitochondrial transcription termination factor family protein / mTERF
At1g62090
family protein
At4g21750
L1 specific homeobox gene (ML1) / ovule-specific homeobox protein A20
At3g01060
expressed protein
At4g39235
expressed protein
At5g03170
fasciclin-like arabinogalactan-protein (FLA11)
At4g08610
hypothetical protein
At5g45220
Toll-Interleukin-Resistance (TIR) domain-containing protein
At4g38150
pentatricopeptide (PPR) repeat-containing protein
At5g16060
expressed protein
At2g21290
expressed protein
ubiquinol-cytochrome C reductase complex ubiquinone-binding protein,
putative / ubiquinol-cytochrome C reductase complex 8.2 kDa protein,
At3g10860 putative
At2g23330
putative retroelement pol polyprotein
At1g32310
expressed protein
At4g13950
rapid alkalinization factor (RALF) family protein
At3g11600
expressed protein
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Table S7 Continued
Gene MIPS
code
Annotation
At1g10380
expressed protein
At4g19870
kelch repeat-containing F-box family protein
At2g05870
cytochrome P-450 aromatase-related
At5g48780
disease resistance protein (TIR-NBS class), putative
At1g53345
expressed protein
At5g05890
UDP-glucoronosyl/UDP-glucosyl transferase family protein
At2g39400
hydrolase, alpha/beta fold family protein
At1g29660
GDSL-motif lipase/hydrolase family protein
At3g61100
expressed protein
At4g40045
expressed protein
At1g52720
expressed protein
At3g19515
expressed protein
At3g43540
expressed protein
At3g51880
high mobility group protein alpha (HMGalpha) / HMG protein alpha
At5g51890
peroxidase-related
glycoside hydrolase family 28 protein / polygalacturonase (pectinase)
At3g61490
family protein
At3g12830
auxin-responsive family protein
At1g68120
expressed protein
At1g24290
AAA-type ATPase family protein
At1g68130
zinc finger (C2H2 type) family protein
At4g35905
expressed protein
At3g52290
calmodulin-binding family protein
At3g02900
expressed protein
At4g34555
40S ribosomal protein S25, putative
small nuclear ribonucleoprotein G, putative / snRNP-G, putative / Sm
At3g11500
protein G, putative
At3g43690
copia-like retrotransposon family protein
At3g02180
expressed protein
At3g06440
galactosyltransferase family protein
At3g28890
leucine-rich repeat family protein
At4g09820
basic helix-loop-helix (bHLH) family protein
At3g19470
F-box family protein
rps15
ribosomal protein S15
At3g24100
four F5 family protein / 4F5 family protein
LOB domain protein 17 / lateral organ boundaries domain protein 17
At2g42440
(LBD17)
At3g49860
ADP-ribosylation factor, putative
At5g04100
DNA topoisomerase II family protein
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Table S7 Continued
Gene MIPS
code
Annotation
At3g28230 hypothetical protein
At3g52420
outer envelope membrane protein, putative
At1g48690
auxin-responsive GH3 family protein
At3g56730
expressed protein
At1g64220
preprotein translocase-related
At4g14010
rapid alkalinization factor (RALF) family protein
orf113
hypothetical protein
At1g33700
expressed protein
At2g06890
gypsy-like retrotransposon family
At3g47510
expressed protein
At1g22885
expressed protein
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Table S8. Gene order (from top to bottom) on the heat map shown in Figure 6
(hierarchical clustering of 299 genes significantly down-regulated in red cells at day 15)
Gene MIPS
code
Annotation
At1g61800
glucose-6-phosphate/phosphate translocator, putative
At2g41380
embryo-abundant protein-related
At2g14350
expressed protein
At5g30332
putative protein
putative MuDR-A-like transposon protein similar to Z. mays MuDR-A
At4g08680
protein
At3g33066
pseudogene
At3g31955
CACTA-like transposase family (Ptta/En/Spm)
At2g18980
peroxidase, putative
At2g06730
CACTA-like transposase family (Ptta/En/Spm)
At5g30820
putative protein
At5g03090
hypothetical protein
At2g26630
transposase IS4 family protein
At1g80130
expressed protein
At1g10585
expressed protein
At4g37990
mannitol dehydrogenase, putative (ELI3-2)
At5g20230
plastocyanin-like domain-containing protein
At5g17650
glycine/proline-rich protein
At2g41850
endo-polygalacturonase, putative
At5g50260
cysteine proteinase, putative
At2g37770
aldo/keto reductase family protein
At1g05560
UDP-glucose transferase (UGT75B2)
At2g43820
UDP-glucoronosyl/UDP-glucosyl transferase family protein
xyloglucan:xyloglucosyl transferase, putative / xyloglucan
At4g30280
endotransglycosylase, putative
At1g43160
AP2 domain-containing protein RAP2.6 (RAP2.6)
At2g04040
MATE efflux family protein
At5g42380
calmodulin-related protein, putative
At5g06860
polygalacturonase inhibiting protein 1 (PGIP1)
At1g69930
glutathione S-transferase, putative
At3g60160
ABC transporter family protein
At4g10960
lipase class 3 family protein
At5g64870
expressed protein
At2g29470
glutathione S-transferase, putative
At5g57220
cytochrome P450, putative
At1g66160
U-box domain-containing protein
At1g17990
12-oxophytodienoate reductase, putative
At1g77640
AP2 domain-containing transcription factor, putative
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Table S8 Continued
Gene MIPS
code
Annotation
At1g73010
expressed protein
At1g67800
copine-related
At1g72900
disease resistance protein (TIR-NBS class), putative
At3g53160
UDP-glucoronosyl/UDP-glucosyl transferase family protein
At1g18830
transducin family protein / WD-40 repeat family protein
asparagine synthetase 1 (glutamine-hydrolyzing) / glutamine-dependent
At3g47340 asparagine synthetase 1 (ASN1)
At3g10590
myb family transcription factor
At1g08920
sugar transporter, putative
At5g18270
no apical meristem (NAM) family protein
At5g40690
expressed protein
At2g01890
purple acid phosphatase, putative
At5g55050
GDSL-motif lipase/hydrolase family protein
At1g74010
strictosidine synthase family protein
At4g24000
cellulose synthase family protein
At5g16970
NADP-dependent oxidoreductase, putative (P1)
At1g23800
aldehyde dehydrogenase, mitochondrial (ALDH3)
At5g18840
sugar transporter, putative
At5g48180
kelch repeat-containing protein
At1g17020
oxidoreductase, 2OG-Fe(II) oxygenase family protein
At1g17380
expressed protein
At2g26530
expressed protein
At2g45220
pectinesterase family protein
At5g02780
In2-1 protein, putative
At1g72790
hydroxyproline-rich glycoprotein family protein
harpin-induced protein-related / HIN1-related / harpin-responsive proteinAt2g27080
related
At2g30550
lipase class 3 family protein
At1g61810
glycosyl hydrolase family 1 protein
At2g34500
cytochrome P450 family protein
At2g26690
nitrate transporter (NTP2)
At1g32960
subtilase family protein
At1g09500
cinnamyl-alcohol dehydrogenase family / CAD family
At4g36010
pathogenesis-related thaumatin family protein
At1g57990
purine permease-related
At3g57520
alkaline alpha galactosidase, putative
At4g29780
expressed protein
At2g22470
arabinogalactan-protein (AGP2)
At5g39050
transferase family protein
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Table S8 Continued
Gene MIPS
code
Annotation
xyloglucan:xyloglucosyl transferase, putative / xyloglucan
At3g48580
endotransglycosylase, putative
At5g41740
disease resistance protein (TIR-NBS-LRR class), putative
At3g54150
embryo-abundant protein-related
At1g62480
vacuolar calcium-binding protein-related
At1g60730
aldo/keto reductase family protein
At2g43510
trypsin inhibitor, putative
At2g32150
haloacid dehalogenase-like hydrolase family protein
At1g55450
embryo-abundant protein-related
At3g21080
ABC transporter-related
At1g17620
expressed protein
At1g35140
phosphate-responsive protein, putative
At5g64450
hypothetical protein
At1g70400
hypothetical protein
At1g20860
phosphate transporter family protein
At1g51110
plastid-lipid associated protein PAP / fibrillin family protein
At5g40060
disease resistance protein (TIR-NBS-LRR class), putative
At3g21260
glycolipid transfer protein-related
At4g18420
hypothetical protein
At1g26560
glycosyl hydrolase family 1 protein
At4g01140
expressed protein
At3g45320
hypothetical protein
At5g45630
expressed protein
At4g08290
nodulin MtN21 family protein
late embryogenesis abundant domain-containing protein / LEA domainAt2g18340
containing protein
At1g22110
expressed protein
At1g01900
subtilase family protein
At4g16410
expressed protein
At4g21280
oxygen-evolving enhancer protein 3, chloroplast, putative (PSBQ1) (PSBQ)
At1g62360
homeobox protein SHOOT MERISTEMLESS (STM)
At1g32060
phosphoribulokinase (PRK) / phosphopentokinase
At1g52610
Mutator-like transposase family
At2g29340
short-chain dehydrogenase/reductase (SDR) family protein
At4g37900
glycine-rich protein
At3g51510
expressed protein
At2g37670
WD-40 repeat family protein
At2g32460
myb family transcription factor (MYB101)
At2g28470
beta-galactosidase, putative / lactase, putative

304

Table S8 Continued
Gene MIPS
code
Annotation
chlorophyll A-B binding family protein / early light-induced protein,
At4g14690 putative
At3g54400
aspartyl protease family protein
At5g48850
male sterility MS5 family protein
At2g10850
hypothetical protein
mutator-like transposase, putative similar to mutator-like transposase
At1g12720
GI:4388821 from [Arabidopsis thaliana]
En/Spm-like transposon protein related to En/Spm transposon family of
At2g05650
maize
At4g07810
putative polyprotein
At5g15360
hypothetical protein
At1g73340
cytochrome P450 family protein
At2g44460
glycosyl hydrolase family 1 protein
At3g44550
acyl CoA reductase, putative
photosystem I reaction center subunit psaK, chloroplast, putative /
At1g30380
photosystem I subunit X, putative / PSI-K, putative (PSAK)
oxygen-evolving enhancer protein 1-1, chloroplast / 33 kDa subunit of
At5g66570
oxygen evolving system of photosystem II (PSBO1) (PSBO)
chlorophyll A-B binding protein CP26, chloroplast / light-harvesting
At4g10340
complex II protein 5 / LHCIIc (LHCB5)
beta-fructosidase (BFRUCT4) / beta-fructofuranosidase / invertase,
At1g12240 vacuolar
At2g05070
chlorophyll A-B binding protein / LHCII type II (LHCB2.2)
At2g05620
expressed protein
At2g30970
aspartate aminotransferase, mitochondrial / transaminase A (ASP1)
peptidyl-prolyl cis-trans isomerase, putative / FK506-binding protein,
At5g48570
putative
At1g33940
hypothetical protein
At2g41800
expressed protein
At5g01080
hypothetical protein
At1g12030
expressed protein
At4g37430
cytochrome P450 81F1 (CYP81F1) (CYP91A2)
At2g46140
late embryogenesis abundant protein, putative / LEA protein, putative
At4g05640
hypothetical protein
At3g44830
lecithin:cholesterol acyltransferase family protein / LACT family protein
At4g05510
contains similarity to transposases
At2g04100
MATE efflux family protein
At3g54890
chlorophyll A-B binding protein / LHCI type I (CAB)
At1g20020
ferredoxin--NADP(+) reductase, putative / adrenodoxin reductase, putative
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5'-adenylylsulfate reductase 2, chloroplast (APR2) (APSR) / adenosine 5'phosphosulfate 5'-adenylylsulfate (APS) sulfotransferase 2 / 3'phosphoadenosine-5'-phosphosulfate (PAPS) reductase homolog 43 (PRHAt1g62180 43)
At1g10960
ferredoxin, chloroplast, putative
At5g35630
glutamine synthetase (GS2)
At2g26150
heat shock transcription factor family protein
At1g70370
BURP domain-containing protein / polygalacturonase, putative
At5g57350
ATPase 3, plasma membrane-type / proton pump 3
At4g16690
esterase/lipase/thioesterase family protein
At1g18100
mother of FT and TF1 protein (MFT)
At5g14780
formate dehydrogenase (FDH)
At1g11190
bifunctional nuclease (BFN1)
At1g13080
cytochrome P450 family protein
At3g51860
cation exchanger, putative (CAX3)
At5g27350
sugar-porter family protein 1 (SFP1)
At3g60140
glycosyl hydrolase family 1 protein
At1g52890
no apical meristem (NAM) family protein
At4g13250
short-chain dehydrogenase/reductase (SDR) family protein
At2g37540
short-chain dehydrogenase/reductase (SDR) family protein
At1g01140
CBL-interacting protein kinase 9 (CIPK9)
At4g23990
cellulose synthase family protein
At3g02150
TCP family transcription factor, putative
At5g04200
latex-abundant protein, putative (AMC9) / caspase family protein
At5g24030
C4-dicarboxylate transporter/malic acid transport family protein
At2g38940
phosphate transporter (PT2)
At5g37880
hypothetical protein
En/Spm-like transposon protein related to En/Spm transposon family of
At2g11540
maize
At5g19110
extracellular dermal glycoprotein-related / EDGP-related
LOB domain protein 30 / lateral organ boundaries domain protein 30
At4g00220
(LBD30)
At5g07010
sulfotransferase family protein
At1g41820
hypothetical protein
At5g36220
cytochrome P450 81D1 (CYP81D1) (CYP91A1)
At3g18400
no apical meristem (NAM) family protein
At5g36160
aminotransferase-related
At5g38700
expressed protein
At1g42970
glyceraldehyde-3-phosphate dehydrogenase B, chloroplast (GAPB)
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photosystem I reaction center subunit XI, chloroplast (PSI-L) / PSI subunit
At4g12800
V
At1g60950
ferredoxin, chloroplast (PETF)
At5g46110
phosphate/triose-phosphate translocator, putative
At1g67090
ribulose bisphosphate carboxylase small chain 1A
At1g35720
annexin 1 (ANN1)
disease resistance protein (CC-NBS-LRR class), putative / PRM1 homolog,
At1g59124
putative
At1g20340
plastocyanin
photosystem I reaction center subunit V, chloroplast, putative / PSI-G,
At1g55670 putative (PSAG)
chlorophyll A-B binding protein 2, chloroplast / LHCII type I CAB-2 /
At1g29910
CAB-140 (CAB2A)
At3g26650
glyceraldehyde 3-phosphate dehydrogenase A, chloroplast (GAPA)
photosystem II core complex proteins psbY, chloroplast (PSBY) / LAt1g67740
arginine metabolising enzyme
At1g06680
photosystem II oxygen-evolving complex 23 (OEC23)
At1g31330
photosystem I reaction center subunit III family protein
At3g61470
chlorophyll A-B binding protein (LHCA2)
At3g56940
dicarboxylate diiron protein, putative (Crd1)
At1g79040
photosystem II 10 kDa polypeptide
At4g11960
expressed protein
At2g26500
cytochrome b6f complex subunit (petM), putative
photosystem I reaction center subunit II, chloroplast, putative / photosystem
At4g02770 I 20 kDa subunit, putative / PSI-D, putative (PSAD1)
disease resistance protein (CC-NBS-LRR class), putative / PRM1 homolog,
At1g58842
putative
En/Spm-like transposon protein related to En/Spm transposon family of
At2g04770 maize
At4g04640
ATP synthase gamma chain 1, chloroplast (ATPC1)
At5g02030
homeodomain protein (BELLRINGER)
glyceraldehyde 3-phosphate dehydrogenase, chloroplast, putative / NADPAt1g12900
dependent glyceraldehydephosphate dehydrogenase, putative
At4g05180
oxygen-evolving enhancer protein 3, chloroplast, putative (PSBQ2)
At1g61520
chlorophyll A-B binding protein / LHCI type III (LHCA3.1)
At5g54270
chlorophyll A-B binding protein / LHCII type III (LHCB3)
cytochrome B6-F complex iron-sulfur subunit, chloroplast / Rieske ironAt4g03280
sulfur protein / plastoquinol-plastocyanin reductase (petC)
At1g68010 glycerate dehydrogenase / NADH-dependent hydroxypyruvate reductase
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At1g15820
chlorophyll A-B binding protein, chloroplast (LHCB6)
At2g46420
expressed protein
At4g33110
coclaurine N-methyltransferase, putative
At5g17170
rubredoxin family protein
At2g33710
AP2 domain-containing transcription factor family protein
At5g54300
expressed protein
At1g66540
cytochrome P450, putative
At1g55240
expressed protein
At5g01340
mitochondrial substrate carrier family protein
aconitate hydratase, cytoplasmic, putative / citrate hydro-lyase/aconitase,
At2g05710 putative
At5g30426
putative protein
At5g43330
malate dehydrogenase, cytosolic, putative
At1g24735
caffeoyl-CoA 3-O-methyltransferase, putative
At2g29650
inorganic phosphate transporter, putative
At5g01820
CBL-interacting protein kinase 14 (CIPK14)
At2g31570
glutathione peroxidase, putative
At2g06530
SNF7 family protein
At2g02810
UDP-galactose/UDP-glucose transporter
At3g44320
nitrilase 3 (NIT3)
At3g43400
phagocytosis and cell motility protein ELMO1-related
At1g31820
amino acid permease family protein
At1g78000
sulfate transporter (Sultr1;2)
At5g50570
squamosa promoter-binding protein, putative
At1g19450
integral membrane protein, putative / sugar transporter family protein
At5g02490
heat shock cognate 70 kDa protein 2 (HSC70-2) (HSP70-2)
At4g25700
beta-carotene hydroxylase
At1g68440
expressed protein
gypsy/Ty3 element polyprotein, putative similar to polyprotein [Sorghum
At1g35370 bicolor] GI:4539660
At1g63010
SPX (SYG1/Pho81/XPR1) domain-containing protein
At4g12470
protease inhibitor/seed storage/lipid transfer protein (LTP) family protein
At1g04350
2-oxoglutarate-dependent dioxygenase, putative
At5g54770
thiazole biosynthetic enzyme, chloroplast (ARA6) (THI1) (THI4)
At1g01070
nodulin MtN21 family protein
At2g25460
expressed protein
At2g17220
protein kinase, putative
At4g38400
expansin family protein (EXPL2)
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sodium-inducible calcium-binding protein (ACP1) / sodium-responsive
At5g49480
calcium-binding protein (ACP1)
At1g03950
SNF7 family protein
At3g04000
short-chain dehydrogenase/reductase (SDR) family protein
At5g52570
beta-carotene hydroxylase, putative
At1g10370
glutathione S-transferase, putative (ERD9)
1-aminocyclopropane-1-carboxylate synthase 2 / ACC synthase 2 (ACS2)
At1g01480
(ACC1)
At2g02390
glutathione S-transferase zeta 1 (GSTZ1) (GST18)
At5g19855
expressed protein
At5g53970
aminotransferase, putative
At2g43570
chitinase, putative
At4g18425
expressed protein
At5g17380
pyruvate decarboxylase family protein
At5g11520
aspartate aminotransferase, chloroplast / transaminase A (ASP3) (YLS4)
At5g41610
cation/hydrogen exchanger, putative (CHX18)
allene oxide cyclase, putative / early-responsive to dehydration protein,
At3g25780 putative / ERD protein, putative
At1g51780
IAA-amino acid hydrolase 3 / IAA-Ala hydrolase 3 (IAR3)
At5g06530
ABC transporter family protein
At2g26740
epoxide hydrolase, soluble (sEH)
At1g70080
terpene synthase/cyclase family protein
At2g26440
pectinesterase family protein
At3g61390
U-box domain-containing protein
At5g03550
hypothetical protein
At2g38480
integral membrane protein, putative
At3g20300
expressed protein
At3g53230
cell division cycle protein 48, putative / CDC48, putative
At1g19200
senescence-associated protein-related
At4g15120
VQ motif-containing protein
At1g48500
expressed protein
At3g21790
UDP-glucoronosyl/UDP-glucosyl transferase family protein
late embryogenesis abundant group 1 domain-containing protein / LEA
At1g32560
group 1 domain-containing protein
At2g02380
glutathione S-transferase, putative
At1g42550
expressed protein
branched-chain amino acid aminotransferase 2 / branched-chain amino acid
At1g10070
transaminase 2 (BCAT2)
At2g37330
expressed protein
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At2g25450
2-oxoglutarate-dependent dioxygenase, putative
At1g74000
strictosidine synthase family protein
At5g41080
glycerophosphoryl diester phosphodiesterase family protein
At3g12700
aspartyl protease family protein
At1g74020
strictosidine synthase family protein
At5g50160
ferric reductase-like transmembrane component family protein
At1g01470
late embryogenesis abundant protein, putative / LEA protein, putative
photosystem I reaction center subunit IV, chloroplast, putative / PSI-E,
At2g20260 putative (PSAE2)
At1g52220
expressed protein
At1g27140
glutathione S-transferase, putative
At1g63880
disease resistance protein (TIR-NBS-LRR class), putative
At3g26570
phosphate transporter family protein
At1g59700
glutathione S-transferase, putative
At3g21750
UDP-glucoronosyl/UDP-glucosyl transferase family protein
At1g55110
zinc finger (C2H2 type) family protein
At1g54730
sugar transporter, putative
At5g35760
expressed protein
photosystem I reaction center subunit IV, chloroplast, putative / PSI-E,
At4g28750 putative (PSAE1)
At1g54780
thylakoid lumen 18.3 kDa protein
At4g00895
ATP synthase delta chain-related
At5g13360
auxin-responsive GH3 family protein
At2g46740
FAD-binding domain-containing protein
At4g04610
5'-adenylylsulfate reductase (APR1) / PAPS reductase homolog (PRH19)
At1g23730
carbonic anhydrase, putative / carbonate dehydratase, putative
At3g25620
ABC transporter family protein
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Figure S1. Diagram of the locations of 23 photosynthetic light reaction components encoded by 25 nuclear genes that
are down-regulated at least two-fold at day 15 in red cells than in wild-type cells. PC, plastocyanin; PQ: plastoquinone;
Fdx: ferredoxin; FNR: ferredoxin-NADP reductase.
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