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Secondary metabolites play a key role in coordinating ecology and defense strategies of plants. Diversity of these metabolites arises by
conjugation of core structures with diverse chemical moieties, such as sugars in glycosylation. Active pools of phytohormones, including
those involved in plant stress response, are also regulated by glycosylation. While much is known about the enzymes involved in
glycosylation, we know little about their regulation or coordination with other processes. We characterized the flavonoid pathway
transcription factor TRANSPARENT TESTA8 (TT8) in Arabidopsis (Arabidopsis thaliana) using an integrative omics strategy. This approach
provides a systems-level understanding of the cellular machinery that is used to generate metabolite diversity by glycosylation.
Metabolomics analysis of TT8 loss-of-function and inducible overexpression lines showed that TT8 coordinates glycosylation of not
only flavonoids, but also nucleotides, thus implicating TT8 in regulating pools of activated nucleotide sugars. Transcriptome and
promoter network analyses revealed that the TT8 regulome included sugar transporters, proteins involved in sugar binding
and sequestration, and a number of carbohydrate-active enzymes. Importantly, TT8 affects stress response, along with brassinosteroid
and jasmonic acid biosynthesis, by directly binding to the promoters of key genes of these processes. This combined effect on metabolite
glycosylation and stress hormones by TT8 inducible overexpression led to significant increase in tolerance toward multiple abiotic and
biotic stresses. Conversely, loss of TT8 leads to increased sensitivity to these stresses. Thus, the transcription factor TT8 is an integrator of
secondary metabolism and stress response. These findings provide novel approaches to improve broad-spectrum stress tolerance.

Plants produce a wide variety of secondary metabo-
lites having diverse physical and chemical properties.
This enables secondary metabolites to play an important

role in the growth, development, and innate immunity of
plants (Wink, 2010). This hugediversity in the structure and
function of secondary metabolites arises through various
biochemical processes, such as conjugation, hydroxylation,
and methylation, among others, which act on a relatively
small number of core metabolites (Hartmann, 1996). Con-
jugation ofmetabolites is an active process that changes the
basic chemical properties of acceptor metabolites, resulting
in novel bioactivity, subcellular mobility, stability, and
compartmentalization. Among various conjugation
processes, glycosylation (addition of sugar moieties to
aglycones) and deglycosylation (reversal of glycosyla-
tion) are among themost prominent (Bowles et al., 2005).

Several core aglycone molecules undergo regio- and
sterio-selective glycosylation involving different sugar
molecules, resulting in glycosides with diverse chemical
structures andproperties (Bowles et al., 2006;Vaistij et al.,
2009). For example, 300 out of the 5,000 flavonoid forms
arise from conjugation of a single flavonol, quercetin
(Harborne and Baxter, 1999). Similarly, glycosylation
of phytohormones is an important mechanism through
which pools of bioactive hormones are regulated (Bajguz,
2007; Bajguz and Piotrowska, 2009; Westfall et al., 2013).
Thus, glycosylation plays an indirect role toward regu-
lating defense and stress response mechanism.
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Among higher plants, nearly 4% of their respective
genomes encode specialized enzymes, collectively
known as carbohydrate-active enzymes (CAZy), most of
which are involved in glycosylation processes (Lombard
et al., 2014). As the chemical diversity of flavonoids is
mainly generated through glycosylation, flavonoids
serve as an excellent model to understand the coordi-
nation of multiple processes that regulate metabolite
glycosylation. Previous studies have shown that the
basic helix-loop-helix (bHLH) transcription factor
TRANSPARENT TESTA8 (TT8; AT4G09820) regulates
the expression of key enzymes such as BAN (for Banyuls)
and DFR (for Dihydroflavonol 4-reductase) from the
flavonoid biosynthesis pathway (Nesi et al., 2000; Baudry
et al., 2004). TT8 loss-of-function lines showed altered
chromatographic profiles of both aglycone (Pelletier
et al., 1999) and glycosylated forms of the twoflavonoids
kaempferol and quercetin (Narasimhan et al., 2003).
However, it is not knownwhether TT8 directly regulates
genes involved in the glycosylation of these flavonoids
or any other aglycone targets. Herein, we have used TT8
loss-of-function and induced overexpression lines to in-
vestigate: (1) glycosylation of flavonoids; (2) coordinated
regulation of components of metabolite glycosylation;
and (3) other biological processes directly coregulated
with metabolite glycosylation. We hypothesize that TT8
affects glycosylation of flavonoids and possibly other
metabolite classes by regulating a number of CAZy.

Integration of metabolomics and transcriptomics
datasets have provided new insights into biochemical
processes by linking lower level biological entities (such
as DNA, RNA, and metabolites) with higher organiza-
tional levels (such as physiological and phenotypic re-
sponse; Joyce and Palsson, 2006; Saito and Matsuda,
2010; Rai and Saito, 2016), so as to generate testable hy-
pothesis in plants and other systems (Kresnowati et al.,
2006;Hirai et al., 2007).We therefore studiedwhether the
glycosylation process might be coordinately regulated
by TT8 using systems biology approaches.

This study provides direct evidence to show that at least
two strategies in plant defense, namely, generation of me-
tabolite diversity and phytohormone-mediated reprog-
ramming of stress response processes, are coordinately
regulated by a common regulatorymechanism.Our results
highlight the importance ofusing systems-level approaches
to uncover novel relationships among cellular processes.

RESULTS

To discover components of the glycosylation machin-
ery and its regulatory network, we developed an inte-
grative omics strategy (Fig. 1). It consists of three tracks,
namely, high-mass-accuracy metabolomics to identify
targets of glycosylation, transcriptomics to identify genes
involved in glycosylation, and transcriptome-dependent
in silico genomics to reveal promoter relationships be-
tween CAZy and genes associated with other biological
processes. These three tracks provide complementary
information that is integrated at the level of metabolic

networks. We then provide both computational and bi-
ochemical evidence to validate the role of TT8 in directly
regulating key members of its glycosylation network.

Loss of TT8 Affects Glycosylation of Flavonoids
and Nucleotides

Untargeted metabolomics analysis of tt8 (Ws) and WT
(Ws) (wild type in Wassilewskija [Ws] background)
seedlings (Supplemental Fig. S1, A and B) showed
changes in the levels offlavonoids andnucleotides,which
were not previously reported to be associated with TT8.
Principal coordinate analysis showed that the metabolite
profiles of tt8 (Ws) and WT (Ws) were vastly different,
with the primary component accounting for nearly 47%of
the variation between these lines. Comparison of tt8 (Ws)
and WT (Ws) revealed 1,259 mass features to be with
2-fold or higher difference in abundance (false discovery
rate [FDR] , 0.05). Similarly, comparison of metabolite
profiles of tt8 (Ler) withWT (Ler) (wild type in Landsberg
erecta [Ler] background) showed that the primary com-
ponent accounted for only 23%of variation between these
lines, and only 611 mass features were differential with
2-fold or higher difference in abundance (FDR , 0.05;
Supplemental Fig. S1C). Smaller differences in the me-
tabolite profiles of the Ler background are consistent with
the reports that tt8 (Ws) has a stronger phenotype than tt8
(Ler) (Nesi et al., 2000). Flavonols, flavanones, and an-
thocyanins formed the largest class of differential me-
tabolites affected by the loss of TT8 (Supplemental Table
S1). Consistentwith previous reports (Pelletier et al., 1999;
Nesi et al., 2000), kaempferol and quercetin aglycones
were up-regulated in tt8 (Ws). Here, we report eight ad-
ditional flavonoid aglycones whose glycosylated forms
have not yet been shown to be affected in tt8 (Ws)
(Supplemental Table S1). Overall, TT8 loss resulted in
significant down-regulation of 18 out of 29 glycosylated
flavonoids. Glycosylation of flavonoid aglycones to spe-
cific classes of sugars showed opposite trends. Glycoside
conjugationwith classes of sugars haddifferent influences
of TT8. For example, themajority of glycoside-conjugated
forms of quercetin and kaempferol were down-regulated
in tt8 (Ws), while rhamnoside-conjugated forms were
mostly up-regulated (Supplemental Table S1).

Interestingly, loss of TT8 affected nucleotides and their
glycosylated forms. Five out of eight aglycone nucleo-
tides and seven out of 20 glycosylated nucleotides were
up-regulated in tt8 (Ws) (Supplemental Table S1). Spe-
cifically, a majority of the nucleotide sugars of UDPwere
down-regulated by more than 6-fold. The different types
of sugars involved in nucleotide glycosylation (10 types)
were more than the sugars involved in flavonoid glyco-
sylation (seven types). Loss of TT8 resulted in greater
diversity among the classes of conjugated sugars in nu-
cleotides when compared with flavonoids. Taken to-
gether, we observed glycosylation of both primary and
secondary metabolites being affected in tt8 (Ws) lines,
with aglycones being up-regulated and their different
glycosylated forms being effectively down-regulated
when compared with WT (Ws).
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Sugar Metabolism and Glycosylation-Associated Processes
Are Affected by TT8

To identify genes affected by TT8 loss, we performed
gene expression profiling for tt8 (Ws) and WT (Ws)
(Supplemental Fig. S1D). Consistent with previous

reports (Nesi et al., 2000; Baudry et al., 2004), known
targets of TT8, namely, BAN and DFR, along with a
number of biosynthesis genes from phenylpropanoid
and flavonoid pathways, were down-regulated in tt8
(Ws) with respect to WT (Ws).

Figure 1. Integrative omics strategy to identify metabolic targets and regulome of a flavonoid glycosylation regulator. Differential
metabolites and transcripts were identified from untargeted metabolite and expression profiling of a putative glycosylation
regulatory mutant, tt8 (Ws). Glycosylated metabolites affected in tt8 (Ws) were identified by mass fragmentation. Integration
workflow consists of two stages: (1) mapping enriched metabolites and gene sets onto metabolic pathways; and (2) mapping of
enriched genes onto regulatory network based on promoter motif similarity between differentially expressed genes. The metabolites
and enzymes of the metabolic subnetworks obtained from the first stage are further mapped onto the glycosylation regulome from the
second stage. Finally, the overlapping putative targets of the regulator are validated using inducible overexpression (inCol background)
and mutant lines (in Ws background) based on their reciprocal patterns of accumulation. GO, Gene ontology; GSEA, gene set en-
richment analysis; MSEA, metabolite set enrichment analysis; HRAM, high-resolution accurate mass.
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As metabolomics analysis of tt8 (Ws) lines showed
significant perturbation in the levels of glycosylated
metabolites, we expected changes in the gene expression

levels of CAZy. Consistent with our hypothesis, loss
of TT8 significantly affected CAZy gene levels, with
34 genes being differentially expressed by greater than

Figure 2. CAZy and stress response-associated
gene ontology categories enriched in tt8. A,
Heatmap on the left shows relative levels of dif-
ferential gene abundances classified under CAZy,
with absolute fold change . 2 and FDR , 0.05,
and computed as z-scores using heatmap2 func-
tion in R. Each row represents a gene and column
an average of the two replicates each of tt8 (Ws)
and WT (Ws) in each slide. In the matrix on the
right, each column represents a pathway from
AraCyc, with the presence of a gene in that
pathway shown in gray. Fourteen out of 34 genes
belong to sugar, flavonoid, or hormone biosyn-
thesis. Genes not classified under these pathways
were annotated as others. B, Gene set enrichment
analysis was performed on 1,284 differentially
expressed genes using the PlantGSEA tool. The
top 33 enriched gene ontology categories (FDR,
0.05) with the number of differentially expressed
genes affected in each category are shown here.
Within each of the enriched gene ontology cate-
gories, the number of up- and down-regulated
genes are shown in red and green, respectively.
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2-fold (Fig. 2) and nearly 10% of the total (129/1,194)
CAZy genes significantly affected by more than 1.5-fold.
Expression levels of several CAZy genes were consistent
with the trends shown in their associated metabolite
levels. For instance,UGT78D1, a glycosyltransferase that
conjugates rhamnosides to kaempferol (Jones et al., 2003),
was up-regulated by 6.5-fold (Fig. 2A; Supplemental
Table S2), showing the same trend as that of rhamnoside-
conjugated forms of kaempferol in tt8 (Ws) (Supplemental
Table S1). Similarly, UGT88A1, which glucosylates quer-
cetin (Lim et al., 2004), was down-regulated by 2.5-fold
(Fig. 2A; Supplemental Table S2), while three forms
of quercetin glucosides were down-regulated in tt8
(Ws) (Supplemental Table S1). Both UGT78D1 and
UGT88A1 are associated with several pathways in
sugar conjugation.
By integrating metabolomics and transcriptomics data

using subnetwork enrichment analysis, we identified
26metabolic subnetworks to be significantly affected in tt8
(Ws) compared with WT (Ws) (Supplemental Table S3).
The phenylpropanoid pathway was the most enriched
pathway, mainly due to the large number of glycosylated
flavonoids and their corresponding enzymes being af-
fected in the tt8 (Ws) line. Interestingly, the inositol phos-
phate pathway, which is associated with signaling
mechanism in defense responses, was also significantly
enriched. These two pathways were followed by nucleo-
tides and sugar metabolism (based on the number of gene
andmetabolite entities, and the FDR of enrichment). Sugar
metabolism networks, including that of Fru, Man, and
pyruvate pathways, were enriched together with glycoly-
sis andTCAcycle (Supplemental Table S3). Branches of the
TCA cycle that lead to amino acid pathways, such as Arg,
Pro, and Cys and Met metabolism, were also enriched.
Subnetworks associated with the pentose phosphate and
amino acid pathways that contribute precursors to the
components of the nucleotide network were significantly
enriched, suggesting indirect influence of the enriched
sugar metabolism network on nucleotide metabolism.
In addition to the sugar and nucleotide metabolic

subnetworks, a number of sugar transporters (such as
SUC6 and SUC7), Suc synthases (such as SUS2, SUS3,
and SUS5), and sugar-binding proteins (such as STP6)
were down-regulated by more than 1.5-fold in tt8 (Ws).
Taken together, gene expression analysis showed dis-
ruption of sugar conjugationmachinery in tt8 (Ws)with
the members of sugar metabolism and glycosylation
machinery such as Suc synthases, sugar-binding pro-
teins, sugar transporters, glycosyltransferases, and hy-
drolases being affected, thus explaining the widespread
perturbation in glycosylation of metabolites.

Abiotic and Biotic Stress Responses and Stress
Phytohormone Biosynthesis Networks Are Affected
by TT8

Gene set enrichment analysis revealed that 14 biologi-
cal processes associated with abiotic and biotic stress
responses were differentially altered (Fig. 2B). Genes
associatedwith stress response constituted nearly 30%of

the total number of differentially expressed genes
(Supplemental Table S4). Abiotic and biotic stress re-
sponses, hormone response, metabolic pathways, and
developmental functions were the major biological pro-
cesses affected by TT8 loss (Fig. 2B). Genes associated
with biotic stress response showed overall up-regulation,
while abiotic stress categories showed a mixed trend,
with hormone response and biosynthesis processes being
effectively up-regulated in tt8 (Ws). Subnetworks be-
longing to phytohormone biosynthesis, namely, jasmo-
nates in the a-linolenic acid pathway, were significantly
up-regulated by the loss of TT8 (Supplemental Table S3).

From the jasmonic acid biosynthesis pathway, nine out
of 12 differential metabolites that belong to both initial
and late steps of this pathwaywere up-regulated between
2- to 12-fold in the tt8 (Ws) line (Fig. 3; Supplemental
Table S1). Interestingly, both glycosylated and amino-
conjugated forms of jasmonate were not affected in tt8
(Ws). Similar to the levels of metabolite intermediates,
expression levels of nine genes from the jasmonic acid
biosynthesis pathway, 14 jasmonic acid response genes
(including JAZ1–JAZ12 with the exception of JAZ3), and
jasmonate signaling geneMYC2were all up-regulated in
tt8 (Ws) (Supplemental Table S2). The effect of TT8 loss
extended upstream of the jasmonic acid biosynthesis
pathway to its fatty acid precursor, a-linolenic acid. This
corroborates the previous study that showed the inhibi-
tory effect of TT8 on fatty acid biosynthesis based on bi-
ochemical evidence (Chen et al., 2014).

Biosynthesis of brassinolide from campesterol
occurs through two alternative routes, one through
(6a)-hydroxycampestanol and second through 6-
deoxycathasterone in Arabidopsis (Arabidopsis thaliana).
Although both branches for brassinolide biosynthesis
are active in thewild type (Noguchi et al., 2000), in the tt8
(Ws) line the (6a)-hydroxycampestanol branch was
specifically up-regulated while the 6-deoxycathasterone
branchwas down-regulated, thus suggesting a preferred
route for brassinolide biosynthesis in tt8 (Ws) (Fig. 3).
The key genes, BR6OX1 and AT4G27440, were down-
regulated by more than 2-fold, while components of
the brassinosteroid signaling cascade, such as SERK4
(AT2G13790) and SERK5 (AT2G13800),were up-regulated
by more than 2-fold. Unlike jasmonate signaling, expres-
sion levels of several key brassinosteroid signaling and
response genes, such as DWF4, BRI1, BAX1, BZR1,
BIN1, BIN2, and BES1, were not affected.

TT8 Regulatory Network Includes Genes Associated with
CAZy, Phytohormone Biosynthesis, and Stress Response

To determine whether genes that are differentially
expressed in tt8 (Ws) share transcription factor binding
sites (TFBS) and thus possibly are regulated under a
common mechanism, we used a network-guided guilt-
by-association approach (Lee et al., 2010). TFBS-based
relationships were uncovered at a regulome level
(encompassing a set of regulatory components such as
genes, enzymes, proteins, andmetabolites), and enriched
8-mer and 10-mer de novo promoter motifs (Linhart et al.,
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Figure 3. TT8 loss affects flavonoid glycosylation, jasmonic acid, and brassinosteroid biosynthesis pathways. Differentially
expressed metabolites and genes, with FDR , 0.05 and absolute fold change . 2, were mapped onto the top 3 enriched
pathways, namely, biosynthesis of flavonoids and their conjugation, jasmonic acid, and brassinosteroids. In the conjugation of
flavonoids section, the abbreviations are as follows: K, kaempferol; Q, quercetin; G, glucoside; and R, rhamnoside. Up- and
down-regulated genes and metabolites are shown in red and green, respectively. Loss of TT8 leads to coordinated increase in
transcript and metabolic levels of jasmonic acid pathways, whereas the other two pathways are down-regulated. TT8 loss also
affected nucleotide sugar levels along with sugar metabolism enzymes, transporters, and sugar-binding proteins. Selected
pathways shown here are based on AraCyc 8.0 and cross-validated with KEGG Arabidopsis metabolic maps.
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2008) were analyzed to obtain shared TFBS between
differentially expressed genes (Supplemental Table S5).
We identified members of the TT8 glycosylation reg-

ulome by constraining the promoter network to CAZy
genes. This rationale was based on our results that
showed metabolite levels of glycosylated flavonoids and
nucleotides and expression levels of CAZy genes in-
volved in glycosylation processes being affected in tt8
(Ws). Using this criterion, genes that shared promoter
motifs with the CAZy genes were used to form an

undirected network consisting of nodes representing
genes and the edges representing shared motifs (Fig. 4;
Supplemental Table S6). Several genes involved in
carbohydrate and sugar conjugation processes, such as
glucosidases, Glc transporters, and glucosyltransfer-
ases, shared a high number of motifs with each other.
EmBP-1, Squamosa, and MYB, along with other bZIP-
related binding domains, were overrepresented in
the glycosylation regulome (Supplemental Table S7).
Interestingly, genes associated with stress response,

Figure 4. CAZy coding genes share motif similarity with stress response and phytohormone-associated genes. Differentially
expressed genes form the nodes, while the edges are based on sharing of promoter motifs. To identify relationships between sugar
metabolism genes and those of other pathways in the regulome, a constraint was applied to connect nodes of sugar metabolism
genes that share a minimum of 14 motifs (top 25 percentile) with other genes. This constrained regulatory network is shown here.
Thewidth of the edges corresponds to the number of sharedmotifs between the two nodes, with high similarity resulting in thicker
edges. This glycosylation regulome consists of 18 enzymes (CAZy) connected mostly with stress response genes (13 genes) and
phytohormone-associated genes (13 genes), followed by transporters (five genes) and and transferases, hydrolases, and oxidases
(nine genes). Other genes in the glycosylation network but not directly annotated to any of the above functional processes are
shown as gray circles.
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jasmonic acid biosynthesis, and cytochrome P450 genes
involved in the initial steps of brassinosteroid biosynthesis
also shared a high number of promotermotifswith CAZy
genes (Supplemental Table S6). Of the 10 gene-metabolite
pairs enriched in the jasmonate subnetwork (Fig. 3),
eight genes form a part of the TT8 regulome (Fig. 4).

TT8 Actively Reprograms Hormone Biosynthesis and
Sugar Conjugations

To test whether TT8 is directly associated with the
regulation of metabolite glycosylation, jasmonic acid and
brassinosteroid biosynthesis, and key genes of stress
response processes, dexamethasone (DEX)-inducible
2x35S:TT8:GR overexpression lines in Columbia (Col)
background were generated. Three lines of evidence
show that DEX-induced TT8:GR (Col) overexpression
lines are functional. First, consistent with previous re-
ports (Baudry et al., 2004, 2006), these lines, upon DEX
treatment, show increased expression of direct targets
of TT8, namely, BAN and DFR (Fig. 5B, “Controls”
BAN and DFR; Supplemental Fig. S2E). Promoter
fragments of BAN were also induced to nearly 5.5-fold
in DEX-induced TT8:GR (Col) overexpression lines
with respect to mock-treated TT8:GR (Col) lines in
chromatin immunoprecipitation (ChIP)-PCR assay (Fig.
6B; Supplemental Fig. S3; Supplemental Tables S8 and
S9). This corroborates earlier reports (Debeaujon et al.,
2003), which show that the enrichment of the same
promoter fragment is sufficient to activate BAN. Thus,
the significant induction of BAN serves as a positive
control for DEX-induced TT8:GR (Col) overexpression
lines. Second, TT8 has been reported to play an
important role in trichome formation (Maes et al.,
2008). In this study, DEX-induced TT8:GR (Col) over-
expression lines show a significantly higher number of
trichomes compared with mock-treated TT8:GR (Col)
and WT (Col) lines (Supplemental Fig. S2, C and D).
Last, TT8 has been shown to regulate seed coat pig-
mentation (Nesi et al., 2000; Zhang et al., 2003); thus,
consistent with these reports, seeds of DEX-induced
TT8:GR (Col) overexpression lines are darker than
mock-treated TT8:GR (Col) (Supplemental Fig. S2B).
Untargeted metabolite profiling also revealed levels of
epicatechin, a type of proanthocyanidin (Debeaujon
et al., 2003), to be 2.3-fold higher in DEX-induced TT8:
GR (Col) overexpression compared with mock-treated
TT8:GR (Col) lines (Supplemental Table S1).

Both DEX and mock-treated WT (Col) lines have
similar phenotypes and germination rates under both

Figure 5. Validation of TT8 glycosylation regulome members using
mutant and inducible overexpression lines. From the glycosylation
regulatory network, 18 CAZy with top 3 enriched processes, 13 phyto-
hormone-associated genes, and nine stress response-associated genes

showed reciprocal expression levels in tt8 (Ws) and its DEX-induced
TT8:GR (Col) overexpression lines. Relative transcript levels of genes
were quantified using real-time PCR normalized against tubulin2 as
control. Shown are genes associated with CAZy (A), phytohormone
biosynthesis (B), and stress response (C). Light and dark gray bars rep-
resent relative transcript levels in TT8:GR (Col) DEX/TT8:GR (Col) mock
and tt8 (Ws)/WT (Ws), respectively. Results are shown as mean 6 SE

based on three replications (P , 0.05).
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stress-free conditions and stressed conditions of both
biotic (Supplemental Fig. S4) and abiotic nature
(Supplemental Fig. S6). Furthermore, both the pheno-
types and trichome numbers of DEX-treated WT (Col)
are similar to mock-treated WT (Col) (Supplemental
Fig. S2B). These results show that DEX treatment only
leads to induced overexpression in TT8:GR (Col) lines
and does not induce TT8 or affect the TT8-related
phenotypes nonspecifically in WT (Col) lines.
We hypothesized that members of the TT8 glycosyla-

tion regulome will show inverse relationships in their
expression levels in mutant and induced overexpression
lines. We selected representative genes for each func-
tional category from the promoter network and quanti-
fied their expression levels relative to their respective
controls [tt8 (Ws) versusWT (Ws) andDEX-inducedTT8:
GR (Col) overexpression versus mock-treated TT8:GR
(Col); Supplemental Table S10]. Relative quantification of
CAZy transcripts, such as transferases, sugar trans-
porters, and hydrolases, indeed showed reciprocal ex-
pression trends, thus revealing their regulation by TT8
(Fig. 5A). For stress phytohormones, 12 jasmonic acid-
associated genes (Fig. 5B) and BR6OX1 from the brassi-
nosteroid biosynthesis pathway showed reciprocal

expression trends in both loss-of-function and inducible
overexpression lines. Stress response genes also showed
inverse relationships in these two sets of lines (Fig. 5C).
These inverse gene expression trends were also corrob-
orated at the respective metabolite levels. Seven out
of 12 up-regulated metabolite intermediates from jas-
monic acid pathways in tt8 (Ws) were down-regulated
in DEX-induced TT8:GR (Col) overexpression lines
(Supplemental Table S1). In addition, 14 out of 29 glyco-
sylated flavonoids that were down-regulated in tt8 (Ws)
were up-regulated in the DEX-induced TT8:GR (Col)
overexpression lines. These results show that TT8 ex-
pression results in active reprogramming of stress-related
hormone biosynthesis, stress-associated genes, and sugar
conjugation processes in Arabidopsis.

TT8 Physically Binds to the Promoters of Jasmonic Acid
Biosynthesis and Sugar Conjugation Genes

Direct binding of TT8 to the promoters of selected
jasmonate biosynthesis and CAZy genes were tested
using ChIP-PCR. Consistent with previous reports
(Debeaujon et al., 2003), promoter fragments of BAN, a
direct target of TT8, were enriched in DEX-induced

Figure 6. TT8 directly binds to promoters of key
genes. Using ChIP-PCR, enrichment of promoter
fragments of target genes was quantified using
real-time PCR normalized against actin2. Relative
ChIP enrichment was calculated as TT8:GR (Col)
DEX/TT8:GR (Col) mock. TT8:GR (Col) lines were
treated with 30 mM DEX dissolved in ethanol,
whilemock was treatedwith equivalent volume of
ethanol. Fold changes were calculated based on
DDCt values. Shown are genes associated with
CAZy (A), phytohormone biosynthesis (B), and
stress response (C). Results are shown as mean 6
SE based on three replications (P , 0.05). Direct
binding of TT8 to promoter regions of these genes
results in enriched expression of promoter frag-
ments (P1–P5). The underlined enriched fragments
indicate the presence of a known bHLH binding
site in that region.
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TT8:GR (Col) overexpression lines by 5.5-fold with re-
spect to mock-treated TT8:GR (Col) lines (Fig. 6B).
Promoter fragments of six jasmonic acid biosynthesis

genes were similarly enriched in DEX-induced TT8:GR
(Col) overexpression lines (Fig. 6B). Interestingly, JAZ5,
which showed inverse gene expression trends relative

Figure 7. tt8 (Ws) leads to enhanced suscep-
tibility, while DEX-induced TT8:GR (Col)
overexpression increases resistance against
Pst DC3000 infection. A, Disease symptoms
in WT (Ws) and tt8 (Ws); B, DEX-induced
overexpression of TT8:GR (Col) and mock-
treated TT8:GR (Col) lines. Five-week-old
Arabidopsis plantswere spray-inoculatedwith
a suspension of Pst DC3000 (108 cfu) or
mock-treated. The images of plants showing
disease symptom were taken 3 d after inocu-
lation. C, Bacterial growth in leaves of WT
(Ws), tt8 (Ws), DEX-induced TT8:GR (Col)
overexpression, and mock-treated TT8:GR
(Col) lines, 3 d after spray inoculation of Pst
DC3000 suspension or mock treatment. Re-
sults are shown as mean 6 SE based on three
replications (P , 0.05).
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Figure 8. Under multiple stress conditions, germination of Arabidopsis improves in a TT8-dependent manner. WT (Ws) and tt8
(Ws) were sown directly on 13 MS (2% Suc and 0.6% phytoagar) agar plates. The conditions were as follows: 150 mM NaCl,
250mMmannitol, 10mg kg21 DON, 1mM ABA, and 100mMMeJA. TT8:GR (Col) inducible lineswere sown similarly for the same
treatment conditions except with addition of 30 mM DEX or equivalent volume of ethanol as mock treatment. Number of seeds
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to TT8, did not show any promoter enrichment, thus
suggesting an indirect influence of TT8 on the expres-
sion of JAZ5. Among the CAZy genes, UGT84A1,
UGT85A3, and UGT88A1 (Fig. 6A) and stress response
gene CYP707A3 (Fig. 6C) showed more than 2.5-fold
promoter enrichment in DEX-induced TT8:GR (Col)
overexpression lines. The predicted bHLH binding sites
in the promoter region of these genes were determined
using AtcisDB (TAIR9) from the AGRIS server (Yilmaz
et al., 2011), AthaMap (June 2014 version; Hehl and
Bülow, 2014), and AtCOECiS (accessed June 2014;
Vandepoele et al., 2009) databases. Interestingly, such
regions were also enriched in the ChIP-PCR (Fig. 6),
thus suggesting that TT8, being a bHLH transcription
factor, likely binds to these regions. In addition, a
number of de novo motifs that were earlier identified
(Supplemental Tables S5 and S8) were also detected in
these regions. There is a small but significant positive
correlation (Pearson’s correlation coefficient r = 0.438,
P = 0.002) between the number of de novo motifs and
enrichment levels of the promoter fragments, with
fragments that have a high number of de novo motifs
showing greater enrichment. Collectively, these results
suggest TT8 to be a potential master regulator that
coregulates conjugation and stress response processes
by directly binding to the promoters of CAZy and
stress-associated biosynthesis genes.

TT8Overexpression Improves Resistance of Arabidopsis to
Virulent Pseudomonas syringae

We next tested the biological implication of cor-
egulation of metabolite glycosylation and stress re-
sponse processes by TT8. As increased jasmonic acid
biosynthesis results in enhanced susceptibility to bac-
terial infection (Zeng et al., 2011; Gimenez-Ibanez et al.,
2014), we tested susceptibility of TT8 mutant and in-
duced overexpression lines against the pathogenic
strain Pseudomonas syringae pv tomato (Pst) strain
DC3000. Compared with WT (Ws), tt8 (Ws) lines were
highly susceptible to Pst DC3000 (Fig. 7A). Bacterial
growth assay was also consistent with this result,
showing significant increase of bacterial growth in the
tt8 (Ws) lines compared withWT (Ws) (Fig. 7C). On the
contrary, DEX-induced TT8:GR (Col) overexpression
lines showed marked reduction of bacterial infection,
and significantly reduced bacterial load at 3 d postin-
fection compared with the mock-treated TT8:GR (Col)
lines (Fig. 7, B and C). WT (Col) treated with or without
DEX showed no difference in bacterial infection, and
responded similarly to mock-treated TT8:GR (Col) lines

(Supplemental Fig. S4). This role of TT8 in enhancing
resistance against the virulent Pst DC3000 strain could
be attributed to its ability to regulate jasmonic acid bi-
osynthesis, along with the expression of several biotic
stress response factors. These results highlight the di-
rect role of TT8 in mediating biotic stress response in
Arabidopsis. The ability of TT8 to directly regulate gene
expression and, therefore, key metabolite levels in
phytohormone pathways and stress response processes
may explain this increased resistance phenotype.

TT8 Overexpression Enhances Stress Tolerance

Different abiotic and biotic stresses inhibit or delay
seed germination (Daszkowska-Golec, 2011). As our
results show that TT8 directly regulates expression of
several genes associated with stress response, stress-
associated hormone biosynthesis pathways along
with CAZy genes, we asked whether germination rates
are influenced by TT8 during stress conditions. Hence,
we recorded germination rates of TT8 loss-of-function
or inducible overexpression lines under selected abiotic
and biotic stress conditions over a period of 1week. Salt
(150 mM NaCl), mannitol (250 mM), and abscisic acid
(ABA; 1 mM) treatments were selected to represent
abiotic stress conditions, while methyl jasmonate
(100mMMeJA) and deoxynivalenol (10mg kg21 DON, a
fungal toxin) were selected to represent biotic stresses.

The tt8 (Ws) line had significant reduction in the
germination rates for all five treatments compared with
WT (Ws) (Fig. 8A), while the germination rates in the tt8
(Ws) andWT (Ws) lines were similar in the nonstressed
controls. Effects of the five treatments on the germina-
tion rates started appearing between day 1 for salt and
day 3 for DON. These effects were most pronounced in
salt, mannitol, and DON treatments with the tt8 (Ws)
lines showing nearly 50% lower germination rates at
the end of 1 week.

Trends of germination rates were reversed in the case
of DEX-induced TT8:GR (Col) overexpression lines
when compared with tt8 (Ws). DEX-induced TT8:GR
(Col) overexpression led to nearly 20% to 30% im-
provement in the germination rates for all five treat-
ments (Fig. 8B). Onemechanism of resistance to DON is
conversion of DON to DON-3-O-glucoside (Shin et al.,
2012). Therefore, we quantified levels of DON and
glycosylated DON in the tt8 (Ws) and DEX-induced
TT8:GR (Col) overexpression lines (Supplemental Fig.
S5). The DEX-induced TT8:GR (Col) overexpression
line showed up-regulation of glycosylated DON by
6.89-fold compared with mock-treated TT8:GR (Col)

Figure 8. (Continued.)
germinating (three biological replicates with 28 seeds sown for each replicate) each day was calculated under more severe stress
conditions of 200mM NaCl, 500mM mannitol, 20 mg kg21 DON, 200 mM MeJA, and 10 mM ABA. For induced overexpression the
conditions were similar, except for 15 mg kg21 DON. Images of 6-d-old seedlings were captured for both tt8 (Ws) and WT (Ws)
(A), and DEX-induced TT8:GR (Col) overexpression andmock-treated TT8:GR (Col) lines (B). Germination rates are shown as
mean 6 SD.
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lines, while no change was observed in tt8 (Ws) lines
when compared with their control, WT (Ws). This
showed that the improved germination rates were a
result of increased glycosylation of DON in DEX-
induced TT8:GR (Col) overexpression lines. Further-
more, as control, DEX-treated WT (Col) showed similar
germination patterns when compared with mock-
treated WT (Col) under both normal conditions and
multiple stress conditions (Supplemental Fig. S6). Thus,
the phenotypes observed were independent of DEX
and were dependent on TT8 function. These results
establish that TT8 plays a direct role in tolerance toward
multiple abiotic and biotic stresses.

DISCUSSION

The diversity of secondary metabolites is critical for
their role in plant stress response (Wink, 2010). In this
study on the mechanism of glycosylation, which gen-
erates diverse secondary metabolites, we have discov-
ered direct links between processes that regulate
glycosylation and stress phytohormone-related path-
ways in Arabidopsis. By integrating systems-level
datasets, we report here that (1) metabolic subnet-
works of sugar conjugation, hormone biosynthesis, and
stress response are affected in a TT8-dependent man-
ner, and (2) strong promoter relationships exist be-
tween genes of CAZy and those of stress-related
hormone biosynthesis and stress response processes.
Previous studies have elucidated the role of tran-

scription factors in the regulation of flavonoid path-
ways and identified their regulatory partners in the

process. These studies, for instance, explained that
regulation of key enzymes of flavonoid biosynthesis
occurs via the transcription factor complex (MYB-
bHLH-WD40) that includes TT8 (Falcone Ferreyra et al.,
2012). Targeted metabolic profiling of 11 transparent testa
lines (mutants from the flavonoid biosynthesis path-
ways), including tt8, showed that the loss of these genes
has a significant effect on flavonoid accumulation pat-
terns and on the root and shoot architecture (Buer et al.,
2013). While these reports have improved our under-
standing of the role of flavonoid regulators, their scope
was limited to flavonoid pathways. This study estab-
lishes a common regulatory mechanism for glycosyla-
tion of selected primary (nucleotides) and secondary
(flavonoids and brassinosteroids) metabolites. The cel-
lular needs for metabolite glycosylation are wide rang-
ing, and the process is highly coordinated as evident
from our results, which show the involvement of CAZy,
transporters, sugar-binding proteins, and sugar syn-
thases (Fig. 3). TT8 regulation also affects central me-
tabolism, involving both carbohydrate metabolism and
amino acid biosynthesis pathways including activated
nucleotide sugars (Supplemental Table S3), thus estab-
lishing TT8’s important role in multiple metabolic pro-
cesses. Activated sugars are involved in the metabolism
and homeostasis of signaling molecules, such as phyto-
hormones, gibberellins, andABA, among others (Gibson,
2004), where glycosylation regulates pools of their acti-
vated forms (Bajguz, 2007; Bajguz and Piotrowska, 2009;
Westfall et al., 2013). It will be interesting to explore
whether any of those functions are mediated, directly or
indirectly, by TT8. As activated sugars are also involved

Figure 9. Model showing mechanism through which TT8 regulates response to biotic and abiotic stress conditions in Arabi-
dopsis.We show that the metabolite sugar conjugation machinery is coregulatedwith stress response. The model involves TT8 as
a key transcription factor that directly binds to the promoters of genes involved in these two processes. TT8 positively regulates
flavonoids and nucleotide glycosylation, and negatively regulates jasmonic acid biosynthesis. Apart from biosynthesis genes, TT8
also regulates expression of several genes associated with stress response. In addition, TT8 regulates the gene expression levels of
members of sugar conjugation machinery, such as transferases, hydrolases, transporters, binding proteins, and sugar synthases,
which results in increased metabolite diversity. This model shows that TT8 is an integrator of secondary metabolism and stress
response.
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in protein glycosylation, does TT8 therefore represent
the metabolic crossroad between glycosylation of me-
tabolites and proteins?

While glycosylation of stress hormones is well-
established, here we have shown that regulation of
phytohormone biosynthesis, particularly jasmonic acid
and brassinosteroid biosynthesis, together with ex-
pression of CAZy genes, is mediated by a common
transcription factor, TT8. Our results suggest two roles
of TT8 in regulating phytohormone levels: first, di-
rectly, by binding to the promoters of their biosynthesis
genes and regulating their expression levels; and sec-
ond, indirectly, by regulating expression of CAZy
genes, which in turn regulate active pools of phyto-
hormones. TT8 negatively regulates jasmonate and
positively regulates brassinosteroid biosynthesis,
which is also consistent with previously reported an-
tagonistic relationships between jasmonic acid and
brassinosteroid pathways (Ren et al., 2009). This nega-
tive regulation of the jasmonate pathway is specific to
the biosynthesis genes, but not to those of downstream
effector genes JAZ5 and JAZ8. Thus, TT8 might have a
functional role similar to other bHLH transcription
factors such as JAM1, JAM2, and JAM3 that are nega-
tive regulators of jasmonic acid biosynthesis (Sasaki-
Sekimoto et al., 2013). Negative regulation of jasmonic
acid biosynthesis explains the effects on its downstream
targets, namely, COL1 and MYC2 (Supplemental Table
S2). Interestingly, the TT8 regulatory network also
revealed TFBS that are known to be enriched in the
presence of regulators such as JAZ and a number of
CAZy genes associated with plant stress response and
sugar-related pathways (Kang et al., 2010; Qi et al.,
2011; Kazan and Manners, 2012).

Three lines of evidence from our results suggest a
direct role for TT8 in stress response. First, two phyto-
hormone biosynthesis pathways of jasmonic acid and
brassinosteroids, which are implicated in stress re-
sponse (Bari and Jones, 2009), are directly regulated by
TT8. Second, at least eight stress response proteins,
which are implicated in the tolerance against salt and
drought stress (Seo et al., 2008; Liu et al., 2013; Mir et al.,
2013), are directly regulated in a TT8-dependent man-
ner (Fig. 5C), thus implicating TT8 in reprogramming
defense response. Last, TT8 has a direct role in in-
creasing the diversity of core metabolites, particularly
by regulating glycosylation of brassinosteroids and
flavonoids. Latter have been implicated in radical
scavenging activity that improves tolerance toward
oxidative and drought stress (Nakabayashi et al., 2014).
The predicted outcomes of the coordinated changes in
stress phytohormones and flavonoid glycosylation are
corroborated by tolerance of plants toward multiple
stresses in a TT8-dependent manner. Loss of TT8 ren-
ders the plants to be more sensitive to fungal toxin
(DON), jasmonic acid, ABA, drought, and salt stresses,
and TT8-induced overexpression improves tolerance
against the same (Fig. 8). TT8 also imparts tolerance to
biotic stress (Fig. 7). Taking these together, we propose
a model (Fig. 9) based on the role of TT8 in stress

response, by directly regulating glycosylation of me-
tabolites, and stress-associated hormone biosynthesis
and stress response processes.

As biochemical processes that lead to increased di-
versity of secondary metabolites are coordinated with
stress response in innate immunity in Arabidopsis, it
will be interesting to study the presence of such direct
integration in other dicot and monocot plants. These
findings could, therefore, have applications in gener-
ating chemical diversity using synthetic biology
approaches and in enhancing tolerance toward multi-
ple stresses in plants.

MATERIALS AND METHODS

Plant Materials and Growth Conditions

Arabidopsis (Arabidopsis thaliana) plants of ecotype Ws-2 and tt8-3 (deb122)
(Nesi et al., 2000) were obtained from INRA, while tt8-2 and Ler-0 were
obtained from the Arabidopsis Biological Resource Center. For TT8 loss of
function, line tt8 (Ws) (Supplemental Fig. S2) was used, as this allele showed the
strongest phenotype. tt8 (Col) being a leaky mutant is a weak allele; thus, it has
no distinguishable phenotype with or without stress (Supplemental Fig. S7,
“control,” “Salt (NaCl),” and “JA” stress response panels). Phenotypes of tt8
(Ler) were intermediate to those in Ws and Col background (Supplemental
Fig. S8). Therefore, the mutant lines used in this study are (1) tt8-3 (Ws) for
metabolomics, phenotype, and microarray analyses; and (2) tt8-2 (Ler) for ad-
ditional metabolomics analyses. DEX-inducible TT8:GR overexpression lines
were created by transforming 2x35S:TT8:GR in the wild-type Col-0 background
by Agrobacterium-mediated floral dipping approach. TT8:GR overexpression
lines were created in Col background (as it has the highest transformation
efficiency among the ecotypes used here, unlike Ws background, which is
highly recalcitrant for this purpose; Ghedira et al., 2013). Seeds were surface-
sterilized using 30% bleach (Clorox) with 7-min incubation, followed by
washing six times with autoclaved water and transfer to Murashige and
Skoog (MS; Duchefa Biochemie) agar plate (13 MS media, 20 g/L Suc, and
6 g/L phytoagar, pH 5.7) at 4°C for 4 d before placing them in growth
chamber at 22°C for 16-h-light/8-h-dark cycle. For inducible lines, seeds were
sown directly on MS agar plates with 30 mM DEX (stock solution prepared in
ethanol) or equivalent amount of ethanol for mock treatment. Photon flux
density was set at 50 mmol m–2 s–1. Seedlings were harvested after 6 d for
metabolites and RNA extraction. For the stress tolerance assays, Arabidopsis
seeds were sown onto MS agar plate with or without salt, MeJA, mannitol,
DON, and ABA. All primers used in this study are listed in Supplemental
Table S9.

Metabolite Profiling and Analysis

Untargeted metabolic profiling was performed as described previously (Rai
et al., 2013) with modifications (described in “Supplemental Data”) using two
experimental platforms, namely, Agilent quadrupole time-of-flight mass
spectrometry (Q-TOF 6540) and LTQ-Orbitrap Velos (Thermo Fisher Scientific).
Metabolite extracts for four biological replicates of tt8 (Ws) and WT (Ws) lines,
with each replicate injected three times as technical replicates, were used in
quadrupole time-of-flight mass spectrometry, while Orbitrap had three bio-
logical replicates of tt8 (Ler) and WT (Ler) lines, with three technical replicates.
Raw data were analyzed using XCMS package (version 1.38; Smith et al., 2006)
in R (R Core Team, 2014). Log-transformed and quantile-normalized data
subjected to Mann-Whitney U test with multiple testing correction using
Benjamini-Hochberg FDR (Benjamini and Hochberg, 1995) yielded 1,259 and
611 differential features between tt8 and the wild type, with FDR , 0.05 and
fold change . 2 in the Ws and Ler backgrounds, respectively. A total of
101 differential features were then recursively mapped (with mass tolerance ,
5 and 10 mg kg21) onto the KEGG Arabidopsis database (2014 version;
Kanehisa and Goto, 2000; Kanehisa et al., 2014) using PCDLmanager (Agilent).
Of these, 46 metabolites then identified at MSI Level 2 (Sumner et al., 2007)
using data-dependent tandem mass spectrometry and by matching the frag-
mentation patterns using database search. Raw data has been deposited to the
MetaboLights (Haug et al., 2013) database.
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DNA Microarray Analysis

Microarray-based expression profiling using Agilent Arabidopsis 4344k Array
were conducted for WT (Ws) and tt8 (Ws) lines (described in “Supplemental
Data”). The experiments were performed for four biological replicates each forWT
(Ws) and tt8 (Ws) lines, with two bio-replicates of each line being hybridized on a
single slide. Genespring 12.0 software (Agilent)was used toperformnormalization
using percentile shift to 75%. The probes were then baseline-corrected to the me-
dian, and filtered by only selecting signal values between 20th and 100th percentile
with the coefficient of variance, 20%. Filtered data were then used for statistical
analysis using unpaired t test with asymptotic FDR computation and FDR cor-
rection to identify 1,284 differentially expressed genes (FDR , 0.05 and fold
change. 2). These were then used for gene set enrichment analysis in PlantGSEA
(Yi et al., 2013) and Subpathway enrichment using iSubpathwayMiner package (Li
et al., 2013). Raw data have been deposited to the National Center for Biotech-
nology Information Gene Expression Omnibus database (Edgar et al., 2002).

ChIP-PCR

Promoters of target genes were scanned for putative motifs and five sets of
primers were designed to cover entire the promoter, with motif position taken
into account and named 1 to 5 (Supplemental Fig. S3). Promoter fragment
1 starts from the ATG start codon for each gene. Quantitative real-time PCRwas
performed in triplicates using the CFX384 real-time PCR system (Bio-Rad) with
Maxima SYBR Green qPCR mix (Thermo Fisher Scientific) on total RNA
extracted from 0.1 g of 6-d-old seedlings.

Promoter Analysis and Gene Regulatory Networks

Differentially expressed genes were analyzed using the network-guided
guilt-by-association approach in Aranet (Lee et al., 2010) to identify target gene
group. Among the 1,284 differentially expressed genes, genes having aminimal
set of information in The Arabidopsis Information Resource were selected first.
This approach removed 306 genes that did not contain any annotation or those
where functional/sequence similarity to other organisms could not be identi-
fied.We scanned for enriched de novomotifs using Amadeus platform (Linhart
et al., 2008) in the 968 differentially expressed genes with six different combi-
nations, defined as: Promoter length: 1500, 1000, and 500 bp upstream of
transcription start site; and Motif length: 8 and 10. An adjacency matrix
(Supplemental Table S5), which contained the number of shared motifs be-
tween any two genes (Supplemental Table S6), revealed the maximum motif
similarity between the 23 CAZy genes and other differentially expressed genes
to be 19motifs. Using an approach similar to Vandepoele et al. (2009), we tested
different constraints, such as genes sharing at least 95%, 90%, 75%, and 50% of the
maximum motif similarity; these gene clusters contained 15 (sharing 18 motifs),
27 (sharing 17 motifs), 170 (sharing 14 motifs), and 596 (sharing 10 motifs) genes,
respectively. To limit false positives but still have the potential to uncover new
interactions, genes were selected based on a highly stringent condition, i.e. those
sharing a minimum of 14motifs (at least 75%motif similarity; Supplemental Table
S6). The promoter regulatory network was constructed using this list in Cytoscape
(Shannon et al., 2003). Vertices in Cytoscape-represented genes and edgewidth are
based on the number of shared motifs, with higher number of shared motifs
leading to thicker lines. PScan (Zambelli et al., 2009) was then used to identify
enriched plant promoter motifs (Supplemental Table S7) in 170 genes from the
glycosylation regulatory network.

Detailed materials and methods are available in the supplemental data.

Accession Numbers

Metabolomics data deposition: Accession MTBLS129. Microarray data de-
position: The data discussed in this publication have been deposited in the
National Center for Biotechnology Information Gene Expression Omnibus
(Edgar et al., 2002) and are accessible through Gene Expression Omnibus Series
accession number GSE59048.

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Exploratory data analysis.

Supplemental Figure S2. Phenotypes of mutant in Ws background and
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