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Sugars not only serve as energy and cellular carbon skeleton but also function as signaling molecules regulating growth and
development in plants. Understanding the molecular mechanisms in sugar signaling pathways will provide more information
for improving plant growth and development. Here, we describe a sugar-hypersensitive recessive mutant, tang1. Light-grown
tang1 mutants have short roots and increased starch and anthocyanin contents when grown on high-sugar concentration
medium. Dark-grown tang1 plants exhibit sugar-hypersensitive hypocotyl elongation and enhanced dark development. The
tang1mutants also show an enhanced response to abscisic acid but reduced response to ethylene. Thus, tang1 displays a range of
alterations in sugar signaling-related responses. The TANG1 gene was isolated by a map-based cloning approach and encodes a
previously uncharacterized unique protein with a predicted Symplekin tight-junction protein C terminus. Expression analysis
indicates that TANG1 is ubiquitously expressed at moderate levels in different organs and throughout the Arabidopsis
(Arabidopsis thaliana) life cycle; however, its expression is not affected by high-sugar treatment. Genetic analysis shows that
PRL1 and TANG1 have additive effects on sugar-related responses. Furthermore, the mutation of TANG1 does not affect the
expression of genes involved in known sugar signaling pathways. Taken together, these results suggest that TANG1, a unique
gene, plays an important role in sugar responses in Arabidopsis.

Sugars such as Glc and Suc play pivotal roles as
energy sources, structural components, and signaling
molecules that are required for plant growth and devel-
opment (Koch, 1996; Rolland et al., 2002, 2006; Smeekens
et al., 2010; Eveland and Jackson, 2012; Lastdrager et al.,
2014; Tsai and Gazzarrini, 2014). In plants, sugar levels
influence many developmental phases from seed germi-
nation (Pego et al., 1999; Price et al., 2003; Li et al., 2012) to

flowering induction (van Dijken et al., 2004; Funck et al.,
2012; Wahl et al., 2013) to senescence (Veyres et al., 2008;
Wingler et al., 2010, 2012; Thomas, 2013). By taking
advantage of the effects of externally supplied sugars on
Arabidopsis (Arabidopsis thaliana) growth, genetic
screens have often been used to identify mutants with
altered responses to sugars (Zhou et al., 1998; Smeekens,
2000; Rolland et al., 2002; Rook and Bevan, 2003; Baier
et al., 2004; Gibson, 2005). The high sugar response mu-
tants were isolated based on elevated luciferase and
Subunit3 of ADP-Glucose Pyrophosphorylase (ApL3) ex-
pression in response to low levels of Suc and Glc (Baier
et al., 2004). Conversely, the glucose-insensitive germina-
tion (gin) and sugar-insensitive (sis) mutants exhibit con-
tinued seedling growth in the presence of otherwise
inhibitory concentrations of Glc or Suc, whereas wild-
type plants normally undergo growth arrest on such
sugar concentrations (Zhou et al., 1998; Laby et al.,
2000). In addition, many studies of mutants with altered
sugar responses have demonstrated close interactions
between sugar signaling and other signaling pathways,
such as light, hormones, stress, and nutrients (Rolland
et al., 2006; Rook et al., 2006b; Baena-González et al.,
2007; Sheen et al., 2007; Lei and Liu, 2011). Screens for
sugar-related mutant phenotypes have consistently iso-
lated the abscisic acid (ABA)-related mutants aba2 (the
ABA biosynthetic mutant) and ABA-insensitive4 (abi4;
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Arenas-Huertero et al., 2000; Huijser et al., 2000; Laby
et al., 2000; Rook et al., 2001), indicating cross talk be-
tween sugar and ABA signaling pathways. Ethylene
sensing and signaling pathways also interact with
sugar-mediated signaling (Gazzarrini and McCourt,
2001). The ethylene receptor1, ethylene insensitive2 (ein2), and
ein3 are Glc hypersensitive, while the ethylene overproducer
and ethylene constitutive signaling mutants (constitutive
triple response) are Glc insensitive (Zhou et al., 1998;
Gibson et al., 2001; Yanagisawa et al., 2003). Genome-
wide transcriptome analyses suggested that transcrip-
tional regulation is one of the most important functions
for sugar signaling in plants (Li et al., 2006; Osuna et al.,
2007). High sugar levels promote the expression of
genes involved in its storage and utilization (Price et al.,
2004; Rook et al., 2006a). Conversely, low carbohydrate
levels increase photosynthesis-related gene expression
to keep a balance between sugar demand and supply
(Koch, 1996).

Plant sugar sensing and signaling pathways and some
of their components have been identified based on their
conservation among plants, animals, and yeast (Rolland
et al., 2002, 2006; Smeekens et al., 2010; Lastdrager
et al., 2014; Tsai and Gazzarrini, 2014). Arabidopsis
HEXOKINASE1 (HXK1) was isolated as a central func-
tional Glc sensor and performs dual functions as a glycolytic
enzyme and a sugar response regulator (Jang et al., 1997;
Moore et al., 2003; Ramon et al., 2008). Arabidopsis hxk1
and gin2 mutants show a Glc-insensitive phenotype
and altered sensitivities to auxin and cytokinin, respec-
tively (Zhou et al., 1998; Ramon et al., 2008). Plant SnRK1
(for SNF1-RELATED KINASE1) proteins are orthologs
of SUCROSE-NONFERMENTING1 (SNF1) proteins in
yeast and AMP-activated protein kinases in mammals.
These conserved kinases are crucial for the regulation of
metabolism and play key roles in sugar signaling
(Halford et al., 2003; Tiessen et al., 2003; Hardie, 2007;
Hedbacker and Carlson, 2008). Two Arabidopsis SnRK1
proteins, SNF1 kinase homolog10 (AKIN10) and AKIN11,
have been demonstrated to have important functions in
sugar and stress signaling (Baena-González et al., 2007).
Their activities are regulated by the PLEIOTROPIC
REGULATORY LOCUS1 (PRL1) gene, which encodes a
conserved WD protein (Németh et al., 1998; Bhalerao
et al., 1999; Lee et al., 2008). The prl1 mutants exhibit
hypersensitivity to sugar and several hormones (Németh
et al., 1998). Trehalose metabolism and signaling have
emerged as centrally important mechanisms controlling
sugar responses and growth (Paul et al., 2008; Tsai and
Gazzarrini, 2014). Although present at very low levels,
trehalose-6-phosphate (T6P) plays an essential role in the
coordination of metabolism and development in re-
sponse to carbon availability and stress (Avonce et al.,
2004; Schluepmann et al., 2004, 2012; Paul et al., 2008;
Primavesi et al., 2008; Schluepmann and Paul, 2009;
Wahl et al., 2013). T6P suppresses the activity of SnRK1
in monocots and dicots, indicating that the function of
T6P may be conserved in plants (Zhang et al., 2009;
Delatte et al., 2011; Martínez-Barajas et al., 2011; Nunes
et al., 2013). A recent finding shows that T6P is involved

in the regulation of flowering in Arabidopsis (Wahl et al.,
2013). Sugars can promote the activity of the TARGET
OF RAPAMYCIN (TOR) complex, which has key func-
tion in metabolic and growth control (Ren et al., 2012;
Robaglia et al., 2012; Dobrenel et al., 2013). Recent re-
search showed that the plant TOR complex works as a
linker between photosynthesis-driven Glc nutrient
status and growth processes (Xiong and Sheen, 2012;
Xiong et al., 2013). A G-protein-coupled receptor
system was also identified in sugar signaling re-
sponse studies in yeast and Arabidopsis (Chen and
Jones, 2004; Lemaire et al., 2004; Huang et al., 2006;
Fu et al., 2014). Recently, a Fru-specific signaling
pathway was also proposed by the identification of
the transcription factor ANAC089 (NAC [for NAM/
ATAF1/2/CUC2) and the Fru-1,6-bisPase Fructose
insensitive1 (Cho and Yoo, 2011; Li et al., 2011). An-
other NAC transcription factor, ANAC060, isolated
by quantitative trait locus analysis, also exhibits func-
tion in sugar and ABA signaling pathways (Li et al.,
2014). More recent reports highlight sugars functioning
in apical dominance regulation and further indicate
sugar’s importance in plant development (Mason et al.,
2014; Van den Ende, 2014).

Although important progress has been made in
understanding the molecular mechanism in plant sugar
responses, our knowledge of sugar-mediated growth
control remains limited. To further explore the extent of
the sugar regulatory pathway, we isolated the Arabi-
dopsis mutant tang1-1 (tang means sugar in Chinese),
which displays hypersensitive responses to Glc. The
TANG1 gene, which was identified using a map-based
cloning approach, encodes a functionally unknown pro-
tein with a predicted Symplekin tight junction protein
C-terminal domain in its C-terminal region. We present
evidence that TANG1 is a unique player in the sugar
signaling pathway in Arabidopsis.

RESULTS

Isolation and Genetic Characterization of the tang1-1
Mutant

Responses of Arabidopsis seedlings to high or low
levels of sugars have been used to isolate mutants related
to sugar sensing and signaling (Zhou et al., 1998; Arenas-
Huertero et al., 2000; Laby et al., 2000; Baier et al.,
2004). We performed such a screen to identify mu-
tants with elevated responses to 1% (w/v) Glc. A single
mutant named tang1-1 exhibiting a short-root pheno-
type was initially isolated from ethyl methanesulfonate-
mutagenized M2 Columbia-0 (Col-0) seedlings. The
progeny were rescreened on 1% and 3% (w/v) Glc to
confirm the altered sugar responses. Because the pheno-
type of tang1-1was stronger when the plants were grown
on 3% (w/v) Glc, we carried out mutant characterization
using this treatment in the following experiments. The
tang1-1mutants displayed slightly shorter roots when the
seedlings were grown on one-half-strength Murashige and
Skoog (MS) medium (Fig. 1, A and B) or one-half-strength
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MS medium supplemented with 3% (w/v) mannitol
(Fig. 1, A and B). However, the tang1-1 roots were
dramatically shorter compared with the Col-0 root
when grown on 3% (w/v) Glc (Fig. 1, A and B). These
results indicate that the tang1-1 mutant was sensitive to
Glc. Consistent with this, the expression of two sugar-
responsive genes, ApL3 (Sokolov et al., 1998) and
b-amylase (Mita et al., 1995), was significantly higher in
tang1-1 compared with that in the wild type (Fig. 1C).
These two genes had similar expression levels in tang1-1
and wild-type seedlings grown on medium with 3%
(w/v) mannitol (Fig. 1C), further suggesting that the
tang1-1 mutant was more sensitive to Glc than the wild
type. The F1 progeny from crosses between Col-0 and
tang1-1 had the wild-type phenotype, and the subse-
quent F2 individuals segregated at a ratio of three wild
type to one mutant (106:33, x2 = 0.1175), suggesting that
tang1-1 is a single recessive mutant.

Map-Based Cloning and Expression Patterns of TANG1

The tang1-1 mutation was identified by map-based
cloning in an F2 segregating population of a cross
between tang1-1 and Landsberg erecta. The TANG1
gene was mapped to a 26.5-kb interval between
markers Indel-1 and SNP-1 on chromosome I (Fig. 2A).

DNA sequencing revealed that tang1-1 has a G-to-A
substitution at the junction between the ninth intron
and the 10th exon of the gene At1g27595 (Fig. 2B).
Based on this mutation, the cleaved-amplified poly-
morphic sequence marker At1g27595CAPS was
developed, which cosegregated with the tang1-1 short-
root phenotype (Fig. 2D). At1g27595 encodes a pro-
tein of unknown function with a predicted Symplekin
tight-junction protein C-terminal domain in its
C-terminal region (http://www.arabidopsis.org/; Fig.
2C). In tang1-1, the 59-intron-exon boundary of intron 9
is changed from CAG to CAA. The mutation in tang1-1
produces several versions of transcriptional products
(Fig. 2E), suggesting that it altered the splicing of
At1g27595 mRNA as a result of the predicted frame
shift. To further investigate the roles of At1g27595 in
the sugar response, we obtained two homozygous
lines (SAIL_754_F10 and SAIL_104_C05), which har-
bored independent T-DNA insertions in the At1g27595
gene (Supplemental Fig. S1). Both SAIL_754_F10 and
SAIL_104_C05 were identified with T-DNA insertions
in the fifth exon of At1g27595 (Fig. 2B). RT-PCR anal-
ysis revealed that SAIL_754_F10 and SAIL_104_C05
mutants had no detectable full-length transcripts of
At1g27595 compared with the wild type (Fig. 2E). As
expected, these two lines had the tang1-1 phenotype of
reduced root growth on Glc medium (Fig. 1, A and B),

Figure 1. Sugar-sensitive phenotypes of tang1-1 mutants. A, Growth phenotypes of 7-d-old seedlings on medium containing
one-half-strength MS medium (1/2MS), 3% (w/v) mannitol (M), or 3% (w/v) Glc (G) under a 16-h-light/8-h-dark cycle. Plants are
numbered as follows: 1, Col-0; 2, tang1-1; 3, tang1-2; and 4, tang1-3. Bars = 0.2 cm. B, Relative root lengths of 7-d-old Col-0
and tang1 seedlings grown on one-half-strength MS medium or one-half-strength MS medium supplemented with 3% (w/v) Glc
or 3% (w/v) mannitol. Data represent means 6 SE (n . 15) of two independent biological replicates. *, P , 0.05; **, P , 0.01
compared with related Col-0 (one-way ANOVA). C, Expression analysis of sugar-responsive marker genes in tang1-1. Quan-
titative reverse transcription (RT)-PCR was assayed on complementary DNA (cDNA) made from 9-d-old seedlings induced by
3% (w/v) mannitol or 3% (w/v) Glc for an additional 12 h. The ACTIN2 gene was used as a reference for relative mRNA levels.
The mRNA levels in mannitol-treated Col-0 were set to 1. Data represent means6 SE of three independent biological replicates.
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suggesting that At1g27595 is the TANG1 gene. The
SAIL_754_F10 and SAIL_104_C05 alleles were named
tang1-2 and tang1-3, respectively. To further confirm the
functional role of At1g27595 in Glc responses, we per-
formed a genomic complementation test using a plasmid

containing the entire At1g27595 open reading frame, a
predicted 3.6-kb promoter sequence, and the 500-bp
downstream sequence. The plasmid was introduced into
the tang1-1mutant by the floral dip method (Clough and
Bent, 1998), and the seeds from the T3 homozygous
transgenic lines were harvested for further analysis. The
background of transgenic plants was confirmed by the
At1g27595CAPS maker (Fig. 2F). Characterization of
tang1-1 complementation lines revealed that the trans-
genic plants rescued the tangl-1 short-root phenotype to
that of the wild type (Fig. 2G). Therefore, At1g27595 is
indeed the TANG1 gene.

Semiquantitative RT-PCR was used to detect TANG1
transcripts in different tissues. Consistent with the digital
northern-blot results (https://www.genevestigator.ethz.
ch) and a previous report (Herr et al., 2006), TANG1
transcripts were detected in roots, stems, leaves, and
flowers (Fig. 3A), indicating that TANG1 is ubiquitously
expressed. Considering that the tang1 mutant was hy-
persensitive to Glc, we asked whether the expression of
TANG1 is regulated by exogenous Glc. Quantitative real-
time PCR assay was recruited to check TANG1 expres-
sion under sugar-induced conditions. Compared with the
CHLOROPHYLL a/b-BINDING PROTEIN4 gene, whose
expression is significantly suppressed by high sugar
levels, TANG1 expression levels were similar in seedlings
treated with either high Glc or mannitol (Fig. 3B), indi-
cating that Glc may not influence the function of TANG1
at the transcriptional level. To describe TANG1 ex-
pression patterns in detail, transgenic plants containing
the GUS reporter gene under the control of the TANG1
promoter (pTANG1::GUS) were generated to observe the
GUS enzyme levels in different tissues. High GUS activity
was observed in the root and shoot apical meristems of
seedlings (Fig. 3, C–E). Similarly, relatively higher GUS
activity was detected in younger flowers (Fig. 3F). These
results indicate that TANG1 expression is temporally and
spatially regulated and existed more prominently in
young or actively growing tissues.

To gain insight into the overall expression pattern
of TANG1 in Arabidopsis, the Genevestigator tool
(https://www.genevestigator.ethz.ch) was employed
to analyze the abundant gene expression resources
available from the public database. According to
Genevestigator, TANG1 is universally expressed in
the different tissues checked, and its expression can
be found in all 10 stages of the Arabidopsis life cycle.
ArrayExpress data also showed that TANG1 ex-
pression varied little under sugar/ABA treatments
(experiment identifier, AT-00199; title, Glc- and ABA-
Regulated Transcription Networks in Arabidopsis).
These data further confirmed our expression results.
We further looked into the expression data of TANG1
under stress conditions. In 3,250 samples analyzed,
the TANG1 expression level showed larger than
2-fold changes in only 17 samples, suggesting that
TANG1 expression may not be affected by most of
the stress conditions, including cold, heat, oxidative,
osmotic, salt, drought, genotoxic, and wounding re-
sponses.

Figure 2. Map-based cloning of the TANG1 gene. A, Fine-mapping
of TANG1. The TANG1 gene was mapped to a 26.5-kb interval
between markers Indel-28379 and SNP-54834 and cosegregated
with the marker At1g27595CAPS. Recombinant numbers are shown
at bottom from F2 plants. BACS, Bacterial artificial chromosome
clones. B, Structure of the TANG1 gene. The start codon (ATG) and
the stop codon (TGA) are indicated. Black boxes represent exons,
and the lines between boxes are introns. The positions of transferred
DNA (T-DNA) insertion lines and the point mutation are also in-
dicated. C, The predicted TANG1 protein contains the Symplekin
tight-junction protein C-terminal domain. AA, Amino acids. D, The
mutation in the tang1-1 allele produces a HindIII site that is used
for generating the At1g27595CAPS marker. E, RT-PCR analysis of
TANG1 expression in tang1-1, tang1-2, and tang1-3 alleles using
the primer pair TANG1CDS FB1+RB2. The first strand cDNAs were
prepared from 20-d-old seedlings. The ACTIN2 gene was used as a
reference for relative mRNA levels. F, Background identification of
Col-0, tang1-1, complementation line 14 (COM14), and COM15
using the At1g27595CAPS marker. COM14 and COM15 were
tang1-1 transformed with the wild-type TANG1 genomic sequence.
G, Root lengths of 14-d-old seedlings of Col-0, tang1-1, COM14,
and COM15. *, P , 0.05 compared with Col-0 (one-way ANOVA).
Data represent means 6 SD (n . 15) of two independent biological
replicates.
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TANG1 Encodes an Unknown Protein with a Symplekin
Tight-Junction Protein C-Terminal Domain and Localizes
to the Nucleus

TANG1 is predicted to encode a functionally
unknown protein with a predicted Symplekin tight-
junction protein C-terminal region (Fig. 2C). In Arabi-
dopsis, TANG1 is a single-copy protein, and its closest
homolog is the ENHANCED SILENCING PHENOTYPE4
(ESP4) protein, with 47% protein identity and 71% query
cover. These two proteins share a conserved func-
tionally unknown Symplekin_C domain of 181 amino
acids (Fig. 4A). ESP4 is the homolog of mammalian and
yeast Symplekin/PTA1 (for pre-tRNA accumulation),
which is involved in RNA 39 end formation (Herr
et al., 2006). To further explore the function of TANG1,
BLASTP was performed against the National Center
for Biotechnology Information protein database using
the TANG1 full-length protein for identifying TANG1
homologs based on amino acid similarity. A total of 44
homologs were retrieved and used to construct a
phylogenetic tree using the neighbor-joining method
with 1,000 bootstrap replicates from diverse species
(Supplemental Fig. S2). These proteins share a con-
served Symplekin_C domain, and most of them have a
functionally uncharacterized DUF3453 domain that is
not present in TANG1. Because of the lower identity
of TANG1 homologs compared with animal homo-
logs (identity less than 30%; data not shown), this
phylogenetic tree was built with TANG1 homologs in
plants, suggesting that TANG1 is more conserved in
plants than in animals.
To examine the subcellular localization of TANG1,

computational analysis was used to predict potential
targeting signals. However, no significant signal se-
quences could be found in the TANG1 protein. We
then generated a construct of TANG1 fused with GFP
at its C terminus under the control of a 35S promoter.
Overexpression of TANG1-GFP complemented the

tang1 short-root phenotype, indicating that this fusion
protein is functional (Supplemental Fig. S3, A and B).
The construct was also transiently expressed in Nicotiana
benthamiana leaves. Fluorescence microscopy revealed
that the GFP signal was predominantly found in the
nucleus (Fig. 4, B and C).

Figure 3. Expression patterns of the TANG1
gene. A, RT-PCR analysis of TANG1 gene ex-
pression. Total RNA was extracted from roots,
stems, leaves, and flowers. The ACTIN2 gene was
used as a reference for relative mRNA levels. B,
Quantitative RT-PCR was used to assay TANG1
expression from cDNA from 9-d-old Col-0
seedlings induced by 3% (w/v) mannitol (M) or
3% (w/v) Glc (G) for an additional 12 h. The
ACTIN2 gene was used as a reference for relative
mRNA levels. The mRNA levels in Glc-treated
Col-0 were set to 1. Data represent means6 SE of
three independent biological replicates. C to F,
Histochemical analysis of GUS activity of
pTANG1::GUS transgenic plants: 10-d-old seed-
lings (C), root meristem (D), 18-d-old seedlings
(E), and inflorescences (F). Bars = 1 mm in C, E,
and F; bar = 50 mm in D.

Figure 4. TANG1 encodes a Symplekin_C domain-containing protein
with unknown function and localizes to the nucleus. A, Diagram
schematically shows the structure of TANG1 and its protein domain in
comparison with its closest homolog EPS4 in Arabidopsis. The motif
sequence contained in the Symplekin_C domain is listed below the
diagrams. B, Subcellular localization of TANG1-GFP in epidermal
cells of N. benthamiana leaves. Bar = 12.5 mm. C, Subcellular local-
ization of TANG1-GFP in root cells of a transformed Arabidopsis plant.
Bar = 12.5 mm.

Plant Physiol. Vol. 168, 2015 121

TANG1 Influences Sugar Responses in Arabidopsis

http://www.plantphysiol.org/cgi/content/full/pp.15.00288/DC1
http://www.plantphysiol.org/cgi/content/full/pp.15.00288/DC1


Light-Grown tang1 Seedlings Show Increased Sugar
Sensitivity as Well as Altered Levels of Starch,
Anthocyanin, and Chlorophyll

The effects of mutations in the TANG1 gene on sugar
responses were investigated further. We measured the
root length of Col-0, tang1-1, and tang1-2 seedlings at
different growth time points. As expected, the two
tang1 seedlings displayed much shorter roots during
the measured developmental stages between 4 and
12 d after germination on medium containing 3% (w/v)
Glc, even though the root length of tang1 mutants was
shorter compared with that of Col-0 when they grew on
medium supplemented with the same concentration of
mannitol. These two tang1 lines show a similar root
growth phenotype (Fig. 5A). Thus, the dynamic growth
curve further confirmed that tang1 mutants were sensi-
tive to Glc.

High levels of exogenous Glc could negatively
feedback regulate the expression of photosynthetic
genes (Krapp et al., 1993; Martin et al., 2002). To test
whether this response is enhanced in tang1 mutants,
we compared chlorophyll content between wild-type,

tang1-1, and tang1-2 seedlings grown on one-half-
strength MS medium supplemented with or without
2% (w/v) Glc. It is interesting that chlorophyll con-
tents in tang1mutants were lower than that of Col-0 no
matter whether the plants were grown on medium
with or without Glc (Fig. 5B). Previous studies showed
that enhanced responses to exogenous Glc can increase
starch levels in Arabidopsis (Baier et al., 2004; Li et al.,
2007). To determine whether this is the case for tang1
mutants, starch levels were then compared in Col-0
and the tang1 mutant. Because tang1-1 and tang1-2 had
similar phenotypes, we chose tang1-1 for the further
analysis. Starch levels were increased significantly in
tang1-1 seedlings grown on 3% (w/v) Glc medium
compared with that of Col-0 (Fig. 5C). Anthocyanin
was shown to accumulate in Arabidopsis seedlings
grown on high concentrations of sugars (Martin et al.,
2002). Anthocyanin also increased to higher levels in
tang1-1 seedlings compared with that of Col-0 (Fig.
5D). As the osmotic control, we measured the contents
of starch and anthocyanin in seedlings grown on me-
dium supplemented with 3% (w/v) mannitol. How-
ever, there was no obvious difference between the wild
type and the tang1-1 mutant (Fig. 5, C and D). Thus,
these results suggest that the tang1 mutants enhanced
several Glc-related metabolic responses.

The tang1 Seedlings Exhibit Enhanced Dark Development
in Response to Glc

Arabidopsis seedlings have leaf- or flower-like or-
gans when grown in complete darkness on vertical
petri dishes with Suc (Roldán et al., 1999). We have
previously demonstrated that Glc promotes dark de-
velopment (Baier et al., 2004; Li et al., 2007). These
studies showed that dark-grown wild-type Col-0
seedlings display a progressive response to increasing
concentrations of Glc, including short hypocotyls and
increased dark development. The dark developmental
phenotypes can be recorded as different developmen-
tal stages. We then divided the dark development of
Col-0 seedlings into four stages (Fig. 6A). Stage
1 seedlings did not develop beyond a slight opening of
the cotyledonary petioles and expansion of the coty-
ledon. At stage 2, seedlings had fully expanded coty-
ledons, and true leaves started to develop. The stage 3
plants had developed the first pair of true leaves, but
no internode was apparent. Stage 4 seedlings had a
fully developed first pair of true leaves and a clear
internode, and more leaves had started to form. As
tang1 mutants were sensitive to Glc in the light, we
assessed whether the tang1 mutation affects sugar-
related dark development. Dark development was
then compared in 16-d-old dark-grown Col-0 and
tang1 seedlings. At this stage, about half of the tang1
seedlings grown on medium containing 3% (w/v) Glc
had developed beyond stage 4, with fully expanded
cotyledonary petioles and clearly formed leaf-like
structures. In contrast, only 10% of Col-0 seedlings

Figure 5. Characterization of the tang1 mutant grown in the light. A,
Root lengths of Col-0, tang1-1, and tang1-2 seedlings grown on one-
half-strength MS medium supplemented with 3% (w/v) Glc (G) or 3%
(w/v) mannitol (M) at the indicated days. Data represent means 6 SE

(n . 20) of two independent biological replicates. B, Chlorophyll
levels in 10-d-old Col-0, tang1-1, and tang1-2 seedlings grown on
one-half-strength MS medium or one-half-strength MS medium supple-
mented with 2% (w/v) Glc. Data represent means 6 SE of three inde-
pendent biological replicates. *, P , 0.05; **, P , 0.01 compared with
related Col-0 (one-way ANOVA); F.W., fresh weight. C, Starch contents
in 20-d-old wild-type and tang1-1 seedlings grown on medium with 3%
(w/v) mannitol or 3% (w/v) Glc. Data represent means 6 SE of three
independent biological replicates. **, P , 0.01 compared with the 3%
(w/v) Glc Col-0 sample (one-way ANOVA). D, Anthocyanin levels in
20-d-old wild-type and tang1-1 seedlings grown on medium with 3%
(w/v) mannitol or 3% (w/v) Glc. Data represent means 6 SE of three
independent biological replicates. **, P , 0.01 compared with the 3%
(w/v) Glc Col-0 sample (one-way ANOVA).
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reached this stage. This result was confirmed by tang1-2
seedlings grown on medium containing different
concentrations of Glc for 16 d (Supplemental Fig. S4A).
As expected, the weak allele tang1-3 was less pronounced
in dark development compared with tang1-1 and tang1-2
(Fig. 6B). The increased dark development in tang1 mu-
tants was not due to an osmotic effect, because seedlings
never developed beyond a slight opening of the cot-
yledonary petioles and expansion of the cotyledon on
medium without sugar or containing different concen-
trations of mannitol (Supplemental Fig. S4, B and C).
Dark-grown Arabidopsis seedlings had increased hy-

pocotyl lengths in response to lower sugar concentra-
tions, while this elongation was progressively inhibited
at higher Glc concentrations between 1% and 3% (w/v;
Fig. 6C). We then checked the dynamic growth curve of
the tang1 mutants on medium containing different con-
centrations of Glc using the tang1-2 allele. The length of
tang1-2 hypocotyls was similar to that of Col-0 at low Glc
levels, while the tang1-2 mutant had much shorter hy-
pocotyl compared with the wild type when they were
grown on medium supplemented with 3% (w/v) Glc
(Fig. 6C). These elongation defects were not due to os-
motic pressure because there was little difference when
tang1-2 and Col-0 were grown on 3% (w/v) mannitol
(Fig. 6C). We further confirmed this result using tang1-2
seedlings grown on medium containing 3% (w/v) Glc or
3% (w/v) mannitol in the dark (Fig. 6D). Taken together,
these results indicate that the tang1-2 seedlings exhibit
Glc-hypersensitive responses in the dark.

The Responses of tang1-2 Seedlings to ABA and Ethylene

Genetic analyses of sugar-signaling mutants have
unraveled the complex interaction between sugar and

plant hormone signaling, especially ABA and ethylene,
in opposite ways (León and Sheen, 2003). To test
whether tang1 mutants have defects in ABA or ethyl-
ene responses, we sowed tang1-2 and wild-type seeds
on medium supplemented with the indicated ABA or
ethylene, respectively. All the seeds of tang1-2 and the
wild type germinated on medium with the indicated
supplements after 6 d (Fig. 7A). The greening of seed-
lings was then scored. In the absence of ABA, all the
seedlings of tang1-2 and the wild type became green
(Fig. 7A). However, the greening of tang1-2 seedlings
was significantly reduced compared with that of wild-
type plants when they were grown on medium with
ABA alone or ABA combined with Glc or mannitol,
whereas the abi4-1 mutant, used as a positive control,
showed full greening (Fig. 7B). These results indicated
that the tang1-2 mutant shows increased sensitivity to
ABA.

Ethylene suppresses the hypocotyl elongation of
Arabidopsis seedlings in the dark (Guzmán and Ecker,
1990). To investigate the response of tang1-2 to ethyl-
ene, we compared the 1-aminocyclopropane carbox-
ylic acid (ACC; an ethylene precursor) responses of
dark-grown seedlings between tang1-2 and Col-0. In
the absence of ACC, tang1-2 hypocotyl elongation was
significantly suppressed by sugar (Fig. 7C). When we
added ACC to the medium, the reduction of tang1-2
hypocotyl elongation was still significant compared
with that of the wild type. However, comparing the
hypocotyl length ratio (0.79) between tang1-2 and Col-0
on ACC with the length ratio (0.63) without ACC, we
found that the hypocotyl reduction of tang1-2 on ACC
is less than that of tang1-2 without ACC, suggesting
that the tang1-2 mutant is more resistant to ACC than
the wild type (Fig. 7C). The ein3-1 mutant was used as
a positive control (Fig. 7C).

Figure 6. Dark development phenotypes of the
tang1 mutants. A, Different stages of dark devel-
opment used to describe sugar responses. Seed-
lings were grown on medium with 0.05% (1),
0.5% (2), 1% (3), and 2% (w/v) (4) Glc in the dark
for 16 d. Bars = 2 mm. B, Comparison of devel-
opment stages between tang1mutants and Col-0.
Seedlings were grown on medium with 3% (w/v)
Glc (G) in the dark for 16 d (n . 20). Data rep-
resent means of two independent biological
replicates. C, Hypocotyl lengths of Col-0 and
tang1-2 seedlings grown on medium with Glc or
mannitol (M) as the indicated concentrations in
the dark for 16 d. Data represent means6 SE (n.
35) of two independent biological replicates. D,
Relative hypocotyl lengths of Col-0 and tang1-2
seedlings grown on medium with 3% (w/v)
mannitol or 3% (w/v) Glc in the dark for 16 d.
Data represent means 6 SE (n . 50) of two in-
dependent biological replicates. **, P , 0.01
compared with the wild type (one-way ANOVA).
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TANG1 Does Not Affect the Expression of Genes Involved
in Several Well-Established Sugar-Responsive Pathways

TANG1 encodes a protein with unknown function.
To understand how TANG1 is involved in sugar re-
sponses at the molecular level, we tested the effects of the
tang1 mutation on the expression of genes in different
sugar-responsive pathways. These genes are involved in
several sugar-response pathways, including the HXK1-
dependent pathway (HXK1 and TREHALOSE-6-
PHOSPHATE SYNTHASE1 [TPS1]; Blázquez et al.,
1998; Moore et al., 2003; Avonce et al., 2004), the RGS
pathway (Regulator of G-Protein Signaling1 [RGS1] and
G Protein Alpha Subunit1 [GPA1]; Chen and Jones,
2004; Johnston et al., 2007), the SnRK1 pathway (AKIN10,

AKIN11, and PRL1; Németh et al., 1998; Bhalerao et al.,
1999), and an independent sugar-responsive gene SIS3
that encodes an E3 ligase (Huang et al., 2010). By per-
forming quantitative RT-PCR in tang1-2 and wild-type
Col-0 seedlings grown on medium containing 3% (w/v)
Glc or 3% (w/v) mannitol, we found that there were no
significant differences in the expression levels of these
genes between Col-0 and the tang1-2 mutant (Fig. 8A).
The expression levels of these genes were also similar
between tang1-2 and Col-0 seedlings grown on medium
with 3% (w/v) mannitol, except that PRL1 expression in
tang1-2 was higher than that of the wild type but still
less than 2-fold difference (Fig. 8A). We further exam-
ined the expression levels of the TANG1 gene in differ-
ent sugar-related mutants, including abi4, abi5, prl1, and
gin2 mutants. The expression level of TANG1 decreased
in abi4 and prl1 mutants compared with Col-0 (Fig. 8B).
However, only in the prl1 mutant was the TANG1

Figure 7. Responses of the tang1-2 mutant to ABA and ethylene. A,
Representative images show the morphology of 6-d-old seedlings
grown on different media (one-half-strength MS medium [1/2MS], 2%
(w/v) mannitol [M], or 2% (w/v) Glc [G]) with or without ABA as
follows: 1, Col-0; 2, abi4-1; and 3, tang1-2. B, Relative greening
seedlings grown on medium containing 1 mM ABA were scored 6 d
after the imbibition. Data represent means 6 SE (n . 50) of two in-
dependent biological replicates. **, P , 0.01 compared with related
Col-0 (one-way ANOVA). C, Hypocotyl elongation in response to ACC
treatment. Seedlings were grown on medium supplemented with 3%
(w/v) Glc with or without 10 mM ACC for 16 d in the dark. ein3-1 was
used as a positive control. Data represent means 6 SE (n . 50) of two
independent biological replicates. **, P , 0.01 compared with related
Col-0 (one-way ANOVA). Numbers above the bars represent tang1-2
hypocotyl length as a proportion of related Col-0. Figure 8. Gene expression analysis and double mutant analysis. A,

Quantitative RT-PCR analysis of the expression of genes involved in
sugar-response pathways. cDNA was prepared from 14-d-old wild-
type Col-0 and tang1-2 seedlings grown on medium with 3% (w/v) Glc
(G) or 3% (w/v) mannitol (M). The ACTIN2 gene was used as a reference
for relative mRNA levels. Data represent means6 SE of three independent
biological replicates. B, TANG1 expression analysis in different mutant
backgrounds. Total RNA was isolated from 20-d-old seedlings. Data
represent means 6 SE of three independent biological replicates. The
letters above the columns represent differences at the 0.05 significance
level. C, Root length of 10-d-old light grown seedlings of Col-0, tang1-2,
prl1-2, and prl1-2 tang1-2 grown on one-half-strength MS medium sup-
plemented with 2% (w/v) Glc. Values are given as means6 SE (n. 30) of
two independent biological replicates. The letters above the columns
represent differences at the 0.05 significance level. D, Hypocotyl lengths
of 15-d-old dark-grown seedlings of Col-0, tang1-2, prl1-2, and prl1-2
tang1-2 grown on one-half-strength MS medium supplemented with 2%
(w/v) Glc. Values are given as means 6 SE (n . 30) of two independent
biological replicates. The letters above the columns represent differences
at the 0.05 significance level.
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expression level around 2-fold reduced (Fig. 8B). The prl1
mutant was first identified in a screen for hypersensitive
responses to Glc and Suc (Németh et al., 1998). Since the
tang1 mutant also showed hypersensitivity to Glc, we
then asked whether PRL1 is involved in TANG1-mediated
sugar-responsive development. The prl1-2 and tang1-2
mutants were chosen for the further analysis. In order to
confirm whether these two mutants are in total loss of
function, we checked PRL1 and TANG1 gene expression
in prl1-2 and tang1-2, respectively. The results indicate that
we cannot get the full-length transcripts for both genes
(Fig. 2E; Supplemental Fig. S5B), and the primers on either
side of the T-DNA insertion sites were not able to detect
significant levels of transcripts (Supplemental Fig. S5, A
and B). Thus, these results suggest that prl-2 and tang1-2
may not have correctly spliced transcripts. Next, we made
double mutants for genetic analysis between tang1-2 and
prl1-2. The prl1-2 tang1-2 double mutants displayed much
shorter roots and hypocotyls in comparison with either of
the single mutants (Fig. 8, C and D), indicating that the
two genes had additive effects on root growth and
hypocotyl elongation in Arabidopsis. Taken together,
the expression and genetic analyses suggested that
the TANG1 gene does not affect the function of genes
involved in several well-established sugar-response
pathways.

DISCUSSION

Sugar sensing and signaling play essential roles in
the control of plant growth, development, gene ex-
pression, and metabolism during the entire life cycle
(Rolland et al., 2006). In Arabidopsis, screening for
mutants with altered responses to high or low sugars
has been intensively explored to identify genes involved
in the sugar response. To identify mutations causing
elevated responses to exogenous sugar, we isolated
tang1-1 mutants, which had a short-root phenotype and
increased expression of the Glc-responsive marker genes
ApL3 and b-amylase (Fig. 1). Both light- and dark-
grown tang1 mutants displayed alterations in a range
of sugar-related responses, such as enhanced dark de-
velopment and defects in hypocotyl elongation (Fig. 6).
The effects of TANG1 loss-of-function mutations on
the sugar response were not due to altered responses
to osmotic pressure, as all of the tang1mutants exhibited
either wild-type responses or were less affected by
mannitol. The TANG1 gene was identified as AT1G27595,
which encodes an unknown protein with the predicted
Symplekin tight-junction protein C-terminal domain.
Expression analysis indicates that TANG1 is expressed in
different tissues, and its expression is not regulated by
exogenous sugar.

TANG1 Is a Negative Regulator of Sugar Responses

The tang1 mutant was initially isolated in a screen
for mutants with sensitive responses to lower con-
centrations of Glc under light. A short-root phenotype

is a clear indication of the sensitivity of the light-grown
tang1 to Glc (Fig. 1, A and B). The expression levels of
two Glc-responsive marker genes, ApL3 and b-amylase,
were elevated in tang1, further indicating that sugar
responses were enhanced in tang1 mutants (Fig. 1C).
In addition, light-grown tang1 seedlings displayed
typical physiological changes caused by exogenously
applied sugars or enhanced sugar sensitivity, includ-
ing increased levels of starch and anthocyanin (Fig. 5,
C and D). Thus, enhanced sugar responses were found
in light-grown tang1 mutants. Arabidopsis seedlings
grown on medium without sugars cannot develop
beyond germination in darkness (Chory et al., 1996),
and sugars can promote plants to break their skoto-
morphogenesis and develop leaf- and flower-like
structures (Roldán et al., 1999). Therefore, skotomor-
phogenesis is a sensitive indicator of the effects of
sugars on plant growth and development (Baier et al.,
2004). Dark-grown tang1 mutants exhibited accelerated
development in response to exogenous Glc (Fig. 6B).
Furthermore, hypocotyl elongation in dark-grown Ara-
bidopsis seedlings is progressively inhibited in higher
concentrations of Glc (Li et al., 2007). Dark-grown tang1
seedlings also display Glc-hypersensitive inhibition of
hypocotyl elongation (Fig. 6, C and D). Thus, enhanced
sugar responses were found in dark-grown tang1 mu-
tants. Previous studies have revealed that there was a
close interaction between sugar and plant hormones,
and sugar-response mutants normally display defects in
the ABA or ethylene response (León and Sheen, 2003;
Rolland et al., 2006). We then analyzed the hormone
responses of tang1. The results indicated that the tang1
mutants exhibited increased sensitivity to ABA and in-
creased resistance to ACC (Fig. 7). Taken together, the
altered sugar responses of tang1 mutants grown in light
or dark conditions demonstrate that the TANG1 gene
plays an important role in sugar-related growth control.
In other words, TANG1 is a negative regulator of sugar
responses in Arabidopsis. Interestingly, the expression
profiling data indicate that TANG1 expression was not
affected by Glc, mannitol, hormones, or a range of abi-
otic stresses, including cold, heat, oxidative, osmotic,
salt, drought, genotoxic, and wounding (this study and
data from Genevestigator).

TANG1 Is a New Component in the Regulatory Network of
Sugar Responses

One of the interesting observations from this study
is that the expression of TANG1 is not affected by ex-
ogenously applied sugars, which was both confirmed
in our real-time quantitative PCR results and the large-
scale expression profiling data. This suggests that there
is no feedback control of sugars on the role of TANG1
in sugar responses, at least at the transcriptional level.
To learn more about TANG1 gene functions, quanti-
tative real-time RT-PCR was used to assay sugar-
related gene expression in tang1-2 and Col-0 plants.
These genes are components of several sugar-response
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pathways, including the HXK1-dependent pathway
(HXK1 and TPS1; Blázquez et al., 1998; Avonce et al.,
2004), the RGS pathway (RGS1 and GPA1; Chen and
Jones, 2004; Johnston et al., 2007), the SnRK1 pathway
(AKIN10, AKIN11, and PRL1; Németh et al., 1998;
Bhalerao et al., 1999), and an independent sugar-
response gene, SIS3, that encodes an E3 ubiquitin ligase
(Huang et al., 2010). All the genes showed similar
expression levels between tang1-2 and the wild type (Fig.
8A). In addition, the expression levels of TANG1 in
several sugar mutants were not obviously altered com-
pared with those in the wild type (Fig. 8B). TANG1 ex-
pression was down-regulated around 2-fold in the prl1
mutant, but genetic analysis showed that these two
genes had an additive effect on the sugar response (Fig.
8, B–D). Thus, these results suggest that the TANG1 gene
may influence sugar responses through an unrecognized
mechanism. However, we cannot completely rule out
the possibility that mutations in TANG1 affect these
sugar-response pathways at the posttranscriptional level.

A Possible Molecular Basis of TANG1 Function

The TANG1 gene encodes an unknown protein with
a conserved Symplekin_C domain. This domain is
found in Symplekin. It is approximately 180 amino
acids in length and contains a single completely con-
served Pro residue that may be functionally important
(http://www.ebi.ac.uk/interpro/entry/IPR022075).
However, there is not much known about the functions
of this domain. Phylogenetic analysis showed that
TANG1 homologs exist in diverse plants. The closest
homolog of TANG1 in Arabidopsis is ESP4, which is
involved in RNA 39 end formation (Herr et al., 2006).
ESP4 is a homolog of Symplekin/PTAl (Herr et al.,
2006). However, compared with yeast PTA1, which is
essential for development (O’Connor and Peebles,
1992), the esp4 mutants have no growth-impairment
phenotype, suggesting that there may be functional
redundancy between ESP4 and its closest homologs,
including At1G27590 and the TANG1 gene. However,
TANG1 seems not to be a component of the cleavage
polyadenylation specificity factor (CPSF), because ESP4
but not TANG1 is copurified with AtCPSF100 (Herr
et al., 2006). Our work indicated that the TANG1 gene is
involved in sugar-induced root and dark development,
although the molecular mechanism of TANG1 action
remains unclear. Therefore, it will be a difficult but
worthwhile challenge to identify downstream targets of
TANG1 in sugar responses. This will help to provide a
better mechanistic understanding of how the TANG1
gene is involved in sugar-induced responses.

In summary, we present evidence that TANG1 en-
codes a functionally unknown protein involved in
sugar-related responses in Arabidopsis. In the future,
genome-wide transcriptomic and proteomic analyses
combined with studies of protein-protein interaction in
vitro and in vivo will provide more information on the
functional analysis of TANG1 in the sugar response.

MATERIALS AND METHODS

Plant Material and Growth Conditions

All lines of Arabidopsis (Arabidopsis thaliana) were in the Col-0 background,
including tang1-1, tang1-2 (SAIL_754_F10), gin2 (SALK_015782), prl1-2, abi4-1,
abi5-7, and ein3-1; tang1-3 (SAIL_104_C05) was in the Columbia-3 background.
All the mutants were backcrossed into Col-0 three times prior to the subse-
quent analysis. Seeds were surface sterilized with 85% (v/v) ethanol and
hydrogen peroxide (4:1), dried on filter paper in a sterile hood, and then sown
on one-half-strength MS medium (Duchefa Biochemie) supplemented with 1%
(w/v) agar and different concentrations of Glc or mannitol as indicated. The
seeds were stratified at 4°C for 3 d in the dark before germination. Plants were
grown under constant light or a 16-h-light/8-h-dark cycle at 21°C under
standard conditions. For sugar-inducible analysis, the seedlings were grown
in liquid culture containing 0.5% (w/v) Glc for 8 d. Then, the medium was
replaced by one-half-strength MS medium and kept in the dark for 24 h. After
that, the Glc or mannitol was added to 3% (w/v) for an additional 12 h under
the light. For the dark development assay, the seeds were exposed to light for
18 h and then grown vertically in darkness at 21°C. For ABA and ethylene
analyses, the seeds were sown on medium containing ABA or ACC as indi-
cated, stratified at 4°C in the dark for 3 d, and then incubated at 21°C under
continuous light for 6 d (ABA) or in the dark for 16 d (ACC) prior to phe-
notype analysis. All experiments were repeated at least two times.

Isolation and Identification of tang1 Mutants

Approximately 20,000 Col-0 seeds were mutagenized with 0.5% (w/v)
ethyl methansulfonate (Sigma) for 6 h. The M1 seeds were sown on soil.
The M2 seeds were surface sterilized and grown vertically under constant
light on one-half-strength MS medium (Duchefa Biochemie) containing 1%
(w/v) Glc. After 7 d of growth, the M2 seedlings were screened for visible
phenotypes. The tang1-1 seedlings were selected based on the short-root
phenotype compared with their siblings grown on the same plate. The seeds
of tang1-1 were rescreened to confirm the phenotype. The tang1-2
(SAIL_754_F10) and tang1-3 (SAIL_104_C05) mutants were ordered from the
Arabidopsis Biological Resource Center. The T-DNA insertions were con-
firmed by PCR and sequencing (primers are listed in Supplemental Table S1).

Map-Based Cloning of TANG1-1

An F2 mapping population was generated from a cross between Landsberg
erecta and tang1-1. The F2 seeds from this mapping population were screened
on one-half-strength MS medium (Duchefa Biochemie) containing 1% (w/v)
Glc to identify seedlings with a tang1 phenotype (seedlings that displayed
relatively short roots). A total of 2,120 plants that are homozygous for the
tang1-1 mutation were used to map the TANG1 locus. The TANG1 gene was
mapped by genetic markers obtained from The Arabidopsis Information Re-
source public databases (http://www.arabidopsis.org). The specific markers
used for mapping are listed in Supplemental Table S2.

Plasmid Construction and Plant Transformation

A genomic DNA fragment containing the entire TANG1 coding region, the
approximately 3.6-kb upstream sequence, and 500 bp of downstream se-
quence was amplified by PCR from bacterial artificial chromosome clone
T22C5 using primer pair TANG1gBPF and TANG1gBPR. The PCR products
were confirmed by sequencing and then inserted into the binary vector
pBGWFS7 to generate the transformation plasmid pBGWFS7TANG1COM for
complementation (for primer sequences, see Supplemental Table S3). The
plasmids were introduced into plants using Agrobacterium tumefaciens GV3101
and the floral dip method (Clough and Bent, 1998). The transformants were
selected on medium containing 10 mg L21 phosphinothricin. The TANG1
promoter was amplified by PCR using primers TANG1pBPF and
TANG1pBPR (for primer sequences, see Supplemental Table S3) and intro-
duced into the Gateway vector pBGWB3 to generate the transformation
plasmid pTANG1::GUS. The plasmid pTANG1::GUS was transformed into
Col-0 plants using the same method as above. The true transgenic plants
were selected on medium containing kanamycin (50 mg L21) or hygromycin
(30 mg L21). For the subcellular localization analysis of TANG1, the TANG1
open reading frame was amplified and cloned into vector pH7FWG2 through the
Gateway system (Invitrogen; for primer sequences, see Supplemental Table S3).
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The 35S::TANG1-GFP plasmids were then transformed into A. tumefaciens
GV3101 and transiently infiltrated into the leaves of Nicotiana benthamiana
plants or stable transformed to Arabidopsis plants. GFP fluorescence was
detected using the Leica TCS SP5 confocal microscope.

GUS Staining

Samples (pTANG1::GUS) were stained in a buffer including 1 mM 5-bromo-
4-chloro-3-indolyl-b-glucuronic acid, 100 mM Na3PO4 buffer (pH 7), 3 mM each
K3Fe(CN)6 and K4Fe(CN)6, 10 mM EDTA, and 0.1% (v/v) Triton X-100 and
incubated overnight at 37°C. After staining, 70% (v/v) ethanol was used to
remove chlorophyll.

Starch, Anthocyanin, and Chlorophyll Analyses

Starch was extracted from the insoluble fraction of perchloric acid extracts of
ground frozen plant material. The residue was washed four times by 80% (v/v)
ethanol, and the air-dried pellet was resuspended in water. Glc was released
from starch by a 5-min incubation at 95°C and then a 12-h incubation at 37°C
with 10 mL of amyloglucosidase:a-amylase (9:1) in 0.2 M sodium acetate buffer,
pH 4.8 (Baier et al., 2004). Glc was then measured using the YSI Glc membrane
Multiparameter Bioanalytical System (YSI7100) according to the operating
manual. Starch contents were calculated according to the fresh weights of the
tissues used.

For chlorophyll measurements, the plant material was extracted in 80% (v/v)
acetone in the dark at room temperature for 24 h before quantification. The su-
pernatant was used to measure the absorbance at 645 and 663 nm, and then the
chlorophyll content was calculated according to the equation 20.2A645 + 8.02A663
and the fresh weights of the tissues used (Arnon, 1949).

To determine the levels of anthocyanins, frozen homogenized seedlings (20mg)
were extracted for 1 d at 4°C in 1 mL of methanol containing 1% (v/v) hydro-
chloric acid. The mixture was centrifuged, and the absorbance of the supernatant
was measured at 530 and 657 nm. Relative anthocyanin concentrations were
calculated with the equation [A530 2 (1/4 3 A657)] (Mita et al., 1997).

Root and Hypocotyl Length Measurements

To measure root length, seedlings were grown vertically on the indicated
medium under constant light. At different time points, digital images were
captured, and then the root lengths were calculated by using ImageJ software
(National Institutes of Health). At least 20 seedlings were measured for each
sample. A similar protocol was used for hypocotyl length measurement, except
that the seedlings were grown in darkness.

RNA Isolation, RT-PCR, and Quantitative
Real-Time RT-PCR

Total RNA was extracted from tissues using the RNAprep Pure Plant kit
(Tiangen) according to the manufacturer’s manual. First strand cDNA was
synthesized from 1 mg of total RNA using the ReverTraAce kit (Toyobo) in a
10-mL reaction volume. RT-PCR was performed as described (Li et al., 2006).
Quantitative real-time RT-PCR analysis was performed with an Eco system
(Illumina) using SYBR Green Realtime PCR Master Mix (Toyobo). ACTIN2
mRNA was used as an internal control, and relative amounts of mRNA were
calculated using the comparative threshold cycle method. All the primers used
in RT-PCR and quantitative real-time RT-PCR are listed in Supplemental
Table S4.

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Identification of tang1-2 and tang1-3 mutants.

Supplemental Figure S2. Phylogenetic tree of the TANG1 protein.

Supplemental Figure S3. Overexpression of TANG1-GFP complemented
the phenotypes of tang1-2.

Supplemental Figure S4. Dark development analysis of tang1 mutants.

Supplemental Figure S5. Expression analysis of PRL1 and the TANG1
gene in prl1-2 and tang1-2, respectively.

Supplemental Table S1. Primers used for T-DNA identification.

Supplemental Table S2. Markers used in TANG1 mapping.

Supplemental Table S3. Primers used for plasmid construction.

Supplemental Table S4. Primers used for RT-PCR and quantitative real-
time RT-PCR.
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