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Sugars play important roles in many aspects of plant growth and development, acting as both energy sources and signaling
molecules. With the successful use of genetic approaches, the molecular components involved in sugar signaling have been
identified and their regulatory roles in the pathways have been elucidated. Here, we describe novel mutants of Arabidopsis
(Arabidopsis thaliana), named glucose insensitive growth (gig), identified by their insensitivity to high-glucose (Glc)-induced growth
inhibition. The gig mutant displayed retarded growth under normal growth conditions and also showed alterations in the
expression of Glc-responsive genes under high-Glc conditions. Our molecular identification reveals that GIG encodes the
plastidial copper (Cu) transporter PAA1 (for P;5-type ATPase 1). Interestingly, double mutant analysis indicated that in high
Glc, gig is epistatic to both hexokinasel (hxk1) and aba insensitive4 (abi4), major regulators in sugar and retrograde signaling. Under
high-Glc conditions, the addition of Cu had no effect on the recovery of gig/paal to the wild type, whereas exogenous Cu feeding
could suppress its phenotype under normal growth conditions. The expression of GIG/PAA1 was also altered by mutations
in the nuclear factors HXK1, ABI3, and ABI4 in high Glc. Furthermore, a transient expression assay revealed the interaction
between ABI4 and the GIG/PAA1 promoter, suggesting that ABI4 actively regulates the transcription of GIG/PAA1, likely binding
to the CCAC/ACGT core element of the GIG/PAA1 promoter. Our findings indicate that the plastidial Cu transporter PAAT,
which is essential for plastid function and/or activity, plays an important role in bidirectional communication between the
plastid and the nucleus in high Gle.

Sugars have multifaceted roles in plant growth and
development, including their roles as energy sources
and signaling molecules (Smeekens, 2000; Ramon
et al., 2008). During the life cycle, plants can sense
sugar levels, control the expression of many genes in-
volved in physiological and developmental processes
accordingly, and thus modulate growth and develop-
ment to adapt to changes in sugar levels (Smeekens,
2000; Gibson, 2005; Rolland et al., 2006; Ramon et al.,
2008). Genetic approaches have been fruitful in eluci-
dating the molecular components in sugar signaling;
several Arabidopsis (Arabidopsis thaliana) mutants in-
sensitive to high-sugar conditions have been isolated
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and well characterized at the molecular level (Smeekens,
2000; Rook and Bevan, 2003; Gibson, 2005; Rolland
et al.,, 2006; Ramon et al., 2008). In particular, glucose
insensitive (gin) mutant seedlings are able to grow in
the presence of 6% (w/v) Glc, which causes develop-
mental arrest in wild-type seedlings (Leén and Sheen,
2003; Gibson, 2005). Some of these mutants are allelic
to abscisic acid (ABA) biosynthesis (e.g. ginl/aba2
and gin5/aba3) or signaling mutants (e.g. gin6/aba
insensitive4 [abi4]), demonstrating extensive interac-
tions between sugar and phytohormone ABA (Arenas-
Huertero et al., 2000; Cheng et al., 2002; Finkelstein and
Gibson, 2002; Leén and Sheen, 2003; Gibson, 2005). In
addition, the GIN2 locus encodes a hexokinase (HXK1),
which phosphorylates Glc to glucose-6-phosphate, and
the gin2 mutants overcome developmental arrest in the
presence of 6% Glc (Moore et al., 2003). It has also been
well established that HXK1 acts as an evolutionarily
conserved Glc sensor in sugar signaling (Moore et al.,
2003; Rolland et al., 2006). Coordination of growth and
developmental responses to sugar levels is a complex
process due to the existence of cross talk between sugar
and other signaling pathways.

Plastids are known as sites of photosynthesis and
of the synthesis and storage of biomolecules such as
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carbohydrates and hormones (Buchanan et al., 2000;
Jung and Chory, 2010). Thus, the developmental,
functional, and metabolic states of plastids can act
as signals that modify the expression of nuclear genes
(Nott et al., 2006; Pogson et al., 2008; Kleine et al., 2009;
Pfannschmidt, 2010). Extensive genetic screens have
been undertaken to identify mutants impaired in the
plastid-to-nucleus retrograde signaling. Such mutants
showed loss of intercompartmental communication,
including aberrant control of the expression of nucleus-
encoded plastid genes at the transcriptional level (Nott
et al., 2006; Koussevitzky et al., 2007; Pogson et al., 2008).
Interestingly, the ABA signaling pathway is also impli-
cated in retrograde signaling (Penfield et al., 2006; Shen
et al., 2006; Koussevitzky et al., 2007; Kim et al., 2009;
Priest et al., 2009; Jung and Chory, 2010; Leister et al.,
2011). Indeed, Koussevitzky et al. (2007) demonstrated
that ABI4, an AP2-type transcription factor, serves as a
point of convergence and regulates nuclear gene ex-
pression in retrograde signaling. However, the impact
of sugars on interorganellar communication between
the plastid and the nucleus is relatively unexplored.

Copper (Cu) is a microelement essential for living
organisms as a cofactor (Palmer and Guerinot, 2009).
However, excess Cu causes visible toxicity in Arabi-
dopsis, indicating that adequate amounts need to be
delivered to the various subcellular compartments
(Shikanai et al., 2003; Abdel-Ghany et al., 2005; Palmer
and Guerinot, 2009). In particular, the Arabidopsis
plastidial P,z-type ATPase Cu transporters, PAA1
(also known as AtHMAG6) and its closest homolog
PAA2 (also known as AtHMAS), play an important
role in Cu delivery to plastids and, as a result, in the
maintenance of Cu homeostasis (Shikanai et al., 2003;
Abdel-Ghany et al., 2005). The Cu transporter PAAL,
localized to the inner chloroplast envelope, transports
Cu across the envelope into the stroma, and PAA2,
localized to the thylakoid membrane, further trans-
ports Cu into the thylakoid lumen (Shikanai et al.,
2003; Abdel-Ghany et al., 2005). Not surprisingly, paal
paa2 double mutants are seedling lethal, indicating
their important roles in Cu delivery during postem-
bryonic growth and development (Shikanai et al.,
2003; Abdel-Ghany et al., 2005). However, the poten-
tial role of PAA1 in sugar-induced intercompartmental
signaling is largely unknown.

In a screen for altered response in sugar signaling,
we identified novel Arabidopsis mutants with insen-
sitivity to growth inhibition in the presence of 6% Glc.
We report here the genetic and physiological analyses
of the recessive Glc-insensitive gig mutants (for glucose
insensitive growth). In the presence of 1% Glc, however,
the gig mutants showed a reduction of division po-
tential in the root meristem, resulting in the retardation
of root growth. Interestingly, under high-Glc condi-
tions, gig is epistatic to both hxkl and abi4, and the
expression levels of the nuclear genes, in particular
ABI4 and HXK1, were significantly decreased in gig.
We found that the GIG locus encodes the plastidial
P,p-type ATPase Cu transporter PAA1 (Shikanai et al.,
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2003; Williams and Mills, 2005). Under high-Glc con-
ditions, the addition of Cu had no effect on the re-
covery of gig/paal to the wild type, whereas exogenous
Cu feeding, as reported previously (Shikanai et al,,
2003), could suppress its phenotype under normal
growth conditions. In the presence of 6% Glc, the ex-
pression of GIG/PAA1 was also altered by mutations
in the nuclear factors HXK1, ABI3, and ABI4. A tran-
sient expression assay further revealed the interaction
between ABI4 and the GIG/PAA1 promoter, suggest-
ing that ABI4 actively regulates the transcription of
GIG/PAA1, likely binding to the CCAC/ACGT core
element of the GIG/PAA1 promoter. Our findings
provide evidence for a novel function of the plastidial
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Figure 1. Isolation of gig with insensitivity to growth inhibition in
the presence of 6% Glc. A, D, F, and H, Twelve-day-old seedlings of
Col-0 (left) and gig (right) were grown on MS agar plates with different
sugars as indicated: 6% Glc (A), 6% Suc (D), 12% Suc (F), and 300 mm
mannitol (H). B, E, G, and I, Measurement of root length of 12-d-old
seedlings in the presence of different sugars as indicated: 6% Glc (B),
6% Suc (E), 12% Suc (G), and 300 mm mannitol (I). C, Anthocyanin
accumulation in Col-0 (blue) and gig (red) grown on 1% and 6% Glc.
Statistical significance of differences was determined by Student’s t test
(* P < 0.05). Error bars indicate st from three biological replicates.
Bars = 0.5 cm.
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Table 1. Genetic analysis of gig mutants

Phenotype

Mutant

Sensitive Insensitive

Total Segregation Ratio X

Col-0 X gig F2 99 37

136 3:1 0.35 (P = 0.05)

PAA1 Cu transporter in bidirectional (“plastid-to-
nucleus” and “nucleus-to-plastid”) communication in
response to high Glc levels.

RESULTS

Identification of Novel Mutants Insensitive to
High-Glc-Induced Growth Inhibition

To date, genetic approaches have been successful
in identifying constituents and elucidating their roles
in sugar signaling (Smeekens, 2000; Rook and Bevan,
2003; Gibson, 2005; Rolland et al., 2006; Ramon et al.,
2008). In an attempt to identify additional components
in the sugar signaling pathway, we screened a popu-
lation of approximately 1,500 M2 activation-tagged
lines for insensitivity to growth arrest under high-Glc
conditions. In the mutant screening, we identified one
line that exhibited insensitivity to the inhibition of
seedling growth in the presence of 6% Glc (Fig. 1A).
In a root growth assay, root length of the line was
longer, by approximately 3-fold, than that of wild-type
Columbia (Col-0) seedlings (Fig. 1B). In addition, we
analyzed anthocyanin accumulation, which is enhanced
by high-Glc-induced growth inhibition (Tsukaya et al.,
1991; Mita et al., 1997; Xiao et al., 2000; Baier et al.,
2004; Teng et al., 2005; Jeong et al., 2010), in this
mutant line. In the presence of 6% Glc, anthocyanin
accumulation in the mutant was reduced by approxi-
mately 2.5-fold compared with that in Col-0 (Fig. 1C).
Our findings indicate that the mutant line exhibits
an insensitive growth phenotype in high (6%) Glc.
To determine whether the insensitive growth pheno-
type is Glc specific, we analyzed this mutant line under
high-Suc conditions. In the presence of 6% Suc, root
growth of the mutant was slightly more insensitive
than in the wild type (Fig. 1, D and E). When grown
in the presence of 12% Suc, which is nearly the same
as 6% Glc in molarity, the growth phenotype of the
mutant line was almost indistinguishable from Col-0
seedlings (Fig. 1, F and G). To test whether the phe-
notype was attributable to osmotic stress, we cultured
both Col-0 and the mutant in the presence of 300 mm
mannitol, which is also the same as 6% Glc in molarity.
We found that both the mutant and Col-0 seedlings
were indistinguishably similar in growth (Fig. 1,
H and I). Our observations indicate that the insensitive
growth phenotype of the mutant was attributed pri-
marily to high levels of exogenous Glc, and hence we
named the mutant gig. For further genetic analysis, gig
was backcrossed at least four times to Col-0 and could
be reproducibly identified in the F2 progeny based on
its insensitivity to 6% Glc. Under high-Glc conditions,
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gig was segregated in the typical 3:1 ratio, indicating
that the gig mutation was inherited as a single reces-
sive Mendelian locus (Table I).

The gig Mutant Exhibits Growth Retardation under
Normal Growth Conditions

To address whether its insensitive growth pheno-
type in the presence of 6% Glc is due to relatively
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Figure 2. Growth retardation of gig under normal conditions. A, Twelve-
day-old seedlings of Col-0 (left) and gig (right) grown on MS agar plates
with 1% Glc. Bar = 1 cm. B, Root growth assay of Col-0 and gig
seedlings from 3 to 12 d after germination (DAG). C, Differential in-
terference contrast image of root meristem size of Col-0 and gig at
8 DAG. Black arrowheads indicate the QC, whereas blue arrowheads
demarcate the upper margin of the MZ. D and E, Measurement of
meristem cortex cell number (D) and meristem length (E) from 2 to
10 DAG. F, CYCB1::GUS expression in Col-0 and gig roots at 7 DAG.
Bar = 50 um. G, Length of the CYCBI1::GUS expression zone. Error
bars indicate sg; * P < 0.05.
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Figure 3. Genetic analysis of gig hxk1 and gig abi4 double mutants.
Twelve-day-old seedlings of Col-0 (A), gig (B), hxk1 (C), abi4 (D), gig
hxk1 (E), and gig abi4 (F) were grown on MS agar plates with 6% Glc.
gig is epistatic to both hxk1 and abi4. Bar = 1 cm.

lower inhibition of vigor in gig seedlings, we investi-
gated the gig mutant in the presence of 1% Glc (here-
after referred to as normal growth conditions in this
study). Interestingly, gig showed a short-root pheno-
type compared with Col-0 seedlings under normal
growth conditions (Fig. 2A). In a root growth assay,
we found that differences in the growth rate between
Col-0 and gig increased gradually as plants became
mature, indicating that gig root growth was retarded
(Fig. 2B). We further investigated the root meristem
size of gig by measuring the number and length of
ground cells from the quiescent center (QC) in the
presence of 1% Glc, as described previously (Dello Ioio
et al.,, 2007; Achard et al., 2009; Ubeda-Tomas et al.,
2009; Heo et al., 2011). The root meristem size of gig
was smaller than that of Col-0, suggesting a reduction
of cell division in the meristem zone (MZ; Fig. 2, C-E).
To further characterize this defect, a CYCB1::GUS
mitotic marker (Donnelly et al., 1999) was monitored
both in gig and Col-0, and indeed cell division poten-
tial in gig roots was significantly reduced (Fig. 2, F and
G). Our findings indicate that the retarded root growth
of gig is attributable to a decrease in cell division po-
tential. In the Arabidopsis root meristem, the stem cell
niche, including the QC and initials, replenishes all the
cell files (Scheres, 2007). We thus investigated devel-
opmental defects in and around the stem cell niche of
gig using cell-specific markers, including SCARECROW
(SCR), SHORT-ROOT (SHR), QC25, and WUSCHEL
RELATED HOMEOBOX5 (WOX5; Di Laurenzio et al.,
1996; Helariutta et al., 2000; Nakajima et al., 2001;
Sabatini et al., 2003; Gallagher et al., 2004; Sarkar et al.,
2007). In the presence of 1% Glc, the stem cell niche of
gig was indistinguishable from that of Col-0, indicating
that the reduction of the root meristem size of gig is
not due to defects in the stem cell niche (Supplemental
Fig. S1). In addition to its short-root phenotype, gig
adult plants were also dwarf compared with Col-0
under our growth conditions (16-h-light/8-h-dark
cycles; Supplemental Fig. S2). Taken together, gig ex-
hibited growth retardation under normal (1% Glc)
growth conditions, unlike its insensitive growth under
high-Glc (6% Glc) conditions.
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The gig Mutant Is Epistatic to abi4 and hxk1 under
High-Glc Conditions

The insensitive phenotype under high-Glc condi-
tions raised the question of whether GIG plays a role in
sugar signaling. To address this question, we adopted
a genetic approach by using hxkl1/gin2 and abi4/gin6
mutants, which are well-characterized mutants with
defects in sugar signaling (Arenas-Huertero et al.,
2000; Huijser et al., 2000; Finkelstein and Gibson,
2002; Arroyo et al., 2003; Moore et al., 2003; Acevedo-
Herndndez et al., 2005; Dekkers et al., 2008). In the
presence of 6% Glc, both hxkl and abi4, as expected,
exhibited insensitivity to growth arrest compared with
Col-0 seedlings (Fig. 3, A, C, and D). Intriguingly, gig
was more insensitive in root growth compared with
both hxkl and abi4 under high-Glc conditions (Fig. 3,
B-D). To investigate genetic interactions of gig and
these mutants, we generated the double mutant com-
binations of gig hxkl and gig abi4, respectively, and
examined the growth phenotype in the presence of 6%
Gle. To our surprise, the seedling growth of both gig
hxkl and gig abi4 was indistinguishable from that of
the gig single mutant (Fig. 3, B, E, and F). Our findings

A gig-1 gig-2

1kb

Col-0 gig-1 gig-2

Col-0 gig-1

Figure 4. Molecular identification of the GIG locus. A, Location of
T-DNA insertions. The boxes depict the coding regions, whereas the
lines represent the noncoding regions. The red triangle denotes the
position of a T-DNA insertion in gig-T that is isolated from an activation-
tagged population, whereas the blue triangle indicates the T-DNA in-
sertion site in gig-2 that was identified from the SALK T-DNA database.
The GIG locus encodes the plastidial Pz-type ATPase Cu transporter
PAAT. B, Expression of PAAT in Col-0, gig-1, and gig-2 seedlings. No
expression was detected in either gig-1 or gig-2 seedlings. C, Allelism
test of gig-1 and gig-2. From left to right, Col-0, gig-1, gig-2, and F1
progeny of a cross between gig-1 and gig-2 (gig-1 gig-2). The F1
progeny show insensitivity to growth inhibition in 6% Glc. Bar =
1 cm.
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Figure 5. Complementation of gig/paal mutants. A and B, The genomic fragment, encompassing the predicted promoter and
OREF, fused to GFP (pGIG::GIG-GFP) restores defects in gig in the presence of 1% (A) and 6% (B) Glc. C and D, Restoration
of defects in gig with Cu supplement. Shown are a differential interference contrast image of CYCB1::GUS expression (C) and
the length of the CYCBT::GUS expression zone (D) of Col-0 and gig in the presence of 10 um CuSO, Bar = 50 um. E to G,
Twelve-day-old seedlings of Col-0 (left) and gig (right) grown on 1% (E) and 6% (F and G) Glc MS agar plates supplemented with

10 um CuSO,. Bars =1 cm in A, B, E, and F.

indicate that gig is epistatic to both hxkl and abi4 in
high Glc.

GIG Encodes the Plastidial P,z-Type ATPase
Cu Transporter PAA1

To determine the molecular basis of the gig pheno-
types, we identified the GIG locus using thermal
asymmetric interlaced PCR (Liu et al., 1995), since the
mutant was initially isolated in an activation-tagged
population. We found a T-DNA insertion in the sixth
intron of the GIG locus (At4g33520; Fig. 4A), which
encodes the plastidial P;-type ATPase Cu transporter
PAA1 (also known as AtHMAG6; Shikanai et al., 2003;
Williams and Mills, 2005). Previous studies have
demonstrated that PAA1, localized in the chloroplast
inner membrane, mediates Cu delivery into the stroma
(Shikanai et al., 2003; Abdel-Ghany et al., 2005). With
specific primers for PAA1, we detected no expression,
indicating that, in accordance with our genetic analy-
sis, gig is a loss-of-function mutant (Fig. 4B; Table I).
Additionally, we identified another T-DNA insertion
allele in the SALK database (http://signal.salk.edu) and
found that this new allele, named gig-2 (SALK_043208;
Fig. 4, A and B), was also similarly insensitive to growth
inhibition under high-Glc conditions (Fig. 4C). Subse-
quently, we reciprocally crossed these mutants for a
complementation test. In the presence of 6% Glc, the F1
progeny of gig-1 and gig-2 showed indistinguishably
insensitive growth compared with each parental line
(Fig. 4C), corroborating their allelic relation. To further
verify whether mutations in the GIG/PAA1 locus cause
the growth insensitivity to high levels of exogenous
Glc, we transformed gig mutants with a translational
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fusion (hereafter referred to as pGIG:GIG-GFP), in-
cluding 443 bp of the putative promoter region and the
open reading frame (ORF) fused to GFP. In the pres-
ence of 1% Glc, the translational fusion restored the
retarded gig growth phenotype to Col-0 (Fig. 5A). As
expected, transgenic seedlings with pGIG::GIG-GFP
exhibited similar sensitivity to high-Glc-induced growth
inhibition compared with Col-0 (Fig. 5B). Taken to-
gether, our findings indicate that the insensitivity of
gig to high-Glc-induced growth inhibition is, indeed,
due to the loss of the plastidial Cu transporter PAA1
function.

The gig/paal Mutant Is Not Rescued by Cu Addition
In High Glc

Previously, it was shown that paal mutants had a
lower Cu content in the chloroplast and that the addi-
tion of exogenous 10 um CuSO, could suppress growth
defects, indicating that PAA1, which mediates Cu
delivery across the plastid envelope, is an essential
component of the plastidial Cu transport system
(Shikanai et al., 2003). Hence, we cultured gig/paal on
Murashige and Skoog (MS) agar plates with increasing
Cu concentrations (5, 10, and 50 um). When grown
on MS agar plates supplemented with 10 um CuSO,,
the growth of gig in the presence of 1% Glc was nearly
indistinguishable from Col-0 seedlings (Fig. 5, C-E;
Supplemental Fig. S3). As Shikanai et al. (2003) dem-
onstrated previously, in the presence of 50 um CuSO,,
the growth of both Col-0 and gig/paal roots was
inhibited (data not shown), indicating that the addi-
tion of high (50 um) CuSO, adversely affected seedling
development of both Col-0 and gig/paal. To further
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assess the relationship between Cu and Glc, we ana-
lyzed the root growth of Col-0 and gig/paal in the
absence or presence of 10 um CuSO, with increasing
Glc concentrations. In the absence of 10 um CuSO,, the
growth of gig/paal was retarded, as expected, com-
pared with Col-0, up to the point where exogenous Glc
was added to 3% (w/v; Supplemental Fig. S4A).
Whereas both Col-0 and gig/paal were nearly identical
in the presence of 4% Glc, the difference in growth
between Col-0 and gig/paal became reversed under
high-Glc conditions, in that gig/paal was more insensi-
tive. When supplemented with 10 um CuSO,, however,
gig/paal was nearly indistinguishable from Col-0 seed-
lings up to 5% Glc (Supplemental Fig. S4B). Interest-
ingly, gig/paal was still insensitive to high (6% and 7%)
Glc, with no recovery of the growth defect (Fig. 5, F
and G; Supplemental Fig. 54B). These findings indicate
that the addition of Cu had no effect on reverting
gig/paal to the wild type under high-Glc conditions,
whereas exogenous Cu feeding could suppress its
phenotype under normal growth conditions.

Expression Analysis of GIG/PAA1

To obtain further insight into gig/paal phenotypes,
we investigated the in planta expression patterns of
GIG/PAAI. To this end, we generated transgenic lines
harboring a transcriptional fusion of the GUS marker
gene under the control of the GIG/PAA1 cis-regulatory
sequence located upstream of the ORF (hereafter re-
ferred to as pGIG::GUS). The putative promoter sequence
selected was the longest that was used for molecular
complementation of the gig/paal mutant. Therefore,
we expected that this cis-regulatory sequence would
be informative in monitoring the expression patterns
of GIG/PAA1 in planta. In the shoot of 12-d-old seed-
lings, we observed GUS staining in marginal regions of
cotyledons and leaves and primarily in the vasculature
(Fig. 6, A and B). In the root, the GIG/PAA1 expression
was rather cell type specific, being detected only in the
vascular tissues (Fig. 6C). In parallel, we also analyzed
the seedling root with pGIG::GIG-GFP (translational
fusion), and similarly, localization of GIG-GFP was
observed only in the vasculature (Fig. 6D). For a more
detailed analysis, we generated transverse sections of
the primary root and detected GUS expression in the
vascular bundle (Fig. 6E). Interestingly, however, no
GUS expression was detected in the root tip (Fig. 6F),
implying that cells in the MZ are more sensitive to
fluctuations in Glc levels. Our findings suggest the
involvement of the plastidial Cu transporter PAA1 in
nongreen tissues, in which we primarily observed the
growth retardation in gig. We also analyzed the levels
of GIG/PAA1 expression by an independent, comple-
mentary method: reverse transcription-based quanti-
tative (QRT)-PCR. In our analysis, the expression of
GIG/PAA1 was detected in various organs, with the
highest expression in the flower (Fig. 6G). Additionally,
the levels of GIG/PAAT mRNA accumulation were
significantly increased, by approximately 3-fold, in the
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Figure 6. Expression pattern of GIG/PAAT. A to C, Tissue-specific
expression of the transcriptional GUS fusion (pGIG::GUS) in the
whole seedling (A), shoot (B), and root (C). D, Confocal image of the
translational GFP fusion (pGIG::GIG-GFP) in the root. E, Transverse
root section of 12-d-old seedling. Blue GUS staining is detected only
in the vasculature. F, No expression is detectable in the root tip.
G, GIG transcript levels in different organs as determined by qRT-PCR.
The GIG mRNA level in the shoot is arbitrarily set to 1. H, Expression
of GIG in the presence of 1% and 6% Glc by qRT-PCR. The statis-
tical significance of differences was determined by Student’s ¢ test
(* P < 0.05). Error bars indicate se from three biological replicates.

presence of 6% Glc, indicating that its expression is
also subject to regulation by high Glc (Fig. 6H).

Expression of Glc-Responsive Genes in gig/paal

In addition to growth arrest, high levels of exoge-
nous Glc also regulate a wide variety of genes at the
transcriptional level, including APL3 (a large subunit
of ADP-Glc pyrophosphorylase involved in starch
biosynthesis) and CHS (for chalcone synthase; Koch,
1996; Li et al., 2006). Hence, we analyzed the expres-
sion levels of these Glc-responsive genes in both
Col-0 and gig/paal in the presence of 1% and 6% Glc.
Under high-Glc conditions, the APL3 mRNA level
was, as expected, markedly elevated in Col-0, whereas
the level of induction was significantly reduced in gig/
paal (Fig. 7A). Likewise, the CHS mRNA level was
increased in the presence of 6% Glc, but in gig/paal, the
level of induction was significantly reduced (Fig. 7B).
On the basis of our findings that gig is epistatic to both
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abi4 and hxkl in response to high-Glc concentrations,
we subsequently analyzed the transcript levels of ABI4
and HXK1 in Col-0 and gig/paal in the presence of
1% and 6% Glc. Under high-Glc concentrations, the
HXK1 mRNA level was, as expected, also induced by
approximately 3-fold in Col-0, whereas it was signifi-
cantly reduced in gig/paal (Fig. 7C). Interestingly, high-
Glc activation of ABI4 was completely abolished in gig/
paal (Fig. 7D). To investigate the extent of Glc-induced
gene regulation, we also examined the ABI3 and ABI5

expression levels, which are known to be induced by
high Glc (Cheng et al., 2002; Arroyo et al., 2003; Yuan
and Wysocka-Diller, 2006; Dekkers et al., 2008). In
the presence of 6% Glc, such Glc activation of ABI3
was almost completely eliminated in gig/paal (Fig. 7E).
Likewise, induction of ABI5 expression was markedly
reduced in gig/paal (Fig. 7F). Furthermore, we also
analyzed the expression of APL3, HXKI1, and ABI4
in the presence of 10 um CuSO,. Interestingly, the
expression levels of these genes in gig/paal were not

Figure 8. Regulation of GIG expression levels

by ABA. A, GIG transcript levels in abi3, abi4,
abi5, and hxk1 in the presence of 1% and 6%
Glc. B, Expression of GIG in the absence or
presence of 10 um ABA. C, Transient expression
assay for the interaction between ABI4 and the
GIG promoter. The effector and reporter plasmids
are schematically shown. Relative LUC activity
was determined by the addition of Glc alone,
ABI4 alone, and both Glc and ABI4. Error bars
indicate st from biological triplicates.
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recovered to the Col-0 levels (Supplemental Fig. S5).
This observation is consistent with our previous find-
ing (Fig. 5, F and G; Supplemental Fig. S4) that the
addition of Cu in high Glc could not suppress the gig/
paal phenotype.

Taken together, our expression studies indicate that
the loss of the plastidial Cu transporter PAA1 func-
tion significantly alters the expression levels of Glc-
responsive genes. In particular, a reduction of the
expression of nuclear factors ABI3, ABI4, ABI5, and
HXK1 in gig/paal under high-Glc conditions suggests a
novel retrograde plastid-to-nucleus signaling, in which
the plastidial Cu transporter PAA1 is involved.

ABI4 Is Essential for the Activation
of GIG/PAA1 Expression

Our findings that the loss of GIG/PAA1 function
results in a dramatic reduction of the nuclear gene
expression of ABI3, ABI4, ABI5, and HXKI in the
presence of high Glc and that the GIG/PAA1 pro-
moter itself contains a CCAC/ACGT sequence for
ABI4 binding (Supplemental Fig. S6; Strand et al,,
2003; Koussevitzky et al., 2007) raised the question of
whether the transcription of GIG/PAAT itself is subject
to regulation by the nuclear transcription factor ABI4.
To test this, we first examined the expression of GIG/
PAA1 in abi3, abi4, and abib in the presence of 1% and
6% Glc. As shown in Figure 8A, the GIG/PAAT mRNA
levels were significantly reduced in both abi3 and abi4,
but not in abi5, under high-Glc conditions. In addition,
we also monitored the GIG/PAA1 expression in hxk1
in the presence of 1% and 6% Glc, since the Glc sensor
HXK1 can be localized in the nucleus and regulate
gene expression (Cho et al., 2006). In high Glc, the
induction of GIG/PAAT mRNA was almost completely
abolished in hxkl (Fig. 8A). Next, we addressed
whether the expression of GIG/PAA1 is regulated by
ABA. Indeed, the level of GIG/PAAT mRNA accumu-
lation was substantially increased in the presence of
10 um ABA (Fig. 8B).

To further investigate the interaction between ABI4
and the GIG/PAA1 promoter, we performed a transient
expression assay using Arabidopsis protoplasts as de-
scribed previously (Yoo et al, 2007). The reporter
plasmid containing the 443-bp fragment that was used
for both transcriptional fusion and molecular comple-
mentation, and the effector plasmid 35S::ABI4, were
introduced into Arabidopsis protoplasts in the absence
or presence of high Glc (300 mm). When relative lu-
ciferase (LUC) activity was monitored, the expression
of GIG/PAA1 was, as expected, induced by high Glc
alone and ABI4 alone (Fig. 8C). Interestingly, GIG/PAA1
expression was synergistically induced by both high
Glc and ABI4, suggesting that the nuclear transcription
factor ABI4 actively regulates the transcription of GIG/
PAA1 that is essential for plastid function and/or ac-
tivity. Our findings suggest a molecular mechanism of
bidirectional (plastid-to-nucleus and nucleus-to-plastid)
communication in response to high Glc levels.
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DISCUSSION

In this study, we identified novel mutants, desig-
nated gig, that showed insensitivity to growth inhibition
in high (6%) Glc. The expression levels of Glc-responsive
ABI3, ABI4, ABI5, APL3, CHS, and HXK1 genes were
significantly altered in gig/paal in the presence of 6%
Glc. Interestingly, gig abi4 and gig hxk1 double mutants
were indistinguishable from the gig single mutant
under high-Glc conditions, indicating that gig is epi-
static to both abi4 and hxkl. Subsequent molecular
cloning led us to the conclusion that the insensitivity
to high-Glc-induced growth inhibition was caused by
the loss of plastidial Cu transporter PAA1 function
(Shikanai et al., 2003). When complemented with the
GIG/PAA1 genomic fragment or supplemented with
exogenous Cu, growth defects in the gig/paal mutants
were completely restored to levels indistinguishable
from Col-0 seedlings. These results, together with those
from the phenotypic analyses of gig/paal, indicate the
important role of the GIG/PAA1 Cu transporter in
Glc-induced retrograde plastid-to-nucleus signaling.
In retrograde signaling, particularly plastid signaling
revealed in this study, integrated information on de-
velopmental, functional, and metabolic states is con-
veyed to the nucleus, in which the expression of nuclear
genes is modified accordingly (Nott et al., 2006; Pogson
et al., 2008; Kleine et al., 2009; Pfannschmidt, 2010;
Leister et al.,, 2011). In particular, ABI4 plays an im-
portant role in the integration of retrograde signaling
to regulate the transcription of nuclear genes (Kous-
sevitzky et al., 2007). Furthermore, intracellular com-
munication between the plastid and the nucleus, as

@ N

Plastid

Anterograde

Cu %na ing

Cu
ABI4

Retrograd\
signaling
K Nucleus /

Figure 9. Bidirectional communication between the chloroplast
and the nucleus. Changes in the functional states/activities of plastids
caused by high Glc can possibly act as a retrograde signal to alter
the expression of nuclear genes such as ABI3, ABI4, ABI5, and HXKT.
In particular, the transcription factor ABI4, which likely binds directly
to the CCAC/ACGT core element of the GIG/PAAT promoter, regulates
the expression of the plastidial Cu transporter PAAT that is essential for
plastid function and/or activity.
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suggested previously (Jung and Chory, 2010), is es-
sentially bidirectional. Thus, we investigated whether
the GIG/PAA1 gene itself is subject to transcriptional
regulation by the nuclear transcription factor ABI4.
First, we found a significant reduction of the GIG/
PAA]1 transcript levels in abi3, abi4, and hxkl mutants.
Next, we analyzed the interaction between ABI4 and
the GIG/PAA1 promoter, which contains a combina-
tion of the CCAC/ACGT core element for ABI4
binding and retrograde signaling (Strand et al., 2003;
Koussevitzky et al., 2007). Indeed, our transient ex-
pression assay reveals that the transcription of GIG/
PAA1 is synergistically regulated by high Glc and
ABI4. These results lend support to our hypothesis that
the plastidial Cu transporter PAA1 plays a role in the
coordination of the bidirectional intercompartmental
communication between the plastid and the nucleus
in the presence of high Glc.

Previously, it was shown that miRNA398 levels,
which function to repress two Cu/zinc superoxide
dismutases (CSD1 and CSD2), were decreased by the
addition of Cu (Sunkar et al., 2006; Yamasaki et al.,
2007; Dugas and Bartel, 2008). Moreover, Dugas and
Bartel (2008) demonstrated that in the presence of Suc,
miRNA398 levels were increased, whereas the protein
levels of CSD1 and CSD2, the miRNA398 targets, were
substantially decreased. The inverse relationship be-
tween Cu and sugars in the regulation of miRNA398
levels, and in turn the CSD1 and CSD2 levels, suggests
that sugars affect the results of Cu feeding. Interestingly,
we also found that the addition of Cu could not revert
gig/paal to the wild type in the presence of high Glec.
Since it was demonstrated that both transcript and
protein levels of CSD1 and CSD2 were higher in gig/
paal than in the wild type (Shikanai et al., 2003; Abdel-
Ghany et al., 2005), it will be interesting to determine
the levels of miRNA398 accumulation in gig/paal in the
absence or presence of high Glc with the addition of Cu.

Since GIG/PAA1 is expressed in roots as well as in
green tissues (Shikanai et al., 2003; Abdel-Ghany et al.,
2005) and reactive oxygen species (ROS) can modulate
the balance between cell proliferation and differentia-
tion in roots (Tsukagoshi et al., 2010), it is tempting
to speculate that ROS and/or sugar levels in plastids
of both roots and green tissues may be influenced by
proper Cu delivery to CSD1 and CSD2, which is con-
trolled by PAA1 (Shikanai et al., 2003; Abdel-Ghany
et al., 2005). Thus, changes in ROS, sugar levels, func-
tional states, and/or activities of plastids caused by
high Glc can act as retrograde signals (Oswald et al.,
2001; Fey et al, 2005) and in turn regulate the ex-
pression of nuclear genes such as ABI3, ABI4, ABI5,
and HXK1 (Nott et al., 2006; Koussevitzky et al., 2007;
Pogson et al., 2008; Kleine et al., 2009; Pfannschmidt,
2010). Subsequently, alterations in the expression levels
of the nuclear factors, in particular ABI4, which can
bind directly to the CCAC/ACGT core element of the
GIG/PAA1 promoter, regulate the expression of the
plastidial Cu transporter PAA1 that is essential for
plastid function and/or activity (Fig. 9).
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In summary, we report a previously unrecognized
role for the plastidial Cu transporter PAA1 in the
coordination of Glc-induced intracellular signaling.
Further molecular and biochemical characterization
with respect to the nature of retrograde signals (e.g.
ROS, sugar levels, or both), for which GIG/PAA1 may
well be responsible, will be necessary to elucidate the
precise molecular mechanism of Glc-induced inter-
compartmental signaling between the plastid and the
nucleus.

MATERIALS AND METHODS
Plant Materials and Growth Conditions

The Arabidopsis (Arabidopsis thaliana) ecotype Col-0 was used as the
wild-type control in this study, except for abi3-1 (Landsberg erecta) and abi5-
1 (Wassilewskija). The Col-0 T-DNA insertion mutants hxkI (SALK_070739)
and gig-2 (SALK_043208) were identified in the SIGnAL Web site (http://
signal.salk.edu) and obtained from the Arabidopsis Biological Resource
Center. Other mutant and transgenic lines used in this study have been de-
scribed previously: abi4-1 (Finkelstein et al., 1998), CYCB1:GUS (Donnelly
et al., 1999), QC25 (Sabatini et al., 2003), WOX5 (Sarkar et al., 2007), SCR
(Di Laurenzio et al., 1996; Gallagher et al., 2004), and SHR (Helariutta et al.,
2000; Nakajima et al., 2001). Seeds were sterilized with 2% sodium hypo-
chlorite and 0.15% Tween 20 for 2 min and rinsed three to five times in sterile
water. After stratification for 4 d in the dark at 4°C, seeds were cultured
vertically on one-half-strength MS agar plates containing 1% (w/v) Glc, 6%
(w/v; approximately 300 mm) Glc, 6% and 12% (approximately 350 mwm)
Suc, 300 mm (approximately 5.5%) mannitol, or 10 um CuSO, as indicated
(in culture rooms with a 16-h-light/8-h-dark cycle at 22°C). For adult plants,
MS agar plate-grown seedlings were transferred to soil and grown to full
maturity in culture rooms with a 16-h-light/8-h-dark cycle at 22°C as de-
scribed previously (Heo et al., 2011).

Screening for gig and Isolation of the GIG Locus

For the identification of gig, an activation tagging library was generated
as described (Weigel et al., 2000; Hwang et al., 2010). A population of ap-
proximately 1,500 M2 lines was screened for insensitivity to growth arrest
on one-half-strength MS agar plates containing 6% (w/v) Glc. The gig mutant
with enhanced high-Glc tolerance relative to wild-type seedlings was visually
identified and was subsequently backcrossed to Col-O at least four times
for further analysis. To identify the GIG locus, thermal asymmetric interlaced
PCR was performed as described previously (Liu et al.,, 1995). The primer
sequences are listed in Supplemental Table S1.

Root Growth Assays and Statistical Analysis

Digital images of seedlings grown vertically on one-half-strength MS
agar plates were taken using an SP-560UZ digital camera (Olympus) at each
time point as indicated. Root length was measured from the digital images
of the plates using Image] software (http://rsbweb.nih.gov/ij). The experi-
ments were independently repeated three times, and the data were analyzed
using the Excel statistical package (Microsoft). Student’s ¢ test was performed
to compare the mean values of triplicates, and st values are indicated.

Anthocyanin Quantitation

Anthocyanin accumulation in Arabidopsis seedlings was quantitatively
determined as described previously (Mita et al., 1997, Teng et al., 2005;
Solfanelli et al., 2006) with minor modifications. For anthocyanin extraction,
frozen, homogenized seedlings (100 mg) at 12 d after germination were in-
cubated with 800 uL of 1% (v/v) hydrochloric acid in methanol overnight at
4°C. Subsequently, 400 uL of distilled water and 200 uL of chloroform were
added to the mixture and mixed vigorously by vortexing. After centrifugation
at 13,000 rpm for 15 min, the supernatant was separated and the absorbance
was measured at 530 and 657 nm using a spectrophotometer, as described
previously (Mita et al., 1997; Teng et al., 2005; Solfanelli et al., 2006).
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qRT-PCR Analysis

Total RNA samples were prepared from 12-d-old seedlings grown on one-
half-strength MS agar plates, containing either 1% or 6% Glc, using Easy-Blue
reagent (Intron). RNA samples were treated with RQ1 RNase free-DNase
(Promega) to eliminate potential contamination of genomic DNA and further
purified using an RNeasy Plant Mini kit according to the manufacturer’s in-
structions (Qiagen). The quality and quantity of the isolated RNA were
assessed by both gel electrophoresis and spectrophotometry as described
previously (Lee et al., 2008; Heo et al., 2011). The protocols used for gRT-PCR
were essentially the same as those described previously (Lee et al., 2008;
Heo et al., 2011) with minor modifications. Approximately 0.5 ug of total RNA
was used for the synthesis of cDNA using the iScript cDNA synthesis kit
according to the manufacturer’s instructions (Bio-Rad). These cDNA samples
were used for qRT-PCR using SYBR Premix ExTaq reagents (Takara) with the
MXx3000P QPCR System (Agilent Technologies). The ACTIN2 (At3g18780)
gene was used as the internal reference as described previously (Lee et al.,
2008). Each experiment was conducted independently at least three times with
biological replicates.

Plasmid Construction and Transformation

To generate a transcriptional fusion of the GIG/PAA1 locus to the GUS
reporter gene, a 443-bp fragment containing the cis-sequence upstream of the
start codon, which is the longest intergenic region of the GIG/PAA1 locus, was
PCR amplified and subsequently cloned into the pENTR/D-TOPO vector
(Invitrogen). The error-free promoter fragment of GIG/PAA1 was subcloned
into the binary pMDC162 vector (Curtis and Grossniklaus, 2003) by Gateway
recombination cloning technology (Invitrogen).

For molecular complementation, we generated a translational fusion of
the wild-type GIG/PAA1 ORF to GFP under the control of the 443-bp GIG/
PAAT promoter into the binary pMDC107 vector (Curtis and Grossniklaus,
2003) using Gateway technology (Invitrogen). The resulting plasmids were
introduced into Agrobacterium tumefaciens (GV3101) and then introduced into
Col-0 and gig plants by the floral dipping method (Clough and Bent, 1998).

For the transient expression assay, the reporter and effector plasmids
were constructed using the pBI221 vector. In the reporter plasmid, the GUS
gene was replaced with the firefly LUC gene, and the cauliflower mosaic virus
35S promoter was replaced with the 443-bp GIG/PAA1 promoter. To generate
the effector plasmid, the full-length ABI4 coding region was amplified by PCR
and then inserted into pBI221, replacing the GUS gene. As a control plasmid,
the GUS gene in pBI221 was replaced with the Renilla LUC gene.

Histochemical GUS Assays and Microscopy

The protocols used for the histochemical localization of GUS activity were
essentially the same as those described previously (Yu et al., 2010; Heo et al.,
2011) with minor modifications. MS agar plate-grown seedlings at 12 d after
germination were incubated overnight at 37°C in GUS staining solution
[0.4 mm 5-bromo-4-chloro-3-indoxyl-8-p-glucuronic acid, 2 mm K;Fe(CN),,
2 mm K Fe(CN),, 0.1 M sodium phosphate, 10 mm EDTA, and 0.1% Triton
X-100]. After staining overnight, the samples were washed and cleared as
described (Yu et al., 2010; Heo et al., 2011). Plastic sections of GUS-stained
roots were embedded in Technovit 7100 (Heraeus Kulzer) and sectioned using
an HM 3555 microtome (Microm) according to the previous instructions
(Yu et al.,, 2010; Heo et al., 2011). Samples were observed with differential
interference contrast optics using an Axio Imager.A1l microscope (Carl Zeiss),
and then the digital images were obtained with the AxioCam MRc5 digital
camera (Carl Zeiss) equipped on the microscope. For GFP visualization, the
Fluoview FV300 (Olympus) confocal laser scanning microscope was used as
described (Yu et al., 2010; Heo et al., 2011).

Transient Expression Assay

The protocol used for the transient expression assay, including protoplast
preparation, transformation, and LUC activity measurement, is basically the
same as that described previously (Yoo et al., 2007) with minor modifications.
Protoplasts were prepared from rosette leaves of 3- to 4-week-old Col-0 plants
using cellulose R10 and macerozyme R10 (Yakult Pharmaceutical). Transfor-
mation was performed using polyethylene glycol solution including 40%
(w/v) polyethylene glycol 4000 (Fluka), 200 mm mannitol (Duchefa Bio-
chemie), and 100 mm CaCl, (Sigma) in the presence of the effector and/or
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reporter plasmids for 5 min. The plasmids were prepared with the AxyPrep
Maxi-Plasmid kit (Axygen), and a total of 10 ug of plasmid DNA was used at
a ratio of 9:9:2 (effector:reporter:control). After transformation, protoplasts
were incubated in the washing and incubation buffer (500 mm mannitol, 4 mm
MES, and 20 mwm KCl) in the absence or presence of 300 mm Glc at 22°C for
16 h in the dark. Harvested protoplasts were lysed and measured for LUC
activity using the Dual-Luciferase Reporter Assay System (Promega). The
reporter gene activity was normalized by Renilla LUC activity. Experiments
were independently repeated three times for biological replicates.

Sequence data from this article can be found in The Arabidopsis Infor-
mation Resource data libraries under accession numbers AT4G33520 (GIG/
PAAL), AT3G18780 (ACTIN2), AT4G39210 (APL3), AT5G13930 (CHS),
AT4G29130 (HXK1), AT1G16540 (ABI3), AT2G40220 (ABI4), and AT2G36270
(ABI5).

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. Analysis of the stem cell niche in Col-0 and
gig roots.

Supplemental Figure S2. Comparative analysis of Col-0 and gig adult plants.
Supplemental Figure S3. Complementation of gig with Cu supplementation.

Supplemental Figure S4. Root growth assay in the absence or presence
of Cu with increasing Glc concentrations.

Supplemental Figure S5. Expression analysis of Glc-responsive genes with
the addition of Cu.

Supplemental Figure S6. Prediction of an ABA-responsive element se-
quence in the GIG promoter.

Supplemental Table S1. Sequence information of PCR primers used in
this study.
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