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Plants cope with inorganic phosphate (Pi) deficiencies in their environment by adjusting their developmental programs and metabolic
activities. For Arabidopsis (Arabidopsis thaliana), the developmental responses include the inhibition of primary root growth and
the enhanced formation of lateral roots and root hairs. Pi deficiency also inhibits photosynthesis by suppressing the expression of
photosynthetic genes. Early studies showed that photosynthetic gene expression was also suppressed in Pi-deficient roots, a
nonphotosynthetic organ; however, the biological relevance of this phenomenon remains unknown. In this work, we characterized
an Arabidopsis mutant, hypersensitive to Pi starvation7 (hps7), that is hypersensitive to Pi deficiency; the hypersensitivity includes an
increased inhibition of root growth. HPS7 encodes a tyrosylprotein sulfotransferase. Accumulation of HPS7 proteins in root tips is
enhanced by Pi deficiency. Comparative RNA sequencing analyses indicated that the expression of many photosynthetic genes is
activated in roots of hps7. Under Pi deficiency, the expression of photosynthetic genes in hps7 is further increased, which leads to
enhanced accumulation of chlorophyll, starch, and sucrose. Pi-deficient hps7 roots also produce a high level of reactive oxygen species.
Previous research showed that the overexpression of GOLDEN-like (GLK) transcription factors in transgenic Arabidopsis activates
photosynthesis in roots. The GLK overexpressing (GLK OX) lines also exhibit increased inhibition of root growth under Pi deficiency.
The increased inhibition of root growth in ips7 and GLK OX lines by Pi deficiency was completely reversed by growing the plants in
the dark. Based on these results, we propose that suppression of photosynthetic gene expression is required for sustained root growth

under Pi deficiency.

Phosphorus is one of 17 essential nutrients required for
plant growth and development. In many soils, the
availability of inorganic phosphate (Pi), the major form of
P that plants uptake, is extremely low (Raghothama,
1999). Consequently, plants have evolved sophisticated
strategies to cope with low Pi stress. These strategies fall
into two broad categories: those used to enhance Pi ac-
quisition and those directed toward conservation of Pi
use (Vance et al., 2003). The strategies in the first category
include the remodeling of root system architecture (RSA)
and the increase of Pi transporter activities on the root
surface. The strategies in the second category include the
induction and secretion of acid phosphatases (APases),
the accumulation of starch and anthocyanin, the increase
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in the enzymatic activities involved in the bypass of
glycolysis, and the inhibition of photosynthesis.

Under Pi deficiency, Arabidopsis (Arabidopsis thaliana)
plants typically exhibit inhibition of primary root growth
and stimulation of lateral root and root hair formation.
Such remodeling of RSA results in an increased root sur-
face area for Pi absorption. The remodeling process begins
with a reduction of cell elongation followed by the pro-
gressive loss of meristematic cells (Sanchez-Calderén et al.,
2005). At later stages, cell proliferation is arrested, and cell
differentiation takes place at the former meristematic and
elongation regions of the primary root.

In recent decades, significant progress has been made
in our understanding of the intrinsic pathways that
control root development. The plant hormone auxin
plays a critical role in regulating both primary and lateral
root growth (Sabatini et al., 1999; Casimiro et al., 2001).
PLETHORALI1 (PLT1) and PLT2 are two members of the
AP2 family of transcription factors, which are required
for the maintenance of the root stem cell niche (Aida
et al., 2004). Recently, Zhou et al. (2010) showed that the
tyrosylprotein sulfotransferase (TPST) acts upstream of
PLT1/PLT2 in maintaining the root stem cell niche in an
auxin-dependent manner. The loss-of-function mutant of
TPST exhibits stunted root growth.

While our understanding of the intrinsic pathways that
regulate root growth has increased greatly, only a few of
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the key components involved in the regulation of Pi
deficiency-induced remodeling of RSA have been iden-
tified. The characterization of the low phosphate root1 (Ipr1)
mutant revealed a role for multicopper oxidase in Pi
sensing at the root tip (Svistoonoff et al., 2007). Functional
disruption of LPR1 results in an impaired inhibition of
primary root growth under Pi deficiency. By contrast,
the phosphate deficiency responses2 (pdr2) mutant displays
a hypersensitive response of root meristems to Pi defi-
ciency (Ticconi et al., 2004). The PDR2 gene encodes a
P5-type ATPase that is localized in the endoplasmic re-
ticulum and interacts with LPR1 genetically in mediating
primary root growth under Pi deficiency (Ticconi et al.,
2009). Auxin (Lépez-Bucio et al., 2002; Nacry et al., 2005;
Pérez-Torres et al., 2008), GAs (Jiang et al., 2007), and
ethylene (Borch et al., 1999; Ma et al., 2003; Yu et al., 2012)
are also involved in the control of Pi deficiency-mediated
remodeling of RSA. Our understanding of the molecular
mechanisms that regulate this remodeling process,
however, is still in its infancy.

Inhibition of photosynthesis has long been observed
for Pi-deficient (P-) plants (Dietz and Foyer, 1986; Sivak,
1986; Jacob and Lawlor, 1992; Rao and Terry, 1995). Se-
vere Pi deficiency damages the energy-transducing sys-
tem in the thylakoids and inhibits the activities of several
key enzymes of the Calvin cycle (Preiss, 1984; Natr, 1992).
Pi deficiency also inhibits the export of triose-P from
stroma to cytosol by the Pi translocators (Natr, 1992).
Under Pi deficiency, most of this photosynthate is
converted into starch in chloroplasts. The increased
partitioning of photosynthates to starch makes them
unavailable to support plant growth. Because the con-
version of triose-P to starch also liberates Pi and the light
reaction of photosynthesis consumes a large amount of Pi
for synthesis of ATP, the inhibition of photosynthesis
under Pi deficiency is believed to conserve the use of Pi.
Several microarray analyses indicated that the expression
of photosynthetic genes was down-regulated in the P-
plants (Wu et al., 2003; Misson et al., 2005, Morcuende
et al., 2007; Li et al., 2010; O’'Rourke et al., 2013). Inter-
estingly, the reduced expression of photosynthetic genes
was also observed in roots (Wu et al., 2003; Li et al., 2010).
Because root is thought to be a nonphotosynthetic organ,
the biological relevance of this phenomenon has received
little attention.

In this work, we show that the functional disruption of
the TPST activates the expression of many photosynthetic
genes in roots. We further demonstrate that suppression
of photosynthetic gene expression in roots is essential for
sustained root growth under Pi deficiency.

RESULTS
hps7 Exhibits Exaggerated Alteration of RSA under
Pi Deficiency

To identify molecular components involved in the Pi
deficiency-induced remodeling of RSA, we screened for
Arabidopsis mutants with altered Pi sensitivity. M2 seeds
from ethyl methanesulfonate-mutagenized M1 plants
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were directly sown on P- medium. Eight days after
germination (DAG), the root morphologies of the seed-
lings were visually assessed. One mutant, hypersensitive to
Pi starvation7 (hps7), exhibited increased inhibition of
primary root growth when grown on P- medium (Fig. 1A).
At 8 DAG on P- medium, the length of the primary root
of hps7 was about 12% of that of the wild type (Fig. 1C).
For hps7, the growth arrest of the primary root occurred
at 3 DAG, and lateral roots became visible at 4 DAG.
For the wild type, by contrast, primary roots stopped
growing at 6 DAG (Fig. 1C), where also lateral roots
appeared (Supplemental Fig. S1A). The position of the
first lateral root was much closer to the root tip, and the
distance between lateral roots was much shorter for
hps7 than for the wild type (Fig. 1B). In addition, root
hairs grew nearly perpendicular to the primary root for
the wild type but grew somewhat downward for hps7
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Figure 1. Growth characteristics of the wild type (WT) and the hps7
mutant as affected by Pi availability. A, Morphology of 8-d-old wild-
type and hps7 seedlings grown on a P+ and a P- medium. B, Close
view of the morphology of the first 3-mm segments of the primary roots
of the seedlings shown in A. C, Changes in primary root length of the
wild type and hps” from 3 to 8 DAG. Values are means = sp (n > 20).
The experiments were repeated three times.
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(Fig. 1B). Root hair length, however, was similar for hps7
and the wild type under Pi deficiency (Supplemental
Fig. S1B).

On Pi-sufficient (P+) medium at 8 DAG, the length
of the primary root of hps7 was about one-half of that
of the wild type (Fig. 1A). Both the wild type and hps7
developed fewer lateral roots on P+ medium than on
P— medium; however, hps7 produced more and longer
root hairs than the wild type on P+ medium (Fig. 1B;
Supplemental Fig. S1B).

To determine the cellular basis for the enhanced root
sensitivity of hps7 to Pi deficiency, we compared the
structure of the root apical meristem in the wild type and
hps7. On P+ medium at 3 and 5 DAG, the meristem of
the wild type had a well-defined cellular organization
(Fig. 2, A and B). For hps7, the size of its apical meristem
(as defined by the number of cells from the cortical initial
cell to the first elongated cell in the cortex layer) was only
one-half of that of the wild type, but the overall cellular
organization of the meristem was still maintained. On P-
medium at 3 DAG, the structure of the hps7 meristem
was similar to its structure on P+ medium (Fig. 2A). At
5 DAG, however, the root tip of hps7 became swollen
(Fig. 2B). Its meristem became disorganized, and the mer-
istem cells were highly vacuolated. These cells appeared to
lose their identities and undergo premature differentiation,
as manifested by the formation of root hairs at the edge of
the meristem (Fig. 2B).

hps7 Is Hypersensitive in Multiple Responses to Pi
Deficiency and Has Perturbed Pi Homeostasis

We further examined whether the mutation in HPS7
affected other plant responses to Pi deficiency. One of the
typical plant responses to Pi starvation is the induction and
secretion of APases. The Pi starvation-induced intracellular
APases are likely involved in the remobilization and recy-
cling of Pi from intracellular P monoesters and anhydrides
of older tissues. The function of secreted APases is believed
to scavenge Pi from organophosphate compounds in the

Figure 2. Root apical meristem of the wild type
(WT) and hps7 as affected by Pi availability. Root
tips of wild-type and hps7 mutant seedlings at
3 DAG (A) and 5 DAG (B) on P+ and P- media.
White lines indicate the boundary between the
root meristematic and elongation zones.
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external environment, thus increasing the availability of Pi
for plant uptake. On P- medium, 8-d-old hps7 seedlings
exhibited enhanced APase activity on their root surface
(Supplemental Fig. S2A). The intracellular APase activities
of shoots and roots were also higher for hps7 than for the
wild type on P— medium (Supplemental Fig. S2B). Under
Pi deficiency, plant leaves accumulate high levels of an-
thocyanin and starch. Accumulation of anthocyanin is
thought to protect the chloroplast membranes from nu-
tritional stress, and enhanced starch biosynthesis can
bypass glycolytic pathways to conserve the use of Pi for
other biochemical reactions. P- hps7 seedlings (i.e. hps7
seedlings grown on P- medium) also accumulated more
anthocyanin (Supplemental Fig. S3, A and B) and starch
(Supplemental Fig. S3C) than P- wild-type seedlings. We
also compared the expression levels of six Pi starvation-
induced genes in hps7 and the wild type. The Pi starvation-
induced genes examined encode a high-affinity Pi
transporter, Pht1;4 (Muchhal et al, 1996), an APase,
ACPS5 (del Pozo et al., 1999), two noncoding transcripts,
At4 and AtIPS1 (Burleigh and Harrison, 1999; Martin
et al., 2000), a microRNA, miRNA399D (Fujii et al., 2005),
and a ribonuclease, RNS1 (Bariola et al., 1994). As ex-
pected, the expression of all these Pi starvation-induced
genes was enhanced by Pi starvation in the wild type
(Supplemental Fig. 54); however, the level of induction
was much higher in hps7 than in the wild type. Taken
together, these results indicate that hips7 is hypersensitive
in multiple responses to Pi deficiency.

To sustain growth and development, plants must
tightly maintain their Pi homeostasis. Quantitative anal-
yses indicated that hips7 had significantly lower cellular Pi
content and total P content than the wild type under both
P+ and P- conditions (Supplemental Fig. S5). These re-
sults indicated that Pi homeostasis was perturbed in hips7.

HPS7 Encodes a TPST

To identify the molecular lesion in hps7, we back-
crossed hps7 to the wild type. All F1 plants showed
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wild-type phenotypes, and the F2 progeny derived
from selfed F1 plants segregated into mutant and wild-
type phenotypes in a ratio of 1:3 (46:147), indicating
that /ips7 mutant phenotypes were caused by a single
recessive mutation. A positional cloning approach was
used to map the HPS7 gene to a 150-kb region on chro-
mosome 1 (Supplemental Fig. S6). After examining all the
genes in this region, we considered AT1G08030, which
encodes a TPST, as the potential candidate for HPS7
because our previous study had shown that the tpst
mutants had a similar root phenotype as hps7 (Zhou
et al., 2010). Therefore, we sequenced the TPST gene
in hps7 and found a mutation of G to A in its 10th
exon, which converted a Gly to an Asp at position 371
(Fig. 3A).

We previously showed that the loss-of-function
mutation in TPST caused an active quiescent centerl
(agc1) phenotype that included the production of ex-
tra cells of the root quiescent center, decreased mer-
istematic activity, and defective maintenance of the
root stem cell niche. Together, these defects resulted
in a stunted root growth (Zhou et al., 2010). Three tpst
mutant alleles, agcI-1, aqcl-2, and agcl-3, and a
complementation line, i.e. the agcl-1 mutant trans-
formed with a wild-type TPST gene under the control
of the Cauliflower mosaic virus 35S promoter, were
tested along with hps7 for their growth phenotypes.
On both P+ and P- media, root growth of these three
tpst alleles was similar to that of hps7, and root
growth of the complementation line was similar to
that of the wild type (Fig. 3B). Like hps7, the three tpst
mutant alleles also exhibited enhanced APase activity
on their root surface. This enhanced APase activity
was restored to the level of the wild type in the
complementation line (Fig. 3B). These results dem-
onstrated that ips7 was a new mutant allele of the
TPST gene. We therefore refer to HPS7 as TPST
hereafter.

Accumulation of TPST Protein But Not mRNA Is
Enhanced by Pi Deficiency

Previously, we showed that TPST mRNA is specif-
ically expressed in the quiescent center and its sur-
rounding cells (Zhou et al., 2010). To investigate
whether the expression of the TPST gene was affected
by Pi starvation, we isolated total RNAs from 5-d-old
seedlings and performed a quantitative real-time PCR
(qPCR) analysis. The results showed that the levels of
TPST mRNA did not significantly differ between P-
hps7 and P+ hps7 (Fig. 4A).

To determine the effect of Pi deficiency on the ac-
cumulation of TPST proteins, we analyzed a transgenic
line that harbored a TPSTpro:GFP:TPST construct in
the wild-type background (Zhou et al., 2010). Total
proteins extracted from the first 5-mm segment of the
root tips of 5-d-old seedlings were subjected to western
blot. The levels of TPST proteins were enhanced by Pi
deficiency (Fig. 4B). The enhanced accumulation of
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Figure 3. Molecular identification of the HPS7 gene. A, A diagram
showing the structure of the HPS7 gene and the positions of the
transfer DNA insertions in three aqc-T alleles and the point mutation in
hps7. The black box, white box, and horizontal line represent the
coding regions, untranslated regions, and introns, respectively. The
positions of start (ATG) and stop (TGA) codons are shown. B, Mor-
phologies of 8-d-old seedlings of the wild type (WT), three aqgcT alleles,
hps7, and complementation line (355:AQC) grown on P+ and P- media
(top), and 5-bromo-4-chloro-3-indolyl phosphate staining of APase ac-
tivity (shown in blue) on the root surface of the seedlings shown on top
(bottom).

TPST proteins under Pi deficiency was confirmed by
confocal microscopy (Fig. 4C).

Accumulation of PLT1/PLT2 Proteins Is Enhanced by
Pi Deficiency

PLT1 and PLT2 are two key transcription factors re-
quired for specification and maintenance of the stem cell
niche in the root meristem (Aida et al., 2004). We previ-
ously showed that TPST acts upstream of PLT1/PLT2 to
maintain the root stem cell niche (Zhou et al., 2010). Using
the transgenic lines carrying a PLT1pro:PLT1:Yellow Fluo-
rescent Protein (YFP) or PL2pro:PLT2:YFP construct in
wild-type background (Zhou et al., 2010), we examined
the effects of Pi deficiency on the accumulation of PLT1/
PLT?2 proteins. The root apex of 5-d-old seedlings of these
two lines was subjected to confocal microscopy. The yel-
low fluorescence signals representing the PLT1 or PLT2
proteins were greatly enhanced under the P- condition
(Fig. 5A). We then examined the effect of TPST mutation
on the protein levels of PLT1/PLT2 under Pi deficiency.
For this purpose, transgenic lines harboring the PLT1pro:
PLT1:YFP or PL2pro:PLT2:YFP construct in the acql-1
background were used for western blot. As reported pre-
viously (Zhou et al,, 2010), the accumulation of PLT1:YFP
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Figure 4. Expression patterns of HPS7 mRNA and A
protein in P+ and P- wild-type roots. A, The relative
expression level of HPS7 mRNA in the root tips of
5-d-old P+ and P- wild-type seedlings as determined
by qPCR. The expression in the P+ wild type was set
at 1.0. Values are means * sp with three replicates.
B, Western-blot analysis of HPS7 protein (GFP:TPST)
levels in the root tips of 5-d-old P+ and P- seedlings.

0.5

B

TPSTpro:GFP-TPST

P+ P-
— | Anti-GFP

Loading control

Relative expression of HPS7

C, Confocal image analysis of HPS7 protein (GFP:
TPST) accumulation in the root tips of 5-d-old P+ and
P— wild-type seedlings.

P+ P-

TPSTpro:GFP-TPST

and PLT2:YFP proteins was greatly reduced in agcl-1
background under the normal growth condition (Fig. 5B).
The mutation of TPST, however, did not impair the in-
duction of PLT1/PLT2 by Pi deficiency.

RNA-seq Analyses of the Root Tip Transcriptomes

To elucidate the molecular mechanism by which the
TPST mutation affects plant responses to Pi deficiency,
we performed a comparative RNA sequencing (RNA-

Figure 5. Effect of hps7 mutation and Pi deficiency A
on accumulation of PLT1/PLT2 proteins. A, Confocal
images of the expression of PLT1/PLT2:YFP fusion
proteins in 5-d-old seedlings. B, Western-blot anal-
ysis using anti-GFP antibodies of expression of PLT1/

PLT2:YFP fusion proteins in 5-d-old seedlings.
P WT

PLT1pro.PLT1.YFP

P+WT

PLT2pro:PLT2:YFP

seq) analysis of the root tip transcriptomes. Comple-
mentary DNA libraries were constructed using the
total RNAs isolated from the root tips of 3-d-old
seedlings growing on P+ or P— medium. The reason
that we used the root tips of 3-d-old seedlings was to
investigate the change of gene expression profile be-
fore the exaggerated root phenotype of P- hps7 became
evident at 5 DAG (Fig. 2B). For each combination of
genotype or Pi treatment, two biological replicates
were used. Using an Illumina HiSeq2000 sequencer,
we generated a total of 347,865,577 EST reads from the

P-WT P+ aget-1
PLT1pro:PLT1:YFP PLT1pro:PLT1.YFP

P- aget-1
PLT1pro.PLT1.YFP
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eight complementary DNA libraries. After filtering
low-quality reads and removing reads that aligned
to ribosomal RNA or transfer RNA, we selected
279,263,207 reads for further analysis (Supplemental
Table S1). The raw data of [llumina reads are available
at the National Center for Biotechnology Information
Sequence Read Archive browser (http://ncbinlm.nih.
gov/sra; accession no. SRP040597). For each sample,
approximately 93% of reads could be mapped to The
Arabidopsis Information Resource (TAIR) reference
genome TAIR10; of these mapped reads, approximately
92% were aligned with unique genes without ambiguity.
The gross comparisons of the RNA expression profiles

Photosynthesis and Root Growth under Phosphate Deficiency

against P+ wild-type seedlings are shown in Figure 6, A to
C. The difference of expression level between two samples
(fold change) is expressed as log2-transformed ratio. The
log2 value of at least 1 was used as a cutoff to select dif-
ferentially expressed transcripts.

We first compared the transcriptomes of the root tips
of wild-type seedlings grown under P+ and P- condi-
tions. In the P— wild-type seedlings, the expression was
induced for 110 genes and was repressed for 418 genes
(Fig. 6, A and B; Supplemental Table S2). The induced
genes included five Pi starvation-induced marker genes
(At4, AtIPS, Phtl;4, ACP5, and RNSI) that had been
analyzed by qPCR during the characterization of hps7

A B Figure 6. RNA-seq analyses of differentially expressed
-~ transcripts in the root tips of 3-d-old wild-type (WT) and
FaN P-hps? P-Wh S hps7 seedlings grown on P+ and P- media. A and B,
22 3 Diagrams showing the number of genes up- or down-
62 547 313 17 regulated by Pi deficiency and hps7 mutation. C to F,
Heat maps for cluster analysis of the differentially
24 15 expressed transcripts. Yellow indicates up-regulated
- e - 108 genes. Cyan indicates down-regulated genes. C, Cluster
; display of all differentially expressed transcripts. D to F,
Cluster display of differentially expressed transcription
271 215 factors (D), cell wall proteins (E), and photosynthetic
proteins (F). All comparisons were made relative to
the gene expression level of the wild type grown on
P+ hps7 P+ hps? sus P+ medium.
up-regulated genes down-regulated genes 2.00
1.00
0.00
C All diferentially expressed transcripts :;:gg
-3.00
P-WT
P+ hps7
P- hps7 ‘ |
D Transcripts encoding transcription factors
P-WT
P+ hps7 ‘
o [NRRHL T
E Transcripts encoding cell wall proteins
P- WT
P+ hps7
P- hps7
F Transcripts encoding photosynthesis-related proteins
P-WT
P+ hps7
P- hps7
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(Supplemental Fig. S4). The fold change in the induction
of these five Pi starvation-induced genes was 3.7, 10.4,
1.3, 3.2, and 2.1, respectively (Supplemental Table S2).
Although the fold changes of induction of these five Pi
starvation-induced genes in the RNA-seq experiment
were not exactly the same as those observed in qPCR
(Supplemental Fig. S3), the trends of expression in these
two experiments were similar. The discrepancy in the
level of induction between the qPCR and RNA-seq
analysis was probably due to differences in the type and
age of the plant materials used. The induction of these
five Pi starvation-induced genes in P- root tips indicated
that the experimental conditions for RNA-seq analysis
were appropriate. Many other known Pi starvation-
induced genes (Wu et al, 2003; Misson et al., 2005;
Morcuende et al., 2007) were also found among the genes
induced in the P- wild type (Supplemental Table S2).
These Pi starvation-induced genes included the fol-
lowing: the Pi-signaling components SPX1, SPX2, and
PHOT1; the Pi transporters PHT1;2 and PHT1,9; a protein
that facilitates Pi transporter traffic, PHF1; and the en-
zymes involved in biosynthesis of sulfolipids, SQD1,
SQD2, and MGD3. The induction of the genes encoding
ferric reduction oxidase FRO4 and FRO5, the sulfate
transporter SULTR2;1, sulfite exporter (AT4G21250), a
low sulfur-responsive protein LSU2, copper transporter
COPT1, and aluminum-activated malate transporter
ALMT1 indicated a cross-talk among different nutrients
for their uptake and metabolism. Increased expression of
the genes that encode the enzymes IPMI1, IPMI2, IMS2,
IMD1, BCAT4, MAM1, and MGL suggested an enhanced
biosynthesis of glucosinolates and branch-chained amino
acids (Binder, 2010; Senderby et al., 2010).

Among the down-regulated genes in the P— wild-type
seedlings, the genes of three functional groups were
particularly enriched. One group contained transcription
factors. Among the 177 transcription factors whose ex-
pression was altered under Pi deficiency, 129 were
down-regulated (Fig. 6D; Supplemental Table S3). The
second group contained cell wall proteins that included
10 arabinogalactan proteins, seven expansins, seven
xyloglucan endotransglucosylase/hydrolases, and sev-
eral others (Fig. 6E; Supplemental Table S4). The third
group contained photosynthesis-related genes, including
six genes encoding chlorophyll-binding proteins, 18
genes encoding subunits of PSI, 19 genes encoding sub-
units of PSII, and five genes encoding enzymes involved
in the Calvin cycle (Fig. 6F; Supplemental Table S5). No
photosynthetic genes were found to be up-regulated in
the wild type under Pi deficiency.

We then compared the transcriptome in P+ hps7 rela-
tive to the P+ wild type. In P+ hps7, expression was in-
duced for 1,144 genes and was repressed for 425 genes
(Fig. 6, A and B; Supplemental Table S6). Among tran-
scription factor-encoding genes, 137 were up-regulated
and 177 were down-regulated (Fig. 5D; Supplemental
Table S3). CPC and GL2 are transcription factors that
negatively regulate root hair formation (Schiefelbein et al.,
2009). The down-regulation of these transcription factors
in hps7 was consistent with its enhanced root hair
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formation. The transcription factors SHR (Helariutta
et al., 2000), WOX4 (Ji et al., 2010), and WOX7 (Hirakawa
et al., 2010) are involved in the maintenance of the stem
cell niche. The altered expression of these transcription
factors might account for the defective maintenance of
the root stem cell niche. CLE41 and CLE44 are two
CLAVATAS3-like peptides that are also involved in reg-
ulating the root stem cell niche (Strabala et al., 2006). The
expression of these two peptides was up-regulated in
hps7, which was consistent with the overexpression of
CLE41 and CLE44 causing arrest of root growth (Strabala
et al,, 2006). The induced genes also included ACC syn-
thase (ACS6 and ACS9) and ACC oxidase (ACO1, ACO2,
and ACO4), suggesting that ethylene biosynthesis is en-
hanced in hps7 (Bleecker and Kende, 2000). In addition,
the expression of two groups of auxin-inducible genes (12
genes of the auxin-responsive protein family and three
genes of the GH3 family, GH3.3, GH3.5, and GH3.6) was
greatly enhanced.

In contrast to that in the P— wild type, the expression
of 118 photosynthetic genes was up-regulated in P+ hps7
relative to the P+ wild type, including the genes encod-
ing subunits of PSI and PSII, chlorophyll-binding pro-
teins, and enzymes involved in chlorophyll biosynthesis
and the Calvin cycle (Supplemental Table S5). The ex-
pression of only five photosynthetic genes was down-
regulated. Five phytochrome-interacting factors, PIF1,
PIF3, PIF4, PIF5, and PIF7 (Leivar and Quail, 2011), were
up-regulated (Supplemental Tables S5 and S6). In hps7,
the expression of the same cell wall proteins observed in
P- wild-type seedlings was down-regulated, but a new
set of 33 cell wall proteins was up-regulated (Fig. 6E;
Supplemental Table S4).

Finally, we compared the transcriptomes of hps7
grown on P+ and P- medium to determine the effects of
Pi deficiency on the gene expression profiles in hps7.
Compared with P+ hps7 seedlings, expression of 274
genes in P— hps7 seedlings was up-regulated and that
of 26 genes was down-regulated (Fig. 6, A and B;
Supplemental Table S7). Again, the genes belonging to
the categories of photosynthetic proteins, transcription
factors, and cell wall proteins were the most enriched.
Expression of 37 photosynthetic genes was higher in P-
hps7 than in P+ hps7 (Fig. 6F, Supplemental Table S8).
Among the transcription factors, expression of 19 genes
was increased and that of five genes was decreased in P-
hps7 relative to P+ hps7 (Supplemental Table S9). The
largest increase in induction (a 10.5-fold increase) among
transcription factors in P- hps7 was for cryptochrome-
interacting basic-helix-loop-helix. Cryptochrome-interacting
basic-helix-loop-helix interacts with CRY2, a blue light
receptor, to promote floral initiation (Liu et al., 2008), but
its role in regulating photosynthetic gene expression is
not yet clear. No further increase in expression was found
for any of the PIF genes. For cell wall proteins, expression
was further increased for eight genes and was decreased
for two genes in P- hps7 relative to P+ hps7 (Fig. 6E;
Supplemental Table S4). The altered expression of cell
wall proteins may account for the large increase of vol-
ume of root meristem cells of P hps7.
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Verification of Enhanced mRNA and Protein Accumulation
of Photosynthetic Genes in hps7

To verify the mRNA expression of the photosynthetic
genes in roots, we performed qPCR using the RNAs
extracted from the root tips of the 3-d-old seedlings. Six
photosynthetic genes were analyzed for their expression
in the wild type and hps7 grown under different Pi
conditions. These six genes encode PORC (AT1G03630),
an enzyme that converts protochlorophyllide to chloro-
phyllide, LHCA?2 (AT3G61470), a chlorophyll-binding
protein, PSAF (AT1G31330), a subunit of PSI, CP24
(AT1G15820), a subunit of PSII, PRK (AT1G32060), a
phosphoribulokinase, and ATFLNR2 (AT1G20020), a
ferredoxin:NADP(H) oxidoreductase. The expression of
these six genes was repressed in the P- wild-type seed-
lings (Supplemental Fig. S7). By contrast, their expression
in hps7 was up-regulated on P+ medium and was up-
regulated even more on P- medium. The enhanced ex-
pression of five PIF genes in hps7 was also validated by
gPCR (Supplemental Fig. S8).

Next, we examined the levels of five photosynthetic
proteins in the wild type and hps7. Total proteins extracted
from roots and shoots of 5-d-old seedlings were subjected
to western blot. The proteins analyzed included PRK,
PSAG (AT1G55670), a subunit of PSI, and CP47
(ATCG00680) and D1 (ATCG00020), two subunits of PSIL.
In the roots, only PRK and CP47 were detected by western
blot (Fig. 7A). The levels of PRK were increased in both
the P— wild type and P- hps7 and were higher in P- hps7
than in the P- wild type. hps7 accumulated more CP47
than the wild type under both P+ and P- conditions. The
levels of CP47 were also higher in P— hps7 than in P+ hps7.
In the shoots, expression of three proteins was detected
(Fig. 7B). PRK and PSAG levels were higher in hps7 than
in the wild type under both P+ and P- conditions. The D1
level was similar among the P+ wild type, the P- wild
type, and P+ hps7 but significantly increased in P- hps7.

hps7 Has Enhanced Photosynthesis-Related Phenotypes
under Pi Deficiency

To determine whether the increased expression of
photosynthetic genes resulted in the photosynthesis-
related phenotypes, we first analyzed the chlorophyll
contents in the roots. At 4 and 5 DAG, the patterns of
chlorophyll autofluorescence of the wild type were
similar, i.e. the signal intensity was lower under Pi de-
ficiency than under Pi sufficiency and florescence was
restricted to stele (Fig. 8, A and B). At 4 DAG, the signal
intensity was greater in /ips7 than in the wild type under
both Pi conditions. At 5 DAG in P- hps7, the signal in-
tensity was extremely high and the florescence had ex-
tended to the outer layers of the roots (Fig. 8B).

Next, we examined plastid development in roots of the
wild type and hps7 using transmission electron micros-
copy. While the number of plastids per cell did not sta-
tistically differ among the four combinations of genotype
and medium (Fig. 9A), plastid morphology was quite
different for P— hps7 than for P+ hps7 or for the wild type
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Figure 7. Western-blot analysis of photosynthetic proteins in wild-type
(WT) and hps7 seedlings grown on P+ and P— media. Total proteins
extracted from roots (A) and shoots (B) of 5-d-old seedlings were
subjected to western-blot analysis. The names of the proteins probed
by specific antibodies are indicated on the left.

regardless of the medium (Fig. 9B). At 4 DAG for the P+
wild type, the P- wild type, and P+ hps7, the plastids
contained a few well-developed thylakoids but usually
lacked starch granules. The plastids of P- hps7, however,
frequently contained starch granules. About 75% of the
plastids in P- hps7 contained three to five starch granules,
while only about 10% of plastids in the plastids of the P+
wild type, the P— wild type, and P+ hps7 contained starch
granules. In addition, P- hps7 seedlings accumulated
more Suc than the P— wild type (Fig. 9C). These results
suggested that photosynthesis might occur in P- hps7
roots even though the roots were not visibly green.

The elevated photosynthetic activity could result in an
increased production of reactive oxygen species (ROS),
leading to photooxidative damage (Li et al., 2009). The dye
nitroblue tetrazolium (NBT) stains superoxide. The NBT
staining indicated that more superoxide accumulated in
the meristem of hps7 roots than of wild-type roots, espe-
cially under Pi deficiency (Fig. 10A). 2’,7'-Dichlorodihy-
drofluorescein diacetate (H,DCFDA) was used to detect
hydrogen peroxide (H,O,), and H,DCFDA staining indi-
cated that H,0O, mainly accumulated at the edge of root
meristem in the P+ wild type, the P- wild type, and P+
hps7 and at similar levels in these three combinations; in P-
hps7, however, high levels of H,0O, accumulated in the
intercellular space of the entire meristematic region (Fig.
10B). The high accumulation of H,O, in P- hps7 was fur-
ther confirmed by quantitative analysis (Fig. 10C).

We speculated that the high accumulation of ROS might
be responsible for the exaggerated defects in root develop-
ment in P- hps7. If this hypothesis is correct, then the root
phenotypes of P— hps7 would be suppressed when hps7 is
grown in the dark. The root morphologies were similar for
8-d-old dark-grown P- hps7 seedlings versus dark-grown
P+ hps7 seedlings (Fig. 11A); the P+ hps7 and P- hps7
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Figure 8. Chlorophyll accumulation in the roots of wild-type (WT) and
hps7 seedlings grown on P+ and P— media. Primary roots excised from
4-d-old seedlings (A) and 5-d-old seedlings (B) were photographed by
confocal laser microscopy. In each panel, the top row shows chloro-
phyll autofluorescence (red) and the bottom row shows the bright field
images. C, Relative intensity of fluorescence in the roots of 4- and 5-d-
old wild-type and hps7 seedlings grown in P+ and P- conditions.
Values are means = sp (n = 15) with three replicates. Asterisks indicate
a significant difference from the wild type (P < 0.05, Student’s t test).

seedlings were similar in terms of hypocotyl length (Fig.
11B), primary root length (Fig. 11C), and cellular organi-
zation of the meristem (Fig. 11D; Supplemental Fig. S9).

GLK OX Lines Show Enhanced Inhibition of Root Growth
in Response to Pi Deficiency

Researchers previously reported that the over-
expression of the transcription factors GOLDEN1-like
(GLK1) or GLK2 activates photosynthetic gene expres-
sion in roots in Arabidopsis lines (Waters et al., 2009).
In both GLK overexpressing (OX) lines, the thylakoid
membrane network develops in root plastids, and pho-
tosynthesis is activated in the roots (Kobayashi et al.,
2013). We grew the two GLK OX lines on P+ and P-
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medium. At 8 DAG on P+ medium, the seedling mor-
phologies of two GLK OX lines did not differ from that of
the wild type (Fig. 12A); on P— medium, however, the
shoots were smaller and primary roots were shorter for
the GLK OX lines than for the wild type (Fig. 12B; Sup-
plemental Fig. SI0A). As was the case with hps7, when
the GLK OX lines were grown in the dark, their root
morphologies were similar to that of the wild type (Fig.
12C; Supplemental Fig. S10B).

DISCUSSION

Plants have evolved the ability to adapt to Pi defi-
ciency by displaying an array of biochemical, physio-
logical, and developmental responses. These adaptive
responses help plants acquire and utilize Pi under lim-
iting conditions. One profound developmental response
is the remodeling of RSA to increase root surface area for
Pi uptake. Pi deficiency also triggers the reprogramming
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Figure 9. Root plastid and Suc contents of wild-type (WT) and hps7
seedlings grown on P+ and P— media. Root samples at 4 DAG were
analyzed by transmission electron microscopy. Number of plastids (A)
and transmission electron microscopy micrographs of plastids (B) in
the outer cells of the stele of primary root cells. In A, values are means
of 30 cells = spb. Bars = 500 nm. C, Suc contents in 8-d-old whole
seedlings of the wild type and hps7. Values are means = sp. The ex-
periments were repeated three times. The asterisk indicates a signifi-
cant difference from the wild type (P < 0.05, Student’s ¢ test).
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Figure 10. Accumulation of ROS in the roots of wild-type (WT) and
hps7 seedlings grown on P+ and P- media. Root tips of 5-d-old
seedlings stained with NBT (A) and H,DCFDA (B). The top rows
contain confocal images showing the fluorescence signals (green) of
ROS, and the bottom rows contain bright field images. C, Relative
H,O, contents in roots of 5-d-old seedlings. Values are means = sp.
The experiments were repeated three times. The asterisk indicates a
significant difference from the wild type (P < 0.05, Student’s ¢ test).

of plant metabolism, including the inhibition of photo-
synthesis. Active photosynthesis uses a large amount of
Pi to produce ATP for carbon fixation. Therefore, a de-
crease in photosynthesis under Pi deficiency is believed
to be an adaptive strategy that conserves the use of Pi.
Interestingly, some previous works (Wu et al.,, 2003; Li
et al, 2010) and this study showed that expression of
photosynthetic genes was also suppressed in the P roots.
Because root cells are thought to be photosynthetically
inactive, the biological relevance of the suppression of
photosynthetic gene expression in roots under Pi defi-
ciency has not been explored.

In this work, we identified an Arabidopsis mutant,
hps7, that is hypersensitive in multiple responses to Pi
deficiency. The hypersensitive responses include ac-
celerated remodelling of RSA, increased expression of
Pi starvation-induced genes, enhanced induction of
APase activity, and overproduction of starch and an-
thocyanin (Fig. 1; Supplemental Figs. S1-54). These re-
sults indicated that the mutation had a global impact on
plant responses to Pi deficiency. We previously demon-
strated that Suc is a global regulator for plant responses
to Pi deficiency (Lei et al., 2011). Enhanced accumulation
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of Suc (Fig. 9C) in hps7 is consistent with its multiple
hypersensitive phenotypes (Fig. 1; Supplemental Fig.
S1-S5).

We are particularly interested in why the hps7 mu-
tant exhibited the exaggerated root phenotype under
Pi deficiency. hps7 carries a point mutation in the
TPST. Our comparative RNA-seq analysis of the root
transcriptomes showed that under normal growth
condition, the mutation of the TPST gene caused many
transcription factors to be up-regulated or down-
regulated. Some of these transcription factors have
been shown to be directly involved in the maintenance
of stem cell niche and root hair development. The al-
tered expression of these transcription factors, there-
fore, is consistent with the observed defects in hps7
root development. Furthermore, we found that mRNA
levels of five genes involved in ethylene biosynthesis
were greatly elevated. Ethylene influences root growth
by affecting auxin biosynthesis and polar transport
(Ruazicka et al., 2007). We found that the expression of
many auxin-responsive proteins was highly induced.
Based on these results, we hypothesize that the mu-
tation in TPST first increases ethylene biosynthesis,
which, in turn, enhances auxin signaling. Enhanced
auxin signaling then causes the enhanced expression of
stem cell transcription factor PLTs, which further af-
fects the expression of a large number of transcription
factors. Relative to the wild type, the expression of 214
transcription factors (i.e. 20% of all transcription fac-
tors in the Arabidopsis genome) was altered in the
roots of hps7. Such massive changes in the expression
profiles of transcription factors may greatly change the
transcriptional network that controls root growth.

The dramatic changes in the expression of many
photosynthesis-related genes (118 were up-regulated and
five were down-regulated) in hips7 seems especially sig-
nificant. The coordinated induction of photosynthetic
gene expression in hips7 suggests an activation of positive
regulators or a suppression of negative regulators for
these genes. What drew our attention was the increased
expression of a group of proteins called PIFs. PIFs are a
small subset of basic helix-loop-helix transcription fac-
tors (Leivar and Quail, 2011). They repress seed ger-
mination, promote seedling skotomorphogenesis, and
control biosynthesis of chlorophyll and anthocyanin
by regulating the expression of over 1,000 genes. Un-
der our experimental conditions (16-h light/8-h dark),
these PIFs seemed to act as positive regulators of pho-
tosynthetic gene expression. Notably, the expression of
three genes (PORA, PORB, and PORC) encoding the
rate-limiting enzyme for chlorophyll biosynthesis, pro-
tochlorophyllide oxidoreductase, was greatly increased
in hps7 (Supplemental Table S6). This might account for
the higher accumulation of chlorophyll in hps7 than in
the wild type.

When comparing the transcriptomes of hps7 roots
grown on P+ and P- media, we found that expression
of 37 photosynthetic genes was further increased un-
der Pi deficiency (Supplemental Table S5). This was
also reflected at the protein levels (Fig. 7). Accordingly,
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Figure 11. Morphologies of 8-d-old dark-

]
:

grown wild-type (WT) and hps” seedlings
under P+ and P- conditions. A, Whole
seedlings. B, Hypocotyl length. C, Primary
root length. D, Structure of the meristem of
the primary root. White lines indicate the
boundary between the root meristematic
and elongation zones. In B and C, values
are means * sp of 20 seedlings. The ex-
periments were repeated three times. As-
terisks indicate a significant difference from
the wild type (P < 0.05, Student’s ¢ test).

we found an extremely high accumulation of chloro-
phyll in the roots of P- hps7 (Fig. 8). In addition, the
majority of the plastids in P- hps7 roots contained
three to four starch granules, whereas most plastids
in P+ hps7 or the wild-type roots (both P+ and P-)
lacked starch granules (Fig. 9). These results suggest
that photosynthesis might occur in P- hps7. Elevated
or aberrant photosynthetic activity can lead to the ex-
cess production of ROS (Li et al., 2009). We found that
hps7 grown under Pi deficiency accumulated signifi-
cantly increased amounts of ROS. Excess ROS can damage
cell membranes and interfere with many cellular processes,
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including cell signaling and metabolism. Thus, it is
likely that the exaggerated root phenotype of P- hps7 is
caused by ectopically activated photosynthesis, which
leads to increased production of ROS in the root cells. In
support of this notion, the roots of dark-grown P- hps7
were morphologically identical to those of P+ hps7
(Fig. 11). A similar phenomenonwas observed for Ara-
bidopsis GLK OX lines in whose roots photosynthesis is
activated (Waters et al., 2009; Kobayashi et al., 2013).
When these lines grew under normal conditions, their
root growth did not differ from that of the wild type
(Fig. 12). Inhibition of root growth by Pi deficiency,

c P-  dark

WT GLK1 OX GLK2 OX WT

GLKTOX  GLK2OX WT

GLK1OX  GLK2 OX

Figure 12. Growth characteristics of 8-d-old seedlings of the wild-type (WT) and GLK OX lines grown on P+ and P— medium.
A and B, Morphology of the wild type, GLK7 OX, and GLK2 OX grown on P+ and P- medium under a normal photoperiod.
C, Morphology of the wild type, GLKT OX, and GLK2 OX grown on P— medium in the dark.
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however, was more enhanced in the GLK OX lines than
in the wild type, and this morphological difference was
eliminated by growing the plants in the dark.

This raises the question of why the exaggerated
defects of hps7 root growth occur only under Pi defi-
ciency. Our results show that although the mutation of
TPST triggered (induced or derepressed) the expres-
sion of many photosynthetic genes, significant increase
of ROS production only occurred under Pi deficiency.
The enhanced photosynthesis requires a large amount
of Pi to produce ATP for carbon fixation. The Pi defi-
ciency of the growth medium might force the photo-
synthetic apparatus to produce high amounts of ROS
instead of generation of ATP. The high accumulation
of ROS at the root tips thus causes severe damage on
root meristem cells, which ultimately results in inhi-
bition of primary root growth.

Arabidopsis contains a single TPST gene, but TPST
orthologs exist in many plant species. The targets of
TPST were recently identified as a group of Tyr-sulfated
peptides called root growth factors (RGFs; Matsuzaki
et al., 2010). Exogenous application of RGFs can restore
the defects of the stem cell niche of the tpst-1 mutant.
RGFs maintain the root stem cell niche by affecting the
expression of stem cell transcription factor PLTs (Matsuzaki
et al., 2010; Zhou et al., 2010). We speculate that the
knockout of TPST may also cause defects in sulfation of
some master regulators for photosynthetic gene ex-
pression. This defect derepresses the expression of
photosynthetic genes in roots. Currently, however, it is
not known what the target proteins of TPST are in the
context of regulation of photosynthetic gene expression.
The next challenge will be to identify the direct targets
of TPST that serve as the master switches in the regu-
lation of photosynthetic gene expression in roots.

In summary, through molecular and genetic studies
combined with RNA-seq analysis, we discovered a
new adaptive strategy that plants use to sustain their
root growth under Pi deficiency. Inhibition of photo-
synthesis in plants is well known to be an adaptive
response that conserves Pi. The biological relevance of
the suppression of photosynthetic gene expression in
roots, however, has long been overlooked. To our
knowledge, this work is the first to reveal that sup-
pression of photosynthesis in roots is an active cellular
process that enables plants to sustain their root growth
under Pi deficiency.

MATERIALS AND METHODS
Plant Materials and Growth Media

All plants used in this study were of Columbia ecotype background. The P+
medium was one-half-strength Murashige and Skoog medium with 1% (w/v)
Suc and 1.1% (w/v) agar (Sigma catalog no. A1296). The P- medium was
made by replacing 0.625 mm KH,PO, in the P+ medium with 0.625 mm K,SO,.
Seeds were surface sterilized with 20% (v/v) bleach for 15 min. After four
washes in sterile-distilled water, seeds were sown on petri plates containing
P+ or P— medium. After the seeds were stratified at 4°C for 2 d, the agar plates
were placed vertically in a growth room with a 16-h-light/8h-dark photope-
riod at 22°C to 24°C. The light intensity was 100 umol m™2 s™".
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Mutant Isolation

About 100,000 ethyl methanesulfonate-mutagenized M2 seeds representing
about 6,000 M1 plant lines were used for mutant screening. The roots of
seedlings that had grown on P- medium for 7 d were visually examined. The
seedlings with extremely short roots were identified as putative mutants and
were transferred to soil. The plants were self-pollinated, and the mutant
phenotypes were confirmed in the next generation. The mutants were back-
crossed to the wild-type plants three times before further characterization.

Quantitative Analyses of Anthocyanin, Cellular Pi, and
Total P

Anthocyanin, cellular Pi, and total P were quantified as described by Wang
et al. (2011).

Quantitative Analysis of APase Activity

Intracellular and root surface-associated APase activities were quantified as
described by Wang et al. (2011).

qPCR Analysis

Total RNAs were extracted from the seedlings with the Tiangen RNAprep
pure plant kit with on-column DNase I digestion. gPCR analysis was carried
out on the Applied Biosystems 7500 real-time PCR detection system as de-
scribed by Yu et al. (2012). The primers used for detection of the mRNA ex-
pression are listed in Supplemental Table S10.

Genetic Mapping of the HPS7 Gene

The mapping population was generated by crossing the mutant hps7 to a
plant of the Landsberg erecta ecotype. The F2 progeny that displayed the short
root phenotype were selected, and DNAs from these seedlings were isolated
for molecular mapping. A set of simple sequence length polymorphism and
cleaved-amplified polymorphic sequence markers was used to map the HPS7
gene. The sequences and chromosomal positions of the molecular markers are
listed in Supplemental Table S11.

Western-Blot Analysis

Western-blot analysis of GFP:TPST proteins in the roots of the wild-type and
hps7 seedlings was performed as described in Zhou et al., 2010. The polyclonal
antibodies against five photosynthetic genes were purchased from Agrisera.
The western-blot analyses of these five proteins were performed according to
the manufacturer’s instructions.

Transmission Electron Microscopy of Root Plastids

The roots of 5-d-old seedlings of the wild type and hps7 were fixed in 2.5%
(v/v) glutaraldehyde for more than 2 h. After three washes with phosphate
buffer (10 min for each wash), the roots were treated with 3.1% (v/v) osmium
tetroxide for 1 h. The roots were then rinsed with phosphate buffer three times
(10 min for each rinse). The samples were further dehydrated with a graded
ethanol series (50%, 70%, 80%, 90%, and 100% [v/v], each for 10 min). Sub-
sequently, 100% ethanol was replaced by 100% (v/v) alcohol:acetone (1:1) for
10 min and then by 100% acetone for 10 min. The dehydrated samples were
embedded in graded resins (1:1, 1:2, 1:3, and pure). The embedded samples in
pure resin were hardened at 45°C for 12 h and at 60°C for 24 h. Ultrathin
sections (70 nm) were made. The sections were stained with 2% (v/v) uranyl
acetate for 20 min and lead citrate for 10 min. The stained sections were an-
alyzed with a transmission electron microscope (H-7650B; Hitachi).

Quantification of Suc Content

Soluble sugar was extracted twice from shoots and roots of the seedlings in
80% (v/v) methanol at room temperature. The extracted were centrifuged at
12,000 rpm for 10 min, and the supernatant was dried under a nitrogen gas flow.
Suc in the samples was quantified with an Agilent 1290 liquid chromatographer
equipped with a triple-quadrupole tandem mass spectrometer (Agilent 6460). A
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UK-Amino column (150 X 4.6 mm, 3 um) was used for liquid chromatography
separation. Suc purchased from Sigma (catalog no. 84097) was used as the
standard for quantification.

Detection of Chlorophyll Autofluorescence

Roots of 4- or 5-d-old seedlings were excised and examined using a confocal
laser scanning microscope (LSM710; Carl Zeiss). Chlorophyll autofluorescence
between 660 and 700 nm was detected with an excitation wavelength of 488 nm.

Quantification of H,O, Contents in Roots

H,0, in roots was quantified using the OxiSelect Hydrogen Peroxide Assay
Kit (CELL BioLABS; catalog no. STA-343.), according to manufacturer’s in-
struction. Basically, root samples of 5-d-old seedlings were extracted in 1X
phosphate-buffered saline solution. The samples were centrifuged at 10,000¢
for 5 min to remove debris and repeated three times. Twenty-five microliters
of supernatants were then transferred to the microtiter plate wells. Two
hundred and fifty microliters of Lipid Working Reagent were added to each
well and mixed with the supernatants thoroughly. After incubation at room
temperature for 30 min, the plates were read at 595 nm, and the relative values
were calculated for the contents of H,O,.

Preparation of RNA-Seq Libraries

Total RNAs were isolated from the root tips of 3-d-old seedlings using
the RNeasy Plant Mini Kit (Qiagen). RNA samples were quantified using a
NanoDrop 2000c Spectrophotometer (Thermo) and a Qubit Fluorometer (Life
Technology). Poly(A*) RNAs were purified by two rounds of hybridization to
oligo(dT)-coated Dynal magnetic beads (Life Technology). Sequencing li-
braries were prepared from poly(A*) RNA as described previously (Jiao and
Meyerowitz, 2010). The libraries were sequenced as 50-mers using HiSeq2000
(Ilumina) with standard settings. The raw data of Illumina reads are available
at the National Center for Biotechnology Information Sequence Read Archive
browser (http://ncbi.nlm.nih.gov/sra; accession no. SPR040597).

Analysis of RNA-Seq Data

After the primer/adaptor contaminated reads, the low-quality reads
(PHRED quality score < 20) and ambiguous base-containing reads were fil-
tered, and the remaining reads were mapped to the Arabidopsis (Arabidopsis
thaliana) TAIR10 reference genome using TopHat2 (version 2.0.8), allowing up
to two mismatches (Kim et al., 2013). Minimum and maximum intron lengths
were set at 60 and 6,000 nucleotides respectively. After reads that aligned to
ribosomal RNA or transfer RNA were removed, the expression counts of gene
locus were calculated based on mapping outputs by Cuffdiff2 (version 2.1.1)
and were normalized to reads per kilobase per million mapped read using edgeR
(Robinson et al., 2010). The cutoff value for significant expression was 0.5 reads per
kilobase per million mapped read according to previous control experiments (Jiao
and Meyerowitz, 2010). Differential expression was also assessed using edgeR
(Robinson et al., 2010). The cutoff value for differential expression was a greater
than 2-fold change in expression with a P value = 0.01 (their corresponding ad-
justed P values by Benjamini-Hochberg procedure ranged from 0.11 to 0.20).

The clustering of differentially expressed genes was performed based on all
detected transcripts or individual functional subgroups. All the ratio values
were subjected to a log, transformation followed by centroid linkage hierar-
chical clustering using Cluster and Treeview (Eisen et al., 1998).

Sequence data from this article can be found in the TAIR database under
the following accession numbers: TPST (At1g08030), ACP5 (At5g27200), At4
(At5g03545), AtTPSI (At3g09922), AtPAP10 (At6g16430), miRNA399D (At2g34202),
and RNSI (At2g02990).

Supplemental Data

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

Supplemental Figure S1. Characteristics of root growth of the wild type
and hps7 mutant.
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Supplemental Figure S2. APase activity in the wild type and hps7.

Supplemental Figure S3. Anthocyanin and starch content in the wild type
and hps7.

Supplemental Figure S4. Pi starvation-induced gene expression in the
wild type and hps7.

Supplemental Figure S5. Cellular Pi and total P contents in the wild type
and hps7.

Supplemental Figure S6. The strategy for fine mapping of the HPS7 gene.

Supplemental Figure S7. qPCR analyses of photosynthetic gene expres-
sion in the wild type and hps7.

Supplemental Figure S8. qPCR analyses of PIF gene expression in the wild
type and hps7.

Supplemental Figure S9. Root meristem cell number of 8-d-old dark-
grown wild-type and hps7 seedlings.

Supplemental Figure S10. Primary root length of 8-d-old wild-type and
GLK OX lines.

Supplemental Table S1. Summary of mapped RNA reads.

Supplemental Table S2. All transcripts that were differentially expressed
in P- wild-type versus P+ wild-type plants.

Supplemental Table S3. Transcription factors that were differentially
expressed in P— wild-type, P+ hps7, and P- hps7 plants compared with
P+ wild-type plants.

Supplemental Table S4. The cell wall proteins that were differentially
expressed in P— wild-type, P+ hps7, and P- hps7 plants compared with
P+ wild-type plants.

Supplemental Table S5. The photosynthetic genes that were differentially
expressed in P— wild-type, P+ hps7, and P- hps7 plants compared with
P+ wild-type plants.

Supplemental Table S6. All transcripts that were differentially expressed
in P+ hps7 plants versus P+ wild-type plants.

Supplemental Table S7. All transcripts that were differentially expressed
in P+ hps7 plants versus P— hps7 plants.

Supplemental Table S8. The photosynthetic genes that were differentially
expressed in P- hps7 plants versus P+ hps7 plants.

Supplemental Table S9. Transcription factors that were differentially
expressed in P- hps7 plants versus P+ hps7 plants.

Supplemental Table S10. Sequences of the primers used for qPCR.

Supplemental Table S11. Sequences and chromosomal positions of the
primers used for molecular mapping of the HPS7 gene.
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