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Summary

¢ The mechanisms involved in the regulation of gene expression in response to phosphate (Pi)
deficiency have been extensively studied, but their chromatin-level regulation remains poorly
understood.

e We examined the role of histone acetylation in response to Pi deficiency by using the
histone deacetylase complex1 (hdc7) mutant. Genes involved in root system architecture
(RSA) remodeling were analyzed by quantitative real-time polymerase chain reaction (qPCR)
and chromatin immunoprecipitation qPCR.

e We demonstrate that histone H3 acetylation increased under Pi deficiency, and the hdc7
mutant was hypersensitive to Pi deficiency, with primary root growth inhibition and increases
in root hair number. Concomitantly, Pi deficiency repressed HDC1 protein abundances. Under
Pi deficiency, hdc7 accumulated higher concentrations of Fe** in the root tips and had higher
expression of genes involved in RSA remodeling, such as ALUMINUM-ACTIVATED MALATE
TRANSPORTERT (ALMTT), LOW PHOSPHATE ROOT1 (LPR1), and LPR2 compared with
wild-type plants. Furthermore, Pi deficiency enriched the histone H3 acetylation of ALMT1
and LPR1. Finally, genetic evidence showed that LPR1/2 was epistatic to HDC1 in regulating
RSA remodeling.

e Our results suggest a chromatin-level control of Pi starvation responses in which HDC1-me-
diated histone H3 deacetylation represses the transcriptional activation of genes involved in

RSA remodeling in Arabidopsis.

Introduction

Phosphorus (P) is essential for plant growth and development
(Marschner, 1995). Plants absorb P from the soil in the form of
inorganic phosphate (Pi), whose bioavailability is often limited in
many ecosystems because of its low solubility and mobility in soil
(Holford, 1997). In order to overcome Pi limitation, plants have
evolved Pi starvation responses (PSRs) that involve developmen-
tal, physiological and biochemical changes to increase Pi acquisi-
tion and use efficiency.

Considerable progress has been made towards unraveling the
molecular mechanisms of PSRs, which have been classified into
two partially independent signaling pathways, namely local and
systemic responses (Gutiérrez-Alanis er al, 2018). The MYB
transcription factors (TFs) PHOSPHATE STARVATION
RESPONSEI (PHR1) and PHRI1-like (PHL1) are central inte-
grators in the transcriptional regulation of the majority of PSR
genes (Bustos ez al., 2010). Other TFs acting as transcriptional

© 2019 The Authors
New Phytologist © 2019 New Phytologist Trust

activators or repressors of PSR have also been identified in plants
(Devaiah et al., 2007; Chen ez al., 2009; Wang ez al., 2014; Su
et al., 2015). Although systemic responses to Pi deficiency
depend mostly on PHRI and related TFs, local responses are
independent of the function of these TFs. Controlled by local
extracellular Pi availability, the remodeling of root system archi-
tecture (RSA), which includes the inhibition of primary root
growth, increase in lateral root number, and growth and enhance-
ment of root hair density, shows major developmental changes in
response to Pi deficiency. Additionally, increased accumulation
of iron (Fe) is essential for the Pi deficiency-induced inhibition of
primary root growth (Svistoonoff ez al., 2007; Ward ez al., 2008),
and aspects of the molecular basis of this response have recently
been identified as described in the following. However, there is
still much to learn about the molecular basis of PSRs.

It is now recognized that the extracellular Pi sensing mechanism
is based on the relationship between P deficiency and root Fe accu-
mulation. The Fe:Pi ratio determines the concentration of
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reactive oxygen species (ROS) in the root apoplast (Abel, 2017).
Several components involved in root tip Fe accumulation and
redistribution to regulate the remodeling of RSA have been identi-
fied. Arabidopsis pdr2 (phosphate deficiency responses2) exhibits
greater inhibition of primary root growth than do wild-type (WT)
plants under Pi deficiency (Ticconi et al, 2004). By contrast,
LPRI (LOW PHOSPHATE ROOTYI) and its paralog, LPR2, are
insensitive to Pi deficiency-induced inhibition of primary root
growth (Svistoonoff er al, 2007). PDR2 encodes a P5-type
ATPase, whereas LPR1/2 is a ferroxidase, which enables ROS gen-
eration and callose deposition in both the apoplast surrounding
the stem cell niche (SCN) of the root apical meristem (RAM) and
the root transition zone. In another recent work, the Arabidopsis
mutant Asp10 (hypersensitive to Pi starvation10) displayed increased
inhibition of primary root growth and enhanced production of lat-
eral roots under Pi deficiency (Dong ez al., 2017). The hsp10 allele
is a loss-of-function allele of ALUMINUM SENSITIVE3 (ALS3),
which encodes a half-size ABC transporter involved in Al resis-
tance (Xu ez al., 2019). ALS3 and its interacting partner, AtSTARI
(Sensitive To Aluminum Rbizotoxicityl), have been shown to be
involved in RSA remodeling under Pi deficiency (Belal er af,
2015; Dong et al, 2017). Recently, it was also reported that
mutants of other Al tolerance genes, stopl and almtl, are both
insensitive to Pi deficiency in terms of primary root growth inhibi-
tion (Balzergue er al., 2017; Mora-Macias ez al., 2017). STOP1 is
a zinc-finger TF that regulates Al resistance by transcriptionally
activating ALMTT expression (Iuchi ez al, 2007; Tokizawa ez al.,
2015). Interestingly, genetic analysis showed that LPR1/2 is
epistatic to other identified components involved in RSA remodel-
ing, although LPR1/2 is subjected to transcriptional regulation in
response to Pi deficiency. However, how LPR1/2 is transcription-
ally regulated and whether other components are involved in RSA
remodeling in response to Pi deficiency are still unknown.

Transcription occurs in the context of chromatin, a highly
condensed structure in which the DNA is wrapped around nucle-
osomes composed of histones H2A/B, H3 and H4, and further
stabilized by the linker histone H1 (Over & Michaels, 2014;
Hergeth & Schneider, 2015). Recent evidence suggests that sub-
stantial regulation of cellular Pi homeostasis occurs at the histone
level. For example, the nuclear actin-related protein, ARPG,
which is an essential component of the SWR1 chromatin remod-
eling complex, is involved in regulating PSR gene expression by
mediating the deposition of histone variant H2A.Z at these genes
(Smith er al., 2010). Further, in an incomplete loss-of-function
mutant atipkl-1, the transcriptional increase in a number of PSR
genes is correlated with the reduction of H2A.Z occupation in
chromatin (Kuo ez al, 2014). Recently, a reverse genetics
approach identified HDAG, HDA9 and HDAI19, the class I
members of the histone deacetylase (HDAC) family, as being
involved in both root cell length and expression regulation of
some Pi-responsive genes under Pi-deficiency conditions (Chen
et al., 2015). HDAC:s catalyze the histone deacetylation of Lys
residues on H3 and H4, which establishes a repressive mark for
gene expression (Kouzarides, 2007; Roudier ez a/., 2009). There-
fore, reversible histone acetylation is likely to be involved in RSA
remodeling under Pi deficiency.
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In the present study, we used a histone deacetylase complex1 (hd-
¢I) mutant to investigate the role of histone acetylation in RSA
remodeling in response to Pi deficiency in Arabidopsis. We found
that Adcl displayed increased inhibition of primary root growth
under Pi deficiency in comparison to the WT plants, which coin-
cided with LPR1/2-mediated Fe’* deposition in the root tips.
We further demonstrated that HDCI was subjected to post-tran-
scriptional downregulation by Pi deficiency, which in turn
resulted in transcriptional activation of core genes upstream of
LPR1/2. In addition, genetic analysis showed that LPR1/2 was
epistatic to HDCI1. Taken together, our results suggest that
HDCI1 is a negative regulator of RSA remodeling under Pi defi-
ciency.

Materials and Methods

Plant materials

All Arabidopsis thaliana materials used in this study were of the
Columbia-0 ecotype (Col-0). The T-DNA insertion mutant line
hdel (GABI-Kat 054G03) is a previously reported knockout
mutant (Perrella ez al., 2013). Both Jpr1 (SALK_016297) and the
lprllpr2 double mutants were kind gifts from Dr Dong Liu
(Tsinghua University, China). The hdcllpr]l and hdcllpriipr2
mutants were generated by genetic crosses between hdcl and lpr1
or lprllpr2, respectively. The sequences of all the primers used
for the homozygous offspring verification are listed in Supporting
Information Table S1.

Plant growth conditions

The Arabidopsis seeds were surface-sterilized with 75% ethanol
for 5 min, washed thoroughly with sterile water, and placed at
4°C in darkness for 3 d. Then, the seeds were sown onto Petri
dishes containing different modified medium based on Y2
Murashige & Skoog (Y2 MS). The Petri dishes with the seeds
were placed vertically in a plant incubator at 22°C, at 70% rela-
tive humidity, with a light intensity of 130 pmol m %" and a
16 h: 8 h, light : dark photoperiod.

The +Pi growth medium (pH 5.8) consisted of 1/2 MS medium
containing 625 pM Pi, 1% Suc, and 0.8% agar (Sigma). The —Pi
medium (pH 5.8) consisted of 1/2 MS medium supplemented with
10 uM Pi, 1% Suc (pH 5.8), with the equivalent K (supplied by
KH,POy) replaced with K;SO4 and solidified with 1% agarose
(Biowest Regular Agarose G-10; Biowest, Barcelona, Spain). For the
—Pi—Fe experiment, Fe?" was omitted from the —Pi medium.

For the hydroponics, we used a modified one-fifth nutrient
solution (Zheng e al., 2005) with 200 pM (+Pi) or 1 pM (—Pi)
NH4H,POy. In the —Pi treatment, the missing NH," (supplied
by NH,H,POy) was replaced with (NHy4),SO4.

Construction of Arabidopsis transgenic lines

A DNA sequence containing a 646 bp HDCI promoter sequence
and the genomic coding sequence was amplified from WT
genomic DNA using the primers designed to contain the BamHI
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and Kpnl restriction enzyme sites (Table S1). After digestion, the
fragment was ligated to pCAMBIA1300 to generate the
HDCl1,,,::HDCI ypn4-GEP recombinant plasmid and then trans-
formed into the Adcl mutant mediated by Agrobacterium to
obtain the complementation lines.

To generate the HDClIpro::GUS construct, the promoter
sequence of the HDCI gene was amplified from Arabidopsis
genomic DNA (Table S1). The purified fragment was then
inserted into the pBI101.3-GUSplus vector with a P-glu-
curonidase (GUS) reporter gene fused into the 3’ end of the
646 bp promotor region. The HDCl,,,::GUS construct was
introduced into Agrobacterium strain GV3101 and then trans-
formed into Col-0 by the floral dip method. The transgenic
plants were selected on MS plates containing 50 mgl™'
kanamycin, and the presence of the transgene was further verified
by PCR. The homozygous line with a strong phenotype was
selected for the analysis.

To construct the ALMT1,,,::GUS and LPRI1,,,::GUS trans-
genic lines, 2490 and 2503 bp promoter sequences of ALMTI
and LPRI, respectively, were cloned into the pCAMBIA1301
vector to obtain the ALMT1,,,:GUS and LPRI,,,::GUS con-
structs. Each plasmid was introduced into both the WT and Adc!
mutant to generate the GUS reporter lines.

Western blot

Sodium dodecyl sulphate (SDS)-polyacrylamide gel elec-
trophoresis was performed according to Laemmli (1970). The
proteins were solubilized in SDS loading buffer and separated on
a 12.5% (w/v) acrylamide gel with the Mini-PROTEAN Tetra
System (Bio-Rad). After electrophoresis, the separated proteins
were electrotransferred to a polyvinylidene fluoride membrane
with the Mini Trans-Blot System (Bio-Rad). Anti-acetyl-H3 (06-
599; Merck-Millipore, Darmstadt, Germany) and anti-acetyl-H4
(06-598; Merck-Millipore) antibodies (1:3000 dilution) were
added and incubated with the membrane for 90 min at room
temperature. An anti-actin antibody (Sigma) was used to normal-
ize the loading quantity of the proteins. A secondary goat anti-
rabbit antibody (AP156P; Merck-Millipore) or goat anti-mouse
antibody (Ab205719; Abmart, Berkeley Heights, NJ, USA) con-
jugated with horseradish peroxidase (HRP) was used at a dilution
of 1:5000. Western blot signals were detected by the Lumi-
nata' ™ Western HRP Substrate Kit (Merck-Millipore).

RT-PCR and quantitative real-time PCR

Four-day-old seedlings were transferred onto the +Pi or —Pi
media for 2d, and then the 2-3 mm segments of the root tips
were excised for RNA isolation. RNA extraction was performed
using the MiniBEST Universal RNA Extraction Kit (Takara,
Dalian, China). First-strand cDNA was synthesized from 1 pg of
total RNA using the PrimeScript™ RT Master Mix Kit (Takara).
Quantitative real-time PCR was carried out on a LightCycler480
machine (Roche Diagnostics, Basel, Switzerland) using SYBR™
Premix Ex Taq (Takara). Actin2 and UBQI0 were used as inter-
nal controls. The primers are listed in Table S1.
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To examiine whether the sdcl mutant harbored a null HDCI
gene, semiquantitative reverse transcription polymerase chain
reaction (RT-PCR) was performed. UBQI (as the internal con-
trol) and HDCI ¢cDNA were amplified using rTaq DNA poly-
merase with the primers listed in Table S1. PCR was carried out
as follows: 94°C for 3 min, 26 (HDCI) or 24 cycles (UBQI) of
94°C denaturing for 30's, 56°C annealing for 1 min and 72°C

extension for 30 s, and a final 5 min extension at 72°C.

Fe histochemical staining

Iron accumulation in the root tips was detected by using Perls
staining according to Roschzttardez et al. (2009). Four-day-old
seedlings were transferred onto the +Pi or —Pi medium for 2 d,
and then the roots were excised to be incubated in 4% (v/v) HCI
and 4% (w/v) K-ferrocyanide for 15 min. The roots were washed
with deionized water three times to stop the staining reaction and
cleared with chloral hydrate (1 g ml™!, 15% glycerol) for observa-
tion with a Nikon AZ100 microscope.

For diaminobenzidine (DAB) intensification, the root samples
after Perls staining were incubated in methanol containing
10 mM Na-azide and 0.3% (v/v) H,O, for 60 min. The samples
were washed with 100 mM Na phosphate buffer (pH 7.4) and
then incubated for 5 min in the same buffer containing 0.025%
(w/v) DAB (Sigma-Aldrich) and 0.005% (v/v) H,O,. The reac-
tion was stopped by washing the samples with deionized water.
The stained samples were cleared in chloral hydrate (1 gml™",
15% glycerol) and then analyzed with a Nikon AZ100 micro-
scope.

GUS assay

Four-day-old GUS reporter transgenic seedlings were transferred
to the +Pi or —Pi medium for 2 d, and then GUS staining was
performed according to Jefferson ez al. (1987) with minor modi-
fications. The staining solution (10 ml) consisted of 5 ml phos-
phate buffer (50 mM, pH 7.0), 0.2 ml EDTA (0.5 M, pH 8.0),
0.1 ml potassium ferricyanide (50 mM), 0.1 ml potassium ferro-
cyanide (50 mM), 0.1 ml 10% TritonX-100, 10-20 mg X-Gluc,
and ddH,O for a total volume of 10 ml and was stored at 4°C
until use. The stained seedlings were observed and photographed
with a Nikon AZ100 microscope.

Determination of Pi and Fe

Determination of Pi content was done using the molybdenum
blue method described previously (Delhaize & Randall, 1995;
Chen er al, 2011). Seven-day-old Arabidopsis seedlings were
transferred onto the +Pi or —Pi medium for 7 d, and the roots
and shoots were collected for Pi content analysis using a continu-
ous-flow analyzer (San plus system; Skalar, Breda, the Nether-
lands).

Iron content was determined by the following method descrip-
tion. The roots were harvested from the Arabidopsis seedlings
treated on the +Pi or —Pi medium for 7 d, washed in deionized
water three or four times, and the excess surface water was then
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removed so that the roots could be weighed. The root samples
were digested with HNOj3 and the Fe content was determined by
inductively coupled plasma-atomic emission spectrometry (IRIS/
AP optical emission spectrometer, Thermo Jarrell Ash, Franklin,

MA, USA).

Confocal microscopy and meristem cell number counting

The plants were immersed in propidium iodide solution
(10 mg ml™") for 1 min, and washed with deionized water for
2 min. The roots were then observed using a confocal laser scan-
ning microscope (Zeiss LSM710). The excitation and emission
wavelengths were 536 and 620 nm, respectively. The meristem
cell number was counted based on the files of cortex cells from
the quiescent center to the first elongated cell.

ChIP-gPCR

A chromatin immunoprecipitation (ChIP) assay was conducted
as described previously with minor modifications (Gendrel ez al.,
2005; Perrella ez al., 2013). The Arabidopsis seeds were sown on a
plastic mesh floating in a nutrient solution. Four-day-old hydro-
ponically cultured Arabidopsis plants were transferred to the +Pi
or —Pi solution for 2d. Then 0.8 g of the roots were harvested
and incubated in 1% (w/v) formaldehyde for 15 min under vac-
uum conditions. After stopping the cross-linking with 1.25 mM
glycine, the chromatin complexes with the proteins were
extracted, sonicated, precipitated with immunoglobulin G (as a
negative control), incubated with the anti-acetyl-H3 (06-599;
Merck-Millipore) antibody at 4°C overnight, and then captured
with Magna ChIP™ Protein A+ G Magnetic Beads (16-663;
Merck-Millipore). The beads were washed before the reverse
cross-linking of the immunoprecipitated chromatin DNA (ChIP
DNA) and the input chromatin DNA, and then the proteins
were digested and the DNA was purified. The immunoprecipi-
tated DNA was determination by quantitative RT-PCR (qRT-
PCR) with the primers listed in Table S1. ChIP enrichment was
normalized with input from a nonprecipitated sample.

Accession numbers

Sequence data from this article can be found in The Arabidopsis
Information Resource database under the following accession
numbers: HDC1 (At5g08450), LPR1 (Aclg23010), LPR2
(Atlg71040), ALMTI1 (Atl1g08430), STOP1 (Atlg34370),
PDR2 (At4g15230), PT2 (Ar2g38940).

Results

HDC1 derepresses primary root growth under Pi deficiency

To investigate whether histone acetylation modifications are
involved in PSRs in Arabidopsis, we first quantified the acetylated
histones H3 and H4 in response to Pi deficiency in the roots of
WT Arabidopsis. Pi deficiency induced a dramatic increase in the
acetylated histone H3 but had a minor effect on the acetylation
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of histone H4 (Fig. S1), suggesting that acetylation activation or
the repression of deacetylation primarily occurs on histone H3
under Pi-deficient conditions. It was reported that the Adcl
mutant has higher levels of the acetylated form of H3 than the
deacetylated form in Arabidopsis leaves (Perrella er al., 2013).
Here, we further demonstrated that the roots of hdcl showed
higher acetylation of H3 than did the roots of the WT plants,
irrespective of Pi status (Fig. 1a). Thus, Adcl is a useful mutant
for investigating the role of histone H3 acetylation in PSRs in
Arabidopsis. RT-PCR analysis showed that the ADCI transcript
was undetectable in the Adcl mutant, confirming that Adcl is a
knockout mutant (Fig. 1b). We subsequently developed two
complementation lines carrying HDCI genomic DNA fused with
green fluorescence protein (GFP) under the control of the HDCI
promoter transformed into the Adel background (HDCI,,,:
HDClpna::GEP/hdcl). HDCI transcripts were detected in both
complementation lines (Fig. 1b). Western blot analysis showed
that the acetylated H3 levels were induced by Pi deficiency in
both of the complementation lines (Fig. S2), suggesting that
HDCI was functioning normally in both complementation lines.
Consistent with a previous report (Perrella ez al., 2013), the hdcl
mutant had a slightly shorter primary root compared with the
WT Arabidopsis under Pi-sufficient conditions (Fig. 1¢,d). How-
ever, under Pi-deficient conditions, the Adcl mutant displayed
significantly greater primary root growth inhibition compared
with the WT plants (Fig. 1c,e). From 2d after germination
(DAG), the growth of the primary root ceased in the hdcl
mutant (Fig. le), but continued to elongate in the WT plants
and also in the two complementation lines (Fig. le). At 7 DAG,
the primary root length of hdcl was only 20% of that in the WT
plants (Fig. le). In addition, Pi deficiency stimulated root hair
production in all genotypes (Fig. S3a), but the number was sig-
nificantly higher in the Adc/ mutant than in the others
(Fig. S3b). However, the root hair length did not differ among
them irrespective of Pi status (Fig. S3¢). These results suggest that
HDCI is involved in the Pi deficiency-induced inhibition of pri-
mary root growth, one of the hallmark responses to Pi deficiency

(Abel, 2017).

HDC1 derepresses primary root growth by inhibiting cell
elongation

A previous study showed that the inhibition of primary root
growth occurred within several hours under Pi deficiency (Balzer-
gue et al., 2017). Root growth is caused by both cell elongation
and cell division. To investigate which process is involved in
HDCl1-regulated root growth depression in response to Pi defi-
ciency, we performed a time-course experiment. The growth of
the primary root was significantly inhibited by 1d of Pi defi-
ciency, but the inhibition was more severe in the Adcl mutant
(Fig. 2a). Furthermore, the relative root elongation was progres-
sively decreased by Pi deficiency in both the WT and hdel
mutant plants with prolonged treatment (Fig. S4). By contrast,
although the meristem cell number was also affected by Pi defi-
ciency in both the WT and Adcl mutant plants, there was no dif-
ference between them irrespective of Pi status (Fig. 2c).

© 2019 The Authors
New Phytologist © 2019 New Phytologist Trust



New
Phytologist

(@
wT

hdcl

Marker
130

95

70

55

43

33 .-
25

+Pi -Pi

Fig. 1 HDC1 represses phosphate starvation
responses in Arabidopsis thaliana. (a) 17
Western blot analysis of histone H3

acetylation of Arabidopsis wild-type (WT) };8 —
and hdc1 mutant roots subjected to 95

inorganic phosphate (Pi)-sufficient or - 72
deficient conditions for 2 d. (b) Reverse

transcription polymerase chain reaction L
detection of HDC7 expression in WT, hdc7 3

and two complementation lines carrying 26
genomic DNA of HDC1 fused with green

fluorescence protein (GFP) reporter proteins 17

driven by its own promoter. (c) Phenotype of
seedlings of WT, hdc7 and complementation
lines grown on +Pi or —Pi medium for 7 d (b)
after germination (DAG). (d, e) Root length
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—Pi (e) medium from 2 to 7 DAG. Data are
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Moreover, the meristem cell number did not decrease further
after 1d of Pi deficiency (Fig. 2c). Therefore, the inhibition of
cell elongation was the primary reason for root growth inhibition
in the hdcl mutant, albeit Pi deficiency decreased both cell elon-
gation and cell division.

HDC1 is downregulated by Pi deficiency at the post-
transcriptional level

Phosphate deficiency-induced inhibition of primary root growth
is a local response controlled by extracellular Fe and Pi concentra-
tions around the root tip (Sdnchez-Calderdn et al, 2005). We
thus analyzed the tissue-specific expression of HDCI using in
planta promoter-GUS activity assays. Arabidopsis plants stably
expressing the GUS reporter gene under the control of the HDCI
promoter showed that HZDC1 was ubiquitously expressed in vege-
tative seedlings (Fig. 3a). However, GUS activity was stronger in
the root tip than in other parts of the root (Fig. 3a), consistent
with a possible role of HDCI in root tip responses to Pi defi-
ciency. The observation that sdc! exhibited hypersensitivity to Pi
deficiency in terms of primary root growth inhibition prompted
us to investigate the expression of HDCI in response to Pi defi-
ciency. We first examined the expression level of HDCI in the
roots during Pi deficiency. As depicted in Fig. 3(b), HDCI tran-
script abundance was not affected by Pi deficiency in comparison
to the plants grown under sufficient Pi, suggesting that HDC1
may be subjected to post-transcriptional regulation by Pi avail-
ability. Therefore, we examined HDCI-GFP protein changes in

our complementation lines in response to Pi availability.
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Confocal microscopy of the root tips revealed nuclear localization
of HDC1-GFP under Pi-sufficient conditions (Fig. 3c), which,
interestingly, diminished in the roots grown under Pi-deficient
conditions (Fig. 3c,d). Western blot analysis confirmed that the
abundances of the HDC1-GFP fusion proteins were dramatically
reduced by Pi deficiency (Fig. 3e). Interestingly, a 26S protea-
some inhibitor, MG132, repressed the degradation of the
HDCI1-GFP fusion proteins, suggesting that HDCI is subjected
to 26S proteasome-mediated degradation under Pi deficiency
(Fig. 3¢). These results indicate that HDCI is post-translationally
regulated in response to Pi deficiency.

Overaccumulation of Fe?* is responsible for hdc1 mutant
phenotypes

Studies have shown that the inhibition of primary root growth
under Pi deficiency involves triggering high Fe accumulation in
the roots (Ward ez al., 2008). We therefore examined the concen-
tration of Fe in the roots using the Perls staining method, which
mainly stains labile (nonheme) Fe®* (Meguro et al., 2007). In
both the WT and Adcl mutant plants grown on Pi-sufficient
medium, the blue staining of Fe’" was mainly localized in the
SCN within the RAM (Fig. 4). On the —Pi medium, Fe*" accu-
mulation in the SCN of the WT plants was dramatically reduced,
and light-blue staining was evident mostly in the root maturation
zone, suggesting that Pi deficiency induced Fe accumulation in
the maturation zone or the basipetal redistribution of Fe.
Notably, the blue staining was much stronger in the Adcl mutant
than in the WT plants, in both the root tip and maturation zone.
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However, this intensified Fe accumulation was reduced to the
amount seen in roots of the WT plants in both of the comple-
mentation lines. A more sensitive Perls/DAB staining method,
which stains both Fe** and Fe*" (Roschzttardez et af., 2009), also
showed similar Fe accumulation and distribution patterns
(Fig. S5).

To further verify whether the intensified inhibition of primary
root growth in the Adcl mutant under Pi-deficiency conditions
involved Fe overaccumulation in the root tip, we omitted Fe
from the —Pi medium to analyze the Pi-deficiency root growth
responses in hdcl. Whereas root growth was remarkably inhibited
by Pi deficiency with the presence of Fe in the growth medium,
the primary root length under the —Pi—Fe conditions was the
same as in the plants grown under Pi-sufficient conditions in all
lines (Fig. 5a,c). Consistent with the recovered primary root
growth, the Perls and Perls/DAB staining assays indicated that
there was no Fe accumulation in the roots of the different
Arabidopsis genotypes studied here under the —Pi—Fe condition
(Fig. 5b).

In addition, we used ICP-OES to analyze the Fe content in the
roots of both WT and Adcl plants subjected to external Pi. Under
Pi-sufficient conditions, there was no significant difference in the
Fe content of the roots between the WT and Adcl mutant plants.
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was countered. Data are means + SD (n = 8).
Different letters indicate significant
differences (Tukey test, P <0.05).

2 3

Although Pi deficiency increased the root Fe accumulation in
both the WT and Adcl plants, it was much higher in the roots of
hdel than in the roots of the WT (Fig. 6a). However, there was
no difference in the Pi content in the roots and shoots between
the WT and the Adcl mutant under the +Pi or —Pi conditions
(Fig. 6b), suggesting that the increased inhibition of primary root
growth of Adcl under Pi deficiency did not significantly impact
plant Pi homeostasis. Overall, these results indicate that increased
inhibition of primary root growth in Adcl is associated with root
Fe hyperaccumulation.

HDC1 negatively regulates the expression of genes
involved in RSA remodeling under Pi deficiency

The observation that sdcl hypersensitivity to Pi deficiency con-
tributed to root Fe’* overaccumulation led us to hypothesize that
HDC1 could modulate RSA remodeling under Pi deficiency
through the transcriptional regulation of some previously identi-
fied genes to play a role in PDR-associated root architecture
changes. To this end, we analyzed the expression level of genes
involved in RSA remodeling in both the WT and Adcl. If HDC1
acts as a modulator linking Pi deficiency to the transcriptional
activation of downstream responsive genes, we infer that the
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Fig. 3 Expression patterns of HDC7 in
response to inorganic phosphate (Pi)
deficiency in Arabidopsis thaliana. (a) B-
Glucuronidase (GUS) activity assay of HDCT
expression. Bars, 100 um (roots); 1 cm
(leaves). (b) Quantitative reverse
transcription polymerase chain reaction
(gRT-PCR) analysis of time course of HDC1
expression in the root in response to Pi
deficiency. Four-day-old seedlings of wild-
type (WT) plants were transferred to either
+Pi or —Pi medium for different amounts of
time. Expression levels were normalized to
the expression of an internal control,
AtACT2. Data are means & SD (n =3). (c)
Green fluorescence protein (GFP)-
fluorescence of HDC1-GFP in root tips. Four-
day-old seedlings of hdc7 complementation
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visualized by confocal microscopy. (d) . ]
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units, au) in nuclei of the root tips. Data are 100 = T m— —

means + SD (n = 10 independent seedlings). 75 o

Asterisk indicates significant difference

(Tukey test, P<0.05). (e) Western blot

analysis. Four-day-old seedlings of WT plants
were transferred to either +Pi or —Pi medium
for 2 d with or without 50 pM MG132.

expression induction of Pi-deficiency-responsive genes should be
activated in the Adcl mutant even under Pi-sufficient conditions.
Keeping this point in mind, we found that Pi deficiency
enhanced the expression of a number of root remodeling genes,
including LPRI, LPR2, ALMTI and P72, but not PDR2 and
STOPI, in the WT plants (Fig. 7a). However, in the hdcl
mutant, except for PDR2, the expression of the others was signifi-
cantly increased in comparison with the WT plants under Pi-de-
ficiency conditions. It is interesting to note that the expression of
two of the key genes involved in Pi deficiency-mediated root Fe
uptake, LPRI and ALMT]I, were two of the genes that appeared
to be negatively regulated by WT HDCI.

To further confirm the negative effects of HDC1 on the
expression regulation of LPRI and ALMT1I, we performed pro-
moter GUS activity analysis of ALMTI and LPRI in the WT
and the Adel mutant in response to Pi availability. We intro-
duced ALMTI,,,::GUS and LPRI,,,:GUS into WT or hdcl
plants, respectively. Although Pi deficiency resulted in the
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increase of both ALMTI and LPRI promoter activities in root
tips of the WT plants, as reflected by increased GUS staining,
this increase was much stronger in the Adcl mutant plants
(Fig. 7b). These results suggest that HDC1 negatively regulated
the expression of LPRI and ALMTI under Pi deficiency.

HDC1 affects the level of H3 acetylation of genes involved
in RSA remodeling under Pi deficiency

To investigate whether the increased expression of ALMTI,
LPRI and LPR2 in the hdcl mutants is related directly to the
changes in the acetylation levels of histone H3 of LPRI, LPR2
and ALMT1, we performed a ChIP-qPCR analysis. To check the
quality of the ChIP-DNA, previously reported PYL4 and ABA3
were includedas positive and negative controls, respectively (Per-
rella er al., 2013). Consistent with previous reports, transcript
abundances of PYL4 were more enriched in the Adcl mutants
independent of Pi status (Fig. S6a). However, no change was
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by Perls staining in the root apex of 4-d-old seedlings of wild-type (WT), hdc7 and two complementation lines grown on Pi-sufficient medium (+Pi) or Pi-
deficient medium (—Pi) for 2 d. Top panel, whole root tip; middle panel, higher magnification of maturation zone; bottom panel, higher magnification of
apical region, including root cap, meristem and transition zone. Note the changes of accumulation of Fe in the SCN (orange arrowhead).

found for ABA3 transcript abundance (Fig. S6b). Next, we
selected four representative regions of each gene, that is, the pro-
moter region (up), the transcription start site (5'), the gene body
region (mid), and the site near the 3" UTR (3') (Fig. 8a). For
LPRI and LPR2, the H3 acetylation level was highest at 5/,
whereas, for ALMT1I, it was highest at the up (Fig. 8b). Com-
pared with the WT plants, the histone H3 acetylation level of
LPRI and LPR2 was significantly higher at the 5" region in the
hdel mutant irrespective of Pi status. Under Pi-deficient condi-
tions, the histone H3 acetylation level at the up, 5’ and 3’ regions
of ALMT1I was higher in the Adcl mutant than in the WT plants.
Overall, HDCI negatively affected the H3 acetylation level of
the genes involved in RSA remodeling under Pi deficiency. How-
ever, the changes in H3 acetylation in ALMT1 were much less
than those of LPRI and LPR2. Therefore, it remains that the
transcriptional changes of ALMT1 may be the consequences of
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increased Fe accumulation in the Adcl mutant, as recent evidence
showed that Fe is sufficient to trigger the accumulation of
STOP1 in the nucleus, which in turn regulates ALMTI expres-
sion (Godon et al., 2019).

HDC1 acts upstream of LPR1/2

In Arabidopsis, LPR1 and its homolog LPR2 are epistatic to other
identified components regulating the Pi deficiency-induced inhi-
bition of primary root growth (Svistoonoff ez al., 2007). To study
the genetic relationship between HDCI and LPRI, we first devel-
oped an hdcl/lprl double mutant. Consistent with previous
reports, we found that /prI was insensitive to Pi deficiency-in-
duced root growth inhibition (Fig. 9a). Whereas Adcl exhibited
hypersensitivity to Pi deficiency, the hdcl/lpridouble mutant was
insensitive to Pi deficiency, a phenomenon resembling that of the
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Fig. 5 Iron (Fe) dependence of the inhibition
of primary root growth under inorganic
phosphate (Pi) deficiency in Arabidopsis
thaliana. (a) Phenotype of 7-d-old seedlings
of wild-type (WT), hdc7 and
complementation lines grown on +Pi+Fe,
—Pi+Fe, or —Pi—Fe medium. (b) Perls and
Perls/diaminobenzidine (DAB) staining of Fe
in root tip of 3-d-old seedlings of WT, hdc1
and complementation lines. (c) Primary root
length of seedling in (a). Data are

means + SD (n = 8). Different letters indicate
significant differences (Tukey test, P<0.05).

lprl mutant. In addition, the Pi deficiency-induced increase in
root hair density was much less in the Adcl/lprl double mutant
than in the WT and Adcl, which is again similar to the Jprl
mutant (Fig. 9b). Moreover, the hdc1/[prIdouble mutant root tip
exhibited diminished localized root Fe deposition, which is con-
sistent with /pr1 (Fig. 9d). However, primary root growth in the
hdc1/lpr1 double mutant was not completely recovered (Fig. 9¢),
suggesting the functional redundancy of LPR2 to LPR1. We thus
developed the Adcl/lpri/lpr2 triple mutant. As expected, there
were no differences in primary root growth between the hdcl/
lpr1/lpr2 triple mutants and lpr1/lpr2 double mutants (Fig. S7).
These results indicate that HDCI acts upstream of LPR1/2 to
participate in root architecture remodeling under Pi deficiency.
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Discussion

The modifications of RSA that improve a plant’s ability to
explore the top layers of the soil where Pi tends to accumulate is a
major developmental response of plants to Pi deficiency (Lopez-
Bucio er al, 2003). In the present study, we characterized the
Arabidopsis mutant hdcl as being hypersensitive to the inhibition
of primary root growth, to the stimulation of lateral root produc-
tion, and to the increase in root hair density under Pi-deficiency
conditions (Figs 1, S3). A previous study showed that Adcl
knockout mutants had higher levels of the acetylated form of H3
than of the deacetylated form in comparison with WT plants
(Perrella e al., 2013). The current finding that Pi deficiency

(b) 1.0
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b
b
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02t ¢ ¢
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+Pi —Pi +Pi -Pi
SHOOT ROOT

Fig. 6 Iron (Fe) content and inorganic phosphate (Pi) content in wild-type (WT) and hdcT mutant Arabidopsis thaliana plants. (a) Fe content in roots of
WT and hdc1. Seven-day-old seedlings were grown on +Pi or —Pi medium for 7 d. Roots were harvested for Fe content determination. Data are

means + SD (n = 8). Different letters indicate significant differences (Tukey test, P <0.05). (b) Pi content in roots and shoot of WT and hdc7 mutant plants.
Seven-day-old seedlings were grown on +Pi or —Pi medium for 7 d. Roots and shoots were harvested separately for Fe content determination. Data are
means + SD (n = 8). Different letters indicate significant differences (Tukey test, P <0.05).
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resulted in the accumulation of acetylated H3 (Fig. 1a) is consis-
tent with the post-transcriptional downregulation of HDCI
(Fig. 3), which is a core component of the HDAC complex (Per-
rella ez al., 2013). These results suggest that modifications of his-
tone acetylation play roles in Pi deficiency-induced RSA
remodeling in Arabidopsis. In recent years, accumulating evidence
has suggested that chromatin modification plays important roles
in nutrient stresses (Secco et al., 2017). Thus, our present results
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Fig. 7 HDC1 negatively regulates expression
of genes involved in root system architecture
remodeling under inorganic phosphate (Pi)
deficiency in Arabidopsis thaliana. (a)
Quantitative reverse transcription
polymerase chain reaction (qQRT-PCR)
analysis. Four-day-old seedlings of wild-type
(WT) and hdc7 were grown on Pi-sufficient
(+Pi) or -deficient (—Pi) medium for 2 d. The
apical 3 mm of roots were excised for RNA
extraction and qRT-PCR analysis. Expression
level was normalized to the expression of an
internal control, AtACT2. Data are

means + SD (n = 8). Different letters indicate
significant differences (Tukey test, P <0.05).
(b) B-Glucuronidase (GUS) activity assays for
expression pattern of ALMTT and LPR7 in
WT and hdc7 backgrounds under Pi-
sufficiency or -deficiency conditions.

Bars, 200 um.

provide another line of evidence linking chromatin modifications
with plant Pi nutrition in Arabidopsis plants.

HDCI is a core component of the HDAC complex and can
interact with HDAG6 and HDA19 to regulate the activity of
histone deacetylases (Perrella ez al., 2013), suggesting that the
function of HDC1 is closely related to its interacting partners.
It has been demonstrated that Adcl, hda6 and hdal9 share sev-

eral common phenotypes such as abscisic acid-sensitive
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Fig. 8 HDC1 negatively affects H3 acetylation status of ALMT7, LPR1 and LPR2. (a) Schematic diagram showing the genomic structure of LPR7, LPR2 and
ALMTT1. (b) H3 acetylation of ALMT1, LPRT and LPR2. Relative H3 acetylation was determined by chromatin immunoprecipitation (ChIP) assays and
normalized to input DNA (chromatin before immunoprecipitation). The value of wild-type (WT) under inorganic phosphate-sufficient (+Pi) conditions was
arbitrarily given as 1. Data are means & SD (n = 3). Different letters indicate significant differences (Tukey test, P <0.05).

germination and flowering (Song ez al., 2005; Yu et al., 2011)
and reduced vegetative growth (Perrella ez al., 2013). However,
we found that the involvement of HDCI1 in Pi-deficiency
responses is different from that of HDA19 or HDAG in
Arabidopsis, although HDC1 could interact with either HDAG
or HDAI19 to promote histone deacetylation (Perrella et al,
2013). This conclusion is supported by the following lines of
evidence. First, HDAG and HDA19 were shown to control
epidermal cell length, thereby affecting root hair density and
length in response to Pi deficiency (Chen ez al, 2015). By
contrast, HDC1 is largely involved in the inhibition of pri-
mary root growth with a secondary effect on root hair density
under Pi deficiency (Fig. 1). Second, HDAI19 affects the tran-
scription of genes encoding SPX (SYG1/Pho81/XPR) domain-
containing proteins and genes involved in membrane lipid
remodeling, a key response to Pi starvation that increases the
free Pi in plants (Chen e al, 2015). However, HDCI1 is
involved in transcriptional repression of genes involved in the
local responses to Pi deficiency (Fig. 8). Therefore, HDC1
plays roles distinct from HDAG or HDA19. This conclusion
was further supported by the fact that Adcl did not phenocopy
the aberrant developmental phenotypes of the hda6 hdal9
double mutants (Tian & Chen, 2001; Tanaka ez a/, 2008).

In yeast and mammals, HDACs operate within multiprotein
complexes (Yang & Seto, 2008). Although plant HDAC com-
plexes are less well characterized, a recent study suggested that the
basic composition of plant HDAC complexes is similar to that of
animal and yeast complexes (Mehdi et al., 2016). A quantitative
bimolecular fluorescence complementation assay in tobacco
(Nicotiana benthamiana) epidermal cells has revealed that HDC1
can interact not only with HDAs (HDAG and HDA19) but also
with the histone-binding proteins SHL1, ING2 and MSII, the
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Sin3-associated protein SAP18, and HI1 variants. However,
HDCI could not interact with the Sin3-like (SNL) corepressors
SNL2 and SNL3 (Perrella er al., 2016). Taking these findings
and our results together, we propose that HDC1 regulates differ-
ent Pi-deficiency responses from those of HDA19. However, the
mechanisms of how HDCI regulates the histone deacetylation of
genes involved in root tip Fe homeostasis must be investigated in
future.

We demonstrated that HDC1 is involved in local responses to
Pi deficiency in Arabidopsis. Local responses are processes includ-
ing the inhibition of primary root growth, enhancement of lateral
root density, and increases in the number and length of root hairs
(Bates & Lynch, 1996), all of which are triggered by the Pi con-
centration in the soil around the root tip and are independent of
internal Pi concentrations (Thibaud ez 2/, 2010). Here, we found
that in the Adcl mutant, primary root growth ceased on day 2 of
Pi deficiency and also exhibited increased root hair density (Figs
1, 2, §3), which are hallmarks of local responses to Pi deficiency
in Arabidopsis (Abel, 2017). Root tip growth inhibition depends
on local Pi, but systemic responses involving intracellular Pi sens-
ing also occur and are controlled by the overall plant Pi concen-
tration. The finding that there are no differences in the shoot and
root Pi contents between the hdcl and WT plants (Fig. 6) indi-
cated that HDC1 may not be a major modulator of systemic
responses to Pi deficiency. It is noteworthy that some Pi defi-
ciency-responsive genes other than those involved in local
responses were also regulated by HDC1 under Pi-deficient condi-
tions. For example, the expression of P72 was significantly higher
in the Adcl mutant than in the WT under Pi-deficient conditions
(Fig. 7). One possible explanation for this is that the increased
expression of PT2 was the consequence of increased sensitivity of
hdcl to Pi deficiency.
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Fig. 9 HDC1 acts upstream of LPR1 to regulate inorganic phosphate (Pi) deficiency responses in Arabidopsis. (a) Phenotype of 7-d-old seedlings of wild-
type (WT), hdc1, Ipr1 and hdc1/Ipr1 double mutants grown on inorganic phosphate-sufficient (+Pi) or -insufficient (—Pi) medium. Bars, 1 cm. (b) Close-up
view of the morphology of the primary root of the seedlings in (a). Bars, 1 cm. (c) Primary root length of the seedlings in (a). Data are means & SD (n = 8).
Different letters indicate significant differences (Tukey test, P <0.05). (d) Perls staining of iron (Fe) accumulation in root tips of 4-d-old seedlings grown on

+Pi or —Pi medium for 3 d. Bars, 200 um.

Phosphate deficiency-induced root tip inhibition requires Fe
and involves LPR1 and LPR2 ferroxidases, leading to apoplas-
tic Fe’*
and callose deposition in the root meristem (Svistoonoff
et al., 2007). Here, we demonstrated that Adcl increases the
inhibition of primary root growth, which could be attributed
to the increased Fe accumulation in the root tip. This is sup-

accumulation and a concomitant increase in ROS

ported by the following findings. First, Perls staining results
showed that the RAM, elongation and maturation zones accu-
mulated more Fe in the hdcl mutant than in WT plants
under Pi deficiency conditions (Figs 4, S5). Second, the
observed Pi deficiency-induced root tip Fe accumulation and
root growth inhibition were dependent on the presence of
exogenous Fe in the growth medium (Fig. 5). Third, in the
hdcl/lprl double mutant, neither the Pi-hypersensitive pheno-
type nor the overaccumulation of Fe’* was observed (Fig. 9).
Finally, qRT-PCR analysis revealed that HDC1 negatively
regulated the transcription of ALMTI, STOPI, LPRI and
LPR2, and these are all genes involved in Fe homeostasis in
the root tip under Pi deficiency (Fig. 7). In eukaryotes, the
efficiency of gene transcription is ultimately determined by
the higher-order structure of chromatin (Berger, 2007).
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Therefore, it can be envisioned that the increased acetylation
of histone H3 in the Adcl mutants establishes an active mark
for gene transcription of these genes.

Previous studies indicated that histone acetylation can occur in
both the proximal promoter and/or exons (Benhamed ez al,
2006). Our ChIP-qPCR analysis showed that there was increased
H3 acetylation in ALMT1, LPRI and LPR2 in response to Pi
deficiency (Fig. 8), which is consistent with the accumulation of
acetylated histone H3 in response to Pi deficiency (Figs 1, S1).
Compared with the WT plants, the Adcl mutant plants exhibited
increased H3 acetylation in ALMTI, LPRI and LPR2, even
under Pi-sufficiency conditions, suggesting that HDCI1 itself
represses the histone acetylation of these genes. These findings
lead us to propose a hypothetical model to illustrate the mecha-
nism of HDC1-mediated Pi-deficiency responses in Arabidopsis.
Pi deficiency post-transcriptionally regulates HDCI1 to suppress
its protein abundance, possibly via the 26S proteasome pathway,
which results in increased histone H3 acetylation of some Pi defi-
ciency-induced genes involved in root tip Fe homeostasis. The
increased acetylation triggers the transcriptional expression of
these genes, which ultimately causes the primary root growth
inhibition.
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