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« Transcription and protein levels of
PRX genes are significantly decreased
in wox11 roots.

« Reduced ROS levels impair crown root
development in rice.

« Hypo-protein acetylation levels in
roots of wox11 were caused by lower
ROS levels.

« H,0, application restored protein Kac
levels in wox11 roots.

« Redox regulated HDAC activity is
accounted for the hypo-protein
acetylation in wox11 roots.

« This study provides new insights into
the mechanism of crown root
development in rice.
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ABSTRACT

Introduction: As signal molecules in aerobic organisms, locally accumulated ROS have been reported to
balance cell division and differentiation in the root meristem. Protein posttranslational modifications
such as lysine acetylation play critical roles in controlling a variety of cellular processes. However, the
mechanism by which ROS regulate root development is unknown. In addition, how protein lysine acety-
lation is regulated and whether cellular ROS levels affect protein lysine acetylation remain unclear.
Objectives: We aimed to elucidate the relationship between ROS and protein acetylation by exploring a
rice mutant plant that displays a decreased level of ROS in postembryonic crown root (CR) cells and sev-
ere defects in CR development.

Methods: First, proteomic analysis was used to find candidate proteins responsible for the decrease of
ROS detected in the wox11 mutant. Then, biochemical, molecular, and genetic analyses were used to
study WOX11-regulated genes involved in ROS homeostasis. Finally, acetylproteomic analysis of wild
type and wox11 roots treated with or without potassium iodide (KI) and hydrogen peroxide (H,0,)
was used to study the effects of ROS on protein acetylation in rice CR cells.

Results: We demonstrated that WOX11 was required to maintain ROS homeostasis by upregulating per-
oxidase genes in the crown root meristem. Acetylproteomic analysis revealed that WOX11-dependent
hydrogen peroxide (H,0,) levels in CR cells promoted lysine acetylation of many non-histone proteins
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enriched for nitrogen metabolism and peptide/protein synthesis pathways. Further analysis revealed that

the redox state affected histone deacetylases (HDACs) activity, which was likely related to the high levels

of protein lysine acetylation in CR cells.

Conclusion: WOX11-controlled ROS level in CR meristem cells is required for protein lysine acetylation

which represents a mechanism of ROS-promoted CR development in rice.

© 2023 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Reactive oxygen species (ROS) are constantly generated in cells
through NAD(P)H oxidases and mitochondrial electron leakage,
oxidizing metabolic enzymes, and transcription factors [1,2]. As
by-products of plant aerobic metabolism, ROS not only induce
oxidative stress, contributing to irreversible DNA damage and cell
death, but also function as signaling molecules that regulate plant
growth and response to environmental stress [3]. Accumulating
evidence suggests that ROS signaling is involved in a wide range
of biological processes, such as enzyme activity, cell elongation,
inflorescence meristem development, and abiotic stress [3-6].

In plants, root tip represents a zone of active ROS production
where ROS levels are tightly and spatially regulated at cellular
levels [7]. Several genetic factors were found to control ROS home-
ostasis in the root meristem to control root development. For
instance, in Arabidopsis, transcription factor UPBEAT1 (UPB1) regu-
lates the distribution of O3 and H,0, in the root meristem and the
elongation zone to promote cell division and differentiation [8]. P-
loop NTPase 1 (APP1) mediates ROS homeostasis to regulate activ-
ity of the quiescent center (QC) and the distal stem cell (DSC) pop-
ulation, thereby maintaining the balance of stem cell division and
differentiation in the root tip [9]. Root meristem Growth Factor 1
(RGF1) modulates ROS distribution to control the transition of root
cell proliferation to differentiation [10]. Glutathione biosynthetic
enzyme GLUTATHIONE REDUCTASE2 (GR2/MIAO) that modulates
glutathione redox status is required to maintain meristem activity
and root development [11]. In rice, the salicylic acid (SA) synthesis-
related aim1 (Abnormal Inflorescence Meristem1) mutation
decreases SA content and the expression of genes involved in
ROS clearance in the root tip, resulting in a shorter root phenotype
[12]. In addition, environmental stresses arising from the rhizo-
sphere that alter ROS accumulation in root cells also affect root
growth. Alteration of ROS homeostasis in the root meristem due
to nutrient deficiency and mechanical stresses could affect the
direction and extent of root growth [13]. Hormones also play
important roles in maintaining ROS homeostasis in plant roots. It
was reported that auxin asymmetric distribution affects both
ROS states and fine-tunes root gravitropism and hydrotropism
[14]. In addition, crosstalk between NO, ROS, and auxin shapes
the overall root architecture by acting in auxin signal transduction
pathways [15]. However, currently there is little information
regarding the molecular mechanisms by which ROS homeostasis
is regulated in root meristem and how ROS affect root growth.

WOX11, a WUSCHEL-Related homeobox (WOX) family tran-
scription factor, plays a vital role in crown root (CR) emergence
and growth in rice. Loss-of-function mutation of the gene produces
less and shorter CRs, whereas overexpression of WOX11 promotes
CR formation and growth and produces ectopic roots [16]. WOX11
controls CR emergence and growth by regulating the expression of
cytokinin and auxin signaling genes [16,17]. Besides, WOX11 also
modulates lateral root initiation, root hair formation, and abiotic
stress response [16-20]. Recently, it was reported that WOX11
directly interacts with histone acetyltransferase GCN5-ADA2 mod-
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ule to promote the transcription of target genes to stimulate CR
development [21]. ROS-related genes are overrepresented in the
WOX11-activated downstream genes [22]. However, whether
WOX11 controls root development by regulating ROS homeostasis
remains unknown.

In this work, our results showed that WOX11 was required to
maintain ROS homeostasis in CR meristem cells by activating class
Il peroxidases. The decrease of ROS in wox11 mutant resulted in
lysine hypo-acetylation of many proteins including those involved
in protein synthesis and cell proliferation. The protein hypo-
acetylation was likely due to HDACs (histone deacetylases) activi-
ties stimulated by lower ROS levels in the wox11 roots. Our study
revealed a novel pathway of WOX11-controlled CR development
and provided insight into the mechanism by which ROS controls
root growth and development.

Materials and methods
Plant materials and growth conditions

The ‘Hwayoung’ (HY) rice variety (Oryza sativa ssp. japonica)
and wox11, which is a T-DNA insertion mutant that disrupts the
WOX11 gene in the whole plant, were used here [16]. The rice vari-
ety Zhonghuall (ZH11) was used to generate transgenic plants.
For germination, seeds of wild type and mutants were sterilized
with 0.15 % HgCl,. After washing with sterilized distilled water,
the seeds were germinated in 1/2 MS medium with a cycle of
14 h light (28 °C)/10 h dark (24 °C). Crown roots (CRs) of HY and
wox11 (seven days old) rice seedlings were immersed in water
for 4 h for pretreatment, then transferred to 1 mM KI (A100512-
0250, Sangon Biotech) and 0.5 mM H,0, (AR500ML, Sinopharm),
respectively, for 6 h. CR tips (10 mm) with treatment were har-
vested for ROS, HDAC activity, and acetyl-CoA assays. For sirtinol
treatment, 11-day-old rice seedlings were treated with 10 uM
sirtinol for 3 days. For phenotyping, plants were grown in hydro-
ponic culture (1.425 mM NH4NOs, 0.2 mM NaH,PO,4, 0.513 mM
K;SO4, 0.998 mM CaCl,, 1.643 mM MgSO4, 0.009 mM MnCl,,
0.075 mM (NH4)5M07024, 0.019 mM H3B03, 0.155 mM CUSO4,
0.152 mM ZnS0Qy4, 0.125 mM EDTA-Fe, pH 5.5) in a greenhouse with
acycle of 14 h light (28 °C)/10 h dark (24 °C). Seedlings (seven days
old) were treated with 1 mM KI and 0.5 mM H,0, for 7 d, by adding
the chemicals directly to the hydroponic culture solution.

CRISPR/Cas9 vector construction

The design of sgRNA for the CRISPR/Cas9 system and transgenic
vectors were constructed as previously described [23]. CRISPR-P2.0
[24] was used to design sgRNAs of PRX genes. The Cas9 and sgRNA
were driven by the ubiquitin promoter and the U3/6 promoter,
respectively. The sgRNA was ligated to Cas9 destination vector
using the Gibson Assembly Cloning method [25]. T-DNA vectors
containing Cas9 and sgRNA were transformed into rice calli. The
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coding sequences (CDS) of PRXs from The Rice Genome Annotation
Project (https://rice.uga.edu/) were amplified by PCR.

ROS, HDAC activity, and acetyl-CoA assays

For H,0, assay, KI or H,0,-treated 7-day-old rice roots (0.1 g)
were ground in liquid nitrogen, homogenized in 10 mM K-
phosphate buffer (pH 6.5), and centrifuged at 12,000 rpm at 4 °C
for 10 min. The supernatant was retained to measure H,0, con-
tents with H,0, Quantitative Assay Kit (Sangon Biotech,
C500069-0250). For detection of H,O, by 3, 3-diaminobenzidine
(DAB) staining, 7-day-old rice roots grown in the medium were
incubated in DAB solution (1 mg/mL) for 12 h at 25 °C. H,0, was
detected as a brown stain and observed under a light microscope.
The DAB staining intensity was analyzed by the Image ] (v1.6.0_24)
software.

For ROS detection, 7-day-old rice CR tips grown in the medium
were incubated in 10 uM 2, 7-dichlorodihydrofluorescein diacetate
(H,DCFDA, dissolved in 10 mM K-phosphate buffer, pH 6.5) at 25 C
for 2 h. Then, the CRs were rinsed with 10 mM K-phosphate buffer
(pH 6.5) to remove H,DCFDA from the surface of CRs. The relative
H,DCFDA staining intensity was analyzed by Image J (v1.6.0_24)
software.

For HDAC enzyme activity assay, KI or H,O,-treated 7-day-old
rice CR tip samples (0.1 g) were ground into powder with liquid
nitrogen, and suspended in 500 pL protein extraction buffer
(62.5 mM Tris-HCl, pH 6.8). After centrifugation at 16,000 g for
15 min at 4 °C, the supernatants were collected. Protein concentra-
tions were determined using Protein Quantification Kit (Vazyme
Biotech, E211-01). HDAC activities were measured with the HDAC
Activity/Inhibition Assay Kit (EpiGentek, P-4035-96). Briefly, the
protein samples (10 pg) and the substrate were incubated at
37 °C for 60-90 min, then the capture antibody was added and
incubated at 25 °C for 60 min, followed by the addition of detection
antibody and incubation for 30 min. Finally, the fluorescent devel-
oper was added and incubated for 2-4 min at room temperature in
a 530gx/590g\ fluorescent microplate instrument (Tecan Infinite
1000) to measure the deacetylation product.

Acetyl-CoA contents were measured as previously reported
[26]. Briefly, KI or H,O,-treated 7-day-old rice CR tips (0.1 g) were
ground in liquid nitrogen and suspended in 0.9 mL of PBS (pH 7.0).
The suspensions were vortexed and placed at 25 °C for 20 min and
centrifuged at 16,873 g for 15 min at 4 °C. The supernatants were
collected for acetyl-CoA content measurement using an acetyl-CoA
assay kit (Ji Ning Biotech, China, JN709212).

Biochemical analysis of protein redox status

Rice seedlings, overexpression lines (OE) fused with FLAG tag at
C-terminal of SRT1, SRT2, HDA710, and HDA714, were grown in
1/2 MS medium with a cycle of 14 h light (28 °C)/10 h dark
(24 °C). For the redox treatment, seedlings were first immersed
in water for 4 h for pretreatment and then transferred to 1 mM
KI or 0.5 mM H,0, for 6 h. Then CRs were collected. The redox sta-
tus of proteins was determined as previously reported with minor
modifications [27,28]. Briefly, samples of 0.2 g rice CRs were
ground into powder with liquid nitrogen and suspended in
300 pL of protein extraction buffer (62.5 mM Tris-HCl, pH 6.8;
2 % (w/v) SDS). The samples were centrifuged at 16,000 g for
15 min at 4 °C. The supernatants were collected and proteins were
precipitated with 10 % TCA-acetone at —20 °C for 12 h. The TCA
precipitates were collected by centrifugation at 16,000 g for
15 min at 4 °C. After washing twice with pre-cooled acetone, the
protein pellets were dissolved in 100 pL of thiol labeling solution
(62.5 mM Tris-HCI, pH 6.8; 2 % [w/v] SDS; 0.04 % [w/v] Bromophe-
nol Blue [BPB]; 16 mM 4-acetamido-4’' -maleimidylstilbene-2, 2’-
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disulfonic acid [AMS]) and kept in the dark at 25 °C for 1 h to allow
AMS to react with free thiol groups. The samples were boiled for
10 min at 90 °C and analyzed by Western blotting.

RNA extraction and qPCR analysis

Total RNA was extracted from CR tips by TRIzol reagent (Invit-
rogen) following the manufacturer’s instructions. HiScript Il Q RT
SuperMix for qPCR kit (Vazyme Biotech, R223-01) was used for
reverse transcription. For qPCR analysis, 2.5 pL of primers, 2.5 puL
of cDNA template and 5 pL of 2 x SYBR Mix (Vazyme Biotech,
Q712-02) were added. Reactions were carried out on a qPCR
machine (Applied Biosystems). The internal control gene was
ACTIN1. Three independent biological replicates were performed.
The primer sequences used are listed in Supplementary Table S1.

Electrophoretic mobility shift assay

To produce the WOX11 protein, the full-length cDNA was
inserted into PET28A expression vector (GE Healthcare) and
expressed in Escherichia coli DE3 (BL21) cells (GE Healthcare).
The target protein was purified with Ni-NTA Agarose (Qiagen, Ala-
meda, CA) according to the manufacturer’s instruction. The
oligonucleotides of PRXs with the putative WOX11 binding site
(TTAATGG/C) were synthesized and labeled with 5’-biotin by the
Sangon Biotech Company (Shanghai, China). Double-stranded
oligonucleotides were produced by mixing equal amounts of com-
plementary single-stranded oligonucleotides at 95 °C for 2 min,
followed by gradual cooling from 72 °C to room temperature for
annealing. DNA binding reactions were performed in the presence
or absence of unlabeled PRXs fragments at different molar excess at
room temperature for 20 min in 10 mM Tris, pH 7.5, 50 mM Na(Cl,
1 mM DTT, 1 mM EDTA, 1 mM MgCl,, 5 % glycerol, and 50 mg/L
poly (dI-dC) (Amersham Pharmacia Biotech). The final reactions
were run on a 6 % polyacrylamide gel in Tris-glycine (0.3 % Tris
and 1.88 % glycine) buffer and detected by a chemiluminescent
imaging system (Tanon 5200).

Dual-luciferase assay

PRX111 promoter (-1000 to + 100 bp relative to the ATG codon)
amplified from ZH11 (wild type) plants were used to drive the
reporter gene expression. The mutant versions of the promoter
were obtained by PCR-based site-directed mutagenesis. WOX11
CDS driven by the 35S promoter was ligated to Effector vector.
The effector and reporter constructs together with the control vec-
tor were co-transfected into protoplasts at the 6:6:1 ratio. The
transfected protoplasts were placed in the dark at room tempera-
ture overnight. The protoplasts were collected by centrifugation
in 1.5 mL tubes at 100 g for 8 min at room temperature. The activ-
ities of luciferase were determined according to the kit instructions
(Promega, E1910). Briefly, 50 puL of lysis buffer (1 x ) was added to
the pelleted protoplasts. After centrifugation at 12,000 rpm for
5 min, the supernatant (40 pL) was transferred to a 96-well
enzyme plate (COSTAR 3917 Assay Plate, 96 Well, Lot NO:
04313012) containing 50 pL of Kit A. The fluorescence signal inten-
sity on ELISA (TECAN infinite M200) was measured. Then 50 pL of
Kit B was added and the fluorescence signal was detected again.
The relative expression level of the reporter genes was detected
as the ratio of the relative value of firefly LUC to that of Renilla
luciferase.

Chromatin immunoprecipitation (ChIP)-qPCR

ChIP experiment was carried out as previously described [29].
Briefly, rice CR tips (1 g) were cross-linked in 1 % formaldehyde
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(F8775, Sigma-Aldrich) for 30 min, ground into powder in liquid
nitrogen, and extracted with the lysis buffer (10 mM Tris-HCI, pH
8.0, 0.4 M sucrose, 0.1 mM phenylmethylsulfonyl fluoride [PMSF],
10 mM MgCl,, 5 mM B-mercaptoethanol, 1 protease inhibitor cock-
tail). Next, the mixture was cleaned by filtering through a double
layer of Miracloth (Millipore) and centrifuged at 4,000 g at 4 °C
for 20 min. The final chromatin precipitation was washed at least
five times with washing buffer (0.25 M sucrose, 10 mM Tris, pH
8.0, 1 % Triton X-100, 10 mM MgCl,, 0.1 mM PMSF, 5 mM B-
mercaptoethanol, 1 protease inhibitor cocktail) and suspended
with 300 pL of nucleus lysis buffer (50 mM Tris-HCI, pH 8.0,
10 mM EDTA, 1 % [w/v] SDS). Then chromatin was sonicated to
200-500 bp (20 pL of sonicated chromatin were taken out as input)
and immune-precipitated with the anti-WO0X11 (5 pg, antigen
used was the full length of WOX11 protein) antibody [29]. The
immunoprecipitated chromatin was washed sequentially with fol-
lowing buffer: low salt buffer (150 mM NacCl, 50 mM HEPES-KOH,
1 mM EDTA, 0.1 % sodium deoxycholate, 1 % Triton X-100, 0.1 %
SDS), high salt buffer (same to low salt buffer except using
350 mM Nacl), LiCl buffer (10 mM Tris-HCl pH 8.0, 0.5 % NP-40,
250 mM LiCl, 0.1 % sodium deoxycholate, 1 mM EDTA) and TE buf-
fer (1 mM EDTA, 10 mM Tris-HCI, pH 8.0), and eluted with elution
buffer (10 mM EDTA, 50 mM Tris-HCl, pH 7.5, 1 % SDS) at 65 °C for
15 min with shaking (800 rpm). The elutes were reverse-
crosslinked with 5 M NaCl at 65 °C overnight, purified with chloro-
form, and precipitated with alcohol. The input and precipitated
DNA fragments were checked by RT-qPCR using primers listed in
Supplementary Table S1. Three independent biological replicates
were performed.

Protein extraction and immunoblotting

Protein extraction was performed as previously reported [30-
32]. Briefly, rice CRs were ground in liquid nitrogen and suspended
in the extraction buffer (10 mM EGTA, pH 7.5, 1 % [v/v] TritonX-
100, 10 mM Tris-HCIl, 1 mM PMSF, 1 mM DTT, and 250 mM
sucrose). The samples were centrifuged at 15,000 g for 15 min at
4 °C and precipitated with cold acetone at —20 °C for 2 h. Protein
pellets were collected by 15,000 g centrifugation at 4 °C for
15 min and the precipitates were washed three times with cold
acetone, lyophilized, and stored at —80 °C.

Immunoblotting was performed as previously reported [33].
Briefly, proteins were separated by 10-12 % SDS-PAGE gel and
transferred onto a PVDF membrane. The final blot was detected
by anti-acetylated lysine antibody (1:1000, PTM-102, PTM Biolab).

LC-MS/MS-based quantitative acetylproteomics

Acetylproteomics of sirtinol-treated plants was performed as
previously reported [34]. Following are the basic steps of root
acetylproteomic analysis:

Trypsin digestion

First, the protein solution was reduced with 5 mM dithiothreitol
at 56 °C for 30 min, then alkylated with 11 mM iodoacetamide at
25 °C for 15 min in darkness. The urea concentration of the protein
sample was diluted to < 2 M by adding 100 mM TEAB. Finally, tryp-
sin was added at the 1:50 ratio (trypsin/protein in mass) for the
first-round digestion (12 h) and 1:100 for second-round digestion
(4 h).

Affinity enrichment

The peptides were dissolved in IP buffer solution (100 mM Nadl,
50 mM Tris-HCl, 1 mM EDTA, 0.5 % NP-40, pH 8.0) containing the
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antibody beads (PTM-104, PTM Bio) and gently mixed at 4 °C for
12 h. After incubation, the beads were washed with the IP buffer
four times and then with deionized water 2 times. Finally, the pep-
tides were eluted three times with 0.1 % trifluoroacetic acid and
collected and dried by vacuum. For LC-MS/MS analysis, the pep-
tides were desalted with C18 ZipTips (Millipore) following the
manufacturer’s instructions.

LC-MS/MS analysis

The peptides were dissolved in a mobile phase A and separated
by a NanoElute ultra performance liquid chromatography system.
Mobile phase A was 0.1 % formic acid. Mobile phase B was 0.1 %
formic acid in acetonitrile solution. Gradient setting for liquid
phase was as follows: 0-20 min, 6 %-22 % B; 20-26 min, 22 %-
30 % B; 26-28 min, 30 %-80 % B; 28-30 min, 80 % B; maintaining
flow rate was set at 300 nL/min.

The peptides were first separated by ultra-performance liquid
chromatography and then ionized by the Capillary ion source.
Next, the peptides were analyzed with a TIMS-TOF Pro mass spec-
trometry. Ion source voltage was set at 1.4 kV. TOF was used to
detect the secondary fragments and peptide parent ions. The sec-
ondary mass spectrometry scanning range was set at 100-
1700 m/z. The parallel cumulative serial fragmentation (PASEF)
mode was used for the data acquisition mode. A secondary spec-
trogram was collected with the charge of the parent ion in the
range of 0-5 in PASEF mode 10 times when the first-stage mass
spectrometry acquisition was done. The tandem mass spectrome-
try scanning elimination time was 24 s to avoid the repetitive scan-
ning of the parent ion.

Database search

The resulting MS/MS data were analyzed by Maxquant
(v1.6.6.0). Oryza_sativa_japonica_UniPort (48914 proteins) data-
base, the anti-database, and common contamination database
were added to calculate the false positive rate (FDR), and to avoid
contaminated proteins influence, respectively; The enzyme diges-
tion mode was set to Trypsin/P and the number of missing sites
was set to 4. The mass error tolerance of the primary parent ion
of First search and Main search was set to 70 ppm and the mass
error tolerance of the secondary fragment ion was 0.04 Da. The
alkylation of cysteine was set as fixed modification; methionine
oxidation, N-terminal acetylation of protein, acetylation of lysine,
and deamidation were set as variable modifications. The FDR val-
ues < 1 % of PSM and protein identification were selected.

Bioinformatic data analysis

Gene ontology analysis was based on AgriGo (v2.0) [35]. Heat-
maps were generated by TBtools (v0.6) [36]. Kac motif analysis
was analyzed by the iceLogo motif builder [37] with a p-value of
0.05. Ridge plots and scatter plots were generated in R (v3.5). Pro-
tein quantification was performed separately for each replicate to
identify up and downregulated proteins. Only those proteins that
showed > 1.5/2-fold changes in both replicates (relative to wild
type) were considered as significantly regulated.

Results

The abundance of proteins involved in ROS production is decreased in
wox11 mutant roots

Transcriptomic analysis of wox11 mutant roots revealed that
the expression levels of redox-related genes were dramatically
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was calculated using one-way ANOVA with Tukey’s multiple comparison test. Different letters on top of the bars indicate significant differences (P < 0.05), and the same

letters on top of bars indicate no

significant difference (C, F).
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Fig. 2. WOX11 stimulates ROS production in roots by directly activating PRX111. (A) Electrophoretic mobility shift assays (EMSA) showing that E.coli-produced WOX11
directly binds to the TTAATGG/C motif in PRXs. Left, DNA sequence of the probes used in EMSA. Right, EMSA. Arrow indicated WOX11 protein and biotin-labeled DNA
complex. CK denotes the reaction without WOX11-His protein. P1 to P4 are sequences which contain WOX11 binding site. (B) Electrophoretic mobility shift assay (EMSA) of
WOX11 protein binding to the TTAATGC motif (WOX11-binding site) within PRX111 gene body. E. coli-produced WOX11 protein was incubated with 5’-biotin-labeled P2 in
the absence or presence of 50, 200 or 400 M excess of the corresponding cold probes and analyzed by electrophoresis. The shifted band is indicated by the arrow. Three
biological replicates were conducted. (C) Expression level of PRX111 in wox11 and wild type (WT). The 2 ~ 4 method was used for the quantification of relative expression.
The PCR signals were normalized with those of the ACTINT transcripts. Error bars are means * SD (n = 3) from three biological replicates. (D) Dual-luciferase assay of WOX11
activating PRX111 expression in rice protoplasts. The promoter (1 kb upstream ATG) plus 100 bp downstream of ATG of PRX111 was used. PRX111d refers to the 1.1 kb PRX111
sequence with deleted TTAATGC motif. (E) ChIP-qPCR analysis of in vivo binding of WOX11 to the PRX111. Upper panel: Schematic representation of one putative locus of
WOX11 binding sites in the PRX111 genomic sequence. P2 (31 bp from ATG) including TTAATGC motif, P5 (560 bp from ATG) without TTAATGC motif; TSS, transcription start
site; ATG, translation start site. Lower panel: Nuclei from wild type (ZH11, HY), wox11, and WOX11 overexpression (WO0X11 OE) crown roots were immunoprecipitated with
anti-WOX11. wox11 and WOX11 OE were in HY and ZH11 backgrounds, respectively. The precipitated chromatin fragments were analyzed by qPCR using two primer sets
amplifying two PRX111 regions (P2, and P5) as indicated in upper panel. Error bars represented the means + SD (n = 3) from three biological replicates. (F) Detection of H,0,
accumulation in WT and prx111 crown roots by DAB staining. Error bars were means + SD (n = 10) from three biological replicates. Bar = 100 um. DAB staining was evaluated
by measuring intensity level with Image ] software. (G) The phenotype of wild type (WT) and prx111 seedling crown roots. Error bars were means + SD (n = 12) from three
biological replicates. Bar = 1 cm. The significant difference in C was calculated by the two-tailed Student t-test. While in D-G, significance was calculated using one-way
ANOVA with Tukey’s multiple comparison test. Different letters on top of the bars indicate significant differences (P < 0.05), and the same letters on top of bars indicate no
significant difference (D-G).
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Fig. 3. The wox11 mutation leads to protein hypo-acetylation in crown roots. (A) Immunoblotting detection of Kac level in WT and wox11 crown roots with lysine
acetylation antibody. Immunoblotting with anti-actin antibody and Coomassie blue staining were used as loading control. (B) Heatmap showing proteins Kac levels in WT
and wox11 crown roots. (C) Scattering plots of acetylation levels at individual Kac sites between wild type and wox11. Significantly up (N = 47, fold change > 2) and
downregulated sites (N = 287, fold change > 2) in the mutants are indicated by purple and green, respectively.

decreased in the mutant [22]. To study whether the differential
expression of the genes eventually affected their protein abun-
dance in the mutant, proteomic profiling by mass spectrometry
(MS) (two biological replicates) was carried out on the root tissues
similar to those used for the transcriptome profiling. We assessed
the reproducibility of the biological replicates of the proteome by
calculating Pearson correlations and found an average of 0.79 (Fig-
ure STA). Totally, 7,193 proteins were identified in wild-type (WT)
rice roots (Supplementary Table S2), with nearly all proteins
matched with the 25,061 transcripts of transcriptome data (Fig-
ure S1B). The proteome displayed some correlation (Pearson
r = 0.55) with the transcriptome (Figure S1C). In addition, the pro-
teins identified by MS corresponded to the high-abundance popu-
lation of transcripts with an average TPM (transcript per million) >
97.80 (Figure S1D). Importantly, in the root proteome, we identi-
fied 130 ROS homeostasis-related proteins including 79 Class III
peroxidases (PRXs) (representing about 57 % of all peroxidase
genes in the rice genome), 30 thioredoxins, 7 ascorbate peroxi-
dases, 5 superoxide dismutases, 4 glutathione peroxidases, 3 cata-
lases, and 2 RBOHs (Respiratory Burst Oxidase Homolog H). Most of
the genes displayed a root-specific expression pattern (Figure S2A).
In wox11 roots, 113 and 134 proteins were down and upregulated
(> 2 folds), respectively (Fig. 1A, Supplementary Table S3). The
downregulated proteins were enriched for oxidative stress
response and ROS/hydrogen peroxide metabolisms, while upregu-
lated proteins were enriched for protein synthesis-related path-
ways (Fig. 1B). In particular, both the transcript and protein
levels of 5 peroxidases showed consistent downregulation
between transcriptome and proteome of wox11 roots (Figure S2B).
Three of the 5 PRX genes contained the WOX11-binding motif at
their promoters (1 kb upstream to ATG) or gene bodies (Fig-
ure S2B). The analysis indicates that the root transcriptome and
proteome are correlated and that proteins involved in cellular
ROS homeostasis are accumulated in roots. The wox11 mutation
affected their accumulation.

39

WOX11-regulated ROS is required for CR development

To evaluate H,0, and ROS levels in wox11 roots, we performed
H,0, quantitative assays, 3, 3’-diaminobenzidine (DAB) and 2, 7-
dichlorodihydrofluorescein diacetate (H,DCFDA) assays. The analy-
sis revealed that ROS levels were greatly decreased in wox11 roots
compared with WT (Fig. 1C, D, S3B). To study whether the WOX11-
dependent ROS levels were required for root growth, we treated
wox11 roots with hydrogen peroxide (H,0,) and WT roots with
potassium iodide (KI, a general H,O, scavenger), and investigated
their effects on CR development. H,O, content assays confirmed
that the application of KI and H,0, altered the H,0, levels in WT
and wox11 roots (Fig. 1C). The H,0, level in WT roots treated with
KI (WT-KI) was clearly decreased compared with control (Fig. 1C)
and the CR number of WT-KI was similar to that of wox11 roots
(Fig. 1E). In contrast, H,0, application increased the CR number
of wox11 plants (Fig. 1F). Together, these results suggest that
WOX11 might maintain ROS levels in crown roots by regulating
the expression of genes involved in ROS production.

To study whether WOX11 directly regulated the expression of
ROS-related genes, we performed EMSA experiments and found
that WOX11 bound in vitro to the three PRX genes (PRX70,
PRX111, and PRX112) which contained the WOX11 binding site
TTAATGG/C within the promoters or gene bodies (Fig. 2A, B, Fig-
ure S2B). Among the three PRX genes, we selected PRX111 for fur-
ther study, because both its mRNA and protein levels showed clear
decreases in wox11 roots (Figure S2B). RT-qPCR assay also con-
firmed the downregulation of PRX111 transcript in wox11 roots
(Fig. 2C). Dual-luciferase reporter assays showed that WOX11
binding was required for PRX111 expression in rice cells (Fig. 2D).
Furthermore, chromatin immunoprecipitation (ChIP) analysis
revealed in vivo interaction of WOX11 with PRX111 (Fig. 2E). To
investigate whether PRX111 was required for ROS production and
CR development, we produced prx111 knockout plants by using
the CRISPR/Cas9 technology (Figure S3A). The prx111 knockout
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Fig. 4. Decreased ROS contents lead to hypo-Kac in wox11 crown roots. (A) Immunoblotting detection of Kac levels with lysine acetylation antibody in crown roots of WT
and WT-KI. Immunoblotting with anti-actin antibody was used as loading control. (B) Ridge plots of acetylation levels at individual Kac sites in WT-KI and WT crown roots.
(C) Cumulative density plots of the acetylation levels at individual Kac sites in WT-KI and WT crown roots. (D) Scattering plot of proteins with significantly upregulated
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plants showed reduced root ROS levels (Fig. 2F, S3C) and produced
fewer CR, phenocopying that of wox11 mutant (Fig. 2G). Collec-
tively, these results support the idea that the WOX11-regulated
ROS homeostasis is required for CR development.

The wox11 mutation results in protein hypo-acetylation in roots

ROS accumulation often affects protein posttranslational modi-
fications (PTM) [31]. To study whether the lower ROS levels in
wox11 impacted overall protein lysine acetylation in roots, we per-
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formed immunoblotting analysis and found that in addition to his-
tones, Kac level of non-histone proteins in wox11 was clearly
decreased (Fig. 3A). To identify proteins whose Kac levels were
altered in wox11 roots, quantitative acetylproteomic analysis was
performed. The wox11 and WT root samples were similar to those
used for transcriptomic and proteomic investigations. To avoid any
bias that might be caused by variation in protein abundance, we
calibrated the acetylation levels relative to that of the proteins
(Supplementary Table S2). The data obtained from the two biolog-
ical replicates were highly correlated (Figure S4). About half (49 %)
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of the 2,645 identified proteins had more than one Kac site (Fig-
ure S5A, Supplementary Table S4). Most acetylated proteins were
localized in the cytoplasm (Figure S5B). A comparison with the
acetylomes of seeds [32], leaves [31], and embryos [30] revealed
only 96 overlapping proteins, suggesting that different rice tis-
sues/organs might have distinct protein acetylomes (Figure S5C).
Motif analysis revealed that the flanking sequences of Kac sites
were conserved in proteins in different subcellular compartments
(Figure S5D). Acetylation levels at 287 Kac sites (13.63 %) showed
> 2-fold decreases in wox11 roots compared to WT, while only 47

41

Kac sites (2.23 %) showed > 2-fold increases in the mutant
(Fig. 3B, C, Supplementary Table S5).

Protein hypo-acetylation is caused by lower H,0; levels in wox11 roots

To investigate the relationship between ROS and protein Kac,
we analyzed the overall acetylation level of proteins in WT roots
treated with KI (WT-KI) by immunoblots. The analysis revealed
significant decreases in the overall acetylation level of proteins in
WT-KI compared to untreated control (WT) (Fig. 4A). Comparative
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analysis of acetylproteomes also revealed an overall hypo-
acetylation levels of proteins in WT-KI relative to WT roots
(Fig. 4B, C). In WT-KI roots, 235 (10.88 %) Kac sites showed lower
(> 2-fold) acetylation, while only 27 (1.25 %) sites displayed higher
acetylation (> 2-fold) (Supplementary Table S6, Fig. 4D). Strikingly,
the overall Kac levels in WT-KI and wox11 roots were similar
(Fig. 4E). There was no obvious difference in overall Kac level of
proteins between WT-KI and wox11 roots (Fig. 4F, Supplementary
Table S7). Additionally, the changes in protein Kac levels between
wox11/WT and WT-KI/WT were correlated (r = 0.73) (Fig. 4G).
Indeed, 43.81 % (N = 92) of the proteins with downregulated Kac
in wox11 roots showed lower Kac levels in WT-KI roots (Fig. 4H),
indicating that wox11 mutation and KI application had a similar
impact on protein acetylation level. These findings suggested that
protein hypo-acetylation in wox11 roots was caused by the
decrease of H,0,. GO pathway enrichment analysis of the 92 (94)
overlapped proteins (sites) revealed that the proteins were mostly
enriched for the organonitrogen metabolic and peptide biosyn-
thetic pathways (Fig. 4I).

H>0, application restores protein Kac levels in wox11 roots

According to previous studies [12,38,39], application of a rela-
tively low concentration of H,0, (0.5 mM) could restore the
H,0,; levels in wox11 roots (Fig. 1C) and partially complemented
wox11 root phenotype (Fig. 1F). Immuno-blots and MS-based
quantitative acetyl-proteomic analyses indicated that the protein
Kac levels in wox11 roots treated by H,0, (wox11-H,0,) were
restored to the WT levels (Fig. 5A-D). Furthermore, the changes
of Kac levels in wox11/wox11-H,0, were correlated (r = 0.78) with
those in wox11/WT (Fig. 5E), and 68.57 % of proteins with hypo-Kac
in wox11 roots were restored to the WT levels after H,O, treatment
(Fig. 5F). The proteins with restored Kac levels in wox11-H,0,
showed the similar pathway enrichment to those with significantly
decreased Kac in wox11 and WT- KI roots (Fig. 41, 5G). Together,
these results indicated that Kac of proteins involved in protein syn-
thesis and nitrogen metabolism are particularly controlled by cel-
lular H,0, levels in wox11 roots.
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Higher HDAC activity results in protein hypo-acetylation in wox11
roots

The protein hypo-acetylation detected in wox11 roots seemed
unrelated to the expression of histone deacetylase (HDAC)/histone
acetyltransferase (HAT), because no obvious change of their mRNA
and protein levels was observed in wox11 transcriptomic and pro-
teomic data or WT-KI root proteome (Figure S6A-C; Figure S7A, B).
Previous studies suggested that redox may modulate protein
acetylation by affecting acetyl-CoA accumulation [40,41]. How-
ever, the protein levels of acetyl-CoA biosynthetic and catabolic
enzymes such as ACLA (ATP citrate lyase A), ACLAB (ATP citrate
lyase B), ACS (acetyl-CoA synthase), and ACC (acetyl-CoA carboxy-
lase) also displayed no change in wox11 and WT-KI roots (Fig-
ure S7C, S8A, B). To examine the possibility that protein
acetylation was caused by alteration of acetyl-CoA abundance,
we measured acetyl-CoA in WT, WT-KI, wox11, and wox11-H,0,
root cells. The level of acetyl-CoA measured here was in line with
previous reports in other plants [26,42], but no difference was
observed in these plants (Fig. 6A).

As ROS can modulate HDACs activity [43,44], we therefore con-
ducted a series of fluorescence-based HDAC enzyme activity
assays. As shown in Fig. 6B, the activity of HDAC was significantly
higher in wox11 roots than in WT. Application of KI that reduces
cellular H,0, levels enhanced HDAC activity in WT roots (WT-
KI), while application of H,0, significantly attenuated HDAC activ-
ity in wox11 roots (wox11- H,0,). These results suggested that the
protein hypo-acetylation might be due to higher HDAC activity
stimulated by the decreased ROS levels in wox11 roots, though
local fluctuation of acetyl-CoA on the dynamic changes of protein
acetylation was not completely excluded.

HDAC oxidization might account for HDAC activity decrease

In order to identify specific HDACs that were regulated by ROS,
thiol-modifying reagent 4-acetamido-4’ -maleimidylstilbene-2, 2’-
disulfonic acid (AMS) was used to examine the redox state of rice
HDAC SRT1, SRT2, HDA710, and HDA714, which have been func-
tionally studied [38,33,34,45]. AMS could react with the reduced
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HDA710-FLAG, and HDA714-FLAG proteins under KI or H,0, treatments. The reduced cysteine was alkylated by the thiol-modifying agent AMS. Modification results in a shift
of 0.5 kDa per modified cysteine residue. Proteins were separated by SDS-PAGE followed by immunoblotting with anti-FLAG antibody. Coomassie brilliant blue (CBB) was
used as the loading control. When Western blotting, two replicates were performed. One replicate was used to detect protein amount by Coomassie brilliant blue staining,
while another replicate was used to transfer to the membrane for Western blotting. Red and blue arrows indicate reduced and oxidized forms of HDACs, respectively. (B)
Heatmap of changes of protein Kac levels in wox11/WT (wox11 compared to WT), WT-KI/WT (WT-KI compared to WT) and sirtinol/mock (sirtinol treated plants compared to
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cysteine and slow down the protein mobility on an SDS-PAGE gel,
allowing the determination of protein redox status as a band shift
[46,47]. To analyze the redox regulation of HDACs, overexpression
lines (OE) fused with FLAG tag at C-terminal of SRT1, SRT2,
HDA710, and HDA714 were analyzed under different redox treat-
ments. The assays revealed that under normal conditions, a large
fraction of the four HDAC proteins were all at a reduced state in
these OE plants. KI addition further enhanced the reduced state
of these HDACs. In contrast, the application of H,0, led to the oxi-
dization of a large fraction of SRT1, SRT2, HDA710, and, to a lesser
extent, HDA714 in these OE plants (Fig. 7A). Based on the results, it
is hypothesized that the four HDACs might be inactivated by H,0,
and contribute to protein hypo-acetylation in wox11 mutant. To
check the hypothesis, we tested the function of the rice NAD*-
dependent sirtuin family histone deacetylases SRT1 and SRT2 in
protein acetylation by performing MS-based quantitative acetyl-
proteomic analysis of WT plants treated with/or without sirtinol
(a well-known specific inhibitor for sirtuin HDACs). The replicates
showed good data reproducibility (Figure S9A, B). The inhibition of
SRT1 and SRT2 activity indeed led to an obvious increase in Kac
levels on many proteins (Figure S10A, B). In total, 681 Kac sites
in 346 proteins displayed higher (> 1.5-fold) Kac in plants treated
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with sirtinol, while only 2 sites in 2 proteins displayed lower (>
1.5-fold) Kac levels (Figure S10C, D, Supplementary Table S8).
Heatmap indicated that 70 % of the proteins with decreased Kac
in wox11 and WT-KI plants showed increased Kac in sirtinol-
treated plants (Fig. 7B). In addition, 24.76 % (N = 52) and 25.95 %
(N = 48) of the proteins with significantly reduced (> 2-fold) Kac
levels in wox11 and WT-KI showed up-regulation of Kac in
sirtinol-treated plants, respectively (Fig. 7C). Collectively, these
results suggested that HDAC activities mediated by redox state
might contribute to hypo-acetylation of proteins in wox11 roots.

Discussion

The CRs are the major component of root system in cereals,
whose activity is strongly influenced by genetic factors and envi-
ronmental conditions. Previous work showed that WOX11 controls
CR development by regulating the expression of cytokinin and
auxin signaling genes [16,17,48]. In this work, we identified a novel
pathway of WOX11-controlled CR development in rice. We showed
that ROS-related proteins are abundant in rice root cells and that
WOX11 is required for the high expression levels of ROS-related
genes and ROS (H,0,) accumulation in roots. This
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Fig. 8. A proposed model of WOX11, ROS signaling, and protein acetylation network regulating crown root development. WOX11 directly binds to and activates
peroxidase (PRX) genes expression in crown roots (CRs). PRXs catalyze the formation of reactive oxygen species (ROS) in the cytosol of CR cells. Locally accumulated ROS
oxidize histone deacetylases (HDAC) and inhibit their activities, thus leading to hyper-acetylation of proteins to promote CR growth.

developmentally-regulated ROS accumulation in roots stimulates
protein lysine acetylation likely by inhibiting HDAC activities that
can deacetylate both histones and non-histone proteins [49]. ROS-
stimulated acetylation mainly targets proteins involved in nitrogen
metabolism and protein synthesis, implying that activities of these
pathways are critical for CR growth (Fig. 8). As cellular ROS level
quickly changes in response to environmental cues, the ROS-
regulated protein Kac might also respond to environmental condi-
tion to control CR growth and development in rice.

Protein acetylation modification may have central functions in
regulating organogenesis

Post-translational modifications of proteins such as phosphory-
lation, ubiquitination, and SUMOylation increase the functional
diversity of the proteome. In recent years, increasing evidence
has shown that many proteins involved in metabolism, stress,
development, and translation are acetylated [30,34,50,51]. For
example, in rice, there are 297, 128, and 396 metabolism- and
stress-related proteins modified by acetylation in seeds, embryos,
and leaves, respectively [30,31,52]. Here, we detected 2,645 pro-
teins with lysine acetylation sites in rice CRs, 908 of which have
functions in metabolism- and stress-related pathways, about 7
times more than those detected in rice embryos (Figure S5C). Stud-
ies in yeast and animal cells suggest that the stoichiometry of pro-
tein Kac sites could help us to better evaluate the functionality of
specific Kac site of a given protein [53,54]. This may be a direction
for future research in the field of acetylation in rice. Anyway, our
study highlights the importance of protein Kac in the root meris-
tem. Although the role of Kac remains unknown for most of the
acetylated proteins, recent results suggested that Kac of transla-
tional factors and ribosomal proteins may affect protein stability
and translational efficiency in rice cells [34]. The observation that
wox11 mutation results in lower Kac but a higher accumulation
of proteins of the protein synthesis pathway (Fig. 4I) suggested
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that ROS-controlled Kac may be related to protein synthesis activ-
ity in root cells.

WOX11 regulates PRX genes to control CR development

It was reported that PRX family proteins are involved in plant
immunity and organogenesis by regulating ROS homeostasis [55-
57]. For example, AtPRX71 negatively regulates cell growth and
cell wall damage responses via the accumulation of H,O, in the
apoplast [58]. PRX17 regulates the development of lignified tissues
in the process of vegetative to reproductive growth transition [59].
Additionally, the induced expression of PRX genes by fungi and
bacteria [60] promotes the susceptibility of plants to these patho-
gens owing to the impaired cellular oxidative burst [61]. Our
results showed that PRX loss-of-function decreases ROS levels
and the CR number indicated that PRX plays a crucial role in main-
taining high ROS levels critical for CR development (Fig. 2F, G, S3C).
These results that demonstrated the roles of PRXs in root develop-
ment are consistent with the previous reports in other plants
[8,62]. Furthermore, our data showed that PRX genes are direct tar-
gets of WOX11 indicating that WOX11 controls CR development by
directly activating ROS-related genes (Fig. 2A-E), in addition to reg-
ulating hormone signaling gene expression.

WOX11-mediated ROS levels modulate HDAC activities in root cells

Previous results showed that oxidative stress and NO accumula-
tion inhibit the overall HDAC activities [63]. Our results showed
that cellular ROS accumulation controlled by WOX11 could also
affect HDACs activity (Fig. 6B). These results indicated that HDACs
are sensitive to developmentally controlled ROS levels. Impor-
tantly, our data showed that the higher HDAC activities result in
hypoacetylation, which is in agreement with the fact that several
HDAGCs are localized in both nucleus and cytoplasm and deacety-
late both histone and non-histone proteins in plants [49]. For
instance, rice SRT1 deacetylates GAPDH and regulates its subcellu-
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lar localization and moonlighting activity [38], while HDA714 is a
cytoplasmic deacetylase required to maintain low acetylation of
many non-histone proteins such as ribosomal proteins in rice cells
[34]. The enrichment for protein synthesis pathways of hypo-
acetylated proteins in wox11 roots suggested that HDA714 may
be one of the bona fide HDACs that respond to WOX11-
controlled ROS levels to control acetylation of non-histone proteins
in the cell [34]. Our data from the comparative acetyl-proteomics
analysis suggested that WOX11-controlled ROS may at least par-
tially affect SRT1 and SRT2 activities (Fig. 7B, C). Previous results
showed that WOX11 promotes histone acetylation by recruiting
the histone acetyltransferase GCN5-ADA2 complex at target loci
[21]. The present results indicate that WOX11 can also stimulate
histone acetylation by promoting ROS-mediated inhibition of
HDACs which may be needed for the regulation of genes involved
in CR development. Collectively, our finding establishes a new
molecular pathway of WOX11-controlled CR development and
highlights the molecular link between ROS and non-histone acety-
lation in CR development, although the underlying mechanisms
remain to be elucidated. More importantly, the orchestration of
ROS signaling and protein acetylation uncovers a new layer of
redox regulation complexity and might play a crucial role in coor-
dinating plant growth with environmental adaptation.
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