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SUMMARY
Salt stress is one of the unfavorable environmental factors to affect plants. Salinity represses root growth,
resulting in reduced biomass of agricultural plants. Little is known about how plants maintain root growth
to counteract salt stress. The AP2-domain transcription factors PLETHORA1/2 (PLT1/2) act as master regu-
lators in rootmeristemmaintenance inArabidopsis. In this study, we report that the salt overly sensitive (SOS)
pathway component SOS2 regulates PLT1/2 at the post-transcriptional level. Salt-activated SOS2 interacts
and phosphorylates PLT1/2 through their conserved C-terminal motifs to stabilize PLT1/2, critical for root
apical meristem maintenance under salt stress. The phospho-mimetic version of PLT1/2 restored meristem
and primary root length reduction of sos2-2 and plt1-4 plt2-2 mutants on salt treatment. Moreover, SOS2-
mediated PLT1/2 phosphorylation improves root growth recovery after salt stress alleviation. We identify a
SOS2-PLT1/2 core protein module that is required for protecting primary root growth and meristem mainte-
nance from salt stress.
INTRODUCTION

Salt stress is a major environmental stress that restricts crop

yield and threatens food security.1–3 Salt stress, commonly

caused by high concentrations of sodium (Na+) and chloride

ions, induces osmotic stress, ionic stress, and secondary

stress.2,4 Salt stress represses whole plant growth, and espe-

cially root growth. In the root meristem, cell division is rapidly in-

hibited in response to salt, leading to reduced primary root

growth.5 Salt stress also alters root system architecture by regu-

lating root gravity, lateral root initiation, and elongation.6–9 Root

meristem maintenance under salt stress contributes to salt-

tolerated adaptive root growth. However, the molecular mecha-

nism of salt-mediated meristem maintenance has remained

elusive.

Over the years, numerous studies in Arabidopsis have re-

vealed key components involved in the salt stress signaling.1

Among them, the salt overly sensitive (SOS) pathway is best

characterized, in mediating ion homeostasis through Na+ efflux

from the cytosol to the outside of cells.10–15 Salt stress rapidly in-

creases the cytosolic Ca2+ concentration within seconds,16 and

Ca2+ binds and activates the SOS3/SCaBP8 myristoylated cal-

cium-binding proteins.17–19 SOS3/SCaBP8 interact with the

core component SOS2 and recruit it to the plasma membrane

to phosphorylate Na+/H+ antiporter SOS1 and to exclude Na+

and reduce Na+ in cytoplast.10,12,14 Previous studies reported

that SOS3 regulates lateral root growth and rearranges the auxin
Developmental C
gradient,20 but the molecular mechanism of the SOS pathway in

regulating primary root growth under salt stress has not been

elucidated.

Primary root growth is maintained by repeated divisions of

cells in the meristem and continuous divisions in stem cells.21,22

The GRAS (acronym of GIBBERELLIN INSENSITIVE [GAI],

REPRESSOROFGA1–3 [RGA], and SCARECROW [SCR] genes)

family transcription factors SHORT-ROOT (SHR) and SCR,

together with transcriptional cofactors, provide positional infor-

mation in the radial axis to regulate quiescent center (QC) spec-

ification, asymmetric division of cortex/endodermal stem cells,

and maintenance of the meristem.23–29 In parallel to the SHR/

SCR pathway, the APETALA2 (AP2)-domain transcription factor

PLETHORAs (PLTs) displays a gradient distribution in the longi-

tudinal axis of the meristem, with a maximum around the root

stem cell niche (SCN).30–32 The phytohormone auxin induces

PLTs expression, and in turn, PLTs stabilize auxin to the

maximum by regulating PINFORMED (PIN) expression.33 Previ-

ous studies reported that the root growth factor (RGF) peptides

regulate PLTs at transcriptional and post-transcriptional

levels.34–37 However, little is known about the regulation of PLT

proteins under stress conditions.

Here, we show that the PLT pathway is required for mainte-

nance of meristem activity under salt stress. SOS2 modulates

PLT1 and PLT2 expression at post-transcriptional level via phos-

phorylating and stabilizing the PLT1/2 proteins. SOS2-mediated

PLT1/2 phosphorylation maintainsmeristem activity and primary
ell 58, 1657–1669, September 25, 2023 ª 2023 Elsevier Inc. 1657
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Figure 1. PLT1/2-regulated meristem maintenance is important for root growth under salt stress

(A and B) Camera images ofArabidopsiswild-type (WT) Col-0 seedlings without (A) or with (B) (hereafter ±) NaCl treatment at 5 days post germination (dpg). Black

lines represent position of primary root tips. 1/2 MS: 1/2 MS plus 1% sucrose and 0.8% agar. Scale bars, 1 cm.

(C) Primary root length of WT ± NaCl treatment from 1 to 5 dpg. Data represent mean ± SD (standard deviation). For each data point, n = 24–30. Student’s t test,

*p < 0.05, **p < 0.01, ***p < 0.001.

(D and E) Confocal images of WT root meristem ± NaCl treatment at 5 dpg. Roots were stained with modified pseudo-Schiff propidium iodide (mPS-PI) and

imaged at 5 dpg. White arrowheads indicate the root meristem boundary. Scale bars, 50 mm.

(F) Quantification of WT root meristem length ± NaCl treatment. n = 15–27, Student’s t test, ***p < 0.001.

(G–N) Confocal images of the indicated genotypes ± NaCl treatment at 2 dpg. White arrowheads indicate the root meristem boundary. Scale bars, 50 mm.

(O) Quantification of root meristem length in the indicated genotypes ± NaCl treatment. Numbers above boxplots represent relative root meristem ratios ± NaCl

treatment (NaCl treatment divides 1/2 MS). Lowercase letters indicate statistically different groups. (n > 15, two-way ANOVA, p < 0.01.)

(P) Quantification of meristematic cell number in the indicated genotypes ± NaCl treatment. Numbers above the boxplots represent relative meristematic cell

number ratios ± NaCl treatment. Lowercase letters indicate statistically different groups (n > 15, two-way ANOVA, p < 0.01).

(legend continued on next page)
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root growth under salt stress and also regulates root growth re-

covery after salt stress mitigation.

RESULTS

PLT1/2 are required for root meristem maintenance
under salt stress
We germinated wild-type (WT) Col-0 Arabidopsis seeds on 1/2

MSmediumwith or without 50mMNaCl in a time course analysis

and confirmed that both the primary root growth and the root

meristem length were reduced under salt stress compared

with control (Figures 1A–1F). We explored the roles of PLT1/2

and SHR/SCR in salt stress and observed the primary root

growth and the root meristem length of plt1/2, shr, and scr mu-

tants with or without salt treatment. After 50 mM salt treatment,

shr-2 and scr-3mutants showed similar reduction of the primary

root length, meristem length, and meristematic cell number

compared with Col-0 (primary root length reduction: Col-0,

14%; shr-2, 12%; scr-3, 14%; meristem length reduction:

Col-0, 27%; shr-2, 16%; scr-3, 15%; meristematic cell number

reduction: Col-0, 16%; shr-2, 15%; scr-3, 20%) (Figures S1D–

S1F, S1H, and S1I). Intriguingly, both the plt1-4 and the plt2-2

single mutants, and the plt1-4 plt2-2 double mutant exhibited

enhanced inhibition of primary root growth, meristem length,

and meristematic cell number after salt treatment compared

with WT (primary root length reduction: Wassilewskija (Ws),

13%; plt1-4, 24%; plt2-2, 21%; plt1-4 plt2-2, 22%; meristem

length reduction: Ws, 20%; plt1-4, 31%; plt2-2, 24%; plt1-4

plt2-2, 45%; meristematic cell number reduction: Ws, 16%;

plt1-4, 39%; plt2-2, 27%; plt1-4 plt2-2, 64%) (Figures 1G–1Q

and S1A). We observed enhanced inhibition of primary root

length of the plt1, plt2 single mutants, and the plt1-4 plt2-2 dou-

ble mutants with higher concentrations of NaCl (100 mM NaCl),

but the primary root length of shr-2 and scr-3 mutants did not

decrease further compared with 50 mM NaCl treatment, sug-

gesting that plt1-4, plt2-2, and plt1-4 plt2-2 are sensitive to

salt, but shr-2 and scr-3 are less sensitive to salt treatment (pri-

mary root length reduction: Ws, 30%; plt1-4, 40%; plt2-2, 39%;

plt1-4 plt2-2, 45%; Col-0, 25%; shr-2, 14%; scr-3, 13%)

(Figures S1C and S1J). The average cell length in the differenti-

ation zone was not affected by 50 mM NaCl treatment in any

genotype (Figures S1B and S1G), indicating that 50 mM NaCl

treatment does not reduce differentiated root cell elongation.

These results suggest that PLT1/2 are required for root meristem

maintenance after salt treatment.

SOS2maintains the rootmeristemand regulates PLT1/2
protein levels under salt stress
SOS2 plays a key role in ion homeostasis under salt stress. The

salt-hypersensitive mutant sos2-2 showed an enhanced reduc-

tion of primary root growth and meristem size after salt

treatment for 24 h compared with WT (Figures 2A–2E and

S2A–S2C). Consistently, expression of the G2/M phase cell cy-
(Q) Quantification of primary root length in the indicated genotypes ±NaCl treatme

treatment. Lowercase letters indicate statistically different groups (n > 10, two-w

Boxplots depict the minimum to maximum. Different genotypes were germinate

See also Figure S1.
cle marker pCYCB1;1::green fluorescent protein (GFP) was

also decreased in the sos2-2 mutant after salt treatment

(Figures S2D–S2F). To examine whether SOS2 regulates root

meristem maintenance through the PLT pathway, we

introduced the promoter fusin lines PLT1pro::cyan fluorescent

protein (CFP), PLT2pro::CFP, and the protein fusion lines

PLT1pro::PLT1-yellow fluorescent protein (YFP) and

PLT2pro::PLT2-YFP, into the sos2-2 mutant background.

PLT1pro::CFP and PLT2pro::CFP signals in the root meristem

were comparable in sos2-2 and WT during the time course

with and without salt treatment (Figures S2G–S2J). Consistent

with a previous report,38 real-time quantitative PCR experi-

ments also showed that PLT1/2 transcripts were similar in WT

and sos2-2 mutant background after salt treatment over time

(Figures S2K and S2L). The YFP signals of PLT protein fusions

in sos2-2 and WT background were comparable without salt

treatment. Interestingly, the YFP signals were pronouncedly

reduced in sos2-2 with salt treatment compared with 1/2 MS

(Figures 2F–2O). These results indicate that SOS2 regulates

PLT1/2 at the post-transcriptional level to regulate root meri-

stem maintenance under salt stress.
SOS2 interacts with and phosphorylates PLT1/2
proteins by regulating their stability under salt stress
To investigate whether SOS2 directly regulates PLT1/2, we

examined the interaction between SOS2 and PLT1/2. Firefly

luciferase (LUC) complementation imaging assays in Nicotiana

benthamiana showed that both PLT1 and PLT2 interacted

with SOS2 in planta (Figures 3A and S3A). Split-YFP assays

confirmed their interaction in the nucleus (Figures 3B and S3B).

We hypothesized that PLT1/2 might be substrates of SOS2,

and we purified recombinant His-SOS2 and performed in vitro

phosphorylation assays. His-SOS2 could phosphorylate

maltose binding protein (MBP)-PLT1 and MBP-PLT2 but could

not phosphorylate the MBP protein itself (Figures 3C, S3C, and

S3D). We next split the PLT1/2 proteins into three functional do-

mains (N-terminal, central, and C-terminal) and found that the

C-terminal domains of the recombinant MBP-PLT1/2 (PLT1

381–574 aa; PLT2 389–568 aa) were strongly phosphorylated af-

ter incubation with His-SOS2, respectively (Figures S3E–S3G).

We explored the PLT1/2 phosphorylation sites through mass

spectrum analysis and also examined data from Arabidopsis

Protein Phosphorylation Site Database (Figures S3H and S3I).

Four amino acid residues of PLT1, Ser401-Thr402-Ser403-

Ser404 (hereafter PLT1S4), homologous to PLT2 Ser411-

Ser412-Ser413 (hereafter PLT2S3), were selected as potential

phosphorylation sites by SOS2 (Figures S3E and S3I). We

mutated these amino acids into alanine (PLT1S4A and PLT2S3A)

and performed in vitro phosphorylation assays. We found

reduced phosphorylation of MBP-PLT1S4A and MBP-PLT2S3A

by His-SOS2 (Figures 3C and S3D), suggesting that SOS2 phos-

phorylates PLT1/2 at least partially through these sites. In

summary, these results showed that SOS2 interacts with the
nt. Numbers above boxplots represent relative primary root length ratios ±NaCl

ay ANOVA, p < 0.01).

d on 1/2 MS medium ± 50 mM NaCl.

Developmental Cell 58, 1657–1669, September 25, 2023 1659



Figure 2. SOS2 regulates root meristem ac-

tivity by maintaining the PLETHORA (PLT)

1/2 proteins

(A–D, F–I, and K–N) Confocal images of the

root meristem of WT (gl1) (A and B), sos2-2

mutant (C and D), PLT1pro::PLT1-YFP gl1 (F and G),

PLT1pro::PLT1-YFP sos2-2 (H and I),PLT2pro::PLT2-

YFP gl1 (K and L), and PLT2pro::PLT2-YFP sos2-2 (M

and N) ± 50 mM NaCl for 24 h. White arrowheads

indicate the root meristem boundary. Scale bars,

50 mm.

(E) Quantification of the root meristem length in WT

(gl1) and sos2-2 ± NaCl treatment. Lowercase letters

indicate statistically different groups (n = 11–20, one-

way ANOVA, p < 0.001).

(J and O) Quantification of the PLT1-YFP and PLT2-

YFP fluorescence intensity ± NaCl treatment in WT

and sos2-2, respectively. Lowercase letters indicate

statistically different groups (n > 8, one-way ANOVA,

p < 0.001).

Boxplots depict the minimum to maximum.

See also Figure S2.
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PLT1/2 proteins, and SOS2 phosphorylates PLT1/2 through their

C-terminal domains.

We investigated whether phosphorylation of PLT1/2 via SOS2

alters their protein stability by performing degradation assays

in vivo and in vitro. PLT1pro::PLT1-YFP and PLT2pro::PLT2-

YFP lines in WT and sos2-2 background were treated with or

without NaCl and tested by immunoblot analysis. Both the abun-

dance of PLT1-YFP and PLT2-YFP were decreased in sos2-2

under salt treatment compared with WT (Figures 3D and S4A).

LUC complementation imaging assays showed that SOS2 could

interact with PLT1/2WT and the phospho-mimetic form PLT1S4E/

PLT2S3E but could only weakly interact with the phospho-inac-

tive PLT1S4A/PLT2S3A (Figures 3J and S4B). We performed

cell-free assays to further confirm SOS2’s effect on PLT1/2 sta-

bility in vitro. Without salt treatment, the recombinant MBP-

PLT1/2 proteins showed similar stability in protein extracts of

the sos2-2 mutant compared with WT (Figures S4C and S4D).

Recombinant MBP-PLT1/2 proteins were stable in WT extracts

under salt stress but were degraded quickly in sos2-2 extracts

with salt treatment (Figures 3E and S4E). When the proteasome
1660 Developmental Cell 58, 1657–1669, September 25, 2023
inhibitors MG132 and MG115 were added,

respectively, degradation of PLT1/2 was

strongly inhibited in sos2-2 extracts with

salt (Figures 3F, 3G, S4F, and S4G). Inter-

estingly, the autophagy inhibitor 3MA

(3-methyladenine) also inhibited PLT1/2

degradation (Figures 3H and S4H), indi-

cating that PLT1/2 were degraded not

only through the 26S proteasome after

salt treatment but also through the auto-

phagy pathway. We next explored the

function of PLT1/2 phosphorylation on their

protein stability. The phospho-mimetic

PLT1S4D/PLT2S3E proteins were more sta-

ble than the phospho-inactive PLT1S4A/

PLT2S3A proteins under salt stress in

sos2-2 mutant (Figures 3I, S4I, and S4J).
We further took microscopy images of PLT protein localization

(WT and phospho-mimic/knockout variants) with and without

salt stress, respectively. The images indicate that salt treatment

does not affect PLT1/2 localization (Figures S4K–S4V). Taken

together, these data indicate that SOS2-mediated phosphoryla-

tion on PLT1S4/PLT2S3 represses protein degradation under salt

stress.

PLT1/2 phosphorylation maintains root meristem
activity under salt stress
We generated the phospho-mimetic pPLT1:: GFP-PLT1S4D and

pPLT2::GFP-PLT2S3E lines, and the phospho-inactive pPLT1::

GFP-PLT1S4A and pPLT2::GFP-PLT2S3A lines, and combined

them with the sos2-2 mutant, respectively. We found that

pPLT1::GFP-PLT1S4D sos2-2 and pPLT2::GFP-PLT2S3E sos2-2

partially restored meristem and primary root length reduction of

sos2-2 with salt treatment (Figures 4A–4G and S5A–S5G). On

the other hand, pPLT1::GFP-PLT1S4A sos2-2 and pPLT2::GFP-

PLT2S3A sos2-2 exhibited similar reduction of meristem and pri-

mary root length compared with sos2-2 with salt treatment



Figure 3. SOS2 interacts with PLT1/2 and enhances PLT1/2 protein stability through phosphorylation under salt stress

(A) Split-Luc assays showing that PLT2 interacts with SOS2 in N. benthamiana. Indicated constructs were transiently expressed in N. benthamiana, and the GUS

(b-glucuronidase) protein was served as a negative control. Pseudocolor bar shows the range of luminescence intensity. Nluc, N-terminal fragment of firefly

luciferase; Cluc, C-terminal fragment of firefly luciferase.

(B) Bimolecular fluorescence complementation assays in N. benthamiana showing that PLT2 interacts with SOS2 in the nucleus. YCE, C-terminal YFP fragment;

YNE, N-terminal YFP fragment. The GUS protein was served as a negative control. Scale bars, 50 mm.

(C) In vitro kinase assays showing that SOS2 phosphorylates PLT2 at three phosphorylation sites (Ser-411, Ser-412, and Ser-413, hereafter PLT2S3). Top panel

shows Coomassie brilliant blue (CBB)-stained SDS-PAGE gel containing His-SOS2, MBP-PLT2, and the mutated PLT2 (MBP-PLT2S3A, to Ala) proteins. Bottom

panel shows autoradiography (Autorad), indicating SOS2 autophosphorylation and MBP-PLT2 and MBP-PLT2S3A phosphorylation. Black arrows point to the

indicated recombinant proteins.

(D) Immunoblot analysis of the PLT2-YFP protein levels in the indicated genotypes ± NaCl treatment. PLT2pro::PLT2-YFP and PLT2pro::PLT2-YFP sos2-2

seedlings were grown on 1/2 MS medium for 6 days and treated ± 100 mM NaCl for 24 h. ACTIN was used as a control. kDa, kilodalton.

(E) Cell-free degradation assays showing that MBP-PLT2 is degraded faster in sos2-2mutant under salt treatment compared with WT. Recombinant MBP-PLT2

proteins (100 ng/100 mL total cell-free extracts) were added to the extracts prepared from 7 dpg WT and sos2-2 seedlings with salt treatment for the indicated

time. MBP-PLT2 proteins were detected with anti-MBP antibody. ACTIN was used as a control.

(F–H) Cell-free degradation assays showing that MG132 (F), MG115 (G), or 3MA (H) treatment inhibits MBP-PLT2 degradation in sos2-2 under salt stress. The

extracts prepared from sos2-2 seedlings at 7 dpg with salt treatment were incubated with recombinant MBP-PLT2with or without 50 mmMG132, MG115, or 3MA

for the indicated time.

(I) Cell-free degradation assays showing that MBP-PLT2S3E proteins are degraded slower than MBP-PLT2S3A in sos2-2 with salt treatment. The recombinant

MBP-PLT2S3E and MBP-PLT2S3A proteins were added to extracts prepared from 7 dpg sos2-2 seedlings with salt treatment for the indicated time.

(J) Split-Luc assays showing that PLT2S3E-SOS2 interaction is stronger than PLT2S3A-SOS2 in N. benthamiana. Nluc, N-terminal fragment of firefly luciferase;

Cluc, C-terminal fragment of firefly luciferase.

See also Figures S3 and S4.
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(Figures 4A–4G and S5A–S5G). Consistently, pPLT1::GFP-

PLT1S4A sos2-2 and pPLT2::GFP-PLT2S3A sos2-2 lines showed

enhanced reduction of the GFP expression compared with

pPLT1::GFP-PLT1S4D sos2-2 and pPLT2::GFP-PLT2S3E sos2-2

lines with salt treatment (Figures 4A, 4C, S5A, and S5E).

To confirm whether the SOS2-PLT1/2 module regulates root

meristem cell division upon salt treatment, we performed

5-ethynyl-20-deoxyuridine (EdU) staining of root meristems in

WT (gl1), sos2-2, and sos2-2 PLT1/2 phospho-mimetic and

phospho-inactive lines. The number of EdU-labeled cells was
largely reduced in the sos2-2 mutant after salt treatment.

Confocal images and quantification of the number of EdU-

labeled cells both showed that the phospho-mimetic version of

PLT1/2 (PLT1S4D/PLT2S3E) could partly rescue the decreased

EdU-labeled cell number in sos2-2, indicating that the SOS2-

PLT1/2 module regulates root meristem cell division under salt

stress (Figures 4H, 4I, S5H, and S5I). Furthermore, root tip

RNA-seq data showed that transcripts encoding the number of

cell division regulators were significantly decreased in sos2-2

compared with WT under salt stress (Figure S5J; Table S2).
Developmental Cell 58, 1657–1669, September 25, 2023 1661
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Consistent with the RNA-seq data, CYCB1;1, CCS52A, and

CYCD3;3 gene expression was significantly reduced in sos2-2

after salt treatment. Interestingly, the phospho-mimetic version

of PLT1/2, but not the phospho-inactive version of PLT1/2, com-

plemented the cell cycle gene reduction in sos2-2 lines after salt

treatment (Figures S5K–S5M). To investigate whether SCNactiv-

ity was affected in these genotypes under salt stress, we per-

formedmodified pseudo-Schiff propidium iodide (mPS-PI) stain-

ing and took confocal images of the SCN region in WT (gl1),

sos2-2, PLT1/2S4E/A sos2-2 lines (Figures S6A–S6C). We did

not observe obvious changes in the SCN organization and the

QCcell number in different genotypeswith andwithout salt treat-

ment. In summary, SOS2-PLT1/2 regulates cell division in root

meristem under salt stress.

To further confirm whether the PLT1 and PLT2 phospho-mi-

metics additively enhance resistance to higher salt stress, we

crossed the pPLT1::GFP-PLT1S4D sos2-2 with pPLT2::GFP-

PLT2S3E sos2-2. The pPLT1::GFP-PLT1S4D pPLT2::GFP-

PLT2S3E sos2-2 lines could better restore sos2-2 primary root

and meristem length both under 25 mM NaCl and 50 mM NaCl

treatment, respectively, compared with their parental lines

(Figures S6D–S6G), indicating an additive role of PLT1 and

PLT2 under salt stress.

We next performed complementation tests and transformed

pPLT1:: GFP-PLT1S4D, pPLT2::GFP-PLT2S3E, pPLT1::GFP-

PLT1S4A, pPLT2::GFP-PLT2S3A, pPLT1::GFP-PLT1, and the

pPLT2::GFP-PLT2 constructs into the plt1-4 plt2-2 double-

mutant background and observed that all constructs rescued

the meristem and root length defect of plt1-4 plt2-2 without

salt stress (Figures 5 and S7). Interestingly, we found an

enhanced reduction of meristem, primary root length, and GFP

intensity of pPLT1::GFP-PLT1S4A plt1-4 plt2-2 and

pPLT2::GFP-PLT2S3A plt1-4 plt2-2 lines after salt treatment,

compared with the corresponding phospho-mimetic lines (Fig-

ures 5 and S7). Taken together, these results suggest that

PLT1S4/PLT2S3 phosphorylation is required for root meristem

maintenance with salt treatment.
Figure 4. Phosphorylation of PLT2 is required for SOS2-mediated mer

(A) Confocal images of root meristem of WT (gl1), sos2-2, pPLT2::GFP-PLT2S3E s

were transferred to 1/2 MS or 50 mM NaCl medium for 24 h. Two individual trans

meristem boundary. Scale bars, 50 mm.

(B and C) Quantification of the root meristem length (B) and fluorescence intens

represent relative root meristem length (B) or fluorescence intensity (C) ratios ± Na

replicates per treatment in each genotype. Lowercase letters indicate statisticall

(D) mPS-PI confocal images of root meristem of WT (gl1), sos2-2, pPLT2::GFP-PL

2 dpg were transferred to 1/2 MS or 50 mM NaCl medium for 24 h. Two individu

(E) Quantification of the meristematic cell number of the indicated genotypes ±

number ratios ± NaCl treatment, respectively. Lowercase letters indicate statisti

(F) Camera images of WT (gl1), sos2-2, pPLT2::GFP-PLT2S3E sos2-2, and pPLT2

with or without 25 mM NaCl for 3 days. Black lines represent position of primary

(G) Quantification of the primary root length in the indicated genotypes ± NaCl t

ratios ± NaCl treatment. Data represent 3 independent experiments with >8 repl

different groups (two-way ANOVA, p < 0.01).

(H) Confocal images of EdU-labeled roots meristem of WT (gl1), sos2-2, pPLT

Seedlings at 2 dpg were transferred to 1/2 MS or 50 mM NaCl medium for 24 h w

bars, 50 mm.

(I) Quantification of the number of EdU-labeled cells in the indicated genotypes ± N

cortex, and endodermis cell layers on both sides of the root. Numbers above the b

Lowercase letters indicate statistically different groups (n > 8, two-way ANOVA,

See also Figures S5 and S6 and Table S2.
PLT1/2-mediated root meristem maintenance is
required for growth recovery after salt stress
To test the salt resistance of PLT phospho-mimetic and phos-

pho-inactive lines at a longer timescale, we performed a soil

experiment with NaCl watered (Figures S6H–S6J), and we

observed that PLT1/2 phospho-mimetic version in sos2-2

showed more resistance with extended salt stress. Instead,

phospho-inactive versions of PLT1/2 in sos2-2 exhibited similar

phenotypes compared with sos2-2 in soil, suggesting that more

stable PLT1/2 proteins under salt stress could also help whole

plants to cope with salt stress in soil.

We next asked whether the stability of PLT1/2, which is

regulated by SOS2-mediated phosphorylation, affects the recov-

ery of primary root growth after salt stress alleviation. We sowed

WT, sos2-2, pPLT1::GFP-PLT1S4D sos2-2, pPLT1::GFP-PLT1S4A

sos2-2, pPLT2::GFP-PLT2S3E sos2-2, and pPLT2::GFP-PLT2S3A

sos2-2 seeds on 1/2 MS medium with or without NaCl, and

subsequently, seedlings at 4 days post germination (dpg) were

transferred to 1/2 MSmedium for recovery. 1 day after growth re-

covery, we found that root meristem length in sos2-2,

pPLT1::GFP-PLT1S4A sos2-2, and pPLT2::GFP-PLT2S3A sos2-2

lines was still shorter compared with WT. Consistently, we also

observed a lower expression of GFP-PLT1S4A and GFP-PLT2S3A

1 day after recovery growth, compared with mock treatment

(Figures 6A–6D, 6G, 6H, 6K, and 6L). On the other hand, both

the root meristem length of pPLT1::GFP-PLT1S4D sos2-2 and

pPLT2::GFP-PLT2S3E sos2-2 lines and the expression of GFP-

PLT1S4D and GFP-PLT2S3E were recovered and similar to that of

mock treatments (Figures 6A–6F, 6I, and 6J). Timecourse analysis

further confirmed that meristem length and the primary root

growth of sos2-2 and the phospho-inactive pPLT1::GFP-PLT1S4A

sos2-2 and pPLT2::GFP-PLT2S3A sos2-2 lines recovered slower

than that of WT and phospho-mimetic pPLT1::GFP-PLT1S4D

sos2-2 and pPLT2::GFP-PLT2S3E sos2-2 lines (Figures 6M–6S).

Extended recovery experiments revealed that sos2-2 and the

phospho-inactive pPLT1::GFP-PLT1S4A sos2-2 and pPLT2::

GFP-PLT2S3A sos2-2 lines could not recover well after pulse salt
istem maintenance and primary root growth under salt stress

os2-2, and pPLT2::GFP-PLT2S3A sos2-2 ± NaCl treatment. Seedlings at 4 dpg

genic lines are shown for each construct. White arrowheads indicate the root

ity (C) of the indicated genotypes ± NaCl treatment. Numbers above boxplots

Cl treatment, respectively. Data represent 3 independent experiments with >8

y different groups (two-way ANOVA, p < 0.01).

T2S3E sos2-2, and pPLT2::GFP-PLT2S3A sos2-2 ± NaCl treatment. Seedlings at

al transgenic lines are shown for each construct. Scale bars, 50 mm.

NaCl treatment. Numbers above boxplots represent relative meristematic cell

cally different groups (n > 10, two-way ANOVA, p < 0.01).

::GFP-PLT2S3A sos2-2 ± NaCl treatment. The seedlings at 2 dpg were treated

root tips. Scale bars, 1 cm.

reatment. Numbers above the boxplots represent relative primary root length

icates per treatment in each genotype. Lowercase letters indicate statistically

2::GFP-PLT2S3E sos2-2 and pPLT2::GFP-PLT2S3A sos2-2 ± NaCl treatment.

ith EdU staining kits. White dashed lines represent the meristem zone. Scale

aCl treatment. The number of EdU-labeled cells was counted in the epidermis,

oxplots represent relative number of EdU-labeled cells ratios ± NaCl treatment.

p < 0.01).
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Figure 5. Complementation analysis showing better complementation of phospho-mimetic PLT2 forms in plt1-4 plt2-2 compared with the

phospho-inactive version after salt stress

(A–L) Confocal images of root meristem of pPLT2::GFP-PLT2 plt1-4 plt2-2 (A–D), pPLT2::GFP-PLT2S3E plt1-4 plt2-2 (E–H), and pPLT2::GFP-PLT2S3A plt1-4 plt2-

2 (I–L) ± NaCl treatment. Seedlings at 4 dpg were treated with 100 mM NaCl for 24 h. Two individual transgenic lines were shown for each construct. White

arrowheads indicate the root meristem boundary. Scale bars, 50 mm.

(legend continued on next page)
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treatment, whereas both the shoots and roots of phospho-

mimetic pPLT1::GFP-PLT1S4D sos2-2 and pPLT2::GFP-PLT2S3E

sos2-2 lines recovered significantly better compared with

sos2-2 and the phospho-inactive pPLT1::GFP-PLT1S4A sos2-2

and pPLT2::GFP-PLT2S3A sos2-2 lines (Figures 6T–6Y). In sum-

mary, our results indicate that SOS2 phosphorylates and stabi-

lizes PLT1/2 under transient salt stress, which helps plant roots

and shoots recover faster after salt stress alleviation.

DISCUSSION

How to keep a balance between growth and stress resistance

and shift to rapid post-stress growth are fundamental questions

for plants interacting with complex environments. Many studies

have revealed the molecular mechanism of root resistance to

salt-stress-induced ionic toxicity, osmotic stress, and oxidative

stress, but there are very few studies focusing on the mainte-

nance of meristem activity and growth in response to salt

stress. In this study, we identify a SOS2-PLT1/2 core protein

module that is required for root meristem maintenance under

salt stress (Figure 7). Salt-induced SOS2 regulates PLT1 and

PLT2 proteins at the post-transcriptional level. SOS2 phosphor-

ylates and stabilizes the PLT1/2 proteins through the conserved

motif in the C-terminal domain of the PLT1/2 proteins. Impor-

tantly, phosphorylated PLT1/2 maintains the root meristem

and root growth under salt stress. SOS2-mediated PLT1/2

phosphorylation also helps plant shoots and roots to recover

faster after transient exposure to high salt levels. In summary,

we find that root meristem activity must be precisely main-

tained at a certain level, based on the duration and degree of

salt stress, which will help plants balance root growth and

salt resistance.

Previous studies show that PLT proteins function as dose-

dependent master regulators of root development.31 Specif-

ically, high levels of PLT activity determine stem cell identity,

medium levels promote the mitotic activity of meristematic

cells, and lower levels are required for cell differentiation.31

The gradient of PLT is generated through slow growth dilution

and cell-to-cell movement.32 Our work now reveals how

PLT1/2 proteins are regulated at the post-transcriptional level

under stress conditions. Importantly, both the phospho-inac-

tive and the phospho-mimetic versions of PLT1 and PLT2

rescuedmeristem and root length defects of plt1-4 plt2-2 under

normal conditions, but only the phospho-inactive version ex-

hibited enhanced reduction of meristem and root growth under

salt stress, suggesting that SOS2-mediated PLT1S4/PLT2S3

phosphorylation is necessary for root meristem maintenance

under salt stress. Consistently, RNA-seq and EdU experiments

also showed that cell division gene expression was significantly
(M and N) Quantification of meristem length (M) and fluorescence intensity (N)

represent relative ratios ± NaCl treatment. Data represent 3 independent exper

indicate statistically different groups (two-way ANOVA, p < 0.01).

(O and P) Camera images of pPLT2::GFP-PLT2 plt1-4 plt2-2, pPLT2::GFP-PLT2S3

lines represent position of primary root tips. Scale bars, 1 cm.

(Q) Quantification of the primary root length in the indicated genotypes ± NaCl t

ratios ± NaCl treatment. Data represent 3 independent experiments with >8 repl

different groups (two-way ANOVA, p < 0.01).

See also Figure S7.
reduced in sos2-2 mutants, and the phosphorylated version of

PLT1/2 could largely restore cell division in the root meristem,

suggesting that the SOS2-PLT1/2 module regulates meristem

cell division to maintain meristem activity under salt stress. It

is worth noting that the PLT1S4/PLT2S3 phosphorylation sites

are only conserved between PLT1 and PLT2, but not in other

PLTs, suggesting that PLT1 and PLT2 are specific targets of

the SOS pathway in root meristem maintenance under salt

stress.

When plants are subjected to environmental changes, post-

transcriptional regulation could be a faster response mechanism

than transcriptional regulation. A recent study also reported a

TOP1a-TOR-PLT2 module that maintains root tip homeostasis

in response to sugar.39 The transcriptional regulation of PLT

genes has significantly delayed effects on PLT protein levels.32

Because the level of PLT proteins determines the ability of meri-

stematic cells to remain division competent, stabilizing the mas-

ter regulators of root development (e.g., PLT1/2) at the protein

level is an effective mechanism for plants to maintain the root

meristem and, therefore, the capacity to resume root growth af-

ter salt stress.

The SOS pathway is important for plants to export Na+, allevi-

ating ion toxicity in the roots. There are several clues about the

SOS signaling pathway regulating root growth plasticity in

response to salt stress.7,20 Interestingly, we found that the phos-

pho-mimetic version of PLT1 and PLT2 could partly rescue the

reduction of meristem and primary root growth in sos2-2 under

mild salt stress, positioning PLT1/2 genetically downstream of

SOS2 in salt-mediated primary root growth. Mild NaCl concen-

trations were used in this study, whereas SOS2 kinase activity

is induced in a NaCl concentration-dependent manner11; hence,

further studies should resolve how root meristem differentiation

is regulated by SOS2-PLT1/2 protein module in higher salt

conditions.

Our studies connect directly SOS2 to the PLT1/2 master reg-

ulators in root development and reveal a critical role of SOS2 in

salt-mediated root meristem maintenance. Our results open a

window to further understand trade-offs between plant growth

and stress response and to comprehend how plants success-

fully cope with their environment.

Limitations of the study
We elucidate that salt-activated SOS2 phosphorylates PLT1/2

and the phosphorylated PLT1/2 maintain root meristem to

keep primary root growth both under salt stress and during re-

covery from salt alleviation. Additional studies into the mecha-

nisms of PLT pathway in maintaining root meristem under salt

stress will be a critical next step in future studies. In specific,

what are the different downstream targets of phosphorylated
in the indicated genotypes ± NaCl treatment. Numbers above the boxplots

iments with >8 replicates per treatment in each genotype. Lowercase letters

E plt1-4 plt2-2, and pPLT2::GFP-PLT2S3A plt1-4 plt2-2 ± NaCl treatment. Black

reatment. Numbers above the boxplots represent relative primary root length

icates per treatment in each genotype. Lowercase letters indicate statistically
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Figure 6. SOS2-mediated phosphorylation of PLT1/2 promotes primary root growth recovery after salt stress alleviation

(A–L) Confocal images of root meristem recovery of WT (gl1) (A and B), sos2-2 (C and D), pPLT1::GFP-PLT1S4D sos2-2 (E and F), pPLT1::GFP-PLT1S4A sos2-2

(G and H), pPLT2::GFP-PLT2S3E sos2-2 (I and J), and pPLT2::GFP-PLT2S3A sos2-2 (K and L) after NaCl treatment. Seeds were sown on 1/2 MS ± 25 mM NaCl,

(legend continued on next page)
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Figure 7. Model depicting how SOS2-medi-

ated phosphorylation of PLT1/2 promotes

plant growth under salt stress and recovery

after salt stress alleviation

Salt activates the SOS2 activity, and SOS2 phos-

phorylates and stabilizes PLT1/2 proteins. The

SOS2-PLT1/2 protein module is important not only

for root meristem maintenance under salt stress but

also for growth recovery after salt stress alleviation.

Orange circles indicate PLT1/2 proteins. Blue circles

indicate PLT1/2 phosphorylated proteins. Black ar-

rows indicate root meristem boundary. Blue triangle

indicates NaCl concentrations.
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Article
and non-phosphorylated versions of PLT1/2 under salt stress,

and what are their roles in maintaining root meristem under salt

stress? Besides, our data do not exclude that SOS2 may regu-

late other meristem regulators to maintain meristem activity,

such as the SHR/SCR pathway. As our data show that shr/scr

mutants are less sensitive to salt stress, they are interested in

further investigating how SHR/SCR pathway regulates root mer-

istem maintenance under salt stress. Future studies are still

needed to delineate how plants sense abiotic stress signaling

to regulate primary root development to adapt to environmental

changes. Furthermore, how the PLT1/2 protein stability is regu-

lated is required for further study.
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Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Yan Guo

(guoyan@cau.edu.cn).

Materials availability
This study did not generate new unique reagents. The plasmids generated in this study will be made available upon request.

Data and code availability
RNA sequencing data in this paper have been deposited at GEO: GSE228893. Original data have been deposited to Mendeley Data:

https://doi.org/10.17632/pvjwcthdhn.1. Any additional information required to reanalyze the data reported in this work paper is avail-

able from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Plants materials and growth conditions
Arabidopsis thaliana ecotype Col-0 andWswere used as wild-type control. Mutants used in this study: plt1-4 (Ws), plt2-2 (Ws), plt1-4

plt2-2 (Ws), shr-2 (Col-0), scr-3 (Col-0), gl1 (Col-0). The sos2-2 mutant (but see Liu et al.12 and Zhu et al.45) was in the gl1 mutant

background, and GL1 mutation did not affect its salt sensitivity compared with Col-0 (but see Quan et al.19). Seeds were sterilized

and plated on 1/2 Murashige and Skoog (MS) medium or 1/2 MS medium containing 25 mM/50 mM/100 mM NaCl with 1% sucrose

and 0.8% agar. Plates were stratified at 4�C for 3 days, and then were placed in a growth chamber at 22�C with a 16 h light/8 h dark

photoperiod with illumination 120 mmol m-2 s-1.

METHOD DETAILS

Plasmid construction and plant transformation
pPLT1::GFP and pPLT2::GFPwas constructed by fusing a 4500 bp PLT1 and 5800 bp PLT2 promoter fragment in front of green fluo-

rescence protein (GFP) in the pCAMBIA-1300 vector, respectively. And the full-length genomic PLT1 and PLT2 (original or mutated)

were cloned into the pPLT1::GFP and pPLT2::GFP vectors respectively to generate pPLT1::GFP-PLT1 (WT/S4A/S4D) and

pPLT2::GFP-PLT2 (WT/S3A/S3E) constructs. Constructs were transformed into strain Agrobacterium tumefaciens GV3101 and

transformed into Arabidopsis thaliana by floral dip. Transformed plants were selected based on their resistance to hygromycin. Ho-

mozygous T3 or T4 transgenic plants were used for analysis.

Salt treatment assay
For experiments in Figures 1 and S1, seeds were sown on 1/2 MS ± 50 mM NaCl, and analysed at indicated days post germination

(dpg). For the rest experiment, seedswere sown on 1/2MSmedium, and then transferred to 1/2MSplates ± indicated concentrations

of NaCl. The camera and confocal images for phenotypic assays were taken at 1, 3 or 5 days after transfer, respectively. For in vivo

protein extract assays, seedlings were treated with 1/2 MS liquid medium with 100 mM NaCl. To determine salt sensitivity in soil,

10-d-old seedlings of Col-0, indicated mutants and transgenic plants were grown in growth chambers under short-day conditions

(12-h-light/12-h-dark photoperiod) for 2.5 weeks. Subsequently, the soil was irrigated with 50mMNaCl or 0 mMwater for four times.

Plants were grown for an additional 1.5-2 weeks and were photographed.
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Microscopy
For confocal laser scanning microscopy, the root tips were stained in 20 mg/mL propidium iodide and observed using a Lecia sp8

system. PI was visualized using wavelengths of 600-640 nm. The CFP, GFP and YFP were used wavelengths of 450-480, 500-

540 and 525-565 nm, respectively. Images were taken with LAS X software and processed with canvas. Modified pseudo-Schiff pro-

pidium iodide (mPS-PI) staining was performed as described previously by Zhou et al.46 Samples were fixed (10% acetic acid, 50%

methanol) and kept at 4�C for overnight, rinsed briefly with water, and incubated in 1% periodic acid (an oxidizing agent) for 40 mi-

nutes - 1 hour. After that, samples were washed with water and incubated in Schiff reagent with propidium iodide (100 mM sodium

metabisulphite; 0.15 N HCl; 100 mg/mL PI) for 2 hours before imaging.

EdU Staining
EdU Staining was performed as described previously by Horvath et al.47 Seedlings at 2 dpg were incubated with 1/2 MS liquid me-

dium with 10 mM EdU (Cell Proliferation EdU Image Kit (orange Fluorescence)) for 6 h. Seedlings were then fixed in freshly prepared

fixative solution containing 3.7% (v/v) paraformaldehyde and 1% (v/v) Triton-X 100 in 13 PBS solution for 1 h and washed twice with

3% (w/v) bovine serium albumin (BSA) in 13 PBS solution. Seedlings were then incubated with 100 ml Click-iT reaction mix (Abbkine

Click-iT Cell Proliferation EdU Image Kit (orange Fluorescence) KTA2031-EN; 76 ml of DeionizedWater, 10 ml 103 reaction buffer, 4 ml

of Copper Reagent, 0.2 ml of AbFluor 545 azide and 10 ml of 103 Reducing Agent) for 1 h protected from light at room temperature.

The stained seedlings were then washed once with 3% (w/v) BSA in 13 PBS solution and then stored in 13 PBS solution protected

from light until imaging. The labeled DNA in the sample was analyzed by fluorescence microscopy (Ex/Em=546/565 nm).

Split-Luciferase assay (Split-LUC)
The coding sequences of PLT1, PLT2, PLT1S4D, PLTS4A, PLT2S3E and PLT2S3A were cloned into the pCMABIA1300-cLUC vector,

respectively. The coding sequence of SOS2 was cloned into the pCMABIA1300-nLUC vector. The constructs were transformed

into Agrobacterium tumefaciensGV3101. Agrobacteria were resuspended by medium (1/2 MS liquid medium add 200 mMAcetosyr-

ingone) and were infiltrated onto Nicotiana benthamiana leaves in pair for transient expression as described by Chen et al.48 At 24-

48 h after infiltration, the Nicotiana benthamiana leaves were applied with 1 mM D-luciferin in dark for 5 mins before detection. The

LUC signal was detected by the cold charge-coupled device camera (Nikon-L936; Andor Tech). GUS-nLuc and cLuc-GUS were

served as negative controls.

Bimolecular fluorescence complementation (BIFC)
The coding sequences of PLT1 and PLT2 were cloned into the pSPYNE vector (but see Waadt et al.49), respectively. The coding

sequence of SOS2 were cloned into the pSPYCE vector (but see Li et al.44). The BiFC experiments were performed as described

by Waadt et al.49 The pairwise constructs were infiltrated onto Nicotiana benthamiana leaves for transient expression. The YFP fluo-

rescence signals were detected by the Zeiss 880 confocal laser scanning microscope. Images were taken with ZEN software and

processed with canvas.

Recombinant protein purification and in vitro kinase assay
All His- or MBP- fusion protein constructs were transformed into Escherichia coli BL21 (DE3) cells and recombinant proteins were

induced by 0.5 mM isopropyl-b-thiogalactopyraniside (IPTG) at 16�C for over-night. The recombinant proteins were purified accord-

ing to the manufacturer’s protocol. In vitro kinase assay was conducted as described by Ma et al.50 Every reaction containing the

kinase His-SOS2 and the recombinant MBP-PLT1/2 (original, mutated or truncated) proteins in kinase buffer ( 20 mM Tirs-HCl,

pH 8.0, 5 mM MgCl2, 1 mM DTT, 10 mL [31P] ATP) adding 0.1 mL [g-32 P] ATP (1 mCi) were incubated at 30�C for 30 min. The 6 3

SDS loading buffer was incubated with samples at 100�C for 5 min. The samples were separated by 10 % SDS-PAGE and stained

by Coomassie Brilliant Blue R 250, and then the gels were exposed to a phosphor screen (Amersham Biosciences). The phosphor-

ylation signals were detected by a Typhoon 9410 phosphor imager (Amersham Biosciences).

Immunoprecipitation assays
The immunoprecipitation assays were performed as described by Nie et al.51 Seedlings at 6-7 dpg were treated with or without

100 mM NaCl liquid medium for indicated time. Seedlings were harvested and ground into fine powder in liquid nitrogen. Total pro-

teins were extracted in IP buffer containing 50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 10 mM MgCl2, 10% (V/V) glycerine, 0.5% non-

idet-P40, 5 mM DTT, 100 3 protease inhibitor cocktail and 100 3 phosphatase inhibitor cocktail. The protein abundance was de-

tected by immunoblots using Anti-GFP, and b-ACTIN as a control.

Cell-free
The cell-free assay was performed as described by Kong et al.52 and Wang et al.53 The 7-d-old of WT (gl1) or sos2-2 Arabidopsis

seedlings were treated with or without 100 mM NaCl liquid medium for 24 h. Total proteins were subsequently extracted in degra-

dation buffer containing 50 mM Tris-MES (pH=8.0), 0.5 M sucrose, 1 mM MgCl2, 10 mM EDTA (pH=8.0), 4 mM, 5 mM DTT and

100 mM ATP. Cell debris were removed by 10 min centrifugation at 13000 g in 4�C twice. The 100 ng recombinant MBP-PLT1

(WT/S4A/S4D) or MBP-PLT2 (WT/S3A/S3D) proteins were incubated in 100 mL extracts (containing 500 mg total proteins) for the

individual assays. The MG132, MG115 and 3MA were selectively added to extracts. The extracts were incubated at 22�C, samples
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were detected by immunoblots using anti-MBP. The b-ACTINwas acted as loading control. The results were quantified using ImageJ

software.

Liquid Chromatography-Tandem Mass Spectrometry
To identify phosphorylation sites of PLT1 by SOS2 through liquid chromatography-tandemmass spectrometry (LC-MS/MS), 30 mg of

His-SOS2 and 50 mg of MBP-PLT1 recombinant proteins were incubated in kinase buffer at 30�C for at least 30 min as described

before by Ma et al.50 The total sample was reduced by DTT, alkylated by IAM, digested by chymotrypsin overnight at 25�C, and sub-

jected to LC-MS/MS.

RNA-seq libraries Construction and High-Throughput Sequencing
Total RNA was extracted by using the TRIzol� Reagent (Invitrogen) following the manual. Construction of RNA-seq libraries were

performed using VAHTS RNA-seq Library Prep Kit (Vayme, NR605). Sequencing was performed on Illumina Novaseq platform.

The tair10 Reference genome was downloaded from https://plants.ensembl.org/Arabidopsis_thaliana/Info/Index. The expression

level of each transcript was estimated by using Kallisto_0.46.2. (but see Bray et al.54) Sleuth_0.30.0 was used for differential expres-

sion analysis (but see Pimentel et al.55). Differentially expressed genes were collected by using the following filters: fold-changed (FC)

S 1.5 and p-value < 0.05. The heat map was drawn by R software (https://www.r-project.org).

Total RNA Extraction for Quantitative RT-PCR
To analyse PLT1, PLT2, CYCB1;1, CCS52A and CYCD3;3 at the transcriptional level, WT, sos2-2, and seedlings carrying the PLT1/2

phospho-mimetic and phospho-inactive variants at 5 dpg were treated with 50 mM NaCl treatment for indicated time and cut 1 cm

from root tip. Total RNA was extracted with TRIGene reagent and reverse transcribed with PrimeScript�RT reagent kit with gDNA

eraser. TB Green�Premix Ex Taq� kit was used for the quantitative real-time PCR (qRT-PCR). qRT-PCR experiments were per-

formed according to the instructions, and the relative gene expression abundance was calculated using DDCt method. ACTIN

was used as an internal control.

QUANTIFICATION AND STATISTICAL ANALYSIS

For primary root, root meristem length and immunoblot were measured by ImageJ. The fluorescence intensity was measured on

confocal images (LAX) software. Images were processed with Canvas. Statistical analysis of two groups was evaluated by Student’s

t test analysis. For multiple comparisons, one-way ANOVA or two-way ANOVA with post-hoc tests (Tukey’s multiple comparisons

test) were used. Data presented aremean values of at least three biological repeats with SD. Samples with different lowercase letters

are statically different at p < 0.001, < 0.01 or p < 0.05.
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