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ABSTRACT

Precise spatiotemporal control of the timing and extent of asymmetric cell divisions (ACDs) is essential for
plant development. In the Arabidopsis root, ground tissue maturation involves an additional ACD of the endo-
dermis that maintains the inner cell layer as the endodermis and generates the middle cortex to the outside.
Through regulation of the cell cycle regulator CYCLINDG;1 (CYCDG;1), the transcription factors SCARECROW
(SCR) and SHORT-ROOT (SHR) play critical roles in this process. In the present study, we found that loss of
function of NAC1, a NAC transcription factor family gene, causes markedly increased periclinal cell divisions
in the root endodermis. Importantly, NAC1 directly represses the transcription of CYCDG;1 by recruiting the
co-repressor TOPLESS (TPL), creating a fine-tuned mechanism to maintain proper root ground tissue
patterning by limiting production of middle cortex cells. Biochemical and genetic analyses further showed
that NAC1 physically interacts with SCR and SHR to restrict excessive periclinal cell divisions in the endo-
dermis during root middle cortex formation. Although NAC1-TPL is recruited to the CYCD6;1 promoter
and represses its transcription in an SCR-dependent manner, NAC1 and SHR antagonize each other to regu-
late the expression of CYCDE;1. Collectively, our study provides mechanistic insights into how the NAC1-TPL
module integrates with the master transcriptional regulators SCR and SHR to control root ground tissue
patterning by fine-tuning spatiotemporal expression of CYCD6;1 in Arabidopsis.
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INTRODUCTION ground tissues, which are composed of the endodermis and cor-
] ) ] tex (Benfey and Scheres, 2000). The cortex/endodermal stem
In plants as in animals, growth and development rely onacontin-  ¢g|is undergo two stereotypical and successive ACDs to

uous supply of specialized cells derived from stem cells (Scheres, establish and maintain the ground tissues: the cortex/
2007; Dinneny and Benfey, 2008). Asymmetric cell divisions  endodermis initial (CEI) cell undergoes an anticlinal division that
(ACDs) must be precisely coordinated with cell differentiation to generates a new CEl cell and a CEl daughter (CEID) cell; the
generate daughters with distinct fates (Ten Hove and Heidstra,  GEID cell then undergoes a single periclinal division to give rise
2008; Abrash and Bergmann, 2009; Boyer and Simon, 2015). {0 an inner daughter cell that generates the endodermis and an
This coordination is essential for proper tissue patterning and outer daughter cell that generates the cortex (Dinneny and
function. Benfey, 2008; Scheres, 2007; van den Berg et al., 1995; van

den Berg et al.,, 1997). By 7-14 days post germination (dpg),
Plant stem cells and their niches are located within the shoot and

root meristems (Dinneny and Benfey, 2008; Aichinger et al.,

2012). The root meristem contains four types of tissue-specific Published by the Molecular Plant Shanghai Editorial Office in association with
stem cells, and the cortex/endodermal stem cells generate the  Cell Press, an imprint of Elsevier Inc., on behalf of CSPB and CEMPS, CAS.
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the third layer of ground tissues, termed the middle cortex, is
formed in the endodermis via periclinal ACD. Therefore, the
production of middle cortex cells is considered to be an
indicator of root ground tissue maturation (Baum et al., 2002;
Paquette and Benfey, 2005; Cui and Benfey, 2009a, 2009b;
Heo et al., 2011; Koizumi et al., 2012a, 2012b; Pauluzzi
et al., 2012).

Proper patterning of the root ground tissues requires the
SCARECROW (SCR)/SHORT- ROOT (SHR) transcription factor
complex. SHR is transcriptionally expressed in the stele, and its
encoded protein moves to the outer adjacent cell layer, where
SCR sequesters SHR to the nucleus by forming an SHR/SCR
complex (Gallagher et al., 2004; Cui et al., 2007). This complex
orchestrates a transcriptional program by promoting
transcription of a key component of the cell cycle machinery,
CYCLINDG6;1 (CYCDE6;1), specifically in CEl and CEID cells
(Sozzani et al., 2010; Koizumi et al., 2012b; Cruz-Ramirez et al.,
2012). A local increase in auxin levels in the endodermis is
critical for generating new ACDs through induction of CYCD6;1
expression, which requires SHR and SCR activity (Cruz-
Ramirez et al., 2012). During root middle cortex formation, SCR
plays a negative role by suppressing CYCD6;1 expression
(Paquette and Benfey, 2005; Koizumi et al., 2012b). However,
periclinal cell division fails to take place in the shr mutant,
which might be a result of the absence of the endodermis when
SHR is mutated (Paquette and Benfey, 2005). All of these
results suggest a complex interaction between SCR and SHR
during root ground tissue formation (Paquette and Benfey,
2005; Cui and Benfey, 2009a, 2009b; Heo et al., 2011; Koizumi
et al., 2012b).

Root middle cortex formation is significantly reduced in the
cycd6;1 mutant, and it is lost entirely in the shr-2 mutant
(Paquette and Benfey, 2005; Sozzani et al., 2010). In scr-5 mu-
tants, the root middle cortex forms earlier than in the wild type
(WT) (Paquette and Benfey, 2005). Notably, the amount of SHR
in the endodermis controls when and where the middle cortex
forms; when SHR is maintained at high levels in the
endodermis, periclinal cell divisions are inhibited, whereas a
decrease in SHR promotes expression of CYCD6;1 and,
therefore, middle cortex formation in the root (Koizumi et al.,
2012b). Another GAI, RGA and SCR (GRAS) transcription
factor, SCR-LIKE 3 (SCL3), acts downstream of DELLA
transcription factors; it is downregulated by gibberellic acid
(GA) and upregulated by the SHR/SCR complex (Heo et al.,
2011; Zhang et al., 2011). In addition, similar to the scr-5 mutant,
the sc/3 mutant shows premature root middle cortex formation,
whereas overexpression of SCL3 suppresses periclinal ACDs in
the endodermis. SEUSS, a transcription factor that acts up-
stream of SHR, SCR, and SCLS3, integrates the SHR/SCR
pathway and GA signaling to regulate middle cortex formation
in the Arabidopsis root (Gong et al., 2016). A time-dependent
threshold of the transcription factor PHABULOSA governs the
timing of root middle cortex formation by controlling GA homeo-
stasis and CYCD6;1 expression in the endodermis (Bertolotti
et al., 2021).

Regulation of transcription is central to many biological pro-
cesses. It involves transcription factors that bind to regulatory se-
quences and either activate or repress gene expression. For
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repression, eukaryotes have developed various strategies
involving proteins known as co-repressors (Payankaulam et al.,
2010). Many studies show that the repressive function of these
factors in plants involves direct interaction with the co-
repressor TOPLESS (TPL) (Causier et al., 2012). TPL and four
other TPL-RELATED (TPR) homologs belong to the family of
Groucho/Tup 1 transcriptional co-repressors (Long et al,
2006) that bind to a wide range of transcription factors via their
ethylene response factor-associated amphiphilic repression
(EAR) motifs to repress downstream targets (Kagale and
Rozwadowski, 2011; Causier et al., 2012).

Petunia no apical meristem and Arabidopsis transcription activa-
tion factor 1 (ATAF1), ATAF2, and CUP-SHAPED COTYLEDONS
2 (NAC) domain proteins comprise a large, plant-specific family of
transcription factors involved in many aspects of plant develop-
ment (Kikuchi et al., 2000; Riechmann et al., 2000; Hegedus
et al., 2003; Ooka et al., 2003). The NAC domain was originally
characterized in petunia no apical meristem and in ATAF1,
ATAF2, and CUP-SHAPED COTYLEDONS (Aida et al., 1997).
The NAC family gene NAC1 promotes lateral root development
by transducing auxin signals downstream of the F-box protein
TIR1 (Xie et al., 2000). More recently, NAC1 has been reported
to regulate primary root growth by directly repressing
transcription of E2 promoter-binding factor a (Xie and Ding,
2022). NAC family proteins have also been shown to regulate
cell division in shoot stem cells (Abrash and Bergmann, 2009).

Here we report that NAC1 coordinates with SCR and SHR to con-
trol the precise periclinal ACDs of the endodermis during root
middle cortex formation. We demonstrate that NAC1, acting as
a negative regulator, interacts with the co-repressor TPL to
directly repress transcription of CYCD6; 1 in this process. In addi-
tion, we show that NAC1 genetically and physically interacts with
the master regulators SCR and SHR to restrict excessive pericli-
nal cell divisions in the endodermis to form middle cortex cells by
finely tuning the spatiotemporal expression of CYCD6;1.

RESULTS

Knockdown of NAC1 causes excessive periclinal cell
divisions of the endodermis

We performed B-glucuronidase (GUS) staining analysis with a
translational fusion to the GUS reporter line (NAC71pro:gNACT-
GUS) and observed high expression of NAC1 in ground tissue
(Supplemental Figure 1), prompting us to investigate its role in
root ground tissue patterning. For this purpose, we obtained
two Arabidopsis transfer DNA (T-DNA) insertion NAC71 mutant
lines (Salk_098992, nac1-1 and Salk_052190, nac1-2), which
showed reduced abundance of NAC7 transcripts
(Supplemental Figure 2A and 2B). We also generated NAC17
overexpression transgenic lines by overexpressing a mutant
version of mMNAC1 (35S::MYC-mNAC1, mNAC1ox) with a
disrupted miR164 binding site (Supplemental Figure 2C and 2D).

InWT roots, the CEl cell divides anticlinally and generates the CEID
cell, which undergoes periclinal ACD and generates endodermis
and cortex cell layers (Supplemental Figure 3A and 3B). Although
the transcriptional reporter CYCDG6;1pro:GFP, which is
specifically expressed in the CEl cells and CEID cells of WT
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roots at 5 dpg, was ectopically and highly expressed in the root
ground tissue in nac1-1 (Supplemental Figure 4A-4C), the ACDs
of CEID cells appeared normal in the cortex/endodermal stem
cell region of nac7-1 and nac1-2 mutants (Supplemental
Figure 3A and 3B). We then examined whether NAC1 regulates
root ground tissue maturation (middle cortex formation).
Compared with the WT at 7 dpg, the nac1-1, nac1-2, and nac1-
1/nac1-2 F1 generation mutants exhibited a higher frequency of
root middle cortex formation, and excessive periclinal cell
divisions were observed in the endodermis of each mutant plant
that exhibited a root middle cortex (Figure 1A-1D). However, the
proportion of plants with a root middle cortex was greatly
reduced in mNACTox lines (Supplemental Figure 5A-5C).
Likewise, the increased frequency of root middle cortex
formation and the excessive periclinal cell division phenotypes
were completely or mostly restored to WT levels in nac1-1/
NAC1pro:NAC1 (Supplemental Figure 5D-5F), further confirming
that these phenotypes were caused by the NAC7 mutation. A
time-course analysis showed that the root middle cortex formed
earlier in the nac7-1 mutants than in the WT (Figure 1E). These
data suggest that NAC1 plays an important role in endodermal
cell divisions during root middle cortex formation.

The NAC1-CYCD6;1 regulatory module controls root
endodermal cell division to restrict excessive
production of middle cortex cells

Given the important role of CYCDG;1 in endodermal cell divisions
that form the root middle cortex (Koizumi et al., 2012a, 2012b), we
examined the effect of NAC1 on expression of the transcriptional
reporter CYCD6;1pro:GFP (Sozzani et al., 2010). An increased
proportion of roots with expanded CYCD6;1pro:GFP
expression and enhanced GFP fluorescence in the endodermis,
where CYCD®6;1 promotes periclinal cell divisions to generate
the root middle cortex, were detected in nac7-1. However, the
mNACT1ox-4 line showed a reduced proportion of plants with
GFP expression and lower GFP fluorescence intensity
(Figure 1F=1H).

To determine the genetic interactions between NAC1 and
CYCDG6;1, we crossed nac1-1 with cycd6;1. In the cycd6; 1 mutant
seedlings, the endodermis showed significantly fewer periclinal
cell divisions at 7 dpg (Sozzani et al., 2010; Bertolotti et al.,
2021). The excess periclinal cell divisions in the endodermis in
the nac7-1 mutant were largely rescued in the nac1-1/cycd6;1
double mutant (Figure 1I-1K). Taken together, these results
show that NAC1 plays an important role in root endodermal cell
divisions to form the middle cortex in root tissue patterning by
constraining spatiotemporal expression of CYCD6;1.

NACH1 directly inhibits the transcription of CYCDG6;1 by
recruiting TPL

To confirm that NAC1 regulates the transcription level of
CYCDe6;1, we first examined the effect of NAC1 on CYCDE6;1
expression by gRT-PCR. Transcript levels of CYCD6;1 were
higher in nac1-1 and lower in mMNAC7ox compared with the WT
(Figure 2A), consistent with the stronger GFP signals in
CYCD6;1pro:GFP/nac1-1 roots (Figure 1F-1H).

To examine whether NAC1 directly inhibits the transcription levels
of CYCD6; 1, we used a transient transcription luciferase (LUC) re-
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porter assay in Arabidopsis protoplasts and found that LUC activ-
ity was decreased in protoplasts overexpressing NAC7 with
CYCDE6;1pro:LUC as a reporter (Figure 2B). To determine
whether NAC1 directly binds to the CYCD6;1 promoter, we
performed chromatin immunoprecipitation (ChIP)-gPCR with
the mNAC10x-4 line and found that NAC1 interacted with the pro-
moter of CYCD6;1 (Figure 2C). Using an electrophoretic mobility
shift assay (EMSA), we confirmed that NAC1 binds to two NAC
recognition motifs (Olsen et al., 2005) within the promoter of
CYCD6;1 (P1 and P2) (Figure 2D). The interaction of NAC1 with
the CYCDG6;1 promoter was also confirmed in yeast one-hybrid
assays using the approximately —1537 to —555 bp fragment of
the CYCD6;1 promoter as bait (Figure 2E). Together, these
results suggest that NAC1 directly inhibits expression of
CYCDe6;1.

NACT1 has been reported to activate target genes and contains a
C-terminal activator domain (Xie et al., 2000). We noticed that the
N-terminal region of NAC1 contains the sequence
LVLIQVDLNKCEP, which contains two putative EAR motifs (LxL
and DLNxxxP) (Ohta et al., 2001; Causier et al., 2012; Figure 3A).
EAR motifs often interact with TPL family proteins or other co-
repressors to inhibit expression of target genes (Causier et al.,
2012). To determine whether NAC1 represses transcription of
CYCDE6;1 by interacting with TPL, we performed a yeast two-
hybrid assay and found that NAC1, but not NACTmEAR with a
mutated EAR motif (LVLIQVDLNKCEP to AVAIQVAHNKCEP), in-
teracted with TPL (Figure 3B). Thus, NAC1 and TPL can interact,
and this interaction depends on the EAR motif in NAC1. To
further confirm the interaction between NAC1 and TPL in planta,
we performed split-luciferase complementation assays and bimo-
lecular fluorescence complementation (BiFC) assays. We detected
luciferase signals when NAC1-cLUC and TPL-nLUC were co-
expressed and observed YFP fluorescence upon co-expression
of nYFP-NAC1 with cYFP-TPL, but not upon co-expression of the
negative controls, indicating that TPL can interact with NAC1 in
Nicotiana benthamiana (Figure 3C and 3D). In addition, TPL-YFP
co-immunoprecipitated with NAC1-MYC from Arabidopsis meso-
phyll protoplasts (Figure 3E). Therefore, we infer that NAC1 can
interact with TPL in vitro and in vivo.

Next, we examined whether the interaction with TPL is involved in
NAC1 repression of CYCDE6;1. Indeed, CYCD6;1 was upregu-
lated in the tpl-9 and tp/l-10 mutants (Figure 3F and
Supplemental Figure 6A; Li et al., 2019). We also observed
reduced activity of the CYCD6;1pro:LUC reporter in
Arabidopsis protoplasts that overexpressed TPL (Figure 3G). To
better understand whether function of the NAC1-TPL complex
underlies CYCDG6;1 induction, we expressed NAC1 and
NACTmEAR in WT and tp/-9 mutant mesophyll protoplasts. We
noted that NAC1, but not NAC1mEAR, could drastically repress
CYCD6;1 promoter activity in the WT background (Figure 3H).
Furthermore, the NAC1 repression of CYCD6;1 was completely
disrupted in the tp/-9 mutant background (Figure 3H). All of
these results suggest that NAC1 directly inhibits CYCDS6;1
transcription by recruiting TPL.

TPL inhibits root endodermal cell division

Given the established role of CYCDG6;1 in ACDs of CEID cells
and the direct repression of CYCD6;1 expression by NAC1
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Figure 1. Knockdown of NAC1 impairs middle cortex formation through upregulation of CYCDG6;1.

(A) Organization of the Arabidopsis root meristem. Color-coded diagrams of a longitudinal section through the root meristem are shown. Away from the
quiescent center (QC) toward the shoot is basal, whereas toward the root tip (apex) is apical. The cortex and endodermis are clonally related tissues
derived from cortical endodermal initial (CEl) cells, which produce CEI daughter (CEID) cells. Asymmetric divisions of CEID cells produce the separate
cortex and endodermis in a WT root. After about 7-14 days, asymmetric division of the endodermis produces the middle cortex. Thus, the mature primary
root has three layers in the ground tissue. Ste, stele; En, endodermis; Co, cortex; Epi, epidermis; Col, columella; LRC, lateral root cap; MC, middle Co; Cl,
columella initial; Sl, stele initial; ELRCI, Epi/LRC initial.

(B) Confocal images of ACDs in roots of 7-dpg WT, nac7-1, and nac1-2 seedlings. The insets in (B) illustrate periclinal ACDs that generate the middle
cortex layers. The periclinal ACDs are indicated with white arrowheads. Scale bars, 50 um.

(C) Proportion of plants with middle cortex in the WT, nac7-1, and nac1-2.

(D) The number of periclinal cell divisions in the En of each plant exhibiting root middle cortex as shown in (B).

(E) Time-course analysis of middle cortex formation in the WT and nac7-7 mutants at the indicated time points (4, 6, 8, and 10 dpg).

(F) CYCDE6;1pro:GFP fusion expression pattern in the WT, nac7-1, and mNAC17ox-4. The seedlings were photographed at 7 dpg. Scale bar, 50 pm.
(G) Proportion of roots with GFP expression as shown in (F).

(H) Quantification of GFP fluorescence as shown in (F). The GFP signal intensity of each genotype was normalized relative to that of the WT.

(I) Confocal images of ACDs in roots of 7-dpg WT, nac1-1, cycd6; 1, and nac1-1/cycd6; 1 seedlings. The insets illustrate periclinal ACDs that generate the
middle cortex layers. The periclinal ACDs are indicated with white arrowheads. Scale bars, 50 um.

(J) Proportion of plants with middle cortex in the WT, nac1-1, cycd6;1, and nac1-1/cycd6;1.

(K) The number of periclinal cell divisions in the En of each plant exhibiting root middle cortex as shown in (H).

In (D), (H), and (K), individual values (black dots) are shown. In (C), (E), (G), and (J), data represent mean + SE of three biological replicates. In (C) and (J),
n > 30 for each biological replicate; in (G), n = 35 for each biological replicate; in (D), (H), and (K), n = 25. Different lowercase letters above bars indicate a
significant difference (one-way ANOVA, Tukey’s multiple comparison test, P < 0.05). In (E), n > 35 for each biological replicate; data represent mean + SE
of three biological replicates (*“P < 0.01, *P < 0.05, Student’s t-test).

4 Molecular Plant 16, 1-17, April 3 2023 © 2023 The Author.



Please cite this article in press as: Xie et al., NAC1 regulates root ground tissue maturation by coordinating with the SCR/SHR-CYCD6;1 module in Ara-
bidopsis, Molecular Plant (2023), https://doi.org/10.1016/j.molp.2023.02.006

NACH1 restricts excessive periclinal cell divisions in root endodermis Molecular Plant

A Cc P1 P2 CYCD6;1 S

1.8+ CYCD6;1 0.04 4 CYCD6;1pro:LUC 1S

LI Il III.II.. II Il JLIL .II.I.
1.5 s TT T T TTTITTT T T
: 12 3 4 5678910 1M1 12 200 b

5 0.03- g 0 bp
7 ’ 20- CGT[GA] oYCD61

§1'2- b z I WT £

g .

s0 9= s 0.02 = mNAC171ox-4

o c [She 154

> ] « 1.
0.6+ 2 t
@ 0.01- 5 )

0.3+ * % 1.0

E %k
0.0 T T - 000 I | I I i ek
Wb a1 pror vector NAC1 0.54 -
na mNA r *kk
D P1 P2 |_|
0.0 )
GST # = = = = & = & = 1 2 3 4 5 6 7 8 9 10 11 12 ACT2

GST-NAC11-19%a _ + o+ o+ o+ - ¥ % #

Bio-Labeled probe + + o+ o+ + + o+ o+ o+
Com-Labeled probe - - 20X50X80X - - 20X50X% E -LU -LU + AbA

- - 1X 10X 102X 1X 10X 102X
Bound probe —p . . .. L
: 4 ¥ NAC1-AD +
'y ‘ CYCD6;1pro
Free probe—p " . ‘ d AD +
CYCDG6;1pro

Figure 2. NAC1 directly binds to the CYCDG6;1 promoter.

(A) gRT-PCR analysis showing the relative expression levels of CYCD6;1 in the WT, nac7-1, and mNAC1ox-4. Total RNA was extracted from primary
roots of 7-dpg seedlings. The expression level in the WT was set to “1.” Three biological replicates with three technical replicates for each biological
replicate were performed with similar results. Data represent mean + SE of three biological replicates. Different letters above bars indicate a significant
difference (one-way ANOVA, Tukey’s multiple comparison test, P < 0.05).

(B) NAC1 trans-represses the CYCDG6;1 promoter in Arabidopsis leaf protoplasts. The empty vector pBl221 was used as a negative control. Three
biological replicates with three technical replicates for each biological replicate were performed with similar results. Data represent mean + SE of three
biological replicates. An asterisk indicates a significant difference (*P < 0.05) from the negative control.

(C) Schematic of CYCD6;1 and the PCR amplicons (1-12) used for ChIP-gPCR. TSS, transcription start site. ChIP-gPCR results show the enrichment of
NAC1 on the chromatin of CYCD6;1. Sonicated chromatin from 7-dpg seedlings (35S::MYC-mNACT) was precipitated with anti-MYC antibodies. The
precipitated DNA was used as a template for gPCR analysis with primers targeting different regions of CYCD6;1 as shown in (C). Three biological
replicates with three technical replicates for each biological replicate were performed with similar results. Data represent mean + SE of three biological
replicates. ***P < 0.001, **P < 0.01, *P < 0.05, Student’s t-test.

(D) EMSA showing that NAC1 (1-199 amino acids) binds the putative motif in the CYCD6; 1 promoter. The biotin-labeled probes (P1 and P2) are indicated
in (C). Unlabeled probes were used in the competition assay.

(E) Yeast one-hybrid binding assay involving NAC1 and the CYCD6; 1 promoter. The yeast transformants were dropped onto SD—Leu—Ura (—Leu, —Ura)
medium. The yeast transformants were dropped onto SD—Leu—Ura (—Leu, —Ura) medium with 160 ng/ml Aureobasidin A (AbA). The CYCD6;1 promoter
spans from —1573 to —555 bp.

expression and enhanced GFP fluorescence in the
endodermis (Figure 4E-4G). Collectively, our data show that
NAC1 recruits TPL to inhibit CYCD6;1 expression and
excessive periclinal cell divisions of the endodermis during
root ground tissue maturation.

through TPL recruitment, we next examined the role of TPL in
the ACDs of CEID cells. We examined three tp/ mutants (tp/-1,
tpl-9, and tpl-10) (Supplemental Figure 6A) and found that
these three mutant alleles did not significantly alter the ACDs
of CEID cells (Supplemental Figure 6B and 6C). The role of
TPL in producing root middle cortex cells was also examined.
Compared with the WT, more tpl-1, tpl-9, and tp/l-10 mutants
exhibited a root middle cortex, and each mutant plant that
exhibited a root middle cortex also showed excessive
periclinal cell divisions in the endodermis (Figure 4A-4C).

NACH1 interacts directly with SCR and SHR

The two GRAS transcription factors SCR and SHR have been
reported to play key roles in middle cortex formation

Similar to the nac7-1 mutant, tp/-7 plants also showed altered
timing of root middle cortex formation compared with the WT
(Figure 4D). Compared with WT roots at 7 dpg, an increased
proportion of tpl-9 roots showed expanded CYCD6;1pro:GFP

during root ground tissue maturation (Paquette and Benfey,
2005). We next investigated whether NAC1 physically interacts
with SCR or SHR. Yeast two-hybrid assays showed that
NAC1 interacts with SCR and SHR in vitro (Figure 5A), and
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Figure 3. NAC1 recruits TPL to directly repress CYCDG6;1.

(A) NACTmEAR is mutated NAC1 in which the core LVLIQVDLNKCEP residues of the EAR motif were changed to AVAIQVAHNKCEP. The mutated amino
acids of the EAR motif are indicated in red.

(B) Interaction of NAC1 or NACTmEAR with TPL in a yeast two-hybrid assay. Yeast cells were grown on SD/—Trp/—Leu (SD/—-2) and SD/—Trp/—Leu/—His
(SD/—3) media. Yeast cells co-transformed with pGBKT7-NAC1 or pGBKT7-NACTmEAR derivatives (bait) and pGADT7-TPL (prey) were dropped onto
SD/—-2 and SD/—3 media to assess interactions with TPL.

(C) A split-luciferase complementation assay shows the interaction of NAC1-cLUC and TPL-nLUC in N. benthamiana leaves; nLUC with NAC1-cLUC,
cLUC with TPL-nLUC, and cLUC with nLUC were used as negative controls.

(D) BiFC assay showing that NAC1 interacts with TPL under white-light conditions. N. benthamiana was co-transformed with nYFP-NAC1 and cYFP-TPL,
nYFP and cYFP-TPL, and nYFP-NAC1 and cYFP. Merge, overlay of the YFP and bright-field images. Scale bar, 50 um.

(E) NAC1-MYC was co-expressed with TPL-YFP in Arabidopsis mesophyll protoplasts. Protein extracts (input) were immunoprecipitated with anti-MYC
antibody. Immunoblots were developed with anti-GFP antibody to detect TPL-YFP and with anti-MYC to detect NAC1-MYC.

(F) gRT-PCR analysis showing the relative expression levels of CYCDE6; 1 in the WT, tp/-9, and tp/-10. Total RNA was extracted from primary roots of 7-dpg
seedlings. The expression level in the WT was set to “1.” Three biological replicates with three technical replicates for each biological replicate were
performed with similar results. Data represent mean + SE of three biological replicates. Different letters above bars indicate a significant difference
(one-way ANOVA, Tukey’s multiple comparison test, P < 0.05).

(G) TPL trans-represses the CYCD6; 1 promoter in Arabidopsis leaf protoplasts. The empty vector pBI221 was used as a negative control. Three biological
replicates with three technical replicates for each biological replicate were performed with similar results. Data represent mean + SE of three biological
replicates (Student’s t-test, *P < 0.05).

(H) Relative activity of the CYCD6; 1pro:LUC reporter in Arabidopsis WT- and tp/-9-background protoplasts co-transformed with the indicated effector
constructs. Three biological replicates with three technical replicates for each biological replicate were performed with similar results. Data represent
mean + SE of three biological replicates. Different letters above bars indicate a significant difference. In the WT- or tp/-9 background, different lower-
case letters indicate significant differences by one-way ANOVA followed by Tukey’s multiple comparison test (P < 0.05).

co-immunoprecipitation assays in protoplast cells showed that
NAC1 and SCR or SHR form a complex in vivo (Figure 5B). The
interaction of NAC1 with SCR and SHR was also confirmed in
N. benthamiana leaves by split-luciferase complementation
assays and BiFC assays (Figure 5C and 5D). Interestingly,
domain mapping analysis indicated that the central domain
(CD) (Cui et al., 2007) of SCR was involved in the interaction
between NAC1 and SCR (Figure 5E and 5F).

NAC1 acts in the SCR/SHR pathway to regulate root
endodermal cell divisions

Previous studies have shown that the root middle cortex fails to
form in the shr-2 mutant, whereas periclinal cell divisions in the
single layer of root ground tissue appear at early time points

6 Molecular Plant 16, 1-17, April 3 2023 © 2023 The Author.

and show a higher frequency in the scr-5 mutant compared
with the WT control. These results suggest that SHR is required
for formation of the root middle cortex, whereas SCR plays a
negative role in this process (Paquette and Benfey, 2005). To
gain insight into the genetic relationship of NAC1 with SCR and
SHR, we generated the nac7-1/scr-2 and nac1-1/shr-2 double
mutants and examined their root middle cortex formation
phenotypes. Similar to the shr-2 mutant, the nac7-1/shr-2 double
mutant failed to undergo root middle cortex formation (Figure 6A-
6C). By contrast, root middle cortex formation was markedly
increased in the nac7-1/scr-2 double mutant, similar to that
observed in scr-2 (Figure 6A-6C). Taken together, these results
indicate that SHR and SCR are genetically epistatic to NAC1
and required for repression of root middle cortex formation
by NACH1.
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Figure 4. TPL negatively regulates the endodermal cell division.

(A) Confocal images of ACDs in roots of 7-dpg WT, tpl-1, tp/-9, and tpl-10 seedlings. The insets illustrate periclinal ACDs that generate the En and middle
cortex layers. The periclinal ACDs are indicated with white arrowheads. Scale bars, 50 um.

(B) Proportion of plants with middle cortex in WT, tpl-1, tpl-9, and tpl/-10. The frequency of periclinal ACDs for middle cortex formation was analyzed at 7
dpg. n > 35 for each biological replicate; data represent mean + SE of three biological replicates. Different letters above bars indicate a significant
difference (one-way ANOVA, Tukey’s multiple comparison test, P < 0.05).

(C) The numbers of periclinal cell divisions in the En of each plant that exhibited root middle cortex as shown in (A); data represent mean + SD. Individual
values (black dots) are shown (n > 22). Different lowercase letters indicate significant differences by one-way ANOVA followed by Tukey’s multiple
comparison test (P < 0.05).

(D) Time-course analysis of middle cortex formation in WT and tp/-1 mutants at the indicated time points (4, 6, 8, and 10 dpg). n > 35 for each biological
replicate; data represent mean + SE of three biological replicates. **P < 0.01, *P < 0.05, Student’s t-test.

(E) Confocal images of CYCD6;1pro:GFP fusion expression in roots of 7-dpg WT and tp/-9. Scale bar, 50 um.

(F) Proportion of roots with GFP expression as shown in (E). n = 30 for each biological replicate; data represent mean +
replicates. **P < 0.01, Student’s t-test.

(G) Quantification of GFP fluorescence as shown in (E). GFP signal intensity of each genotype was normalized relative to that of the WT. Data represent
mean + SD. Individual values (black dots) are shown (n = 25). Different lowercase letters indicate significant differences by one-way ANOVA followed by
Tukey’s multiple comparison test (P < 0.05).

SE of three biological

We also examined the effects of NAC1, SHR, and SCR on local
transcription of CYCD6;1 (CYCD6;1pro:GFP) and found that
GFP expression was strongly upregulated in the endodermis
of nac1-1, scr-2, and nac1-1/scr-2 compared with that of the

T (Figure 6D-6F). By contrast, almost no expression of
CYCD6;1 was observed in shr-2 and nac1-1/shr-2 mutant
roots (Figure 6D-6F). These results were consistent with
the periclinal cell division phenotypes of the mutants
(Figure 6A-6C).

SCR is required for restriction ofroot endodermal cell
divisions by NAC1

To further dissect the effect of SCR on the restriction of root
middle cortex cell production by NAC1, we crossed

mNACT1ox-4 with 35S::SCR-YFP. Although 35S::SCR-YFP had
a middle cortex phenotype similar to that of the WT, it rescued
the short-root phenotype and the increased root middle cortex
phenotype of scr-2 (Supplemental Figure 7A-7E). 35S::SCR-
YFP/mMNAC1ox-4 showed no difference in the extent of
periclinal cell division but a reduced proportion of plants with
a root middle cortex compared with mNAC71ox-4 (Figure 7A-
7C). However, the proportion of plants with root middle cortex
formation and the extent of periclinal cell divisions in the
single layer of root ground tissue in scr-2/mNAC7ox-4 were
similar to those in scr-2 but much higher than those in
mNAC1T1ox-4 (Figure 7E-7G). These results clearly indicated
that SCR is required for restriction of excessive periclinal
divisions in the endodermis by NAC1 during root middle
cortex formation.
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Figure 5. NAC1 interacts with SCR and SHR in the nucleus.

(A) Interaction of NAC1 and SCR or SHR in a yeast two-hybrid assay. Yeast cells were grown on SD/—Trp/—Leu (—WL) and SD/—Trp/—Leu/—His/—Ade
(—WLAH) media. Yeast cells co-transformed with pGADT7-SCR or pGADT7-SHR derivatives (bait) and pGBKT7-NAC1 (prey) were dropped onto —WL
and —WLAH media with 5 mM 3-Amino-1,2,4-triazole, AbA, and 5-BroMo-4-chloro-3-indolyl-a-D-galactopyranoside to assess interactions with NAC1.
(B) ColP of NAC1 with SCR and SHR. NAC1-MYC was co-expressed with SCR-YFP or SHR-YFP in Arabidopsis mesophyll protoplasts. Protein extracts
(input) were immunoprecipitated with anti-MYC antibody. Immunoblots were developed with anti-GFP antibody to detect SCR-YFP or SHR-YFP and with
anti-MYC to detect NAC1-MYC.

(C) BiFC assay showing that NAC1 interacts with SCR and SHR under white-light conditions. N. benthamiana was co-transformed with nYFP-NAC1 and
cYFP, nYFP, and cYFP-SCR or cYFP-SHR. Merge, overlay of the YFP and bright-field images. Scale bar, 50 pm.

(D) A split-luciferase complementation assay shows the interaction of NAC1-cLUC with SCR-nLUC and SHR-nLUC and SCR-cLUC with SHR-nLUC in
N. benthamiana leaves; nLUC with NAC1-cLUC and cLUC with SCR-nLUC and SHR-nLUC were used as the negative controls.

(E) Schematic of the protein domains of SCR.

(F) Interaction of NAC1 and truncated SCR in a yeast two-hybrid assay. Yeast cells were grown on SD/—2 and SD/—Trp/—Leu/—His/—Ade media. Yeast
cells co-transformed with pGBKT7-NAC1 derivative (bait) and pGADT7-SCR or truncated SCR (prey) were dropped onto SD/—2 and SD/—Trp/—Leu/

—His/—Ade media to assess interactions with SCR.

Because CYCD®6;1 is important for periclinal division of the endo-
dermis, we investigated whether NAC1 regulates CYCD6;1
expression together with SCR. gRT-PCR revealed that CYCD6;1
expression was dramatically reduced in 35S::SCR-YFP/mNA-
C1ox-4 seedlings compared with 35S::SCR-YFP or mNAC1ox-4
seedlings (Figure 7D), whereas CYCDG6;1 expression was
markedly increased in scr-2/mNAC1ox-4 seedlings compared
with mNAC1ox-4 seedlings (Figure 7H). Thus, SCR is required
for repression of CYCD6;1 expression by NAC.

Next, we examined the effect of SCR and NAC1 on transient
expression of CYCD6;1pro:LUC in Arabidopsis leaf protoplasts.
When SCR or TPL was co-expressed with NAC7, LUC activity
was reduced compared with either gene alone (Figure 71). When
TPL was simultaneously co-expressed with SCR and NACT,
LUC activity was further inhibited (Figure 7I). These results
support the notion that NAC1 recruits the co-repressor TPL
together with SCR to control expression of the CYCD6;1 gene.
Next, we performed ChIP-gPCR assays to examine whether
SCR is required for binding of NAC1 to the CYCD6;1 promoter re-
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gions. We quantified binding of NAC1 to the CYCD6;1 promoter in
mNACT1ox-4, 355::SCR-YFP/mNAC10x-4, and scr-2/mNAC10x-4
seedlings. Bound CYCD6;1 promoter fragments were highly en-
riched in 35S::SCR-YFP/mNAC1ox-4 seedlings but not in scr-2/
mNAC1ox-4 seedlings compared with mNAC1ox-4 (Figure 7J),
indicating that SCR is required for association between the
CYCDe6;1 promoter and NAC1. Taken together, our data indicate
that NAC1 directly regulates CYCDS6;1 transcription and periclinal
cell division of the endodermis during root middle cortex
formation by interacting with SCR.

SHR and NAC1 antagonize each other to regulate
periclinal cell division of the endodermis during root
middle cortex formation

Because initiation of root middle cortex formation appears to
require SHR function, we evaluated the relationship between
NAC1 and SHR. We generated mNAC10x-4/35S::SHR-GFP dou-
ble overexpression lines for phenotype analysis and found that
overexpression of SHR (35S::SHR-GFP) induced formation of
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Figure 6. NAC1 functions together with the SCR/SHR pathway in middle cortex formation.

(A) Confocal images of ACDs in roots of 7-dpg WT, nac1-1, scr-2, nac1-1/scr-2, shr-2, and nac1-1/shr-2 seedlings. The insets illustrate periclinal ACDs
that generate the middle cortex layers. M, mutant cell layer. The periclinal ACDs are indicated with white arrowheads. Scale bars, 50 um.

(B) Proportion of plants with middle cortex in the WT, nac1-1, scr-2, nac1-1/scr-2, shr-2, and nac1-1/shr-2. n > 35 for each biological replicate; data
represent mean + SE of three biological replicates. Different letters above bars indicate a significant difference (one-way ANOVA, Tukey’s multiple
comparison test, P < 0.05).

(C) The numbers of periclinal cell divisions in the En of each plant that exhibited root middle cortex as shown in (A); data represent mean + SD. Individual
values (black dots) are shown (n = 20). Different lowercase letters indicate significant differences by one-way ANOVA followed by Tukey’s multiple
comparison test (P < 0.05).

(D) Confocal images of CYCDS6; 1pro:GFP fusion expression in roots of 7-dpg WT, nac1-1, scr-2, nac1-1/scr-2, shr-2, and nac1-1/shr-2. Scale bar, 50 pm.

(legend continued on next page)
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supernumerary endodermal cell layers (Helariutta et al., 2000; Yu
et al.,, 2017), which were partially suppressed in mNAC1ox-4/
358::SHR-GFP (Supplemental Figure 8A and 8B). In addition,
supernumerary endodermal cell layers were still observed in
nac1-1/35S::SHR-GFP (Supplemental Figure 9A and 9B).
Similar to the shr-2 mutant, shr-2/mNAC170x-4 plants also failed
to form a root middle cortex (Supplemental Figure 8D and 8E).

CYCDE6;1 is a direct transcriptional target of SHR and NAC1, and
we next investigated the relationship between NAC1 and SHR in
regulation of CYCD6;1 transcription. gqRT-PCR analysis revealed
that the repression and enhancement of CYCD6;1 expression by
overexpression of NAC1 and SHR, respectively, were largely
rescued in the mNAC10x-4/35S::SHR-YFP line (Supplemental
Figure 8C). The shr-2 mutant and the shr-2/mNAC1ox-4 line
showed a very similar expression level of CYCD6;1
(Supplemental Figure 8F). Furthermore, gRT-PCR assays
indicated that CYCD®6;1 transcript levels were higher in nac1-1/
35S::SHR-GFP than in 35S::SHR-GFP (Supplemental Figure 9C).
Together, these results indicate that NAC1 and SHR function
antagonistically in the regulation of CYCD6;1 expression.

We then analyzed whether SHR affected the transcription activity
of NAC1 onthe CYCD6;1 promoter using transient expression as-
says in WT and shr-2 protoplasts (Supplemental Figure 8G).
Expression of CYCD6;1pro:LUC was significantly lower in shr-2
mutant protoplasts when co-expressed with NAC1 than in the
WT background (Supplemental Figure 8G). Furthermore, ChIP-
gPCR assays showed that the higher enrichments of NAC1-
bound CYCD6;1 promoter regions in mNAC10x-4 were markedly
reduced in mNAC10x-4/35S::SHR-GFP (Supplemental Figure
8H). These results indicate that SHR inhibits recruitment of
NAC1 to the CYCD6;1 promoter. To examine whether NAC1
affects the binding of SHR to the CYCD6;1 promoter region, we
performed ChIP-gPCR assays using 35S::SHR-GFP and mNA-
C10x-4/35S::SHR-GFP transgenic plants. The results showed
that the higher enrichment of fragment B within the CYCDS6; 1 pro-
moter in the 35S::SHR-GFP line was completely abolished in the
mNAC10x-4/35S::SHR-GFP line (Supplemental Figure 9D).
Interestingly, enriched fragment B (approximately —1367 to
—1164 bp) bound by SHR in the CYCD6;1 promoter is adjacent
to enriched fragment 11 (approximately —1536 to —1349 bp)
bound by NAC1 (Figure 2C), suggesting that NAC1 and SHR
may compete for the same region on the CYCD6;1 promoter.
Taken together, these data indicate that NAC1 and SHR
antagonize each other to regulate spatiotemporal expression of
CYCD6;1 during root middle cortex formation.

DISCUSSION

In this study, we uncovered a crucial role for NAC1 in root ground
tissue patterning through direct transcriptional inhibition of
CYCD6:;1, a process that is mediated by interaction with the tran-
scriptional co-repressor TPL (Figure 7K). This study, together

NACH1 restricts excessive periclinal cell divisions in root endodermis

with previous reports, reveals that NAC family proteins play
extensive and critical roles in shoot and root stem cell
maintenance.

The expression of CYCD6;1 coincides with the onset of specific
ACDs of the CEl and CEID cells and with ACD of endodermal cells
to form the middle cortex, thereby patterning the root ground tis-
sue (Sozzani et al., 2010). Although the strict spatiotemporal
expression pattern of CYCD6;1pro:GFP was ectopically
expressed in the root endodermis in nac1-1 and tpl-9, the forma-
tive divisions of CEID cells were not affected in nac? and tp/
mutant roots. It appears that TPL and NAC1 may not be involved
in the formative divisions of the CEID cells or that TPL and
NAC1 may share redundant roles with other involved factors. A
previous study showed that the cell differentiation factor
RETINOBLASTOMA-RELATED could interact with the N-terminal
conserved LxCxE motif of SCR to inhibit CYCD6;1 expression in
the root (Cruz-Ramirez et al., 2012). Furthermore, our study
showed that NAC1 could bind to the CD of SCR. Thus, it will be
interesting in future studies to determine whether NAC1
interacts with RETINOBLASTOMA-RELATED to control the
ACDs of CEID cells in the root.

SCR has been reported to restrict the timing of initiation of pericli-
nal cell divisions in the endodermis and the first divisions of endo-
dermal cells to form the middle cortex located next to the phloem
poles (Paquette and Benfey, 2005; Koizumi et al., 2012a, 2012b).
Here, we found that nac? mutants show dramatically impaired
root middle cortex formation, revealing a previously unidentified
function of NAC1 in regulating the endodermal cell divisions
that form the middle cortex. Intriguingly, NAC1 negatively
regulates CYCDG6;1 expression in root ground tissue, and
eliminating CYCD6;1 function in the nac? mutant restored the
ground tissue patterning defects. These data indicate that
NACH1 is required for spatial restriction of periclinal cell divisions
in the endodermis.

From embryogenesis to the early stages of post-embryonic
development, scr mutants have a single ground tissue layer
with mixed traits of the endodermis and cortex, whereas shr mu-
tants have a single cell layer with only cortex attributes (Benfey
et al., 1993; Scheres et al., 1995; Di Laurenzio et al., 1996;
Cruz-Ramirez et al., 2012). Subsequently, sporadic middle
cortex layers are precociously produced in the scr root, but
these layers fail to form in the shr mutant (Paquette and Benfey,
2005; Cui and Benfey, 2009a, 2009b; Heo et al., 2011; Koizumi
et al., 2012a). In the present study, the nac1/scr double mutant
exhibited similar periclinal cell divisions of the single layer of
root ground tissue compared with the scr single mutant, and
both the nac1/shr double mutant and the shr single mutant
failed to form a root middle cortex. This result indicated that
NAC1 restricts excessive periclinal cell divisions of the
endodermis during root middle cortex formation, a process that
is dependent on an SCR- and SHR-mediated pathway

(E) Proportion of roots with GFP expression as shown in (D). n = 30 for each biological replicate; data represent mean + SE of three biological replicates.
Different letters above bars indicate a significant difference (one-way ANOVA, Tukey’s multiple comparison test, P < 0.05).

(F) Quantification of GFP fluorescence as shown in (D). GFP signal intensity of each genotype was normalized relative to that of the WT. Data represent
mean + SD. Individual values (black dots) are shown (n = 25). Different lowercase letters indicate significant differences by one-way ANOVA followed by

Tukey’s multiple comparison test (P < 0.05).
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Figure 7. SCR is involved in NAC1 repression of middle cortex formation.

= MC

(A) Confocal images of ACDs in roots of 7-dpg WT, mNAC 1ox-4, 35S::SCR-YFP and 35S::SCR-YFP/mNAC10x-4 seedlings. The insets illustrate periclinal
ACDs that generate the En and middle cortex layers. The periclinal ACDs are indicated with white arrowheads. Scale bars, 50 um.

(legend continued on next page)
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(Figure 7K). Although SCR has been reported to negatively
regulate root middle cortex formation, little is known about how
SCR represses CYCD6;1 expression. Our data imply a key role
for NAC1 in this mechanism. It is reasonable to speculate that
NAC1 recruits the co-repressor TPL to form a complex with
SCR and thus directly represses the expression of CYCDE6;1.
This interpretation would explain the similar root middle cortex
phenotypes of nac? and scr. Alternatively, NAC1-TPL and SCR
might function together to repress SHR activity and thus inhibit
CYCDE6;1 expression. Interestingly, MED31 has also been shown
to bind to the CD of SCR, similar to NAC1, but activate the SHR/
SCR transcriptional targets (Zhang et al., 2018). Therefore, we
predict that NAC1 abundance is high enough to compete with
MED31 for binding to SCR during root middle cortex formation.
The relationship between NAC1 and MED31 binding to SCR will
need to be elucidated in future studies. Taken together, the
present findings suggest that, on one hand, NAC1-TPL restricts
excessive periclinal division of the endodermis by repressing
CYCD6;1 expression during root middle cortex formation in an
SCR-dependent manner (Figure 7K). On the other hand, NAC1
and SHR antagonize each other to bind to the CYCD6;1
promoter, suggesting an antagonistic role of NAC1 and SHR in
root middle cortex formation (Figure 7K).

GA signaling has been reported to prevent initiation of middle
cortex formation, and GA acts synergistically or additively with
the SHR/SCR module in control of middle cortex formation

NACH1 restricts excessive periclinal cell divisions in root endodermis

(Paquette and Benfey, 2005; Cui and Benfey, 2009a; Heo
et al.,, 2011; Gong et al.,, 2016; Lee et al., 2016). SCL3, a
member of the GRAS family of transcription factors, plays a
key role in GA/DELLA and SHR/SCR pathways to modulate
the timing and extent of middle cortex formation (Heo et al.,
2011; Gong et al.,, 2016; Lee et al., 2016). It will be very
interesting in future studies to determine whether NAC1 is
involved in GA-mediated middle cortex formation through
crosslinking with SCL3.

NAC1 is necessary and sufficient for auxin signal transduction
downstream of TIR1 during lateral root development (Xie
et al., 2000). Auxin also promotes CYCD6;1 transcription
during two ACDs of the CEI cells and CEID cells to produce
the endodermis and cortex (Cruz-Ramirez et al., 2012). In
addition, jasmonic acid and auxin signaling synergize to
induce CYCDG6;1 during root regeneration (Zhou et al., 2019).
Wounding is an early trigger of plant regeneration, and
wounding-induced NAC1 acts independently of auxin during
de novo root organogenesis from leaf explants (Chen et al.,
2016). We propose that NAC1 provides a complex mixture of
signals that have multiple roles in controlling the direction of
functionally independent molecular pathways. Taken together,
our data suggest that NAC1 serves as a potential molecular
link between hormonal and developmental pathways that
regulate the maturation process in post-embryonic root
development.

(B) Proportion of plants with middle cortex in the WT, mNAC1ox-4, 35S::SCR-YFP, and 35S::SCR-YFP/mNAC1ox-4. The frequency of periclinal ACDs for
middle cortex formation was analyzed at 7 dpg. n > 35 for each biological replicate; data represent mean + SE of three biological replicates. Different
letters above bars indicate a significant difference (one-way ANOVA, Tukey’s multiple comparison test, P < 0.05).

(C) The numbers of periclinal cell divisions in the En of each plant that exhibited root middle cortex as shown in (A); data represent mean + SD. Individual
values (black dots) are shown (n = 25). Different lowercase letters indicate significant differences by one-way ANOVA followed by Tukey’s multiple
comparison test (P < 0.05).

(D) gRT-PCR analysis showing the relative expression levels of CYCD6;1 in the WT, mNAC10x-4, 35S::SCR-YFP, and 35S::SCR-YFP/mNAC10x-4. Total
RNA was extracted from primary roots of 7-dpg seedlings. The expression level in the WT was set to “1.” Three biological replicates with three technical
replicates for each biological replicate were performed with similar results. Data represent mean + SE of three biological replicates. Different letters above
bars indicate a significant difference (one-way ANOVA, Tukey’s multiple comparison test, P < 0.05).

(E) Confocal images of ACDs in roots of 7-dpg WT, scr-2, mNAC17ox-4, and scr-2/mNAC1ox-4 seedlings. The insets illustrate periclinal ACDs that
generate the En and middle cortex layers. The periclinal ACDs are indicated with white arrowheads. M, mutant cell layer. Scale bars, 50 um.

(F) Proportion of plants with middle cortex in the WT, scr-2, mNAC1ox-4, and scr-2/mNAC1ox-4. The frequency of periclinal ACDs for middle cortex
formation was analyzed at 7 dpg. n > 35 for each biological replicate; data represent mean + SE of three biological replicates. Different letters above bars
indicate a significant difference (one-way ANOVA, Tukey’s multiple comparison test, P < 0.05).

(G) The number of periclinal cell divisions in the En of each plant that exhibited a root middle cortex as shown in (E); data represent mean + SD. Individual
values (black dots) are shown (n = 25). Different lowercase letters indicate significant differences by one-way ANOVA followed by Tukey’s multiple
comparison test (P < 0.05).

(H) gRT-PCR analysis showing the relative expression levels of CYCDE6; 1 in the WT, scr-2, nNAC1ox-4, and scr-2/mNAC1ox-4. Total RNA was extracted
from primary roots of 7-dpg seedlings. The expression level in the WT was set to “1.” Three biological replicates with three technical replicates for each
biological replicate were performed with similar results. Data represent mean + SE of three biological replicates. Different letters above bars indicate a
significant difference (one-way ANOVA, Tukey’s multiple comparison test, P < 0.05).

(I) NAC1, SCR, and TPL trans-repress CYCDE6; 1 in Arabidopsis leaf protoplasts. The empty vector pBI221 was used as a negative control. Three biological
replicates with three technical replicates for each biological replicate were performed with similar results. Data represent mean + SE of three biological
replicates. Different letters above bars indicate a significant difference (one-way ANOVA, Tukey’s multiple comparison test, P < 0.05).

(J) Chromatin immunoprecipitation (ChIP)-gPCR results show the enrichment of NAC1 on the chromatin of CYCD6;1. Sonicated chromatin from 7-dpg
seedlings (WT, mNAC1ox-4, scr-2/mNAC10x-4, and 35S::SCR-YFP/mNAC10ox-4) was precipitated with anti-MYC antibodies. The precipitated DNA was
used as a template for gPCR analysis, with primers targeting different regions of CYCDE6;1, as shown in Figure 2C. Three biological replicates with three
technical replicates for each biological replicate were performed with similar results. Data represent mean + SE of three biological replicates. ***P < 0.001,
**P < 0.01, *P < 0.05, Student’s t test.

(K) A proposed model for the regulation of middle cortex formation by the NAC1-TPL module through coordination with SCR and SHR. NAC1 plays a
critical role in root ground tissue patterning, especially endodermal cell divisions, to form the middle cortex by directly repressing transcription of
CYCD6;1.In WT roots, NAC1-TPL is required for accurate spatiotemporal repression of CYCD6;1 expression. NAC1 and SCR directly interact and form
an interdependent module to repress expression of the CYCD6;1 gene in the En. NAC1 repels SHR from the promoter of CYCD6; 1. In the nac1 mutants,
SHR is able to upregulate expression of CYCD6;1, promoting middle cortex formation.
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The frequency of periclinal cell divisions in the endodermis was
significantly higher in tp/ mutants than in nac1 mutants, indicating
that additional proteins besides NAC1 are required to link with
TPL/TPR-mediated periclinal cell divisions in the endodermis.
For instance, TPL/TPR-interacting transcriptional repressors
play a key role in the signaling pathways of plant hormones
such as auxin (Tiwari et al., 2004), jasmonate (Pauwels et al.,
2010; Shyu et al., 2012), GA (Fukazawa et al., 2014), Abscisic
Acid (Pauwels et al., 2010), brassinosteroids (Oh et al., 2014),
salicylic acid (Arabidopsis Interactome Mapping Consortium,
2011), strigolactones (Jiang et al., 2013; Zhou et al., 2013), and
ethylene (Arabidopsis Interactome Mapping Consortium, 2011).
GA, Abscisic Acid, and ethylene signaling have been reported
to participate in root middle cortex formation (Paquette and
Benfey, 2005; Cui and Benfey, 2009a, 2009b; Lee et al., 2016).
Whether TPL/TPR co-repressors interact with and are recruited
by diverse hormone signaling pathways to regulate root middle
cortex formation will be an interesting topic for future studies.

NAC1 has been shown to activate the expression of auxin-
responsive genes via its C-terminal activation domain. Interest-
ingly, we found that the N-terminal EAR motif in NAC1 is required
for its interaction with the co-repressor TPL to negatively regulate
the expression of CYCD6;7. NAC1 can function as either an
activator or a repressor protein, depending on the nature of con-
textually recruited co-regulators in different developmental pro-
cesses. This study reveals an unanticipated mechanism by which
NAC1 recruits the co-repressor TPL to the CYCD6;1 promoter
and controls root ground tissue patterning through regulation of
periclinal cell divisions in the endodermis.

METHODS

Plant material and growth conditions

All of the Arabidopsis mutants and/or transgenic lines used here are in the
Col-0 background. The following have been described elsewhere:
cycd6;1 (Sozzani et al., 2010), tpl-1 (the tp/-1 mutation is a histidine sub-
stitution at asparagine 176 [N176H], and this allele acts as a dominant
negative mutation for multiple TPR proteins; Long et al., 2006; Wang
et al., 2013), tp/-9 and tpl-10 (two TPL T-DNA insertion mutants; Li et al.,
2019), scr-2 (Di Laurenzio et al., 1996), and shr-2 (Helariutta et al.,
2000). The T-DNA insertion lines nac7-1 and nac1-2 are from the Salk
line described in the Arabidopsis Biological Resource Center (Columbus,
OH, USA). The nac1-1/cycd6;1 double mutant was obtained by crossing
nac1-1 and cycd6;1. The nac1-1/scr-2 double mutant was obtained by
crossing nac1-1 and scr-2. The nac1-1/shr-2 double mutant was obtained
by crossing nac1-1 with shr-2. The homozygous T-DNA mutant was iden-
tified by PCR using the primers on the T-DNA primer design website
(http://signal.salk.edu/tdnaprimers.2.html). The primers are given in
Supplemental Table 1. The NAC1pro:gNAC1-GUS, CYCDE6;1pro:GFP,
and 35S::SHR-GFP transgenic plants have been described previously
(Sozzani et al., 2010; Chen et al., 2016; Yu et al., 2017).

Prior to germination, seeds were surface sterilized by fumigation in chlo-
rine gas and held for 2 days at 4°C on solidified half-strength Murashige
and Skoog medium at a constant temperature of 22°C with a 16 h light/
8 h dark photoperiod and a light intensity of 120 pmol photons m=2s~".
Roots of seedlings were examined at 5 or 7 dpg, depending on the exper-

imental requirements.

Plasmid construction and plant transformation

Homozygous individuals were identified by PCR-based screening. The
mNACTox-2 and mNACTox-4 constructs were created by introducing
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the mNACT coding sequence (CDS) (Mallory et al., 2004; Guo et al.,
2005) into the binary vector pGWB18 and used for plant
transformations. The NAC7pro:NAC1 construct was generated by
introducing the promoter region of NAC7 and its genomic DNA into the
binary vector pGWB1 and used for plant transformations.

Constructs were transformed into Agrobacterium tumefaciens strain
GV3101 to generate transgenic Arabidopsis plants using the floral-dip
transformation method. Transformants were selected based on their
resistance to hygromycin. Homozygous T3 or T4 lines were used to
perform various experiments.

Microscopy and histochemical GUS staining

Root tips and GFP were imaged with LSM 900 and LSM 880 laser-
scanning confocal microscopes (Carl Zeiss, Germany), respectively. The
process was performed according to a method described previously
(Ding and Friml, 2010).

To analyze middle cortex formation in the root endodermal layer, seedling
roots were stained with propidium iodide (Sigma-Aldrich, 10 pg/ml in
distilled water) and imaged with a confocal microscope. Quantitative anal-
ysis of the proportion of seedlings with periclinal cell divisions in the endo-
dermis was performed.

For histochemical GUS staining, seedlings were infiltrated with 100 mM
sodium phosphate buffer (pH 7.2), 0.1% Triton X-100, 2 mM potassium
ferricyanide and potassium ferrocyanide, 10 mM EDTA, and 2 mM 5-
bromo-4-chloro-3-indolyl-3-d-glucuronide and incubated at 37°C for 9
h. Samples were cleared in chloral hydrate and visualized with an Olympus
BX53 microscope.

EMSA

The 1-199 amino acid sequence of NAC1 was PCR amplified and cloned
into the pGEX-4T-1 vector. Then the Glutathione S-transferase-NAC1 pro-
tein (1-199 amino acids) was expressed in the Escherichia coli BL21 strain,
and cells were grown to an optical density at 600 nm of ~0.4-0.5. After in-
duction with 0.2 mM Isopropyl-B-D-Thiogalactoside at 16°C overnight, cells
were collected by centrifugation, washed once with PBS, and purified with
glutathione Sepharose 4B (17-0756-01, GE Healthcare) according to the
manufacturer’s instructions. EMSA was performed using the LightShift
Chemiluminescence EMSA Kit (20148, Thermo Fisher Scientific) according
to the manufacturer’s protocol.

ChIP-qPCR

DNA was harvested from 7-dpg seedlings of the WT and mNAC1ox-4; 7-
dpg seedlings of the WT, mNAC1ox-4, scr-2/mNAC10x-4, and 35S::SCR-
YFP/mNAC10x-4; 7-dpg seedlings of the WT, mNAC7ox-4, and mNA-
C1ox-4/35S::SHR-YFP; and 7-dpg seedlings of the WT, 35S::SHR-YFP,
and mNAC10x-4/35S::SHR-YFP. Tissue samples were crosslinked in
1x PBS containing 1% formaldehyde and placed under a vacuum for
15 min at room temperature. The ChIP procedure followed that described
by Gendrel et al. (2005). The crosslinking reaction was stopped by
addition of 125 mM glycine, and the tissue was placed under a vacuum
for an additional 15 min. The tissue was rinsed twice with 40 ml 1x
PBS, and as much 1x PBS as possible was removed by blotting. The
crosslinked tissue was ground in liquid nitrogen, and 30 ml extraction
buffer 1 (0.4 M sucrose, 10 mM Tris-HCI [pH 8.0], 10 mM MgCl,, 5 mM
B-mercaptoethanol, 0.1 mM PMSF, cocktail) was added. Nuclei were
precipitated by centrifugation at 4000 g for 20 min, washed with 1 ml nu-
clear extraction buffer 2 (0.25 M sucrose, 10 mM Tris—HCI [pH 8.0], 10 mM
MgCl,, 1% Triton X-100, 5 mM B-mercaptoethanol, 0.1 mM
PMSF, protease inhibitor cocktail). The resuspension was transferred
and centrifuged at 12 000 g for 10 min. The supernatant was removed
and resuspended in 300 pl extraction buffer 3 (1.7 M sucrose, 10 mM
Tris—HCI [pH 8.0], 2 mM MgCly,, 0.15% Triton X-100, 5 mM B-mercaptoe-
thanol, 0.1 mM PMSF, cocktail). Nuclei were removed to a fresh tube with
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300 ul extraction buffer 3, centrifuged at 13 000 g for 1 h, and lysed in nu-
cleus lysis buffer (50 mM Tris—=HCI [pH 8.0], 10 mM EDTA [pH 8.0], 1%
SDS, cocktail). Then the chromatin was sheared by sonication to an
average size of approximately 200-400 bp, and antibodies recognizing
the MYC tag (M047-11, MBL International, Japan) or GFP tag (D153-11,
MBL International, Japan) were used. The immunoprecipitated chromatin
complex was washed once with each of the following buffers in this order:
low-salt buffer (20 mM Tris—HCI [pH 8.0], 2 mM EDTA, 150 mM NaCl, 1%
Triton X-100, and 0.1% SDS), high-salt buffer (20 mM Tris—HCI [pH 8.0],
2mM EDTA, 500 mM NaCl, 0.5% Triton X-100, and 0.2% SDS), LiCl buffer
(10 mM Tris—HClI [pH 8.0], 1 mM EDTA, 0.25 M LiCl, 1% NP-40, and 0.5%
sodium deoxycholate), and TE buffer (10 mM Tris—-HCI [pH 8.0] and 1 mM
EDTA). After washing, the immunoprecipitated chromatin was eluted with
elution buffer (1% SDS and 0.1 M NaHCO3). The protein-DNA crosslinks
were reversed by incubating the immunoprecipitated complexes at 65°C
overnight. The DNA was extracted with phenol/chloroform (1:1 [v/v]) and
recovered by precipitation with ethanol in the presence of 0.3 M sodium
acetate (pH 5.2) and 2 ul glycogen carrier (10 mg/ml). The samples were
centrifuged at 13 000 g for 20 min at 4°C and resuspended in 40 ul
RNase-free water. ChlIP signals were quantified as the percentage of total
input DNA and normalized relative to the control (ACTIN2). The quantities
of precipitated DNA and input DNA were detected by gPCR. For the
CYCDE6;1 promoter, primers were designed to amplify a ~70-150-bp frag-
ment containing the NAC protein DNA-binding domain within the
sequence upstream of the transcription start site. The enrichment in WT
and transgenic plants was measured as a ratio of the bound promoter
fragments over total input. The relevant primers are given in
Supplemental Table 1.

Co-immunoprecipitation (ColP) and western blotting

ColP was performed according to a previous study (Lv et al., 2019; Yu
et al.,, 2019). Mesophyll cells were harvested and lysed in cell lysis
buffer (0.5 mM EDTA, 10 mM Tris-HCI [pH 7.5], 0.5% NP-40, 1 mM
PMSF, and 150 mM NaCl) on ice for 30 min with pipetting every
10 min. Cell lysates were centrifuged, and the supernatant was incu-
bated with MYC-Trap magnetic agarose beads (Chromotek, catalog
number ytma-20) at 4°C for 2 h. The beads were washed three times
with dilution buffer (10 mM Tris-HCI [pH 7.5], 150 mM NaCl, and
0.5 mM EDTA) and resuspended in SDS loading buffer. The resus-
pended beads were boiled for 10 min at 99°C, followed by western
blotting with an anti-MYC (Abclonal, catalog number AEO10) or anti-
GFP (TransGen Biotech, catalog number HT801-02) antibody. For
western blotting, protein was denatured and subjected to SDS-
polyacrylamide gel electrophoresis (Bio-Rad) and transferred to polyvi-
nylidene fluoride membranes (Millipore, catalog number IPVH00010).
The membranes were blocked in 1x Tris buffered saline with Tween-
20 with 5% milk for 2 h, immunoblotted with the indicated antibodies
at 4°C overnight, and incubated for 2 h with horseradish peroxidase-
conjugated secondary antibodies at room temperature. Blots were
visualized with SuperSignal West Pico Luminol Enhancer Solution
(Thermo Fisher Scientific).

Transient expression

The NAC1, TPL, NACTmEAR, and SCR CDSs were amplified, and the re-
sulting sequences were introduced into pBI221 to place them under control
of the CaMV 35S promoter. The CYCD6; 1 promoter sequences were ampli-
fied and introduced into the pGreenll 0800-LUC reporter vector. Both re-
combinant plasmids were then transferred into Arabidopsis protoplasts.
Firefly luciferase and Renilla luciferase activities were measured using the
Dual-Luciferase Reporter Assay System (www.promega.com). LUC activity
was normalized against Renilla luciferase activity. Details of all primers used
are given in Supplemental Table 1.

Split-luciferase complementation and BiFC assays

NAC1, TPL, SCR, or SHR was fused to the C or N terminus of YFP and
transformed into Agrobacterium strain GV3101. cYFP-TPL, nYFP-NACT,
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cYFP-SCR, cYFP-SHR, and pSoup-P19 of Agrobacterium were cultivated
overnight at 28°C, collected by centrifugation at 4000 g for 20 min, resus-
pended with Sodium Fatty Acid Methyl Ester sulfonate buffer (10 mM So-
dium Fatty Acid Methyl Ester sulfonate, 10 mM MgCl,, and 100 mM ace-
tosyringone) to a final optical density 600 of ~1-1.5. Before infiltration into
N. benthamiana leaves, equal volumes of Agrobacterium suspensions
carrying the indicated constructs were incubated without light at 25°C
for 3 h. N. benthamiana plants were left under long-day (16 h light/8 h
dark), white-light conditions for 3 days after infiltration. The transfected
leaves were grown at 25°C for 3 days before observation. The tobacco
epidermal cells were then imaged under a Carl Zeiss LSM 800 confocal
microscope. About 40 cells of 3 biological repetitions were analyzed in
each combination. The combination with the empty vector was the nega-
tive control.

The split-luciferase complementation assay was performed as
described in Chen et al. (2008) using NAC1-cLUC with TPL-nLUC,
SCR-nLUC, or SHR-nLUC. SCR-cLUC with SHR-nLUC served as a
positive control, and nLUC with NAC1-cLUC or cLUC and cLUC with
SCR-nLUC, SHR-nLUC, or TPL-nLUC served as negative controls.
Combinations of vectors were transformed into N. benthamiana leaves
and expressed for 72 h, and images were captured with a charge-
coupled device.

gRT-PCR

For gRT-PCR, RNA was isolated from roots using an RNeasy Plant Mini
Kit (QIAGEN, Hilden, Germany) following the manufacturer’s protocol.
DNase | was used to remove contaminating genomic DNA, and a 2-ug
aliquot was reverse transcribed using a Transcriptor First Strand cDNA
Synthesis Kit (Roche, Basel, Switzerland) following the manufacturer’s
protocol. The subsequent qRT-PCRs were run on a MyiQ Real-Time
PCR Detection System (Bio-Rad, Hercules, CA, USA) using FastStart Uni-
versal SYBR Green Master Mix (Roche, Basel, Switzerland). Each sample
represents three biological replicates, and each biological replicate in-
cludes three technical replicates. ACTIN2 (At3g18780) was used as the
reference gene. Primers used for gqRT-PCR are listed in Supplemental
Table 1.

Yeast one-hybrid assay

The yeast one-hybrid assay was performed according to the manufac-
turer’s manual for the Matchmaker One-Hybrid Library Construction and
Screening Kit (www.clontech.com). The CDS of NAC1 was inserted into
the pEntry vector and into pGADT7 by an LR reaction (Takara, USA).
The target DNA sequence of the CYCD6;1 promoter was inserted into
the cloning site of the bait plasmid pAbai. Each of the constructs (including
an empty vector as a control) was transferred separately into yeast
Y1HGold using the Polyethylene glycol/Lithium Acetate method. After
culturing on synthetic defined medium plates lacking Leu and Ura
(SD—Leu—Ura) for 2 days, the transformants were transferred onto
SD—-Leu—Ura plates with different concentrations of Aureobasidin A
(AbA) for analysis. Primers used for the yeast one-hybrid assay are listed
in Supplemental Table 1.

Yeast two-hybrid assay

The yeast two-hybrid assay was performed according to the manufac-
turer’'s manual for the Matchmaker GAL4 Two-Hybrid System 3 (www.
clontech.com). The CDSs of TPL, SCR, and SHR were inserted into the
pEntry vector and then into pGADT7 by an LR reaction (Takara, USA).
The CDS of NAC1 or NACTmEAR was inserted into the cloning site of
the bait plasmid pGBKT7. Each of the constructs (including an empty vec-
tor as a control) was transferred separately into yeast Y2HGold using the
Polyethylene glycol/Lithium Acetate method. After culturing on synthetic
defined medium plates lacking Trp and Leu (SD—Trp—Leu) for 2 days,
the transformants were transferred onto SD—Trp—Leu—His plates for
analysis. Primers used for the yeast two-hybrid assay are listed in
Supplemental Table 1.
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Statistical analysis

We determined statistical significance by Student’s t-test or one-way
ANOVA with Tukey’s multiple comparison test.
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