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Cell fate in the root epidermis of Arabidopsis thaliana is determined in a position-dependent manner. SCRAMBLED
(SCM), an atypical leucine-rich repeat receptor-like kinase, mediates this positional regulation via its effect on
WEREWOLF (WER) expression, and subsequently, its downstream transcription factor, GLABRA2 (GL2), which are required
for nonhair cell development. Previously, TORNADO1 (TRN1), a plant-specific protein with a leucine-rich repeat
ribonuclease inhibitor-like domain, was shown to be required for proper epidermal patterning in Arabidopsis roots. In
this work, we analyzed the possible involvement of TRNT in the known root epidermal gene network. We discovered
that the trn1 mutant caused the ectopic expression of WER and the randomized expression of GL2 and EGL3. This
suggests that TRN1 regulates the position-dependent cell fate determination by affecting WER expression in
Arabidopsis root epidermis. Additionally, the distinct phenotypes of the aerial parts of the trn7-t and scm-2 mutant
suggest that TRN1 and SCM might have different functions in the development of aerial parts.

Two types of epidermal cells are found in the epidermis of
Arabidopsis thaliana roots: root-hair cells and nonhair cells. Inter-
estingly, the type of Arabidopsis root epidermal cells is deter-
mined by their position relative to the underlying cells of cortical
layer. Epidermal cells contacting 2 cortical cells (designated as
the H position) differentiate into root-hair cells. On the other
hand, epidermal cells located on a single cortical cell (designated
as the N position) adopt the nonhair cell fate."* Because root ini-
tial cells divide in an anticlinal orientation, the epidermal cells
form files of root-hair cells and nonhair cells establishing a stripe
pattern of root hair.

WEREWOLF (WER), a R2R3 MYB transcription factor is
expressed in the epidermal cells on the N position preferentially.’
The WER proteins form a complex with the bHLH transcription
factors GLABRA3 (GL3) and ENHANCER OF GLABRA3
(EGL3), and the WD40-repeat protein TRANSPARENT
TESTA GLABRA1 (TTG1).>* This WER-GL3/EGL3-TTG1
complex activates the expression of GLABRA2 (GL2), a homeo-
domain transcription factor that is required for the nonhair cell
development of the epidermal cells on the N position.”” On the
other hand, the WER-GL3/EGL3-TTG1 complex inhibits the
expression of GL3 and EGL3.° Because of this feedback regula-
tion, GL3 and EGL3 are expressed in the epidermal cells on the
H position preferentially.6 SCRAMBLED (SCM; also known as
STRUBBELIG), an atypical leucine-rich repeat receptor-like
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kinase is required for the position-dependent WER expression.7'9

Accordingly, sem mutants disturb the stripe pattern of root epi-
dermis development causing the ‘scrambled’ pattern of root epi-
dermal gene expression and cell types.”

QUIRKY (QKY), adenosine dimethyl transferase 1A rRNA
dimethylase (DIM1A), TORNADO1 (TRNI1) and TOR-
NADO?2 (TRN2) are also required for position-dependent epi-
ro-i in DIMIA rRNA
dimethylase gene affects the spatial expression pattern of WER
and GL2."> QKY, a plasmodesmata-localized C2-domain pro-
tein, was shown to be required for the proper GL2 expression
pattern, and interacts with SCM physically.'®"* Mutations in
TRN1 and TRN2 cause pleiotropic phenotypes including the spi-

ral (twisted) growth of roots, abnormal root apical meristem

dermal patterning. The mutation

organization, and the alteration of root epidermal patterning and
radial patterning.'* However, the mechanism by which TRN1
and TRN2 affect root epidermal patterning is unknown. In this
work, we analyzed the effect of the #72] mutation on the expres-
sion of GL2, WER and EGL3 to understand the molecular role
of TRNT1 in root epidermal patterning.

First, we studied the spatial expression pattern of GL2 in the
trnl-t allele by using the GL2::GUS reporter. The GL2::GUS
reporter is a fusion of the GL2 promoter and B-glucuronidase
(GUS) coding sequence, which accurately reflects the spatial
expression of the GL2 gene.15 The trni-t allele contains a
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transfer-DNA insertion in the second exon of the 7RNI gene
(AT5G55540, SALK_065854), and it exhibits the identical phe-
notypes to other alleles that were described previously (data not
shown)."* In wild-type roots, GL2::GUS expression is detected in
the cells on the N position showing the stripe pattern in the epi-
dermis (Fig. 1A). As described previously, the sem-2 roots
showed the ‘scrambled’ pattern of GL2 expression in the epider-
mis (Fig. 1B), indicating that the scm-2 epidermal cells adopt
their fate in a position-independent manner.” We observed a
similar ‘scrambled’ pattern of GL2 expression in the epidermis of
the #rn1-t mutant roots (Fig. 1C). This suggests that TRNT also
exerts its role in root epidermal patterning by affecting GL2
expression.

To determine whether TRNI1 affects the epidermal-pat-
terning network generally or only GL2 specifically, we exam-
ined the expression of WER and EGL3 by analyzing the
WER::GFP and EGL3::GUS reporters, which are fusions of
the WER and EGL3 promoter to reporter genes. In wild-type
roots, preferential expression of WER was detected in the epi-
dermal cells on the N position as previously described
(Fig. 2A).> In contrast, most of the epidermal cells of the
trnl-t roots appeared to express WER:GFP (Fig. 2B). This
suggests that TRN1 is involved in the N-position-preferred
WER expression, and the lack of TRNI1 function causes
ectopic expression of WER in the epidermis. The EGL3
expression pattern was also disrupted in the #7/-# mutant.
The EGL3::GUS reporter was detected in the epidermal cells
on the H position in the wild-type root, as previously
reported  (Fig. 2C),° but EGL3 expression pattern was
‘scrambled’ in the ##n/-+ mutant roots (Fig. 2D). These
results indicate that the expression of WER is the likely target
of TRNI1 action, and it is the de-regulation of WER

expression that causes the ‘scrambled’ expression pattern of
EGL3 and GL2, which ultimately leads to the disorganized
root epidermal patterning.

In previous studies, it was shown that an intermediate
level of WER over-expression resulted in the ‘scrambled’
expression pattern of GL2, and a strong level of WER over-
expression caused all epidermal cells to express GL2.” These
results are likely due to the function of the CAPRICE (CPC)
and TRIPTYCHON (TRY) R2 MYB transcription fac-
tors."®"” The WER-GL3/EGL3-TTG1 complex activates the
expression of CPC and TRY as well as GL2.'%" However,
the CPC and TRY proteins act as antagonistic competitors of
WER. Therefore, unless the level of the WER protein pre-
dominates the level of the CPC/TRY proteins, GL2 expres-
sion pattern is stochastic and random in the root epidermis
expressing WER ectopically. This suggests that, in the #rni-z
roots, the expression of WER is deregulated, but not strongly
over-stimulated. Previous work showed that the cpec #rni-I
double mutant developed fewer root hairs than the ¢pe single
mutant."* Our results suggest that this might be due to addi-
tive effect of the ectopic expression of WER by the #nl
mutation and the loss of CPC function. Previous analysis of
the rzgl trnl—1 double mutant revealed that #g] was epistatic
to trnl-1."* This genetic relationship is supported by our
findings because TRN1 appeared to affect the expression of
WER which is a part of the WER-GL3/EGL3/TTGI com-
plex. However, it is not clear how TRN1 regulate the expres-
sion pattern of WER. The mechanisms of WER expression
regulation by TRN1 and SCM might be different. In the scm
mutants, the expression of WER in root epidermis was ran-
domized,” but most of the epidermal cells expressed WER::
GFP in the #rnl-r mutant roots (Fig. 2B). The aerial parts of

the #nl-t mutant and the sem
mutant exhibit distinct pheno-

. scm-2

types.'*?®  These suggest that
SCM and TRN1 both affect the
expression pattern of WER, how-
ever; they have distinct functions
in the development of aerial
parts, and TRN1 might regulate
WER  expression in different
mechanism from the mechanism
of SCM. The sem mutants
exhibit  muldple  phenotypes
including root epidermal pattern-

ing defect, twisted root growth
20,21

and silique dehiscence defect.
All 3  developmental defects
appeared to be implicated in dis-

trn1-t

tinct signaling pathways regu-

The scale bars represent 50 um.

Figure 1. Expression of the GL2::GUS reporter in the root epidermis of the scm-2 and trn1-t mutants. The
roots of 4-day-old wild-type (A), scm-2 (B) and trni-t (C) seedlings were analyzed for GL2::GUS expression as
described previously.'> The blue-stained cells represent the cells expressing GL2 and adopting the nonhair
cell fate. The Arabidopsis Biological Resource Center (ABRC; Columbus, OH) provided the SALK 086357
(scm-2) and SALK_065854 (trn1-t) insertion line. Asterisks indicate files of epidermal cells on the H position.

lated by SCM.*° Furthermore,
we discovered that ANGUSTI-
FOLIA (AN) mediates SCM sig-
naling  pathway  specifically

involved in the spiral growth of

: 21
tissues.
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EGL3::GUS

trn1-t
EGL3::GUS

Figure 2. Expression of WER::GFP and EGL3::GUS reporters in the root epidermis of the trn1-t mutants. The roots of 4-day-old wild-type (A, C) and trn1-t
(B, D) seedlings were analyzed for WER::GFP (A, B) and EGL3::GUS (C, D) expression as described previously.3'6 (A, B) Fluorescence of GFP (green) and
cell-wall-staining propidium iodide (red) was taken from the epidermis of the wild-type WER:GFP and trn1-t WER::GFP roots using confocal microscopy.
Green fluorescence represents the transcriptional activity of the WER promoter. (C, D) The blue staining in the cells represents transcriptional activity of
EGL3 promoter. Asterisks indicate files of epidermal cells on the H position. The scale bars represent 50 pm

mutants exhibit both epidermal patterning defect and spiral

root growth.'® These suggest a possibility that TRN1 and
SCM might be involved in the same pathways that regulate
root epidermal patterning and spiral root growth although

their action mechanisms might be different. The genetic and
molecular interactions between TRN1 and SCM, and TRNI1

and AN will be studied in future research.

T

(=2

Disclosure of Potential Conflicts of Interest

No potential conflicts of interest were disclosed.

References

. Schiefelbein J, Kwak SH, Wieckowski Y, Barron C,

Bruex A. The gene regulatory network for root epider-
mal cell-type pattern formation in Arabidopsis. ] Exp
Bot 2009; 60:1515-21; PMID:19174459; http://dx.
doi.org/10.1093/jxb/ern339

. Grebe M. The patterning of epidermal hairs in Ara-

bidopsis—updated. Curr Opin Plant Biol 2012;
15:31-7; PMID:22079786; http://dx.doi.org/
10.1016/j.pbi.2011.10.010

. Lee MM, Schiefelbein J. WEREWOLF, a MYB-related

protein in Arabidopsis, is a position-dependent regula-
tor of epidermal cell patterning. Cell 1999; 99:473-83;
PMID:10589676

. Bernhardt C, Lee MM, Gonzalez A, Zhang F, Lloyd A,

Schiefelbein J. The bHLH genes GLABRA3 (GL3) and
ENHANCER OF GLABRA3 (EGL3) specify epidermal
cell fate in the Arabidopsis root. Development 2003;
130:6431-9; PMID:14627722

. Song SK, Ryu KH, Kang YH, Song JH, Cho YH, Yoo

SD, Schiefelbein J, Lee MM. Cell fate in the Arabidop-
sis root epidermis is determined by competition
between WEREWOLF and CAPRICE. Plant Physiol
2011; 157:1196-208; PMID:21914815; http://dx.doi.
org/10.1104/pp.111.185785

. Bernhardt C, Zhao M, Gonzalez A, Lloyd A, Schie-

felbein J. The bHLH genes GL3 and EGL3 partici-
pate in an intercellular regulatory circuit that
controls cell patterning in the Arabidopsis root

www.tandfonline.com

Acknowledgments

We acknowledge the Arabidopsis Biological Resource Center
(ABRC; Columbus, OH) for providing the SALK_086357 (scrn-
2) and SALK_065854 (trnl1-#) insertion lines.

Funding

This work was supported by the US. National Science Foun-
dation (grant no. I0S-1121602 and 10S-1444400 to ].S. and S.

2005; 132:291-8;

epidermis.  Development

PMID:15590742

. Kwak SH, Shen R, Schiefelbein J. Positional signaling

mediated by a receptor-like kinase in Arabidopsis. Sci-
ence 2005; 307:1111-3; PMID:15618487

. Kwak SH, Schiefelbein J. The role of the SCRAM-

BLED receptor-like kinase in patterning the Arabidopsis
Dev Biol 2007; 302:118-31;

root  epidermis.

PMID:17027738

. Chevalier D, Batoux M, Fulton L, Pfister K, Yadav RK,

Schellenberg M, Schneitz K. STRUBBELIG defines a
receptor kinase-mediated signaling pathway regulating
organ development in Arabidopsis. Proc Natl Acad Sci
U S A 2005; 102:9074-9; PMID:15951420

. Fulton L, Batoux M, Vaddepalli P, Yadav RK, Busch

W, Andersen SU, Jeong S, Lohmann JU, Schneitz K.
DETORQUEO, QUIRKY, and ZERZAUST repre-
sent novel components involved in organ development
mediated by the receptor-like kinase STRUBBELIG in
Arabidopsis thaliana, PLoS Genet 2009; 5:¢1000355;
PMID:19180193;  http://dx.doi.org/10.1371/journal.
pgen.1000355

. Trehin C, Schrempp S, Chauvet A, Berne-Dedieu A,

Thierry AM, Faure JE, Negrutiu I, Morel P. QUIRKY
interacts with STRUBBELIG and PAL OF QUIRKY
to regulate cell growth anisotropy during Arabidopsis
gynoecium  development.  Development  2013;
140:4807-17; PMID:24173806;  htep://dx.doi.org/
10.1242/dev.091868

Plant Signaling & Behavior

12.

H.K), and the faculty start-up fund from Long Island University,
Brooklyn Campus (to S.H.K).

Vaddepalli P, Herrmann A, Fulton L, Oelschner M,
Hillmer S, Stratil TF, Fastner A, Hammes UZ, Ott T,
Robinson DG, Schneitz K. The C2-domain protein
QUIRKY and the receptor-like kinase STRUBBELIG
localize to plasmodesmata and mediate tissue morpho-
genesis in Arabidopsis thaliana. Development 2014;
141:4139-48; PMID:25256344;  http://dx.doi.org/
10.1242/dev.113878

. Wieckowski Y, Schiefelbein J. Nuclear ribosome

biogenesis mediated by the DIM1A rRNA dimethy-
lase is required for organized root growth and epi-
dermal patterning in Arabidopsis. Plant Cell 2012;
24:2839-56; PMID:22829145;  http://dx.doi.org/
10.1105/tpc.112.101022

. Cnops G, Wang X, Linstead P, Van Montagu M, Van

Lijsebettens M, Dolan L. Tornadol and tornado2 are
required for the specification of radial and circumferen-
tial pattern in the Arabidopsis root. Development
20005 127:3385-94; PMID:10887093

. Masucci JD, Rerie WG, Foreman DR, Zhang M,

Galway ME, Marks MD, Schiefelbein JW. The
homeobox gene GLABRA2 is required for position-
dependent cell differentiation in the root epidermis
of  Arabidopsis  thaliana. Development 19965
122:1253-60; PMID:8620852

. Wada T, Tachibana T, Shimura Y, Okada K. Epider-

mal cell differentiation in Arabidopsis determined by a
Myb homolog, CPC. Science 1997; 277:1113-6;
PMID:9262483

€1103407-3



17.

Schellmann S, Schnittger A, Kirik V, Wada T,
Okada K, Beermann A, Thumfahre J, Jirgens G,
Hiilskamp M. TRIPTYCHON and CAPRICE
mediate lateral inhibition during trichome and root
hair patterning in Arabidopsis. EMBO ] 2002;
21:5036-46; PMID:12356720

. Lee MM, Schiefelbein J. Cell pattern in the Arabidopsis

root epidermis determined by lateral inhibition with
feedback. Plant Cell 2002; 14:611-8; PMID:11910008

e1103407-4

19.

20.

Simon M, Lee MM, Lin Y, Gish L, Schiefelbein J. Dis-
tinct and overlapping roles of single-repeat MYB genes
in root epidermal patterning. Dev Biol 2007; 311:566-
78; PMID:17931617

Kwak SH, Woo S, Lee MM, Schiefelbein J. Distinct
signaling mechanisms in multiple development path-
ways by the SCRAMBLED receptor of Arabidopsis,
Plant Physiol 2014; 166:976-87; PMID:25136062;
http://dx.doi.org/10.1104/pp.114.247288

Plant Signaling & Behavior

21.

Kwak SH, Song SK, Lee MM, Schiefelbein J. ANGUS-
TIFOLIA mediates one of the multiple SCRAMBLED
signaling pathways regulating cell growth pattern in
Arabidopsis thaliana. Biochem Biophys Res Commun
2015; 465(3):587-93; PMID:26296462; http://dx.doi.
0rg/10.1016/j.bbrc.2015.08.067

Volume 10 Issue 12



