
fpls-09-00832 June 20, 2018 Time: 18:31 # 1

ORIGINAL RESEARCH
published: 22 June 2018

doi: 10.3389/fpls.2018.00832

Edited by:
Stefan de Folter,

Centro de Investigación y de Estudios
Avanzados del Instituto Politécnico

Nacional, Mexico

Reviewed by:
Marie Barberon,

Université de Genève, Switzerland
Concepción Gómez-Mena,

Instituto de Biología Molecular y
Celular de Plantas, Spain

*Correspondence:
Shuang Wu

wus@fafu.edu.cn

Specialty section:
This article was submitted to

Plant Evolution and Development,
a section of the journal

Frontiers in Plant Science

Received: 15 January 2018
Accepted: 29 May 2018

Published: 22 June 2018

Citation:
Li P, Yang M, Chang J, Wu J,

Zhong F, Rahman A, Qin H and Wu S
(2018) Spatial Expression

and Functional Analysis of Casparian
Strip Regulatory Genes in Endodermis

Reveals the Conserved Mechanism
in Tomato. Front. Plant Sci. 9:832.

doi: 10.3389/fpls.2018.00832

Spatial Expression and Functional
Analysis of Casparian Strip
Regulatory Genes in Endodermis
Reveals the Conserved Mechanism
in Tomato
Pengxue Li1, Meina Yang1, Jiang Chang1, Junqing Wu1, Fenglin Zhong1,
Abidur Rahman2, Haiyang Qin1 and Shuang Wu1*

1 FAFU-UCR Joint Center and Fujian Provincial Key Laboratory of Haixia Applied Plant Systems Biology, College of
Horticulture, Fujian Agriculture and Forestry University, Fuzhou, China, 2 Department of Plant Bio Sciences, Faculty of
Agriculture, Iwate University, Morioka, Japan

Casparian strip (CS) is an impregnation of endodermal cell wall, forming an apoplastic
diffusion barrier which forces the symplastic and selective transport of nutrients across
endodermis. This extracellular structure can be found in the roots of all higher plants
and is thought to provide the protection of vascular tissues. In Arabidopsis, a genetic
toolbox regulating the formation of Casparian strips has emerged recently. However,
Arabidopsis has the stereotypical root which is much simpler than most other plant
species. To understand the Casparian strip formation in a more complex root system,
we examined CS regulatory pathways in tomato. Our results reveal a spatiotemporally
conserved expression pattern of most essential components of CS machinery in tomato.
Further functional analyses verify the role of homologous CS genes in the Casparian strip
formation in tomato, indicating the functional conservation of CS regulatory cascade in
tomato.
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INTRODUCTION

Despite varied cell layers in ground tissues, nearly all vascular plants have only one endodermal
layer surrounding the transporting vessel tissues in their roots (Lim et al., 2000; Enstone et al.,
2003; Cui et al., 2007). Endodermis functions as a barrier between inner stele tissues and outer
ground tissues. When endodermal cells of the root begin to mature, a ring-like hydrophobic
structure appears on the radial and transverse cell walls, named Casparian strip (CS). This
unique structure forms a paracellular transport barrier to disrupt the free diffusion of water
and nutrients, enforcing the selective transport between stele and outer cortex via symplastic
transport or membrane associated transporters (Heath, 1976; Schreiber and Franke, 2011). The
protective role of endodermis is thought to be an adaptation to environmental changes during the
terrestrialization (Howard and Bonnett, 1968; Enstone et al., 2003). The emergence of Casparian
strip-like structures can be traced back to the root of ferns living about 400 million years ago
(Moore et al., 2010; Geldner, 2013).
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CS structure was discovered early in 1865 by Robert Caspary
(Caspary, 1865), but the molecular basis of CS formation has
only emerged in recent years. Naseer et al. (2012) demonstrated
that the functional CS is mostly made of the lignin polymer,
which overrides the long-standing thought that CS is mostly a
suberin-based structure. Moreover, using Arabidopsis thaliana as
the model system, researchers have identified a large number of
essential genes that make the regulatory network of a functional
Casparian strip.

In A. thaliana root, this lignin strip can be detected in around
the 14th endodermal cell above the onset of the elongation zone
(Naseer et al., 2012). To ensure the formation of functional
CS, two critical regulations are required: (1) spatial mark
of CS zone in the middle of the endodermal cells, and (2)
specification of the cell layer that is directly contacting stele as
the CS forming layer. The localized deposition of lignin relies
on a family of transmembrane proteins, the Casparian strip
membrane domain proteins (CASPs). CASPs specifically localize
at the Casparian strip formation site, guiding the local lignin
deposition (Roppolo et al., 2011). It was proposed that CASPs
can help to establish the local scaffold to assemble a set of
enzymes consisting of Respiratory Burst Oxidase Homolog F
(RBOHF), Peroxidase 64 (PER64), Enhanced Suberin 1 (ESB1)
and possibly -some other uncharacterized factors (Hosmani et al.,
2013; Lee et al., 2013; Kamiya et al., 2015). The precise localization
of CASPs was found to be under control of two receptor-like
kinases, SCHENGEN (SGN)1 and SGN3 (Alassimone et al.,
2016). Both mutants display defects in CS integrity, implying
that SGN1 and SGN3 play a combinatorial role in the CS
formation.

On the tissue level, plants specify the endodermis contacting
stele as the cell layer that forms CS by the specific expression
of MYB36, a putative master regulator of CS formation (Kamiya
et al., 2015; Liberman et al., 2015). In myb36-1 mutant, CS does
not correctly form and a group of CS genes including CASPs,
ESB1, and PER64 were downregulated. Interestingly, MYB36
expression is thought to rely on a GRAS family transcription
factor, SCARECROW (SCR) (Liberman et al., 2015). Based on
previous studies, SCR itself is the direct target of another GRAS
family transcription factor SHORT-ROOT (SHR) (Helariutta
et al., 2000; Paquette and Benfey, 2005; Sozzani et al., 2010).
Intriguingly, SHR is only expressed in stele from where it moves
through cell-to-cell into the neighboring endodermis to play non-
cell-autonomous roles, thus providing a positional information
during the tissue patterning (Wu and Gallagher, 2014). Recently,
another stele-derived signal conveyed by two small peptides,
CASPARIAN STRIP INTEGRITY FACTORS1/2 (CIF1/2), was
shown to promote the intactness of CS band by interacting with
the receptor kinase SGN3 (Doblas et al., 2017; Nakayama et al.,
2017),which adds another layer of regulation to the CS formation
in Arabidopsis roots.

The studies mentioned above have greatly enhanced our
understanding of the molecular components involved in CS
regulation in Arabidopsis roots. However, Arabidopsis root has
a simple structure, consisting of only three concentric single-
celled layers outside of stele (Helariutta et al., 2000; Scheres
et al., 2002). In contrast, the roots in most other species

have more complex anatomy with multiple cell layers within
the ground tissues. Nevertheless, nearly all plants have only
one layer of endodermis, indicating a potentially conserved
mechanism regulating endodermal cell fate and promoting CS
formation in most plant species. A previous study reported
that a set of promoters exhibited similar cell type-specificity
between Arabidopsis and tomato (Ron et al., 2014). In addition,
CRISPR-Cas9 based gene knockout in this study demonstrated
that the function of SHR and SCR in root development is
presumably conserved in tomato (Ron et al., 2014). This study
thus provides the evidence of potentially conserved regulation
of root development in tomato. Based on that, we further ask
if the components identified in CS formation in Arabidopsis
function in a conserved manner in other species such as
tomato.

In this study, we examined the spatiotemporal expression
pattern of most critical regulators in tomato. We showed
the spatial expression pattern of crucial CS genes in tomato
is very similar to that in A. thaliana. Further functional
analyses suggest that loss of function of the crucial regulators
including SHR and SGN3 results in formation of defective CS.
Interestingly, phylogenetic analyses indicate that most critical
CS genes maintain high conservation among different plant
species, ranging from dicotyledon to gymnosperm and fern. This
provides a hint that an evolutionarily conserved mechanism of
functional CS formation possibly exists in terrestrial land plants.

MATERIALS AND METHODS

Plant Materials and Growth Conditions
For experiments, Solanum lycopersicum cv M82, Arabidopsis
thaliana cv Columbia and Glycine max cv Yue Chun 03-3 were
used. The plasmid pCASP1::CASP1-GFP was obtained from Dr.
Niko Geldner and was transformed into Arabidopsis using floral
dip method. Seeds were soaked in water for 10 min followed by
75% (v/v) alcohol for 30 s–1 min. Then seeds were sterilized in
50% (v/v) commercial bleach with shaking for 15 min and rinsed
with sterile deionized water three times. The seeds were then
plated on sterile media (PH = 8.0) containing 0.5 × Murashige
and Skoog (MS), 8 g/L agar, 15 g/L sucrose, and 0.5 g/L MES
and grown in a 22–25◦C incubator with a 16 h light/8 h darkness
cycle.

Phylogenetic Analysis
According to the evolutionary history of the plants, plant
species with different evolution stages were chosen, including
the dicotyledon plants: Populus trichocarpa (Potri), Medicago
truncatula (Medtr), Glycine max (Glyma), Carica papaya
(Cp), Arabidopsis thaliana (AT), Vitis vinifera (Vv), Solanum
tuberosum (St), Solanum lycopersicum (Solyc), and Mimulus
guttatus (Migut), the monocotyledon plants: Brachypodium
distachyon (Bradi), Oryza sativa (LOC_Os), Zea mays (Zm),
and Sorghum bicolor (Sobic), the gymnosperm: Ginkgo biloba
(Gb) and Pinus taeda (Pitae), the ferns: Selaginella moellendorffii
and (Smo) and the moss: Physcomitrella patens (Phpat). The
completed amino acid sequences of all plant species were
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FIGURE 1 | Regulatory network required for Casparian strip formation in Arabidopsis. CASPs act as a local scaffold to recruit RBOHF, PER64, and ESB1 to help
local lignin polymerization. MYB36 is a master regulator of activation of the expression of CASP1, ESB1, and PER64. The expression of MYB36 depends on SCR, a
direct target of SHR. SHR only expresses in stele and moves to the endodermal cell via the symplastic pathway. To precisely restrict CS distribution on the cell
membrane, two receptor-like kinases, SGN1 and SGN3, need to play a combinatorial role. The stele derived small peptides, CIFS move to endodermis by apoplastic
pathway to bind directly to SGN3 to promote the intact CS. With the coordinative regulation of these components, A. thaliana can ensure the precision of
spatiotemporal formation of CS in the endodermis directly contacting the stele.

downloaded from Phytozome v12.11. Homologous genes were
determined based on PANTHER (Protein ANalysis THrough
Evolutionary Relationships) project2. Amino acid sequences
of selected Arabidopsis CS genes as query sequences were
obtained from TAIR3. We implemented Blastp searches of the
complete protein sequences of all species, extracted protein
sequences using Blastdbcmd program and performed multiple
sequence alignment using Mafft program. The approximately
maximum-likelihood phylogenetic trees were constructed by Fast
Tree program using Jones-Taylor-Thornton (JTT) model and
Shimodaira–Hasegawa test. We beautified the trees on MEGA 7.

Molecular Cloning
To make GUS reporter lines, we cloned the promoter region
(the upstream sequence of the translational start site; 3.3-kb
for SlSHR, 1.6-kb for SlMYB36a, 1.4-kb for SlPER64a, 2.2-
kb for SlSGN3b, 2.3-kb for SlSGN3a, and 2-kb for SlCIF,
respectively) of each gene. The putative promoters were predicted
using the promoter prediction software4. The tomato promoter
fragments were amplified by PCR from M82 genomic DNA
(see Supplementary Table S2 for primers). The DNA fragments
were purified through DNA gel extraction kit (TRANS) and
were cloned into the HindIII and PsiI site of the linearized
expression vector R4L1pGWB432 (AB524006) using In-Fusion
system (In-Fusion Exnase R© II, Vazyme). Arabidopsis thaliana

1https://phytozome.jgi.doe.gov/pz/portal.html
2http://www.pantherdb.org/
3http://www.Arabidopsis.org/
4http://www.cbs.dtu.dk/services/Promoter/

promoters were identified in the same way (see Supplementary
Table S2 for primers) and cloned from Arabidopsis (Col.)
genomic DNA. The target fragments were then transferred to
the expression vector R4L1pGWB632 by In-Fusion Technology
(Vazyme Biotech).

For overexpression constructs, tomato genes were amplified
from cDNA library of tomato roots by PCR. We modified the
expression vector pHellsgate8 by introducing GFP fragment
into linearized pHellsgate8 (using EcoRI and XbaI sites)
using In-Fusion technique. The gene of interest was cloned
into this modified vector by Gateway Cloning Technology
(Invitrogen). The primer sequences used for cloning were listed
in Supplementary Table S2.

For CRISPR constructs, the 19-nucleotide target sites for genes
including SlSHRa, SlMYB36a and SlSGN3a were identified on the
website https://www.genome.arizona.edu/crispr/CRISPRsearch.
html. The target sequences were blasted against the tomato
genome using http://solgenomics.net/tools/blast/ to ensure no
other matches were found. Primer sequences used were listed
in Supplementary Table S2. The target fragments were cloned
into linearized (at BsaI site) vector pTX041 (kindly offered
by Dr. Chuanyou Li, Key Laboratory of Plant Genomics and
National Center for Plant Gene Research, Institute of Genetics
and Developmental Biology, Chinese Academy of Sciences,
Beijing, China) using In-Fusion technology. The pTX04 vector
was derived from pBIN19, in which Cas9 is driven by 2 × 35S
and the target sequence was driven by tomato U6 promoter (Ye
et al., 2017).

For screening CRISPR-Cas9 knockout lines, positive
transgenic lines were verified by PCR for the presence of
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FIGURE 2 | Phylogenetic trees of Casparian strip regulatory genes. (A) The phylogenetic tree of SHR. (B) The phylogenetic tree of MYB36. (C) The phylogenetic tree
of CIFS. (D) The phylogenetic tree of PER64. Red dots show the Arabidopsis genes. Green dots highlight homologous genes in Solanum lycopersicum. Based on
protein sequence alignments, the phylogenetic tree was constructed using FastTree and MEGA7. Only local support values (numbers at the nodes) larger than 50%
are indicated. The scale bar is the number of amino acid substitutions. See Supplementary Table S1 for the species abbreviations.
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Cas9. The positive lines were further genotyped for mutations
by sequencing the PCR products amplified by a forward
primer to the left of sgRNA1 and a reverse primer to
the right of sgRNA2. The used primers were: SlSGN3-F/R:
GGACCCGTGCTTGACCTTTG/TTTAAGCATAGATAACTCC
TCCGGG; SlSHRa-F/R: TTCTAACAAACAAAACAGCACATA
C/TCAAAACTAATTTCCTCGTTGACTC; SlMYB36a-F/R: GA
TTTCAGGGCTTCTGTTTGCTC/GAGAGGCTCAGGCCAAC
AAGG. Five transgenic lines of each transformation were
analyzed. Four lines of slsgn3a mutant, three lines of slshra
mutants, and two lines of slmyb36a mutant had the described
phenotype.

Rhizogenes Transformation
The hairy-root transformation was conducted according to
previous reports (Sun et al., 2006; Ron et al., 2014). Tomato
(M82) seeds were soaked, sterilized, and imbibed 6–8 days until
cotyledons expanded fully. The expanded cotyledons were cut
into 2–3 explants and placed on MS medium (a sterile filter paper
was placed on the medium in advance). The explants were placed
in dark for 1 day.

For preparation of bacterial suspension, Agrobacterium
rhizogenes strain K599 was transformed by thermal stimulation
method with appropriate plasmids. The transformed strain was
cultured in 10 ml of LB medium with antibiotics (50 mg/L
streptomycin, 100 mg/L spectinomycin), and incubated at 28◦C
for 24 h with shaking at 220 rpm until the cells reached mid-log
phase. The bacterial suspension was centrifuged at 1, 000 × g for
5 min at room temperature and the cell pellets were resuspended

in sterile MS liquid medium with 30 g/l sucrose. The explants
were infected using the bacterial suspension for 15 min and then
grew on MS medium in the dark for 2 days at 25◦C followed by
growing on antibiotic plates until root emergence. In soybean,
we performed hairy-root transformation according to previously
reported protocol (Kereszt et al., 2007).

Staining, Sectioning and Microscopy
GUS staining was performed as described earlier (Lucas et al.,
2011; Racolta et al., 2014). The transgenic roots were fixed in 90%
acetone for 20 min followed by GUS wash solution containing
100 mM Na2HPO4/NaH2PO4 (pH7.0), 1 mM K3Fe(CN)6,
10 mM Na2EDTA, and 0.1% (V/V) Triton-100. The roots were
incubated in staining solution (GUS wash solution and 2 mM
X-Gluc) at 37◦C in dark for 1 h to overnight. For sectioning, the
roots were placed into a drop of water on the slide and cut into
slices as thin as possible by hand sectioning (Lux et al., 2005).
Samples are mounted in HCG (8 chloral hydrate: 3 glycerol: 1
ddH2O) for analysis under DIC microscope (Nikon). For CS
observation (Peirson and Dumbroff, 1969; Schreiber and Franke,
2011; Zelko et al., 2012), the sections were soaked for 1 h in 0.1%
(w/v) solution of berberine (Sigma) in distilled water, washed
three times with water, stained for 30 min with an aqueous
solution of aniline blue (0.5w/v, Polysciences) and rinsed again.
The sections were mounted in 50% glycerol and Casparian strip
autofluorescence was detected under UV light (405 nm) with
Zeiss LSM880. For A. thaliana, the roots were stained by PI
(Propidium iodide) and observed under a Zeiss LSM880 confocal
microscopy (PI, 561 nm; GFP, 488 nm).

TABLE 1 | The information of homologous genes in Solanum lycopersicum genome.

S. lycopersicum gene Synonym A. thaliana gene Synonym Identity(%) E-value

Solyc02g092370 SlSHRa AT4G37650 SHR 61.8 0

Solyc08g014030 SlSHRb AT4G37650 SHR 51.34 1E-137

Solyc04g077260 SlMYB36a AT5G57620 MYB36 91.06 1.00E-77

Solyc07g006750 SlMYB36b AT5G57620 MYB36 52.19 2.00E-96

Solyc12g089360 SlPER64a AT5G42180 PER64 71.61 8.00E-167

Solyc12g089370 SlPER64b AT5G42180 PER64 72.26 2E-167

Solyc04g081860 SlPER64c AT5G42180 PER64 67.09 4E-155

Solyc02g083480 SlPER64d AT5G42180 PER64 65.15 1E-148

Solyc01g109900 SlCIF AT2G16385 CIF1 47.62 6.00E-17

Solyc01g109900 SlCIF AT4G34600 CIF2 47.62 6.00E-17

Solyc08g074980 SlSGN1a AT1G61590 SGN1 74.01 0

Solyc05g025820 SlSGN1b AT1G61590 SGN1 61.47 7e-155

Solyc11g069520 SlSGN2 AT1G08030 SGN2 56.82 0

Solyc05g007230 SlSGN3a AT4G20140 SGN3 63.95 0

Solyc03g112680 SlSGN3b AT4G20140 SGN3 47.48 0

Solyc08g081690 SlSGN4 AT1G64060 RBOHF 77.11 0

Solyc10g083250 SlCASP1a AT2G36100 CASP1 55.5 9.00E-68

Solyc06g074230 SlCASP1b AT2G36100 CASP1 58.91 3.00E-66

Solyc09g010200 SlCASP1c AT2G36100 CASP1 55.14 1E-065

Solyc04g005620 SlCASP1d AT2G36100 CASP1 46.37 2E-050

Solyc06g075630 SlESB1a AT2G28670 ESB1 64.68 1.00E-94

Solyc11g073030 SlESB1b AT2G28670 ESB1 58 4.00E-94

Solyc10g074680 SlSCR AT3G54220 SCR 83.54 0
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FIGURE 3 | Comparison of gene expression between Arabidopsis thaliana and tomato (M82). Tissue and cell type-specific expressions of CS genes (AtSGN3,
AtPER64) in Arabidopsis thaliana (A,B). Red is PI-stained cell wall and green is GFP fluorescence; White arrow heads point to the spatial expressing sites. The
asterisks in yellow, white, and red indicate epidermis, cortex, and endodermis, respectively. Endodermis-specific expression conferred by the promoters SlSGN3b,
SlSGN3a, and SlPER64a in the M82 hairy root transformation (C–E). Red arrow heads point to the spatial expressing sites. The cell layers enclosed in braces are
cortex. Bars = 50 µm.

RESULTS

Phylogenetic Analysis of Genes Involved
in Lignin Deposition
Based on recent studies on CS regulation in Arabidopsis, we
illustrate the whole scenario of CS formation in a model
(Figure 1). To understand the evolution and conservation of
CS regulators, we analyzed sequenced plant genomes for these
regulators and constructed the phylogenetic trees using the full-
length amino acid sequences (Figure 2 and Supplementary
Figure S1). In the phylogenetic analysis, we included most
essential components of CS regulation identified so far. In
the upstream of this regulatory network are a number of
transcription factors, including SHR, SCR, and MYB36. In more
downstream are genes including PER64, SGN1, SGN2, SGN3,
SGN4, CASP1, and ESB1. In addition, we also analyzed a recently
identified small peptide signaling system (CIF1 and CIF2) that
is thought to monitor the intactness of CS. Our phylogenetic
trees showed the high conservation of most genes during the
evolution among different species ranging from dicotyledon
and monocotyledon to gymnosperm and fern. Moreover, SHR,

SCR, SGN1, SGN2, and SGN4 were even found in the moss
Physcomitrella patens (Supplementary Table S1).

Based on phylogenetic analysis, we identified the homologous
genes of CS regulators in tomato (Table 1). The amino acid
sequence comparison, revealed a high homology of the CS genes
in Arabidopsis and tomato. To understand if the highly conserved
sequence of CS regulatory genes has any biological significance,
we first examined their expression in different tissues using
tomato digital expression data5 (Tomato Genome Consortium,
2012). Based on the data from the transcriptome analysis of
various tissues in tomato cultivar Heinz and the wild relative
Solanum pimpinellifolium, most genes essential for CS formation
were found to be highly and specifically expressed in the root
(Supplementary Figure S2).

The Endodermal Expression of CS-genes
in Tomato
In addition to the high level of expression in roots, spatiotemporal
expression pattern of the CS regulatory genes can provide

5http://ted.bti.cornell.edu/cgi-bin/TFGD/digital/home.cgi

Frontiers in Plant Science | www.frontiersin.org 6 June 2018 | Volume 9 | Article 832

http://ted.bti.cornell.edu/cgi-bin/TFGD/digital/home.cgi
https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-09-00832 June 20, 2018 Time: 18:31 # 7

Li et al. Conserved Regulation Tomato Casparian Strip

FIGURE 4 | The expression pattern of upstream regulators. pMYB36::GFP-GUS expression in Arabidopsis thaliana root (A). pSHR::GFP-GUS expression in
Arabidopsis thaliana root (B). SlMYB36apro fused with GUS protein as the reporter confirms the expression in the endodermis (C). Both the SlSHRa promoter
(D) and SlCIF promoter (E) drive the expression in vascular tissue in A. rhizogenes-transformed hairy roots. Arrowheads point to the expression position. Scale
bars = 50 µm.

the further evidence of their functional conservation. To
investigate whether the CS regulation in tomato is consistent
with Arabidopsis thaliana, we chose a number of critical
CS homologous genes in tomato genome and cloned their
promoters into the expression vector fused with a GUS reporter.
AtPER64 plays an important role in lignin deposition and
a receptor kinase AtSGN3 controls the correct localization
of CS in the endodermis of Arabidopsis. In line with their
function, they are specifically expressed in the endodermis
(Figures 3A,B) (Lee et al., 2013; Pfister et al., 2014).
Coincidentally, their homologs in tomato, Solyc03g112680
(SlSGN3b), Solyc05g007230 (SlSGN3a), and Solyc12g089360
(SlPER64a), all have the ability to drive the specific expression
of GUS in the root endodermis, starting around the onset
of differentiation (Figures 3C–E), which is similar to the
pattern previously reported in Arabidopsis (Lee et al., 2013;
Pfister et al., 2014). The spatial expression patterns of CS genes
imply the regulation of CS formation may be conserved in
tomato.

Spatial Activation Pattern of Upstream
CS Regulators in Tomato
Many CS catalyzing enzymes are under the direct control of
MYB36, a transcription factor that is also specifically expressed
in the endodermis. Tomato has a MYB36 homologous gene

Solyc04g077260 (SlMYB36a) that shows the highest amino acid
homology (91.06%) with Arabidopsis AtMYB36. To explore
MYB36 expression in tomato, we constructed the reporter lines
in which the promoter of SlMYB36a was fused with the GUS
reporter. Histochemical analysis of GUS expression in tomato
roots revealed that SlMYB36a promoter is mostly active in the
endodermis, which is similar to that of AtMYB36 (Kamiya et al.,
2015) (Figures 4A,C).

SHR functions at the upstream of MYB36 of the CS regulatory
network. AtSHR, specifically expressed in stele (Helariutta et al.,
2000) (Figure 4B), moves cell-to-cell into the endodermis to
play non-cell-autonomous role (Nakajima et al., 2001; Wu
et al., 2014). SCR, a direct target of SHR, was reported to
regulate the endodermal expression of AtMYB36 in Arabidopsis
(Liberman et al., 2015). The expression pattern of SHR and
SCR in rice, maize, and tomato were previously found to
be similar to that in Arabidopsis (Kamiya et al., 2003; Lim
et al., 2005; Cui et al., 2007; Ron et al., 2014). Thus it is
likely that the function of SHR and SCR in the root radial
patterning is well conserved in these species. To verify the
SHR expression pattern in the tomato system we examined the
promoter activity of Solyc02g092370 (SlSHRa). Similar to the
report by Ron et al. (2014), we observed a stele-specific GUS
expression in tomato roots transformed with pSlSHRa:GFP-GUS
(Figure 4D).
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FIGURE 5 | Cortex cell layer number in the root of 35S::SlSHRa (A,B), WT (transformed with empty vectors) (C,D) and the mutant slshra (E). (B,D) show the
zoomed views of boxed regions in (A) and (C), respectively. Ep, epidermis; En, endodermis; St, stele; 1 to 9, Cortex cell layers 1 to 9; Bars = 50 µm.
(F) Quantification of cortex cell layers in (A,C,E). n ≥ 20 roots. Error bars are SD of different root cell layers. Significance was determined by Student’s t-test,
∗∗P < 0.01 (for source data see Supplementary Table S3).

A parallel signal of SHR is the small peptides, AtCIF1/CIF2,
which directly bind to AtSGN3 to promote the intact CS. In
Arabidopsis, both AtCIF1/CIF2 are expressed in stele (Doblas
et al., 2017; Nakayama et al., 2017). The movement of CIF1/2
from stele to reach SGN3 in the endodermis aids to define
the Casparian strip forming layer. Interestingly, we identified
only one CIF1/2 homologous gene in tomato (Figure 2C and
Supplementary Figure S5A). SlCIF promoter expression was
observed in the stele of mature zone of tomato roots (Figure 4E).
This indicates that the spatial distribution of upstream CS
regulators in tomato is also highly conserved.

Functional Analysis of CS Regulators in
Tomato
To further verify the conservation of CS regulators in tomato,
we performed functional analysis by gene knock-out and over-
expression. One of the most well studied roles of SHR is the
promotion of periclinal cell division in Arabidopsis (Helariutta
et al., 2000; Sena et al., 2004; Wu and Gallagher, 2014).To
assess the loss of function effect of SHR in tomato, we used a
CRISPR/Cas9 system to knock out SlSHRa. A previous study
using the same strategy showed loss of function of SlSHRa
led to short meristematic size (Ron et al., 2014). Here we
further examined the root radial patterning which was often
used as a marker for SHR functionality. The SHR editing was
confirmed by PCR followed by sequencing (Supplementary
Figure S4).

In the cross-sections of slshra root, ground tissue layers
decreased compared to those in wild-type (WT) (Figures 5E,F),
indicating the involvement of SlSHRa in root radial patterning.
Consistent with this, overexpression of SHR in tomato roots
resulted in supernumerary ground tissue layers (Figures 5A–D).
These results indicate that SlSHRa is not only essential but
sufficient for periclinal cell division in tomato roots.

To know if the change of ground tissue layers affects
CS formation pattern, we performed lignin auto-fluorescence
staining of CS. Compared to continuous CS bands in almost
all endodermal cells in WT, slshra roots displayed only
occasional lignin deposition at the CS position of endodermis
(Figures 6A–D,I–L). However, in the tomato root with SlSHRa
overexpression, only one cell layer that is in direct contact
with stele formed lignified CS band (Figures 6E–H). These
observations support the previous report that SHR alone is not
sufficient to define the endodermal identity (Wu et al., 2014). The
expression of SlSHRa was confirmed by the nuclear localized GFP
signals (Figures 6M,N).

In addition to SHR, we constructed the over-expression and
gene knockout lines for SlMYB36a. In over-expressed SlMYB36a
line, most of the cortical cells had no lignin in. However, presence
of discontinuous lignin deposition was found occasionally in
a number of cortical cells (Figures 7E–H). This observation
is consistent with the lignin phenotype found in ectopically
expressed AtMYB36 in Arabidopsis (Kamiya et al., 2015). In
Arabidopsis myb36 mutant, CS formation was not entirely
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FIGURE 6 | CS staining in WT (A–D), 35S::SlSHRa (E–H), and slshra (I–L). The sections were stained in an aqueous solution of berberine, and post-stained with
toluidine blue. The images were taken on the fluorescence microscope under UV light. (C,D,G,H,K,L) show the zoomed views of boxed regions in (A,B,E,F,I,J),
respectively. Blue dots indicate positions of CS. Red arrow heads point to CS. The areas defined by yellow circles indicate the region lacking CS. Sections in WT,
35S::SlSHRa, and slshra are in similar positions. (M,N) show the expression of 35Spro-driven SHR with GFP fusion protein (green) in the transformed root.
Bars = 50 µm.

abolished but delayed (Kamiya et al., 2015; Liberman et al.,
2015). In agreement with this observation, we also found that
lignin staining in CS was discontinuous and mostly invisible in
the cross-section around 2 mm from the root tip of slmyb36a
(Figures 7M,N,Q,R), although the same position of the WT
root exhibited continuous lignin staining of CS (Figures 7A–D).
However, the slmyb36a mutant eventually formed lignin-based

CS structure in endodermis around 5 mm from the root tip,
indicating the delayed formation of CS (Figures 7I–L,O,P,S,T).

To further understand the pathway of CS formation in
tomato, we knocked out SlSGN3a in tomato roots and observed
discontinuous patches of CS, compared to WT (Figures 8A–L).
This phenotype mimics the defective CS observed in the Atsgn3
mutant in Arabidopsis (Pfister et al., 2014), suggesting SGN3 also
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FIGURE 7 | T The function of SlMYB36a in CS. (A–L) Lignin staining of CS in WT and 35S::SlMYB36a roots. En, endodermis; Cor, cortex. Blue dots indicate
positions of CS. (M–T) show the lignin staining of CS at different positions of slmyb36a root. Red arrow heads point to CS; white arrow heads point to the defect of
CS. (I–L,O,P,S,T) show Casparian strip at 5 mm from the root tip. (A–D,M,N,Q,R) show Casparian strip at 2 mm from the root tip. (Q-T), respectively show the
zoomed views of boxed regions in (M-P). Schematic showing the sampling position of selection (U). Bars = 50 µm.
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FIGURE 8 | The function of SlSGN3a in CS. CS observation in WT (A–D) and the mutant slsgn3a (E–L). (B,D,F,H,J,L) show the zoomed views of boxed regions in
(A,C,E,G,I,K), respectively. Blue dots indicate positions of CS. Red arrow heads point to CS; White arrow heads point to the defect of CS. Sections in WT and
slsgn3a are in similar positions. Bars = 50 µm.

plays a conserved role in the CS development. Taken together,
these results support the idea that the regulatory components for
CS formation are functionally conserved among plant species.

Promoter Activation Is Conserved
Among Species
The previous study has confirmed that the expression and
localization of CASP1 remains conserved during evolution
(Roppolo et al., 2014). The spatiotemporal expression
information is mostly included in the cis-element of the
promoter of a gene. To understand if there are conserved
elements in the promoter of CS genes, we cloned the promoter
of Arabidopsis CS genes and examined their expression pattern
in other species. We first constructed AtCASP1 promoter
GUS reporter line and transformed both tomato (M82) and
soybean. The promoter fragment (1160 bp of 5′-upstream
region preceding the start codon) we used drove the expression
specifically in the endodermis of Arabidopsis root (Figures 9C,E)
(Roppolo et al., 2011). Similar to this pattern, we found AtCASP1
promoter was activated only in the endodermis and mature zone

in Tomato and soybean (Figures 9A,B,D). We also tested other
promoters of CS regulating genes (AtSGN3, AtMYB36) that drive
endodermis-specific expression in Arabidopsis (Figures 3A, 4A),
and found a similar expression pattern in tomato (Figures 9F,G).
These results suggest that the transcriptional activation elements
within these promoters are possibly conserved across species.
Interestingly, by comparing the promoter sequence for each CS
gene from different species, we found some common cis-acting
regulatory elements whose relative positions are conserved in
different promoter regions (Supplementary Figures S5B–D).

DISCUSSION

Formed together with vascular tissues during evolution (Heath,
1976; Enstone et al., 2003; Yoon et al., 2015), Casparian strips
are present in ferns, gymnosperms and angiosperms, and some
pinales (Warmbrodt and Evert, 1979; Pant and Basu, 1997; Wu
et al., 2005). The hydrophobic feature of Casparian strips makes
it a protective structure for vascular tissues in plants which help
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FIGURE 9 | The same expression pattern-conferred by Arabidopsis promoters in tomato and soybean. GUS staining shows that ATCASP1pro drives the similar
expression in endodermal cells of soybean and tomato hairy roots (A,B). PCASP1::CASP1-GFP protein fusion shows the localization of CASP1 protein in
Arabidopsis endodermis (C,E). Ep, epidermis; Co, cortex; En, endodermis; St, stele. The cell layers enclosed in braces are cortex. Yellow arrows point to where
genes are expressed. Tomato hairy roots transformed with ATCASP1pro:GUS (D), ATSGN3pro:GUS (F), and ATMYB36pro:GUS (G) show specific expression in
endodermis. Red arrowheads point to the expression position. Image stitching was performed to show the full expression pattern in the longitudinal view.
Bars = 50 µm.

to defend against various environmental stresses (Stasovski and
Peterson, 1993; Karahara et al., 2004; Chen et al., 2011; Pfister
et al., 2014; Yang et al., 2015; Yoon et al., 2015; Kamiya et al.,
2015; Liberman et al., 2015; Liska et al., 2016; Le Roy et al.,
2017; Li et al., 2017). However, understanding of molecular
regulation behind Casparian strip development is still limited
in Arabidopsis, in which stereotypical root anatomy is simpler
than most other species. Recently, Roppolo et al has shown the
conserved subcellular localization of CASP family proteins across
species (Roppolo et al., 2014). Upstream regulation of CASPs
are mediated by transcription factors while the downstream is
regulated by a group of enzymes and factors catalyzing the
local lignification. In addition, correct localization of CASPs
requires the coordination of two receptor kinases, and intact
band-structure of CASPs needs stele-derived peptides, CIF1 and
CIF2 (Doblas et al., 2017; Nakayama et al., 2017). In Arabidopsis
root, both SHR and CIF1/2 are expressed in stele, but the
protein and peptides move outward to endodermis to promote
Casparian strip development. This intercellular signaling ensures
the formation of Casparian strip only in the first cell layer
contacting stele. In endodermal cells, SCR, the direct target of
SHR, can activate the expression of a Casparian strip master
regulator, MYB36, which turns on the specific expression of a
group of downstream regulators, including CASPs, ESBs and

PERs (Kamiya et al., 2015; Liberman et al., 2015) In addition,
SGN1 and SGN3, two kinases that determine the localization
of CASPs to CS zone also are specifically expressed in the
endodermis. Therefore, spatial activation of these genes is crucial
for building the CS only in the endodermis. Phylogenetic analysis
revealed the presence of the homologs of these CS regulatory
genes in most land plants. However, their functional roles and
spatial expression patterns remain obscure in other species.
Molecular and cellular analyses in the current study revealed that
SlMYB36a, SlSGN3a as well as SlPER64a have specific expression
in the innermost ground tissue layer, while SlSHRa and SlCIF
only expressed in vascular tissues. This finding provides a
strong evidence for existence of similar regulatory cascade across
different tissues in tomato.

CS is an exclusive feature of endodermal cells and SHR/SCR
pathway was proposed to represent an evolutionarily conserved
mechanism defining a single endodermal layer in plants (Cui
et al., 2007). The rice and maize SCR ortholog was also shown
to function similarly as AtSCR in Arabidopsis (Lim et al.,
2000, 2005; Kamiya et al., 2003). In tomato, it was shown
that loss function of SHR or SCR resulted in short root
length and reduced meristem, consistent with their roles in
root development in Arabidopsis (Ron et al., 2014). Previously
it was proposed that SHR is sufficient to confer endodermal
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identity in root patterning. However, recent studies suggest that
SHR alone is not able to reprogram a non-endodermal lineage
into a functional endodermis (Wu et al., 2014). In Arabidopsis,
SHR directly activates SCR, and SCR was shown to promote
MYB36 expression, by which a group of Casparian strip genes
can be activated. Moving from stele into endodermis to play non-
cell-autonomous roles, SHR provides the positional information
to specify the cell layer that forms the Casparian strip (Martinka
et al., 2012). In tomato, we overexpressed SlSHRa and found
the increased ground tissue layers. However, we still detected a
single lignified cell layer locating in the endodermal position. This
verifies that SHR mediated pathway is not adequate to build a
functional CS and additional SHR-independent pathways need
to participate in the regulation. In contrast, loss-of-function of
SlSHRa impaired the CS formation in all endodermal cells in
mature zone. Interestingly, slshra mutant did not entirely lose CS
and endodermal cell layer, which is different from the shr mutant
in Arabidopsis. In tomato, we found another SHRb gene. It is
possible that there is a degree of functional redundancy of these
genes in tomato.

The defect in CS formation in slsgn3a and slmyb36a shows
a similar pattern observed in the loss of function Arabidopsis
mutants. Additionally, transcriptional activating elements in the
promoter and the cis-acting elements in the promoter of many
CS regulatory genes were found to be evolutionary conserved
among plant species, including tomato. The better way to detect
the spatiotemporal change of Casparian strips is the longitudinal
observation. However, our attempts of longitudinal examination
of Casparian strips in tomato did not work. Due to difference in
the root thickness, the methods used in Arabidopsis thaliana may
not be feasible to use for other species. A number of previous
studies using clearing methods also showed that only epidermis
and exodermis were clearly visible in the longitudinal section. In
those studies, Casparian strips could only be detected in cross
sections (Lucas et al., 2011; Lux et al., 2005).

Taken together, our results provide strong functional evidence
of the presence of a conserved regulatory mechanism of CS
formation in tomato and also suggest that this process is possibly
conserved among the land plant species.
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FIGURE S1 | Phylogenetic trees of Casparian strip regulatory genes SGN1 (A),
SGN2 (B), SGN3 (C), SGN4 (D), CASP1 (E), ESB1 (F) and SCR (G). See
Supplementary Table S1 for the species abbreviations.

FIGURE S2 | Normalized expression of genes in different tissues of tomato.

FIGURE S3 | The MYB36a transcript levels in WT and 35S::SlMYB36a roots using
qRT-PCR. Asterisks indicate significant differences from WT, ∗∗ P < 0.01,
Student’s t test. Values represent the means and error bars indicate SD of the
mean from three replicates.

FIGURE S4 | Alignment of sequences with Cas9-induced mutations obtained
from roots transformed with CRISPR/Cas system for SlSGN3a (A), SlMYB36a
(B) and SlSHRa (C). Designed target sequences are labeled in the red boxes. The
sequences of mutant lines (line 1, line 2) are shown underneath the wild type (WT).
The single guide RNA (sgRNA) is marked with red line and mutations are indicated
by the blue arrowheads. The changes in length compared with the wild type
(SlSGN3a: 3753 bp; SlMYB36a: 978bp; SlSHRa: 1524bp) are shown in red circles
on the right.

FIGURE S5 | Amino acid sequence alignment of the peptides between
Arabidopsis thaliana and tomato (A). The homology sequences are shaded in
watermelon red. Conservation of promoter regions of CASP1 homologs (B),
SGN3 homologs (C) and MYB36 homologs (D). Cis-acting regulatory sites
present in a promoter sequence were searched using PlantCARE.

FIGURE S6 | Cell type-specific expression in tomato conferred by the Solanum
lycopersicum and Arabidopsis promoters.

TABLE S1 | Numbers of homologous genes in different plant species. Species
abbreviations are as follows: Potri, Populus trichocarpa; Medtr, Medicago
truncatula; Glyma, Glycine max; Cp, Carica papaya; AT, Arabidopsis thaliana; Vv,
Vitis vinifera; St, Solanum tuberosum; Solyc, Solanum lycopersicum; Migut,
Mimulus guttatus; Bradi, Brachypodium distachyon; LOC_Os, Oryza sativa; Zm,
Zea mays; Sobic, Sorghum bicolor; Gb, Ginkgo biloba; Pitae, Pinus taeda; Smo,
Selaginella moellendorffii; Phpat, Physcomitrella patens.

TABLE S2 | Primers used for molecular cloning.

TABLE S3 | Cell layers in WT, 35S::SlSHRa, and slshra.
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