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When perceiving microbe-associated molecular patterns
(MAMPs) or plant-derived damage-associated molecular
patterns (DAMPs), plants alter their root growth and
development by displaying a reduction in the root length and
the formation of root hairs and lateral roots. The exogenous
application of a MAMP peptide, flg22, was shown to affect
root growth by suppressing meristem activity. In addition to
MAMPs, the DAMP peptide PEP1 suppresses root growth
while also promoting root hair formation. However, the
question of whether and how these elicitor peptides affect
the development of the vascular system in the root has not
been explored. The cellular receptors of PEP1, PEPR1 and
PEPR2 are highly expressed in the root vascular system,
while the receptors of flg22 (FLS2) and elf18 (EFR) are not.
Consistent with the expression patterns of PEP1 receptors,
we found that exogenously applied PEP1 has a strong impact
on the division of stele cells, leading to a reduction of these
cells. We also observed the alteration in the number and
organization of cells that differentiate into xylem vessels.
These PEP1-mediated developmental changes appear to be
linked to the blockage of symplastic connections triggered by
PEP1. PEP1 dramatically disrupts the symplastic movement
of free green fluorescence protein (GFP) from phloem sieve
elements to neighboring cells in the root meristem, leading to
the deposition of a high level of callose between cells. Taken

together, our first survey of PEP1-mediated vascular tissue
development provides new insights into the PEP1 function as
a regulator of cellular reprogramming in the Arabidopsis root
vascular system.
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system

INTRODUCTION

The plant root is an essential organ for the uptake of nutrients
and water from the soil. Its growth is controlled by various
endogenous and environmental factors. Among environmen-
tal factors, plant roots are exposed to an array of potential
pathogenic organisms and adverse physical conditions, such
as extreme temperatures, salinity, drought or heavy metals
(De Coninck et al., 2015; Hacquard et al., 2017; Pascale et
al., 2020). In particular, a root serves as the primary interface
between a plant and soil microbes. Recent breakthroughs
in root-microbiome interaction studies (Bartels et al., 2013;
Emonet et al., 2021; Jing et al., 2019; Ma et al., 2014, Millet
et al., 2010; Poncini et al., 2017; Zhou et al., 2020) suggest
that upon the perception of microbe-associated molecular
patterns (MAMP) or damage-associated molecular patterns
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(DAMP), the root epidermal layer transduces signals that
trigger a burst of reactive oxygen species, elevating cytoso-
lic calcium levels and activating defense-related genes and
callose deposition processes. Unlike MAMPs, DAMPs such
as plant elicitor peptides (PEPs) are produced and released
by hosts in response to pathogenic organisms (Bartels and
Boller, 2015). Thus far, eight genes have been identified in
Arabidopsis thaliana (hereafter referred to as Arabidopsis)
as those encoding PEP precursors (Bartels et al., 2013; Huf-
faker et al., 2006; Yamaguchi and Huffaker, 2011). Genes
encoding the precursors of PEP1, 2, 3, and 8 are ubiquitously
expressed in differentiated parts of a root, while genes for
precursors of PEP4 and 7 are expressed in the root meristem
(Bartels et al., 2013). A gene encoding a receptor for PEPs,
PEPR1, is expressed in most tissue layers, whereas the expres-
sion of PEPR2 is specific to the vascular cylinder (Bartels et
al.,, 2013; Jing et al., 2019; Yamaguchi et al., 2010). Among
the eight PEPs, PEP1 is a widely used elicitor in plant immu-
nity research. Prolonged exposure to exogenous PEP1 plays
a significant role not only in plant immunity but also in the
regulation of root growth and root hair formation (Jing et al.,
2019; Okada et al., 2021; Poncini et al., 2017; Yamaguchi et
al., 2010; Zipfel et al., 2004). However, whether PEP1 affects
the growth of the central vascular system and, if it does, how
it occurs will require further studies.

The central vascular strand facilitates the long-distance
transport of water, hormones, nutrients, proteins and other
signaling molecules and provides mechanical support to vas-
cular plants in terrestrial environments. In the root meristem,
the vascular initials undergo a series of proliferative and for-
mative cell divisions to establish themselves at the central part
of the root, surrounded by the pericycle, endodermis, cortex
and the outmost epidermal layer (De Rybel et al., 2016;
Dolan et al., 1993; Seo et al., 2020). The quiescent center
(QC) and neighboring stem cells constitute the stem cell
niche, where cell lineages are established and maintained via
formative divisions and where cell fate determination tran-
spires (Aichinger et al., 2012; Sabatini et al., 2003; Wendrich
et al, 2017). These complex developmental processes are
extremely sensitive to signals sensing environmental changes
(Chaiwanon et al., 2016; Perini et al., 2012). For instance,
recent findings (Jang and Choi, 2018; Jang et al., 2017, Ra-
machandran et al., 2020; 202 1) have revealed that xylem dif-
ferentiation within the stele is largely influenced by reduced
water availability via JA and ABA signaling.

Most studies of plant immunity have focused on patho-
genic responses in leaves. One reason for this may be related
to the rich information about pattern-recognition receptors
(PRRs) in the shoot system (Beck et al., 2014). However,
root-pathogen interaction studies have gained interest
among researchers (Emonet et al., 2021; Jing et al.,, 2019;
Okada et al., 2021; Poncini et al., 2017; Rich-Griffin et al.,
2020; Zhou et al., 2020). Motivated by recent findings sug-
gesting that a cocktail of MAMP (flg22) and DAMP (PEP1)
can induce the expression of PRRs in the stele (Zhou et al.,
2020), we wanted to know whether flg22 and elf18, among
MAMP and PEP1 and among DAMP trigger any develop-
mental changes within the stele in terms of cell division and
differentiation.
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To this end, we employed various phenotypic approaches
to identify the developmental responses inside the root stele
in Arabidopsis seedlings exposed to these elicitors during ear-
ly growth. Intriguingly, our initial survey revealed that PEP1
can more potently control early vascular cell divisions within
the stele as compared to flg22 and elf18. In accordance with
this, we found that the expression of the PEP1 receptors
of PEPR1 and PEPR2 are highly enriched within the stele, a
probable cause of the magnitude of the responses triggered
by PEP1. Furthermore, we observed that PEP1 stimulates ec-
topic xylem differentiation, leading to extra protoxylem or ex-
tra metaxylem in the root maturation zone. Finally, our work
also revealed that PEP1 signaling may disrupt the symplastic
connection through a phloem sieve element likely via callose
deposition. Taken together, our results provide novel insights
into the previously unknown function of PEP1 in controlling
the developmental process of the Arabidopsis root stele.

MATERIALS AND METHODS

Plant materials and growth condition

The Arabidopsis plants used in this study were of the Colum-
bia (Col-0) ecotype. Col-0 plants were used as the wild-type
(WT) control in this study. The fec (fls2 efr cerk1) triple mu-
tant (Gimenez-lbanez et al., 2009), ProWOX5:erGFP (Sebas-
tian et al., 2015); ProTMO5::erGFP (Lee et al., 2006); ProAR-
R5::erGFP (Lee et al., 2006); ProAHP6::erGFP (Mahonen et al.,
2006), ProS32::erGFP (Lee et al., 2006), ProSUC2::GFP (Im-
lau et al., 1999) and ProTCSn::ntdTomato, ProDR5v2::n3GFP
(Smet et al., 2019) marker lines were reported previously.
All seeds were surface-sterilized, vernalized and grown on
half-MS media supplemented with 1% sucrose under a
16-h-light/8-h-dark cycle with light intensity of 100 pmol m™
s at 22°-23°C in a plant growth chamber.

Peptide biosynthesis

The peptides used in this study were synthesized by Peptron
(Korea) (http://www.peptron.com). The sequences (from
the N terminus to the C terminus) of the peptide used are as
follows: flg22, TRLSSGLKINSAKDDAAGLQIA; elf18, Ac-SKEK-
FERTKPHVNVGTIG (Ac, acetyl group); and AtPEP1 (PEP1),
ATKVKAKQRGKEKVSSGRPGHN. The peptides were dissolved
in distilled water to make 10 mM of stock and were stored in
a—20°C freezer until use.

Root growth inhibition assay with MAMP and DAMP
treatments
To analyze root growth inhibition in the presence of MAMP
(flg22 and elf18) or DAMP (PEP1) on solid half MS plates,
seedlings grown on solid half MS plates were transferred two
days after transfer (DAT) to a growth chamber onto fresh half
MS plates supplemented with 1 uM of flg22 or 1 uM of elf18
or 1 uM of PEP1 or distilled water (mock). The seedlings were
allowed to grow on the respective media for another five
days. During this period, the seedlings were photographed
every day.

To assess the degree of root growth inhibition in the liquid
half MS media, three DAT seedlings were incubated in a six-
well plate (SPL Life Sciences, Korea) with or without 1 uM
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synthetic peptides (flg22, elf18, PEP1) for four days. During
the treatment, the seedlings were arranged on a MS plate
and photographed using a digital camera every day. The root
lengths were measured by NIH Image J software (http://rsb.
info.nih.gov/ij) as previously described (Okada et al., 2021).

Analysis of the stele cell number and xylem phenotype

To analyze the stele cell number and xylem phenotype in
the MAMP or DAMP treated condition, seven DAT (upon a
five-day treatment in respective media) seedling roots were
harvested and fixed overnight in 4% paraformaldehyde at
room temperature. The samples were then dehydrated in an
ethanol series (30%, 50%, 70%, 90%, and 100% (v/v)) and
plastic blocks were then prepared with Technovit 8100 kits
according to the manufacturer's instructions. Plastic sections
(5 pm width) were made using a Leica RM2255 microtome
as described previously (Kim et al., 2020).

To determine the stele cell number, sections were prepared
at the 1-1.5 mm basal region from the root tip. To determine
the xylem phenotype, the 4-6 mm basal region from the root
tip was used for sectioning. The sections were imaged using
a Nikon Eclipse Ni-U microscope with DIC optics.

Confocal microscopy

Confocal microscopy was performed on a Zeiss LSM700 and
a Leica TCS SP8 confocal laser scanning microscope as previ-
ously reported (Kim et al., 2020; Seo and Lee, 2021). Pictures
were taken with either a 20x dry objective lens or a 63x wa-
ter-immersion objective lens. For Z-scan imaging, the same
position on the root and the same laser scanning area were
chosen.

To image the ProTCSn::ntdTomato, ProDR5v2::n3GFP du-
al-marker line, seedlings were fixed in 4% paraformaldehyde
and treated with ClearSee solution (Kurihara et al., 2015) for
five days. The seedlings were then stained with 0.1% (v/v)
calcofluor white 2MR (Sigma-Aldrich, USA) in ClearSee solu-
tion for 30 min and observed under a confocal microscope
(Leica TCS SP8) with preset excitation/emission wavelengths
of 488 nm/500-530 nm for GFP, 550 nm/580 nm for tdTo-
mato and 350 nm/420 nm for calcofluor white 2MR. To visu-
alize the GFP protein in other transgenic lines, seedlings were
stained in a 1 uM propidium iodide (PI; Sigma-Aldrich, USA)
solution for 2 min and observed under a Carl Zeiss LSM700
confocal microscope (Carl Zeiss, Germany) with the following
excitation and detection windows: GFP 488 nm/500-530
nm; PI 555 nm/591-635 nm.

Quantitative real-time polymerase chain reaction

Quantitative real-time polymerase chain reaction (qRT-PCR)
assessments were carried out to analyze the relative transcript
levels of the PEPR1, PEPR2, ACS6, MYB51, WRKY 11, ZAT12,
and PER5 genes following a treatment with 1 uM of PEP1.
To prepare the sample, five DAT seedlings grown on half MS
plates were incubated in liquid half MS with or without 1 pM
PEP1 for 6 h. After treatment, amounts of approximately 100
mg of root tissues were harvested per biological replicate and
snap-frozen in liquid nitrogen. Total RNA was extracted using
RNeasy plant mini kits (Qiagen, Germany) according to the
manufacturer's instructions. The quality and quantity of the
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isolated RNA samples were analyzed by Nanodrop™ spec-
trophotometry (GE Healthcare, USA). Approximately 2 pg of
purified RNA was used as a template for cDNA biosynthesis
using SuperScript™ Ill Reverse Transcriptase (Invitrogen, USA)
in 20 pl reaction amounts. The synthesized cDNA was diluted
five-fold with autoclaved distilled H,0, and 1 pl of c-DNA was
used as a template for gRT-PCR using iQ™ SYBR® Green Su-
permix (Bio-Rad, USA) on a CFX96™ Real-Time PCR machine
(Bio-Rad) following the manufacturer’s instructions, as previ-
ously reported (Kim et al., 2020). The sequence information
of the gene-specific primers is listed in Supplementary Table
ST.

Callose deposition assay with aniline blue staining

To observe the callose deposition, four DAT transgenic seed-
lings of ProS32::erGFP (Lee et al., 2006) grown on half MS
plates were transferred to other half-MS plates supplement-
ed with 1 uM of PEP1 for two days. Mock- and PEP1-treated
seedlings were fixed in 4% paraformaldehyde in 1x phos-
phate-buffered saline (PBS) (137 mM NaCl, 2.7 mM KCl,
10 mM Na,HPQ,, 1.8 mM KH,PO,; pH 7.4) for an hour and
washed three times in 1x PBS before they were rinsed with
1 ml of 67 mM K,HPO, (1551128; Sigma-Aldrich). The root
samples were then stained in 0.01% aniline blue (Sigma-Al-
drich) dissolved in 67 mM K,HPO, (pH 12) for 30-60 min at
room temperature in the dark. Confocal images were ob-
tained using a Leica TCS SP8 confocal microscope with preset
excitation/emission wavelengths of 390 nm/420 nm for cal-
lose detection and 488 nm/500-530 nm for the GFP signals.

Accession numbers

The sequence information of the genes used in this study
can be found in the Arabidopsis Genome Initiative under the
following accession numbers: PEPR1 (AT1G73080); PEPR2
(AT1G17750); PERS (AT1G14550); ACS6 (AT4G11280);
MYB51 (AT1G18570); WRKY11 (AT4G31550); ZAT12
(AT5G59820); GAPDH (AT1G13440).

RESULTS

PEP1 inhibits the apical root growth without affecting the
QC identity
The involvement of flg22, elf18, and PEP1 during the process
of vascular cell division is currently unknown. Root growth
inhibition caused by the prolonged exposure of seedlings to
flg22, elf18, or PEP1 peptides has mostly been reported in
liquid culture systems (Okada et al., 2021). However, to test
the effects of these peptides on early root vascular devel-
opment, we deemed it to be more appropriate to observe
seedlings growing on a solid medium. In a root growth inhi-
bition assay on solid half MS plates supplemented with 1 pM
of flg22, elf18, and PEP1 (Figs. 1A-1C), PEP1 was the most
potent peptide, retarding the root growth of two DAT seed-
lings from the initiation of the treatment. Compared to the
mock condition (solid half MS media without any MAMP or
DAMP), 1 uM of flg22 or elf18 only caused a marginal reduc-
tion of root growth (Figs. 1A and 1B).

To confirm the functionality of our flg22 or elf18 peptides,
we monitored the root growth of Col-0 seedlings in liquid
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Fig. 1. Inhibition of the root growth by PEP1. (A) Two DAT Col-0 seedlings grown on half-MS agar plates containing 1 uM of flg22,
elf18, or PEP1 or without elicitor for five days. Scale bar = 1 cm. (B) Root length of the two DAT seedlings grown on half-MS agar plates
with or without an elicitor treatment. The length was measured in each consecutive day until five days. The data are shown as the mean
+ SEM (n = 27-44 for each time point). (C) Root growth of two DAT WT seedlings grown on half-MS agar plates in the presence of 1
uM PEP1 at different time points. The data are shown as the mean = SEM (n = 28-44 for each time point). (D) Microscopic analysis of
ProWOX5::erGFP seedlings grown on PEP1 (1 uM) on half-MS agar plates at different time points. The white bar over the roots indicates
the meristem regions. Scale bars = 50 um.
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half MS media containing 1 uM of flg22, elf18, and PEP1
(Supplementary Fig. STA). Consistent with other findings
(Okada et al., 2021), we observed strong suppression of root
growth in liquid half MS media containing 1 uM of flg22
or elf18 (Supplementary Fig. S1B). Interestingly, PEP1 con-
sistently suppressed root growth irrespective of the growth
conditions. Moreover, the fls2 efr cerk1 (fec) triple-receptor
mutant (Gimenez-lbanez et al., 2009), used as our experi-
mental control for the flg22 and elf18 treatments, grew well
when exposed to 1 uM of flg22 or elf18 (Supplementary Figs.
S1C and S1D). As expected, the fec triple mutant showed a
root growth inhibition phenotype similar to that of the Col-
0 seedlings in the presence of 1 uM of PEP1 (Supplementary
Fig. S1D). Therefore, our analysis indicates that the presence
of PEP1 altered root growth irrespective of the media condi-
tions, whereas flg22 or elf18 affected root growth mostly in
the liquid culture system.

The QC plays a role in maintaining a stem cell population
near the apical meristem that contributes to the addition of
new cells to the developing root (Aida et al., 2004; Dolan et
al., 1993; Scheres, 2007). We sought to determine whether
the QC identity is affected by a long-term PEP1 treatment by
monitoring the expression of ProWOX5::erGFP (Sarkar et al.,
2007), a QC-specific marker. We treated two DAT seedlings
harboring the ProWOX5::erGFP transgene with 1 uM of PEP1
and imaged them on 2, 5, 7, 10, and 13 days post treatment
(Fig. 1D). Similar to mock-treated roots, ProWOX5::erGFP
expression was retained in the QC for up to 13 days of the
PEP1 treatment. Consistent with previous findings (Jing et al.,
2019; Okada et al., 2021), our analysis suggests that PEP1
suppressed the root meristem activities without affecting the
QC identity.

PEP1 signaling components are highly expressed in the
root stele

Plasma-membrane-localized receptors play an essential role
in recognizing the features of defense elicitors. This percep-
tion determines the magnitude of the plant immune respons-
es (Abdul Malik et al., 2020; Nurnberger and Kemmerling,
2018). To understand the primary location at which these
receptors perceive pathogenic signals, we examined the ex-
pression patterns of the receptors of flg22 (FLS2), elf18 (EFR),
and PEP1 (PEPR1 and PEPR2) peptides. In our cell-type-spe-
cific transcriptome data (Zhang et al., 2019), the receptors
for PEP1 (PEPR1 and PEPR?2) are highly expressed in the stele
compared to the other cell layers of the root, whereas EFR
and FLS2 maintained low expression levels in most tissue lay-
ers (Fig. 2A, Supplementary Table S2).

Next, we monitored the expression changes of two PEP1
receptors (PEPR1 and PEPR2) and downstream-defense-as-
sociated marker genes, in this case ACS6, MYB51, WRKY11,
ZAT12, and PER5 (Poncini et al., 2017). The expression do-
mains of the PEPR receptors are overlapped within the root
stele (Bartels et al., 2013; Jing et al., 2019; Yamaguchi et al.,
2010), whereas the expression levels of the defense-associ-
ated marker genes are largely induced in the root stele and
the adjacent tissue layers upon the induction of biotic stress
(Poncini et al., 2017). We extracted the expression dynamics
of the PEP1 receptors and the downstream marker genes
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from a genome-wide expression dataset made available in
a recent report (Bjornson et al., 2021). The transcriptions of
these seven genes were clearly induced by treatments with
flg22, elf18, and Pep1, an outcome not observed in the
respective receptor mutants (Supplementary Table S3). To
reconfirm whether the PEP1 treatment in our system could
induce the expression of PEP1 receptors and the down-
stream-defense-associated marker genes, we monitored the
expression changes of the seven genes (Supplementary Table
S1) in the root after exposure to 1 uM of PEP1 for six hours
by means of gRT-PCR (Figs. 2B-2H, Supplementary Fig. S2).
The mRNA accumulations of PEPRT and PEPRZ2 in the roots
were strongly elevated after the PEP1 treatment (Figs. 2B
and 2C, Supplementary Fig. S2), consistent with previous
findings (Bjornson et al., 2021; Jing et al., 2019; Yamaguchi
et al,, 2010). Moreover, we confirmed the upregulation of
the downstream marker genes (Figs. 2D-2H, Supplementary
Fig. S2), indicating that in our conditions, the PEP1 treatment
could effectively elicit defense responses in the roots. Taken
together, these results suggest that PEP1 signaling exists
within the stele, which may be predominant compared to
flg22 and elf18.

PEP1 reduces the number of stele cells

The PEP1 coordination mechanisms of root apical growth
and root hair development have recently been elucidated
(Jing et al.,, 2019; Okada et al., 2021; Poncini et al., 2017).
However, how these are related to the stele has not been re-
ported. Therefore, we investigated whether PEP1 plays a role
in the regulation of vascular tissue development. First, to test
for an effect of PEP1 on the stele cell number, we quantified
the stele cell number from the early elongation zone of the
root. The stele cell file number enters a stable condition with-
out further periclinal division as the cells exit the meristem
region (Ye et al., 2021). Keeping this in mind, we undertook
plastic sectioning at the transition zone of seven DAT roots
that grew for five days in the presence of 1 uM of PEP1 (Figs.
3A and 3B). In the mock-treated samples, the stele cell num-
ber was approximately 49 + 2 (Figs. 3A and 3E). Compared
to the mock condition, the PEP1-treated sample showed
a slight but significant (P < 0.01) reduction in the stele cell
number (46 * 2, Figs. 3B and 3E). However, consistent with
the root growth suppression phenotype (Figs. 1A and 1B),
treatment with 1 uM of flg22 and elf18 did not result in any
noticeable change in the stele cell number compared to the
mock condition (flg22 49 + 1, elf18 50 £ 2, Figs. 3C-3E).
These results suggest that PEP1 negatively affected stele cell
formation in the root meristem.

PEP1 promotes extra xylem formation

Our finding that the stele cell number is reduced in the pres-
ence of PEP1 (Fig. 3), motivated a deeper investigation of
xylem formation in response to PEP1. To analyze the organi-
zation of xylem vessels in a quantitative manner, we created
cross-sections at the root differentiation zone of Col-0 seed-
lings treated with (PEP1) or without (mock) 1uM of PEP1
(Fig. 4). Based on the section images, we categorized vessel
organizations into four types, as reported previously (Seo and
Lee, 2021). The first type is defined as “five xylem cells” with
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Fig. 2. Expression analysis of pathogenesis-related genes in response to PEP1. (A) Heat-map showing relative expression patterns of
PEPR1, PEPR2, EFR, and FLS2 receptors in the cell-type-specific expression data. The PEP1 receptors PEPR1 and PEPR2 show relatively
high enrichment levels in stele cell files compared to EFR and FLS2 receptors. Expression values for each gene were row-normalized with
the cell file types. The cell-type-specific expression data are presented in Supplementary Table S2. (B and C) The relative m-RNA levels
of the PEPR1 and PEPR2 receptors after 6-h post induction with 1 uM PEP1. The expression level of the mock treatment was arbitrarily
set to 1.0 and compared to that, relative normalized expression values of the target genes were determined with a PEP1 treatment. The
data are represented as the mean + SEM (n = three individual reactions). Asterisks indicate statistical significance of differences between
the corresponding values of the mock and PEP1 treatment samples. ***P < 0.001 (Student’s t-test). (D-H) Relative expression levels of
ACS6, MYB51, WRKY11, ZAT12, and PER5 pathogenesis-related genes with a 6-h 1 uM PEP1 treatment. The normalized transcript levels
compared to the mock treatment are indicated (+ SEM from three individual reactions). The statistical significance of differences was
calculated using Student’s t-test (**P < 0.01; ***P <0.001).

two protoxylem cells on opposite ends along the xylem axis
and three metaxylem cells between them (Figs. 4A and 4D).
The second category is defined as “extra xylem” where differ-
entiated extra protoxylem or extra metaxylem cells outside
the xylem axis can be observed (Figs. 4B and 4E). The third
group is termed “six xylem cells” along the xylem axis with an
extra xylem in a row (Figs. 4C and 4F). The final category was
only observed in PEP1-treated roots. We termed it “4 xylem
cells,” where the section contains only four xylem cells in the

xylem axis even after the differentiation process is completed
(Fig. 4G).

In our analysis with 40 individual seedlings grown on half
MS, we found that the most prevalent type (~50%) of xylem
is that with “5 xylem cells,” followed by the “6 xylem cells”
(~45%) and the “extra xylem” (~5%) types (Fig. 4H). In the
PEP1-treated roots, approximately 58% were categorized as
the “5 xylem cells” type while close to 10% belonged to the
“6 xylem cells” type. In addition, the “4 xylem cells” and “extra
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xylem” types were found to account for approximately 12%
and 20%, respectively (Fig. 4H). These data suggest that
PEP1 modulates the xylem vessel number and distribution.
Xylem vessel fates in the root differentiation zone are
determined early in xylem precursors in the root meristem
(De Rybel et al., 2016). Thus, we selected cell-type-specific
markers in the root meristem to cross-compare their ex-
pression responses to PEP1 and to assess changes in xylem
vessel differentiation. Here, ProTMO5::erGFP (Lee et al.,
2006) denotes the xylem axis (Fig. 5). We transferred four
DAT ProTMO5::erGFP transgenic seedlings to half MS plates
with or without 1 uM of PEP1 and incubated them for two
days (Supplementary Fig. S3). Without PEP1, seedling roots
grew 2.24 times (x2.24) on average in two days, while those
treated with PEP1 grew only 1.29 times (x1.29) (Supplemen-
tary Fig. S3A). Consistent with these growth behaviors, the
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meristem size of the root treated with PEP1 became much
smaller than that of mock-treated seedlings (Supplementary
Figs. S3B and S3C). Under these conditions, the expression
of ProTMOb5::erGFP along the xylem axis of the meristem
zone (Figs. 5A and 5E) could be divided into the “5 xylem
cells” (Figs. 5B and 5F), “6 xylem cells” (Figs. 5C and 5G),
and “extra xylem” (Figs. 5D and 5H) types. Our scoring of
ProTMO5::erGFP revealed that the “extra xylem” frequency
with the PEP1 treatment is elevated by twofold (~38%) in
comparison with the mock-treated sample (~18%) (Fig. 5I).
Moreover, there was a clear reduction of the “6 xylem cells”
type (Mock: ~29%, PEP1: 15%), consistent with the scoring
result of xylem vessels in the root differentiation zone (Figs.
4H and 5).

We extended the xylem characterization further using
lines expressing ProAHP6::erGFP (Mahonen et al., 2006) and
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instances of extra cell division near the protoxylem ends. The white asterisks mark the xylem cell files in a row. () Quantification of the
xylem morphology in mock-and PEP1-treated seedlings based on the ProTMO5::erGFP signals in the meristem.

ProARR5::erGFP (Lee et al., 2006) (Fig. 6). ProAHP6::erGFP is
expressed in a protoxylem precursor and in the two neighbor-
ing pericycle cells (Figs. 6A-6H). In ProAHP6::erGFP seedlings,
we found that nearly 42% of seedlings treated with PEP1
showed “lateral expansion” of the GFP signal near protoxylem
precursor cells compared to only 24% of mock-treated seed-
lings (Fig. 61). To reconfirm this “lateral expansion” of the pro-
toxylem phenotype, we used ProARR5::erGFP, which specif-
ically denotes the procambium tissue layers (Figs. 6J-60). As
expected, evidence of the expression of the ProARR5::erGFP
marker was absent in the cells near the protoxylem precursor
end (“retracted type”) where ProAHP6::erGFP expression had
expanded (Figs. 6D and 6H). We scored the ProARR5::erGFP
expression pattern as the “normal type” when ProARR5::erG-
FP was expressed in all procambium tissue layers with one
row of xylem cells between (~88% in mock- and ~50% in
PEP1-treated seedlings, Figs. 6K, 6N, and 6P). We scored the
ProARR5::erGFP expression pattern as the “retracted type,”
where the expression of ProARR5::erGFP was absent in cells
neighboring the protoxylem precursor (~12% in mock- and
~50% in PEP1-treated seedlings, Figs. 6L, 60, and 6P). These
scoring results together with the xylem vessel organization
analysis further corroborate our hypothesis that PEP1 mod-
ulates the boundaries between the procambium and xylem,
resulting in the induction of the “extra xylem” phenotype.
Because auxin-cytokinin homeostasis also determines
the boundaries between the procambium and xylem axis
(Bishopp et al., 2011; De Rybel et al., 2016; Smetana et al.,
2019), we sought to determine whether PEP1 regulates the
auxin and cytokinin signaling domains in the root meristem.
We used the dual-marker line expressing ProTCSn::ntdTo-
mato and ProDR5v2::n3GFP (Smet et al., 2019) with 1 uM
of PEP1 as a treatment for one day. The expression levels
of ProTCSn::ntdTomato (TCS) and ProDR5v2::n3GFP (DR5)

markers represent the cytokinin and auxin signaling domains,
respectively. In the PEP1-treated seedlings, we could not find
any significant differences in the signaling domains of auxin
(DR5) and cytokinin (TCS) in the root meristem compared to
mock-treated seedlings (Supplementary Fig. S4). Interestingly
however, we observed a consistent decrease in the level of
cytokinin signaling (TCS) in the columella stem cells of the
PEP1-treated samples (Supplementary Figs. S4C and S41).

PEP1 impairs symplastic movement in the Arabidopsis
root meristem
The perception of MAMP or DAMP by their respective recep-
tors induces callose deposition in the root elongation zone
(Hou et al., 2014; Millet et al., 2010). We hypothesized that
this phenomenon may disrupt the long-distance symplastic
connections in the root. We therefore extended our study
to examine whether PEP1 impairs long-distance transport
via the phloem sieve element (SE). To address this, we per-
formed two experiments. First, we visualized callose deposi-
tion in the root by aniline blue staining in seedlings harboring
ProS32::erGFP (Lee et al., 2006) after two days of a PEP1
treatment (Figs. 7A and 7B). $32 (AT2G18380) is specifically
expressed in the phloem SEs, starting early in the root api-
cal meristem (RAM) (Kim et al., 2020; Lee et al., 2006). In
the mock condition, clear sieve plates were visible (Fig. 7A,
marked by yellow arrows), whereas the roots treated with
PEP1 showed evidence of the over-accumulation of callose
on the sieve plate (Fig. 7B, marked with red arrows). More-
over, in contrast to earlier findings (Hou et al., 2014; Millet
etal, 2010), we found callose deposition at the RAM only in
PEP1-treated seedlings (Figs. 7A and 7B).

Subsequently, we investigated whether callose deposition
in the presence of PEP1 could affect long-distance symplas-
tic transport in the stele. To address this, we monitored the
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expression and transport patterns of free GFP molecules in
ProSUC2::GFP seedlings. The SUC2 promoter is specifically
expressed in the companion cells (CCs) of the mature part
of the root (Stadler and Sauer, 1996). In mock-treated seed-
lings, after its synthesis in the CCs of the root maturation
zone, GFP was detected throughout the root, indicating that
the free GFP protein migrated down through the phloem SEs
to the root meristem and then moved in a cell-to-cell manner
in the meristem region through the plasmodesmata (Fig. 7C).
In contrast, in the PEP1-treated roots, the GFP signal was
strictly retained in the phloem SE (Fig. 7C); accordingly, due
to the over-accumulation of callose on the phloem sieve plate
and plasmodesmata, the GFP molecules could not escape
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from the phloem. Taken together, these findings suggest that
PEP1 disrupts the symplastic connections in the Arabidopsis
root likely by triggering callose deposition on the sieve plates
as well as the plasmodesmata between cells in the root meri-
stem.

DISCUSSION

In this study, we uncovered novel regulatory roles of PEP1 in
the root vasculature: i) PEP1, being derived from plants, re-
programs the cellular machinery that is involved in the forma-
tive cell divisions within the stele; ii) PEP1 influences forma-
tion of ectopic proto-xylem and meta-xylem that modulate
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xylem-procambium boundaries; and iii) PEP1-induced callose
deposition disrupts symplastic connections, thus affecting
cell-to-cell communication in the root.

In addition to its role in plant immunity, an exogenous
treatment of synthetic PEP1 controls cell division processes
in the meristem, thereby affecting apical growth of the root
(Jing et al., 2019; Okada et al., 2021). Most PEPs and PEP
receptors (PEPR) are highly expressed in the root (Bartels et
al.,, 2013). In an unperturbed condition, PEPRs are not ex-
pressed in the RAM, while exposure of the seedlings to syn-
thetic PEP1 expands the expression domains of PEPRs to the
meristem (Jing et al., 2019). Considering that the expression
levels of PEPs and PEPRs are naturally enriched in vascular tis-
sues, we cannot exclude the possibility that they are involved
in the development of vascular tissue. How developmental

GFP + aniline blue

Fig. 7. Disruption in symplastic
connections via PEP1 triggered-
callose deposition. (A and B)
aniline blue staining of WT seed-
lings treated with (B) or without
(A) 1 uM of PEP1 for two days.
Yellow arrowheads indicate the
phloem sieve plates, whereas red
arrowheads point to the callose-
deposited sieve plates. Scale bars
=20 pm. (C) Root apical region
of ProSUC2::GFP transgenic seed-
lings under a mock condition and
with 1 uM of a PEP1 treatment
for two days. Scale bars =20 pm.

Aniline blue

changes are triggered by PEP pathways related to plant im-
munity should also be addressed.

In agreement with recent findings (Jing et al., 2019; Oka-
da et al.,, 2021), we confirmed that PEP1 is the most potent
elicitor peptide with regard to its ability to inhibit root growth
compared to flg22 and elf18 (Figs. 1A-1C). The indetermi-
nate growth of the root is supported by RAM, which is com-
posed of a reservoir of undifferentiated cells that undergo
formative and proliferative divisions, giving rise to a pool of
daughter cells of correspondingly different and similar iden-
tities (Perini et al., 2012). In addition, it has been reported
that at the early stages of root development, the meristem
size rapidly increases until it reaches its final size at five days
post germination (Perini et al., 2012). Keeping this in mind,
we exposed early stages of the seedlings (2 DAT) to PEP1. In
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mock-treated roots, the meristem size increased significantly
at an early time point, whereas no such visible increase in the
meristem size was observed in the roots treated with PEP1
(Fig. 1D). These results together with previous findings (Jing
et al, 2019; Okada et al., 2021) suggest that PEP1-induced
signaling exists in the RAM and actively inhibits proliferative
cell divisions. Moreover, we observed that with a long-term
PEP1 treatment, the cellular identity of the QC does not
change (Fig. 1D). This finding indicates that root growth in-
hibited by PEP1 is not from the degeneration of the stem cell
niche. Consistent with this, we observed root growth recov-
ery when the seedlings were moved back to media without
PEP1 (data not shown).

We then asked whether PEP1 affects the formative cell
divisions in the root stele. To address this, we initially counted
the stele cell file number from the transition zone of the root
(Fig. 3). The cell file number reaches a stable condition at the
transition zone without further formative divisions (Ye et al.,
2021). Based on our analysis of the stele cell file number (Fig.
3E), it is tempting to speculate that in addition to the pro-
liferative divisions in the RAM, PEP1 also controls formative
divisions of the vascular initials. We then observed how the
xylem vessel distribution is affected by PEP1. Our extensive
phenotypic analyses with PEP1-treated roots (Fig. 4) revealed
that PEP1 modifies the frequency and distribution of the xy-
lem vessels. Compared to mock-treated roots, we found that
there is an increase in ectopic “proto-xylem” and “meta-xylem”
formation outcomes with the PEP1 treatment. Additionally,
we observed there is a decrease in the number of xylem cells
along the xylem axis upon exposure to PEP1. Intriguingly, the
study with cell-type-specific markers (Figs. 5 and 6) further
corroborates our xylem phenotype results obtained through
a PEP1 treatment. These observations collectively strengthen
our contention that PEP1-mediated molecular signaling acts
strongly to reprogram the cellular machinery in the vascular
initials and modifies the cellular boundaries between the xy-
lem and procambium in the primary root.

Our finding leads to the question of how the formation of
cellular boundaries is controlled by PEP1. It is well known that
molecular cross-talk between auxin-cytokinin signaling main-
tains cellular homeostasis between the procambium and xy-
lem (De Rybel et al., 2016). However, in our study involving a
short-term PEP1 treatment, we could not find any significant
alteration of auxin-cytokinin domains (Supplementary Fig.
S4). We previously reported that AT-hook motif nuclear lo-
calized proteins (AHLs) tightly control the xylem-procambium
boundaries (Seo and Lee, 2021; Zhou et al., 2013). However,
it is not known whether AHL transcriptional networks are
influenced by PEP1. Molecular-genetic studies are needed to
determine whether this is the case in the future.

The exposure of the seedlings to defense elicitors causes
callose deposition in the root (Hou et al., 2014, Millet et al.,
2010). We monitored this aspect further in relation to the
cell-to-cell communications via symplastic pathways. The
symplastic transport process is mediated by plasmodesma-
ta that integrates the local movement of molecules with
long-distance transport through phloem loading and un-
loading (Sevilem et al., 2013). The phloem SE that plays a
predominant role in long-distance transport is differentiated
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early in the root meristem (Kim et al., 2020; Seo et al., 2020).
With the use of the phloem SE specific marker ProS32::erG-
FP, we observed that a PEP1 treatment causes callose deposi-
tion on the sieve plates, which may disrupt the long-distance
transport process (Figs. 7A and 7B). Moreover, as a possible
consequence of the altered callose deposition upon a PEP1
treatment, we did not observe any unloading of GFP mole-
cules (derived from the SUC2 promoter) into the cells of the
root meristem (Fig. 7C). These findings further support the
idea that PEP1 impairs long-distance transport and symplastic
connections in the Arabidopsis root by clogging the plas-
modesmatal channels with callose.

In summary, our findings have revealed novel roles of PEP1
in controlling vascular tissue differentiation and symplastic
transport in the Arabidopsis root stele. This is the first detailed
study that reports the dynamic influence of PEP1 on vascular
tissue development. Future studies are needed to uncover
the underlying molecular mechanisms and how these com-
plex developmental responses triggered by PEP1 are related
to plant immunity.

Note: Supplementary information is available on the Mole-
cules and Cells website (www.molcells.org)
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