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Microbial pattern recognition suppresses de novo organogenesis
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ABSTRACT

De novo root regeneration (DNRR) is a developmental process that
regenerates adventitious roots from wounded tissues. Phytohormone
signaling pathways involved in microbial resistance are mobilized
after cutting and influence de novo root regeneration. Microbes may
positively or negatively influence the development and stress
responses of a plant. However, most studies on the molecular
mechanisms of de novo organogenesis are performed in aseptic
conditions. Thus, the potential crosstalk between organ regeneration
and biotic stresses is underexplored. Here, we report the
development of a versatile experimental system to study the impact
of microbes on DNRR. Using this system, we found that bacteria
inhibited root regeneration by activation of, but not limited to,
pathogen-associated molecular pattern (PAMP)-triggered immunity.
Sensing bacteria-derived flagellin 22 peptide (flg22) inhibited root
regeneration by interfering with the formation of an auxin maximum at
the wound site. This inhibition relies on the receptor complex that
recognizes microbial patterns but may bypass the requirement of
salicylic acid signaling.

KEY WORDS: De novo root regeneration, Microbial recognition,
Regeneration, Salicylic acid

INTRODUCTION
The propagation and production of many fruits, vegetables and
ornamental plants rely on various forms of regeneration, including de
novo organogenesis, grafting, somatic embryogenesis or tissue culture
(Tkeuchi et al., 2016). In natural conditions, regeneration occurs in
the presence of microbes, including environmental microbes, the
rhizosphere/phyllosphere microbiome and endophytes. However,
most studies of plant regeneration are performed in aseptic conditions
(Loyola-Vargas and Vazquez-Flota, 2006; Smith, 2012). Overgrowth
of bacteria and fungi on regeneration media leads to the inhibition
of organogenesis, abortion of plant tissues and other deleterious
consequences. Microbes are often treated as contamination and
eliminated from regeneration systems, so it is still unclear how the
immune system governing plant biotic interactions influences the cell
fate transition during regeneration.

As a part of their immune system, plants can recognize conserved
molecules derived from microbial pathogens, i.e. pathogen/
microbe-associated molecular patterns (PAMPs/MAMPs), through
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surface-localized pattern recognition receptors (PRRs) (Zhang et al.,
2010). In Arabidopsis, these PRRs include FLAGELLIN-
SENSITIVE 2 (FLS2, which recognizes flagellin), EF-TU
RECEPTOR (EFR, which recognizes EF-Tu) and CHITIN
ELICITOR RECEPTOR KINASE 1 (CERKI1, which recognizes
chitin) (Miya et al., 2007; Zipfel et al., 2004, 2006). Loss-of-
function mutations in these genes enhance susceptibility to
various pathogens, such as the bacterial pathogen P. syringae
pv. tomato (Pst) DC3000 (Zipfel et al., 2004, 2006; Willmann
et al., 2011). PAMP perception triggers a signaling cascade that
collectively results in a pattern-triggered immunity (PTI) response
(DeFalco and Zipfel, 2021). PTI induces the activation of MAPK
cascades, upregulation of defense genes, production of a hydrogen
peroxide oxidative burst, callose deposition and enhanced
pathogen resistance (DeFalco and Zipfel, 2021). Full activation
of PTI requires co-receptors, such as BRII-ASSOCIATED
RECEPTOR KINASE (BAK1), and other cytoplasmic receptor-
like kinases, including BAK1-LIKE 1 (BKK1) (Chinchilla et al.,
2009; Roux et al., 2011; Sun et al., 2013). As BAK1 and BKK1
also interact with other PRRs, the bakl-5/bkki-1/cerkl (bbc)
triple mutant is compromised in defense signaling downstream of
the recognition of multiple PAMPs (Xin et al., 2016).

Transcriptional signatures against microbial pathogens are
activated during de mnovo organogenesis performed in aseptic
conditions (Tkeuchi et al., 2017; Zhang et al., 2019; Liu et al., 2022).
For example, responses to chitin, responses to salicylic acid (SA)
and a defense response to fungi are activated after cutting a
hypocotyl (Ikeuchi et al., 2017), despite the lack of elicitors in the
experimental system. The activation of chitin and SA responses
are controlled by WOUND INDUCED DEDIFFERENTIATION 1
(WIND1), a key regulator of wound-induced regeneration (Ikeuchi
et al., 2017). Defense-related genes are also induced at an early
stage of de novo root regeneration (DNRR), a process producing
adventitious roots from leaf or stem cuttings (Hernandez-Coronado
et al., 2022). In Arabidopsis, the SA response is induced a few
hours after cutting (Liu et al., 2022) and can last up to 1 day after
cutting (Hernandez-Coronado et al., 2022; Zhang et al., 2019).
Functionally, SA represses various forms of regeneration acting
downstream of glutamate receptors (Hernandez-Coronado et al.,
2022; Tran et al., 2023). Mutants defective in SA biosynthesis or
signaling enhance callus formation and adventitious root generation
(Hernandez-Coronado et al., 2022; Tran et al., 2023). However, it is
unclear how these defense-related responses may contribute to
tissue regeneration in the presence of microbes.

Here, we report an experimental system that can support DNRR
in the presence of microbes. We found that pathogenic bacteria and
their disarmed mutants inhibited DNRR, whereas E.coli did not
alter the regeneration capacity. The application of microbes
suppressed DNRR, which was associated with a lack of auxin
maximum in converter cells and compromised activation of cell fate
transition markers. Flg22-mediated suppression required FLS2 and
its co-receptors, but not endogenous SA. In addition, a soil bacterial
community inhibited root regeneration, bypassing the requirement
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of PTI machinery and SA signaling. In summary, our experimental
system provides a platform to study the link between biotic stresses
and tissue regeneration.

RESULTS AND DISCUSSION

Sand plates supported DNRR

In a regular DNRR assay, explants cut from the first two leaves
of a 12-day-old seedling were placed on 1% agar or 0.3%
phytagel containing B5 medium (Chen et al., 2014). Microbial
contamination, either by a single bacterial strain (e.g. Escherichia
coli DH5) or by bacterial communities extracted from soil, led to
explant abortion before setting roots (Fig. 1A). During this process,
bacteria quickly multiplied on media, formed a bacterial lawn and
covered explants (Fig. 1A). Thus, microorganisms are often treated
as contamination that threatens the regeneration process and are
eliminated in studies of DNRR. To develop an experimental system
supporting the study of the microbial impact on DNRR, we tested
several supporting media, including plain agar, autoclaved soil,
filter paper and autoclaved sand. Among these media, DNRR
occurred on autoclaved sand supplemented with sterile water was
comparable with that on phytagel plates (Fig. 1B,C). Explants from
leaves 1 and 2 of ecotype Columbia-0 (Col-0) were placed on sand
with the abaxial sides facing downward. Starting from 7 days after
cutting (DAC), we observed adventitious root formation from the
cutting sites. At 12 DAC, about 90% of explants on sand produced
adventitious roots (Fig. 1D). Explants on sand plates generated roots
earlier than those on phytagel plates (Fig. 1D). The average number
of adventitious roots generated from each explant on sand was
comparable with those on phytagel plates. We also noticed that sand
composed of uniform small granules worked better than coarse
sand. Previous studies performed on gels showed that explants from
a dominant gain-of-function yucca mutant, yuciD, had a higher
rooting capacity due to elevated auxin level (Chen et al., 2016). We
observed the same trend of rooting capacity from mutant explants on
sand medium (Fig. 1E), indicating that the mechanisms governing
DNRR on agar/phytagel plates are comparable with those on sand
plates. Explants from yucD also produced more adventitious roots
than those from Col-0 on sand plates (Fig. 1F). These results
indicate that sand could support DNRR from leaf explants.

Single bacteria strains influence DNRR differently

Among all the media tested, sand plates supported DNRR in the
presence of bacteria (Fig. 2). To test how bacteria influence DNRR,
we challenged explants on sand plates with a single bacteria strain
of Pto DC3000 (a model bacterial pathogen of Arabidopsis), hrcC—
(a mutant of Pto DC3000 defective in effector delivery) or E. coli
DH5a. (a commensal bacterium) (Fig. 2). A bacterial suspension
in water was added to autoclaved sand before explants were
placed on sand. We did not observe the formation of a bacterial
colony or lawn on sand medium or on explants. When bacteria
were added at a concentration of ODgno=0.1 or 0.0002 (estimated
from a 1:500 dilution of ODg(y=0.1), pathogenic Pto DC3000 killed
all explants within 10 days (Fig. 2B), and no adventitious roots
were formed on explants (Fig. 2C). The aborted explants were
all bleached (Fig. 2B), which was different from the chlorosis
and necrosis symptoms that developed on leaves attached to
shoots (Mittal and Davis, 1995; Cameron et al., 1994). With
the hrcC— treatment, most explants survived to 16 DAC on sand
plates. At the high concentration (ODgpp=0.1), hrcC— reduced
adventitious root formation from 75% to 17% (Fig. 2D). At a lower
concentration (ODgy=0.0002), hrcC— slightly reduced the rooting
ratio and number of adventitious roots per explant, indicating a

concentration-dependent effect on suppressing DNRR (Fig. 2D).
E.coli did not alter rooting capacity of explants at either a low or
high concentration (Fig. 2E). It is noteworthy that the amount of
bacterial suspension should not exceed the surface of sand, because
excessive liquid may lead to explant abortion. At the end of each
experiment, we collected explants and sand from those plates and
found that bacteria were present in both samples, indicating that the
root regeneration occurred in the presence of bacteria (Fig. 2F).
These observations demonstrated that the sand plates could support
DNRR in the presence of different bacteria strains, and these
bacteria had a distinct impact on DNRR.

flg22 inhibited DNRR

We reasoned that activating PTI may contribute to the inhibition of
DNRR. We tested whether flg22, a 22 amino acid peptide derived
from bacterial flagellin, could inhibit DNRR. Explants were cut and
cultured on aseptic phytagel plates. 12-day-old Col-0 explants were
pre-treated with 1 uM of flg22 by spraying the seedlings 1 h before
cutting. An additional 10 pul of flg22 was directly added to the cut
site of each explant after placing explants on plate. At 10 DAC, the
rooting ratio on control Col-0 explants was around 50%, with a
1 uM flg22 treatment significantly reducing the rooting ratio to 15%
in Col-0 (Fig. 3A). In the fls2/efi/cerkl (fec) mutant (lacking
multiple PRRs) and bbc mutant (lacking co-receptors), the flg22-
induced suppression was not observed, demonstrating that the
suppression required the same upstream components involved in
flg22-induced PTI (Fig. 3A).

SA signaling is often activated after perceiving microbial
signals, which contribute to the full activation of PTI (Seyfferth
and Tsuda, 2014; Bigeard et al., 2015). Activating SA signaling also
inhibited various forms of regeneration, including de novo
organogenesis (Hernandez-Coronado et al., 2022). To test the
hypothesis that SA signaling downstream of flg22-induced PTI
suppressed rooting, we tested the rooting capacity of NahG (a
transgenic plant expressing a SA hydroxylase from the bacterium
Pseudomonas putida) under mock and flg22 treatments. Despite the
high rooting level of NahG, flg22 suppressed rooting in NahG
explants to a similar extent to the expression in Col-0 (Fig. 3B).
Consistently, flg22 treatment inhibited rooting from sid2-1 and
nprl-3 explants (Fig. 3C). Sid2-1 carries a mutation in Arabidopsis
ISOCHORISMATE SYNTHASE 1 and is defective in SA
accumulation, whereas nprl-3 is a loss-of-function mutant of
key SA receptor for immune signaling. The DNRR phenotypes of
sid2-1 and npri-3 on sand plates were consistent with their
phenotypes on phytagel plates (Tran et al., 2023). These
observations indicate that SA was not the sole contributor of
flg22-mediated inhibition of DNRR. Flg22-induced Ca®" influx, a
reactive oxygen species (ROS) burst or the MAP kinase cascade
may also suppress regeneration (Bigeard et al., 2015; DeFalco and
Zipfel, 2021).

As flg22 treatment can inhibit root elongation (Goémez-Goémez
and Boller, 2000), we further monitored the activation of
WUSCHEL RELATED HOMEOBOXI11 (WOXI11I), a marker of
cell fate transition in converter cells (Liu et al., 2014). Promoter
activity of WOX11 was activated at 2 DAC at the wound site (Liu
et al., 2014). Flg22 treatment dramatically inhibited the expression
of WOX1 1, suggesting that the reduced rooting was due to disrupted
cell fate transition rather than to root elongation (Fig. 3D). We
further examined the expression of proDRS5::GUS in mock and
flg22-treated explants because high levels of auxin accumulation at
the cutting site are responsible for the activation of WOXII
(Fig. 3D). We found that proDR5::GUS activity was inhibited by
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Col-0 yuc1D

flg22 at the wound site, indicating that flg22 may repress DNRR
by interfering with auxin signaling (Fig. 3D). Consistent with
its impact on the proDR5::GUS activity, flg22-mediated
suppression of DNRR was blocked in yuclD mutant (Fig. 3B).
Taken together, flg22 may act upstream of auxin biosynthesis to
suppress DNRR.

The soil bacteria community inhibited DNRR

To test the capacity of sand plates to handle a complex bacterial
community, we supplemented sand plates with a soil bacteria
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Fig. 1. Sand plates supported DNRR. (A) Image of explants on an
agar plate contaminated with bacteria. (B) Explants on a sand plate
at 10 DAC. (C) Adventitious roots (arrows) formed at cutting site of
explants on sand plates. (D) Comparison of rooting ratio between
Col-0 explants on phytagel plates and sand plates. Data are mean
ts.e.m. (E) Rooting ratio of Col-0 and yuc1D at 10 DAC on sand
plates, each dot represents the rooting ratio of an independent
experiment with 20 explants. *P<0.01 (unpaired two-tailed Student’s
t-test). Data are meants.e.m. (F) A comparison of adventitious root
number formed on Col-0 and yuc1D on sand plates. Numbers
indicate the number of adventitious roots from each explant.
*P<0.01 (Mann—Whitney test). Scale bars: 1 cmin A,B; 5 mm in C.
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community extracted from potting soil (Sungro Propagation Mix).
Unlike the overgrowth of bacteria on a phytagel plate, no bacterial
colonies or lawn were observed within 12 DAC on a sand plate
(Fig. 4A). Bacterial treatment significantly reduced the adventitious
root formation, but the explants were still alive and otherwise
comparable with the non-treated explants (Fig. 4B). At the end of
this experiment, we recovered a diversified bacterial community
from sand and explants. At 10 DAC, explants on control sand plates
had, on average, a 56% rooting ratio, while on sand plates with
bacteria the ratio was 15% (Fig. 4C). Soil microbes also suppressed
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Fig. 2. Different bacteria have a distinct impact on DNRR on sand plates. (A) The workflow to use sand as a medium to study DNRR under biotic
interactions (for details, see Material sand Methods). (B) Bleached explants on a sand plate with Pto DC3000. (C-E) Rooting ratio of explants on sand plates

when inoculated with Pto DC3000 (C), hrcC—

(D) and E.coli (E). Each dot represents the rooting ratio of an independent experiment with 20 explants.

*P<0.01 (unpaired two-tailed Student’s t-test); ns, not significant. Data are meanzts.e.m. (F) A representative image of explants and sand samples collected after
counting roots. Sand samples were directly moved from rooting plates to LB plates. Explants were homogenized in 1 ml sterile water. 10 pl of suspension were
plated on LB plates. Bacteria were only detected in sand and in explants from inoculated plates. Scale bars: 1 cm in B and F (main panels); 5 mm in F (insets).
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DNRR in SA accumulation (NahG and sid2-1) and signaling
(npri-1) mutants (Fig. 4C). Unlike flg22, soil microbes reduced
rooting capacity in the yuc/D mutant (Fig. 4D), indicating that
members in the community may suppress regeneration downstream
of auxin accumulation. Microbe treatment also suppressed the
activity of proDR5::GUS and proWOXI1::GUS at the cutting site
(Fig. 4E), implying that a soil bacteria community may inhibit
DNRR through multiple signaling events. Bacteria widely influence
phytohormone crosstalk by producing hormone mimics or by
interfering with hormone signaling. It is possible that some

C 100q > >

members in the soil bacteria community suppressed DNRR by
modulating other hormone pathways, such as jasmonic acid (JA) or
auxin (Egamberdieva et al., 2017; Kazan and Lyons, 2014,
Costacurta and Vanderleyden, 1995).

In summary, we report an experimental system that allows the
study of de novo root regeneration under biotic stresses. We show
that activating PTI suppresses DNRR, but other signaling pathways
may inhibit DNRR via a PTI-independent manner when specific
bacterial strains or a soil bacteria community are present. Our
research offers a tool for dissecting the potential impact of

Fig. 4. Soil microbes inhibited DNRR. (A) Images
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community inhibited rooting in yuc1D. Statistics
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environmental microbes or endophytes on cell fate specification
during tissue regeneration.

MATERIALS AND METHODS

DNRR assay on phytagel plates

Arabidopsis seeds were sterilized in 70% ethanol for 10 min and planted
onto %> MS medium. After 2 days of incubation at 4°C, seeds were moved to
continuous light conditions at 23°C. The 1st and 2nd true leaves from
12-day-old seedlings were cut at the junction between the leaf blade and
petiole, and placed with the abaxial side down onto Gamborg’s B5 media
(RPI Research Products International) with 0.5 g/L MES (VWR Life
Sciences) and 0.3% w/v phytagel (MilliporeSigma) at pH 5.7. Each plate
contained 12 ml of BS media and 20 leaf explants.

A DNRR assay on sand plates

Autoclaved play sand (27 g; Quikrete) was added to a 60 mmx15 mm Petri
dish. 7 ml of autoclaved water or 7 ml of microbe resuspension in water was
added to each sand plate as a mock or microbe treatment. Each plate holds
about 20 explants. Plates were sealed with Micropore tape (3 M) and placed
in a growth chamber (Percival Scientific) with continuous light at 23°C.
Plates were opened on the indicated DAC for root counting. Sample sand
and explants were collected after counting and placed on LB medium to
confirm the presence or absence of bacteria at the end point of each
experiment. Opened plates were discarded.

Microbe treatment on explants

For single strain treatment, overnight bacterial culture was precipitated and
re-suspended in water. 7 ml of bacteria suspension at the indicated OD was
added into each 27 g of autoclaved sand in a 60 mmx15 mm Petri dish.
Explants were directly placed onto inoculated sand.

For soil microbe treatment, approximately 3 g of potting soil was
mixed and vortexed with 45 ml of water. After filtering through a
cotton ball, the suspension was centrifuged for 5 min at 7000 g in a
refrigerated centrifuge. Liquid was discarded and pellets were re-suspended
in water. The suspension was filtered through a 0.45 um syringe filter and
was used as soil bacteria mixture. The final ODgq is about 0.07. 7 ml of soil
bacterial mixture was mixed with sand before explants were placed on
plates.

Flg22 treatment

Flg22 stock (1 mM) in DMSO was diluted with sterile water to final
concentrations at 1 pM. The Flg22 sequence is QRLSTGSRINSAKD-
DAAGLQIA. A 1000x dilution of DMSO was used as mock
control. 12-day-old plants were pre-treated with flg22 or mock for 1 h.
Leaf explants were placed on B5 medium [Gamborg BS basal medium with
0.5 g/ MES, 0.8% agar (pH 5.7)]. 10 pul of flg22 was also added to the
cutting sites.

GUS staining

The explants were submerged in a GUS staining solution [100 mM sodium
phosphate (pH 7.0), 1mM EDTA (pH 8), 1% Triton-X-100, 5 mM
potassium ferrocyanide, 5 mM potassium ferricyanide and 1 mg/ml
X-Gluc] and were vacuum infiltrated for 10 min and incubated at 37°C
overnight. After staining, leaf explants were washed with increasing
concentrations of ethanol (15%, 50% and 70%) for 1 h, fixed in 70% ethanol
for 48 h and washed with 0.1 M phosphate buffer (pH 6.8). Leaf explants
were mounted on slides using ClearSee solution (Kurihara et al., 2015) and
then imaged under a VWR Stereo zoom trinocular microscope equipped
with a VWR digital microscope camera.
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