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Plants monitor the integrity of their barrier
by sensing gas diffusion
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Barrier tissues isolate organisms from their surrounding environment. Maintaining
theintegrity of the tissues is essential for this function. In many seed plants, periderm
forms as the outer barrier during secondary growth to prevent water loss and

pathogen infection'. The periderm is regenerated when its integrity is lost following
injury; however, the underlying mechanism remains largely unknown, despite its
importance for plant survival. Here we report that periderm integrity in Arabidopsis
roots is sensed by diffusion of the gases ethylene and oxygen. Following injury of the
periderm, ethylene leaks out through the wound and oxygen enters, resulting in
attenuation of ethylene signalling and hypoxia signalling. This condition promotes
peridermregenerationin the root. When regeneration is complete and barrier
integrity is re-established, pre-injury levels of ethylene and hypoxia signalling
areregained. Gas diffusion monitoringis also used to re-establish the barrier in
inflorescence stems after the epidermis is injured. We thus propose that gas diffusion
isused by plants as ageneral principle to monitor and re-establish barrier integrity.

The periderm is a protective outer tissue established during second-
ary growthinmany seed plants. It consists of several layers containing
three different cell types: the phellem, phellogen and phelloderm'?
(Fig.1a). The outermost cell type, phellem (also known as cork), dif-
ferentiates from the outer daughter cells of dividing phellogen cells.
The differentiating phellem cells deposit lignin and suberin in their
cellwalls to form a physical barrier to protect secondary tissues from
biotic and abiotic stresses’. As the periderm is the interface between
the plant’s internal tissues and its environment, it is prone to injury.
Peridermisre-established at wound sitesin tree trunks, potato tubers
andsome fruits (suchas apple)®~. Periderm regeneration at wound sites
is critical to prevent water loss and pathogen entry through wounds*.
In addition to being essential for survival, the phellem of some tree
species (such as cork oak) has been used by humans as manufacturing
material for thousands of years. Understanding the mechanisms of
peridermre-establishment would therefore have substantial biological
and economic value. Even though the formation of periderm at wounds
has been studied for more than a century, its underlying mechanism
is still largely unknown.

The accumulation of the gaseous hormone ethylene controls plant
growth and development. When ethylene diffusion is limited by the
surrounding environment, the increased concentration serves as a
developmental signal for plant tissues. Forinstance, ethylene diffusion
issensed by root tips to monitor soil compaction; in compact soil, eth-
ylene accumulates in and near the root, resulting in fortified growth®.
Aerenchyma formation and internode elongation in rice are induced
by the accumulation of ethylene caused by limited diffusion under
waterlogged conditions”®. Here we show that the Arabidopsis barrier

tissue, the periderm, limits the diffusion of two gaseous molecules, eth-
ylene and oxygen, and we propose that monitoring the accumulation
or depletion of these two gases functions as a system for maintaining
periderm integrity.

Arabidopsisroots regenerate periderm

To examine whether the periderm regeneratesin Arabidopsisroots, we
longitudinally cut the mature part of roots (Fig. 1b) and observed the
morphological changes and the expression of the periderm reporter
genes PEROXIDASE1S (PER1S), PER49, PYK10-binding protein 1 (PBPI),
AT3G26450, WUSCHEL RELATED HOMEOBOX 4 (WOX4) and AT1G14120
(refs. 9-12). We found that the reporters showing their expression in
phellem (PER15, PER49, PBP1and AT1G14120) wereinduced at the wound
site1day afterinjury (dai; Fig. 1cand Extended Data Fig.1a,c). Phellogen
characteristics appeared at 2 dai, as indicated by the appearance of
the phellogen-preferred reporter AT3G26450 and periclinal (that is,
parallelto the cut surface) cell divisions at the wound site (Fig.1c,d and
Extended DataFig.1c). WOX4 expression was detected less frequently
atthe wound site at 2 dai (4 out of 29 sections) and more consistently at
3 dai (Fig. 1c and Extended Data Fig. 1c). At 4 dai, the surface-exposed
cells showed lignification and suberization, indicating that phellem-like
layers were established at the wound site (Fig. 1d and Extended Data
Fig.1b). Phellem-like cells were adjacent to the inner cells that were
actively dividing, thusresembling phellogen. These observations show
that periderm regenerates at the wound site in Arabidopsis roots.
Next we examined the functionality of the re-established barrier. We
used proPXY:GUS, inwhich the GUS (B-glucuronidase) gene is expressed
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Fig.1|Mechanicalinjury elicits peridermregenerationfromvascular tissues
inArabidopsisroots. a, A cross-section of wild-typeroots. Lignin (red) and
suberin (yellow) were stained. b, Schematic of the wounding experiment. Roots
within5 mm below the root-hypocotyljunction were cut longitudinally (light
brown, phellem; green dotted line, phellogen; dark brown, phelloderm; grey,
phloemregion; magenta dotted line, vascular cambium; blue, xylem region).
¢, The promoter activity of PERIS (left), AT3G26450 (centre) and WOX4 (right)
at1,2and 3 dai, respectively.Intheintact periderm, the promoter activity of
PER1S,AT3G26450 and WOX4 was preferentially detected, respectively, inboth
the phellogen (PG) and young phellem (PL), in the dividing cells (presumably
the phellogen), and in the phellogen and strongly in the phelloderm (PD).

d, Cross-sections of wild-typerootsat1,2and 4 dai of17-day-old roots. Col-0,
Columbia-0.Inc,d, orange and blue arrowheads indicate the normal periderm
or the woundsites, respectively; red arrowheads point to thin cell walls parallel
tothe wound surface, indicating recent cell divisions at 2 dai; the insets are the
magnified images of the wound sites. White rectangles mark empty corners of
stitched images. e, proPXY:GUS signals at the wound site at 2 dai and 4 dai of
17-day-old roots. White arrowheads indicate the wound sites. f, proPXY:GUS
signal strength at the wound site in the seedlingsat 2and 4 dai. nindicates the
number of examined wound sites. Two-sided Fisher’s exact test was used
(**P<0.01). Venus signal intensities in cand intensity of suberin staining with
Fluorolyellowind are shownaccording to the colour scaleson theright. The
top (brighter) area of the scale represents a higher intensity of signals. White,
SR2200 (cell wall). Fractions on the panelsindicate the proportion of cross-
sections showing asimilar expressionasintheimages. Scale bars, 50 pm (a,c,d)
and 0.5 mm (e).
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under the control of the PHLOEM INTERCALATED WITH XYLEM (PXY)
promoter, which is active in the vascular cambium and xylem paren-
chyma, the inner tissues of the mature root™ (Extended Data Fig. 1d).
Collected roots were incubated in abuffer containing the GUS substrate
X-Gluc. Wereasoned thatanintact periderm would inhibit the entry of
X-Glucinto the mature root, resulting in reduced GUS signal. Consist-
ent with this, the GUS signal was stronger in the wounded region than
in the intact region of proPXY:GUS roots at 2 dai (Fig. 1e). GUS signal
intensity became weaker at 4 dai, indicating that the integrity of the
re-established periderm barrier was sufficiently restored to prevent
X-Gluc penetration (Fig. 1e,f). The change in GUS signal levels was not
caused by changes in promoter activity, as proPXY:erVenus fluorescence
levels remained unchanged after the injury and during regeneration
(Extended DataFig. 1d,e). Taken together, our results show that phel-
lem identity, as indicated by the expression of phellem markers, is
established at 1 dai, followed by phellogen-like cell divisions at 2 dai
and phellem differentiation (deposition of lignin and suberin) by 4 dai,
coinciding with regained barrier function.

Ethylene diffusion promotes regeneration

Next we examined the mechanisms underlying periderm regeneration.
Asplantssenseinjury as stress', we investigated whether stress-related
hormones affect the induction of PER1S, one of the periderm genes
induced early in regeneration. proPER1S:erVenus seedlings were treated
with methyl jasmonate, abscisic acid or 1-aminocyclopropane-1-
carboxylate (ACC), aprecursor of ethylene, for1 dai. Whereas neither
methyljasmonate nor abscisic acid treatment affected PER15induction,
ACCtreatmentsignificantly reducedinduction (Fig.2a,b and Extended
DataFig.1g,h). Using other reporter lines, we found that the induction
of most periderm markers was also reduced by ACC treatment at 1 dai
(Extended DataFig.2a,b,e). We also found that PER15 and PBP1 expres-
sionand phellem formation were not affectedinintact roots following
ACC treatment (Extended Data Fig. 2c,d,f,g). Therefore, it seems that
there are other signals for periderm development in intact tissues.
Although ACC could act independently from ethylene signalling'>'¢,
ACC treatment did not affect PERIS induction at 1 dai in ethylene
insensitive 2 (ein2-1) and ethylene response 1 (etr1-3) mutants. We also
showed that ethylene treatment reduced PERIS and PBPI induction
at the wound site (Extended Data Fig. 2I,m,0). Taken together, these
results indicate that canonical ethylene signalling is required to sup-
press periderm gene induction (Extended Data Fig. 2h-m,0). We next
assessed whether ACC treatment affects suberized cell formation at
the wound site. Whereas suberized cellsin control roots formed a con-
tinuous layer at the wound site, treatment with ACC after injury occa-
sionally resulted in discontinuous suberized cell layers or callus-like
structures at the wound site (Fig. 2c,d). The discontinuous suberized
cell layers at the wound site were also found following ethylene treat-
ment (Extended Data Fig. 2n,0). To examine the functionality of the
re-established barriers in ACC-treated roots, we tested X-Gluc pen-
etration. Even though PXY promoter activity was repressed following
ACC treatment at 4 dai, proPXY:GUS signals near the wound site were
stronger in ACC-treated roots than in the untreated control at 4 dai
(Extended Data Fig. 1d-f). The combination of stronger GUS signals
and reduced promoter activity indicates that the barrier is less func-
tionalin ACC-treated roots. Altogether, these results show that ethylene
impedes periderm re-establishment at the wound site.

Asithas beenreported that ethylene productionis increased after
mechanical injury”, the suppression of periderm regeneration by
ethylene seems counter-intuitive. To examine the ethylene signalling
level, we generated a dynamic ethylene reporter line, RPS5A:erVenus-
EBFIUTR, in which erVenus fused with the 3’ untranslated region (UTR)
of EIN3-BINDING F BOX PROTEIN 1 (EBFI) is expressed under the con-
trol of the constitutive RPS54 promoter (Extended Data Fig. 3a,e). As
erVenus-EBFIUTR translation is inhibited by the EIN2 protein in the
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Fig.2|Ethylene diffusion through the wound reduces ethylene signalling
and triggers peridermregeneration. a, Cross-sections of 18-day-old
proPER1S:erVenusroots at1daigrown on MS plates supplemented without
(mock) or with10 pM ACC (ACC) for1dai. b, The proportion of cells at the
wound site showing Venus yellow fluorescent protein (YFP) signal intensities
above the threshold was quantified at1 daiin mock- or ACC-treated 18-day-old
proPERIS:erVenusroots. ¢, Cross-sections of 21-day-old wild-type roots at 4 dai
grown onMS (mock) or 10 uM ACC-supplemented MS (ACC) plates for 4 dai.
White box marks empty corner of stitched image. White arrowheads indicate
gapsinthesuberized celllayer.d, The density of suberized cells at the wound
site was quantified in mock- and ACC-treated 21-day-old wild-type seedlings at
4 dai. e, Cross-sections of 17-day-old RPS5A:erVenus-EBFIUTR roots without
injury or 8 hafter the injury. White arrowheads indicate anincreasein Venus
signals. f, Concentration of ethylene emitted fromroots 3 h afterinjury. The
mature partof the wild-type roots was intact (control) or injured (wounded).
FW, fresh weight. g, Cross-sections of 18-day-old proPER15:erVenusroots at
1daigrownwithout (cut) or with lanolin (cut + lanolin) at the wound for 1 dai.
h, The proportion of cells at the wound site showing Venus signal intensities
above the threshold was quantified in18-day-old proPER15:erVenus seedlings
atldai. Two-tailed Wilcoxon rank-sum test wasused inb,d,h, and two-tailed
Welch’s t-test was used inf (*P < 0.05,**P < 0.01). nindicates the number of
examined cross-sectionsinb,d,hand the number of repeatsinf. For descriptions
of the different elements for all box plots, see Methods, ‘Statistics and
reproducibility’. Venus signal intensitiesina,e,g and intensity of suberin
staining with Fluorol yellow in care shown according to the colour scales on
theright. The top (brighter) area of the scale represents a higher intensity of
signals. White, SR2200 (cell wall). Scale bars, 50 pm.

presence of ethylene'®, the Venus signal will be detected only incellsin
which the ethylene signalling levelis low. Thus, low Venus fluorescence
levelsindicate high ethylene signalling levels. We validated this reporter
linein both the root apical meristem and intact or wounded root sec-
ondary tissues using ACC and inhibitors of ethylene biosynthesis or
signalling, aminoethoxyvinylglycine (AVG) and AgNO;, respectively.
Validation confirmed that RPS5A:erVenus-EBFIUTR accurately reports
ethylene signalling levels (Extended Data Figs. 3b,c,f-i and 4a). Fol-
lowing periderm injury, RPS5A:erVenus-EBFIUTR signal intensity was
greater (thatis, ethylene signalling lower) in the phloem parenchyma
near the wound at 2 dai (Extended Data Fig. 3d,k). In the control line
RPS5A:erVenus, expression was not affected by injury, indicating that
the increase in the RPS5A:erVenus-EBF1UTR signal was because of
enhanced erVenus-EBFIUTR translation rather than enhanced RPS5A
promoter activity (Extended DataFig.3d,j). These observations dem-
onstrate that ethylene signalling is reduced after wounding, which is
consistent with the negative role of ethylenein peridermregeneration.

Altogether, our data indicate the existence of a mechanism to
reduce ethylene signalling following wounding. This led us to reason
that ethylene gas is released from the wound into the surrounding
environment. Lignin and suberin in differentiated phellem normally
prevent gas exchange through the surface, allowing ethylene to accu-
mulate in unwounded secondary tissues. Following periderm injury,
ethylene leaks through the wound, decreasing ethylene signalling
and thus triggering periderm regeneration. To test this hypothesis,
we examined expression changes in the ethylene signalling reporter
line at earlier time points, as ethylene diffusion should occur right
afterinjury. RPS5A:erVenus-EBFIUTR signalintensitiesincreasedin the
exposed distal phloem region already at 8 h and more clearly at11h
after injury, demonstrating a rapid reduction in ethylene signalling
levels after injury (Fig. 2e and Extended Data Fig. 4b). We also measured
ethylene emission by roots using gas chromatography. We detected
higher ethylene emission from wounded roots compared with control
roots atallmeasured time points (Extended DataFig. 4c). The ethylene
concentration was significantly higher 3 h afterinjury (Fig. 2f), indicat-
ing anincrease in emitted ethylene immediately after injury. We also
investigated reporter gene expression and periderm re-establishment
whengas leakage was prevented by covering the wound with lanolin or
Vaseline or by submerging the seedlings inliquid Murashige and Skoog
(MS) medium. The RPS5A:erVenus-EBFIUTR signal was weaker at the
wound site in covered roots than in roots with uncovered wounds at
1dai (Extended DataFig. 5b). Thereduction was not due to reduced pro-
moter activity, as RPS5A:erVenus remained unaltered after covering the
wound site (Extended DataFig. 5a). These observations demonstrate
that a high level of ethylene signalling is maintained when a wound is
physically sealed. We consistently found that most periderm marker
induction at1dai and suberized cell layer formation at 4 dai failed
to occur when the wound was sealed with lanolin immediately after
wounding (Fig. 2g,h and Extended Data Fig. 5c-e). PERIS activation
was also decreased at 1 dai when seedlings were submerged in liquid
MS immediately after injury to limit gas exchange (Extended Data
Fig. 5f). Altogether, these results indicate that ethylene diffusion from
thewoundleadstoadecreaseinitssignalling level, and this reduction
promotes periderm regeneration.

Oxygen flows into tissues after injury

As ACC treatment did not fully inhibit suberized cell formation at
the wound site, we inferred that there might be other, probably gase-
ous, regulators involved in periderm regeneration. We considered
oxygen as a candidate. Oxygen is consumed in cellular respiration
during tissue growth, but external oxygen cannot easily enter sec-
ondary tissues because of the poor permeability of phellem layers.
We therefore reasoned that secondary tissues are normally under
physiological hypoxic conditions and that oxygen flows into the tissue
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through the wound following periderminjury and promotes periderm
regeneration.

Toinvestigate this hypothesis, we generated transcriptional reporter
lines of PLANT CYSTEINE OXIDASE (PCO) genes (proPCO1:erVenus and
proPCO2:erVenus) whose expression is increased under hypoxic
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Fig.3|Oxygen entry through the wound suppresses hypoxiasignalling and
promotes peridermregeneration.a,b, Cross-sections of 14-day-old intact
proPCOI:erVenusroots (a) and 21-day-old proPCOI:erVenusroots right after
injury (b, top) or at 2 dai (b, middle); and quantification of proPCOI:erVenus
signalsinthe vascular region at 0 and 2 dai (b, bottom). Two-tailed Welch’s
t-testwasused (**P<0.01). ¢, The quasi-steady-state oxygen concentration
was measured and quantified before and after the periderm peeling. Paired
Wilcoxon rank-sum test was used (*P < 0.05).d, Cross-sections of 25-day-old
proPER15:erVenusroots at1daigrown on MS (mock) or 10 uM ACC-supplemented
MS (ACC) plates in ambient air, or on MS (hypoxia) or 10 uM ACC-supplemented
MS (ACC + hypoxia) plates under 5% oxygen concentration for1 dai.e, The
proportion of cells at the wound site showing Venus signal intensities above the
threshold was quantified at 1 daiin mock ACC-treated, hypoxia-treated and
ACC + hypoxia-treated proPERIS:erVenus roots. Kruskal-Wallis test followed by
Dwass-Steel-Critchlow-Fligner pairwise comparisons was used (different
lettersindicate statistically significant differences between two groups; P< 0.01).
f, Cross-sections of 21-day-old atel-2;ate2-1roots at 4 dai grown on MS (mock)
or10 pM ACC-supplemented MS (ACC) plates for 4 dai. g, The proportion of
suberized cell formation at the wound site in mock and ACC-treated 21-day-old
wild-type and atel-2;ate2-1roots at 4 dai. Two-sided Fisher’s exact test was used
totest for significant differences between mock-and ACC-treated atel-2;ate2-1
(**P<0.01). h, Schematic of peridermintegrity surveillance mechanisms
mediated by ethylene and oxygen diffusion. nindicates the number of examined
cross-sectionsinb,e,gand the number of repeatsinc. Venus signal intensities
ina,b,dandintensity of suberin staining with Fluorol yellow in fare shown
accordingtothe colourscales ontheright. The top (brighter) area of the scale
represents a higher intensity of signals. White, SR2200 (cell wall). Scale bars,
50 pm.

conditions®. The PCO1and PCO2 promoters were active in mature roots,
and reporter expression was detected more strongly in the vascular
regionand the periderm, and weakly in the distal phloem parenchyma
(Fig.3aand Extended Data Fig. 6a). This result supports the hypothesis
thatinner cellsin the mature root experience hypoxic conditions. Next
we examined hypoxiasignalling in the root after injury. The activity of
both PCO1 and PCO2 promoters was weaker in whole tissues at 2 dai
compared with immediately after injury (Fig. 3b and Extended Data
Fig. 6b). We detected areductionin PCOIand PCO2promoter activities
already 16 h after the injury (Extended Data Fig. 6¢), suggesting that
oxygen entry quickly alleviates the hypoxic conditions. To examine
whether the periderm affects the entry of oxygen, we measured the
steady-state oxygen level by inserting an oxygen microsensor® into
wild-type secondary tissue (Fig. 3¢c). After the measurement, we par-
tially peeled off the periderm and inserted the microsensor into the
peeled region. Comparing the measurements before and after the
removal of the periderm, we found that the oxygen level was higherin
theroot after theremoval of the periderm, indicating that the periderm
prevents the entry of oxygen (Fig. 3c and Extended Data Fig. 6d,e).
Altogether, these data support the idea that oxygen enters through
the wound and inhibits the hypoxic response in secondary tissues.

Ethylene and hypoxia act additively

To test whether areductionin hypoxiasignallingis required for peri-
derm regeneration, we grew proPERIS:erVenus seedlings under 5%
oxygen concentration for 1 dai. We found that hypoxia treatment sig-
nificantly reduced PERISinduction at the wound site, suggesting that
PER15inductionrequires a decrease in hypoxia signalling (Fig. 3d,e).
To further validate the role of hypoxia signalling, we used arginine
transferase (atel;ate2) and proteolysis6 (prt6) mutants that show a
constitutively active hypoxiaresponse because the target proteins for
the N-degron pathway, whichincludes hypoxia signalling regulators,
arestablein these mutants regardless of the oxygen level . At 4 dai,
atel-2;ate2-1roots often showed only half or no suberized layer forma-
tion at the wound site (Fig. 3f,g). These findings imply that maintain-
ing a high level of hypoxia signalling inhibits periderm regeneration.



To examine whether ethylene and hypoxia signalling additively regu-
late periderm regeneration, we investigated PER1S induction follow-
ing ACC treatment under hypoxia. As ACC oxidase requires oxygen to
convert ACCinto ethylene, we first studied whether ACC canincrease
ethylene signalling in the hypoxia conditions we used. ACC treatment
under ambient conditions reduces primary root growth®, promotes
root hair formation® and stabilizes 355:EIN3-GFP in the root tips¥.
We found that a 1-day treatment with ACC separately or combined
with hypoxiashowed similar growth defects and EIN3-GFP induction
(Extended Data Fig. 6h), indicating that ACC treatment activates eth-
ylene signalling evenin our low-oxygen conditions. When plants were
treated with ACC for 1 dai under hypoxic conditions, PER15 induction
at the wound site was more severely suppressed than with ACC treat-
ment or hypoxia alone (Fig. 3d,e). To further examine the combined
effect, we treated prt6-5and atel-2;ate2-1mutants with ACC after injury.
Whereas untreated prt6-5roots had suberized cell formation similar to
thewild type at the wound site, ACC-treated prt6-Sroots showed more
frequent formation of callus-like structures (Extended Data Fig. 6f,g).
Inaddition, most ACC-treated atel-2;ate2-1 mutant roots did not form
suberized cells at the wound site (Fig. 3f,g). These results demonstrate
that the reductions in ethylene and hypoxia signalling act additively
in peridermregeneration (Fig. 3h).

We also examined whether the normal (that is, not regenerated)
periderm formation is affected in atel-2;ate2-1 mutants treated with
ACCduringsecondary development. We did not find defectsin suberi-
zation in the phellem, indicating that normal periderm formation is
more robust thanregeneration and is regulated by factors other than
ethylene and oxygen (Extended Data Fig. 2g).

The additive effect between ethylene and hypoxia is consistent
with the strong suppression of PERIS induction at the wound site
when seedlings were submerged, which results in high levels of eth-
ylene and hypoxia signalling after injury (Extended Data Fig. 5f). To
examine whether lowering either ethylene or hypoxia signalling is
sufficient toinduce PERIS expression at the wound site of submerged
seedlings, we used ein2-1 or etr1-3 and fully oxygenated liquid MS
medium. Whereas proPER15:erVenus showed less frequent PER1S
induction at the wound site in wild-type roots submerged in control
liquid MS at1 dai, we detected clear but variable PER15induction fol-
lowing injury when the plants were submerged in oxygenated liquid
MS, suggesting that supplementing oxygen partially rescues PERIS
induction (Extended Data Fig. 7a,d). In the ein2-1 background, oxy-
genated liquid MS medium more stably rescued PERIS induction at
the wound site compared with the case in the wild type (Extended
Data Fig. 7b,e). We also observed a slight but not significant rescue
intheetrl-3background. (Extended Data Fig. 7c,f). Furthermore, we
examined suberization of cells under submerged conditions. Liquid
MS medium without gas supplementation reduced the level of suber-
ized cell formation at the wound site in wild-type, ein2-1 and etri-3.
However, we found that when submerged in aerated or oxygenated
liquid MS medium, the ethylene signalling mutant roots showed a
significant increase in the density of suberized cells at the wound
site compared to wild-type roots grown under liquid MS medium
without gas supplementation (Extended Data Fig. 7g-j). Overall,
these results indicate that lowering ethylene or hypoxia signalling
rescues periderm regeneration under submerged conditions that
prevent the rapid diffusion of gases.

Next we investigated the mechanism that terminates periderm
regeneration. When the peridermis re-established at the wound site,
gas diffusion once again becomes limited, which may be the cue to
terminate regeneration. To determine whether diffusion of ethyl-
ene and oxygen is suppressed after periderm re-establishment, we
observed the expression of ethylene and hypoxia signalling report-
ers.RPS5A:erVenus-EBFIUTR signal intensity decreased (thatis, ethyl-
ene signalling increased) in the phloem parenchyma near the wound
at 5 dai compared with 2 dai, although the RPS54 promoter activity

remained unchanged (Extended Data Fig. 8a,b,e). The proPCO1:erVenus
and proPCO2:erVenus signals were also stronger in whole tissues at
4 daithan at 2 dai (Extended DataFig. 8c,d,f). Thus, both hypoxia and
ethylene signalling returned to pre-injury levels, supporting the idea
that diffusion of ethylene and oxygenis reduced after the peridermis
re-established (Fig. 3h).

We next examined the phenotypes of ein2-1 and etrI-3 mutants,
in which ethylene signalling is inactive even after periderm re-
establishment, to determine whether this results in a failure to
terminate periderm regeneration. At 6 dai, ein2-1 roots showed a
significant increase in the density of suberized cells at the wound
site (Extended Data Fig.9a,b), suggesting afailure to precisely termi-
nate the periderm regeneration. To study the possible role of wound-
induced ethylene biosynthesis in regeneration, we used ethylene
biosynthesis (AVG) and signalling inhibitors (AgNO,). These inhibitors
had no effect on PER15 and PBP1inductionat1dai, with the exception
of a slight reduction in PER15 expression following AVG treatment.
Theseresultsindicate that ethylene biosynthesis following wounding
may not berequired for periderm gene activation and that the further
reductionin ethylene signalling level does not enhance theinduction
of periderm genes (Extended DataFig. 9c,d,f,g). However, consistent
with the phenotypein ein2-1roots, our findings showed anincreased
density of suberized cells at the wound site at 6 dai following the inhibi-
tor treatment (Extended Data Fig. 9e,h). These findings support the
hypothesis that ethylene signalling is required to precisely terminate
the phellem differentiation process.

Gas-mediated barrier monitoringin shoot

The above results indicate that root periderm integrity is monitored
through diffusion of ethylene and oxygen. We therefore examined
whether the integrity of other barriers is monitored in the same way.
Arabidopsisinflorescence stems donot develop periderm or suberized
celllayers; instead, the epidermis with cuticle layer acts as abarrier?,
When inflorescence stems were longitudinally cut (Fig. 4a), we found
that expression of PER15 and PER49 (but not other examined periderm
genes) appeared at the wound site 1 dai, and asuberized cell layer was
established at the wound site 4 dai (Fig. 4b and Extended Data Fig.10a).
These observations indicate that a phellem-like layer is formed at the
wound site in the inflorescence stems. Next we tested whether the
re-establishment of abarrierininflorescence stemsis also mediated by
the diffusion of gases. Inaccordance with thisidea, sealing the wound
withlanolin or Vaselineinhibited PER15induction at 1 dai and suberized
cell formation at 4 dai (Fig. 4c-e).

To examine whether ethylene and/or oxygen diffuse through the
wound to promote barrier re-establishment in inflorescence stems,
we first investigated hypoxia signalling. Unlike in roots, PCOI and
PCO2expression was maintained, and atel-2;ate2-1stems did not show
defects in suberized cell layer formation following injury (Extended
Data Fig. 10b,c). There was thus no clear indication of either reoxy-
genation following injury or arole for hypoxia signalling in barrier
re-establishment in inflorescence stems. We next examined ethyl-
ene diffusion. We found that, as in roots, wounded stems emitted a
higher concentration of ethylene than unwounded controls (Fig. 4f
and Extended Data Fig. 10d). Furthermore, when wounds were
sealed with Vaseline immediately after injury, we detected variable
but weaker RPS5A:erVenus-EBFIUTR signalsin the stems at 2 dai com-
pared with controls (Fig. 4g,h and Extended Data Fig. 10e,h,i). These
resultsindicate that gaseous molecules, such as ethylene, may diffuse
through the wound. We therefore investigated the role of ethylene
in barrier re-establishment. Whereas PER1S induction was less fre-
quently detected at the wound site of inflorescence stems at 1 dai in
ACC-treated seedlings, ein2-1 and etrI-3 inflorescence stems showed
suberized cell layer formation similar to the wild type at 2 and 4 dai
(Extended Data Fig. 10f,g,j). Considering that sealing the wound
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Fig.4|Barrierintegrity ismonitored with gas-mediated surveillance system
inshoot. a, Schematic of the wounding experimentininflorescence stems.
Inflorescence stems were longitudinally cut (orange bracket region). b, A cross-
section of proPER1S:erVenus (left) and wild-type (right) inflorescence stem at
land 4 dai, respectively.c, Cross-sections of proPER1S:erVenusinflorescence
stems at1dai grown without (cut) or with (cut + lanolin) lanolin or Vaseline at
the wound for1dai.d, Quantification of Venus signal intensities at the wound
sitein proPER1S:erVenusinflorescence stems at1dai. The wound was not (cut)
orwas (cut +lanolin) covered with lanolin or Vaseline right after the injury.
Two-tailed Wilcoxon rank-sum test was used (**P< 0.01). e, Cross-sections of
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were not (control) or were (wounded) injured along the longitudinal axis. Two-
tailed Welch’s t-test was used (*P < 0.05). g, RPS5A:erVenus-EBFIUTR signals in
inflorescence stemsat2 dai. Theinflorescence stems grown without (cut)
orwith (cut + Vaseline) Vaseline at the wound after the injury. h, Venus signal
intensities in the cortical cells near the wound were measured and normalized
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Two-tailed Wilcoxon rank-sum test was used (**P < 0.01). nindicates the number
of examined cross-sectionsind,hand the number of repeatsinf. Venus signal
intensitiesinb,c,g and intensity of suberin staining with fluorol yellowinb,e
areshownaccordingto the colourscaleson theright. The top (brighter) area
ofthescalerepresents ahigher intensity of signals. White, SR2200 (cell wall)
inb,c,e. Fractions on the panelsindicate the proportion of cross-sections
showing similar expression to thatin theimages. Scalebars, 50 pm.
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inhibited PERISinduction more strongly than ACC treatment and that
there was no observable phenotype in ein2-1 and etr1-3, the diffusion
of gaseous or volatile molecules other than ethylene could be neces-
sary for barrier re-establishment in inflorescence stems. Altogether,
these results support the idea that monitoring of barrier integrity
through gas diffusion is also used to re-establish the barrier in the
inflorescence stems.

Discussion

Previous studies have shown that wounding-induced ethylene biosyn-
thesis is associated with periderm regeneration®. Here we show that
mature Arabidopsisroots contain ethylene, and wounding leads to its
release into the environment. This resultsin a reduction of ethylene
signalling and, consequently, initiation of periderm regeneration. In
addition, we demonstrate that hypoxia signalling is reduced owing to
oxygen diffusion through the wound, leading to enhanced periderm
regeneration. Whereas individual manipulations of ethylene and
hypoxia have amodest effect on periderm regeneration, the combi-
nation of high ethylene and constitutive hypoxia signalling almost
completely abolishes periderm regeneration. Overall, we show that
the periderm integrity in the mature Arabidopsis root is monitored
by the reciprocal diffusion of oxygen and ethylene, in and out of the
root, respectively. During the formation of the Casparian strip and the
embryonic cuticle, barrier integrity is monitored by specific locali-
zation of peptide hormone receptors and by spatial separation of
peptide processing and perception, respectively**~*, The gas diffu-
sion monitoring mechanism described here, which probably does
notrequire aspatially restricted signalling mechanism, functions as
acontrol systemtoinitiate periderm regeneration and later terminate
the process when hypoxia and ethylene signalling levels are restored
owingtoregained barrier integrity. However, because gases diffuse,
precise positional cues for periderm formation are unlikely to be
conveyed by these two gases. Itis probable that other factors, such as
peptides, other phytohormones and mechanical stresses*, operate
together with the two gases to position the regenerating periderm.
From this perspective, the two gases would establish a permissive
environment for the other signals to enable barrier regeneration.
Further studies are required to understand these details of periderm
regeneration.

We showed that injuring the epidermis of the Arabidopsis stem
results in the formation of a phellem-like layer in the exposed tis-
sue. Even though barrier integrity in the stem also seems to be moni-
tored by gas diffusion, ethylene and hypoxia signalling do not have
major roles in this process. Similar to in the Arabidopsis stem, for-
mation of the periderm or suberized cells is elicited in some fruits
when there is a crack in the waxy cuticle layer in the exocarp, the
outermost barrier cell type®?. It would thus be interesting to study
whether similar mechanisms of monitoring gas leakage are used for
barrier re-establishment in different plant organs and species. Previ-
ous reports show that plants adapt their growth and development
to their environment on the basis of the accumulation of ethylene
in compacted soil and waterlogged conditions®®. Considering this
together with our findings, we propose that monitoring the accumu-
lation or depletion of gaseous molecules inside tissues or in the sur-
rounding environment is a common strategy for controlling plant
development.
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Methods

Plant materials and growth conditions

Col-0 was used as the wild type unless stated otherwise. ein2-1, etr1-3,
atel-2;ate2-1, prt6-S, prowWOX4-erYFP, proPXY:GUS, proPXY:erVenus and
35S:EIN3-GFP have been described previously'**?**°_qgtel-2;ate2-1
mutants were reciprocally backcrossed into Col-0 for three generations
and transfer DNA insertions were confirmed by genotyping to obtain
double-homozygous mutants.

Seeds were sown on half-strength MS (Duchefa) plates supplemented
with 0.05% MES (Duchefa),1% agar (Duchefa) and 1% sucrose (Duchefa),
pH 5.8.MS medium also contained vitamins for all experiments except
forethylene measurement fromroots. Afterincubation at 4 °C for more
than 2 days, the plates were moved to the growth chamber (22 °C;16 h
light, 8 hdark). The day that the plates were placed in the growth cham-
beris defined as day 0. The seedlings were moved to the new MS agar
plate around day 7; for the experiment in shoots, the seedlings were
transferred to soil 1 or 2 weeks after germination and were grownin a
greenhouse (16 hlight, 8 h dark) unless stated otherwise. For examin-
ing normal periderm, we used 14- or 16-day-old seedlings as periderm
isestablished at that age. For assessing regeneration, we usually used
17-to 21-day-old seedlings.

The Arabidopsis Genome Initiative locus codes for the genes are as
follows: ATE1, ATSGO5700; ATE2, AT3G11240; EBF1, AT2G25490; EIN2,
AT5G03280; EIN3, AT3G20770; ETR1, AT1G66340; PBP1, AT3G16420;
PCO1, ATSG15120; PCO2, AT5G39890; PER1S, AT2G18150; PER49,
AT4G36430; PRT6, ATSG02310; PXY, AT5SG61480; RPS5A, AT3G11940;
WOX4,AT1G46480.

Cloning
From the Col-0 genome, the 643-base-pair (bp) EBFI1 3’ UTR with its
downstream 72-bp sequence (from +2780 to +3495) was amplified by
PCR using H122_EBF1_URT _F and H123_EBF1_URT R primers' (Sup-
plementary Table 1), which have a 25-bp overlap with the erVenus and
attL2 sequence, respectively (EBF13’ UTR). erVenus/pDONR plasmid
(30 ng) was amplified with the EBF13’ UTR PCR product (600 ng) by
PCR.Theamplified PCR product was digested with Dpnlenzyme at 37 °C
for 2 h and was used for transformation into Escherichia coli (DH5a)
by electroporation (erVenus-EBF13’ UTR/pDONR). RPS5A:erVenus—
3AT/VD8034GW-mTurq and RPS5A:erVenus-EBFIUTR-3AT/FRm43GW
were generated from RPS5A/pDONR, 3AT/pDONR, FRm43GW,
VD8034GW-mTurq and erVenus/pDONR or erVenus-EBF13” UTR/
pDONR, respectively, by MultiSite Gateway LR clonase reaction.

From the Col-0 genome, promoter sequences of 1.1 kilobases (kb)
of PCO1 (from —958 to +198) and 2.5 kb of PCO2 (from -2213 to +298)
were amplified by PCR using H68_proPCO1_F and H69_proPCO1 R,
or H70_proPCO2 _F and H71_proPCO2_R primers, respectively? (Sup-
plementary Table 1). The amplified PCR products were cloned into
the p1IR4z-pDONR vector by BP reaction (proPCO1/p1R4z-pDONR,
proPCO2/p1R4z-pDONR). proPCO1l:erVenus-3AT/FRm43GW and
proPCO2:erVenus-3AT/FRm43GW were generated from erVenus/
pDONR, 3AT/pDONR*, FRm43GW*, and proPCO1/p1R4z-pDONR
or proPCO2/p1R4z-pDONR, respectively, by MultiSite Gateway LR
clonase reaction.

The plasmids generated in this work were introduced into Col-0.

Surgical injury of the periderm and chemical treatment

Roots within 5 mm below the root-hypocotyl junction were used for
the wounding experiment unless stated otherwise. Under adissection
microscope, the shoot was pulled upwards slightly to create tensionin
theroots; theroots were longitudinally cut with arazorblade. Asroots
where the cut reached the vascular cambium region tended to forma
callus-like structure instead of the wound periderm at 4 dai, we focused
onsectionsinwhich the depth of the cut reached between the phloem
parenchyma contacting the periderm to the phloem-side cambium

in the following analysis unless stated otherwise. For the analysis of
promoter induction at the wound site, we also excluded the sections
inwhichthe cut wasjust at the primary phloem pole because reporter
expression tended not to be induced. To peel off the periderm for the
oxygen level measurement, we made a shallow cut on the surface of
the roots tangentially; the cut edge at the wound site was grasped with
forceps and pulled towards the root tip.

For chemical treatment, 100 mM ACC (Merck) in water, 100 mM
abscisic acid (ABA; Duchefa) in ethanol, 100 mM jasmonic acid (JA;
Sigma-Aldrich) indimethylsulfoxide, 100 mM AVG (Sigma-Aldrich) in
water and 100 mM AgNO; (Sigma-Aldrich) in water were prepared as
stock solutions. Right after theinjury, seedlings were moved to plates
supplemented with 10 uM ACC, 10 uM JA, 10 uM ABA, 10 uM AVG or
0.5 mM AgNO;. For ACC treatment and its mock control, the plates were
sealed with surgical tape and Parafilm. In all other experiments, plates
were sealed only with surgical tape. For ABA and JA treatment, the MS
agar plates containing an equivalent volume of ethanol or DMSO were
used as the controls. For ethylene treatment, plates were placedina 2-1
container and 600 pl of 10% ethylene gas was injected (final concen-
tration: 30 ppm). To ensure a consistent ethylene concentration, the
container was opened and ethylene was re-injected every 1 or 2 days.

For the wounding experimentinshoot, we used aninflorescence stem
whoselength wasbetween10and15 cm. Theregion1to2 cmbelowan
inflorescence meristem was used for the surgery; we longitudinally
cut the stem with arazor blade under a dissection microscope. For
ACC treatment in shoot, seedlings were grown on MS agar plates for
around 19 days. Inflorescence stems approximately 5 mminlength were
used and aregion of 2to 3 mm below the inflorescence meristem was
longitudinally injured. After the injury, seedlings were transferred to
MS agar plates supplemented with or without 10 uM ACC. The plates
were sealed with surgical tape and Parafilm.

Tosealthe woundsite, lanolinwas mixed with the equivalent volume
of milliQ water. We applied lanolin or Vaseline to the wound after the
injury. We also applied lanolin or Vaseline at the wound of control sam-
ples just before sampling to ensure that lanolin and Vaseline equally
affected the histological processes.

For submergence treatment, the seedlings were first submergedinto
MS liquid medium not supplemented with sucrose, and their roots were
injured. The seedlings were placed in the growth chamber for 24 h.

For oxygen treatment with reporter lines, MS liquid medium without
sucrose was aerated withambient air or oxygen gas for more than 10 min
at20t022 °C.Immediately before the surgical injury, the seedlings were
submerged into aerated or oxygenated MS liquid medium and their
roots were injured with a razor blade. The seedlings were transferred
to glass medium bottles filled with aerated or oxygenated MS liquid
mediumand were placed inthe growth chamber for 24 h. The method
for oxygen treatment with wild-type and mutants was the same, with
the exceptions that the seedlings were not submerged into MS liquid
mediumbefore theinjury and they were placed in the growth chamber
for 4 dai.

For hypoxia treatment, plants were grown under 5% oxygen con-
ditions using a Whitley H85 hypoxystation (Don Whitley Scientific).
Seedlings were treated for 24 h.

Oxygen measurement

Oxygen measurement was performed using O, microsensors as pre-
viously described with modifications. We used 24- or 25-day-old
wild-type roots for the measurement. Shoot and roots below the
region for the measurement were fixed on a metal mesh with plas-
tic tape and rubber bands, and the metal mesh was set in a chamber.
After we inserted an O, microsensor (Unisense A/S) into the region 8
to 10 mm below the root-hypocotyl junction at the depth of 70 um
fromthe surface, the chamber was filled with aerated deionized water.
Quasi-steady-state of oxygen concentration was measured under light
(50-60 peinstein) and dark conditions; we defined the quasi-steady



state asastate inwhichachangein oxygen concentration was less than
5% of the total concentration for at least 5 min. The microsensor was
retracted fromthe root, and the aerated water was drained. To measure
oxygen levels when periderm integrity was compromised, the metal
mesh was retrieved from the chamber, and the surface of roots used
for the intact root measurement was peeled off as described above.
The metal mesh was again set in the chamber and the microsensor
was inserted at the depth of 50 um in the surface-removed region.
The measurement was performed in the same way as described above.
Using the same roots for the measurement, the respiration and pho-
tosynthetic rate should be almost identical, and the oxygen intrusion
rate would be the main cause of the oxygen level changes before and
after the surgery. After the measurement, the roots were retrieved to
perform histological analysis.

Ethylene measurement

We injured roots within 3 to 4 cm below the root-hypocotyl junction
in 24-,25- or 26-day-old seedlings and removed their shoot by cutting
off the hypocotyl. The hypocotyl cut sites were sealed with Vaseline.
Immediately, roots were moved into a vial (volume 37.5 ml) that had
been partially filled with approximately 25 ml1% agar in1x PBS. Plants
were keptinthe growth chamber (22 °C; 16 hlight, 8 hdark), and sam-
ples were taken at the indicated times. After detecting the level of eth-
ylene, we measured the fresh weight of roots and the headspace of
the vial. The used Vaseline weight was subtracted from the measured
fresh weight, and the corrected weight was used for quantification.
Around 20 seedlings were used for measurement. For inflorescence
stems, regions within 10 to 15 cm below the inflorescence meristem
were used for the measurement; 3- to 5-cm stems were collected, and
the flower stalks were cut. The fresh weight was measured, and the
top, bottom and the flower stalk cut sites were sealed with Vaseline.
For wounding, the stems were cut in the longitudinal direction with a
razor blade. Immediately, the inflorescence stems were placed into a
vial partially filled with approximately 25 ml1% agar in1x PBS. Around
30 inflorescence stems were used for measurement. In both cases,
to measure the amount of ethylene emitted, 1-ml samples from the
headspace were collected using asyringe 3, 6 and 24 h after the vial was
closed. Ethylene measurements were performed using a Clarus 480 gas
chromatograph (PerkinElmer) carrying a HayeSep N (80-100 MESH)
584 column. The oven temperature was 100 °C, with the flame ioniza-
tion detector temperature set to 150 °C. The flow rate of the nitrogen
carrier gas was 20 ml min™. Peak area was integrated and compared
againstastandard curve.

GUS staining and microtome sectioning

Rootsfrom0to3 cmbelow the root-hypocotyljunctionwithawound
were submerged in 90% acetone on ice for 30 min. The samples were
washed with 50 mM sodium phosphate buffer twice and were sub-
merged inthe GUS staining solution under vacuum for 30 to 60 min. The
samples were incubated with GUS staining solution (30 mM Na,HPO,,
20 mM NaH,PO,, 1.5 mM K,Fe, 1.5 mM K;Fe, 500 mg 1™ X-Gluc, 0.1%
Triton) at 37 °C until sufficient GUS signals were detected. The roots
were fixed in fixation solution (50 mM sodium phosphate (pH 7.4), 4%
formaldehyde, 1% glutaraldehyde) at 4 °C overnight. To observe the
samples from a lateral view under a dissection microscope, we kept
the samples in 70% ethanol to remove chlorophyll.

Vibratome sectioning and staining methods

Thesamples were fixed in4% paraformaldehyde in1x PBS for 30-60 min
and washed with 1x PBS twice. The samples were embedded in 4%
agarose in1x PBS and 200 pm-thick cross-sections were made using a
vibratome. The cross-sections were stained in 1x PBS or ClearSee* sup-
plemented with 1 pl mI™ Renaissance SCRI12200 (SR2200; Renaissance
Chemicals) to stain cell walls**. To stain lignin, the cross-sections were
stainedin ClearSee supplemented with1 pl mI? SR2200 and 50 pg mi™*

Basic Fuchsin (Sigma-Aldrich). For suberin staining, the cross-sections
were stained in ethanol supplemented with 0.01% Fluorol Yellow 088.
Before observation, the cross-sections were washed with 1x PBS sup-
plemented with1 pl mI™ SR2200. To visualize lignin and suberin at the
same time, first the cross-sections were stained in ClearSee supple-
mented with 1 pl mI™ SR2200 and 50 pg ml™ Basic Fuchsin overnight.
Next, suberin staining was performed as described above, and before
observation, the cross-sections were washed with 1xPBS supplemented
with 1 pl mlI™ SR2200. To observe the root tip, the samples were fixed
in4% paraformaldehydein1x PBS for 30 to 60 min and washed with1x
PBS twice. The samples were then stored in ClearSee supplemented
with1plmI™SR2200.

Microscopy and data analysis

ALeica2500 microscope (Leica) was used for light microscopy images
and Leica SP5 (Leica), Stellaris (Leica) and LSM880 (Zeiss) confocal
laser scanning microscopes were used to detect GFP, YFP, Venus, Basic
Fuchsin, Fluorol Yellow 088 and SR2200.

Confocal images were stitched by using an Image]J plugin (Pairwise
stitching)*. Occasionally, this resulted in the formation of empty cor-
nersin the figure panels. To visually separate the empty corners from
the black background signal of the microscopy image, we filled these
empty corners with white colour.

Fluorescence signalintensities at the wound site were quantified using
Fiji (v1.53) and PlantSeg. We defined the wound site as a vascular tissue
located within 30 pm from the wound surface for roots. For quantifi-
cationinroots, the cell wall images of the wound site were extracted
by using Fiji, and the extracted images were used for segmentation by
PlantSeg*. After manual modification, the segmented images were
used to count the cell number at the wound site and to measure the
Venus-YFP signal intensity in each cell by Fiji. The Venus signal intensi-
ties were measured with the minimum signal threshold to exclude the
background signals. The Venus-positive cells were defined by whether
the signalintensity was above the threshold specific to eachline. Five to
sixroots were used for each treatmentin each experiment; amaximum
oftwo cross-sections of the same root at different positions were used for
quantification. Cross-sections with cuts reaching the vascular cambium
were excluded from quantification because they tended to show unstable
periderm gene induction. For Venus signal intensity quantification in
intact proPER15:erVenus and proPBPI1:erVenus roots in Extended Data
Fig. 2f, signal intensities were measured in periderm from the quarter
of the cross-section with the minimum signal threshold. For quantifi-
cation of periderm reporter lines in Extended Data Fig. 1c, five distal
phloemcellsintheintacttissues or near thewoundin each cross-section
were used for Venus signal intensity measurement with the minimum
signal threshold. For RPS5A:erVenus and RPS5A:erVenus-EBFIUTR
quantificationin Extended Data Figs. 3h,i, 5a,b and 8e, five to ten distal
phloem parenchyma cells in each cross-section were used for Venus
signal intensity measurement with the minimum signal threshold. At
8and 11 hafterinjury or at 2 and 5 dai, distal phloem parenchyma cells
near the wound were selected for signal measurement. The average of
Venus signal intensities from five to ten cells was used for statistical
analysis. For proPXY:erVenus quantification in Extended Data Fig. le,
we circled the vascular cambium and xylem parenchyma region and
measured Venus signal intensities within the circle with the minimum
signal threshold to exclude the background signals. The signal intensi-
ties were normalized with those of uninjured roots in each repeat. For
proPCOIl:erVenus and proPCO2:erVenus signal quantification in Fig. 3b
and Extended Data Figs. 6b,c and 8f, the vascular cambium, xylem paren-
chymaand phloem parenchymaregion were circled, and we measured
Venus signal intensities within the circle with the minimum signal
threshold to exclude the background signals. For RPS5A:erVenus and
RPS5A:erVenus-EBFIUTR quantificationin Extended DataFig. 3j,k, Venus
signalintensities were measured with the minimum signal threshold and
averaged fromfive epidermal cellsin eachroots. For RPS5A:erVenus and
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RPS5A:erVenus-EBFIUTR quantification in Fig. 4h and Extended Data
Fig.10h,i, 10 cortical cells or 15 cortical cells near the wound in each
cross-section were, respectively, used for Venus signal intensity measure-
ment withthe minimumsignal threshold. For Extended Data Fig.10i, the
signal intensities were normalized with those of control inflorescence
stems in each repeat. T, or T, lines were used. For proPER15:erVenus
quantification in shoots, the wound site within 40 pm from the wound
surface was selected and the Venus signal intensities were measured with
the minimumsignal thresholdin each cross-section. For quantification of
suberized cell formationininflorescence stemsin Extended DataFig.10j,
thelength of the total wound site and the region covered with suberized
cellswere measured and theratio of the suberized region was calculated.

proPXY:GUS signals at the wound site were classified into three catego-
ries under astereo microscope: weak when there were no or faint signals,
strong when the signals were close to saturation, or intermediate when
the signals were clearly visible and weaker than the strong category.

The density of suberized cells at the wound site was calculated by
dividing suberized cell number by the length of the wound site using
Fiji. For the quantification, the area connected to the original periderm
was excluded because it was occasionally hard to distinguish which
suberized cells were originated from vascular tissue. The cross-sections
showing callus-like structure formation were also excluded as suber-
ized cell formation and morphology at the wound site is affected by
callus-like structure. The mature suberized cells (more than 20 pm?)
were counted. For Extended Data Fig. 5e, when the re-established peri-
dermhadthree gapsinthe suberized cell layer or three successive cell
filesdid not show suberized cells, we defined it as a failurein suberized
cell layer formation.

Data analysis was performed with MS Excel v2308, R (v2024.04.2)
and Python 3.9.

Statistics and reproducibility

Inthe box plots, the 25th, 50th (central value) and 75th percentile are
marked with horizontal lines within the box. The ends of the whisk-
ers indicate the maximum and minimum values within 1.5x the inter-
quartile range from the box ends. Outliers are shown above or below
the whiskers. For quantification of suberized cell formation and gene
induction at the wound site or gene expression level in the vascular
region, each dot corresponds to a cross-section. For ethylene concen-
tration, each dotindicates a repeat. All experiments were repeated at
least three times (three times for Figs.1a,c-e, 2¢c,e,3a,band 4b,c,e and
Extended DataFigs.1a,b,d,f,g,2a-d,l,m,3a,b(AVG and AgNO;),c,d, 4a,b,
5a-d,f, 6a-c,h, 7b,c,g-i, 8a-d, 9a,c-h and 10a-c,e,g; four times for
Figs.2a,g, 3d and Fig. 4f and Extended Data Figs. 2g,h-j,n, 3b(ACC)
and Extended Data Fig. 10d; five times for Fig. 4g and Extended Data
Figs. 4c and 5e; six times for Extended Data Figs. 6f, 7a and 10f; nine
times for Fig. 3f; all are biological repeats). Exact Pvalues are provided
in Supplementary Table 2.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

The datasupporting the findings of this study are available within the
article. Source data are provided with this paper.
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Extended DataFig.1|Gene expression, lignification and resealing the
barrier during peridermregeneration. a, Cross sections of peridermreporter
rootsoneday after theinjury. Inthe periderm, the promoter activity of PER49,
PBP1,ATIG14120 and AT3G26450 was preferentially detected in the phellogen/
young phellem, inthe whole periderm, inthe whole periderm but weakly in the
phelloderm, andin the dividing cells (presumably the phellogen), respectively.
b, ACrosssection of wild-typeroots four days after 17-day-old roots were injured.
Orange and blue arrowheads indicate the normal periderm or the woundsites,
respectively. ¢, Venus signal intensities in distal phloem parenchyma or exposed
vasculartissues of peridermreporter lines. Two-tailed Welch’s t-test (**; P< 0.01)
was used except for proWOX4:erVenus; Kruskal-Wallis test (P < 0.01) followed by
Pairwise Two-tailed Welch'’s t-test for multiple comparisons with holm correction
was used for proWOX4:erVenus (different characters indicate statistically
significant differences between two groups; P<0.05). nindicates the number
of examined cross-sections. d, Cross sections of proPXY:erVenusroot without
injury orat2or4dai. The seedlings were grown for four days after injury on MS
(4 dai) or10 utM ACC-supplemented MS (4 dai with ACC) plates. e, The normalized
Venus signal intensities in the vascular cambium and xylem parenchyma

region of 21-day-old proPXY:erVenusroots without injury, and at2 and 4 dai.

Mock MeJA Mock ABA

proPER15:erVenus 1 dai

Kruskal-Wallis test (P < 0.01) followed by Dwass-Steel-Critchlow-Fligner
pairwise comparisons was used (different charactersindicate statistically
significant differences between two groups, **; P<0.01). nindicates the number
of examined cross sections.f, The proportion of proPXY:GUS signal strength at
thewoundsiteinthe seedlings at 2and 4 dai. The proPXY:GUS seedlings were
grown for four days after injury on MS or 10 pM ACC-supplemented MS plates.
Two-sided Fisher’s exact test was used to test significant difference between

4 daiand 4 daiwith ACC (**; P< 0.01). nindicates the number of examined wound
sites. g, Cross sections of 18-day-old proPER15:erVenusroots at1daigrownon
MS plate supplemented with 0.01% DMSO (Mock), 10 uM MeJA (MeJA), 0.01%
ethanol (Mock) or10 uM ABA (ABA) for one day after the injury. h, The proportion
of cells at the wound site showing Venus signal intensities above the threshold
was quantifiedat1daiinmock, MeJA, or ABA-treated 18-day-old proPER15:erVenus
roots. Two-tailed Wilcoxon rank-sumtest was used (ns; P > 0.05). nindicates
the number of examined cross sections. Venus signal intensitiesina,d,gand
lignin staining intensities (with Basic Fuchsin) inb areshownaccordingto the
colour map ontheright. White, SR2200 (cell wall). nindicates the number of
examined cross sections. Scale bars: 50 pm. White boxes in g mark empty corners
of stitched images. Scale bars: 50 um.
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Extended DataFig.2|See next page for caption.
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Extended DataFig. 2| Canonical ethylene signalling pathway inhibits
peridermregeneration. a,b,e, Cross sections of 18-day-old proPER49:erVenus
(a) and proPBPI:erVenus (b) roots at 1dai grown on MS plate supplemented
without (Mock) or with 10 pM ACC (ACC) for one day after the injury. The
proportion of cells at the wound site showing Venus signal intensities above
the threshold was quantified at1daiin mock or ACC-treated 18-day-old
proPER49:erVenus and proPBP1:erVenusroots (e). Two-tailed Wilcoxon rank-
sumtestwasused (ns; P > 0.05,**; P<0.01). ¢,d,f, Cross sections of 14-day-old
proPERI15:erVenus (c) and proPBPI:erVenus (d) roots grown on MS plate
supplemented without (Mock) or with10 uM ACC (ACC) for two days. Venus
signalintensities in periderm of proPER15:erVenus and proPBPI:erVenus
without or with ACC treatment (f). Two-tailed Welch’s t-test (ns; P> 0.05) was
used. g, Crosssections of 16-day-old wild-type or atel-2;ate2-1roots grown on
MS plate supplemented without (Mock) or with10 pM ACC (ACC) for four days.
h-k, Cross sections of 18-day-old proPER15:erVenusroots at1daigrown on MS
plate supplemented without (Mock) or with10 uM ACC (ACC) for one day after
theinjury. proPERIS:erVenusseedlings in the wild-type background were
introgressed into ein2-1 or etrI-3mutants, and homozygous lines for proPER1S:
erVenustransgene and mutations were used (proPER1S:erVenus;ein2-1,

proPER15:erVenus;etrl-3). The proportion of cells at the wound site showing
Venus signal intensities above the threshold was quantified ink at1daiin mock
or ACC-treated 18-day-old proPER15:erVenusroots. Two-tailed Wilcoxon rank-
sumtestwasused (ns; P > 0.05,**; P<0.01).1,m, Cross sections of 18-day-old
proPER1S:erVenus (1) or proPBP1:erVenus (m) roots at1dai grown without
(Mock) or with 30 ppm ethylene (Ethylene) for one day after the injury. n, Cross
sections of19-day-old wild-type roots at 4 dai grown without (Mock) or with 30
ppm ethylene (Ethylene) for four days after the injury. o, The proportion of cells
atthe wound site showing Venus signal intensities above the threshold was
quantified at1daiinmock or ethylene-treated 18-day-old proPER15:erVenus
(left) and proPBP1:erVenus (middle) roots. Two-tailed Wilcoxon rank-sum test
was used (**; P< 0.01). The density of suberized cells at the wound site was
quantified inmock or ethylene-treated 19-day-old wild-type at 4 dai (right).
Two-tailed Wilcoxon rank-sum test was used (*; P< 0.05). nindicates the
number of examined cross sections. Venus signal intensitiesina-d, h-j,1-n
andintensity of suberin staining with Fluorol yellow ing,n are shown according
tothe colour map ontheright. Fractions on the panelindicates the proportion
of cross sections showing the similar subrization as in the images. White,
SR2200 (cell wall). Scale bars: 50 pm.
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Extended DataFig. 3 |Ethylene reporterline validationandits expression
after wounding. a,e, Cross sections of 14-day-old RPS5A:erVenus and
RPSS5A:erVenus-EBFIUTRroots (a) and Venus signal intensities in distal phloem
parenchyma (e). RPS5A:erVenus signals were stronger than in RPS5A:erVenus-
EBFIUTR, especially in the periderm and phloem parenchymaindicating high
ethylenesignalling in these outer tissue types. b, f,g, Cross sections of 16-day-
old RPS5A:erVenus and RPS5A:erVenus-EBFIUTR grown on MS plate (Mock), MS
plate supplemented with10 pM ACC (ACC) for two days, 10 uM AVG (AVG) or
0.5mMAgNO3 (AgNO3) for four days (b). The normalized Venus signal intensities
invascular cambium (f,g). ¢,h,i, Confocal microscopy images of RPS5A:erVenus
and RPS5A:erVenus-EBFIUTR root tip grown on MS plate supplemented without
(Mock) or with10 pM ACC (ACC) or 0.5 mM AgNO3 (AgNO3) for 24 h (c). Venus
signalintensities in the epidermis (h,i). d,j,k, Cross sections of 19-day-old

RPS5A:erVenus and RPS5A:erVenus-EBFIUTR roots right after (left) or two days
after (right) injury (d). While RPS5A:erVenus signal was not changed after injury,
RPSS5A:erVenus-EBFIUTR signals were increased near the wound ssite, indicating
reduced ethylenesignalling. Venus signal intensities in distal phloem parenchyma
near the wound (j,k). Two-tailed Welch’s t-test (ns; P> 0.05, **; P < 0.01) was
used for e,j, k. Kruskal-Wallis test (P < 0.01) followed by Dwass-Steel-Critchlow-
Fligner pairwise comparisons (f,g) or Pairwise Two-tailed Welch’s t-test for
multiple comparisons with holm correction (h,i) was used (different characters
indicate statistically significant differences between two groups; P<0.05).
nindicates the number of examined cross sections or root tips. Venus signal
intensities are shown accordingto the colour map on the right. White, SR2200
(cellwall).Scale bars: 50 pm.
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Extended DataFig. 4 |See next page for caption.




Extended DataFig. 4 |Ethylenereporter expression after ACC treatment
and ethylene emission upon wounding. a, Cross sections of 18-day-old RPS5A:
erVenusand RPS5A:erVenus-EBFIUTRroots grown on MS plate supplemented
without (Mock), or with2 or 10 uM ACC for one day after the injury. Venus signal
intensities were measured in the vascular cambium. RPSSA:erVenus-EBFIUTR
signalsshowed agradual decline asthe ACC concentrationincreased, confirming
that ACC treatmentincreases ethylene signallinglevelinwounded roots. b, Cross
sections of 17-day-old RPS5A:erVenus and RPSS5A:erVenus-EBFIUTR roots
withoutinjury (Intact) and 8 or 11 h afterinjury. Venus signal intensities were
measured inthe distal phloem parenchyma of intact tissues or distal phloem
parenchyma near the wound. ¢, Quantification of concentration of ethylene
emitted fromroots. The mature part of the wild-type roots was intact (Control)

or longitudinally injured (Wounded). The ethylene concentration was
measured after 3, 6,and 24 h from the injury. Higher ethylene concentration
was always detected fromwounded roots at all time pointsineachreplicate.
Kruskal-Wallis test (P < 0.05) followed by Pairwise Two-tailed Welch’s t-test
for multiple comparisons with holm correction was used for a,b (different
charactersindicate statistically significant differences between two groups;
P<0.05). Two-tailed Welch’s t-test was used for ¢ (ns; P > 0.05,*; P<0.05).
nindicates the number of examined cross sectionsina,b or the number of
repeatsinc. White boxesinamarkempty corners of stitched images. Venus
signalintensities are shownaccording to the colour map on theright. White,
SR2200 (cell wall). Scale bars: 50 pm.
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Extended DataFig. 5|See next page for caption.




Extended DataFig. 5| Wound sealing maintains high ethylene signalling
andinhibits peridermregeneration. a,b, Cross sections of 18-day-old
RPS5A:erVenus (a) and RPS5A:erVenus-EBFIUTR (b) roots at1dai grown without
(Cut) or with (Cut + Vaseline) Vaseline at the wound for one day after the injury.
Rootssealed with Vaseline showed reduced erVenus-EBFIUTR signal than
unsealed roots (b), thus indicating higher ethylene signalling in sealed roots.
No changes were observed in RPS5A promoter activity (a). Venus signal intensities
indistal phloem parenchymanear the wound were measured and normalized (c).
Two-tailed Wilcoxon rank-sum test was used (ns; P> 0.05,**; P< 0.01). c,d, Cross
sections of 18-day-old proPER49:erVenus (c) and proPBPI:erVenus (d) roots at
1daigrown without (Cut) or with (Cut +Lanolin) lanolin at the wound for one
day after theinjury. Proportion of cells at the wound site showing Venus signal
intensities above a threshold (see methods) was quantified in 18-day-old
proPER49:erVenus and proPBPI:erVenusseedlings at1dai. The wound was

not (Cut) or was (Cut +Lanolin) covered with lanolinright after the injury.
Two-tailed Wilcoxon rank-sum test was used (ns; P > 0.05,**; P<0.01). e, Cross

sections of 21-day-old wild-type roots at 4 dai. The wound was not (Cut) or was
(Cut +Lanolin) covered with lanolin for four days after the injury. The proportion
of cross sections showing failure in suberized cell layer formation at the wound
sitein 21-day-old wild-type grown without (Cut) or with (Cut + Lanolin) lanolin
at4 dai. Two-sided Fisher’s exact test was used to test significant difference
(**; P<0.01) f, Cross sections of 18-day-old proPER15:erVenusroots at 1 dai
grown inambientair (Control) or under submergence (Submerged) for one day
after theinjury. The proportion of cells at the wound site showing Venus signal
intensities above the threshold was quantified in18-day-old proPER15:erVenus
seedlings grown without (Control) or with (Submerged) submergence treatment
for one day at1dai. Two-tailed Wilcoxon rank-sum test was used (**; P < 0.01).
nindicatesthe number of examined cross sections. Venus signal intensities
ina-d, fand intensity of suberin staining with Fluorol yellow in e are shown
accordingto the colour map on the right. White, SR2200 (cell wall). Scale bars:
50 pm.
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Extended DataFig. 6 | Reductionin hypoxiasignalling level mediates
peridermregeneration. a, Cross sections of 14-day-old intact proPCO2:erVenus
roots. b, Cross sections of 21-day-old proPCO2:erVenusroots right after or two
days after the injury. Quantification of proPCO2:erVenus signal intensities in
thevascular region at 0 and 2 dai. Two-tailed Welch’s t-test was used (**; P< 0.01).
¢, Crosssections of intact proPCOI:erVenus and proPCO2:erVenusroots and
theirroots 16 or 24 h after the injury. Quantification of proPCOI:erVenus and
proPCO2:erVenus signal intensities in the vascular region of intact roots or at
16 and 24 hafter the injury. Kruskal-Wallis test (P < 0.05) followed by two-sided
Mann-Whitney U-test with the Bonferroni adjustment was used to test
significant difference (different charactersindicate statistically significant
differences betweentwo groups; P<0.05).d, Cross section of wild-typeroot
used for oxygen measurement. Inferred depth where the oxygen microsensor
was placed before (yellow) and after (orange) removal of the periderm.

e, Schematic drawing of the microsensorinsertion site. The histological
analysis suggests that the microsensor wasinserted in the region around the
distal phloem parenchymacells or from the phloem-side cambiumto the
vascular cambium before or after the removal of the periderm, respectively.
Considering that the microsensor appearedtobeinserted into metabolically

moreactiveregion after peeling off the periderm compared tointactroot,
higher oxygenlevel after injury indicate that the periderm prevents oxygen
intrusion. f, Cross sections of 21-day-old prt6-Sroots at 4 dai grown on MS
(Mock) or10 uM ACC-supplemented MS (ACC) plates for four days after the
injury. prt6é mutant phenotype was different compared to atel-2;ate2-1likely
duetoitsredundant partner, BIG¥.g, The proportion of cross sections showing
callus-like structure at the wound site in mock and ACC-treated 21-day-old wild-
type and prt6-5roots at 4 dai. Two-sided Fisher’s exact test was used to test
significant difference between Mock- or ACC-treated prt6-5(**; P<0.01). h, The
signals of 355:EIN3-GFPinroot tips. Three-days-old 355:EIN3-GFPseedlings
were grown on MS (Mock) or 10 uM ACC-supplemented MS (ACC) plates in
ambientair or on MS (Hypoxia) or 10 utM ACC-supplemented MS (ACC + Hypoxia)
platesunder 5% oxygen concentration for one day. nindicates the number of
examined cross sections. Fractions on the panelindicates the proportion of
cross sections showing similar callus-like structure formation or root tips
showing the similar expression asin the images. Venus signal intensities in
a,b,f, GFPsignalintensitiesin hand intensity of suberin staining with Fluorol
yellowin fare shownaccordingto the colour map ontheright.Redind, Basic
Fuchsin. White, SR2200 (cell wall). Scale bars: 50 pm.
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Extended DataFig.7|Lowering ethylene and hypoxiasignalling rescue
peridermregeneration under submergence conditions. a-c, Cross sections
of18-day-old proPER1S:erVenusroots inwild-type (a), ein2-1 (b), or etr1-3(c)
background at1dai. After theinjury, the seedlings were grown on MS platesin
ambient air (Ambient air, left), submerged in aerated liquid MS media (Aerated
liquid MS), or oxygenated liquid MS media (Oxygenated liquid MS) for one day.
d-f, The proportion of cells at the wound site showing Venus signal intensities
above the threshold was quantified at1dai in 18-day-old proPER15:erVenus
roots grown on MS plates (Ambient air), submerged in aerated liquid MS media
(Aerated) orin oxygenated liquid MS media (Oxygenated). g-i, Cross sections
of 19-day-old wild-type (g), ein2-1 (h), or etrI-3 (i) roots at 4 dai. After the injury,
theseedlings were submerged inliquid MS medium without gas supplementation

(Liquid MS, left), in aerated liquid MS media (Aerated liquid MS, middle) or
oxygenated liquid MS media (Oxygenated liquid MS, right) for four days. j, The
density of suberized cells at the wound site was quantified in 19-day-old wild-
type, ein2-1,and etrl-3roots at 4 dai grown in liquid MS medium without
supplementing gas (Liquid), aerated liquid MS media (Aerated), or in oxygenated
liquid MS media (Oxygenated) for four days. Kruskal-Wallis test followed by
Dwass-Steel-Critchlow-Fligner pairwise comparisons was used (different
charactersindicate statistically significant differences between two groups;
P<0.05).nindicates the number of examined cross sections. Venus signal
intensities ina-corintensity of suberin staining with Fluorol yellow in g-i were
shownaccordingto the colour map on theright. White, SR2200 (cell wall).
Scalebars: 50 pm.
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Extended DataFig. 8|See next page for caption.
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Extended DataFig. 8| Ethylene and hypoxiasignalling regain the pre-

injurylevels after peridermre-establishment. a,b, Cross sections of 20-day-

old RPS5A:erVenus (a) and RPS5A:erVenus-EBFIUTR (b) roots at O dai (left), 2 dai
(middle) and 5 dai (right). RPS5A:erVenus signals were increased in the region
beneaththeregenerated peridermat 5 dai, but otherwise its expression level
was not affected in the phloem parenchymaat 2 and 5 dai compared to the
control. Therefore, RPS5A:erVenus-EBFIUTR signal intensities were examined
inthe phloem parenchyma neat the wound except for the areabeneath the
re-established periderm. c,d, Cross sections of 21-day-old proPCO1:erVenus

and proPCO2:erVenusroots at 0 dai (left), 2 dai (middle) and 4 dai (right).

e,f, Quantification of RPS5A:erVenus, RPS5A:erVenus-EBFIUTR signals in distal
phloem parenchymaatO0, 2, 5dai(e), and proPCO1:erVenus and proPCO2:erVenus
signalsinthevascularregionat0, 2, and 4 dai (f). Kruskal-Wallis test followed
by two-sided Mann-Whitney U-test with the Bonferroni adjustment was used
totestsignificantdifference (ns; P > 0.05,**; P< 0.01). Venus signal intensities
areshownaccording to the colour map on the right. White, SR2200 (cell wall).
Scalebars: 50 pm.
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Extended DataFig. 9 |Reductionin ethylenesignallinglevelslead to
increaseinsuberized cell formation at the woundsite. a, Cross sections of
21-day-old wild-type, ein2-1, or etrI-3roots. b, The density of suberized cells at
the wound site was quantified in wild-type, ein2-1, or etrI-3roots 2, 4,and 6 days
after15-day-old roots were injured. Two-tailed Wilcoxon rank-sum test was
used (ns; P>0.05,*; P<0.05). The difference between ein2-1and etr1-3would be
duetothe nature of mutations. Because etrl-3is adominant negative mutation,
tissuesin etrl-3mutantstill respond to ethylene when ETRIis not expressed.
c,d,f,g, Cross sections of 18-day-old proPER15:erVenus (c,f) or proPBPI:erVenus
(d,g) roots at1dai grown without (Mock) or with10 pM AVG (AVG) (¢,d) or 0.5 mM
AgNO3 (AgNO3) (f,g) for one day after the injury. The proportion of cells at the
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wound site showing Venus signal intensities above the threshold was quantified
atldaiinmock, AVG or AgNO3-treated 18-day-old proPER1S:erVenus and
proPBP1:erVenusroots. Two-tailed Wilcoxon rank-sum test was used (ns; P> 0.05,
*;P<0.05).e,hCrosssections of 21-day-old wild-type roots at 6 dai grown
without (Mock) or with 10 pM AVG (AVG) (e) or 0.5 mM AgNO3 (AgNO3) (h) for
six days after the injury. The density of suberized cells at the wound site was
quantified in mock, AVG or AgNO3-treated 21-day-old wild-type at 6 dai. Two-
tailed Wilcoxon rank-sum test was used (**; P< 0.01). nindicates the number of
examined cross sections. Venus signal intensitiesin ¢,d,f,g and intensity of
suberinstaining with Fluorol yellowin a,e,hare shown according to the colour
map on theright. White, SR2200 (cell wall). Scale bars: 50 pm.
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Extended DataFig.10|See next page for caption.




Extended DataFig.10|Hypoxiaand ethylene signalling play aminorrole
inthe formation of phellem-like layerin wounded inflorescence stems.

a, Cross sections of proPER49:erVenus, proPBPI:erVenus, proAT3G26450:erVenus,
and proATIG14120:erVenusinflorescence stems one or three days after injury.
b, Cross sections of proPCO1:erVenus and proPCO2:erVenusinflorescence stems.
Theinflorescence stems withoutinjury (Intact) or two days after the injury.
proPCOI:erVenus and proPCO2:erVenus signals were broadly detected in their
inflorescence stems with higher expressioninthe vascular bundle.c, Cross
sections of wild-type and atel-2;ate2-1inflorescence stems four days after injury.
d, Quantification of concentration of ethylene emitted frominflorescence
stems. The wild-typeinflorescence stems were not (Control) or were (Wounded)
injured along the longitudinal axis. The ethylene concentration was measured
3,6,and 24 h after theinjury. Higher ethylene concentration was always detected
fromwoundedinflorescence stems atall time pointsin eachreplicate. Two-
tailed Welch’s t-test was used (ns; P > 0.05,* P<0.05).e,h,i, Cross sections of
RPSSA:erVenusand RPS5A:erVenus-EBFIUTR intactinflorescence stems (Intact)
orat2daitreated without (Cut) or with (Cut + Vaseline) Vaseline. Venus signal
intensities in the cortical cells orin the cortical cells near the wound were

measured in RPS5A:erVenus and RPS5A:erVenus-EBFIUTR intact or wounded
inflorescence stems. Two-tailed Welch'’s t-test or two-tailed Wilcoxon rank-sum
testwasused (ns; P>0.05,**; P<0.01) for handi, respectively.f,j, Cross sections
of inflorescence stems of 21-day-old proPER15:erVenus seedlings at1dai grown
on MS plate supplemented without (Mock) or with 10 pM ACC (ACC) for one day
after theinjury. Quantification of proPER15:erVenus signal intensities at 1 dai.
Two-tailed Welch’s t-test was used (**; P< 0.01).g, Cross sections of wild-type,
ein2-1and etr1-3inflorescence stems two or four days after the injury. The
region covered with suberized cells at the wound site was quantified. One-way
ANOVA test followed by Dwass-Steel-Critchlow-Fligner pairwise comparisons
was used (same charactersindicate statistically not-significant differences
betweentwo groups; P>0.05). nindicates the number of repeatsind or the
number of examined cross sectionsin g-j. Venus signalintensitiesina,b,e,f
and intensity of suberin staining with Fluorol yellow in c,g are shown according
tothe colour map ontheright. White, SR2200 (cell wall). Fractions on the panels
indicate the proportion of cross-sections showing the similar expression or
suberized cell formation asintheimages. Scale bars, 50 pm.
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|X’ A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
N Gjve P values as exact values whenever suitable.

|:| For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings
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|:| Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  Leica LAS X

Data analysis Rv2024.04.2, Fiji v1.53, PlantSeg1.4.3, MS Excel v2308, Python 3.9

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

All the data that support the findings of this study are shown in this article and Extended Data Figures.
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and sexual orientation and race, ethnicity and racism.
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Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size All sample size is indicated in plots. Sample-size calculation was not performed. The sizes were selected according to experiment.
Data exclusions  No data exclusion unless otherwise mentioned

Replication All experiment is repeated at least three times. When the results were variable depending on the repeat, the experiment has been repeated
more than three times. All replicates were successful.

Randomization  Randomization is not relevant since plants were grown in the same manner in all the experiment except for treatment.

Blinding No blinding was performed. All the data was analyzed in the same manner by the same researcher(s).

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies |Z |:| ChiIP-seq
Eukaryotic cell lines |Z |:| Flow cytometry
Palaeontology and archaeology |Z |:| MRI-based neuroimaging
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Dual use research of concern

Policy information about dual use research of concern

Hazards

Could the accidental, deliberate or reckless misuse of agents or technologies generated in the work, or the application of information presented
in the manuscript, pose a threat to:
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[ ] Public health

|:| National security

|:| Crops and/or livestock

|:| Ecosystems
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Demonstrate how to render a vaccine ineffective

Confer resistance to therapeutically useful antibiotics or antiviral agents
Enhance the virulence of a pathogen or render a nonpathogen virulent
Increase transmissibility of a pathogen

Alter the host range of a pathogen

Enable evasion of diagnostic/detection modalities

Enable the weaponization of a biological agent or toxin
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Any other potentially harmful combination of experiments and agents

Plants

Seed stocks All materials are stored in Ari Pekka Mahonen group at University of Helsinki

Novel plant genotypes  This study generated novel Arabidopsis transgenic lines in Columbia background

Authentication Single insertion lines were screened among more than 12 independent transformed seedlings. T3 homozygous lines were selected
based on seed coat marker or reporter gene expression. Utilized material were confirmed by genotyping, sequencing or phenotypes.
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