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Plant cells are contained within arigid network of cell walls. Cell walls serve
asastructural material and a crucial signaling hub vital to all aspects of the
plantlife cycle. However, many features of the cell wall remain enigmatic,
asithasbeen challenging to map its functional properties in live plants at
subcellular resolution. Here, we introduce CarboTag, amodular toolbox
for live functional imaging of plant walls. CarboTag uses a small molecular
motif, a pyridine boronicacid, that directs its cargo to the cell wall.

We designed a suite of cell wall imaging probes based on CarboTagin
various colors for multiplexing. Additionally, we developed new functional
reporters for live quantitative imaging of key cell wall characteristics:
network porosity, cell wall pH and the presence of reactive oxygen species.
CarboTag paves the way for dynamic and quantitative mapping of cell wall
responses at subcellular resolution.

Plant cells are characterized by the presence of a carbohydrate-rich
cell wall, which plays a key role in many processes along the life cycle
of plants. It provides mechanical support to cellsand tissues, mediates
cell-to-cell communication and forms a signaling platform'2. Plant
cellwalls are highly complex materials, formed frominterpenetrating
networks of various carbohydrates, whose properties and functionare
tailored by diverse glycoproteins, and contain numerous receptors
for both chemical and physical signals**. Moreover, given its critical
role in plant life, the maintenance of cell wall integrity and function is
characterized by high genetic redundancy and many compensatory
mechanisms’. Hence, studying the cell wall has proved to be difficult.

Fluorescence microscopyisaninvaluable toolin the study of plant
cellwalls. Various fluorescent probes have been reported to bind differ-
ent cellwall components, recently reviewed comprehensively inref. 5.
Alternatively, arange of antibodies for specific cell wall epitopes have
beendeveloped?®, but their use requires fixation and cell wall permea-
bilization, thus precluding live imaging. Moreover, these probes and
antibodiesresolve localization but do not provide functional insights
about cellwall properties nor dynamics. To this end, various genetically
encoded cell wall biosensors for plants are reported, for example, to
reveal apoplastic calcium, glutamate or pH levels’’. While powerful,
genetically encoded reporters require genetic access to the species

of interest, which is not possible or difficult for many organisms in
thegreenlineage.

Efforts to develop de novo functional chemical probes tailored
to plants and their cell walls are absent. Chemical targeting requires
the design of targeting groups that bind an epitope in the cell wall. In
addition, chemical probes suitable for live-cell imaging are ideally of
limited toxicity and capable of permeating multicellular tissues without
requiring additional permeabilization. We aimed to develop a conveni-
ent targeting strategy that could be applied to all plants. Previously,
we used the pectin-binding peptide from extensin proteins to target a
functional probe to the cell wall in live tissue'®. While successful, this
approachiscostlyandresultedinlowyields; the probes were unstable
during prolonged storage and showed relatively slow tissue penetra-
tion due to the relatively large hydrodynamic size of the peptide. We
thus set out to find a reliable chemical motif for targeting molecules
of interest to the cell wall.

Here we describe the design of amodular dye toolbox for the live
and functional fluorescence imaging of plant cell walls. It is centered
around a de novo cell wall targeting motif, CarboTag, a small synthetic
molecule that undergoes high-affinity binding with diols in the plant
cell wall. CarboTag is minimally toxic, ensures rapid penetration into
planttissues and can deliver arange of water-soluble cargos to the cell
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wall. CarboTagallowed us to construct arange of cell wall fluorophores
acrossthe visible spectrum, based onreadily available probes. Applying
the same approach, we constructed chemical reporters for functional
imaging of cell wall porosity, pH levels and reactive oxygen species
(ROS). CarboTag offers a modular approach for the specific delivery
of arange of cargos to the plant cell walland opens the way for creating
functional and dynamical maps of living plant cell wall networks with
subcellular resolution.

Results

CarboTag

Wetook inspiration from the chemistry used by plants themselves for
cell wall binding. Plants use the natural compound boric acid B(OH),,
whichisused asa crosslinker for cellwall components™. Boricacid can
bind cell walls based on the dynamic covalent bonding that aboronic
acid, RB(OH),, undergoes with diols present in saccharides, including
cell wall carbohydrates. For a typical boronic acid or phenylboronic
acid, the optimal pH to form a diol complex lies between pH 7 and 9
(ref. 12). As plant cell walls are generally acidic, with apoplastic pH
levels ranging from four to eight under physiological conditions®,
these motifs would only form very weak complexes with cell wall car-
bohydrates. By contrast, pyridiniumboronicacids have beenreported
to form stable complexes in the correct acidic pH window™. Starting
from commercially available 4-pyridinylboronic acid and propargyl
bromide, we synthesized, in atwo-step reaction, the structure we name
CarboTag (Fig.1a):a pyridiniumboronicacid carrying a clickable alkyne
group, suitable for conjugation to azide-functional fluorophores or
other azide-carrying cargo, using click chemistry®. Click chemistry
encompasses arange of modular chemical ligation strategies that occur
with highyields under mild conditions, and give minimal side products.

Next, we synthesized a fusion of CarboTag to AlexaFluor488 to
give the CarboTag-AF488 probe. Live Arabidopsisthaliana stained with
CarboTag-AF488 for 30 min show excellent staining of the root cell wall
network, evendeepinside thetissue (Fig.1b). Asacontrol, we incubated
seedlings with the unmodified AF488, lacking the CarboTag targeting
group, which did notresultin any detectable cell wall staining (Supple-
mentary Fig.1). We also confirmed that CarboTag targets the cell wall
exclusively, and does not result in membrane insertion, by perform-
ing a plasmolysis experiment on a CarboTag-AF488 stained seedling.
Plasmolyzed roots show highly stained cell walls, and acomplete lack
offluorescence signalinthe plasma membrane (Supplementary Fig. 2).

Next, we benchmarked CarboTag to the current state-of-the-art.
We compared tissue permeation kinetics of CarboTag-AF488 with
that of CalcoFluor White (CFW), Renaissance SR2200 and propidium
iodide (PI), three commonly used cell wall stains’, in live Arabidopsis
seedlings. Both CFW and SR2200 brightly stainthe root epidermis after
several hours but their penetration into the tissue is limited (Fig. 1d,e
and Supplementary Fig.3). We observe a similar lack of staining with PI
when usingisotonic 0.5 Murashige and Skoog (MS) medium; Pl staining
improved substantially when using pure water as the staining medium,
whichis, however, hypotonicand thusimposes an osmotic stressonthe
tissue. Moreover, prolonged staining with PI, within1h, leads tointer-
nalization of the dye and staining of the nucleus, and we observe severe
signs of toxicity resulting from Pl staining (Supplementary Fig. 4).

By contrast, CarboTag-AF488 fully penetrates the root in as little
as15-30 minutes and reaching full staining intensity in1 h (Fig.1b,cand
SupplementaryFig.7). After 24 h, CFW and SR2200 only had amarginal
increase in penetration (Supplementary Fig. 3). More importantly,
roots exposed to CFW and SR2200 for 24 h began to display signs of
cytotoxicity, suchas aberrant cell swelling (Supplementary Fig.3q,r),
which are absent for CarboTag-AF488 (Supplementary Fig. 3p). The
denovo CarboTag-based cell wall probe thus permeates tissues more
rapidly and efficiently compared to the state-of-the-art cell wall probes.

The more rapid permeation of CarboTag compared to CFW and
SR2200 could hint at a lower binding affinity to its cell wall epitope.

To test whether a weaker binding is responsible for the more rapid
tissue permeation of our dye, we performed fluorescence recovery
after photobleaching (FRAP) experiments on these three probesin A.
thalianaroot hairs that were stained well by all probes. From the FRAP
measurements, we extracted the characteristic timescale for fluores-
cencerecovery and used this as arelative measure of the diffusion rate
ofthe probes in the apoplastic space'. Both CFW and SR2200 diffuse
more rapidly, indicated by alow recovery timescale, when compared
to CarboTag-AF488, which hasaslower fluorescencerecovery (Fig. 1f).
This difference in diffusion kinetics suggests that CarboTag binds the
cell wall more strongly compared to CFW and SR2200.

Multicolor plant cell wallimaging

Existing cell wall fluorophores encode their cell wall binding and fluo-
rescence properties within the same chemical structure. As a result,
there is only limited spectral flexibility in choosing a cell wall probe,
which canbe challenging in multiplexing experiments with plants that
express a genetically encoded fluorescent reporter.

CarboTag can turn any azide-carrying and water-soluble fluoro-
phore into a cell wall stain. Advances in dye chemistry have resulted
in an enormous diversity of fluorophores that can be commercially
procured with an azide modification. To demonstrate the versatility
of CarboTag, we selected probes across the visible spectrumbased on
coumarin (AF430), sulfo-rhodamine (AF488) and cyanine (sulfo-Cy3
and sulfo-Cy5) chemistries. Despite their different chemical nature
(Supplementary Fig. 1), all CarboTag fusions stain the root tip tissues
of of A. thaliana seedlings within 1 h (Fig. 2a-c) and exclusively stain
the cell wall with no measurable membrane insertion detected (Sup-
plementary Fig. 2).

Access to a wide spectral range of cell wall stains facilitates mul-
tiplexed liveimaging with existing plant lines that express genetically
encoded fluorescent markers. We demonstrate this by combining
CarboTag cell wall probes with fluorescent protein reporters for actin
(ABD2-mCherry, Fig. 2j) and microtubules (MAP65-RFP, Fig. 2k). Inaddi-
tion, CarboTag-based probes are suited for higher-resolutionimaging
such as AiryScanimaging (Fig. 21).

CarboTagis compatible with awide diversity of plant species: we
performedinagreen algae (Penium margaritaceum), afern (Ceratop-
terisrichardii),amoss (Physcomitrium patens) and aliverwort (March-
antiapolymorpha). Cell walls of all these species could be stained with
CarboTag-based probes (Fig.2d-g). This also indicates that the epitope
that CarboTag binds is present in all plant species and green algae,
even though their cell wall composition varies substantially”. We also
tested the capacity of CarboTag to stain the pectin-rich mucilage that
surrounds Arabidopsis seeds just after hydration, and find it stains this
structure very well, revealing intricate fibrillar structures in the seed
mucilage (Extended Data Fig.1).

We also tested the staining of organisms outside the plant line-
age that feature a saccharide-rich cell wall. We found that CarboTag
could not stain the cell wall of bacteria, an example of Escherichia
coliis shown in Supplementary Fig. 5, nor oomycetes (Phytophthora
palmivora, Supplementary Fig. 6). CarboTag does not generally bind
alldiols, asthere are many diol-containing polysaccharides and glycans
present in the cell walls of these species. Since the oomycete cell wall
contains cellulose’®, this compound is not the CarboTag target. Thus,
pectin is likely the epitope that is bound in green plants, as pectin is
missing in the organisms we could not stain. We then tested whether
CarboTag could target cell walls of several species of brown algae;
both Saccharina latissimi (Fig. 2h) and Saccharina latissidula (Fig. 2i)
showed excellent staining with CarboTag-AF488, with the cell outlines
clearly visible. The cell wall of brown algae lacks pectin and is mostly
composed of alginates. Moreover, we observed that CarboTag stained
agar-containing mediaand gels. We thus conclude that CarboTag binds
hydrated carbohydrate hydrogels consisting of polymers (pectin, agar,
alginate), where the diol groups are readily accessible for binding.
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Fig. 1| CarboTag cell wall targeting. a, Chemical route to synthesize

CarboTag (top), CarboTag-modified dyes (middle) and chemical mechanism of
forming reversible covalent bonds with diols (bottom).r.t., room temperature.
b, A. thalianaroot stained with CarboTag-AF488. c-e, Arabidopsis roots stained
with CarboTag-AF488 (c), CFW (d) and Renaissance 2200 (SR2200) (e), with
incubation times indicated in the panels. f, Timescale of FRAP, performedin
Arabidopsisroot hairs, for CarboTag-AF488 (CT-AF488,n=29), CFW (n=22,
P=0.000000017) and Renaissance 2200 (n =12, P=0.000022). g, Toxicity

test of CarboTag-modified dyes (CT-AF430, CT-AF488, CT-sCy3, CT-sCy5and
CT-BDP), conventional cell wall dyes (CFW, SR2200 and PI) and pure CarboTag
(CT). Stratified seeds are grown and germinated in liquid medium containing
different concentrations (as indicated) of probes; root length was measured

after 7 days, datarepresents at least n = 14 independent measurements. Exact
Pvalues compared to control: CT-AF43010 uM, P=0.091; CT-AF430 40 pM,
P=0.0000060; CT-AF48810 uM, P=0.074; CT-AF488 40 uM, P=0.00027;
CT-sCy310 uM, P=0.39; CT-sCy3 40 pM, P= 0.00000015; CT-sCy510 pM,
P=0.49; CT-sCy540 uM, P=0.048; CT-BDP 10 uM, P=0.75; CT-BDP 40 uM,
P=0.30; CFW12.5 uM, P=0.014; CFW 50 pM, P=0.00000026; SR2200 4,000%,
P=0.000021;SR22001,000%, P=0.00000010; P115 uM, P=0.54; CT 10 uM,
P=1.00;CT40 uM, P=0.24.Inbox plots the center line is the median, box bounds
represent the 25th and 75th percentiles. Whiskers span from the smallest to the
largest data points not considered outliers. Red + symbols indicate outliers.
*P<0.05;***P<0.001; NS, P> 0.05; two-sided Wilcoxon rank sum test. Scale bars
represent 50 pm (b-e).

To determine the toxicity of CarboTag-based probes, we ger-
minated and grew A. thaliana seeds in liquid medium containing
CarboTag and CarboTag-based probes, at identical concentrations
used for imaging experiments. We compared root length between
treated and untreated controls after 7 days of exposure as a metric of

developmental toxicity. CarboTag-based probes show no cytotoxic-
ity at 10 puM (Fig. 1j). At 40 uM, exposure for 7 days leads to small but
significant reductions in root growth for all CarboTag-based probes,
except for thered-emitting CarboTag-Cy3 that we found to be signifi-
cantly cytotoxic at 40 pM. Since the CarboTag motifitself is not toxic
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S. rigidula 1aliana
Fig. 2| Multicolor CarboTag dyes function in plants and algae the green
lineage. a-c, A. thalianaroots stained with CarboTag-modified AF430 (a),
sulfo-Cy3 (b) and sulfo-Cys5 (c) that cover the emission spectrum from blue-
greento far red. d, Root of the fern C. richardii stained with CarboTag-sCy3.

e, Asingle algal cell stained with CarboTag-sCy3, chloroplasts autofluorescence
inmagenta. f, Caulonema of the moss P. patens stained with CarboTag-AF488.

g, Gemma of the liverwort M. polymorpha stained with CarboTag-AF488,

CT-sCyb

A. thaliana

. polymorpha S. latissima

CT-AF488
AiryScan

A. thaliana

chloroplast autofluorescence in magenta. h,i, CarboTag-AF488 staining of
brown algae: S. latissima (h) and S. rigidula (i), chloroplast autofluorescence in
magenta. CarboTag dyes for multiplexed imaging.j k, CarboTag-AF430 (cyan)
withactin marker ABD2-mCherry (yellow) (j) and CarboTag-sCy5 (magenta) with
microtubule marker MAP65-RFP (cyan) (k), bothin Arabidopsis root tissues.

1, AiryScan super-resolution imaging of Arabidopsis root meristem stained with
CT-AF488.Scale barsin allimages represent 25 pm.

at this same dose, we attribute this to the Cy3 probe itself. Moreover,
at10 pM, CarboTag-based probes are significantly less toxic compared
to currently used alternatives. Even though root growth is relatively
weakly affected by Pl staining, we observe morphological defects in
roots exposed to Pl for 24 h (Supplementary Fig. 4).

To confirm that lower concentrations (10 pM and below) would
still resultin adequate staining, we stained Arabidopsisroots for 1 hour
at a range of concentrations of the CarboTag-based probes. Good
stainingisachieved at10 pM for all probes, and for most probes, lower
concentrations (5 or even 1 uM) suffice (Extended Data Fig. 2). This
canbe considered in the design of long-term imaging experiments to
ensure the absence of cytotoxic effects. To demonstrate compatibility
withlong-termtime-lapseimaging, we recorded time-lapse sequences
of germinating seeds, stained with CarboTag-AF488, over a period of
several days (Extended Data Fig. 3).

Cellwall porosity: CarboTag-BDP

The primary cell wall of plant cells isa complex composite that must
sustain enormousinternal turgor pressures while also accommodat-
ing cell expansion, growth and tissue remodeling®”. This requires cell
walls to be mechanically dynamic and plastic structures. We previ-
ously reported thata phenyl-BODIPY (boron dipyrromethene) (BDP)
molecular rotor probe, coupled to a pectin-binding peptide, could
be used to probe changes and defects in cell wall network structure,
which can affect their mechanical resilience'®*°. The BDP rotor, under-
goes anintermolecular rotation on photoexcitation to anonradiative,

dark state. This physical motion requires fluid to flow around the
molecule, coupling the molecular rotation hydrodynamically to
its surroundings. This results in a BDP fluorescence lifetime that is
low when the BODIPY probe rotates freely, for example in aqueous
media, and high when the probe rotation is severely hindered”. This
feature allows the mapping of the mechanical environment of the
dye with fluorescence lifetime imaging (FLIM). In the Supplementary
Information (Supplementary Fig. 7) we show that the quantity that
is probedisinfact the mesh size, or porosity, of the pectin network
inthe cell wall, and thus an indirect measure for the pectin levels in
the cell wall space.

We coupled BDP to CarboTag (Fig. 3a,b) and the resulting probe
CarboTag-BDP showed clear wall localization (Fig. 3¢). To demonstrate
itsresponsiveness to cell wall porosity, we manipulate the composition
of the cell walls by inhibiting cellulose synthase with isoxaben (ISX).
Arabidopsis seedlings grown on asolid medium containing ISX showed
stunted growth and increased osmosensitivity*>?. Simultaneously, ISX
treatment leads toincreased levels of de-esterified pectin,andinsome
cases lignin, as a possible rescue response resulting in a denser mesh-
workinthe cell wall***, We indeed find that cell walls in plants treated
withISX show asignificantly higher lifetime of the CarboTag-BDP probe
compared to both the control and mock-treated seedlings (Fig. 3c-e
and Supplementary Fig. 8). A higher lifetime indicates amore hindered
intramolecular rotation, hence an increased density of the pectin
network in the cell walls whose cellulose biosynthesis was inhibited.
Inthis analysis, the outer epidermal walls were excluded as those walls
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Fig. 3| CarboTag-based cell wall porosity imaging. a, Chemical structure of
CarboTag-BDP porosity probe. b, Normalized excitation (cyan) and emission
(green) spectra of CarboTag-BDP. ¢, FLIM of a M. polymorpha gemma stained
with CarboTag-BDP. d,e, FLIM images of mock-treated (DMSO, d) and ISX-
treated (e) Arabidopsis seedling roots. f, Corresponding comparison of mean
fluorescence lifetimes of cell walls in the root elongation zone excluding the
epidermal cell wall (main text): mock (DMSO, n =11), control (H,0,n=8, P=0.55)
and treated (ISX, n =18, P=0.0015).g,h, FLIM images of Arabidopsis roots stained
with CarboTag-BDP in wild-type (Col-0, g) and FERONIA loss-of-function mutant
fer-4(h).i, Comparison of mean fluorescence lifetimes in the root cell walls,
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(n=8),fer2(n=12,P=0.082)and fer-4(n=12,P=0.00033).j,k, FLIM images of
opened (Control, j) and closed (ABA-treated, k) stomata in Arabidopsis leaves.

1, Comparison of fluorescence lifetimes between opened (mock) and closed
(ABA-treated) guard cell walls: mock (n=12) and treated (ABA, n=12, P=0.00073).
Color scale in FLIM images corresponds to the fluorescence lifetime. In box plots
the center line is the median, box bounds represent the 25th and 75th percentiles.
Whiskers span from the smallest to the largest data points not considered
outliers. Red + symbols indicate outliers. **P < 0.01; ***P < 0.001; NS, P> 0.05;
two-sided Wilcoxon rank sum test. Scale barsin allimages represent 25 pm.

have consistently very low lifetimes, likely due to probe quenching by
chemicalinteractions with components inroot surface layer.

As the cell wall is a vital structure to many processes, its integ-
rity is continuously monitored by a complex cell wall integrity (CWI)
maintenance pathway>”. A central player in CWI is FERONIA (fer), a
pleiotropic pectin-binding receptor-like kinase?*”. Loss-of-function
fer mutants show compromised CWI, resulting in accelerated root
growth, spontaneous cell bursting and hypersensitivity to osmotic
stress** %, The phenotype can be rescued by embedding the tissue in
astiffer agar gel*®. This suggests that FER mutants have weakened cell
walls that have difficulties in sustaining internal turgor unless sup-
ported by anexterior scaffold. However, AFM indentation experiments
on FER mutants did not show a difference in the cell wall elasticity?.
Since cellulose microfibrils dominate cell wall stiffness, FER mutants
appear unaffectedin cellulose levels and the origins of their mechanical
problems lie elsewhere.

We performed FLIM-based porosity imaging of cell walls in fer2
and fer-4loss-of-function mutants stained with CarboTag-BDP. Mutant
lines reveal significantly increased cell wall porosity, that is, lower
lifetimes than the wild-type control (Fig. 3f~h and Supplementary
Fig.9).Thefer-4line shows amore severely affected cell wall porosity,

consistent with reports of a stronger root growth phenotype in fer-4
versus fer-2 (ref. 28). Moreover, we find that the porosity of the fer
mutants is notably more heterogeneous compared to wild-type, indi-
cated by the width of the lifetime distributions (Fig. 3h). Given that our
probe is sensitive to porosity at the nanometric scale, these changes
likely reflect reduced pectin density and increased cell wall inhomo-
geneity infer mutants.

Finally, we demonstrate that CarboTag-based porosity imaging is
notlimited toroots. First, we created lifetime-based porosity maps of
gemmae of M. polymorpha; we can observe that young cell walls that
surround the meristemin the apical notch are substantially less porous
(higher lifetime) compared to matured cell walls, which is consistent
with the notion that pectin-rich walls just after division are progres-
sively enriched with cellulose as they mature'®. Second, we mapped
the cell wall porosity in the guard cells that make up stomata in the
Arabidopsisleaf before and after closure induced by the plant hormone
abscisic acid (ABA). Stomatal closure involves the physical motion of
these two cellsto formanactuating aperture. We observe asignificantly
lower lifetime in the guard cells’ outer walls compared to those before
ABA-triggered closure (Fig. 3j-i). Thisillustrates how the actuation of
stomatainvolves reversible physical changes to the cell wall.
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Apoplastic pH: CarboTag-0G

Plant cellgrowth requires therigid cell wall to yield from theinflationary
pressure of cellular turgor. Inthe ‘acid growth’ theory, this is mediated
byanacidification of the apoplast, which activates expansins, afamily
of cell wall loosening proteins, resulting in cell walls with increased
extensibility”. The plant signaling molecule auxin controls growth by
activating processes that acidify the apoplast, including the upregu-
lation of proton pump synthesis and the activation of proton pumps
by rapid phosphorylation through a noncanonical auxin signaling
pathway***, Pathogens are also known to manipulate cell wall pH levels,
most likely toloosen the cell wall and reduce the mechanical resistance
to tissue colonization®**,

A commonly used approach to quantify apoplastic pHrelies on
the pH-sensitive ratiometric dye 8-hydroxypyrene-1,3,6-trisulfonic
acid (HPTS)**. However, HPTS is not only a pH reporter, but also a
potent photo-acid, releasing protons on illumination with the light
required for imaging, thereby altering the pH as one tries to measure
it®. HPTS illumination is even reported to result in strong cytotoxic-
ity®®. Alternatively, proton-sensitive dyes, such as fluorescein dye, are
suspendedinthe medium to measure the pH at the surface of the plant
tissue®>*. These approaches measure pH at the surface of the root, thus
detecting protons exuded from the plant. To measure the pH inside
the cell wall, genetically encoded pH reporters for the cell wall have
been described®*. All existing approaches have an intensity-based
or ratiometric read-out, which makes the measurements sensitive to
local changes in probe concentration and chromatic artifacts due to
light scattering.

We use CarboTagto construct a FLIM-based apoplastic pH sensor,
by couplingittoan Oregon Green (OG) fluorophore (Fig. 4a,b), witha
reported pK, of 4.8.Invitro, the fluorescence lifetime of CarboTag-OG
shows adistinct sigmoidal change with varying pH (Fig. 4c). The fact
that OG canbe used as apH sensor with alifetime-based read-out was
reported previously® but not yet exploited in biological imaging.
CarboTag-OG selectively targets the cell wall with the same stain-
ing kinetics (Fig. 4d,e), while free OG, without a CarboTag anchor
internalizes in the cells and shows no apoplastic localization (Sup-
plementary Fig.10).

FLIM maps of roots of Arabidopsis seedlings show that the fluo-
rescence lifetime, and hence apoplastic pH, is lower in the elonga-
tion zone of the root compared to the root tip and maturation zone
(Fig.4d-f), which corresponds to the picture of acid growth theory.
It is important to note that lifetime measurements performed in
aqueous solutions of varying pH (Fig. 4c) cannot be used as a quan-
titative calibration curve, as the local chemical microenvironment
in the apoplast, which influences the fluorescence lifetime of these
probes, is far more complex than that in a simple buffer solution.
The pH-lifetime response curve can be used to evaluate the relative
amplitude of pH variations within an experiment. We estimate, based
on the data in Fig. 4c, that the change of pH in the elongation zone,
withrespect to theroot tip meristem, is ApH —1.1, while the change in
pHbetween transition and elongation zone is ApH —0.4. The growth
ofthe plant cellsin the elongation zone isaccompanied by significant
acidification.

Next, we subjected roots, prestained with CarboTag-OG, to treat-
ment with 1 uM of the natural auxin indole 3-acetic acid (IAA), which
activates proton pumps through phosphorylation®**' or 10 pM fusico-
ccin. This fungal toxin activates H" ATPases®. Both treatments are
thought to lead to the efflux of protons from cells into the apoplast,
resulting in rapid acidification. Indeed, the median fluorescence life-
time, analyzed inthe epidermis—cortex cell wall, after 10 min of expo-
suretoauxin or fusicoccin, is significantly lower compared to untreated
controlroots (Fig.4g-iand Supplementary Fig.11). Based on the curve
inFig. 4i, we calculate the amplitude of the induced acidification tobe
ApH -0.22for auxin treatment and ApH -0.31for fusicoccin treatment.
Roots subjected to benzoic acid, a molecule with similar acidity and

sizetoIAAbut with nobiological function, did not resultinadecrease
in fluorescence lifetime.

ROS generation in the cell wall: CarboTag-0x

ROS are key signaling components in a large diversity of physiologi-
cal processes ranging from development to wounding responses*®*.,
Reactive oxygen also plays an antimicrobial role in plant defenses,
where ROS bursts are among the earliest responses of plant cells to
pathogen recognition*. Moreover, ROS acts as a chemical reagent, for
example in crosslinking extensinglycoproteinsin the cell wall**2, Vari-
ous approaches, based on colorimetric staining, oxidation-sensitive
fluorophoresor genetically encoded biosensors, are reported to resolve
ROS generation inside the cytosol, mitochondria or membranes of
plantcells****. However, ROS in the apoplast itself has remained impos-
sible to detect directly, while this is where ROS serves its function in
crosslinking cellwall compounds and whereit is delivered after patho-
gen perception. Moreover, the role of the apoplastin ROS perception
is emerging through the putative oxidative modification of cysteine
residues in the extracellular domains of CRRKs* ™,

Our attemptto create an apoplasticROSreporter for plantsbegan
by selecting the ROS reactive probe BODIPY 581/591 C11 (Fig. 5a). This
probe features a BODIPY core, whose conjugated system is extended
by a phenyl butadiene tail with two reactive sites for oxidation. In its
native state, this extended pi-conjugated system emits in the red range.
On oxidation of the tail, the conjugated system is shortened, shifting
the emission to the green range. Due to its hydrophobic nature, this
probelocalizes to cellular plasma membranes®°.

Fusion of BODIPY Cl1directly to CarboTagresultsinaprobe that
targets cell walls, but due toitsamphiphilic nature also showed substan-
tialmembraneinsertion (Supplementary Fig.12). Toreduce membrane
insertion, and hence increase the specificity of cell wall localization, we
introduced ahydrophilicspacer between the probe and the CarboTag
motif. Thisresulted in the probe we name CarboTag-Ox (Fig. 5a,b). This
modification reduced membrane insertion, although it did not com-
pletely prevent it (Supplementary Fig.12). Based on the fluorescence
intensity between membrane and cell wall following plasmolysis, we
estimate that -70% of the signal in cells originates from the cell wall
(Supplementary Fig.12).

To validate CarboTag-Ox, we exposed prestained plants to ROS
generated in the medium through aso-called Fenton’s reaction. Before
ROS exposure, the probe emits purely in the red range, indicative of
littleto no oxidation, resultinginared-to-greenintensity ratio of close
tozero (Fig.5c). Over the course of 1 hour, we observed ROS activating
the probe, first in the root tip (Fig. 5d) and spreading over the entire
root (Fig. 5e), visible as an increasing red-to-green ratio, indicative of
progressive oxidation of CarboTag-Ox. Next, we treated plants with
the flagellin peptide flg22, which s perceived by the Arabidopsis FLS2
(Flagellin Sensitive 2) receptor as asignature of a potential pathogenic
threat®. The resulting pattern-triggered immune response involves
generatingaROS burst, as a defensive countermeasure™. Before treat-
ment, we observe little to no oxidation of the CarboTag-Ox probe
(Fig. 5f). Treatment with flg22 results in ROS productionin the epider-
mis (Fig. 5g), which spreads over time to the cortical cells inside the
root (Fig. 5h). By contrast, roots subjected to a mock treatment show
minimal oxidation of the ROS sensor (Supplementary Fig. 13). This
shows that CarboTag-Ox can resolve the kinetics of ROS action in cell
walls, inresponse to a pathogensignal, with live whole-mountimaging.

Discussion

We presented CarboTag, a small cell wall targeting molecular motif,
as the basis for a modular toolbox for live and functional imaging of
plant cell wall networks. In this work we showed how CarboTag can
specifically localize any water-soluble fluorophore to the cell wall of
various plants, which appears independent of the precise chemical
make-up of the cargo.
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Fig.4|CarboTag-based cell wall pH imaging. a, Chemical structure of the
CarboTag-OG pH probe. b, Normalized excitation (cyan) emission (green)
spectrum of CarboTag-OG. ¢, Mean fluorescence lifetime of CarboTag-OGin

0.5x MS with different pH values. d,e, FLIM images of a root with the 4 tissue types
indicated (d) and aroot tip (e).f, Comparison of mean fluorescence lifetimes
observed in the root meristem (MS, n =10, P, = 0.017, P;; = 0.85, Py, = 0.017),
transition zone (TZ, n =10, Pg; = 0.045, P,, = 0.00018), elongation zone
(EZ,n=10, Py, =0.0.0022) and differentiation zone (DZ, n =10). g, h, FLIM images
of nontreated roots (g) and roots treated with IAA (h) after 10 min. i, Comparison

Mock Control IAA FC BA

of mean fluorescence lifetimes observed in the epidermis-cortex elongation
zone cell wall between mock (DMSO, n =12) treated, nontreated (control, n = 20,
P=0.40),auxin (IAA,n=17,P=0.035), fusicoccin (FC, n =24, P=0.015) and
benzoicacid (BA, n=8,P=0.62) treated seedlings. Inbox plots the center line
isthe median, box bounds represent the 25th and 75th percentiles. Whiskers
span from the smallest to the largest data points not considered outliers. Red
+symbolsindicate outliers. *P < 0.05; **P < 0.01; ***P < 0.001; NS, P> 0.05; two-
sided Wilcoxon rank sum test. Scale bars represent 25 pm.

Advantages

Compared to the state-of-the-art, our CarboTag approach offers several
advantages. The probes permeate tissues rapidly, without requiring
potentially stressing permeabilization agents. They are nontoxic, while
currently used stains for live-cell imaging of cell walls show severe
toxicity phenotypes. Given the flexibility of the modular platform, cell
wall stains can be constructed in any color or with any desired spec-
tral features, which makes them ideal for multiplexing experiments.
Moreover, they allowed us to construct probes for functional imaging
of cellwall properties that are applicable to awide range of plants and
brownalgae species without the need for genetic manipulation of the
organism of interest.

Limitations

The required incubation time for good tissue staining appears to be
independent of the ‘cargo’ that is attached to the targeting motif but
is sensitive to the tissue type, plant species and dye concentration. At
40 pM, Arabidopsis seedling roots show staining of the vasculatureinas
littleas15 min, whileat 10 pM it may require up to 1 hour. Lower probe
concentrations are feasible (Extended Data Fig. 2), but depending on
the tissue may require longer staining. While A. thaliana roots, fernroots
and brown and green algae accept the stains rapidly (30-60 min), some
tissues and species were more challenging. Gemmae of M. polymorpha
and thalliof C. richardii (Supplementary Fig. 14) took up to 6 h, or over-
night, to stain at 40 pM. Lateral root primordia, before emergence, in
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Fig. 5| CarboTag-based cell wall ROS imaging. a, Chemical structure of
CarboTag-Ox apoplastic ROS probe. b, Normalized excitation (yellow) and
emission (orange) spectrum of nonoxidized CarboTag-Ox. c-e, Time lapse of
CarboTag-Ox stained Arabidopsis roots treated with exogenous ROS at t=0 (c),
t=0.5h(d)andt=1h(e). The color corresponds to the fraction of oxidized probe
of the total fluorescence signal (oxidized + nonoxidized). Nonoxidized and

Fraction oxidized

0.5

I (normalized)

Oxidized

Nonoxidized Nonoxidized

Fraction oxidized

)

oxidized signal are shown separately in magenta and cyan, respectively. f-h, Time
lapse of CarboTag-Ox ROS probe-stained Arabidopsis roots treated with flg22 at
t=0(f),t=0.5h(g)andt=1h (h).Color corresponds to the fraction of oxidized
probe of the total fluorescence signal (oxidized + nonoxidized). Nonoxidized and
oxidized signal are shown separately in magenta and cyan, respectively. Scale
barsrepresent100 um (c-e) and 25 um (f-h), respectively.

Arabidopsis could not be stained at all with CarboTag-based probes
(Supplementary Fig.14). We speculate that the presence of barrier lay-
ers,suchasathick cuticle on the surface of gemmae and thalli, reduces
therate of probe uptake and that the root cap, which s established to
cover thelateral root primordium®?, prevents uptake of these, by design,
very hydrophilic dyes. This is further confirmed by an experiment in
which we observe staining along the length of the root and find that
atthe maturation zone, where the Casparian strip beginsto close, the
probe nolonger penetrates the vasculature (Extended DataFig.4). The
use of CarboTag-based probes in plant species and tissue types that we
have not yet tested, especially those featuring cuticles or apoplastic
barriers, may thus require optimization and could, in some cases, be
challenging without adding permeabilizing agents.

The FLIM-based reporters for cell wall porosity and pH are
designed to be responsive to their local environment. As a result,
these types of probe are generally solvatochromic, that is, sensitive
to their local chemical environment. This has several consequences
for their use in in vivo imaging. We observed that lifetime values for
CarboTag-BDP and CarboTag-OG in the outer wall of root epidermal
cells, at the root-medium surface, are consistently below the lowest
lifetime for the probe in calibration media. This is indicative of probe
quenching in these walls by chemical interaction with some, yet uni-
dentified compound, which hinders analysis of the outer root surface.
Similar effects were, in exploratory experiments, seen around tissue
sites infected with pathogens or nematodes, where we believe they
may be due to damage-associated compounds such as ROS or lignin
precursors>*>,

Asecond consequence of the solvatochromism of many lifetime-
based fluorescent reportersis that their quantitative calibrationinvitro
isdifficult. The chemical microenvironmentin the complex plant cell
wall is intrinsically very different from that in simple solutions, mak-
ing aquantitative mapping from simple experimentstoin vivoresults
unreliable. Forexample, for the apoplastic pH probe CarboTag-OG, we
performed lifetime measurements as afunction of pHinaqueous solu-
tions. Lifetime values of the same probesin plantawould suggest apo-
plastic pH levels that are remarkably more acidic than those reported
previously***”. Whether thisis the result of solvatochromism due to the
cellwall microenvironment that shifts the lifetime-pH curve or due to
inaccuracyinreported values, we cannot distinguish at this point. Out
of caution, we have avoided converting our lifetime imaging results
for this probeinto absolute pH units and have used it asatool to reveal
relative acidification patterns and responses on treatment. In general,
we feel that great caution should be exercised in using calibrations for
thesetypes of probe performed in simple solutions to measurements
performed in the complex environment of living cells.

Outlook

We speculate that CarboTag can be used beyond what was reported
here, and we envision extensions of this approach for functional map-
ping of other cell wall propertiesin the future, such CarboTag fusions
to specific reporters for calcium, other ionic species or redox states.
More hydrophobic cargo results in amphiphilic molecules that show
a propensity for inserting into the membrane as well as binding the
cell wall; this canbe overcome to some extent by the introduction of a
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hydrophilic spacer, thereby extending the range of possibilities of this
targeting strategy. One can also think beyond fluorescent probes and
sensors, as CarboTag can theoretically also deliver bio-active signals
into the cell wallto prevent their internalizationin the cell; this could be
avaluabletoolto discriminate between the apoplastic and intercellular
signal perception of, for example, hormones. Finally, we have shown
that CarboTag probes can be used at low doses without posing toxic-
ity issues during prolonged exposure, making it feasible to perform
long-termimaging experiments (Extended Data Fig.3). Thisopens the
way to mapping physicochemical changes in the plant cell wall during
developmental processes.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butionsand competinginterests; and statements of dataand code avail-
ability are available at https://doi.org/10.1038/541592-025-02677-4.
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Methods

Additionalinformation, including extensive chemical synthesis proto-
cols, chemical structures (Supplementary Figs.15and 16), fluorescence
spectra (Supplementary Fig.17) and chemical analysis (Supplementary
Figs.18-28), is provided in the Supplementary Information.

General synthesis of CarboTag fluorophores

CarboTag-fused fluorophores were prepared from commercially
available azide functionalized dyes through copper-catalyzed azide
alkyne cycloaddition. Coupling reactions took place in 1:2 water:-
dimethylformamide mixtures with CuBr and tris(benzyltriazolylmethyl)
amine as catalyst and ligand, respectively. After an overnight reac-
tion, the resulting solution was diluted with water and filtered using a
0.45-pm syringe filter. The resulting solution was lyophilized and redis-
solved in water. Extensive synthetic protocols and chemical analyses
arereported in the Supplementary Information.

Imaging

Imaging experiments were performed on a Leica TCS SP8 inverted
confocal microscope coupled to a pulsed white light laser ata40-MHz
repetition rate, except for the experiments on brown algae that were
performed onaZeiss LSM880 confocal microscope. CarboTag-AF488,
CarboTag-BDP (porosity probe) and CarboTag-OG were excited witha
488-nmline. Fluorescence was captured between 500 and 550 nm using
a hybrid detector. CarboTag-sCy3 and CarboTag-sCy5 were excited
with 548- and 646-nm lines, respectively. Fluorescence was detected
between 558 and 608 nm (CarboTag-sCy3) and 656 and 706 nm
(CarboTag-sCy5) using ahybrid detector. CarboTag-Ox was simultane-
ously excited with488-and 581-mm laser lines, both at 5% laser power,
to excite the oxidized and nonoxidized form of the probe, respectively.
Fluorescence was captured simultaneously between 500 and 550 nm
for the oxidized form and between 591 and 641 nm for the nonoxidized
form using hybrid detectorsin photon counting mode. MAP65-RFP was
excited with a 561-nm laser line. Fluorescence was captured between
570 and 615 nm using a hybrid detector. ABD2-mCherry was excited
with a585-nmlaser line. Fluorescence was captured between 600 and
650 nmusing ahybrid detector. For CarboTag-AF430 we used a440-nm
diode pulsed laser (40 MHz) and fluorescence was captured between
500 and 550 nm. Fluorescence was captured through a x10 (numerical
objective (NA) 0.3) dry objective or a x63 (NA 1.2) water immersion
objective depending on the sample type.

Ratiometric measurements performed with CarboTag-Ox were
processed inImageJ v.1.52. For both the oxidized (green) and nonoxi-
dized (red) channels, the background signal was removed. The pixel
values of these two images were corrected for their backgrounds.
Subsequently, the resulting pixel values were added up and corrected
pixelvalues of the green channel were divided by the pixel values of the
combinedimage. The resulting 32-bitimage had pixel values between
0and1, whichindicated the fraction of total signal originating from the
oxidized (green) channel. This fractionis displayed ina16-color scale.

FLIM experiments using CarboTag-BDP and CarboTag-OG were
performedonaleica TCS SP8inverted confocal microscope coupled
to a Becker-Hickl SPC830 time-correlated single photon counting
module. An excitation line of 488 nm was used and fluorescence was
captured between 500 and 550 nmusing a hybrid detector. Acquisition
times were between 60 and 120 s depending on signal strength were
used to obtain an image of 256 x 256 pixels. Resulting FLIM images
were processed in SPCImage v.8.5 software to obtain two-component
exponential decay curves for every pixel. Measurements involving M.
polymorphawere fitted with a 2-22-ns two-component exponential tail
fit. FLIMimages are presented in afalse-color scale that represents the
mean fluorescence lifetime per pixel in nanoseconds.

Super-resolution imaging was performed on a Zeiss LSM880
inverted laser scanning confocal microscope equipped with an Airy-
Scan detector and a 488 nm argon laser. Fluorescence was captured

between 495 and 550 nm, AirySscan deconvolution was performed in
Zeiss ZEN software.

Comparison CT-AF488 versus CFW and SR2200

Five-day old Arabidopsis seedlings were incubated ina12-well platein
0.5x MS with 40 pM CarboTag-AF488, a1,000x diluted Renaissance
2200 (SR2200) stock solution (from supplier) or a 20x diluted CFW
solution (from a1g 1™ solution). The well plate was covered with and
leftonaplate shaker at 60 rpm. Seedlings were taken out after 15 min,
30 min, 60 min,3 h, 6 hand 2 h, washed with clean 0.5x MS and imaged.
Imaging was performed on a Leica SP8 multiphoton system with a
pulsed Coherent Chameleon Ti:sapphire laser. CarboTag-AF488 was
excited with a980-nmline, and the fluorescence was captured between
500 and 570 nm using a hybrid detector. Both SR2200 and CFW were
excited with the two-photon laser at 810 nm and the fluorescence was
captured between 420 and 500 nm using a hybrid detector. Fluores-
cence for all three dyes was captured through a x40 (NA 1.10) water
immersion objective.

Penetration of CT-AF488 into vasculature tissue

Five-day old Arabidopsis seedlings were incubated in a12-well plate in
0.5xMSwith10 pM CarboTag-AF4d88 for 30 min,1h,2 hand3 h. After
incubation seedlings were washed with clean 0.5x MS and imaged on
aLeica SP8 multiphoton system with a pulsed Coherent Chameleon
Ti:sapphire laser. CarboTag-AF488 was excited with a 980-nm line,
fluorescence was captured through a x40 (NA 1.10) water immersion
objective between 500 and 600 nm using a hybrid detector. Using the
navigator option in the Leica LAS X software multiple z-stacks were
made starting from the tip going upward until no more fluorescence
was observed in the vasculature. The maximum intensity projections
from the obtained z-stacks were stitched together in LAS X software.

FRAP

Five-day old Arabidopsis seedlings were incubated in 0.5x MS with
40 pM CarboTag-AF488,a1,000x diluted Renaissance 2200 (SR2200)
stock solution (from supplier) or a 20x diluted CFW solution (from a
1gI™"solution). FRAP experiments were performed onaNikon C2 CLSM
with an argonlaser using a 60x (NA 1.40) oilimmersion objective and
Nikon NIS-Elements AR v.5.21.03 acquisition software. CarboTag-AF488
was excited with a 488-nm argon laser line, fluorescence was cap-
tured between 500 and 550 nm using a photomultiplier detector. Both
SR2200 and CFW were excited with a 405-nm line, fluorescence was
detected between 417 and 477 nm using a photomultiplier detector.
FRAP was performed by selection of a bleach region of interest and
areference region of interest on root hairs with the same size for all
measurements. A series of images were taken as a prebleach (three
images, 8-s intervals) where the laser power and detector gain were
balanced to have a minimal number of saturated pixels. Bleaching
was performed by increasing the laser power to 80-100% depending
on the sample for 5-s intervals in a small region of interest. Following
bleaching, atime-lapse sequence was taken at aframe rate of 0.13 fps.
The fluorescence recoveryinthebleach spot was normalized and cor-
rected against the reference region to correct for imaging-induced
photobleaching. The resulting data was fitted with asingle exponential
fitin MATLAB R2021b to extract the half-time of recovery by using the
maximum intensity value after bleaching as the plateau value*®.

Plant growth

A. thaliana wild-type, fer-2 and fer-4 mutants were surface sterilized
by washing themin a 50% ethanol solution, followed by awashin 70%
ethanol and a100% ethanol solution (5 min per solution). The steri-
lized seeds were dried for 1 h before storage. Sterilized seeds were
put on half strength (0.5%) MS plates and placed at 4 °C overnight
before placing themvertically under long-day growth conditions (16 h
light, 8 h dark) for 5 days. Five-day old seedlings were transferred to
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0.5xliquid MS medium containing 40 puM of the CarboTag dyes, except
for CarboTag-Ox that was kept at 10 uM. Seedlings were incubated for
1handwashedinfresh 0.5x MS medium for 1 minand transferredtoa
glass slide with 0.5x MS mediumbefore imaging. Osmotic shock treat-
ments were performed by placing the seedlings on aglass slide witha
0.5 M mannitol solution instead of 0.5x MS medium.

A.thaliana seeds were surface sterilized by washing themin a50%
ethanol solution, followed by awashin 70% ethanol and a100% ethanol
solution (5 min per solution). The dried seeds were transferred to liquid
0.5x MS supplemented with 40 pM CT-sCy3 or 10 pM CT-sCyS5. Seeds
were incubated 2 hbefore imaging.

C.richardiispores (Hn-n strain) were sterilized and grown as pre-
viously describe in a Hettich MPC600 plant growth incubator set at
28 °C, with 16 h of 100 pmol m™2s™. Plants were grown on 0.5x MS
medium supplemented with 1% sucrose. Gametophytes were grown
from spores and synchronized by imbibing the spores in the dark in
water for >4 days. Sporophytes were obtained by flooding plates con-
taining sexually mature gametophytes with water. Sporophytes used
forimaging were 3-4 weeks old. Samples were incubated with 40 pM
of CarboTag dye for 6 hin 0.5x MS and washed with 0.5x MS for 1 min
before imaging.

P.margaritaceumNIES 217 cells were grown in Woods Hole Medium
for15 days) at 20 °C with long-day conditions, 30-50 pmol mslight
and with continuous agitation (60 rpm, 50-ml flasks). Liquid cultures
withan optical density at 750 nm (OD,5,) of 0.2-0.3 were used for imag-
ing experiments. After incubating with 40 uM of CarboTag dye for 6 h,
cells were centrifuged at 27g for 1 min. Cells were transferred to fresh
0.5x MS and imaged.

S. latissima fragmented gametophytes were inoculated in Provasoli
enriched sea water (PES) under low light conditions (16 pmol m2s™),
al12h/12 hlight/dark cycle at 13 °C. We transferred material to normal
light conditions (50 pmol m™2s™) after 6 days, PES medium was changed
every7 days. Samples were incubated with 10 pM CarboTagdyefor12 h
and 90 min, washed three times with sea water for >30 minand imaged.

S.rigidulamale gametophytes were cultivated in PESat 16 °C with
a12 h/12 hlight/dark cycle. Photon irradiation was 30 pmol m2s™
(white light spectrum). Samples were incubated with 10 uM CarboTag
dyefor12 hand 90 min, washed three times with sea water for >30 min
andimaged.

M. polymorphawas grown on BS medium under continuous light
(40 pmol m™?s™) at 25 °C. Gemma were isolated using a 200-ul pipet
tip, incubated with40 pM CarboTag dye in 0.5x MS for 6 hand washed
for 1 minin clean 0.5x MS before imaging.

P. patens was grown on BCDAT medium under continuous light
(40 pmol m2s™) at 25 °C. Samples were incubated with 40 pM Carbo-
Tag dye, washed with 0.5x MS for 1 min and imaged.

Time-lapse imaging of seed germination

To an Ibidi eight-well chamber slides with a 1.5 polymer coverslip,
100 pl of molten 0.5x MS gel was added per well. Once the gel solidi-
fied, one sterilized Col-0 seed was added per well. Staining was per-
formed by adding 25 pl ofa10 uM CT-AF488 solution onthe seeds. After
incubating for 1 h, the seeds were washed with 3x 50 pl of clean liquid
0.5x MS. This staining and washing procedure was repeated before
every imaging session. Imaging was performed immediately after
putting the seeds on the gel (¢t = 0), afterwards seeds were stratified
overnight. Imaging was performed on a Leica SP8 multiphoton sys-
tem with a pulsed Coherent Chameleon Ti:sapphire laser. CarboTag-
AF488 was excited with a 980-nm line, fluorescence was captured
throughax10 (NA 0.3) dry objective or a x40 (NA 1.10) water immersion
objective between 500 and 600 nm using a hybrid detector.

Toxicity test
The toxicities of the CarboTag and CarboTag-modified dyes were
compared to those of conventional cell wall dyes. Stratified seeds were

placedintightly sealed 24-well plates containing 1 ml of liquid 0.5x MS
supplemented with 10 and 40 uM of CT-AF430, CT-AF488, CT-sCy3,
CT-sCy5, CT-BDP or pure CarboTag. The toxicity of conventional cell
wall dyes was determined using concentrations of 12.5and 50 uM for
CFW, 15 uMfor PI,1,000x and 4,000x dilutions from stock for SR2200.
Root lengths were measured after 7 days.

Chemical treatments

ISX. ISX-treated seedlings were generated by supplementing melted
0.5xMS gelwith 3 nMISX froma5 mMstockin DMSO. Sterilized seeds
were plated, and placed at 4 °C overnight followed by putting the
plates vertically under long-day growth conditions for 5 days before
staining and imaging. A mock treatment was performed by adding an
equal amount of dimethylsulfoxide (DMSO) without ISX to melted
0.5x MS gel.

ABA. Five-day old seedlings were stained with 40 uM CT-BDP and
simultaneously treated with 10 pM ABA from a 5 mM stock in DMSO
for1htoinduced stomata closure. A mock treatment was performed
by adding 0.2% DMSO without ABA.

Fusicoccin. Five-day old seedlings were stained with 40 uM CarboTag-
OG for 1 h and transferred to a microscopy slide with unbuffered
0.5% MS supplemented with 10 puM fusicoccin from a 5 mM stock in
DMSO. Five lots of 2-min continuous FLIM measurements were taken
immediately afterward. A mock treatment was performed by placing
seedlings in unbuffered 0.5x MS with 0.2% DMSO during imaging.

Auxin. Five-day old seedlings were stained with 40 uM CarboTag-OG
for1hand transferred to a microscopy slide with unbuffered 0.5x MS
supplemented with 1 uM auxin from a 5 mM stock in DMSO. Five lots
of 2-min continuous FLIM measurements were taken immediately
afterward. A mock treatment was performed by placing seedlings in
unbuffered 0.5x MS with 0.2% DMSO during imaging.

Benzoic acid. Five-day old seedlings were stained with 40 pM
CarboTag-OG for1handtransferred toamicroscopy slide with unbuff-
ered 0.5x MS supplemented with 1 pM benzoic acid froma5 mMstock
inDMSO. Five lots of 2-min continuous FLIM measurements were taken
immediately afterward.

Flg22. Seedlings were stained with 10 pM CarboTag-Ox for 1 h, trans-
ferred to 5 mlof 0.5x MS containing 1 pM flg22 and vacuumi infiltrated
for 5 min. Seedlings were removed from this mixture before imaging.
Mock treatment was performed by placing seedlingsin 0.5x MS under
vacuum for 5 min.

ROS. Seedlings were stained with10 pM CarboTag-Ox for1 hand trans-
ferred to a microscopy slide with freshly prepared 0.5x MS supple-
mented with 5 uM heminfromal mMstockinDMSO and 2 mM cumene
peroxide from a 500 mM stockin ethanol.Images of single roots were
taken at15-minintervals for1h.

Statistics and reproducibility
Replicates represent data obtained from distinct samples. The statis-
tical method used to determine significance between datasets was a
two-sided Wilcoxon rank sumtest (rank sum), whichwas performedin
MATLAB R2021b. Exact Pvalues for Figs. 1f,g, 2f,i,land 4f,i are reported
in their respective legends

The numbers of independing experiments in the Extended Data
figures are as follows: Extended Data Fig. 1a n =2, one independent
experiment; Extended Data Fig. 1b n =2, one independent experi-
ment; Extended Data Fig. 1c n =2, one independent experiment;
Extended Data Fig. 1d n =3, one independent experiment; Extended
DataFig.1le n =3, oneindependent experiment; Extended Data Fig. 1f
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n=3, oneindependent experiment; Extended Data Fig. 2an =2, one
independent experiment; Extended Data Fig. 2b n=2, one inde-
pendent experiment; Extended Data Fig. 2c n =2, one independent
experiment; Extended Data Fig. 2d n=1, one independent experi-
ment; Extended Data Fig. 2e(1,2) n =4, one independent experiment;
Extended DataFig.2f(1,2) n = 3, oneindependent experiment; Extended
Data Fig. 2g(1,2) n =2, one independent experiment; Extended Data
Fig. 2h(1,2) n=2, one independent experiment; Extended Data
Fig.2i(1,2) n=2,oneindependent experiment; Extended DataFig. 2j(1,2)
n=2,oneindependent experiment; Extended Data Fig. 2k(1,2) n=2,
one independent experiment; Extended Data Fig. 21(1,2) n=2, one
independent experiment; Extended Data Fig. 2m(1,2) n =2, one inde-
pendent experiment; Extended Data Fig. 2n(1,2) n =2, one independ-
ent experiment; Extended Data Fig. 20(1,2) n =1, one independent
experiment; Extended DataFig.2p(1,2) n =1, oneindependent experi-
ment; Extended Data Fig. 2q(1,2) n =2, one independent experiment;
Extended DataFig.2r(1,2) n=2,oneindependent experiment; Extended
Data Fig. 2s(1,2) n=1, one independent experiment; Extended Data
Fig.2t(1,2) n=1, one independent experiment; Extended Data Fig. 3a
n=2,twoindependent experiments; Extended DataFig.3bn=2, two
independent experiments; Extended DataFig.3cn =2, twoindepend-
ent experiments; Extended DataFig.3d n =2, two independent experi-
ments; Extended Data Fig. 3e n =2, two independent experiments;
Extended Data Fig. 3f n =1, one independent experiment; Extended
DataFig.3gn=1,oneindependent experiment; Extended DataFig.3h
n=1,oneindependent experiment; Extended Data Fig. 4an=2, one
independent experiment; Extended DataFig.4bn =2, oneindependent
experiment; Extended DataFig.4cn =2, oneindependent experiment
and Extended DataFig.4d n =2, oneindependent experiment.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The raw data associated with the figures in this paper are publicly
available at https://doi.org/10.4121/3464fadd-ccb8-4a6c-9463-e3014b-
cdf984. Source data are provided with this paper.

Code availability

Code developed to process and analyze data in this paper are pub-
licly available at https://doi.org/10.4121/3464fadd-ccb8-4a6¢-9463-
€3014bcdf984.
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Extended Data Fig. 1| Arabidopsis seed coats stained with CarboTag dyes. Arabidopsis seeds stained for 2 h with 40 pM CT-sCy3 (a-c) and 10 uM CT-sCyS5 (d-f).
Images a-e are average intensity projections of Z stacks, image fis a maximum intensity projection of a z-stack. Scale bars represent 25 um.
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Extended Data Fig. 2| Arabidopsis roots stained with probes at different CT-sCyS5 (m1-2,40 uM; n1-2,10 uM; 01-2, 5 pM; p1-2,1 uM) and CT-BDP
concentrations. Roots were stained for 1 h with 40 uM, 10 uM, 5uM and 1 uM of (q1-2,40 pM; r1-2,10 pM; s1-2, 5 uM; t1-2, 1 uM). Imaging settings were not
CT-AF430 (a,40 pM; b, 10 pM; ¢, 5 uM; d, uM), CT-AF488 (el-2, 40 pM; f1-2,10 pM; constant but adjusted to get optimal signal during every measurement.
g1-2,5puM; h1-2,1pM), CT-sCy3 (i1-2, 40 pM; j1-2,10 uM; k1-2, 5 uM; 112, 1 pM), Scale bars represent 25 pum.
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Extended Data Fig. 3| Timelapse of an Arabidopsis seed stained with CT-AF488  is visible (c), the emerging radical tip was imaged using higher magnification
germinating. Images were taken immediately after plating on solid 0.5x MS (d, e). Ont=4days the first root hairs are visible (f-h). Allimages are maximum
(a), after 2days (b), 3 days (c-e) and 4 days (f-h). on t =3 days the testa rupture intensity projections of z-stacks. Scale bars represent 25 um.
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Extended Data Fig. 4 | Arabidopsis roots stained with CT-AF488 show no increased penetrationinto the vasculature over time. Maximum intensity projections of
roots stained with 10 pM CT-AF488 after 30 min (a), 1 h (b), 2 h (c) and 3 h (d). Scalebars represent 100 pm.
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