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ABSTRACT

Growth- and health-promoting bacteria can boost crop productivity in a sustainable way. Pseudomonas sim-
iae WCS417 is such a bacterium that efficiently colonizes roots, modifies the architecture of the root system to
increase its size, and induces systemic resistance to make plants more resistant to pests and pathogens. Our
previous work suggested that WCS417-induced phenotypes are controlled by root cell-type-specific mech-
anisms. However, it remains unclear how WCS417 affects these mechanisms. In this study, we transcription-
ally profiled five Arabidopsis thaliana root cell types following WCS417 colonization. We found that the cortex
and endodermis have the most differentially expressed genes, even though they are not in direct contact with
this epiphytic bacterium. Many of these genes are associated with reduced cell wall biogenesis, and mutant
analysis suggests that this downregulation facilitates WCS417-driven root architectural changes. Further-
more, we observed elevated expression of suberin biosynthesis genes and increased deposition of suberin
in the endodermis of WCS417-colonized roots. Using an endodermal barrier mutant, we showed the impor-
tance of endodermal barrier integrity for optimal plant-beneficial bacterium association. Comparison of the
transcriptome profiles in the two epidermal cell types that are in direct contact with WCS417 —trichoblasts
thatform root hairs and atrichoblasts that do not—implies a difference in potential for defense gene activation.
While both cell types respond to WCS417, trichoblasts displayed both higher basal and WCS417-dependent
activation of defense-related genes compared with atrichoblasts. This suggests that root hairs may activate
root immunity, a hypothesis that is supported by differential immune responses in root hair mutants. Taken
together, these results highlight the strength of cell-type-specific transcriptional profiling to uncover
“masked” biological mechanisms underlying beneficial plant-microbe associations.
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INTRODUCTION Arabidopsis thaliana (Arabidopsis) consists of a primary root with

branching lateral roots (Petricka et al., 2012; Motte et al., 2019).
Plants are sessile organisms that cannot move in response to

environmental changes. Instead, they adapt to changes by modi-
fying the morphology and exudation of their roots or by activating Published by the Molecular Plant Shanghai Editorial Office in association with
arange of defense responses. The root system of the model plant  Cell Press, an imprint of Elsevier Inc., on behalf of CSPB and CEMPS, CAS.
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Modifications in the spatial configuration of roots, the root system
architecture, are especially important for water and nutrient
uptake (Rogers and Benfey, 2015; Koevoets et al., 2016; Li
et al., 2016; Shahzad and Amtmann, 2017). Root structure is
also vital for adaptation to different conditions. Plant roots are
organized in concentric cycles consisting of different cell types,
with the outer cell types (trichoblasts, atrichoblasts) being in
contact with the environment and the inner ones (cortex,
endodermis, pericycle, vasculature) being indispensable for
nutrient/water transport between below- and aboveground
plant tissues (Wachsman et al., 2015; Stassen et al., 2021).

Exudation of specialized plant metabolites and structural fortifi-
cation of inner cell types such as the endodermis are essential
for nutrient uptake from the soil and a balanced interaction with
the microbial communities surrounding the roots, known as the
microbiome (Pascale et al., 2020; Kashyap et al., 2021).
Exudates such as coumarins can facilitate iron uptake from the
soil but also shape the root microbiome (Stringlis et al., 2018b;
Harbort et al., 2020). Fortification of the endodermis includes
the coating of endodermal cells by a hydrophobic polymer,
suberin, and the deposition of lignin-based structures to form
the Casparian strip in the junction between two adjacent endo-
dermal cells (Naseer et al., 2012; Geldner, 2013; Barberon
et al., 2016; Barberon, 2017). The amount of suberin deposition
around endodermal cells is dynamically regulated during
nutrient stresses and by the root microbiome (Barberon et al.,
2016; Barberon, 2017; Salas-Gonzalez et al., 2021). An extra
level of plant adaptation is achieved via the modification of root
system architecture in response to beneficial soil micro-
organisms (Vacheron et al., 2013; Verbon and Liberman, 2016).
In Arabidopsis, the number and/or length of lateral roots and
root hairs increase in response to different rhizobacteria and
fungi (Lopez-Bucio et al., 2007; Contreras-Cornejo et al., 2009;
Zamioudis et al., 2013; Vacheron et al., 2018). All these
chemical, morphological, or structural modifications of roots in
response to the root microbiome rely on the prompt perception
of microbes or their defense-eliciting molecules (microbe-associ-
ated molecular patterns [MAMPs]). These changes ultimately
allow plants to maintain a beneficial interaction with their micro-
biome and avoid colonization by potentially harmful microbes
(Millet et al., 2010; Beck et al.,, 2014; Wyrsch et al., 2015;
Hacquard et al., 2017; Stringlis et al., 2018a; Teixeira et al.,
2019; Colaianni et al., 2021).

Studies on the interaction between Arabidopsis and the beneficial
rhizobacterium Pseudomonas simiae WCS417 (WCS417) un-
earthed different aspects of the interplay between plants and
their associated beneficial microbes (Pieterse et al., 2021).
WCS417 stimulates Arabidopsis growth (Zamioudis et al., 2013;
Berendsen et al., 2015) and induces systemic resistance
against many pathogens in Arabidopsis and several crop
species (Pieterse et al., 1996, 2014). Arabidopsis responds to
root colonization by WCS417 by inhibiting primary root growth
and increasing the number of lateral roots and root hairs
(Zamioudis et al., 2013; Stringlis et al., 2018a). The increased
number of lateral roots upon WCS417 colonization is due to an
increase in lateral root initiation events, observed as an
increased number of lateral root primordia, and increased
outgrowth of these primordia (Zamioudis et al., 2013). Lateral
roots originate from pericycle cells, a cell layer surrounding the
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vasculature, and subsequently force their way through the
endodermis, cortex, and finally the epidermis to protrude from
the primary root (Malamy and Benfey, 1997; Moller et al., 2017;
Otvos and Benkova, 2017; Du and Scheres, 2018). The plant
hormone auxin is important for all phases of lateral root
development (Du and Scheres, 2018). In line with this, the
increase in lateral root number in response to WCS417 is
dependent on auxin signaling (Zamioudis et al., 2013). Similarly,
the WCS417-mediated increase in root hair number is dependent
on auxin signaling (Zamioudis et al., 2013). In Arabidopsis, root
hairs are formed by specialized cells in the epidermis: the
trichoblasts. Trichoblasts and the atrichoblasts, another
epidermal cell type, form the outermost root cell layer (Gilroy
and Jones, 2000; Ryan et al., 2001; Vissenberg et al., 2020).
The activity of several transcription factors, including
TRANSPARENT TESTA GLABRA (TTG), CAPRICE (CPC), and
WEREWOLF (WER), and the spatial localization of the cells,
with cells located over two cortical cells becoming trichoblasts,
regulate whether trichoblasts or atrichoblasts are formed
(Vissenberg et al., 2020). In response to WCS417, the increased
number of root hairs is due to an increased number of cortical
cells and therefore an increased number of cells becoming
trichoblasts (Zamioudis et al., 2013). A root system with a
greater number of lateral roots and/or root hairs can mine more
soil area for nutrients, has a larger surface to facilitate
colonization by plant growth-promoting rhizobacteria
(Lugtenberg and Kamilova, 2009; Vacheron et al., 2013), and
has greater potential to release nutrient-mobilizing exudates
(e.g., iron-chelating coumarins) (Robe et al., 2021).

Establishment and maintenance of beneficial plant-microbe in-
teractions requires a fine balance between plant growth and de-
fense. Beneficial microbes, such as pathogenic ones, can elicit
MAMP-triggered immunity (MTI), which, when left unchecked, in-
hibits growth (Ma et al., 2021; Teixeira et al., 2021). Previous
studies demonstrated that WCS417 can repress part of the root
defense responses (Millet et al., 2010; Stringlis et al., 2018a),
probably via the production of gluconic acid (Yu et al., 2019b).
In recent years, many studies have demonstrated that the
different cell types of the root can mount defense responses of
varying levels depending on the MAMP and the responsible
microbe colonizing the roots (Wyrsch et al., 2015; Rich-Giriffin
et al., 2020a; Zhou et al., 2020; Salas-Gonzalez et al., 2021).
These studies suggest that, by compartmentalizing detection
of microbes and activation of defense responses, the plant
can maintain a proper growth-defense balance, avoiding
costly and/or late defense activation (Yu et al., 2019a; Teixeira
et al., 2019).

The structure of the Arabidopsis root system is defined by the
distinct biological functions of each of its cell types. In parallel,
specialized responses activated in each cell type upon microbial
colonization allow plants to grow optimally in microbe-rich
environments. Our previous studies on whole roots provided
us with global information on the interaction between
WCS417 and Arabidopsis (Verhagen et al., 2004; Zamioudis
et al., 2014; Stringlis et al., 2018a). However, cell-type-specific
transcriptomics can reveal which cell types respond to
WCS417 most strongly or quickly, what responses are
activated in each cell type, and how these responses contribute
to successful colonization and subsequent effects on root
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architecture and the establishment of a mutualistic interaction
(Rich-Griffin et al., 2020b). Here, we used a set of fluorescent
marker lines to isolate trichoblast, atrichoblast, cortical,
endodermal, and vasculature cells with fluorescence-activated
cell sorting (FACS) (Birnbaum et al., 2003, 2005; Brady et al.,
2007a). To build a map of gene expression changes in the root,
we transcriptionally profiled these cell populations after
colonization by WCS417 in comparison with untreated control
roots. Our data showed distinct cell-type-specific responses to
WCS417 exposure. The most dramatic changes were seen in
the cortex and endodermis, even though WCS417 strictly
colonizes the root surface. In these inner cell layers, we
observed an enrichment of genes associated with cell wall
reorganization, reflecting the morphological observations of
increased lateral root formation. We found evidence for
functional specialization of the root epidermal cell types
indicating a prominent role for root hair epidermal cells
(trichoblasts) in activation of immunity upon bacterial
colonization. Additionally, we found that endodermal cells
increase their protective barrier in response to WCS417 by
locally increasing suberin biosynthesis and deposition.

RESULTS

WCS417 rapidly induces root developmental changes

Plant growth-promoting rhizobacteria can affect plant root sys-
tem architecture (Vacheron et al., 2013; Verbon and Liberman,
2016). In accordance with previous reports (Zamioudis et al.,
2018; Stringlis et al., 2018a), WCS417 inhibited primary root
length and increased the total number of lateral roots after 7
days of co-inoculation. After only 2 days of co-inoculation,
we observed increased formation of lateral roots following
bacteria application (Supplemental Figure 1). We reasoned
that, by studying this time point using cell-type-specific
transcriptomics, we would capture the transcriptional events in
different cell types underlying early plant modifications in
response to the epiphytic bacterium WCS417 and identify
processes involved in the establishment of a beneficial plant-
microbe interaction.

Cell-type-specific transcriptional profiling of the
Arabidopsis root

To create a spatial map of root transcriptional changes in
response to colonization by WCS417, we isolated several root
cell types using FACS. First, we confirmed that WCS417 does
not affect the expression pattern of GREEN FLUORESCENT
PROTEIN (GFP) when driven by the cell-type-specific promoters
WEREWOLF (WER; atrichoblast), COBRA-LIKE 9 (COBLY;
trichoblast), 375 (cortex), SCARECROW (SCR; endodermis),
or truncated WOODENLEG (WOL; vasculature) (Figure 1A).
Subsequently, we grew the transgenic lines carrying these
promoter-GFP fusions under high-density conditions and
exposed them to WCS417 in addition to control treatment. Two
days after inoculation, we harvested the roots, performed
FACS, and isolated RNA (Figure 1B).

To determine the success of the sorting procedure, we checked
the expression of the marker genes WER, COBL9, 315, SCR, and
WOL in our transcriptomic dataset (Figure 2A). The expression of
each of these markers should be highest in the FACS samples
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obtained from the transgenic plant lines in which the
corresponding promoter was used to drive GFP expression.
Indeed, the expression of WER, COBL9, 315, and SCR is
highest in the samples obtained from their respective lines
(Figure 2B). The expression of WOL is not enriched in the
vasculature line, but we did observe enrichment for the
well-established vasculature marker genes, INCURVATA4,
SHORTROOT (SHR), and ZWILLE (ZLL) (Figure 2C), suggesting
the successful enrichment of vasculature cells. Notably, this
line uses a truncated WOL promoter to drive GFP expression
(Mahonen et al., 2000) rather than the full promoter, indicating
that only the truncated WOL promoter is in fact vasculature cell
type specific. By analyzing the expression of WOL and these
three vasculature marker genes in the recently published
single-cell root atlas by Shahan et al. (2022), we could confirm
this observation (Supplemental Figure 2). Notably, WOL
expression appears in all cells and cell types, whereas the
expression of INCURVATA4, SHR, and ZLL is restricted to
the xylem, phloem, pericycle, and procambium cell types
(Supplemental Figure 2B). Similar to our findings shown in
Figure 2C, SHR is an exception as it has been found also in
endodermal cells. To further evaluate whether the cell-type-
specific identities were preserved in the experiment and during
the sorting procedure, we compared the expression of the top
50 cell-type-specific marker genes from the single-cell root atlas
for each relevant cell type (Shahan et al., 2022). This analysis
corroborated the appropriate identities for the different cell
types (i.e., cell-type-specific marker genes are expressed
highest in FACS samples obtained from the same cell type) and
shows that the cellular identities of WCS417-treated cells
(WCS) appear similar to the untreated, control ones (NB)
(Supplemental Figure 3A). Interestingly, atrichoblast cells
that are sorted using the WEREWOLF (WER) proWER::
GFP selective marker appear enriched for lateral root cap,
atrichoblast, and to some extent trichoblast marker gene
expression. Finally, we compared the mean gene expression
level of all detected genes in sorted versus unsorted cells, with
and without treatment. These gene expression profiles are
highly correlated (R* = 0.88 and 0.89 for control [NB] and
WCS417-treated roots, respectively), indicating that the sorting
procedure itself did not have a major effect on the global gene
expression landscape (Supplemental Figure 3B).

To study the global similarities and dissimilarities among
samples and treatments, we performed multidimensional
scaling on gene expression levels. The transcriptional profiles
cluster primarily by sample type (Psampie tpe = 0.001;
Figure 2D). The cortical and endodermal cells cluster close
together, as do the two epidermal cell types. This is in line with
the known development of the Arabidopsis root, in which the
cortex and endodermis develop from a shared stem cell
population, as do the trichoblasts and atrichoblasts (Dolan
et al., 1993; Van den Berg et al., 1995; Shahan et al., 2022), and
fits with the Uniform Manifold Approximation and Projection for
Dimension Reduction projection of the single-cell root atlas by
Shahan et al. (2022) (Supplemental Figure 2A). In addition to the
sample-type effect, we find an effect of bacterial treatment on
gene expression (Pieatment = 0.005; Figure 2D). When
comparing gene expression patterns of samples within sample
types, each cell type except the vasculature clusters primarily
based on bacterial treatment (Figure 2E).
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Figure 1. Exposure of five transgenic plant lines to WCS417 to obtain cell-type-specific samples by performing FACS.

(A) Sterile and WCS417-exposed plants from the transgenic plant lines WEREWOLF,,:GFP (WER, immature epidermis and atrichoblast), COBRA-
LIKEY,,:GFP (COBLY, trichoblast), 315,,,:GFP (315, cortex), SCARECROW,,,:GFP (SCR, endodermis), and WOODENLEG uncated pro-GFP (WOL,
vasculature). Pictures of the seedlings were taken all along the root from day five (day of bacterial inoculation) until day seven. GFP settings were kept the
same between bacteria-exposed and sterile-grown plants. Representative images are shown, and colored text boxes are used to match with the coloring
of cell types in the Arabidopsis root cross section graphic (bottom left of figure).

(B) Experimental design used to obtain WCS417-treated and control samples enriched for one out of five root cell types. Sterilized and vernalized
Arabidopsis seeds were sown on 1x MS 1% sucrose plates and left to grow in long-day conditions. Five days later, half of the plants of each line were
transferred on their mesh onto 1x MS 1% sucrose plates with WCS417. Plants were left to grow for a further 2 days of growth before root harvest. Wild-
type Col-0 roots were either directly flash-frozen (unsorted control) or protoplasted and put through the cell sorter, collecting non-fluorescent cells (sorted
control). Transgenic lines with cell-type-specific GFP expression were similarly protoplasted and put through the cell sorter for FACS.

Next, we determined which genes are differentially expressed greatly among the cell types, ranging from 30 in the vasculature
(differentially expressed genes [DEGs]) in response to WCS417 to 1109 in the cortex (Figure 3A). Interestingly, the cortical and
in each of the cell types compared with untreated roots endodermal cells, which do not interact directly with the strictly
(Supplemental Tables 1A-1C). The number of DEGs differs epiphytic WCS417 bacterium, displayed the largest number of
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Figure 2. Gene expression differences among the samples reflect Arabidopsis root development patterns.

(A) Schematic cross section of the Arabidopsis root, with each cell type labeled with the promoter::GFP fusion that was used to enrich samples for that cell
type by FACS.

(B) mRNA levels of the marker genes COBL9, WER, 315, and SCR.

(C) mRNA levels of the marker gene WOL, and of the vasculature-specific genes INCURVATA4, SHR, and ZLL. Data were analyzed with an ANOVA test
followed by the Tukey post hoc test in R (p < 0.05). GFP, green fluorescent protein; COBL9, COBRA-LIKE 9; WER, WEREWOLF; SCR, SCARECROW;
WOL, WOODENLEG; SHR, SHORTROOT; ZLL, ZWILLE.

(D and E) Multidimensional scaling (MDS) plot of counts (log scale) per million of all samples (D) and per cell type (E). WCS417-exposed samples are
represented by circles and control, untreated samples by triangles. Colors in (B)~(E) correspond to the color scheme of the schematic in (A). Black
samples represent the unsorted wild-type roots, grey represents the sorted wild-type roots. In (E), “P” represents the p value of the WCS417-treatment
effect.
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Figure 3. Types of root cells show unique responses to root colonization by WCS417.
(A) Number of DEGs upon WCS417 application found in the respective samples (false discovery rate [FDR] <0.1; —2 < log2FC > 2).
(B) Venn diagrams showing the overlap in genes affected by WCS417 treatment in the five studied cell types.

DEGs (1109 and 815, respectively), while the trichoblast and
atrichoblast cells, which are in direct contact with WCS417,
displayed far fewer DEGs (469 and 137, respectively). Apart
from a quantitative difference, the response is also qualitatively
different between cell types: of the 1862 DEGs across all five
cell types, 72% are affected in only one cell type and only six
genes are affected in all cell types (Figure 3B). Notably, the
majority of genes affected in only a single cell type are not
identified as differentially expressed in the whole root, while
most genes affected in four or five cell types are identified as
either up- or downregulated in whole roots (Supplemental
Table 2). In contrast, the majority of genes found to be up- or
downregulated in the sorted or unsorted control were identified
as differentially expressed in response to WCS417 in one or
more cell types (Supplemental Table 3). In conclusion, genes
affected in only single cell types were often not identified as
differentially expressed in the whole root. This explained the
higher number of identified DEGs in the cell-type-specific
dataset compared with the sorted whole root (1862 genes
versus 270 genes; Figure 3A).

Higher responsiveness of trichoblasts to WCS417 as
compared with atrichoblasts

To identify the biological processes affected by WCS417
colonization in the different cell types, we conducted biological
process Gene Ontology (GO) term enrichment analyses on the
DEGs (Supplemental Tables 4-13). Most significant among
the upregulated DEGs in the trichoblasts, cortex, endodermis,
and vasculature are processes related to defense and
immunity (Supplemental Table 4). Interestingly, defense
activation is not prominent in atrichoblasts in response to
WCS417 (Supplemental Table 6). This suggests that the two
cell types directly in contact with WCS417 activate distinct
biological processes, as could be expected from the limited
overlap in DEGs between these cell types (Figures 3B and 4A).
To further analyze these differences, we examined the
expression of the genes within the GO term defense response
(GO: 0006952) that are differentially upregulated in one or both
epidermal cell types. We identified 37 such genes in total, 28
specifically for trichoblast cells, one for atrichoblasts, and eight
were found differentially upregulated in both epidermal cell

Molecular Plant 16, 1160-1177, July 3 2023 © 2023 The Author.

types (Supplemental Table 14). Notably, most of these genes
appear elevated in both WSC417-treated (WCS) epidermal cell
types upon comparison of their normalized expression levels
(Figure 4B), but the overall relative increase in trichoblast cells
is more pronounced following WCS417 inoculation (Figures 4C
and 4E). To further assess the relative importance of trichoblast
over atrichoblast cells with regard to the defense response, we
next examined the normalized expression of all defense
response-related genes (GO: 0006952) in both cell types, irre-
spective of differential expression. This analysis confirmed that
these genes are expressed at higher levels in trichoblast cells
(Figure 4D), but it also indicates that only a part of the defense-
related genes respond to WCS417 application as the treatment
effect is now largely absent.

Root hairs contribute to microbial perception and affect
plant responses to WCS417

We found that, upon exposure to WCS417, trichoblasts, in
particular, appear to activate defense-related genes, illustrated
by the enrichment for defense gene expression in these cells
(Figures 4B and 4C; Supplemental Table 4). This could indicate
that cell types destined for the formation of root hairs
(trichoblasts) might be more sensitive to microbial signals and
this sensitivity could affect plant responses to microbes. To test
this hypothesis, we assessed the effect of WCS417 on two
mutants with contrasting patterns of root hair formation: cpc,
which forms fewer root hairs compared with wild-type, and ttg1,
where most epidermal cells produce root hairs. We grew
Arabidopsis wild-type Col-0 plants and the two mutants in plates
containing 10° colony-forming units (CFU). ml~' WCS417 based
on a protocol developed by Paredes et al. (2018) and measured
growth-promotion traits and levels of root colonization. Interest-
ingly, the beneficial effects of WCS417 were less pronounced
on both mutants compared with wild-type plants, since relative
changes in fresh shoot weight, primary root length, and number
of lateral roots were significantly lower (Figures 5A-5C;
Supplemental Figure 4). Nevertheless, WCS417 colonization
was comparable between wild-type and mutant roots
(Figure 5D). We then reasoned that the number of root hairs
might also affect defense responses to WCS417 and the
bacterial MAMP flg22. For this, we tested the expression of
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Figure 4. High responsiveness of trichoblasts to root colonization by WCS417.

(A) Overlap of the DEGs in response to WCS417 in the trichoblasts and atrichoblasts.

(B) Heatmap of the expression of genes associated with the GO term defense response (GO: 0006952) that were differentially expressed (DE) in either or
both epidermal cell types in response to WCS417. DE status in either cell type shown by the colored squares (trichoblasts, orange; atrichoblasts, pink).
Heatmap is scaled by row and gene expression is shown as the normalized log counts per million, with low gene expression in white and high expression

in dark blue.
(C) Scaled (per-gene) expression levels of DEGs as shown in (B).

(D) Scaled (per-gene) expression levels of all genes associated with GO: 0006952.
(E) Expression of candidate marker genes CYP71A12 and PRX33 as normalized log counts per million.

WCS417- and flg22-responsive MTl-related genes MYB51 (MYB
DOMAIN PROTEIN 51; AT1G18570), CYP71A12 (CYTOCHROME
P450, FAMILY 71, SUBFAMILY A, POLYPEPTIDE 12; AT2G
30750), PRX33 (PEROXIDASE 33; AT3G49110), and LECRK-
IX.2 (L-TYPE LECTIN RECEPTOR KINASE IX.2; AT56G65600)
(Millet et al.,, 2010; Stringlis et al., 2018a). MYB51 and
CYP71A12 have roles in indole glucosinolate and camalexin
biosynthesis respectively (Millet et al., 2010), PRX33 is a cell
wall peroxidase involved in the generation of reactive oxygen
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species during defense activation (Kaman-Toth et al., 2019),
and LECRK-IX.2 is an L-type lectin receptor kinase that acts as
a positive regulator of MTI (Luo et al., 2017). We previously
found that all four of these genes are induced in young Col-0 seed-
lings at multiple, consecutive time points by both WCS417 and
flg22 treatment. In the current dataset, we found that all four genes
are induced in one or more cell types, with the exception of
LECRK-IX.2. Specifically, CYP71A12 and PRX33 are induced in
trichoblast and cortical cells, and in endodermal cells in the
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Figure 5. Arabidopsis root hair mutants display differential responses to WCS417.

(A-D) Relative (A) shoot fresh weight, (B) primary root length, (C) lateral root number, and (D) colonization levels of WCS417 on roots of Col-0, cpc, and
ttg1 genotypes at 7 days after seedlings were transferred to plates with Hoagland medium (0% sucrose) containing 10° CFU mI~! WCS417. Different
letters indicate statistically significant differences across genotypes (one-way ANOVA, Tukey’s test; p < 0.05). In the case of growth parameters, n = 39—
40, and in root colonization, n = 8. Relative values were calculated by dividing the value of a parameter in each WCS417-inoculated seedling by the

average value of all the mock seedlings.

(E-H) Relative expression levels of (E) MYB51, (F) CYP71A12, (G) LECRK-IX.2, and (H) PRX33 as quantified by gRT-PCR. The reference gene PP2AA3
(AT1G13320) was used for normalization. Expression was evaluated in roots of 8-day-old seedlings at 6 h after inoculation with WCS417 (ODgg equal to
0.1, 108 CFU mI™") or treated with 1 uM flg22. Error bars represent SEM. Different letters represent statistically significant differences among control,
WCS417, and flg22 in same plant genotype as indicated by the dashed separating lines (one-way ANOVA, Tukey’s test; p < 0.05, n = 3-4).

case of CYP71A12, while MYB51 is induced in endodermal cells
only. WCS417- and flg22-induced expression patterns of
MYB51 (Figure 5E), CYP71A12 (Figure 5F), LECRK-IX.2
(Figure 5@G), and PRX33 (Figure 5H) are affected in mutants with
altered root hair density, in which mutant cpc displayed a
reduced response to the elicitors, while ttg7 appeared
unresponsive to elicitation but displayed generally elevated
expression of MYB51 and LECRK-IX2. Overall, we found that
the presence of root hairs affects the expression of MTl-related
genes, and the beneficial effects by WCS417 in mutants with
altered root hair density were less pronounced.

WCS417 might facilitate lateral root formation by
loosening cell walls of cell layers overlaying lateral root
primordia

Among the downregulated DEGs in the cortical and endodermal
cell layers upon WCS417 treatment, we observed many genes
related to processes associated with root and tissue development
and cell-wall organization or biogenesis. Conversely, cell wallmodi-
fication (GO: 0042545) was enriched among the upregulated
DEGs in the endodermis (Supplemental Tables 9- 12). Cell wall
remodeling and cell volume loss in the cortex and endodermis

Molecular Plant 16, 1160-1177, July 3 2023 © 2023 The Author. 1167
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are known to be required to accommodate emerging lateral roots
and are possibly even required for the initiation of lateral root
primordia (Vermeer et al., 2014; Stoeckle et al., 2018). Many of
the processes enriched within the downregulated genes in the
cortex are related and are typically relatively aspecific. However,
when considering the odds ratio of observations, we noted xylan
metabolism (GO: 0045491) as one of the more specific biological
processes significantly overrepresented in the downregulated
genes. Upon inspection of the genes within this process,
we observed significant downregulation of several genes, i.e.,
GUX2 (GLUCURONIC ACID SUBSTITUTION OF XYLAN 2;
AT4G33330), IRX9 (IRREGULAR XYLEM 9; AT2G37090), and
IRX14-L (IRREGULAR XYLEM 14-LIKE; AT56G67230), involved in
glucuronoxylan biosynthesis (GO: 0045491). To characterize the
genes related to this process in more detail we plotted the expres-
sion of all genes within this process across all cell types
(Supplemental Figure 5A). Although only three out of the 12 genes
annotated in this process in Arabidopsis were significantly
downregulated, many of the other genes were in fact also
repressed upon bacterial treatment. Overall we observed the
highest expression of these genes in vasculature cells, while they
were particularly repressed in the cortical and endodermal cells
(Supplemental Figure 5B). Among the genes upregulated in the
endodermis with involvement in cell wall modification were genes
that encode polygalacturonases, which have been shown to be
expressed at the site of lateral root emergence. They have been
implicated in cell separation, possibly to accommodate emerging
lateral roots (Ogawa et al., 2009). Upregulation of these and other
genes involved in cell wall modification and downregulation of
genes involved in cell wall biogenesis, particularly xylan
biosynthesis, in the cortex and endodermis might therefore be an
integral part of the molecular and physiological changes that take
place in response to WCS417, which lead to the observed
increase in the number of lateral roots (Supplemental Figure 1;
Zamioudis et al., 2013). To investigate the predicted effect of cell
wall loosening, we obtained mutants for selected genes, IRX9,
IRX9L (IRREGULAR XYLEM 9-LIKE; AT1G27600), IRX14
(IRREGULAR XYLEM 14; AT4G35890), and IRX14L, that are
repressed by WCS417 and involved in glucuronoxylan metabolism
(Supplemental Figure 5A). All four genes are involved with xylan
synthesis and backbone elongation, and, accordingly, mutants
display irregular xylem (IRX) phenotypes (Wu et al., 2010). We
assessed growth promotion, colonization, and lateral root
emergence on all IRX mutants in comparison with wild-type Col-0
plants. All mutants displayed similar promotion of plant shoot
biomass to Col-0 following WCS417 inoculation (Supplemental
Figure 6A), and WCS417 population density was comparable
between Col-0 and mutant plants (Supplemental Figure 6B).
Interestingly, upon WCS417 colonization, three out of the four
tested mutants, i.e., irx14, irx14-L, and irx9-L, developed signifi-
cantly more lateral roots per centimeter of primary root compared
with Col-0 (+41%-78%; p < 0.01). These observations are consis-
tent with our hypothesis that bacterial colonization leads to a
repression of cell wall fortification supporting accelerated
emergence of lateral root primordia.

WCS417 induces suberin biosynthesis in endodermal
cells

Defense in general is the most significant process affected in our
cell-type-specific gene expression analysis. This is, in part,
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because many genes are known to be part of this GO term. To
study biological processes in which fewer genes are involved,
such as the xylan metabolism mentioned earlier, we subse-
quently studied enriched GO terms with the highest odds
ratios (i.e., with the largest difference in expected versus actual
counts). In this analysis, we found a significant enrichment for su-
berin biosynthesis (GO: 0010345) in the endodermis, specifically,
with an odds ratio of 20.9 (Supplemental Table 10). Suberin is a
hydrophobic polymer deposited between the primary cell wall
and the plasma membrane of endodermal cells. There, suberin,
together with the lignin-containing Casparian strip that builds
tight junctions between adjacent endodermal cells, blocks free
movement of water and nutrients into the endodermis and conse-
quently the innermost cell layers of the Arabidopsis root (Geldner,
2013; Barberon, 2017). Like the formation of lateral roots and root
hairs, the production of suberin is affected by nutrient availability
(Barberon et al., 2016). In addition, recent data suggest that
suberin and the Casparian strip are involved in the interaction
between plants and root-associated commensals and soil-
borne phytopathogens (Froschel et al., 2020; Salas-Gonzalez
et al., 2021).

We analyzed the effect of WCS417 on genes related to suberin pro-
duction, such as MYB transcription factors MYB9 (AT56G16770),
MYB36 (AT5G57620), MYB41 (AT4G28110), MYB53 (AT5G65230),
MYB92 (AT5G10280), MYB93 (AT1G34670), and MYB107 (AT3G
02940) suggested to activate suberin biosynthesis (Kosma et al.,
2014; Lashbrooke et al., 2016; Shukla et al., 2021), and enzymes
involved in suberin biosynthesis, including B-KETOACYL-CoA-
SYNTHASEs KCS2 (AT1G04220) and KCS20 (AT5G43760), fatty
acid cytochrome P450 oxidases CYP86AT1 (AT5G58860) and
CYP86B1 (AT5G23190), FATTY ACUL-CoA REDUCTASEs
FAR1 (AT5G22500), FAR4 (AT3G44540) and FAR5 (AT3G44550),
GLYCEROL-3-PHOSPHATE SN2-ACYLTRANSFERASEs GPAT5
(AT3911430), and GPAT7 (AT5G06090) as well as transporters
such as the ATP-binding cassette transporter proteins ABCG1
(AT2G39350), ABCG2 (AT2G37360), ABCG6 (AT5G13580),
ABCG11 (AT1G17840), ABCG16 (AT3G55090), and ABCG20
(AT3G53510) (Panikashvili et al., 2010; Yadav et al., 2014;
Vishwanath et al., 2015; Barberon, 2017). As expected, based on
the available literature and our GO term analyses, spatial gene
expression patterns showed that suberin biosynthesis is primarily
restricted to the endodermis and is significantly induced by
WCS417 (Figures 6A and 6B). Next, we assessed biosynthesis
and deposition of suberin following bacterial colonization by
staining roots with Fluorol Yellow (FY) to visualize suberin
(Barberon et al., 2016). We found that WCS417 colonization
indeed led to an increase of suberin in the endodermis as
quantified by a decreased distance from the root tip to the
continuously suberized root zone (Figures 6C and 6D).

Root endodermal barriers have a role in colonization by
WCS417 and the subsequent activation of defense
responses

Based on the increased suberization following colonization by
WCS417 (Figure 6), we hypothesized that endodermal barriers
might play a role in the interaction between Arabidopsis and
WCS417. To test this, we grew wild-type plants and myb36-2/
sgn3-3 mutants with developmentally delayed and reduced
endodermal barriers (Salas-Gonzalez et al.,, 2021) and
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Figure 6. WCS417 induces suberization of the endodermis.

(A) Heatmap of the expression of genes known to be involved in suberin biosynthesis (GO: 0010345, suberin biosynthetic process; Lashbrooke et al.,
2016; Vishwanath et al., 2015). Heatmap is scaled per row (gene). Genes that are significantly upregulated (logFC > 2, FDR < 0.1) by WCS417 in the
endodermis are shown in bold.

(B) Overview of the suberin biosynthesis pathway, its activation, and suberin monomer transport out of the cell, adapted from Vishwanath et al., (2015).
Genes known to be involved in these processes are shown in blue, and fold changes as found in our dataset in response to WCS417 are shown. Statistical
significantly DEGs (FDR < 0.1) are depicted in bold. Dashed lines show activation, solid lines show compound conversions, dotted lines show transport
processes.

(C and D) Suberization in roots of 7-day-old Arabidopsis at 2 days after they were transferred in Hoagland plates containing WCS417. Suberin was
visualized using FY staining and quantified as the distance from the root tip to the continuous zone of suberization in roots of Arabidopsis (n = 4-5).
Representative confocal images are shown.

performed experiments with WCS417 similar to those described were similar in terms of shoot growth promotion (Figure 7A;
above for root hair and cell wall assembly mutants. The effects of Supplemental Figure 7A). This was not the case for primary root
WCS417 on wild-type and endodermal barrier mutant plants length and lateral root formation, with WCS417 having a more
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Figure 7. Root endodermal barrier integrity is needed for balanced interaction with WCS417.

(A-D) Relative (A) shoot fresh weight, (B) primary root length, (C) lateral root number, and (D) colonization levels of WCS417 on roots of Col-0 and myb36-
2/sgn3-3 at 7 days after seedlings were transferred to plates with Hoagland medium (0% sucrose) containing 10° CFU ml~' WCS417. Asterisks indicate
significant differences between genotypes following WCS417 inoculation (Student’s t-test; *p < 0.05, **p < 0.01, **p < 0.001,”*p < 0.0001; ns, not
significant). In the case of growth parameters, n = 30, and in root colonization, n = 6. Relative values were calculated by dividing the value of a parameter in
each WCS417-inoculated seedling by the average value of all the mock seedlings.

(E-H) Relative expression levels of (E) MYB51, (F) CYP71A12, (G) LECRK-IX.2, and (H) PRX33 as quantified by gRT-PCR. The reference gene PP2AA3
(AT1G13320) was used for normalization. Expression was evaluated in roots of 8-day-old seedlings at 6 h after inoculation with WCS417 (ODggo = 0.1, 108
CFU ml’1) or treated with 1 uM flg22. Error bars represent SEM. Different letters represent statistically significant differences among control, WCS417,
and flg22 in same plant genotype as indicated by the dashed separating lines (one-way ANOVA, Tukey’s test; p < 0.05, n = 3-4).

pronounced effect on myb36-2/sgn3-3 plants compared with
wild-type plants (Figures 7B and 7C; Supplemental Figures 7B
and 7C). Next, we assessed the colonization levels of WCS417
on roots of wild-type and mutant plants. Remarkably, WCS417
colonization levels were much higher (almost 100 times) on
myb36-2/sgn3-3 roots compared with the wild-type (Figure 7D),
indicating that disruption of endodermal barriers greatly
affected the interaction with WCS417. To further confirm this
observation, we studied the expression of MTl-related marker
genes MYB51, CYP71A12, PRX33, and LECRK-IX.2 in roots of
wild-type and myb36-2/sgn3-3 treated with WCS417 and flg22

1170 Molecular Plant 16, 1160-1177, July 3 2023 © 2023 The Author.

(Figures 7E-7H). For all genes tested, there was a stronger
response to flg22 in the endodermal barrier mutant, indicating
that increased permeability of the endodermis makes roots
more responsive to MAMPs. This is consistent with findings
showing that flg22 could reach the inner cell types of plants
with dysfunctional endodermal barriers and activate stronger
expression of MTl-related marker genes (Zhou et al., 2020). The
roots of the endodermal barrier mutant also produced a
stronger induction of CYP71A712 following treatment with
WCS417 (6.22 times more expression compared with myb36-2/
sgn3-3 control and 3.4 times more compared with the
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respective change in Col-0; Figure 7F), suggesting that the
increased colonization of these roots (Figure 7D) can lead to
stronger root defense responses, probably via diffusion of
WCS417 MAMPs into deeper root layers.

DISCUSSION

Cell-type-specific transcriptomics reveal “hidden” root
responses to WCS417

The hidden half of plants, the root system, is of crucial importance
when breeding for plants that are drought tolerant or better able
to grow under nutrient-limiting conditions (Rogers and Benfey,
2015; Koevoets et al., 2016). Additionally, the root surface lies
at the interface between plants and beneficial soil micro-
organisms, which increase plant growth and health (Lugtenberg
and Kamilova, 2009; Pieterse et al., 2014; Bakker et al., 2018).
Cell-type-specific transcriptomics is an approach to better
understand root response to beneficial bacteria at the individual
cell type level. Innovative methods have been developed to
assess cell-type-specific gene expression changes. These
include protoplasting-based single-cell RNA sequencing but
also translating ribosome affinity purification followed by RNA
sequencing, which uses nuclei rather than protoplasts for RNA
extraction and consequently allows for direct snap freezing of
samples (Thellmann et al., 2020; Denyer and Timmermans,
2022). Using this approach, one could circumvent potential
effects of protoplasting. At the time this experiment was
conducted, the relevant translating ribosome affinity purification
followed by RNA sequencing transgenic reporter lines were not
available. Therefore, we studied gene expression changes in
five Arabidopsis root cell types after colonization with WCS417
using FACS (Figures 2 and 3). The total number of DEGs
identified across the five cell types is approximately 10-fold
greater than the number identified in the sorted whole root
control. A similar increase in detection power of cell-type-
specific versus whole-root transcriptomic analyses was
obtained previously when examining the Arabidopsis root
response to salt, iron deficiency, and nitrogen (Dinneny et al.,
2008; Gifford et al., 2008).

We showed that the increased sensitivity can be traced to the
cell-type-specific nature of the root response to WCS417. The
five cell types differ in their response to WCS417 both quantita-
tively, with major differences in the number of DEGs, and qualita-
tively, with little overlap in DEGs between cell types (Figure 3).
This supports previous studies on cell-type-specific gene
expression changes in response to both abiotic and biotic
stresses and refutes the concept of a global stress response
(Dinneny et al., 2008; Gifford et al., 2008; lyer-Pascuzzi et al.,
2011; Walker et al., 2017; Rich-Giriffin et al., 2020a).

Root hairs, the cortex, and the endodermis have roles in
the WCS417-Arabidopsis interaction

The number and type of DEGs in our spatial map uncovered two
interesting findings: (1) the cortex and endodermis responded
most strongly to WCS417 in terms of the number of DEGs, and
(2) the responsiveness of the two epidermal cell types was
distinct (Figure 4). The strong response of the cortex and
endodermis is surprising, as these cell types were likely not in
direct contact with WCS417, which preferentially colonizes the
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root surface. Previous studies, however, demonstrated the
ability of MAMPs to reach the cortex and the endodermis
(Zhou et al., 2020) and mount MTI responses (Wyrsch et al.,
2015). Also timing likely plays a role, as cell-type-specific
transcriptional profiling of the Arabidopsis root response to
flg22 showed that the epidermis responded as strongly as the
cortex at 2 h post inoculation (Rich-Griffin et al., 2020a).
Possibly, the epidermis responds strongly at first and
downregulates its response by 2 days after inoculation, while
the cortex and endodermis maintain or increase their response
over that period to restrict continuous and unwanted activation
of the outer cell types exposed to the microbe-rich environment.
We observed enrichment of processes related to decreased cell
wall biogenesis in these inner cell types specifically. This might
have allowed these cells to lose volume, which is required for
lateral root initiation and outgrowth (Vermeer et al.,, 2014;
Stoeckle et al., 2018). Indeed, we observed that cell wall
mutants display increased emergence of lateral roots
(Supplemental Figure 6), suggesting that repression of cell wall
strengthening might explain the observed increase in lateral
root formation in WCS417-exposed roots (Zamioudis et al.,
2013; Stringlis et al., 2018a). A time-series experiment could
further elucidate the timing and magnitude of these spatially-
separated responses, while future studies on the responsiveness
of younger and older parts of the root to different stimuli could
provide further evidence as to how roots contribute to plant ho-
meostasis in microbe-rich and stress-abundant environments.

In addition to decreased cell wall biogenesis, we showed
increased expression of genes involved in suberin biosynthesis
in the endodermis (Figure 6). This was further confirmed by
suberin staining, which demonstrated increased suberization of
the endodermis (Figure 6). On the one hand, manipulation of
suberin deposition (desuberization and resuberization) might be
part of the increased lateral root emergence triggered by
WCS417, since emerging lateral roots need to cross the
endodermis and suberin degradation is needed for correct
lateral root emergence (Ursache et al., 2021). On the other
hand, suberin and the Casparian strip are essential for
protecting the inner root tissues from the surrounding soil
environment (Barberon, 2017). Suberin displays plasticity to
nutrient stresses such as iron deficiency (Barberon et al., 2016),
but it can also be modulated in response to beneficial and
pathogenic members of the microbiome (Froschel et al., 2020;
Salas-Gonzalez et al.,, 2021; Kashyap et al., 2022). It is
probable that both beneficial and pathogenic micro-organisms
manipulate the functioning and deposition of endodermal
barriers to achieve sufficient colonization of the root and
access to root-derived sugars. Indeed, previous research has
shown that Arabidopsis activates the iron deficiency response
upon root colonization by WCS417 (Verhagen et al., 2004;
Zamioudis et al., 2014, 2015). This response is normally
activated when plants experience a shortage of iron and results
in a decreased deposition of suberin to facilitate iron uptake
(Barberon et al.,, 2016), suggesting that WCS417 modulates
nutrient availability or use within the plant. Our data further
suggested that this might be a transient response during
colonization, since, at 48 h after colonization, we observed
increased, rather than decreased, suberization in the roots,
suggesting that plants adapt to the interaction with WCS417
and re-seal the endodermis to avoid unwanted effects. This
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hypothesis is supported by our experiment with the myb36-2/
sgn3-3 double mutant with dysfunctional endodermal barriers.
This mutant is colonized to a higher degree by WCS417 and
has elevated expression of the MTl-related marker gene
CYP71A12 compared with wild-type plants (Figure 7).
Additionally, in this mutant, three of four MTl-related
marker genes showed increased expression in response to
flg22, further confirming the role of this barrier in MTI sensitivity
and in fine-tuning growth and defense. Therefore, for an optimal
interaction with WCS417, Arabidopsis needs a functional endo-
dermal barrier to prevent limitless bacterial proliferation on
the root.

Next, our findings indicated that root hairs could be acting as
first responders to environmental signals and inform plants to
adapt their growth and development to an upcoming interaction.
Literature supports this, since, in other plant species, root
hairs are colonization hotspots for rhizobia (Poole et al., 2018),
the formation and pattern of root hairs are responsive to
nutrient stresses, root hairs mediate exudation of iron-
mobilizing coumarins (Robe et al., 2021), and barley mutant
plants with contrasting root hair characteristics accommodate
distinct root-associated microbial communities (Robertson-
Albertyn et al., 2017). Interestingly, the cpc and ttg7 mutants
used here, despite their contrasting pattern in root hair
formation, seemed unaffected in terms of WCS417
colonization but displayed less growth promotion compared
with wild-type plants. It is possible that root hairs might have a
prominent role in colonization by endophytes such as rhizobia
or microbes affected by exudates released by root hairs, such
as coumarins. As WCS417 can colonize the whole root system
and remains on the root surface, root hairs might not be critical
for its establishment on the root, yet this might also be a conse-
quence of the simple, binary setup in which plant roots were
solely colonized by one bacterium. We did observe that cpc
and ttg71 respond in a different transcriptional manner when
colonized by WCS417. Thus, detailed transcriptomic analysis of
root hair mutants and assessment of said mutants in
natural soil conditions are pertinent questions that require our
attention in the future to address their role in plant-beneficial
microbe interactions.

In summary, we created a spatial map of gene expression
changes induced in the Arabidopsis root in response to coloni-
zation by the beneficial bacterium WCS417. Our dataset un-
covered localized, cell-type-specific gene expression patterns
that otherwise remain hidden in global analyses of gene
expression and that correspond to observed root architectural
changes. We reveal a role for root hairs and endodermal bar-
riers in the interaction between roots, WCS417, and MAMPs.
Further mining of this dataset may enable to determine the
spatial pattern of microbe-induced expression of genes of
interest.

METHODS

Plant material and growth conditions

FACS experiment

Arabidopsis accession Columbia-0 (Col-0) and transgenic Col-0 with the -
COBRA-LIKE9,0:GFP (Brady et al., 2007a, 2007b), WEREWOLF,,:
GFP (Lee and Schiefelbein, 1999), 315,,,.GFP (AT1G09750) (Lee
et al., 2006), SCARECROW,,,.GFP (Wysocka-Diller et al., 2000), or
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WOODENLEG ryncated_pro:GFP construct (Mahonen et al., 2000) were
grown as described previously (Dinneny et al., 2008). Briefly, seeds
were liquid sterilized in 50% bleach and stratified by incubation at 4°C
for 2 days. Sterilized seeds were plated in two dense lines of three
seeds thick each on nylon mesh (Nitex Cat 03-100/44, Sefar) on sterile
1 X Murashige and Skoog (MS) (Murashige and Skoog, 1962) 1%
sucrose plates. Plates were sealed with Parafiim and placed vertically
in long-day conditions (22°C; 16 h light, 8 h dark) for a total of 7 days.
Microscopy for suberin localization

Col-0 seeds were surface sterilized (Van Wees et al., 2013) and sown on
plates containing agar-solidified Hoagland medium with 1% sucrose,
and pH was adjusted to 5.5. After 2 day of stratification at 4°C, the plates
were positioned vertically and transferred to a growth chamber (22°C; 10 h
light, 14 h dark; light intensity 100 pmol m~2 s~"). When 5 days old, seed-
lings were transferred to agar-solidified Hoagland plates without sucrose
(0.75% agar) where P. simiae WCS417 (WCS417) was mixed in the me-
dium based on the protocol developed by Paredes et al. (2018). After 2
days of Arabidopsis-WCS417 interaction, FY staining of roots was
performed as described before (Lux et al., 2005; Kajala et al., 2021).
Colonization and growth-promotion experiments with root hair, cell
wall integrity, and endodermal barrier mutants

Col-0 seeds and mutants in Col-0 background myb36-2/sgn3-3 (Reyt
et al., 2021), cpc-1 and ttg? (Wada et al., 1997; Walker et al., 1999), and
irx9, irx9L, irx14 and irx14L (Wu et al., 2010) were surface sterilized and
sown on agar-solidified Hoagland plates (as before). When 7 days old,
seedlings, except irx mutants, were transferred to agar-solidified Hoag-
land plates with 0% sucrose where WCS417 was mixed in the medium
(as before). In the case of irx mutants, 7-day-old seedlings were trans-
ferred to Hoagland plates with 1% sucrose, and subsequently the plants
were inoculated with either WCS417 bacteria by applying 10 pl of a bac-
terial suspension on the root-shoot junction or a mock solution containing
10 mM MgSO,. Seven days later, the shoots of the seedlings were
weighed using an analytical scale, photos were taken to analyze root
growth and development (via Imaged), and colonization of WCS417 on
roots was assessed (Paredes et al., 2018).

Analysis of gene expression in endodermal barrier and root hair
mutants

For testing root transcriptional responses to WCS417 and flg22, plants
were grown and treated based on a protocol developed by Stringlis
et al. (2018a). Briefly, uniform 9-day-old seedlings were transferred from
MS agar plates to six-well plates (¢ 35 mm per well) containing liquid
1x MS with 0.5% sucrose, after which they were cultured for a further 7
days under the same growth conditions. One day before treatment with
either WCS417 or flg22, the medium of each well was replaced with fresh
1% MS medium with 0.5% sucrose. At 6 h after treatment with WCS417 or
1 uM flg22 (GenScript), roots were flash-frozen in liquid nitrogen for down-
stream gene expression analysis.

WCS417 treatment

FACS experiment

Plants were inoculated with bacteria 5 days after being placed in long-day
conditions using a slightly adapted version of a previously published pro-
tocol (Zamioudis et al., 2015). Briefly, rifampicin-resistant WCS417 was
streaked from a frozen glycerol stock onto solid King’s medium B (KB)
containing 50 pg mI~" rifampicin and grown at 30°C overnight. One day
before plant treatment, a single colony from the plate was put in liquid
KB with rifampicin and grown in a shaking incubator at 30°C overnight.
The following morning, the bacterial suspension was diluted in fresh KB
with rifampicin and grown in a shaker until the suspension reached an op-
tical density at 600 nm (ODggo) value between 0.6 and 1.0 (ODggo of 1.00 is
equal to 10° CFU mlI™"), after which the bacteria were washed twice with
10 mM MgCls.

To decide which bacterial concentration to add to the plants, the washed
bacteria were resuspended in 10 mM MgCil, to a final density ranging from
10" to 108 CFU ul~". Two horizontal lines of either 10 ul of 10 mM MgCl, or
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10 pl of one of the bacterial suspensions were applied per 1x MS 1% su-
crose plate. Five-day-old Col-0 seedlings were transferred on their mesh
onto these plates. Seedlings were transferred such that the roots of the
seedlings were on top of the bacteria. Finally, all plates were resealed
with Parafilm and left to grow in long-day conditions. At 2 and 7 days after
treatment, 10 plants from each treatment were randomly picked and
removed from the plate. By this time, the bacteria had formed an extensive
biofilm covering the entire root, visible to the naked eye. The total number
of emerged lateral roots was counted under a stereomicroscope. ImageJ
was used to determine primary root length per plant from images made
with a scanner.

Based on the results of this trial, we chose a density of 10° CFU ™",
amounting to 107 CFU per row of plants, for the sorting experiment (see
below). Wild-type Col-0 plants and plants of each of the five transgenic
lines were exposed to this bacterial density after 5 days of plant growth
as described above and incubated in long-day growth conditions for an
additional 2 days.

Suberin staining experiment and colonization, and assessment of
growth and gene expression of endodermal and root hair mutants
For the rest of experiments, WCS417 was prepared and applied based on
previously established protocols (Stringlis et al., 2018a; Paredes et al.,
2018). WCS417 was cultured at 28°C on KB agar plates supplemented
with 50 ng mi~" of rifampicin. After 24 h of growth, cells were collected
in 10 mM MgSO,, washed twice with 10 mM MgSO, by centrifugation
for 5 min at 5000 g, and finally resuspended in 10 mM MgSO,. For suberin
staining and growth/colonization experiments of Col-0 and mutant seed-
lings, WCS417 was mixed in Hoagland agar plates without sucrose in a
concentration of 10° CFU mi~. This mix was then poured in plates and
the seedlings were transferred to the plate once solidified.

For gRT-PCR gene expression analysis of Col-0 and respective mu-
tants, WCS417 bacteria were added in each well to a final ODggg of 0.1
(108 CFU mI™").

FACS

After a total of 7 days of growth, roots were cut from the shoot with a car-
bon steel surgical blade. Whole roots of Col-0 destined for the unsorted
control were immediately frozen in liquid nitrogen in an Eppendorf tube.
For the other samples, all to be put through a cell sorter, roots were cut
twice more and the root pieces from —four to six plates were collected
and protoplasted as described previously (Birnbaum et al., 2003, 2005).
Briefly, they were placed in a 70-um cell strainer submerged in enzyme
solution (600 mM mannitol, 2 mM MgCl,, 0.1% BSA, 2 mM CaCl,,
2 mM MES (2-(N-morpholino)ethanesulfonic acid), 10 mM KCI, pH 5.5
with 0.75 g cellulysin and 0.05 g pectolyase per 50 ml). Roots were mixed
in the strainer at room temperature (RT) on an orbital shaker to dissociate
protoplasts. After 1 h, the suspension surrounding the strainer, containing
the protoplasts, plus a few roots to pull the protoplasts down, were pipet-
ted into a 15-ml conical tube and spun at 200 g for 6 min at RT. The top of
the supernatant was pipetted off and the remaining solution resuspended
in 700 pl of the protoplasting solution without enzymes (600 mM mannitol,
2 mM MgCl,, 0.1% BSA, 2 mM CaCl,, 2 mM MES, 10 mM KClI, pH 5.5).
This suspension was filtered successively through a 70-um cell strainer
and a 40-um strainer. The filtrate was finally collected in a cell sorting
tube and taken to the cell sorter (Astrios, Beckman Coulter) at RT.

Protoplasts sorted by the machine were collected into RLT buffer (Qiagen)
with B-mercaptoethanol. The samples were immediately placed on dry ice
to inhibit RNA degradation. Samples were stored at —80°C until RNA
isolation.

RNA isolation and sequencing

FACS experiment
Whole-root tissue for the unsorted control was lysed by grinding with a
liquid-nitrogen-cooled mortar and pestle. RNA was isolated with the
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RNeasy Plant Mini Kit (Qiagen) for the six unsorted whole-root samples
and for six out of eight sorted whole-root samples. RNA from the remain-
ing two sorted whole-root samples and all cell-type-enriched samples
were isolated with the Micro Kit (Qiagen). RNA concentration was checked
with a Qubit Fluorometer (Thermo Scientific), and RNA integrity was
assessed with a Bioanalyzer (Agilent Technologies). Subsequently, RNA
libraries were made from samples with RNA integrity number values above
six. All libraries were made with the NEBNext Ultra RNA Library Prep Kit for
lllumina (NEB). RNA for the six control unsorted (whole root) and the first
six control sorted samples were poly(A) selected using Dynal Oligo-dT
beads. These 12 libraries were generated using 100 ng of total RNA.
The remaining libraries were generated from total RNA selected using
NEBNext Oligo-dT beads. Because of limited RNA yields from some of
the sorted cell populations, 50 ng of total RNA was used as starting
material for all sorted library preparations. Libraries were sequenced on
an lllumina HiSeq 2500 using 50 base pair single read (Duke University
Sequencing Core). Three biological replicates were performed for each
sample type and condition, except for the sorted control, for which we
performed four biological replicates.

qRT-PCR experiment of Col-0 and mutants

For the qRT-PCR experiment, roots of Col-0 and mutants were collected
in four replicates at 6 h after treatment with live WCS417 cells or flg22.
Roots of untreated Col-0 and mutant seedlings were collected at the
same time point (as controls). Each of the four biological replicates per
treatment consisted of 10-12 pooled root systems. After harvest, root
samples were snap-frozen in liquid nitrogen and stored at —80°C. Arabi-
dopsis roots were homogenized using a mixer mill (Retsch) set to 30 Hz
for 45 s. RNA extraction was performed with the RNeasy Plant Mini Kit
(Qiagen). RNA concentration was checked with a Qubit Fluorometer
(Thermo Scientific). For gRT-PCR analysis, DNase treatment, cDNA syn-
thesis, and PCR reactions and subsequent analysis were performed as
described by Stringlis et al. (2018b). Primer sequences for the reference
gene PP2AA3 and the MTI marker genes MYB51, CYP71A12, LECRK-
IX.2, and PRX33 are listed in Supplemental Table 15.

Data analysis

FACS analysis

The reads generated by lllumina sequencing were pseudoaligned to the
TAIR10 cDNA database (Lamesch et al., 2012) using Kallisto (v0.43.0) with
100 bootstraps and default settings (Bray et al., 2016). The percentage of
aligned reads is lower for the 12 samples that were poly(A) selected using
Dynal Oligo-dT beads because of a high number of rRNA sequences. This
is probably due to differences in the bead-selection procedure and the
greater amount of RNA used as starting material. We do not expect this to
interfere with our analyses, as the number of expressed genes in these sam-
ples is in the same range as previously published data in this species. The
resulting transcript counts were subsequently summarized to the gene level
with tximport (v1.2.0) (Soneson et al., 2015). We then assessed the number
of detected expressed genes by counting the number of genes with count
above 0, above 10, or with counts per million above 2. One bacteria-
exposed sample enriched for trichoblasts was excluded from further ana-
lyses because of low coverage for all three of these criteria. Only genes
with counts per million greater than 2 in all samples were kept for the remain-
ing analysis. The counts per gene of the remaining samples and genes were
used to generate a digital gene expression list in EdgeR (v3.16.5) (Robinson
et al., 2010). A generalized linear model (glm) was fitted using a negative
binomial model and quasi-likelihood dispersion estimated from the
deviance with the gImQLFit function in EdgeR. DEGs were then
determined by comparing the bacteria-exposed and the non-exposed sam-
ples with the gimQLFTest (FDR < 0.1; —2 <1005 foid change [1092FC] > 2). GO
term analysis was performed in R based on the genome-wide annotation
for Arabidopsis within org.At.tair.db (Carlson, 2019) with the program
GOstats (Falcon and Gentleman, 2007).

Analysis of cell type specificity

To investigate and confirm the cell-type-specific expression of WOL
(AT2G01830) and selected vasculature-specific genes INCURVATA4
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(AT1G52150), SHR (AT4G37650), and ZLL (AT5G43810), we used the Ara-
bidopsis single-cell root atlas and associated procedures described in
Shahan et al. (2022). To support the cell type specificity of the here-
described FACS dataset, we also took the top-50 marker genes per cell
type from Shahan et al. (2022). Specifically, we obtained the top-50
marker genes for trichoblasts, atrichoblasts, cortical cells, endodermal
cells, and vasculature cells from Shahan et al. (2022) (Supplementary
Dataset 2K), and derived the corresponding TPM value for each sample
in our FACS dataset. Next, we scaled each gene using the base R
function “scale” across all samples and plotted the scaled TPM values
for each Shahan et al. (2022) marker-based, cell-type-top-50 gene for
each FACS sample type in a boxplot using the ggplot2 R geom_boxplot
function.

Fluorescence microscopy

Approximately 20 sterilized and vernalized seeds of the COBL9,,,:GFP,
WERpr0:GFP, 315510:GFP, SCRy0:GFP, and WOLuncated_pro:GFP trans-
genic lines were sown on a 1x MS 1% sucrose plate and placed in
long-day conditions. After 5 days, either 10° WCS417 cells in 10 pl of
MgCl, or sterile 10 pl of MgCl, was added to each root. GFP localization
was observed once per day in 5-, 6-, and 7-day-old seedlings with a 510
upright confocal microscope with a 20x objective (Zeiss).

For FY staining of suberin, Col-0 seeds were sown on Hoagland plates 1%
sucrose and placed in short-day conditions. When 5 days old, seedlings
were transferred in Hoagland medium without sucrose mixed with 10°
CFU ml~" WCS417. After 2 days, roots were washed in MQ, separated
from the leaves, and five roots were added in each well of six-well plates
and incubated in FY088 (0.01% w/v, dissolved in lactic acid) for 1 hat RTin
darkness, rinsed three times with water (5 min per wash), and counter-
stained with aniline blue (0.5% w/v, dissolved in water) for 1 h at RT in
darkness. Roots were mounted with 50% glycerol on glass slides and
kept in dark until observation. Confocal laser scanning microscopy was
performed on a Zeiss LSM 700 laser scanning confocal microscope
with the 20x objective and GFP filter (488-nm excitation, 500- to 550-
nm emission). To quantify the suberization pattern, the distance from
the root tip to the start of continuous suberization was determined with
Imaged (v1.53g).
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