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ARTICLE INFO ABSTRACT

Keywords: The root tip and root-Associated Cap-Derived Cells (AC-DCs) release various organic compounds into the
R°°F secretions rhizosphere, forming the Root Extracellular Trap (RET), a network involved in root-soil microorganism in-
Mucilage teractions and root protection. This study investigates the role of soybean (Glycine max) and pea (Pisum sativum)
RMJ:ZrZI:;LEOUhty RETs in interactions with soil rhizobacteria (Bacillus subtilis and Pseudomonas fluorescens) and the zoospores of the
Rhizobacteria oomycete Phytophthora parasitica by examining their impact on microbial behavior. To this end, confrontation

tests were performed, followed by imaging analyses of videos, in which the behavior of microorganisms (i.e.,
swimming speeds and trajectories) was characterized and quantified. The results show that the RET alters mi-
crobial access to the root tip and modifies significantly speeds and trajectories. Inside the RET, the speeds of
B. subtilis and P. parasitica zoospores decreased three and nine times respectively. Outside the RET, the speed of
the bacterium remains unchanged, while that of the zoospores decreases twice. These findings highlight the
influence of the RET on microbial movement and its importance in plant-microorganism interactions in the

rhizosphere.

1. Introduction

The root is an underground organ that is essential for plant growth
and development. Due to their position at the interface with the soil,
roots, and particularly the root tip, play a fundamental role in the in-
teractions of the plant with soil microorganisms (rhizosphere and root
colonization, chemotaxis, nutrient acquisition) (Berendsen et al., 2012;
Mendes et al., 2013; Chen and Liu, 2024). The root tip, encompassing
the elongation and meristematic zones as well as the root cap, along with
the cells detaching from the root cap known as root Associated,
Cap-Derived Cells (AC-DCs) (Driouich et al., 2019), releases large
amounts of high and low molecular weight organic compounds into the
rhizosphere. The composition of these root secretions (i.e., mucilage and
root exudates) varies depending on endogenous or environmental fac-
tors, such as abiotic or biotic stresses (Hawes et al., 2002; Wen et al.,
2007; Badri and Vivanco, 2009; Vives-Peris et al., 2020; Ropitaux et al.,

2020). The assembly of the mucilage with the AC-DCs forms a complex
network known as the Root Extracellular Trap (RET) (Driouich et al.,
2013). The RET creates a suitable microenvironment for the root, central
to its development and function (Nazari et al., 2022).

Since the first description of mucilage-producing cells (later referred
to as AC-DCs) (Meyen 1837), the understanding of the composition and
role of their secretions has evolved significantly and these are now better
characterized (Rovira, 1969; Goldberg et al., 1989; Hawes and Smith,
1989; Hawes et al., 1998; Wen et al., 2007, 2009; Ropitaux et al., 2019,
2020; Driouich et al., 2021; Fortier et al., 2023; Fourneau et al., 2024).
Indeed, root secretions play a major role in the molecular dialogue and
the interactions between the plant and beneficial and phytopathogenic
microorganisms of the rhizosphere. Root exudates diffuse into the soil,
define the rhizosphere and play a significant role in shaping rhizospheric
microbiota, and its rhizocompetence (i.e., chemotaxis and growth) thus
contributing to root protection (Wen et al., 2009; Cannesan et al., 2011;

Abbreviations: AC-DCs, root associated, cap-derived cells; AGPs, arabinogalactan-proteins; exDNA, extracellular DNA; PGPR, plant growth-promoting rhizobac-

teria; RET, root extracellular trap.
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Haichar et al., 2014; Bani et al., 2018; Tian et al., 2020; Ma et al., 2022;
Fourneau et al., 2024). Initially, the mucilage of the RET, was thought to
function as a lubricant, protecting roots during its penetration and
growth within the soil. However, a number of recent studies have clearly
shown that the RET ensures much more complex functional roles in
relation with plant health and survival. RET mucilage components, such
as extracellular DNA (ex DNA) and arabinogalactan-proteins (AGPs)
were shown to attract, repel or limit the growth of several microor-
ganisms including fungi, bacteria and oomycetes (Cannesan et al., 2012;
Tran et al., 2016). Other studies have also shown that the RET can act as
a physical barrier, or a decoy that traps and promotes cell lysis of
pathogenic microorganisms, thereby protecting the root from infection
(Goldberg et al., 1989; Wen et al., 2009; Cannesan et al., 2012; Tran
et al., 2016; Ropitaux et al., 2020).

The microbial community of the rhizosphere contains a diversity of
microorganisms including beneficials such as Plant Growth-Promoting
Rhizobacteria (PGPR), neutral microorganisms and pathogens such as
oomycetes, whose balance is important for plant health (Ali et al., 2017;
Mendes et al., 2013). For the colonization of the rhizosphere and roots,
motility and chemotaxis give to the motile microorganisms a substantial
advantage whether they are beneficial or pathogenic to the plant (Feng
et al., 2021; Kasteel et al., 2023). Chemotaxis allows motile microor-
ganisms to explore the environment, sense and respond to a chemical
gradient by migrating towards attractive molecules or moving away
from repellent ones (Bi and Sourjik, 2018). By adjusting the frequency of
their runs and tumbles, microorganisms could migrate from the bulk soil
to the rhizosphere under the influence of root secretions.

In this work, we investigated the role of the RET of pea (Pisum sat-
ivum) and soybean (Glycine max) in the interactions with two flagellated
PGPR: Bacillus subtilis and Pseudomonas fluorescens, and with the zoo-
spores of the oomycete Phytophthora parasitica (Meng et al., 2014; Yadav
et al., 2021; Yu et al., 2021). We studied the effect of the RET on the
access of these microorganisms to the root tip and their behavior by
determining their distribution, swimming speeds and trajectories, either
within or outside the RET. Specifically, we aimed to test different types
of microorganisms with distinct characteristic, such as steric hindrance
and taxonomic classification. B. subtilis and P. fluorescens are bacteria
that differ in Gram classification (Gram-positive and Gram-negative
bacteria respectively), while P. parasitica is an eukaryotic species (an
oomycete). The three microorganisms also vary significantly in cell body
size, as well as in molecular regulation, structure, insertion and number
of flagella (Hua et al., 2008; Piggot, 2009; Dodd, 2014; Aponte et al.,
2017; Bassani et al. 2020a, 2020b; Liu et al., 2022; Tran et al., 2022;
Kasteel et al., 2023). Our findings show that the RET strongly influences
the access and the movement of the three microorganisms, although not
in the same way. We show that inside the RET, the speed of B. subtilis is
reduced by three-folds and that of P. parasitica zoospores by nine-fold,
and their trajectories are strongly altered as compared to those of mi-
croorganisms that are not in contact with the root tip.

2. Materials and methods
2.1. Plant material

Pea seeds (Pisum sativum, cv. Astronaute) (RAGT, Rodez, France)
were sterilized for 10 min with 70% aqueous ethanol for 10 min and
with sodium hypochlorite (1% commercial bleach, 9.5% active ingre-
dient) for 10 min. Soybean seeds (Glycine max, cv. Nessie PZO) (Sem-
partners, Maule, France) were sterilized twice overnight with chlorine
gas. Sterilized pea and soybean seeds were rinsed five times with sterile
water then soaked in sterile water at room temperature overnight in the
dark. Seeds were sown on square Petri dishes containing 40 mL of solid
half strength Murashige and Skoog (MS) agar 1% medium (Duchefa
Biochemie). These dishes, containing two lines of six seeds for pea and
two lines of five seeds for soybean, were placed upright at 21 °C for pea
for 4 days and at 24 °C for soybean for 3 days (cycle of 16 h day and 8 h

Rhizosphere 33 (2025) 101016
night).
2.2. Microbial culture conditions

Pseudomonas fluorescens strain ATCC 17400 was provided by Pr.
Pierre Cornelis (Université Libre de Bruxelles, Belgium) and Bacillus
subtilis strain ATCC 6633 was purchased from the American Type Cul-
ture Collection (ATCC). Bacteria were grown in Luria-Bertani (LB) me-
dium (Lennox, Duchefa Biochemie) at 30 °C under agitation at 130 rpm.
When a high density of bacterial suspension was used (N > 10° CFU/
mL), bacteria were grown overnight in LB medium at 30 °C. When a low
density of bacterial suspension was used, bacteria were grown from an
overnight culture in LB medium at 30 °C to 10°% < N < 107 CFU/mL, then
the suspension was diluted 10-fold in phosphate buffer saline (PBS 1x,
pH 7). To determine cell densities, we cultured bacteria and correlated
the optical density at 580 nm (ODsgonm) With bacterial density (N in
CFU/mL) by establishing the proportionality factor specific to the
spectrophotometer used in the experiments. Bacterial density was then
monitored by measuring the ODsgonm.

Phytophthora parasitica (isolate INRA-310) was provided by Dr.
Agnes Attard (Sophia Antipolis, INRAe, France). The oomycete was
grown on V8 agar medium at 25 °C in the dark and to produce zoo-
spores, the mycelia were grown in V8 liquid medium at 25 °C under
continuous light for a week. Mycelia were harvested from the rich me-
dium and transferred on water supplemented with 2% agar for 4 days
(Attard et al., 2010; Galiana et al., 2005). Zoospores were released as
described by Galiana et al., (2005) . Petri dishes containing mycelia were
placed at 4 °C for 30 min, then 10 mL of distilled water was added and
incubated for another 30 min at room temperature in the dark. For
confrontation tests, 10° zoospores/mL of water, counted using a
Malassez counting cell, were added to root tips.

2.3. Confrontation tests between soybean and pea root tips and
microorganisms

For observations, root tips of pea and soybean were mounted on a 10-
well Teflon microscope slide and, after rinsing with a PBS 1x (pH 7), 20
pL P. fluorescens suspension (an overnight culture) or B. subtilis (an
overnight culture or culture to 10® < N < 107 CFU/mL diluted 10-fold in
PBS) or 20 pL of water containing P. parasitica zoospores (about 10°
zoospores/mL of water) were added to each well. To compare their
behavior, we selected areas distant from the RET, as well as areas with
AC-DCs as defined for both the outside and inside of the RET respec-
tively. For microorganisms alone, 5 pL of microbial suspension were
added to a 10-well Teflon microscope slide. To test an inert surface as a
control, 1 pL glass microcapillary (Microcapillary Tube, Drummond
Microcaps®) were cut to a length of 5-7 mm and sealed with a flame.
Before use, the microcapillaries were degreased in successive baths of
acetic acid (2%) and ethanol (70% and 90%). Observations were made
under a bright-field microscope (Leica DMI6000B, Leica Microsystems,
Wetzlar Germany or Zeiss Celldiscoverer 7, Carl Zeiss AG, Oberkochen,
Germany) for 5-30 min after inoculation.

2.4. Tracking of microorganisms and data treatment

Videos of 10 s of each region of interest were recorded using a Leica
DMI6000B or a Zeiss Cell Discoverer 7. The frame rate was about 17
frames/s and the size of view fields was from 1280 x 960 pixels (videos)
and 3840 x 2820 pixels (images) for the Leica DMI6000B and 1196 x
1196 pixels (videos and images) for the Zeiss Cell Discoverer 7. Tracks
were processed with Fiji using the MTrackJ plugin. For trajectories of at
least 1 s, the speed was extracted from the software for each track. The
travelled distance was the “length of the trajectories” travelled by the
microorganisms (cumulative distances), corresponding to the total dis-
tance travelled between the start point (first point) and the end point
after 4 s for bacteria and 2 s for zoospores. A random sampling of 50
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tracks was used for the calculations. Directness was calculated as D =
deuclidian/deumulative 0N 50 tracks of at least 1 s from each condition.
deyclidian is the euclidian distance between the first and the last points.
dcumulative iS the total distance covered by the microorganism between
the start point and the end points (Cohen et al., 2023). Boxplots were
generated using Rstudio software (http://www.rstudio.com/) and his-
tograms were generated using Excel software (https://office.microsoft.
com/excel).

2.5. Statistical analysis

Statistical significance was calculated using the Kruskal-Wallis test
with Dunn’s post hoc multiple comparison test, applying the Bonferroni
correction, and P < 0.05 was accepted as significant. Statistical analyses
were performed using Rstudio software (http://www.rstudio.com/).

3. Results

3.1. The RET modifies the distribution of microorganisms around the root
tip

To facilitate microscopical observations of the distribution of bac-
teria around the root tip, we used a dense bacterial suspension (an
overnight culture). For Phytophthora parasitica zoospores, we used a
suspension of 10° zoospores/mL. To perform the confrontation test be-
tween the root and the microorganisms, the microbial suspension was
added to the root prior to microscopical observations.

The confrontation test with Pseudomonas fluorescens showed that the
penetration of bacteria into the RET was clearly hindered (Fig. 1a-c).
Significant changes in the density and velocity of the bacteria were
visible under the microscope (Fig. 1a—c, Vid. 1, Vid. 2). Bacteria were
filtered through the RET and had a heterogeneous accumulation around
it. They also formed aggregates at the periphery of the network (Fig. 1b,
Vid. 1). Bacteria present inside the RET were visibly slower and much
less motile than bacteria found outside the RET (Vid. 1, Vid. 2). The
behavior of the bacteria outside the RET was similar to that of bacteria
alone. The bacteria were highly mobile and separated from each other,
not forming aggregates (Fig. 1c, Vid. 2). These bacterial behaviors were
similar for both plant species, pea (Pisum sativum) and soybean (Glycine
max).

Supplementary video related to this article can be found at https://
doi.org/10.1016/j.prnil.2019.12.005

The confrontation test with Bacillus subtilis revealed that the bacteria
were distributed in three distinct areas around the root tip (Fig. 1d-g): i)
a first zone far from the root tip where the bacteria exhibited high
mobility and high density with sporadic bacterial accumulation
(Fig. 1d-f, a dark area, Vid. 3), ii) a second zone presenting a small
number of bacteria (very low density) with no bacterial aggregation
(Fig. 1d-f, a clear area, Vid. 3). This area was almost bacteria free, and
iii) a third zone within the RET, through which the bacteria either moved
very slowly or were immobile forming a large number of aggregates
(Fig. 1d-g, Vid. 3). As for P. fluorescens, the distribution pattern of
B. subtilis was similar in both plant species, pea and soybean.

Supplementary video related to this article can be found at https://
doi.org/10.1016/j.prnil.2019.12.005.

Thus, the two bacteria exhibited different behaviors in the presence
of the root. The movement of B. subtilis was altered at a greater distance
from the root tip compared to P. fluorescens, likely due to the effect of
molecules diffusing from root tip cells, at a point where the presence of
the RET is unlikely. Although both bacterial species formed aggregates,
these occurred at different locations within and around the RET.

The confrontation between the root tip and P. parasitica zoospores
revealed that these were distributed at a constant density around the
root tip, despite variations in their behavior (Fig. 2a). Zoospores
exhibited moderate mobility when located away from the root tip (Vid.
4). Some zoospores accumulated in certain areas quite far from the root
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tip, mostly at the periphery of the observation zone, near the edge of the
microscope slide well (Fig. 2b). Closer to the RET, the zoospores were
very slow, exhibiting a similar density and did not delimit the RET zone
(Fig. 2a, Vid. 4). Once within the RET (in direct contact with the root tip
or the AC-DCs), most of the zoospores encysted in less than 5 min after
inoculation before germinating (Fig. 2c and d), and some of them un-
derwent cell lysis and death (Fig. 2c).

Supplementary video related to this article can be found at https://
doi.org/10.1016/j.prnil.2019.12.005.

3.2. The RET influences microbial trajectories

To further study the movement of the microorganisms around the
root tip, we captured videos and tracked B. subtilis and P. parasitica
zoospores using the MtrackJ plugin from Fiji. In these experiments we
were not able to track P. fluorescens due to its small size. We attempted to
stain the bacteria with fluorescent dyes to make them more visible (data
not shown), but the stain was not effective enough to clearly visualize
P. fluorescens and B. subtilis motility was altered significantly.

To characterize and quantify the motility of the microorganisms,
new confrontation tests were performed on B. subtilis with a less dense
suspension (10° < N < 10° CFU/mL) and a suspension of P. parasitica
zoospores (10° zoospores/mL). We had preliminarily checked that the
behavior of the bacteria did not change according to suspension density
and/or culture growth phase.

Vid. 5 shows the typical trajectories observed for the two microor-
ganisms in the presence of the root tip (outside and inside the RET) or in
control conditions (in contact with a microcapillary or alone). B. subtilis
displayed straight-line trajectories when observed alone (Vid. 5a), in
contact with a microcapillary (Vid. 5¢) or outside the RET (Vid. 5e). In
contrast, the bacteria had very compacted trajectories inside the RET
(Vid. 5g). In the case of P. parasitica, the zoospores displayed quite
straight-line trajectories when they were alone (Vid. 5b) or in contact
with a microcapillary (Vid. 5d). On the other hand, outside the RET
(Vid. 5f) and inside the RET (Vid. 5h), the zoospores make numerous
changes in direction or exhibit constricted trajectories. Clearly, the mi-
croorganisms seem to exhibit similar behaviors on both pea and soybean
plants. Quantification of these observations were made and the data are
presented below.

Supplementary video related to this article can be found at https://
doi.org/10.1016/j.prnil.2019.12.005.

3.3. The RET and its surrounding environment reduce the speed of the
microorganisms

We determined the velocity of both B. subtilis bacteria and
P. parasitica zoospores around the root tip for both plant species (Fig. 3a
and b). As shown in Fig. 3a, the average velocity of B. subtilis alone (19
pm/s) was not statistically different from that of bacteria in contact with
a microcapillary (17 pm/s) or outside the RET (i.e., away from the root
tip) of soybean or pea (20 pm/s each). In contrast, inside the RET (i.e.,
close to the AC-DCs) of both plant species, bacteria displayed a velocity
of 6 pm/s which is three times slower than the bacteria alone or present
outside the RET.

P. parasitica zoospores swim faster than for B. subtilis (Fig. 3b). The
zoospores alone had the highest velocity at 217 pm/s, whereas those in
contact with a microcapillary had a velocity of 201 um/s. In contrast
with root tip, the zoospores’ speed dropped significantly. Outside the
RET, zoospores were slower than zoospores alone (103 pm/s and 102
pm/s for soybean and pea, respectively), but still four times faster than
those inside the RET (18 pm/s and 32 pm/s for soybean and pea,
respectively). Thus, like bacteria, P. parasitica zoospores had the lowest
velocity inside the RET.


http://www.rstudio.com/
https://office.microsoft.com/excel
https://office.microsoft.com/excel
http://www.rstudio.com/
https://doi.org/10.1016/j.prnil.2019.12.005
https://doi.org/10.1016/j.prnil.2019.12.005
https://doi.org/10.1016/j.prnil.2019.12.005
https://doi.org/10.1016/j.prnil.2019.12.005
https://doi.org/10.1016/j.prnil.2019.12.005
https://doi.org/10.1016/j.prnil.2019.12.005
https://doi.org/10.1016/j.prnil.2019.12.005
https://doi.org/10.1016/j.prnil.2019.12.005

A. Gaudry et al.

Rhizosphere 33 (2025) 101016

(b) . Inside the RET

P. fluorescens
aggregates

(C) Qutside the RET

Motile P. fluorescens

non-specific
bacterial clusters

Root tip

(f)

Qutside the RET

> |

S

!
I
I
1

|
|
!
|
L}
\
|
\
\
\
\
\
\

Motile B.ysubfilis

Fig. 1. Distribution of bacteria around the root tip and the RET. (a—c) Distribution of Pseudomonas fluorescens. The distribution of the bacteria occurs in two zones
(dashed lines) visible in (a). (d—g) Distribution of Bacillus subtilis. The distribution of the bacteria occurs in three zones (dashed lines) visible in (d) and (f). Arrows

indicate accumulation of bacteria. Arrowheads indicate bacterial aggregates. The presence of non-specific bacterial clusters (d) is caused by the high bacterial
density. Scale bars = 50 pm (a—f), 25 pm (g). AC-DCs: root associated, cap-derived cells; RET: root extracellular trap.



A. Gaudry et al.

P, parasitica
Z00Sspores ..

Root tip

Encysted
Zoospores )}
*

.

Lysed . ‘ :
zoospores 1_

PRy

Rhizosphere 33 (2025) 101016

CRRER -

P. parasitica
zoospores

(d)

Root tip

Encysted
zoospores ‘

-~ ‘O
Q Germinated

Zoospores

Fig. 2. Distribution of Phytophthora parasitica zoospores around the root tip and the RET. Observations show that zoospores are homogeneously distributed around
the root tip (a), but can accumulate further along at the well edge (arrows) (b). Encysted and germinated zoospores are seen in contact with the root tip or AC-DCs
(c—d). Scale bars = 500 pm (a-b), 100 pm (c-d). AC-DCs: root associated, cap-derived cells; RET: root extracellular trap.

3.4. The RET alters the distance travelled by the microorganisms and their
directness

The data showing the effect of RET on the directness and trajectory
lengths of the microorganisms are presented in Fig. 3c—f. We found that
B. subtilis alone were able to cover a distance of 77 pm in 4 s, which was
statistically identical to that covered by bacteria in contact with a
microcapillary (73.5 pm) or present outside the RET of soybean or pea
(90 pm and 74.5 pm for soybean and pea, respectively) (Fig. 3c). Bac-
teria inside the RET had the shorter distance travelled (18 and 12.5 ym
for soybean and pea, respectively) (Fig. 3c). These observations were
concomitant with the directness of the bacterial trajectories (Fig. 3e).
The directness (D) was calculated and classified into two categories as
described by Cohen et al. (2023), namely straight-line trajectories (D >
0.8) and curved trajectories (0 < D < 0.5). When B. subtilis were alone
(72%), in contact with a microcapillary (40%) or outside the RET of both
plant species (64% for soybean and 60% for pea) most of their trajec-
tories were straight-line. Bacteria located inside the RET moved mostly
with a weak directness typical of curved trajectories (86% and 84%,

respectively for soybean and pea).

Fig. 3d shows that the zoospores alone and those in contact with a
microcapillary travelled a similar distance in 2 s (467 pm and 426 pm,
respectively). Outside the RET of soybean and pea, the zoospores
covered a distance twice as short as the zoospores alone (222 pm and
249 pm, respectively), but they travelled a distance five times as long as
the zoospores inside the RET of soybean and pea (46 pm and 53 pm,
respectively) (Fig. 3d). Regarding the directness of zoospore trajectories,
when the zoospores were alone, they displayed mostly straight-line
trajectories (58%) (Fig. 3f). The zoospores in contact with a micro-
capillary showed approximately equal proportions of low and high
directness, each around 40%. Unlike B. subtilis, the zoospores outside
and inside the RET of soybean and pea had largely a weak directness
(from 74% to 98%) and exhibited a curved trajectory pattern (Fig. 3f).

Together these results indicate that the RET caused a reduction in
speed and affected the trajectories of the microorganisms. These changes
resulted in more restricted movements, with shorter distances travelled
and less linear trajectories once the microorganisms had successfully
entered the RET. However, the first impact on microbial behavior
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(change of density or movement) occurred quite away from the root tip
and the RET. Therefore, the behavioral changes observed may not be
due to the sole effect of RET. Hence, the release of molecules by root cells
(i.e., root secretions) is likely to contribute to the observed effects on the
migration and access of microorganisms to the root tip.

4. Discussion

4.1. The RET does not act fully as a protective filter against
microorganisms

Our observations show that the RET of soybean and pea affects the
behavior and access of the three microorganisms used in this study to the
root tip, but does not totally prevent them from passing through. The
RET, a structure known to protect the root tip (Driouich et al., 2021),
would therefore not act as an impenetrable barrier, but rather as a
physical and/or chemical filter that would modulate the access of
pathogenic or beneficial microorganisms to the root. To maintain a
healthy status, plants must sustain a balanced rhizosphere microbiota
(Hassan et al., 2019). At a local level, the RET likely contributes to this
balance by restricting the migration of microorganisms toward the root
tip through the production of a complex matrix that limits their

movement. Being a vulnerable zone essential to development of the root
and, consequently the entire plant, the root tip requires an efficient
protection. Similarly to the gut microbiota, achieving a balance among
different microbial communities, including beneficial ones, is crucial to
ensure the organism’s health and prevent dysbiosis (Das and Nair, 2019;
Fassarella et al., 2021). However, in addition to RET and its components,
other root secretions would also contribute to the observed effects on the
behavior of the microorganisms during their interaction with the root
tip. A model summarizing these effects is presented in Fig. 4.

The two bacteria do not have the same distribution profiles around
the RET. Pseudomonas fluorescens accumulates around the RET, creating
a counter-coloration that appears to delineate the network. On the
surface of the RET, some bacteria form aggregates, while others remain
mobile and seem unaffected. Among the latter, some managed to slip
inside the network and had a reduced speed (Fig. 4). Unfortunately,
measurements of speed and trajectory could not be carried out on this
bacterium because of its small size (rod-shaped, about 1-3 pm long)
(Aponte et al., 2017; Ito et al., 2007). Nevertheless, even in the absence
of quantitative data, it is possible to suggest that RET has a filtering
effect on this microorganism, reducing the number of bacteria reaching
the root tip, although it is a beneficial bacterium.

Bacillus subtilis, (rod-shaped, about 2-6 pm long) (Liu et al., 2022)
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also undergoes a filtering effect with a reduction in the number of
bacteria reaching the root tip in three distinct steps (Fig. 4). Indeed, an
initial change in B. subtilis behavior occurs quite far from the root tip
(100 pm to > 500 pm), leading locally to a marked increase in bacterial
density, but without visibly affecting bacterial speed. Surprisingly, this
accumulation of bacteria occurs quite far from the RET and therefore
cannot be explained by direct interactions with the network. The
downstream zone is much less dense, confirming that they are hindered
in their progress towards the RET. In contact with the root tip and
AC-DCs, the motility of B. subtilis decreases considerably, or even come
to a complete standstill. Also, the bacteria exhibit short and compacted
trajectories or form aggregates.

Phytophthora parasitica zoospores have a kidney-shaped cell body of
about 10 pm in diameter and are more sterically hindered compared to
bacteria (Mitchell et al., 2002; Tran et al., 2022). Despite this, the
zoospores manage to penetrate the RET of soybean and pea, where some
encyst (Fig. 4). The speed of zoospores closest to the root tip decreases
by a factor of four compared with the speeds observed at the periphery
of the well, and by a factor of nine compared with the zoospores alone.
The length and shape of the trajectories confirm these observations,
since they are shorter and more curved in the presence of the root,
especially inside the RET. Unlike B. subtilis, the presence of the root tip
affects the movement of all zoospores, even those farthest away,
reducing their speed to half that of the zoospores alone.

The present work characterized for the first time the effect of the
RET, on the speeds and trajectories of B. subtilis and P. parasitica zoo-
spores. Gochnauer et al. (1990) and Shirakawa et al. (2023) have shown
a difference in motility when microorganisms are inside the RET, but to
our knowledge no study has quantified the impact of the network on
microbial movement.

How can these differences in behavior be explained ? The simplest
hypothesis would be a steric exclusion phenomenon due to the mesh size
of the reticulated network formed by the RET polymers (Tran et al.,
2016; Ropitaux et al., 2020; Shirakawa et al., 2023). But, the RET
filtering effect observed for the two bacteria cannot be due to this simple
mechanism, as the zoospores of P. parasitica, which are bulkier than the

bacteria, do not undergo this effect. In addition, the first impact of the
presence of the root tip on the behavior of B. subtilis (bacterial accu-
mulation followed by a drop in bacterial density) and P. parasitica (drop
in movement speed and change in trajectories) appear in areas relatively
far from the root tip and, probably, from the RET. On the other hand, the
RET is most likely not homogeneous, that there are several levels of
cross-linking and that “tunnels and walls” run through it, forming a sort
of labyrinth. These super-structural “tunnels” could form wide, favor-
able “roads” for the circulation of microorganisms inside the RET.
However, the walls of these “tunnels”, particularly those woven from
polysaccharide fibers, are favorable surfaces for interactions with
circulating microorganisms. Tan et al. (2016) observed that certain wall
components such as pectins and xyloglucan, have an impact on the
attachment of bacteria such as Salmonella enterica and Listeria mono-
cytogenes to plant cell walls. They showed, for example, that the pres-
ence of pectins promotes the attachment of S. enterica to these surfaces,
but reduces that of L. monocytogenes. The authors support the idea that
this phenomenon is not solely linked to the physicochemical properties
of the bacterial surface or the hydrophobicity of the attachment surface,
but rather to the influence of polysaccharides on the physical and
structural properties of the latter. These interactions could be chemical,
electrostatic, hydrophobic and/or van der Waals (Berne et al., 2018). In
addition, RET density may vary with distance from the root tip as found
in seed mucilage and could allow microorganisms to penetrate the
network (Macquet et al., 2007; Voiniciuc et al., 2015).

4.2. Root secretions are important for root-microorganism interactions

Root exudates, largely involved in root-microorganism interactions,
permeate the RET and diffuse beyond it, generating specific or non-
specific microbial responses (Sugiyama, 2019; Tian et al., 2020; Feng
et al., 2021). We therefore propose to explain our data by the combined
action of i) the complex network formed by the RET and ii) a gradient of
root secretions (i.e., root exudates and polymers, alone or in combina-
tion, derived from the RET) (Fig. 4).

In the proposed model, P. parasitica zoospores appear to be very
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sensitive to the gradient of root secretions as their movement is strongly
affected. A particular concentration of root secretions (named [RS]y,)
would further increase this impact on speed and trajectories. The zoo-
spores then seem to reach and cross the RET without being slowed down
again by obstacles or interactions with the polysaccharides in the
“tunnels”, for instance. On the other hand, within the RET, they would
perceive chemical or mechanical signals that would cause them to
encyst rapidly. The density of zoospores remains constant in all zones,
but their premature encystment when crossing the RET would slow
down their pathogenic action and thus act as a decoy when the germi-
nation occurs at the surface of the AC-DCs (Goldberg et al., 1989).

B. subtilis modifies its behavior quite far from the root, at a concen-
tration of root secretions that we have named [RS], in our model and
which would be higher than that mentioned above for the zoospores
(Fig. 4). This bacterium accumulates at that site and, beyond it, the
filtering effect begins. However, as mentioned above, it is difficult to
assume that the mucilaginous network of the RET extends to that zone. It
is therefore conceivable that B. subtilis bacteria would encounter one or
more molecules in the gradient of root secretions in a sufficient quantity
to halt the progress of the majority of them, while a minority would
continue to move towards the root at the same speed. Near the root,
however, the speed of the bacteria drops and their trajectories are very
short. It is thus tempting to explain these observations by the numerous
interactions with organic molecules shaping the pathways within the
RET and a high concentration of nutrients provided by root exudates.
The aggregates observed on the surface of the root tip or AC-DCs
possibly correspond to the onset of biofilm formation.

The behavior of P. fluorescens is certainly the easiest to integrate into
the model. The bacteria move unhindered up the gradient of root se-
cretions, and then accumulate at a distance from the root tip which
would correspond to the surface of the RET. Numerous interactions
would therefore take place with this surface, leading to sporadic accu-
mulations of bacteria at this level, and even to the formation of aggre-
gates. A minority of bacteria penetrate the network and display a
reduced speed as a result of potential interactions with the RET and/or
the root exudates.

Furthermore, the phenomena of filtration, aggregation and encyst-
ment could be due to a different chemotactic responses of the different
microorganisms. Therefore, it is tempting to postulate that there is an
important effect of root secreted molecules that diffuse beyond the RET,
on the behavior of B. subtilis and P. parasitica zoospores (Fig. 4). Fang
et al. (2016) have shown that certain molecules present in rapeseed
exudates, such as benzothiazole and 4-methoxyindole, negatively affect
the motility of P. parasitica zoospores. However, it cannot be ruled out
that other mechanisms may influence the motility of microorganisms,
such as the viscoelastic properties of the external environment, as shown
by Schwanbeck et al. (2021) on Clostridioides difficile and Chaban et al.
(2018) on Wolinella succinogenes, Arcobacter butzleri, Salmonella enterica
and Campylobacter jejuni. In addition, microorganism-specific commu-
nication mechanisms, as well as factors such as pH, oxygen level, ions
could also play a role as described by Kasteel et al. (2023); Wong-Ng
et al. (2018); Laganenka et al. (2016) and Galiana et al. (2008). Galiana
et al. (2019) and Lupatelli et al. (2023) showed that a particular con-
centration of a potassium gradient induces P. parasitica zoospores ag-
gregation and their encystment.

4.3. The behavior of microorganisms is not plant species-specific

The microbial behaviors we observed are identical in the RET of pea
and soybean, although the composition of the mucilage is different
(Ropitaux et al., 2019, 2020). However, it is possible that the structural
heterogeneity of the networks and the size of “tunnels and walls” pro-
posed in our model are similar. One would have expected that in-
teractions with diffusible root secretions and/or with the “walls” in the
“labyrinth” would be different for each plant, but the molecules or as-
sociation of molecules responsible for the observed behaviors may be
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present in both Fabaceae species. It would be very interesting to apply
the methodological strategy developed in this work to other plant
models, such as grasses, which have a different RET composition than
the Fabaceae species (Nguyen et al., 2024).

Interestingly, some of the microbial behaviors we observed in the
present work have also been studied in certain plant species. In their
study Hawes and Pueppke (1987), showed a correlation between the
aggregation and filtration of Agrobacterium tumefaciens bacteria around
the AC-DCs of several plant species. In this way, AC-DCs from plants that
are not susceptible to the phytopathogenic bacterium form an exclusion
zone around them, limiting bacterial access and adhesion to plant cells.
A little later, the work of Gochnauer et al. (1990) on maize also illus-
trated the same filtration phenomenon, under different conditions, on
certain bacteria such as Rhizobium sp., Bacillus sp. and Escherichia coli,
while other bacteria such as P. fluorescens, Cytophaga sp. and Strepto-
myces sp. could reach the AC-DCs. The authors did not find any evidence
of bacterial aggregates under their conditions. This difference in
behavior between the different species could be attributed to their
different response and/or level of sensitivity to the chemical gradients
present around the root tip, which would influence their movement and
distribution.

The behavior of P. parasitica zoospores differs slightly from that
described by Fang et al. (2016) and is very different from that shown by
Ropitaux et al. (2020). The first authors showed that P. parasitica zoo-
spores are attracted to the oilseed rape root, accumulate and encyst at
the periphery of the root tip after only 5 min of incubation. Although the
authors did not mention the presence or absence of RET, examination of
their micrographs suggest that the zoospores could be filtered by the
network and the encyst on its surface.

The second authors observed that when in contact with the root tip of
soybean (cv. Castetis), P. parasitica zoospores were unable to penetrate
the network. Outside the RET, the behavior of almost all of them seemed
similar to that of the zoospores alone (Ropitaux et al., 2020). The au-
thors did not observe any accumulation at the edge of the observation
zone or any encystment of zoospores inside the network. On the con-
trary, the zoospores seemed to bounce off the RET, which is what we
have observed when zoospores were put into in contact with micro-
capillaries. However, when the zoospores managed to enter the
network, they lysed immediately. In the present study, cell lysis also
occurred although in a very limited number of cysts.

In a microfluidic study, Cohen et al. (2023) recently reported that
zoospores of P. parasitica detected the presence of the root tip of
A. thaliana at a distance of about 300 pm, with a consequent alteration in
their movement (drop in speed and increase in the proportion of curved
trajectories). Under the experimental conditions of that study, the RET
appeared to be scarce (only a few AC-DCs were observed) and the results
suggested that the reduction of the motility of zoospores was induced via
the perception of root exudates. On the other hand, the aggregation
phenomenon does not seem to be linked to the detection of a signal from
the root, but rather to a signal released by the zoospores themselves. Our
data on pea and soybean show that P. parasitica zoospores can detect
root secretions at a much greater distance (more than 3 mm). However,
given the plant species the size of the root tip was very different. In
addition, RET was very abundant in our conditions. Thus, the quantity
and the quality of the root secretions present in the gradient were
certainly greater in this case, which would explain this difference in
distance of perception by the zoospores. Finally, zoospores may have a
different sensitivity to the molecular cocktails released from the roots of
different plants.

4.4. RET mucilage may provide a favorable niche for microorganisms

We showed that despite the physical and/or chemical filtration of
microorganisms, some of them could penetrate the network. The for-
mation of aggregates on the surface and/or inside the RET suggests that
bacteria could begin a process of self-assembly to form biofilms. This
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suggests that bacteria could potentially colonize the network and thus
serve as a primary inoculum for the rhizosphere microbiota as the root
develops in the soil. However, within the RET, certain compounds are
known to have an antimicrobial effect and these include Pathogenesis-
Related (PR) proteins such as defensins, and ex DNA (Driouich et al.,
2021). Wen et al. (2009) and Tran et al. (2016) have shown that ex DNA
protects pea seedlings against Nectria haematococca and Ralstonia sol-
anacearum, thereby limiting root infection. Despite the presence of these
compounds with antimicrobial activity, we did not observe any signif-
icant cell lysis in either P. parasitica or B. subtilis, at least during the
initial observation period (less than 30 min). In the case of P. fluorescens,
this is more difficult to confirm by a simple observation because of its
small size. It would therefore be necessary to carry out other tests to
verify its viability. However, it cannot be ruled out that longer incuba-
tion times would have a negative impact on cell viability. In their study,
Shirakawa et al. (2023) also observed that the rhizobacteria were
trapped and immobilized by RET of Pinus densiflora and remained alive
even after 48 h of incubation. Therefore, we propose that, in addition to
playing a direct role in plant defense by restricting the access of mi-
croorganisms to the root tip, the RET may also act as an ecological niche
favorable to a controlled installation of microorganisms. These micro-
organisms could potentially contribute to the root tip defense, most
likely via the action of PGPR. Several studies provide support to this
hypothesis. For example, Knee et al. (2001) showed that Rhizobium
leguminosarum, Pseudomonas fluorescens and Burkholderia cepacia were
able to grow using pea mucilage efficiently as their sole carbon source.
Beauregard et al. (2013) demonstrated that wall glycomolecules such as
pectins, AGPs and xylans, which are also found in the RET, induce
biofilm formation in B. subtilis. The authors also showed that the bac-
terium can hydrolyze these molecules and use the sugars as a carbon
source, but also as a source for the production of exopolysaccharides,
which are involved in biofilm formation. Moreover, in their work,
Fourneau et al. (2024) demonstrated that P. fluorescens, B. subtilis and
Agzospirillum brasilense could grow and produce biomass using only root
exudates. Studies have also highlighted the novel presence of diazo-
trophic bacteria in the aerial mucilage of maize and Heterotis rotundifolia
(Deynze et al., 2018; Amicucci et al., 2019; Pang et al., 2023). This
mucilage provides a favorable microhabitat for these bacteria, which in
exchange allow atmospheric nitrogen fixation. Finally, in their study,
Nazari et al. (2022) showed that root mucilage shares physical and
chemical characteristics similar to the exopolysaccharides present in
bacterial biofilms, particularly in terms of viscosity and surface tension,
thus providing an environment similar to that of biofilms.

4.5. Root mucilage and intestinal mucus layer, a functional convergence?

Like the rhizosphere, the gut lumen contains many bacterial species
that form the gut microbiota (Mendes et al., 2013; Schroeder, 2019).
Parallels can be made between gut mucus and root mucilage, both in
composition and in their putative functions. Intestinal mucus is a
defensive barrier preventing the translocation of commensal and path-
ogenic microorganisms across the mucosal barrier, thereby protecting
the intestinal epithelium (Schroeder, 2019). Composed of glycans and
mainly mucin, the mucus, like RET mucilage, forms a protective layer
that covers the intestine, offering protection to the epithelial cells
against dehydration, digestion-related damage and pathogens (Sicard
et al., 2017; Driouich et al., 2021). For example, in the colon, mucus is
mainly composed of MUC2 mucins, produced by goblet cells and, like
seed mucilage, is composed of two distinct layers with different prop-
erties. The outer mucus, the less dense layer, allows bacteria to pass
through, while the inner layer, firmly attached to the calciform cells, is
denser than the outer layer and devoid of bacteria. This mucus forms a
physical barrier, that blocks the access of both beneficial and pathogenic
bacteria to the epithelium cells (Johansson et al., 2011; Johansson and
Hansson, 2016; Valibeknejad et al., 2023). Other studies also show that
the gut mucus significantly slows down flagellated bacteria and then
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traps them. Indeed, this protective barrier leads to a significant reduc-
tion in the efficiency of infection of mice by the pathogenic bacterium
Salmonella typhimurium, via trapping and immobilizing bacteria (Furter
et al., 2019).

These observations are in line with what we have observed in our
present study. Additionally, unlike the mucus in small intestinal, which
contains antimicrobial peptides that eliminate microorganisms upon
contact with epithelium, colon mucus produces peptides that bind and
aggregate bacteria. This aggregation inhibits bacterial extrusion by
blocking them due to their physical size, restricting their mobility, and
acting as both a chemical and physical filter. Interestingly, small pep-
tides (e.g, defensins) are also found in root mucilage and might perform
a similar role to those in colon mucus, leading to microbial aggregation
(Okumura et al., 2016; Sicard et al., 2017; Schroeder, 2019).

At the same time, intestinal mucus, like root mucilage, appears to
provide a favorable ecological niche for microorganisms. Mucins are
glycoproteins composed mainly of O-glycans (about 80% of their molar
mass) containing different sugars including galactose, N-acetylga-
lactosamine, N-acetylglucosamine and sialic acid (Schroeder, 2019).
Thanks to their hydrolytic enzymes, both pathogenic and commensal
bacteria are able to use mucin as a nutrient source (Desai et al., 2016;
Sicard et al., 2017). The root mucilage is also a sugar-rich component
that serves as a reservoir of nutrients for bacteria (Knee et al., 2001). In
many ways, the gut and rhizosphere microbiota have a number of sim-
ilarities that deserves further research.

Our findings suggest that, in soybean and pea, RET acts not as an
impassable barrier, but as a protective filter regulating microorganism
behavior around the root tip. It controls the access of microorganisms
(pathogenic or beneficial) to the root tip by limiting their density and/or
modifying their motility (i.e., speeds and trajectories). It is also possible
to consider the RET as a receptacle, or even a micro-niche, for microbial
communities whose equilibrium would be finely controlled by the root
tip. The RET could thus constitute a microbial reservoir which would
facilitate colonization of the rhizosphere as the root grows and develops
within the soil.
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