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e Plant growth-promoting rhizobacteria are involved in altering secondary root (SR) forma-
tion, but hitherto there has been no distinction between the different types of SRs upon
induction of soil biota, and the genetic pathways involved.

¢ By using plate and soil systems, we studied the effects of the Pseudomonas strains CM11
and WCS417 on plant performance with a focus on root development. Through a combina-
tion of cellular, molecular and genetic analyses, we investigated the type of SRs induced upon
CM11 and WCS417 root inoculation using genetic pathways associated with specific SR
types.

¢ CM11 was shown to affect the root architecture differently from WCS417. CM11 inocula-
tion leads to primary root arrest, whereas WCS417 reveals a longer primary root. Both CM11
and WCS417 activate the PLETHORA 3,5,7-controlled lateral root pathway, rather than the
WUSCHEL-RELATED HOMEOBOX 11,12-controlled adventitious (lateral) root pathway. In
addition, CM11 promotes plant growth in model and various crop species. It improves plant
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fitness traits, such as bigger shoots, faster bolting and higher yield in terms of seeds.
e Our results indicate that the root system architecture can be promoted by activation of
PLETHORA 3,5,7 dependent primed lateral pre-branch sites upon inoculation with CM11,

which creates great potential to gain a better understanding of root plasticity.

Introduction

Plants roots are colonized by an enormous number of microor-
ganisms that can have profound effects on, for example, plant
growth and development, nutrient uptake, conferring tolerance
to abiotic stress and suppression of diseases (Philippot ezal,
2013). The microorganisms that are in contact with the plant are
collectively referred to as the plant microbiome (Mendes ez al.,
2013). The microbiome composition of the rhizosphere, which is
a narrow zone surrounding plant roots, is different from that of
bulk soil (Kuzyakov, 2002). It has been proposed that the rhizo-
sphere microbiome can be modulated by plants to enrich benefi-
cial microorganisms (Cook ezal, 1995; Mendes etal., 2013;
Huang ez al., 2019; Song et al., 2021). This is supported by the
characterization of several rhizosphere bacteria that have been
well documented for their beneficial effects on plant growth and
health (Berendsen et al., 2012; Lakshmanan ez al., 2014; Tkacz &
Poole, 2015). In the model plant Arabidopsis, it has been shown
that plant growth-promoting rhizobacteria (PGPR), for example
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Bacillus, Pseudomonas and Phyllobacteria strains, can alter the root
system by producing volatile and secondary metabolites, or by
affecting phytohormone homeostasis and/or signaling, (Zhang
etal, 2007; Contesto etal., 2010; Ortiz-Castro etal, 2011;
Zamioudis eral., 2013; Cheng etal., 2017; Kudoyarova eral.,
2019; Dahmani eral, 2020; Jiménez-Vazquez eral, 2020; Li
etal,2021).

The root system of dicotyledons, for example in Arabidopsis,
is composed of a primary root (PR) that is formed during
embryogenesis and several types of side roots that are formed
post-embryonically and can be classified further depending on
the tissue which they branch from (Scheres ez 4/, 1994; Casimiro
etal., 2003; Verstraeten etal., 2014). Side roots can be subdi-
vided into secondary roots (SRs) that branch from the PR, higher
order roots, or adventitious roots that formed from nonroot tis-
sues. SRs can be further subdivided in lateral roots (LRs) and
adventitious lateral roots (adLRs) (Bellini eral, 2014; Sheng
etal., 2017; Ge etal., 2019; Motte etal., 2019). Side roots are
morphologically undistinguishable from the PR. They are both
maintained by the stem cell niche composed of a quiescent center
(QC) and its surrounding stem cells that will form different tissue
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layers (Dolan ezal., 1993; van den Berg eral., 1997; Bennett &
Scheres, 2010; Torres-Martinez et al., 2019; Pardal & Heidstra,
2021). LRs originate from a subset of xylem pole associated peri-
cycle cells, which are primed by temporal oscillations in auxin
signaling that correlates with cell growth in the root meristem
(Laskowski ezal., 1995; Dubrovsky ez al., 2000; Beeckman ez 4l.,
2001; Dubrovsky et al., 2008; Dubrovsky & Rost, 2012; Beeck-
man & De Smet, 2014; van den Berg eral, 2021). In these
primed cells, auxin can activate the plant-specific AP2 transcrip-
tion factors PLETHORA (PLT) 3, PLT 5, and PLT 7. These
PLTs are essential for subsequent LR initiation, emergence and
spacing of LR primordia (Hofhuis ezal, 2013; Du & Scheres,
2017, 2018). In response to wounding or other environmental
signals, Arabidopsis activates the adventitious rooting pathway to
produce another class of side roots, adLRs or ARs (Geiss ezal.,
2009; Sheng eral., 2017; Karlova eral, 2021). adLRs are not
primed in the root meristem, but are initiated de novo between
LRs in a non-acropetal sequence (Sheng ezal, 2017). In adLR
and AR, auxin promotes the fate transition of the de novo root
founder pericycle cells by upregulating the expression of
WUSCHEL-RELATED HOMEOBOX 11 (WOX11I) and the par-
tially redundant WOXI2 to initiate adventitious root primordia
(Liu ez al., 2014; Sheng ez al., 2017; Xu, 2018).

The well-known PGPR Pseudomonas simiae WCS417 and
Bacillus amyloliquefaciens SQR9, have been shown to be able to
induce SR formation (Sukumar etal, 2013; Zamioudis etal.,
2013; Verbon & Liberman, 2016; Li ezal, 2021). Although it
has been demonstrated that these PGPR can induce the forma-
tion of SRs, it has not yet been reported what kind of SRs are
induced and which genetic pathways are involved. Furthermore,
certain rhizobacteria are capable of modulating the root system
architecture and significantly impact aboveground plant growth
(Zamioudis eral., 2013; Jiménez-Vazquez ezal., 2020; Li eral.,
2021), which is a highly desirable trait for obtaining more efh-
cient and sustainable plant growth.

Recent studies on the rhizosphere of various crops confirm the
frequent occurrence of species belonging to the Pseudomonas
genus, and which can represent a source of PGPR (Ofek ezal,
2014; Walters ez al., 2018; Chiniquy et al., 2021). Previously, we
have shown that Pseudomonas spp. formed the most abundant
OTU (operational taxonomic unit) in the rhizosphere of a long-
living tree, Castanea mollissima (CM). Eleven Pseudomonas strains
(CMI to 11) belonging to this OTU were isolated and the
CMI11 strain was > 50-fold more abundant than the other indi-
vidual strains. CM11 induces plant growth promotion of Ara-
bidopsis seedlings (Cheng ez al., 2020).

Here, we studied the CM1-CM11 strains and selected the
CM11 strain based on its enhancement of plant performance.
We compared the effects of the CMI11 strain to those of the
WCS417 strain with a focus on root development by using dif-
ferent growing conditions. Through a combination of cellular,
molecular, and genetic analysis, we show what type of SRs are
induced by CM11 and WCS417. These new insights into an
apparent diversity in induction mechanisms provide a stepping
stone for the application potential of combinations of PGPR for
crop improvement.
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Materials and Methods

Plant material and growth conditions

Arabidopsis thaliana L. cv Columbia-0 (Col0) was used as wild-
type (WT). For lettuce (Lactuca sativa L. cv ‘beisansheng no. 4’)
and for tomato (Solanum lycopersicum L. cv ‘Ailsa Craig’), seeds
were used. The Arabidopsis mutants used were the following,
pl3pltsplt7  (Hothuis eral, 2013), woxllwoxI2 (woxlI-2
(SALK_004777), wox12-1 (SALK 087882) (Alonso etal.,
2003)). Reporter lines used were pCYCBI;1::GFP (Ubeda-
Tomas eral., 2009), pSCR::SCR::GFP (Heidstra eral., 2004),
pWOX5::GFP (Haecker etal., 2004), pPLT7:GUS (Hothuis
etal., 2013), pWOXI11::GUS and 35S::WOX11-SRDX (Liu et al.,
2014) and DR5::vYFP (Benkova et al., 2003).

Arabidopsis seeds were surface-sterilized with 5% (v/v) sodium
hypochlorite. Sterile seeds were sown on plates containing 50 ml
V5 Murashige & Skoog (MS) medium supplemented with 5 g1~
sucrose or not. After 2 d of stratification, plates were positioned
vertically in a growth chamber under a long-day photoperiod
(16 h: 8 h, light : dark, relative humidity 60%) at 22°C (Willem-
sen et al., 1998). Lettuce and tomato seedlings both were grown
on ¥2MS medium with 5 g 17" sucrose under the same conditions
as Arabidopsis seedlings, the only difference being that tomato
was growing at 25°C.

Plant—bacteria co-cultivation

Bacterial strains used for the experiments were Pseudomonas
simiae WCS417 and Pseudomonas Castanea mollissima (CM)
strain 1-11 (Zamioudis ezal, 2013; Cheng etal., 2020). Indi-
vidual Pseudomonas strains were cultured in liquid King’s B
medium (KB) for 12h as described in Cheng eral (2020).
Bacterial cells were centrifuged, washed and re-suspended in
10mM MgSO4 and adjusted to a final density of
10° CFU ml™! (ODggo = 1.0).

For the plate experiment, each Arabidopsis seedling was inocu-
lated at the same position with 2-ul suspensions containing a sin-
gle strain or a combination (1:1, v/v), or with 2l 10 mM
MgSOy as mock or with heat-inactivated (5 min 100°C) CM11
bacteria (Supporting Information Fig. S1b,c), and co-cultivated
for the indicated duration. Each lettuce and tomato seedlings was
inoculated at the root tip with 5-ul CM11 suspensions, or with
5-pl 10 mM MgSOy as a mock.

For pot experiment, 7 d post-germination (dpg) Arabidopsis
seedlings (one seedling per pot), or 10 dpg lettuce and tomato
seedlings (10 seedlings per box) were transferred to containers
carrying vermiculite : soil mixture (1:1, v/v) that was auto-
claved twice for 120 min at 120°C with an interval of 24 h.
Immediately after transplanting, the soil was inoculated with
50 ml bacterial suspension (10°CFUml™") or with 50ml
10 mM MgSOy as a mock. Plants were grown in the growth
chamber and periodically watered to maintain a 50-60% soil
humidity. For each treatment, three independent experiments
were carried out and for each experiment >10 plants were
used.

© 2022 The Authors
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Growth phenotype analyses

The inoculation sites were marked at the positions of plant
root tip when the inoculated. After co-
cultivation of seedlings with bacteria for an indicated dura-
tion on agar plates, digital images (600 dpi) of Arabidopsis,

plants  were

lettuce and tomato seedlings were captured using an Expres-
sion 12000XL Photo Scanner system (Epson, Nagano,
Japan). The length of the PR below the inoculation point
was quantified with the IMAGE] analysis program v.1.52a
(Hartig, 2013).

The number of emerged SR (> 0.5 mm) was counted from the
high-resolution images scanned produced by the experiment
described above. Because the CM11-treated plants harbor a
much shorter PR, we could only count the SR numbers above
the inoculation sites. The nonemerged SR called LR primordia
initiation (LRI) or adLR primordia initiation (adLRI) were quan-
tified using pPLT7::GUS or pWOXI1::GUS lines at 2 dpi, respec-
tively (GUS, B-glucuronidase).

The meristem length and cell number in the root meristem
were determined by counting cortical cells from the QC cells to
the first elongated cortical cell at 5 dpi. The size of fully differen-
tiated cells was determined by measuring the length of cortical
cells in the differentiation zone.

For Arabidopsis root hair observation, digital images were
obtained from the PR segment located above the root tip with a
microscope at magnification x12.5 (Zeiss).

For FW measurements of Arabidopsis, lettuce and tomato, the
shoot and the root of seedlings were cut at the junction between
root and shoot. Directly after cutting, the FWs of shoot and root
were measured.

Leaves of 10 Arabidopsis pot seedlings per treatment were
imaged using an Expression 12000XL Photo Scanner system
(Epson). Leaf areas per plant were measured using IMAGE] v.1.52a
(Hartig, 2013).

In order to evaluate the effect of CM11 on plant fitness in soil,
the bolting time was determined by the date that the first-
developed flower meristem was separated from the rest of the
rosette by at least a few mm.

Plant height was measured with a ruler on the day that the first
silique and its petiole was dry and yellow. Plants were harvested
at least one month after their drying date, when all siliques were
dry. The number of seeds was calculated by counting and weigh-
ing a sample of 100 seeds; weight of 100 seeds/100 = weight per
seed and weighing the total amount of seed per plant/weight per
seed = no. of seeds per plant.

The digital images displaying phenotypes of 100 dry seed per
treatment were acquired via stereomicroscopy (Zeiss). Seed sizes
were measured using IMAGE] v.1.52a (Hartig, 2013).

Mature seeds of mock and CM11-inoculated plants were har-
vested on the same day. Surface-sterilized seeds were plated on
the medium described above, stratified and then transferred to
the growth chamber described above. The percentage of seeds
with radicle emergence (germination) was calculated at 5 d after
stratification. One hundred seeds per treatment were performed
with three biological replicates.

© 2022 The Authors
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Microscopy and histology

Part of the confocal images were acquired using a SP8 confocal
laser scanning microscope (Leica). Fresh transgenic roots were
mounted on slides with 10 pM propidium iodide for cell outline
staining. Green and yellow fluorescent protein (GFP and YFP)
were detected with an excitation wavelength of 488 nm and pro-
pidium iodide was detected with an excitation wavelength of
543 nm. To visualize amyloplast in columella cells, mPS-PI stain-
ing was performed according to Truernit ez a/. (2008).

The meristem length was visualized by SCRI staining using
the LSM 710 (Zeiss) with 405 nm laser (Kerstens ez al., 2020).

B-glucuronidase activity was visualized after incubation of
transgenic plants for 3h at 37°C in a GUS reaction buffer
(Willemsen et al., 1998). Then roots were mounted on slides in
chloral hydrate solution (8 chloralhydrate:3 H,O: 1 glycerol)
and analyzed under an Axio Imager Al microscope (Zeiss) with
Nomarski optics (Willemsen ez al., 1998).

GFP labeling and CM11 colonization

The CM11 strain was labeled with the GFP that was driven by
lac promoter (Py,.::GFPIpBBRIMCS-2) according to Li eral.
(2017). Seven-day-old Arabidopsis seedlings grown on plates
were inoculated at corresponding positions with 2-pl suspension
containing CM11-GFP or 2-pl 10 mM MgSOy as a mock. The
roots were imaged at 1 dpi by confocal laser scanning microscope
as described above.

Results

Colonization by CM strains affects plant growth in
Arabidopsis

In order to test whether the 1 different Pseudomonas CM strains,
recently identified by Cheng eral (2020), play a role in plant
growth, Arabidopsis WT seedlings were grown on agar plates and
at 7 d post-germination (dpg) inoculated with the individual
strains at the root tip. At 10 dpi, a strong reduction of PR growth
was observed in all 11 CM inoculated plants, compared with the
mock (Figs la,b, Sla). Inoculation of heat-inactivated (dead)
CM11 could not suppress PR growth (Fig. S1b,c). Additionally,
all plants inoculated with the 11 CM strains developed more SRs,
but it was striking that the SRs of the CM6-10 inoculated plants
stayed very short compared with those emerged from CM11 and
CMI1-5 inoculated plants, as well as the mock (Figs 1a,c, S1a).
Besides the effect on root architecture, we observed an
increased root and shoot size in CM11- and CM5-treated plants
(Fig. 1a). To quantify the effect of the 11 CM strains on root and
shoot biomass, we measured the FW of roots and shoots at
10 dpi. A significant difference in root and shoot FW was present
between CM11 and CMS5 inoculated and mock inoculated
plants. Root FW of CM11 and CMS5 inoculated plants was
increased 2.5- and 1.9-fold, respectively, compared to the mock
(Fig. 1d). Correspondingly, an increase of 1.9-fold for CM11
and 1.5-fold for CM5 was observed for shoot FW. CM1—4 only
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Fig. 1 Inoculation of Pseudomonas spp.
strains CM1-CM11 affects plant growth.

(a) Representative images of Arabidopsis
wild-type (WT) seedlings growing on %2
Murashige & Skoog (MS) agar plates with
CM1-CM11 strains or mock. Closed
arrowheads, inoculation sites; open
arrowheads, tips of primary roots (PRs). Bar,
1 cm. (b—c) Quantification of PR length
(newly grown PR below the inoculation sites,
b) and number of emerged secondary roots
(SRs) (emerged SRs above the inoculation
sites, ¢) in mock and CM1-CM11 inoculated
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slightly increased the root and shoot FW. By contrast, CM6-10
showed a decrease in both root and shoot FW (Fig. 1d,e). Of the
different strains, CM11 showed the strongest increase in SR
number, root and shoot biomass production. In the following
experiments, we selected this strain for in depth analysis.

Beneficial Pseudomonas strains CM11 and WCS417 alter
root architecture

The previously identified PGPR model strain Psendomonas simiae
WCS417 also inhibits PR elongation and promotes SR formation
of Arabidopsis seedlings grown on agar plates (Zamioudis etal,
2013). This resembles the phenotype upon inoculation with CM11.
In addition, recently it has been shown that WCS417 mainly colo-
nize root tips (Pieterse eral, 2021), and by using CM11 strain
expressing GFP (CM11-GFP) inoculated on root tips, hypocotyl
and whole roots, we observed that CM11 showed the same root tip
colonization pattern (Figs 2a, S2a). Then we asked whether CM11
alters root architecture in the same way as WCS417.

In order to study this we inoculated an equal amount of CM11

or WCS417 on 7dpg seedling root tips growing on 2MS
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plants. (d—e) Root (d) and shoot (e) FW
production per Arabidopsis seedling with the
indicated bacterial strains or mock. In all
cases, 7-d-old seedlings were inoculated with
a mock or CM1-CM11 bacterial suspensions at
the root tip and grown 10 d post-inoculation
(dpi). Box plots in (b) and (c) indicate the
lower and upper quartiles, bars represent the
maximum and minimum values. The line in
the box indicates the median. Data in (d) and
(e) represent mean = SD of three biological
replicates, each consisting of eight seedlings.
Different letters indicate statistically
significant differences (LSD and Tukey's
honestly significant difference (HSD) tests;
P<0.05).

CM11

CM11

o
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medium without sugar, and compared the growth response with
that of the mock. PR growth was reduced upon CM11 inocula-
tion, whereas WCS417 significantly increased PR growth
(Figs 2b,c, S2b). Both strains induced more SRs than the mock,
but CM11 resulted in the highest number of SRs compared to
the mock treatment (Figs 2b,d, S2b). To create an ‘ideal’ root sys-
tem that would root deeper — as has been found with WCS417
inoculation — and has a higher SR density — as has been seen in
CM11 inoculated roots — we co-inoculated CM11 and WCS417
(Co-inoc). Inoculation of WT seedlings roots with the Co-inoc
resulted in an intermediate root phenotype: a longer PR than
CM11 and mock inoculated roots, but a shorter PR compared to
WCS417 inoculated roots; and more SRs than both the mock
and the WCS417 inoculated roots, but fewer SRs than in CM11
inoculated roots (Figs 2b—d, S2b). Together, these data demon-
strate that CM11 and WCS417 differently affect PR growth and
SR initiation.

It is noteworthy that WCS417 was reported to repress PR
growth (Zamioudis eral, 2013), which contradicts with our
study. This might be caused by the differences in inoculating
position (at root tips or at 5cm below the root tips) and/or

© 2022 The Authors
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Fig.2 CM11 and WCS417 play additive roles
in plant growth promotion. (a) Colonization
of CM11 in the rhizosphere of Arabidopsis
seedlings grown on plates. 7-d-old seedlings
were inoculated with CM11-GFP bacterial
suspensions at the root tip and grown 1d
post-inoculation (dpi). Red, propidium
iodide; green, green fluorescent protein
(GFP). (b) Representative images of seedlings
growing on %2 Murashige & Skoog (MS) agar
plates with CM11, WCS417 and
CM11+WCS417 (Co-inoc) or mock. Closed
arrowheads, inoculation sites; open
arrowheads, root tips of primary root (PR).
(c—d) Quantification of PR length (newly
grown PR below the inoculation sites, c) and
number of emerged secondary roots (SRs)
(emerged SRs above the inoculation sites, d)
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in mock and bacteria inoculated plants. (e—f)
Root (e) and shoot (f) FW production per
Arabidopsis seedling with the indicated
bacterial strains or mock. In (b—f), 7-d-old
seedlings were inoculated with mock or 9
bacterial suspensions at the root tip and
grown 10 dpi. Box plots in (c—d) indicate the
lower and upper quartiles, bars represent the
maximum and minimum values. The line in
the box indicates the median. Data in (e—f)
represent mean =+ SD of three biological
replicates, each consisting of eight seedlings.
Different letters indicate statistically
significant differences (LSD and Tukey's
honestly significant difference (HSD) tests;

P <0.05). Bars: (a) 100 um; (b) 1 cm.
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growth medium (with sugar or without sugar) between the two
studies. We compared the effect of CM11 and WCS417 inocula-
tion — with equal amounts (10° CFU ml™Y) of bacteria — on 4-d-
old Arabidopsis root architecture alteration under these different
conditions. When the Arabidopsis seedlings were growing on
1AMS medium containing sugar, we showed that inoculation of
WCS417 either at root tips or at 5 cm below root tips both inhib-
ited PR growth, the latter inoculation position as well as the
growing condition are consistent with the previous study and
showed the same result (Zamioudis ezal, 2013). CM11 only
inhibited PR growth when it was inoculated at root tips, but not
at 5 cm below root tips (Fig. S2¢). Inoculation of WCS417 or
CMI11 at the two positions both induced SRs formation
(Fig. S2d).
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When the Arabidopsis seedlings were grown on ¥2MS medium
without sugar, inoculation of CM11 at root tips inhibited the PR
growth, whereas this did not occur when inoculation was at 5 cm
below root tips. Inoculation of WCS417 did not show an obvi-
ous difference in PR growth between the two inoculation posi-
tions on ¥2MS (Fig. S2¢). SR formation was induced when
CM11 or WCS417 were inoculated at the root tips, this was not
observed when the inoculation was done 5 cm below root tips
(Fig. S2d). Similar results on PR growth and SR formation were
obtained by Desrut ez al. (2020), where WT seedlings grown on
1AMS medium without sugar were inoculated at 1 cm below the
shoot—root junction with WCS417. These data demonstrate that
the effect of WCS417 and CMI11 on root architecture is

environment- or system-dependent.
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Natural interactions occur in a sugar-limited environment and
to minimize the amount of additions to the medium, but main-
taining the same effect on root architecture for CM11, the sugar-
free 2MS medium was chosen as growing medium for further
experiments.

In addition to the alterations in root architecture, inoculation
with CM11, WCS417 or the Co-inoc at the root tip increased
the root FW (Fig. 2e) and shoot FW compared to the mock
(Fig. 2f). The additive role of CM11 and WCS417 in plant
biomass promotion, observed in the Co-inoc, together with the
variation in the root architecture phenotypes, demonstrate that
the two Pseudomonas strains CM11 and WCS417 affect plant
growth promotion differently.

CM11 inoculation causes loss of the stem cell niche in
primary roots

CM11 inoculation induced a reduction of the PR length different
from WCS417 inoculation. To unravel the effect of CM11 inocula-
tion on the kinetics of root growth, root growth was analyzed over
time. Within the first 24 h post-inoculation, PR length was indistin-
guishable between CM11 inoculated seedlings and mock seedlings.
However, a reduction in PR length after 24 h resulting in later
growth arrest was observed in CM11 inoculated seedlings, whereas
mock plants did not show a reduction in PR growth (Fig. S3a).

In order to test the possibility that the reduction of root length
in CM11 inoculated seedlings was due to effects on reduced
meristem activity, cell division or cell elongation, the meristem
length, cell numbers and length of differentiated cells were
assessed, respectively. The meristem of 5 dpi roots was analyzed
by measuring the length and counting the number of cortical
cells, starting from the QC up to the first expanding cortical cell.
The meristem length and the number of cells were significantly
lower (39% and 49% of the mock, respectively), correlating with
a slightly smaller meristematic cell size (89% of the mock) in
CM11 inoculated roots compared to the mock roots (Figs 3a,b,
S3b). The same measurements were done for WCS417 and Co-
inoc inoculated roots. Comparing these results to the meristems
of CM11 and mock inoculated roots showed that WCS417, as
well as Co-inoc have an increased meristem length correlating
with an increase in the number of meristematic cells at 5 dpi
(Figs 3a,b, S3b). Furthermore, loss of meristem activity in CM11
inoculated roots was confirmed by the lack of expression of the
G2/M cell cycle reporter pCYCBI,1::GFP in 3 dpi CM11 inocu-
lated roots, whereas this reporter showed a patchy expression pat-
tern in mock roots (Fig. 3d,e) (Ubeda-Tomas ezal., 2009). To
analyze whether the reduction of the PR length by CM11 inocu-
lation was caused solely by a reduction of meristem activity, sizes
of 10 cortical cells above the meristem of 10 individual seedlings
were determined. A reduction of 0.35-fold in CM11 inoculated
roots compared to the mock inoculated roots at 3 dpi was
observed (Fig. 3c). However, WCS417 inoculation did not affect
the mature cortical cell size (Fig. S3h). These results indicate that
besides the effect on the meristem size caused by reduced cell
divisions, CM11 also affects elongation of differentiating root

cells, different from WCS417.
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Root hairs normally are formed on differentiated epidermal
cells above the meristem and this landmark can be used to con-
firm the root meristem length (Grierson & Schiefelbein, 2002).
In CM11 inoculated roots, the root hairs are present in higher
density and emerge closer to the root tip (Fig. S3¢). This supports
the observation of the loss of the elongation zone and the reduced
activity of the meristematic zone.

The stem cell niche is a source for meristematic cells (van den
Berg eral, 1997). The loss of stem cell maintenance could
account for a reduction in meristem size and thereafter affect the
PR length. To investigate the maintenance of the stem cell niche,
the reporter lines pSCR::SCR::GFP marking the endodermis and
the QC, and pWOX5::GFP marking the QC were used. At 3 dpi
a reduction in SCR expression and an extended expression of
pWOX5::GFP in divided QC layers were observed (Fig. 3fi). At
5 dpi, the root meristem had ‘collapsed’ and expression of pSCR::
SCR::GFPand pWOX5::GFP was absent (Fig. S3d—g). Columella
stem cells divide and form a new stem cell and a daughter cell
that differentiates and can be shown by amyloplast staining (van
den Berg eral, 1995, 1997). To analyze columella stem cell
maintenance, mPS-PI staining was used (Truernit ezal., 2008).
The staining showed that the columella stem cells were still pre-
sent at 3 dpi, but compared to the mock the amount of amylo-
plast in columella cells was markedly reduced upon CMI11
inoculation (Fig. 3j,k).

In order to maintain the stem cell niche an auxin maximum is
required. Alteration in the auxin maximum reflected by DR5::
vYFP was studied after CM11 inoculation. The DR5::vYFP
expression was reduced starting from 1dpi and was hardly
detected at 3 dpi (Fig. 31-0), whereas a normal DR5:vYFP
expression was seen upon WCS417 inoculation at 2 dpi
(Fig. S3i—j). The loss of the auxin maximum before the differenti-
ation of the columella stem cells and the absence of pWOX5::
GFP expression in the stem cell niche, indicate that the loss of
the auxin maximum is the primary cause of the disturbance of
the stem cell niche and not caused by the loss of the stem cell
niche that would disturb the auxin reflux loop. Taken together,
these data indicate that the loss of the stem cell niche and the
decline of cell divisions and elongation account for the observed
CM11 mediated arrest of the PR growth.

CM11 induces the PLT3PLT5PLT7-mediated LR pathway

The root system architecture in Arabidopsis is formed by SRs
that can be divided into LR, adLR and ARs (Bellini ez al, 2014;
Sheng ez al., 2017; Ge etal., 2019; Motte et al., 2019). To deter-
mine the nature of the induced SRs by CM11 inoculation, we
studied the root system architecture using high resolution scans
of the plt3plt5plt7 triple mutant, in which the LR formation is
severely compromised, and the woxIIwoxI12 double and 35S::
WOX11-SRDX mutants, that are defective in adLR and AR for-
mation, compared with the WT (Liu ez al, 2014; Du & Scheres,
2017; Sheng eral., 2017). In the ple3plt5plt7 mutant inoculated
with CM11, no emerged SR were observed at 7 dpi (Figs 4a,b,
S4a). By contrast, in woxllwox12 and 35S8:WOXI1-SRDX

mutants a significant increase in the SR number was observed
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Fig. 3 Effects of CM11 on primary root development of Arabidopsis. (a, b) Root meristem length (a) and cell numbers (b) of Arabidopsis seedlings
inoculated with CM11, WCS417 and CM11+WCS417 (Co-inoc) bacteria or mock. Data represent mean + SD of four biological replicates, each consisting
of five seedlings; (c) Cortical cell size in the differentiation zone of mock and CM11 inoculated roots. Data represent means + SD of 10 individual seedlings.
In (a—c), 4-d-old seedlings were inoculated at the root tip and grown 5 d post-inoculation (dpi) in (a) and (b), or 3 dpi in (c). Different letters indicate statisti-
cally significant differences (LSD and Tukey's honestly significant difference (HSD) tests; P <0.05). (d—e) Representative confocal images showing the
expression patterns of the cell cycling reporter pCYCB1,7::GFP in roots under mock (d) and CM11 inoculated conditions (e) (GFP, green fluorescent pro-
tein). (f-g) Representative confocal images showing the expression pattern of the endodermis/quiescent center (QC) localized reporter pSCR::SCR::GFP
under mock (f) and CM11 inoculated conditions (g). (h-i) Representative confocal images showing the expression patterns of the QC-localized reporter
pWOX5::GFP under mock (h) and CM11-inoculated conditions (i). (j—k) mPS-PI stained root tips show the absence of amyloplasts in the columella stem cell
layer (orange arrows) in mock (j) and CM11 inoculated conditions (k); (I-o) Effects of CM11 on auxin distribution in the Arabidopsis root tips. Representa-
tive confocal images of DR5::vYFP expression in the Arabidopsis root tip of mock (I) and CM11 inoculated conditions at 1 (m), 2 (n) and 3 (o) dpi (YFP,
yellow fluorescent protein). In (d-o), 4-d-old seedlings were inoculated with mock or CM11 bacterial suspensions at the root tip and confocal images were
captured at 3 dpi (d-k) or at the indicated time (I-0). All imaging experiments were repeated twice and showed similar results. Bar: (d—o) 50 pm.

after 7 dpi, comparable to the increase observed after CM11 (Figs 4c, S4b,c). Compared with the mock, CM11 significantly
inoculation on WT roots (Figs 4a,b, S4a,d,e). increased the pPLT7::GUS expressing LRI (3.6-fold) at 2 dpi.

In order to include the initiated primordia in the analysis as  Additionally, the emerged LRs (LRE) increased 1.4-fold, leading
well, the number of LRI and adLRI were quantified by using the ~ to a total LR increase by 1.9-fold compared to mock (Fig. 4c).
reporter lines pPLT7:GUS and pWOXI1::GUS, respectively ~ Notably, after inoculation of the pWOXI11::GUS reporter line,
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dia (LRI) using the pPLT7::GUS reporter line under mock and CM11 inoculated conditions. Different letters indicate statistically significant differences (LSD
and Tukey's honestly significant difference (HSD) tests; P <0.05); (d) Shoot : root ratio of WT, plt3plt5plt7 and wox171wox72 Arabidopsis seedlings under
mock and CM11 inoculated conditions. In all cases, 7-d-old seedlings were inoculated with mock or bacterial suspensions at the root tip. In (a), (b) and (d),
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and mock plants: *, P<0.05; **, P<0.01; *** P<0.001 (Student's t-test). Bar, 1 cm.

almost no GUS expressing adLRI was identified at 2dpi
(Fig. S4c). Together, these results show that the SRs induced by
CM11 inoculation are LRs using the PLT3PLT5PLT7 pathway.

We wondered whether the induction of additional SRs
through the LR formation pathway is a common effect of Pseu-
domonas beneficial strains. Therefore, WCS417 and the Co-inoc
were used to inoculate the plt3plt5plt7 and woxIIwox12 mutants
and pPLT7::GUS and pWOXI11::GUS reporter lines. Compara-
ble to the CM11 inoculations, the SR formation after WCS417
and the Co-inoc inoculation was completely abolished in the
Pple3ple5pls7 mutant, whereas SRs were still formed in the wox11-
wox12 mutant (Fig. S4a). Accordingly, these inoculated roots
formed exclusively pPLT7::GUS marked LRIs and LREs
(Fig. S4b) and almost no pWOXI1::GUS could be detected
(Fig. S4¢). In all inoculation experiments, adLRs were scarcely
observed, which suggests that both CM11 and WCS417 strains
induced the PLT3PLT5PLT/-mediated LR pathway.

CM11 promotes shoot growth regardless root size

Besides the inhibiting effect on primary root growth and the
induction of LRs, CMI11 promoted shoot growth in WT
seedlings resulting in an increased biomass (Fig. le). To analyze
whether the increase in shoot biomass is the effect of an enlarged
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root system, the shoot : root ratio was determined of p/t3plt5plt7
mutant seedlings — which have a reduced root system — that were
inoculated with CM11 and compared with plt3pl5plt7 untreated
seedlings. Interestingly, upon CMI11 inoculation, pl3plt5plt7
mutants exhibited a slight increase in the shoot biomass (1.2-
fold), whereas the root biomass was reduced (0.7-fold) compared
to the plt3plt5plt7 untreated seedlings, leading to a significantly
higher shoot: root ratio (Fig. 4a,d). CM11-mediated root and
shoot growth promotion in WT were both increased as presented
before, but the shoot:root ratio became significantly lower
(Figs le, 4a,d). A similar decrease of shoot:root ratio was
observed in the woxlwox12 mutant inoculated seedlings, com-
pared with the untreated seedlings. These results suggest that
CM11 treatment promoted the shoot growth, which is not solely
dependent on the size of the total root system.

CM11 inoculum improves Arabidopsis fitness

The promoting ability of CM11 on plant growth was tested on
plates, but to evaluate whether CM11 promotes total plant fitness
cannot be studied in this way, it requires a more natural situation
where plants can fulfill their lifecycle. Therefore, a soil experi-
ment was conducted to evaluate the effect of CM11 on plant
growth. Within the life cycle, different traits were studied such as

© 2022 The Authors
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the amount of leaves and the leaf area, bolting time, the height of
the plants, as well as the seed yield, which all are important
indexes for plant fitness. For these experiments, Arabidopsis
seedlings were transferred to soil which was inoculated with
CMI11. At 10d after transfer, an increase of 5.0- and 3.2-fold in
root and shoot FW, respectively, was observed when compared
to the mock treated plants (Fig. 5). Comparison of the leaf area
and amount of leaves, showed that the effect on shoot FW was
caused by an increase of leaf area (3.3-fold) and not by the

number of leaves (with an average of 10.9 and 11.3 in mock and
CM11, respectively; Figs 5, S5a—c).

Furthermore, the CM11 inoculated plants started bolting at
18.6d, which is 1.7d earlier than the mock treated plants
(Figs 5, S5d). At the moment the first yellow silique was pre-
sent, the stem height was measured and showed a 1.6-fold
increase of CM11 inoculated plants compared to the mock
treated plants. The most important trait of plant fitness is the
number of seeds and their weight. The total amount of seeds
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Fig.5 CM11 inoculation improves Arabidopsis plant fitness. On the left of Arabidopsis plant mode downwards are comparisons in plant height, bolting
time and root FW of plants grown in soil between CM11 inoculated and mock conditions. On the right are comparisons in total seed number, per seed size,
per seed weight and seed germination rate (top), in shoot FW, leaf number and total leaf area (bottom) of plants grown in soil between mock and CM11
inoculated conditions. In all cases, 7-d-old Arabidopsis wild-type (WT) seedlings were transferred to pots with CM11 bacterial suspension or mock in soil.
Each parameter was quantified as described in the Materials and Methods section. Data represent mean + SD of three biological replicates, each consisting
of 10-12 seedlings. Asterisks indicate SDs between inoculated and mock plants (ns, no significance): *, P<0.05; **, P<0.01; ***, P<0.001 (Student's

t-test).
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was weighed and divided by the weight of 100 counted seeds,
assuming that the size of the seeds is equal (Fig.5), and this
revealed the amount of seeds formed per plant, which reflects
plant productivity. The number of seeds was increased 2.5-
fold and the weight per seed increased 1.3-fold in CM11
inoculated plants compared to the mock treated plants
(Fig. 5). To test the viability of the seeds, 100 seeds per treat-
ment were plated and in both cases showed 100% germina-
tion (Fig. 5). Taken together, these data show that inoculation
of CM11 improves plant fitness for all analyzed traits.

CM11 promotes plant growth in crop species

In order to explore whether the plant growth promoting effect of
CM11 does not only occur in the plant model system Arabidop-
sis, but also in other species such as commercially important hor-
ticulture crops, CM11 was used to inoculate plate-grown lettuce
and tomato seedling at root tips. At 8 dpi and 3 dpi, respectively,
CM11 inoculated roots showed altered root architecture with the
inhibited PR growth and increased SRs formation above the
inoculating site, which resembled the observed effects in Ara-
bidopsis seedlings upon CM11 inoculation (Figs 6a—f, S6a—b).
The number of SRs was significantly increased, 1.5-fold in lettuce
and 1.4-fold in tomato compared to the mock, respectively
(Fig. 6¢,1).

We next conducted soil experiments to investigate the effect of
CMI11 inoculation on lettuce and tomato growth in soil.
Seedlings were planted into soil mixed with the CM11 strain. At
10d after transfer, a shoot growth promotion effect of CM11
inoculated plants was observed in lettuce and tomato seedlings.
We quantified the root and shoot biomass and these showed a
8.2- and 2.4-fold increase for lettuce and a 1.6-and 2.2-fold
increase for tomato FW, respectively (Figs 6g—1, S6¢c—d), com-
pared with the corresponding mock treated plants. These results
indicate that the plant promoting effects of CM11 are not
species-specific which would make this strain a new candidate
biological inoculum for agriculture.

Discussion

Rhizobacteria are known to alter side root (SR) formation,
but hitherto there was no distinction between different types
of SR upon induction of soil biota, nor have the genetic
pathways involved been reported up to now. Here, we show
that newly formed SRs upon CMI11 inoculation are lateral
roots (LRs), because SR formation after CM11 inoculation
was completely abolished in the pl3plt5plt7 triple mutant,
whereas many SRs were still formed in the woxlwox12 dou-
ble mutant. Accordingly, the significant increase of LR pri-
mordia initiation (LRI) identified by pPLT7::GUS further
confirmed a specific induction of meristem derived LRs
instead of WOXII-mediated adventitious (ad)LRs by CMI11.
These data indicate that, to our knowledge for the first time,
by using mutants involved in SR-specific pathways, Pseu-
domonas strains specifically induce the PLT3, PLT5 and
PLT7-mediated LR pathway to produce LRs.
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In our studies we show that additional SRs upon WCS417
induction also require the PLT3PLT5PLT7 pathway. These roots
were previously referred to as LRs, based on their emergence
from the primary root (PR) (Zamioudis ezal., 2013), and here
we confirm this conjecture by genetic analysis. Our results suggest
that LR induction upon plant growth-promoting rhizobacteria
(PGPR) induction is a conserved pathway for PGPR to alter the
root system architecture.

CM11 and WCS417 both induce the formation of LRs, but
CM11 induction leads to arrest of the PR whereas WCS417
induces a longer and still active meristem. How can this be
explained? LRs originate from primed pericycle cells, which origi-
nate from spatial-temporal variation in cell size, resulting in dif-
ferences of auxin loading and leading to specific gene expression
activation in the root transition zone. Through growth, the
primed sites transform into repetitive pre-branch sites (De Smet
etal., 2007; Moreno-Risueno ezal, 2010; Xuan etal, 2015,
2016). Nevertheless, although the pre-branch sites are constantly
initiated, only about 25% of priming events will result in LR for-
mation (Moreno-Risueno ezal, 2010; Kircher & Schopfer,
2016; Kircher & Schopfer, 2018; van den Berg eral, 2021).
Even though CM11 causes arrest of the PR meristem, extra LRs
are formed between the already existing LRs, indicating that these
are derived from the pre-branch sites that were programmed
before inoculation. Our results therefore indicate that CM11 can
activate part of these primed pre-branch sites.

Different from CM11, WCS417 treated plants showed a
longer meristem (Zamioudis eral., 2013). Based on the reflux-
and-growth mechanism (van den Berg eral, 2021), this would
suggest that these roots have more cells that are able to load more
auxin to form more primed sites. A recent study using DR5::
Luciferase reporter line proved that Bacillus SQR9, which also
promoted PR growth, induced higher frequencies of DR5 oscilla-
tion and pre-branch sites formation (Li ezal, 2021). These data
suggest the possibility that strains like WCS417 and SQRY use
the ‘native’ system to induce LRs by producing more primed
sites, because these roots maintain an active meristem (this study;
Zamioudis et al., 2013; Li et al., 2021).

CM11 induced roots had a positive impact not only on root
biomass, but also on shoot biomass and plant fitness of Arabidop-
sis. This can be explained in different ways: (1) By increasing the
root system the plant can take up more nutrients and water,
which results an increase in shoot biomass. However, the observa-
tion that the shoot biomass is still increased in a ple3pltSplt7
mutant, which has a reduced root system, indicates that the
increase of shoot biomass upon CM11 inoculation is not fully
dependent on the size of the root system. In addition, CM11 also
could play a role in nutrient mobilization leading to enhanced
nutrient uptake. (2) CM11 colonizes the whole plant and induces
a growth-promoting effect in this way. However, when the
CM11-green fluorescent protein (GFP) strain was inoculated on
root tips, hypocotyl and whole roots, a bacterial biofilm formed
mostly on the new part of the growing PR regardless of the inoc-
ulation sites (Figs 2, S2). (3) A long-distance signal travels from
the root to the shoot to promote growth. Indeed, heat-
inactivated CM11 does not show any effect on plant performance
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Fig. 6 CM11 alters root system architecture
and promotes growth of lettuce and tomato
seedlings. (a) Representative images of
lettuce seedlings growing on %2 Murashige &
Skoog agar plates with CM11 strains or mock
at 10 d post-inoculation (dpi). (b—c)
Quantification of primary root (PR) length
(newly-grown PR below the inoculation sites,
b) and number of emerged secondary roots
(SRs) (emerged SRs above the inoculation
sites, c) of lettuce seedlings under mock and
CM11 inoculated conditions at 8 dpi. (d)
Representative images of tomato seedlings
growing on ¥2MS agar plates with CM11
strains or without (mock) at 10 dpi. (e—f)
Quantification of PR length (newly grown
primary root below the inoculation sites, )
and number of emerged SRs (emerged SRs
above the inoculation sites, f) of tomato
seedlings under mock and CM11 inoculated
conditions at 3 dpi. Box plots in (b, c, €, f)
indicate the lower and upper quartiles, bars
represent the maximum and minimum
values. The line in the box indicates the
median; (g) Representative photographs of
lettuce seedlings grown in soil inoculated
with CM11 bacterial suspension or without
(mock). (h—i) Root (h) and shoot (i) FW
production per lettuce seedling with CM11
inoculation or mock. (j) Representative
photographs of tomato seedlings grown in
soil inoculated with CM11 bacterial
suspension or mock. (k-1) Root (k) and shoot
(I) FW production per tomato seedling with
CM11 inoculation or mock. In (a—c) 3-d-old
lettuce seedlings and in (d—f) 4-d-old tomato
seedlings were inoculated with mock or
CM11 bacterial suspensions at the root tip. In
(g-1) 10-d-old lettuce or tomato seedlings
were transferred to soil with CM11 bacterial
suspension or mock, and measured at 10 dpi.
Datain (h, i, k, ) represent mean + SD of
three biological replicates, each consisting of
8-10 seedlings. Asterisks indicate SDs
between inoculated and Mock plants:

*k P<0.01; *** P<0.001 (Student's
t-test). Bar, 2 cm.

and solely colonizes the root, and does not move up to the shoot
tissue, suggesting that the induction or secretion of a long-
distance signal by CM11 to promote shoot growth.

In addition, using different Arabidopsis genotypes, bacterial
strains and growing conditions indicate that even though the
plants are grown on sealed agar plates the plant growth promotion
effects are very specific and not just a consequence of factors such
as microbially produced elevated CO, concentrations in the plates.

Taken together, our results suggest that CM11 activates pre-
branch sites to modulate the root system and generates or acti-
vates a long distance signal that affects the shoot performance.
Regardless of the mechanism of CM11 action, to our knowledge
this report shows for the first time that PGPR — that stimulate
LR emergence — can specifically activate existing pre-branch sites

and specifically induce PLT3PLT5PLT7 dependent LR
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formation. Future experiments are required to identify the factors
involved, which then can be used to improve our understanding
on how plants respond are more flexible in different environmen-
tal circumstances and to improve plant performance.
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Additional Supporting Information may be found online in the
Supporting Information section at the end of the article.

Fig. S1 Overview of plant growth regulation by Pseudomonas
CM1-11 strains.

Fig. 82 Beneficial Pseudomonas strains CM11 and WCS417 alter
root architecture.
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Fig. S3 Effect of CM11 and WCS47 on Arabidopsis primary
root development.

Fig. S4 CM11 induces the PLT3PLT5PLT/7-mediated lateral
root pathway instead of the WOXI1WOXI2-mediated adventi-
tious lateral root pathway.

Fig. S5 CMI11 inoculation alters aboveground phenotypes in
Arabidopsis.
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Fig. S6 Effects of CM11 on root system architecture and above-
ground growth of lettuce and tomato seedlings.
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