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Abstract

By decreasing root 1-aminocyclopropane-1-carboxylate (ACC) content and plant ethylene production, the microbial
enzyme ACC deaminase is a widespread beneficial trait of plant growth-promoting rhizobacteria (PGPR), ameliorating
ethylene-mediated root growth inhibition. However, relatively little is known about whether bacterial ACC deaminase
modulates root architecture and root hair traits. Thus the dwarf tomato (Solanum lycopersicum) cultivar Micro-Tom was
inoculated in vitro with Pseudomonas brassicacearum Am3, its ACC deaminase deficient mutant T8-1, a known PGPR
strain Variovorax paradoxus 5C-2 or chemically treated with agents that promoted or inhibited ethylene production or
sensitivity (Ag*, Co*", and ACC). ACC treatment reduced both root elongation and the number of lateral roots, while
ethylene inhibitors (Ag", Co*") and V. paradoxus 5C-2 promoted primary root elongation, but differentially affected
lateral root length and number. Ag" stimulated lateral root development, while Co*" and V. paradoxus 5C-2 did not.
Inoculation with P. brassicacearum Am3 and T8-1 inhibited elongation of the primary and lateral roots at a high
inoculum concentration (10 cells cm?). All bacterial strains significantly increased the length and number of root
hairs, with these effects more pronounced in P. brassicacearum Am3 than in the mutant T8-1. Treatment with Ag*
inhibited root hair formation and elongation, while Co?" had the opposite effects. ACC treatment had no effect on
root hair elongation but increased root hair density. While root growth inhibition caused by P. brassicacearum Am3
was independent of ACC deaminase, the promotion of root hair elongation and density by this strain was augmented
by ACC deaminase activity. Thus ACC deaminase can modulate the morphological impacts of bacteria on root hair
response by affecting plant ethylene content.

Keywords: ACC deaminase, cobalt, ethylene, plant growth-promoting rhizobacteria, Pseudomonas brassicacearum, rhizosphere,
silver, tomato, Variovorax paradoxus.

Introduction Table 1), generally increasing one or more parameters

related to root and/or root hair length and number.
Plant growth-promoting rhizobacteria (PGPR) influence Nevertheless, many studies often only measure a few
root architecture and root hair formation (summarized in parameters, and the mechanisms causing these effects may
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MODULATION OF ROOT ARCHITECTURE BY ACC DEAMINASE

Table 1. Examples of rhizobacterial effects on plant root architecture and root hairs: + means positive effect; - means negative effect;

= means no effect, and nd means not determined.

Primary Total Lateral Mean Root Root .
. . lateral lateral | . . Proposed mechanism

Bacterial strain Host plant  root hair  hair . Reference

length oot number oot length density of action

length length
.. . maize, plant growth Okon and Kapulnik
+ + +
Azospirillum brasilense Cd wheat nd nd promoting substances 1986
Azospirillum brasilense Cd  tomato + nd nd nd nd + unknown Hadas and Okon 1987
gl;(;i];zrzllum brasilense Arabidopsis + nd nd nd + nd unknown Dubrovsky ef al. 1994
g;;;l;mllum brasilense Arabidopsis - nd + nd nd + production of auxins Spaepen et al. 2014
Azospirillum brasilense Sp7 soybean + + + + + + unknown Molla et al. 2001
Azospirillum brasilense _ increase in plant [AA _.
FT326 tomato = nd nd nd + + and ethylene Ribaudo et al. 2006
gﬁ‘glslf‘f subtilis AP-3, soybean = nd  + nd  nd + production of IAA  Aratjo et al. 2005
g/([)e?jsoogglzobmm loti MAFF Arabidopsis = = + - + nd ACC deaminase Contesto et al. 2008
Ochrobactrum sp. NBRISH6 maize + nd nd nd + unknown Mishra et al. 2020
Phyllobacterium . . B .
brassicacearum STM196 Arabidopsis = + = nd + nd ACC deaminase Contesto et al. 2008
Phyllobacterium . . modulation of plant
+

brassicacearum STM196 Arabidopsis nd nd nd nd nd ethylene pathway Galland et al. 2012
Pseudomonas fluorescens Arabidopsis - + + + + + production of auxins Zamioudis et al. 2013
WCS417
Pseudomonas putida UW4  Arabidopsis - = = nd + nd ACC deaminase Contesto et al. 2008
Rhizobium leguminosarum . . .

- = = +
by. viciae 128C53K Arabidopsis nd nd ACC deaminase Contesto et al. 2008
Sphingomonas sp. Cra20 Arabidopsis nd nd + nd + + produ'ctlon of volatile Luo et al. 2019

organic compounds

Variovorax paradoxus 5C-2 maize + + nd nd + nd ACC deaminase Jin et al. 2021

be uncertain within divergent plant-microbe interactions
(Table 1). PGPR of various taxonomic groups contain
I-aminocyclopropane-1-carboxylate (ACC) deaminase
(reviewed in Dodd et al. 2010, Nascimento et al. 2014)
and ameliorate plant growth inhibition caused by ethylene
by decreasing root content of the ethylene precursor ACC
(Penrose et al. 2001, Belimov et al. 2009) and thus ethylene
production (Burd et al. 1998, Belimov ef al. 2002, Mayak
et al. 2004, Jin et al. 2021). Ethylene plays important role
in root development and root hair formation (Tanimoto
et al. 1995, Bibikova and Gilroy 2002, Vandenbussche
et al. 2012, Zhang et al. 2016, Vissenberg et al. 2020).
It was shown that bacterial ACC deaminase is involved
in mediating root and root hair development and root
morphology. For example, Pseudomonas putida UW4
increased primary root elongation of canola, whereas its
ACC deaminase minus mutant lost this ability (Li et al.
2000), and both wild-type and the same ACC deaminase
minus mutant inhibited primary root length of Arabidopsis
similarly (Contesto et al. 2008). While the ACC-deaminase
minus mutants of multiple PGPR strains promoted root
hair elongation of Arabidopsis (Contesto et al. 2008),

the ACC-utilizing Variovorax paradoxus 5C-2 promoted
root hair formation and root density of maize (Jin et al.
2021). However, root hair formation is regulated by
complex metabolic networks and strongly depends
on environmental factors (Bibikova and Gilroy 2002,
Vissenberg et al. 2020), making it difficult to generalize
how PGPR might affect root architecture, especially since
they can produce or metabolise multiple plant hormones
that regulate root responses (Dodd ef al. 2010, Vacheron
etal 2013).

The ACC deaminase-containing Pseudomonas
brassicacearum Am3 was initially characterized as a PGPR
for pea, canola, and Indian mustard, for which it increased
root elongation and/or biomass (Belimov et al. 2001,
Safronova et al. 2006). Later, P. brassicacearum Am3 was
found to exert positive effects on primary root elongation
of seedlings in vitro and on root biomass of tomato
cultivar Ailsa-Craig cultivated in soil supplemented with
this strain (Belimov ef al. 2007). However, root growth
inhibition at high bacterial cell content in vitro and lesions
in the inoculated stems and fruits of tomato were also
observed, suggesting this strain can be deleterious or even
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pathogenic for this plant species (Belimov et al. 2007).
Moreover, the tomato phytopathogen P. brassicacearum
520-1 (Sikorski et al. 2001) also possessed very high
ACC deaminase activity (Belimov et al. 2007) while
ACC deaminase of P. brassicacearum Am3 promoted
primary root growth of tomato (cv. Ailsa-Craig), to some
extent masking its deleterious properties (Belimov et al.
2007). As pseudomonads colonise various parts of the root
system, including the root hairs (Beauchamp and Kloepper
2003, Gamalero et al. 2005), variation in colonisation
pattern may alter different root morphological variables.

Other deleterious and phytopathogenic bacteria also
affect root architecture and root hairs. Inoculating Petunia
hybrida seedlings with Ralstonia solanacearum strains
inhibited lateral root elongation, caused swelling of
the root tips and increased root hair length and number
(Zolobowska and Van Gijsegem 2006). Pseudomonas
syringae pv. maculicola 795 or P. syringae pv. tomato
DC3000 stimulated root hair elongation and initiation of
wild-type Arabidopsis but not of the N8844 (At5g03280,
ein2) mutant affected in ethylene perception, suggesting
that ethylene signaling is involved in this phenomenon
(Pecenkova et al. 2017). However, the presence of ACC
deaminase in these bacteria was not studied and such
limited information makes it difficult to understand the role
of bacterial ACC deaminase in plant-bacteria interactions.

We compared the effects of two contrasting ACC-
utilizing rhizobacteria V. paradoxus 5C-2 (a known PGPR)
and P, brassicacearum Am3 (which has both plant growth-
promoting and deleterious traits) on root and root hair
formation in tomato seedlings. To explore the role of ACC
deaminase in this interaction, we utilised a transposon
mutant (P, brassicacearum T8-1) with low ACC deaminase
activity (Belimov ef al. 2007) and chemical modulators of
plant hormone ethylene. Particular attention was focused
on understanding how bacteria may use a PGPR trait
such as ACC deaminase activity to alter root growth by
modulating plant ethylene status. We hypothesised that
deleterious bacterial traits inhibiting primary and lateral
root elongation may promote compensatory root hair
responses.

Materials and methods

Bacteria and plants: Strain Pseudomonas brassicacearum
Am3 resistant to 20 ug cm? rifampicin, its ACC deaminase
deficient mutant T8-1 also resistantto 40 ug cm kanamycin
(Belimov et al. 2007) and strain Variovorax paradoxus
5C-2 resistant to 40 pg cm® kanamycin and 20 pg cm™
rifampicin (Spaepen et al. 2014), were obtained from
the Russian Collection of Agricultural Microorganisms
(RCAM, Saint-Petersburg, http://www.arriam.ru/
kollekciya-kul-turl/). Strains Am3 and T8-1 were tagged
previously with a green fluorescent protein (GFP) of the
jellyfish Aequorea victoria (Belimov et al. 2007) using the
strain Escherichia coli S17-1::pAG408 kindly provided by
Dr. T. Charles (University of Waterloo, Waterloo, Canada).
Seeds of tomato (Solanum Ilycopersicum Mill.) cultivar
Micro-Tom were obtained from Moles Seeds (Colchester,
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Essex, UK), and utilised as their dwarf stature allowed
growth in a relatively small environment (Petri dishes).

Agar culture: Petri dishes (d = 150 mm) were filled with
100 cm? of'the sterile nutrient solution solidified with 0.7 %
plant cell culture tested agar (Sigma-Aldrich, St. Louis,
USA) and containing [uM]: 500 MgSO., 500 K,HPO,, 200
KH,PO,, 500 CaCl,, 20 KNO;, 5 NaFeEDTA, 0.1 MnSOs,
0.1 ZnSO,, 0.1 H;BO;, 0.01 CoCly, 0.01 CuSO,, 0.01
Na,MoO,, 0.01 NiCl,, and 0.01 KJ. The nutrient solution
was supplemented either with 1 uM Ag,SO, (antagonist of
ethylene perception), 2 uM CoCl, (inhibitor of ethylene
biosynthesis) or 10 uM ACC, selected based on preliminary
dose-response curves with each reagent, as used in our
previous work (Belimov et al. 2007). The bacteria were
grown for 48 h at 28 °C on Bacto-Pseudomonas F (BPF)
agar supplemented with antibiotics. Cells were collected,
resuspended to 108 cells per cm? in sterile tap water and
added to the nutrient solution just before solidification in a
final concentration of 10° or 10° cells per cm?.

Tomato seeds were surface-sterilized with 5 % sodium
hypochlorite solution for 15 min, washed carefully with
sterile water and placed on sterile moistened filter paper
(Whatman #1) in Petri dishes (d = 90 mm). The treated
seeds were tested for surface sterility in a set of preliminary
experiments via incubation on BPF agar for 5 d at 28 °C.
Four germinated seeds per each Petri dish (d = 150 mm)
with nutrient agar were placed 2 cm from each other in a
line located 3.5 cm from the box edges. The Petri dishes
were installed at 45 degrees to the horizontal to allow
the roots to grow under the agar layer and incubated for
10 d in a greenhouse at a 16-h photoperiod, day/night
temperatures of 16/25 °C, and a photon flux density of
400 pmol(quanta) m? s, All plants (all treatments) of
each experiment were grown simultaneously in the same
greenhouse near to each other, to ensure similar irradiance
and temperature for all treatments. The closed dishes
were sealed % with PARAFILM tape and the upper % was
sealed with micropore surgical tape to minimise impacts
on plant gas exchange. During incubation, dish positions
were swapped daily and the greenhouse was ventilated
making the atmosphere uniform. After incubation, the
Petri dishes were scanned and the obtained images were
used to determine the lateral root number and the primary
and lateral root length. The assay was repeated three times
with three dishes for each treatment, each containing four
seedlings, resulting in 12 replicates.

Microscopy: The primary root segments located 13 to
16 cm from the root tip (where root hairs were fully
developed) and lateral root segments located 0.5 to
1.5 cm from the primary root were used for microscopic
observations. Images of intact root hairs located on the
primary root were taken using a light microscope (A4xio
Scope.Al, Carl Zeiss, Oberkochen, Germany). These
images were printed (20 to 36 images per treatment) and
root hair length and number on the primary root were
measured and expressed as mean values for each image.
The presence and distribution of GFP-tagged bacteria
on roots and root hairs taken from agar cultures were
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monitored using a laser scanning confocal microscope
(LEICA SP2A0BS, Leica, Wetzlar, Germany). Root
segments were carefully taken along with the agar layer,
immediately placed between microscope slides and cover
slips and microphotographs of wvarious colonization
patterns of bacteria on roots and root hairs were taken.

Enumeration of bacteria on roots: After microscopy
observation, the primary root segments located 3 to
7 cm from the seeds of each Petri dish were carefully
removed from the medium and homogenized in sterile
tap water with sterile mortar and pestle as previously
described (Belimov et al. 2007). The homogenates were
serially diluted in 10-fold steps and 50 mm?® aliquots were
plated in two replicates on BPF agar supplemented with

required amounts of antibiotics. No antibiotics were added
to check the contamination of samples with extraneous
microorganisms. Colony forming units (CFU) were
counted after incubating plates at 25 °C for 4 d.

Statistical analysis: Statistical analysis of the data was
performed using the software STATISTICA v. 10 (TIBCO
Software, Palo-Alto, CA, USA). MANOVA analysis
with Fisher’s LSD test and Student’s t-test were used to
evaluate differences between means. SE and LSD stand
for standard error and Fisher’s least significant difference
test, respectively.

Fig. 1. Effect of chemical ethylene modulators and rhizobacteria on tomato root architecture. Treatments: UC - uninoculated control;
Ag - 1 uM Ag,SO4; Co - 2 pM CoCly; ACC - 10 uM ACC; Vp-E5 - V. paradoxus 5C-2 (10° cells cm?); Vp-E6 - V. paradoxus
5C-2 10° cells cm™); Pb-E5 - P. brassicacearum Am3 (10° cells cm?); Pb-E6 - P. brassicacearum Am3 (10° cells cm™); PbT-E5 -
P. brassicacearum T8-1 (10° cells cm™); PbT-E6 - P. brassicacearum T8-1 (10° cells cm™). Means + SEs of three experiments. Different
letters indicate significant differences between treatments (Fisher’s LSD test, P < 0.05, n varied from 20 to 36 depending on parameter

and treatment).
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Fig. 2. Effect of chemical ethylene modulators and rhizobacteria on tomato root hair traits. Treatments: UC - uninoculated control; Ag -
1 uM Ag,SO4; Co - 2 uM CoCly; ACC - 10 uM ACC; Vp-ES - V. paradoxus 5C-2 (10° cells cm); Vp-E6 - V. paradoxus 5C-2 (10° cells
cm); Pb-ES5 - P. brassicacearum Am3 (10° cells cm™); Pb-E6 - P. brassicacearum Am3 (10° cells cm™); PbT-E5 - P. brassicacearum
T8-1 (10° cells cm™); PbT-E6 - P. brassicacearum T8-1 (10° cells cm™). Means + SEs of three experiments. Different letters indicate
significant differences between treatments (Fisher’s LSD test, P < 0.05, n varied from 20 to 36 depending on parameter and treatment).

Fig. 3. Images showing typical effects of chemical ethylene modulators and rhizobacteria on tomato root hairs. Treatments: 4 -
uninoculated control; B and C - 1 uM Ag,SO4; D - 2 uM CoCly; E - 10 uM ACC; F - V. paradoxus 5C-2 (10° cells cm?®); G - P,
brassicacearum Am3 (10° cells cm™); H - P, brassicacearum T8-1 (10° cells cm™); I - green cells of GFP-tagged P. brassicacearum Am3
on root hairs. Two roots (B and C) given for Ag,SO, treatment demonstrate presence and absence of root hairs.

Results

The introduction of the bacteria to the agar did not result
in visual disease or damage symptoms on the roots (data
not shown). Adding 10° cells cm™ of rhizobacteria had no
effects on the primary root length (Fig. 14), total lateral
root length (Fig. 1B), the number of lateral roots (Fig. 1C)
and the mean lateral root length (Fig. 1D), except that
the ACC deaminase deficient P. brassicacearum T8-1
decreased primary root length by 10 % (Fig. 14). Adding
106 cells em of V. paradoxus 5C-2 stimulated primary root
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elongation by 14 %, while the same concentrations of P,
brassicacearum Am3 and T8-1 were inhibitory (Fig. 14).
While V. paradoxus 5C-2 had no effect on elongation
of lateral roots, P brassicacearum Am3 and T8§-1
approximately halved their elongation (Fig. 1B,D). Lateral
root number was not affected by any bacterial treatment,
or by adding Co* ions (Fig. 1C). Treatment with Ag" ions
increased the primary root length (Fig. 14) and total lateral
root length (Fig. 1B) by increasing the number of lateral
roots (Fig. 1C). Treatment with Co®" ions also increased
the primary root length (Fig. 14), but did not affect the
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Table 2. Number of the introduced bacteria on tomato roots at
the end of experiments. Means + SEs of three experiments with
2 replicas each. Different letters indicate significant differences
between treatments (Student ¢-test, P < 0.01, n = 6).

Bacteria number [10*

Treatments CFU mg' (root f.m.)]
V. paradoxus 5C-2 (10° cells cm™) 13.5+33¢
V. paradoxus 5C-2 (10° cells cm™) 29.1+7.1d
P, brassicacearum Am3 (10° cellscm®) 1.1+0.2a
P, brassicacearum Am3 (10° cellscm?®) 5.1+£0.7b
P. brassicacearum T8-1 (10° cellscm™) 1.1+0.2a
P. brassicacearum T8-1 (10° cells cm?®) 6.7+1.7b

Fig. 4. Scatterplot showing correlation between the primary root
length and root hair density on primary roots (Ag treatment was
omitted). Mean values are shown by blue symbols. Treatments:
UC - uninoculated control; Co - 2 uM CoCl,; ACC - 10 uM
ACC; Vp-E5 - V. paradoxus 5C-2 (10° cells cm3); Vp-E6 - V.
paradoxus 5C-2 (10° cells cm™); Pb-ES - P. brassicacearum Am3
(10° cells cm™®); Pb-E6 - P. brassicacearum Am3 (10° cells cm™);
PbT-ES5 - P. brassicacearum T8-1 (10° cells cm?); PbT-E6 - P,
brassicacearum T8-1 (10° cells cm™). Red line shows linear
regression. Red dotted lines show confidence level (P = 0.05) of
the regression.

other parameters measured. Contrary to the ethylene
inhibitors, treating the plants with ACC decreased primary
root length (Fig. 14), total lateral root length (Fig. 18) and
lateral root number (Fig. 1C). Thus, high concentrations
of P. brassicacearum inhibited primary and lateral root
elongation independent of its ACC deaminase activity, but
had no effect on lateral root initiation.

All bacterial strains stimulated root hair elongation at
105 cells em™ (by 22 - 39 %) and even more so (by 50 -
95 %) at 10° cells cm™ (Fig. 24). At 10° cells cm™, both
wild-type (WT) P. brassicacearum Am3 and the ACC
deaminase mutant T8-1 had similar effects on root hair
elongation, but a higher concentration of P. brassicacearum
Am3 increased root hair elongation 25 % more than the
T8-1 mutant. While ACC treatment had no significant
effect on root hair elongation, treatment with Co?* ions
increased root hair elongation by 38 %, and treatment
with Ag* ions decreased root hair elongation by five times
(Fig. 24). Although inhibiting ethylene perception (Ag"
ions) and ACC synthesis (Co?" ions) had opposing effects

on root hair elongation, all bacterial strains stimulated
root hair elongation, with a diminished response of P,
brassicacearum T8-1 at high bacterial concentrations
owing to its low ACC deaminase activity (Fig. 24).

All three bacterial strains increased the number of
root hairs after inoculation with 10° cells cm, whereas
P brassicacearum Am3 increased the number of root
hairs also in the presence of 10° cells cm3 (Fig. 2B). At
both bacterial concentrations, the number of root hairs of
plants inoculated with P. brassicacearum Am3 exceeded
those inoculated with T8-1 mutant. Treatment with Ag”
ions dramatically inhibited root hair number, while Co**
ions and ACC had the opposite effect (Fig. 2B), with root
hair density of ACC-treated plants 43 % greater than
Co*-treated plants. Typical root hairs of plants treated
with ethylene modulating compounds (Fig. 3B-D), ACC
(Fig. 3E), or inoculated with rhizobacteria at 10° cells cm™
(Fig. 3F-H) are presented. Ag® treatment dramatically
inhibited (Fig. 3B) or sometimes completely prevented
(Fig. 3C) root hair formation, whereas ACC stimulated
elongation of only some single hairs (Fig. 3E). While
the ACC deaminase activity of P. brassicacearum had
no effect on root hair length at 10° cells cm?, otherwise
the higher ACC deaminase activity of P. brassicacearum
Am3 enhanced root hair length and number compared to P,
brassicacearum T8§-1.

Inoculating the roots with a higher bacterial
concentration (10° cells cm?) increased the bacterial
number on tomato roots several-fold (Table 2). The
number of V. paradoxus 5C-2 was about 5 - 10 times higher
than P, brassicacearum Am3 and T8-1, but no difference
was found between the latter two strains. Confocal
microscopy observations revealed the GFP-tagged bacteria
P. brassicacearum Am3 and T8-1 on root surfaces as
single cells and small clumps of cells. The bacteria mostly
actively colonized the surface of the primary root and
root hairs located on the primary root, as illustrated for
P. brassicacearum Am3 (Fig. 3/). Some bacteria were
also located in the agar at some distance from the plants.
However, no bacterial cells of P, brassicacearum Am3 and
T8-1 were observed inside the roots or root hairs. Thus,
bacteria colonised the root surface.

Discussion

Bacterial ACC deaminase is a well-known trait of
PGPR that promotes root elongation (Glick et al. 1994,
Belimov et al. 2007), but its occurrence in strains such as
P. brassicacearum suggests that caution must be applied
when isolating novel ACC-utilizing organisms to develop
microbial inocula. Although low concentrations of ACC-
utilizing P. brassicacearum Am3 promoted elongation
of tomato (cv. Ailsa-Craig) primary roots grown on
filter paper, higher concentrations inhibited root growth,
as did the recognised ACC-utilizing phytopathogen
P brassicacearum 520-1 (Belimov et al. 2007).
Comparing root growth responses to inoculation with WT
P. brassicacearum Am3 and its ACC deaminase deficient
mutant T8-1 demonstrated that ACC deaminase activity did
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not alter tomato root architecture (Fig. 1), as in Arabidopsis
roots inoculated with a range of WT bacteria and their
respective ACC deaminase mutants (Contesto et al. 2008).
Whereas these mutants consistently promoted Arabidopsis
root hair elongation to a greater extent than their respective
WTs (Contesto et al. 2008), here P. brassicacearum T8-1
inhibited root hair elongation and density compared to
its WT, which promoted root hair elongation and density
compared to uninoculated controls. Thus inhibition of
primary and lateral root elongation by P. brassicacearum
was to some extent compensated by promotion of root
hair length and density, with ACC deaminase activity
augmenting these root hair traits. Bacterial mediation of
root surface area available for colonisation possibly is
of adaptive significance, highlighting the complexity of
plant interactions with ACC-utilizing bacteria, which may
depend on plant genotype.

Whereas a typical tall indeterminate tomato cultivar
(cv. Ailsa Craig) was previously used to determine the
P brassicacearum Am3 effect on tomato primary root
elongation (Belimov et al. 2007), here a dwarf semi-
determinate tomato (cv. Micro-Tom) allowed roots
and root hairs to develop fully. Its dwarf stature allows
genetic studies as many fruiting plants can be grown
within controlled environment facilities of limited space
(Meissner et al. 1997), but its multiple mutations (the
self-pruning and dwarf genes and another that decreases
internode length independently of active gibberellin
content - Marti ef al. 2006) might affect its plant-microbe
interactions. Its brassinosteroid deficiency may actually
enhance the detection of phenotypes mediated by bacterial
ACC deaminase. Synthetic brassinosteroid treatment
attenuated salt-induced ethylene synthesis of lettuce (Serna
et al. 2015) while a brassinosteroid-deficient pea mutant
produced high ethylene content (Ross and Reid 1986),
although it is not known whether such tomato mutants
behave similarly. The ethylene overproducing Arabidopsis
etol-1 mutant produced a greater vegetative response (leaf
area and shoot fresh mass) than WT Arabidopsis following
inoculation with the ACC-utilizing PGPR V. paradoxus
5C-2 (Chen et al. 2013). Furthermore, different tomato
genotypes can show contrasting physiological responses
to inoculation with ACC-utilising PGPR (Calvo-Polanco
et al. 2016). Irrespective of these potential genotype x
microbe interactions, Micro-Tom showed typical root
responses to ethylene inhibitor Ag” ions (that antagonize
ethylene perception) stimulating primary root elongation
(Fig. 14) and the emergence of lateral roots (Fig. 1C), thus
doubling total lateral root length (Fig. 1B). In contrast,
Co* treatment (that inhibits ethylene biosynthesis)
increased primary root length (Fig. 14) but had no effect
on total lateral root length while ACC treatment decreased
both these variables (Fig. 14,B). Similarly, Ag" and Co*"
ions stimulated primary root elongation of cv. Ailsa Craig
(Belimov et al. 2007), indicating that ethylene inhibits root
elongation of both tall and dwarf tomato cultivars. Ag" ions
have multiple effects on plant growth and physiological
and biochemical characteristics, varying from positive to
negative depending on plant species and concentrations
(Siddiqi and Husen 2021). Particularly, treating tomato
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seedlings with 100 - 300 uM AgNO; induced oxidative
stress and increased expression of ethylene-inducing
xylanase (Noori et al. 2019). Similarly to Ag" ions, Co**
ions could be beneficial (essential micronutrient) or toxic
(heavy metal in contaminated soils) for plants (Akeel and
Jahan 2020, Banerjee and Roychoudhury 2021). Tomato
seedling growth inhibition caused by 200 uM CoSO, was
accompanied by increased peroxidase activity (Gopal ef al.
2003). It can be assumed that the effect of these metals on
tomato plants in our experiments could be associated not
only with the modulation of ethylene but also with other
metabolic processes.

Strain V. paradoxus 5C-2 promoted primary root
elongation of both tall (Belimov ef al. 2007) and dwarf
(Fig. 1) tomato cultivars. Involvement of bacterial ACC
deaminase in promoting primary root elongation of
canola seedlings was first documented using the ACC
deaminase deficient mutant of the PGPR Pseudomonas
putida UW4 (Glick et al. 1994), and also by comparing
tomato (cv. Ailsa Craig) seedlings inoculated with
P brassicacearum Am3 and its T8-1 mutant (Belimov
et al. 2007). In contrast, other ACC-utilizing PGPR had no
(Phyllobacterium brassicacearum STM196, Rhizobium
leguminosarum bv. viciae 128C53K, Mesorhizobium loti
MAFF303099) or an inhibitory (P. putida UW4) effect on
Arabidopsis root elongation in vitro, with variation in ACC
deaminase activity not affecting responses to these PGPR
(Contesto et al. 2008). That different plant species vary
in their root responses to a single PGPR (P. putida UW4)
suggests commercial opportunities to develop bespoke
microbial inocula for specific crops, even if microbial
ACC deaminase is almost universally regarded as a
growth-promoting trait (Nascimento et al. 2018), albeit
with modest effects in certain environmental conditions
(Contesto et al. 2008).

Varying the microbial load on the root surface can
profoundly influence plant responses to PGPR. Whereas
the positive effect of V. paradoxus 5C-2 on tomato
(Ailsa Craig) primary root elongation was concentration
independent (Belimov et al. 2007) across 3 orders of
magnitude (10°- 108 cells cm? applied), here the highest
bacteria concentration (10° cells cm™) highly promoted
Micro-Tom primary root elongation, possibly because
more bacteria on the roots (Table 2) increased ACC
consumption. In contrast, high bacterial loads exacerbated
the negative effects of P. brassicacearum Am3 and T8-1
on root length, when tomato Ailsa Craig seedlings were
grown on filter paper (Belimov et al. 2007). Various
Pseudomonas species produce phytotoxins inhibiting root
growth (Bender ef al. 1999, Adeniji et al. 2020) causing
ACC and ethylene accumulation in infected plants (Pegg
and Cronshaw 1976, Kenyon and Turner 1992), and this
mechanism likely applied in our experiments, since P,
brassicacearum Am3 was deleterious for tomato. Although
P. brassicacearum Am3 did not produce ethylene (Belimov
et al. 2001), it might produce some compounds that mimic
ethylene, inducing its biosynthesis or increasing plant
sensitivity to ethylene. Inoculating stems and fruits of
tomato with P. brassicacearum Am3 produced disease
symptoms such as lesions (Belimov ez al. 2007), but these
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symptoms were not found on tomato seedlings grown
on agar in vitro as the bacteria did not invade the roots.
Interestingly, ACC deaminase modulates root growth
inhibition, as the ACC deaminase deficient T8-1 mutant,
but not the WT Am3, significantly inhibited primary root
elongation at a low (10° cells cm™) bacterial load (Fig. 14).
Similarly, higher concentrations of the ACC deaminase
deficient T8-1 inhibited primary root growth to a greater
extent than Am3 (Belimov ef al. 2007), indicating that
bacterial ACC deaminase can partially alleviate the effects
of pseudomonad toxins. We propose that two opposite
processes occur in inoculated plants: deleterious bacterial
properties cause root ACC and ethylene accumulation
while ACC deaminase allows bacteria to utilize more ACC
as a nutrient, thereby modulating plant ethylene status.
While the concentration of P. brassicacearum applied
determined the impacts of ACC deaminase activity on
primary root elongation (Fig. 14), its effects on lateral root
length and number were independent of ACC deaminase
activity. P. brassicacearum Am3 and T8-1 both inhibited
elongation of lateral roots (Fig. 18) when applied at 10° cells
cm, but not their initiation (Fig. 1C). An ACC deaminase
deficient mutant of P. putida UW4 stimulated Arabidopsis
lateral root number in contrast to its WT, while both strains
promoted total lateral root length (Contesto et al. 2008).
Lateral roots appear later in development, and fewer
P. brassicacearum Am3 and T8-1 cells were observed on
lateral roots than on the primary root, probably explaining
the absence of bacterial effects in our experiments.
Nevertheless, the roots and root hairs show
divergent responses to ethylene, and possibly
also ACC-utilizing bacteria. Many ACC-utilizing
bacteria promoted Arabidopsis root hair length, even
in the ethylene-insensitive ein2-1 mutant, with a greater
response to inoculation with ACC deaminase deficient
mutants than WT bacteria (Contesto et al. 2008). This
agrees with reports that root hair formation in Arabidopsis
requires ethylene or ACC treatment (Tanimoto ez al. 1995,
He et al. 2005), and that blocking ethylene perception
with Ag" ions significantly inhibited root hair length and
number (Fig. 2). However, Co?" treatment along with ACC
increased root hair length and number, suggesting that
ethylene finely regulates root hair formation, depending
on root ACC biosynthesis (Angulo et al. 2021). Although
Ag" inhibits ethylene perception and Co*" inhibits ethylene
biosynthesis, little is known about their effects on root hair
formation (Romera and Alcantara 2004). Their opposing
effects on root hair phenotypes could be explained by the
relative importance of ethylene biosynthesis and tissue
sensitivity to ethylene. Root hair formation (especially)
seems to require ethylene-sensitive tissue, as Ag"
substantially decreased root hair density. Root hair growth
depended on ethylene biosynthesis, possibly by stimulating
auxin signaling and potentially modulating auxin transport
(Zhang et al. 2016). Alternatively, the opposing effects
of Co*" and Ag" on root hair formation might result from
complex effects of Co®* acting as a micronutrient (at
low concentrations) and a toxic heavy metal (at elevated
concentrations). Although Co inhibits the conversion of
ACC to ethylene causing accumulation of ACC (Yu and

Yang 1979), micromolar Co** concentrations could be
toxic for various plant species (Liu et al. 2000, Waters et
al. 2007, Lwalaba et al. 2017) including tomato (Gopal et
al. 2003), leading to stress ethylene biosynthesis. As an
essential micronutrient, Co?" can be easily translocated into
shoots and included in plant enzymes and other compounds
(Akeel and Jahan 2020, Banerjee and Roychoudhury 2021),
thereby both modulating plant metabolism and decreasing
its concentrations in the rhizosphere and roots. Thus the
effects of Co?" might vary with time in our experiments.
Initially, it acted as an ethylene inhibitor by stimulating
primary root elongation but simultaneously causing
ACC to accumulate in root tissues. Subsequent Co?*
uptake and translocation likely enhanced its phytotoxicity
thereby stimulating root hair formation (much later in
root development) by an ethylene-dependent mechanism.
More detailed measurements of the temporal dynamics of
root Co?" accumulation and ethylene emission are needed
to test this hypothesis. Nevertheless, caution should be
applied in using Co*" as an ethylene inhibitor to study root
hairs.

Strain V. paradoxus 5C-2 decreased rhizosphere ACC
content of potato (Belimov et al. 2015) and xylem sap ACC
content of pea (Belimov et al. 2009), suggesting lower
root ACC content. Inoculation with V. paradoxus 5C-2
increased root hair length at both bacterial concentrations
and root hair number at 10° cells cm?, similar to the effects
of Co* treatment (Fig. 2). P. brassicacearum Am3 and
its ACC deaminase deficient mutant T8-1 also increased
root hair length and number, especially at 10°¢ cells cm
(Fig. 2). Nevertheless, the higher concentration of T8-1
had less effect, even though P. brassicacearum Am3 and
T8-1 colonised the root hairs similarly (estimated visually
by confocal microscopy), as in stem lesions and on roots
of cv. Ailsa-Craig inoculated with P brassicacearum
Am3 and T8-1 (Belimov et al. 2007). Thus, ACC
deaminase of P. brassicacearum seems involved in root
hair responses to inoculation. Similarly, the ACC-utilizing
PGPR Phyllobacterium brassicacearum STM196 linearly
enhanced root hair elongation of Arabidopsis as inoculum
concentration increased without affecting ethylene
production (Zhang et al. 2016), suggesting bacterial
mediation of ethylene signaling pathways. Other PGPR such
as A. brasilense (Egorenkova et al. 2000), Bacillus subtilis
(Yi et al. 2018, Hernandez et al. 2020) and Paenibacillus
polymyxa (Egorenkova et al. 2013) also actively colonized
tomato root hairs. However, phytopathogenic bacteria like
Pseudomonas syringae can induce defence reactions in
Arabidopsis root hairs hindering colonization (Rodriguez-
Furlan et al. 2016), while other strains of the same organism
stimulated Arabidopsis root hair growth (Pecenkova et al.
2017), conditional on functional ethylene signaling within
the host. Thus, both the studied strains can stimulate root
hair growth, with bacterial ACC deaminase inhibiting
this response in Arabidopsis (Contesto et al. 2008) but
promoting tomato root hair response to P. brassicacearum
(Fig. 2).

Alternatively, PGPR may stimulate root hair formation
by producing auxins (Araujo et al. 2005, Spaepen et al.
2014). Inoculating Arabidopsis plants with the auxin-
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producing Pseudomonas fluorescens WCS417 inhibited
primary root growth, but stimulated the formation of
lateral roots and root hairs, with these root hair responses
requiring functional auxin signalling (Zamioudis et al.
2013). V. paradoxus 5C-2 (Belimov et al. 2005), but not
P. brassicacearum Am3 (Belimov et al. 2001) produced
auxins. In vitro ACC deaminase activity of the latter
strain was 25 % higher (Hontzeas et al. 2005), while the
number of V. paradoxus 5C-2 on the roots was about
10 times more than P. brassicacearum Am3 and T8-1
(Table 2). Nevertheless, the qualitatively similar responses
of root hair length and density to V. paradoxus 5C-2 and
P brassicacearum Am3 inoculation suggests that
microbial ACC deaminase activity may be more influential
in regulating root hair traits than auxin production, at least
in tomato. A possibility for feedback regulation of ethylene
biosynthesis as a response to ACC deaminase activity
should also be considered (Vandenbussche ef al. 2012).
Two mechanisms were suggested to increase
specific root hair number in maize and wheat following
A. brasilense inoculation: /) stimulation of differentiation
of cells into root hairs independently of root length effects
and 2) shortening of the root by reducing cell elongation
(Okon and Kapulnik 1986). Across all treatments (excluding
the Ag® treatment as there were so few root hairs), root
hair density was significantly (» = -0.77; P = 0.014;
n=9) inversely correlated with primary root length (Fig. 4),
thus faster growing roots had lower root hair density due to
greater cell expansion. This correlation remains significant
even when including the Ag' treatment (r = -0.68;
P =0.032; n = 10). The first mechanism is proposed to
apply to both V. paradoxus 5C-2 (which increased both
the primary root length and root hair number by 14 %) and
P. brassicacearum Am3 (which decreased the primary root
length by 31 % but increased root hair number by 68 %).
Greater root hair density following P. brassicacearum
Am3, than T8-1, inoculation suggests ACC deaminase
involvement in this process independently of microbial
effects on primary root elongation.
Althoughbacterial ACCdeaminaseof P. brassicacearum
Am3 did not affect overall root colonization (Table 2)
and probably also root hair colonization patterns, its
impacts on root hair length and density might alter overall
rhizobacterial colonization of the root system, and also
affect chemical and physical processes in the soil. Root
hairs strongly contribute to forming the rhizosheath (soil
adhesion to the root) along with root exudation, with root
hairless mutants forming a limited rhizosheath (Burak et al.
2021). Rhizosheath development was positively correlated
with root hair length in both WT and ABA-deficient tomato
genotypes grown in drying soil, and with root hair density
in well-watered plants (Karanja et al. 2021). Enhanced
rhizosheath development provides a niche for bacterial
proliferation that stimulates chemical and biological
processes (Mahmood et al. 2014), and also minimizes
the risk of soil detachment in response to simulated
precipitation (De Baets ef al. 2020). Inoculating rice with
the PGPR Enterobacter aerogenes G3 and its knockout
ACC deaminase” mutant demonstrated an important role
of ACC deaminase in rhizosheath formation (Zhang et al.
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2020). Beyond its deleterious effects, by behaving as
a saprophyte or PGPR (Belimov et al. 2001, Safronova
et al. 2000), P. brassicacearum may also positively affect
rhizosheath formation, indicating the complexity of
rhizosphere processes mediated by microorganisms.

Conclusions

Different ACC-utilising bacteria had contrasting effects on
primary and lateral root elongation of tomato seedlings,
as V. paradoxus 5C-2 stimulated primary roots without
affecting lateral roots, while P brassicacearum Am3
inhibited primary and lateral root elongation without
altering lateral root number. An ACC deaminase deficient
mutant of the latter strain more strongly inhibited
primary root elongation than the WT, at relatively low
cell concentrations (10° cells ¢m?) in the medium.
Both V. paradoxus 5C-2 and P. brassicacearum Am3
increased root hair formation and elongation, with greater
effects of P. brassicacearum Am3 on root hairs than its
ACC deaminase deficient mutant T8-1. At high cell
concentrations, the promotion of root hair density was
possibly due to stimulating the differentiation of cells
into root hairs. Thus ACC deaminase can modulate the
morphological impacts of bacteria on root hair response by
affecting plant ethylene content and mask the deleterious
properties of bacteria. We hypothesize that bacterial traits
inhibiting primary and lateral root elongation may promote
compensatory root hair responses. Further studies of the
role of ACC deaminase in the studied strains in mediating
root architecture and root hair traits in Micro-Tom could
utilize a range of ethylene-related mutants (Carvalho et al.
2011, Fracetto ef al. 2013) that have been introgressed into
this cultivar.

References

Adeniji, A.A., Babalola, O.0., Loots, T.D.: Metabolomic
applications for understanding complex tripartite plant-
microbes interactions: Strategies and perspectives. -
Biotechnol. Rep. 25: ¢00425, 2020.

Akeel, A., Jahan, A.: Role of cobalt in plants: its stress and
alleviation. - In: Naeem, M., Ansari, A., Gill, S. (ed.):
Contaminants in Agriculture. Pp. 339-357. Springer, Cham
2020.

Angulo, M., Garcia, M.J., Alcantara, E., Pérez-Vicente, R.,
Romera, F.J.: Comparative study of several Fe deficiency
responses in the Arabidopsis thaliana ethylene insensitive
mutants ein2-1 and ein2-5. - Plants 10: 262, 2021.

Aragjo, F.F., Henning, A.A., Hungria, M.: Phytohormones and
antibiotics produced by Bacillus subtilis and their effects on
seed pathogenic fungi and on soybean root development. -
World J. Microbiol. Biotechnol. 21: 1639-1645, 2005.

Banerjee, A., Roychoudhury, A.: Beneficial aspects of cobalt
uptake in plants exposed to abiotic stresses. - Front. Plant-Soil
Interact. 523-529, 2021.

Beauchamp, C.J., Kloepper, J.W.: Spatial and temporal
distribution of a bioluminescent-marked Pseudomonas putida
on soybean root. - Luminescence 18: 346-351, 2003.

Belimov, A.A., Dodd, 1.C., Hontzeas, N., Theobald, J.C.,


https://doi.org/10.1016/j.btre.2020.e00425
https://doi.org/10.1016/j.btre.2020.e00425
https://doi.org/10.1016/j.btre.2020.e00425
https://doi.org/10.1016/j.btre.2020.e00425
https://link.springer.com/book/10.1007/978-3-030-41552-5
https://link.springer.com/book/10.1007/978-3-030-41552-5
https://link.springer.com/book/10.1007/978-3-030-41552-5
https://link.springer.com/book/10.1007/978-3-030-41552-5
https://doi.org/10.3390/plants10020262
https://doi.org/10.3390/plants10020262
https://doi.org/10.3390/plants10020262
https://doi.org/10.3390/plants10020262
https://doi.org/10.1007/s11274-005-3621-x
https://doi.org/10.1007/s11274-005-3621-x
https://doi.org/10.1007/s11274-005-3621-x
https://doi.org/10.1007/s11274-005-3621-x
https://doi.org/10.1016/B978-0-323-90943-3.00012-2
https://doi.org/10.1016/B978-0-323-90943-3.00012-2
https://doi.org/10.1016/B978-0-323-90943-3.00012-2
https://doi.org/10.1002/bio.747
https://doi.org/10.1002/bio.747
https://doi.org/10.1002/bio.747
https://doi.org/10.1111/j.1469-8137.2008.02657.x

MODULATION OF ROOT ARCHITECTURE BY ACC DEAMINASE

Safronova, V.I., Davies, W.J.: Rhizosphere bacteria containing
ACC deaminase increase yield of plants grown in drying soil
via both local and systemic hormone signalling. - New Phytol.
181: 413-423, 2009.

Belimov, A.A., Dodd, I.C., Safronova, V.I., Hontzeas, N., Davies,
W.J.: Pseudomonas brassicacearum strain Am3 containing
I-aminocyclopropane-1-carboxylate deaminase can show
both pathogenic and growth-promoting properties in its
interaction with tomato. - J. exp. Bot. 58: 1485-1495, 2007.

Belimov, A.A., Dodd, 1.C., Safronova, V.I., Shaposhnikov, A.I.,
Azarova, T.S., Makarova, N.M., Davies, W.J., Tikhonovich,
I.A.: Rhizobacteria that produce auxins and contain ACC
deaminase decrease amino acid concentrations in the
rhizosphere and improve growth and yield of well-watered
and water-limited potato (Solanum tuberosum). - Ann. appl.
Biol. 167: 11-25, 2015.

Belimov, A.A., Hontzeas, N., Safronova, V.I., Demchinskaya,
S.V., Piluzza, G., Bullitta, S., Glick, B.R.: Cadmium-tolerant
plant growth-promoting bacteria associated with the roots
of Indian mustard (Brassica juncea L. Czern.). - Soil Biol.
Biochem. 37: 241-250, 2005.

Belimov, A.A., Safronova, V.I., Mimura, T.: Response of spring
rape to inoculation with plant growth-promoting rhizobacteria
containing 1-aminocyclopropane-1-carboxylate deaminase
depends on nutrient status of the plant. - Can. J. Microbiol.
48: 189-199, 2002.

Belimov, A.A., Safronova, V.I., Sergeyeva, T.A., Egorova,
T.N., Matveyeva, V.A., Tsyganov, V.E., Borisov, A.Y.,
Tikhonovich, L.A., Kluge, C., Preisfeld, A., Dietz, K.-J.,
Stepanok, V.V.: Characterization of plant growth-promoting
rhizobacteria isolated from polluted soils and containing
l-aminocyclopropane-1-carboxylate deaminase. - Can. J.
Microbiol. 47: 642-652, 2001.

Bender, C.L., Alarcon-Chaidez, F., Gross, D.C.: Pseudomonas
syringae phytotoxins: mode of action, regulation, and
biosynthesis by peptide and polyketide synthetases. -
Microbiol. mol. Biol. Rev. 63: 266-292, 1999.

Bibikova, T., Gilroy, S.: Root hair development. - J. Plant Growth
Regul. 21: 383-415, 2002.

Burak, E., Quinton, J.N., Dodd, I.C.: Root hairs are the most
important root trait for rhizosheath formation of barley
(Hordeum vulgare L.), maize (Zea mays L.), and Lotus
Japonicus (Gifu). - Ann. Bot. 128: 45-57, 2021.

Burd, G.I., Dixon, D.G., Glick, B.R.: A plant growth promoting
bacterium that decreases nickel toxicity in seedlings. - Appl.
Environ. Microbiol. 64: 3663-3668, 1998.

Calvo-Polanco, M., Sanchez Romera, B., Aroca, R., Asins, M.J.,
Declerck, S., Dodd, 1., Martinez Andujar, C., Albacete, A.,
Ruiz-Lozano, J.: Exploring the use of recombinant inbred
lines in combination with beneficial microbial inoculants
(AM fungus and PGPR) to improve drought stress tolerance
in tomato. - Environ. exp. Bot. 131: 47-57, 2016.

Carvalho, R.F., Campos, M.L., Pino, M.L., Crestana, S.L.,
Zsogon, A., Lima, J.E., Benedito, V.A., Peres, L.E.P.:
Convergence of developmental mutants into a single tomato
model system: ‘Micro-Tom’ as an effective toolkit for
developmental research. - Plant Methods 7: 18, 2011.

Chen, L., Dodd, I.C., Theobald, J.C., Belimov, A.A., Davies, W.J.:
The rhizobacterium Variovorax paradoxus 5C-2, containing
ACC deaminase, promotes growth and development of
Arabidopsis thaliana via an ethylene-dependent pathway. - J.
exp. Bot. 64: 1565-1573,2013.

Contesto, C., Desbrosses, G., Lefoulon, C., Béna, G., Borel, F.,
Galland, M., Gamet, L., Varoquaux, F., Touraine, B.: Effects
of rhizobacterial ACC deaminase activity on Arabidopsis
indicate that ethylene mediates local root responses to plant

growth-promoting rhizobacteria. - Plant Sci. 175: 178-189,
2008.

De Baets, S., Denbigh, T.B.G., Smyth, K.M., Eldridge, B.M.,
Weldon, L., Higgins, B., Matyjaszkiewicz, A., Meersmans, J.,
Larson, E.M., Chenchiach, 1.V., Liverpool, T.B., Quine, TA.,
Grierson, C.S.: Micro-scale interactions between Arabidopsis
root hairs and soil particles influence soil erosion. - Commun.
Biol. 3: 1-11, 2020.

Dodd, 1.C., Zinovkina, N.Y., Safronova, V.., Belimov, A.A.:
Rhizobacterial mediation of plant hormone status. - Ann appl.
Biol. 157: 361-379, 2010.

Dubrovsky, J.G., Esther Puente, M., Bashan, Y.: Arabidopsis
thaliana as a model system for the study of the effect of
inoculation by Azospirillum brasilense Sp-245 on root-hair
growth. - Soil Biol. Biochem. 26: 1657-1664, 1994.

Egorenkova, 1.V., Konnova, S.A., Skvortsov, .M., Ignatov, V.V.:
Initial stages of interaction of Azospirillum brasilense bacteria
with wheat germ roots: adsorption, deformation of root hairs.
- Mikrobiologiia 69: 120-126, 2000.

Egorenkova, I.V., Tregubova, K.V., Ignatov, V.V.: Paenibacillus
polymyxa rhizobacteria and their synthesized exoglycans
in interaction with wheat roots: colonization and root hair
deformation. - Curr. Microbiol. 66: 481-486, 2013.

Fracetto, C.G.M., Pers, L.E.P., Mehdy, M.C., Lambais, M.R.:
Tomato ethylene mutants exhibit differences in arbuscular
mycorrhiza development and levels of plant defense-related
transcripts. - Symbiosis 60: 155-167, 2013.

Galland, M., Gamet, L., Varoquaux, F., Touraine, B., Desbrosses,
G.: The ethylene pathway contributes to root hair elongation
induced by the beneficial bacteria Phyllobacterium
brassicacearum STM196. - Plant Sci. 190: 74-81, 2012.

Gamalero, E., Lingua, G., Tombolini, R., Avidano, L., Pivato,
B., Berta, G.: Colonization of tomato root seedling by
Pseudomonas fluorescens 92rkG5: spatio-temporal dynamics,
localization, organization, viability, and culturability. -
Microb. Ecol. 50: 289-297, 2005.

Glick, B.R., Jacobson, C.B., Schwarze, M.M.K_, Pasternak, J.J.:
I-aminocyclopropane-1-carboxylic acid deaminase mutants
of the plant-growth promoting rhizobacterium Pseudomonas
putida GR12-2 do not stimulate canola root elongation. - Can.
J. Microbiol. 40: 911-915, 1994.

Gopal, R., Dube, B.K., Sinha, P., Chatterjee, C.: Cobalt toxicity
effects on growth and metabolism of tomato. - Commun. Soil
Sci. Plant Anal. 34: 619-628, 2003.

He, Z., Ma, Z., Brown, K.M., Lynch, J.P.: Assessment of
inequality of root hair density in Arabidopsis thaliana using
the Gini coefficient: a close look at the effect of phosphorus
and its interaction with ethylene. - Ann. Bot. 95: 287-293,
2005.

Hadas, R., Okon, Y.: Effect of Azospirillum brasilense inoculation
on root morphology and respiration in tomato seedlings. -
Biol. Fert. Soil. 5: 241-247, 1987.

Hernandez, M., Ortiz-Castro, R., Flores-Olivas, A., Moggio, 1.,
Arias, E., Valenzuela-Soto, J.H.: Fluorescence detection of
pyrene-stained Bacillus subtilis LPM1 rhizobacteria from
colonized patterns of tomato roots. - Photochem. Photobiol.
Sci. 19: 1423-1432, 2020.

Hontzeas, N., Richardson, A.O., Belimov, A.A., Safronova,
V.I., Abu-Omar, M.M., Glick, B.R.: Evidence for horizontal
transfer of 1-aminocyclopropane-1-carboxylate deaminase
genes. - Appl. Environ. Microbiol. 71: 7556-7558, 2005.

Jin, K., Li, H., Li, X., Li, H., Dodd, 1.C., Belimov, A.A.,
Davies, W.J., Shen, J.: Rhizosphere bacteria containing ACC
deaminase decrease root ecthylene emission and improve
maize root growth with localized nutrient supply. - Food
Energy Secur. 10: 275-284, 2021.

237


https://doi.org/10.1111/j.1469-8137.2008.02657.x
https://doi.org/10.1111/j.1469-8137.2008.02657.x
https://doi.org/10.1111/j.1469-8137.2008.02657.x
https://doi.org/10.1111/j.1469-8137.2008.02657.x
https://doi.org/10.1093/jxb/erm010
https://doi.org/10.1093/jxb/erm010
https://doi.org/10.1093/jxb/erm010
https://doi.org/10.1093/jxb/erm010
https://doi.org/10.1093/jxb/erm010
https://doi.org/10.1111/aab.12203
https://doi.org/10.1111/aab.12203
https://doi.org/10.1111/aab.12203
https://doi.org/10.1111/aab.12203
https://doi.org/10.1111/aab.12203
https://doi.org/10.1111/aab.12203
https://doi.org/10.1111/aab.12203
https://doi.org/10.1016/j.soilbio.2004.07.033
https://doi.org/10.1016/j.soilbio.2004.07.033
https://doi.org/10.1016/j.soilbio.2004.07.033
https://doi.org/10.1016/j.soilbio.2004.07.033
https://doi.org/10.1016/j.soilbio.2004.07.033
https://doi.org/10.1139/w02-007
https://doi.org/10.1139/w02-007
https://doi.org/10.1139/w02-007
https://doi.org/10.1139/w02-007
https://doi.org/10.1139/w02-007
https://doi.org/10.1139/w01-062
https://doi.org/10.1139/w01-062
https://doi.org/10.1139/w01-062
https://doi.org/10.1139/w01-062
https://doi.org/10.1139/w01-062
https://doi.org/10.1139/w01-062
https://doi.org/10.1139/w01-062
https://doi.org/10.1128/MMBR.63.2.266-292.1999
https://doi.org/10.1128/MMBR.63.2.266-292.1999
https://doi.org/10.1128/MMBR.63.2.266-292.1999
https://doi.org/10.1128/MMBR.63.2.266-292.1999
https://doi.org/10.1007/s00344-003-0007-x
https://doi.org/10.1007/s00344-003-0007-x
https://doi.org/10.1093/aob/mcab029
https://doi.org/10.1093/aob/mcab029
https://doi.org/10.1093/aob/mcab029
https://doi.org/10.1093/aob/mcab029
https://doi.org/10.1128/AEM.64.10.3663-3668.1998
https://doi.org/10.1128/AEM.64.10.3663-3668.1998
https://doi.org/10.1128/AEM.64.10.3663-3668.1998
https://doi.org/10.1016/j.envexpbot.2016.06.015
https://doi.org/10.1016/j.envexpbot.2016.06.015
https://doi.org/10.1016/j.envexpbot.2016.06.015
https://doi.org/10.1016/j.envexpbot.2016.06.015
https://doi.org/10.1016/j.envexpbot.2016.06.015
https://doi.org/10.1016/j.envexpbot.2016.06.015
https://doi.org/10.1186/1746-4811-7-18
https://doi.org/10.1186/1746-4811-7-18
https://doi.org/10.1186/1746-4811-7-18
https://doi.org/10.1186/1746-4811-7-18
https://doi.org/10.1186/1746-4811-7-18
https://doi.org/10.1093/jxb/ert031
https://doi.org/10.1093/jxb/ert031
https://doi.org/10.1093/jxb/ert031
https://doi.org/10.1093/jxb/ert031
https://doi.org/10.1093/jxb/ert031
https://doi.org/10.1016/j.plantsci.2008.01.020
https://doi.org/10.1016/j.plantsci.2008.01.020
https://doi.org/10.1016/j.plantsci.2008.01.020
https://doi.org/10.1016/j.plantsci.2008.01.020
https://doi.org/10.1016/j.plantsci.2008.01.020
https://doi.org/10.1016/j.plantsci.2008.01.020
https://doi.org/10.1038/s42003-020-0886-4
https://doi.org/10.1038/s42003-020-0886-4
https://doi.org/10.1038/s42003-020-0886-4
https://doi.org/10.1038/s42003-020-0886-4
https://doi.org/10.1038/s42003-020-0886-4
https://doi.org/10.1038/s42003-020-0886-4
https://doi.org/10.1111/j.1744-7348.2010.00439.x
https://doi.org/10.1111/j.1744-7348.2010.00439.x
https://doi.org/10.1111/j.1744-7348.2010.00439.x
https://pubmed.ncbi.nlm.nih.gov/10808499/
https://pubmed.ncbi.nlm.nih.gov/10808499/
https://pubmed.ncbi.nlm.nih.gov/10808499/
https://pubmed.ncbi.nlm.nih.gov/10808499/
https://doi.org/10.1007/s00284-012-0297-y
https://doi.org/10.1007/s00284-012-0297-y
https://doi.org/10.1007/s00284-012-0297-y
https://doi.org/10.1007/s00284-012-0297-y
http://link.springer.com/content/pdf/10.1007%2Fs13199-013-0251-1.pdf
http://link.springer.com/content/pdf/10.1007%2Fs13199-013-0251-1.pdf
http://link.springer.com/content/pdf/10.1007%2Fs13199-013-0251-1.pdf
http://link.springer.com/content/pdf/10.1007%2Fs13199-013-0251-1.pdf
https://doi.org/10.1007/s00248-004-0149-9
https://doi.org/10.1007/s00248-004-0149-9
https://doi.org/10.1007/s00248-004-0149-9
https://doi.org/10.1007/s00248-004-0149-9
https://doi.org/10.1007/s00248-004-0149-9
https://doi.org/10.1139/m94-146
https://doi.org/10.1139/m94-146
https://doi.org/10.1139/m94-146
https://doi.org/10.1139/m94-146
https://doi.org/10.1139/m94-146
https://doi.org/10.1081/CSS-120018963
https://doi.org/10.1081/CSS-120018963
https://doi.org/10.1081/CSS-120018963
https://doi.org/10.1093/aob/mci024
https://doi.org/10.1093/aob/mci024
https://doi.org/10.1093/aob/mci024
https://doi.org/10.1093/aob/mci024
https://doi.org/10.1093/aob/mci024
https://doi.org/10.1007/BF00256908
https://doi.org/10.1007/BF00256908
https://doi.org/10.1007/BF00256908
https://doi.org/10.1039/D0PP00199F
https://doi.org/10.1039/D0PP00199F
https://doi.org/10.1039/D0PP00199F
https://doi.org/10.1039/D0PP00199F
https://doi.org/10.1039/D0PP00199F
https://doi.org/10.1128/AEM.71.11.7556-7558.2005
https://doi.org/10.1128/AEM.71.11.7556-7558.2005
https://doi.org/10.1128/AEM.71.11.7556-7558.2005
https://doi.org/10.1128/AEM.71.11.7556-7558.2005
https://doi.org/10.1002/fes3.278
https://doi.org/10.1002/fes3.278
https://doi.org/10.1002/fes3.278
https://doi.org/10.1002/fes3.278
https://doi.org/10.1002/fes3.278

BELIMOV et al.

Karanja, J.K., Aslam, M.M., Zhang, Q., Yankey, R., Dodd,
L.C., Xu, W.E.: Abscisic acid mediates drought-enhanced
rhizosheath formation in tomato. - Front. Plant Sci. 12:
658787, 2021.

Kenyon, J.S., Turner, J.G.: The stimulation of ethylene synthesis
in Nicotiana tabacum by the phytotoxin coronatine. Plant
Physiol. 100: 219-224, 1992.

Li, J., Ovakim, D.H., Charles, T.C., Glick, B.R.: An ACC
deaminase minus mutant of Enterobacter cloacae UW4 no
longer promotes root elongation. - Curr. Microbiol. 41: 101-
105, 2000.

Liu, J., Reid, R.J., Smith, F.A.: The mechanism of cobalt toxicity
in mung beans. - Physiol. Plant. 110: 104-110, 2000.

Luo, Y., Wang, F., Huang, Y., Zhou, M., Gao, J., Yan, T., Sheng,
H., An, L.: Sphingomonas sp. Cra20 increases plant growth
rate and alters rhizosphere microbial community structure of
Arabidopsis thaliana under drought stress. - Front. Microbiol.
5: Article 1221, 2019.

Lwalaba, J.L., Zvogbo, G., Mulembo, M., Mundende, M., Zhang,
G.: The effect of cobalt stress on growth and physiological
traits and its association with cobalt accumulation in barley
genotypes differing in cobalt tolerance. - J. Plant Nutr. 40:
2192-2199, 2017.

Mahmood, T., Mehnaz, S., Fleischmann, F., Ali, R., Hashmi,
Z.H., Igbal, Z. Soil sterilization effects on root growth and
formation of rhizosheaths in wheat seedlings. - Pedobiologia
57:123-130, 2014.

Marti, E., Gisbert, C., Bishop, G.J., Dixon, M.S., Garcia-
Martinez, J.L.: Genetic and physiological characterization of
tomato cv. Micro-Tom. - J. exp. Bot. §7: 2037-2047, 2006.

Mayak, S., Tirosh, T., Glick, B.R.: Plant growth-promoting
bacteria that confer resistance to water stress in tomatoes and
peppers. - Plant Sci. 166: 525-530, 2004.

Meissner, R., Jacobson, Y., Melamed, S., Levyatuv, S., Shalev,
G., Ashri, A., Elkind, Y., Lev, A.: A new model system for
tomato genetics. - Plant J. 12: 1465-1472, 1997.

Mishra, S.K., Khan, M.H., Misra, S., Dixit, VK., Gupta, S.,
Tiwari, S., Chandra Gupta, S., Chauhan, P.S.: Drought
tolerant Ochrobactrum sp. inoculation performs multiple
roles in maintaining the homeostasis in Zea mays L. subjected
to deficit water stress. Plant Physiol. Biochem. - 150: 1-14,
2020.

Molla, A.H., Shamsuddin, Z.H., Halimi, M.S., Morziah, M.,
Puteh, A.B.: Potential for enhancement of root growth and
nodulation of soybean co-inoculated with Azospirillum and
Bradyrhizobium in laboratory systems. - Soil Biol. Biochem.
33: 457463, 2001.

Nascimento, F.X., Rossi, M.J.,, Glick, B.R.: Ethylene and
1-aminocyclopropane-1-carboxylate (ACC) in plant-bacterial
interactions. - Front. Plant Sci. 9: 114, 2018.

Nascimento, F.X., Rossi, M.J., Soares, C.R., McConkey, B.J.,
Glick, B.R.: New insights into 1l-aminocyclopropane-1-
carboxylate (ACC) deaminase phylogeny, evolution and
ecological significance. - PLoS One 9: €99168, 2014.

Noori, A., Donnelly, T., Colbert, J., Cai, W., Newman, L.A.,
White, J.C.: Exposure of tomato (Lycopersicon esculentum)
to silver nanoparticles and silver nitrate: physiological and
molecular response.- Int. J. Phytoremed. 22: 40-51, 2020.

Okon, Y., Kapulnik, Y.: Development and function of
Azospirillum-inoculated roots. - Plant Soil 90: 3-16, 1986.

Pecenkova, T., Janda, M., Ortmannova, J., Hajna, V., Stehlikova,
Z., Zarsky, V.: Early Arabidopsis root hair growth stimulation
by pathogenic strains of Pseudomonas syringae. - Ann. Bot.
120: 437-446, 2017.

Pegg, G.F., Cronshaw, D.K.: The relationship of in vitro and
in vivo ethylene production in Pseudomonas solanacearum

238

infection of tomato. - Physiol. mol. Plant Pathol. 9: 145-154,
1976.

Penrose, D.M., Moffatt, B.A., Glick, B.R.: Determination of
1-aminocyclopropane-1-carboxylic acid (ACC) to assess the
effects of ACC deaminase-containing bacteria on roots of
canola seedlings. - Can. J. Microbiol. 47: 77-80, 2001.

Rodriguez-Furlan, C., Salinas-Grenet, H., Sandoval, O.,
Recabarren, C., Arrafio-Salinas, P., Soto-Alvear, S., Orellana,
A.,Blanco-Herrera, F.: The root hair specific SYP123 regulates
the localization of cell wall components and contributes to
rizhobacterial priming of induced systemic resistance. - Front.
Plant Sci. 7: 1081, 2016.

Romera, F.J., Alcantara, E.: Ethylene involvement in the
regulation of Fe-deficiency stress responses by Strategy [
plants. - Funct. Plant Biol. 31: 315, 2004.

Ross, J.J., Reid, J.B.: Internode length in Pisum. The involvement
of ethylene with the gibberellin-insensitive erectoides
phenotype. - Physiol. Plant. 67: 673-679, 1986.

Ribaudo, C.M., Krumpholz, E.M., Cassan, F.D., Bottini, R.,
Cantore, M.L., Cura, J.A.: Azospirillum sp. promotes root
hair development in tomato plants through a mechanism that
involves ethylene. - Plant Growth Regul. 25: 175-185, 2006.

Safronova, V.I., Stepanok, V.V., Engqvist, G.L., Alekseyev,
Y.V., Belimov, A.A.: Root-associated bacteria containing
l-aminocyclopropane-1-carboxylate ~ deaminase improve
growth and nutrient uptake by pea genotypes cultivated in
cadmium supplemented soil. - Biol. Fertil. Soils 42: 267-272,
2006.

Serna, M., Coll, Y., Zapata, PJ., Botella, M.A., Pretel, M.T.,
Amoros, A.: A brassinosteroid analogue prevented the effect
of salt stress on ethylene synthesis and polyamines in lettuce
plants. - Sci. Hort. 185: 105-112, 2015.

Siddiqi, K.S., Husen, A.: Plant response to silver nanoparticles: a
critical review. - Crit. Rev. Biotechnol. 14: 1-18, 2021.

Sikorski, J., Jahr, H., Wackernagel, W.: The structure of a local
population of phytopathogenic Pseudomonas brassicacearum
from agricultural soil indicates development under purifying
selection pressure. - Environ. Microbiol. 3: 176-186, 2001.

Spaepen, S., Bossuyt, S., Engelen, K., Marchal, K., Vanderleyden,
J.: Phenotypical and molecular responses of Arabidopsis
thaliana roots as a result of inoculation with the auxin-
producing bacterium Azospirillum brasilense. - New Phytol.
3:850-861, 2014.

Tanimoto, M., Roberts, K., Dolan, L.: Ethylene is a positive
regulator of root hair development in Arabidopsis thaliana. -
Plant J. 8: 943-948, 1995.

Vacheron, J., Desbrosses, G., Bouffaud, M.L., Touraine, B.,
Moénne-Loccoz, Y., Muller, D., Legendre, L., Wisniewski-
Dyé, F., Prigent-Combaret, C.: Plant growth-promoting
rhizobacteria and root system functioning. - Front. Plant Sci.
4: 356, 2013.

Vandenbussche, F., Vaseva, 1., Vissenberg, K., Van Der Straeten,
D.: Ethylene in vegetative development: a tale with a riddle. -
New Phytol. 194: 895-909, 2012.

Vissenberg, K., Claeijs, N., Balcerowicz, D., Schoenaers, S.:
Hormonal regulation of root hair growth and responses to
the environment in Arabidopsis. - J. exp. Bot. 71: 2412-2427,
2020.

Waters, B.M., Lucena, C., Romera, F.J., Jester, G.G., Wynn,
AN., Rojas, C.L., Alcantara, E., Pérez-Vicente, R.: Ethylene
involvement in the regulation of the H+-ATPase CsHAI gene
and of the new isolated ferric reductase CsFRO! and iron
transporter Cs/RT1 genes in cucumber plants. - Plant Physiol.
Biochem. 45: 293-301, 2007.

Yi, Y., Li, Z., Song, C., Kuipers, O.P.: Exploring plant-microbe
interactions of the rhizobacteria Bacillus subtilis and Bacillus


https://doi.org/10.1104/pp.100.1.219
https://doi.org/10.1104/pp.100.1.219
https://doi.org/10.1104/pp.100.1.219
https://doi.org/10.1007/s002840010101
https://doi.org/10.1007/s002840010101
https://doi.org/10.1007/s002840010101
https://doi.org/10.1007/s002840010101
https://doi.org/10.1034/j.1399-3054.2000.110114.x
https://doi.org/10.1034/j.1399-3054.2000.110114.x
http://doi.org/10.3389/fmicb.2019.01221
http://doi.org/10.3389/fmicb.2019.01221
http://doi.org/10.3389/fmicb.2019.01221
http://doi.org/10.3389/fmicb.2019.01221
http://doi.org/10.3389/fmicb.2019.01221
https://doi.org/10.1080/01904167.2017.1346676
https://doi.org/10.1080/01904167.2017.1346676
https://doi.org/10.1080/01904167.2017.1346676
https://doi.org/10.1080/01904167.2017.1346676
https://doi.org/10.1080/01904167.2017.1346676
https://doi.org/10.1080/01904167.2017.1346676
https://doi.org/10.1016/j.pedobi.2013.12.005
https://doi.org/10.1016/j.pedobi.2013.12.005
https://doi.org/10.1016/j.pedobi.2013.12.005
https://doi.org/10.1016/j.pedobi.2013.12.005
https://doi.org/10.1093/jxb/erj154
https://doi.org/10.1093/jxb/erj154
https://doi.org/10.1093/jxb/erj154
https://doi.org/10.1016/j.plantsci.2003.10.025
https://doi.org/10.1016/j.plantsci.2003.10.025
https://doi.org/10.1016/j.plantsci.2003.10.025
https://doi.org/10.1046/j.1365-313x.1997.12061465.x
https://doi.org/10.1046/j.1365-313x.1997.12061465.x
https://doi.org/10.1046/j.1365-313x.1997.12061465.x
https://doi.org/10.3389/fpls.2018.00114
https://doi.org/10.3389/fpls.2018.00114
https://doi.org/10.3389/fpls.2018.00114
https://doi.org/10.3389/fpls.2018.00114
https://doi.org/10.3389/fpls.2018.00114
https://doi.org/10.3389/fpls.2018.00114
https://doi.org/10.3389/fpls.2018.00114
https://doi.org/10.3389/fpls.2018.00114
https://doi.org/10.3389/fpls.2018.00114
https://doi.org/10.3389/fpls.2018.00114
https://doi.org/10.3389/fpls.2018.00114
https://doi.org/10.3389/fpls.2018.00114
https://doi.org/10.3389/fpls.2018.00114
https://doi.org/10.3389/fpls.2018.00114
https://doi.org/10.1371/journal.pone.0099168
https://doi.org/10.1371/journal.pone.0099168
https://doi.org/10.1371/journal.pone.0099168
https://doi.org/10.1371/journal.pone.0099168
https://doi.org/10.1080/15226514.2019.1634000

https://doi.org/10.1080/15226514.2019.1634000

https://doi.org/10.1080/15226514.2019.1634000

https://doi.org/10.1080/15226514.2019.1634000

https://doi.org/10.1007/BF02277383
https://doi.org/10.1007/BF02277383
https://doi.org/10.1093/aob/mcx073
https://doi.org/10.1093/aob/mcx073
https://doi.org/10.1093/aob/mcx073
https://doi.org/10.1093/aob/mcx073
https://doi.org/10.1016/0048-4059(76)90034-5
https://doi.org/10.1016/0048-4059(76)90034-5
https://doi.org/10.1016/0048-4059(76)90034-5
https://doi.org/10.1016/0048-4059(76)90034-5
https://doi.org/10.1139/w00-128
https://doi.org/10.1139/w00-128
https://doi.org/10.1139/w00-128
https://doi.org/10.1139/w00-128
https://doi.org/10.3389/fpls.2016.01081
https://doi.org/10.3389/fpls.2016.01081
https://doi.org/10.3389/fpls.2016.01081
https://doi.org/10.3389/fpls.2016.01081
https://doi.org/10.3389/fpls.2016.01081
https://doi.org/10.3389/fpls.2016.01081
https://doi.org/10.1071/FP03165
https://doi.org/10.1071/FP03165
https://doi.org/10.1071/FP03165
https://doi.org/10.1111/j.1399-3054.1986.tb05076.x
https://doi.org/10.1111/j.1399-3054.1986.tb05076.x
https://doi.org/10.1111/j.1399-3054.1986.tb05076.x
https://doi.org/10.1007/s00374-005-0024-y
https://doi.org/10.1007/s00374-005-0024-y
https://doi.org/10.1007/s00374-005-0024-y
https://doi.org/10.1007/s00374-005-0024-y
https://doi.org/10.1007/s00374-005-0024-y
https://doi.org/10.1007/s00374-005-0024-y
https://www.cabdirect.org/cabdirect/abstract/20153149057
https://www.cabdirect.org/cabdirect/abstract/20153149057
https://www.cabdirect.org/cabdirect/abstract/20153149057
https://www.cabdirect.org/cabdirect/abstract/20153149057
https://doi.org/10.1080/07388551.2021.1975091
https://doi.org/10.1080/07388551.2021.1975091
https://doi.org/10.1046/j.1462-2920.2001.00174.x
https://doi.org/10.1046/j.1462-2920.2001.00174.x
https://doi.org/10.1046/j.1462-2920.2001.00174.x
https://doi.org/10.1046/j.1462-2920.2001.00174.x
https://doi.org/10.1111/nph.12590
https://doi.org/10.1111/nph.12590
https://doi.org/10.1111/nph.12590
https://doi.org/10.1111/nph.12590
https://doi.org/10.1111/nph.12590
https://doi.org/10.1046/j.1365-313X.1995.8060943.x
https://doi.org/10.1046/j.1365-313X.1995.8060943.x
https://doi.org/10.1046/j.1365-313X.1995.8060943.x
https://doi.org/10.3389/fpls.2013.00356
https://doi.org/10.3389/fpls.2013.00356
https://doi.org/10.3389/fpls.2013.00356
https://doi.org/10.3389/fpls.2013.00356
https://doi.org/10.3389/fpls.2013.00356
https://doi.org/10.1111/j.1469-8137.2012.04100.x
https://doi.org/10.1111/j.1469-8137.2012.04100.x
https://doi.org/10.1111/j.1469-8137.2012.04100.x
https://doi.org/10.1093/jxb/eraa048
https://doi.org/10.1093/jxb/eraa048
https://doi.org/10.1093/jxb/eraa048
https://doi.org/10.1093/jxb/eraa048
https://doi.org/10.1016/j.plaphy.2007.03.011
https://doi.org/10.1016/j.plaphy.2007.03.011
https://doi.org/10.1016/j.plaphy.2007.03.011
https://doi.org/10.1016/j.plaphy.2007.03.011
https://doi.org/10.1016/j.plaphy.2007.03.011
https://doi.org/10.1016/j.plaphy.2007.03.011
https://doi.org/10.1111/1462-2920.14305
https://doi.org/10.1111/1462-2920.14305

MODULATION OF ROOT ARCHITECTURE BY ACC DEAMINASE

mycoides by use of the CRISPR-Cas9 system. - Environ.
Microbiol. 12: 4245-4260, 2018.

Yu, Y.B., Yang, S.F.: Auxin-induced ethylene production and its
inhibition by aminomethoxyvinylglycine and cobalt ions. -
Plant Physiol. 64: 1074-1077, 1979.

Zamioudis, C., Mastranesti, P., Dhonukshe, P., Blilou, 1., Picterse,
C.M.: Unraveling root developmental programs initiated by
beneficial Pseudomonas spp. bacteria. - Plant Physiol. 162:
304-318, 2013.

Zhang, D., Xia, R., Cao, X.: Ethylene modulates root hair

development in trifoliate orange through auxin-signaling
pathway. - Sci. Hort. 213: 252-259, 2016.

Zhang, Y., Du, H., Xu, F., Ding, Y., Gui, Y., Zhang, J., Xu, W.:
Root-bacteria associations boost rhizosheath formation in
moderately dry soil through ethylene responses. - Plant
Physiol. 183: 780-792, 2020.

Zolobowska, L., Van Gijsegem, F.: Induction of lateral root
structure formation on petunia roots: a novel effect of
GMI1000 Ralstonia solanacearum infection impaired in Hrp
mutants. - Mol. Plant Microbe Interact. 19: 597-606, 2006.

© The authors. This is an open access article distributed under the terms of the Creative Commons BY-NC-ND Licence.

239


https://doi.org/10.1111/1462-2920.14305
https://doi.org/10.1111/1462-2920.14305
https://doi.org/10.1104/pp.64.6.1074
https://doi.org/10.1104/pp.64.6.1074
https://doi.org/10.1104/pp.64.6.1074
https://doi.org/10.1104/pp.112.212597
https://doi.org/10.1104/pp.112.212597
https://doi.org/10.1104/pp.112.212597
https://doi.org/10.1104/pp.112.212597
https://doi.org/10.1016/j.scienta.2016.11.007
https://doi.org/10.1016/j.scienta.2016.11.007
https://doi.org/10.1016/j.scienta.2016.11.007
https://doi.org/10.1104/pp.19.01020
https://doi.org/10.1104/pp.19.01020
https://doi.org/10.1104/pp.19.01020
https://doi.org/10.1104/pp.19.01020
https://doi.org/10.1094/MPMI-19-0597
https://doi.org/10.1094/MPMI-19-0597
https://doi.org/10.1094/MPMI-19-0597
https://doi.org/10.1094/MPMI-19-0597

	_GoBack
	_GoBack

