Archives of Microbiology (2021) 203:3869-3882
https://doi.org/10.1007/500203-021-02361-z

ORIGINAL PAPER q

Check for
updates

The auxin-producing Bacillus thuringiensis RZ2MS9 promotes
the growth and modifies the root architecture of tomato (Solanum
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Abstract

Strains of Bacillus thuringiensis (Bt) are commonly commercialized as bioinoculants for insect pest control, but their benefits
go beyond their insecticidal property: they can act as plant growth-promoters. Auxins play a major role in the plant growth
promotion. However, the mechanism of auxin production by the Bacilli group, and more specifically by Bt strains, is unclear.
In previous work, the plant growth-promoting rhizobacterium (PGPR) B. thuringiensis strain RZ2MS9 increased the corn
roots. This drew our attention to the strain’s auxin production trait, earlier detected in vitro. Here, we demonstrate that in its
genome, RZ2MS9 harbours the complete set of genes required in two pathways that are used for Indole acetic acid (IAA)
production. We also detected that the strain produces almost five times more IAA during the stationary phase. The bacterial
application increased the shoot dry weight of the Micro-Tom (MT) tomato by 24%. The application also modified MT root
architecture, with an increase of 26% in the average lateral root length and inhibition of the axial root. At the cellular level,
RZ2MS9-treated MT plants presented elongated root cortical cells with intensified mitotic activity. Altogether, these are
the best characterized auxin-associated phenotypes. Besides that, no growth alteration was detected in the auxin-insensitive
diageotropic (dgt) plants either with or without the RZ2MS?9 inoculation. Our results suggest that auxins play an important
role in the ability of B. thuringiensis RZ2MS9 to promote MT growth and provide a better understanding of the auxin pro-
duction mechanism by a Bt strain.
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Introduction can control many aspects of cell division, differentiation, and
elongation by stimulating cell wall synthesis and/or increas-
Auxins, such as the Indole-3-acetic acid (IAA), are major ~ ing membrane plasticity (Bergfeld et al. 1988; Overvoorde
regulators of plant growth, development, and stress response et al. 2010). The biosynthesis of auxins by plant-associated
(Liu et al. 2014). At the cellular level, these phytohormones  bacteria is well-described and probably one of the most
important causes of improved growth and yield in various
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crops when they are applied with plant growth-promoting
rhizobacteria (PGPR) (Steenhoudt and Vanderleyden 2000;
Bloemberg and Lugtenberg 2001).

A large proportion (around 80%) of bacteria from the
rhizosphere has been reported as producing IAA, and the
amino acid L-tryptophan (Trp) has been identified as the
main precursor for its biosynthesis (Loper and Schroth 1986;
Patten and Glick 1996). Four major Trp-dependent IAA
synthesis pathways are known in bacteria, which are classi-
fied according to their intermediates: indole-3-acetonitrile
(IAN), indole-3-acetamide (IAM), indole-3-pyruvate (IPA),
and tryptamine (TPM) (Zhang et al. 2019) (Fig. 1). Briefly,
in the IAN pathway, Trp is converted into indole-3-acetal-
doxime (IAOx) by an oxidoreductase. Subsequently, IAOx
is converted into IAN by an IAOx dehydratase. Once IAN is
formed, it can be converted to IAA by the action of nitrilases.
In the IAM pathway, the enzyme tryptophan-2-monooxy-
genase converts Trp into IAM, which is then converted to
IAA by an IAM hydrolase. In the IPA pathway, Trp is firstly
transformed into IPA by an aromatic amino acid transferase,
and then IPA can be converted into indole-3-acetaldehyde
(IAAId) by the well-documented enzyme indolepyruvate
decarboxylase (IPDC). IAAld is then transformed into TAA
by dehydrogenases. Finally, in the TPM pathway, Trp is first
converted into TPM by a Trp decarboxylase and TPM is sub-
sequently converted to IAAld by an amine oxidase. As in the
last step of the IPA pathway, the IAAld can be transformed
to TAA by dehydrogenases (Spaepen and Vanderleyden
2011; Zhang et al. 2019). Although several experiments have
been performed to understand the above named mechanisms
responsible for the bacterial IAA synthesis, the biosynthetic

pathways present in Gram-positive bacteria, in particular in
the Bacilli group, remain vague (Idris et al. 2007; Ali et al.
2009; Shao et al. 2015a).

Bacillus thuringiensis RZ2MS9 is a PGPR, previously
isolated from guarana (Paullinia cupana) plants cultivated
in the Brazilian Amazon, which successfully promotes the
growth of corn and soybean plants. In prior studies, we
detected that the bacterium produces auxins and sidero-
phores in vitro and it can solubilize phosphate and grow
in a N-free medium (Batista et al. 2018). However, the
highly beneficial effect of this strain on corn’s roots growth
drew attention to its previously detected auxin production
trait. RZ2MS9 application increased corn’s root dry weight
by almost 250% in greenhouse conditions (against the
136% increase observed with the application of the strain
RZ2MS16, an auxin-producer Burkholderia ambifaria from
the same bacterial collection) (Batista et al. 2018).

To assess whether the plant growth-promotion caused
by the inoculation of B. thuringiensis RZ2MS9 may be
explained by its auxin production, we utilized a plant host
that has a mutant insensitive to the effect of exogenous
auxins as study model: the dwarf tomato Micro-Tom (MT)
(Solanum lycopersicum cv. Micro-Tom) and its mutant dia-
geotropic (dgt). Tomato is one of the best-studied organisms
in genetic research and has been increasingly proposed as
a model of studies due to its agronomic relevance (Kimura
and Sinha 2008; Campos et al. 2010). Originally developed
as an ornamental cultivar, the MT presents reduced size (less
than 15 cm in height) and a rapid life cycle (about 10 weeks).
MT was used as a genetic background in which mutations
were introduced, creating a collection of mutants to study a

Fig. 1 Main L-tryptophan-
dependent metabolic path- ORD
ways involved in the bacterial
production of indole 3-acetic
acid (IAA)— adapted from
Zhang et al. (2019). Arrows
with solid lines indicate the
enzymes which genes were
detected in the B. thuringien-
sis RZ2MS9 genome. Arrows
with dashed lines indicate the
enzymes which genes were

not detected in RZ2ZMS9
genome. ORD, oxidoreductase;
TAOxD, indole-3-acetaldoxime
dehydratase; TMO, tryptophan-
2-monooxygenase; IAH, indole-
3-acetamide hydrolase; AAT,
aromatic amino transferase;
IPDC, indole-3-pyruvate decar-
boxylase; ALDH, aldehyde :
dehydrogenase; TDC, trypto- L :
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wide range of processes stimulated by bio-stimulants (Car-
valho et al. 2011; Zandonadi et al. 2016). The dgt is a spon-
taneous single gene recessive mutant that is insensitive to
exogenously applied auxin (Kelly and Bradford 1986; Daniel
et al. 1989; Hicks et al. 1989). This is due to a defect in the
Dgt gene which encodes a cyclophilin, a component of auxin
signaling and plant development (Oh et al. 2006).

The main aims of this study were to (1) investigate the
molecular basis of auxin production by the PGPR B. thur-
ingiensis strain RZ2MS9, (2) optimize the cultivation condi-
tions of RZ2MS9 to enhance its auxin production, and to (3)
test the effect of B. thuringiensis RZ2MS9 on the growth of
MT and dgt tomato plants.

Materials and methods
Biological materials

Bacillus thuringiensis RZ2MS9, a plant growth-promoting
rhizobacterium (PGPR) previously isolated from the guarana
rhizosphere (Batista et al. 2018) is deposited in the Brazil-
ian Collection of Microorganisms from the Environment
and Industry (Colecdo Brasileira de Micro-organismos de
Ambiente e Indistria—CBMALI), registered number 823,
strain access number CBMAI1824. The strain RZ2MS9 was
selected for the present study due to its superior performance
in promoting corn growth in greenhouse conditions when
compared to another IAA-producer PGPR tested as well as
its harmless to human healthy.

In our laboratory, RZ2MS9 is kept stored in a Luria—Ber-
tani (LB) medium (Sambrook and Russell 2001) containing
15% glycerol at — 80 °C. Fresh cultures are routinely started
from frozen stocks by culturing the strain on the agar LB and
incubating the plates at 28 °C for 24 h.

Tomato seeds (Solanum lycopersicum) of the cultivar
Micro-Tom (MT) and its diageotropic mutant (dgt) were
obtained from the HCPD laboratory collection of Micro-
Tom mutants (http://www.esalq.usp.br/tomato/) maintained
at the Luiz de Queiroz College of Agriculture (ESALQ),
University of Sao Paulo (USP), Piracicaba—SP, Brazil.

RZ2MS9 taxonomic analysis

The 16S rDNA gene partial sequencing of the strain
RZ2MS9 done previously (Batista et al. 2018) revealed that
the strain belongs to the Bacillus cereus sensu lato group,
which comprises notable members such as the B. cereus
(stricto sensu) and the B. thuringiensis. Thus, we retrieved
all complete genomes from B. cereus sensu lato group
(n=231) available in the National Center for Biotechnol-
ogy Information (NCBI) Assembly Database in February
2021 (Supplementary Table 1). The complete genome of

B. thuringiensis RZ2MS9 (NCBI Reference Sequence: NZ_
CP049978.1) (Bonatelli et al. 2020) was also included in the
following analyses.

FastANI version 1.32 (Jain et al. 2018) generated the
average nucleotide identity (ANI) between RZ2MS9 and
all the B. cereus sensu lato group genomes. Pangenome
analysis was performed with Roary version 3.13 (Page et al.
2015). Only the genomes from B. cereus and B. thuringien-
sis species were considered in this analysis. All genomes
were annotated with Prokka version 1.14.5 (Seemann 2014),
considering the flag-genus Bacillus. Default parameters were
used in both FastANI and Roary. With the core genome gen-
erated (n=1823), FastTree version 2.1.10 (Price et al. 2010)
was used to generate the approximately-maximum-likeli-
hood phylogenetic tree using the generalized time-reversible
(GTR) model of nucleotide evolution. iTOL (Letunic and
Bork 2019) was used for tree visualization.

RZ2MS9 genome mining for putative IAA-related
genes

The complete genome sequence of B. thuringiensis RZ2ZMS9
(Bonatelli et al. 2020) was also used for mining IAA-related
genes. The functional annotation of the genome was per-
formed against the KEGG database (http://www.genome.
jp/kegg/), using the BlastKOALA tool. The annotated genes
were manually inspected and identified based on informa-
tion of genes/enzymes already reported to function in IAA
metabolism. The detected [AA-related genes were confirmed
using tBLASTn.

Kinetics of IAA biosynthesis by Bacillus sp. RZ2ZMS9

To evaluate the IAA production by RZ2MS9 over the time,
the strain was grown in 100 ml Erlenmeyer flasks contain-
ing 30 ml of LB medium supplemented with Trp (1 g/1).
Each flask, 3 replicates, was inoculated with the same ini-
tial bacterial load (optical density at 600, [ODg,] =0.05,
approximately 1x 103 CFU/ml). The flasks were incubated
in the dark at 28 °C under shaking conditions (180 rpm). We
measured the IAA production and bacterial growth (ODg)
3,12, 15, 18, 21, and 30 h after inoculation (HAI).

To evaluate the influence of Trp concentration on IAA
production by RZ2MS9, the strain was grown in 100 ml
Erlenmeyer flasks containing 30 ml of LB medium supple-
mented with different amounts of Trp (0, 0.1, 0.5, 1.0 and
2.0 g/1). Each flask, 3 replicates per treatment, was inocu-
lated with the same initial bacterial load (ODg,,=0.05,
approximately 1x 108 CFU/ml). The flasks were incubated
in the dark for 21 h at 28 °C under shaking conditions
(180 rpm).

For IAA measurement, we centrifuged (10,000 X g)
the bacterial cultures for 5 min and mixed 1 ml of the
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supernatant with 2 ml of the Salkowski’s reagent (1 ml of
0.5 M FeCl, in 50 ml of 35% HCIO, solution). The develop-
ment of a pink color indicated auxin production, which was
detected by OD measurement, at 530 nm (ODss,), using a
spectrophotometer (Ultrospec 3000 Amersham Pharmacia
Biotech) (Gordon and Weber 1951). IAA production per ml
was then calculated by interpolation of the obtained ODsj
with an IAA calibration curve.

Plant growth-promotion assay

To treat the tomato seeds with the B. thuringiensis RZ2MS9,
the strain was grown in 250 ml Erlenmeyer flasks containing
100 ml of LB medium. The flasks were initially inoculated
with 1 ml of the strain cell suspension and incubated under
shaking conditions (180 rpm) at 28 °C for approximately
21 h. The cell density was adjusted to 1x 10 CFU/ml.
Micro-Tom (MT) and the diageotropic mutant (dgt) seeds
were immersed in the bacterial suspension and incubated at
28 °C under shaking conditions (180 rpm) for 30 min. Con-
trols consisted of MT and dgt seeds immersed in the LB cul-
ture medium without bacterial growth and incubated under
the same conditions as described above. After, the seeds
were carefully sown into pre-filled tray cells containing a
1:1 mixture of a commercial mix (Bioplant®) with expanded
vermiculite and kept in a greenhouse at 28 °C. 10 days after
germination, plants were transferred to 400 ml pots contain-
ing the soil mix, which were kept in the greenhouse under
the same conditions as described previously. Both when in
the trays and when in the pots, the plants were irrigated daily
and the Peters® general-purpose water-soluble fertilizer
(20-20-20 NPK + micronutrients) was applied once a week.

The 36-pot experiment, in a randomized experimental
design, consisted of a factorial scheme (2 plant genotypes X 2
bacterial treatments). The treatments were: Micro-Tom (MT)
plants which seeds had the application of RZ2MS9 cells
suspension (MT_RZ2MS9) and the control without bacte-
rial application (MT_Control); and dg¢ plants which seeds
were treated with RZ2MS9 (dgr_RZ2MS9) and the non-
inoculated control (dgt_Control). Nine replicates were used
per treatment in the bioassay.

Plants were collected at the flowering stage, sixty days
after transferring the plants to individual pots. The roots
were separated from the shoots, washed and kept in pots
containing alcohol (70%). The shoots were relocated in
paper bags and the shoot dry weight (SDW) was measured in
an analytical balance after oven-drying at 70 °C for 5 days.

The roots were scattered in a clear layer of water on a tray
(30 cm X 20 cm), and their image was captured at 400 dpi
with an Epson® Expression 11000XL professional scan-
ner system. The images were analyzed for total root length
(TRL), lateral root length (LRL), axial root length (ARL),
total root surface area (RSA) and total root diameter (TRD)

@ Springer

using WinRHIZO™ Arabidopsis software (Regent Instru-
ments Inc., Quebec, Canada).

The ten root diameter classes provided by the Win-
RHIZO™ Arabidopsis software were simplified into only
two (LRL and ARL), according to the methodology pro-
posed by Trachsel et al. (2009). Thus, we considered the
root portions with a diameter of less than or equal to 0.5 mm
as LRL, and the root portions with a diameter greater than
0.5 mm as ARL.

Root anatomical analysis

Root tips of the MT plants, with and without B. thuringiensis
RZ2MS9 treatment, were fixed in the Karnovsky solution
for 24 h (Karnovsky 1965), dehydrated through a graded
alcohol series (10, 20, 30, 50, 70, 80, 90 and 100%) and
embedded in plastic resin (Tecnovit® 7100). The samples
were sectioned in rotational microtome Leica RM2235 at
5-7 pm thickness. The sections were displayed on glass
slides and subsequently stained with toluidine blue (O’Brien
et al. 1964) and mounted with the synthetic resin Entellan®
(Merck, Darmstadt, Germany). The slides were analyzed
under a Leica DM 500, and the images documented with an
ICC50W camera.

Statistical analysis

Data were submitted to analysis of variance and Tukey’s
test (p-value <0.05) with bacterial inoculation and plant
genotype as sources of variation using the package “ExpDes.
pt” in software R (R Core Team 2014). Pearson’s correla-
tion coefficients between IAA production and cell density,
as well as between IAA production and the levels of Trp
added to the culture medium were also calculated using the
software R.

Results
RZ2MS9 taxonomic analysis

FastANI analysis showed that the closest species to the
strain RZ2MS9 was the B. thuringiensis subsp. jinghong-
iensis strain YGd22-03, with 99.05% ANI (Supplementary
Table 1). Interestingly, the phylogenetic tree based on the B.
cereus and B. thuringiensis species core genomes (n=1823)
clustered the RZ2MS9 and the B. thuringiensis strain subsp.
Jjinghongiensis YGd22-03 together in a clade mainly com-
posed by B. thuringiensis representatives (Supplementary
Fig. 1). Therefore, the strain RZ2MS9 will be referred as B.
thuringiensis RZ2MS9 hereafter.
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RZ2MS9 genome mining for genes likely involved
in IAA biosynthesis

A graphic overview of the main pathways proposed for the
synthesis of bacterial IAA is presented in Fig. 1. IAA synthe-
sis from Trp can occur via four main alternative pathways,
named according to its main intermediate: indole-3-acetoni-
trile (IAN), indole-3-acetamide (IAM), indole-3-pyruvate
(IPA), and tryptamine (TPM). The complete B. thuringiensis
RZ2MS9 genome was mined for genes putatively involved
in each step of these pathways. No genes related to the AN
and IAM pathways were detected. However, the whole set
of genes involved in the IPA and in the TPM pathways were
identified in the RZ2MS9 genome (Table 1). In the IPA
pathway, we detected two genes that can putatively encode
aminotransferases involved in the conversion of tryptophan
into IPA. We also identified the well-documented ipdC gene
presumably responsible for the production of the indole-
3-pyruvate decarboxylase (IPDC) enzyme, which converts
IPA into IAAld. In the TPM pathway, a Trp decarboxylase
gene may be involved in the tryptophan decarboxylation
reaction to TPM, while monoamine oxidases (MAO) may

convert TPM to IAAId. In both IPA and TPM pathways,
the final step is the conversion of IAAld into IAA, which is
catalyzed by aldehyde dehydrogenase (ALDH). Three aldH
genes detected in RZ2MS9 may encode this enzyme.

IAA production is influenced by the incubation
period of B. thuringiensis RZ2MS9 and Trp
concentration

To investigate the effect of RZ2MS9 incubation period on
the IAA production, samples were collected from the culture
media at 3, 12, 15, 18, 21, and 30 h after inoculation (HAI).
Data analysis suggested that, overall, the bacterial cell den-
sity and the amount of auxin detected were positively and
significantly correlated (r=0.72, p-value <0.01). In other
words, the more RZ2MS9 cells present in the medium, the
higher the amount of IAA detected.

At 3 HAI, approximately 0.06 pg/ml of auxin was
detected in the medium (Fig. 2a). This amount remained
constant during the log phase of bacterial growth (3—-12
HAI). The bacterium reached the stationary phase of growth
approximately 15 HAI, and maximum IAA (0.20 pg/ml) was

Table 1 Genes identified in the B. thuringiensis RZ2MS9 genome that are putatively involved in the Trp-dependent IAA production

TAA synthesis pathway  Enzymes proposed in each pathway

Gene size Genbank
protein ID—
NCBI

Genes detected in the RZ2MS9 and entry
numbers in KEGG

Indole-3-pyruvate (IPA) Aromatic amino Transferase

Indole-3-pyruvate decarboxylase (IPDC)

Indole-3-acetaldehyde dehydrogenase
(ALDH)

Tryptamine (TPM) Tryptophan-2-decarboxylase (TDC)

Monoamine oxidase (MAO)

Indole-3-acetaldehyde dehydrogenase
(ALDH)

Aminotransferase 387 QI743870.1
[EC: 2.6.1.-]

K00841

Aminotransferase
[EC:2.6.1.-]
K10907

ipdC; indolepyruvate decarboxylase 561
[EC:4.1.1.74]
K04103

aldH; aldehyde dehydrogenase (NAD™)
[EC:1.2.1.3]
KO00128

aldH; aldehyde

dehydrogenase (NADY)

[EC:1.2.1.3]

K00128

aldH;, aldehyde dehydrogenase (NAD™)
[EC:1.2.1.3]

K00128

tdc; L-tryptophan decarboxylase
[EC:4.1.1.28 4.1.1.105]

K01593

mao; Monoamine oxidase [EC:1.4.3.4]
K00274

mao; Monoamine oxidase [EC:1.4.3.4]
K00274

—Same as in the last step of the IPA pathway shown above—

396 QIZ44691.1

QIZ42416.1

455 QIZ41407.1

494 QIZ42745.1

494 QIZ43404.1

484 QIZ42652.1

478 QIZ41954.1

487 QIZ42040.1
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Fig.2 Factors that influence the production of IAA by B. thuring-
iensis RZ2MS9. a The influence of the incubation period on IAA
production (pg/ml) and growth (optical density—OD at 600 ) of
RZ2MS9. The bacterium was grown in LB medium supplemented
with 1 g/l of L-tryptophan (Trp). The results shown are representa-
tive of 3 replicates of the experiment. b Effect of Trp concentration

produced by RZ2MS9 at 21 HAI, still during the stationary
phase. Subsequently, IAA production declined, reaching
around 0.10 pg/ml at 30 HAIL

We observed that B. thuringiensis RZ2MS9 growth was
not affected by different concentrations of the Trp (Fig. 2B).
The bacterial IAA production increased when the concen-
tration of Trp in the medium was increased from 0.1 to
1 g/1. RZ2MS9 showed maximal IAA production (0.20 pg/
ml) when 1 g/l of Trp was added to the medium. At this
concentration of Trp, bacterial IAA production was around
five times higher than when the bacterium was grown in
the medium without Trp. On the other hand, IAA pro-
duction by RZ2MS9 slightly declined to around 0.18 pg/
ml in the medium containing 2 g/l of Trp. Data analysis
indicated that the auxin production and Trp concentration
in the medium were positively and significantly correlated
(r=0.76, p-value <0.01).

Effect of B. thuringiensis RZ2ZMS9 inoculation on MT
and dgt growth

The inoculation with the auxin-producing B. thuringiensis
RZ2MS9 showed significant differences in several parame-
ters of MT tomato growth (Figs. 3 and 4). We observed a sig-
nificant increase of 24% in average shoot dry weight (SDW)
of MT plants inoculated with RZ2MS9 (MT_RZ2MS9)
when compared to MT plants without the bacterial treat-
ment (MT_Control). However, the SDW of dgt plants inocu-
lated (dgr_RZ2MS9) and non-inoculated (dgz_Control) with
RZ2MS9 did not differ from each other. It is also worth
mentioning that the application of RZ2MS9 seems to have
accelerated the flowering in MT plants (Fig. 3).

The root architecture of MT plants inoculated with B.
thuringiensis RZ2MS9 was modified when compared to

@ Springer

on IAA production (pg/ml) and growth (OD at 600 ) of RZ2MS9.
The bacterium was grown in LB medium supplemented with different
amounts of Trp (0, 0.1, 0.5, 1.0 and 2.0 g/l). The results shown are
representative of 3 replicates of the experiment. We measured both
the IAA production and bacterial growth 21 h after the beginning of
the incubation period

MT_Control plants (Fig. 4f and g). The bacterial inocu-
lation led to an average significant increase of 25, 26 and
17% in total root length (TRL) (Fig. 4a), lateral root length
(LRL) (Fig. 4b) and total root surface area (RSA) (Fig. 4d),
respectively, and a significant decrease of 7% in the total
root diameter (TRD) (Fig. 4e) of MT_RZ2MS9 plants when
compared to MT_Control plants. No statistically significant
effects on these parameters were observed when compar-
ing dgt RZ2MS9 plants and dgt_Control. Besides that, the
axial root length (ARL) did not differ between the treat-
ments MT_RZ2MS9 and MT_Control as well as between
dgt_RZ2MS9 and dgt_Control (Fig. 4c).

Anatomical changes

We analyzed the anatomy of the tips of MT plants’ roots
with and without application of RZ2MS9. In this region, we
observed a single-epidermal cell layer, 6-7 layers of cortical
cells, and the vascular cylinder where the procambium is
differentiated into protoxylem and phloem cells (Fig. 5a-h).
Two main alterations were detected in the cortical cells of
MT_RZ2MS9 root tips: (1) the are more elongated (Fig. Sc,
d) than MT_Control plants’ roots (Fig. 5a, b); (2) and exhib-
ited more mitotic activity (Fig. 5g, h) when compared to
non-inoculated plants (Fig. Se, f).

Discussion

RZ2MS9 is currently classified as Bacillus
thuringiensis

The vast majority of bacteria present in the rhizosphere pro-
duce auxins such as the indole-3-acetic acid (IAA) (Patten
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Fig. 3 Effect on the shoot dry
weight (SDW) of 60-day old
dgt and MT plants either with =1
or without the application of
B. thuringiensis RZ2MS9.
Mean values (9 replicates per 2
treatment) followed by differ-
ent capital letters represent
significant differences between
the plant genotypes (dgt X MT).
Means followed by lowercase
letters represent significant
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and Glick 1996). From a mutualistic point of view, rhizo-
bacteria synthesize auxins to enlarge the superficial area
of the roots, thus increasing plant exudation and nutrient
availability in the rhizosphere. In exchange, plant develop-
ment is favored by greater access to water and soil nutrients
(Etesami et al. 2015). This mechanism is very likely the
main cause of plant growth promotion by PGPR.

Strains belonging to the genus Bacillus are among the
most commonly reported PGPR (Kloepper et al. 2004; Idris
et al. 2007). In particular B. thuringiensis, which is well-
known by its insecticidal activities, has not received the
deserved attention regarding its potential to promote plant
growth, even with many studies reporting that it enhances
plant development (Selvakumar et al. 2008; Mishra et al.
2009; Armada et al. 2015). B. thuringiensis belongs to the
B. cereus sensu lato group which comprises several species,
but the most-well studied are B. cereus, B. thuringiensis and
B. anthracis (Liu et al. 2015; Ehling-Schulz et al. 2019). The
taxonomy of B. cereus group is complex and recent studies
have used ANI (Carroll et al. 2020; Torres Mano et al. 2020)
and pan- and core-genome analyses (Bazinet 2017; Baek
et al. 2019) to clarify species definition and investigate the
group phylogeny without relying on the analysis of plasmids,
which can be easily transferred or lost in the evolutionary
history (Liu et al. 2015), but still there is no consensus. Here,
we used both ANI and core-genome analyses to classify
RZ2MS9 as B. thuringiensis. Interestingly, in both analyses
we found a close similarity between the B. thuringiensis

subsp. jinghongiensis strain YGd22-03 (Wu et al. 2017) and
the RZ2MS9, both originally isolated from soil.

RZ2MS9 genome mining for genes likely involved
in IAA biosynthesis

Despite the importance of Bacillus as PGPR, most of the
studies portraying bacterial IAA production are based on
Gram-negative strains (Wahyudi et al. 2011; Ortiz-Castro
et al. 2020). However, some IA A-producing Gram-positive
Bacillus sp. strains have started to receive more attention
in the last few decades (Idris et al 2004). For instance, the
role of IAA produced by B. amyloliquefaciens FZB42 in
plant growth promotion was validated by the use of mutant
strains deficient in a gene responsible for IAA biosynthesis,
suggesting that the main route of IAA biosynthesis in this
bacterium was dependent on Trp (Idris et al. 2007). The Trp,
naturally present in root exudates of plants (Olanrewaju et al.
2017) can be converted to IAA through several pathways.
More than one pathway could be present in bacteria (Patten
and Glick 1996). Here, two complete Trp-dependent IAA
biosynthesis pathways, the indole-3-pyruvate (IPA) and the
tryptamine (TPM), were identified in the genome of B. thur-
ingiensis RZ2MS9.

Six of the detected genes might be involved in the IPA
pathway: two amino acid transferases (or aminotransferases),
the indolepyruvate decarboxylase (ipdC) and three alde-
hyde dehydrogenases (aldH). Aminotransferases catalyze
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Fig.4 Effect on several root parameters of 60-day old dgr and MT
plants either with or without the application of B. thuringiensis
RZ2MS9 (a-e), and effect of bacterial application on the MT root
architecture (f and g). a Total root length (TRL), b lateral root length
(LRL), ¢ axial root length (ARL), d root superficial area (RSA), e
total root diameter (TRD). Mean values (9 replicates per treatment)

the reversible transamination of Trp to IPA. Bacteria can
possess several isoforms of aminotransferases which are
involved in multiple pathways (Whitaker et al. 1982).
The activity of these enzymes in IAA-producing bacteria
has been demonstrated mainly in Gram-negative bacteria
such as Pseudomonas sp. and Azospirillum sp. (Baca et al.
1994; Pedraza et al. 2004). The decarboxylation of IPA to
indole-3-acetaldehyde (IAAld) by the action of the enzyme

@ Springer

followed by different capital letters represent significant differences
between the plant genotypes (dgt X MT). Means values followed
by lowercase letters represent significant differences among all the
treatments according to Tukey’s test (p <0.05). f Roots of MT plants
with RZ2MS9 application and g roots of MT plants without bacterial
application. Ctrl, non-inoculated control

indole-3-pyruvate decarboxylase (IPDC), encoded by the
ipdC gene, appears to be the rate-limiting step of the IPA
pathway. This gene is well-documented, and its disrup-
tion significantly decreased the IAA production of Gram-
negative strains such as Pseudomonas putida (Patten and
Glick 2002), Erwinia herbicola (Brandl and Lindow 1998),
Azospirillium brasilense (Dobbelaere et al. 1999; Malhotra
and Srivastava 2008) and Klebsiella sp. (Gang et al. 2018).
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MT_Control

Fig.5 Longitudinal sections of the Micro-tom MT root tips either
with (MT_RZ2MS9) (c, d; g, h) or without (MT_Control) (a, b, e,
f) the B. thuringiensis RZ2MS9 application. b and f are details of
squares in a and e, respectively, while d and h are details of squares
in ¢ and g, respectively. All detailed regions are associated to the

However, the presence of this gene in the genome of IAA-
producing Gram-positive bacteria, especially in Bacillus
sp. strains, is less common. For instance, the gene was not
detected in the genome of the well-studied auxin-producing
B. amyloliquefaciens strains FZB42 (Idris et al. 2007), and
SQRY (Shao et al. 2015a). Interestingly, some isolates of B.
thuringiensis were reported to possess ipdC gene in their
genomes (Raddadi et al. 2008).

In addition, six of the detected genes in the RZ2MS9 are
possibly involved in the IAM pathway: one Trp decarboxy-
lase (tdc), two monoamine oxidases (mao), and the three
aldehyde dehydrogenases (aldH) which are shared with
the IPA pathway. Recently, a large-scale genomic study
revealed that rhizobacteria predominantly synthesize IAA
via the indole-3-acetamide (IAM) and TPM pathways. More
precisely, the Firmicutes, the taxa group to which Bacillus
sp. belongs, likely mainly use the TPM pathway for [AA
production since this is the main pathway detected among
the hundreds of genomes studied (Zhang et al. 2019). The

MT_RZ2MS9

T ",\ i 1<

first developed protoxylem cells (arrows in b, f, d, and h). ¢ and d
presented larger cortical cells than the control. g and h presented
higher mitotic activity of cortical cells. CT,Cortex; EP,epidermis;
PH, phloem; XY, xylem; PR, protoxylem

TPM pathway is present in plants (Mano and Nemoto 2012)
and fungi (Bunsangiam et al. 2019); however, it is much
less well-documented in bacteria (Cassan et al. 2014; Wil-
liams et al. 2014). This pathway was suggested for Bacillus
cereus (Perley and Stowe 1966) and Azospirillum brasilense
(Hartmann et al. 1983) based on their ability to produce IAA
from TPM in chemically defined culture medium (Cassan
et al. 2014). Genomes of Pseudomonas putida strains were
reported to encode enzymes involved in the TPM pathway,
including a putative tryptophan decarboxylase, a putative
amine oxidase, and several candidate aldehyde dehydroge-
nases (ALDH) (Wu et al. 2011; Kunkel and Harper 2018). In
the RZ2MS9 genome, we identified three aldH genes, which
are predicted to encode the ALDH involved in the final step
of both IPA and TPM pathways. A gene encoding a potential
ALDH was also detected in the PGPR B. amyloliquefaciens
SQRY genome and in response to the addition of Ltrp to
the medium its transcription increased 2.5-fold (Shao et al.
2015a). All genes involved in the IAA pathways detected in
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the RZ2MS9 genome will serve as a foundation for future
functional studies.

IAA production is influenced by the incubation
period of B. thuringiensis RZ2MS9 and Trp
concentration

It has been reported that [AA production by bacteria is influ-
enced by the growth stage and Trp concentration added to
the medium (Myo et al. 2019). We tested both conditions in
the present study. Firstly, we detected that maximum TAA
was produced by RZ2MS9 at 21 HAI, during the stationary
phase. IAA is produced by some bacterial strains, including
Bacillus sp. strains, when they are in the stationary phase
of growth (Patten et al. 2013; Ali 2015; Shim et al. 2015).
It was suggested that IAA production can be induced in
response to cell density-dependent signal (Quorum Sens-
ing—QS). The inactivation of N-acylhomoserine lactones
(AHLs), QS-related signalling compounds, reduced IAA
production by the Gram-negative Azospirillum lipoferum
during the stationary phase (Boyer et al. 2008). Besides that,
increased bacterial auxin production during the stationary
phase may be related to stress factors (such as carbon and
nitrogen depletion in the medium, reduction in growth rate,
and oxygen deprivation) triggering the expression of [AA-
related genes (Ona et al. 2005). The regulation of genes such
as the ipdC in some Gram-negative bacteria is performed
by the rpoS gene, the stress response sigma factor (Patten
and Glick 2002). Moreover, bacteria may be able to obtain
the maximum Trp from the dead bacterial mass during the
stationary phase, which could result in increased IAA pro-
duction during this phase (Swain et al. 2007).

Subsequently, we studied the effect of Trp concentration
on RZ2MS9 TAA production. The application of 1 g/l of
Trp to the medium resulted in an almost fivefold increase
in TAA secretion by the bacterium. Similarly, Shao et al.
(2015b) reported an increase of almost 3.6-fold in IAA pro-
duced by B. amyloliquefaciens SQR9 when Trp was added
to the medium. Furthermore, our experiments showed that
the auxin production by RZ2MS9 is positively and sig-
nificantly correlated with the amount of Trp added to the
medium. Likewise, IAA production by Paenibacillus poly-
myxa SK1was strongly correlated with the application of
exogenous tryptophan concentrations in the growth medium
(Khan et al. 2020).

Therefore, we found that growing the RZ2MS9 in a
medium supplemented with 1 g/l of Trp until the station-
ary phase enhanced its auxin production, which reached the
maximal value of 0.20 pg/ml in our studies. Shreya et al.
(2020) also reported that the plant growth promoting and
chromium-tolerant B. thuringiensis strain S3VKR?2 pro-
duced around 0.15 pg/ml of IAA when grown for 5 days in
a medium supplemented with Trp. In this sense, longer term
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analysis (during the late stationary phase) will be carried out
in the future to reveal whether the auxin amount produced by
RZ2MS9 remains constant, decreases or increases.

Effect of B. thuringiensis RZ2MS9 inoculation on MT
and dgt root development and anatomical changes

The Micro-Tom MT (Solanum lycorpersicum cv Micro-Tom)
is a miniature tomato with various advantageous properties
to serve as a model system to study plant-microbes interac-
tion (Park et al. 2007; Campos et al. 2010). This plant has
been used in plant growth promotion studies with a range of
microbes, including fungi and actinomycetes (Palaniyandi
et al. 2014; Fiorini et al. 2016). MT and dgt have been used
in combination to confirm auxin-like activity in the humic
matter (Dobbss et al. 2007; Canellas et al. 2011) and to
investigate the role of phytohormones in mediating the effect
of cadmium on growth and metabolism of tomato (Chu et al.
2020). However, to the best of our knowledge, this is the first
study using this study model to investigate the role of auxin
produced by a PGPR.

The inoculation of B. thuringiensis RZ2MS9 significantly
increased the lateral roots length (LRL) by 26% while it
inhibited the growth of axial roots length (ARL) in MT
plants when compared to non-inoculated MT plants. It is
generally accepted that auxin inhibits root elongation and
promotes the development of lateral roots (Sukumar et al.
2013). Besides that, the reduction by 7% of total mean root
diameter (TRD) by application of the bacterium is more evi-
dence of the increased development of lateral roots, which
have a smaller diameter when compared to axial roots.
Although thicker roots have a greater capacity to trans-
port water and nutrients and are less vulnerable to adverse
edaphic conditions, fine roots allow a much larger soil explo-
ration (Richardson et al. 2009). Altogether, the modifications
in the root architecture of MT plants caused by RZ2MS9
certainly had a great influence in the improvement of water
and nutrients acquisition by the plants, which was reflected
in the significant increase of 24% in MT shoot dry weight.
Interestingly, despite not being quantified, it seems that the
bacterial application caused an acceleration of flowering
time in MT plants. The effect caused on flowering, as well
as on the final fruit production, will be further investigated.
On the other hand, the inoculation of the auxin-insensitive
dgt plants with RZ2MS9 did not affect any of the roots and
shoots parameters evaluated. This is an additional indication
of the relevance of the auxin produced by RZ2MS9 in the
plant response.

Regarding the anatomical alterations, herein we
observed that, for MT_RZ2MS9 plants, at the differentia-
tion zone of the root where the first protoxylem starts to
differentiate, cortical cells are expanded, and their mitotic
activity seems to be accelerated when comparing to roots
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from non-inoculated MT plants. This data suggests a
modification at cellular level possibly induced by phyto-
hormones. Plant responses commonly related to auxins
include cell enlargement, cell division, increased protein,
RNA synthesis, and RNA polymerase activity (Ahmed
and Hasnain 2014). Kollarova et al. (2004), investigating
the effect of auxins on Karwinskia humboldtiana roots,
observed that IAA promotes the mitotic activity and can
also induce the plant ethylene production, which can lead
to cell enlargement. Taken together, our results provide
evidence that plant growth-promotion elicited by the
PGPR B. thuringiensis RZ2MS9 likely results from its
auxin production trait. However, it is possible that the bac-
terium can interfere in other phytohormone pathways that
will lead to increased plant growth. This indirect effect
needs further studies.

Deciphering which PGP trait is relevant and how to
optimize the cultivation of the bacterium to obtain the
best expression of this trait has key importance for the
consistent use of PGPR in agricultural systems (Martinez-
Viveros et al. 2010). Here, we demonstrate that B. thur-
ingiensis RZ2MS9 not only harbours genes involved in
TAA production from Trp but also produces around five
times more IAA during the stationary phase in a medium
supplemented with 1 g/l of Trp. The anatomical analy-
sis showed that MT plants applied with RZ2MS9 had the
root cortical cells either expanded or with high mitotic
activity when compared with MT plants without bacterial
application. Moreover, we have brought to light a study
model (MT + dgt) that seems to be useful in elucidating
the auxin production mechanism used by PGPR to promote
plant growth.
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