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Bacillus velezensis strain B26
modulates the inflorescence

and root architecture

of Brachypodium distachyon

via hormone homeostasis

Meha Sharma, Jean-Benoit Charron, Mamta Rani & Suha Jabaji**

Plant growth-promoting rhizobacteria (PGPR) influence plant health. However, the genotypic
variations in host organisms affect their response to PGPR. To understand the genotypic effect,

we screened four diverse B. distachyon genotypes at varying growth stages for their ability to be
colonized by B. velezensis strain B26. We reasoned that B26 may have an impact on the phenological
growth stages of B. distachyon genotypes. Phenotypic data suggested the role of B26 in increasing
the number of awns and root weight in wild type genotypes and overexpressing transgenic lines.
Thus, we characterized the expression patterns of flowering pathway genes in inoculated plants and
found that strain B26 modulates the transcript abundance of flowering genes. An increased root
volume of inoculated plants was estimated by CT-scanning which suggests the role of B26 in altering
the root architecture. B26 also modulated plant hormone homeostasis. A differential response was
observed in the transcript abundance of auxin and gibberellins biosynthesis genes in inoculated roots.
Our results reveal that B. distachyon plant genotype is an essential determinant of whether a PGPR
provides benefit or harm to the host and shed new insight into the involvement of B. velezensis in the
expression of flowering genes.

Bacillus species are one type of rhizobacteria that can boost plant growth through the induction of antibiosis,
facilitating nutrient availability through the synthesis of phytohormones, and competitive omission’. Such inter-
actions help in endurance and adaptation of both host and PGPR in any stress environment?. We previously
demonstrated that Bacillus velezensis strain B26, is a growth-promoting bacterium of timothy grass and the model
plant Brachypodium distachyon, which enhanced the growth and accelerated flowering time through the produc-
tion of hormones, volatiles and various antimicrobial compounds®*. We also showed that strain B26 improves the
growth of these grasses under extended drought conditions by modulating the expression of drought-responsive
genes in B. distachyon, and also by the modification of osmolytes in roots and shoots of timothy grass®. Success-
ful colonization of B. distachyon roots by strain B26 is based on the composition of roots exudates (the type of
organic acid and their biosynthetic genes), chemotaxis and the induction of biofilm and their encoding genes®.

It is well established that plant genotype can impact the degree of plant growth-promotion of some PGPRS.
The effects of inoculation of 20 rice cultivars of genetically distinct groups with Azospirillum sp. provided varied
results in terms of the number of tillers’. Also, different accessions of Arabidopsis displayed different microbial
communities, indicating that plant host genetic factors shape the associated microbiota®®. The genotypes of
the model grass B. distachyon has an important role in defining the plant host responses to PGPR’. However,
it is unclear whether the host’s genotypic variations affect the microbiome in such a way that leads to adaptive
consequences to the host. The study of Do Amaral et al.’ and others only described the short-term growth
responses on plants!?.

B. distachyon is closely related to cultivated monocotyledons such as rice, wheat, and maize, and is a model
plant to study plant-microbe interactions and stress tolerance*!'2. Due to ease in genetic transformation,
B.distachyon is ideal for generating transgenic lines'. Various transgenic lines have been generated in the
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background of B.distachyon accession line Bd21-3 with loss and gain of function of a target gene'*'>. Moreover,
B. distachyon accessions exhibit variation in various phenotypic traits'c.

The reproductive success of many plants hinges on flowering'”. Flowering responds to environmental cues
such as long exposure to cold temperatures (i.e., vernalization) and photoperiods (i.e., variation in day length).
The regulation of the flowering process in B. distachyon is controlled by several key genes, which include VER-
NALIZATION 1 (VRNI), VRN2 and FLOWERING LOCUS FT1 (FT1)"-°.The expression of these genes is
affected by temperature and photoperiods®. It was demonstrated that the over-expression of FT1 accelerates
flowering in B. distachyon and wheat'”*'. However, the flowering pathways are not limited to the shoot apical
meristem where flowers are originated, but it depends on shoot-root communication®*?. For example, the major-
ity of flowering genes in Arabidopsis and Cassava are variably expressed when plants are exposed to photoperiod
that induces flowering®>?*. These studies provide a new understanding on the involvement of the root in the
flowering process. Signalling molecules from roots including phytohormones modulate shoot growth and root
architecture*®. Additionally, the plant growth stimulation by beneficial rhizobacteria has been associated with
the biosynthesis of plant growth regulators produced by rhizobacteria including auxins, gibberellins, cytokinins
and ABA%. These microbial signals alter the plant hormone levels. Previously, we reported on the beneficial traits
mediated by phytohormones produced by B. velezensis strain B26* causing increased fitness of plant resulting
in 121% more spikelets in inoculated B. distachyon than the respective control®. Despite significant advances
in plant-rhizobacteria interactions, regulation of plant flowering genes in response to rhizobacteria is scarce®.

Here, we aim to (i) study the potential use of B. distachyon genotypes for studies of PGPR-grass interactions
throughout the whole growth cycle of the genotypes. (ii) characterize the responses of expression patterns
of selected flowering genes to B. velezensis inoculation in Brachypodium wild accessions and (iii) understand
whether strain B26 could alter the expression of Brachypodium transgenic lines overexpressing flowering genes
relative to the colonized wild type (iv) understand whether growth promotion by strain B26 is differentially
associated with phytohormone homoeostasis and transcript abundance. We screened four diverse genotypes of
Brachypodium for their ability to be colonized by B.velezensis. We reasoned that B. velezensis may have an impact
on the inflorescence and root architecture of B. distachyon genotypes.

Results

Bacterial inoculation elicited varied growth response of B. distachyon accessions. A differ-
ential response was observed in Bd21, Bd21-3, Bd18-1 and Bd30-1 in response to B26 colonization (Fig. 1a).
At 14 days post inoculation (dpi), a significant increase of 150% in the number of awns and 250% increase
in the shoot weight of inoculated accession Bd21 compared to non-inoculated control was observed (Fig. 1b,
Table S2). The plant height and number of leaves of inoculated Bd18-1 increased by 34% and 78%, respectively
compared to the control. At 28 dpi, Bd21-3 showed a significant increase in all growth parameters compared to
the control (Fig. 1c). While Bd 30-1 at 28dpi, did not show a significant response to B26 inoculation as indicated
by the growth parameters (Fig. 1¢). However, there was no difference in flowering time of inoculated and non-
inoculated plants. Control and inoculated accessions flowered at the same time but an increase in the number
of awns was observed.

B. distachyon accessions sustained populations of strain B26 in root and shoot tissues. Quan-
tification was done in roots and shoots of B. distachyon accession Bd21-3 that responded well to B26 inoculation
in terms of growth parameters, and accession Bd30-1 that showed similar growth responses to B26 as the control
after 14 dpi and 28 dpi (Table 1). Strain B26 had similar sustaining endophytic populations in roots and shoots in
both genotypes. In the case of Bd21-3, more copies were found in roots at 28dpi as compared to shoots (Table 1).
On the contrary, Bd30-1 had more copies in shoots at 14dpi. However, more B26 gene copies were found in tis-
sues of Bd21-3 as compared to Bd30-1.

Differential expression patterns of selected flowering genes in inoculated B.distachyon geno-
types. The expression analysis of flowering genes: FT1, FT2, VRNI and VRN2 in leaves in response to B26
inoculation of Bd21-3 and Bd30-1 is depicted in Fig. 2. Significantly higher expression levels (p <0.05) of FT1
(6.70-fold); FT2 (12.1-fold); and VRNI (7.6-fold) transcripts were detected in inoculated Bd21-3 compared to
the control at 28 dpi (Fig. 2a). The expression of VRN2 in response to B26 was similar to the control. Inoculation
of B26 in genotype Bd30-1, showed a significant up-regulation in FT1 transcript abundance (4.8-fold) at 28dpi.
(Fig. 2b). In contrast, to Bd21-3, a substantial increase (21.8-fold) in VRN2 transcript levels in inoculated Bd30-1
was detected at 28 dpi.

Strain B26 improves root and shoot weights of transgenic lines. Detection of transgene in
UBLFT1 and UBL:VRNI was done by PCR. cDNA specific forward primer and pANIC vector AcV5 tag reverse
primer were used to detect transgene in transgenic lines. PCR with VRNI-F /FT1-F and AcV5 tag yielded an
expected band size of approximately 260 bp and 500 bp, respectively which confirmed the presence of transgene
(Fig. Sla,b). No amplification was observed in wild type Bd21-3 as there is no transgene present. A wide dif-
ferential growth response among the transgenic lines compared to the wild type genotype Bd21-3 was observed
(Fig. 3a). At 28 dpi, the root and shoot weights of transgenic line UBLFT1 significantly increased by 132% and
162%, respectively in response B26 (Table S3). Growth parameters such as the number of awns, root and awn
weight of the wild type genotype Bd21-3 increased significantly by 34%, 52% and 43%, respectively (Fig. 3b,
Table S3). No significant difference was observed between inoculated and control UBIL:FT1 at 14 dpi except for
root weight.
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Figure 1. (a) Brachypodium accession lines displaying growth response at 28 days post-inoculation (dpi). The
left panel of (a) shows accession lines (Bd21-3, Bd21, Bd18-1 and Bd30-1) inoculated with Bacillus velezensis
strain B26. The right panel shows control accession lines (b) Growth response parameters (Plant height, No. of
leaves, No. of tillers, No, of awns, Root weight and shoot weight) of wild type B.distachyon genotypes in response
to B26 inoculation at 14 days post-inoculation (dpi) (c) at 28 dpi. Bars represent the mean of five biological
replicates. t-test was used to determine statistical differences between inoculated and non-inoculated plants.

* indicates significance according to Independent Student t-test (p <0.05). Note: Bd18-1 did not flower at 14 and

28dpi.
Average Cq® values Gene copies/g of sample Log,,

Accession dpi Shoot Root Shoot Root Shoot Root

Bd21.3 14dpi 32.8+0.6" 32.8+0.6" 855,754 1,003,888 59 59
28dpi 32.7+0.5° 30.2+1.2* 903,143 5,227,176 59 6.7
14dpi 32.5+0.8" 34.8+1.2* 1,124,891 274,849 6 53

Bd30-1 28dpi 33.7£1.1° 349+1.4* 539,400 259,528 5.7 53
42dpi 33.3+0.7° 34.9+0.9* 631,073 238,371 5.8 53

Table 1. Determined Cq values and gene copy number of B26 leaf and root samples of Bd21-3 and Bd30-1
inoculated with B26. *Cq values -quantification cycle (Cq). *®Letter to represent the significant difference.
Means with same letters are not significant, while means with different letters are significant within column
according to Independent Student t-Test (p <0.05).

Strain B26 modifies root volume of wild type and transgenic lines. B26 inoculation had a posi-
tive effect on the root volumes as estimated by macro CT-scanning. An increase of 3.56, 1.67 and 1.90 times,
respectively in the root volume of wild type Bd21-3, transgenic lines UBL:FTI and UBI:VRNI inoculated roots
as compared to control roots (Table 2).

Transcript abundance of flowering genesin roots and leaves ofinoculated transgeniclines. At
28 dpi, the phenotypic observations of flowering transgenic lines (Fig. 3a, b) showed the effect of inoculation is
more noticeable in roots and awns of transgenics. This prompted us to study the expression of flowering genes in
both roots and shoots of transgenic lines at this growth stage. Each transgenic line was compared with the wild
type separately. A significant upregulation in transcripts of FT1 gene (17,981-fold) was observed in inoculated
roots of UBL:FT1 relative to non-inoculated wild type. Strain B26 did not induce FT1 nor VRNI genes in shoot
tissues of inoculated transgenic plants. However, transcripts levels of VRN1 gene were down-regulated in both
roots and shoots of UBL:FT1 and UBI:VRNI compared to the inoculated wild type (Fig. 4).
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Figure 2. A comparison of relative transcript abundance of flowering genes (FTI, FT2, VRNI and VRN2)

in shoots of control and inoculated (a) Bd21-3 (rapid flowering line) and (b) Bd30-1(intermediate flowering
line) at 14 and 28dpi. Numbers above the box plot represent fold change. * indicates significance according to
Independent Student t-test (p <0.05).
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Figure 3. (a) Comparison of shoot (upper panel) and root (lower panel) phenotypes at 28 dpi between
inoculated (B+) Brachypodium wild type Bd21-3 and transgenic lines UBLI:FT1, UBL: VRNI and their respective
controls (B-). (b) Comparison of growth parameters of inoculated Bd21-3 and transgenic lines with non-
inoculated control plants. Standard errors are displayed for each bar graph. Independent Student t-test was
used to determine statistical differences. *indicates significance (p <0.05). Each bar represents the mean of 5

replicates.
Accessions | Control (mm?®) | Inoculated (mm?) | Difference
Bd21-3 425.7 1517.5 1091.8
UBILFT1 881.2 1480.2 599
UBIL:VRN1I 637 1213 576

Table 2. Estimated root volume of B.distachyon wild type and transgenic lines from CT-Scanning data.
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Figure 4. Comparison of relative transcript abundance of flowering genes in shoots and roots of inoculated
(B+) and control (B—) wild type Bd21-3 and transgenic lines UBL:FT1, UBI:VRNI at 28 dpi. Numbers above the
box plots represent fold change. Different alphabet above each box represent significance according to Tukey’s
test (p <0.05).

B26 affects phytohormone homeostasis. Quantification of the endogenous level of phytohormones.  To
complement earlier observations of the growth promotion of inoculated wild type Bd21-3 and transgenic lines,
we measured the endogenous levels of phytohormones. Indole acetic acid (IAA), indole butyric acid (IBA) and
indole -3-propionic acid (IPA), abscisic acid (ABA), kinetin and zeatin(cytokinin), gibberellins A,, A;, A and
A,, were measured in roots of control and inoculated plants. Irrespective of the treatment, gibberellins (GA)
were the most abundantly detected phytohormones. The phytohormone homeostasis in Bd21-3 was significantly
affected by B26. Growth promotion of the wild type Bd21-3 by strain B26 is significantly (p <0.05) associated
with increases in GA, (2-fold). While the amount of GA;, and IAA were significantly less by 4.8 and 2.3-fold
,respectively as compared to control roots (Fig. 5). In case of UBL:FT1, GA, was significantly higher in inoculated
roots than control. However, the concentration of other phytohormones was detected less in inoculated UBL:FT1
roots as compared to control roots. In contrast, levels of GA;, GA; and IAA were 2.75, 1.59 and 1.89 times
respectively higher significantly in inoculated roots of UBL:VRNI when compared to control roots. However,
Kinetin, Zeatin and GA; were below the detection level.

Transcript abundance of genes related to phytohormones in Bd21-3. A significant upregulation in transcripts of
genes related to auxin biosynthesis was observed in wild type Bd21-3 only. Anthranilate synthase alpha subunit
1(ASA1) which catalyses the rate-limiting step of tryptophan biosynthesis*” and Indole-3-acetic acid inducing
gene (IAA18) were significantly up-regulated by 2.3 and 4.9-fold, respectively in inoculated roots as compared
to control roots (Fig. 6). A significant downregulation was observed in transcript abundance of GA200x1 which
encodes gibberellin 20-oxidase enzyme that is involved in the later steps of the gibberellins (GA) biosynthesis
pathway®® Interestingly, DELLA proteins, a key negative regulator of GA signalling® was significantly up-regu-
lated by 3.8-fold in inoculated roots as compared to control roots (Fig. 6).

Discussion

The data presented here indicate that B. distachyon is a useful model to study PGPR-plant association and could
serve as a model for rice and wheat. A central finding in this study is that plant genotype is a crucial determinant
of whether rhizobacteria inoculation promotes plant growth or not. The four genotypes behaved differently
throughout the whole life cycle of the plants for each growth parameter and showed statistically positive or
negative responses for one or more of the parameters tested. Such response is exemplified in genotype Bd21 and
Bd21-3 in which induction of flowering was accelerated in response to B26. These results are not uncommon
among plant accessions since naturally occurring resistance is common in studies of plant-microbe interactions.
B. distachyon genotypes demonstrated significant and varied responses to infection by pathogenic insects and
fungi*®. Moreover, several B. distachyon genotypes differed in their ability to associate with two diazotrophic
strains and several genotypes responded negatively to the strains’. Also, wild accessions of Arabidopsis thaliana
showed reduced growth in response to Pseudomonas fluorescence®. Of interest, genotype Bd30-1 which per-
formed less favourably among the other 3 accessions, had sustained B26 populations in roots and shoots, but
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Figure 5. Quantification of phytohormones concentrations (pmol/mg) in inoculated (B +) and control (B—) of
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Figure 6. Relative transcript abundance of genes encoding biosynthesis of auxin and gibberellins in roots of
control and inoculated Bd21-3 at 28 dpi. Numbers above the box plots represent fold change. Independent
Student t-test was used to determine the statistical differences between inoculated and control roots. *indicates
significance (p <0.05).
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was insufficient to induce growth promotion in accession Bd30-1. This suggests that a different mechanism is
implicated, and this requires further analysis.

Molecular studies on the regulation of flowering genes (FT1, FT2, VRNI and VRN2) in response to environ-
mental cues have been intensively studied in Arabidopsis, cereals*"*?, and B. distachyon'”. However, molecular
studies on the regulation of flowering genes in response to rhizobacteria are scarce’>*. Flowering in B. distachyon
is mostly regulated by three key genes viz., VERNALIZATION1 (VRN1), VRN2, and FLOWERING LOCUS
T (FT). VRN1, VRN2 and FT form a regulatory loop in wheat and barley**-**. We focused on studying transcript
levels of flowering genes in Bd21-3 a genotype known as rapid flowering and Bd30-1 a genotype known to show
intermediate flowering. The inoculation of genotype Bd21-3 with strain B26, induced an abundance of FT'1
transcript levels in shoots and it was not a limiting factor in the upregulation of VRNI. Our results are in agree-
ment with the elevated expression patterns of FT1 and VRN in the rapid flowering B. distachyon accessions'’.
Intriguingly, this trend supports the proposed model for wheat and barley during cold exposure®”*%. However,
VRN2 acts as a repressor of flowering and was expressed at lower levels in spring accession of wheat and barley’.
In B. distachyon, VRN2 was also expressed at lower levels in the spring accession Bd21-3%. The current study
supports this evidence since VRN2 was down-regulated in Bd21-3 accession line. In the case of the intermediate
flowering accession line, Bd30-1, the expression of VRN2 was remarkably high compared to Bd21-3. Similar
results were obtained by Ream et al.'” in which Bd2-3 had more amounts of BdVRN2 and less amount of BdFT1,
suggesting that VRN2 may play a role as a flowering repressor. Both Bd2-3 and Bd30-1 belongs to the Intermedi-
ate rapid flowering class.

To fully understand the role of B26 inoculation on flowering genes, we tested overexpressing flowering trans-
genic lines UBI:FT1 and UBI:VRN1. Phenotypic data suggested an increase in awn and root weights in inoculated
transgenic plants. This triggered us to investigate flowering genes in roots in response to B26. Numerous flow-
ering genes are identified in roots but were solely studied in the shoots. Bouché et al.?* reported that flowering
genes in the roots of Arabidopsis are differentially expressed during flowering and concluded that roots may be
involved in flowering by sending systemic signals or may participate actively in the regulation of flowering genes.
However, the causal relationship was not very well established. In our study, the increase in expression of FT'1
in inoculated roots of UBI:FT1 positively correlates with root weight. These transgenes are expressed under the
control of maize ubiquitin constitutive promoter'” which upregulates the flowering gene expression, irrespective
of bacterial treatment. Hence the increase in the transcript of FT'1 in inoculated roots of UBL:FT1 is solely due
to B26 inoculation. These results indicate that strain B26 modulates the transcription of flowering genes. This is
the first report, according to our knowledge, that rhizobacteria can induce flowering genes in B. distachyon roots.

Non-symbiotic rhizobacteria contribute beneficial traits to colonized plants through bioactive compounds
including, phytohormones®. These phytohormones influence the physiological processes of plants at very low
levels*. Indeed, many studies demonstrated that rhizobacteria is associated with phytohormone concentrations
and involved in homeostasis such as IAA, gibberellins, and IBA*. In our study, the endogenous phytohormones
concentrations in the roots were modified by strain B26. Surprisingly, the concentrations of IAA and GA, in
inoculated Bd21-3 were lower than the control, but the transcripts of IAA were moderately up-regulated. This
might be interpreted that strain B26 positively affected plant growth via metabolizing these phytohormones in
the soil, a widespread trait among soil bacteria*’. This plant hormonal homeostasis may rise from microbial
consumption and production of hormones or fluctuations in plant hormones in planta*!. Thus, plant-associated
microbes can modulate plant metabolism by altering the plant hormone levels. Indeed, improved root growth
of inoculated transgenic line UBL:FT1 is attributed to GA, production and in UBL:VRNI to GA; and IAA. There
is considerable evidence that gibberellins in grasses influence flower initiation*’ Given that B26 affected endog-
enous amounts of phytohormones, the question then arises whether B26 effects on wild and transgenic lines
resulted in larger root volume. We examined the roots of wild type and transgenic lines by Macro CT scanning
that were inoculated with B26 and compared them to the control. Consistent with the induction of phytohor-
mones in inoculated wild and transgenic lines, B26 had a positive effect on root volume of all accession lines.
These results are congruent with preceding data and provide additional evidence of phytohormone modulation
in Brachypodium roots by B26.

In summary, this report offers novel information about the long-term effects of a PGPR on plant development,
advancing the knowledge on these relevant biological interactions. Our study shed new light on the involvement
of strain B26 by influencing the flowering process in the roots. Key causal relationships cannot be established
since we know little about the expression role of flowering genes in the Brachypodium roots and how they are
connected to above-ground tissues. We also conclude that plant genotypes are critical to a successful interaction
with PGPR.

Methods

Bacterial strain, growth, and inoculum preparation. The Plant Growth Promoting Rhizobacteria
(PGPR) viz., Bacillus velenzensis strain B26*, formally known as B. subtilis* was used in this study. The strain
B26 was stored in 20% glycerol stocks in Lysogeny Broth (LB) (BDH chemical Ltd, Mississauga, ON, Canada)
at —80 °C. Revival of strain B26 was done on LB at 28+ 1.0 °C on a rotatory shaker at 120 rpm until an ODy, of
1.0 (10° CFU mL™") was reached. Cells of strain B26 were centrifuged, washed, and suspended in a volume of
phosphate buffer (1 M, pH 7) and used as inoculum for all experiments.

Plant material and growth conditions of wild type and transgenic lines.  Four Brachypodium dis-
tachyon accessions were selected based on their origins, vernalization requirements and flowering time. Selected
accessions were Bd21, Bd21-3, Bd18-1 and Bd30-1 (Table S1). Wild type seeds were provided by Dr Jean-Benoit
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Charron, Macdonlad Campus, McGill University, Canada which were originally sourced from Dr David E
Garvin®*, U.S Department of Agriculture (USDA)-Agriculture Research Service (ARS).

Growth conditions of wild-type B.distachyon accessions: Seeds were sterilized following the methodology of Vain
et al.¥”. Stratification and vernalization of seeds were done by placing them between two moist filter papers
in a Petri dish and incubating them at 4 °C in the dark. The number of days for seed incubation was decided
according to the vernalization requirement of wild type accessions (Table S1). After vernalization, seeds were
sown in pots (6.35 % 6.35x7.62 cm) containing G2 Agro Mix® (Fafard et Fréres Ltd, Saint-Remi, QC, Canada).
Four sterile seeds were planted in each pot and pots were arranged in a Randomized Complete Block Design
(RCBD). Pots were transferred to a growth cabinet (Conviron, Winnipeg, MB, Canada) with the light intensity
of 150 pmoles m*s™!, 16 h light and 8 h dark at day/night temperatures of 25 °C /23 °C. Every two weeks, plants
were fertilized with 2 g/litre of N-P-K Fertilizer 20-20-20 (Plant Products Co. Ltd, Laval, QC, Canada).

Growth conditions of transgenic lines. Transgenic lines UBLFTI and UBI:VRNI were used along with wild
type Bd21-3. UBLFT1 encodes a phosphatidylethanolamine binding protein known as florigen that travels from
leaves to the shoot apical meristem to induce flowering'”.While UBI:VRNI encodes for floral homeotic MADS-
box transcription factor'”. Seeds of transgenic lines overexpressing flowering genes were kindly provided by
Dr Daniel P Woods, University of California-Davis, U.S. Seeds were imported with approved import permit
P-2019-01,394 from Canada Food Inspection Agency (CFIA). Seeds were sterilized as previously described for
wild accession lines. Transgenic lines did not require vernalization, while the wild type was vernalized for three
weeks at 4 °C in the dark. Four sterile seeds were planted in each pot and pots were arranged in a Randomized
Complete Block Design (RCBD). Plants were grown in a controlled growth chamber with a higher light intensity
of 300 pmoles m* s, 20 h light and 4 h dark at day/night temperatures of 21 °C /18 °C as recommended*.

Genotyping of Transgenic lines. To confirm the homozygosity of transgenic lines, PCR-based gen-
otyping was carried out. DNA was extracted from young leaves of transgenic plants following the modified
CTAB method. cDNA specific forward primer and pANIC vector AcV5 tag reverse primer were used to detect
transgene (Table 3). Wild type Bd21-3 was used as control. The presence and absence of amplification con-
firmed the transgene. Single-band amplification was considered a homozygous plant containing transgene. Only
homozygous plants were used.

B26 Inoculation and Assessment of Plant Growth Parameters of Wild type Accessions and
Transgenic Lines. Experiment 1. To examine the differential response of B. distachyon to B26 inocula-
tion, wild accession lines were inoculated with strain B26 at defined phenological growth stages using BBCH
numerical scale?”. Twenty-one days old plants (BBCH 23) were inoculated with 10 mL of B26 cells suspended in
phosphate buffer (10° CFU mL™"), while control plants received 10 mL of phosphate buffer per pot. Plants were
harvested after 14 and 28 days post-inoculation (dpi) at defined phenological (BBCH 61) and (BBCH73) growth
stages, respectively, and various phenotypic parameters were recorded. Five pots were harvested at each harvest-
ing time point by carefully removing the substrate and washing the roots carefully. Growth parameters including
Plant height, number of leaves, awns, tillers, fresh root and shoot weight were recorded. At each harvesting stage
leaf and root samples were collected and stored at —80 °C for downstream applications. The experiment was
repeated twice.

Experiment 2. To determine the effect of inoculation on B. distachyon flowering, overexpressing transgenic
lines were observed for plant growth parameters. 14-days old (BBCH 13) transgenic lines and wild type Bd21-3
were inoculated with 10 mL of B26 inoculum as described in the previous section. Data was recorded after 14
dpi (BBCH53), 28 dpi (BBCH69) and 42 dpi (BBCHS87). At each harvesting time point, data of 5 pots per acces-
sion were recorded for plant height, number of leaves, awns, tillers, awn weight, fresh root and shoot weight. At
each harvesting stage leaf and root samples were collected and stored at — 80 °C for downstream applications.

Experiment 3. To compare the total root volume between control and inoculated plants, macro CT-Scanning
was done. A Semi-hydroponics system was developed for scanning of roots using Magenta GA-7 tissue culture
boxes that were filled with sterile glass low alkali beads (Ceroglass, USA) saturated with Hoagland’s solution
as fully described in Sharma et al.’. Pre-germinated seeds of wild type Bd21-3, transgenic lines UBL:FTI and
UBIL:VRNI (6 seeds/box) were transferred to Magenta boxes where each box is an experimental unit. Boxes were
incubated in a controlled growth cabinet (Conviron, Canada) with light intensity of 300 pmoles m?/s,16 h light
and 8 h dark at day/night temperatures of 21 °C/18 °C. After 14 days of growth, three boxes of each line received
B26 inoculum (500 uL ODg, of 1) suspended in phosphate buffer (1 M, pH), and three control boxes received
500 pL of phosphate buffer alone. All boxes were incubated in a controlled growth cabinet. A total of 6 Magenta
boxes were used per line.

B26 quantification in root and leaves of selected wild type B. distachyon accessions. Quanti-
fication of B26 DNA copy number was performed in roots and leaves of Bd21-3 and Bd30-1 at 14, and 28 dpi
using qPCR. Genomic DNA was extracted from 1 g of powdered tissue using the modified CTAB method. DNA
from the pure culture of B26 was also extracted from a single B26 colony using the boiling method®. For detec-
tion purposes, conventional PCR was done using B26 strain-specific primers in inoculated leaves and roots of
selected accessions. B26 bacterial DNA served as a positive control in PCR. Cloning and qPCR reactions were
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Gene of interest Primer name | Primer sequence (5’ to 3) Product size (bp) | References
Primers for B26 quantification
B26-F CAAGTGCCGTTCAAATAG
B26 Quantification 565 3
B26-R CTCTAGGATTGTCAGAGG
Primer for transgene detection
PANIC vector AcV5 tag BdAcV5-R agaccagccgctegeatctttccaag 100 17
qRT-PCR primers for flowering genes
TTCGGGAACAGGAACGTG
BAFT1-F TCCAAC
FT1 100
BAETI-R AGCATCTGGGTCTACCATCAC
GAG
AGTACTTGCACTGGCTGG
BdAFT2-F TCAC
Fr2 CCGAGCTGCTGGAATAGA e
BdFT2-R AGGAAC .
GCTCTGCAGAAGGAACTT
BAVRNI1_F GTGG
VRN CTAGTTTGCGGGTGTGTT 140
BAVRNI_R TGCTC
ATGCATGAGAGAGAGGCG
BAVRN2_F AAGG
VRN2 150
BAVRN2_R %C{GTAGCGGATCTGCTTCTCG
G
UBCI18-F GGAGGCACCTCAGGTCATTT
Ubiquitin 100 30
UBCI18-R ATAGCGGTCATTGTCTTGCG
qRT-PCR primers for genes related to phytohormones
i ASA1-F GCTCCAAGCCACAACACTAT
A’Z’hr“f”’lzte > nthase alpha 139 bp BdiBd21-3.1G0905900.1
subunit1(ASA1) ASAI-R CCGCCTTATTCTCGCATTCT
TAA18-F AAGCCGTCACCTCAATCATC 119 bp BdiBd21-3.2G0073500.1
Auxin responsive protein (IAA18)
IAA18-R TTCACGAACACGCCCTTT
GA200x1-F AAGTCGCTGGCTTTCTTCC
Gibberellin 20-oxidase 105 bp BdiBd21-3.1G0010900.1
GA200x1-R CCACGTGAAATCCGGGTAAA
DELLA-F CGTCAACTCAGTCTTCGAGAT
DELLA PROTEIN 136 bp BdiBd21-3.1G0148400.1
DELLA-R TGAGCCAGAGTTGTGGTTAG

Table 3. List of primers used in this study.

performed as described in Gagne-Bourque et al.’. To calculate the quantity of bacterial DNA in inoculated roots
and leaves, Cq (Cycle quantification) values of plant DNA were correlated with Cq values in the standard curve.
Moreover, for reliability of the designed method, correlation coefficient and the amplification efficiency were
calculated from the formula X,=E ;"9 =104 ™) where X, =initial reaction copies, E4yp=Exponential
amplification, b =y-intercept of the standard curve (log,, of copies), m =slope of standard curve.

Phytohormone analysis. To determine the effect of inoculation on phytohormones, endogenous levels of
plant phytohormones including auxin, cytokinin, gibberellins and abscisic acid was measured using the modi-
fied protocol of Li et al.>.. Inoculated and control roots of Bd21-3, transgenic lines; UBI:FT1 and UBIL:VRNII
from Experiment 2 were subjected to phytohormone analysis after 28dpi. Root samples were crushed in liquid
nitrogen. Samples were sent in triplicates to The Metabolomics Innovation Centre, UVic-Genome BC Proteom-
ics Centre, Victoria, BC, Canada. Briefly, 100 mg of each sample was precisely weighed into a 2-mL safe-lock
Eppendorf tube. 4 uL of 5% formic acid in water per mg of raw tissue and two 4-mm stainless steel balls were
added. The sample was homogenized at a shaking frequency of 30 Hz on a MM 4000 mixer mill for 1 min three
times. Methanol, at 16 pL per mg raw tissue was then added. The sample was homogenized again for 1 min three
times, followed by sonication in an ice-water bath for 5 min and centrifugal clarification at 21,000¢ and 10 °C for
10 min. The clear supernatant was collected for the analysis of auxins, cytokinin, gibberellins and abscisic acid.
Phytohormones were analysed with UPLC- multiple-reaction monitoring (MRM) mass spectrometry on an
Agilent 1290 UHPLC coupled to an Agilent 6495B QQQ mass spectrometer equipped with an ESI source which
was operated in the negative-ion mode. LC separation was carried out on a C18 UPLC column (2.1 x 150 mm,
1.8 um). Concentrations of the detected compounds in the sample solutions were calculated by interpolating the
constructed linear-regression calibration curve with the measured analyte-to-internal standard peak area ratios.

CT scanning of wild type Bd21-3 and transgenic lines. The total root volume of inoculated and non-
inoculated wild accession Bd21-3, transgenic lines UBLI:FT1 and UBI:VRNI grown in magenta boxes were com-
pared by performing macro CT- scanning at 28 dpi. The root systems were scanned using macro-CT scanning
with the Canon CT Aquilion Prime SP at the CT Scanning Laboratory for Agricultural and Environmental
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Research, Macdonald Campus of McGill University, Sainte-Anne-de-Bellevue, Quebec, Canada. Each magenta
box served as one replicate with six plants per experimental treatment. Each box was in a standing up position
at the time of CT scanning, and the lower part of each box was CT scanned individually. The main CT scanning
settings were: tube voltage, 80 kV; tube current, 50 mA; voxel dimensions, 0.188 x0.188 x 0.5 mm?® (XX Y x Z,
with Z the axis of the CT scanner couch). Given the presence of glass beads (between which roots grew), root
amount (instead of root system architecture) was studied and estimated from the CT scanning data, more par-
ticularly from the histogram of CT numbers. A CT number (CTN) is an indirect measure of density; a macro-CT
scanner is calibrated so that air CTN =-1000, water CTN =0, CTN for glass beads appeared to be around +2000.
Because of edge effects, the non-flat surface of the growth medium and the variable filling with glass beads, root
amount was estimated within two volumes, a “larger volume V” and a “smaller volume V. Size of volumes (in
voxels): larger volume V, 100X 300x 100 (53,016 mm?®); smaller volume V, 100x 150% 80 (21,206 mm?). For
comparison purposes, two ranges of CT numbers were used in root amount estimation with the smaller volume
V (to define so-called pseudo-root voxels): [-700,+300] and [-800,+400]. Only the range [-700,+300] was
used with the largest volume.

RNA extraction, cDNA synthesis and qRT-PCR analysis.  Transcript abundance of flowering genes in
selected B. distachyon wild type and transgenic lines. In response to B26 inoculation, we decided to choose the
best phenotypic performer in terms of growth parameters (Bd21-3) and the least phenotypic performer (Bd30-
1). We examined the gene expression of Brachypodium flowering pathway genes viz., FT1, FT2, VRNI and VRN2
in leaves of Bd21-3 and Bd30-1 from Experiment 1 at 14 dpi and 28 dpi. To study the genotypic response of B26
on B. distachyon transgenic lines, transcript abundance of FT1 and VRNI was measured in control and inocu-
lated transgenic lines; UBI:FT1 and UBI: VRN along with wild type Bd21-3 roots and leaves from Experiment 2
at 28dpi. Briefly, total RNA was extracted from flash-frozen pulverized 100 mg of inoculated and control tissues
using Spectrum™ Plant Total RNA Kit (Sigma Aldrich, US) following the manufacturer’s protocols. One Script
RT ABM kit (Vancouver, Canada) was used for reverse-transcription of RNA (500 ng) following the manufac-
turer’s protocols. PCR assays were performed on three biological replicates and two technical replicates. Primer
details are present in Table 3. The conditions for qRT-PCR were adjusted for each primer set. PCR amplification
was performed in a 10 uL reaction following the protocol of Sharma et al.>. The 24T method®* was applied to
normalize the target gene over the housekeeping genes UBCI8. Bestkeeper tool was used to compare housekeep-
ing genes UBCI8 and ACTIN2. UBC18 had the lowest coefficient variation as compared to ACTIN2 so UBC18
was chosen for the normalization.

Transcript abundance of genes encoding phytohormones in Bd21-3. The effect of B26 inoculation on the phyto-
hormone production by B.distachyon roots was quantified using QRT-PCR. Transcript abundance of auxin and
gibberellins biosynthesis genes was measured only in roots of Bd21-3 from Experiment 2 at 28 dpi. Primer sets
(Table 3) were designed based on gene sequences retrieved from Phytozome Bd21-3 v1.1 genome (Phytozome
v12.1, https://phytozome.jgi.doe.gov/pz/portal.htmL. Primers were designed online from IDT website using
Primer Quest Tool (https://www.idtdna.com/PrimerQuest/Home/Index). To confirm the specificity of Primers,
sequences were checked for hairpins and hetero-dimer formations using the Oligoanalyzer tool (http://www.
idtdna.com/calc/analyzer) and submitted to Nucleotide Blast at NCBI (http://www.ncbi.nlm.nih.gov/) and were
custom synthesized by Integrated DNA Technologies (IDT, Iowa, USA). One hundred milligrams of tissue was
subjected to RNA extraction. cDNA preparation and qRT-PCR were performed as described in the previous
section.

Statistical analysis. Data of all experiments were analysed using IBM Statistics SPSS Version 24(SPSS Inc.,
Chicago, IL). Comparison of means was performed by independent student t-test for comparison between con-
trol and inoculated samples. Tukey’s test was performed to compare the means of multiple treatments. We con-
sidered a p <0.05 acceptable for statistical significance. Experiments 1 and 2 were performed using 5 replicates
for each control and inoculated pots. To prevent contamination of treatments, two growth chambers were used
for control and inoculated plants. To study the confounding effect of growth chambers, the experiments were
repeated twice by exchanging the growth chambers of treatment with control plants.

Received: 28 October 2021; Accepted: 29 April 2022
Published online: 13 May 2022

References

1. Tiwari, S., Prasad, V. & Lata, C. New and future developments in microbial biotechnology and bioengineering 43-55 (Elsevier, New
York, 2019).

2. De Zelicourt, A., Al-Yousif, M. & Hirt, H. Rhizosphere microbes as essential partners for plant stress tolerance. Mol. Plant 6,
242-245 (2013).

3. Gagne-Bourque, F. et al. Accelerated growth rate and increased drought stress resilience of the model grass Brachypodium dis-
tachyon colonized by Bacillus subtilis B26. PLoS ONE 10, 0130456 (2015).

4. Gagne-Bourgue, F. et al. Isolation and characterization of indigenous endophytic bacteria associated with leaves of switchgrass
(Panicum virgatum L.) cultivars. J. Appl. Microbiol. 114, 836-853 (2013).

5. Sharma, M., Saleh, D., Charron, J.-B. & Jabaji, S. A crosstalk between Brachypodium root exudates, organic acids, and Bacillus
velezensis B26, a growth promoting bacterium. Front. Microbiol. 11, 575578 (2020).

Scientific Reports |

(2022) 12:7951 | https://doi.org/10.1038/s41598-022-12026-6 nature portfolio


https://phytozome.jgi.doe.gov/pz/portal.htmL
https://www.idtdna.com/PrimerQuest/Home/Index
http://www.idtdna.com/calc/analyzer
http://www.idtdna.com/calc/analyzer
http://www.ncbi.nlm.nih.gov/

www.nature.com/scientificreports/

6. Bodenhausen, N., Bortfeld-Miller, M., Ackermann, M. & Vorholt, J. A. A synthetic community approach reveals plant genotypes
affecting the phyllosphere microbiota. PLoS Genet. 10, 1004283 (2014).
7. Sasaki, K. et al. Impact of plant genotype and nitrogen level on rice growth response to inoculation with Azospirillum sp. strain
B510 under paddy field conditions. Soil Sci. Plant Nutr. 56, 636-644 (2010).
8. Haney, C. H., Samuel, B. S., Bush, J. & Ausubel, . M. Associations with rhizosphere bacteria can confer an adaptive advantage to
plants. Nature plants 1, 1-9 (2015).
9. Do Amaral, E P. et al. Differential growth responses of Brachypodium distachyon genotypes to inoculation with plant growth
promoting rhizobacteria. Plant Mol. Biol. 90, 689-697 (2016).
10. Pillay, V. & Nowak, J. Inoculum density, temperature, and genotype effects on in vitro growth promotion and epiphytic and endo-
phytic colonization of tomato (Lycopersicon esculentum L.) seedlings inoculated with a pseudomonad bacterium. Can. J. Microbiol.
43, 354-361 (1997).
11. Shi, H, Ye, T, Song, B., Qi, X. & Chan, Z. Comparative physiological and metabolomic responses of four Brachypodium distachyon
varieties contrasting in drought stress resistance. Acta Physiol. Plant 37, 1-12 (2015).
12. Saleh, D., Sharma, M., Seguin, P. & Jabaji, S. Organic acids and root exudates of Brachypodium distachyon: effects on chemotaxis
and biofilm formation of endophytic bacteria. Can. J. Microbiol. 66, 562-575 (2020).
13. Bragg, J. N. et al. Generation and characterization of the Western Regional Research Center Brachypodium T-DNA insertional
mutant collection. PLoS ONE 7, €41916 (2012).
14. An, T. et al. Brachypodium distachyon T-DNA insertion lines: a model pathosystem to study nonhost resistance to wheat stripe
rust. Sci. Rep. 6, 1-9 (2016).
15. Thole, V. et al. T-DNA mutagenesis in Brachypodium distachyon. ]. Exp. Bot. 63, 567-576 (2012).
16. Tyler, L. et al. Selection and phenotypic characterization of a core collection of Brachypodium distachyon inbred lines. BMC Plant
Biol. 14, 1-15 (2014).
17. Ream, T. S. et al. Interaction of photoperiod and vernalization determines flowering time of Brachypodium distachyon. Plant
Physiol. 164, 694-709 (2014).
18. Lv, B. et al. Characterization of FLOWERING LOCUS T1 (FT1) gene in Brachypodium and wheat. PLoS ONE 9, €94171 (2014).
19. Woods, D. P, McKeown, M. A., Dong, Y., Preston, J. C. & Amasino, R. M. Evolution of VRN2/Ghd7-like genes in vernalization-
mediated repression of grass flowering. Plant Physiol. 170, 2124-2135 (2016).
20. Schwartz, C. J. et al. Natural variation of flowering time and vernalization responsiveness in Brachypodium distachyon. Bioenergy
Research 3, 38-46 (2010).
21. Shimada, S. et al. A genetic network of flowering-time genes in wheat leaves, in which an APETALA1/FRUITFULL-like gene,
VRN1, is upstream of FLOWERING LOCUS T. Plant J. 58, 668-681 (2009).
22. Bouché, E. et al. Integrating roots into a whole plant network of flowering time genes in Arabidopsis thaliana. Sci. Rep. 6, 1-12
(2016).
23. Adeyemo, O. S., Hyde, P. T. & Setter, T. L. Identification of FT family genes that respond to photoperiod, temperature and genotype
in relation to flowering in cassava (Manihot esculenta, Crantz). Plant reproduction 32, 181-191 (2019).
24. Notaguchi, M. & Okamoto, S. Dynamics of long-distance signaling via plant vascular tissues. Front. Plant Sci. 6, 161 (2015).
25. Egamberdieva, D., Wirth, S. J., Alqarawi, A. A., Abd_Allah, E. F. & Hashem, A. Phytohormones and beneficial microbes: essential
components for plants to balance stress and fitness. Front. Microbiol. 8, 2104 (2017).
26. Lu, T. et al. Rhizosphere microorganisms can influence the timing of plant flowering. Microbiome 6, 1-12 (2018).
27. Niyogi, K. K. & Fink, G. R. Two anthranilate synthase genes in Arabidopsis: Defense-related regulation of the tryptophan pathway.
Plant Cell 4, 721-733 (1992).
28. Rieu, L et al. The gibberellin biosynthetic genes AtGA200x1 and AtGA200x2 act, partially redundantly, to promote growth and
development throughout the Arabidopsis life cycle. Plant J. 53, 488-504 (2008).
29. Yoshida, H. et al. DELLA protein functions as a transcriptional activator through the DNA binding of the indeterminate domain
family proteins. Proc. Natl. Acad. Sci. 111, 7861-7866 (2014).
30. Sandoya, G. V. & de Oliveira Buanafina, M. M. Differential responses of Brachypodium distachyon genotypes to insect and fungal
pathogens. Physiol. Mol. Plant Pathol. 85, 53-64 (2014).
31. Amasino, R. M. & Michaels, S. D. The timing of flowering. Plant Physiol. 154, 516-520 (2010).
32. Kim, D.-H., Doyle, M. R,, Sung, S. & Amasino, R. M. Vernalization: Winter and the timing of flowering in plants. Annu. Rev. Cell
Dev. 25, 277-299 (2009).
33. Poupin, M. J., Timmermann, T., Vega, A., Zuiiga, A. & Gonzilez, B. Effects of the plant growth-promoting bacterium Burkholderia
phytofirmans Ps]N throughout the life cycle of Arabidopsis thaliana. PLoS ONE 8, 69435 (2013).
34. Dennis, E. S. & Peacock, W. J. Vernalization in cereals. J. Biol. 8, 1-4 (2009).
35. Distelfeld, A., Li, C. & Dubcovsky, J. Regulation of flowering in temperate cereals. Curr. Opin. Plant Biol. 12, 178-184 (2009).
36. Greenup, A., Peacock, W. J., Dennis, E. S. & Trevaskis, B. The molecular biology of seasonal flowering-responses in Arabidopsis
and the cereals. Ann. Bot. 103, 1165-1172 (2009).
37. Dubcovsky, J. et al. Effect of photoperiod on the regulation of wheat vernalization genes VRN1 and VRN2. Plant Mol. Biol. 60,
469-480 (2006).
38. Sasani, S. et al. The influence of vernalization and daylength on expression of flowering-time genes in the shoot apex and leaves
of barley (Hordeum vulgare). J. Exp. Bot. 60, 2169-2178 (2009).
39. Patel, T. & Saraf, M. Biosynthesis of phytohormones from novel rhizobacterial isolates and their in vitro plant growth-promoting
efficacy. J. Plant Interact. 12, 480-487 (2017).
40. Kudoyarova, G. et al. Phytohormone mediation of interactions between plants and non-symbiotic growth promoting bacteria
under edaphic stresses. Front. Plant Sci. 10, 1368 (2019).
41. Dodd, I., Zinovkina, N., Safronova, V. & Belimov, A. Rhizobacterial mediation of plant hormone status. Ann. Appl. Biol. 157,
361-379 (2010).
42. Arshad, M. & Frankenberger, W. T. Jr. Plant growth-regulating substances in the rhizosphere: Microbial production and functions.
Adv. Agron. 62, 45-151 (1997).
43. Mutasa-Gottgens, E. & Hedden, P. Gibberellin as a factor in floral regulatory networks. J. Exp. Bot. 60, 1979-1989 (2009).
44. Jeukens, J., Kukavica-Ibrulj, L, Freschi, L., Jabaji, S. & Levesque, R. C. Draft genome sequences of two lipopeptide-producing strains
of Bacillus methylotrophicus. Genome Announc. 3, e01176-e11115 (2015).
45. Vogel, J. P, Garvin, D. E, Leong, O. M. & Hayden, D. M. Agrobacterium-mediated transformation and inbred line development
in the model grass Brachypodium distachyon. Plant Cell Tiss. Org. Cult. 84, 199-211 (2006).
46. Garvin, D. F. et al. Development of genetic and genomic research resources for Brachypodium distachyon, a new model system for
grass crop research. Crop Sci. 48, S-69-S-84 (2008).
47. Vain, P. et al. Agrobacterium-mediated transformation of the temperate grass Brachypodium distachyon (genotype Bd21) for
T-DNA insertional mutagenesis. Plant Biotechnol. J. 6, 236-245 (2008).
48. Woods, D. et al. A florigen paralog is required for short-day vernalization in a pooid grass. Elife 8, e42153 (2019).
49. Hong, S. Y., Park, J. H., Cho, S. H., Yang, M. S. & Park, C. M. Phenological growth stages of Brachypodium distachyon: Codification
and description. Weed Res. 51, 612-620 (2011).
50. Woodman, M. E. Direct PCR of intact bacteria (colony PCR). Curr. Protoc. Microbiol. 9, A. 3D. 1-A. 3D. 6 (2008).
Scientific Reports | (2022) 12:7951 | https://doi.org/10.1038/s41598-022-12026-6 nature portfolio



www.nature.com/scientificreports/

51. Li, D. et al. Quantification of near-attomole gibberellins in floral organs dissected from a single Arabidopsis thaliana flower. Plant
J. 91, 547-557 (2017).

52. Livak, K. J. & Schmittgen, T. D. Analysis of relative gene expression data using real-time quantitative PCR and the 2— AACT
method. Methods 25, 402-408 (2001).

Acknowledgements

We greatly acknowledge the financial support, through a Discovery grant (RGPIN-2016-04805) to S. Jabaji, which
was provided by the Natural Sciences and Engineering Research Council of Canada. We thank Dr JB Charron
for providing wild type Brachypodium distachyon seeds which were originally sourced from Dr. David F. Garvin,
USDA. We also thank Dr. DP Woods, UC Davis, for providing overexpressing flowering transgenic lines.

Author contributions

Conception and design of the study: M.S. and S.J. Acquisition of data for the study: M.S., and partly M.R. Analysis
of data for the work: M.S. Interpretation of data for the work: M.S. and S.J. Manuscript revision and approval:
M.S., J.B.C. and S.J.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-022-12026-6.

Correspondence and requests for materials should be addressed to S.J.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports |

(2022) 12:7951 | https://doi.org/10.1038/s41598-022-12026-6 nature portfolio


https://doi.org/10.1038/s41598-022-12026-6
https://doi.org/10.1038/s41598-022-12026-6
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Bacillus velezensis strain B26 modulates the inflorescence and root architecture of Brachypodium distachyon via hormone homeostasis
	Results
	Bacterial inoculation elicited varied growth response of B. distachyon accessions. 
	B. distachyon accessions sustained populations of strain B26 in root and shoot tissues. 
	Differential expression patterns of selected flowering genes in inoculated B.distachyon genotypes. 
	Strain B26 improves root and shoot weights of transgenic lines. 
	Strain B26 modifies root volume of wild type and transgenic lines. 
	Transcript abundance of flowering genes in roots and leaves of inoculated transgenic lines. 
	B26 affects phytohormone homeostasis. 
	Quantification of the endogenous level of phytohormones. 
	Transcript abundance of genes related to phytohormones in Bd21-3. 


	Discussion
	Methods
	Bacterial strain, growth, and inoculum preparation. 
	Plant material and growth conditions of wild type and transgenic lines. 
	Growth conditions of transgenic lines. 

	Genotyping of Transgenic lines. 
	B26 Inoculation and Assessment of Plant Growth Parameters of Wild type Accessions and Transgenic Lines. 
	Experiment 1. 
	Experiment 2. 
	Experiment 3. 

	B26 quantification in root and leaves of selected wild type B. distachyon accessions. 
	Phytohormone analysis. 
	CT scanning of wild type Bd21-3 and transgenic lines. 
	RNA extraction, cDNA synthesis and qRT-PCR analysis. 
	Transcript abundance of flowering genes in selected B. distachyon wild type and transgenic lines. 
	Transcript abundance of genes encoding phytohormones in Bd21-3. 

	Statistical analysis. 

	References
	Acknowledgements


