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Abstract
Background: In nature, plants interact with a wide range of microorganisms. Most of these
microorganisms have the ability to promote plant growth through the induction of important molecular
pathways. The current work evaluated whether the endophytic bacterium Bacillus aryabhattai encourages
plant growth and how transcriptional changes might be implicated in this effect.

Results: The endophytic bacterium showed a signi�cant effect on plant growth. Our results revealed that
B. aryabhattai promotes the growth of Arabidopsis and tobacco plants. Notably, transcriptional changes
in Arabidopsis plants treated with the bacterium were identi�ed. Genes such as cinnamyl alcohol
dehydrogenase, apyrase, thioredoxin H8, benzaldehyde dehydrogenase, indoleacetaldoxime dehydratase,
berberine bridge enzyme-like and gibberellin-regulated protein were highly expressed. Additionally,
endophytic bacterial genes such as arginine decarboxylase, D-hydantoinase, ATP synthase gamma chain
and 2-hydroxyhexa-2,4-dienoate hydratase were activated during the interaction with Arabidopsis.

Conclusions: The results show that new plant growth-related genes are induced during the interaction
endophytic bacterium B. aryabhattai, and these changes may promote plant growth in sustainable
agriculture.

Background
Plant performance is in�uenced by the environment and genetic features [1, 2]. Under natural conditions,
plants are under high pressure from different classes of microorganisms. Interesting relationships that
are useful for both partners are established between microorganisms and plants. The cohabitation of
microorganisms in the plant has an effect on the growth performance of the plant. These interactions
effectively enhance the agricultural properties and yields of plants, as well as the quality of the soil and
nutrient cycling [3, 4, 5].

Additionally, the extensive application of chemical fertilizer has a negative effect on soil quality and the
environment [6]. These negative impacts could be reduced with improved farming practices using
microbial inoculations such as biofertilizers. Bacterial endophytes are used as biofertilizers to enhance
crop production and signi�cantly reduce the impact of chemicals in the environment [7, 8, 9]. Bene�cial
microorganisms are also used to improve plant yields and constitute sustainable options with respect to
chemical fertilizers [10].

Bacillus species comprise the largest class of plant growth-promoting bacteria. Members of the Bacillus
genus have the ability to subsist for a long time under adverse environments. Various Bacillus species
produce different secondary metabolites capable of inducing plant growth [11]. The use of Bacillus
species as biofertilizers provides an alternative for enhancing plant growth and yield [12]. The application
of Bacillus species has different effects on plants. Most of these effects are related to the increase in
length and biomass of shoots, roots, and leaves [13, 14, 15]. Additionally, Bacillus strains can enhance
fruit and grain yields [16, 17].
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Endophytic microorganisms produce different bioactive molecules with a marked direct or indirect effect
on plant growth. Understanding endophytic microorganism-plant interactions may help clarify the
potential to promote plant growth and create a sustainable system for crop production [18]. Previously, B.
subtilis and B. methylotrophicus were involved in the synthesis of plant growth hormones such as indole-
3-acetic acid, gibberellic acid, 1-aminocyclopropane-1-carboxylate (ACC) deaminase, cytokinins, and
spermidines. These proteins are directly involved in the activation of plant growth [15, 19]. Additionally, B.
subtilis and B. mojavensis can secrete ACC deaminase to inhibit plant senescence [20, 21].

Recently, inoculation with Bacillus aryabhattai impressively improved the nutritional status of wheat
crops [22]. The growth and productivity of rice were positively enhanced through treatment with B.
aryabhattai. This bacterium improved the salt tolerance of plants and resulted in more atmospheric
nitrogen �xation, phosphate solubilization, and indoleacetic acid production [23]. The B. aryabhattai
strain also promoted the growth of cowpea via increased indole production, siderophore production,
phosphate solubilization, and 1-aminocyclopropane-1-carboxylic acid deaminase activity [24].

B. aryabhattai B8W22 could secrete a large number of organic acids, including oxalic acid, malonic acid,
citric acid, succinic acid, indole acetic acid (IAA), and siderophores, that could promote plant growth [25].
Most of the studies involving B. aryabhattai were focused on the spectrum of plant growth-promoting
secondary metabolites produced by this bacterium. However, additional molecular pathways could be
involved in both plants and bacteria during this process.

In general, the understanding of the molecular changes established in plants in response to Bacillus
species is still limited. Additionally, investigating the genes expressed in Bacillus during the interaction
with plants allows a better understanding of the molecular pathways used by bacteria to induce plant
growth. The present study aimed to characterize the effects of the endophytic bacteria B. aryabhattai
regarding their plant growth-promoting properties and the main molecular pathways involved during the
interaction with Arabidopsis plants.

Results
B. aryabhattai enhances the growth of Arabidopsis and Nicotiana tabacum plants

Growth promotion in Arabidopsis and N. tabacum plants induced by B. aryabhattai was tested in the
growth room. Arabidopsis plants treated with B. aryabhattai showed increased growth compared to the
control plants (Fig. 1a). The analysis indicated that bacterial inoculation signi�cantly increased the size
of Arabidopsis plants (4.55 cm) compared with that of control plants (3.10 cm) (Fig. 1b). Regarding the
fresh weight of inoculated Arabidopsis plants, the comparison showed that bacterial inoculation
signi�cantly enhanced the fresh weight of treated plants (0.97 g) compared to that of control plants (0.47
g) at 20 days posttreatment (Fig. 1c). Moreover, the B. aryabhattai strain induced the growth of N.
tabacum plants (Fig. 2a). The heights of the inoculated N. tabacum plants were signi�cantly higher (4.05
cm) than those of the uninoculated plants (2.25 cm) (Fig. 2b). Data analysis showed that N. tabacum
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plants inoculated with the endophytic bacterium strain produced higher fresh weights (0.13 and 0.05 g,
respectively) than control plants (Fig. 2c).

B. aryabhattai induces transcriptional changes in genes involved in plant growth

Endophytic bacterial species frequently have important bene�cial effects on plant growth. Genes
generally associated with the bene�cial effects of endophytic bacteria on plant productivity encode
proteins involved in different molecular pathways. To determine whether B. aryabhattai induces genes
associated with plant growth promotion, RNA-seq was used to evaluate B. aryabhattai and Arabidopsis
interactions. The range of gene expression changes during the B. aryabhattai-Arabidopsis interaction was
determined. During the interaction, 21,416 transcripts were identi�ed and annotated (Table S1). From this
set, 6,943 new transcripts were annotated (Table S2). The highest number of transcripts (33.05%) showed
an expression level change between 1- and 10-fold. The lowest number of transcripts was found for the
highest expression level, >100-fold change (Fig. 3).

Analysis of RNA-seq data during the interaction showed 363 differentially expressed transcripts, which
included 268 upregulated and 95 downregulated transcripts (Fig. 4). Among them, cinnamyl alcohol
dehydrogenase, apyrase, thioredoxin H8, benzaldehyde dehydrogenase, indoleacetaldoxime dehydratase,
berberine bridge enzyme-like, gibberellin-regulated protein, maturase K, tetratricopeptide repeats (TPR)-like
superfamily protein, BTB/POZ, TAZ domain-containing protein and auxin-responsive GH3 family protein
showed the highest differential expression during the B. aryabhattai -Arabidopsis interaction. Zinc �nger
C-x8-C-x5-C-x3-H type family protein, ankyrin repeat/KH domain protein, CAPRICE-like MYB3, HSP20-like
chaperone superfamily protein, gibberellin-regulated protein, abscisic acid 8'-hydroxylase, pectinesterase,
agamous-like MADS-box protein, and ethylene-responsive transcription factor were signi�cantly repressed
during the interaction (Table 1).
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Table 1
Signi�cant differentially expressed genes during the B. aryabhattai - Arabidopsis interaction
ID Log2 Fold Change Description

Upregulated genes

AT4G37990 14983.5 Cinnamyl alcohol dehydrogenase

AT1G14250 2685.5 Apyrase

AT1G69880 2444.7 Thioredoxin H8

AT1G04580 2166.9 Benzaldehyde dehydrogenase

AT2G30770 2092.8 Indoleacetaldoxime dehydratase

AT1G26390 2018.8 Berberine bridge enzyme-like

AT3G02885 1666.9 Gibberellin-regulated protein

ATCG00040 12.3 Maturase K

ATCG00360 12.0 Tetratricopeptide repeat (TPR)-like superfamily protein

AT3G48360 10.8 BTB/POZ and TAZ domain-containing protein

AT4G37390 10.4 Auxin-responsive GH3 family protein

AT4G37540 9.9 LOB domain-containing protein

AT4G28040 9.7 WAT1-related protein

AT5G09730 9.4 Beta-D-xylosidase

AT1G61120 8.6 (E,E)-geranyllinalool synthase

AT1G52400 7.8 Beta-D-glucopyranosyl abscisate beta-glucosidase

AT4G21680 7.8 Protein NRT1/ PTR FAMILY

AT4G17470 7.7 Alpha/beta-Hydrolases superfamily protein

AT1G73220 7.5 Organic cation/carnitine transporter

AT3G45140 7.3 Lipoxygenase

AT4G15210 7.2 Beta-amylase

AT1G54020 7.2 GDSL esterase/lipase

ATMG00570 7.2 Sec-independent periplasmic protein translocase

AT2G25900 6.1 Zinc �nger CCCH domain-containing protein

AT1G21310 5.8 Extensin-3

AT2G23170 5.7 Indole-3-acetic acid-amido synthetase



Page 6/25

ID Log2 Fold Change Description

AT3G04070 5.6 NAC transcription factor

AT5G67480 4.8 BTB and TAZ domain protein

AT1G44350 4.7 IAA-amino acid hydrolase

AT1G52000 4.4 Jacalin-related lectin

Downregulated genes

AT1G29560 293.1 Zinc �nger C-x8-C-x5-C-x3-H type family protein

AT1G12320 119.8 Ankyrin repeat/KH domain protein

AT4G01060 109.6 CAPRICE-like MYB3

AT1G76780 80.4 HSP20-like chaperones superfamily protein

AT1G74670 78.8 Gibberellin-regulated protein

AT2G29090 74.5 Abscisic acid 8'-hydroxylase

AT2G47030 70.1 Pectinesterase

AT5G60440 57.2 Agamous-like MADS-box protein

AT4G16750 51.8 Ethylene-responsive transcription factor

AT5G26749 48.5 C2H2 and C2HC zinc �ngers superfamily protein

AT2G40330 47.5 Abscisic acid receptor

AT2G36270 43.7 Basic-leucine zipper (bZIP) transcription factor

AT5G15800 42.6 MADS-box transcription factor family protein

AT5G03680 33.4 Trihelix transcription factor

AT1G13920 32.9 Remorin family protein

AT3G28830 31.3 Mucin-like protein

AT4G31370 28.6 Fasciclin-like arabinogalactan protein

AT1G16060 23.7 AP2-like ethylene-responsive transcription factor

AT1G01380 23.2 MYB-like transcription factor

AT5G57640 22.1 GCK domain-containing protein

AT4G33970 22.1 Pollen-speci�c leucine-rich repeat extensin-like protein

AT4G31620 18.3 Transcriptional factor B3 family protein

AT5G28640 17.8 GRF1-interacting factor
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ID Log2 Fold Change Description

AT3G27650 17.2 LOB domain-containing protein

AT4G31380 14.0 Flowering-promoting factor 1-like protein

AT5G46530 13.4 AWPM-19-like family protein

AT2G45760 11.3 BON1-associated protein

Differentially expressed transcripts were analyzed for their function. GO-rich analysis was performed
using the annotated differentially expressed genes to generate a list of key genes and the number of
genes related to each term. The transcripts with the largest increases in expression were NADH
dehydrogenase (quinone) activity, NADH dehydrogenase (ubiquinone) activity, NADH dehydrogenase
activity, and oxidoreductase activity (Fig. 5). Based on the KEGG pathway, we categorized the most
signi�cant transcripts into indole alkaloid biosynthesis and linoleic acid metabolism pathways (Fig. 6).
The expression pro�le of transcription factor genes shows the transcription-related activities that are
enhanced by these genes. To determine their important roles, the transcription factor genes involved in
the B. aryabhattai-Arabidopsis interaction were analyzed. The largest transcription factor gene families
detected in our study were LOB domain-containing protein, zinc �nger CCCH domain-containing protein,
NAC transcription factor, and BTB and TAZ domain protein (Table 1).

During the interaction, a total of 4,305 B. aryabhattai genes were annotated; of these, genes with a log2
fold change between -2.1 and 5.1 were analyzed. Nine and six B. aryabhattai genes were up- and
downregulated during the interaction with Arabidopsis plants, respectively. The remaining genes had
unde�ned functions, were repeated, had less signi�cant fold changes, or were involved in the primary
metabolism of the bacterium. Arginine decarboxylase, D-hydantoinase, membrane protein, ATP synthase
gamma chain, and 2-hydroxyhexa-2,4-dienoate hydratase had the highest expression levels in B.
aryabhattai during the interaction with Arabidopsis plants. Moreover, putative universal stress protein, L-
lactate dehydrogenase, succinate dehydrogenase �avoprotein subunit, and glycolate permease were
highly downregulated in the bacterium (Table 2) (Table S3).
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Table 2
Major differentially expressed genes in B. aryabhattai during the interaction with

Arabidopsis plants
ID Log2 Fold Change * Swissprot

Upregulated genes

gene3107 5.1 Arginine decarboxylase

gene1769 4.9 D-hydantoinase

gene1522 4.9 Membrane protein

gene4310 4.8 ATP synthase gamma chain

gene1091 4.7 2-hydroxyhexa-2,4-dienoate hydratase

gene5616 3.2 Transcriptional regulatory protein

gene3481 2.6 Microcystinase C

gene2400 2.4 4,4'-diapolycopen-4-al dehydrogenase

gene1987 2.1 Succinate-CoA ligase [ADP-forming] subunit beta

Downregulated genes

gene4030 -3.6 Putative universal stress protein

gene5157 -2.8 L-lactate dehydrogenase

gene1475 -2.7 Succinate dehydrogenase �avoprotein subunit

gene5156 -2.6 Glycolate permease

gene4267 -2.1 Betaine aldehyde dehydrogenase

gene4268 -2.1 Alcohol dehydrogenase

* Genes with a log2 fold change between -2.1 and 5.1 were included.

Discussion
Several microorganisms display bene�cial effects on plants in nature and may be used to enhance
growth and crop yields as an alternative to chemical fertilizers. Bacillus species constitute the largest
class of growth-promoting bacteria. Bacillus-plant interactions induce plant growth through growth-
responsive genes, proteins, phytohormones, and metabolites [11]. Plant growth promotion analyses were
performed to evaluate whether B. aryabhattai could promote plant growth in different plant species.
Arabidopsis (Fig. 1) and N. tabacum (Fig. 2) plants treated with the bacterium showed increased growth,
and signi�cant increases were obtained in plant size and fresh weight between the treated and
nontreated plants. Notably, although this endophytic bacterium was isolated from wild plant species, it
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exhibited a robust impact on the growth of nonhost plants. The results show that B. aryabhattai can
enhance the growth of different plant species, thus allowing it to be used to enhance the growth of plants
under �eld conditions.

Diverse bacteria from the Bacillus genus were shown to be good plant growth-promoting bacteria [11, 13,
19, 21, 26]. The �rst commercial biofertilizer was obtained from Bacillus spp. and enhanced crop yields
by 40% [16]. Additionally, biofertilizers using Bacillus species are more effective at producing diverse
metabolite, forming spores, and maintaining cell viability. These characteristics allow the generation of
formulated products suited for commercial use [27]. Biofertilizers are good candidates as alternatives to
chemical fertilizers to promote plant growth and yields [12]. Additionally, Bacillus species related to roots
or rhizospheres could be used to develop bio�lms to enhance plant growth [28].

The size and weight of shoots, leaves, and roots from various plant species were enhanced after the
application of B. insolitus, B. subtilis, and B. methylotrophicus, respectively [13, 15]. The production of
phytohormones such as indole-3-acetic acid (IAA), cytokinins, gibberellic acid (GA), and spermidines was
increased in plants treated with B. subtilis and B. methylotrophicus and induced plant growth [15, 19, 26].
Additionally, the induction of endogenous proteins, amino acids, and minerals by B. megaterium and B.
methylotrophicus promoted plant growth [15, 29]. Interestingly, B. aryabhattai displayed some plant
growth-promoting features, resulting in improved growth of Arabidopsis and N. tabacum plants. However,
these effects need to be investigated under natural conditions and with crop species. Considering the
effect of B. aryabhattai on plants, this bacterium could be used to promote plant growth as a biofertilizer
under �eld conditions.

Plant-bene�cial bacterial interactions have been extensively analyzed. However, it is not clear which
speci�c molecular pathways are associated with these interactions. This information is important to
enhance the potential of these classes of bacteria under �eld conditions. In the current study, we used
RNA sequencing to analyze the genes expressed during Arabidopsis-B. aryabhattai interactions. A high
number of novel genes involved in metabolite biosynthesis were differentially expressed in our dataset.
The results reveal new insights into plant and bacterial gene expression and assist in our understanding
of the molecular events implicated during Arabidopsis-B. aryabhattai interactions. Notably, GO and KEGG
analyses showed signi�cant changes between treated and nontreated plants. B. aryabhattai has a
remarkable impact on plants. Our data indicated that B. aryabhattai triggered important molecular
pathways related to plant growth.

Curiously, cinnamyl alcohol dehydrogenase, apyrase, thioredoxin H8, benzaldehyde dehydrogenase,
indoleacetaldoxime dehydratase, berberine bridge enzyme-like, gibberellin-regulated protein, maturase K,
tetratricopeptide repeat (TPR)-like superfamily protein, BTB/POZ and TAZ domain-containing protein and
auxin-responsive GH3 family protein genes were highly induced during the Arabidopsis-B. aryabhattai
interaction.

Cinnamyl alcohol dehydrogenase is a key enzyme during plant secondary metabolism, especially lignin
synthesis, and it is closely related to plant growth and development. Lignin constitutes one of the major
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components of plant cell walls and has the function of connecting cells. Previously, this enzyme was
expressed in lateral roots and in root tips in sweet potato, and its activity was induced by abscisic acid
[30]. Additionally, cinnamyl alcohol dehydrogenase genes are related to lignin biosynthesis during the
�nal developmental phases of soybean seeds [31]. Most likely, B. aryabhattai promotes the synthesis of
lignin during the growing phase of Arabidopsis and N. tabacum plants, resulting in the robust phenotype
observed for the plants treated with the bacterium.

Likewise, the extracellular nucleotides can be regulated by apyrases. Apyrases are involved in the control
of plant growth and development. Speci�cally, apyrases have in�uence in the auxin transport and
stomatal aperture. Removal of the apyrases activity can leads to growth inhibition [32]. Potato plants
with apyrase gene silenced showed phenotypic changes, retardation of growth, increasing of tuber
number per plant, and effect on tuber morphology [33]. Meanwhile, the expression of apyrases gene in
Arabidopsis plants had a marked effect on the growth of plant tissues and accumulation of auxin levels
[34, 35]. Thus, there was signi�cant evidence that apyrases developed a crucial role in regulating the
growth of Arabidopsis and N. tabacum plants.

Besides, benzaldehyde dehydrogenase is an important enzyme involves in the processing of
benzaldehyde to benzoic acid. The growth, mineral composition, and chlorophyll content of soybean
plants were in�uenced by benzoic acid [36]. Benzoic acid had a remarked effect on the growth and yield
of tomato plants. Additionally, there was a positive effect of benzoic on fruit yield [37]. Interestingly, B.
aryabhattai could be indirectly inducing the plant growth through this enzyme, which displays a key role
in the benzoic acid pathway.

Gibberellins are involved in plant growth, development processes, stem elongation, �owering, and seed
germination [38]. Vegetative and reproductive growth were severely affected in rice plants expressing a
gibberellin-regulated gene in antisense orientation [39]. In addition, maturase K gene was highly
expressed in Anoectochilus roxburghii plants treated with endophytic fungi [40]. Recently, the maturase K
gene was induced during the Arabidopsis - Bacillus altitudinis interaction [41].

Further, proteins with tetratricopeptide repeat motifs are basic components for gibberellin and ethylene
responses. A silencing of an Arabidopsis chloroplast-localized tetratricopeptide repeat protein gene
affected the plant growth, leaf greening, chloroplast, and genes involved in photosynthesis [42]. Recently,
an endophytic B. altitudinis induced Arabidopsis tetratricopeptide repeat-like superfamily proteins genes
with a marked effect on plant growth [41]. Moreover, broad-complex, tram track, and bric-a-brac family
proteins (BTB) genes had a high in�uence on transcription, protein modi�cation, chromatin, cytoskeletal,
and hormone pathways in tomato [43]. These kind of genes could be implicated indirectly in the
activation of phytohormone related with plant growth.

The bacterium B. aryabhattai induced the plant growth by the trigger of key molecular pathways, involved
in the production of phytohormones and transcription factors. The root development, shoot growth, and
fruit ripening were regulated by Aux/IAA family genes [44]. Auxin in�uences numerous stages of plant
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development and growth by directing the expression of auxin-activate genes [45]. Auxin controls plant
development and growth by changing the induction of different genes [46].

While much of what happens in the plant during interactions with endophytic bacteria is known, it is also
important to understand what happens in the bacteria during its interaction with the plant, such as which
genes are expressed in the bacterium that may contribute to the growth phenotype of treated plants.
Interestingly, arginine decarboxylase, D-hydantoinase, ATP synthase gamma chain and 2-hydroxyhexa-
2,4-dienoate hydratase genes were highly induced in B. aryabhattai during the interaction with the plant,
which constitutes the �rst evidence of the expression of these kinds of genes in this species. We
speculate that the overexpression of these genes in B. aryabhattai might enhance plant growth.

The activity of arginine decarboxylase was implicated in the effect of hormones on plant growth [47].
Arginine decarboxylase is an important enzyme responsible for putrescine biosynthesis. Arginine
decarboxylase expression correlates with cell growth and stress responses in apple plants [48]. This
enzyme is involved in e�cient ROS elimination and its in�uence on root growth, which is conducive to
drought tolerance [49].

In addition, an active D-hydantoinase from Pseudomonas �uorescens was related to the synthesis of D-
amino acids [50]. Although plants are constantly exposed to D-amino acids (D-AAs) in the rhizosphere,
these compounds have inhibitory effects on plant growth. A recent characterization of D-AA-stimulated
ethylene production in Arabidopsis showed the physiological function of a speci�c D-AA and its
metabolizing enzyme in plants [51]. Most likely, the regulation of plant D-AA content could in�uence the
composition of the rhizosphere [52].

Conclusions
Our results showed that the endophytic bacterium B. aryabhattai induced the growth of Arabidopsis and
N. tabacum plants. Notably, new genes involved in different plant growth pathways were identi�ed during
the Arabidopsis-B. aryabhattai interaction. The expression of these genes could be directly or indirectly
related to the phenotype of the plants treated with the bacterium. On the other hand, genes expressed in
the bacterium during the interaction with the plant could also have an in�uence on the molecular
mechanisms activated in the plant. However, the effect of this bacterium under natural conditions and on
important crops needs to be evaluated. The growth phase of plants is regulated by the expression of
many genes with different roles. The analysis of their function is important but complex, as each may
have a speci�c, unique role. For this reason, the evaluation of gene function in the bacterium could
provide an important approximation of the involvement of these genes during plant interactions and their
relationship with the activation of growth-promoting genes in the plant. This line of inquiry should be
investigated further. Finally, the potential bene�cial effects of B. aryabhattai found here suggest that this
bacterium is an appropriate and e�cient candidate for use in sustainable agriculture.

Methods



Page 12/25

Endophytic bacterium, plant materials, and growth
conditions
The Bacillus aryabhattai bacterium was previously isolated and identi�ed from the wild plant species G.
chinensis (Keng) according to Portieles et al. [53]. Samples were collected from the wild plant species G.
chinensis (Keng) along the Fu Tuan River (35° 20′ 17″ N, 119° 26 ′8″ E) within 5 km of the coastal region
of Rizhao city in Shandong Province, People's Republic of China. G. chinensis (Keng) was identi�ed
according to the data on morphological traits from the Flora of China (http://www.iplant.cn/foc/). This
experimental study complies with Chinese national and local laws, and sample collection was permitted
by the Rizhao Administration and Municipal Sciences and Technology Department. (Collection
information: South China Botanical Garden (IBSC) of the Chinese Academy of Sciences. Source: China
Digital Plant Specimens Museum. Identi�er: 0114164. Collector: Zhang Zhisong Acquisition number:
401467). The strain was cultivated in Luria-Bertani (LB) agar medium (yeast extract, 5 g/l: peptone, 10
g/l; sodium chloride, 5 g/l; agar, 12 g/l; pH 7) at 37°C. Seeds of the Arabidopsis thaliana ecotype
Columbia were surface-sterilized and placed on Murashige and Skoog (0.5X MS) basal media (Sigma
Aldrich, St Louis, MO, USA) supplemented with 1% w/v sucrose. The seeds were kept at 4°C in the dark for
2 days and transferred to a growth room under a 16 h light/8 h dark photoperiod at 22°C. Small plants
were sown in a substrate composed of peat plugs and vermiculite (1:1) for 14 days. In addition, Nicotiana
tabacum seeds were germinated, and the plants were grown in 6-inch pots containing sterilized black turf
and rice husk (4:1) substrate and maintained in a growth room at 23°C. All the substrates used were
sterilized at 120°C for 20 minutes.

Greenhouse experiments
Bacillus aryabhattai was cultivated in 100 mL of LB broth medium in a 250-ml Erlenmeyer �ask with
shaking (200 rpm) for one day at 37°C in the dark. The optical density (OD) of the B. aryabhattai
fermentation product was adjusted to 1.0 (4.77 × 109 CFU/mL), and 30 mL of the fermentation product
was applied per pot. Three plants were grown per plastic pot in a growth room at 25°C and irrigated with
water without any fertilizers. Arabidopsis thaliana and Nicotiana tabacum (�ve days old) plants were
treated with the B. aryabhattai fermentation product twice weekly for one month. The plant size and fresh
weight parameters were evaluated after one month of treatment with B. aryabhattai. A completely
randomized pot experiment with �ve replicates for each treatment was performed to analyze the
in�uence of B. aryabhattai on the growth of Arabidopsis thaliana and Nicotiana tabacum plants. Data
were analyzed using GraphPad Prism software (La Jolla, CA, USA). Signi�cant differences among the
mean values were determined using a t test at P<0.05. Five replicates were used for each treatment. The
experiments were replicated three times.

Identi�cation Of New Differentially Expressed Genes Using
Rna Sequencing
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package [54]. Genes with a fold change ≥ 2 were considered signi�cantly differentially expressed genes.
Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment
analyses were used to characterize the differentially expressed genes [55, 56]. In addition, the GO
annotations were analyzed using Blast2GO software [57, 58].

The prokaryote genetic analysis process involved �ltering the raw data to obtain a high-quality sequence
and comparing the �ltered sequences to the reference genome for the species [59, 60]. HTSeq was used
to compare the read count values from each gene to the original expression level of that gene [61]. To
make gene expression levels comparable between different genes and samples, we normalized the
sequencing depth and gene length using fragments per kilobase of transcript per million.
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Figure 1

The endophytic bacterium B. aryabhattai enhances Arabidopsis plant growth. A) Phenotype of mock-
treated (control) Arabidopsis plants and those treated with B. aryabhattai at 20 days post-inoculation.
Plant size (B) and fresh weight (C) of mock-treated Arabidopsis plants and those treated with B.
aryabhattai. Each bar represents the mean values with standard errors of two independent experiments (n
= 15)
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Figure 2

The endophytic bacterium B. aryabhattai enhances Nicotiana tabacum plant growth. A) Phenotype of
mock-treated N. tabacum plants (control) and those treated with B. aryabhattai at 20 days post-
inoculation. Plant size (B) and fresh weight (C) of mock-treated N. tabacum plants (control) and those
treated with B. aryabhattai. Each bar represents the mean values with standard errors of two independent
experiments (n = 15)
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Figure 3

Plant gene expression during the B. aryabhattai - Arabidopsis interaction. The X-axis represents the range
of gene expression values, and the Y-axis represents the number of genes in each expression interval  
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Figure 4

Volcano plot of differential gene expression during the B. aryabhattai - Arabidopsis interaction. The X-axis
represents log2 (fold change), and the Y-axis represents -log10 (p value). The vertical dashed lines
represent 2 times the difference threshold, and the horizontal dashed lines are P value thresholds (0.05).
The scale was �xed considering the minimum and maximum log2 values (between -7.60 and 15.70)  
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Figure 5

Gene Ontology (GO) enrichment analyses of the differentially expressed genes during the B. aryabhattai -
Arabidopsis interaction. Based on the GO-rich results, the extent of richness is measured by the rich
factor, false discovery rate (FDR) values, and the number of genes that were collected into this GO term.
The rich factor refers to the ratio of the number of different genes collected in the GO term to the number
of genes annotated. The size of each dot represents the number of enriched genes. The color of each dot
is as follows: the red dots indicate pathways with signi�cant enrichment, and the green dots indicate
pathways with low enrichment
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Figure 6

KEGG pathway analysis of differentially expressed genes during the B. aryabhattai - Arabidopsis
interaction. The chart shows the enrichment of differentially expressed genes in signaling pathways. The
Y-axis label represents the pathway, and the X-axis label represents the rich factor (rich factor = number
of differentially expressed genes enriched in the pathway/number of genes in the background gene set).
The size and color of the bubble represent the number of differentially expressed genes enriched in the
pathway and enrichment signi�cance, respectively  
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