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Abstract

The global community continues to face the urgent need to develop environmentally
friendly methods to increase agricultural productivity. Using plant growth-promoting
bacteria (PGPB) as plant growth stimulants could solve this problem, as this practice is
more environmentally friendly than using fertilizers. This study characterized the Gor-
donia aichiensis P6PL2 bacterium associated with Vitis amurensis using whole-genome
sequencing and in vitro and in vivo testing. The whole genome size of G. aichiensis P6PL2
was 5,435,824 bp with 5279 open reading frames. G. aichiensis P6PL2 possessed genes for
the production of phytohormones (auxins and cytokinins) and an increased bioavailabil-
ity of nutrients such as nitrogen, phosphorus, potassium, and sulfur. In addition, the
presence of genes involved in synthesizing growth stimulants, such as gam-
ma-aminobutyric acid and spermidine, has been demonstrated, as has the presence of
genes involved in reducing various abiotic and biotic stress factors. Moreover, the results
demonstrated the growth-promoting impact of a single application of G. aichiensis P6PL2
on seedlings and 30-day rice plants. This paper has shown and discussed the potential
importance of G. aichiensis P6PL2 for agriculture.

Keywords: grape; plant growth-promoting bacteria (PGPB); genomic analysis;
endophytes; Oryza sativa; auxins; cytokinins

1. Introduction

The utilization of organic and inorganic fertilizers and pesticides in agricultural
practices is deleterious to the environment [1,2]. The population is growing rapidly, and
experts predict that by 2050, the demand for agricultural products could increase by up
to 60% to 110% [3]. Consequently, the use of fertilizers and pesticides will increase. Var-
ious approaches have been proposed to boost crop yields, including classical breeding
and genetic modification. However, in recent years, research into the use of different
microorganisms in agriculture has received particular attention [4-6].

Plants interact with a variety of microbial communities from different environ-
ments. Bacteria that enter into symbiosis with plants and have a positive effect on their
growth and development are known as plant growth-promoting bacteria (PGPB) [7].
These are of particular interest to the agriculture industry. This group of bacteria can
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directly influence plant growth directly by synthesizing or degrading phytohormones,
such as auxins, cytokinins, and ethylene, and increasing the bioavailability of various
nutrients, including nitrogen, phosphorus, potassium, sulfur, etc. [7-10].

On the other hand, PGPBs have multiple indirect mechanisms that influence plant
growth. One way to stimulate plant growth is to reduce the effects of stress. Studies show
that bacteria can reduce the effects of abiotic stresses, such as salinity [11,12], drought
[13,14], heavy metal exposure [15,16], and oxidative stress [17,18]. Moreover, bacteria
have the capacity to purify contaminated soil by means of the degradation of hydrocar-
bons [19]. Also, bacteria can increase a plant’s resistance to biotic stresses by suppressing
pathogens through the synthesis of fungicides and antibacterial substances [20,21] and by
inducing systemic plant resistance [22,23]. Based on the above, using bacteria to stimulate
and protect plants can be an alternative to traditional farming methods. The use of PGPBs
allows a combined effect that covers several needs. For example, Bacillus altitudinis
KRS010 showed antagonistic activity towards pathogenic fungi such as Botrytis cinerea,
Colletotrichum falcatum and C. gloeosporiodes, Fusarium graminarum, F. oxysporum, and Ver-
ticilium dahliae. In addition, it has the ability to increase nutrient availability and stimulate
cotton plant growth [24].

Currently, the market for microbial-based biofertilizers is growing rapidly in re-
gions such as North America, Europe, Asia Pacific, Latin America, Middle East, and Af-
rica [25]. The variety of commercial biologics is also growing, and they are being devel-
oped from different microorganisms and their combinations, and for different crop
groups. For example, preparations based on nitrogen-fixing bacteria such as Azoter
(Azoter, Gy6r, Hungary), Bio Gold (Bio Power Lanka, Colombo, Sri Lanka), and TwinN
(Mapleton Agri Biotec, Mapleton, Australia), as well as preparations based on bacteria
capable of dissolving phosphate and potassium such as CataPult (Bio-Tech Organics,
Virginia, Australia), Symbion van Plus (T Stanes and Company LTD, Tamil Nadu, India),
and many others are widely represented [25-27]. In general, representatives of Azotobac-
ter, Bacillus, and Pseudomonas genera are used as bacteria for the production of such
preparations, and bioprospecting for the search of new bacterial genera remains an ur-
gent task.

Wild plants constitute a fascinating subject of investigation in the context of endo-
phyte isolation. These plants inhabit their natural environment, where they encounter a
multitude of biotic and abiotic stressors. It is plausible that endophytes confer wild plants
with some degree of resistance to these stressors, thereby enhancing their ecological fit-
ness and survival strategies. The wild Amur grapevine Vitis amurensis Rupr is native to
Asia and often grows on hillsides or in ravines at high elevations. This species is highly
resistant to cold and is able to survive at —40 °C [28]. This species is also highly resistant
to various diseases of the vine, such as powdery mildew [29], white rot of grapes, and
anthracnose [30]. Based on the above, V. amurensis, as a wild-growing species that is re-
sistant to adverse stress factors, may become valuable representatives of the bacteriome
for agriculture.

The genus Gordonia was first proposed by Tsukamura [31] and is classified within
the family Gordoniaceae. It is characterized as an aerobic Gram-positive bacteria [32].
This genus is widely distributed and can be found in soil [33,34], water [35], plants [36],
sludge [37], and medical specimens [38]. It is well-known that the Gordonia genus is ca-
pable of degrading various hydrocarbons [39,40]. It has also been demonstrated that
Gordonia sp. S2RP-17 stimulated the growth of Zea mays in soils contaminated with diesel
fuel [41]. It was also shown that Gordonia sp. JPA2 stimulated the growth of Cenchrus
americanus under salt stress [42]. Also, G. aichiensis is considered to be a pathogen and has
been isolated from human clinical specimens, such as sputum [43]. However, according
to Ramanan et al. [44], there have been no reported cases of clinical infection and its role
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as a pathogen remains unclear. It is worth noting that, among the microorganisms capa-
ble of degrading hydrocarbons, it is not uncommon to find species which can be patho-
genic to humans, animals or plants. Most of these microorganisms are opportunist
pathogens, meaning that they can only infect those who are already ill or have a com-
promised immune system. They can survive in various environments, and human beings
are just one host they can infect [45]. For example, strains of Pseudomonas spp. and Bacillus
spp. consume petroleum hydrocarbons as a source of carbon, but they are safe for hu-
mans [46—48]. Also, according to the BacDive database [49], G. aichiensis belongs to bi-
osafety level 1 risk group (French classification), indicating that this species is safe for
healthy people.

Despite the fact that many species belonging to the Gordonia genus have been de-
scribed, little is known about their ability to stimulate plant growth and the mechanisms
behind this process. Also, the specific molecular and genetic mechanisms that enable
these bacteria to perform these functions remain unexplored. Therefore, in the present
study, we characterized the V. amurensis-associated bacterium G. aichiensis POPL2 using a
comprehensive approach that included full genome sequencing, specialized media, an-
alytical tests, and seedling tests. Additionally, its ability to stimulate plant growth was
analyzed.

2. Materials and Methods
2.1. Bacterial Strain

The Gordonia aichiensis strain P6PL2 was isolated from the leaf tissue of a visually
healthy V. amurensis plant. The leaf surface was sterilized with 70% ethanol for one min
and 10% H:0: for two minutes. The leaf tissues were then washed with sterile distilled
water five times [50]. The sterile sheet was homogenized in a sterile mortar and diluted
with 200 pL of sterile water. Next, 70 puL of the resulting solution was plated onto Rea-
soner’s 2A agar (R2A) nutrient medium and incubated at 26 °C for 48 h. After this time,
the strain was seeded and purified. G. aichiensis P6PL2 was placed in the laboratory col-
lection (Laboratory of Biotechnology, Federal Scientific Center of the East Asia Terrestrial
Biodiversity, Far Eastern Branch of the Russian Academy of Sciences, Vladivostok, Rus-
sia).

2.2. Genomic DNA Isolation, Sequencing, Assembly and Annotation

The reparation and culture conditions of the bacterial strain have been described in a
previous study [51]. Total DNA was isolated using the hexadecyltrimethylammonium
bromide (CTAB) method with modifications [52,53].

Whole-genome sequencing was performed by “SYNTOL” (Moscow, Russia) and
“GENOANALYTICA” (Moscow, Russia) using the MiSeq Illumina (Illumina, San Diego,
CA, USA) and MinlON (Oxford Nanopore Technologies, Oxford Science Park, Oxford,
UK) instruments, respectively. The hybrid assembly of the G. aichiensis P6PL2
whole-genome sequence was performed using the program Unicycler v0.5.1 [54]. Ge-
nome annotation was performed using the program Prokka 1.14.6. [55] and the RAST 2.0
(http://rast.nmpdr.org/, accessed on 5 April 2025) server [56]. PGPB trait genes were
searched using the PGPT-Pred PlaBase predictor [57].

2.3. Genome-Based Taxonomic Analysis

Phylogenomic  analysis was performed wusing the Kbase server
(https://www .kbase.us/, accessed on 10 April 2025). The genome set was created using
the Batch Create Genome Set v1.2.0 function and included 21 genomes (Table S1). A
phylogenetic tree was constructed based on 49 genetic markers using the Species



Horticulturae 2025, 11, 735

4 of 20

Tree-v2.2.0 [58] function. Orthologous Average Nucleotide Identity was determined us-
ing the Orthologous Average Nucleotide Identity Tool (OAT) program [59], and
DNA-DNA hybridization (dDDH) was calculated using GGDC 3.0 [60].

2.4. Comparative Genomics

The genomes of the four closest strains, namely Gordonia sputi NBRC 100414
(GCF_000248055.1), Gordonia aichiensis NBRC 108223 (GCF_000332975.1), Gordonia polyi-
soprenivorans VH2 (GCF_000247715.1), and Gordonia desulfuricans NBRC 100010
(GCF_001485495.1), were selected for a comparison with the G. aichiensis P6PL2 genome.
The Venn diagram was constructed using OrthoVenn3 [61]. The tRNA and rRNA genes
were searched using tRNAscan-SE v 2.0 [62] and RNAmmer v1.2 [63], respectively.

2.5. Signs of PGPB In Vitro

The isolate was tested for nitrogen (N) fixation ability using Ashby agar plates. In-
cubation was carried out at 26 °C for 72 h, after which the ability to grow on Ashby agar
plates was assessed as an indication of nitrogen fixation. To determine phosphate solu-
bilization activity, the isolates were grown in Pikowski’s medium with tricalcium phos-
phate as the insoluble phosphate. Incubation was performed under the same conditions,
and the formation of a transparent halo was evaluated as a positive result. The ability to
solubilize potassium was evaluated using Alexandrovsky agar. Incubation was per-
formed at 26 °C for 96 h. The formation of a clear halo was evaluated as a positive result.
The ability to oxidize sulfur was tested using modified Thiosulfate Agar (TSA) with
Bromcresol Purple as an indicator. Incubation was carried out at 26 °C for 48 h. The ap-
pearance of a yellow halo was evaluated as a positive result.

To search for phytohormones, a 50 mL sample of overnight culture of G. aichiensis
P6PL2 grown in R2B medium was placed in an analytical mill (IKA A1l basic; IKA
Werke GmbH & Co. KG, Staufen, Germany) and ground to obtain a homogeneous mass.
This was then re-treated with a Sonicator Q55 ultrasonic homogenizer (QSonica, New-
town, CT, USA) for 5 min. Next, extraction with ethyl acetate was carried out at a ratio of
1:2 (i.e.,, 100 mL of ethyl acetate was added to 50 mL of the medium), stirring continu-
ously on a heated magnetic stirrer at 40 °C for 40 min. After stirring, the extract was spun
in 50 mL falcon tubes at 3500 rpm for five min. The upper ethyl acetate fractions were
transferred to a 250 mL flask using an automatic pipette. The extract volume was then
increased to 3—4 mL using a rotary evaporator. The extract was subsequently dispersed
into 1.5 mL tubes and dried in a concentrator at 40 °C. The dry extract was redissolved in
1 mL of methanol and filtered through a Discovery® DSC-18 SPE tube bed filter (50 mg,
Supelco, Bellefonte, PA, USA). The extract was analyzed by HPLC-DAD using an LC-20
AD XR HPLC analytical system (Shimadzu, Kyoto, Japan).

2.6. Seed Inoculation, Evaluation of Biometric Parameters

The seeds of the Oryza sativa cultivar “Dubrava” were sterilized, as were the grape
leaf tissues (see Section 2.1. Bacterial Strain). The overnight culture of G. aichiensis P6PL2
was centrifuged at 3000 rpm for five minutes to allow sedimentation. The resulting su-
pernatant was drained and the resulting suspension was diluted with sterile water to a
concentration of 3 x 108 CFU/mL. The sterile seeds were then placed in the bacterial so-
lution and incubated for one hour. The excess moisture was then dried off. The seeds of
the control group were subjected to the same manipulations, but sterile water was used
instead of the bacterial solution.

Two groups were used for seed inoculation studies of G. aichiensis P6PL2: 7-day-old
seedlings grown in Petri dishes on 2 layers of filter paper with 6 mL of sterile water, and
30-day-old plants grown in pots. All plants were cultivated in a climate chamber at 25 °C
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with a photoperiod of 16 h light/8 h dark, relative humidity of 70%, and light intensity of
250 mmol m=s7. After each time interval, the length of the root or stem (for coleoptile
seedlings) was measured. Then, the plants were dried for 3 days at 30 °C. For 30-day-old
plants, the root and stem were separated from each other before the dry biomass was
measured.

Three independent experiments were performed, each comprising ten technical re-
peats. The data are presented as the mean + standard error (SE) and were analyzed using
a Student’s t-test, with a p-value of less than 0.05 being considered statistically significant.

3. Results and Discussion
3.1. Phenotypic Manifestation of PGPB Properties

To confirm the presence of some plant growth stimulation functions, the genes of
which were represented in the studied strain, and Petri dish tests and HPLC-MS analysis
were performed. As a result, G. aichiensis POPL2 was found to grow on Ashby’s medium
(Figure 1a), indicating a potential ability to fix nitrogen, and to solubilize phosphate on
Pikowski’s medium (Figure 1b). However, the ability to oxidize sulfur and dissolve po-
tassium was not confirmed (Figure 1c,d). Additionally, the HPLC-MS analysis detected
the phytohormones indole-3-acetic acid (IAA) and its precursor indole-3-acetoaldehyde
(Figure 1e,f) along with trans-zeatin (Figure 1g) in the G. aichiensis P6PL2 bacterial culture
extract.

(a) N (b) = (c) Bl
\ y /
v/
\ /
|
! {
\
\
\
(e)
1 00 118.06506 130.06493 100 136.06143
50 50 50
220.11900
160.07516
—§ 72.93742 § 59.08744 B 3 6102899 : || |
| .y ] g | ] 1
ST 2 2 B
5 = 5
0 Q 23
=4 o~ ~
50 160.07620 50 50 220.11980
176.07111
100 118.06570 100 130.06850 100 136.06290
50 100 150 50 100 150 50 100 150
m/z m/z m/z

Figure 1. In vitro test of plant growth-promoting traits of Gordonia aichiensis strain P6PL2: (a) ni-
trogen fixation on Ashby’s medium; (b) phosphate solubilization on Pikowski’s medium; (c) po-

tassium solubilization on Alexandrovsky’s medium; (d) sulfur oxidation on TSA medium; (e)
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MS/MS mass spectrum of indole-3-acetoaldehyde production; (f) MS/MS mass spectrum of in-
dole-3-acetic acid production; (g) MS/MS mass spectrum of trans-zeatin production. The mass
spectra of the substances found in the G. aichiensis P6PL2 extract are shown in blue for (e-g); the

reference mass spectra are indicated in red.

3.2. Effect of Gordonia aichiensis P6PL2 Inoculation on the Growth of Oryza sativa

In this study, we examined the effect of the inoculation of G. aichiensis P6PL2 seeds
of O. sativa cultivar Dubrava on the growth of 7-day-old seedlings in Petri dishes and
30-day-old potted plants. G. aichiensis P6PL2 stimulated both types of plant under normal
conditions, primarily through promoting root growth (Figures 2 and 3).

The inoculation of rice seeds with G. aichiensis P6PL2 resulted in a significant in-
crease in root length of 12.9% in 7-day-old seedlings compared to the control (67.92 mm
vs. 76.69 mm, Figure 2d). In addition, the dry weight of the inoculated seedlings in-
creased by a significant 10.5% (0.019 g vs. 0.021 g, Figure 2e). However, there was no
significant change in coleoptile length in the seedlings inoculated with the tested strains

(Figure 2c).

(c) Coleoptile length (mm) (d) Root length (mm) (e) Dry weight (g)
30 100 0.025 T
5 = 0.02
. o
10 - .01
0.005
0 = T 1 0 T 1 0 T 1
Control P6PL2 Control P6PL2 Control P6PL2

Figure 2. The effect of Gordonia aichiensis P6PL2 inoculation on 7-day-old Oryza sativa seedlings. (a)
control; (b) seedlings inoculated with G. aichiensis P6PL2; (c) coleoptile length; (d) root length; (e)
total dry weight of seedlings. Data are presented as mean + SE. ** —significantly different from the

control values at p <0.01 according to Student’s t-test.

The inoculation of rice seeds with G. aichiensis P6PL2 resulted in a significant 7.5%
increase in both stem length (407.7 mm vs. 438.35 mm) (Figure 3c) and stem dry weight
(0.082 g vs. 0.099 g) (Figure 3e) in 30-day-old plants. The same trend of increasing root
length, as observed in seedlings, was also evident in 30-day-old plants: the root length of
inoculated plants increased by 20.8% (from 217.87 mm vs. 262.58 mm) (Figure 3d), and
the root dry weight increased by 55.37% (from 0.017 g vs. 0.027 g) (Figure 3f). The ob-
tained data indicate the potential importance of G. aichiensis P6PL2 in agriculture. How-



Horticulturae 2025, 11, 735

7 of 20

(a)
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ever, no data were found on the effect of the Gordonia genus, in particular the G. aichiensis
species, on plant growth under normal conditions.

Stem length (mm)
(b) (c) 500 .
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100
0
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Control P6PL2 Control P6PL2 Control P6PL2

Figure 3. The effect of Gordonia aichiensis POPL2 inoculation on 30-day-old Oryza sativa plants. (a)
control; (b) plants inoculated with G. aichiensis P6PL2; (c) stem length; (d) root length; (e) stem dry
weight; (f) stem dry weight. Data are presented as mean + SE. ¥, ** —significantly different from the
control values at p <0.05 and 0.01 by Student’s t-test.

3.3. Phylogenetic Identification

A phylogenetic analysis based on 49 core, universal genes defined by clusters of
orthologous groups (COG) gene families demonstrated that the strain P6PL2 has the
highest genetic similarity to the G. aichiensis strain NBRC 108223 (Figure 4a). Average
nucleotide identity (ANI) and digital DNA-DNA hybridization (dDDH) analyses using
the eight most closely related species showed the highest similarity of strain P6PL2
98.93% (ANI) (Figure 4b) and 94.1% (dDDH) (Table S2) to G. aichiensis NBRC 108223.
Based on the result of the phylogenetic analysis, and given that the ANI and dDDH val-
ues were both above the gold standard thresholds of >95% and >70%, respectively [64],
we hypothesize that this strain belongs to the species G. aichiensis.
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Figure 4. The phylogenetic analysis of Gordonia aichiensis P6PL2: (a) phylogenetic tree based on 49
genetic markers using the Species Tree-v2.2.0. NCBI RefSeq assembly numbers are listed next to the
species name and duplicated in (Table S1); (b) Orthologous Average Nucleotide Identity analysis
was determined using the Orthologous Average Nucleotide Identity Tool.

3.4. Genomic Features and Comparison of Genetic Characteristics

Assembly of the G. aichiensis P6PL2 hybrid genome associated with V. amurensis
generated a sequence length of 5,435,824 bp consisting of eight contigs, with an average
GC content of 65.1% (Table 1). The genome contains 5279 protein-coding sequences
(CDS), of which 4233 were functionally annotated and 921 were hypothetical (Table S3).
In addition, the G. aichiensis P6PL2 genome contains 79 tRNA genes, 6 rRNA genes, and
eight sites encoding prophages (Table 1).

Table 1. Genomic features of the Gordonia aichiensis P6PL2 and related members of the Gordonia

genus.

P6PL2 NBRC 108223 NBRC 100414 VH2 NBRC 100010

GeneBank acc. num-
ber

PRINA1267753 GCF_000332975.1 GCF_000248055.1 GCF_000247715.1 GCF_001485495.1

Genome size (bp) 5,435,824 5,092,029 4,952,979 5,844,299 5,428,634
G+C content (mol%) 65.1 65.5 65.5 67 68
Number of Contigs 8 78 158 2 246
Protein-coding genes

(CDS) 5279 4613 4592 5110 4705
tRNA 79 48 54 57 58
rRNA 6 3 3 9

Prophage 6 2 2 4 1

OrthoVenn analysis revealed that Gordonia sputi NBRC 100414 contains 3.928 gene
clusters, Gordonia polyisoprenivorans VH2 contains 3981 clusters, Gordonia desulfuricans
NBRC 100010 contains 3724 clusters, Gordonia aichiensis P6PL2 contains 4233 clusters, and
Gordonia aichiensis NBRC 108223 contains 4297 gene clusters (Figure 5). A comparative
analysis of the genetic clusters of the five selected Gordonia strains revealed that 2825
genetic clusters were present in all strains. A total of 3790 genetic clusters were shared
between P6PL2 and G. aichiensis NBRC 108223. G. aichiensis P6PL2 had 3565 common
clusters with G. sputi NBRC 100414, as well as 3377 common clusters with G. polyiso-
prenivorans VH2. Conversely, P6PL2 had 3083 clusters in common with G. desulfuricans
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Figure 5. UpSet diagram of Gordonia aichiensis P6PL2, Gordonia polyisoprenivorans VH2, Gordonia
desulfuricans NBRC_100010, Gordonia aichiensis NBRC_108223, and Gordonia sputi NBRC_100414
built using the OrthoVenn3 program. The numbers of gene clusters are between the genome sub-

sets.

3.5. Genetic Elements of Gordonia aichiensis P6PL2 Responsible for Plant—Bacterial Interactions

The PGPT-Pred PlaBase predictor identified 2293 genes (Table 54) in the G. aichiensis
P6PL2 genome that are potentially associated with the stimulation of plant growth. Of all
the genes detected, 39% had a direct effect on plant growth. This included 13% of genes
related to phytohormone synthesis and plant signaling, 13% related to bio-fertilization,
and 13% related to bio-remediation. The genes related to indirect effect factors accounted
for 60% of the total, with 25% relating to the colonization of plant systems, 19% relating to
the control of biotic and abiotic stresses, 15% relating to competitive exclusion, and 1%
relating to the stimulation of the plant immune response. One percent of the genes be-
longed to putative functions (Figure 6). Although many genes potentially involved in
plant-bacterial interactions have been identified using the PlaBase database, this article
will focus only on the most interesting results.
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Figure 6. Genomic characterization based on PGPT-Pred analysis. Through PGPT-Pred PlaBase
analysis in the Gordonia aichiensis POPL2 genome, 2293 genes were identified that are associated
with the possible stimulation of plant growth, 39% of which were direct effect factors on plant
growth, 60% were related to indirect effect factors, and 1% of the genes belonged to putative func-

tions.

3.5.1. Production of Phytohormones and Other Growth Stimulants

Plant hormones play important roles in plant growth, defense, and productivity
[65]. Phytohormones include auxins, cytokinins (CK), jasmonates, ethylene, abscisic acid
(ABA), salicylic acid (SA), strigolactones (SL), gibberellins (GA), and brassinosteroids
(BR) [66]. Phytohormone production is one of the most important properties of PGPB [7].

The plant hormone auxin plays an important role processes, including the formation
of lateral roots, leaves, and flowers [67]. The ability to synthesize auxins is found in many
bacterial genera such as Azotobacter [68,69], Azospirillum [70,71], Bacillus [72-74], Entero-
bacter [75,76], Mycobacterium [77,78)], Pseudomonas [79,80], Rahnella [81,82], and others.

There are few studies on auxin synthesis in the genus Gordonia and it has been
shown that Gordonia sp. JPA2 exhibited the ability to synthesize IAA and stimulated the
growth of Cenchrus americanus [42]; on the other hand, Gordonia sp. ST45 did not possess
the ability to synthesize IAA [83].

The genes responsible for auxin biosynthesis were found in the genome of G.
aichiensis P6PL2, in particular the tryptophan operon trpABCDES, as well as genes re-
sponsible for the indole-3-acetoaldehyde (IAAld) pathway of auxin biosynthesis (aldA
and aldB) (Table S5). HPLC-MS data confirm the presence of IAA and its possible bio-
synthesis pathway that was described by McClerklin et al. [84] when in-
dole-3-acetoaldehyde was detected (Figure 1le); the putative IAA biosynthesis pathway is
show below (Figure 7a).

Cytokinins are another important phytohormone that regulate the cell cycle, and
inhibit the degradation of chlorophyll, nucleic acids, and proteins [85]. The ability to
synthesize cytokinins has been found in various bacterial genera such as Azospirillum
[86], Bacillus [87,88], and Pseudomonas [89]. Information on cytokinin production in the
genus Gordonia was not found.
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The genome of G. aichiensis P6PL2 contains genes responsible for cytokinin biosyn-
thesis, namely ipt encoding isopentenyltransferase, which catalyzes the conversion of
AMP into isopentenyladenine riboside 5-monophosphate [90]. In addition, the yvdD
gene encoding cytokinin riboside 5-monophosphate phosphoribohydrolase, a member
of the Lonely Guy (LOG) family, was found to catalyze the final step of cytokinin bio-
synthesis [91]. The ability to produce cytokinins was confirmed by HPLC-MS data, which
showed the presence of a zeatin-type cytokinin, namely trans-zeatin (Figure 1g); the pu-
tative trans-zeatin biosynthesis pathway is shown below (Figure 7b).

tryptophan indole-3-acetaldehyde indole-3 acetic acid

O n/a l . aldA or aldB \

(a)

_
tPABCDES '~

4

(b)

H,N
N g\\r\i "°\/§\W
HO ﬁ o QN ~N ‘
o loJ ——> iPRMP —» tZRMP — @\>
/ N
onon ipt n/a yvdD s
AMP trans-zeatin

Figure 7. Putative pathways of phytohormone biosynthesis in Gordonia aichiensis P6PL2. (a) Sim-
plified auxin biosynthesis pathway by [84]; (b) simplified cytokinin biosynthesis pathway by [92].
AMP—adenosine monophosphate; iPRMP—isopentenyladenine riboside 5-monophosphate;
tZRMP — trans-zeatin riboside 5'-monophosphate; n/a—genes are missing.

Other substances that regulate plant growth and development were found to have
their biosynthesis genes in G. aichiensis P6PL2. These substances were gam-
ma-aminobutyric acid (GABA) and spermidine (Table S5). The application of exogenous
GABA stimulates photosynthesis in Zea mays, thereby improving the development of
maize seedlings [93]. It is hypothesized that spermidine plays a role in promoting plant
growth and development by participating in the production of substances such as ster-
oids, auxins, statins, and terpenes [91]. It has also been demonstrated that the spermidine
synthesizing bacterium Bacillus subtilis OKB105, which synthesizes spermidine, stimu-
lates the growth of Nicotiana tabacum [94].

3.5.2. Biofertilization

Another one of the direct plant growth-promoting properties of PGPB is the in-
creased bioavailability of nutrients that are most often found in low-bioavailability
forms, such as nitrogen, phosphorus, sulfur, and potassium [95].

Phosphate and potassium solubilizing bacteria are known to stimulate plant growth
[96], and this ability is characteristic of many bacterial genera such as Azotobacter, Bacillus,
Enterobacter, Pantoea, Rahnella, etc. [96,97]. The ability to solubilize phosphate was pre-
viously shown in the genus Gordonia [98]. The genome of G. aichiensis P6PL2 contains
genes responsible for synthesizing various acids that contribute to the bioavailability of
potassium and phosphorus. These include lactic, oxalic, butyric, malonic, acetic, pyruvic,
and succinic acids (Table S6). In addition, other genes involved in the assimilation and
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metabolism of potassium and phosphorus have been discovered (Table S6). In addition,
18 genes responsible for sulfur assimilation were found (Table S6), including
cysADHJKNTW. However, under in vitro testing conditions, G. aichiensis P6PL2 has been
shown to have only have a phosphate solubilization ability (Figure 1b—d). Moreover, 19
genes associated with the process of iron assimilation and the creation of siderophores
and hemophores were identified (Table S6). The production of siderophores has been
found in many bacterial genera positioned as biocontrol agents, for example, Azospirillum
brasilense, Bacillus subtilis, and Pseudomonas fluroscens. Siderophores synthesized by bac-
teria also positively regulate plant growth [99].

Also, in the genome of P6PL2, 44 genes involved in the increase of nitrogen bioa-
vailability, including the assimilation of atmospheric nitrogen, ammonia metabolism,
and urea metabolism, were found (Table S6). Ammonium and urea are used as some of
the most popular nitrogen fertilizers [100,101]. Gao et al. demonstrated that the ammo-
nia-assimilating bacterium Enterobacter sp. B12 promoted wheat growth as well as in-
creased plant nitrogen content [102]. The G. aichiensis P6PL2 demonstrated the ability to
grow on nitrogen-free medium, which demonstrates the potential for nitrogen fixation
(Figure 1a). However, only niflU and nifS, which are responsible for nitrogen fixation [84]
(Table S6), were identified from the nif operon. This is insufficient to confirm that this
strain is capable of nitrogen fixation. Further study is required to confirm this property.

3.5.3. Bioremediation

As already mentioned, representatives of the genus Gordonia are often characterized
by the ability to degrade various xenobiotics, including hydrocarbons. Thus, Gordonia
sihwensis MTZ096 isolated from compost demonstrated the ability to degrade
n-hexadecanes [103]. Gordonia polyisoprenivorans ZM27 demonstrated the ability to de-
grade n-hexadecanes [104], and Gordonia sp. SoCg degraded n-alkanes [105]. In addition,
it was shown, that Gordonia sp. S2RP-17 stimulated the growth of Zea mays in soils con-
taminated with diesel fuel [42]. The G. aichiensis P6PL2 genome contains genes encoding
di- and monooxygenases (involved in the degradation of various aromatic compounds,
such as dioxygenases (benABC, pcaBCDGH)) (Table S7). It was demonstrated that the in-
troducing of Serratia marcescens S217, which possesses the above-mentioned dioxygenases
genes, into the rhizosphere resulted in the degradation of benzo(a)pyrene in soil [106]. In
addition, genes involved in the degradation of hydrocarbons and steroids were identified
(Table S7). Based on the obtained data, we hypothesize that G. aichiensis P6PL2 exhibits
bioremediation properties, making it an interesting candidate for further research in this
area.

3.5.4. Resistance to Biotic and Abiotic Stresses

PGPB can reduce the negative effects of various stressors [107], and the use of bac-
teria to reduce stress effects is becoming more popular [108]. Streptomyces pactum Act 12
has been shown to reduce soil ph. Also, this strain reduced lipid peroxidation, thereby
stimulating wheat growth [109]. The inoculation of soybean with Pseudomonas fluorescens,
P. putida, and Bacillus subtilis has been shown to mitigate the deleterious effects of salt
stress [110]. It has been repeatedly shown that bacteria can inhibit the growth and de-
velopment of plant pathogens [111,112].

Genes potentially involved in resistance to abiotic and biotic stress factors were
found in G. aichiensis P6PL2. Thus, the genes responsible for salt stress resistance were
found. These include genes involved in glutamate and proline synthesis (Table S8), as
well as genes encoding oxidoreductases and terpenoid synthesis, which are involved in
resistance to oxidative stress. The genes responsible for resistance to biotic stress factors
were represented by genes that synthesized volatile organic compounds, namely
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3-butanediol, as well as genes involved in the activation of systemic plant resistance
(Table S8). It is also worth noting that synthesized 3-butanediol synthesized by bacteria
activates systemic plant resistance against bacterial pathogens [113,114].

The whole-genome sequence of G. aichiensis P6PL2 also contained genes for re-
sistance to heavy metals (Table S8). Thus, the GIpF gene encoding an arsenic entry
channel [115], as well as genes of the ars operon responsible for resistance to arsenic were
found, but the ars operon arsABCR did not include the arsM gene involved in the meth-
ylation and subsequent conversion of As III to the gaseous compound As(CH)s [116]. In
addition, 14 genes responsible for cobalt resistance, 9 genes for copper resistance, 8 genes
for nickel resistance, and 5 genes for selenium resistance were found (Table 57). Howev-
er, these were not assigned to complete sets of functional genes. The ability of G. aichiensis
P6PL2 remains to be determined and requires further investigation.

In addition, G. aichiensis P6PL2 possesses vitamin biosynthesis genes, namely niacin
(vitamin B3), pyridoxine (vitamin B6), and folic acid (vitamin B9) (Table S9). These vita-
mins are presumably also involved in resistance to various stress factors. The application
of exogenous vitamin B3 has been shown to reduce the effects of drought on wheat [117].
Pyridoxine and folic acid can reduce the effects of salt and oxidative stress [118,119].

4. Conclusions

The bacterium G. aichiensis P6PL2, associated with grape V. amurensis was isolated;
phylogenetic analysis confirmed that the P6PL2 strain belongs to the species G. aichiensis.
This strain was found to be capable of synthesizing phytohormones, particularly IAA
and trans-zeatin. It was also found that this strain has the potential to increase the bioa-
vailability of phosphate and nitrogen. The genome of G. aichiensis P6PL2 contains genes
that suggest that this strain is able to reduce the impact of various stress factors, as well as
participate in the purification of soil from various xenobiotics. However, this fact requires
additional research.

Moreover, experiments on O. sativa seedlings and 30-day-old potted plants revealed
that a single application of G. aichiensis P6PL2 suspension significantly stimulated rice
growth, primarily by increasing the root system. However, the mechanism of this effect
on growth remains unclear. This paper therefore details the potential importance of G.
aichiensis P6PL2 for agriculture.

The present study comprises the preliminary stage in developing biologics based on
G. aichiensis P6PL2 bacteria, aimed at promoting plant growth and improving agronomic
traits. In the future, we will focus on studying the effects of this bacterium on grape
growth and quality in industrial vineyards.

Supplementary Materials: The following supporting information can be downloaded at
https://www.mdpi.com/article/10.3390/horticulturae11070735/s1: Table S1: List of genomes used in
phylogenetic analysis; Table S2: Comparison of G. aichiensis POPL2 with G. aichiensis NBRC_108223
using digital DNA-DNA hybridization ({DDH); Table S3: Some characteristics of bacterial ge-
nomes used for upset construction; Table S4: Results of PGPT-Pred analysis; Table S5: Found genes
involved in the biosynthesis of phytohormones and other growth regulators; Table S6: List of genes
found to be involved in increasing the bioavailability of nutrients; Table S7: List of found genes
involved in bioremediation (aromatic compounds and hydrocarbons); Table S8: List of genes found
to be involved in resistance to biotic and abiotic factors; Table S9: List of found genes involved in
vitamin biosynthesis (B3, B6, B9).
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