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Abstract:

Members of the genus Pantoea are known for their high ecological plasticity and diverse interactions with plants, ranging
from phytopathogenic to commensal, symbiotic, and growth-promoting. Some of its strains have significant biotechnological
potential due to their ability to synthesize phytohormones, siderophores, and antimicrobial secondary metabolites. In this study,
we aimed to conduct whole-genome sequencing of the strain Pantoea allii B-14727 to identify genetic determinants associated
with its antagonistic activity, competitiveness, and colonizing capacity.

The strain under study was initially identified as Pantoea vagans B-14727 by the 16S rRNA gene and deposited at the All-
Russian Collection of Industrial Microorganisms at the Kurchatov Institute National Bioresource Center (Russia). However,
based on whole-genome sequencing, its species identity was revised as P. allii. Its DNA was extracted with a ZymoBIOMICS
DNA Miniprep Kit. Genomic sequencing was performed on the MGIseq-2000 and Polyseq One platforms, with libraries
prepared by using standard NEBNext and Barcode/Ligation kits. The strain’s genome was annotated using Bakta software, and
its taxonomic identification was performed using GTDB-Tk and the GTDB database.

The P. allii B-14727 genome contained NRPS-independent siderophores (acrobactin and desferrioxamine E), terpene carotenoid
clusters, RiPP peptides, and a hybrid PKS/NRPS cluster similar to the biosynthetic pathway of zeamine and its derivatives.
Siderophores ensure efficient iron uptake, making the strain more competitive in conditions of iron deficiency. Carotenoids
exhibit antioxidant and photoprotective functions, increasing cellular resistance to abiotic stress. The hybrid zeamine cluster
contributes to the synthesis of broad-spectrum peptide antibiotics with antibacterial and fungicidal activity.

The biosynthetic systems identified in P. allii B-14727 indicate its pronounced adaptive and competitive potential. However, the
strain’s non-virulent status needs to be confirmed prior to further practical applications.

Keywords: Pantoea, genome, zeamine, aerobactin, desferrioxamine E, carotenoids, high-throughput sequencing

Funding: The study was funded by the Russian Science Foundation (agreement No. 25-16-20076 dated 17.04.2025) as part of
the scientific project “New bacterial strains of the genus Panfoea to increase the resistance of cereal crops to phytopathogens”
(No. 25-16-20076) and also financially supported by the Ministry of Education of Kuzbass (agreement No. 01/2025 dated 10.04.2025).

Please cite this article in press as: Faskhutdinova ER, Fotina NV, Shevel AA, Gordienko AV, Tupikin AE, ef al. Genomic
characterization of the Pantoea allii strain for biotechnological applications. Foods and Raw Materials. 2027;15(2):460—473.
https://doi.org/10.21603/2308-4057-2027-2-723

INTRODUCTION including Bacillus, Enterobacter, Bacterium, Pseudo-

Pantoea is a genus of phylogenetically and ecologi- monas, and Erwinia. This variability is associated with
cally diverse yellow-pigmented, rod-shaped, Gram-neg- the limitations of phenotypic and culture-dependent
ative bacteria belonging to the family Erwiniaceae [1]. approaches to distinguishing closely related enterobac-
The taxonomic status of its members has been unstable, teria, which resulted in several competing taxonomic
with their early isolates belonging to various genera, interpretations. Later, as more comparative phylogenet-
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ic data were collected and revised, a number of previ-
ously described taxa were recognized as synonymous
and therefore combined into a nomenclatural species of
Pantoea agglomerans within the genus Pantoea [2].

Setting the taxonomic boundaries and using molecular
genetic identification criteria have contributed to a signif-
icant revision of Pantoea species in recent years. Phylo-
genetically, Pantoea forms a monophyletic lineage closely
related to the genera Tatumella and Erwinia. It occupies a
specific position in the family Enterobacteriaceae, adjoin-
ing a number of evolutionarily close genera [3]. According
to the modern taxonomic approach, a genus may include
phenotypically similar, but genetically differentiated taxa
which were previously seen as belonging to several hy-
bridization groups. In line with this approach, the genus
Pantoea includes about 20 species [4, 5].

Members of the genus Panfoea are quite common
in plant-associated microbial communities. They live in
plant tissues and in the rhizosphere. Their pronounced
colonizing ability, high competitiveness, and signifi-
cant adaptability enable them to interact with a wide
variety of host plants [6]. Pantoea bacteria have previ-
ously been described in connection with their phyto-
pathogenic properties, namely their ability to cause gall
formation, vascular wilt, soft rots and necrotic lesions in
various crops.

Phytopathogenic Pantoea isolates induce a wide range
of plant diseases that differ in development and clinical
manifestations. In some cases, pathogenesis can be trig-
gered by a number of virulence factors. They include the
type III secretion system, quorum sensing, and the syn-
thesis of exopolysaccharides involved in adhesion, biofilm
formation, and modulation of interaction with the host [7].
However, other studies have demonstrated a much broader
ecological role of Pantoea strains. In particular, they are
detected in various aquatic and terrestrial ecosystems, as
well as in association with insects, animals, and humans.
This indicates their ecological plasticity and ability to col-
onize various biotopes [8—10].

In recent decades, scientists have focused on the sig-
nificant biotechnological potential of the genus Pantoea,
primarily in sustainable crop production [11-13]. Some
strains have been shown to promote growth in plants
by improving their mineral nutrition. In particular, they
can mobilize poorly soluble phosphates, fixate nitrogen,
synthesize phytohormones (including auxins), and pro-
duce siderophores, which increase iron availability in
the rhizosphere [14—17]. Furthermore, Pantoea bacte-
ria can improve plant resistance to abiotic stress such as
drought [18].

In biotechnology, Pantoea species can be used as
bioinoculants and biocontrol agents. Certain strains
exhibit antagonistic activity against phytopathoge-
nic microorganisms and activate plant innate immunity.
Research shows that the epiphytic colonization of plants
by Pantoea strains can help reduce the incidence of ag-
ricultural diseases [19]. Table 1 shows the antagonistic
activity of Pantoea species against phytopathogens.

The competitive advantages of Pantoea bacteria in
natural ecosystems are largely due to their ability to pro-
duce a wide range of secondary metabolites with an-
timicrobial activity, including pantocins, herbicolins,
microcins, and phenazines [33-35]. Less common metabo-
lites include PNP-1 produced by Pantoea ananatis [36-38].
The P. agglomerans strain CPA-2 has been reported to
inhibit the growth of Penicillium fungi in the post-harvest
treatment of agricultural products [39,40]. Thus, mem-
bers of the genus Panfoea have high potential in biopro-
tection of plants and in the sustainable management of
agroecosystems.

Some members of the genus Pantoea have demon-
strated significant potential in bioremediation and puri-
fication of polluted environments due to their ability to
degrade herbicides without causing toxic intermediate
or end products to form [41]. However, their use is not
limited to agricultural production and environmental
technologies. Certain Pantoea strains can be used as
immunomodulatory agents in adjuvant therapeutic ap-

Table 1 Pantoea species exhibiting antagonism against phytopathogens

Strain Phytopathogen Crop Reference
Pantoea Phytium spp. Beta vulgaris subsp. vulgaris var. saccharifera L. [20]
agglomerans Pseudomonas syringae pv. syringae Hordeum vulgare L. [21]
Botrytis cinerea Lens culinaris Medik. [22]
Curtobacterium flaccumfaciens pv. Phaseolus vulgaris L. [23]
flaccumfaciens
Aphanomyces euteiches Pisum sativum L. [24]
Pseudomonas syringae pv. tomato Solanum lycopersicum L. [25]
Fusarium oxysporum f. sp. conglutinans Eruca vesicaria subsp. sativa (Mill.) Thell. [26]
Pantoea dispersa  Burkholderia glumae Oryza sativa L. [27]
Ceratocytis fimbriata Pomoea batatas L. [28]
Pseudomonas syringae pv. tomato Solanum lycopersicum L. [25]
Pantoea jilinensis  Botrytis cinerea Solanum lycopersicum L. [29]
Pantoea ananatis ~ Xanthomonas axonopodis pv. vesicatoria Capsicum annuum L. [30]
Botrytis cinerea Solanum lycopersicum L. [31]
Pantoea vagans Aspergillus flavus Arachis hypogaea L., [32]

Zea mays L.
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proaches to treat melanoma, infections, and allergies,
as well as immune system dysfunctions [42—44].

Their ubiquity, ecological versatility, and relative gene-
tic accessibility make Panfoea strains a convenient model
system for studying the mechanisms of adaptation to vari-
ous ecological niches and the manifestation of opportunis-
tic traits. In addition, these characteristics determine their
significant potential for creating commercial products for
medical, agricultural, and environmental applications.

Modern molecular genetic methods, such as whole-ge-
nome sequencing, significantly expand the practical appli-
cation of Pantoea species. Genomic analysis can identify
genes responsible for biocontrol, secondary metabolite
synthesis, stress resistance, and host interactions. Genom-
ic data inform science-based selection and optimization of
strains for applied purposes.

In this study, we aimed to conduct whole-genome
sequencing of the Pantoea allii B-14727 strain to identi-
fy genetic determinants associated with its antagonistic
activity, competitiveness, and colonizing ability.

STUDY OBJECTS AND METHODS

The strain used in this study was isolated from the rhi-
zosphere of spring soft wheat at an early stage of research.
It was identified by 16S rRNA sequencing and deposit-
ed at the All-Russian Collection of Industrial Microor-
ganisms at the Kurchatov Institute National Bioresource
Center (Russia) as Pantoea vagans B-14727. However,
whole-genome sequencing identified it as Pantoea allii.
The strain forms round, yellow colonies averaging 1.5
mm in diameter with a flat profile, smooth edges, and a
glossy texture. The cells are Gram-negative bacilli with
an average size of 0.809x0.469 pm. The strain promotes
plant growth due to its antioxidant activity (79.29%) and
its ability to produce indole-3-acetic (9.0 mg/mL) and gib-
berellic (346 pg/mL) acids, fix atmospheric nitrogen (840
pg/mL in the medium), solubilize (solubilization index of
333%) phosphates, potassium, and zinc, as well as to form
biofilms [45].

The P. allii strain’s antagonistic activity was assessed
against Fusarium graminearum F-877, Bipolaris soro-
kiniana F-529, and Botrytis cinerea F-1006 (All-Russian
Collection of Industrial Microorganisms, Kurchatov In-
stitute National Bioresource Center). The phytopathogenic
fungi were pre-cultivated on potato glucose agar (Dia-M,
Russia). A 24-h culture of the strain grown in Miller’s
modified Luria-Bertani broth (HiMedia Laboratories, In-
dia) was submerged into Miller’s modified Luria-Bertani
agar-filled Petri dishes and incubated at 28 + 2°C for 24 h.
After cultivation, an agar block was cut out from the me-
dium and placed in the well of an agar disk on another Pe-
tri dish pre-inoculated with a phytopathogen culture. The
phytopathogenic fungi were inoculated by a lawn method
using agar slants (0.5 McFarland) and incubated at 26 +
2°C. The P. allii strain’s antagonistic activity was deter-
mined by measuring the diameter of a phytopathogen
growth inhibition zone around the agar block containing
the strain [45].
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The strain’s DNA was isolated from the bacterial
cells using a ZymoBIOMICS DNA Miniprep Kit (Zymo
Research, USA). The amount of DNA was measured
with a Nanodrop spectrophotometer (Thermo Scientific,
USA) and a Qubit fluorimeter (Invitrogen, USA) at the
Genomics Shared Use Center (Institute of Chemical Bi-
ology and Fundamental Medicine, Novosibirsk, Russia).

For genomic sequencing on the MGlseq platform,
the bacterial DNA was fragmented by ultrasound on
a Covaris S2 instrument (Covaris, USA) and treated
with RNase A (Thermo Scientific, USA). DNA librar-
ies were prepared using the NEBNext Ultra II DNA
library prepkit for Illumina (New England BioLabs,
USA) and NEBNext Multiplex Oligos (New England
BioLabs, USA). The quality of the DNA libraries was
assessed on a Qsepl00 device (BiOptic, Taiwan) using
a F3 Fast Cartridge kit (BiOptic, Taiwan). The number
of the libraries was determined using a Qubit fluorime-
ter. The DNA libraries were mixed equimolarly and se-
quenced on MGIseq-2000 (MGI Tech, China) according
to the manufacturer’s protocols. A DNBSEQ-G400RS
High-throughput Sequencing Set PE100 (MGI Tech,
China) was used to read the library from both sides of
100 nucleotides.

The starting (non-fragmented) DNA was used for
genomic sequencing on the Polyseq platform. First,
adapters containing unique barcodes were ligated us-
ing a Barcode Library Preparation Kit (MGI, China).
The resulting libraries were mixed equimolarly, and
adapters were ligated again using a Ligation Barcode
Kit (Polyseq Biotech, China). The resulting total DNA
libraries were sequenced on the Polyseq One platform
(Polyseq Biotech, China) at the Genomics Shared Use
Center (Institute of Chemical Biology and Fundamental
Medicine, Novosibirsk, Russia).

For de novo genome assembly and annotation, the
reads obtained on Polyseq One were filtered using Fit-
long v0.2.1. Genome assembly was then performed
by using three different assemblers: Flye v2.9.2 [46],
Minipolish v0.1.3 [47], and Raven v1.8.1. The assem-
blies were subjected to general contig clustering, align-
ment, and consensus finding by using Tricycle v0.5.4
[48]. Errors in the genomes were first corrected with
Medaka v1.7.2, which uses long reads of Polyseq One.
Then, the genomes were polished by Polypolish v0.5.0
[49] and POLCA v4.1.0 [50], which use short reads of
MGIseq. For this, the short reads were filtered by qual-
ity (Quality value > 20) and adapter sequences were
simultaneously removed by Cutadapt v5.0 [51]. Se-
quencing errors were corrected by using SPAdes v4.0.0
[52] in the only-error-correction mode.

Genome assembly completeness was assessed by
BUSCO v5.5.0 with sets of single-copy orthologs [53].
Genome annotation was performed by Bakta vl.11.4
[54]. Genome taxonomic identification was performed by
GTDB-Tk v2.4.1 with the GTDB r220.0 database [55].

Phylogenomic analysis of the strain was performed
by GTDB-Tk. High phylogenetic resolution was ensured
by an alignment of 120 universal bacterial proteins. A
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phylogenomic tree was constructed using a reference set
of over 80,000 genomes from the Genome Taxonomy
Database to ensure the correct positioning of the P. allii
strain in the global evolutionary context. Visualization
was performed by Python using the Biopython library.

RESULTS AND DISCUSSION

Whole-genome analysis is an important tool in modern
microbiology that provides detailed information on the ge-
netic organization of microorganisms and their biotechnolog-
ical potential. High-throughput sequencing methods enable
scientists to analyze their genomic structure and identify
genes associated with their metabolism, adaptation to vari-
ous environmental conditions, and synthesis of bioactive
compounds. Therefore, the first stage of our study involved
isolating the genomic DNA of the strain under study and its
sequencing on the MGlseq-2000 and Polyseq platforms.

Spectrophotometric analysis of the isolated DNA re-
vealed its classic absorption spectrum (133 ng/uL and 4.6 pg),
indicating its sufficient quality and quantity for library con-
struction. Table 2 presents the numbers of reads and data
volumes obtained from high-throughput sequencing on
both platforms. The volumes of short and long reads were
sufficient for assembling circular genomes [45].

Length is an important parameter for nanopore reads.
We established that more than a third of the reads were
longer than 10,000 nt, which is generally sufficient for
assembling a circular bacterial chromosome. More than
70% of the reads had a quality of Quality value > 30.
Over 1,000 errors were corrected and the genome length
increased by 1,413 nucleotides (Table 3) [45].

The genome assembly quality was assessed by us-
ing the BUSCO program for the presence of single-copy
orthologs. All 124 genes were found in the strain under
study, indicative of the genome’s high quality.

Table 2 Genomic sequencing of Pantoea allii B-14727 on the
MGIseq-2000 and Polyseq platforms

Strain MGIseq Polyseq
Number of Data Number Data
reads, million volume, ofreads, volume,
MB million MB
Pantoea allii 6.0 602 341.7 3145

B-14727

Table 3 De novo assembly and annotation of genomes

Indicator B-14727
Genome before error correction 4,871,944
Genome after error correction 4,873,357
GC composition, % 53.0
Number of predicted coding sequences 4,512
rRNA clusters 7

tRNA 80
Coverage 609

The closest homologue according to the

Pant Ui
Genome Taxonomy Database antoea attit
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The phylogenomic tree (Fig. 1) had a distinct cluster
organization covering a wide range of validly described
species of the genus Pantoea, including Pantoea anana-
tis, Pantoea agglomerans, Pantoea vagans, Pantoea
dispersa, Pantoea eucalypti, Pantoea stewartii, and oth-
ers. Each taxon was represented by a separate branch,
with closely related species forming compact phyloge-
netic clusters with short internal branches, indicating
their recent common origin. The isolated strain B-14727
was clearly localized within the clade corresponding
to the species Pantoea allii. It formed a common clus-
ter with the reference strain P. allii, with no signs of
phylogenetic divergence comparable to interspecific
differences. The branch leading to strain B-14727 was
minimal, indicative of high genomic identity with the
type and reference representatives of this species. The
absence of overlap with other species meant that the
species identification was correct, with no possibility
that strain B-14727 might belong to closely related but
phylogenetically distinct taxa.

Therefore, the strain under study was classified
as P. allii, with Gram-negative staining and facultative
anaerobic metabolism.

The species P. allii has been relatively understudied
compared to other species of the genus Pantoea, despite
its potential ecological and agronomic significance. This

Figure 1 Phylogenomic tree for the genus Pantoea and strain
B-14727 constructed in GTDB-Tk using 120 concatenated
bacterial genes
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taxon was initially described in South Africa as a phy-
topathogenic isolate obtained from tissues and seeds of
onions (Allium cepa L.) affected by central rot [56]. Cen-
tral rot, with leaf necrosis and internal bulb rot [57], oc-
curs both during growth and post-harvest storage [58].
However, current data on P. allii are largely based on
isolates obtained through targeted phytopathological
studies or identified sporadically during analysis of af-
fected plants. This limits our understanding of the spe-
cies’ geographic distribution and the variability of its
ecological characteristics. Reports of P. allii isolation
from rainwater indicate a possibility of its existence
outside the host-pathogen system and suggest a wider
range of ecological niches than previously thought [59].
To clarify the ecological role of the P. allii strain isolated
in our study, further tests are needed to analyze its in-
teraction with the host plant and confirm the absence of
virulence.

Our next step was to study the strain’s biotechno-
logical potential. The antiSMASH platform is widely
used to identify and analyze clusters of genes for sec-
ondary metabolite biosynthesis in bacterial and fungal
genomes. To assess the strain’s ability to synthesize
antagonistic metabolites, its genomic sequences in the
GenBank format were imported into antiSMASH 8.0.4.
The program’s built-in algorithms automatically recog-
nized genetic clusters, classified them, and predicted
potential biosynthetic products. This enabled us to iden-
tify a set of secondary metabolites potentially produced
by the microorganism [60].

The gene clusters identified in the Pantoea allii
B-14727 genome are presented in Fig. 2 and Table 4 [45].

The analysis of P. allii B-14727’s genome using spe-
cialized databases (including MiBIG) identified sever-

Carotenoid

Prezeamine
Prezeamine |

The numbers refer to the predicted regions characterized in Table 4

al biosynthetic gene clusters localized on four contigs
(contig_1-contig_4). These clusters are potentially re-
sponsible for the synthesis of secondary metabolites of
various chemical nature (siderophores, RiPP peptides,
terpenoids, NRPS, etc.) [51, 61, 62].

On contig 1, five biosynthetic gene clusters
(BGCs 1-5) were identified and annotated as belonging
to the hserlactone, redox-cofactor, NRPS/phosphonate,
azole-containing RiPP, and terpene-precursor types.
All of these BGCs showed low similarity to MiBIG
reference entries (0.31-0.50), which may indicate their
potential novelty or significant evolutionary divergence
from previously characterized clusters. The lack of
clearly comparable analogs in MiBIG and moderate ho-
mology values suggest that these BGCs are capable of
mediating the biosynthesis of previously undescribed
secondary metabolites or compounds with similar func-
tions but distinct chemical structures.

A NRPS-independent siderophore biosynthesis cluster
was identified on contig 1 (region 6). It exhibited
high similarity (0.85) to the desferrioxamine E cluster
(BGC0001572.3), previously characterized in P. agglomerans.
The structural formula of aerobactin and desferrioxam-
ine E is shown in Fig. 3. The cluster length was about
30.3 kb. Given its annotation and the homology level,
this cluster is likely to determine the synthesis of a cy-
clic hydroxamate siderophore with high affinity for Fe**.
Functionally, this may ensure efficient iron chelation
and increase the strain’s competitiveness in iron-defi-
ciency.

Desferrioxamines belong to the class of hydroxamate
siderophores. They were first discovered as metabolites
of Streptomyces spp. In particular, it was experimen-
tally established that Streptomyces coelicolor produced

Aecrobactin

Desferrioxamine E

Aerobactin

Zeamine
Zeamine |
Zeamine 11

Figure 2 Gene clusters identified in the genome of Pantoea allii B-14727 using antiSMASH 8.0.4: contig_1 (a); contig_2 (b);

contig_3 (c); and contig_4 (d)
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Table 4 Pantoea allii B-14727 gene clusters for the biosynthesis of secondary metabolites

Region  Type Location on Cluster Level of  Similar cluster MiBIG database Similarity Microorganism
the genome, length,  similarity value
bp bp
Contig_1
1 Hserlactone 1236095—- 20633 - - BGC0001928.2 0.46 -
1256727
2 Redox-cofactor 1389233— 22166 - - BGC0001440.5 0.41 -
1411398
3 NRPS, 1860921- 42910  — - BGC0001859.4 0.36 -
phosphonate 1903830
4 Azole- 2067374— 26265 - - BGC0001285.5 0.31 -
containing- 2093638
RiPP
5 Terpene- 2463054— 20900 - - BGC0001361.3  0.50 -
precursor 2483953
6 Nl-siderophore 2842318— 30352 High Desferrioxamine BGC0001572.3  0.85 Pantoea
2872669 E (DFO-E) agglomerans
7 Nl-siderophore 3258174— 32373 High Aerobactin BGC0001499.5 0.90 Pantoea
3290546 ananatis
Contig 2
1 Nl-siderophore  840312— 32373 High Aerobactin BGC0001499.5 0.90 Pantoea
872684 ananatis
Contig_3
1 Terpene 67528— 25762 High Carotenoid BGC0000638.3  0.89 Pantoea
93289 ananatis
Contig_4
1 hglE-KS 149575- 80607 High Zeamine BGC0001872.3 1.27 Xenorhabdus
PUFA 62927 Zeamine | bovienii
NRPS Zeamine 11 SS-2004
T1PKS Prezeamine

Prezeamine 1

desferrioxamine B (DFO-B) and desferrioxamine E
(DFO-E) [63]. DFO-E is a macrocyclic ferrioxamine
formed by three repeating fragments of 5-succinylated
1-amino-5-(hydroxyamino)pentane. Initially described
in the context of antibiotic activity, it was then studied
in relation to iron chelation [64]. Studies show that ex-
ogenous application of DFO-E can induce changes in
secondary metabolism and stimulate morphological dif-
ferentiation in various actinomycetes. Therefore, it can
be considered as a signaling-metabolic factor [65].

Actinomycetes and a number of other bacteria can
produce DFO-E, particularly members of the genus Pan-
toea. According to phylogenetic and genomic data, they
might have horizontally acquired these biosynthetic deter-
minants from the closely related genus Erwinia [66, 67].
Unlike Pantoea species, current literature fully de-
scribes this biosynthetic pathway in the model organ-
ism S. coelicolor. In the latter, DFO-E biogenesis occurs
via an NRPS-independent mechanism involving the
NRPS-independent siderophore synthetase DesD [68],
with a sequential condensation of three monomeric units
of N-hydroxy-N-succinylcadaverine [69—70].

The genetic determinants that ensure the biosyn-
thesis and transport of aerobactin are organized into
a single operon, which includes five genes: iucABCD
and iutA. The genes iucABCD encode enzymes of the

Figure 3 Structural formula of siderophores: aerobactin (a);
desferrioxamine E (b)
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aerobactin biosynthetic pathway, while iuz4 encodes a
high-affinity outer membrane receptor that ensures the
capture of the siderophore-iron complex [71, 72]. Recent
comparative studies of Pantoea strain genomes have
identified types of siderophores and the corresponding
biosynthetic clusters, as well as reconstructed the prob-
able sources of their origin. In particular, the production
of aerobactin has been shown as a common feature for
P. stewartii, P. ananatis, and Pantoea septica, which
they obtained through a horizontal gene transfer from
members of the order Enterobacterales [73].

According to Choi et al. [74], the synthesis of aero-
bactin and desferrioxamine E in Pantoea ananatis PA13
is negatively regulated by the iron-dependent global re-
pressor Fur. These siderophores are vital for the strain’s
antibacterial activity against Erwinia amylovora and
Yersinia enterocolitica. Furthermore, the siderophores
give P. ananatis selective advantages in the plant-asso-
ciated niche, improving its competition in local microbi-
al communities.

In our study, a terpene biosynthetic cluster was iden-
tified in the genome of the P. allii B-14727 strain on
contig 3. It exhibited a high degree of similarity (0.89)
to the carotenoid biosynthetic cluster BGC0000638.3
described in P. ananatis. This homology suggests that
this cluster encodes enzymatic components responsible
for the synthesis of carotenoid pigments.

The structural formula of a carotenoid is shown in Fig. 4.
Carotenoids are among the most diverse natural antioxi-
dants. They are synthesized by many organisms, includ-
ing animals, plants, and microorganisms. They owe their
yellow-orange color to their ability to absorb light in the
range of 400-550 nm [75]. Carotenoids are a class of pig-
ment isoprenoids with pronounced antioxidant properties
that protect cells against a wide range of reactive oxygen
species, including H,O,, hydroxyl radicals, and superoxide
anions [76]. They act as antioxidants by inactivating singlet
oxygen ('O,) and free radicals generated during oxidative
stress. A significant source of reactive oxygen species in
plant tissue is a photosensitized formation of reactive oxy-
gen derivatives upon absorption of visible light by the chlo-
rophyll of the host plant. Pigmentation-deficient mutants
have overall reduced survival compared to the wild type in
the presence of H,O, on nutrient-rich media [77].

Figure 4 Structural formula of a carotenoid

466

Several Erwinia species, which are close relatives of
Pantoea, produce yellow carotenoid pigments and pos-
sess a conserved carotenoid biosynthetic operon con-
sisting of the genes crtE, crtX, crtY, crtl, and crtB. The
crtB gene encodes phytoene synthase, an enzyme in the
first step of carotenoid biosynthesis, and its mutations re-
sult in a nonpigmented phenotype [75]. The P. stewartii
genome contains a conserved carotenoid biosynthetic
operon found in Erwinia spp., where crtE encodes ger-
anylgeranyl pyrophosphate synthase, crtX encodes 3-hy-
droxy-f-carotene glycosylase, crtY encodes lycopene
cyclase, and crtl encodes phytoene dehydrogenase [78].
The crtB gene encodes phytoene synthase, which con-
verts geranylgeranyl pyrophosphate to phytoene, an ear-
ly step in f-carotene biosynthesis [79].

A number of plant-associated bacteria, including E7-
winia herbicola, can biosynthesize carotenoids, which
increase resistance to photodynamically induced oxi-
dative stress associated with the photosynthetic activity
of chlorophyll [80]. In addition, carotenoids perform a
photoprotective function, reducing the damage caused
by ultraviolet irradiation, primarily in the near UV
range (320—400 nm) [81]. Therefore, the biosynthesis of
this carotenoid in P. allii B-14727 can:

— protect the cells from reactive oxygen species generat-
ed in the rhizosphere and on the plant surface by photo-
chemical reactions and the metabolism of the host plant
and competing microorganisms;

— improve resistance to abiotic stresses, including UV ra-
diation, temperature fluctuations, and osmotic pressure,
which is critical for epiphytic and rhizosphere life [79, 82];
— stabilize membranes and protein complexes, including
transporters and receptors involved in plant coloniza-
tion and nutrient acquisition [83];

— enhance competitiveness indirectly, since antioxidant
protection allows the cells to maintain metabolic activi-
ty under conditions of microbial competition and expo-
sure to antimicrobial compounds.

A large hybrid cluster (~ 80.6 kb) was identified in
the genome of the P. allii B-14727 strain on contig 4,
which included the hglE-KS domains, PUFA-like en-
zymes, NRPS, and T1PKS. This cluster exhibited high
similarity (1.27) to the cluster of zeamine and its deriva-
tives (zeamine, zeamine I, zeamine II, and prezeamine)
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(Fig. 5), previously described in Xenorhabdus bovienii
SS-2004. The similarity value of > 1 indicated not only
conservation but also a possible expansion or enhance-
ment of the cluster’s functional potential.

Zeamines are a structurally and functionally distinct
group of broad-spectrum antibiotics. Their production is
controlled by the LuxI/LuxR quorum sensing system, which
provides the producer with increased competitiveness and
ecological adaptability in microbial communities [84, 85].

Chemically, zeamines have a previously undescribed
molecular scaffold comprising an atypical polyamino al-
cohol chain (zeamine II) linked to a polyketide moiety by
an amide bond. This moiety additionally contains a va-
line residue in the structures of zeamine and zeamine I.
Valine is thought to be part of a nonribosomal hexa-
peptide leader sequence, which undergoes proteolytic
cleavage during post-assembly processing [86].

In Serratia plymuthica RVHI, zeamine is biosyn-
thesized in a gene cluster of approximately 50 kb, which
is evolutionarily conserved among different bacterial
taxa [87, 88]. In addition to the genes that putatively en-
code postsynthetic modification enzymes (Zmnl5, Zmn22)
and components of the export system (Zmn20-21), this
cluster includes determinants of two functionally distinct
biosynthetic lineages. The first is a FAS/PKS type I sys-

tem, homologous to polyunsaturated fatty acid synthas-
es (Zmnl0-14), while the second is a hybrid NRPS/PKS
complex (Zmnl6-19). This intricate genetic organization
indicates the involvement of a previously undescribed com-
bination of multienzyme complexes of the NRPS, PKS, and
PUFA synthase types in the assembly of zeamine [86].

Zeamines exhibit high antibacterial activity against
a number of clinically significant bacterial pathogens,
including multidrug-resistant strains such as Staphylo-
coccus aureus and Pseudomonas aeruginosa [89, 90].
Studies demonstrate that zeamines inhibit the growth of
both Gram-positive and Gram-negative bacteria at low
concentrations, indicating their pronounced antimicro-
bial potential. Furthermore, zeamines have promising
fungicidal properties against Peronophythora litchi and
other fungal phytopathogens [91, 92].

In our study, the P. allii B-14727 strain exhibited high
antagonistic activity against phytopathogens (Fig. 6),
which is likely due to the production of antimicrobial me-
tabolites such as zeamines.

According to Fotina [45], the P. allii B-14727 strain
can effectively inhibit the growth of the phytopathogenic
fungi Fusarium graminearum F-877, Bipolaris sorokin-
iana F-529, and Botrytis cinerea F-1006, with inhibition
zones of 8.3, 9.5, and 7.0 cm in diameter, respectively.

Figure 5 Structural formula of peptide antibiotics: zeamine (a); zeamine I (b); zeamine II (c); prezeamine (d); and prezeamine I ()
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Thus, the P. allii B-14727 genome has a diverse set of
biosynthetic gene clusters, including multiple siderophore
systems (desferrioxamine E and aerobactin), a carotenoid
biosynthesis cluster, and a large hybrid PKS/NRPS cluster
similar to the zeamine biosynthetic pathway. This combi-
nation of highly efficient iron uptake systems and a clus-
ter of zeamine-like antibiotics indicates high adaptive and
competitive potential of the strain under conditions of iron
deficiency and microbial competition.

CONCLUSION

Modern molecular genetic studies have significant-
ly revised the taxonomic boundaries of the genus Pan-
toea. Its members implement a variety of ecological
strategies, ranging from phytopathogenic to mutualis-
tic relationships with plants, as well as biocontrol. This
functional variability underpins ongoing scientific in-
terest in Pantoea bacteria for their use in sustainable
agriculture that seeks environmentally friendly and
biologically based plant protection technologies and in-
creased productivity.

By analyzing the genome of Pantoea allii B-14727,
we identified and classified numerous biosynthetic gene
clusters potentially responsible for the synthesis of sec-
ondary metabolites of diverse chemical nature. In par-
ticular, the genome was annotated to contain clusters of
NRPS-independent siderophores, including aerobactin
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and desferrioxamine E, a carotenoid cluster, clusters of
RiPP peptides, and a large hybrid PKS/NRPS cluster
similar to the zeamine biosynthetic pathway.

Highly conserved siderophore biosynthetic gene
clusters appear to play a key role in high-affinity iron
uptake, making the strain P. allii B-14727 more com-
petitive in conditions of limited iron availability and in-
tense intermicrobial competition. Due to its antioxidant
and photoprotective properties, the carotenoid cluster
potentially increases cellular resistance to abiotic stress-
ors. The presence of a hybrid PKS/NRPS cluster of the
zeamine-like type suggests the strain’s ability to synthe-
size broad-spectrum peptide antibiotics. In addition to
antibacterial activity, these antibiotics potentially exhib-
it fungicidal activity, further expanding the adaptive ca-
pabilities of P. allii B-14727 in microbial communities.

Noteworthily, the current genetic databases contain
no, or very little, information on gene clusters that are di-
rectly related to canonical zeamine biosynthesis in mem-
bers of the genus Pantoea. Therefore, the zeamine-like
hybrid PKS/NRPS cluster identified in P. allii B-14727 in
our study is a potentially novel variant of the biosynthetic
pathway that needs further structural and functional val-
idation (including comparative genomic analysis and ex-
perimental confirmation of its metabolite profile).

However, since the Pantoea allii species includes
phytopathogenic strains, our results need to be re-
interpreted. P. allii is associated with onion diseases, in-

Figure 6 Antagonistic activity of Pantoea allii B-14727 in vitro against phytopathogenic fungi: treated with the test strain (a) control (b)
1 — Fusarium graminearum F-877; 2 — Bipolaris sorokiniana F-529; 3 — Botrytis cinerea F-1006 [45]
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cluding bacterial rot and necrosis. Its pathogenicity is de-
termined by a number of factors such as the production of
toxins and enzymes that degrade cell walls and secretion
systems. Notably, many of its properties that have tradi-
tionally been considered as “growth-promoting” (e.g., the
synthesis of siderophores and secondary metabolites, or the
ability to effectively colonize plant tissue) can also contrib-
ute to pathogenesis, providing a competitive advantage and,
at the same time, infecting the host plant. Therefore, the P.
allii B-14727 strain needs to be further analyzed for viru-
lence.

Thus, the safety and functional role of P. allii B-14727
needs to be further confirmed, despite its high biosynthet-
ic potential (e.g., for biocontrol) identified in this study.

In line with modern approaches to developing microbial
preparations for sustainable agriculture, further research
will aim to experimentally confirm the strain’s lack of vir-
ulence in model systems. Such research may involve in-
oculating a host plant with this strain and evaluating its
impact on the plant’s physiology.
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