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Abstract: We sequenced and assembled genomes for 17 isolates of Staphylococcus cohnii isolated from
osteomyelitis lesions in young broilers from two separate experiments where we induced lameness
using a hybrid wire-litter flooring system. Whole genome comparisons using three different methods
support a close relationship of genomes from both S. cohnii and Staphylococcus urealyticus. The data
support three different lineages, which we designated as Lineage 1, Lineage 2, and Lineage 3, uniting
these two species within an evolving complex. We present evidence for horizontal transfer between
lineages of genomic regions from 50–440 kbp. The transfer of a 186 kbp region from Lineage 1 to
Lineage 2 appears to have generated Lineage 3. Human-associated isolates appear to be limited to
Lineages 2 and 3 but Lineage 2 appears to contain a higher number of human pathogenic isolates. The
chicken isolates from our lameness trials included genomically diverse isolates from both Lineage
1 and 2, and isolates from both lineages were obtained from osteomyelitis lesions of individual
birds. Our results expand the diversity of Staphylococci associated with osteomyelitis in poultry and
suggest a high diversity in the microbiome of day-old chicks. Our data also support a reevaluation
and unification of the taxonomic classifications of S. cohnii and S. urealyticus.

Keywords: osteomyelitis; horizontal transfer; genome evolution; Staphylococcus; bioinformatics

1. Introduction

The Staphylococcus genus of Gram-positive bacteria comprises species identified as
normal flora and opportunistic pathogens, isolated from a wide variety of animals [1–4].
Some Staphylococcus species have been associated with specific hosts. Our research
group has been exploring the conditions leading to lameness outbreaks in the broiler
industry. Lameness typically affects 1–2% of broilers, with Bacterial Chondronecrosis
with Osteomyelitis (BCO) contributing about half of these cases [5–7]. However, flocks
can experience lameness outbreaks that spread through a facility, affecting 10–15% of
the flock, where the majority of cases are BCO. One of the primary incidents that can
contribute to an outbreak is a significant stress event (heat, respiratory infection, etc.) and
we have employed growth on a suspended wire-floor as our primary source of stress [6–9].
Historically, Staphylococcus aureus has been most commonly associated with BCO and
systemic infections in chickens [10–18]. More recently, Staphylococcus agnetis has also been
found infecting poultry [19–21] Previously, S. agnetis had been primarily associated with
sub-clinical mastitis in cattle [22–24], but has also now been reported in skin infections
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in camelids [25], cattle [26], and poultry [20,27]. We have characterized isolates of S.
agnetis obtained from femoral and tibial head necrosis lesions from broilers reared on wire-
flooring [19]. One particular isolate is highly virulent when administered in a single dose
to young broilers, and can spread from infected birds through the air to induce lameness
in other birds in the same facility [28]. Whole genome comparisons show that the chicken
isolates are closely related to cattle isolates [21]. Pangenome analyses suggest that changes
in host and tissue tropism of S. agnetis may be driven by horizontal transfer of mobile
genomic elements from S. aureus [29]. In both S. aureus and S. agnetis, host preference
appears to be facilitated by horizontal gene transfer [16,21,29,30].

Recently, we have developed a new hybrid system for inducing lameness where birds
are raised on wire flooring to induce lameness and the infection spreads to other chickens
in the same facility raised on standard litter flooring [31]. This system best models the
infectious spread of BCO in broiler facilities. Additionally, we do not control the source of
the infection, which can derive from the environment or the bird’s own microbiome. Over
the course of two lameness trials in Fall 2020 and Spring 2021 using the hybrid wire/litter
floor model, we recovered 77 distinct cultures from femoral or tibial head necrosis lesions,
35 of which were identified as Staphylococcus cohnii. This particular species has been
primarily associated with infections in mammals, and more specifically humans [32–34],
with very few reported cases of pathogenesis in poultry [35]. S. cohnii has been described as
a species complex containing three recognizable clades [32,33], including two subspecies (S.
cohnii subsp. cohnii and S. cohnii subsp. urealyticus). Whole genome analyses have led some
to propose splitting the complex into two species [33] Given the paucity of publications, or
genome assemblies, for S. cohnii infecting chickens, and the high-frequency of isolation in
two successive BCO challenge experiments, we chose to examine the genomic diversity
of our BCO isolates of S. cohnii. Standard microbiological techniques suggested a diverse
population, and whole genome comparisons expand the available genomes for elucidating
the evolution of this taxonomic group and our understanding of the phylogenetic evolution
of pathogenesis and host tropism. Our results also contribute to a better understanding of
the etiology of BCO outbreaks in the broiler industry.

2. Materials and Methods

2.1. Media

Media included: CHROMagar Orientation (CO) and CHROMagar Staphylococcus
(CS) (DRG International, Inc., Springfield, NJ, USA) and tryptic soy broth (TSB) (Difco
Laboratories, Franklin Lakes, NJ, USA). Difco bacteriological agar was added at 1.5% for
solidification, when necessary.

2.2. S. cohnii Isolates

S. cohnii isolates were part of a collection of isolates obtained from swabs of femoral
head necrosis lesions from Experiment 29 (fall 2020) and Experiment 30 (spring 2021).
Details of the animal work have been published elsewhere [31]. Briefly, there were two
pens of broiler breeder male chicks raised on wire flooring to induce lameness. Separately
in the same facility, broiler breeder males were raised on standard litter flooring. Around
31 days of age, lameness developed in the birds on wire-flooring and the infection spreads
to the birds on litter flooring. At 56 days of age, birds were euthanized and the femurs
aseptically exposed for diagnosis of femoral head necrosis. Sterile swabs were used to
sample the lesions then streaked on CO plates. Colony morphology and color were used
for initial discrimination. Individual colonies were streak purified on new CO plates and
PCR sequenced for the 16S v1-5 regions for species identification [19,36]. Cultures were
stored at −80 ◦C in 40% glycerol 50% TSB, and at 4 ◦C on TSB agar slants.

PCR-ready DNA was extracted using NaOH on 20 μL aliquots from overnight cultures
followed by 4-fold dilution as described [37]. Species and lineage specific qPCR (quantita-
tive PCR) was in triplicates of 20 μL in 1x Taq Buffer (50 mM Tris pH 8.3, 1.25 mM MgCl2,
300 ng/μL BSA), 0.2 mM dNTPs, 0.25 μM primers, 1 X EvaGreen® Dye (Biotium, Fremont,

2



Microorganisms 2024, 12, 1549

CA, USA), 2 μL of extracted DNA, and 4 U Taq Polymerase in 96 well plates in a CFX96
Touch Real-Time PCR Detection System (Bio-Rad Laboratories, Inc., Hercules, CA, USA).
Cycle parameters were: 90 ◦C for 45 s, 10 cycles of 90 ◦C for 15 s, anneal temperature (see
below) for 15 s, and 72 ◦C for 60 s; followed by 30 cycles with the same parameters with
a plate read after each cycle. The products were then subjected to high resolution melt
(HRM) analysis to verify that any amplification signal was not artifactual, consisting of
72 ◦C for 180 s, 90 ◦C for 60 s, 70 ◦C for 120 s, followed by a 70 ◦C to 90 ◦C melt with steps
of 0.1 ◦C for 5 s and plate read. The amplification and melt curves were analyzed using CFX
Manager v 3.1 (Bio-Rad Laboratories). Staphylococcal species verification targeted the pfbA
gene [38]; for S. cohnii the primers were forward: 5′-GCACTCGAATKGCATCTTTAGAC-
3′; reverse: 5′-GGGCAGATACACGYGCGATTC-3′; with anneal temperature 60 ◦C. S.
cohnii Lineage 1 specific primers (forward: 5′-CTCGTACAACTTAAACCTAGTATAG-3′;
reverse: 5′-GTTTAATTTGTGTGTGTAAATCTTTTTCGT-3′) targeted the gene for der, a
GTPase that plays an essential role in the late steps of ribosome biogenesis. Lineage
2 specific primers (forward: 5′-CACATATGGCATTAATCGTTACATTGA-3′; reverse: 5′-
CTTTACTAATTAAAAGTTGATKAACAAAATGG-3′) targeted the gene for Nat, an ary-
lamine N-acetyltransferase. Anneal temperature for lineage-specific primers was 59 ◦C.

2.3. Genome Sequence and Assembly

Total DNA was isolated by the method of Dyer and Iandolo [39] as modified [21].
Briefly, overnight 2 mL TSB cultures were diluted into 20 mL of fresh TSB and grown
2 h at 37 ◦C to log phase before treatment with lysostaphin, followed by standard SDS-
lysis, organic extraction, RNase/protease digestion, and ethanol precipitation. The final
purification was performed using NanoSep 100 k Omega spin cups (Stock#: OD100C33,
Pall Corporation, Port Washington, NY, USA) according to the manufacturer’s instructions.
Purified total bacterial DNAs were submitted to SeqCenter (Pittsburgh, PA, USA) for
2 × 151 paired-end sequencing on an Illumina NextSeq 2000 (Illumina Corp., San Diego,
CA, USA). Sequence data were uploaded to BV-BRC [40] for processing through the
Trim Galore pipeline and Unicycler genome assembly. Whole-genome sequence reads
and assemblies were submitted to NCBI under BioProject PRJNA1126273, containing
BioSamples SAMN41936528 through SAMN41936546.

2.4. Bioinformatics

NCBI genome assemblies were downloaded 10 January 2024, using genome_updater
v0.6.3 (https://github.com/pirovc/genome_updater, accessed on 10 January 2024). Phy-
logenomic trees of genome assemblies were produced based on kmer comparisons using
PopPUNK v2.6.0 [41], based on core genome single nucleotide polymorphisms (SNPs)
using ParSNP v1.7.4 [42], based on average nucleotide identity using pyANI v 0.2.12 [43],
and based on percentage of conserved proteins using POCP-nf v 2.3.2 [44]. Newick trees
were midpoint rooted using Archeopteryx v 0.9928 beta [45] and rendered in MicroRe-
act [46]. Proksee was used for genome comparisons, FastANI analyses, and mobile element
identification [47] based on the mobnileOG-db [48]. BLAST searches were employed at
NCBI or a local installation of version 2.13.0 [49]. Assemblies were annotated using Prokka
v1.14.5 [50]. Pan and core gene partitioning was performed using Roary v3.13.0 [51] and
Pirate [52]. Scoary v1.6.16 [53] was used for pan-genome-wide association of output from
Roary. Maast v1.0.8 [54] was used to generate a vcf containing genotype data for core
genome SNPs for each genome, which were then processed further in Microsoft Office 365
Excel to calculate and plot SNP frequencies with respect to isolate traits. SeqKit [55] was
used to convert fasta files to and from tab-delimited files, and to extract specific polypep-
tide sequences from the Prokka annotation files. Microsoft Excel was used to curate tab
delimited sequences to filter for evident orthologs based on amino and terminal sequences,
and for full-length orthologs. Excel was also used to analyze and summarize BLAST and
SNP data. Variant identification in DNA or polypeptide sequences was based on alignment
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using Clustal Omega in MegAlignPro (Lasergene v17; DNAStar, Inc.; Madison, WI, USA)
with variant tables exported to Excel for filtering, sorting, tabulation and graphing.

3. Results

3.1. Phylogenomic Analyses Identify Three Lineages

The 35 presumptive isolates of S. cohnii from Experiments 29 (Fall 2020) and 30 (Spring
2021) had been assigned to species based on PCR sequencing of the 16S V1-V5 region [19,36].
Species was verified by qPCR-HRM (high resolution melt) with primers specific for the S.
cohnii pfbA gene [38], then each isolate was scored for color on CO and CS chromogenic
media. Four different color types, designated A through D, were identified (Table 1). We
submitted 18 genomic DNAs representing all four color types for Illumina sequencing.
Unicycler assemblies of the trimmed sequence reads ranged from 20–40 contigs, with a
consistent size of 2.58–2.70 Mbp (Table S1), and GC percentage ranging from 32.31 to 32.53.
These values agree with those for most S. cohnii assemblies in NCBI.

Table 1. Staphylococcus cohnii isolates from Experiment (Exp) 29 and 30. For each Isolate Number
is provided the source Bird identifier, whether whole genome sequence (WGS) was performed, the
Lineage as determined from WGS or qPCR-HRM, and Colony Color on CHROMagar Orientaion
(CO) or CHROMagar Staphylococcus (CS); l—lightgreen/lime, p—pink, t—turquoise, w—white.

Isolate Colony Color
Number Exp Bird WGS Lineage CO CS

1637 29 10A yes 1 p l
1649 29 10A yes 1 t t
1662 29 10B 1 p l
1667 29 10B yes 2 w l
1670 29 10B 1 t t
1638 29 11A yes 1 p l
1650 29 11A 1 t t
1651 29 11B 1 t t
1652 29 12B 1 t t
1653 29 13A 1 t t
1654 29 13B 1 t t
1663 29 13B yes 1 p l
1655 29 14A 1 t t
1656 29 14B 1 t t
1657 29 2A 1 t t
1658 29 2A yes 1 p l
1659 29 3B yes 1 p l
1664 29 3B yes 2 w l
1644 29 5B 1 t t
1645 29 6A yes 1 t t
1636 29 6B 1 p l
1646 29 6B 1 t t
1661 29 9A yes 1 p l
1665 29 9A yes 2 w l
1669 29 9A 1 t t
1639 29 9B 1 p l
1648 29 9B 1 t t
1666 29 9B yes 2 w l
1697 30 2 yes 2 t t
1725 30 3 yes 2 t t
1711 30 4 yes 2 w l
1701 30 6 yes 1 t t
1728 30 8 yes 2 p l
1714 30 10 yes 2 p l
1715 30 10 yes 2 p l
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We downloaded all 96 assemblies from NCBI for S. cohnii and all 16 assemblies for
Staphylococcus urealyticus (sometimes mis-labeled as S. ureilyticus). Lavecchi et al. [33]
proposed that S. cohnii and S. urealyticus actually represent a single species complex. Our
initial evaluation of the assemblies showed that 108 of the 112 assemblies from NCBI were
of sufficient quality and sequence relatedness. Four assemblies were excluded because
they were either misidentified for species, duplicate assemblies, or bad assemblies of
mixed species (Table S1). We used four different methods to examine the phylogenomic
relationships of the 108 NCBI assemblies together with our 18 new assemblies. Figure 1
shows the PopPUNK tree based on core genome kmer comparisons. Figure S1 is the
ParSNP tree based on core genome SNPs. Figure S2 is a neighbor joining tree of the pyANI
pair-wise average nucleotide identity (ANI) distances. Figure S3 is a neighbor-joining tree
based on distances calculated from Percentage of Conserved Proteins (POCP). PopPUNK,
ParSNP, and pyANI produce very similar trees showing three distinct lineages. These
results are similar to the findings of Lavecchia et al. based on core genome multilocus
alignments for 65 assemblies. Our Lineage 1, 2, and 3 correspond to their clades B, A2, and
A1, respectively. The S. urealyticus assemblies (circles) are restricted to Lineage 2. BLASTn
alignments of the 16S V1-V5 regions show that all 124 assemblies have the same 16S rDNA
genes with a few exceptions for polymorphisms, likely attributable to assembly artifacts.
Five isolates, DE0361, DE0360, SE4-2, SE4-1, and SE3-10, consistently appear intermediate
between Lineage 3 and the other two lineages in all three trees. Isolate hu-01 appears
intermediate only in the ParSNP and pyANI trees. Excluding the five intermediate isolates,
the average ANI distance from Lineage 3 to either Lineage 1 or 2 is less than the distance
from Lineage 1 to Lineage 2 (Table 2). The genetic distance between lineages is 8 to 10 times
the genetic distance within each lineage. Thus, Lineages 1 and 2 are the most different with
Lineage 3 in-between. The five intermediate isolates (m) are closer to Lineage 3 and slightly
closer to Lineage 2 than Lineage 1.

Table 2. Average Nucleotide Identity (±SD) between the isolates of the three lineages plus the
intermediate (m) isolates.

Lineage n 1 2 3 m

1 56 0.99012 ± 0.00771 0.92023 ± 0.00566 0.92526 ± 0.00333 0.94591 ± 0.00196
2 40 0.99290 ± 0.00591 0.96082 ± 0.00171 0.94935 ± 0.00025
3 23 0.99558 ± 0.00368 0.97667 ± 0.00216
m 5 0.99996 ± 0.00004

POCP is a generally accepted method for genus and species delineation [56]. The
POCP based tree in Figure S3 does not show three lineages and the topology is quite
distinct from the three other methods. Particularly striking is the placement on long
branches of S. urealyticus 3636 and S. cohnii SNUC-4556. The assembly for isolate 3636
comprises 2.5 Mb in 1291 contigs with an N50 of only 3.6 kbp. Thus, the overall small
contig size likely results in fewer and shorter predicted polypeptides, and thus a much
lower POCP value. The assembly for isolate SNUC_4556 consists of 1461 contigs spanning
3.2 Mb with a N50 of 8.4 kb. The genome length suggests contamination and the large
number of short contigs would also compromise the POCP value. The application of POCP
for comparisons of a large number of draft assemblies appears to explain the radically
different phylogeny in Figure S3 and argues for only applying POCP to complete genome
assemblies. Table 3 presents POCP and ANI values comparing the nine complete or
chromosome-level assemblies (four each from lineages 1 and 3, and one from Lineage
2) along with four complete genomes for Staphylococcus nepalensis as the closest relative
to S. cohnii/S. urealyticus [57]. POCP values within S. nepalensis or within lineages range
from 90–95 and between lineages from 88–89, while each lineage is more distant at 84–85
compared to S. nepalensis. ANI values present the same picture of each lineage being
approximately the same distance from S. nepalensis with less distance between lineages.
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Figure 1. PopPUNK phylogenomic tree of genomes from 126 isolates of Staphylococcus cohnii (squares)
and Staphylococcus urealyticus (circles). Strain names are the leaves, with nodes colored according
to host (legend) as determined from NCBI Biosample entries. Chicken isolates from Experiment 29
(gold star) and Experiment 30 (green plus) are indicated along with color group (A, B, C, D) based on
growth on CHROMagar media (Table 1). The branches for the three lineages described in the text
are indicated.

FastANI comparisons of the nine complete genomes along with those from S. nepalen-
sis indicate that the genomes in all three lineages and both species are largely syntenic
(Figure S4). However, the average genome size is larger for S. nepalensis at 2.9 Mbp versus S.
cohnii/S. urealyticus at 2.5 Mbp. The analyses are complicated by not all assemblies starting
at the same point or even in the same orientation. For example, the FDAARGOS_538
genome was best compared as a reverse complement, while the FDAARGOS_334 genome
is circularly permuted relative to the representatives from lineages 2 and 3 and S. nepalensis.
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Table 3. Percentage of Conserved Proteins (POCP) and Average Nucleotide Identity (ANI) values
(±SD) for complete genomes for Staphylococcus nepalensis (Sn) and the three lineages of Staphylococcus
cohnii (1, 2, 3) discussed in the text. Values for Lineage 2 compared to Lineage 2 are not applicable
(NA) as there is only one complete genome for that lineage.

Sn 1 2 3

n 4 4 1 4

POCP

Sn 93.9 ± 1.8 84.2 ± 1.4 85.4 ± 1.6 84.0 ± 0.7
1 90.4 ± 2.3 88.5 ± 1.5 89.2 ± 1.6
2 NA 88.2 ± 0.6
3 95.3 ± 2.0

ANI

Sn 0.997 ± 0.0015 0.857 ± 0.0007 0.879 ± 0.0459 0.859 ± 0.0012
1 0.990 ± 0.0036 0.919 ± 0.0003 0.925 ± 0.0015
2 NA 0.961 ± 0.0004
3 0.997 ± 0.0017

3.2. Lineage Association with Host and Virulence

Examination of the hosts and disease status of the isolates in each lineage suggest that
Lineage 3 may be largely non-pathogenic. The lineage contains a number of environmental
(black) and plant (gray) isolates. Unfortunately, many of the isolates from mammals and
humans have NCBI biosample data that are largely inconclusive for disease status. Human
isolates (green) appear to be restricted to Lineage 1 and 3. Summaries of the biosample
data for the human-associated isolates in Lineage 3 include:

• YNSA55: China, human, survey of S. aureus, no disease state recorded
• NCTC11041: Homo sapiens skin, no disease
• FDAARGOS-538: Homo sapiens, clinical isolate
• H62: air, environmental
• Acroc: human skin, no disease state recorded
• RD01, RD04, RD09: Bacteria were isolated from multiple surfaces in washrooms on a

university campus in Alberta, Canada.
• Hu-01: China Homo sapiens, skin swab, no disease
• G22B2: Homo sapiens, gall bladder

G22B2 and FDAARGOS-538 may be the only Lineage 3 isolates from diseased samples.
The human-associated isolates in Lineage 1 include:

• 57: Homo sapiens, blood; opportunistic pathogen isolated from human patient
• 532: Homo sapiens, catheter; opportunistic pathogen isolated from human patient
• MUWRP0921: human UTI
• FDAARGOS_334: Homo sapiens, clinical isolate
• P3-SID1418: human skin, toe web space
• FDAARGOS_744: Homo sapiens, clinical isolate
• NBRC_109766: unknown
• RIT614: smartphone
• Nsq225: human, linezolid-resistant clinical isolate
• Nsq226: human, linezolid-resistant clinical isolate
• 3636: human oral infection

Therefore Lineage 1 appears to be more clearly associated with human pathogenesis.
None of the 40 isolates in Lineage 2 are human isolates. The dairy isolates (red) are found
only in Lineage 1 and 2, as are our new chicken isolates (light blue). The other mammalian
isolates (light green; not human and not dairy) can be found in Lineages 2 and 3, with the
single mammal isolate in Lineage 3 isolated from a dog ear canal, and therefore perhaps
not a pathogen. This is all consistent with pathogenesis being prevalent in Lineage 1 and 2
and not in Lineage 3. The five or six intermediate isolates are also not associated with a
disease state in the biosample entries.
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3.3. Horizontal Transfer between Lineages

Overall frequencies of core genome SNPs for all genomes in the three lineages were
determined using Maast with FDAARGOS_538, a complete assembly from Lineage 3, as
the reference. SNPs were categorized as intergenic (n = 39,360), non-wobble (n = 174,466),
or wobble (n = 23,029) based on the NCBI annotation for the FDAARGOS_538 genome.
SNP frequencies for each of the three codon categories were plotted for all three lineages
based on chromosomal position in FDAARGOS_538. Figure 2 shows the plots for SNP
frequency differences for non-wobble SNPs for pair-wise comparisons of the three lineages
(panel A) and for each of the lineages compared to the five intermediate isolates (designated
m in Table S1). Plots for the other two SNP categories show very similar patterns. SNP
frequency differences were averaged over a 40 SNP sliding window to smooth the graphs.
Gaps in the plots represent mobile elements (transposons, prophage, chromosomal islands)
and tRNA/rDNA clusters. The frequency difference plots shows that Lineage 1 genomes
have a high SNP frequency difference from both Lineage 2 and Lineage 3 throughout the
chromosome except for a 186 kbp region from 1977 to 2162 (region 4 in panel B) spanning
184 protein encoding genes. For that region, Lineage 1 and Lineage 3 have similar SNP
frequencies and a high SNP frequency difference from Lineage 2. Thus, Lineage 3 appears
to have arisen from Lineage 2 by the replacement of this chromosomal region with the
orthologous region from Lineage 1. KEGG analysis of EC numbers and inspection of the
annotations did not identify a particular pathway or virulence function for these 184 genes.
Figure 2 panel B shows the intermediate isolates also contain region 4 from Lineage 1 but
also appear to have acquired region 2 (482 to 837 kbp) from Lineage 1. There are also region
1 (42-to 482 kbp) and region 3 (837 to 866 kbp) that appear to be moderately divergent from
all of Lineage 1, 2, and 3. BLASTn queries of the NCBI microbial genomes database (i.e., 19
May 2024 query of draft and complete genomes in Staphylococcaceae excluding both S.
cohnii and S. urealyticus/ureilyticus) with subsequences from regions 1 and 3 did not identify
any potential source of this region in other Staphylococcus species.

 

Figure 2. Core genome SNP frequency plots comparing frequencies of non-wobble SNPs in three
lineages of Staphylococcus cohnii and Staphylococcus urealyticus. FDAARGOS_538 was the reference
for SNP annotation and chromosomal position (X axis in kbp). Panel A shows the difference in SNP
frequencies between Lineage 1 and Lineage 2 (L1 vs. L2; light blue), Lineage 2 and Lineage 3 (L2
vs. L3; dark blue), and Lineage 1 and Lineage 3 (L1 vs. L3; red). Panel B plots the non-wobble SNP
frequency differences for the three Lineages relative to the five intermediate isolates (Lm) categorized
as m in Table S1. Lineage 1 and m (L1 vs. Lm; light blue), Lineage 2 and m (L2 vs. Lm; dark blue),
and Lineage 3 and m (L3 vs. Lm; red). Regions 1 through 4 discussed in the text are delimited in
Panel B.

3.4. Lineage Specific Polypeptides

Lavecchia et al. [33] previously identified 24 “clade-specific” genes based on 66 genomes
of S. cohnii and S. urealyticus. With an expanded set of 126 genomes, we readdressed this
question. The Prokka generated predicted polypeptides (.faa) files for all 126 genomes
were catenated and used to make a blast protein database, which was analyzed by BLASTp
queries with the .faa file for reference genome from each lineage: Lineages 1 FDAAR-
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GOS_334, Lineage 2 SDAQ-1, and Lineage 3 FDAARGOS_538. BLASTp results were
filtered for pident*qcov ≥ 8100 (i.e., average of pident and qcov ≥ 90), then evaluated
for hits for all of the isolates in each lineage. This identified 36 polypeptides present in
all genomes from Lineage 1 and missing in one, or both, of the other lineages (Table S2).
Seven, possibly eight, of the polypeptides missing from Lineage 3 but present in all Lineage
2 genomes are clustered from PEG (protein encoded gene) 540 to 570, including genes for
Nitrate metabolism, nitrogen/oxygen sensors, production of uroporphyrinogen, and a
helix-turn-helix regulatory protein.

There are six polypeptides that are unique to a single lineage. In Lineage 1, there are
three polypeptides not found in Lineage 2 or 3, a 321 residue RNA binding protein, and a
38 residue hypothetical protein, although BLASTp scoring for a 38 residue oligo peptide can
be questionable. There is only one polypeptide uniquely present in Lineage 2; a 67 residue
hypothetical protein. Lineage 3 has three unique polypeptides; a 67 residue DUF1146 do-
main containing protein, a 221 residue metallo-beta-lactamase domain-containing protein,
and a 42 residue IS family transposase. Inspection of the annotations reveals no obvious
virulence determinants associated with the radiation of Lineages 1 and 2 from Lineage 3.
Where Lavecchia et al. identified 24 clade-specific polypeptides, we identified 36 lineage-
specific genes. Reciprocal BLASTp analyses of their 24 vs. the 37 from this work identify
only three possible overlaps. They identified a 50 residue hypothetical protein in clade
A1 (equivalent to our Lineage 3) that corresponds with a 38 residue IS1182 transposase
in our data. They identified a 126 residue LytTR family transcriptional regulator in clade
A2 (our Lineage 2) that is related (pident = 32; qcov = 62) to a 152 residue LytTR family
transcriptional regulator that we found present in all of Lineage 1, some of Lineage 2, and
none of Lineage 3. They identified a 281 residue DUF4352 domain-containing protein in
clade B that is highly related (pident = 99; qcov 100) to a 321 residue RNA binding protein
uniquely present in Lineage 1 (equivalent to their clade B). Although both groups used
BLASTp to identify clade/lineage-specific polypeptides, the results are not concordant and
may relate to annotations based on incomplete assemblies and the number of assemblies
utilized in each analysis.

The Prokka annotations were processed further through Roary to identify core and
accessory genomes. The Roary output was then analyzed using Scoary to identify accessory
genes positively or negatively associated with specific traits. Traits included host (i.e.,
human, mammal, animal, chicken) and lineage. However, there is always concern with
assigning host from NCBI Biosample data. For example, isolates from washroom sinks, or
from human skin swabs, could be from any source (i.e., plants, soil) or they could be valid
human associated strains. The Roary-Scoary output identified no host-specific accessory
genes (100% for both Specificity and Sensitivity). Roary identified 1017 core genes (99–100%
of strains) with an additional 216 soft core genes (≥95%). Shell genes (≥15% and <95%)
numbered 23,274, with 10,269 cloud genes (>0% and <15%). Conversely, Pirate uses a
variable percentage identity threshold to partition clusters into pan and core genome with
2076 genes in ≥95% of isolates; 446 in ≥25% and <95%; with 4791 < 25%.

3.5. Lineage Diagnostic qPCR

The Roary-Scoary pipeline did identify lineage specific genes (Table 4). Lineage 1
appeared to have the highest number of lineage-specific genes with 84, even though there
were more genomes (Table 2) included from that lineage. Further inspection of these
lineage-specific genes reveals that most actually have orthologs in the other lineages where
the orthologs differ by enough SNPs and indels that Roary identifies them as different
genes when run with the default settings. Based on the Scoary output, we selected the
Arylamine-N-acetyltransferase (nat) and GTPase (der) for design of lineage specific PCR
primers. The primers targeted multiple SNP positions specific to the ortholog of a particular
lineage. DerF1 + R1 was specific for Lineage 1, NatF1 + R1 specific for Lineage 3, and NatF1
+ R1 specific for Lineage 2. These primers were employed in qPCR-HRM to diagnosis
the remaining 19 S. cohnii isolates from Experiment 29 and 30 for which we did not have
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genome assemblies (Table 1). The qPCR-HRM results were clear for 18 of the 19 additional
isolates but isolate 1645 was positive for DerF1 + R1 and NatF2 + R2, suggesting it was
both Lineage 1 and Lineage 2. Therefore, we sequenced and assembled the genome for
1645 and based on PopPUNK analysis 1645 clusters with 1701 and 1649, which appear
as an early branch of Lineage 1 (Figure 1). The Prokka annotation, as well as the Roary-
Scoary analyses, identify 1649 and 1701 as containing both the Lineage 1 versions of der
and nat. ANI computed distances for 1645 to 1701 is 0.9893; 1645 to 1649 is 0.9890; and
1649 to 1701 is 0.9990. The highest value for any of these three to the rest of Lineage 1
is less than 0.97. Prokka annotated contigs containing the Nat gene from 1645 (contig3
263 kbp), 1649 (contig2 427 kbp), and 1701 (contig3 340 kbp) were aligned in MegAlignPro
along with a sequence variation plot (Figure S5). The contigs differ for annotation and
sequence up to the RlmH gene near 23.9 kbp in contig3 from 1645. The three contigs then
appear syntenic through the end of all three contigs (approximately 239 kbp); however,
for the last approximately 50 kbp, the 1645 contig has an abundant number of SNPs and
indels relative to the contigs from 1649 and 1701. The sequence variation begins two genes
upstream of the nat gene. The alignments and sequence variation are most consistent
with 1645 having acquired an approximately 50 kbp region, including the nat gene, from
a Lineage 2 isolate. Whether this was by transformation, conjugation, or transduction is
not known but is additional evidence of horizontal transfer between lineages. Further
investigation would necessitate complete chromosome level assemblies of these three
isolates for more extensive comparisons.

Table 4. Scoary output for genes differentially represented in Staphylococcus cohnii genomes cor-
responding to particular traits. Gene counts are for those showing statistical differences for the
phenotype (Bonferroni corrected p < 0.05), for those with positive association (Odds Ratio > 4.4),
negative association (Odds Ratio < 0.24), and those with 100% Specificity (presence in all isolates
with the trait), and Sensitivity (present only in isolates with the trait).

Trait

Gene Count

Bonferroni p < 0.05
Odds Ratio

100% Specificity and Sensitivity
>4.4 <0.24

Lineage 1 1756 857 899 84
Lineage 2 1716 867 849 14
Lineage 3 1311 707 604 13
Human 333 195 138 0

Mammal 7 0 7 0
Avian 7 7 0 0

Chicken 17 17 0 0
Animal 166 37 129 0

With the diagnosis of lineage for all 35 S. cohnii isolates, we determined that colony
color on CO and CS media was not always a good indicator of lineage (Table 1). Although
pink on CO and turquoise on CS, which was exclusively Lineage 1 (7 of 7), and white on
CO and light green on CS was exclusively Lineage 2 (5 of 5). For pink on CO and light
green on CS, two were Lineage 1 and three were Lineage 2. For turquoise on both CO and
CS, sixteen isolates were Lineage 1 and two were Lineage 2.

3.6. S. cohnii Plasmids

There are sixteen plasmids annotated in the five complete assemblies (five in FDAAR-
GOS_334, one in FDAARGOS_538, six in FDAARGOS_744, two in SDAQ-1, and two in
SNUDS2). These were used as BLASTn queries to screen for highly related sequences in all
the assemblies. The work was primarily focused on plasmid association with particular
lineages or hosts (Table S3). Our subjective measure of prevalence was 50% or greater for
the maximum BLASTn bitscore for the plasmid with itself. The three largest (29–37 kbp)
plasmids in FDAARGOS_334 are partially related to each other, as well as to the 34 kbp
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plasmid in FDAARGOS_538, the four largest (36–53 kbp) plasmids in FDAARGOS_744,
plasmid 2 in SDAQ-1, and plasmid 1 in SNUDS-2. However, Clustal Omega alignments of
these eight plasmids show that the relationships are piecemeal and not shared across all
the plasmids (Figure S6). Related sequences based on BLASTn bitscores can be found in
other assemblies but are limited to 19 or fewer genomes depending on the plasmid used
in the query. There were no host-specific or lineage-specific-associations for any of the
16 plasmids.

3.7. Genetic Diversity in BCO Infections

Both Experiment 29 and Experiment 30 yielded a high degree of genetic diversity
in S. cohnii genomes, as both lineages were isolated from each experiment (Figure 1;
Experiment 29 gold star and Experiment 30 green plus). In Experiment 29, there were four
closely related Lineage 2 isolates and six Lineage 1 isolates from four different radiations.
For Experiment 30, there were isolates closely related to some of the diverse isolates in
Experiment 29 (Figure 1, see 1711 and 1701) but wholly new genotypes were also present
in Experiment 30 (e.g., 1697, 1714, and 1715). When we assigned lineage using qPCR-HRM
for the rest of the isolates, we found Lineage 1 predominated in Experiment 29 (24 of 28
isolates) while Lineage 2 predominated in Experiment 30 (6 of 7 isolates). The genetic
diversity observed within experiments also occurs within individual birds. Isolates 1659
and 1664 were from bird 3B in Experiment 29 and map to Lineage 1 and 2, respectively.
Similarly, 1661 and 1665 are from bird 9A in Experiment 29 and map to Lineage 1 and 2,
respectively. Further, Bird 10A in Experiment 29 yielded isolates 1637 and 1649, which are
both Lineage 1 but in quite distinct radiations within that Lineage (Figure 1).

4. Discussion

Classic bacteriological methods (e.g., colony morphology, enzyme profiles, sugar
fermentation, fatty-acid profiles, DNA-DNA hybridization) led others to propose that S.
cohnii from humans and primates consisted of two distinguishable sub species, S. cohnii
subsp. cohnii and S. cohnii subsp. urealyticus (see [32]). More recently, based on alignments
of 1468 core genes from 66 genomes, others suggested that the S. cohnii complex (S. cohnii,
S. cohnii subsp. cohnii, and S. cohnii subsp. urealyticus) comprises at least three different
clades [33]. Their clades, A1, A2, and B, correspond to our lineages, 3, 2, and 1, respectively.
The tree structure produced by Lavecchia et al. suggested a closer alliance between A1 and
A2, which is in agreement with our ANI data showing Lineage 2 and Lineage 3 are closer
to each other than either is to Lineage 1 (Table 2). Using three different methods for whole
genome comparison, we derived the same basic topology of three lineages with a few
intermediate isolates (Figures 1, S1 and S2). Typically, species delineation uses a threshold
of genomic relatedness of 95–96% [43,58,59]. Table 2 shows average ANI values greater
than 0.96 between Lineage 2 and 3, and just below 0.93 from both Lineage 2 and 3 to Lineage
1. Thus, it would appear that Lineage 1 might be considered as one species and Lineage
2 and 3 a different, single species. However, there are intermediate isolates we grouped
into “m”, which have ANI values when compared to Lineages 1, 2, and 3 of 0.94, 0.95,
and 0.98, respectively. Therefore, drawing strict species boundaries would be problematic.
Further, as we found for isolate 1645, genomic exchange appears to be occurring between
Lineage 1 and 2, and even Lineage 3 appears to have possibly arisen by transfer of a 186 kbp
region from a Lineage 1 genome to replace the orthologous region in a Lineage 2 genome
(Figure 2). Lineage m isolates also appear to be distinct from both Lineage 1, 2, and 3
for additional regions in the genome. Therefore, a single species complex may be more
appropriate. With further investigation and production of additional complete genome
assemblies, it may be possible to identify additional genomic transfers between the three
lineages. The intermediate isolates we classified as “m” might be particularly appropriate
genomes to examine. Transferred regions indicated from our data include: (a) at least 50 kbp
acquired from Lineage 2 in isolate 1645, (b) 186 kbp acquired by a Lineage 2 genome from
Lineage 1 to originate Lineage 3, (c) the 440 kbp region 1 and 29 kbp region 3 (Figure 2B)
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acquired by a Lineage 3 genome from an unknown source in the intermediate m genomes,
and (d) 355 kbp region 2 (Figure 2B) identified in the intermediate m genomes acquired
from a Lineage 1 genome. Given the large sizes, these regions are most likely acquired
through conjugative transfer, rather than transduction or direct uptake of environmental
DNA. Prophage mobilization of distant chromosomal elements has been documented in
Staphylococcus aureus [60] but the transfers are limited to phage head capacity. Given that
pathogenesis of staphylococci is often associated with biofilm formation we speculate that
these horizontal transfers may be promulgated within biofilms.

Given the evidence of genetic exchanges between the lineages and the >92% related-
ness measurements, our data is most supportive of designating all isolates of S. urealyticus
and S. cohnii as members of a single species complex, similar to the complex comprising
Escherichia coli and Shigella. Whole genome-based examination of E. coli/Shigella complex
identifies fourteen phylogroups with four Shigella species clustered within E. coli [61,62].
Further pan-genome analyses of E. coli genomes suggested that major differences were
associated with small mobile genome islands [63] or small sets of pan-genes [64]. There
was no evidence for transfer of large chromosomal regions as we have detected in S. cohnii
isolate 1645, Lineage 3, and the intermediate m genomes.

In our BCO induction experiments, source birds are raised on wire-flooring to stress
the birds inducing lameness [7,8,28,31,36,65]. The infection spreads through the air to
target birds raised on standard litter flooring, inducing BCO-lameness in 40–50% of the
target birds. The necrotic lesions in the proximal femoral and tibial heads yield multiple
different species even within a single bird. The original source of these bacteria could be
the environment (the specific barn, farm personnel, insects, etc.). However, the more likely
source is the inherent microbiome of the birds on wire-flooring. For both experiment 29 and
30, the same facility was used with no intervening flocks and the facility was cleaned out
and thoroughly disinfected (water lines, floors and equipment) with dilute bleach between
experiments. The source of the one-day-old chicks for both experiments was a commercial
hatchery but the eggs were likely from different breeder flocks. The range of bacterial
species identified from the BCO lesions differed between Experiment 29 and Experiment 30,
but in both experiments the most numerous species was S. cohnii. Subsequent experiments
performed in the same facility have detected far fewer isolates of S. cohnii. Since all the
experiments were in the same research facility and sourced from the same hatchery, the
breadth and genomic diversity of the bacteria present in the BCO lesions appears to vary
with the batch of chicks and likely the particular breeder flock producing the eggs. Thus,
our data from the genomic diversity of S. cohnii isolates suggests that even for 1-day old
chicks they must have a rather complex and diverse microbiome.

We have developed inexpensive and rapid methods for environmental sampling for
species identification and quantification [37]. It will be important to determine the levels
of different Staphylococci in the air and feces during our BCO challenge experiments
to understand the dynamics of the spread of pathogens (e.g., S. aureus, S. cohnii, E. coli,
Salmonella sp.). Further examination must also be made of the microbiome of chicks at
hatch to determine the contributions of the parent flock vs. the hatchery environment.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/microorganisms12081549/s1, Figure S1. ParSNP phylogenomic
tree of 126 genomes of isolates of Staphylococcus cohnii (squares) and Staphylococcus urealyticus (circles)
with FDAARGOS_538 as reference, based on 82,870 core genome SNPs. Strain names are the leaves,
with nodes colored according to host as determined from NCBI Biosample entries. The branches
for the three lineages discussed in the text are indicated. Figure S2. pyANI phylogenomic tree of
126 genomes of isolates of Staphylococcus cohnii (squares) and Staphylococcus urealyticus (circles). Strain
names are the leaves, with nodes colored according to host as determined from NCBI Biosample
entries. The branches for the three lineages discussed in the text are indicated. Figure S3. Percentage
of Conserved Proteins phylogenomic tree of 126 genomes of isolates of Staphylococcus cohnii (squares)
and Staphylococcus urealyticus (circles) isolates. Strain names are the leaves, with nodes colored
according to host as determined from NCBI Biosample entries. Figure S4. FastANI alignments from
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ProkSee server of representative complete genomes of Staphylococcus nepalensis and the three lineages
of Staphylococcus cohnii. Genomes are L1: Lineage 1, FDAARGOS_334; L2: Lineage 2, SDAQ-1; L3:
Lineage 3, FDAARGOS_538 reverse complement; and Sn: S. nepalensis, JS11. For the top panel
the central genome is Lineage 1 compared to Lineage 3 above and Lineage 2 below. The other
panels are each lineage compared to S. nepalensis. Approximate genomic distance is indicated at
the bottom along with the heat map for the connecting lines. Figure S5. Graphical alignments of
contigs containing Nat gene from three closely related Staphylococcus cohnii isolates from chickens.
The upper panel is the graphical view of the Mauve alignment in MegAlignPro for the indicated
contigs from isolates 1645, 1649, and 1701. For each contig sequence blocks are represented by colors.
Below each contig graphic are the sequence ruler showing position in the contig, with the prokka
annotation indicated by directional arrows. The bottom panel is an aligned histogram of SNP counts
per 1000 bp in isolate 1645 relative to 1649 and 1701, based on the variants report for the orange
sequence block region from MegAlignPro. The histogram shows significant variation for the first
app. 23 kbp and the last app. 50 kbp of the aligned orange sequence block. Figure S6. Clustal Omega
alignments between Staphylococcus cohnii plasmids identified as sharing sequence identity in BLAST
searches. Alignments were graphically depicted in MegAlignPro. Table S1. Genome assemblies for
Species Staphylococcus cohnii (SC), Staphylococcus urealyticus (SU), and Staphylococcus nepalensis
(Sn) used for these analyses. Newick Strain is the strain designation compatible with Newick tree
formatting. BioSample, BioProject, Assembly, Level, Size, Contig count, Host/Source are from NCBI
or this study. Lineage assignments are provided based on three software packages (PopPUNK,
ParSNP, or pyANI) or from Lavecchia et al. [33]). Notes indicates footnotes for those assemblies
excluded from the analyses. Table S2. Polypeptides missing in one or more Staphylococcus cohnii
lineages. BLASTp was used to search a database of all predicted Prokka polypeptides from the
genome annotations. The database was queried with polypeptides sequences for FDAARGOS_334,
SDAQ-1 and FDAARGOS_538, as reference genomes for Lineage 1, 2, and 3, respectively. Minimum
hit score was Pident*Qcov ≥ 8100. For each Lineage as query the Annotation and Source are listed
from Prokka (P) unless Prokka predicted a hypothetical protein in which case the annotation from
UniProt.org (U) is listed. PEG in Reference is the protein encoded gene number, Length of the
polypeptide, and EC number, are for the reference genome annotation. Best BLASTp is the accession
from searches of NR at NCBI. Missing From indicates the lineages the polypeptide is Not In, the
number of genomes the polypeptide is missing from in each of the three Lineages (L1, L2, L3) with the
total count of genomes in parentheses. Homolog in Lavecchia lists the NCBI accession for homologs
from Lavecchia et al. [33]. Table S3. Prevalence of Staphylococcus cohnii plasmids in 126 genome
assemblies. Plasmids are numbered and size in kbp listed from each of five complete genomes.
Number of assemblies with >50% maximum BLASTn bitscore lists the counts from each of the three
Lineages (L1, L2 or L3 and Total) for assemblies producing BLASTn hits totalling more than 50% of
the maximum bitscore (i.e., the plasmid with itself).
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Abstract: Staphylococcus argenteus, identified in 2006, represents a challenging case of bacterial
taxonomic identification because of its high similarity to Staphylococcus aureus. In this context, neither
mass spectrometry (MS) nor 16S gene analysis cannot precisely reveal the difference between the
two species. In our study, the sensitivity to antibiotics of S. argenteus isolated from blood culture was
tested, and the investigation of the bacterial genome was performed by Multi-Locus Sequence Typing
(MLST) and Whole-Genome Next-Generation Sequencing (WG-NGS). The pathogen was identified as
ST2250 and presented perfectly matched resistance genes, namely aph(3′)-III, mgrA, and sepA, whereas
the virulence gene detected was scn. Two plasmids were found: the pSAS plasmid, belonging to the
family of Inc18, and plasmid pN315, belonging to the Rep3 group. The epidemiological distribution
and the spread of S. argenteus infection are scarcely documented, particularly when associated with
sepsis. Therefore, a correct taxonomy identification, antibiogram, and resistance gene analysis may
help in acquiring knowledge about this bacterium and implement its detection and treatment.

Keywords: Staphylococcus argenteus; NGS; bloodstream infections; Staphylococcus aureus; genomic
analysis

1. Introduction

In 2006, a new presumable lineage of Staphylococcus aureus, assigned to Clonal Complex
75 (CC75), was isolated from samples from individuals belonging to indigenous commu-
nities in the Northern Territory, Australia. Multi-Locus Sequence Typing (MLST) proved
this was a very interesting and challenging case study in bacterial systematics, so much so
that CC75 was renamed Staphylococcus argenteus [1,2]. The phenotypic difference between
S. aureus and S. argenteus is a non-pigmented appearance of colonies that is due to the
lack of the crtOPQMN operon, essential for the synthesis of staphyloxanthin, a carotenoid
pigment [3]. Through genomic investigation, S. argenteus can be considered an ancestor
of S. aureus, with which it shares about 95% of its Average Nucleotide Identity (ANI),
although 16S gene results are not distinguishable between the two. A difference can be
detected by studying the nuc, gap, rpoB, sodA, tuf, and hsp60 genes or performing MLST [4,5].
Worldwide, S. argenteus is concentrated in three “hotspot” regions, namely Southeast Asia,
Australia, and the Amazon, but has also been reported in New Zealand, Fiji, America, and,
in rare cases, in Europe [5,6]. In subtropical areas, S. argenteus is considered an emerging
pathogen among patients with community-onset staphylococcal infections; linked to this
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phenomenon, S. argenteus seems to have recently also been found in healthcare-associated
infections among recently hospitalized patients [7]. Besides its spread, the clinical implica-
tion of S. argenteus relates to the presence of genes encoding staphylococcal enterotoxins,
hemolysin, and Panton–Valentine leucocidin [8]. Additionally, public health systems have
been warned about the antimicrobial resistance genes reported in S. argenteus isolates,
since penicillin (blaZ-positive) and methicillin (mostly mecA-positive)-resistant bacteria
similar to methicillin-resistant S. aureus (MRSA) have been described in detail [9,10]. Al-
though most S. argenteus cases have been found to be sensitive to methicillin, some isolates
among patients in Aboriginal communities in Northern Australia affected by impetigi-
nous lesions have been described as resistant to this antimicrobial agent [7,8]. In view of
healthcare-associated infections, the acquisition of resistance to methicillin by S. argenteus
draws attention to high antibiotic pressure and its further implications in public health [7].
S. argenteus is known to be a sporadic pathogen causing skin and soft tissue infections, bone
infections, and sepsis [11,12], cases in which it can be misdiagnosed as S. aureus bacteremia.
In light of this, the clinical conditions of patients with S. argenteus bacteremia can worsen
if they develop lower respiratory tract infections, which increase mortality compared to
methicillin-sensitive Staphylococcus aureus (MSSA) infections [7,13]. A plausible explanation
for this enhanced trend relates to the acquisition of species-specific S. argenteus virulence
factors [7]. In this study, we describe the first S. argenteus case isolated at the Greater
Romagna Hub Laboratory from a blood culture, which, in our knowledge, represents the
first case of S. argenteus bacteremia described in Italy.

2. Materials and Methods

2.1. Sampling

The blood sample was collected in an emergency room at Riccione and delivered to the
Greater Romagna Hub Laboratory in BACT/ALERT® culture media (bioMérieux, Marcy
l’Etoile, France). The sample was incubated for about 22 h until positivity was declared.
The sample was processed according to the diagnostic routine of the laboratory.

2.2. Identification and Antibiogram

Then, the blood culture was seeded on Columbia + 5% sheep blood, COS (bioMérieux,
Marcy l’Etoile, France). The identification of the isolated colonies was performed using
Vitek® MS (bioMérieux, Marcy l’Etoile, France) and resulted in S. argenteus identification;
since it was the first case detected in our laboratory, the isolate was tested for antimicrobial
sensitivity and with an NGS approach. The Antibiotic Sensitivity Test (AST) was performed
according to EUCAST’s breakpoint guidelines [14] calculated using MicroScan WalkAway
(Beckman Coulter Inc., Brea, CA, USA). The isolated colony presented a peculiar feature: it
resembled a S. aureus colony, but without pigmentation. For this reason, the colony was
selected for an in-depth investigation.

2.3. Sequencing

To confirm the mass spectrometry spectrum, the whole bacterial genome was in-
vestigated. The sample was extracted using the automated system of Maxwell® CSC
Pathogen Total Nucleic Acid Kit (Promega Corporation, Madison, WI, USA). The library
was prepared using the DNA Prep kit (Illumina Inc., San Diego, CA, USA) according to the
manufacturer’s instructions and sequenced on MiSeq platform (Illumina Inc., San Diego,
CA, USA). The raw sequence FastQ files were deposited in the Sequence Reads Archive
(SRA) (BioProject ID: PRJNA1032758).
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2.4. Bioinformatical Analysis and Confirmation

Forward and reverse reads were controlled using FastQC v.0.12.1 (Babraham Institute,
Cambridge, UK), trimmed using Trimmomatic v.0.38.1 by using default parameters, and
de novo assembled using SPAdes v.3.13.0 with default parameters. The confirmation of
pathogen identification was performed by using a ribosomal MLST (rMLST) on 53 target
genes, and then the MLST profile was traced using Ridom SeqSphere+ v.9.0 with 7 target
genes described in the literature (arcC, aroE, glpF, gmk, pta, tpi, and yqiL). The presence of
genes involved in resistance mechanisms was investigated using the ResFinder v.4.1 and
Comprehensive Antibiotic Resistance Database (CARD v.3.2.8) databases. Additionally,
the PlasmidFinder v.2.0 database was queried to search for the presence of plasmids, and
the Virulence Factor Gene Database to screen for additional virulence factors. The mobile
genetic elements (MGEs) were investigated by the MobileElementFinder database v.1.0.3.

Once the profile of the resistance genes was obtained, phenotypic resistance was
confirmed for the corresponding antibiotic by performing ETEST® (bioMérieux, Marcy
l’Etoile, France) and MicroScan WalkAway in triplicate. To complete the phenotypic
resistance pattern, sensitivity to fosfomycin was evaluated by the agar dilution method
AD Fosfomycin 0.25–256 assay (Liofilchem srl, Roseto degli Abruzzi, Italy). Resistance
was declared according to EUCAST’s guidelines [14]. To better understand the evolution
similarity of the isolate, 15 complete S. argenteus genomes were downloaded from the
NCBI database and a phylogenetic tree was inferred in MEGA11 [15] using a UPGMA
method and the evolutionary distances were computed using the Maximum Composite
Likelihood method. The tree was visualized using FigTree v.1.4.4 (accessed on 10 July 2024:
http://tree.bio.ed.ac.uk/software/figtree/) and was midpoint-rooted.

2.5. S. argenteus MSHR1132

The S. argenteus genome (NCBI RefSeq Assembly: GCF_000236925.1) was downloaded
from NCBI and included in the analysis. The sequence belonged to the MSHR1132 strain
and was deposited in November 2011 by The Wellcome Trust Sanger Institute. There are
2689 annotated genes, including 2533 protein-coding genes. The bacterium was isolated
from a blood culture of a woman affected by necrotizing fasciitis and the genome was
classified in an ST 1850 [2].

3. Results

3.1. rMLST and MLST

The rMLST resulted in rST 4649, typically associated with the S. argenteus genomic
profile. According to the MLST, the genome sequence is classified in an ST 2250 and target
genes attributed to its alleles (Table 1). According to the genomes deposited in the public
database PubMLST (https://pubmlst.org/, accessed on 16 July 2024), 111 isolates were
recorded with rST 4649 and 3 with ST 2250.

Table 1. Results of MLST of Staphylococcus argenteus isolated from blood culture at the Greater
Romagna Hub Laboratory. The 7 target genes were classified, and the sequence type was determined.

Genes Allele

arcC 151
aroE 325
glpF 215
gmk 34
pta 175
tpi 180

yqiL 169
ST * 2250

* ST = sequence type.
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3.2. Antibiogram

The antibiogram performed in microdilution showed bacterial sensitivity to amikacin
(≤4 mg/mL), ceftaroline (0.25 mg/mL), ciprofloxacin (≤0.25 mg/mL), clindamycin
(≤0.12 mg/mL), daptomycin (≤0.25 mg/mL), erythromycin (≤0.5 mg/mL), gentamycin
(≤1 mg/mL), levofloxacin (≤0.5 mg/mL), linezolid (≤2 mg/mL), minocycline (≤1 mg/mL),
moxifloxacin (≤0.25 mg/mL), oxacillin (≤0.25 mg/mL), penicillin (≤0.03 mg/mL), te-
icoplanin (≤1 mg/mL), tetracycline (≤1 mg/mL), tigecycline (≤0.25 mg/mL), tobramycin
(≤1 mg/mL), trimethoprim and sulfamethoxazole (≤1/19 mg/mL), and vancomycin
(1 mg/mL). Therefore, the isolate did not present any resistance to the tested antibiotics.
In addition, the agar dilution method for the detection of fosfomycin resistance resulted
in an MIC of 8 mg/mL; therefore, the isolate was sensitive to the antibiotic according to
EUCAST’s guidelines (Table 2).

Table 2. The antibiogram results of Staphylococcus argenteus. The isolate was sensitive to 20 antibi-
otics tested.

Antibiotic MIC * (mg/mL) Result

Amikacin ≤4 Sensitive
Ceftaroline 0.25 Sensitive

Ciprofloxacin ≤0.25 Sensitive
Clindamycin ≤0.12 Sensitive
Daptomycin ≤0.25 Sensitive

Erythromycin ≤0.5 Sensitive
Gentamycin ≤1 Sensitive
Levofloxacin ≤0.5 Sensitive

Linezolid ≤2 Sensitive
Minocycline ≤1 Sensitive
Moxifloxacin ≤0.25 Sensitive

Oxacillin ≤0.25 Sensitive
Penicillin ≤0.03 Sensitive

Teicoplanin ≤1 Sensitive
Tetracycline ≤1 Sensitive
Tigecycline ≤0.25 Sensitive
Tobramycin ≤1 Sensitive

Trimethoprim/Sulfamethoxazole ≤1/19 Sensitive
Vancomycin 1 Sensitive
Fosfomycin 8 Sensitive

* Minimum Inhibitory Concentration.

3.3. Resistance Genes, Plasmids, and Virulence Genes

At a genomic level, the resistance gene identified by both the queried databases
(ResFinder and CARD) had a perfect match in terms of identity and sequence length with
aph(3′)-III (aph(3′)-III_M26832), which can inactivate aminoglycoside antibiotics such as
amikacin, butirosin, kanamycin, neomycin, lividomycin, paromomycin, and ribostamycin.
The CARD database found two other additional perfectly matched genes: mgrA (inducing
resistance to fluoroquinolones, cephalosporins, penams, tetracyclines, peptide antibiotics,
and disinfecting and antiseptic agents) and sepA (inducing resistance to disinfecting and
antiseptic agents). Other sequences that are probably responsible for resistance mechanisms
were detected, even though there was no perfect match: blaZ (ResFinder and CARD) (96.8%
identity and 100% length), arlR (98.63% identity and 100% length), norC (97.4% identity and
100% length), Staphylococcus aureus fosB (97.12 identity and 100% length), Staphylococcus
aureus lmrS (90.44% identity and 100% length), mepR (92.81% identity and 100% length),
sdrM (89.04% identity and 100% length), and the vanT gene in the vanG cluster (34.23%
identity and 55.48% length) (CARD). Given the presence of blaZ, resistance to penicillin
was confirmed, with an MIC of 0.125 mg/mL. Indeed, according to EUCAST’s guidelines,
the isolate presented resistance to penicillin.
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Also, to better understand the isolate’s resistance and invasiveness capability, the
following plasmids were investigated: the pSAS plasmid (reference sequence BX571858;
20,652 base pairs, bp) with the rep16 gene and belonging to the family of Inc18 was found,
with an identity and length match of 100% for Coding Sequence 8. In addition, the plas-
mid pN315 (reference sequence AP003139; 24,653 bp) with the rep5a gene and belonging
to the plasmid family Rep3 was detected, with a length match of 100% and an identity
percentage of 99.88% (one single-nucleotide polymorphism) in the Coding Sequence of
SAP001. Regarding the virulence genes, a perfect match in length and sequence was de-
clared with the scn gene, a staphylococcal complement inhibitor, and a 99.6% identity match
was found with the sak gene encoding staphylokinase. Just one MGE was found: ISSau5
(NC_002952.2), belonging to the IS30 family, an insertion sequence of 1136 nucleotides. The
evolutionary relation of the 16 genomes was calculated and the original tree, with a total
of 2,834,926 positions, was analyzed. The isolate’s genome is most likely related to the S.
argenteus MSHR1132 strain (Figure 1).

Figure 1. The original tree resulting from the UPGMA analysis. The evolutionary distances among
16 genomes were calculated with the Composite Likelihood Method using Mega 11 v.11.0.13. The
tree was midpoint rooted using FigTree v.1.4.4. The isolate’s genome is highlighted in red.

Similarity with the S. aureus reference genome (GCF_000013425.1) was calculated
using Average Nucleotide Identity and was 87% (Figure 2).
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Figure 2. The similarity between S. aureus and the genome of the isolate was 87%. The similarity was
calculated with Average Nucleotide Identity analysis.

4. Discussion

Since its first isolation, S. argenteus has been documented as a probable blood stream
contaminant; in particular, ST2250 was found to cause sepsis [16,17]. In the Great Romagna
Hub Laboratory, a positive blood culture isolate was classified as S. argenteus with the use
of mass spectrometry; this was then confirmed with ANI analysis and MLST. The presence
of resistance genes was investigated through the ResFinder and CARD databases: the
two were concordant on the presence of aph(3′)-III (aph(3′)-III_M26832), a gene encoding
aminoglycoside-3′ ′-O-phosphoryltransferase III and responsible for the inactivation of
aminoglycoside antibiotics by catalyzing acetyltransferase and phosphotransferase reac-
tions [18]. mgrA, only found in CARD, controls over 300 genes involved in antibiotic
resistance and virulence, including an upregulation of exotoxins and capsular polysac-
charide [19]. Moreover, sepA has been described in staphylococci encoding efflux pumps
related to biocide resistance [20]. The other detected sequences did not present a perfect
match with the genes deposited in the databases, even though their presence can be inves-
tigated in more depth. Particularly, the knowledge of the role of blaZ, found in the genome
of S. argenteus, in regulating penicillin resistance can be extended to the identification of
the gene’s repressors (blaI) and regulators (blaR1) [21]. Particularly, genomic analysis can
reveal a resistance profile which may be missed or misdiagnosed due to technical errors
during the laboratory workflow. This suggests that a collaboration between molecular
biology techniques and standard wet-lab methodology can trace the pathogen resistance
trend more precisely. In addition, the presence of the vanT gene, grouped in the vanG
cluster, can be related to a peculiar pattern of vancomycin resistance [22,23]. Indeed, the
antibiogram result obtained for vancomycin was considered dubious, and, according to
EUCAST’s guidelines [14], which suggest a breakpoint of 2 mg/L, the MIC that was found
was reduced, at 1 mg/L. Other investigations are needed to confirm the presence of the
vanT sequence and to understand its impact on MIC. A crucial role in the acquisition of
antimicrobial resistance is played by plasmids; indeed, ST2250 has been proven to possess
the plasmid p2_1801221, with rep5a and rep16 involved as determinants in penicillin resis-
tance due to carrying the blaZ gene [9]. In S. argenteus, the blaZ gene is more likely linked
to plasmid acquisition than to chromosomal origin. The study of Aung et al., according to
Olsen’s classification, divided plasmid-related blaZ in S. argenteus into P1 and P2 subgroups;
this subdivision may describe a multiple origin of blaZ [24]. In particular, the Inc18 plasmid
family is commonly isolated from bacteria that cause nosocomial infections and encodes re-
sistance to different antimicrobial agents such as macrolides, lincosamides, streptogramins,
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and vancomycin. Among staphylococci, Inc18 plasmids carrying the vanA gene are respon-
sible for vancomycin resistance acquired from enterococci. This acquisition can likely be
correlated with poor hygiene conditions, and in this setting, the rare vancomycin-resistant
S. aureus is generally also resistant to methicillin and derives its vanA-mediated resistance
from enterococci. Nevertheless, vancomycin resistance incidence in MRSA was revealed to
be a serious threat not only for the treatment of S. aureus infections but also for all S. aureus
complex-related bacterial species [25]. In the same manner, the scn virulence gene, due to
its role as an immune evasion marker, may be linked to animal-to-human transmission
and is generally found in MSSA [26]. The presence of the scn gene raises the need to take
strict hygiene controls in animal-related and animal-derived products [27]. According
to the One Health epidemiological approach, the investigation and the understanding of
the resistance and virulence genes acquired by S. argenteus may be relevant not only to
the analysis of their distribution but also to the prevention and treatment of the human
healthcare-associated matter in question. More precisely, bloodstream infections may be
fatal for patients and indeed a precise identification of the infective agent, its virulence,
and resistance are necessary both for the monitoring of the spread and for the control of
the patient’s infection. The single MGE found in the sequence was previously described in
MRSA252, a hospital-acquired pathogen [28]. Considering the increase in sepsis incidence
in recent years and the variety of its causative agents, a new frontier of research opens in
correlating the infection with gut microbiota dysbiosis [29]. The alteration of gastrointesti-
nal mucosa integrity allows for the infiltration of various entities, including bacteria [30].
Together with other commensal microorganisms, S. aureus may be found to be an intestinal
colonizer pathogen that enters the bloodstream and causes diffuse infections [31]. Due to
its large similarity with S. aureus, it can be assumed that S. argenteus could present the same
outcome, but other studies are needed to confirm its presence in the gut microbiota. On the
other hand, new evidence has been reported in the literature about S. argenteus isolation
from blood cultures and its severity for patients [12]. Due to the scarcity of information,
its antibiotic resistance and geographical distribution need to be traced and monitored. In
Australia, in 2023, S. argenteus ST 2250 was isolated in a patient without prior exposure and
was found to be resistant to daptomycin [32]. Similarly, in Korea, S. argenteus ST 8342 and
8343 lead to severe clinical outcomes in both community- and healthcare-acquired infec-
tions [33]. Therefore, studying the epidemiological trend of S. argenteus by using molecular
assays or NGS helps not only in characterizing the pathogen but also in preventing patient
complications [13].

5. Conclusions

The assortment of human pathogens requires continuous monitoring of novel dele-
terious mutations and causative agents to prevent severe sequelae. Investigating and
understanding the phenotypic and genotypic characteristics of uncommon infections is
significant in order to organize an efficient diagnostic workflow and administer the proper
treatment. In this scenario, as far as the authors know, this is the first documented case of
S. argenteus causing sepsis in Italy.
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Abstract: The interaction between Lactobacillus plantarum and Staphylococcus aureus strains FRI-1169
and MN8, two original isolated strains from menstrual toxic shock syndrome (mTSS) cases, is a key
focus for developing non-antibiotic strategies to control S. aureus-related infections. While the antago-
nistic effects of Lactobacilli species on S. aureus through mechanisms like organic acid and bacteriocin
production are known, the molecular dynamics of these interactions remain underexplored. This
study employs a proteomic approach to analyze the interactions between L. plantarum WCFS1 and
S. aureus strains, FRI-1169 and MN8, during co-culture. We profiled differentially expressed proteins
(DEPs) found in the spent media and cytosols of both bacteria, revealing distinct directional and
strain-specific responses. The findings demonstrate that L. plantarum exerts a more pronounced effect
on S. aureus, with more DEPs and upregulated proteins, while S. aureus showed fewer DEPs and
more downregulated proteins. These strain-specific interactions highlight the complex metabolic
and regulatory adjustments between these bacterial species. This research provides valuable insights
into the molecular mechanisms of Lactobacillus-S. aureus antagonism and underscores the potential of
proteomic analysis as a powerful tool for studying bacterial dynamics in co-culture systems.

Keywords: antagonism; Lactobacillus plantarum; non-antibiotic biocontrol agent; proteomics; Staphylococcus
aureus infection

1. Introduction

Staphylococcus aureus strains FRI-1169 and MN8 were originally isolated from men-
strual toxic shock syndrome (mTSS) cases in the late 1970s [1–4]. These strains have become
significant models for studying TSS due to their unique toxin production profiles [5]. While
both strains produce toxic shock syndrome toxin-1 (TSST), S. aureus MN8, classified as a
USA200 pulsed-field gel electrophoresis (PFGE) type, is known for being a low producer
of α-toxin due to a nonsense mutation within the open reading frame of α-toxin, whereas
S. aureus FRI-1169, though not part of the USA200 clonal type, is recognized for its high
α-toxin production [5]. Despite the extensive knowledge of these strains, there remains a
need for comprehensive genotypic and phenotypic evaluations, particularly concerning
their roles in mTSS. The incidence of mTSS in the United States is rare, approximately
1 case/100,000 among menstrual age women (13–54 years of age) [6,7]. However, the fact
that 5–10% of cases end in death warrants further efforts to find alternative approaches
other than antibiotic therapy that can be developed for prevention and treatment before an
event such as an epidemic with an antibiotic-resistant, TSST-1 producing strain of S. aureus
occurs [8,9]. This becomes even more critical in light of the potential re-emergence of
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S. aureus mTSS clonal groups and the rise of antibiotic-resistant, TSST-1-producing strains
of S. aureus [10–12].

The interaction between Lactobacillus species and S. aureus has attracted significant
interest for its potential in non-antibiotic control of S. aureus-related infections, including
toxic shock syndrome (TSS) and other serious conditions. Lactobacillus species, valued
for their probiotic benefits, exhibit antagonistic effects on S. aureus through a variety
of mechanisms, including the production of organic acids, bacteriocins, and hydrogen
peroxide, as well as competition for nutrients [13,14]. Despite these findings, the precise
molecular mechanisms underlying these interactions, especially at the proteomic level, are
not yet fully understood. Uncovering these molecular dynamics is essential for the further
development of Lactobacillus species as a biotherapeutic means for infection control.

Proteomic analysis has emerged as a crucial tool for elucidating bacterial interactions,
providing detailed insights into cellular responses and metabolic adjustments. Previous
research has often focused on isolated factors, such as the production of organic acids
or bacteriocins, without exploring the broader, overall protein response as the result
of interactions between Lactobacillus and S. aureus. Our group demonstrated that acid
production by Lactobacillus species inhibits S. aureus MN8 but did not fully investigate the
molecular mechanisms involved [15]. Additionally, while L. plantarum has well-established
antagonistic properties, its specific effects on different S. aureus strains have not been
extensively characterized. This study seeks to fill this gap by using proteomic data to
explore interactions between L. plantarum and two S. aureus strains, FRI-1169 and MN8,
with a particular focus on differentially expressed proteins (DEPs) and their functional
roles in bacterial dynamics. This study utilizes a co-culture system that physically separates
S. aureus from L. plantarum during growth and, thus, allows spent media produced by one
species to interact with the other species without cell-to-cell contact. In addition, we were
also able to isolate cells of each species and determine cytosolic differences as a result of
this interaction.

In this study, we present the first comprehensive proteomic analysis of interactions
between L. plantarum and S. aureus. By profiling DEPs in the spent media and cytosols
of both L. plantarum and the two S. aureus strains during co-culture, this research sheds
light on the metabolic and regulatory pathway changes in response to each other. The
findings presented enhance our understanding of Lactobacillus-S. aureus antagonism and
demonstrate the utility of proteomic analysis as a powerful tool for studying complex
bacterial dynamics in co-culture systems.

2. Materials and Methods

2.1. Bacterial Strains, Strain Maintenance, and Growth Conditions

Staphylococcus aureus clinical strains FRI-1169 (1980 WI; NCH 240) and MN8 (1980 MN;
NCH 245) were isolated from cases of mTSS and were provided by P.D. Fey at the Univer-
sity of Nebraska Medical Center and were confirmed to produce toxic shock syndrome
toxin-1 (TSST-1) by western analysis. Strains were maintained as frozen (−80 ◦C) stocks in
brain heart infusion (BHI; Difco Laboratories, Detroit, MI, USA) broth containing 25% (w/v)
glycerol and streaked for isolation on either tryptic soy broth (TSB; Difco Laboratories) or
TSB containing 1.5% agar. Lactobacillus plantarum WCFS1 (HLH 10) was obtained from
Wageningen Center for Food Sciences, Wageningen, Netherlands, and maintained as a
frozen stock in Lactobacilli deMan, Rogosa and Sharpe (MRS) broth (Difco Laboratories)
containing 10–15% (w/v) glycerol and streaked for isolation on MRS containing 1.5% agar.
While Lactobacillus species, namely L. crispatus, L. gasseri, L. iners, and L. jensenii are the
predominant members of this genus found in most vaginal tracts of healthy women [16–18],
L. plantarum can be found in the urogenital tract of women but its numbers appear to be
low [16,17,19], thus leaving questions as to its role as a member of the vaginal microbiota.
Nevertheless, our decision to utilize L. plantarum WCFS1 [20] for most of our studies thus
far, was made primarily due to convenience. Lactobacillus plantarum WCFS1 was the first
of the genus Lactobacillus to have its genome completely sequenced and annotated [21,22],
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thus facilitating the molecular studies to isolate and clone important L. plantarum ge-
netic determinants for the purpose of cloning the lysostaphin gene (end) into L. plantarum
WCFS1 [20].

2.2. Co-Culture and Sample Preparation

Cells of L. plantarum WCFS1 and S. aureus strains FRI-1169 and MN8 were cultured
overnight (15–18 h) in MRS and TSB media, respectively, using a flask to a medium volume
of 2.5. A 1 mL aliquot of each overnight culture was transferred to a sterile microcentrifuge
tube, washed twice with 1 mL of sterile, deionized water, and once with 1 mL of buffered,
Hart modified genital tract secretion (HmGTS) medium [23]. The medium was made
without the inclusion of bovine serum albumin to facilitate bacterial protein identification
by mass spectrophotometry. The cells were then suspended in 1 mL of HmGTS media,
and optical density (OD) readings were determined for each culture spectrophotomet-
rically at 550 nm. Optical density values were used to dilute cultures to approximately
1 × 107 colony-forming units (cfu)/mL using a previously determined standard curve of
cfu as a function of OD. Two ml of S. aureus cell suspensions were then aseptically pipetted
into each well of a six-well BD Falcon cell culture plate (Becton Dickinson, Franklin Lakes,
NJ, USA). Cup-shaped inserts with 0.4 μm filters were aseptically placed into each well,
and 2 mL of L. plantarum cell suspensions were aseptically pipetted into each insert. Control
samples consisted of 2 mL cell suspensions of either S. aureus or L. plantarum aseptically
pipetted into both the well and insert. Plates were incubated under stationary, aerobic
conditions at 37 ◦C prior to harvesting both well and insert contents at 8 and 24 h of growth.
Viable cell counts were determined using a portion of each of the cell suspensions at 0, 8,
and 24 h using 10-fold serial dilutions and plating on mannitol salt agar (MSA), which
is selective for S. aureus, and Rogosa agar (RA), which is selective for L. plantarum. The
remaining volume of each cell suspension was centrifuged (12,000× g, for 10 min at 4 ◦C)
to separate spent media from cells. Spent media were filter-sterilized into 15 mL polypropy-
lene, screw-capped, conical centrifuge tubes using 0.2 μm syringe filters. Portions of each
filter-sterilized spent medium were pipetted into 4 mL capacity, Centricon tubes (Centricon
Ultracel YM-3 filters with 3000 MWCO, Millipore Corporation, Bedford, ME, USA) and
centrifuged (7500× g) at 4 ◦C for 1 h. The retentates were recovered and stored at –80 ◦C
until needed. Cell pellets from the first centrifugation were washed one time in one ml of
TE (10 mM and 1 mM EDTA) buffer (pH 8.0), suspended in 0.4 mL of TE, and transferred
to FastPrep blue tubes (Qbiogene, Irvine, CA, USA) containing acid-washed and RNase
free, 0.1 mm silica beads and lysed using the FP120 reciprocator (Qbiogene) with a setting
of 6 m/second for 40 s. Cell lysates were immediately cooled on ice for 15 min and then
subjected to centrifugation (10,000× g for 1 min at 4 ◦C). Supernatants were recovered and
stored at –80 ◦C.

2.3. Protein Quantification and Sample Quality Assessment

The protein concentration for each sample was determined using the bicinchoninic
acid (BCA) assay (Pierce Biotechnology, Waltham, MA, USA) following the manufacturer’s
instructions. The quality of the processed samples was assessed using NuPAGE Tris-Bis
mini gels (4–12% gradient) according to the manufacturer’s instructions (Invitrogen Life
Technologies, Carlsbad CA, USA).

2.4. Protein Digestion and Peptide Preparation

An aliquot of the protein extract (50 μg) was reduced with 12 mM dithiothreitol (DTT)
at room temperature for 1 h. This was followed by alkylation with 15 mM iodoacetamide
(IAA) at room temperature for 1 h. Trypsin (sequencing grade, Promega, Madison, WI,
USA) was added at a 1:20, enzyme to substrate dilution, and the digestion was carried out
overnight at 37 ◦C. The digested peptides were acidified with 1% formic acid and desalted
using C18 solid-phase extraction columns (Waters, Milford, MA, USA). Peptides were then
dried in a vacuum concentrator and stored at –80 ◦C until mass spectrometry analysis.
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2.5. Mass Spectrometry Analysis

For all samples, 1 μg was analyzed by nano LC/MS with a Waters M-class HPLC sys-
tem interfaced with an Orbitrap Exploris 480 Mass Spectrometer (ThermoFisher, Walthma,
MA, USA). For generation of the DIA Chromatogram Library, six gas-phase fractions (GPF)
injections were acquired for six ranges: 396 to 502, 496 to 602, 596 to 702, 696 to 802, 796
to 902, and 896 to 1002. Sequentially, full scan MS data (60,000 FWHM resolution) was
followed by 26 × 4 m/z precursor isolation windows, another full scan and 26 × 4 m/z
windows staggered by 2 m/z. The products were acquired at 30,000 FWHM resolution. The
automatic gain control (AGC) target was set to 1 × 106 for both full MS and product ion
data. The maximum ion inject time (IIT) was set to 50 ms for full MS and “dynamic” mode
for products with nine data points required across the peak and the NCE was set to 30.

For sample analysis, full scan MS data (60,000 FWHM resolution) from m/z 385 to
1015 was followed by 61 × 10 m/z precursor isolation windows, another full scan from
m/z 385 to 1015 was followed by 61 × 10 m/z windows staggered by 5 m/z. The products
were acquired at 15,000 FWHM resolution. The maximum ion inject time (IIT) was set to
50 ms for full MS and “dynamic” mode for products with nine data points required across
the peak and the NCE was set to 30. An injection of the pool was included at the start and
end of the batch.

Data were processed using Scaffold for data-independent acquisition (Scaffold DIA
3.2.1; Proteome Software) which incorporated the following steps: raw MS files were con-
verted to mzML (ProteoWizard 3.0.19254), including deconvolution of staggered windows
and final conversion to DIA format. The alignment was based on retention times and used
to create the custom DIA-based chromatogram libraries (ELIB); we searched data using
the Prosit library for data-dependent acquisition (DLIB) and the chromatogram/reference
library. Filtering of the database was performed using Percolator at 1% peptide false dis-
covery rate (FDR). Peak areas for detected peptides were calculated using Encyclopedia
(0.9.6). For each peptide, the five highest-quality fragment ions were selected for quantifica-
tion. The data was searched with the following parameters: Enzyme: Trypsin, Databases:
Uniprot L. plantarum and S. aureus, Fixed Modification: Carbamidomethyl (C); Precursor
Mass Tolerance, Fragment Mass Tolerance and Library Fragment Tolerance were set at
10 ppm, Peptide and Protein FDR set at 0.01, Peptide Length: 6–30 AA, Maximum Missed
Cleavages and Minimum Peptides set to 1 and Peptide charge set at 2–3.

2.6. Bioinformatic Analysis

Differentially expressed proteins (DEPs) were identified by filtering the proteomic
data with a fold ratio of ≥ 2.0 based on normalized protein intensity values. The identified
differentially expressed proteins (DEPs) were analyzed for Cluster of Orthologous Groups
(COG) for functional categories, and the Kyoto Encyclopedia of Genes and Genomes
(KEGG) database (http://www.genome.jp/kegg/ accessed on 7 August 2024) was used
for pathway mapping [24]. In this study, the hypergeometric test was used to estimate the
probability of finding a specific number of proteins associated with a particular function
or pathway within the sample, taking into account the total number of proteins with that
function in the entire population and the size of the sample. Figures and statistical analyses
were generated using an in-house Python (3.10.0) script.

3. Results and Discussion

By enhancing our understanding of the mechanisms underlying Lactobacillus–S. au-
reus interactions, new avenues for the biocontrol of S. aureus using non-antibiotic meth-
ods that do not harm bacterial ecosystems are being explored [25–27]. The interaction
between L. plantarum and S. aureus has been extensively studied to understand their dy-
namics [15,20,28]. Functional genomic approaches, such as transcriptomic and proteomic
analyses, are considered powerful tools for investigating Lactobacillus–S. aureus interactions
in terms of antagonistic mechanisms of Lactobacillus and cellular responses of S. aureus. To
our knowledge, this study is the first to demonstrate that these bacterial interactions can
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be effectively analyzed through proteome analysis. We profiled the proteins in the spent
media and cytosols of S. aureus strains FRI-1169 and MN8, as well as L. plantarum WCFS1,
during co-culture, focusing on the proteins that were differentially expressed. Identifying
these DEPs not only deepens our understanding of the specific interactions between these
bacterial species but also underscores the potential of proteome analysis as a method for
studying bacterial dynamics.

3.1. Interaction between L. plantarum WCFS1 and S. aureus FRI-1169
3.1.1. Comparative Analysis of Proteins from L. plantarum WCFS1 During Co-Culture with
S. aureus FRI-1169

To assess the response of L. plantarum WCFS1 during co-culture with S. aureus FRI-1169,
we examined the protein expression profiles in both the spent medium and cellular cytosol
of L. plantarum WCFS1 (Figure 1). Compared to control cultures, a total of 354 proteins
were identified in the spent medium at 8 and 24 h, with 231 and 241 proteins differentially
expressed at these time points, respectively. In the cytosol, 1328 proteins were identified,
of which 160 and 485 proteins were differentially expressed at 8 and 24 h. Notably, many
of the DEPs were upregulated, suggesting an active metabolic and cellular response by
L. plantarum to S. aureus. This upregulation may reflect mechanisms that allow L. plantarum
to enhance its antagonistic activity or adapt to environmental changes in the co-culture,
highlighting the dynamic nature of bacterial interactions and the potential of L. plantarum
to reinforce metabolic pathways to either sustain its own growth or inhibit S. aureus.

Figure 1. A comparative analysis of protein expression profiles in the spent medium and cytosol of
L. plantarum WCFS1 during co-culture with S. aureus FRI-1169 at 8 h and 24 h.

To further elucidate the biological processes and pathways involved in the interaction
between L. plantarum WCFS1 and S. aureus FRI-1169, COG, and KEGG enrichment analyses
were performed on the identified proteins from L. plantarum WCFS1. The COG enrichment
analysis of DEPs from both the spent medium and cytosol at 8 and 24 h highlighted several
key functional categories (Figure 2A). In the COG enrichment analysis of the DEPs in
the spent medium, prominent among these were “translation, ribosomal structure, and
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biogenesis (J)”, “nucleotide transport and metabolism (F)”, “amino acid transport and
metabolism (E)”, and “cell wall/membrane/envelope biogenesis (M)”, indicating active
engagement by L. plantarum in essential metabolic and structural processes throughout
the co-culture period. On the other hand, in the COG enrichment analysis of the DEPs
in the cytosol, at 8 h, the prominent pathways of L. plantarum primarily were nutrient ac-
quisition and metabolic activity, with significant enrichment in “amino acid transport and
metabolism (E)” and “coenzyme transport and metabolism (H)”. By 24 h, the metabolism
shifted toward processes related to gene regulation and genomic stability, with enrichment
observed in “transcription (K)” and “replication, recombination, and repair (L)”. Addition-
ally, consistent enrichment in “carbohydrate transport and metabolism (G)” throughout
the experiment, along with later shifts toward “lipid transport and metabolism (I)” and
“energy production and conversion (C)”, reflect the ongoing metabolic adjustments made
by L. plantarum WCFS1 in response to co-culture with S. aureus FRI-1169. These observa-
tions suggest that L. plantarum dynamically regulates its metabolic and structural processes,
initially prioritizing nutrient acquisition and later focusing on cellular maintenance and
genomic integrity as the co-culture progresses. This indicates a well-coordinated response
that could allow L. plantarum to adapt to the environmental conditions presented by the
presence of S. aureus.

The KEGG enrichment analysis of proteins from the spent medium of Lactobacillus
plantarum WCFS1 during co-culture with Staphylococcus aureus FRI-1169 revealed key
metabolic and biosynthetic activities at both 8 and 24 h (Figure 2B). In the spent medium, at
8 h, the prominently enriched pathways included “metabolic pathways”, “aminoacyl-tRNA
biosynthesis”, and “biosynthesis of secondary metabolites”, suggesting that L. plantarum
was actively engaged in core metabolic and biosynthetic processes early in the co-culture.
By 24 h, these pathways remained highly enriched, with additional enrichment observed in
pathways such as “amino sugar and nucleotide sugar metabolism” and “two-component
system”, reflecting ongoing metabolic activities and the emergence of regulatory responses
as the co-culture progressed.

In the cytosol, L. plantarum WCFS1 exhibited significant enrichment at 8 h in pathways
related to “phenylalanine, tyrosine, and tryptophan biosynthesis”, “streptomycin biosyn-
thesis”, and “inositol phosphate metabolism”, indicating robust early biosynthetic activity.
Furthermore, enrichment in pathways like “quorum sensing” and “peroxisome” pointed
to broader regulatory mechanisms being activated in response to S. aureus. By 24 h, the
enrichment of the top 20 pathways increased significantly, suggesting a more dynamic and
adaptive metabolic response in the later stages of co-culture. These results highlight how
L. plantarum adjusts its metabolic and regulatory pathways over time, likely in response to
interactions with S. aureus, underscoring the complexity of the bacterial interactions.

To analyze the cellular response between L. plantarum WCFS1 and S. aureus FRI-
1169 and between L. plantarum WCFS1 and S. aureus MN8, we examined the expression
of proteins related to antibiotic resistance, heavy metal resistance, and virulence factors
(Supplementary Tables S1 and S2). These functions are often used to assess bacterial status
in unfavorable environments, indicating how bacteria adapt, survive, and potentially thrive
despite stressors. Additionally, other proteins with notable upregulation were analyzed for
their roles during co-culture. Understanding these protein expressions would help elucidate
the mechanisms employed by each bacterium in response to the challenging environment.

In the genome of L. plantarum WCFS1, 29 heavy metal resistance genes were identified,
with 20 proteins detected, 10 of which were upregulated. Proteins like CopY/TcrY and
CopB may regulate internal conditions [28], while YieF and ChrR are associated with
oxidative stress management [29], although these responses likely reflect regular metabolic
activities rather than stress responses. Among the 37 identified virulence factors, 24 proteins
were detected, with 8 showing upregulation. The Clp proteins are involved in maintaining
protein quality [30–32].
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Figure 2. Functional and pathway analysis of proteins of L. plantarum WCFS1 during co-culture
with S. aureus FRI-1169. COG enrichment analysis of DEPs in the spent medium and cytosol of L.
plantarum WCFS1 at 8 and 24 h (A). KEGG enrichment analysis of proteins of L. plantarum WCFS1
at 8 and 24 h (B). The size of each circle represents the number of proteins. The hue of the circles
symbolizes −log10(p-value) values. The red dashed lines represent the value of −log10(p-value =
0.05).

3.1.2. Comparative Analysis of Proteins from S. aureus FRI-1169 During Co-culture with
L. plantarum WCFS1

The growth inhibition of S. aureus FRI-1169 by L. plantarum WCFS1 was supported by
proteomic evidence. To investigate the response of S. aureus FRI-1169 during co-culture
with L. plantarum WCFS1, the protein expression profiles from both the spent medium and
cellular cytosol were analyzed (Figure 3). At 8 and 24 h, 451 proteins were identified in
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the spent medium, with 242 and 118 proteins differentially expressed at these respective
time points. Similarly, 1515 cytosolic proteins were identified, with differential regulation
observed in 95 proteins at 8 h and 87 at 24 h.

Figure 3. A comparative analysis of protein expression profiles in the spent medium and cytosol of
S. aureus FRI-1169 during co-culture L. plantarum WCFS1 at 8 h and 24 h.

COG enrichment analysis of DEPs from the spent medium revealed dynamic changes
over time (Figure 4A). At 8 h, there was significant enrichment in “translation, ribosomal
structure and biogenesis (J)”, “inorganic ion transport and metabolism (P)”, and “defense
mechanisms (V)”, suggesting that S. aureus was mounting early responses focused on
protein synthesis, ion regulation, and managing stress, likely in reaction to the acidic
environment created by L. plantarum. By 24 h, the emphasis shifted towards categories like
“transcription (K)”, “amino acid transport and metabolism (E)”, and “coenzyme transport
and metabolism (H)”, indicating an adaptive response involving gene regulation and
nutrient metabolism as S. aureus adjusted to the co-culture. In the cytosol, no significant
enrichment was detected.

KEGG enrichment analysis of DEPs in the spent medium at 8 h showed significant
enrichment in pathways related to protein synthesis and general metabolism, including
“metabolic pathways”, “ribosome”, and “aminoacyl-tRNA biosynthesis” (Figure 4B). Other
pathways, such as “ABC transporters” and “glycerolipid metabolism”, were enriched,
indicating adaptations in nutrient uptake and lipid processing. By 24 h, continued enrich-
ment in pathways such as “methane metabolism” and “RNA degradation” highlighted
sustained metabolic activity (Figure 4B). In the cytosol, at 8 h, enrichment in pathways
like “glycerolipid metabolism” and “two-component system” pointed to early metabolic
adaptations. Pathways like “pantothenate and CoA biosynthesis” and “arginine biosyn-
thesis” suggest ongoing nutrient metabolism and homeostasis, particularly in response to
the acidic conditions imposed by L. plantarum. By 24 h, amino acid, and lipid metabolism
remained central, with significant enrichment in “fatty acid degradation” and “arginine
biosynthesis”, reflecting further adaptation and stress resistance mechanisms.
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Figure 4. Functional and pathway analysis of proteins of S. aureus FRI-1169 during co-culture with
L. plantarum WCFS1. COG enrichment analysis of DEPs in the spent medium and the cytosol of S. au-
reus FRI-1169 at 8 and 24 h (A). KEGG enrichment analysis of proteins of S. aureus FRI-1169 at 8 and
24 h (B). The size of each circle represents the number of proteins. The hue of the circles symbolizes
−log10(p-value) values. The red dashed lines represent the value of −log10(p-value = 0.05).

Notably, S. aureus FRI-1169 exhibited upregulation of proteins related to antibiotic
resistance and stress response. Among the 23 antibiotic resistance genes identified, 12 cor-
responding proteins were detected during co-culture, including three upregulated proteins:
MgrA, RpoB2, and VanR. MgrA, a global transcriptional regulator, modulates resistance
mechanisms and is in involved with virulence gene regulation [33–35]. RpoB2, a subunit
of RNA polymerase, likely plays a role in regulating gene expression under these stress
conditions [36], while VanR, a regulator of vancomycin resistance, may help maintain cell
wall integrity [37]. Additionally, out of the 123 identified virulence factors, 76 correspond-
ing proteins were detected, with 16 upregulated, including ClpB, ClpC, GroL, and others
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involved in stress responses and protein quality control [38,39]. These proteins likely help
S. aureus manage the harsh conditions of the co-culture, ensuring its survival despite the
antagonistic effects of L. plantarum.

3.2. Interaction Between L. plantarum WCFS1 and S. aureus MN8
3.2.1. Comparative Analysis of Proteins from L. plantarum WCFS1 During Co-Culture with
S. aureus MN8

To evaluate the response of L. plantarum WCFS1 when co-cultured with S. aureus
MN8, we analyzed the protein expression profiles from both the spent medium and cytosol
(Figure 5). At 8 and 24 h, 380 and 381 proteins were identified in the spent medium,
respectively, with 94 and 144 proteins showing differential expression at these time points.
In the cytosol, 1189 proteins were detected, with 64 proteins differentially expressed at 8 h
and 316 at 24 h. This differential regulation reflects an adaptive response by L. plantarum in
co-culture with S. aureus MN8, including shifts in metabolic processes and cellular activities
over time.

Figure 5. A comparative analysis of protein expression profiles in the spent medium and cytosol of
L. plantarum WCFS1 during co-culture with S. aureus MN8 at 8 h and 24 h.

COG enrichment analysis of the DEPs revealed dynamic functional responses in
L. plantarum during co-culture (Figure 6A). At 8 h, key categories such as “amino acid trans-
port and metabolism (E)” and “nucleotide transport and metabolism (F)” were enriched,
indicating early metabolic activity. By 24 h, there was a notable shift toward “translation,
ribosomal structure, and biogenesis (J)”, suggesting an increased focus on protein synthesis
as the co-culture progressed. In the cytosol, early enrichment at 8 h in categories such
as “amino acid transport and metabolism (E)” and “signal transduction mechanisms (T)”
indicated active nutrient acquisition and cellular signaling. By 24 h, the focus shifted to
“transcription (K)” and “cell wall/membrane/envelope biogenesis (M)”, reflecting gene
regulation and structural functions in response to the ongoing interaction.

35



Microorganisms 2024, 12, 2432

Figure 6. Functional and pathway analysis of proteins from L. plantarum WCFS1 during co-culture
with S. aureus MN8. COG enrichment analysis of DEPs in the spent medium and cytosol of L. plan-
tarum WCFS1 at 8 and 24 h (A). KEGG enrichment analysis of proteins from L. plantarum WCFS1 at 8
and 24 h (B). The size of each circle represents the number of proteins. The hue of the circles symbol-
izes −log10(p-value) values. The red dashed lines represent the value of −log10(p-value = 0.05).

KEGG enrichment analysis of the DEPs further highlighted the metabolic adjustments
made by L. plantarum (Figure 6B). At 8 h, pathways like “aminoacyl-tRNA biosynthesis”,
“alanine, aspartate, and glutamate metabolism”, and “lysine biosynthesis” were enriched,
pointing to active protein synthesis and amino acid metabolism. By 24 h, pathways in-
volved in “ribosome” and “pyruvate metabolism” were prominent, reflecting continued
protein synthesis and energy production. In the cytosol, early enrichment in “phenylala-
nine, tyrosine, and tryptophan biosynthesis” and “sulfur metabolism” suggested normal
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metabolic activity, while by 24 h, enrichment in the “phosphotransferase system (PTS)”
and “starch and sucrose metabolism” indicated ongoing carbohydrate metabolism.

Out of the 29 heavy metal resistance genes of L. plantarum WCFS1, 18 corresponding
proteins were detected during co-culture with S. aureus MN8, with 5 upregulated, including
GalE, RecG, and Rrp2. Although no heavy metal stress was present, the upregulation
suggests cellular processes related to environmental adaptation, with GalE maintaining
cellular functions [39] and RecG and Rrp2 supporting cellular maintenance [40,41]. Among
37 virulence factors identified, 24 corresponding proteins were detected, with 8, such as
ClpE, ClpB, Tuf, GroL, PpiB, RfbB, TagH, and KatA, upregulated [42].

3.2.2. Comparative Analysis of Proteins from S. aureus MN8 During Co-Culture with
L. plantarum WCFS1

To evaluate how S. aureus MN8 responds to co-culture with L. plantarum WCFS1, the
protein expression profiles in both the spent medium and cellular cytosol were analyzed.
As shown in Figure 7, protein expression in the spent medium of S. aureus MN8 at 8 and
24 h was compared to that in the control culture. A total of 591 proteins were identified
at both time points, with 147 proteins differentially expressed at 8 h and 31 proteins at
24 h. In the cytosol, 1442 proteins were identified, with differential regulation observed in
43 proteins at 8 h and 158 proteins at 24 h.

Figure 7. A comparative analysis of protein expression profiles in the spent medium and cytosol of
S. aureus MN8 during co-culture with L. plantarum WCFS1at 8 h and 24 h.

COG enrichment analysis (Figure 8A) revealed that at 24 h, DEPs in the spent medium
of S. aureus MN8 showed enrichment in categories such as “energy production and conver-
sion”, “lipid transport and metabolism (I)”, and “amino acid transport and metabolism”.
These enrichments indicate active metabolic processes essential for cellular adaptation to
environmental changes, potentially including adjustments to pH fluctuations caused by
L. plantarum. In the cytosolic proteins, S. aureus MN8 exhibited early metabolic activity at
8 h, with enrichment in “amino acid transport and metabolism”, “secondary metabolites
biosynthesis, transport, and catabolism (Q)”, and “coenzyme transport and metabolism
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(H)”. By 24 h, the focus remained on “amino acid transport and metabolism”, suggesting
continued engagement in essential metabolic processes.

Figure 8. Functional and pathway analysis of proteins of S. aureus MN8 during co-culture with
L. plantarum WCFS1. COG enrichment analysis of DEPs in the spent medium and the cytosol of
S. aureus MN8 at 8 and 24 h (A). KEGG enrichment analysis of proteins of S. aureus MN8 at 8 and
24 h (B). The size of each circle represents the number of proteins. The hue of the circles symbolizes
−log10(p-value) values. The red dashed lines represent the value of −log10(p-value = 0.05).

KEGG enrichment analysis of the DEPs (Figure 8B) highlighted key pathways in the
spent medium at 8 h, including significant enrichment in “quorum sensing”, indicating that
bacterial communication was actively occurring early in the co-culture. By 24 h, pathways
such as “aminoacyl-tRNA biosynthesis”, “microbial metabolism in diverse environments”,
and “metabolic pathways” were enriched, reflecting continued protein synthesis, metabolic
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activity, and microbial interactions. Further enrichment in “pyruvate metabolism”, “biosyn-
thesis of secondary metabolites”, and “citrate cycle (TCA cycle)” suggested ongoing energy
production and carbon metabolism as S. aureus MN8 adapted to the co-culture environ-
ment. In the cytosol, enrichment at 8 h in pathways like “atrazine degradation”, “arginine
biosynthesis”, and “Staphylococcus aureus infection” pointed to roles in nitrogen processing,
amino acid biosynthesis, and virulence mechanisms. Enrichment in “purine metabolism”,
“riboflavin metabolism”, and “quorum sensing” at 8 h indicated nucleotide metabolism
and bacterial communication during the early stages of interaction.

In the genome of S. aureus MN8, 23 antibiotic resistance genes, 36 heavy metal resis-
tance genes, and 116 virulence factor genes were identified, with several corresponding
proteins detected during co-culture with L. plantarum WCFS1. Among these, the virulence
factors SdrF, UreC, UreG, and FabZ were upregulated. UreC and UreG, components of the
urease system, likely played a role in maintaining pH by converting urea into ammonia,
helping S. aureus neutralize the acidic environment induced by L. plantarum [43].

3.3. Differential Expression of Proteins from L. plantarum WCFS1 During Co-Culture
3.3.1. Protein Expression Profiles of L. plantarum WCFS1 During Co-Culture

We assessed whether the protein expression profiles of L. plantarum WCFS1 are consis-
tent when co-cultured with two different strains of Staphylococcus aureus—FRI-1169 and
MN8 (Supplementary Table S3). The Venn diagram (Figure 9) illustrates the comparison of
differentially expressed proteins between the two co-cultures. In the spent medium, 41 and
67 proteins (25.7%) were differentially expressed in the co-cultures with S. aureus FRI-1169
and MN8, respectively, while 314 proteins were expressed in common. In the cell lysate,
173 and 34 cytosolic proteins (15.1%) were differentially expressed, with 1155 proteins
shared between the two conditions. These results demonstrate that the protein expression
profiles of L. plantarum WCFS1 are distinctly influenced depending on the S. aureus strain
present in the co-culture, reflecting the specific interactions and physiological adjustments
in response to each strain.

Figure 9. Venn diagram analysis of DEPs in the spent medium (left) and the cytosol (right) of
L. plantarum WCFS1 during co-culture with S. aureus FRI-1169 and S. aureus MN8.

3.3.2. Functional Analysis of Differentially Expressed Proteins from L. plantarum WCFS1
During Co-Culture with S. aureus FRI-1169 and S. aureus MN8

To further investigate the impact of co-culture on L. plantarum WCFS1, we analyzed the
functional roles of differentially expressed proteins in both the spent medium and cytosol
(Supplementary Table S3). These proteins offer insight into L. plantarum’s physiological
state and its potential influence on S. aureus. In the spent medium from the co-culture
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with S. aureus FRI-1169, proteins such as ArgR (involved in nitrogen regulation), CelC
(carbohydrate metabolism), and OppC (peptide transport) were identified, suggesting that
L. plantarum releases proteins associated with nutrient acquisition. Proteins like HslO (a
heat shock protein) and SrtA (involved in cell wall synthesis) hint at interactions affecting
protein stability and cell wall integrity in S. aureus FRI-1169. In contrast, during co-culture
with S. aureus MN8, proteins like VanR (related to cell wall stability) and MvaA (involved
in isoprenoid biosynthesis) were differentially expressed, indicating a potential impact
on S. aureus MN8′s membrane integrity. Additionally, proteins like ClpC (protein quality
control) and FolP (folate biosynthesis) suggest effects on stress responses and metabolic
functions, while the upregulation of GalE (carbohydrate metabolism) points to shifts in
nutrient utilization. In the cytosol, L. plantarum WCFS1 exhibited the expression of proteins
like CopR (involved in copper resistance) and CydA (linked to respiratory processes) during
co-culture with S. aureus FRI-1169, suggesting a focus on oxidative stress management and
metabolic balance. During co-culture with S. aureus MN8, proteins such as ArgH (involved
in arginine biosynthesis) and MsrA (responsible for repairing oxidative damage) were
differentially expressed, indicating adaptive responses related to amino acid metabolism
and oxidative stress repair. These findings underscore the distinct metabolic and stress
responses by L. plantarum to the two different strains of S. aureus, highlighting its ability to
modulate its physiological processes to adapt to varying co-culture conditions.

4. Conclusions

This study provides the first comprehensive proteomic analysis of interactions be-
tween Lactobacillus plantarum WCFS1 and Staphylococcus aureus strains FRI-1169 and MN8,
indicating a directional and strain-specific antagonism. L. plantarum exhibited a stronger
impact on S. aureus, with more differentially expressed and upregulated proteins, while
S. aureus strains responded with fewer DEPs and more downregulated proteins. The
results demonstrate that L. plantarum influences key metabolic, regulatory, and stress re-
sponse pathways in S. aureus, highlighting its potential as a non-antibiotic biocontrol agent.
Furthermore, strain-specific differences in S. aureus responses suggest complex bacterial
dynamics during co-culture. These findings underscore the effectiveness of proteomic
analysis in informing new hypotheses and finding ways to manage S. aureus infections
without the use of antibiotics or actually enhance antibiotic efficacy.
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Abstract: In this study, we explore how transformer models, which are known for their attention
mechanisms, can improve pathogen prediction in pastured poultry farming. By combining farm
management practices with microbiome data, our model outperforms traditional prediction methods
in terms of the F1 score—an evaluation metric for model performance—thus fulfilling an essential
need in predictive microbiology. Additionally, the emphasis is on making our model’s predictions
explainable. We introduce a novel approach for identifying feature importance using the model’s
attention matrix and the PageRank algorithm, offering insights that enhance our comprehension of
established techniques such as DeepLIFT. Our results showcase the efficacy of transformer models in
pathogen prediction for food safety and mark a noteworthy contribution to the progress of explainable
AI within the biomedical sciences. This study sheds light on the impact of effective farm management
practices and highlights the importance of technological advancements in ensuring food safety.

Keywords: food safety; pathogen; transformer; PageRank

1. Introduction

The growing concern over Salmonella, Listeria, and Campylobacter in poultry presents
a pressing public health issue, as these pathogens lead to significant food-borne illnesses
globally [1–3]. Addressing the challenge of detecting and managing these bacteria in
pastured poultry farms calls for innovative strategies to ensure food safety and protect
public health. Our paper introduces a machine-learning-based approach to improving the
detection and control of pathogens in poultry production environments. Additionally, we
present a new method in the field of explainable AI [4], offering a clear insight into the
complex decision-making processes of advanced transformer models.

At the heart of our research is the microbiome—the diverse community of microorgan-
isms inhabiting specific environments such as the gut of poultry. These microbial populations
are pivotal in determining the health and disease susceptibility of their hosts. Some microbiota
clusters can affect pathogen levels either by maintaining a balance that inhibits pathogenic
growth or by fostering conditions conducive to an increase in pathogens [5]. Understanding
these complex interactions is essential for effective pathogen risk management.

Recent research in the field of food safety and microbiome has focused on predictive
microbiology [6,7] and understanding the decision-making processes of machine learn-
ing models. Standard methods for assessing feature importance, such as SHAP [8] and
DeepLIFT [9], are commonly used across various datasets. However, these methods often
overlook interactions within the microbiota, which can significantly influence the out-
comes of these models. Consequently, simple feature importance analyses may not fully
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explain the underlying biological processes. By employing transformer models, which
are renowned for their ability to detect complex data patterns through attention mecha-
nisms [10], we aim to identify microbiota clusters that indicate the presence or absence of
pathogens. These models are particularly adept at uncovering data patterns and dependen-
cies [10], making them well suited for analyzing microbiome data relationships that impact
pathogen prevalence.

This study not only aims for improved pathogen prediction accuracy but also high-
lights the critical role of model explainability in biomedical applications. Explainability
ensures the trustworthiness, transparency, and reliability of AI predictions for both poultry
farmers and biologists. Our method analyzes the model’s attention matrix and applies the
PageRank algorithm [11] to clarify feature significance. Furthermore, we extend explainable
AI techniques by applying spectral clustering for data cluster analysis and transforming
attention matrices into adjacency matrices for graph-based visualizations, improving our
interpretive capabilities for AI decision making.

While exploring attention weights in transformer models to demystify their “black-
box” nature is not entirely new [12–14], we recognize the substantial potential of these
weights. Although past studies suggest that attention weights should not be directly
equated with explanations [15], the more recent literature suggests that these values can
indeed be utilized for explanation [16,17]. Our approach also does not view them as direct
interpretations or explanations; instead, we consider attention values as a step towards
explaining a model.

By proposing the pathogen prediction method for pastured poultry farming, our paper
contributes to the fields of predictive microbiology and food safety. It also paves the way
for future research in explainable AI within biomedical sciences, using attention matrices
to unveil the reasoning behind model decisions. The broader implications of our findings
offer crucial insights into farm management practices that can drive the establishment of
an optimal host microbiome that does not support food-borne pathogens and underscores
the importance of novel analytical approaches in promoting food safety.

In summary, the primary objective of our study is to develop machine learning mod-
els with enhanced explainability for food safety. This research describes highly accurate
machine learning models utilizing transformer architectures and introduces a novel model
explanation technique that complements existing interpretation methods and shows signif-
icant promise for future applications.

2. Dataset

In the introductory section, it was highlighted that our research methodology was
tested by combining two distinct datasets: the Farm Management Practices dataset and the
Microbiome dataset, both of which were sourced from pastured poultry farms. These datasets
were acquired from the foundational work of Hwang et al. and Rothrock et al. [18,19].

2.1. Farm Management Practices Dataset

This dataset is based on a longitudinal study conducted from March 2014 to November
2017, which covered 42 broiler flocks across 11 pastured poultry farms in the southeastern
United States with flock sizes varying between 25 and 1500 birds. The data encompassed
both pre-harvest (Feces and Soil) and post-harvest (Ceca, WCR-F, and WCR-P) samples.
Documented by Xinran Xu et al. in 2021 [20], the study collected data on poultry farms
using movable pens, which were shifted to new pastures daily. The configuration, number,
and application of temporary fencing around the pens varied across the farms.

The data collection encompassed 40 key farm practice variables across the lifecycle of
a flock, totaling 160 variables, including metadata. The dataset includes variables for the
presence of Salmonella, Listeria, and Campylobacter, which are used as the target variables
for our study.
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2.2. Microbiome Dataset

To generate the Microbiome dataset, 16S rRNA gene high-throughput Illumina se-
quencing was applied to analyze temporal pre-harvest samples, including feces and soil,
from the same 41 pastured poultry flocks. This sequencing facilitated the determination
of the relative abundance of operational taxonomic units (OTUs). The unique genera
identified within the OTUs served as machine learning predictors for assessing the preva-
lence of food-borne pathogens—Salmonella, Campylobacter, and Listeria—at various growth
stages of poultry, categorized as START (2–4 weeks old), MID (5–7 weeks old), and END
(8–11 weeks old).

Microbiome Analysis

DNA Extraction: DNA was extracted from samples according to a semi-automated
hybrid DNA extraction protocol [21]. An enzymatic method based on the QIAamp DNA
Stool Mini Kit (QIAGEN, Valencia, CA, USA) was combined with a mechanical method
with the FastDNA Spin Kit for Feces (MP Biomedicals, Solon, OH, USA). A QIAcube
Robotic Workstation was used to purify DNA using the DNA Stool-Human Stool-Pathogen
Detection Protocol. Using a Take3 plate and the Synergy H4 multimode plate reader
(BioTek, Winooski, VT, USA), the DNA concentration of each sample was determined
spectrophotometrically after purification.

Illumina MiSeq Library Analysis: A dataset from the Earth Microbiome Project Labo-
ratory at the U.S. Department of Energy, Argonne National Laboratory (Argonne, IL, USA)
was used for library construction and sequencing. The hypervariable V4 domain of the bac-
terial 16S rRNA gene was amplified using the F515 (5′-CACGGTCGKCGGCGCCATT-3′)
and R806 (5′-GGACTACHVGGGTWTCT AAT-3′) primer set, with each primer containing
Illumina adapter regions (Illumina, Inc., San Diego, CA, USA) and the reverse primer
containing the Golay barcodes to facilitate multiplexing [22]. The Illumina MiSeq plat-
form was used to obtain raw reads. The QIIME v1.9.1 pipeline (Quantitative Insights Into
Microbial Ecology) generated and processed 3,297,242 raw sequence reads [23]. R1 reads
were filtered for quality, and libraries were split according to the Golay barcode sequences
(split library f astq.py script, default parameters). With the usearch option [24] and the
pick _otus.py script (-m usearch, all other parameters were set to the default), sequences
were chimera checked against the gold.fa database (http://drive5.com/uchime/gold.fa,
accessed on 20 May 2024) and clustered based on their sequence similarity (97%) into
operational taxonomic units (OTUs). For each OTU, a representative sequence was selected
using the pick_rep_set.py script (utilizing the most abundant method for picking, all other
parameters were set to the default) and used for taxonomic assignment with UCLUST and
the Greengenes 13_8 database [25] using assign_taxonomy.py (default parameters). Using
PyNAST (http://pynast.sourceforge.net, accessed on 10 December 2014) [26], sequences
were aligned (align_seqs.py script, default parameters) and filtered ( f ilter_alignment.py).
Following this, a phylogenetic tree was generated using make_phylogeny.py (using the
default settings and FastTree).

In the context of machine learning, the dataset incorporates input features derived from
two distinct sources: the Farm Management Practices dataset and the Microbiome dataset.
Specifically, the Farm Management Practices dataset contributes 157 input features, while
the Microbiome dataset provides 1823 input features. The model targets three outcome
variables, corresponding to the prevalence of three food-borne pathogens: Salmonella,
Campylobacter, and Listeria.

3. Method

The methodology of this study is structured into three primary stages: data pre-
processing, model architecture design and training, and model decoding. While these stages
are commonly found in any machine learning project, our approach necessitates further
elaboration due to the specific adaptations made to accommodate the transformer model.
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3.1. Data Pre-Processing

In addressing the farm management data, which comprise both categorical and contin-
uous variables, a critical step in our data pre-processing involved encoding these variables
into fixed-dimension vectors. This encoding is essential for facilitating the computation
within the attention mechanism of the transformer model. Drawing insights from the work
of Xin Huang [27], we observed that traditionally, attention mechanisms in the context of
tabular data primarily accommodated categorical features, leaving continuous features to
bypass the attention blocks.

To effectively incorporate continuous features into the attention mechanism, we de-
veloped a new encoding technique named “scalar-to-vector encoding”. The details of this
method are provided below.

Given a scalar value S, a maximum value max, a minimum value min, and a target
vector dimension n, we first define the bin size as follows:

binsize =
max − min

n − 1

The bin boundaries spanning the complete range of our data are set according to this
binsize. The scalar value S is then mapped to a corresponding n-dimensional vector V
where all elements are initially set to zero. To embed S into V, we identify the immediate
lower L and upper U bin boundaries that S falls between. The vector V is then updated at
indices corresponding to L and U as follows:

VL =
U − S
U − L

VU =
S − L
U − L

All other elements in V remain at zero, ensuring that V represents the scalar value S
with respect to its position within the specified range.

This method allows continuous variables to be transformed into a fixed-dimensional
vector format, making them compatible for processing through the attention mechanism.
This extends the capabilities of the transformer model to accommodate scalar contin-
uous values as well. Our design builds upon the foundational principles outlined by
Xin Huang [27], expanding its utility to include continuous data alongside categorical inputs.

3.2. Model

Utilizing the scalar-to-vector encoding mentioned in the previous subsection, we
merged categorical features from the Farm Management Practices dataset and contin-
uous features from both the Farm Management Practices dataset and the Microbiome
dataset, preparing them for introduction into the transformer model, as shown in Figure 1.
Adopting the transformer encoder architecture outlined in “Attention is All You Need” by
Vaswani et al. (2017) [10], we applied it to predict the binary presence of pathogens.

3.3. Model Decoding

In the field of model explanation, Shapley Additive Explanations (SHAP) [8] and Deep
Learning Important Features (DeepLIFT) [9] are established methods. Our motivation
for creating a new model explainability approach stems from two factors. Firstly, the
performance of transformers across different data types has been better, a benefit linked to
their attention mechanism. This mechanism implies that analyzing the attention matrix
can unlock various possibilities in Explainable AI.
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Figure 1. Illustration of the architecture of the transformer model highlighting the integration of
both categorical (via one-hot encoding) and continuous (via scalar-to-vector encoding) features into
the transformer’s encoder blocks. Panel (a) shows the encoding processes, and Panel (b) shows the
transformer model’s encoder architecture.

Our transformer model features multiple layers of multi-head attention networks in
series, with each layer’s output feeding into the subsequent layer’s input. For our purposes
in explainable AI and to keep the complexity manageable, only the attention weights from
the first block were used for further analysis. Thus, minor modifications in the formula for
computing attention [15] allow us to derive the attention matrices for our analysis; these
are represented as follows:

A(Ql1, Kl1, Vl1) = so f tmax(
Ql1KT

l1√
dk

)Vl1

Here, A represents the attention value, and Q, K, and V denote the Query, Key, and
Value, respectively, with the subscript l1 signifying that these components are exclusively
derived from the first layer. This approach is used to construct the attention matrix essential
for our model decoding and is utilized for three distinct analyses.

Feature Importance with PageRank: We initially applied this approach to calculate
feature importance, a common practice in decoding black-box models. PageRank is an
algorithm used by Google Search to rank web pages in their search engine results [11]. It
measures the importance of website pages by counting the number and quality of links
to a page to determine a rough estimate of a website’s importance. Analogously, by
using the PageRank algorithm, the significance of a feature can be calculated based on its
attention weights.

The PageRank vector, PR, was determined by solving the following eigenvalue problem:

PR = αAPR +
1 − α

N
1

where

• PR is the vector of PageRank values for all features;
• α is the damping factor;
• A is the attention matrix, where element Aij denotes the softmax attention weight of

feature i to feature j;
• N is the total number of features;
• 1 is a vector with all elements equal to 1.

Spectral Clustering to Identify the Signature of Microbiota: The attention mechanism
simplifies the process of identifying feature clusters. These clusters, which are feature
groups affecting the model’s output together, are more directly observable in the attention
matrix. The importance of identifying such clusters is particularly relevant in our data, as
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recognizing microbiota clusters is significant in microbiology. Spectral clustering utilizes
the spectral features of attention weights to achieve this goal.

Spectral clustering [28] is a technique used in machine learning and data mining to
identify clusters in data based on the spectrum (eigenvalues) of the similarity matrix of the
data. It works by transforming the data into a lower-dimensional space in which clusters
are more apparent and can be easily identified using traditional clustering techniques such
as K-means [29] or HAC (Hierarchical Agglomerative Clustering) [30], the latter of which
we used in our study.

Our method involved constructing a similarity matrix, S, from the data and then
deriving the Laplacian matrix, L, from S. HAC was then performed in the space spanned
by the eigenvectors of L corresponding to its smallest eigenvalues.

Additionally, these attention matrices can be mapped out in a graph structure to visu-
alize the interactions among the identified OTUs in the microbiota, which is an interesting
research question in microbial ecology.

4. Experiments and Results

Our investigation focused on two primary questions: whether a prediction model
using a transformer architecture, as depicted in Figure 1, outperforms multi-layer per-
ceptron (MLP) models and whether the attention matrix can offer valuable insights into
explainable AI. To address the first question, we carried out extensive testing across several
models using our dataset, applying a grid search to fine-tune the hyperparameters. The
findings from these tests were used in evaluating the Tab-transformer model’s performance
relative to that of MLP models. For the second question, we extracted and analyzed the
attention matrix from our model, and a detailed discussion of this analysis is presented in
the following sections.

4.1. Transformer Model Evaluation

For model evaluation, we conducted a series of detailed experiments involving var-
ious combinations of epochs, learning rates, test sizes, dropout values, attention layers,
and linear layers. These combinations were applied to predict pathogen presence in the
following different contexts:

• Pre-harvest Salmonella samples;
• Pre-harvest Listeria samples;
• Pre-harvest CampyCapetown samples;
• Post-harvest Salmonella samples;
• Post-harvest Listeria samples;
• Post-harvest CampyCapetown samples.

We executed the experiments across the following four distinct model architectures to
gauge their effectiveness:

• Multi-layer perceptron (MLP) - Farm Management Practice Variables.
• Multi-head transformers without scalar-to-vector embedding—Farm Management

Practice variables.
• Multi-head transformers with scalar-to-vector embedding—Farm Management

Practice variables.
• Multi-head transformers with scalar-to-vector embedding—Farm Management

Practice variables and Microbiome.

This approach allowed us to compare the efficiency and accuracy of each architecture
under similar experimental conditions.

The results of these experiments are shown in Table 1. The table presents the F1
scores for all the models tested on our dataset, demonstrating the gradual enhancement
in performance as the models evolve. Our final architecture incorporates a multi-head
transformer with scalar-to-vector encoding for continuous variables. The dataset used for
this final model combines poultry management variables and microbiome data.
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The results of these experiments demonstrate that the performance of the transformer
models is better than that of the multi-layer perceptrons. Moreover, the model gives much
better predictions of pathogen presence when the farm management data are combined
with the Microbiome dataset. With these results, we can infer that the attention mechanism
is working in our model, which is essentially the core of transformer models, and we were
ready to further investigate the attention matrix.

Table 1. F1 scores for all the models tested on the dataset.

Pre Harvest Post Harvest

Salmonella Listeria Campy Salmonella Listeria Campy
MLP 0.79 0.67 0.84 0.78 0.87 0.95
Multi-Head Transformer
w/o scalar-to-vector
embedding

0.79 0.72 0.84 0.78 0.92 0.96

Multi-Head Transformer
w/ scalar-to-vector
embedding

0.78 0.71 0.84 0.83 0.91 0.97

Multi-Head
Transformer w/
scalar-to-vector
embedding

0.86 0.79 0.86 0.89 0.92 0.97

4.2. PageRank Results and Evaluation

As described in the Methods section, we extracted the attention weights from the first
multi-head attention block’s self-attention heads for all test scenarios. We then applied the
PageRank algorithm to allocate scores to each feature, with the aggregate of these scores
equaling 1 amongst all 1823 microbiota features and around 60 farm variable features.
The top PageRank-valued features were identified for validation. The top 10 microbiota
features identified by the method for post-harvest Salmonella are shown in Figure 2 as an
example. Similar tables were generated for pre-harvest and post-harvest Salmonella, Listeria,
and CampyCapetown.

Figure 2. Top 10 most important features recognized by PageRank for post-harvest Salmonella.
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The outcomes were verified through both qualitative and quantitative means. For
the qualitative evaluation, we cross-referenced the top microbiota features identified by
our approach with the existing literature to confirm their associations with probiotic or
pathogenic characteristics, as discussed in detail in Section 5. For quantitative evaluation,
we used DeepLIFT to rank all features in the dataset and then compared the top 100 features
identified by both our method and DeepLIFT. This comparison revealed a significant
concurrence between the two methods, with approximately 35% of the top features being
recognized by both. The Venn diagram in Figure 3 illustrates some of these results. For a
comprehensive view of the findings, please refer to the Appendix A.

Figure 3. Comparison of the DeepLIFT and PageRank results for post-harvest Salmonella. The top
100 features from a total of 1824 were chosen to construct the Venn diagram, which reveals a notable
level of agreement between the two methods.

4.3. Spectral Clustering Results

To determine microbiota clusters within the six experimental scenarios (Section 4.1),
we utilized attention matrices. The selection of the number of clusters, a critical hyperpa-
rameter in our clustering approach, necessitated a methodical decision-making process. We
opted for Hierarchical Agglomerative Clustering (HAC) over K-means due to the clarity
provided by HAC’s dendrograms in determining the optimal number of clusters. For each
scenario, a dendrogram was generated to establish the number of clusters. Subsequently,
we applied HAC with average linkage for feature classification into clusters. With this
approach, we were able to identify clusters composed of microbes with similar ecologi-
cal properties. An example of two clusters identified through this method is shown in
Table 2. In one of the clusters, the majority of species, including Actinobacteria, Acidobac-
teria, Bacteroidetes, Rhodoplanes, Bacillus, Myxococcales, and Candidatus Nitrososphaera, are
non-pathogenic and beneficial microorganisms primarily distributed in soil and water
environments. These groups play crucial roles in ecosystem functioning, such as in nutrient
cycling and organic matter decomposition. In contrast, the Lactobacillales found in the other
cluster are typically associated with environments rich in carbohydrates, including dairy
products, fermented foods, the gastrointestinal tract of humans and animals, and plant
surfaces.
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Table 2. Evaluation of two clusters identified through HAC. Microbes usually found in soil (cluster
B/2) and gut (cluster A/1) are accurately identified and grouped separately.

Bacteria Cluster

g__Rummeliibacillus 2
g__Salinicoccus 2
g__Enterococcus 2
g__Streptococcus 2

f__Enterobacteriaceae;g__ 2
g__Candidatus Nitrososphaera 0

o__iii1-15;f__;g__ 0
o__RB41;f__;g__ 0
f__Ellin6075;g__ 0
f__Gaiellaceae;g__ 0

o__Solirubrobacterales;f__;g__ 0
f__Solirubrobacteraceae;g__ 0

f__Cytophagaceae;g__ 0
o__Sphingobacteriales;f__;g__ 0

f__Chitinophagaceae;g__ 0
g__Bacillus 0

g__Rhodoplanes 0
o__Myxococcales;f__;g__ 0

g__DA101 0

5. Discussion

This research aims to make powerful machine learning models more interpretable and
transparent when analyzing complex biological data. By combining techniques to explain
these models, using effective transformer neural networks, and applying algorithms such
as PageRank, we can gain deeper insights into fundamental biological processes. This
approach has wide applications to other animal production systems beyond the pastured
poultry production system used in this study. It can also be applied to drug discovery,
analyzing evolutionary relationships between species, mining agricultural/biomedical text
data, understanding gene regulatory networks, and predicting protein structures. Making
these advanced models more interpretable will help advance our understanding of biology
and lead to new applications that can improve animal and human health.

This section presents a discussion of our findings and related research, focusing on
microbiota features that have been identified as significantly associated with the presence
of food-borne pathogens. Salmonella and Campylobacter are among the most prevalent
pathogens associated with poultry and are leading causes of bacterial food-borne illness [31].
Taxonomically, Salmonella belongs to the phylum Proteobacteria, while Campylobacter belongs
to the phylum Epsilonbacteraeota [32]. Listeria, another food-borne pathogen, is a concern
not only in poultry but also in a wide range of other foods, such as dairy and ready-to-
eat products, and it belongs to the phylum Firmicutes [33]. However, the presence and
significance of Listeria in poultry production, particularly in pastured systems, is more
associated with the environment and processing facilities than with the birds themselves.

5.1. Role of Firmicutes

Our research finds Firmicutes to be one of the major influencing factors for the preva-
lence of Salmonella, Listeria, and Campylobacter in both pre-harvest (feces, soil) samples and
post-harvest (post-processing) samples. While Firmicutes is a large phylum of bacteria that
includes many non-pathogenic and beneficial organisms, the environmental dynamics of
pastured poultry systems can affect the prevalence of various pathogens, including those
not classified under Firmicutes [34]. Some beneficial Firmicutes in the gut flora of pastured
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poultry may help in competitively excluding pathogenic bacteria by competing for nutri-
ents and attachment sites in the gastrointestinal tract [35]. Studies show that inoculation
with S. Enteritidis [36] resulted in significant positive correlations with Firmicutes, notably
affecting the relative abundance of 18 genera.

We found that the family Bacillaceae, belonging to the phylum Firmicutes [32], influ-
enced the prevalence of Salmonella, Listeria, and Campylobacter in our experiments. The
ability of Bacillus strains to produce a wide array of antimicrobial peptides (AMPs) and
bacteriocins is crucial in their antagonistic effects against enteropathogenic bacteria in
the gastrointestinal tract [37]. Specifically, the growth of Listeria is inhibited in contami-
nated environments or products [38]. Bacillus subtilis PS-216 showed effective inhibition
against Campylobacter jejuni under microaerobic conditions, demonstrating its potential
as a probiotic that could integrate into the chicken intestinal microbiome and combat
campylobacteriosis [39]. Bacillus strains can produce extracellular polysaccharides, vita-
mins, and exoenzymes that support the growth of beneficial microbiota, contributing to a
healthier gut environment [40,41] and potentially reducing the colonization of pathogens
by strengthening the birds’ natural defenses against infections and possibly reducing
pathogen shedding.

Our results show that Rummeliibacillus, a Gram-positive rod-shaped bacterium, is
associated with Listeria and Campylobacter. Factors such as soil composition and microbial
diversity can either facilitate or limit the survival of Listeria [42], indicating that micro-
bial competition, potentially including competition from Rummeliibacillus, could influence
the prevalence of Listeria. Lactic acid bacteria (LAB) [43], including Lactococcus [44] and
Lactobacillus species, are known for their role in producing fermented foods and for their
ability to inhibit the growth of pathogenic bacteria through the production of lactic acid,
bacteriocins, and AMPs. Acidification of the environment due to lactic acid generation
by LAB inhibits the growth of [45,46] Listeria and Salmonella. Lactobacillus species have
been extensively studied for their probiotic properties in poultry [47], demonstrating
benefits such as reduced Salmonella contamination (https://today.uconn.edu/2021/06/
probiotic-intervention-to-prevent-salmonella-infection-in-poultry/ accessed on 8 April
2024), improved growth performance, immune enhancement, gut microbe sustainabil-
ity, and contributions to health. Lactobacillus cultures or bacteriocins could be used in
rinses or coatings for poultry meat post-processing to reduce surface contamination by
Salmonella [48].

Our results indicate the influence of Lysinibacillus species on the presence of Salmonella
and that of the Planococcaceae family on the presence of Listeria in the pre-harvest phase,
and this suggests a multifaceted approach involving the management of animal waste,
the monitoring and treatment of irrigation water, and practices to reduce contamination
in food production environments. The role of soil-dwelling or fecal bacteria, such as
Lysinibacillus [49], in influencing these processes, directly or indirectly, through effects on
microbial communities remains a critical area for further research. Another influential
genus in our findings, Solibacillus, a Gram-positive, rod-shaped, spore-forming bacteria,
could potentially compete with Salmonella for nutrients in the soil, alter soil microbial
community composition, and limit the latter’s ability to proliferate.

Anoxybacillus is a genus of thermophilic [50], facultatively anaerobic bacteria within
the Firmicutes phylum that is known for its ability to thrive at high temperatures and
for its presence in diverse environments, including hot springs and dairy products. De-
tecting Anoxybacillus in post-harvest environments indicates that higher temperatures or
specific nutrient availability could impact the survival or proliferation of pathogens such
as Campylobacter.

The class Clostridia, part of the Firmicutes phylum, includes significant food-borne
pathogens that impact poultry and can pose risks to human health [51]. Our results indicate
that Clostridia plays a critical role in the prevalence of Salmonella and Campylobacter in
soil and fecal samples. Conversely, the presence of Salmonella and Listeria was associated
Clostridia species in post-processed meat samples. By contributing to the fermentation
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process and production of short-chain fatty acids (SCFAs) in the gut [52], The Ruminococ-
caceae family, part of the Clostridia class, might help create an intestinal environment that is
less favorable for Salmonella and Campylobacter proliferation. The association between the
Syntrophomonas genus and Listeria contamination in our results suggests a potential role for
this group of anaerobic, syntrophic bacteria in modulating the prevalence of Listeria in the
post-processing environment, possibly due to the syntrophic degradation of butyrate in
environmental and industrial processes limiting organic waste that can support pathogens
such as Listeria [53].

5.2. Role of Proteobacteria

The phylum Proteobacteria represents a vast and diverse group of Gram-negative
bacteria that are classified into various classes. Acinetobacter can be found in soil and
animal (including human) feces, though they are not a predominant component of the
gut flora [54], so they could indicate exposure to the environment or the consumption of
contaminated food or water [55–57]. In soil, these bacteria are key players in breaking
down organic substances and nutrient recycling [58].

Our previous studies have underscored the potential role of other microbial species,
such as Acinetobacter, in the ecology of these pathogens. Specifically, our analysis indi-
cates that Acinetobacter played a critical role in pre-harvest (fecal and soil) samples where
Salmonella was detected. Detection of Salmonella and Acinetobacter from poultry operations
in Washington state was reported [59]. Understanding the nature of this relationship
and whether it is synergistic or antagonistic could inform the development of targeted
interventions and more effective pathogen control strategies on farms.

5.3. Clustering to Uncover the Microbial Community Structure
ClusterA

Rummeliibacillus is a part of the Firmicutes phylum, and these Gram-positive bacte-
ria are known to form endospores, which allow them to survive in harsh environmental
conditions. Streptococcus is another member of the Firmicutes phylum; these are Gram-
positive cocci known for their role in both health (as part of the normal microbiota) and
disease (causing various infections). Enterococcus, Streptococcus, and members of the En-
terobacteriaceae family are primarily associated with the gastrointestinal tract of animals
and humans [60], playing roles that range from benign colonization to causing serious
infections. Salinicoccus is a genus of Gram-positive, halophilic bacteria that belong to
the family Staphylococcaceae [61]. These bacteria are typically found in environments with
high salt concentrations [62], such as salt lakes, saline soils, and salted food products, and
they have potential applications in biotechnology, including the biodegradation of pollu-
tants in saline conditions and the production of enzymes and other bioactive compounds.
Enterococcus, including species such as Enterococcus faecalis, is a genus of bacteria that
are part of the natural microbiota of the human gastrointestinal tract [63] but can also be
found in soil, water, food, and decaying vegetation [64]. In soil, Enterococcus species may
be introduced through the application of animal manure as fertilizer, contributing to the
microbial diversity of agricultural soils.

ClusterB

All of the groups in this cluster are ubiquitous in the environment and are found
in a wide range of habitats from soil and water to extreme environments such as hot
springs (Crenarchaeota) and acidic mines (Acidobacteria). This distribution underlines their
adaptability and the vast diversity of metabolic strategies that they have evolved to exploit
different ecological niches. They play crucial roles in their respective ecosystems and are
involved in nutrient cycling, decomposing organic matter, and, in some cases, forming
symbiotic relationships with plants [65] (e.g., certain Alphaproteobacteria, such as Rhizobia)
or animals. Their metabolic diversity allows them to perform a variety of biochemical
processes critical to Earth’s biogeochemical cycles, such as carbon and nitrogen cycling.
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6. Conclusions

In this study, we set out to investigate two main questions: firstly, whether incor-
porating a transformer model into our unique framework would significantly enhance
our ability to predict pathogen presence in poultry production environments; secondly,
whether we could introduce a novel method for determining feature importance using the
attention matrix and PageRank. Although our final model showed modest improvements
in predictive performance over previous models applied to our dataset, this improve-
ment was attributed more to the inclusion of microbiome data than to the transformer
model itself. However, the primary goal of implementing the transformer model was to
facilitate our second objective, which indeed yielded promising results. The method of
computing feature importance through the attention matrix and PageRank aligned well
with DeepLIFT’s findings and was validated as biologically relevant. Additionally, our
study introduced an effective method for identifying microbiota signatures using the same
attention matrices, yielding meaningful outcomes. Consequently, we view our contribution
as a positive step forward in the field of explainable AI, and we anticipate that it will inspire
further research in this direction.
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Appendix A

Appendix A.1. Transformer Model Performance

The performance of the prediction models tested on our dataset through the evolution
of our models is shown in Figure A1.
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Figure A1. Comparison of the average F1 scores on the test set for predictions made by the different
models.

Appendix A.2. PageRank Results

The top 10 features identified with the PageRank method for different scenarios are
shown in Figures A2 and A3. Figures A4 and A5 show the agreement in results for both
DeepLIFT and our method across different scenarios for the microbiota features. A similar
agreement was also found in the variables of theFarm Management Practices dataset, and
this is shown in Figure A6.

Figure A2. Top 10 features identified with PageRank for post-harvest Salmonella, Listeria, and
CampyCapetown.
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Figure A3. Top 10 features identified with PageRank for pre-harvest Salmonella, Listeria, and Campy-
Capetown.

Figure A4. Comparison of DeepLIFT and PageRank. The feature importance identification across
different post-harvest scenarios shows a notable agreement.
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Figure A5. Comparison of DeepLIFT and PageRank. The feature importance identification across
different pre-harvest scenarios shows a notable agreement.

Figure A6. Comparison of DeepLIFT and PageRank. The feature importance identification across all
scenarios for farm management features shows a notable agreement.
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Abstract: This study aimed to determine shifts in microbial populations regarding richness and
diversity from the daily use of a popular over-the-counter nasal spray. In addition, the finding of
nasal commensal bacterial species that overlap with the oral microbiome may prove to be potential
probiotics for the “gateway microbiomes”. Nasal swab samples were obtained before and after
using the most popular over-the-counter (OTC) nasal spray in 10 participants aged 18–48. All
participants were healthy volunteers with no significant medical histories. The participants were
randomly assigned a number by randomizing software and consisted of five men and five women.
The sampling consisted of placing a nasal swab atraumatically into the nasal cavity. The samples
were preserved and sent to Northwestern University Sequencing Center for whole-genome deep
sequencing. After 21 days of OTC nasal spray use twice daily, the participants returned for further
nasal microbiome sampling. The microbial analysis included all bacteria, archaea, viruses, molds,
and yeasts via deep sequencing for species analysis. The Northwestern University Sequencing Center
utilized artificial intelligence analysis to determine shifts in species and strains following nasal spray
use that resulted in changes in diversity and richness.

Keywords: deep sequencing; nasal microbiome; gateway microbiome; diversity; richness; probiotics;
nasal spray

1. Introduction

The number of patients with an allergic response to their environment is increasing
and is now more than 40% in numerous populations in the United States and Europe [1].
Allergic rhinitis refers to an allergic response that occurs in the nose [2]. The number of
patients suffering from allergic rhinitis, commonly known as hay fever, in the United States
is approximately 30% [3]. Allergic rhinitis contributes to lost or unproductive time at work
and school, sleep problems, and reduced participation in outdoor activities. The ability
to control asthma and allergic rhinitis in individuals with asthma has been linked to the
control of allergic rhinitis [4].

According to published studies, most individuals with asthma develop rhinitis [5]. In
addition, the presence of allergic rhinitis (seasonal or perennial) significantly increases the
likelihood of asthma; up to 40% of people with allergic rhinitis have or will have asthma [6].
It is also essential to define how breathing is affected in patients with obstructive sleep
apnea (OSA) [7]. Breathing starts at the nose, and while OSA is characterized by the
collapse of the muscles of the oropharyngeal airways, nasal obstruction and OSA are
usually co-existing conditions that worsen each individual condition [8–10]. Therapies to
improve airflow through the nose in compromised patients significantly reduce daytime
and nighttime symptoms [11]. The nose is responsible for almost 50% of the resistance when
transporting air from the nose to the lungs and plays an essential role in humidification,
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heating, and air filtration [12]. The tissues inside the nose, known as the nasal mucosa, are
dynamic organs regulated by the autonomic nervous system [13]. Periodic nasal congestion
and decongestion are termed the “nasal cycle” [14]. In patients with a permanent one-sided
nasal obstruction, the nasal cycle can make breathing air into the body difficult [15].

Nasal sprays are used by a large percentage of the population, especially with recent
news reports demonstrating the inhibitory action of xylitol nasal sprays and other ingre-
dients on the attachment (then endocytosis) of SARS-CoV-2 virus to nasal cells [16–18].
In addition, xylitol has also been reported to inhibit the oncogenesis of oral cells, making
xylitol nasal sprays even more desirable for this population [19]. However, no study has
analyzed the potential shift in the nasal microbiome after using xylitol nasal spray.

Nasal and lung microbiomes may be affected by the gut microbiome [20]. Formula-fed
infants are at an increased risk of infections [21]. Owing to the crosstalk between the
mucosal systems of the gastrointestinal and respiratory tracts, adding synbiotics (prebiotics
and probiotics) to infant formulas may prevent infections even at distant sites [22,23].
In a study on infants who were born full-term and weaned from breast milk, they were
randomized to either prebiotic formula (fructo- and galactooligosaccharides) or the same
prebiotic formula along with Lactobacillus paracasei ssp. paracasei F19 (synbiotics) from 1 to
6 months of age. Synbiotic feeding led to reduced Klebsiella, enrichment of bifidobacteria,
and increases in microbial degradation metabolites implicated in immune signaling and in
the gut–lung and gut–skin axes [23]. With the synbiotic effects on gut microbiota devel-
opment, L. fermentum PCC and L. reuteri RC-14 were more resistant to gastric conditions,
and their survival rate was further improved in the presence of 5 out of 10 tested pectins.
Additionally, two pectins positively affected the viability of the less resistant L. rhamnosus
LGG and L. paracasei F-19 [24].

Since the advent of high-throughput sequencing, PCR-amplified 16S sequences have
typically been clustered based on their similarity to generate operational taxonomic units
(OTUs), and representative OTU sequences have been compared with reference databases
to infer the likely taxonomy. However, convenient and powerful usage of 16S rRNA has
necessitated certain assumptions, such as the now historical assumption that sequences
of >95% identity represent the same genus. In contrast, sequences with >97% identity
represent the same species [25,26].

Objective:
The principal objective of this study was to discover the normal complete nasal

microbiome after using an over-the-counter nasal spray, which, as of this date, has yet to be
completed. In addition, more information is needed on the microbiome shifts that occur in
response to xylitol nasal spray. Before the widespread use of nasal sprays, what may be
considered normal should be determined. Shifts in microbial diversity and richness should
be regarded as likely.

2. Materials and Methods

This study performed a nasal swab test before and after using the most popular OTC
nasal spray in 10 participants aged 18–48. All participants had non-significant medical
histories with no history of allergies or medication use that could affect the nasal mi-
crobiome. The participants consisted of five men and five women who were randomly
assigned a number using randomizing software. The participants signed an informed
consent form (submitted to the IRB and accepted), and the principal investigator kept all
personal protected information in a hard copy safely locked in a secure cabinet.

An e-mail newsletter recruited participants from all patients of the principal investiga-
tor, and recruiting posters were placed in the reception area of the PI office. No inducements
or compensation were provided to the participants. The study protocol, informed consent,
medical history, and sampling are discussed separately. The samples were preserved and
shipped by FedEx to Northwestern University’s NUSeq Center for Whole Genome Deep
Sequencing. After 21 days of OTC nasal spray use twice daily, the participants returned
for another sampling of their nasal microbiome, which FedEx then shipped to NUSeq for
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deep sequencing. The participants were instructed to use the spray before dismissal during
the first visit. The spray was obtained as samples normally distributed to clinics at no
charge and was already in the principal investigator’s inventory. These samples were often
administered to pediatric patients diagnosed with sleep apnea.

Sampling consisted of placing a nasal swab atraumatically into the anterior nasal
cavity, similar to self-performed sampling for COVID-19 tests. No injury was reported, and
only slight discomfort, if any, was reported. The swab was placed approximately one inch
into the nares, rotated for 15 s, and then placed into the other nares for another rotation of
15 s. The swabs were placed in a preservative and sealed safely. Biosafety envelopes were
used for shipping according to previous protocols. After the second sampling, patients
were excluded from the study. All personal information was destroyed after two years.

Xlear Sinus Care is an OTC xylitol solution. Xylitol is a natural sugar (pentose aldose)
that inhibits biofilm formation [27]. Pure xylitol is a white crystalline substance in many
fruits and vegetables [28]. According to the manufacturer, the Xlear solution cleanses,
hydrates, dries, and irritates tissues. Xlear products use a patented xylitol solution that
inhibits bacteria and pulls moisture into the nasal cavity. According to recently published
research, xylitol also inhibits the viral invasion of cells [17].

Ingredients:

• Purified water;
• Xylitol;
• Saline;
• Grapefruit seed extract.

Study Data:
Microbiome Analysis. The quality of the reads in the FASTQ format was evaluated

using FastQC (v1.12.1). Reads were trimmed to remove Illumina adapters from the 3’ ends
using Cutadapt (3.7) [29]. Paired-end trimmed reads were aligned using Kraken2 (2.1.2)
with default parameters, except for using 12 threads instead of the default value of 1 [30].
The standard Kraken2 database includes archaea, bacterial, viral, plasmid, and human
genomes. Taxa were determined using the standard database, which was loaded using
kraken2-build. Alignments that could not be classified into known taxa were excluded.
Taxon abundance estimates were performed using Bracken (2.7) with default parameters,
except for using 12 threads instead of the default value of 1 [31]. Normalization and
differential expression were calculated using DESeq2 (1.14.1) [32]. The libraries were
constructed using Nextera kits according to the manufacturer’s instructions (Illumina, San
Diego, CA, USA). The samples were sequenced paired-end 150 base pairs on the NovaSeq
6000 instrument (Illumina, San Diego, CA, USA). The total sequencing depth was nearly
2.3 billion reads with an average of 47 million reads per sample. Default parameters were
used to improve standardization and remain within NUseq Center protocols. Data reside
at the NUSeq Center at Northwestern University, and the nasal samples are preserved for
future additional analysis.

3. Results

The analysis determined 2558 taxa with greater abundances of the following top taxa:
Xanthobacter autotrophicus, Streptomyces sp. ICC1, Streptomyces armeniacus, Streptococcus
thermophilus, Streptococcus sanguinis, Streptococcus pyogenes, Streptococcus oralis, Staphylo-
coccus epidermidis, Staphylococcus aureus, Salmonella enterica, Rothia aeria, Ralstonia pickettii,
Pseudomonas aeruginosa, Peptoniphilus harei, Lawsonella clevelandensis, Klebsiella pneumoniae,
Finegoldia magna, Escherichia coli, Enterococcus faecium, Dolosigranulum pigrum, Delftia lacustris,
Cutibacterium granulosum, Cutibacterium acnes, Corynebacterium tuberculostearicum, Corynebac-
terium striatum, Corynebacterium segmentosum, Corynebacterium propinquum, Corynebacterium
macginleyi, Corynebacterium kefirresidentii, Corynebacterium glutamicum, Corynebacterium diph-
theriae, Burkholderia dolosa, Brevibacillus brevis, Bartonella krasnovii, Anaerococcus prevotii,
Aeromonas caviae, and [Haemophilus] ducreyi.
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The routine use of xylitol nasal spray changed the relative abundance of ten taxa
(Table 1). This result is not surprising because recently published research has demon-
strated that even a few species being changed have a cascading effect throughout the mi-
crobiome [23]. Xylitol should reduce the number of pathogenic bacteria, which would also
affect the pathogens’ synergistic co-pathogens [33–35]. Reports have previously been pub-
lished that the oral microbiome has a “downstream effect” on the gut microbiome [36,37].
It would not be surprising if the nasal gateway microbiome did not have the same effect,
with a reduction in pathogens of the anterior nasal passageway strain/species shifting the
respiratory microbiome.

Akkermansia muciniphila
Rhodococcus qingshengii
Streptomyces sp. ICC1

Streptomyces armeniacus
Actinomyces sp. oral taxon 414

Klebsiella oxytoca
Acinetobacter ursingii

Klebsiella variicola
Enterobacter hormaechei
Brevundimonas diminuta

Table 1. The relative abundance of these ten taxa was significantly different after using the xylitol
nasal spray. Four species decreased, and six increased in abundance. Rhodococcus qingshengii (soil or-
ganism with anti-fungal properties) significantly increased, but Akkermansia muciniphilia substantially
decreased. Brevundimonas diminuta was also decreased.

Microbe log2FoldChange lfcSE Stat p Value

Akkermansia muciniphila −21.42441822 2.967913092 −7.218681128 5.25 × 10−13

Rhodococcus qingshengii 20.77410089 2.97113001 6.991986491 2.71 × 10−12

Streptomyces sp. ICC1 6.922848082 1.548527233 4.470601442 7.80 × 10−6

Streptomyces armeniacus −3.191007111 0.919334063 −3.470998453 0.000518527

Actinomyces sp. oral −3.771603944 1.615989861 −2.333927976 0.019599494

Klebsiella oxytoca 5.272476299 2.286510228 2.305905408 0.021115918

Acinetobacter ursingii 6.534219931 2.968012555 2.201547268 0.027697304

Klebsiella variicola 1.349165754 0.630129643 2.141092342 0.032266592

Enterobacter hormaechei 2.117319005 1.007575689 2.101399458 0.035605916

Brevundimonas diminuta −5.607547967 2.699838683 −2.076993712 0.03780214

Four species decreased, with six increasing abundance (Figure 1. Volcano plot of A
versus non-A, after xylitol and before xylitol). Rhodococcus qingshengii (soil organism with
anti-fungal properties) significantly increased, but Akkermansia muciniphilia substantially
decreased. Akkermansia muciniphilia is considered a probiotic in the gut and the oral cavity.
Brevundimonas diminuta was also decreased and is ubiquitous in humans but has been
associated with infections in immunocompromised and cancer patients. Acinetobacter
ursingii increased in predominance and has been associated with immunocompromised
patient infections (see Table 1). It is essential to note that almost all microbes may cause
an illness if in the wrong place at the wrong time. We lack sufficient knowledge of the
nasal gateway microbiome to properly judge which bacteria are acceptable commensals
and which are pathobionts. For instance, Streptomyces armeniacus is a spore-forming soil
organism, a probiotic producing Streptopyrrole, and the abundance is increased by xylitol
therapy. The presence of so many soil-based microorganisms is to be expected as they may
become airborne via dust particles. One can only imagine the bacterial load a runner takes
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in nasally as they sprint on a dirt path. The Streptopyrrole probiotic bacteria Streptomyces
armeniacus may be an essential link in nasal health.

 

Figure 1. Non-A_vs._A Volcano Plot demonstrating microbiome shift from control to xylitol-treated
nasal microbiome. This is a labeled volcano plot that plots the p-values against the log fold change.
Red dots are considered significantly different. The further a dot is away from the origin, the more
significant the difference. Any taxa above the blue dotted line displayed significant changes after
nasal spray use.

The greater majority of taxa were bacterial, although these viruses were more predom-
inant, Pahexavirus ATCC29399BT, Propionibacterium phage BruceLethal (infects Propioni-
bacterium acnes), Streptococcus phage IPP9, and Streptococcus phage phiARI0455b. The
fungus Puccinia graminis, which causes significant disease in cereal crops, was also found
in the samplings. Crop species affected by the disease include bread wheat, durum wheat,
barley, and triticale. Another fungus was Candida tropicalis, a pathogen similar to Candida
albicans and capable of forming a pathogenic biofilm. Blastocytis hominis, a single-cell
parasite responsible for gastrointestinal infections, but with 22 strains, of which only nine
can cause infections, was also isolated. Methanosarcina mazei an anaerobic archaeon that can
metabolize various substrates and produce methane was present. The 50 most abundant
taxa are listed in Table 2.
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Table 2. The list is of the top 50 most common taxa, with bacterial species being predominant. Two
key oral probiotics, Streptococcus oralis and Streptococcus sanguinis, are present in the nasal microbiome.

Staphylococcus aureus

Vibrio sp. Scap24

Corynebacterium segmentosum

Aeromona scaviae

Cutibacterium acnes

Salmonella enterica

Streptomyces sp. ICC1

Dolosigranulum pigrum

Klebsiella pneumoniae

Delftia lacustris

Corynebacteriumm kefirresidentii

Corynebacterium propinquum

Staphylococcus epidermidis

Finegoldia magna

Corynebacterium tuberculostearicum

Lawsonella clevelandensis

Corynebacterium macginleyi

Bartonella krasnovii

Peptoniphilus harei

Cutibacterium granulosum

Pseudomonas aeruginosa

Enterococcus faecium

Xanthobacter autotrophicus

Aeromonas hydrophila

Haemophilus ducreyi

Streptococcus mitis

Burkholderia dolosa

Xanthomonas citri

Staphylococcus capitis

Klebsiella grimontii

Escherichia coli

Cutibacterium avidum

Corynebacterium striatum

Klebsiella variicola

Streptomyces armeniacus

Enterococcus faecalis

Delftia acidovorans

Citrobacter koseri

Alistipes communis

Streptococcus oralis

Corynebacterium diphtheriae
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Table 2. Cont.

Actinomyces oris

Streptococcus pneumoniae

Mycolicibacter sp. MYC340

Streptococcus sanguinis

Micrococcus luteus

Ralstonia pickettii

Mycolicibacterium austroafricanum

Bacillus sp. BD59S

Pearson correlation demonstrated statistical differences between the A and Non-A
groups. A group refers to the subjects using a xylitol spray for 21 days, non-A was the
group before using the spray. A and non-A nomenclature was used to blind the laboratory
personnel to the nature of the research (see Figure 2). Similar to a correlation matrix, a
heatmap demonstrated the differences between the A and non-A groups (see Figure 3).

Figure 2. Pearson Correlation demonstrates the statistical differences between the A and non-A
groups. In this figure, A refers to subjects after using a xylitol spray for 21 days. This is a correlation
matrix displaying the R-squared value of the correlation between each pair of samples. A perfect
score is 1.0; the higher the score, the more similar the samples. Negative scores mean negative
correlations; that is, the microbe abundances are high in one sample and low in the other. Cleaned
refers to the samples having all contaminants and human DNA removed.
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Figure 3. Heatmap demonstrating the differences between the A and non-A groups. Non-A is before
the use of the xylitol spray. Cleaned means that all containment has been removed, especially human
DNA. This is a heatmap showing the similarity between samples, similar to a correlation matrix. The
Euclidean distance is computed between each pair of samples, and the distribution of distances is
shown in the legend of the upper left. The lighter the shade of purple, the smaller the distance. The
smaller the distance, the more similar the samples are. This graph shows an extra feature of clustering
the samples based on similarity. Even though both are shown, the x and y axes are redundant.

4. Discussion

The microbial analysis included all bacteria, archaea, viruses, molds, and yeasts ob-
tained via deep sequencing for species analysis. Artificial intelligence analyses by the
Northwestern University Sequencing Center revealed shifts in species and strains due to
the use of the OTC nasal spray, resulting in changes in diversity or richness. Deep sequenc-
ing and artificial intelligence analysis may be used to determine changes in Richness and
Shannon diversity. Genus, species, and strain shifts determined the precise response of the
nasal microbiome to the most common OTC nasal spray. Moreover, the complete nasal
microbiome by deep sequencing was yet to be discovered. In addition, more information
was needed on the microbiome shifts that occur in response to xylitol nasal spray. Before the
widespread use of COVID-19 precautions, what may be considered the normal nasal micro-
biome needed to be determined. The nasal microbiome of healthy adults before and after
xylitol exposure has yet to be analyzed using whole-genome deep sequencing methods.

The large number of taxa found may not represent the total number likely present in
the nasal cavity. The study ended at the number reported mainly owing to its economic
restraints and the use of artificial intelligence with machine language development, which
demanded technology resources. In addition, there are often constraints owing to the
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availability of DNA libraries for comparison. Regardless of these constraints, we found
that routine xylitol nasal spray use significantly affects the prevalence of at least ten taxa.

Several probiotic bacteria have been identified in the nasal cavity; oral or gut probiotics
are often abundant. The nasal microbiome also contains several skin commensals, such as
Staphylococcus epidermidis and Cutibacterium acnes. This indicates that the nasal microbiome
combines the features of both the oral and skin microbiomes. Additionally, bacteria are often
specific to the nasal cavity. Previous studies have shown that the most abundant bacteria
are Staphylococcus aureus, Staphylococcus epidermidis, and Propionibacterium acnes [38,39].

Of evolutionary importance, Bartonella kraznovii is associated with sub-Saharan black
African rats [40]. During the great “throttling”, Homo sapiens moved into caves along the
seacoast because of significant climate changes (Marine Isotope Stage 6) [41]. The surviving
H. sapiens’ diet included tubers, often roasted in caves [42]. The roasted tubers were
consumed as a survivor’s food, but any leftovers would have been available for the cave
rodents. The association of this nasal bacterium with rodents that share Homo sapiens caves
should not be surprising and is an interesting result of this study.

Burkholderia dolosa is a species of bacteria member of the Burkholderia cepacia com-
plex. This strain is highly drug-resistant and primarily found in immunocompromised
patients [43]. B. dolosa chronic infection in cystic fibrosis is associated with an accelerated
loss of lung function and decreased survival [44]. However, this was observed in several
participants. Another rare pathogen found in patients with cystic fibrosis, Achromobacter
xylosoxidans, was also found in a few participants [45]. However, as in all diseases, it is not
just the presence of pathogens but the absence of compensatory commensals and probiotic
microorganisms that influence the expression of pathology [46]. Xylitol solutions may
inhibit pathogens without negatively reducing the levels of probiotic bacteria, as has often
been reported in the literature [47]. Xylitol nebulizers have proven effective in patients
with cystic fibrosis [48].

Nasal microbiome changes and sleep-disturbed breathing may be correlated, which
warrants significant research [49]. This research project utilized young adults, not chil-
dren, and examined the possible correlation between the nasal microbiome and nasal
obstruction due to chronic inflammation, which leads to nasal airway obstruction [50]. The
connection between the airway and microbiome has been well established. Although many
researchers believe that the airway affects the microbiome, they do not consider that it
affects respiration, albeit indirectly. For instance, the oral microbiome produces nitrites
from nitrates, eventually processed by stomach acid into nitric oxide [51]. Salivary nitric ox-
ide inhibits decay, reduces periodontal disease, lowers CRP, and potentially affects airway
resistance [52]. Systemic serum levels are associated with normosystolic blood pressure
during pregnancy [53]. Nitrate-reducing oral bacterial levels are also linked to a normal
pregnancy, and oral dysbiosis due to Porphyromonas gingivalis causes pre-eclampsia [54–56].

Ideally, future studies should use larger population samples to examine the association
between diseases and microbiome shifts. The first step in our study was to analyze
the healthy microbiome before and after a 21-day course of xylitol (see Figure 4). All
patients were asymptomatic; therefore, no clinical correlations could be established. Animal
studies have demonstrated an association between the gut and feline upper respiratory
tract disease, specifically in felines. FURTD, often caused by infectious etiologies, is a
multifactorial syndrome that affects feline populations. The eco-phylogenetic method
identified 136 and 89 microbial features, respectively, within the gut and nasal microbiomes,
significantly associated with active FURTD clinical signs [57]. Nasal and gut microbial
community members are associated with a chronic clinical course [58]. Studies have shown
that endogenous microbiome dysbiosis can affect mucosal health and disease severity.
Some bacterial species exhibit protective properties, whereas others are pathogenic [59].
Antimicrobial agents can create a similar disruption, affect the nasal microbiome balance,
and provoke allergic responses [60]. Probiotics offer a promising avenue for developing
systemic and topical therapies to strategically manipulate the biological host load, thereby
augmenting immune homeostasis [61]. Combining probiotics indigenous to oral and nasal
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cavities with prebiotics, such as xylitol, may inhibit pathogens and restore nasal health.
This combination therapy may benefit the developing fetus and infant from maternal usage
and prevent pathogenic microbiome development [62–64]. An example of a potential
nasal probiotic therapy is the discovery that Lactobacilli taxa can be present on the facial
skin, in the nasal cavity, and in the vagina. Hypothetically, multiple microniches provide
commensal protection to multiple microniches [65]. Further discovery that Lactobacilli casei
(AMBR2) is present in healthy individuals but not in those with chronic rhinosinusitis led
to the new designation of “keystone” probiotic commensal [66].

Figure 4. This is a PCA (principal components analysis) plot that shows the similarities between
samples, the nearer samples are on the plot, the more similar. Each sample is labeled.

Because so many other respiratory illnesses are associated with a dysbiotic nasal mi-
crobiome, discovering a eubiotic nasal microbiome should be an important objective [3–6].
A study by Chin et al. showed that the upper airway microbiome is associated with airway
inflammation disorders and the level of asthma control [67]. This would indicate that
the goal of healthcare professionals should always be not just to treat symptoms but to
re-establish an eubiotic nasal microbiome [68]. This treatment could be started in infancy
and then successfully prevent later respiratory disease [69]. The knowledge of what consti-
tutes a healthy nasal microbiome in symptomless young adults and how to maintain the
microbiome is, therefore, very significant. The present study helps provide the necessary
data on what is bacterially present in asymptomatic young adults.

Another important aspect of the nasal microbiome is its importance in overall health.
Nasal vaccines may prevent many respiratory diseases by increasing the IgA antibody
response and improving mucosal defenses [70]. Nasal vaccines induce protective immunity
that prevents the invasion of pathogens from mucosal surfaces and inhibits severe disease.
Nasal vaccines are most appropriate for respiratory infectious diseases because they induce
effective immunity in the upper and lower respiratory tracts [71]. Intranasal vaccination
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induces the nasal IgA antibody that protects against respiratory viruses like influenza
and SARS-CoV-2 [72]. Using commensal bacteria with hemagglutinin in nasal vaccines
increased the antibody response [73,74]. Future nasal vaccines may utilize newly discovered
nasal commensal bacteria as adjutant carriers of the antigen that stimulates the protective
immune response.

5. Conclusions

The nasal microbiome is rich and diverse, containing taxa often associated with
oral and skin microbiomes. Microbial interventions, even with OTC nasal rinses, may
significantly affect the nasal microbiome, and associated microbiomes.
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Abstract: The global incidence of Salmonella enterica serovar Schwarzengrund has risen in
recent years. This serotype has been isolated from poultry, retail meat, and other food products,
leading to multiple outbreaks. Alongside the increase in infections, there are growing concerns
about the increasing levels of antimicrobial resistance (AMR) among S. Schwarzengrund strains.
This study aims to better understand the genetic factors possibly contributing to the rising
prevalence of S. Schwarzengrund by analyzing the sequences of 2058 isolates from both human
patients (N = 313) and food- and animal-associated sources, including chicken (N = 1145), turkey
(N = 300), pork (N = 132), and other sources (N = 168). Data were obtained from GenBank and
analyzed for AMR genes using AMRFinder. Additionally, putative virulence genes and plasmid
transfer genes were assessed using the Virulence and AMR Plasmid Transfer Factor Database.
AMR genes were found in 1269 (61.7%) of the isolates, with a total of 2478 AMR genes among
the isolates, the most common being aph(3′′)-Ib (N = 969, 47.1%), tet(A) (N = 190, 9.2%), and
sul2 (N = 150, 7.3%), which are responsible for resistance to aminoglycoside, tetracycline, and
sulfonamide, respectively. Additionally, 1060 (51.5%) isolates carried multiple plasmid transfer
genes associated with IncFIB-FIC(FII) plasmids. Other plasmid types found in at least 1% of
the strains included IncI1 (N = 101, 4.9%), IncHI2 (N = 62, 3.0%), or IncHI1 (N = 24, 1.2%). The
virulence gene profiles of human isolates showed diversity but largely overlapped with those
from different food sources. Notably, the aerobactin iron acquisition genes, associated with
Salmonella’s virulence and colonization, were highly prevalent among chicken isolates (N = 1019,
89.0%) but less frequent in isolates from other sources (N = 65, 7.2%). IncFIB-FIC(FII) plasmids,
commonly harboring the aerobactin operon, were highly prevalent among chicken-related
isolates and present in about 10% of human isolates. The diverse plasmid, AMR, and virulence
gene profiles in human-associated isolates suggest that multiple factors may contribute to the
increased virulence in S. Schwarzengrund.

Keywords: IncFIB-IncFIC(FII) plasmids; genotypic analyses; virulence database; plasmid
transfer genes; phylogenetics

1. Introduction

In the United States (U.S.), there are over one million cases of Salmonella infection annually,
leading to approximately 20,000 hospitalizations and nearly 400 deaths, according to estimates
by the Centers for Disease Control and Prevention (CDC) [1]. Salmonella infects and invades
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the intestinal tract and is disseminated through the excretion of feces. The disease spectrum
of salmonellosis in humans ranges from relatively mild food poisoning and gastroenteritis
to more severe illnesses that can include enteric fever and septicemia [2]. Salmonellosis is
often associated with fecal contamination of water or food sources such as meat, poultry,
and eggs, as well as through the contact with cross-contaminated surfaces and utensils in
poor hygienic conditions. Common signs and symptoms of salmonellosis include stomach
cramps, bloody stools, chills, diarrhea, fever, headaches, muscle pain, nausea, vomiting, and
dizziness [3,4]. Salmonella infections are categorized as either typhoidal (human-specific) or
non-typhoidal (which affect a broad range of hosts) [2,5]. In the U.S., most infections are
caused by non-typhoidal Salmonella, which infects both humans and animals. One serovar that
causes non-typhoidal infections is S. Schwarzengrund [6], the primary focus of this research.

S. Schwarzengrund has been an emerging serovar over the last few decades, rising
to be one of the more common serovars in countries such as Thailand, Slovakia, New
Zealand, and Venezuela [6]. The first report of S. Schwarzengrund in the U.S. was in
the early 1950s. In this case, nine-day old turkeys from a farm in Indiana were sent to a
diagnostic lab. At the farm, 754 of 13,000 turkeys (5.8%) died in the first 4 days following
infection. S. Schwarzengrund strains were subsequently isolated from the liver of the
turkey. This isolation was the first in the U.S. and the second recorded worldwide [7]. Since
that time, the number of S. Schwarzengrund infections in food animals and humans has
increased. Data from the CDC showed that the isolation rates of S. Schwarzengrund had
increased over the years, especially in the upper eastern region of the U.S. [8]. From 1968
to 2011, 77.7% of reported human isolates, as documented by the CDC, originated from
stool samples; however, 9.8% were from more invasive sources such as blood, cerebral
spinal fluids, joints, or wounds/abscesses, and 3.6% were from urine [8]. These high
rates of extraintestinal infections are particularly alarming given that they often require
antimicrobial therapy, making AMR in this serovar especially concerning.

Globally, the prevalence of S. Schwarzengrund has also increased. In Asian countries,
including Japan and Thailand, its prevalence in chickens increased from the mid-1990s to
the mid-2000s, and it has maintained its status as a top serovar from chickens in Japan [9–12].
S. Schwarzengrund has also been among the top four most prevalent serovars isolated from
human patients in Japan in recent years [13]. Pulsed-field gel electrophoresis (PFGE) analy-
ses of S. Schwarzengrund isolates revealed that antibiotic-resistant strains were spreading
among broiler chickens and retail chicken meat with cross contamination occurring during
processing, likely through contaminated transport crates and utensils [12]. In the U.S.,
S. Schwarzengrund ranks among the top five Salmonella serovars isolated from pig farms
and is one of the top fifteen serovars found in food, animals, and humans in Thailand,
Slovakia, New Zealand, and Venezuela [6].

A study conducted by Chen et al. (2010) found that S. Schwarzengrund were more
prevalent during the summer compared to winter and on certain parts of the chicken, such
as the buttock and neck [14]. A study by Duc et al. (2020) showed that 17.8% (546/3069) of
broiler chicken cecal samples collected between 2003 and 2016 were positive for Salmonella
spp., and 21.3% (116/546) were identified as S. Schwarzengrund, a significant increase
compared to 2.1% (5/243) in a previous study conducted from 2009 to 2012 [15]. In the U.S.,
S. Schwarzengrund outbreaks among humans have been linked to contact with dry pet
food and consumption of contaminated ground turkey [16,17].

AMR in S. Schwarzengrund is of particular concern, as it complicates the treatment
of invasive infections. Internationally, there has been a rise in multidrug-resistant (MDR)
S. Schwarzengrund strains which can resist antibiotics such as tetracyclines, sulfonamides,
aminoglycosides, β-lactams, and fluoroquinolones [18–20]. In Brazil, 11% of isolates from
poultry carried the extended-spectrum β-lactamase (ESBL) resistance gene blaCTX-M-2,
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which encodes resistance to critical antimicrobials [21]. In Taiwan, 30% of S. Schwarzen-
grund strains from retail chicken meat were resistant to antibiotics, with 15.8% resistant to
quinolones and 28.1% resistant to ciprofloxacin [14]. Notably, S. Schwarzengrund was the
first Salmonella serotype in the U.S. found to be resistant to fluoroquinolones, following a
case involving a patient who had traveled to the Philippines [21].

The pathogenicity of S. Schwarzengrund is driven by a wide range of virulence factors,
including type 3 secretion systems (T3SSs), encoded by Salmonella Pathogenicity Islands
(SPIs) 1 and 2, which facilitate invasion and survival within host cells [2]. Additional
virulence genes are found on both chromosomally and plasmid-encoded gene clusters,
further enhancing the bacterium’s ability to infect hosts. Plasmids also play a critical role
in S. Schwarzengrund’s AMR and virulence. Fusion plasmids, such as IncFIB-IncFIC(FII),
carry genes for iron acquisition (iucABCD and iutA of the aerobactin operon), virulence
factors, and AMR. These plasmids can enhance the bacterium’s survival under nutrient-
limited conditions and facilitate horizontal gene transfer, spreading AMR traits across
bacterial populations [22]. In addition to their fusion plasmids, distinct IncFII and IncFIC
plasmids are also found in S. Schwarzengrund; these can facilitate horizontal transfer of
various AMR genes such as the extended-spectrum β-lactamase genes [22–25]. In addition
to these IncF-related plasmids, other AMR-associated plasmid types such as IncI1, IncHI1,
and IncHI2 plasmids have also been detected among S. Schwarzengrund isolates.

Given their rising prevalence, and the AMR and virulence profiles of many
S. Schwarzengrund strains, especially in food animal hosts, there is a need for more research
to better understand their genetic diversity. The goal of this project was to provide deeper
insights into the virulence factors, AMR genes, and plasmids present in S. Schwarzen-
grund by conducting an extensive analysis of over 2000 publicly available whole genome
sequences from the GenBank database.

2. Materials and Methods

2.1. Bacterial Strains Analyzed

To investigate the genetic characteristics of S. Schwarzengrund, sequenced isolates
were identified using the National Center for Biotechnology Information (NCBI) Pathogen
Detection Isolate Browser. Relevant metadata, including isolate source/type, geographical
location, year of isolation, and SNP cluster information, were extracted from both Gen-
Bank and the NCBI Pathogen Detection Isolate Browser (https://www.ncbi.nlm.nih.gov/
pathogens/ (accessed on 21 May 2024)). The whole genome sequence (WGS) FASTA files of
2058 S. Schwarzengrund isolates were extracted from GenBank in November of 2022. These
isolates included samples from human patients (N = 313) and food- and animal-associated
sources, including chicken (N = 1145), turkey (N = 300), and pork (N = 132), representing
all the available S. Schwarzengrund WGSs at the time of data collection.

2.2. Virulence, Plasmid, and AMR Gene Detection

Putative virulence genes and plasmid transfer genes were identified using the Viru-
lence and AMR Plasmid Transfer Factor Database (https://virulence.fda.gov) [26,27]. The
WGS FASTA files for each strain were uploaded into the database and analyzed using the
Salmonella Virulence Factor Comparison and Plasmid Transfer Gene Comparison tools,
respectively. For AMR gene detection, data were either extracted directly from the NCBI
Pathogen Detection Isolate Browser or, where unavailable, the WGS FASTA files were ana-
lyzed with AMRFinder (ver. 26.1) within the GalaxyTrakr platform [28,29]. This allowed
for the identification of AMR genes across all of the S. Schwarzengrund isolates.
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2.3. Data Analysis

The sample metadata, along with presence/absence data for virulence, and AMR and
plasmid transfer genes were extracted from the respective analysis tools and formatted as
delimited files. These were then imported into Excel (Microsoft, Redlands, WA, USA), for
initial descriptive statistics of prevalence of AMR, putative virulence, and plasmid transfer-
associated genes. For more detailed analyses, the data were uploaded into BioNumerics
(ver. 8.1; Applied Maths, Austin, TX, USA). BioNumerics was used for phylogenetic
analyses based on the presence/absence of genes across different metadata categories.
These analyses included the identification of polymorphic characters (i.e., those genes
detected in 1–99% of isolates), performing principal components analysis (PCA), and
constructing minimal spanning trees using default parameters for the character data sets.

3. Results and Discussion

3.1. S. Schwarzengrund Demographics

S. Schwarzengrund infections have been increasing globally over the last several years;
however, most strains that have undergone whole genome sequencing are from the United
States [6,15]. In this dataset, the vast majority (85.6%, N = 1762) of the strains originated in
the U.S., followed by the United Kingdom (8.5%, N = 174) (Table 1). The majority of the U.S.
isolates were collected through surveillance efforts by the Food and Drug Administration
(FDA) and the U.S. Department of Agriculture’s Food Safety and Inspection Service (FSIS).
When looking at the isolation locations within the U.S., the southeastern states, particularly
Georgia (GA; 21.7% of U.S. strains, N = 383), Alabama (AL; 9.9%, N = 175), Tennessee (TN;
8.2%, N = 144), and North Carolina (NC; 4.9%, N = 87), reported the highest number of
isolates (Figure 1). In terms of isolate sources, chicken-related samples dominated (55.6%, N
= 1145), followed by human patients (15.2%, N = 313), turkey (14.6%, N = 300), and porcine-
related samples (6.4%, N = 132). Among the U.S. isolates, food animal sources were even
more prominent, with chicken accounting for 62.9% (N = 1102), turkey, 17.0% (N = 299), and
porcine, 7.0% (N = 124). Conversely, the percentage of human isolates from the U.S. was
lower (6.0%, N = 106) than the overall percentage. Interestingly, the largest proportion of
isolates from human patients was from the U.K., at 52.7% (N = 165). In terms of state-level
comparisons within the U.S., isolates from GA, AL, and TN were predominantly chicken-
related, while NC isolates were more often turkey- and pork-related. Unfortunately, the
absence of detailed state-level data for many human isolates, likely due to privacy concerns,
limits further comparisons. This lack of metadata complicates attempts to correlate human
isolates with food source origins, emphasizing the need for better documentation of human
cases to improve understanding of transmission pathways.

Table 1. Isolate demographics, including the source, country of origin, and year of isolation.

Isolate Source Number Percent Country Isolated Number Percent Year Isolated Number Percent

Animal 8 0.4 Brazil 23 1.1 2022 282 13.7
Animal feed 17 0.8 Canada 27 1.3 2021 217 10.5
Avian 13 0.6 France 4 0.2 2020 194 9.4
Bovine 62 3.0 Germany 5 0.2 2019 162 7.9
Canine 6 0.3 India 6 0.3 2018 325 15.8
Chicken 1145 55.6 Taiwan 32 1.6 2017 297 14.4
Environmental 21 1.0 Thailand 6 0.3 2016 151 7.3
Fish 10 0.5 United Kingdom 174 8.5 2015 86 4.2
Food 23 1.1 United States 1762 85.6 2014 78 3.8
Human 313 15.2 Vietnam 4 0.2 2013 32 1.6
Porcine 132 6.4 Other 9 0.4 2012 36 1.7
Turkey 300 14.6 Not Reported 6 0.3 2011 21 1.0
Not Reported 8 0.4 Total: 2058 100 2001–2010 157 7.6
Total: 2058 100 <2000 6 0.3

Not Reported 14 0.7
Total 2058 100
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Figure 1. Distribution of S. Schwarzengrund strains isolated within the United States. The heatmap
to the right of the figure indicates the numbers of isolates from each state that were present in the
GenBank dataset.

3.2. Antimicrobial Resistance

AMR genes were relatively common among the isolates, with 1269 (61.7%) carrying at
least one AMR gene. Overall, there were 2478 AMR genes among the isolates, the most
commonly observed being aph(3′′)-Ib (aminoglycoside; N = 969, 47.1%), followed by tet(A)
(tetracycline; N = 190, 9.2%) and sul2 (sulfonamide; N = 150, 7.3%) (Figure 2). Other notable
AMR genes included blaTEM-1 (β-lactamase), sul1 (sulfonamide), and aminoglycoside resis-
tance genes aadA1 and aph(6)-Id, each present in at least 3% of the strains. Detailed results
of the AMR profiles are presented in Table S2. There were two major AMR gene profiles:
those without any detectable AMR genes (upper ball in Figures 3A and S1A) and those
carrying only aph(3”)-Ib. Strains carrying aph(3”)-Ib were predominantly from chickens and
frequently associated with IncFIB-FIC(FII) plasmids, which is consistent with our earlier
findings [29]. This plasmid has been shown to be transmissible in vitro, raising concerns
about the potential spread of resistance within poultry populations and, subsequently,
to humans.

 

Figure 2. Percent of S. Schwarzengrund isolated in this study that carried the respective AMR genes.
The bars are color-coded based on antimicrobial classes where resistance genes were detected.

79



Microorganisms 2025, 13, 92

 

Figure 3. Minimum spanning tree analyses based on the AMR (panel (A)) and plasmid transfer gene
(B) profiles of the isolates included in this study. The trees are color-coded based on isolation source.
The relative size of the circles is proportional to the group size. In panel (A), the larger circle in the
middle represents the strains without an identified AMR gene. In panel (B), the larger ball near the
bottom is the group without a detected AMR plasmid. The groups representing the major plasmid
types are annotated. The colors are described by the legend included in the figure.

Although the majority of isolates fell into two main AMR profiles, smaller profiles
exhibited more diverse AMR gene combinations, particularly among non-chicken sources.
The high prevalence of aph(3”)-Ib among chicken-related strains, and its association with
transmissible plasmids, highlights the potential risk of widespread of antimicrobial resis-
tance within the poultry industry and its broader impact on human health, especially in
the context of treatment efficacy for related infections [30].

When compared to AMR profiles in other Salmonella serovars, the predominance
of aph(3”)-Ib in S. Schwarzengrund isolates highlights a distinctive pattern of resistance,
suggesting that plasmid-mediated transmission may play a more significant role in this
serovar’s resistance profile. Although aph(3”)-Ib dominates the AMR profiles, the pres-
ence of β-lactamase (blaTEM-1) and sulfonamide (sul1) resistance genes in over 3% of iso-
lates further underscores the need for continued surveillance, particularly for emerging
multidrug-resistant strains in non-poultry sources.

3.3. Plasmid Characterization

Among the identified plasmid types, approximately 51.5% (N = 1060) carried multiple
plasmid transfer genes associated with IncFIB-FIC(FII) plasmids, while other plasmid
types, such as IncI1 (N = 101, 4.9%), IncHI2 (N = 62, 3.0%), or IncHI1 (N = 24, 1.2%),
were detected in at least 1% of the strains (Figures 3B and S1B). The high prevalence of
IncFIB-FIC(FII) plasmids is of particular concern given their carriage of a range of virulence
and antimicrobial resistance genes, potentially contributing to increased pathogenicity and
resistance spread. The detailed results of the plasmid transfer gene analysis are presented
in Table S3 in the supplemental data. The approach of using the transfer genes associated
with the different plasmid types has value in both predicting the plasmid types present and
identifying potential limitations on conjugal ability if genes are absent. The current study
did not evaluate conjugation ability; however, our recent study has demonstrated that
some of the IncFIB-FIC(FII) fusion plasmids from S. Schwarzengrund can transfer under
in vitro conditions, although not in all cases [30], highlighting the risk of horizontal gene
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transfer in the agriculture environment [31]. The presence of transmissible plasmids in
poultry isolates may have important implications for both food safety and public health [32].
Given the predominance of these plasmids in isolates from chicken-related sources, further
investigation into their mobility and contribution to the spread of AMR genes across
different environments is warranted.

3.4. Virulence Genetics Characterization

The virulence gene profiles were determined using the Salmonella Virulence Factor
Comparison tool. Of the 590 genes examined, 43.9% (N = 259) were present in all isolates
(Table S4). These genes included those associated with SPIs 1–5 and 9, as well as certain
fimbrial genes (e.g., csg and std operons). Additionally, 23.1% (N = 136) were present
in more than 99% of the strains. In contrast, 15.6% (N = 92) of the genes were detected
in less than 1% of the strains, including 44 genes that were absent in all strains. These
low prevalence and absent genes include those associated with different SPIs (e.g., SPI-
7 associated with S. Typhi) and many of the Salmonella genomic island (SGI)-1 genes.
The remaining 17.5% (N = 103) of genes, which represented those present in between 1
and 99% of the isolates, were considered polymorphic characters which provided useful
markers for comparing the virulence gene profiles across different isolates from different
sources. As shown in Figure S2, phylogenetic analyses of virulence profiles revealed that
most chicken-related isolates clustered into four large groups, each containing over 70
strains. In addition, there were two large groups that contained over 300 strains each
from multiple different sources, including many isolates from human patients. These
results highlight that the human isolates exhibited greater diversity of virulence gene
profiles yet frequently overlapped with those from different food/animal sources. One of
the key differences between the four predominantly chicken clusters and those with the
more diverse sources is that isolates from chickens carried a higher prevalence of IncFIB-
FIC(FII) plasmid-associated virulence factors, such as the aerobactin iron acquisition genes
(iucABCD and iutA) and traT. These genes were significantly more common in chicken-
related isolates (88.5%, N = 1019) than in those from other sources (7.1%, N = 65) (Table 2).
Certain genes, such as allD, envF, sseK1, and sspH2, as well as several fimbrial operons
(including stc, ste, stf, and stk), were more commonly found in strains from human patients
compared to those from chicken sources. These fimbrial genes were particularly interesting
because strains exhibited different combinations of operons (sta, stb, stc, ste, stf, stk, and
stj), while std, sth, and sti were present in nearly all (>99%) strains, and the stg operon was
absent in all strains. When looking at the VF profiles based on geographic location, the vast
majority of the strains carrying the IncFIB-FIC(FII) plasmids and associated VFs originated
from the U.S., while those lacking the plasmids were from a wider range of locations.

As nearly 86% of the isolates originated from the U.S., we conducted a more detailed
comparison of the VF profiles of these isolates. As shown in Figure 4, the strains were sepa-
rated based on the presence of the IncFIB-FIC(FII) plasmid-associated genes and then, within
these groups, based on whether they carried int, xis, and sopE genes. In the 1217 strains
that carry at least one of these genes, 1204 (98.9%) carry all three of the genes. The int and
xis genes encode integrase and excisionase functions, respectively, which are associated
with the integration and excision of bacteriophages from the bacterial chromosome [29].
The int and xis genes are also part of Salmonella Genomic Island 1 (SGI-1) which typically
carries AMR and genes predicted to contribute to increased virulence [33,34]. Among
the analyzed S. Schwarzengrund strains, none carried the SGE-1-associated genes (S004,
S013–S026), while 61.3% and 61.1% carried int and xis, respectively. The highest percent
of isolates carrying these two genes were those from chickens, with over 77% carriage
(Table 2). Approximately a third of the isolates from human patients carried these genes.

81



Microorganisms 2025, 13, 92

The presence of a high number of int/xis elements in the isolates from chickens and the
lack of other SGE-1 genes may be evidence for the integration of chicken-associated phages
into these strains [35]. The presence of phage genes was evident when examining the
WGS assemblies of some of the strains, in that the genes flanking int/xis included those
associated with phages (e.g., FSIS1609433, GenBank accession CP119491.1; FSIS1608447,
accession CP119495.1). sopE also has a phage origin and encodes the guanine nucleotide
exchange factor SopE, an effector for the SPI-1 type 3 secretion system (T3SS) [36,37]. SopE
is translocated into the host cell via the T3SS where it interacts with the cytoskeleton to
facilitate entry of the bacterium into the host [37]. In the two example strains note above, all
three genes are located next to each other in their chromosomes. These features highlight the
need for further examination of the role of integrated phages within the S. Schwarzengrund
genome, as the strains isolated from blood and urine had an apparent higher prevalence
of these phage-associated genes compared to those isolated from stool. Further research
is needed to understand the role of integrated phages and the corresponding mobility of
virulence genes in clinical and agricultural contexts.

Table 2. Percentage of S. Schwarzengrund strains with the respective virulence gene by source type.
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allD 12.5 5.9 0 1.6 0 0.8 14.3 20.0 13.0 8.3 0 0.3 0
cdtB 87.5 94.1 100 98.4 100 99.0 85.7 80.0 87.0 92.0 100 99.7 100
envF 12.5 5.9 0 1.6 0 0.8 14.3 20.0 13.0 8.6 0 0.3 0
hlyE 87.5 88.2 100 98.4 100 99.2 85.7 80.0 87.0 92.0 100 99.7 100
icmF 100 100 100 100 100 99.6 95.2 90.0 73.9 96.2 100 99.7 100
int 37.5 41.2 30.8 17.7 50.0 77.5 66.7 0 17.4 33.9 48.5 52.0 25.0

iucA 0 0 23.1 8.1 16.7 88.5 28.6 0 0 8.6 6.8 0.7 25.0
iutA 0 0 23.1 8.1 16.7 88.5 28.6 0 0 8.6 6.8 0.7 25.0
lpfA 12.5 0 0 0 0 0.8 14.3 20.0 13.0 1.9 0 0.3 0
pagO 100 100 100 100 100 99.8 90.5 90.0 87.0 93.6 100 100 100
pltA 87.5 94.1 100 98.4 100 99.0 85.7 80.0 87.0 92.0 100 99.7 100
safA 100 94.1 100 98.4 100 98.9 90.5 90.0 87.0 99.0 100 98.3 100
sciL 100 100 100 100 100 99.5 95.2 90.0 73.9 95.8 100 99.7 100
sopE 25.0 35.3 53.8 17.7 50.0 77.1 66.7 20.0 21.7 31.6 53.0 53.0 62.5
sseK1 0 0 0 0 0 0.3 9.5 10.0 13.0 8.0 0 0 0
sspH2 12.5 5.9 0 1.6 0 0.8 14.3 10.0 13.0 8.3 0.8 0.3 0
staC 87.5 94.1 100 98.4 100 99.2 85.7 80.0 87.0 92.0 100 99.7 100
stbC 100 100 100 100 100 97.4 100 100 100 100 100 100 100
stcC 12.5 0 0 0 0 0.6 14.3 20.0 13.0 7.7 0 0.3 0
steC 12.5 0 0 0 0 0.7 14.3 20.0 13.0 7.3 0 0.3 0
stfC 12.5 5.9 0 1.6 0 0.8 14.3 20.0 13.0 8.0 0 0.3 0
stjC 0 5.9 0 1.6 0 0.8 14.3 10.0 13.0 2.2 0 0 0
stkC 0 0 0 0 0 0.5 9.5 10.0 4.3 6.1 0 0 0
tcfC 100 94.1 100 98.4 100 99 95.2 100 82.6 88.5 100 100 100
traT 0 5.9 23.1 8.1 16.7 85.9 28.6 0 0 11.5 6.8 7.7 25.0
xis 37.5 41.2 30.8 17.7 50.0 77.4 66.7 0 17.4 33.2 48.5 52.0 0

Note: the color schema is based on the percentage of isolates with the respective gene, ranging from dark green
(0%) to yellow (~25%) to orange (~50%) to dark red (100%).

As noted above, the IncFIB-FIC(FII) fusion plasmids carrying the aerobactin, and
likely Sit, iron acquisition operons were common among isolates from chicken-related
sources. It is important to note that all of the strains carried a chromosomally encoded
Sit operon, which made it somewhat challenging to tease out when they are also located
on plasmids. Related plasmids encoding iron acquisition operons (aerobactin and Sit) are
common among avian pathogenic Escherichia coli (APEC), where they likely play a role
in extraintestinal infections, and in S. Kentucky, where they may enhance the ability to
colonize chickens [30,38]. These iron acquisition genes are important to overcome the innate
immune response to APEC and Salmonella infections, which involves sequestration of iron
from the pathogens [39,40]. Among the isolates from human patients in the current study,
only about 10% carried one of the plasmids. The distribution of the plasmids is highlighted
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by Figure 3B, with the plasmid-containing group being predominately from chickens, while
the groups lacking the plasmids had much more diverse sources, including most of those
from human patients. The lack of diversity in the plasmid-carrying isolates was also borne
out with the SNP typing, where most isolates carrying the fusion plasmids were of SNP
type PDS000002218.839, two were of type PDS000112154.2, and four lacked SNP-type
information (Figure S2C). Conversely, the strains lacking the plasmids represented a wide
range of SNP types, the most common being PDS000027514.392; these plasmid-lacking
strains were isolated from a number of different source types (including from blood, urine,
and stool of human patients), states, and years of isolation (Table S1).

Figure 4. Minimum spanning tree analyses of strains originating within the United States based
on their VF profiles. The trees are color-coded based on isolation source and the relative size of the
circles is proportional to the group size. Key VF traits of the different clusters are annotated within
the figure, including the presence or absence of key genetic factors. The colors are described by the
legend included in the figure.

Among the strains collected from human patients, diverse virulence gene profiles
were observed, suggesting that multiple factors may contribute to increased virulence in
S. Schwarzengrund. For example, in the strains that were of SNP type PDS000002218.839
and carried the IncFIB-FIC(FII) plasmid, the aerobactin genes along with phage-associated
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genes were detected. A relatively high proportion (>20%) of these strains were isolated
from urine, which may be related to the carriage of iron acquisition genes on the plasmids,
which are also common among E. coli that cause urinary tract infections [40]. Among
the fourteen isolates identified from blood (over half of all isolates from human patients
lacked specimen types), 12 (86%) carried the int, xis, and sopE genes, compared to 53%
(N = 50/96) of isolates from stool. There was also diversity among the fimbrial gene
operons among many strains [41], with a group of SNP type PDS000001366.21 isolates from
the U.K. carrying genes for the stc, stf, stg, and stk operons, while lacking the sta and sti
operons carried by almost all (~98%) of the other strains.

It is important to note that this study is not without potential limitations, including the
fact that it was reliant upon the data that is present in the GenBank database, which is reliant
upon submissions from different investigators. This dependence could introduce bias, as
submissions might be weighted towards strains of particular interest to the submitting
investigator. Another challenge was the quality of the metadata, especially for isolates from
human patients. In many cases, the type of sample (stool, blood, urine, etc.) or detailed
geography (e.g., state) was not included in the available metadata, which limited the ability
for more detailed examinations of virulence and clinical disease. Improving the quality of
metadata in public databases is crucial for enabling more accurate epidemiological studies.

4. Conclusions

Overall, the results of this study provided a broad picture of the genetic diversity,
especially as it relates to virulence factors, AMR genes, and plasmids, through the de-
tailed analyses of WGS data from S. Schwarzengrund and lays the foundation for more
extensive examination of the serotype. The serotype’s widespread presence in both human
and food animal populations, combined with its ability to carry transmissible plasmids,
poses significant public health challenges. Furthermore, the overlap in virulence profiles
between human and food animal isolates highlights the potential zoonotic risk posed by
S. Schwarzengrund and underscores its significance as a health concern. These findings
emphasize the need for improved surveillance, particularly in the poultry industry, to
mitigate the risk of AMR and virulence gene spread. Additionally, this study highlights
the importance of enhancing metadata quality in public databases to facilitate more robust
epidemiological investigations. Future studies should focus on characterizing the role
of integrated phages and the potential for horizontal gene transfer in both clinical and
agricultural settings.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/microorganisms13010092/s1: Table S1: Sample Metadata for the strains
examined in this study; Table S2: AMR Gene Analyses (1=present, 2=absent) provides the AMR gene
profiles for all of the strains in this study; Table S3: Plasmid Transfer Gene Analyses (1=present, 2=absent)
provides the plasmid transfer gene profiles for all of the strains in this study; Table S4: Virulence Gene
Analyses (1=present, 2=absent) provides the virulence gene profiles for all of the strains in this study;
Figure S1: Minimum spanning tree analyses based on the AMR and plasmid transfer gene profiles;
Figure S2: Minimum spanning tree analyses based on the virulence genes of the S. Schwarzengrund
strains included in this study. These trees are delineated based on isolation source, country of origin,
and SNP cluster.
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Abstract: Using a murine osteomyelitis model, we recently demonstrated that Staphylococ-
cus aureus sarA and sarA/agr mutants generated in the USA300 strain LAC are attenuated to
a greater extent than an isogenic agr mutant and that this can be attributed to a significant
extent to the increased production of extracellular proteases in both mutants. Based on
this, we used a mass-based proteomics approach to compare the proteomes of LAC, its
isogenic agr, sarA, and sarA/agr mutants, and isogenic derivatives of all four of these strains
unable to produce the extracellular proteases aureolysin, SspA, SspB, ScpA, or SplA-F.
This allowed us to identify proteins that were present in reduced amounts in sarA, and
sarA/agr mutants owing to the increased production of extracellular proteases. A total of
1039 proteins were detected in conditioned media (CM) from overnight cultures of LAC,
and protease-mediated degradation was shown to contribute to the reduced abundance
of 224 of these (21.6%) in CM from the sarA and sarA/agr mutants. Among these were
specific proteins previously implicated in the pathogenesis and therapeutic recalcitrance
of S. aureus osteomyelitis. This demonstrates that the ability of sarA to limit protease
production plays a key role in post-translational remodeling of the S. aureus proteome to a
degree that can be correlated with reduced virulence in our osteomyelitis model, and that
it does so irrespective of the functional status of agr. This also suggests that at least some of
these 224 proteins may be viable targets for prophylactic or therapeutic intervention.

Keywords: Staphylococcus; osteomyelitis; sarA; agr; protease; proteomics

1. Importance

Staphylococcus aureus produces a diverse array of virulence factors. This complicates
attempts to identify virulence factors that are critical to the pathogenesis of S. aureus
infections. Mutation of sarA limits the virulent S. aureus infection including osteomyelitis
irrespective of the functional status of agr, and an important factor contributing to this
attenuation is the increased production of extracellular proteases and the impact of these
proteases on its virulence factor repertoire. Identifying proteins whose abundance is limited
in sarA and sarA/agr mutants can facilitate efforts to identify virulence factors of particular
importance in osteomyelitis and perhaps other forms of S. aureus infection. Indeed, the
critical role of sarA in limiting protease production suggests a mass-based proteomics
approach capable of distinguishing between truncated and full-length proteins is the only
way to accomplish this task.

Microorganisms 2025, 13, 181 https://doi.org/10.3390/microorganisms13010181
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2. Introduction

Staphylococcus aureus is a leading cause of all forms of orthopedic infection including
osteomyelitis, septic arthritis, and infections associated with indwelling hardware [1–3]. It is
becoming increasingly difficult to treat these infections owing to the persistent emergence
of strains resistant to key antibiotics. Moreover, these infections are characterized by
formation of a biofilm, the presence of which confers a therapeutically relevant level of
intrinsic resistance to both conventional antibiotics and host defenses [4,5]. Thus, the
treatment of S. aureus orthopedic infections requires long-term intensive antibiotic therapy
accompanied by surgical debridement to remove infected tissues and indwelling hardware,
and even after such intensive medical and surgical intervention, the recurrence rate is
unacceptably high [1–3].

These observations have rekindled interest in virulence-associated therapies that
could be used to overcome this therapeutic recalcitrance [6]. The staphylococcal accessory
regulator (sarA) and the accessory gene regulator (agr) are the two S. aureus regulatory
loci that have been studied extensively in this regard [6–10]. The sarA locus encodes
a 15 kDa DNA-binding protein (SarA) that impacts the transcription of many S. aureus
genes including agr [11]. Specifically, SarA is required for maximum expression of agr,
activation of which modulates the production of multiple S. aureus virulence factors in a
coordinated fashion [12]. In this regulatory scenario, agr is downstream of sarA, suggesting
that inhibition of agr could disrupt the coordinated production of these virulence factors
irrespective of the functional status of sarA. However, sarA also serves regulatory functions
that are independent of agr, one critical observation in this regard being that mutation
of sarA results in increased protease production and decreased biofilm formation, while
mutation of agr has the opposite effect on both phenotypes.

Extracellular proteases produced by S. aureus include aureolysin, SspA (V8), SspB,
ScpA, and as many as six spl-encoded proteases (SplA-F) [13,14]. These proteases collec-
tively serve vital roles on behalf of the bacterium by promoting tissue invasion, nutrient
acquisition, and avoidance of host defenses [13–19]. This suggests that the ability of S.
aureus to survive in vivo and cause disease would be limited in strains unable to pro-
duce proteases. Conversely, strains that produce elevated levels of these proteases would
be predicted to exhibit increased virulence. However, a derivative of the methicillin-
resistant USA300 strain LAC (Los Angeles County clone) that does not produce any of
these 10 extracellular proteases is hypervirulent in murine models of bacteremia and os-
teomyelitis [13,20], while strains that produce significantly increased amounts of these
proteases are attenuated in the same models [20–22].

S. aureus sarA mutants are the prototype example of the latter in that they produce
elevated levels these extracellular proteases, and this has been shown to play a significant
role in defining the attenuation of sarA mutants in diverse animal models of infection
including osteomyelitis [20,22–25]. Based on this, we used a mass-based proteomics
approach to identify proteins that are present in reduced amounts in sarA mutants by
comparison to their isogenic parent strains owing to protease-mediated degradation [21,26].
Mutation of other S. aureus regulatory loci also results in increased protease production,
but we confirmed that mutation of sarA results in a greater increase in protease production,
and a greater decrease in virulence, than mutation of any other S. aureus regulatory locus
examined to date [23,27,28]. However, these studies were limited to regulatory mutants
that exhibit increased protease production, and as noted above this does not include agr.

To address this, and to define the impact of sarA on protease production in an agr
mutant, we used our murine osteomyelitis model to directly evaluate the relative virulence
of LAC, isogenic sarA, agr, and sarA/agr mutants, and isogenic derivatives of all four strains
unable to produce aureolysin, ScpA, SspA, SspB, or SplA-F [20]. The results confirmed that
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sarA and sarA/agr mutants are attenuated to a greater extent than the isogenic agr mutant,
and that this is due to, a statistically significant extent, the increased production of these
extracellular proteases. This suggests that S. aureus proteins of interest in the specific context
of osteomyelitis could be identified and prioritized based on their reduced abundance in
both sarA and sarA/agr mutants by comparison to LAC. Indeed, the reduced virulence of
these mutants was correlated with reduced biofilm formation and reduced cytotoxicity
for osteoblasts and osteoclasts, and these phenotypes were correlated in turn with the
reduced abundance of full-length and presumably functional forms of specific virulence
factors implicated in these phenotypes including α-toxin, both components of the Panton–
Valentine leukocidin (LukF and LukS), the primary S. aureus extracellular nuclease (Nuc1),
and protein A (Spa) [20]. However, our studies investigating these correlations were limited
by the availability of antibodies appropriate for targeted Western blot analysis. To overcome
this limitation, we used a mass-based proteomics approach capable of quantitatively
distinguishing between full-length and truncated S. aureus proteins [21,26] to assess the
global impact of increased protease production on the proteomes of sarA and sarA/agr
mutants and to identify S. aureus proteins present in reduced amounts in both attenuated
mutants owing to protease-mediated degradation.

3. Materials and Methods

Bacterial strains and growth conditions. Mutants were generated as previously
described [20,21,24] and stored at −80 ◦C in tryptic soy broth (TSB) supplemented with
25% (v/v) glycerol. Each strain was removed from cold storage and plated on tryptic
soy agar (TSA) with antibiotic selection. To prepare conditioned medium (CM), multiple
colonies of each strain were used to inoculate TSB without antibiotics. Cultures were grown
16 h and standardized to an optical density (OD560) of 10.0. An aliquot was removed and
used to verify viable cell density by plating on TSA with and without antibiotics. CM
was then prepared for proteome analysis by centrifugation and filter sterilization using
0.22-micron filters.

Proteome analysis. Proteins in CM were resolved by SDS-PAGE using 4–12% Bolt
Bis-Tris Plus gradient gels (Thermo Fisher Scientific, Waltham, MA, USA). To focus on
the abundance of full-length proteins, gels were cut into 12 equal segments and each
segment subjected to proteomic analysis as previously described [26]. Briefly, gel slices
were destained in 50% methanol (Fisher, Hampton, NH, USA), 50 mM ammonium bi-
carbonate (Sigma-Aldrich, St. Louis, MO, USA), followed by reduction in 10 mM Tris
[2-carboxyethyl]phosphine (Pierce, Woodland Hills, CA, USA) and alkylation in 50 mM
iodoacetamide (Sigma-Aldrich). They were then dehydrated in acetonitrile (Fisher), fol-
lowed by addition of 100 ng porcine sequencing grade modified trypsin (Promega, Madison,
WI, USA) in 50 mM ammonium bicarbonate (Sigma-Aldrich) and incubation at 37 ◦C for
12–16 h. Peptide products were then acidified in 0.1% formic acid (Pierce). Tryptic peptides
were separated by reverse phase XSelect CSH C18 2.5 μm resin (Waters, Milford, MA, USA)
on an in-line 150 × 0.075 mm column using an UltiMate 3000 RSLCnano system (Thermo).
Peptides were eluted using a 60 min gradient from 98:2 to 65:35 buffer A:B ratio (Buffer
A = 0.1% formic acid, 0.5% acetonitrile, Buffer B = 0.1% formic acid, 99.9% acetonitrile).
Eluted peptides were ionized by electrospray (2.2 kV) followed by MS/MS analysis using
higher-energy collisional dissociation (HCD) on an Orbitrap Fusion Tribrid mass spectrom-
eter (Thermo) in the top-speed data-dependent mode. MS data were acquired using the
FTMS analyzer in the profile mode at a resolution of 240,000 over a range of 375–1500 m/z.
Following HCD activation, MS/MS data were acquired using the ion trap analyzer in
the centroid mode and normal mass range with precursor mass-dependent normalized
collision energy between 28.0 and 31.0. Proteins were identified by database search using
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Mascot (Matrix Science, version 2.6.2, Columbus, OH, USA) against the USA300 S. aureus
database (2607 entries, Genebank accession JTJK01000002) as previously described [21,26].
Protein probabilities were assigned by the Protein Prophet algorithm [29]. Total spectral
counts for each of the 5 biological replicates were exported from Scaffold into Microsoft
Excel for further analysis. CM from LAC was used to determine the gel band with the
maximum MS2 spectral count for each identified protein. Spectral counts for full-length
proteins in other CM were then determined by adding the spectral counts in that gel band
with those in the gel bands immediately above and below, thus accounting for minor varia-
tions in full-length protein migration through the gel. The spectral counts observed were
then averaged for the same gel slices across all biological replicates from all other strains.

Statistical analysis. The spectral counts from the gel slice for which the abundance
of each protein was highest in CM from LAC was added to the spectral counts for the
same protein in the two slices above and below this maximum were used to calculate the
fold change and a Student’s t-test for significance [26]. The missing value heatmap was
generated using R 4.4.1 and the visdat package.

Western blot analysis. Western blots were performed using commercially available
antibodies (Sigma (St. Louis, MO, USA) and Toxin Technologies (Sarasota, FL, USA),
abCAM (Cambridge, UK), and United States Biological (Salem, MA, USA)) as previously
described [24].

4. Results

Characterization of mutants. We first evaluated our results in the context of the
mutations that define each of the strains included in these studies. For instance, although
SarA is an intracellular protein it was detected at comparable levels in conditioned medium
(CM) from overnight (16 h) stationary phase cultures of LAC and its protease-deficient
mutant, it was not detected in CM from sarA or sarA/agr mutants or their protease-deficient
derivatives (Table 1). AgrA is also an intracellular protein, and it was not detected in
CM from LAC or any of its isogenic regulatory mutants irrespective of their ability to
produce extracellular proteases. However, delta toxin (δ-toxin), which is encoded within
the regulatory RNA associated with agr (RNAIII) that is produced under the positive
regulatory control of AgrA was detected at comparable levels in LAC and its protease-
deficient derivative, but not in CM from the agr or sarA/agr mutants (Table 1). The
abundance of δ-toxin was also reduced in CM from the LAC sarA mutant by comparison
to CM from LAC. This is consistent with studies demonstrating that sarA is required for
maximum expression of agr [11,12]. However, the abundance of δ-toxin was restored
in the protease-deficient sarA mutant, demonstrating that the increased production of
extracellular proteases further limits the abundance of δ-toxin at a post-translational level.

Similarly, the only S. aureus proteins encoded outside the agr operon and known to
be produced under the regulatory control of AgrA are the genes encoding phenol-soluble
modulins (PSMs) [30], and all alpha class PSMs (PSMα1, PSMα2, PSMα3, and PSMα4)
were absent in CM from the LAC agr and sarA/agr mutants and their protease-deficient
derivatives (Table 1). PSMs were present at comparable levels in LAC and its protease-
deficient mutant, and absent or only present at very low levels (≤0.6 average spectral
counts) in the isogenic sarA mutant. However, the abundance of all four alpha class PSMs
was increased in CM from the protease-deficient sarA mutant. This confirms the importance
of agr in PSM production, and the importance of sarA in limiting proteases to facilitate their
accumulation.
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Table 1. Spectral count of full-length proteins associated with each mutant. Spectral counts shown
are the average of five biological replicates of CM from LAC, isogenic sarA (S), agr (A), sarA/agr (SA)
mutants, and protease deficient derivatives of each strain (P, SP, AP and SAP respectively).

Protein LAC P S SP A AP SA SAP

SarA 27.6 21.8 0.0 0.0 2.6 2.2 0.0 0.0

Delta Toxin 26.6 19.0 8.2 21.4 0.2 0.0 0.0 0.0

PSMα1 18.2 19.8 0.4 5.8 0.4 0.4 0.0 0.0

PSMα2 14.4 12.6 0.0 3.0 0.0 0.0 0.0 0.0

PSMα3 10.2 9.0 0.0 2.6 0.0 0.0 0.0 0.0

PSMα4 24.4 18.6 0.6 8.0 0.0 0.0 0.0 0.0

Aurolysin 6.4 0.0 14.4 0.0 2.0 0.0 36.2 0.0

SspA 19.4 0.2 105.0 1.2 4.6 0.0 19.4 0.0

SspB 43.2 0.2 2.0 0.4 5.6 0.0 6.6 0.0

ScpA 21.2 0.0 73 0.2 6.2 0.0 29.4 0.0

SplA 5.6 0.0 34.6 0.0 0.6 0.0 4.8 0.0

SplB 22.4 0.0 107.6 1.0 3.8 0.0 18.4 0.0

SplC 6.4 0.0 23.0 0.0 1.2 0.0 3.4 0.0

SplD 12.2 0.0 30.8 0.2 3.0 0.0 5.2 0.0

SplE 10.2 0.0 30.6 0.0 0.0 0.0 0.6 0.0

SplF 10.4 0.0 30.8 0.2 3.0 0.0 5.2 0.0

The protease-deficient mutants have null mutations in all of the genes encoding
aureolysin, ScpA, SspA, SspB, and SplA-F [26], so it would be anticipated that none of
these proteases would be detected. We did detect some of these proteases in CM from the
protease-deficient sarA mutant and, to a lesser extent, the protease-deficient derivative of
LAC (Table 1). However, the abundance of these proteases even in CM from the protease-
deficient sarA mutant was very low (≤1.2 average spectral counts across five biological
replicates), and none were detected in the protease-deficient agr or sarA/agr mutants. Our
previous phenotypic characterization of these mutants also confirmed that protease activity
was limited to the same degree in all four protease mutants [20].

The primary strain in which proteases were detected in a protease mutant was the
protease-deficient sarA mutant. This is relevant in that every extracellular protease other
than SspB was present in an increased amount in CM from the sarA mutant by comparison
to CM from LAC (Table 1). This suggests that the low levels detected in CM from the
protease-deficient sarA mutant are background noise. However, the observation that SspB,
the abundance of which was decreased in CM from sar, agr and sarA/agr mutants, was
detected in CM from the protease-deficient sarA mutant contradicts this conclusion. At
the same time, we previously demonstrated that spectral counts for full-length SspB are
decreased in CM from a sarA mutant, but total spectral counts as assessed independently of
mass are increased [26]. This is consistent with our previous demonstration that transcrip-
tion from all four protease-encoding genes and operons is increased in sarA mutants [23],
and it confirms that mutation of sarA results in the increased production of all 10 of the
primary extracellular proteases produced by LAC. By comparison to LAC, the abundance
of all proteases was reduced in the LAC agr mutant (Table 1).

Most proteases were present in CM from the sarA/agr mutant in amounts comparable
to CM from LAC and higher than those observed in the isogenic agr mutant (Table 1). How-
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ever, the abundance of most was reduced in CM from the sarA/agr mutant by comparison
to the isogenic sarA mutant. The exception was aureolysin, which was most abundant in
CM from the sarA/agr mutant. This likely accounts for the increase in overall protease
activity in CM from the sarA/agr mutant relative to CM from LAC, while the fact that none
of the other proteases were increased likely explains why overall protease activity was
decreased in the sarA/agr mutant by comparison to the sarA [20]. Importantly, aureolysin
is one of two proteases shown to contribute to the greatest extent to the attenuation of sarA
mutants in osteomyelitis [24]. The other is staphopain A (ScpA), the abundance of which
was increased to a greater extent in the sarA mutant than the isogenic sarA/agr mutant
(Table 1). In fact, the abundance of ScpA was not significantly increased in CM from the
sarA/agr mutant by comparison to CM from LAC. Mutation of the genes encoding these
same proteases (aur and scpA) was also shown to replicate the hypervirulent phenotype of
a LAC protease null mutant in a murine sepsis model [13].

The fact that the abundance of aureolysin was increased in both sarA and sarA/agr
mutants while the abundance of ScpA was only increased in the sarA mutant suggests that
the increased production of aureolysin may be particularly important in the pathogenesis of
osteomyelitis. Indeed, aureolysin-mediated degradation of alpha PSMs was shown to be a
primary factor defining the attenuation of a LAC saePQRS (sae) mutant in osteomyelitis [31].
The reduced abundance of PSMs was also confirmed to contribute to the attenuation of a
LAC sarA mutant, although whether this could be attributed specifically to degradation by
aureolysin was not examined [32].

Our previous Western blots demonstrated that the increased production of extracel-
lular proteases in a LAC sarA mutant limits the abundance of LukF, LukS, and Nuc1 in
their full-length forms with a corresponding increase in the abundance of a truncated but
immunoreactive protein [20]. Using our mass-based proteomics approach, we confirmed
the presence of truncated versions of LukF, LukS, and Nuc1 in CM from the sarA mutant
but not the protease-deficient sarA mutant (Figure 1), thus confirming the ability to quantita-
tively distinguish between full-length and truncated proteins. We also confirmed that these
proteins, whether in truncated or full-length form, are present in increased amounts in
CM from the sarA mutant and its protease-deficient derivative by comparison to CM from
LAC (Figure 1), confirming that mutation of sarA results in increased production of LukF,
LukS, and Nuc1, but that the increased production of proteases limits their abundance in
full-length and presumably functional forms.

Additionally„ we previously concluded that LukF is only present in a truncated form
in CM from the sarA mutant and that this might be a limiting factor in the activity of the
bi-component Panton–Valentine leukocidin (PVL) [20]. Here, we confirmed the presence of
this truncated product and the fact that it was absent in CM from the protease-deficient sarA
mutant, but also detected a larger version of LukF that was not apparent by Western blot
(Figure 1). This size of this protein was similar to full-length LukF, but it was nevertheless
truncated as evidenced by the loss of an antibody-binding site [20]. Thus, this does not
contradict the suggestion that the absence of full-length LukF may be a limiting factor in
the phenotypic impact of PVL, but it does further illustrate the utility of our mass-based
approach. This did not appear to be a concern with LukS and Nuc1 in that both full-length
and truncated versions of these proteins were detected by both Western blot and in our
proteomics analysis (Figure 1).
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Figure 1. Spectral counts of specific proteins as a function of molecular weight (gel-slice). CM from
overnight cultures of LAC, isogenic derivatives with mutations in sarA (S), agr (A), sarA/agr (SA), and
protease deficient derivatives of all these strains (P, SP, AP, and SAP, respectively) were resolved by
SDS-PAGE and each slice subjected to proteomic analysis. Graphs indicate the average spectral count
from 5 biological replicates as determined by tandem mass spectrometry plotted for each gel slice.

Impact of protease production on the proteome of S. aureus sarA, agr, and sarA/agr
mutants. The results discussed above are consistent with the expected phenotypes of
all mutants included in our comparisons. They also validate our mass-based approach
including its ability to distinguish between truncated and full-length proteins. Based on
this, we extended our analysis in an unbiased, comprehensive, and antibody-independent
fashion. We detected 1039 full-length proteins in conditioned media (CM) from stationary
phase (16 h) cultures of LAC (Supplementary Tables S1 and S2). Only 139 (13.4%) were
detected in CM from the sarA mutant, while 870 (83.7%) were detected in the protease-
deficient sarA mutant (Figure 2). A total of461 full-length proteins (44.4%) were detected in
CM from the sarA/agr mutant, with 563 (54.2%) being detected in CM from the protease-
deficient sarA/agr mutant. The lower number of proteins detected in CM from the sarA/agr
mutant by comparison to the sarA mutant is consistent with the observation that protease
production is higher in CM from the sarA mutant than in CM from the sarA/agr mutant [20].
Conversely, the fewer proteins detected in CM from the protease-deficient sarA/agr mutant
by comparison to the protease-deficient sarA mutant is consistent with the impact of
mutating agr on protein production. This is further reflected in the reduced number of
proteins detected in CM from the agr mutant (496), which was not increased in CM from
the isogenic protease-deficient agr mutant. Indeed, the agr mutant was the only regulatory
mutant examined in which the number of proteins detected was not increased in the
protease-deficient derivative (Figure 2).

Correlations between protein abundance and virulence. LAC sarA and sarA/agr
mutants are more attenuated in our osteomyelitis model than an isogenic agr mutant,
and virulence is restored to a significant extent in a protease-deficient derivatives of both
mutants [20]. This suggests that proteins that are present in decreased amounts in CM from
sarA and sarA/agr mutants owing to protease-mediated degradation would be of interest
in the pathogenesis of osteomyelitis. We used a log2 fold change >2.0 and p value <0.05
to identify these proteins. Because statistical analysis is not possible when considering a
protein that was not detected in one of the strains included in the comparison, we also iden-
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tified proteins that were not detected in CM sarA and sarA/agr mutants but were detected
in CM from both of their protease-deficient derivatives (Supplementary Tables S1 and S2).

 
Figure 2. Heatmap reflecting the detection of proteins in LAC and its regulatory mutants as a function
of protease production. CM from overnight cultures of LAC, isogenic derivatives with mutations
in sarA (S), agr (A), sarA/agr (SA), and protease deficient derivatives of all these strains (P, SP, AP,
and SAP, respectively). 1039 proteins were detected in CM from LAC. Horizontal black lines in
each column indicate proteins that were absent in CM from each mutant, with the percentage of the
1039 proteins detected in CM from LAC that were detected in CM from each mutant indicated.

The ability to identify some proteins of potential interest in CM from the sarA/agr
mutant was limited by the influence of agr on protein production. For instance, PSMs
contribute to the pathogenesis of osteomyelitis and are present in reduced amounts in
CM from sarA mutants owing to protease-mediated degradation [32], but the impact
of proteases on the abundance of PSMs is not apparent in CM from sarA/agr mutant
because PSMs are not made owing to the agr mutation (Table 1). In fact, 543 of the
1039 proteins detected in CM from LAC (52.3%) were not detected in CM from the isogenic
agr mutant, and virtually all of these were detected at very low levels if at all in CM
from the protease-deficient agr mutant (Supplementary Table S3). The abundance of an
additional 426 proteins was decreased to a significant extent in CM from the agr mutant by
comparison to CM from LAC (Supplementary Table S4), with the remaining 70 proteins
being detected in CM from LAC and its agr mutant in comparable amounts (Supplementary
Table S5). None of the 426 proteins that were present in decreased amounts in CM from
the agr mutant were significantly increased in CM from the protease-deficient agr mutant.
This demonstrates that the reduced abundance of proteins in the agr mutant is a function
of limited production rather than protease-mediated degradation. Nevertheless, because
sarA and sarA/agr mutants are attenuated in our osteomyelitis model owing at least in part
to protease-mediated degradation [20], identifying proteins with reduced abundance in
sarA and sarA/agr mutants remains important.

A total of 45 proteins were present in a significantly increased amount in CM from
the protease-deficient sarA/agr mutant by comparison to the sarA/agr mutant itself, with
an additional 182 being detected in CM from the protease-deficient sarA/agr mutant but
not in CM from the sarA/agr mutant (Supplementary Table S6). Thus, the abundance of
227 proteins was limited to some degree by increased protease production in the sarA/agr
mutant (Figure 3). The number of proteins limited by increased protease production in the
sarA mutant was much greater, but this would be expected given the influence of agr on
protein production and the observation that protease activity in the sarA mutant is higher
than in the isogenic sarA/agr mutant [20].
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Figure 3. Heatmap reflecting strain dependent variation of prioritized S. aureus proteins. Average
spectral counts from 5 biological replicates were determined for LAC (WT), isogenic derivatives with
mutations in sarA (S), agr (A), sarA/agr (SA), and protease deficient derivatives of all these strains
(P, SP, AP, and SAP, respectively). The relative abundance of the 224 proteins that were found to be
present in limited amounts in sarA and sarA/agr mutants owing to protease mediated degradation are
shown after transforming data to the Z-scale to reflect the relative differences of each protein to the
same protein in all other samples.

Of the 227 proteins found to be limited by extracellular proteases in CM from the
sarA/agr mutant, 3 were undetectable in CM from both the sarA mutant and its protease-
deficient derivative (Supplementary Table S6), thus excluding them from the common
pool of proteins present in reduced amounts in both sarA and sarA/agr mutants owing to
protease-mediated degradation. Ten of the remaining 224 were present in a significantly
increased amount in CM from the protease-deficient sarA mutant by comparison to CM
from the sarA mutant, while 214 were detected in CM from the protease-deficient sarA
mutant but not in CM from the sarA mutant itself (Supplementary Table S6). These results
are consistent with the hypothesis that the increased production of extracellular proteases
in sarA mutants limits the abundance of proteins that are potentially important in the
pathogenesis of osteomyelitis, and that it does so irrespective of the functional status of agr,
suggesting that these 224 proteins may be of particular interest in this regard.

Impact of eliminating protease production on the proteome of LAC. While our
primary focus was on identifying proteins that are present in reduced amounts owing to
increased protease production in sarA and sarA/agr mutants, it was previously reported that
eliminating the ability produce extracellular proteases increases the virulence of LAC itself
in a murine sepsis model [13]. Since it might be anticipated that this could be attributed
to an increase in the abundance of some of the same virulence factors that were limited
by protease production in sarA and sarA/agr mutants, we also identified proteins that
were present in increased amounts in CM the protease-deficient derivative of LAC by
comparison to CM from LAC itself. However, the only two proteins we identified were
ArcB and MreC. MreC was among the proteins present in reduced amounts in CM from
both the sarA and sarA/agr mutants owing to protease-mediated degradation, but ArcB
was not (Supplementary Table S6).

Additionally, neither ArcB nor MerC were more abundant in CM from the protease-
deficient derivative of LAC that was found to be hypervirulent in a murine sepsis
model [13]. Moreover, none of the six proteins that were identified in this study (LukA,
PSMα4, Sbi, SEK, SPIN, and a putative chitinase encoded by SAUSA300_0964) were
identified in our proteomic comparisons of LAC and its protease-deficient derivative (Sup-
plementary Tables S1 and S2). However, the abundance of all six was reduced in CM from
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the sarA mutant, and other than Sbi the abundance of these proteins was increased to
a statistically significant extent by eliminating the production of extracellular proteases
(Figure 4). The abundance of Sbi, LukA, SAUSA300_0964, and PSMα4 was also reduced in
CM from the sarA/agr mutant, although the reduced abundance of LukA and PSMα4 is
likely due to the agr mutation (Table 1).

 

Figure 4. Targeted proteomic comparisons. The abundance of full-length versions of each of the
six proteins identified by Gimza et al. [13] was determined using CM from LAC (WT), isogenic
derivatives with mutations in sarA (S), agr (A), sarA/agr (SA), and protease deficient derivatives of all
of these strains (P, SP, AP, and SAP, respectively). Double asterisks indicate a statistically significant
reduction in spectral counts by comparison to CM from LAC as determined by one-way ANOVA.
Single asterisks indicate a statistically significant increase in CM from protease deficient derivative of
each strain by comparison to its isogenic regulatory mutant as determined by t-test.

Impact of sarA and agr on oxacillin resistance. We also found that the penicillin-
binding proteins PBP1, PBP2, PBP2A, and PBP3 were detected in CM from LAC but
not in CM from its isogenic sarA mutant, and that the abundance of all four PBPs was
increased in CM from the protease-deficient sarA mutant (Figure 5). Mutation of sarA
increased susceptibility to oxacillin and was increased even more in sarA/agr and agr
mutants (Figure 6). However, eliminating the ability to produce extracellular proteases did
not impact the susceptibility of any of these regulatory mutants. These results are consistent
with a previous report concluding that the impact of sarA on oxacillin resistance is a function
of decreased transcription of the gene (mecA) encoding PBP2A [33]. Irrespective of the
mechanism(s) involved, this suggests that targeting sarA could have the added benefit of
enhancing the ability to overcome the therapeutic recalcitrance of osteomyelitis, particularly
when caused by methicillin-resistant strains.

Impact on factors involved in invasion of the osteocyte lacuna-canalicular network

(OLCN). The reduced abundance of PBP3 may also be relevant in the pathogenesis of
osteomyelitis because the absence of PBP3 has been correlated with a decreased ability of
S. aureus to invade the OLCN [34]. Mutation of the gene encoding the primary S. aureus
autolysin (atl) also limits OLCN invasion, and like PBP3 the abundance of Atl was reduced
in CM from sarA and sarA/agr mutants. However, unlike PBP3, the abundance of Atl
was restored to a statistically significant extent in CM from the protease-deficient sarA
and sarA/agr mutants (Figure 7). Since invasion of the OLCN has been proposed to
provide S. aureus with a protective niche in bone, this suggests another mechanism by
which targeting sarA could enhance the ability to overcome the therapeutic recalcitrance of
osteomyelitis to conventional antibiotic therapy.
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Figure 5. Targeted proteomic analysis of penicillin binding proteins (PBPs). The abundance of
full-length PBPs was determined using CM from LAC (WT), its sarA (S), agr (A), and sarA/agr (SA)
mutants, and protease deficient derivatives of all 4 strains. Double asterisks indicate a statistically
significant reduction in spectral counts as determined by one-way ANOVA comparisons to CM from
LAC. Single asterisk indicates a significant increase in the protease-deficient derivative by comparison
to its isogenic regulatory mutant as determined by t-test.

Figure 6. Impact of sarA, agr, and extracellular proteases on oxacillin susceptibility. Susceptibil-
ity was assessed by E-strip for LAC, isogenic sarA (S), agr (A), and sarA/agr (SA) mutants, and
protease-deficient derivatives of all strains (P, SP, AP, and SAP, respectively). The approximate
minimum inhibitory concentration shown below the figure was not affected by protease production
in any strain.

Impact on Atl on exoprotein abundance. It was recently demonstrated that mutation
of atl results in the increased abundance of extracellular LukAB owing to changes in pepti-
doglycan cleavage [35]. Atl was essentially undetectable in CM from the sarA mutant, so it
might be anticipated that the phenotype of the sarA mutant would mimic the phenotype of
an atl mutant. Since eliminating protease production restored the abundance of Atl in the
sarA mutant, this leaves open the possibility changes in Atl rather than changes in protease
production account for the increased abundance of at least some proteins in CM from the
protease-deficient sarA mutant by comparison to CM from the sarA mutant itself. To test
this, we used Western blots to examine the abundance of α-toxin, LukF, and LukS in CM
from LAC, its sarA and protease-deficient sarA mutants, and an isogenic atl mutant. The
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results confirmed our previous findings [20] with respect to the decreased abundance of
these proteins in their full-length form in CM from the sarA mutant and their increased
abundance relative to LAC in CM from the protease-deficient sarA mutant (Figure 8). They
also demonstrated that the abundance of α-toxin and LukS, but not LukF, was increased
relative to LAC in CM from the atl mutant. However, the abundance of all three exoproteins
was still lower in CM from the atl mutant than CM from the protease-deficient sarA mutant
(Figure 8).

 
Figure 7. Proteomic comparison for autolysin (Atl). The abundance of full-length Atl was determined
using CM from LAC (WT), its sarA (S), agr (A), and sarA/agr (SA) mutants, and protease-deficient
derivatives of all four strains. Double asterisks indicate a statistically significant reduction in spectral
counts as determined by one-way ANOVA comparisons to CM from LAC. Single asterisk indicates a
significant increase in each protease-deficient strain by comparison to its isogenic regulatory mutant
as determined by t-test.

 
Figure 8. Impact of atl on the abundance of S. aureus exoproteins. Western blots were done with
CM from overnight cultures of LAC and isogenic sarA (S), protease deficient sarA mutant (SP), an atl
mutant (A). CM from an hla and lukFS mutant was included as a control (C).

5. Discussion

Staphylococcus aureus produces a diverse array of virulence factors and causes an
equally diverse array of infections. This has complicated attempts to identify specific
virulence factors that can be studied to gain a better understanding of pathogenesis mech-
anisms or perhaps even be targeted to prophylactic and/or therapeutic advantage. One
alternative is to focus on regulatory elements that modulate the production of multiple
S. aureus virulence factors, and the two regulatory targets that have been investigated most
extensively in this regard are sarA and agr [6–10]. Although sarA is known to function
through an agr-dependent pathway [11,12,36,37], the impact of mutating sarA and agr is
often different. One example of specific relevance in this report is their opposite impact
on the production of extracellular proteases [38]. Specifically, mutation of agr results in
decreased protease production, while mutation of sarA has the opposite effect.
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We have extensively investigated the impact of increased protease production in
S. aureus sarA mutants and demonstrated that mutation of sarA results in a greater increase
in protease production, and a greater decrease in biofilm formation, than mutation of any
other S. aureus regulatory locus identified to date, and that this is true in diverse clinical
isolates including both methicillin-sensitive and methicillin-resistant strains [23,27]. These
collective studies led us to propose that the ability of sarA to repress the production of
extracellular proteases is a key mechanism of post-translational regulation in S. aureus that
prevents these proteases from compromising the S. aureus proteome [21–26]. However,
none of these earlier studies considered the functional status of agr, which is an important
consideration given that spontaneous agr mutants are known to arise in vivo and may in
fact promote the transition between acute and chronic forms of S. aureus infection including
osteomyelitis [39–42].

To address this, we used our osteomyelitis model to assess the relative virulence of
sarA, agr, and sarA/agr mutants generated in the USA300 strain LAC, and the results
confirmed that sarA and sarA/agr mutants are more attenuated in our osteomyelitis model
than the isogenic agr mutant [20]. This suggests that sarA is not only a viable target for
therapeutic intervention but is perhaps the preferred target by comparison to other reg-
ulatory loci including agr. The observation that the reduced virulence of both sarA and
sarA/agr mutants can be attributed to a significant extent to the increased production of
extracellular proteases also suggests that a proteomics approach could be used to go beyond
the regulatory loci themselves to identify and prioritize specific virulence factors of interest
based on a correlation between reduced virulence and the reduced abundance of these
virulence factors. In fact, to the extent that our collective studies have also demonstrated
that mutation of sarA results in the increased production of specific S. aureus virulence
factors, but limited accumulation of these virulence factors in their full-length and pre-
sumably functional forms owing to protease-mediated degradation [20], it suggests that
a proteomics approach capable of quantitatively distinguishing between full-length and
truncated proteins is the only way to accomplish this important task.

Using this approach, we identified 224 full-length S. aureus proteins that are present in
reduced amounts in CM from LAC sarA and sarA/agr mutants by comparison to CM from
their isogenic protease-deficient derivatives. Many of these proteins were present at very
low levels, and in fact most (214) were only identified because they were not detected in
CM from sarA and sarA/agr mutants but were detected in CM from their protease-deficient
derivatives. The absence of individual proteins in some samples precludes statistical
analysis, but we included these among the 224 proteins of potential interest because it is
not possible to know how much of a given protein is required to have a phenotypic effect.

The studies we report are an extension of previous studies that used the same mass-
based proteomics approach to examine the correlation between protein abundance and
virulence in our osteomyelitis model using six isogenic LAC mutants that differed in the
functional status of saeRS and sarA relative to each other [21]. This was based on the
demonstration that saeRS and sarA act synergistically to limit protease production [43] and
that mutation of saeRS also limits virulence in an osteomyelitis model [21]. In fact, we
demonstrated that LAC and its constitutively active saeRS variant (saeC) are more virulent
that isogenic saeRS, sarA, saeRS/sarA, and saeC/sarA mutants, all of which are attenuated
to a comparable degree. Proteomic analysis led to the identification of 114 proteins that
were significantly more abundant in CM from both virulent strains by comparison to all
4 attenuated strains. Of these 114 proteins, 25 were among the 224 proteins identified in
this study (Supplementary Table S6).

Since mutation of saeRS also results in increased protease production, albeit to a lesser
degree than mutation of sarA [43], it might be anticipated that the overlap between these
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two datasets would be larger. However, most of the 224 proteins we identified in this
study were identified only because they were undetectable in CM from sarA and sarA/agr
mutants and detectable in CM from their protease-deficient derivatives, and in our previous
study we excluded proteins from further consideration if they were not detected in CM
from all 6 strains [21]. Moreover, sae also functions in a coordinated fashion with agr to
regulate the production of S. aureus virulence factors in response to different environmental
signals [44]. This further illustrates the complex and highly interactive nature of S. aureus
regulatory circuits and the critical need to maintain an appropriate balance between protein
production and protein degradation. This also provides additional evidence supporting
the hypothesis that limiting protease production is a key factor in the post-translational
remodeling of the S. aureus virulence factor repertoire and suggests that the 25 proteins
(Supplementary Table S6) that were identified in our collective studies based on correlations
with virulence may warrant prioritization even among the 224 identified in this report.

In addition to sarA and saeRS, mutation of several other S. aureus regulatory proteins
has been implicated in protease production, and this suggests that additional proteomic
comparisons could further enhance the ability to prioritize specific targets for further
study. To date, we have examined the impact of 21 S. aureus regulatory loci implicated
in protease production and biofilm formation. The results demonstrate that mutation of
sarA results in a greater increase in protease production than mutation of any of these
other regulatory loci, but also suggest that codY, sigB, and rot warrant further consider-
ation in this regard [22,25,27]. It is also important to extend such comparisons to other
clinically relevant strains. Indeed, the methicillin-sensitive, USA200 strain UAMS-1 is
virulent in our osteomyelitis model, and mutation of sarA attenuates this virulence owing
to increased protease production, but LAC and UAMS-1 differ in significant ways beyond
their methicillin-resistance status including their ability to produce important cytolytic
including α-toxin and the Panton–Valentine leucocidin [23–25,32]. This suggests alterna-
tive pathogenesis pathways to the same end, thus making it important to prioritize based
not only common proteins impacted by mutation of different regulatory loci but also on
common proteins impacted in diverse clinical isolates of S. aureus.

Additionally, comparison of datasets obtained independently of each other can be
informative, but direct comparisons using the same experimental and statistical methods
are clearly preferred, particularly given the sensitivity of current proteomics technology.
Indeed, while our primary focus was on identifying proteins that were present in reduced
amounts in both sarA and sarA/agr mutants owing to protease-mediated degradation, we
included CM samples from a protease-deficient derivative of LAC itself, and we did not
identify any of the six proteins that Gimza et al. [13] found were more abundant in a
protease-deficient derivative of LAC by comparison to LAC itself. This could potentially
be explained by differences in the specific experimental approaches employed in these two
studies, and this accounts for our efforts to fully validate our proteomics approach including
its ability to distinguish between truncated and full-length proteins. We also employed
a different model to assess virulence, and we did not observe a statistically significant
increase in virulence with the protease-deficient derivative of LAC in the specific context of
osteomyeltis, but we did demonstrate what we believe are clear trends suggesting increased
virulence in the protease-deficient derivative of LAC [20]. Moreover, whether virulence
was significantly increased in osteomyelitis vs. sepsis is irrelevant in the context of this
discussion since both proteomic comparisons were performed using CM from stationary
phase cultures grown in vitro in tryptic soy broth.

There were, however, other differences with respect to sample preparation and anal-
ysis that could impact the results. For instance, Gimza et al. [13] standardized cultures
based on optical density before precipitating proteins and standardizing samples for com-
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parative analysis based on overall protein content. In contrast, we examined CM after
standardization based on optical density without further manipulation based on the logic
that standardizing based on protein content might mask important differences owing to
the global impact of extracellular proteases. Both studies also used a mass-based approach
after resolution by SDS-PAGE, but we used gradient gels and focused on a narrower size
range to distinguish between the abundance full-length and truncated proteins [21,24,26].
It is reasonable to suggest that such differences could impact the results, but it is difficult to
envision how they can fully explain this discrepancy since we also did not identify any of
these six proteins even after removing the size restriction and examining total abundance
in any form. Thus, we do not have a definitive explanation for this discrepancy, but this
nevertheless further illustrates the need to make direct comparisons between multiple
strains and multiple isogenic mutants proven to exhibit significant differences in virulence,
and to make these comparisons using consistent methods that have been validated to the
greatest extent possible. Given that our proteomics analysis confirmed the identity of all
mutants included in our comparisons, and also validated recognized phenotypes beyond
the regulatory mutations themselves, we believe the experimental approach we describe is
appropriate to address these issues moving forward.

Indeed, while we did not find that any of the six proteins identified by Gimza et al. [13]
were more abundant in CM from the protease-deficient derivative of LAC by comparison
to CM from LAC itself, we did find that the abundance of four of these six proteins were
reduced in CM from the attenuated LAC sarA and sarA/agr mutants. In some cases,
the reduced abundance of these proteins in CM from the sarA/agr mutant could not be
attributed to increased protease production, but this does not detract from the possibility
that the reduced abundance of these proteins in CM from sarA and sarA/agr mutants
contributes to their reduced virulence. Indeed, this further illustrates the importance of agr
in enhancing the production of S. aureus virulence factors, and the importance of sarA in
concomitantly repressing the production of extracellular proteases to maintain a critical
balance in the abundance of these virulence factors that is to the best advantage of S. aureus
in specific in vivo environments including bone.

Identifying critical virulence factors is important because these factors contribute to
in vivo survival and ultimately to the damage to the host associated with ongoing infec-
tion. To the extent that it compromises the local vasculature, this damage contributes to
the therapeutic recalcitrance of S. aureus orthopedic infections to conventional antibiotic
therapy. However, the limited abundance of these virulence factors is not the only relevant
observation in defining this therapeutic recalcitrance. Indeed, penicillin-binding proteins
including PBP2A were also identified in this report. This is consistent with previous reports
demonstrating that mutation of sarA increases β-lactam susceptibility [33]. These reports
concluded that the increased β-lactam susceptibility of sarA mutants was correlated with
reduced mecA transcription, and our results demonstrating that the increased susceptibility
to oxacillin observed in a sarA mutant is not impacted by increased protease produc-
tion support this conclusion. There is also a report demonstrating that SarA binds the
mecA promoter [45], further suggesting a protease-independent transcriptional mechanism.
However, irrespective of the mechanism involved, it is important to note that mutation of
sarA increased oxacillin susceptibility to a level comparable to the breakpoint minimum
inhibitory concentration (MIC) for a methicillin-resistant strain (≤2.0 μg/mL).

Additionally, PBP3 and the primary S. aureus autolysin Atl were also present in low
levels in CM from sarA and sarA/agr mutants, and the abundance of both was significantly
restored by eliminating protease production. The impact of protease production on the
abundance of Atl and PBP3 may be particularly relevant to both the pathogenesis and
therapeutic recalcitrance of S. aureus osteomyelitis. Specifically, mutation of atl and pbp3 has
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been shown to limit septic implant loosening and abscess formation in the medullary cavity,
while mutation of pbp3 has been correlated with reduced peri-implant osteolysis, reduced
osteoclast activity, reduced invasion of the OLCN, and reduced production of the activator
of nuclear factor kappa-B ligand (RANKL), a central modulator of the balance between
osteoblast and osteoclast activity in bone remodeling [34,46]. Thus, these observations may
be particularly relevant in the specific clinical context of S. aureus orthopedic infections.

Finally, one unexpected result we observed is the reduced abundance of SarA in
CM from the agr and protease-deficient agr mutants (Table 1). It has been demonstrated
that sarA is required for maximum expression of agr, but we are unaware of any reports
suggesting that agr enhances expression of sarA. Our studies were performed using a null
mutant that does not produce SarA, but different levels of SarA production in different
strains has been correlated with relative levels of protease production [47]. Thus, if this
were a true regulatory effect with a phenotypic impact, it would be anticipated that the
limited production of SarA in the agr mutant would result in increased protease production,
and this was not the case for any of the 10 extracellular proteases (Table 1). Based on
the observation that the abundance of Atl was reduced in CM from the agr and protease-
deficient agr mutants, one plausible explanation is that the reduced abundance of SarA in
CM from agr mutants reflects changes in the abundance of Atl leading to changes in cell
wall turnover and release of intracellular proteins, particularly since our comparisons were
performed using CM from stationary phase cultures.

The abundance of SarA was comparable in CM from the agr and protease-deficient
agr mutants, as was the abundance of Atl and SarA (Table 1). Atl abundance was also
lower in sarA and sarA/agr mutants by comparison to the isogenic agr mutants, and in
both mutants it was significantly increased in the isogenic protease-deficient strains. This
leaves open the possibility that differences in the abundance of SarA and presumably other
proteins in CM from sarA and sarA/agr mutants by comparison to their protease-deficient
derivatives is a function of the abundance of Atl. Indeed, it was recently demonstrated
that mutation of atl results in the increased abundance of extracellular LukAB owing to
changes in peptidoglycan cleavage [34]. Additionally, Atl was essentially undetectable in
CM from the sarA mutant, so it might be anticipated that the phenotype of the sarA mutant
would mimic the phenotype of an atl mutant. LukA and LukB (SAUSA300_1975 and
SAUSA300_1974, respectively) were undetectable in CM from sarA and sarA/agr mutants
but readily detectable in CM from their protease-deficient derivatives (Supplementary
Table S2). This is consistent with the hypothesis that the abundance of these proteins in
CM from sarA mutants is limited directly by protease-mediated degradation, but it could
also be explained at least to some degree by the limited abundance of Atl in sarA and
sarA/agr mutants.

However, despite the reduced abundance of Atl in CM from the sarA and sarA/agr
mutants by comparison to their protease-deficient derivatives, the abundance of LukF, LukS,
and Nuc1 was increased to a comparable degree in both regulatory mutants irrespective
of their ability to produce proteases, with the only protease-dependent difference being
whether these proteins were present in truncated or full-length and presumably functional
forms. Additionally, we confirmed by Western blot that, while mutation of atl does result in
an increase in the abundance of some exoproteins (e.g., α-toxin and LukS), the abundance
of these proteins, as well as LukF, remains below that observed in an isogenic protease-
deficient sarA mutant. Thus, while we cannot exclude the possibility that changes in the
abundance of Atl contribute to differences in the abundance of some of the 224 proteins
defined as protease dependent by our comparisons, we do not believe they can account
for our cumulative results to an extent that detracts from the conclusion that increased
protease production plays a phenotype-defining role in sarA and sarA/agr mutants that
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includes reduced virulence in the clinical context of osteomyelitis even if differences in the
abundance of Atl, which are themselves protease dependent, do in fact contribute to the
proteome phenotype of these mutants.
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Abstract: The genome of Geobacillus sp. G4, a thermophilic bacterium isolated from a
geothermal field in Peru, was sequenced and analyzed to evaluate its taxonomic and
biotechnological potential. This strain exhibits optimal growth at temperatures between
50 and 70 ◦C and at a pH range of 6.0–7.5. Phenotypic assays demonstrated extracellular
enzymatic activities, including amylases, cellulases, pectinases, and xylanases, highlighting
its potential for efficient polysaccharide degradation. The assembled genome comprises
approximately 3.4 Mb with a G+C content of 52.59%, containing 3,490 genes, including
coding sequences, rRNAs, and tRNAs. Functional annotation revealed genes associated
with key metabolic pathways such as glycogen and trehalose biosynthesis, indicating adap-
tation to carbohydrate-rich environments. Phylogenetic analyses based on ANI and dDDH
values identified Geobacillus thermoleovorans KCTC3570 as its closest relative, suggesting
a strong evolutionary relationship. Additionally, the genome harbors gene clusters for
secondary metabolites such as betalactone and fengycin, suggesting potential industrial
and pharmaceutical applications, including bioremediation. The identification of antibiotic
resistance genes, specifically those conferring glycopeptide resistance, underscores their
relevance for antimicrobial resistance studies. The presence of enzymes like amylases and
pullulanase further emphasizes its biotechnological potential, particularly in starch hydrol-
ysis and biofuel production. Overall, this research highlights the significant potential of
Geobacillus species as valuable sources of thermostable enzymes and biosynthetic pathways
for industrial applications.

Keywords: bacterial thermophily; biotechnological potential; industrial enzymes; phyloge-
nomic analysis

1. Introduction

The genus Geobacillus comprises thermophilic, Gram-positive, spore-forming, rod-
shaped bacteria that are either aerobic or facultatively anaerobic, constituting a phyloge-
netically coherent clade within the family Bacillaceae [1]. These microorganisms inhabit a
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wide range of environments, including hot springs, cold regions, and ocean sediments [2].
The genus Geobacillus was proposed by Nazina et al. (2001) [3] to differentiate it from the
genus Bacillus based on distinct physiological traits, variations in growth temperatures, and
phenotypic characteristics among strains. Geobacillus species exhibit broad catabolic versa-
tility, facilitating their widespread occurrence across diverse environments. These bacteria
are recognized for secreting commercially important enzymes, including lipases, xylanases,
and amylases, widely utilized in various industrial and biotechnological processes.

According to the List of Prokaryotic Names with Standing in Nomenclature (LPSN,
2025), the genus Geobacillus currently includes 30 valid species, including Geobacillus
thermodenitrificans, Geobacillus uzenensis, Geobacillus thermocatenulatus, Geobacillus kaustophillus,
Geobacillus thermoglucosidasius, Geobacillus thermoleovorans, Geobacillus subterraneus, Geobacil-
lus stearothermophilus, Geobacillus toebii, Geobacillus jurassicus, Geobacillus thermoglucosidans,
Geobacillus stearothermophilus, and Geobacillus thermodenitrificans. Geobacillus stearother-
mophilus serves as the type species, with DSM 22 designated as its type strain [1,4].

Analysis based on the 16S rRNA gene revealed a cohesive grouping of 56 Geobacillus
strains, exhibiting intra-species similarities between 99.3% and 100%, and inter-species
similarities ranging from 96.0% to 99.4%, facilitating reliable distinctions [5]. However,
limitations in taxonomic resolution using the 16S rRNA gene led researchers to adopt
additional genetic markers, such as recN, infB, rpoB, and spo0A, providing enhanced
phylogenetic clarity [6,7].

Distinctions between Geobacillus species in previous studies have been based on small
chemotaxonomic differences and phenotypic characteristics [5]. Growth temperatures
range from 35 ◦C to 80 ◦C, with most isolated strains growing between 45 ◦C and 70 ◦C [3].
The core genome of Geobacillus comprises approximately 1665 genes, 85% of which are
shared with the genome of Bacillus subtilis 168, suggesting a common survival strategy
centered around rapid growth and sporulation under nutrient-limited conditions [8].

Traditionally, bacterial classification has relied on methods such as 16S rRNA se-
quencing, DNA-DNA hybridization (DDH), and phenotypic characterization. Nonetheless,
high sequence similarity within the 16S rRNA gene among Geobacillus species complicates
precise identification and has resulted in misidentifications [9]. The growing number of
studies classifying new species using only single-pathway markers has led to the rise of
unreliable and confusing classifications within the genus [3,10–12]. To overcome these
challenges, integrated approaches combining genomic and phenotypic analyses, including
whole-genome sequencing, have been proposed to achieve higher phylogenetic resolution.

The Calientes geothermal field in Tacna, Peru, represents an underexplored source of
microbial biodiversity with significant biotechnological potential [13,14]. Characterized by
elevated temperatures and unique mineral compositions, these geothermal springs provide
optimal conditions for thermophilic bacteria like Geobacillus [15,16]. These microorganisms
have attracted considerable interest due to their ability to produce thermostable enzymes
applicable in biotechnology, particularly in industrial processes involving the bioconversion
and biodegradation of complex organic polymers such as lignocellulosic biomass (e.g.,
cellulose, hemicellulose, and lignin) [17].

Geobacillus species are highly valuable biotechnological resources due to their capa-
bility of producing stable and active enzymes under extreme environmental conditions,
such as high temperatures and variable pH levels. These enzymes have found extensive
industrial applications, notably in biofuel production and the bioconversion of industrial
waste [18]. Moreover, certain Geobacillus strains efficiently degrade complex organic poly-
mers like lignin and cellulose, offering promising opportunities for bioethanol production
from renewable biomass [19]. Ongoing genomic and metabolic engineering research efforts
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further enhance the biotechnological potential of these bacteria, optimizing their utilization
in industrial applications [20].

Geobacillus species have attracted considerable attention not only due to their capacity
to produce thermostable enzymes but also because of their potential to biosynthesize
secondary metabolites with diverse industrial and pharmaceutical applications. These
metabolites include compounds like fengycin, known for its antimicrobial and antifungal
properties, valuable in bioremediation and biological control applications, and lanthipep-
tides or betalactones, which exhibit potential therapeutic properties, including antibiotic
and anticancer activities, relevant to pharmaceutical development [21]. The identifica-
tion and characterization of secondary metabolite biosynthetic gene clusters (BGCs) in
thermophilic bacteria can reveal novel compounds beneficial for biotechnological and
biomedical use [17,18].

The study of genomic diversity and characterization of new Geobacillus strains is
essential from both a taxonomic and biotechnological perspective. Genomic analysis of new
strains allows for the identification of genes involved in specific metabolic processes, such
as the degradation of starch and hemicellulose, which are crucial for biomass conversion
into biofuels and other value-added products [22,23].

In this study, we aimed to characterize Geobacillus sp. G4, a thermophilic strain iso-
lated from a geothermal environment in southern Peru, through phenotypic and enzymatic
analyses. Furthermore, we sought to sequence, assemble, and annotate its genome; deter-
mine its taxonomic position; and identify genes and metabolic pathways with potential
biotechnological relevance, particularly those involved in the production of thermostable
enzymes and the degradation of complex carbohydrates for industrial applications.

2. Materials and Methods

2.1. Bacterium Isolation and Characterization of Geobacillus sp. G4

Sediment samples were obtained from a geothermal spring in the Calientes geothermal
field, Candarave, Tacna, Peru. The spring, designated as G8, was selected based on the
presence of sediment, elevated temperatures (>60 ◦C), and accessibility. The G8 spring, with
a water temperature of 65.3 ◦C and a pH of 7.35, is located at an altitude of 4162 m above
sea level (UTM coordinates: 0.379908 E, 81.09185 N). The area surrounding the spring was
characterized by sparse vegetation and the accumulation of brownish sediments (Figure 1).
Approximately 250 g of sediment was collected from the upper 3 cm layer of the sediment
bed, at a depth of up to 15 cm from the water surface, at the edge of the geothermal spring
using a sterile plastic bottle. A suspension of sediment and spring water was transferred
into a sterile thermos bottle to maintain a temperature close to that of the sample during
both sampling and transport to preserve microbial viability.

A sediment sample (10 g) was initially enriched in Luria–Bertani (LB) liquid medium
(consisting of 10 g/L peptone, 5 g/L yeast extract, and 10 g/L sodium chloride) at a
10% (v/v) concentration. The enrichment culture was incubated at 60 ◦C for 48 h. After
incubation, 100 μL of the enriched culture (OD 600 nm = 0.2) was spread onto LB agar
plates supplemented with 1% (w/v) starch as the sole carbon source to selectively isolate
amylolytic bacteria. The plates were incubated at 60 ◦C until bacterial colonies appeared.
After two days, bacterial colonies were individually collected and streaked three times on
the same LB agar to ensure purity. Five amylolytic colonies (G1, G2, G4, G16, and G23)
were isolated, and the strain G4, which exhibited the highest amylase activity levels, was
chosen for further characterization and genomic analysis. Amylase activity was quantified
using the Miller method [24]: 100 μL of starch solution (0.5% w/v) and 100 μL of G4 culture
supernatant were incubated at 60 ◦C for 15 min. Then, 300 μL of DNS reagent was added,
and absorbance was measured at 540 nm.
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Figure 1. Map of the geothermal sampling area in Calientes, Candarave, using ArcGIS version 10.5.
Image of the geothermal spring sampled in this study, located in the Calientes geothermal field,
Candarave, Tacna, Peru.

The morphology of the G4 strain was evaluated by analyzing colony shape, pigmen-
tation, and microscopic characteristics using Gram staining, endospore formation assays,
and motility tests. The effect of temperature on the growth of strain G4 was assessed by
culturing it in LB liquid medium (pH 7) at a range of temperatures (37, 45, 50, 55, 60, 65, 70,
75, and 80 ◦C) for 48 h. Similarly, the effect of pH on growth was evaluated by incubating
G4 in LB medium buffered at pH values ranging from 4 to 8 (100 mM sodium citrate for
pH 4 and 5, 100 mM sodium phosphate for pH 6 and 7, and 100 mM Tris-HCl for pH 8) at a
fixed temperature of 60 ◦C for 48 h. For acid production assays, substrates such as lactose,
cellobiose, glycerol, sucrose, and xylose were used, following the methodology described
by Mac Faddin (2000) [25].

Carbon utilization of strain G4 was determined by culturing it in LB liquid medium
(pH 7) supplemented with various substrates, including carboxymethylcellulose (CMC),
starch, pectin, microcrystalline cellulose, casein, lactose, xylose, glucose, sucrose, cellobiose,
and maltose, each at 1% (w/v) as a carbon source (Sigma Aldrich, St. Louis, MO, USA).
Cultures were incubated at 60 ◦C for 48 h. Bacterial growth was monitored by measuring
optical density at 600 nm.

The extracellular hydrolytic enzyme activities, including cellulase, pectinase, xylanase,
amylase, protease, and lipase, were assessed. The G4 isolate was cultivated on LB agar
plates supplemented individually with specific substrates: carboxymethylcellulose (CMC)
1% (w/v), pectin 0.5% (w/v), oat spelt xylan 1% (w/v), potato starch 1% (w/v), casein 1%
(w/v), and tributyrin 0.5% (v/v), following the protocol described by Guta et al. (2024) with
minor modifications [26]. Plates were incubated at 60 ◦C for 24–48 h. The presence of clear
zones surrounding colonies indicated positive enzymatic activity.

To analyze enzyme production by isolate G4, time-course experiments were performed.
G4 was inoculated into 250 mL Erlenmeyer flasks containing 50 mL of LB liquid medium at
pH 7.0, individually supplemented with the enzyme-specific substrates mentioned above.
Cultures were incubated at 60 ◦C, and 2 mL samples were withdrawn at intervals of 3, 6,
12, 24, 30, and 48 h. Samples were centrifuged at 10,000× g for 10 min at 4 ◦C, and the
resulting supernatants were used for enzyme assays.

The enzymatic activities of cellulase, pectinase, xylanase, and amylase were deter-
mined using their respective substrates buffered with 100 mM sodium phosphate (pH 7.0),
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quantifying the reducing sugars released according to the Ticona method [27]. One unit
of enzymatic activity was defined as the amount of enzyme required to release 1 μmol of
reducing sugar per minute.

Protease activity was assessed by mixing 25 μL of enzyme solution with 130 μL of
0.5% (w/v) casein buffered in 100 mM Tris-acetate (pH 7.5), following the methodology
described by Oluoch et al. (2018) [28]. One unit of protease activity was defined as
the amount of enzyme that released 1 μmol of tyrosine per minute. Lipase activity was
measured titrimetrically using an olive oil emulsion as the substrate, as described by
Sharma et al. (2017) [29]. One unit of lipase activity was defined as the enzyme amount
releasing 1 μmol of fatty acid per minute under assay conditions.

2.2. DNA Extraction and Sequencing

Genomic DNA was extracted from bacterial strain G4 for whole-genome sequencing.
Strain G4 was first cultured in 10 mL of Luria–Bertani (LB) broth and incubated at 60 ◦C for
48 h. The culture was centrifuged at 8000× g for 15 min at 4 ◦C, and the supernatant was
discarded. The resulting cell pellet was resuspended in 5 mL of Tris-HCl buffer (pH 8.0).
Genomic DNA was isolated using the Bacterial Genomic DNA Isolation Kit (Norgen Biotek
Corp., Thorold, ON, Canada) following the manufacturer’s protocol. The concentration and
purity of the DNA were measured using a BioTek Epoch 2T spectrophotometer (Agilent
Technologies, Inc., Santa Clara, CA, USA).

DNA libraries were prepared using the Illumina TruSeq Nano DNA Library Prep Kit
(350), and sequencing was performed using the Illumina NovaSeq platform with paired-end
150 bp reads at Macrogen Inc. (Seoul, Republic of Korea).

2.3. Quality Analysis, Genome Assembly, and Annotation of Geobacillus sp. G4

The raw fastq files (paired-end) comprising 13,778,078 sequences with an average
length of 151 bp were imported into the FastQC v0.12.1 tool for quality assessment. The
quality filtering was performed using Trimmomatic v0.38 to remove sequences with
low-quality scores, applying the following parameters: SLIDINGWINDOW (4:30) and
PHRED 30. The remaining sequences were then imported into the SPAdes v3.15.4 tool for
genome assembly using the parameters k-mer (21, 33, 55, and 77) and a Phred score of
64 (Illumina). Short contigs (<200 bp) were removed from the assembly using seqtk v.1.4
(https://github.com/lh3/seqtk, accessed on 13 November 2024). The completeness and
contamination of the genome were analyzed using the CheckM v1.2.2 tool and CoverM
v0.7.0 (https://github.com/wwood/CoverM, accessed on 13 November 2024), while the
size and quality of the assembled genome were assessed using Quast v5.2.0 and Busco
v5.5.0 [30–32].

Functional genome annotation was performed in the Galaxy (https://usegalaxy.org/)
environment using Prokka v1.14.6 with default parameters. Prokka predicted CDSs, rRNAs,
and tRNAs, assigning functions initially through BLAST+ searches against core databases
(ISfinder, NCBI AMR, and UniProtKB/SwissProt), followed by refinement using HM-
MER3 [33–37]. After annotation, the genome was mapped according to its functional
categories and enzyme classes using the online mapper eggNOG-mapper v2 (eggNOG-
mapper) with the eggNOG 5.0 database [38]. Type strains from the most similar species,
based on the results from the Digital DNA-DNA hybridization (dDDH) analysis, were
used for comparison with the literature.

To analyze and highlight the biotechnological potential of the Geobacillus sp. G4 strain,
three metabolic pathways were highlighted in the KEGG annotation: glycogen biosyn-
thesis (M00854), glycogen degradation (M00855), and trehalose biosynthesis (M00565)
(Supplementary Figure S1). The visualization of the pathways of interest was performed
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using the KEGG mapper (www.genome.jp/kegg/mapper, accessed on 20 November 2024)
via the KEGG database.

To identify gene clusters related to secondary metabolism (BCGs) in microorganisms,
AntiSMASH v7.1.0 software was used [39]. The Antibiotic Resistance Genes Database
(ARDB) was used to select and annotate genes potentially responsible for antibiotic
resistance [40].

The genome of Geobacillus sp. G4, along with three reference genomes (G. kaustophilus
HTA426, G. kaustophilus NBRC12445, and G. thermoleovorans KCTC3570), was functionally
annotated using the eggNOG-mapper online tool (http://eggnog-mapper.embl.de/, ac-
cessed on 6 January 2025). Genes related to four functional categories of interest—carbon
starvation, DNA repair and supercoiling, heat-shock response, and oxidative stress—were se-
lected based on their presence in the genomes. Gene presence/absence analyses and graphical
visualization were performed using R statistical software (https://www.r-project.org/).

2.4. Taxonomic Classification of Geobacillus sp. G4
2.4.1. Digital DNA Hybridization (dDDH) and Average Nucleotide Identity (ANI)

Digital DNA hybridization (dDDH) was performed on the TYGS platform—DSMZ
(tygs.dsmz.de) for the taxonomic classification of the strain and identity confirmation [41].
For phylogenomic inference to compare complete genomes in dDDH, the GBDP method
(Genome BLAST Distance Phylogeny) was used, employing the trimming algorithm,
formula d5, and bootstrap 100 [42]. To calculate genomic similarity using DDQ (Digital
DNA-DNA Hybridization), GGDC v4.0 software integrated into the TYGS platform was
used. The average nucleotide identity (ANI) analysis was calculated using the JSpeciesWS
platform (https://jspecies.ribohost.com/), which provides ANIb, representing the average
nucleotide identity based on BLAST calculations [43], and ANIm, representing the average
nucleotide identity based on MUMmer calculations [43].

2.4.2. 16S rRNA Gene-Based Phylogenetic Tree Reconstruction

16S rRNA gene sequences from the genomes were extracted using barnnap v0.9
(https://github.com/tseemann/barrnap, accessed on 11 January 2025). All information
regarding the sequences used can be found in Supplementary Table S1. Sequence alignment
was performed using MAFFT v7.526 in default mode [44]. After alignment, all sequences
were trimmed using TrimAl v1.4.1 [45]. The selection of the most appropriate model
for tree reconstruction was performed using ModelTest-NG v0.1.7 [46], suggesting the
TIM1+I model. The phylogenetic tree was constructed using the Maximum Likelihood
method [47], utilizing RAxML-NG X v1.2.2 [48] with the following parameters: 10 random
initial parsimony trees, nucleotide substitution matrix model (TIM1+I), and 1000 bootstrap
replications. The Bacillus subtilis DSM10 strain was used as an outgroup.

2.4.3. Phylogenetic Tree Reconstruction

The genomes used were obtained from complete genomes deposited in GenBank. The
selection of type strains for valid Geobacillus and Bacillus species used was based on the
LPSN (List of Prokaryotic names with Standing in Nomenclature—lpsn.dsmz.de) [41,49]. All
information regarding the complete genomes used can be found in Supplementary Table S2.

Two phylogenetic trees were constructed using the studied genome. The first tree was
reconstructed using molecular markers extracted from the genomes using AMPHORA2 [50],
and data on the extracted markers are available in Supplementary Table S3. Sequence
alignment was performed using the MAFFT v7.526 aligner in default mode [44]. After
alignment, all sequences were trimmed using TrimAl v1.4.1 [45]. The selection of the most
appropriate model for tree reconstruction was performed using ModelTest-NG v0.1 [46],
with the LG+I+G4+F model suggested. The phylogenetic tree was constructed using the
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Maximum Likelihood method [47], utilizing RAxML-NG X v1.2.2 [48] with the following
parameters: 10 random initial parsimony trees, nucleotide substitution matrix model
(LG+I+G4+F), and 1000 bootstrap replications. The Bacillus subtilis DSM10 strain was used
as an outgroup.

The second tree was reconstructed using the FastME v2.1.6.1 tool [51] with the
GBDP method (Genome BLAST Distance Phylogeny) integrated into the TYGS platform
(tygs.dsmz.de). The clade lengths are scaled in terms of GBDP distance formula d5, and
100 pseudo-bootstrap replicates were performed. Only pseudo-bootstrap support values
above 60% were accepted. The tree was rooted at the midpoint [52]. The Bacillus subtilis
DSM10 strain was used as an outgroup.

For genome comparison, the online platform Proksee (proksee.ca) was used [53].
Comparisons were made using the genome of the type strains G. thermoleovorans KCTC3570
and G. kaustophilus NBRC102445 in comparison with the Geobacillus sp. G4 strain. BLAST
v1.3.1 and BLAST Formatter v1.0.3 tools were used to check identity and similarity profiles
between the genomes [42].

3. Results

3.1. Characterization of Geobacillus sp. G4

The Geobacillus sp. G4 strain is a Gram-positive, rod-shaped bacterium forming round,
white-yellow colonies with an average diameter of 1.4 mm (Supplementary Table S4). Char-
acterization revealed that Geobacillus sp. G4 is aerobic, non-motile, and forms endospores.
Optimal growth conditions (50 ◦C to 70 ◦C and pH 6.0 to 7.5) were determined in LB liquid
medium based on maximal bacterial growth, as measured by optical density at 600 nm.
Additionally, acid production from lactose, cellobiose, glycerol, sucrose, and xylose was
observed (Table 1).

Table 1. Phenotypic characteristics for differentiation among G. kaustophilus, G. thermoleovorans, and
Geobacillus sp. G4.

Phenotypic Characteristics
Geobacillus sp.

G4 *
G. kaustophilus
ATCC 8005 **

G. thermoleovorans
ATCC 43513 **

Gram Staining Positive Positive Positive
Motility Non-motile Non-motile Non-motile

Morphology Rod shape Rod shape Rod shape
Oxygen Requirement Aerobic Aerobic Aerobic

G+C (%) 52 51–58 52–58
Endospore Formation + + +

Voges-Proskauer - - -
Methyl red + + no data

Catalase + + +
Oxidase + + +

Hydrolysis of:
Casein + + Variable
Starch + + +

Acid from:
Lactose + - +

Cellobiose + + Variable
Glycerol + + +
Sucrose + + Variable
Xylose + + Variable

Growth at/in:
pH range 6.0–7.5 6.2–7.5 5.0–9.0
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Table 1. Cont.

Phenotypic Characteristics
Geobacillus sp.

G4 *
G. kaustophilus
ATCC 8005 **

G. thermoleovorans
ATCC 43513 **

NaCl (%, w/v) 0–2.5 0–2 0–4
Temperature range (◦C) 50–70 40–75 37–70

Acetate + + +
Citrate - + -

* Unpublished data; ** from Najar and Thakur (2020) [1].

The ability of isolate G4 to produce extracellular hydrolytic enzymes was evaluated
on agar plates. After incubation at 60 ◦C for 24–48 h, isolate G4 demonstrated positive
enzymatic activities for cellulase, pectinase, xylanase, amylase, protease, and lipase, indi-
cated by distinct clear zones around colonies. Among these, Geobacillus sp. G4 showed the
largest halo formation for amylase (starch), followed by pectinase, xylanase, and cellulase
(Figure 2A).

Figure 2. Quantitative and qualitative enzymatic activity of Geobacillus sp. G4. Extracellular enzy-
matic activities of Geobacillus sp. G4. (A) Formation of clear halos on agar plates indicating positive
extracellular enzyme production: Amy (amylase), Pec (pectinase), Xyl (xylanase), Cel (cellulase), Prot
(protease), and Lip (lipase). (B) Enzyme production profiles measured in LB liquid media over time.

To further quantify these enzymatic activities, isolate G4 was cultured in liquid media
containing potato starch, oat spelt xylan, pectin, carboxymethylcellulose (CMC), olive oil,
and casein as carbon sources. Enzyme assays revealed measurable production of amylase
(maximum activity: 1.09 U/mL at 12 h), xylanase (0.34 U/mL at 48 h), and pectinase
(0.24 U/mL at 30 h), as well as low but detectable cellulase activity (0.02 U/mL at 48 h)
(Figure 2B). In contrast, protease and lipase activities, although clearly evident in agar plate
assays, were below detection limits in liquid media under the tested conditions.

3.2. Genome Description and Taxonomic Classification of Geobacillus sp. G4

The results regarding the preliminary genome draft of Geobacillus sp. G4 is presented
in Table 2. The strain genome has a size of approximately 3.4 Mb with a coverage of
~1225x. The assembly comprised 164 contigs, with a total G+C content of 52.59%. The
genome completeness and contamination were 99.45% and 0.95%, respectively. The N50
and L50 values for the assembly were 236,119 bp and 5 contigs, respectively. The annota-
tion identified a total of 3490 genes: 2047 coding sequences (CDS), 5 rRNAs, 88 tRNAs,
1 transfer-messenger RNA, and 1349 putative proteins. Regarding the gene clusters related
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to secondary metabolism (BCGs), seven clusters were identified: betalactone, T3PKS,
Lanthipeptide class-i, NI-siderophore, terpene, fengycin, and RiPP-like.

Table 2. Genome assembly data for Geobacillus sp. G4 was performed using SPAdes v.3.15.4. The
annotation was conducted using Prokka v.1.14.6, and quality parameters were assessed using Busco
v.5.5.0 and Quast v.5.2.0. All processes were carried out on the Galaxy v24.1.2 server.

General Data
Assembly
De Novo

Geobacillus sp. G4

Reference Genome
G. kaustophilus

HTA426

Reference Genome
G. thermoleovorans

KCTC 3570

Reference Genome
G. kaustophilus

NBRC102445

Contigs 164 2 2 1
Total length 3,362,411 3,544,776 3,450,609 3,670,957

N50 (KB) 236,119 3,716,831 1,192,538 750,728
L50 5 1 2 1

GC (%) 52.59 52.35 52.50 51.73
Coverage 1224.95 - 224.2 150.5

Completeness (%) 99.45 99.31 99.44 93.81
Contamination (%) 0.95 0.22 30.89 0.24

CDS 2047 5668 4714 5548
rRNA 5 37 32 35
tRNA 88 129 100 111

tmRNA 1 2 1 3
Genes 2047 3655 3622 3734

Putative protein 1349 3386 3369 3401

The nucleotide average identity (ANI) values between the Geobacillus sp. G4 genome
and other species of the Geobacillus genus show similarity with Geobacillus kaustophilus and
Geobacillus thermoleovorans, with ANI values above 97% (Table 3). Thus, the obtained results
suggest that Geobacillus thermoleovorans KCTC3570 and Geobacillus sp. G4 are sufficiently
similar to be considered as belonging to the same species.

Table 3. Average nucleotide identity (ANI) calculated for Geobacillus sp. G4 using type strains of
each species of the Geobacillus genus, calculated on the JSpeciesWS platform (ANIb and ANIm).
Information is available at the following link: (https://jspecies.ribohost.com/jspeciesws/, accessed
on 11 January 2025).

Isolated Strain Type Reference Strains ANIb (%) ANIm (%)

G. thermoleovorans KCTC3570 97.65 98.30
G. kaustophilus HTA426 97.19 97.91

G. kaustophilus NBRC102445 97.11 97.85

Geobacillus sp. G4

G. proteiniphilus 1017
G. thermocatenulatus BGSC93A1

G. jurassicus NBRC107829
Geobacillus vulcani PSS1

94.66
93.15

90.57

90.41

95.51
94.06

91.52

91.54

G. stearothermophilus ATCC12980
G. uzenensis BGSC92A1

88.93

85.05

90.65

87.16

G. subterraneus KCTC3922
G. icigianus G1w11

85.04

84.64

87.12

87.28
G. thermodenitrificans DSM465 82.64 85.04
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In the dDDH analysis, the Geobacillus sp. G4 strain showed dDDH values above 70%
with Geobacillus kaustophilus HTA426 (79.1%) and Geobacillus kaustophilus NBRC102445
(78.5%) (Table 4). However, the Geobacillus thermoleovorans KCTC 3570 strain exhibited
the highest similarity with Geobacillus sp. G4, with a dDDH value of 83.2% and a GC
content difference of only 0.31%, shows a high genomic proximity. This suggests that
both organisms are closely related, meaning Geobacillus sp. G4 could be a variant of
G. thermoleovorans. Other species showed dDDH values below 70% and a larger GC
content difference. These data indicate that, among the species compared, Geobacillus
thermoleovorans is the closest to Geobacillus sp. G4 in terms of genomic similarity.

Table 4. Digital DNA hybridization (dDDH) generated by the TYGS-DSMZ platform between the
Geobacillus sp. G4 genome and the species described for the genus up to August 2024. All type
strains of each species according to the List of Prokaryotic Names with Standing in Nomenclature
(https://lpsn.dsmz.de/, accessed on 9 January 2025).

Geobacillus sp. G4 dDDH Formula 4-d4 (Similarity Based on Sequence Identity)

Reference Genomes dDDH (d4%) Model C.I. (%) G+C Difference (%)

G. thermoleovorans
KCTC3570
G. kaustophilus HTA426

83.2

79.1

[80.4–85.7]

[76.2–81.8]

0.31

0.61
G. kaustophilus
NBRC102445 78.5 [75.6–81.2] 0.74

G. proteiniphilus 1017
G. thermocatenulatus
BGSC93A1

61.5
53.4

[58.6–64.3]
[50.7–56.1]

0.84
0.82

G. vulcani PSS1 43.3 [40.8–45.9] 0.19
G. jurassicus NBRC107829 42.8 [40.3–45.4] 0.38
G. stearothermophilus
ATCC12980 38.7 [36.2–41.2] 0.18

G. uzenensis BGSC92A1 30.4 [28.1–32.9] 0.37
G. subterraneus KCTC3922 30.6 [28.2–33.1] 0.4
G. icigianus G1w11 30.4 [28.0–32.9] 1.13
G. thermodenitrificans
DSM465 26.3 [24.0–28.8] 3.55

The 16S rRNA gene sequence of the Geobacillus sp. G4 strain showed 99.87% identity
with Geobacillus kaustophilus strain BGSC 90A1 and 99.80% identity with Geobacillus ther-
moleovorans strain LEH-1 (Supplementary Table S5). The Geobacillus thermoleovorans BGSC
96A1 lineage also had 100% query coverage and 99.61% identity. Other Geobacillus and
Bacillus strains showed identity percentages ranging from 99.08% to 99.87%, with query
coverages ranging from 92% to 100%.

In the phylogenetic tree constructed based on the 16S rRNA gene, the Geobacillus
strains are distributed across several clades without statistical support (Figure 3), indicating
significant diversification within this genus. However, Geobacillus sp. G4 is positioned
within a clade supported by a bootstrap value of 71%, containing the strains Geobacil-
lus thermoleovorans KCTC3570, Geobacillus kaustophilus HTA426, Geobacillus kaustophilus
NBRC102445, Geobacillus proteiniphilus 1017, and Geobacillus vulcani PSS1.

In the phylogenomic tree reconstructed using molecular markers extracted with AM-
PHORA2, the strain Geobacillus sp. G4 is grouped with Geobacillus kaustophilus HTA426
and Geobacillus thermoleovorans KCTC3570, forming a clade supported by a bootstrap value
of 95% (Supplementary Figure S1). In the phylogenomic tree reconstructed on the TYGS
platform (Figure 4), the strain Geobacillus sp. G4 is in the clade with the strain Geobacillus
thermoleovorans KCTC3570, supported by a bootstrap of 72%.
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Figure 3. Phylogenetic tree based on the 16S rRNA gene of 13 type strains of Geobacillus and Bacillus,
extracted from the complete genome using the (barrnap) tool. Accession numbers and references are
available in Supplementary Table S1. Evolutionary analyses were conducted using the RAxML tool.
The strain Geobacillus sp. G4, in bold, corresponds to the 16S gene from the genome assembled in this
study. The green star indicates the position of the strain isolated in this study.

 

Figure 4. Phylogenetic tree of 13 type strains of Geobacillus and Bacillus, constructed on the online
platform TYGS available at (https://tygs.dsmz.de). The green star indicates the position of the strain
isolated in this study.

Comparing the genomes of Geobacillus sp. G4 with the genomes of G. kaustophilus
NBRC102445 and G. thermoleovorans KCTC3570 reveals several gaps between them, with a
higher frequency observed against G. kaustophilus NBRC102445 (Figure 5A). It was also
noted that Geobacillus sp. G4 showed greater similarity across several regions of its genome
compared to G. thermoleovorans KCTC3570 (Figure 5B).
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Figure 5. Comparison of the genomes of G. thermoleovorans KCTC3570 and G. kaustophilus
NBRC102445 with the genome of the isolated strain Geobacillus sp. G4. (A) Geobacillus sp. G4
genome (gray), G. thermoleovorans KCTC3570 genome (green), and G. kaustophilus NBRC102445
genome (purple). (B) Similarity comparison between the genomes of Geobacillus sp. G4 (gray),
G. thermoleovorans KCTC3570 (inner circle), and G. kaustophilus NBRC102445 (outer circle).

3.3. Functional Analysis of Geobacillus thermoleovorans G4 Strain

The functional analysis of the G. thermoleovorans G4 genome revealed a predominance
of genes involved in different various metabolic categories, including metabolism, transport,
transcription, replication, and repair, among others (Figure 6). Additionally, a large portion
of genes were not classified into any known COG category, highlighting the presence
of genes with functions that remain unclear within the context of the G. thermoleovorans
G4 genome.

The genome of G. thermoleovorans G4 shows a predominance of enzymes belonging
to the various classes, with hydrolases, transferases, and oxidoreductases being the most
abundant (Figure 7). Additionally, many sequences lacked known annotations for any of
the classes.

In the set of metabolic pathways involved in the degradation of starch and sucrose
present in the genome of Geobacillus thermoleovorans G4, enzymes involved in the degra-
dation, conversion, and biosynthesis of sugars such as glucose, fructose, and their phos-
phorylated derivatives were observed (Figure 8). In the glycogen biosynthesis pathway
(Supplementary Figure S2A), the enzymes annotated were 1,4-alpha-glucan branching
enzyme (GBE1, glgB), glucose-1-phosphate adenylyltransferase (glgC), UTP-glucose-1-
phosphate uridylyltransferase (UGP2, galU, galF), and starch synthase (glgA), all clas-
sified under transferases, related to starch synthesis. In the glycogen degradation path-
way (Supplementary Figure S2B), the annotated enzymes were glycogen phosphorylase
(PYG, glgP), pullulanase (pulA), phosphoglucomutase (pgm), and phosphomannomu-
tase/phosphoglucomutase (pmm-pgm), classified under transferases, isomerases, and
hydrolases, related to the mobilization and breakdown of glycogen and starch. In the
trehalose biosynthesis pathway (Supplementary Figure S2C), the annotated enzymes
were glucose-1-phosphate adenylyltransferase (glgC), starch synthase (glgC), and 1,4-
alpha-glucan branching enzyme (GBE1, glgB), classified under transferases, related to
starch synthesis.
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Figure 6. Functional gene categories derived from the functional annotation of the G. thermoleovorans
G4 genome using Prokka software and the UniProt database on the Galaxy server. Categories were
classified using the eggNOG-mapper online tool with the eggNOG5 database.

 
Figure 7. Enzyme classes were obtained through functional annotation of the assembled genome of
Geobacillus thermoleovorans G4 using Prokka software on the Galaxy server (https://usegalaxy.org/)
and classified using the eggNOG-mapper online tool with the eggNOG 5 database (http://eggnog-
mapper.embl.de/). The “Unknown” category refers to proteins encoded in the genome that have
been annotated as possible enzymes, but do not have an assigned EC number.
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Figure 8. Metabolic pathway map of starch and sucrose metabolism displaying genes and enzymes
of interest annotated in the genome of G. thermoleovorans G4. Annotations were performed using the
KEGG Mapper tool (www.genome.jp/kegg/mapper, accessed on 20 November 2024), identifying
key enzymes involved in the metabolism of sugars and complex carbohydrates.

The analysis of antibiotic resistance genes in the genome of G. thermoleovorans G4
identified two clusters related to glycopeptide resistance: vanY/vanB_cl and vanT/vanG_cl
(Supplementary Table S6). The similarity of these genes between Geobacillus sp. G4 and
other species ranged from 34.15% to 36.41% for vanY/vanB_cl and from 35.9% to 34.15%
for vanT/vanG_cl, with both species compared showing high similarity.

For the G. thermoleovorans G4 strain, clusters for seven different types of secondary
metabolites were identified: betalactone, T3PKS, Lanthipeptide class-i, NI-siderophore,
terpene, fengycin, and RiPP-like (Supplementary Table S7). Comparatively, the strains
Geobacillus kaustophilus HTA425 (G.K HTA425), Geobacillus kaustophilus NBRC102445 (G.K
NBRC102445), and Geobacillus thermoleovorans KCTC3570 (G.T KCTC3570) also presented
clusters for some of the analyzed secondary metabolites, except for NI-siderophore,
fengycin, and RiPP-like, where no clusters were found. These observations suggest a
shared biosynthetic capability among the strains, with minimal variations in the types of
secondary metabolites detected.

The Geobacillus thermoleovorans G4 strain presents a complete repertoire of genes
(Figure 9) associated with carbon starvation, including relA, cstA, ackA, and accA. Comple-
mentarily, in the DNA repair and supercoiling category, a diverse set of genes was observed,
such as uvrABC, recA, recO, recR, mutS, mutL, and gyrAB. In addition, classical heat-shock
response genes were detected, including hrcA, dnaK, groEL, clpB, and ibpB. Finally, the
presence of oxidative stress-related genes, such as sodA, katA, ahpC, trxB, and msrA, was
also confirmed. The complete list of selected genes, along with their corresponding COG
reference numbers, can be found in Supplementary Table S8.

120



Microorganisms 2025, 13, 1374

Figure 9. Distribution of presence/absence of stress-related genes in the genome of G. thermoleovorans
G4 and in reference genomes of other Geobacillus strains. Each row represents an annotated gene,
while each column corresponds to a strain. Black circles indicate the presence of the gene, and white
circles indicate its absence. Genes are grouped into four main functional categories: carbon starvation,
DNA repair and supercoiling, heat-shock response, and oxidative stress.

121



Microorganisms 2025, 13, 1374

4. Discussion

The genomic characterization and functional analysis of Geobacillus sp. G4, isolated
from the geothermal field of Calientes in Tacna, Peru, provided valuable insights into its
biotechnological potential. Geobacillus sp. G4 exhibited morphological and physiological
characteristics typical of the Geobacillus genus. Initially, a direct comparison with Geobacillus
kaustophilus and Geobacillus thermoleovorans was established, given that preliminary phylo-
genetic analyses and previous studies identified these species as the closest phylogenetic
relatives to strain G4, sharing similar physiological profiles and temperature ranges [1,46].

Morphologically, strain G4 is characterized as a Gram-positive, endospore-forming
rod, producing yellowish-white colonies approximately 1.4 mm in diameter, features that
are commonly observed among thermophilic Geobacillus strains [3,5]. Its growth within a
temperature range of 50–70 ◦C and an optimal pH of 6.0–7.5 further confirms its adaptation
to thermophilic environments.

Table 1 specifically compares the properties of G4 with G. kaustophilus and G. thermoleovorans,
highlighting relevant similarities and differences. All three strains are aerobic, Gram-
positive, non-motile, and endospore-forming; however, notable differences were observed
regarding acid production from various substrates. For instance, G. kaustophilus does not
produce acid from lactose, whereas G4 does, along with cellobiose, glycerol, sucrose, and
xylose, indicating broader or more efficient metabolic pathways for sugar degradation. The
shared ability of G4 and G. thermoleovorans to metabolize lactose and glycerol supports
their close relationship [1].

Regarding the optimal pH range, Geobacillus sp. G4 exhibits growth between pH 6.0
and 7.5, slightly narrower compared to some G. thermoleovorans strains that can toler-
ate conditions up to approximately pH 9.0. Additionally, the tolerance of strain G4 to
NaCl concentrations up to 2.5% (w/v) indicates adaptations to moderately saline envi-
ronments, a trait shared by many thermophilic Geobacillus species inhabiting geothermal
springs [19,54,55].

Geobacillus sp. G4 exhibited extracellular enzymatic activities for cellulase, pectinase,
xylanase, amylase, protease, and lipase on agar plates, with notably prominent hydrolysis
halos observed particularly on starch-containing media. Similar enzyme profiles were pre-
viously reported for other thermophilic strains, such as G. stearothermophilus, Geobacillus sp.
GS33, Geobacillus sp. WSUCF1, and Geobacillus sp. DUSELR13, particularly regarding the
stability of amylase and xylanase at elevated temperatures [56–59]. Although protease
and lipase activities were detectable in solid media assays, they were not quantifiable
in liquid cultures, potentially due to differences in gene regulation or specific culture
conditions [60,61].

Moreover, the diverse enzymatic profile identified in Geobacillus sp. G4 highlights a
promising opportunity for developing enzyme cocktails tailored for efficient lignocellu-
losic biomass conversion into bioethanol and other valuable bioproducts. Despite their
recognized biotechnological potential, relatively few studies have focused on formulat-
ing enzyme cocktails based on multiple thermostable enzymes derived from Geobacillus
species [2,18].

Genome sequencing revealed a 3.4 Mb genome with a G+C content of 52.59%, con-
sistent with genomic attributes previously reported for the Geobacillus genus, including
strains such as Geobacillus stearothermophilus EF60045 and SJEF4-2 and Geobacillus sp. E55-1,
and Geobacillus sp. 56T2 and 56T3 [22,62,63]. Studies demonstrate that the pan-genome of
these bacteria reveals great genetic diversity, facilitated by horizontal gene transfer (HGT),
which enables adaptation to various ecological niches [64]. However, classification based
solely on 16S rRNA sequences has proven to be limited due to the high similarity between
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species [9]. To address this issue, ANI and dDDH analyses, combined with complete
genome sequences, provide more precise phylogenetic resolution [65].

In our study, ANI and dDDH analyses revealed that Geobacillus sp. G4 is closely
related to G. thermoleovorans KCTC3570, with ANI values above 97% and dDDH val-
ues exceeding 83%. These results are consistent with previous studies indicating that
species such as G. kaustophilus and G. thermoleovorans could be conspecific, suggesting
ongoing taxonomic revisions [66]. Phylogenetic analysis corroborates this relationship,
showing that Geobacillus sp. G4 aligns within the G. thermoleovorans clade, indicating an
evolutionary proximity.

In the genome of G. thermoleovorans G4, key enzymes for the degradation of complex
carbohydrates, such as amylases and pullulanase, were identified. These enzymes play
essential roles in breaking down starch and pullulan into simpler sugars. These enzymes
are widely reported in other Geobacillus strains [57], reflecting the metabolic versatility of
this bacterium in starch and sucrose degradation.

The enzymatic classes of hydrolases, transferases, and oxidoreductases are essential
for the metabolism and adaptation of Geobacillus to extreme environments. Hydrolases
enable the breakdown of biomolecules and the acquisition of nutrients under limited
conditions. Transferases regulate biosynthesis and metabolic pathways, facilitating en-
vironmental adaptation. Oxidoreductases are crucial for energy production and defense
against oxidative stress. The abundance of these enzymes in the G. thermoleovorans sp. G4
genome highlights its ability to adapt and survive in harsh environments.

Concerning the biotechnological potential of G. thermoleovorans, extensive research
has focused on identifying enzymes capable of withstanding extreme environmental con-
ditions, such as elevated temperatures and the presence of inhibitory substances [67,68].
Several enzymes from extremophiles have been identified as interesting tools for industrial
processes, including biomass deconstruction in biorefinery [69,70].

Here, we describe a new strain of G. thermoleovorans with the potential to produce
several industrially relevant enzymes, including more specific endoglucanases (evaluated
against carboxymethylcellulose) and pectinases. Cellulases derived from organisms capable
of surviving extreme temperatures are extensively documented targets for biotechnological
applications because of their ability to withstand prolonged exposure to high temperatures
while maintaining catalytic activity [71,72]. The capacity of G. thermoleovorans to grow in
the presence of pectin highlights its potential to degrade other complex carbohydrates
present in plant cell walls.

Despite an increasing number of reports describing thermophiles that can grow in
the presence of cellulose-based polymers, there are few studies describing such organisms
as capable of growing in the presence of other complex carbohydrates, such as pectin.
The ability of G. thermoleovorans to grow in the presence of pectin may indicate its diverse
potential to degrade such complex polymers, which require enzymes with different modes
of action, including esterases, lyases, and glycosyl hydrolases [73,74]. To date, the potential
of this bacterium to degrade complex carbohydrates has not been explored; however,
closely related species have been described as potential producers of pectin lyases [75].

The strain explored in the present study could grow in the presence of starch, which
may be a direct consequence of the diversity of starch-degrading enzymes produced by this
organism. G. thermoleovorans has been reported to be a good producer of hyperthermostable
amylases, including maltogenic α-amylase [76]. The results shown in the present study and
previous literature call attention to further heterologous expression and characterization of
such enzymes with untapped biotechnological potential.

Genes involved in metabolic categories such as nutrient metabolism, molecule trans-
port, transcription, DNA replication, and repair are fundamental to ensuring the survival
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and adaptation of Geobacillus sp. G4 in extreme environments [18]. Nutrient metabolism
and molecule transport ensure that the bacterium can absorb and process a wide variety of
carbon and energy sources, which is essential in habitats with limited resources or adverse
conditions. Genes related to transcription and replication ensure the regulation and effi-
cient reproduction of genetic material, while DNA repair genes are crucial for maintaining
genomic integrity, especially in environments that expose the organism to stress factors
such as heat, radiation, or oxidative compounds [77].

The presence of pathways for glucose-6-phosphate and fructose-6-phosphate metabolism
highlights the adaptation of G. thermoleovorans G4 to carbohydrate-rich environments.
Furthermore, enzymes associated with cellulose and cellobiose processing indicate a robust
capacity to degrade lignocellulosic materials, an important resource for biofuel production,
as well as efficient adaptation for energy production via glycolysis, reflecting the metabolic
versatility and adaptation of Geobacillus to various ecological niches, including extreme
environments [78].

The G. thermoleovorans G4 strain also harbors genes related to antibiotic resistance,
such as the vanY/vanB_cl and vanT/vanG_cl clusters, associated with glycopeptide
resistance [79], with similarity ranging from 34% to 36% with other Geobacillus species.
These findings suggest potential for studies on antimicrobial resistance, which could have
important implications for understanding the evolution of bacterial resistance.

This study highlights the identification of seven biosynthetic gene clusters associ-
ated with secondary metabolites, including betalactones, terpenes, and, notably, fengycin.
Fengycin is a well-known antimicrobial lipopeptide typically produced by mesophilic
Bacillus species; however, its occurrence in thermophilic Geobacillus species has not been
previously reported [80,81]. Studying fengycin from G. thermoleovorans G4 could uncover
novel structural features, enhanced stability, or unique biological activities, highlighting its
potential for innovative industrial and pharmaceutical applications.

During carbon starvation, bacteria activate specific mechanisms, including the expres-
sion of genes such as cstA, relA, and spoT, to maintain cellular viability. The cstA gene
encodes a peptide transporter that is upregulated during nutrient limitation and regulated
by CsrA, while relA and spoT mediate the stringent response through the synthesis of
(p)ppGpp, which modulates global gene expression and protein synthesis to adapt to stress
conditions [82–84].

To preserve genomic integrity, G. thermoleovorans G4 possesses conserved DNA repair
systems such as nucleotide excision repair (NER) and mismatch repair (MMR). NER,
involving uvrA, uvrB, and uvrC, is critical for correcting UV-induced lesions and bulky
adducts [85]. Likewise, MMR, mediated by mutS and mutL, ensures replication fidelity
by removing base mismatches [86]. Extremophilic organisms have adapted these systems
with functional versatility to cope with high-stress environments.

Oxidative stress responses in G. thermoleovorans G4 include enzymes such as super-
oxide dismutase (sodA), catalase (katA), and alkyl hydroperoxide reductase (ahpC), which
detoxify reactive oxygen species (ROS). The overexpression of ahpC, for instance, enhances
tolerance to oxidative damage, as shown in other bacterial models [87].

Under heat stress, genes such as dnaK, groEL, and clpXP are upregulated, functioning
as molecular chaperones and proteases that maintain protein folding and quality control.
These genes are regulated by the transcriptional repressor hrcA, which functions as a protein
thermosensor in thermophilic organisms [88].

Finally, these genomic adaptations spanning nutrient limitation, DNA repair, and oxida-
tive and thermal stress responses emphasize the ecological resilience of G. thermoleovorans
G4 and its promising value for industrial applications requiring stability under extreme
environmental conditions.
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5. Conclusions

The genomic and functional data of Geobacillus thermoleovorans G4 demonstrate its
value as a highly promising strain for biotechnological applications. Its thermostable
enzymes, along with biosynthetic diversity and antibiotic resistance genes, make this strain
an important target for biofuel production, industrial biotechnology, and antimicrobial
resistance studies.

The detailed analysis of the G. thermoleovorans G4 genome reinforces the importance of
combining modern molecular tools, such as ANI, dDDH, and phylogenomics, for accurate
bacterial taxonomy and understanding of phylogenetic relationships within the Geobacillus
genus. This not only improves the classification of new strains but also facilitates the
development of innovative biotechnological solutions based on the adaptive and metabolic
capabilities of these extremophilic microorganisms.
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Abstract: Extreme acidophiles from the Acidithiobacillia class thrive in highly acidic en-
vironments where they rely on diverse regulatory mechanisms for adaptation. These
mechanisms include sigma factors, transcription factors (TFs), and transcription factor
binding sites (TFBS), which control essential pathways. Comparative genomics and bioin-
formatics analyses identified sigma factors and TFs in Acidithiobacillia, showing similarities
but key differences from reference neutrophiles. This study highlights sigma54-dependent
one- and two-component systems that are crucial for survival in energy acquisition from
sulfur compounds and hydrogen as well as nutrient assimilation. Furthermore, the data
suggested evolutionary divergence in regulatory elements distinguishes S-oxidizing from
Fe-S-oxidizing members of Acidithiobacillia. Conservation of gene clusters, synteny, and
phylogenetic analyses supported the expected phenotypes in each species. Notable ex-
amples include HupR’s role in hydrogenase-2 oxidation in Fe-S-oxidizers, TspR/TspS
regulation of the sulfur oxidation complex, and FleR/FleS control of flagellar motility in
S-oxidizers. These regulatory mechanisms act as master controllers of bacterial activity,
reflecting adaptation to distinct metabolic needs within Acidithiobacillia.

Keywords: sigma-factors; RpoN; motility; nitrogen metabolism; hydrogen; sulfur
metabolism; enhancer-binding proteins; Acidithiobacillia

1. Introduction

Microorganisms that thrive in extremely acidic environments, characterized by low
pH levels (below 3.0) and high metal ion concentrations [1–3], are vital catalysts for mineral
oxidation. This process generates acidic solutions loaded with metals, commonly known
as “acid rock drainage” and “acid mine drainage”. Their exceptional capabilities have
led to various applications, including the biomining of metal sulfides, desulfurization
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of coal and natural gas, and numerous industrial processes [4–6]. Extreme acidophiles
exhibit remarkable adaptability, adjusting their metabolism to tackle a wide range of
challenges and environmental fluctuations, such as temperature variations, pH levels,
electron acceptor/donor availability, CO2 concentrations, and nutrient deficiencies [4].

Over time, diverse acidophilic microorganisms have been isolated and classified,
providing a wealth of genetic and phenotypic information from extremely acidic environ-
ments [7]. Within this spectrum, the chemolithotrophic extreme acidophilic bacteria from
the Acidithiobacillia class [8] stand out, encompassing two primary families: the acidophilic
Acidithiobacillaceae and the neutral-pH-adapted Thermithiobacillaceae. A recent reclassifica-
tion of species within the genera distributed in Acidithiobacillia was introduced [9], and
this reclassification has been further elaborated upon in subsequent studies [10,11]. These
microorganisms exhibit a shared metabolic profile, relying on the oxidation of inorganic
sulfur compounds for energy generation, known as thiotrophy [12]. Additionally, they
autonomously convert CO2 into biomass by fixation processes [13]. Some species further
display the capacity to oxidize ferrous iron for energy acquisition [14], while others are
capable of performing hydrogen oxidation [15]. These phenotypes can be triggered as
a response to environmental fluctuations such as energy or nutrient availability. Appro-
priate responses and metabolic switching strongly relies on transcriptional regulation,
with a key role played by transcriptional regulatory elements including sigma factors
(SFs), transcription factors (TFs), and their associated transcription factor binding sites
(TFBS) [16].

Recently, a group of TFs was identified within the Acidithiobacillia class [11], contribut-
ing to extending our understanding of the transcriptional regulatory mechanisms in these
extremophile bacteria and providing novel insights on the regulation of critical pathways
necessary for their growth and survival in extremely acidic environments. However, there
is little information regarding the distribution and function of SFs as master regulators of
key physiological roles in response to environmental fluctuations.

SFs are multi-domain protein subunits of bacterial RNA polymerase that play critical
roles in transcription initiation, including the recognition and opening of promoters for the
initial steps in RNA synthesis [17]. These proteins play an essential role in the regulation
of specific genes that participate in several metabolic processes. SFs can be classified first
by the major sigma70 family that includes the housekeeping sigma factor genes rpoD
(sigma70) from group 1, and rpoS (sigma38), rpoH (sigma32), fliA (sigma28), and rpoE
(sigma24) from groups 2–4 [17]. On the other hand, the sigma54 family includes the rpoN
(sigma 54) [18,19]. Sigma54 proteins contain an activator interaction domain (Sigma54_AID,
PF00309), a core binding region (Sigma54_CBD, PF04963), and a DNA-binding component
(Sigma54_DBD, PF04552), defining a single differentiated protein family. In contrast,
Sigma70 representatives in Acidithiobacillia are distributed into several groups [20,21] with
Sigma70_r1_2 (PF00140) and Sigma70_r3 (PF04539) characteristic domains supporting the
classification of groups 1–2 when both domains are present; these have been identified as
RpoD, RpoS, and RpoH. Group 3 Sigma70 has a single Sigma70_r3 with high similarity to
the classic FliA protein involved in flagellar expression. For a schematic representation of
sigma factors domains architectures see Figure 1A. Group 4 (RpoE) shows only the presence
of Sigma70_r2 and Sigma70_r4_2 domains. Domain architecture analysis strengthens the
initial similarity-based identification and helps to define sigma factor diversity across
Acidithiobacillia representatives. Unlike sigma70-mediated transcription initiation, sigma54-
dependent regulation absolutely requires an activator to couple ATP hydrolysis energy
to RNA polymerase–sigma54 complex isomerization for activation [22]. Sigma54 exhibits
versatile characteristics, participating in diverse regulatory activities, which can respond to
varied environmental signals [23].
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Figure 1. Phylogenetic distribution of Acidithiobacillia sigma factors. (A) Protein domain architecture
of sigma54 and sigma70 proteins and (B) heatmap indicating presence/absence of known and poten-
tial SFs, based on protein orthology analysis. Acidithiobacillia representatives are phylogenetically
arranged as represented by the dendrogram. Orthologous SFs counts are colored by the number (0–2)
and rearranged in clusters according to Euclidean distance (left side dendrogram).

SFs have been characterized in several model bacteria, including Escherichia coli [24],
Bacillus subtilis [25], and Clostridium [26]. Their role has been linked to the regulation
of diverse functions, including essential life processes and responses activated by spe-
cific stimuli, such as stress and morphological development [17,27]. Sigma factors also
play a role in adaptive responses, such as sporulation, toxin production, and cell surface
modifications [28].
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SFs families can be recognized by their characteristic conserved binding site in the
bacterial promoter. The sigma70 family contains the binding motif “TTGACA” from −35
and “TATAAT” from the −10 upstream promoter sequence [27]. In the case of the sigma54,
conservation of “GC” from −24, and “TGC” from −12 were observed; additionally, this
sigma factor strictly requires the ATP hydrolysis activity of an activating TF for the forma-
tion of open promoter complex [29]. These TFs are considered bacterial enhancer binding
proteins (bEBPs) [22] and could work as one-component regulator, or two-component
regulatory systems (TCSs). However, there is little information regarding the distribu-
tion and function of SFs as master regulators of key physiological roles in response to
environmental fluctuations.

In Acidithiobacillia, SFs reports are restricted to gene expression analysis in the S-
oxidizing ‘Fervidacidithiobacillus caldus’ (Formerly Acidithiobacillus caldus). These studies
include investigations into the response to acid stress through RpoS regulatory activity [30]
and functions related to flagellar biosynthesis and motility functions by FliA and RpoN [31].

TCSs trigger specific transcriptional responses of many important pathways, where
a phosphotransfer reaction takes place between two conserved components: a histidine
kinase sensor (HKS) that senses the stimulus, and a response regulator TF [32]. TFs, whose
structure contains a DNA-binding domain (DBD), can recognize a transcription factor
binding site motif (TFBS) in the promoter and/or regulatory regions. In addition, some TFs
contain a sigma54 activating domain, which are part of the bEBPs families [22,33] and are
able to work in a sigma54-dependent fashion, promoting coordinated responses of several
pathways based one specific or several stimuli.

The transcriptional regulators NtrC, DctD, HydG, PilR, AlgB, HoxA, Hup1, RocR, and
FlbD have been described as bEBPs [23]. bEBPs have been characterized in diverse bacterial
models, including Desulfovibrio vulgaris [31], E. coli [34], Salmonella typhimurium [35], and
Sinorhizobium meliloti [36]. Examples of these TCSs in Acidithiobacillia include the specific
sigma54-dependent the TspS/TspR system, involved in the regulation of energy metabolism
in ‘F. caldus’ MTH-04 [33], and the Acidithiobacillus ferrooxidans NtrB/NtrC pair, involved in
nitrogen metabolism [37]. These TCSs have been shown to be essential for energy gathering
and nutrient assimilation pathways in extreme acidophiles.

In this study, we present a comparative genomic exploration of 43 complete and
draft genomes of Acidithiobacillia to detect SFs family proteins, their potentially associated
TFs, and their regulatory targets. This comparative analysis was conducted to assess
the function, distribution, and phylogeny of SFs and TFs to shed light on the roles of
these systems in the Acidithiobacillia representatives, their association to speciation and
the regulation of specific metabolic traits among clades. Furthermore, specific sigma54-
dependent TCSs, their bEBPs, and their potential TFBSs have been also computationally
identified. This provides an integrated view of the regulatory networks that might be
responsible for specific physiological processes such as energy acquisition and nutrient
assimilation key for survival and proliferation in highly acidic environments.

2. Materials and Methods

2.1. Genome Accessions

Complete and draft Acidithiobacillia genomes (n = 43) were obtained from NCBI for
analysis (Table S1). CheckM (v1.2.2) [38] assessed the genome quality and completeness,
requiring ≤10% contamination, ≥90% completeness, and >50% normalized compatible
split length [39] (Table S2). Unannotated genomes underwent Prokka (v1.14.6) [40] predic-
tion of coding regions and proteins with default parameters. EggNOG (v2.1.9) [41] and
InterProScan (v5.55-88.0) [42] then assigned functional annotation and classification using
default parameters.
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2.2. Phylogenetic Analysis

A phylogenomic tree was then constructed to corroborate the Acidithiobacillia taxon-
omy. Concatenated alignments were generated from core conserved proteins extracted from
the 43 genomes using MAFFT (v7.407) with L-INS-I iterative refinement [43]. GBLOCKS
(v0.91b) [44] trimmed unreliable alignment regions before concatenation. Maximum likeli-
hood trees were then built by IQtree (v 1.6.12) [45] using the concatenated refined align-
ments, with 1000 bootstraps for robustness, and a substitution model from IQtree [46]. The
final tree was visualized in Figtree (http://tree.bio.ed.ac.uk/software/figtree/; accessed
on 1 May 2023).

2.3. Orthology and Protein Family Analysis

Comparative genomics focused on protein orthologous groups (OGs) across Acidithiobacil-
lia representatives. OGs were defined using ProteinOrtho (V6.0.22) [47] with bidirectional
best BLASTp hits between genomes. The criteria were: BLASTp E-value under 10−10, over
60% identity, 60% query coverage, and other default parameters. Each OG then underwent
HMMER3 (v3.4) [48] hidden Markov model searches against Pfam- database v33.1 [49] for
protein family classification.

2.4. Identification of Genes and Pathways Across Acidithiobacillia Genomes

The metabolic reconstruction analysis involved selecting curated gene- and protein-
coding sequences from species with available experimental data. Literature mining and
manual curation identified genes encoding proteins crucial for processes such as sulfur
oxidation, nitrogen assimilation/reduction, and hydrogen uptake/evolution (Table S3).

2.5. Recovery of Transcriptional Units and Upstream Regions

Gene clusters and potential transcriptional units (TUs) were identified using available
experimental data from sources including [7,50–54] and the AciDB database (v1.0) [55].
Additionally, putative gene clusters and TUs were inferred based on intergenic distances
between neighboring genes, following established bacterial protocols. In this context, an
“upstream region” was defined as having more than 40 bases between coding sequences.

2.6. Identification and Phylogeny of Sigma Factors in Acidithiobacillia Representatives

Sigma factors were identified by comparative genomics using experimentally vali-
dated SFs from the model species E. coli K-12 (from RegulonDB; https://regulondb.ccg.
unam.mx/; accessed on 1 May 2022) and B. subtilis 168 (from DBTBS; https://dbtbs.hgc.jp/;
accessed on 1 May 2022). Additionally, gene annotations, descriptions, and Pfam domains
were data-mined to find further Sigma70-like proteins. Phylogenetic trees for sigma70
and sigma54 families were built using previous protocols, with validated SF sequences
from E. coli K-12 and B. subtilis 168 as outgroup references. Sigma54 and sigma70 protein
family orthologs were assessed via earlier orthology analysis. Heatmaps showing SF or-
tholog groups diversity, quantity, and distribution were generated in Rstudio using the
pheatmap v1.0.12 package. Acidithiobacillia representatives were clustered according to
their phylogeny, and ortholog SF groups were clustered by Euclidean distance.

2.7. Identification of Sigma54-Dependent Two-Component Systems

Identification of bEBPs that could be participating in TCSs was implemented by
searching Pfam domains to select proteins with the sigma54 activator (PF00158.27) and
response regulator (PF00072.25) domains. The HKS proteins were identified by a curated
search examining the genomic architecture of previously recovered transcriptional units and
locating those containing both HKS and bEBP genes. Additionally, the signal transduction
histidine kinase domain (PF00512) Pfam annotation was identified in HKS proteins.
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2.8. Identification and Analysis of Putative DNA Binding Sites

A motif footprint approach was used in MEME (Multiple Em for Motif Elicitation,
which detects novel conserved motifs in input sequences) (v 5.4.1) to identify potential
DNA binding sites [56] while focusing on upstream regions of studied transcription units
containing known genes. The MEME parameters were: up to 10 motifs, the ZOOPS
algorithm to allow zero or one site per sequence, a 4th-order Markov background model
to normalize biases, and motif lengths from 5 to 20 nucleotides. Sequence logos were also
generated using WebLogo (v 2.8.2) [57] to visualize sequence conservation and relative
nucleic acid frequencies at each position for the predicted motifs from transcription factors
and sigma factors by applying the Schneider and Stephens method [58].

2.9. Matrix Scanning of Binding Sites

Potential DNA binding sites were identified using Position Weight Matrices (PWMs)
in 15 Acidithiobacillia reference genomes along with experimentally validated E. coli K-12
binding site sequences for bacterial transcription factors and sigma factors from RegulonDB.
“sites2meme” (from MEME suite) was then used to construct PWMs from these known
binding sites. Fourth-order Markov background models were built for E. coli K-12 and
the 15 reference species using the “create-background-model” tool from the RSAT suite
(v2018) [59]. The FIMO tool then scanned (with default parameters) the PWMs against
upstream regions of transcription units, using matched background models. Retrieved
sites were filtered based on p-value thresholds from RegulonDB or a default p-value under
1 × 10−4. Overlapping sites were removed, keeping those over 50% sequence coverage with
the best score and the remaining sites were restricted according to the selected reference
genes. Sequence logos summarize these putative binding sites.

3. Results

3.1. Acidithiobacillia Display a Diverse Sigma Factor Repertoire Providing Clues on Extreme
Acidophile Adaptability

Acidithiobacillia representatives were organized into the five major clades proposed by
Moya-Beltrán et al. (2021) [9], where three phylogroups were identified as mesophilic sulfur-
oxidizers (S-oxidizers), thermotolerant S-oxidizers, and mesophile/eurypsychrophilic iron–
sulfur oxidizers (Fe-S-oxidizers) (Figure S1).

Identification of Acidithiobacillia SFs using the complete repertoire from the E. coli pro-
tein models (RpoN, RpoD, RpoS, RpoH, FliA, RpoE), a partial group from B. subtilis (SigK,
SigZ, SigG), and proteins containing sigma70 conserved domains from the Pfam database
is presented in Figure 1. A schematic representation of these domain architectures is shown
in Figure 1A, using ‘F. caldus’ ATCC 51756 plus Acidithiobacillus thiooxidans ATCC 19377 for
S-oxidizers and A. ferrooxidans ATCC 23270 for Fe-S-oxidizers as representative examples.

An orthology-based SFs distribution analysis identified three main clusters in the
Acidithiobacillia (Figure 1B). Cluster 1 included five sigma70-like proteins and three or-
thologous groups of RpoS (RpoS_3, RpoS_4, and RpoS_5). Notably, RpoS_4 and RpoS_5
exhibited a predominant distribution among Fe-S-oxidizers in comparison to other clades.
In cluster 2, a core of conserved groups of sigma factors was identified, encompassing
five out of the six sigma factor groups present in E. coli (RpoD, RpoN, RpoE, RpoH, and
two RpoS groups). This cluster was present in nearly all analyzed genomes, except for
A. ferrooxidans DLC-5, notably characterized by its fragmented assembly. Within cluster 3,
the FliA sigma factor was identified alongside with SigK, SigZ, and sigma70-like group 6,
showing a predominant presence among S-oxidizers. Notably, SigG was widely distributed
across almost all taxonomic groups considered in the analysis, showing differences in gene
dosage in A. thiooxidans and the complete absence of SigZ in ‘F. caldus’ strains.
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3.2. Sigma Factors Phylogeny Reflects Divergence Signatures of Acidithiobacillia Phenotypes

To assess the phylogenetic relationships between Acidithiobacillia Sigma70 candidates,
a maximum-likelihood phylogeny was generated using all potential SFs proteins for the
two primary families, sigma70 and sigma54. The generated sigma70 phylogeny (Figure 2)
revealed several clades containing individual groups of SFs, including RpoD, RpoE, RpoH,
RpoS_2, FliA, SigG, SigK, and SigZ, along with sigma70-like groups (groups 1, 2, and 6).
However, there was an exception of one sub-clade containing multiple protein groups
including RpoS (RpoS_1, RpoS_3, RpoS_4, and RpoS_5) and sigma70-like groups (groups 3,
4, and 5). RpoS_2 was found to be distributed in an independent branch distantly separated
from the other RpoS groups. Selected outgroups in this analysis included SFs from E. coli
and B. subtilis (Figure 2, depicted in black) that show a distinctive position typically outside
the Acidithiobacilli branches. As expected from their taxonomical origin, B. subtilis SFs were
more distantly related than E. coli representatives.

Figure 2. Phylogenetic relationships between sigma70 family proteins in Acidithiobacillia. Maximum-
likelihood phylogenetic tree based on the sigma70 proteins identified in Acidithiobacillia. Groups of
SFs were colored by species. Model E. coli, and B. subtilis representative SFs are shown in black.

As expected, the sigma54 phylogeny (Figure 3), characterized by a unique RpoN
protein family, showed high concordance with the species’ phylogenetic distribution sup-
porting the vertical inheritance of this sigma factor.
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Figure 3. Phylogeny of Acidithiobacillia sigma54 orthologs. Maximum-likelihood phylogenetic tree
based on Acidithiobacillia sigma54 (RpoN) representatives. Sigma54s are colored by phenotype,
represented by outer layout color, and species lineages are represented by inner sub-clade colors
(colored tree branches). Model species outgroups (E. coli and B. subtilis) are highlighted in gray.

3.3. Sigma54: A Master Regulator for Energy and Nutrient Assimilation in Acidithiobacillia?

To elucidate Sigma54’s influence across key metabolic pathways, a protein domain pre-
diction approach was implemented based on Sigma54 activator (PF00158.27) and response
regulator (PF00072.25) domain searches across the Acidithiobacillia representatives. A total
of 546 proteins were identified containing a Sigma54 activator domain and 617 with a re-
sponse regulator domain (Table S4, Supplementary Data). Of these, 318 proteins contained
both domains, constituting the identified bEBPs from one-component and TCS (bEBP and
HKS). These proteins were distributed across nine OGs, including HupR, NtrC/NtrB,
NtrX/NtrY, TspR/TspS (or TcsR/TcsS), FleR/FleS, PilR/PilS, GlrR/GlrK, GlrR_2/QseE,
and AtoC/AtoS (Figure 4). The TCSs comparison using referential representatives con-
sistently revealed three-domains for the bEBP response regulator component, including
the response regulator (also called as REC_2), sigma54 activator (AAA+), and the DNA-
binding (HTH_8) domains [22]. However, some variations were observed in HKS proteins
containing cytoplasmic domains involved in signal input/transmission (PAS domain) or
signal transduction domains (HAMP domain). In addition, TspS showed an additional
domain, a single cache domain 3 (sCache_3_2), described within the extracellular sensors
in bacteria [60]. Nonetheless, all the HKS found in Acidithiobacillia contain the conserved
domains phosphoacceptor Histidine Kinase A (HisKA) and the catalytic domain HAT-
Pase_c (Figure 4A) that are essential for TCS functions. These conserved orthologous genes
highlighted conserved systems in all Acidithiobacillia (Figure 4B), except for AtoS/AtoC and
FleS/FleR exclusive to most S-oxidizers. However, the HKS was absent for the HupR/HupT

137



Microorganisms 2025, 13, 1199

hydrogen oxidation TCS in all Acidithiobacillia, with only the HupR bEBP one-component
regulator conserved.

Figure 4. Sigma54-dependent two-component systems repertoire in Acidithiobacillia. (A) Protein
domain architecture of sigma54-dependent TCSs separated by response regulator bEBP component
and histidine kinase sensor component. AAA+, ATPase associated with cellular activities; REC,
phosphoacceptor receiver domain; HTH, helix–turn–helix domain; PAS, Per–Arnt–Sim domain;
HisKa, Signal transduction histidine kinase; HATPase_c, histidine kinase/HSP90-like ATPase. A
dashed frame denotes that the HTH_8 domain was not detected in GlrR with the applied parameters,
but its presence is inferred from its identification in the GlrR_2 group. (B) Protein ortholog groups in
Acidithiobacillia representatives with TCSs grouped in a bracket with the histidine kinase sensor first,
followed by the transcription factor.

The identification of putative DNA binding sites, the genes and operon potentially
under control, cognate transcription, and sigma factors enabled the reconstruction of tran-
scriptional regulatory circuit (Figure 5). This reconstruction was centered on curated and
conserved orthologous genes across the Acidithiobacillia (Figure S2) with reported bEBP-
controlled operons or suggested pathway-linked regulation. Information from binding site
prediction from sigma54 (RpoN) (Figure 5A) and key bEBPs (Figure 5B) were generated
allowing the identification of regulators for hydrogen (HupR), nitrogen (NtrC and NtrX),
and sulfur (TspS) pathways. Experimental information from validated sites from other
bacteria enabled recognition of likely regulated targets via PWM scanning, such as RpoN
and NtrC. On the other hand, for non-reported binding sites (without known PWM) from
bEBP HupR, TspR, and NtrX, the utilization of a motif footprint approach pinpointed con-
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served upstream binding motifs in suggested pathway-linked regulation genes. Referential
Acidtihobacillia species were utilized to represent operon organization (Figure 5B, right-side).
HupR and TspR co-localized with the suggested genes they regulate (hupS-hupL), whereas
the remaining studied bEBPs were located in separate genomic regions, distinct from their
target genes. The NtrC binding site scanning also enabled proposals for regulatory interac-
tions in diverse transcriptional units. Bringing these together allowed the reconstruction of
an NtrC regulon centered on nitrogen pathways in the Acidithiobacillia. Since NtrX shares
related regulatory activities, participation in similar regulatory interactions as NtrC can be
inferred. A summarized regulatory network captures sigma factor master regulator con-
nectivity as well as bEBP regulatory roles across examined metabolic pathways (Figure 5C).

 

Figure 5. Transcriptional regulatory circuits of bacterial enhancer binding proteins in Acidithiobacillia.
(A) RpoN binding site and (B) bEBP binding sites and regulatory activity retrieved for known and de
novo inferences. The number of binding sites that build the logos graph are given in parentheses.
Transcriptional units are represented by referential species, where bEBP binding sites are depicted
in color circles in the promoter regions. Genes encoding metabolic pathways of hydrogen in cyan,
nitrogen in green, sulfur in orange, and additional genes in white; res, response regulator protein.
(C) Transcriptional regulatory network representation of sigma factors and bEBPs.
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4. Discussion

4.1. An Acidophilic Lifestyle Demands Robust Gene Regulation Circuitry

While sigma70 family regulatory proteins participate globally in all essential bacterial
processes, sigma54 has been demonstrated as an indispensable master regulator specifically
controlling vital pathways [18]. The Acidithiobacillia SFs (Figure 1A) revealed the presence
of identical domains as observed in the sigma factor family classification [20,61]. This
suggested adaptations to regulate essential processes enabling acidophile survival and
growth in extremely acidic settings. However, additional proteins with sigma54-associated
domains were identified that lacked a defined annotation and without comparison in other
bacterial models. Almost the entire set of E. coli SFs was conserved in the Acidithiobacillia
class except for FliA, which was conserved mainly in S-oxidizers (Figure 1B). FliA con-
trols the expression of flagella-related genes [62]. Interestingly, the S-oxidizing ‘F. caldus’
and A. thiooxidans share the gene potential and capacity to develop flagellum and chemo-
taxis [30,63–65]. Therefore, it was suggested that FliA may also participate in regulating
flagellar genes. In addition, FliA was identified in some Fe-S-oxidizers, such as A. ferrooxi-
dans strains where genes involved in chemotaxis have been previously identified [65,66].

4.2. Sigma Factor Master Regulators Tend to Mirror Acidithiobacillia Evolution

The sigma70 phylogeny showed most groups forming individual sub-clades near refer-
ence outgroups. Sigma70-like group 6 displayed just one domain shared by RpoE (Table S5,
Supplementary Data) and had the shortest protein sequence, suggesting a new group of
sigma factors with intriguing regulatory activity in acidophiles yet to be determined. Addi-
tionally, we find RpoS instances. One sub-clade contained four RpoS and three sigma70-like
groups, indicating these latter may associate with RpoS. Furthermore, the deep-branching
RpoS_2 cluster differed from the reference outgroups and lacked one conserved RpoS
domain (Table S5, supplementary material), distinguishing it from other RpoS proteins.
RpoS_2 may have emerged within the class Acidithiobacillia or been acquired through hori-
zontal gene transfer from another member of the acidophilic community, highlighting the
dynamic genetic exchanges that shape adaptation to extreme acidic environments and its
differentiation from neutrophilic species described.

The sigma54 (RpoN) phylogeny (Figure 3) mirrored the taxonomic structure of the
broader Acidithiobacillia phylogenomic tree. This agreement provides evidence cement-
ing rpoN as a fundamental housekeeping gene perpetuating acidophilic viability across
the taxon.

In the case of SigZ, originally identified in B. subtillis, it constituted the main difference
in the repertoires of ‘F. caldus’ strains in comparison to mesophilic sulfur-oxidizers like
A. thiooxidans, which clustered separately despite their phenotypic similarities. While
‘F. caldus’ shared a similar sulfur oxidation profile and many sigma factor orthologs with
mesophilic sulfur-oxidizers such as A. thiooxidans, the separation into a distinct cluster was
likely explained by lineage-specific gene differences due to their gene dosage adaptations,
potentially driven by moderately thermophilic conditions.

4.3. Sigma54-Dependent Two-Component Systems in Acidithiobacillia Were Potentially Linked to
Key Metabolic Pathways

The discovery of Acidithiobacillia sigma54-dependent two-component systems that
were involved in key metabolic pathways advances understanding of their dominance in
extremely acidic environments [67]. Sulfur oxidation TCSs regulate protein complexes that
enable the utilization of diverse reduced inorganic sulfur compounds for energy acqui-
sition [52]. In ‘F. caldus’, TspS/TspR is co-located with the sox sulfur oxidation complex
gene cluster [33,68], mainly conserved in S-oxidizing representatives and notably absent in

140



Microorganisms 2025, 13, 1199

other Fe-S-oxidizers except for A. ferrivorans, which shows a partial conservation of this
gene cluster [9]. TspS/TspR’s DNA-binding site and Sigma54 promoter interaction suggest
transcriptional regulation of sox genes in S-oxidizers [11]. Furthermore, the TcsS/TcsR
system described in Fe-S-oxidizers and localized adjacent to the tetH-doxDA gene clus-
ter [69] was orthologous to TspS/TspR, (Figure 4B) and conserved identical domains Their
specialized regulatory roles were likely adapted to control a phenotype-specific metabolism
in S-oxidizers and Fe-S-oxidizers.

Hydrogen oxidation also supplies energy, a process carried out by different protein
complexes categorized into hydrogenase groups [70]. The one-component HupR system
was situated in a divergent orientation relative to hydrogenase group 2 (hupS-hupL) and
primarily conserved in Fe-S-oxidizers. While HupR has been suggested to function as part
of a two-component regulatory system, it may also exert its regulatory activity indepen-
dently, without requiring phosphorylation by a histidine kinase [71], suggesting a versatile
role in hydrogenase regulation.

Nitrogen scarcity in extremely acidic environments is offset by the nitrogen fixation
capability of some Acidithiobacillia [72] to produce bioavailable nitrogen compounds, sup-
porting the broader microbial communities in these environments. The NtrB/NtrC and
NtrX/NtrY TCSs regulate some of these nitrogen assimilation pathways genes [73] while
NtrB/NtrC is described in other microorganisms [74] such as Rhodobacter capsulatus [75],
A. ferrooxidans DSM 16786, and A. thiooxidans DSM 17318 [76]. NtrB/NtrC senses nitrogen
sources like molecular nitrogen, ammonia, and nitrate, and it was suggested to control
nitrogen assimilation in most Acidithiobacillia due to their complete conservation (Figure 4).
Assimilation mechanisms for nitrate (nar) and nitrite (nir) are present in some Acidithiobacil-
lia [76] (Figure S2). Therefore, NtrB/NtrC may regulate these compounds’ utilization by
modulating related gene transcription. Though ntrB-ntrC clusters individually within
genomes, there were no nearby genes associated with nitrogen metabolism. Additionally,
the TCS NtrX/NtrY detects ammonia levels, demonstrated in the diazotrophs such as
Azospirillum brasilense [77], and identified in the acidophilic Leptospirillum ferriphilum DSM
17947 [76]. NtrX/NtrY appeared widely in Acidithiobacillia (Figure 4), suggesting NtrY-
mediated ammonia sensing and NtrX regulation. The ntrX-ntrY genes fell within a five
or six gene operon across Acidithiobacillia, also lacking nearby nitrogen metabolism genes.
Notably in A. ferrooxidans ATCC 23270, NtrX/NtrY was nearby to TcsS/TcsR. NtrC/NtrB
and NtrX/NtrY TCSs share protein domains with those in Herbaspirillum seropedicae [73].
Thus, this supported the nitrate and nitrite regulatory activity via these TCS components
found in Acidithiobacillia.

Flagellar motility enables chemotaxis and environmental signaling response in bac-
teria [78]. Flagellar regulation involves transcriptional cascades controlled by the bacte-
rial enhancer-binding protein FleQ, demonstrated in organisms like Pseudomonas aerugi-
nosa [79] and Legionella pneumophila [80]. Flagellar motility uniquely occurs in S-oxidizing
Acidithiobacillia, which conserves the Class II flagellar genes [30]. These likely fall under reg-
ulation by RpoN, FleQ, FleS/FleR, and FliA [30]. Notably, the sigma54-dependent fleS/fleR
genes were collocated with fleQ, suggesting a key conserved regulatory gene cluster. The
bEBP FleR was proposed to control the transcription of the Class III flagellar rod encoding
genes (flgBCDEFGHIJKL), which encode the flagellar basal body rod [30].

5. Conclusions

This work unveils previously uncharacterized regulatory circuits that may govern the
dominance of extreme acidophiles in natural and anthropogenic extreme acidic environ-
ments. Sigma factors (SFs) and bacterial enhancer-binding proteins (bEBPs) orchestrate
the regulation of key pathways involved in hydrogen, nitrogen, and sulfur metabolism in
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the Acidithiobacillia class. These regulatory tools not only empower acidophiles to exploit
metals and nutrients in industrial settings, but also likely played a role in early metabolic
evolution and continue to shape contemporary acidophilic microbial communities via
biogeochemical cycles. Through the comprehensive identification of SF family proteins
and their associated TFs across 43 Acidithiobacillia genomes, this study offers insights into
their distribution, evolutionary patterns, and potential involvement in speciation and
clade-specific metabolic traits. The computational detection of sigma54-dependent TCSs,
their bEBPs, and potential TFBSs suggested a coordinated regulatory framework governing
essential metabolic functions. These elements are likely critical for energy acquisition and
nutrient assimilation, underpinning survival and proliferation in extremely acidic envi-
ronments. By revealing complex yet adaptable transcriptional regulatory networks, this
research not only highlights a sophisticated acid life strategy but also lays the groundwork
for future experimental validation of these computational predictions, aiming to confirm
their physiological significance in Acidithiobacillia.
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genes coding sequences involved in metabolic pathways; Figure S1: Phylogeny and reported pheno-
types of 43 strains of Acidithiobacillia representatives; Figure S2: Phylogenetic distribution of selected
proteins ortholog groups involved in assessed metabolic pathways in Acidithiobacillia. Supplementary
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The following abbreviations are used in this manuscript:

TF transcription factor
TFBS transcription factor binding site
TCS two-component system
SF sigma factor
bEBP bacterial enhancer binding proteins
HKS histidine kinase sensor
DBD DNA-binding domain
OG orthologous group
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TU transcriptional unit
PWM Position Weight Matrix
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Abstract: Phosphorus deficiency poses a significant challenge to plant growth and de-
velopment, particularly in red soil. To alleviate this limitation, phosphorus-solubilizing
bacteria (PSB) play a crucial role by converting insoluble phosphates present in the soil into
soluble forms that are accessible to plants. Cornus wilsoniana Wangerin is a representative
oil crop cultivated in red soil, holding a prominent position within China’s forestry eco-
nomic system. Consequently, it is essential to develop highly stable microbial phosphorus
enhancement strategies to manage agricultural phosphorus in red soil regions, thereby
maintaining the available phosphorus content necessary for the production of C. wilsoniana.
In this study, the application of Streptomyces misionensis SwB1 bacterial suspension to the
rhizosphere of C. wilsoniana significantly increased the content of various phosphorus frac-
tions (H2O-P, NaHCO3-P, NaOH-P, HCl-P) in red soil, with NaHCO3-P content increasing
by 4.97 times and NaOH-P content by 3.87 times. Additionally, the genome of S. misionensis
SwB1 contains 25 phosphorus-solubilizing genes, 13 nitrogen-fixing genes, 17 siderophore
production genes, and 11 indole-3-acetic acid (IAA) production genes, indicating its po-
tential for enhancing nutrient availability. Comparative genomic analysis of 15 strains
belonging to five species of Streptomyces revealed that S. misionensis SwB1 possesses an
extensive genetic repertoire and complete gene clusters associated with phosphorus solubi-
lization. Furthermore, five phosphorus solubilization pathways of S. misionensis SwB1 were
summarized: the Pst system, Pit system, siderophore transport, phosphatase synthesis,
and organic acid synthesis. Ultimately, the inoculation of S. misionensis SwB1 significantly
enhanced the growth and biomass accumulation of C. wilsoniana at the seedling stage,
evidenced by an increase in fresh weight by 81.44%, a rise in net photosynthetic rate by
18.51%, and a surge in the number of root tips by 36.24%. Taken together, our findings
support a sophisticated multi-pathway bacteria phosphorus solubilization approach and
identified a highly efficient phosphorus-solubilizing strain, S. misionensis SwB1, which has
the potential to become a microbial fertilizer.

Keywords: phosphate solubilizer; phosphorus mobilization mechanism; comparative
genomics; Cornus wilsoniana; microbial fertilizer
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1. Introduction

Nowadays, ensuring sufficient access to soil nutrients globally poses a significant
challenge to the sustainability of modern agriculture [1]. Due to its crucial role in converting
solar energy into food, fiber, and other plant products, phosphorus is the major nutrient
that can limit plant growth despite its abundance in soils in both inorganic and organic
forms [2]. In red soil, which covers approximately 22.7% of China’s land area, insoluble
phosphorus predominates, posing challenges for absorption and accumulation by plants [3].
Until now, the excessive application of chemical fertilizers and pesticides has directly and
indirectly compromised the soil environment and crop yields [4]. Only 5–25% of the applied
phosphorus can be absorbed by plants, while the remainder remains in the soil in insoluble
forms [5]. Converting insoluble phosphorus into available phosphorus by phosphorus-
solubilizing bacteria (PSB) is an effective way to enhance phosphorus utilization efficiency,
soil structure, and plant production [6]. In modern agriculture, there is an urgent need for
the use of phosphorus-solubilizing bacteria as biofertilizers to enhance crop productivity
and augment nutritional security [7].

Phosphorus-solubilizing bacteria utilize various mechanisms to dissolve insoluble
phosphorus [8]. These mechanisms include (i) organic acids, which can reduce pH and
dissolve insoluble inorganic phosphorus. Gluconic acid, in particular, demonstrates ef-
fectiveness in enhancing the solubility of insoluble inorganic phosphorus in acidic soil
and mitigating aluminum toxicity to plants [9]. Glucose dehydrogenase (GDH) catalyzes
the synthesis of gluconic acid, requiring the combination with pyrrole quinoline quinone
(PQQ) to form an active holoenzyme [10]. (ii) Phosphatases, which mineralize organic
phosphorus and enhance the availability of soil organic phosphorus [11]. Most bacte-
ria possess at least one of three phosphatases (PhoA, PhoX, and PhoD) exhibiting broad
substrate specificity [12]. (iii) The Pst transport system, which is a protein channel re-
sponsible for phosphorus transportation and consumes energy [13]. Typically operating
in low phosphorus environments, this system efficiently binds and transports inorganic
phosphorus into the cytoplasm [14]. The phosphate-specific transport (Pst) system con-
sists of peripheral-binding proteins (PstS), transmembrane proteins (PstA and PstC), and
ATP-binding proteins (PstB), and regulatory protein (PhoU) [15].

Cornus wilsoniana Wangerin is a novel woody oil plant. The fruit oil of C. wilsoniana
possesses a potent hypolipidemic effect, which is attributed to its high concentration of
polyunsaturated fatty acids, particularly linoleic acid and γ-linolenic acid [16]. In China,
C. wilsoniana is commonly cultivated in mountainous regions with red soil characterized
by high iron content and low phosphorus availability. However, the production and
quality of its fruit oil are significantly constrained by the phosphorus fixation by iron and
other elements [17,18]. Thus, efficient and sustainable approaches to provide available
phosphorus to C. wilsoniana are of great concern.

Our previous study identified a strain of Streptomyces misionensis SwB1, which has
a highly efficient phosphorus solubilization ability [19]. However, the detailed mecha-
nism of phosphorus solubilization mediated by Streptomyces misionensis SwB1 has not
yet been completely elucidated. In the present study, genome sequencing and compara-
tive genomic analysis were used to analyze the genetic composition characteristics and
phosphorus solubilization mechanism of Streptomyces misionensis SwB1. Mechanistically,
Streptomyces misionensis SwB1 solubilizes phosphorus by secreting organic acid, phos-
phatase, siderophore, and Pst phosphorus transport system. In addition, Streptomyces
misionensis SwB1 has a variety of plant growth-promoting genes, which can effectively
promote the biomass accumulation, photosynthesis, and root development of C. wilsoniana.
Our findings support a basis for the research, development, and later application of this
strain as a microbial fertilizer.
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2. Materials and Methods

2.1. Plant Materials and Microorganisms

Cornus wilsoniana cultivar “Xianglin G1” saplings were provided by the C. wilsoniana
germplasm repository of the Economic Forest Research Institute of Hunan Academy of
Forestry (113◦00′ E, 28◦11′ N in Changsha, China), where the glasshouse experiment
was conducted.

The Streptomyces misionensis SwB1 was grown on the International Streptomyces
Program (ISP)-2 medium(MDBio, Qingdao, China) [20]. The matured spores were scraped
off the colonies and stored in sterile glycerol at −80 ◦C.

2.2. Whole Genome Sequencing

The cryovial containing S. misionensis SwB1 is carefully removed from the −80 ◦C
freezer and promptly thawed in a 37 ◦C water bath. Subsequently, in a strictly aseptic envi-
ronment, the thawed bacterial suspension is meticulously transferred into pre-sterilized
ISP-2 medium, and a sterile pipette is used to gently mix the suspension to ensure it is
uniformly distributed throughout the ISP-2 medium. The conical flask is then carefully
placed in a pre-calibrated incubator shaker set at 28 ◦C and 180 rpm to facilitate the efficient
recovery and robust growth of the bacteria. After the S. misionensis SwB1 bacteria have been
cultured to an appropriate density, the bacterial suspension is centrifuged at room tempera-
ture at 14,000× g for 5 min. The mycelium was then collected after discarding the medium,
and DNA extraction and sequencing were performed. The sequencing was conducted
by Frasergen, located at Wuhan, China. The PacBio Sequel II platform was employed
for sequencing, followed by data processing using SMRTLINK 11.0.0 software [21,22].
After filtering low-quality and unknown sequences, the S. misionensis SwB1 genome was
assembled using flye-2.9 and corrected by pilon-1.24 software based on paired reads [23,24].

For the strain S. misionensis SwB1 has been deposited in the China Center for Type
Culture Collection under the accession number CCTCC NO. M 2023024. Furthermore,
the genome sequence of S. misionensis SwB1 has been submitted to the NCBI database
(GenBank ID: SAMN43297603).

Functional annotation was completed by aligning sequencing reads from the genome
with the primary database. Essential databases used for S. misionensis SwB1 genome anno-
tation include Non-Redundant Protein Sequence (NR), Clusters of Orthologous Groups
(COG), Gene Ontology (GO), SwissProt, and Kyoto Encyclopedia of Genes and Genomes
(KEGG) databases [25–27]. Genes involved in soil microbial plant growth-promoting
function were searched in the KEGG database (https://www.genome.jp/kegg/mapper/
(accessed on 18 May 2024)).

2.3. Characterization of Growth-Promoting Ability

To investigate the plant growth-promoting properties of S. misionensis SwB1, we
employed a variety of specialized growth media that target different mechanisms of plant
growth promotion. These media were designed to assess the strain’s ability to solubilize
inorganic and organic phosphorus, produce siderophores, synthesize indole-3-acetic acid
(IAA), and promote growth through other means. All chemicals used for the preparation
of these media were of analytical grade (MDBio, Qingdao, China). Below, we detail the
composition of each medium and the observations made following the cultivation of S.
misionensis SwB1.

The mycelia of S. misionensis SwB1 were added to media supplemented with inor-
ganic phosphorus medium and organic phosphorus medium. After 7 days of culture, the
formation of a transparent circle around the colony indicated phosphorus solubilization.
The inorganic phosphorus medium included glucose 10 g, (NH4)2SO4 0.5 g, yeast extract
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0.5 g, NaCl 0.3 g, KCl 0.3 g, MgSO4 0.3 g, MnSO4 0.03 g, Ca3(PO4)2 5 g, AGAR 15.0 g,
deionized water 1 L, and pH = 7.0–7.5. The organic phosphorus medium included glucose
10 g, (NH4)2SO4 0.5 g, yeast extract 0.5 g, NaCl 0.3 g, KCl 0.3 g, MgSO4 0.3 g, MnSO4 0.03 g,
Ca3(PO4)2 1 g, lecithin 0.2 g, AGAR 15.0 g, deionized water 1 L, and pH = 7.0–7.5.

The CAS detection medium for assessing siderophore production was composed of
Chromium azurazine S (CAS) 0.0605 g, sodium dihydrogen phosphate dihydrate 0.29525 g,
sodium hydrogen phosphate dodecahydrate 1.2135 g, HDTMA 0.0729 g, NaCl 0.0625 g,
FeCl3·6H2O 0.002645 g, AGAR 9.0 g, NH4Cl 0.125 g, KH2PO4 0.0375 g, deionized water
1 L, and pH adjusted to 6.7–6.9. After 7 days of culture, the formation of an orange-red
zone around the colony signified siderophore production [28].

For the IAA production assay, the IAA assay medium included L-tryptophan 2.0 g,
peptone 10.0 g, beef paste 3.0 g, NaCl 5.0 g, deionized water 1 L, and pH = 7.0–7.4 [29].
After 7 days of cultivation, the culture filtrate was obtained by centrifugation at 4000 rpm
for 20 min, 1 mL of the supernatant of the centrifuged medium was taken, and 1 mL of
Salkowski reagent was added. After the reaction in the dark for 30 min, the supernatant
turned pink, indicating that the strain could produce IAA.

Lastly, the Ashby medium was used to assess the overall plant growth-promoting
potential and was composed of KH2PO4 0.2 g, NaCl 0.2 g, MgSO4 0.2 g, K2SO4 0.1 g, CaCO3

5.0 g, glucose 10.0 g, AGAR 15.0 g, deionized water 1 L, and pH = 7.2–7.6, 25 ◦C. The
normal growth of the strain after 7 days of culture indicated that the strain had the ability
to fix nitrogen [30].

2.4. Comparative Genomic Analysis

Genomic data for 14 Streptomyces strains across 5 species were downloaded from
NCBI and annotated using Prokka 1.12 [31]. Homology analysis of the genome was per-
formed using OrthoFinder 2.5.2 [32], followed by drawing a petal map in R and plotting
the gene clusters with ChiPlot (https://www.chiplot.online/ (accessed on 22 May 2024)).
Evolutionary analysis was performed using MEGA 11 (developed by the Molecular Evolu-
tionary Genetics Analysis Team). The Average Nucleotide Identity (ANI) of each strain
was calculated by CompareM 0.1.2 (developed by the DOE Joint Genome Institute).

2.5. Pot Assay
2.5.1. Glasshouse Experimental Design

Spontaneous germination of C. wilsoniana saplings with uniform height was trans-
planted to 2.5 L plastic pots with one sapling per pot under glasshouse conditions. The
substrate was sterilized with red soil. Four treatments were set up: red soil + water (CK0),
red soil + S. misionensis SwB1 (SwB10), red soil + water + seedlings (CK), red soil + S.
misionensis SwB1 + seedlings (SwB1). Fifty milliliters of spore suspension (107 spore mL−1)
of S. misionensis SwB1 was applied to the base of each sapling (CK, SwB1), and the same
volume of water was added to the control. The plants were grown in a greenhouse at 27 ◦C
under 16 h light/8 h dark photoperiod, and relative humidity of 50–80%. All plants were
regularly watered without any fertilizers. Each treatment had 10 replicate samplings, and
all pots were completely randomized. After 60 days of growth, all plants were harvested.

2.5.2. Determination of Soil Phosphorus Content

Starting from the base of the seedling, carefully dig with a small spade to expose
the roots. Gently move away the large soil clumps around the roots, taking care not to
disturb the root growth area. Lightly remove the large soil particles attached to the roots.
Use a soft-bristled brush to gently brush off the fine soil particles adhering to the roots;
these particles are the rhizosphere soil samples. These rhizosphere soils will be used to
determine soil phosphorus content, including H2O-P, NaHCO3-P, NaOH-P, and HCl-P
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content were determined. The phosphorus was sequentially extracted by H2O, NaHCO3,
NaOH, and HCl, and the phosphorus content was determined by molybdenum antimony
resistance colorimetry [33]. Soil samples were collected every five days and measured. The
measurement was performed in triplicates.

2.5.3. Plant Growth Parameter Analyses

The height of the seedling and ground-level stem diameters were measured. The
whole plant was weighed for fresh biomass and then dried at 60 ◦C until constant weight
for dry biomass determinations. Each treatment was performed with ten plants.

Three healthy leaves in the upper part of the saplings were selected for the deter-
mination of photosynthetic parameters. The net photosynthetic rate, intercellular CO2

concentration, and stomatal conductance were measured using a portable photosynthesis
system Li-6400 [34] at 60% RH, 25 ◦C air temperature and 400 μmol mol−1 CO2. All mea-
surements were carried out in the morning from 9:00 a.m. to 11:00 a.m. [35]. Each treatment
was performed with ten plants.

Root morphological parameters, including total root length, root area, root volume,
and the number of tips, were measured using a root automatism scanner (Epson Twain
Pro 2.10, Purchased from Wseen, Hangzhou, China) coupled with WinRHIZO™2000
Professional Edition program software. Each treatment was performed with ten plants.

2.6. Statistical Analysis

For the pot assay, data are mean values of independent experimental repetitions.
Depending on the experiments, differences among treatments were reanalyzed by unpaired
t-test or one-way ANOVA, followed by Tukey’s multiple range, using GraphPad Prism
9.5.0 and taking p ≤ 0.0001, p ≤ 0.001, p ≤ 0.01 or p ≤ 0.05, based on unpaired experimental
design, as significant.

3. Results and Discussion

3.1. Effects of S. misionensis SwB1 on Phosphorus-Solubilizing in Red Soil

In a previous study, we isolated a total of 55 culturable phosphorus-solubilizing
bacteria from the rhizosphere soil of C. wilsoniana. Among these isolates, we identified
a strain of S. misionensis SwB1, which exhibited the highest efficiency in phosphorus
solubilization and demonstrated significant potential to enhance plant growth [19].

According to the Hedley phosphorus classification, inorganic phosphorus components
can be categorized into four distinct categories: active inorganic phosphorus (H2O-P,
NaHCO3-P), medium stable inorganic phosphorus (NaOH-P), stable inorganic phosphorus
(HCl-P), and residual phosphorus (Figure 1A) [33]. H2O-P represents phosphorus in its
ionic form within the soil, while NaHCO3-P refers to phosphorus that is adsorbed onto the
soil surface and can be readily absorbed and utilized by plants. NaOH-P, on the other hand,
is strongly attached to the soil surface through chemisorption. HCl-P is a solid phosphorus
compound often coated with an iron and aluminum oxide film for closed storage [36,37].
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Figure 1. Effect of S. misionensis SwB1 on phosphorus content levels in red soil. (A) Phosphorus
solubility schematic: HCl-P, NaOH-P, NaHCO3-P, and H2O-P, where darker colors indicate lower
solubility. (B–E) Changes in H2O-P, NaHCO3-P, NaOH-P, and HCl-P content in soil samples under
different treatments. Treatments included: red soil + water (CK0), red soil + SwB1 (SwB10), red soil +
water + seedlings (CK), and red soil + SwB1 + seedlings (SwB1), with three replicates per treatment.
The letter markers indicate the significant differences determined by the ANOVA post hoc Tukey’s
test, where the same letter denotes no significant difference (p > 0.05), and different letters indicate a
significant difference (p ≤ 0.05). The error bars represent the standard error.

To better understand the ability of S. misionensis SwB1 to solubilize various forms of
phosphorus in red soil, this study measured the change in different levels of phosphorus
(H2O-P, NaHCO3-P, NaOH-P, HCl-P) in red soils subjected to various treatments (Figure 1).
After 60 days of incubation, the H2O-P content varied among the four treatment groups.
The SwB1 group exhibited the highest increase at 2.98 times, followed by the CK group at
19.86%, and the SwB10 group at 15.82%. In contrast, the CK0 group experienced a decrease
of 44.35% (Figure 1B). Similarly, the NaHCO3-P content also showed varying changes; the
SwB1 group experienced the highest increase at 4.97 times, followed by the CK group with
an increase of 2.75 times, and the SwB10 group with an increase of 1.11 times. The CK0

group decreased again, this time by 4.86% (Figure 1C). The NaOH-P content demonstrated
significant changes as well, increasing by 3.87 times in the SwB1 group, 1.82 times in the
CK group, and 1.38 times in the SwB10 group, while the CK0 group saw a modest increase
of 6.64% (Figure 1D). The HCl-P content also changed, with an increase of 3.51 times in the
SwB1 group, 51.11% in the CK group, 43.26% in the SwB10 group and increased by 6.78%
in CK0 group (Figure 1E). Comparisons between the CK0 and SwB10 treatment groups
revealed that S. misionensis SwB1 significantly enhanced phosphorus content across all
levels, especially in the NaHCO3-P and NaOH-P fractions. This indicates that the strain
possesses the ability to alleviate the low phosphorus dilemma in red soil. Furthermore,
comparisons between the CK and SwB1 groups demonstrated that the interaction between
C. wilsoniana saplings and S. misionensis SwB1 strains facilitated the dissolution of insoluble
phosphorus in red soil. It is possible that S. misionensis SwB1 promotes the growth of C.
wilsoniana by improving phosphorus solubilization, and the well-grown C. wilsoniana also
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provides a beneficial living environment for S. misionensis SwB1, establishing a mutually
beneficial relationship in the environment. Surprisingly, across all treatments, the CK
group contributed to a comparable or even higher level of phosphorus content at various
levels than the SwB10 group. This may be attributed to the fact that the root exudates of C.
wilsoniana seedlings include a wide array of organic acids, phenolic compounds, hormones,
and other secondary metabolites [38]. These substances can more effectively solubilize
the insoluble phosphorus in the soil. In contrast, the phosphorus-solubilizing ability of
phosphate-solubilizing bacteria typically relies on specific enzymes or metabolic pathways,
which may not be as diverse as the secretions from C. wilsoniana seedlings [39].

3.2. Genomic Characteristics and Functional Annotation

The whole genome sequencing resulted in the assembly of a complete circular genome
of S. misionensis SwB1(Figure 2), with a total length of 8,633,379 bp and a GC content of
72.45% (Table S1). The genome contains 8100 coding DNA sequence (CDS) genes, 82 tRNA
genes, and 18 rRNA genes. Furthermore, a total of 12 gene islands, 62 CRISPR sequences,
and 30 gene clusters were predicted within the genome. Notably, 72.89% of the genes were
annotated in the COG database, and these genes were categorized into 26 functional classes
(Figure 3A). The top five categories included transcription (875 genes), general function
prediction only (748 genes), carbohydrate transport and metabolism (598 genes), amino
acid transport and metabolism (510 genes), and signal transduction mechanisms (473 genes).
Additionally, KEGG classification identified 2676 genes across six categories: cellular processes
(CP), environmental information processing (EP), genetic information processing (GP), human
diseases (HD), metabolism (MB), and organismal systems (OS) (Figure 3B).

Figure 2. Circular representation of the S. misionensis SwB1 chromosome. The rings, labeled from the
inside out, Ring 1, GC content (green for positive strand, blue for negative strand); Ring 2, GC skew
(pink for positive strand, purple for negative strand); Ring 3, rRNA and tRNA (green and orange
vertical lines, respectively); Rings 4 and 5, COG database annotations for positive and negative
strands; Ring 6, base modifications (red for positive strand, blue for negative strand); Ring 7, enzymes
associated with restriction-modification systems (orange vertical line).
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Figure 3. Annotated map of functional classification of S. misionensis SwB1 in whole genome. (A) COG
functional annotation. (B) KEGG functional annotation. (C) GO function annotation. The X-axis repre-
sents GO function classifications, while the Y-axis indicates the number of genes associated with each
classification. The numbers above each bar correspond to the total number of genes within each category.
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A total of 4641 genes were annotated into three categories based on Gene Ontology
(GO): Biological Process (BP), Cellular Component (CC), and Molecular Function (MF)
(Figure 3C). The top five categories identified were catalytic activity (2958 genes), binding
(2734 genes), cellular process (2657 genes), metabolic process (2553 genes), and cellular
anatomical entity (2389 genes).

3.3. Evolutionary Analysis and Growth-Promoting Gene Analysis

The complete 16S rRNA sequence (1514 bp) of S. misionensis SwB1 was subjected to
similarity-based searches in the NCBI database, and an evolutionary tree was constructed
based on 16S rRNA sequences (Figure S1). The results showed that S. misionensis SwB1 is
classified as Streptomyces misionensis with 100% cladistic confidence. To further elucidate the
taxonomic position of S. misionensis SwB1, a phylogenetic tree was generated using Average
Nucleotide Identity (ANI) analysis based on 15 complete genomes from other Streptomyces
species (Figure 4A). As depicted in Figure 4A, S. misionensis SwB1, along with Streptomyces
misionensis VOGW01, Streptomyces misionensis FNTD01, and Streptomyces misionensis 66,
formed a monophyletic clade and was deeply nested within the tree, indicating a close
evolutionary relationship. In contrast to S. misionensis SwB1, which was isolated from
the rhizosphere soil, Streptomyces misionensis VOGW01, Streptomyces misionensis FNTD01,
and Streptomyces misionensis 66 were isolated from the oasis and the ocean [40–42]. Given
the differences in their respective niches, a comparative genome analysis of these strains
may provide valuable insights into the specific adaptations and genomic evolution of S.
misionensis SwB1.

To investigate the growth-promoting capabilities of Streptomyces, we conducted a com-
parative analysis in silico of the strain characteristics associated with phosphorus solubiliza-
tion, nitrogen fixation, siderophore production, and indole-3-acetic acid (IAA) production
among various Streptomyces strains (Figure 4A). The results revealed that S. misionensis
SwB1 possessed the highest number of phosphorus-solubilizing genes (25), whereas Strep-
tomyces phaeochromogenes JAUSYT01 exhibited the greatest number of nitrogen-fixing genes
(17). Furthermore, Streptomyces phaeochromogenes LIQZ01 had the most siderophore pro-
duction genes (22), and Streptomyces koyangensis SCSIO 5802 contained the highest number
of IAA-producing genes (14). Moreover, the results indicated that the other Streptomyces
strains possessed a greater number of genes related to nitrogen fixation, siderophore
production, and IAA production in comparison to S. misionensis SwB1. In contrast, S.
misionensis SwB1 demonstrated more advantageous characteristics regarding phosphorus
solubilization. This result explained that S. misionensis SwB1 showed high efficiency in
phosphorus solubilization in the red soil phosphorus transformation experiment (Figure 1).

The genomic annotation of S. misionensis SwB1 revealed the presence of genes associ-
ated with phosphorus solubilization, nitrogen fixation, siderophore production, and IAA
production (Table 1 and Tables S2–S4). Consequently, this study investigated the role of
S. misionensis SwB1 in promoting plant growth through experiments conducted on Petri
plates. The capability to solubilize phosphorus and fix nitrogen may alter soil nutrient
composition and structure, thereby enhancing the availability of soil nutrients [43]. In
the phosphate solubilizing assay, the formation of a clear halo surrounding the colony
indicates that S. misionensis SwB1 possesses the ability to solubilize both organic and inor-
ganic phosphorus (Figure 4B,C). S. misionensis SwB1 was able to grow well in an Ashby
medium, demonstrating the strain’s capability to fix nitrogen (Figure 4D). Furthermore,
the secretion of siderophores and IAA has the potential to promote plant growth and
enhance agronomic traits as well as stress resistance [44]. It also formed an orange halo
on CAS agar medium, indicating siderophore production (Figure 4E). After 7 days of
incubation with IAA detection medium inoculated with S. misionensis SwB1, the medium
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turned pink, whereas the control medium without S. misionensis SwB1 exhibited no color
change, indicating the production of IAA (Figure 4F). In summary, the plant-promoting
capabilities of S. misionensis SwB1, including phosphorus solubilization, nitrogen fixation,
siderophores production, and IAA production, are consistent with the gene annotation
results, thereby highlighting the potential of this strain as a microbial fertilizer. Previous
studies have demonstrated that Streptomyces misionensis exhibits anticancer, insecticidal,
and antibacterial activities [45–48]. However, this study represents the first investigation to
highlight the plant growth-promoting properties, particularly its exceptional capability in
phosphorus solubilization.

Figure 4. Characterization of plant growth-promoting the ability of S. misionensis SwB1. (A) phy-
logenetic relationships and growth-promoting genes among 15 Streptomyces strains. The cells in
the heatmap are displayed in different colors, with hues closer to red indicating higher values at
that position, and hues closer to gray indicating lower values. The values in the cells represent the
number of growth-promoting genes in each strain. The text in red denotes the strains used in this
study. (B) Inorganic phosphate solubilization. (C) Organic phosphate solubilization. (D) Siderophore
production. (E) Nitrogen fixation. (F) IAA production.

156



Microorganisms 2025, 13, 378

Table 1. Phosphorus-solubilizing genes of S. misionensis SwB1.

Gene Name Gene Annotation Functional Classification Gene Number

pstA 2-amino-1-hydroxymethyl phosphonate
dioxygenase Phosphorus transport 1

pstB Phosphinothricin acetyltransferase Phosphorus transport 1
pstC Phosphinothricin acetyltransferase Phosphorus transport 1

pstS N-acetylglucosamine PTS system EIICBA or
EIICB component Phosphorus transport 1

phoU Phosphate-specific transport system
accessory protein PhoU Phosphorus transport 1

pit N-acetylglucosamine PTS system EIICBA or
EIICB component Phosphorus transport 1

phoA Alkaline phosphatase H Phosphatase synthesis 1
phoD Alkaline phosphatase D Phosphatase synthesis 2
phoX Secreted phosphatase, PhoX family Phosphatase synthesis 1
phoE Broad specificity phosphatase PhoE Phosphatase synthesis 10
gcd Glucose dehydrogenase, PQQ-dependent Gluconic acid synthesis 1

pqqB Pyrroloquinoline quinone biosynthesis
protein B Gluconic acid synthesis 1

pqqC Pyrroloquinoline-quinone synthase Gluconic acid synthesis 1

pqqD Pyrroloquinoline quinone biosynthesis
protein D Gluconic acid synthesis 1

pqqE PqqA peptide cyclase Gluconic acid synthesis 1

3.4. Comparative Genomics Analysis and Phosphorus Solubilization Gene Clusters

The mineralization of organic phosphorus and dissolution of inorganic phosphorus
are critical mechanisms through which rhizosphere bacteria enhance soil AP content [49].
Twenty-five genes associated with phosphorus transport, phosphatase synthesis, and
gluconic acid production were identified in the S. misionensis SwB1 genome (Table 1).
Genes involved in phosphorus transport include pstA, pstB, pstC, pstS, phoU, and pit, which
are part of the phosphate special transport system (Pst) and phosphate inorganic transport
system (Pit) [50,51]. Among these, four paralogous genes are associated with phosphatase
activity: phoA, phoD, phoX, and phoE. Additionally, gluconic acid synthesis includes the
gluconate dehydrogenase gene (gcd) and cofactor synthesis genes: pqqB, pqqC, pqqD, and
pqqE [52,53]. To investigate the plant growth-promoting genes of S. misionensis SwB1 further,
a comparison was made with those of 15 Streptomyces strains from the NCBI database
and previous studies. These 15 Streptomyces strains collectively contain 3195 core genes,
accounting for 41.3% to 62.3% of their genome (Figure S2). The Pst phosphorus transport
system, gluconic acid synthesis pathway, and phosphatase genes were analyzed across
these 15 Streptomyces strains to explore their roles in phosphorus solubilization.

The Pst phosphorus transport system, comprising four proteins (PstA, PstB, PstC, and
PstS), serves as the primary mechanism for phosphorus absorption in microorganisms
under low-phosphorus conditions [54]. The Pst phosphorus transport system is anchored
in the inner cell membrane by two multi-spanning proteins, PstC, and PstA, forming a
transmembrane (TM) channel that facilitates phosphorus transport across the cytoplasmic
membrane [55]. PstB is responsible for ATP hydrolysis, which energizes the TM channel,
enabling it to function as a phosphorus transporter [56,57]. PstS is a peripheral binding
protein with a high affinity for phosphorus, responsible for sensing and binding phosphorus
in the periplasmic space [58]. In this study, fifteen strains of Streptomyces, including
Streptomyces murinus and Streptomyces misionensis, possess a complete Pst phosphorus
transport system (Figure 5A). Additionally, the homology and arrangement of genes in
the Pst phosphorus transport system were entirely consistent among the four Streptomyces
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misionensis strains, including S. misionensis SwB1. However, some strains of Streptomyces
phaeochromogenes, along with both Streptomyces rutgersensis and Streptomyces koyangensis,
were deficient in the pstA gene. The pstA gene encodes an integral membrane protein with
six transmembrane helices, and its disruption or loss decreases the protein’s affinity for
membrane insertion, consequently impacting the Pst system, thereby reducing phosphorus
transport and affecting the phosphorus uptake rate in microorganisms [59,60].

Figure 5. Comparison of phosphorolytic gene clusters and phosphatase genes among 15 Streptomyces
strains. (A) Pst phosphorus transport system gene cluster. The length of the arrows corresponds to
the length of the respective genes. The arrow’s direction indicates the gene’s orientation (5′ to 3′

from left to right). Each arrow is labeled with the corresponding gene name, and different genes are
represented by different colors. The text in red denotes the strains used in this study. (B) Gluconic
acid synthesis gene cluster. The text in red denotes the strains used in this study. (C) Heat map
illustrating the types and quantities of phosphatase genes. The numbers in the heat map represent
the quantity of genes. Darker shades correspond to a higher number of genes represented. The cells
in the heatmap are displayed in different colors, with hues closer to red indicating higher values at
that position, and hues closer to gray indicating lower values. The values in the cells represent the
number of growth-promoting genes in each strain.

The gluconic acid synthesis system regulates the production of gluconate dehydro-
genase and its coenzymes [61]. The gcd gene is responsible for regulating the production
of glucose dehydrogenase in bacteria, and Pyrroloquinoline quinone (PQQ) serves as
a coenzyme for glucose dehydrogenase. The synthesis of PQQ in bacteria requires the
participation of the pqqB, pqqC, pqqD, and pqqE genes [62–64]. Strains of Streptomyces mi-
sionensis and Streptomyces phaeochromogenes possess a complete gluconic acid synthesis
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system. Interestingly, the number of genes in the gluconic acid synthesis system of the
four Streptomyces misionensis strains was found to be completely consistent; however, the
orientation of the PQQ gene in Streptomyces misionensis VOGW01 was found to be reversed.
Strains of Streptomyces phaeochromogenes have a homologous PQQ synthesis gene, but the
lengths of the gcd genes differed, with the gcd gene in Streptomyces phaeochromogenes LIQZ01
completely absent (Figure 5B), which may hinder gluconic acid synthesis for phospho-
rus dissolution [62]. Strains of Streptomyces rutgersensis and Streptomyces koyangensis may
lack a complete gluconic acid synthesis system, which results in the loss of the ability to
synthesize glucose dehydrogenase. This leads to the inability of the strain to convert to
gluconic acid, thereby reducing its capacity to secrete organic acid-soluble phosphorus.
These two bacterial strains had lost the pstA gene, which impaired their normal phosphorus
uptake capability. Subsequently, they also lost the ability to synthesize gluconate, yet
this additional loss did not impose further survival stress on them, possibly because their
compromised phosphorus acquisition already placed them at a competitive disadvantage,
rendering the impact of this further functional loss relatively limited.

Soil phosphatase is closely associated with soil phosphorus availability, functioning to
hydrolyze phosphate groups of organophosphorus and promoting phosphorus absorption
by plants [11]. The genes phoA, phoD, and phoX are the most common conserved phos-
phatase genes in bacteria, which hydrolyze phosphate monolipids to release phosphate
ions [65]. This study compared the phosphatase genes of 15 Streptomyces strains, all of which
contained phoD genes except Streptomyces murinus JS0295. Additionally, four strains of
Streptomyces misionensis contained phoA genes. Notably, S. misionensis SwB1 possesses three
common phosphatase genes—phoD, phoX, and phoA—along with 10 phoE genes, which
have been annotated as a broadly specific phosphatase. This variety of phosphatase genes
not only highlights the genetic diversity within S. misionensis SwB1 but also emphasizes
the overall type and quantity of phosphorus-solubilizing genes present, which are crucial
as they reflect the plant growth-promoting ability of microbials [29]. Furthermore, the
abundance of phoE genes may significantly enhance the phosphorus solubilization ability
of the S. misionensis SwB1 strain, which exhibits the most extensive variety of phosphorus
solubilizing genes. This extensive gene repertoire and a complete gene cluster (Table 1) are
essential for the strain’s remarkable capability to solubilize phosphorus effectively.

3.5. Effects of S. misionensis SwB1 Application on Physiological and Biochemical Regulation of
C. wilsoniana

In recent years, microbial inoculation has emerged as a promising method for enhanc-
ing soil properties and increasing crop production [66].This study demonstrated that the S.
misionensis SwB1 strain exhibits excellent phosphorus solubilization ability. The inoculation
of S. misionensis SwB1 on the roots of C. wilsoniana significantly enhances phosphorus
solubilization (Figure 1). Genome annotation identified numerous phosphorus solubiliza-
tion genes, as well as nitrogen fixation genes, siderophore production genes, and IAA
production genes in the S. misionensis SwB1 strain (Table 1). To further validate the plant
growth-promoting ability of the S. misionensis SwB1 strain, a pot experiment was conducted
using red soil as the substrate to assess its effect on the growth of C. wilsoniana seedlings.

The SwB1 group caused a significant increase in seedling height (49.41%, p ≤ 0.05)
and ground diameter (30.61%) compared to the CK group (Figure 6A–C). Additionally,
S. misionensis SwB1 application significantly enhanced the biomass, with fresh weight
increasing by 115% and dry weight by 81.44% compared to the CK group (Figure 6D,E).
Overall, these results indicate that S. misionensis SwB1 promotes the growth and nutrient
accumulation of C. wilsoniana seedlings.
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Figure 6. Effect of S. misionensis SwB1 on the morphological indices of C. wilsoniana. (A) Comparison
of morphological characteristics of C. wilsoniana saplings. (B) Height of seedlings. (C) Ground
diameter. (D) Dry weight. (E) Fresh weight. (F) Net photosynthetic rate. (G) Stomatal conductance.
(H) Transpiration rate. (I) Intercellular CO2 concentration. (J) Total root length. (K) Root area.
(L) Root volume. (M) The number of root tips. *, 0.01 < p ≤ 0.05; ***, p ≤ 0.001; the error bar represents
the standard error (SE).

S. misionensis SwB1 positively influenced both the leaf area and photosynthetic physiol-
ogy of the seedlings. As the leaf area of C. wilsoniana increased, the net photosynthetic rate
in the SwB1 group rose by 18.51% compared to the CK group (Figure 6F). Correspondingly,
the leaf transpiration rate and stomatal conductance were significantly higher in the SwB1
group (p ≤ 0.05), with increases of 32.79% and 34.21%, respectively (Figure 6G,H). Addition-
ally, the intercellular CO2 concentration in the leaves decreased by 34.21% compared to the
CK group (p ≤ 0.05) (Figure 6I), which was consistent with the increase in the net photosyn-
thetic rate [37]. These results demonstrate that S. misionensis SwB1 significantly enhances

160



Microorganisms 2025, 13, 378

photosynthesis in C. wilsoniana leaves, leading to a greater accumulation of photosynthetic
products and promoting overall plant growth.

The efficiency of nutrient absorption in plants is closely linked to root development,
which enhances nutrient uptake and promotes growth. Scanning the root system of
C. wilsoniana seedlings revealed that S. misionensis SwB1 promotes root development.
Compared to the CK group, SwB1-treated seedlings exhibited a 26.28% increase in total
root length (Figure 6J), with significant improvements in root area and volume—22.49%
and 88.18% increases, respectively (Figure 6K,L). The number of root tips also increased
significantly, with a 36.24% rise in the SwB1 group (Figure 6M). Therefore, S. misionensis
SwB1 enhances the root system development of C. wilsoniana, induces root meristematic
activity, and expands the contact area between roots and soil, thereby improving nutrient
absorption and promoting the growth of the above-ground parts of the plant.

3.6. Proposing a High-Efficiency Dissolved Phosphorus Model for S. misionensis SwB1

Different phosphorus-solubilizing bacteria use various mechanisms to solubilize phos-
phorus [67]. We have compiled a study on S. misionensis SwB1, which sheds light on its phos-
phorus solubilization pathway. Our findings indicate that this strain exhibits diverse modes
of phosphorus enhancement, which include a Pst system, Pit system, siderophore transport
system, phosphatase secretion system, and gluconic acid secretion system (Figure 7).

 

Figure 7. Illustrated schematic of the pivotal mechanism by which S. misionensis SwB1 facilitates
phosphorus solubilization.

The genome of the S. misionensis SwB1 strain encompasses five distinct phosphorus
solubilization systems: (i) The Pst system comprises genes for peripheral-binding pro-
teins (PstS), transmembrane proteins (PstA and PstC), ATP-binding proteins (PstB), and
regulatory proteins (PhoU), facilitating phosphate transport from iron, aluminum, and
calcium phosphates under low-phosphorus conditions [68]. (ii) The pit gene encodes a
rapid phosphorus transport system that operates optimally in high phosphate ion concen-
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trations, allowing for cellular uptake through specialized channels [69]. (iii) Genes fepC,
fepD, and fepG form the siderophore transport system, which is crucial for phosphorus
dissolution in red soil; siderophores, which have a high affinity for iron, help prevent phos-
phorus immobilization by forming complexes with iron in iron phosphate [37,70]. (iv) Four
phosphatase genes (PhoA, PhoD, PhoX, and PhoE) enhance phosphorus solubilization in
red soil by converting organic phosphate into available phosphorus (AP), vital for plant
growth [71]. (v) Gluconic acid, produced through the interaction of glucose dehydrogenase
(GDH) and pyrroloquinoline quinone (PQQ), facilitates phosphorus dissolution [72,73].
The gcd gene catalyzes gluconic acid production, along with the genes synthesizing PQQ
(pqqB, pqqC, pqqD, and pqqE) identified in the genome. The microbial release of gluconic
acid lowers soil pH, enhances the breakdown of insoluble inorganic phosphorus, and in-
creases available phosphorus content. The combined effects of these mechanisms enhance
S. misionensis SwB1’s phosphorus solubilization capacity, improving phosphorus utilization
by C. wilsoniana cultivated in red soil.

4. Conclusions

In this study, Streptomyces misionensis SwB1, isolated from C. wilsoniana, was shown
to significantly increase phosphorus content in red soil through its symbiotic relation-
ship with C. wilsoniana. Genome sequencing revealed thatS. misionensis SwB1 contains
numerous phosphorus solubilizing genes, as well as genes related to nitrogen fixation,
siderophore production, and IAA production, which were confirmed through plate ver-
ification. Comparative genomic analysis showed that S. misionensis SwB1 possesses a
remarkable capacity for phosphorus solubilization, attributable to its complete phosphorus
transport and gluconic acid synthesis systems, along with a higher number of phosphatase
genes. S. misionensis SwB1 significantly enhanced nutrient uptake by C. wilsoniana, thereby
improving plant growth and productivity through beneficial effects on physiological and
biochemical parameters. To harness this microbial-mediated phosphorus solubilization as
a sustainable strategy for boosting plant productivity and soil health, further studies are
needed to elucidate the role of microorganisms in the growth regulation network of plants.
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