. I\/Ilcroblology
é SOCIETY FOR Spec rum

MICROBIOLOGY

3 | Geomicrobiology | Research Article

n

Check for
updates

Whole-genome sequencing provides insights into a novel
species: Providencia hangzhouensis associated with urinary

tract infections
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ABSTRACT  Providencia rettgeri is a clinically significant opportunistic pathogen that is
involved in urinary tract infections. Due to the resolution limitations of identification,
distinguishing P. rettgeri from closely related species is challenging by commercial
biochemical test systems. Here, we first reported a novel species, Providencia hang-
zhouensis, which had been misidentified as P. rettgeri. Exhibiting <91.97% average
nucleotide identity (ANI) and <46.10% in silico DNA-DNA hybridization values with all
known Providencia species, P. hangzhouensis falls well beneath the established species-
defining thresholds. We conducted a population genomics analysis of P. hangzhouensis
isolates worldwide. Our study revealed that P. hangzhouensis has emerged in many
countries and has formed several transmission clusters. We found that P. hangzhouensis
shared the highest ANI values (91.54% and 91.97%) with P. rettgeri and P. huaxiensis,
respectively. The pan-genome analysis revealed that these three species possessed
a similar component of pan-genomes. Two genes associated with metabolism, folE2
and ccmM, were identified to be specific to P. hangzhouensis. Furthermore, we also
observed that carbapenem-resistance genes frequently occur in P. hangzhouensis with
the blapp.o7 being the most prevalent (46.15%; 36/78). The emergence of P. hang-
zhouensis is often accompanied by extended-spectrum B-lactamase and carbapenem-
resistance genes, and calls for tailored surveillance of this species as a clinically relevant
species in the future.

IMPORTANCE Our study has identified and characterized a novel species, Providencia
hangzhouensis, which is associated with urinary tract infections and was previously
misidentified as Providencia rettgeri. Through this study, we have identified specific
genes unique to P. hangzhouensis, which could serve as marker genes for rapid PCR
identification. Additionally, our findings suggest that the emergence of P. hangzhouensis
is often accompanied by extended-spectrum B-lactamase and carbapenem-resistance
genes, emphasizing the need for attention to clinical management and the importance
of accurate species identification and proper drug use.

KEYWORDS novel species, Providencia hangzhouensis, Providencia rettgeri, Providencia
huaxiensis, carbapenem resistance, pan-genome analysis

he Providencia genus is a member of the Enterobacterales order, which constitutes

the tribe Proteeae along with the Proteus and Morganella genera. Providencia
includes Gram-negative bacteria that produce urease and are accountable for causing
diverse human infections (1). Among the species belonging to Providencia, P. rettgeri
and P. stuartii are the most frequent etiologic agents of catheter-associated urinary
tract infections, particularly among elderly patients with long-term indwelling urinary
catheters (1). Moreover, there are several case reports of other infections associated
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with P, rettgeri, such as ocular diseases (2), peritonitis (3), and neonatal septicemia (4),
indicating that this pathogen has the potential to cause serious infections beyond
catheter-associated urinary tract infections.

Precise species and subspecies classification of bacterial isolates is fundamental for
understanding their epidemiology, pathogenesis, and microbiological characteristics.
The approaches for prokaryotic species delineation include DNA-DNA hybridization
(DDH), 16S rRNA identification, and average nucleotide identity (ANI) analysis. Although
DDH analysis holds the distinction of being the gold standard for species classifica-
tion (5), it is known to be error-prone, with low reproducibility and time-consuming
procedures. Furthermore, it is widely acknowledged that analyzing the 16S rRNA gene
sequence alone is insufficient for accurate bacterial species assignment (6). As a result,
with the significant reduction in the cost of sequencing, genome-based ANI and in silico
digital DNA-DNA hybridization (dDDH) analyses are becoming increasingly popular in
microbiology laboratories (7). Pairwise ANI analysis with a cutoff of 296% and dDDH with
a cutoff of >70.0% have been widely used for precise species identification (8-11).

In this study, we performed whole-genome sequencing of a clinical isolate of
Providencia rettgeri, PR-310, and found it to represent a novel species with 92.03%
identity with P. rettgeri, which we name Providencia hangzhouensis, through ANI analysis.
We then examined the isolates labeled as P, rettgeri in the NCBI database and discovered
that the novel species had been mistakenly identified as P. rettgeri previously. Addition-
ally, we investigated the population structure and genetic diversity of P. hangzhouensis
using comparative genomic and population genomic analysis.

RESULTS

Providencia hangzhouensis represents a novel species distinct from Providen-
cia rettgeri

Since strain PR-310, which was isolated from a patient with urinary tract infection and
identified as Providencia rettgeri by Matrix-Assisted Laser Desorption/lonization - Time of
Flight mass spectrometry (MALDI-TOF MS) (Vitek MS system, bioMerieux, France), is an
uncommon clinical opportunistic pathogen and displayed resistance to cephalosporins;
this strain was then subjected to whole-genome sequencing. The complete genome
of PR-310 is composed of a chromosome and two plasmids, named pPR-310_79 and
pPR-310_2. The chromosome of PR-310 spans a length of 4,515,965 bp and exhibits a
Guanine-Cytosine (GC) content of 40.26%. Additionally, the lengths of the two plasmids
are 79,375 and 2,683 bp, respectively. Analysis of the 16S rRNA gene sequences, taken
from the EzBioCloud database (12) and corroborated by a derived phylogenetic tree (Fig.
S1A), confirmed that the PR-310 strain classifies within the Providencia genus. This strain
exhibited the highest sequence identity of the 16S rRNA gene with P. rettgeri DSM 4542
(99.73%; AM040492) and P. huaxiensis WCHPr000369 (99.66%; CP031123). Nevertheless,
the limitations of using the 16S rRNA sequence for taxonomic assignment are widely
acknowledged (13). Hence, we performed a whole-genome-based phylogenetic analysis
on PR-310 and type strains within the Providencia genus. Our results affirmed that PR-310
indeed belongs to the Providencia genus, and shares the closest relationship with P.
rettgeri NCTC11801 (Fig. S1B). A comparative analysis of the ANI (77.20%-91.97%) and
dDDH (21.20%-46.10%) values of strain PR-310 with other type strains (Table 1) revealed
these to be significantly below the accepted thresholds for species classification (ANI >
96; dDDH > 70%). Thus, the collective results suggest that strain PR-310 should be
regarded as a novel species, which we propose to name Providencia hangzhouensis,
rather than P. rettgeri.

To delve deeper into this novel species, represented by strain PR-310, we included
in our study the genome sequences of P. rettgeri and P. huaxiensis, obtained from NCBI
database. These species, with an ANI value>90%, provide a relevant genomic context for
a more comprehensive analysis due to their close genetic relationship with P. hang-
zhouensis. Interestingly, of the 336 P. rettgeri sequences retrieved, 201 were classified as
Providencia genus, and 11 belonged to P. huaxiensis. Only 52 isolates were identified as
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TABLE 1 Average nucleotide identity and in silico DNA-DNA hybridization values between strain PR-310
and the type strains of Providencia species

Species and strain Assembly accession ANI (%) dDDH (%)
P. alcalifaciens ATCC 51902 CP023536.1 77.76 21.20
P. manganoxydans LLDRA6 CP067099.1 77.25 21.70
P. rustigianii NCTC12026 NZ_UGUA01000002.1 77.99 21.30
P. burhodogranariea DSM 19968 NZ_KB233222.1 77.15 21.50
P. heimbachae NCTC12003 LS483422.1 79.16 22.20
P. sneebia DSM 19967 CMO001773.1 77.08 21.70
P. huaxiensis WCHPr000369 CP031123.2 91.97 46.10
P. rettgeri NCTC11801 GCA_900455085.1 91.54 45.40
P. stuartii ATCC 25827 GCA_000154865.1 77.20 21.50
P. thailandensis KCTC 23281 NZ_BMYHO01000001.1 77.25 21.30
P. vermicola DSM 17385 NZ_CP048796.1 81.49 23.90

TABLE 2 Biochemical characteristics of strains PR-310 and type strains of other Providencia species®

Characteristic PR-310 1 2 3 4 5 6 7 8 9 10 11

B-Galactosidase - - - - - - - - - - + _
Arginine dihydrolase - - - - - - - — — _

+
|

Lysine decarboxylase - - - - - - - - - _
Ornithine decarboxylase - - - - - - - - - _

+ +

Citrate utilization + + - - + + - - - +

H,S production - - - - - - - — — _
Urea hydrolysis
Deaminase

+ o+ o+
+ 4+ o+

Indole production

+ + + +
+ + + +
+ +

Acetoin production
Gelatinase

D-glucose

+ +

D-mannitol

+ 4+ o+
+ o+ o+
[

+ 4+ o+
[

+ 4+ o+
[

Inositol
D-sorbitol - - - - - - - - + -
L-rhamnose + - - - - - + - - _
Sucrose - + - - - - _ _ _ +

+
I
I
+
+ o+ + o+ o+ + o+ + o+

Melibiose - - - - - - - - - _
Amygdalin + - - - - + + - + - - —
Arabinose - - - + - - - - - _ + +

Strains: 1, P. manganoxydans LLDRAG; 2, P. alcalifaciens DSM 30120; 3, P. burhodogranariea DSM 19968; 4, P. heimbachae DSM 3591; 5, P. huaxiensis KCTC 62577; 6, P. rettgeri
DSM4542; 7, P. rustigianii DSM 4541; 8, P. sneebia DSM 19967; 9, P. stuartii DSM 4539; 10, P. thailandensis KCTC 23281; 11, P. vermicola DSM 17385. Data for species other than P.
hangzhouensis PR-310 are from reference (14). + represents 90 to 100% positive reaction and — represents 0 to 10% positive reaction.

true P, rettgeri through ANI analysis. Additionally, we identified 99 isolates with ANI values
>96% to PR-310, indicating that P. hangzhouensis had appeared previously but had been
misidentified as P. rettgeri.

General characteristics of the P. hangzhouensis isolates

Biochemical characteristics of strain PR-310 and type strains of other Providencia species
are shown in Table 2. The strain PR-310 is negative for oxidase activity and is Gram-neg-
ative, motile, facultatively anaerobic, and rod-shaped. Colonies appear circular, raised,
yellow, opaque, and smooth after 24 h of incubation at 37°C on nutrient agar. The strain
is able to utilize acid from D-glucose, D-mannitol, inositol, L-rhamnose, and amygdalin,
but not from D-sorbitol, sucrose or melibiose, and D-arabinose. It tests positive for
deaminase activity but negative for [-galactosidase, arginine dihydrolase, ornithine
decarboxylase, lysine decarboxylase, and gelatinase. Additionally, the strain is positive
for urease activity, indole production, and Voges-Proskauer reaction, and can utilize
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citrate, but does not produce H,S. The strain PR-310 can be distinguished from all other
Providencia species by its positive response to acetoin production and citrate utilization
tests, while it is unable to metabolize melibiose.

Following quality control, we amassed a total of 169 genomes, composed of 99
from P. hangzhouensis, our primary focus and the species with dominance in both
quantity and geographical distribution, as well as 52 and 18 from P. rettgeri and P.
huaxiensis, respectively. These latter species were included due to their high ANI values
>90, indicating a close genetic relationship with P. hangzhouensis. These genomes span
18 countries, with P. hangzhouensis being most prevalent in the United States (n =
48), followed by China (n = 11), and Nigeria (n = 9) (Fig. 1A). The average genome
size of P. hangzhouensis is 4.69 Mb, with a range of 4.34-5.25 Mb and an average GC
content of 40.40%. To identify core genes in the three species, we employed a 90%
amino acid identity threshold. A total of 2,170 genes, covering a length of 2.08 Mb,
were concatenated to generate a single core-genome alignment for the construction
of the maximum-likelihood (ML) phylogeny. The 169 genomes were divided into three
main branches in the phylogenetic tree according to their species correlation, which is
consistent with the results of ANI and dDDH (Fig. 1B). Furthermore, P. hangzhouensis has
the highest clinical isolation rate (90.91%), which is much higher than 68.38% of P. rettgeri
and 72.22% of P. huaxiensis, indicating that P. hangzhouensis might be more likely to
appear in the clinical settings.

The 99 P. hangzhouensis genomes were further divided into five main clusters based
on 37,561 core non-recombinant single nucleotide polymorphisms (SNPs) (Fig. S2). To
determine the potential transmission pairs among P. hangzhouensis isolates, we analyzed
the number of SNPs that differentiate these isolates. As shown in Fig. S3, there were large
variations in the number of SNPs among the strains, ranging from 0 to 24,075. However,
we identified a large transmission cluster comprising 45 isolates spanning four countries
(the United States, Japan, Ghana, and Nigeria) with SNPs < 58, indicating high related-
ness among these clones.

Pan-genome analysis within species

To explore the genetic composition of individual species and the differences between
species, we investigated the pan-genome features within three species. As shown in Fig.
2A, the pan-genome of P. hangzhouensis is composed of 18,912 gene families, of which
2,430 genes were core genes, 10,684 were accessory genes (genes present in two or
more genomes), and 5,798 unique genes (a gene specific to a single genome). Similarly,
there were 2,766 core genes, 5,119 accessory genes, and 5,384 unique genes in the P.
rettgeri as well as 3,239 core genes, 2,484 accessory genes, and 2,650 unique genes in P.
huaxiensis.

Analyzing the size of the pan-genome and its expansion or contraction upon the
addition of new isolates can serve as a means for predicting the future rate of novel gene
discovery within a given species (15, 16). As depicted in Fig. 2B, it is obvious that with the
addition of genomes, the pan-genome sizes of the three species are increasing rapidly,
while the core-genome size decreases and tends to be a plateau. In addition, we
calculated the decay parameter a, where a value of a < 1.0 indicates that the size of the
pan-genome is increasing and not limited by the number of genomes considered (15,
16). We obtained a values of 0.66, 0.67, and 0.75 by reusing 100 permutations for P.
hangzhouensis, P. rettgeri, and P. huaxiensis, respectively. The results suggested that the
pan-genomes of the three species are open, with a greater likelihood of discovering new
genes as more genomes are sequenced in the future.

To gain a thorough understanding of the functional traits of each component in the
pan-genome, we conducted a cluster of orthologous groups (COG) functional classifica-
tion for core genes, accessory genes, and unique genes. The results revealed that the
three species shared a similar pan-genomic composition in general (Fig. 2C). Specifically,
both the accessory genes and unique genes were mainly abundant in replication,
recombination, and repair, indicating that recombination was important for evolution.
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FIG 1 Global diversity of the P. hangzhouensis. (A) Geographical distribution of the 169 isolates in the study. (B) Core-genome-based maximum-likelihood

phylogeny of the 169 isolates. The hues of the terminal nodes are indicative of the geographic source of each individual isolate.

Genes potentially contributing to the success of P. hangzhouensis

Combined with the occupancy of the database, the clinical isolation rate, and the only
strain of P. hangzhouensis we have received in the past year, this suggests that P. hang-
zhouensis has evolved more successfully and might have higher fitness under hospital
settings than the other two species. Only four genes specific to P hangzhouensis were
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(C) Distribution of COG functional categories for core, accessory, and unique genomes.

identified, two of which were non-adjacent hypothetical proteins and the remaining two
adjacent genes, folE2 and ccmM, were associated with the metabolic adaptation (Table
S1). Comparative genomic analysis revealed that these two consecutive genes, folE2 and
ccmM, are located in a relatively conserved region of P. hangzhouensis, while they are
absent in the other two species (Fig. 3). The presence of these two genes related to
glucose metabolism might promote energy metabolism and contribute to their expan-
sion and survival in certain settings. Notably, a BLAST search revealed that the folE2-like
and ccmM-like genes are not present in the other Providencia species, nor in other
genera. We next conducted an amino acid-level search and found that the folE2 and
ccmM proteins exhibited some similarities to those in other genera, particularly Obesum-
bacterium proteus, with the highest identity of 61.74% and 82.8% and coverage of 96%
and 100%, respectively.
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Recombination in P. hangzhouensis

To investigate the effect of recombination on P. hangzhouensis, we first analyzed the
recombination events in three closely related species. We obtained a complex evolution-
ary network based on the core-genome alignment of three species (Fig. 4A), indicating
that recombination has occurred over a considerable part of the genome. We next used
fastGEAR to explore the recombined events among species and the results showed that
there were few ancestral recombination (occurring during the speciation) and extensive
recent recombination (occurring after the speciation) between species, contributing to
the higher diversity of P. hangzhouensis genomes (Fig. S4).

To further investigate the recombination hotspot genes in P. hangzhouensis genomes,
we performed analysis of each core gene and accessory gene alignment using the
fastGEAR algorithm. A total of 2,840 genes were found to have experienced genetic
recombination, accounting for 15.01% of the pan-genome, among which two gene
families without specific gene name (group 567 and group 885) and a gene named rsxC
showed the highest recombination frequency (Fig. 4B; Table S2). Group 567 represents
an insulinase family protein related to proteolysis; and group 885 represents a sel1 repeat
family protein involved in signal transduction (17). RsxC is a component of a membrane-
bound complex that couples electron transfer with the movement of ions across the
membrane.

Most of the recombination events were shorter in length (<300 bp), and the larger
recombination events (>1,000 bp) occurred less frequently (Fig. 4C), which indicates that
recombination genes in P. hangzhouensis are more inclined to frequent replacement of
short DNA fragments.

Distribution of ESBL and carbapenem-resistance genes

The presence of extended-spectrum [-lactamase (ESBL) and carbapenem-resistance
genes frequently results in beta-lactam drug resistance in clinic; therefore, we
investigated the distribution of these genes in P. hangzhouensis. A total of 84 of 99
strains (84.85%) were detected to carry these genes, and 38 of them (45.24%; 38/84)
carry both types (Fig. 5). More precisely, ESBL genes were detected in 44 isolates,
with blapxa-10 the most prevalent (n = 22), followed by blapxa-1 (n = 14). Carbape-
nem-resistance genes were detected in 78 isolates, among which blapp-27 (n = 36)
and blanpy-1 (0 = 26) were the most predominant. Moreover, we analyzed the
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distribution of plasmids in bacteria harboring these genes. The most prevalent
plasmids belonged to the col3M group (n = 52), followed by, IncC type (n
IncT plasmids (n = 8), and IncQ1 plasmids (n = 7).
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Genetic context of blajyp-27

To obtain a better insight into the most prevalent carbapenem-resistance gene blap-27,
we analyzed all contigs (length > 10 kb) carrying this gene and observed three differ-
ent types of genetic environments of blayp-o7 (Fig. 6). In all these genetic contexts,
blayp-27 was found to be located in an Intl2 Integron. The contexts of type 1 and type
2 imipenem-hydrolyzing metallo-B-lactamase (IMP)-carrying sequences were similar to
that of plasmid pPM187 (NOWAO01000087.1) isolated from Proteus mirabilis (18), with
the exception of an insertion sequence (IS2) fragment inserted downstream of the
integrase in type 2. The composition of the downstream gene of blayyp-,7 in type 3 has
changed considerably when compared to type 1 and type 2, which is consistent with the
previously reported structure of pPRT (NOWCO01000095.1) from P. rettgeri (18).

DISCUSSION

In this study, we first reported a novel species, P. hangzhouensis, characterized via
comprehensive genome and phenotype analyses. The results from whole-genome ANI
and dDDH analyses clearly indicated a significant divergence between P. hangzhouen-
sis and other Providencia species with similarities falling well beneath the estab-
lished species or subspecies threshold. Furthermore, differential biochemical properties
effectively distinguished this species. The collective data strongly affirmed its standalone
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species status. Historically, P hangzhouensis has been erroneously classified as P. rettgeri
(19, 20), an error that has significantly obscured our understanding of its accurate
epidemiology and clinical implications. Therefore, distinguishing P. hangzhouensis from P.
rettgeri with precision, through phenotypic or genotypic methodologies, is of para-
mount importance. Currently, whole-genome-based ANI analysis is a reliable method for
distinguishing different species (21), and the phylogeny based on the core genome also
could provide a high resolution (Fig. 1B). Interestingly, our study identified two genes
associated with metabolism specific to P. hangzhouensis, which hold potential for future
rapid PCR identification and differentiation from P. rettgeri. Additionally, it is worth noting
that a substantial number of genome sequences labeled as P. rettgeri in GenBank will
need a correction to account for the newly identified species P. hangzhouensis.

Although P. hangzhouensis possessed a high degree of genetic relatedness with P.
rettgeri and P. huaxiensis at the ANI level (91.54%-91.97%), it exhibited a higher global
distribution and larger quantity. The phylogeny based on the core genome of the three
species suggested that P. hangzhouensis might be the most recently diverged species
(Fig. 1B). The timing of the sample records also indirectly supports this, which can be
traced back to 2012 at the earliest (Table S3). Furthermore, it is important to note that
P. hangzhouensis genomes had a higher proportion of clinical isolates (Fig. 1B). The
minimum spanning tree (MST) based on the core SNPs (Fig. S3) indicated that this
species has been widely spread within and between countries, highlighting the need for
increased attention and surveillance.

The pan-genome analysis of P. hangzhouensis showed that its genome has a tendency
to be open, indicating a high potential for the acquisition of new genes. COG functional
classification analysis demonstrated a strong association between the pan-genomes of
P. hangzhouensis and recombination. Additionally, the results obtained from fastGEAR
indicated that recent recombination events were widespread in three species. Further-
more, a significant proportion (15.01%) of pan-genomes of P. hangzhouensis had a
recombination history. These results suggest that the occurrence of recombination in
P hangzhouensis has contributed to the formation and diversity of this species.

It is worth noting that ESBL and carbapenem-resistance genes occurred at a high
frequency in P. hangzhouensis, which could often lead to treatment failures in clinical
settings. The most frequent carbapenem-resistance gene identified in this study was
blayp-27, with a frequency of 46.15% (36/78). This gene was first reported in Proteus
mirabilis in 2016 (22) and was subsequently found in P. rettgeri (18, 23), while Robert et al.
(18) reported that the bla)yp.27 was located on transferable plasmids, which undoubt-
edly aggravated the risk of its transmission. Furthermore, other IMP-type metallo-B-lacta-
mase-producing P. hangzhouensis isolates have also been reported in Japan (19). Given
the high frequency of these carbapenem-resistance genes, it is crucial to pay close
attention to their occurrence not only in nosocomial infections but also in other types of
infections attributable to P. hangzhouensis.

Our study has limitations. Since nearly half of the isolates analyzed in this study
were from the United States, and consequently, our findings may not fully represent the
global molecular epidemiology of P. hangzhouensis. In addition, the strains we collected
were primarily obtained from databases where the accuracy of collection time may be
uncertain. We attempted to perform a Bayesian evolutionary analysis to estimate the
date of origin for P. hangzhouensis, but unfortunately, no significant temporal signal
was detected. Moreover, due to the previous misidentification of P. hangzhouensis as P.
rettgeri, some uploaded plasmids that were labeled or characterized by the authors could
not be accurately classified into the correct category, which posed great difficulties for us
to conduct a detailed study of the plasmids.

In conclusion, our study identified a novel species, P. hangzhouensis, which was
previously misidentified as P. rettgeri. We characterized the novel species through
population genomics and analyzed its differences from P. rettgeri and P. huaxiensis. P.
hangzhouensis frequently emerges with the emergence of ESBL and carbapenem-resist-
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ance genes, highlighting the importance of customized surveillance measures for this
species in the future.

MATERIALS AND METHODS
Isolate collection and whole-genome sequencing

In August 2021, a strain of Providencia rettgeri, which is not commonly encountered
in clinical settings but exhibited high resistance to cephalosporins, was isolated from
a urine specimen of a patient. Genomic DNA of this isolate was extracted using
an AxyPrep bacterial genomic DNA miniprep kit (Axygen Scientific, Union City, CA,
USA). Whole-genome sequencing was performed on an lllumina HiSeq 2500 platform
(paired-end run; 2 x 150 bp) and an Oxford Nanopore MinlON platform. The publicly
available genome assemblies and short-read data for P. rettgeri and P. huaxiensis were
retrieved from the Assembly and SRA databases of NCBI using Kingfisher v7.6.1 (https://
github.com/onevcat/Kingfisher) and ncbi-genome-download v0.3.1 (https://github.com/
kblin/ncbi-genome-download), respectively. Assemblies with the label of poor by
PATRIC (https://www.patricbrc.org/) and those derived from metagenomic isolates were
excluded from the analysis.

Genome assembly and species identification

Sequencing reads were subjected to adaptor trimming and quality filtering using fastp
v0.23.2 (24). Trimmed reads were assembled using shovill v1.1.0 (https://github.com/
tseemann/shovill) in the careful mode, and contigs with a length below 200 bp were
filtered. The complete PR-310 genome was generated by synergizing the short-read data
from Illumina sequencing and long-read data from Oxford Nanopore MinlON sequenc-
ing through the Unicycler hybrid assembly pipeline (25). The quality of all assemblies
was assessed using QUAST v5.2.0 (26), and assemblies with a contig count >300 were
classified as low-quality genomes, and thus, excluded from subsequent analysis. The
16S rRNA gene sequences of PR-310 were procured through PCR, employing univer-
sal primers 27F and 1492R. Corresponding gene sequences from other species were
acquired from the EzBioCloud database (12). These 16S rRNA gene sequences were
compared using MAFFT v7.471 (27). Genomic ANIs were computed using OrthoANI
(28) and in silico digital DNA-DNA hybridization index was assessed using genome-to-
genome distance calculator (formula 2) (11). Table 1 enumerates the type strains of
Providencia that are utilized for the purpose of species identification.

Phenotypic characterization for the strain of novel species Providencia
hangzhouensis

As previously described (29), the Gram-stain was performed and the biochemical
characteristics of strain PR-310 were determined using the bioMérieux APl 20E kits
according to the manufacturer’s instructions. Oxidase activity was determined using an
oxidase reagent (bioMérieux).

Pan-genome analysis

Assemblies were annotated using Prokka v1.14.6 (30) with default settings. Pan-genome
analysis for three species (Providencia rettgeri, Providencia huaxiensis, and Providencia
hangzhouensis) was performed using Roary v3.13 (31) with a parameter of 100%
coverage (i.e, only genes present in all isolates were thought to be core genes),
respectively. The pan-genome’s decay parameter (a) was calculated using pagoo (32)
and the accumulation curves of pan-genomes and core-genomes were visualized using
ggplot2 (33). COG functional categories of the core, accessory, and unique gene sets of
each species were functionally characterized using eggNOG-mapper v2.1.9 (34).
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Core-genome phylogeny

Core genes for all isolates of three species were determined by Roary with the parame-
ters of a minimum of 90% blastp identity and 100% coverage. Nucleotide alignments of
core genes were first generated by MAFFT v7.471 (27) and then concatenated to give
a single core-genome alignment. TrimAl v1.4.1 (35) was used for further trimming and
refinement of the alignment. Those clusters containing paralogous genes were filtered
out of the final core gene alignment. Based on the refined core-genome alignment,
an ML phylogeny tree was reconstructed using RaxML v8.2.12 (36), with a General
Time Reversible (GTR) nucleotide substitution model selected as the optimal model by
ModelTest-NG (37), and applying gamma correction with 1,000 bootstrap replications.
The phylogenetic tree was visualized in ggtree (38) and phylogenetic network was
detected using SplitsTree v4.14.5 (39) with NeighborNet algorithm base on the refined
core-genome alignment. In order to search for genes specific to P. hangzhouensis, Roary
was utilized to establish a minimum threshold value of 80% for the blastp threshold,
as well as parameters that permitted paralogous division. Only those genes that were
present in all isolates of P hangzhouensis and absent in all isolates from other species
were deemed to be unique genes (40).

Recombination analysis

Genomic recombination events between three species were detected using fastGEAR
(41) with default parameters. For further detecting the recombinations in P. hangzhouen-
sis, fastGEAR was used to determine genes that undergo high-frequency recombina-
tion in the core genes and accessory genes. Recombined regions within the core
genome were identified using Gubbins v3.3 (42) with the whole-genome alignment
generated by Snippy v4.6.0 (https://github.com/tseemann/snippy) (CP029736.1 genome
as a reference) as input file. A phylogenetic tree was constructed using RAXML based on
the recombination-free core SNPs alignment with a GTR model and gamma correction
(1,000 bootstrap replications). The population structure based on non-recombinant
SNPs was estimated using RhierBAPS (43). The SNP-based MSTs were generated using
PHYLOViIZ v2.0 (https://online.phyloviz.net/index).

Resistance genes and plasmid replicon type detection

Antimicrobial resistance genes and plasmid replicon types were identified using
ABRicate v1.0.0 (https://github.com/tseemann/abricate) based on ResFinder, CARD, and
PlasmidFinder database. Mobile genetic elements were identified using ISFinder (44) and
INTEGRALL (45) with default parameters. ESBL and carbapenem-resistance genes were
defined according to the BLDB database (46), and the presence or absence of these
genes was visualized using the ComplexHeatmap (47). Comparisons of the nucleotide
sequences were conducted using BLASTN and visualized in genoplotR (48).
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