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Introduction: Providencia species are emerging opportunistic pathogens
associated with multidrug-resistant infections, yet their molecular defense
mechanisms against phage or mobile genetic elements remain poorly characterized.
Methods: We present a comprehensive pan-genomic analysis of antiviral defense
systems across 73 complete genomes (or chromosomes) of Providencia stuartii (n =
31) and Providencia rettgeri (n = 42), using DefenseFinder and CRISPRCasFinder. We
further expanded analysis of contig/scaffold assemblies to con rm conservation of
core defense pro les across assembly types. BacMGEnet was employed to derive
spacer-MGE interaction networks. Phylogenetic reconstruction and gene gain and
loss modeling were performed to assess evolutionary patterns. To validate
functionality, we experimentally tested the anti-phage activity of Gabija and Septu
in heterologous E. coli assays, including point mutation analysis of conserved residues.
Results: We reveal a diverse and complex defense repertoire dominated
by restriction-modi cation systems and CRISPR-Cas Class 1 Type I-F, with
signi cant contributions from toxin-antitoxin, GAPS2, PsyrTA, and Mokosh
systems. Notably, defense genes are non-randomly distributed, often clustering
into genomic islands suggestive of horizontal acquisition. Expanded analysis
con rms conservation of core defense pro les across assembly types,
supporting the utility of lower-quality data when complete genomes are scarce.
Comparative analysis uncovers species-speci c¢ differences, with P. rettgeri
harboring a higher abundance of non-CRISPR systems. BacMGEnet-derived
spacer-MGE interaction networks further highlight species-speci ¢ dynamics,
dense, hub-driven networks in P. stuartii versus sparser networks in P. rettgeri.
Correlation analysis indicates potential associations between speci ¢ defense
systems and virulence or antibiotic resistance genes. Phylogenetic reconstruction
and gene gain and loss modeling further highlight dynamic evolutionary patterns.
Both Gabija and Septu systems conferred robust, phage-speci c protection; point
mutations in conserved residues (GajA E465K and PtuB H53K) abolished defense.
Discussion: Our ndings unveil a multi-layered, modular immune architecture in
Providencia, providing crucial insights into its genome plasticity, phage resistance,
and adaptation in clinical environments. This work establishes a foundation for
understanding the role of defense systems in the evolution and pathogenicity of
the Providencia genus.
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Introduction

The rise of antimicrobial resistance among bacterial pathogens
has emerged as one of the most pressing public health crises,
profoundly undermining the ef cacy of conventional antibiotics
in clinical settings (1). Multidrug-resistant Gram-negative bacteria,
in particular, are increasingly implicated in severe nosocomial
infections, including bloodstream infections, urinary tract
infections, and sepsis, often leading to high morbidity, mortality,
and substantial healthcare burdens worldwide (2). In this context,
bacteriophage therapy, exploiting natural viruses that speci cally
infect bacteria, has re-emerged as a promising therapeutic
alternative with the potential to circumvent traditional resistance
mechanisms (3). However, the success of phage-based interventions
is inherently constrained by the extensive and evolving arsenal of
prokaryotic immune defenses that bacteria employ to resist mobile
genetic elements (MGEs), including bacteriophages and plasmids
(4). Far beyond the well-characterized CRISPR-Cas systems, recent
genomic studies have uncovered a remarkable diversity of innate
defense mechanisms in bacteria and archaea, many of which
function analogously to eukaryotic cell-autonomous immunity (5,
6). Understanding the complexity, distribution, and evolutionary
dynamics of these defense systems is therefore critical not only for
advancing phage therapy but also for elucidating fundamental
aspects of microbial survival and pathogenesis.

Over the past decade, our understanding of prokaryotic immune
defense systems has undergone a transformative expansion, revealing
an unexpectedly rich repertoire of mechanisms that protect bacteria
against invasive genetic elements such as bacteriophages and
plasmids (5, 7). Traditionally dominated by the study of restriction-
modi cation (RM) systems and CRISPR-Cas adaptive immunity, the

eld has now uncovered over 100 distinct families of defense systems,
collectively referred to as “bacterial innate immunity”, that function
through diverse biochemical strategies, including nuclease activation,
membrane disruption, abortive infection, and programmed cell
dormancy or death (8, 9). Notably, many of these systems exhibit
functional parallels to eukaryotic cell-autonomous immunity, such as
the use of surveillance proteins that trigger effector responses upon
detection of foreign nucleic acids, highlighting deep evolutionary
conservation in host defense principles across domains of life (6, 10).
The discovery of systems like DISARM, Thoeris, Druantia, and
Gabija, among others, underscores the complexity and modularity
of bacterial anti-phage defenses, often organized in “defense islands”
within microbial genomes (11, 12). Recently, Beavogui et al.
introduced the concept of the “defensome” to designate the
complete repertoire of bacterial defense systems, which constitutes
a pan-immune system (13). Following its introduction, Cunha da
Silva and Rossi further explored the defensome of Actinobacillus
pleuropneumoniae, revealing its complex interplay with MGEs (14).
Investigating the pan-immune system is not only essential for
understanding bacterial survival, genome stability, and evolutionary
dynamics in competitive microbial ecosystems, but also holds

Abbreviations: MDR, multidrug resistance; RM, restriction-modi cation; Gls,
genomic islands; VF, virulence factor; ARGs, antibiotic resistance genes; MGEs,
mobile genetic elements; HGT, horizontal gene transfer.
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profound implications for developing novel antimicrobial strategies
(15). A comprehensive characterization of these defense arsenals can
inform the rational design of phage cocktails, guide the engineering of
phages capable of overcoming host resistance, and uncover new
molecular tools for biotechnology and medicine (15).

The genus Providencia, belonging to Proteae in the
Enterobacteriaceae family, comprises Gram-negative, facultatively
anaerobic, motile bacilli that are widely distributed in diverse
environments, including soil, water, and the gastrointestinal tracts
of humans and animals (16). As opportunistic pathogens,
Providencia species, particularly P. stuartii (17) and P. rettgeri
(18), have gained increasing recognition in clinical microbiology
due to their association with healthcare-associated infections,
especially among immunocompromised individuals, elderly
patients, and those with prolonged hospitalization or indwelling
medical devices such as urinary catheters (16, 19). Notably,
Providencia species exhibit intrinsic resistance to multiple
antibiotics (20). More alarmingly, they have demonstrated a
growing propensity to acquire MGEs harboring extended-
spectrum b-lactamases and carbapenemases, leading to drug-
resistant phenotypes (21). This escalating antimicrobial resistance,
combined with their ability to form bio Ims on abiotic surfaces,
enhances their persistence in hospital environments and limits
therapeutic options, thereby underscoring the urgent need for
alternative treatment strategies, including phage therapy (22-24).

Despite the growing clinical importance of Providencia
pathogens, a comprehensive understanding of their anti-phage
defense mechanisms remains largely unexplored. In particular,
the diversity, genomic organization, and evolutionary dynamics of
defense systems in P. stuartii and P. rettgeri have not been
characterized (25). To address this, we conducted a comparative
genomic analysis across the complete genome of Providencia
isolates, with the primary aim of identifying and classifying the
full repertoire of prokaryotic immune systems present in this genus.
We also focused on the architecture and diversity of CRISPR-Cas
loci and further investigated the co-occurrence and potential
interplay between defense systems, virulence factors (VFs), and
antibiotic resistance genes (ARGs). Additionally, through
phylogeny-aware evolutionary modeling, we reconstructed gene
gain and loss events across the Providencia phylogenomic tree to
assess the selective pressures shaping the expansion and retention of
defense-related modules. Our ndings reveal the abundance and
complexity of defense systems in Providencia. This study not only
provides an overview of the immune defense landscape in
Providencia pathogens but also offers crucial insights into their
adaptive evolution and survival strategies.

Results

Occurrence of defense systems in
Providencia

To investigate the diversity and distribution of defense systems,

we performed a comparative genomic analysis using complete
genome sequences of clinically relevant bacterial species
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associated with sepsis and other severe infections. Genomes were
retrieved from the NCBI GenBank database (as of 2025-12-29) and

Itered to include only high-quality, closed, and complete genomes
(or chromosomes) to ensure accurate identi cation and annotation
of defense systems. A total of 73 Providencia strains were analyzed:
31 isolates of P. stuartii and 42 isolates of P. rettgeri. All accession
numbers for the analyzed genomes are listed in Supplementary
Table 1, enabling reproducibility and further validation of our

ndings. For comparative purposes, we also included complete
genomes from 13 additional sepsis-associated bacterial species
across diverse taxonomic groups, including Clostridioides dif cile,
Staphylococcus aureus, Yersinia pestis, Mycobacterium tuberculosis,
and Brucella spp., among others. This curated dataset allowed us to

10.3389/fimmu.2026.1755933

systematically compare the repertoire of defense systems across
closely related and distantly related pathogens, with a particular
focus on the exceptional immune complexity observed in
Providencia species.

Statistical comparisons of defense system count between groups
were performed using one-way ANOVA with Tukey’s post hoc test
(full details in Supplementary Data 1). As illustrated in Figure 1A,
Providencia exhibits one of the highest median counts of distinct
defense system types among all sepsis-associated bacterial genera
analyzed, with a median of approximately 7 systems per genome,
exceeding those observed in Brucella, Mycobacterium, and
Ralstonia, which show median values below 2 (p < 0.001; see
Supplementary Data 1 for full pairwise comparisons). Notably,
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FIGURE 1
Comparative analysis of immune defense system diversity in Providencia and other clinically relevant pathogens. (A) Defense system type abundance
across bacterial genera associated with sepsis. This panel compares the number of distinct defense system types identi ed in various bacterial
genera known to cause nosocomial infections and sepsis. ***p < 0.001 vs. Providencia; one-way ANOVA with Tukey’s post hoc test. (B) Species-
level comparison of defense system richness in Providencia and related pathogens. This panel expands the analysis to the species level, focusing on
P. stuartii and P. rettgeri, the two most frequently isolated pathogenic species within the genus, and comparing them with representative species
from other sepsis-associated genera. Each colored dot represents an individual genome from a given genus, with jitter applied to reduce
overplotting and improve visual resolution. The red crossbars indicate the median (horizontal line) and interquartile range (vertical lines) of defense
system counts per genus. The black * (p < 0.05) denote signi cance vs. P. stuartii, red * (p < 0.05) denote signi cance vs. P. rettgeri (one-way
ANOVA with Tukey’s post hoc test).
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the distribution of defense system richness in Providencia is not
only elevated but also highly variable, as evidenced by the broad
interquartile range (IQR) and the presence of several outliers
reaching up to 12 distinct systems. In contrast, other clinically
relevant genera such as Staphylococcus, Clostridium, and Yersinia
display more moderate and less variable defense system pro les,
with medians ranging from 3 to 6. At the species level (Figure 1B),
this trend is further reinforced: both P. stuartii and P. rettgeri
consistently harbor a greater number of defense system types
compared to most other sepsis-causing species. Remarkably, while
P. rettgeri shows a slightly higher median count than P. stuartii, the
two species are nearly indistinguishable in the total number of
defense system per genome (p = 0.07), with both exhibiting
substantial intra-species variation and frequent occurrences of
genomes carrying more than 8 different defense systems.
Statistical comparisons reveal signi cant differences between P.
stuartii and P. rettgeri and most other species (p < 0.05), with
black asterisks indicating signi cance relative to P. stuartii and red
asterisks indicating signi cance relative to P. rettgeri.

To further resolve the architectural complexity of these immune
systems, we analyzed the abundance of defense system subtypes,
speci ¢ molecular variants within each system class (e.g., CRISPR-
Cas type I-E, II-A; R-M Type I, I, etc.), across the same set of
genomes. As shown in Supplementary Figure 1, Providencia again
stands out with the highest median subtype count (~8 subtypes per
genome), surpassing all other genera (p < 0.001). At the species level
(Supplementary Figure 1B), P. stuartii and P. rettgeri exhibit higher
subtype richness compared to most other clinical pathogens, with
some strains harboring over 10 distinct subtypes. Signi cant
differences were observed between P. stuartii (or P. rettgeri) and
most other species (p < 0.05), marked by black and red asterisks,
respectively; full statistical details are available in Supplementary
Data 1. This elevated subtype diversity indicates not only a greater
number of defense systems but also a broader functional repertoire,
suggesting that Providencia may deploy a multi-layered, modular
defense strategy against invading genetic elements.

Characterization of defense systems in
Providencia

To gain deeper insight into the composition and prevalence of
defense systems in Providencia, we performed a detailed pro ling of
immune mechanisms across all analyzed genomes of P. stuartii (n =
31) and P. rettgeri (n = 42). As shown in Figures 2A, B, the most
abundant defense system type in both species is the restriction-
modi cation (RM) system, with 61 occurrences (20.75%) in
P. stuartii and 77 occurrences (21.04%) in P. rettgeri, respectively,
highlighting its fundamental role in innate immunity against
foreign DNA. The CRISPR-Cas system is among the most
abundant defense systems in both species, detected in 30 strains
(10.20%) in P. stuartii and 14 strains (3.83%) in P. rettgeri,
representing 10.73% and 11.99% of total defense systems,
respectively. Other systems include GAPS2 (30, 10.20% in
P. stuartii; 39, 10.66% in P. rettgeri) and Gabija (9, 3.06% in
P. stuartii; 10, 2.73% in P. rettgeri), underscoring the presence of
multiple non-CRISPR defense mechanisms. Notably, while RM and
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CRISPR-Cas systems are prevalent in both species, P. rettgeri
exhibits higher counts of several non-CRISPR systems such as
MazEF (39, 10.66%), Retron (15, 4.10%), and Lamassu-Fam (11,
3.01%), suggesting potential differences in evolutionary adaptation
or niche-speci ¢ immune pressures. In contrast, P. stuartii shows
greater representation of PsyrTA, Mokosh (18, 6.12%), and AbiE (9,
3.06%), indicating distinct immune prioritization between the two
species. The full spectrum of defense systems is shown in the main
panels (Figures 2A, B), with inset plots detailing the composition of
the “Others” category, which accounts for 13.27% in P. stuartii and
11.20% in P. rettgeri. This comprehensive view con rms the
presence of numerous rare but functionally distinct systems,
including ShosTA, Thoeris, pAgo, and Kiwa, with some occurring
in only one or two strains, emphasizing the high degree of genomic
heterogeneity and modular evolution within the genus. All raw
counts and system classi cations are provided in Supplementary
Data 2. Together, these ndings illustrate a complex, multi-layered
defense architecture in Providencia, dominated by RM and
CRISPR-Cas systems but enriched by a wide array of auxiliary
immune mechanisms that likely contribute to phage resistance and
genome stability in diverse environments.

To expand the scope of our defense system pro ling beyond
complete genomes, we analyzed P. stuartii and P. rettgeri using
additional genomic assemblies at the contig and scaffold levels,
which are more widely available in public databases like NCBI.
Speci cally, we applied DefenseFinder to 429 contigs and 50
scaffolds of P. stuartii, and 334 contigs and 244 scaffolds of
P. rettgeri. As shown in Supplementary Figures 2A-D, this
broader dataset reveals a signi cantly higher total number of
defense system occurrences due to increased genomic sampling.
In P. stuartii, the most abundant systems across all contigs are RM
(608, 15.31%) and Cas (429, 10.80%), followed by GAPS2 (425,
10.70%) and PsyrTA (409, 10.30%). Similarly, in P. rettgeri, RM
(567, 18.50%) and GAPS2 (326, 10.64%) dominate, with MazEF
(322, 10.51%) and Gabija (128, 4.18%) also highly represented.
Notably, the relative abundance of major systems such as RM, Cas,
GAPS2, and PsyrTA remains consistent across complete, contig and
scaffold datasets, suggesting robust detection of prevalent defense
mechanisms even in fragmented assemblies. While full-length
genome assemblies are ideal for accurate defense system
annotation, since correct gene order, operon structure, and strand
orientation are critical for functional inference, the results from
contig and scaffold data demonstrate that they can still capture
dominant immune features. This suggests that such fragmented
datasets may serve as useful proxies for preliminary assessments of
defense system prevalence, particularly when complete genomes
are scarce.

We next analyzed the distribution of defense system subtypes,
offering a higher-resolution view of functional diversity. As shown
in Figures 3A, B, the most abundant subtype across both species is
RM subtypes, exhibit substantial diversity, with RM_Type_l,
RM_Type_Il, RM_Type_IV, and et al. collectively accounting for
more than 20% of all subtypes, re ecting a multi-layered DNA
surveillance mechanism. Notably, the CRISPR-Cas system is
represented almost exclusively by a single subtype: CAS_Classl-
Subtype-I-F, across both species, with 30 occurrences (10.22%) in

frontiersin.org


https://doi.org/10.3389/fimmu.2026.1755933
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Lietal.

10.3389/fimmu.2026.1755933

(9, 3.06%)
(9, 3.06%)
(8, 2.72%)

Defense System Type

AbiO

PrrC

DarTG
Lamassu-Fam
AI_UG
Prometheus

(5, 1.70%)
(5, 1.70%)

Retron
Others

0 10 20

RM

MazEF
GAPS2

Septu

Retron

Cas
Lamassu-Fam
Prometheus

(20, 5.46%)
(15, 4.10%)

(14, 3.83%)

(11, 3.01%)

(10, 2.73%)
(7,1.91%)
(7,1.91%)

(6, 1.64%)
RosmerTA
AbiD

SanaTA

Ds-31
PD-T7-2

AbiH

SEFIR
Hachiman
Nantosuelta
TgvAB

DRT

BREX

Ds-12B
CBASS
FS_HsdR_like
PrrC

Others

(
(4,1.09%)

4,1.09%)

Defense System Type

(3, 0.82%)

(3, 0.82%)

FIGURE 2

of systems).

(4, 1.36%)
(39, 13.27%) © 2 4 6 8

30

Providencia stuartii Defense System Type Distribution

(61, 20.75%)

RosmerTA (3,1.02%)
pAgo
Menshen
PD-Lambda-5
MazEF

DS-1

Ds-31
HEC-05

(3,1.02%)
(3,1.02%)

(2, 0.68%)

(1,0.34%)
(1,0.34%)

Hachiman
DS-128
AbiJ

TgvAB
Nantosuelta

(1,0.34%)
(1,0.34%)
Paris (1, 0.34%)
Kiwa
Gao_RL
SanaTA
Dnd
Ds-6
PD-T4-7

(1, 0.34%)
(1, 0.34%)

40
Counts

50

Providencia rettgeri Defense System Type Distribution

(39, 10.66%)
(39, 10.66%)

,0.27%)

(1,0.27%)
(1, 0.27%)
(1,0.27%)

pAgo
Rst_RT-nitrilase-Tm
Ogmios

AbiAlpha (1, 0.27%)

Dnd (1, 0.27%)

DS-6 (1,0.27%)
HEC-08

(1,0.27%)
(1,0.27%)
(1,0.27%)
(1,0.27%)
(1,0.27%)
(1,0.27%)
0.27%)

Rst_HelicaseDUF2290
Gao_let

(41, 11.20%) 0 2 4 6
60

40
Counts

Composition and distribution of immune defense systems in P. stuartii and P. rettgeri. (A) Defense system type distribution in P. stuartii. Bar plot showing
counts (and percentages) of defense system types in P. stuartii complete genomes (n = 31). The main panel displays dominant systems, while the inset plot
detalils the “Others” category (13.27% of systems). (B) Defense system type distribution in P. rettgeri. Bar plot showing counts (and percentages) of defense
system types in P. rettgeri complete genomes (n = 42). The main panel displays dominant systems, while the inset plot details the “Others” category (11.20%

P. stuartii and 14 (3.83%) in P. rettgeri. This subtype dominates
the CRISPR-Cas landscape, and no other known CRISPR subtypes
such as I-E, I1-A, or I11-B, were detected in either species, indicating
a highly focused evolutionary strategy for adaptive immunity in
Providencia. Notably, the “Others” category accounts for 26 (8.84%)
in P. stuartii and 54 (14.75%) in P. rettgeri, encompassing rare but
functionally distinct variants such as PARIS_I, Thoeris_II, and DS-
1, many of which appear in only one or two isolates. The full list of
subtypes and their counts is provided in Supplementary Data 2.
Together, these ndings highlight a unique immune pro le in
Providencia: dominated by a narrow set of highly prevalent
subtypes, yet enriched with a diverse array of auxiliary systems.
To assess the consistency and comprehensiveness of subtype
annotation, we performed an independent analysis using the
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PADLOC tool on the same set of complete genomes,
complementing our prior DefenseFinder results. As shown in
Supplementary Figures 3A, B, PADLOC identi es a broadly
similar pro le of dominant defense systems, with RM types
collectively being the most abundant subtype in both species. And
cas_type_I-F1 also highly represented, con rming the robust
detection of these major immune modules across platforms. This
concordance supports the reliability of the core defense repertoire
observed in our initial analysis. However, PADLOC also reveals
several previously undetected or underrepresented systems,
particularly within the DMS_other and PDC family, which are
not annotated by DefenseFinder. While both tools agree on the
dominance of RM and CRISPR-Cas systems, PADLOC's sensitivity
to divergent or atypical architectures allows it to detect additional
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FIGURE 3

Composition and distribution of immune defense system subtypes in P. stuartii and P. rettgeri. (A) P. stuartii defense system subtype distribution. Bar plot
showing counts (and percentages) of defense system subtypes in P. stuartii complete genomes (analyzed via DefenseFinder). Dominant subtypes include
RM_Type-IV (23, 7.82%) and CAS_Class1-Subtype-I-F (30, 10.20%); the inset plot details the “Others” category (8.84% of subtypes). (B) P. rettgeri defense
system subtype distribution. Bar plot showing counts (and percentages) of defense system subtypes in P. rettgeri complete genomes (analyzed via
DefenseFinder). Dominant subtypes include RM_Type-I (45, 12.30%) and MazEF (39, 10.66%); the inset plot details the “Others” category (14.75% of subtypes).

immune variants, highlighting the importance of multi-tool
validation in defense system pro ling. However, it should be
noted that the PADLOC database has not been updated since its
last release, and thus lacks recently characterized systems. Unlike
DefenseFinder, which directly annotates both system types and
subtypes, PADLOC outputs predictions exclusively at the subtype
level, necessitating post grouping to reconstruct higher-order
system categories.

To examine the inter-strain variation in immune defense
systems, we analyzed the genomic composition and organization
of defense system types across a representative subset of P. stuartii
and P. rettgeri isolates. Figures 4A, B show stacked bar charts
depicting the number and types of defense system subtypes present
in individual strains, revealing substantial heterogeneity in immune
repertoire composition. For example, P. stuartii strain
GCA_010669105 harbors 15 distinct subtypes, while other strains

Frontiers in Immunology

contain as few as 5, indicating signi cant variability in immune
complexity even within the same species. Similarly, P. rettgeri
strains exhibit diverse pro les, with some carrying up to 14
subtypes (e.g., GCA_0103188815), while others possess fewer
than 4. Stacked bar charts illustrating all analyzed strains can be
found in Supplementary Figure 4A (P. stuartii) and 4B (P. rettgeri).
The circular genome maps in Figures 4C, D reveal the distribution
of defense systems in the genomes of two strains. In P. stuartii
GCA_010669105, three major defense-associated genomic islands
(GlIs) are evident: one near 1.2 Mb; another at ~1.7 Mb; and a third
near 3.0 Mb. These clusters are characterized by co-directional gene
transcription (indicated by red/blue arrows), consistent with
operon-like organization. In contrast, most defense systems
appear as isolated, singleton loci in P. rettgeri GCA_010318885;
seems to be more randomly located in the genome. The presence of
structured defense islands and dispersed systems may suggest a dual
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