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In silico characterization of defense
system hotspots in Acinetobacter spp.
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The bacteria-phage arm race drives the evolution of diverse bacterial defenses. This study identifies
and characterizes the defense hotspots in Acinetobacter baumannii using a reference-free approach.
Among 4383 high-quality genomes, we found a total of 17,430 phage defense systems and with

54.54% concentrated in 21 hotspots. These hotspots exhibit distinct preferences for different defense

systems, and co-occurrence patterns suggest synergistic interactions. Additionally, the mobile
genetic elements are abundant around these hotspots, likely facilitating horizontal transfer and
evolution of defense systems. The number of hotspots increases in species phylogenetically closer to
Acinetobacter baumannii, but the number of defense systems per hotspot varies due to particular
selective pressures. These findings provide critical insights into the genetic organization of phage
defense systems, contributing to a broader understanding of bacterial immunity and the evolutionary
dynamics that shape Acinetobacter genomes. This knowledge lays the foundation for developing
targeted interventions to combat antibiotic resistance Acinetobacter baumannii.

Bacteria—phage interactions are critical to the microbial ecology and evo-
lution of microbial communities. As viruses that infect bacteria, bacter-
iophages impose strong selective pressure on bacterial communities, which
leads to the evolution of complex bacterial defense mechanisms. These
defense systems include restriction-modification (RM) systems', CRISPR-
Cas systems™, abortive infection (Abi) systems®, toxin-antitoxin (TA)
systems” and systems with unknown mechanisms’. New bacterial anti-
phage defense systems are continued to be discovered and the diversity and
complexity of the systems are being revealed. For example, the CBASS
system’, is able to detect phage infection by using cyclic oligonucleotides’
which will signal the presence of phage DNA and activate a series of
defensive actions within the bacterial cell. The SspBCDE system operates
through a phosphorothioation (PT) process to distinguish phage non-PT-
modified DNA and prevent the phage from replicating and protecting the
bacterial host’.

It is well-known that defense systems are non-uniformly distributed
within bacterial genomes, and they often cluster in specific regions', which
are referred to as defense islands, are characterized by the co-localization of
defense systems and mobile genetic elements (MGEs)""". These islands
encompass various defense strategies, including those targeting phages.

Within defense islands, certain regions show significant enrichment spe-
cifically in phage defense systems, which are referred to as “phage defense
hotspots”. Unlike defense islands, hotspots as defined in our study may or
may not be associated with MGEs, reflecting their broader genomic context.
Several studies have leveraged the concept of “guilt by association” to
uncover novel defense systems by analyzing the non-uniform distribution of
defense systems®'*'*. Moreover, the nature and significance of phage defense
hotspots have been identified and characterized in different bacteria'’. For
example, a recent study on the hotspots of Escherichia coli identified 41
integration sites for phage defense systems. Most of these regions are highly
variable and contain a mosaic of different defense mechanisms. It was found
that a large portion of the E. coli pan-immune system is carried on the
MGEs". In addition, research by Vassallo et al. revealed that many of
the defense systems in these hotspots are not yet characterized, with most
genes annotated as hypothetical protein'®. Rousset et al. discovered that
P2-like phage and P4-like satellite families serve as large reservoirs of anti-
phage systems within E. coli", and they described an abortive infection
system discovered in these hotspots. Studies of defense systems in Vibrio
genomes have revealed that phage defense systems are often located within
genomic regions associated with MGEs™, and exhibit rapid evolutionary
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turnover, causing differential phage susceptibility among clonal bacterial
strains despite invariant phage receptors. In contrast to MGEs transferred
hotspots seen in Vibrio and E. coli, Pseudomonas aeruginosa features core
defense hotspots (cDHS) with conserved genomic markers flanking
immunity regions, which the cDHS regions are flanked by conserved
genomic markers, which can reliably predict the presence of immune loci
without an obvious single mobilizing mechanism”.

A. baumannii caused significant morbidity and mortality” in clinical
settings and its persistence could partially be explained by the genomic
plasticity. The growing interest in phage therapy as a potential treatment for
pathogen infections underscores the importance of understanding the
interactions between A. baumannii and phages™. In this study, we obtained
4870 high-quality genomes from a collection of 23,737 raw genomes, and
identified 17,430 phage defense systems within the genomes. We found 21
regions that frequently co-occur with multiple defense systems, defining
them as hotspots. These hotspots were further analyzed to understand the
distribution and abundance of various defense systems, as well as their co-
occurrence or mutually-exclusive patterns. Mapping defense system hot-
spots in A. baumannii provides insights into its genetic organization and
adaptive responses. The knowledge will be helpful in developing targeted
interventions against antibiotic resistance and phage susceptibility in A.
baumannii. Furthermore, our findings contribute to the broader under-
standing of bacterial immunity and the evolutionary pressures shaping
bacterial genomes in response to phage threats.
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Results

Identification of the defense system hotspots within A. bau-
mannii genomes

We have developed a “reference-free” pipeline (Fig. 1a), which incorporates
all genome data and avoids bias associated with relying on a single reference
genome. To identify and select hotspots within A. baumannii genomes, the
cutoff value for core gene distance was determined by a boxplot analysis and
81.50 genes (Q3 + 1.50xIQR) were selected to provide a robust method to
identify meaningful hotspots without the influence of anomalous data
points (Fig. 1b). A total of 12,267 core flanking genes array pairs (the gene
arrays surrounding the upstream and downstream of the core flanking
genes) and 15,566 defense systems were identified from 4387 genomes
(Supplementary Data 1, Supplementary Data 2). On average, each genome
contains ~3.54 known defense systems, while each array pair carries an
average of 1.27 defense systems.

The collective distribution of the defense systems reveals a steep initial
rise (Fig. 1c) which indicates a significant proportion of the identified
defense systems is captured by the first few array pairs. The curve approa-
ches a plateau as more array pairs are being considered, suggesting the
number of flanking genes surrounding the defense systems is becoming
more diverse. Hence, we focused on the arrays that co-occurred more than
100 times, which are defined as defense system-carrying hotspots. A total of
54.43% of all detected defense systems were concentrated within these 21
hotspots (HS). This substantial concentration underscores the significance
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Fig. 1 | Identification and characterization of defense islands in A. baumannii.

a Schematic of the defense island identification method used in this study.

b Distribution of distances between core genes across A. baumannii genomes. The
boxplot represents the distribution of distances for all core genes between each pair
of genomes in this study. The red diamonds indicate outliers, and the mean distance
is represented by the green triangle. ¢ Cumulative defense system distribution across
array pairs. Number of defense systems in array pairs (cumulative) with respect to
the number of arrays on the X-axis and Y-axis, respectively. Horizontal lines denote
the cumulative number of defense systems at 50%, 54.43%, 80% or 90% of the total
defense systems are covered, and vertical dashed line depicts minimum cluster pairs
needed to cover at least 50%, 54.43%, 80% or 90% defense system. d Network of core
gene arrays around defense systems in A. baumannii. This network diagram illus-

trates the connectivity of different core gene arrays around phage defense systems in
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A. baumannii. Each circle represents a core gene array, with the size of the circle
indicating the frequency of occurrence of that array in the genome. The thickness of
the connecting lines represents the number of times two core gene arrays are con-
nected. Core gene arrays that are connected more than 100 times are highlighted in
cerise. e The bar chart illustrates the distribution of 21 defense system hotspots
across 4870 A. baumannii genomes. Each bar represents a hotspot, showing the
proportion of genomes where the hotspot is occupied by defense systems (dark blue),
unoccupied (blue), or not found (light blue). f The violin plot displays the number of
defense systems present in each of the 21 hotspots. Each violin represents a hotspot,
showing the distribution and frequency of defense systems within that hotspot. The
width of each violin at different values indicates the density of genomes with the
corresponding number of defense systems in that hotspot.
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Fig. 2 | Genomic loci and correlation analysis of defense systems in A. baumannii.
a Genomic loci of the 21 identified hotspots in A. baumannii. Each panel represents
one hotspot, exemplified by a specific genome. The scale bar above each genome

indicates the size of the genomic region. Different colors represent various types of
genes within the loci: green denotes core flanking genes, yellow represents defense
systems within the hotspots, and gray indicates other genes. t-SNE plots showing the

o W e W3 e M2 e N4 e W5 o W6 e 27 6 W e 9 6 2 o 23 Over

correlation between defense systems and b geographic location, ¢ sequence type
(ST), and d isolation year. Each point represents a genome, color-coded based on its
metadata category. Categories with fewer data points (Sequence Type <100 occur-
rences, Country <200 occurrences, Year <250 occurrences) have been grouped into
“Other” to improve readability.

of specific genomic regions in harboring the defense mechanisms (Fig. 1d,
Supplementary Data 3).

According to our analysis, 17 out of the 21 hotspots were found in more
than 60% of the A. baumannii genomes (Fig. le, Supplementary Data 4).
Notably, HS19 is widespread in more than 99% of the genomes. Some
hotspots, like HS4, HS8, and HS10, constantly contain phage defense sys-
tems even though the frequency is relatively low. For example, HS4 was
found in only 3% of the genomes, but over 99% of these occurrences
included defense systems. A majority of hotspots have a low density of
genomes with defense systems (Fig. 1f), which reflects these hotspots
experience less selective pressure from phage attacks. Conversely, HS10
stands out as an exception who frequently contains multiple defense systems
with the hotspots.

Characterization and functional analysis of defense systems in A.
baumannii hotspots

The distribution of core flanking genes and the associated defense systems
(Fig. 2a) varies across different hotspots. The defense systems are conserved

at the flanking genes (marked in green) but differ in terms of the defense
systems they carry (marked in yellow), contributing to the genetic diversity
in A. baumannii. The diversity and distribution of the defense systems
across different hotspots reflect the adaptive strategy of A. baumannii to
survive under particular environmental conditions. To investigate the
relationship between defense system composition/distribution and various
bacterial characteristics, t-SNE analysis was performed based on geographic
location, sequence type (ST), or year of isolation (Fig. 2b—d, Supplementary
Data 5). The t-SNE plots show that the most distinct clustering is observed
with sequence types, which suggests the distribution and composition of
defense systems in A. baumannii are more closely associated with the
bacterial genomic background than with the geographical origin or time of
isolation.

Our analysis demonstrates that specific COG categories are more
prevalent in the phage defense system hotspot regions of A. baumannii
compared to the background (Supplementary Fig. 2a, Supplementary
Data 6). These categories include genes for amino acid and nucleotide
transport and metabolism, replication, recombination, repair, and defense
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Fig. 3 | Distribution and abundance of phage defense systems in A. baumannii
across 21 hotspots. The distribution and abundance of phage defense systems across
21 identified hotspots in A. baumannii are shown as a heatmap. The columns are
different phage defense systems, and the rows refer to specific hotspots (HS1-HS21).
The numbers in cells show how many defense systems are located at the given
hotspot. This is achieved by intensity encoding the color from light red (low count)
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to dark red (high count), where darker shades indicate a higher density of defense
systems. A plot above the heatmap shows Z-scores of each defense system as a
representation of how abundant this particular system is across all hotspots. On the
right of the heatmap is a bar plot, which tells us the cumulative count for defense
system within each hotspot.

mechanisms, indicating a strong presence of essential metabolic and reg-
ulatory genes. The KEGG pathway enrichment analysis reveals significant
enrichment of pathways related to amino acid metabolism (e.g., seleno-
compound metabolism, taurine and hypotaurine metabolism), nucleotide
metabolism (e.g., pyrimidine metabolism, DNA replication, mismatch
repair), and protein metabolism and signal transduction (e.g., MAPK sig-
naling pathway, two-component system). Pathways involved in defense
mechanisms (e.g., beta-lactam resistance, biosynthesis of ansamycins) were
also enriched (Supplementary Fig. 2b). GO analysis (Supplementary Fig. 2¢c)
provided further insights by identifying enriched biological processes such
as propionate catabolic processes and amino sugar biosynthesis. Molecular
functions like tRNA dihydrouridine synthase activity, although not directly
linked to phage resistance, play a critical role in maintaining protein
synthesis and cellular function under stress conditions. In addition, the
enrichment of cellular components associated with the cytoplasmic side of
the plasma membrane suggests that these regions are integral to maintaining
membrane integrity.

Distribution and abundance of phage defense systems in
hotspots

The distribution and prevalence of various phage defense systems in A.
baumannii were analyzed across 21 identified hotspots (Supplementary
Data 7). The quantitative data (Fig. 3 and Supplementary Fig. 3) show
the frequency of each system within these hotspots. The SspBCDE
system demonstrated significant prevalence, particularly in HS6, where
it was identified 2203 times. The SspBCDE system, an anti-phage
defense mechanism, is prevalent across various bacterial genera (Sup-
plementary Fig. 4), including Pseudomonas, Enterobacter, Escherichia,
etc. Within the phylogenetic tree, the genus Acinetobacter occupies
branches near the central node, indicating complex and intertwined
evolutionary relationships with multiple other genera. The Acineto-
bacter branches are not monophyletic, suggesting independent diver-
gence events. High bootstrap values support the proximity of

Acinetobacter branches to those of other genera, such as Duganella and
Noviherbaspirillum.

The system also exhibited high counts in HS5, with 145 instances,
respectively, indicating its essential role in phage resistance across different
environments within A. baumannii. Similarly, RM_I and RM_II systems
were widely distributed in different hotspots, with RM_I notably abundant
in HS8 and HS9, showing 387 and 231 instances, respectively. This wide-
spread occurrence suggests that RM systems are fundamental components
of the bacterial defense strategy, providing a primary line of defense by
recognizing and cutting foreign DNA.

Certain systems exhibit a high specificity to particular hotspot. For
example, the AbiH system was exclusively found in HS19 (148 instances),
suggesting a specialized defense role in this specific hotspot. Similarly, PD-
T4-5 and PD-T7-5 are dominant in HS10, as well as Gabijia is dominant in
HS11. While some hotspots displayed diverse defense systems, for example,
in HS6, several systems, including SspBCDE, DRT_3, and Retron_IV,
showed high frequencies, suggesting potential synergistic interactions that
enhance bacterial defense. Similarly, HS8 and HS17 had high counts of
multiple systems, indicating robust and multifaceted defense strategies
within the same hotspots.

The alignment of these loci demonstrates the considerable variability in
gene content and organization within the hotspots across different strains.
Notably, the defense systems in HS6 (Fig. 4a, Supplementary Data 8) and
HS8 show diverse arrangements (Fig. 4b, Supplementary Data 9), suggesting
that these regions are subject to significant evolutionary pressure and
adaptation. This diversity may contribute to the overall genomic plasticity
and adaptability of A. baumannii, allowing it to survive in various envir-
onmental conditions and evade threats, including bacteriophages. The
observed variability in the defense systems within these hotspots could be
attributed to several factors, including horizontal gene transfer (HGT),
selective pressure from bacteriophage exposure, genomic plasticity,
recombination events, and the dynamic nature of the hotspots themselves.
These factors collectively enable A. baumannii to rapidly adapt to different
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Fig. 4 | Representative genomic loci of HS6 and HS8 in A. baumannii. a HS6 loci
from various A. baumannii strains. b HS8 loci from various A. baumannii strains.
Each of the HS6 and HS8 are linked with various defense systems. Green indicates

the flanking core genes, yellow indicates defense-related genes, and gray indi-
cates other regional genes. The alignment of these loci elucidates the adaptability and
consistency of the loci.

threats, leading to the retention and diversification of effective defense
systems.

Co-occurrence patterns of phage defense systems in A. baumannii
We further applied a phage defense system co-occurrence analysis in
multiple bacterial genomes, which provides different co-occurrence pat-
terns for different systems. Remarkably, many defense systems demonstrate
strong co-occurrence with multiple other defense systems (Supplementary
Data 10). Such defense systems include SspBCDE, RM_I, CRISPR-Cas type
I-F*, Gabijia™ and Gao_Qat’ exponentially appear alongside a large number
of other defense system (Fig. 5a, b). The frequent presence of both together
suggests an important role for the two in supplying versatile and reliable
defense traits. Interestingly, some defense systems like PD-Lambda-5 and
PD-Lambda-2"* show a clear tendency of coexistence with each other. Such
a result might hint toward dedicated functional linkage or co-regulation
used to target specific phage threats, and/or environmental conditions. On
the other hand, three defense systems (Lamassu-Fam™, AbiQ”* and Mokosh
type I-A”’) were never found to co-occur with any of those in this study. This
is probably due to the fact that these defense systems were found in very few
instances, being only one of each defense system present in our dataset—as
such, it seems more reasonable to consider their isolation an issue related to
sampling bias than a true scarcity of co-occurrence.

Beyond examining the co-occurrence events within each genome, we
also investigated co-occurrence events within individual hotspots. Among
all possible associations (3916) between the 89 defense systems detected in
Acinetobacter, different phage defense systems are positively correlated in
203 cases (5.2%) and negatively correlated in 200 cases (5.1%) (Supple-
mentary Fig. 5b, Supplementary Data 11). For instance, PD-T4-5 and PD-
T7-5" exhibited a significant co-occurrence pattern within HS10 (Supple-
mentary Fig. 5a). PD systems, often involved in phage defense through
mechanisms such as TA systems, may collaborate to enhance bacterial
survival against phages in specific contexts. Systems like DarTG* and
BREX_I", dCTP deaminase” and Lamassu_Cap4_nuclease®, and Septu’*
and RM_I frequently co-occur within the same hotspots, suggesting
potential cooperative or layered defense strategies, indicating that the
clustering of these defense genes is not random but likely a result of evo-
lutionary pressures and genomic adaptations.

Distribution and abundance of mobile genetic elements in hot-
spots and surrounding regions

We investigated MGEs inside and outside of 21 genomic hotspots
identified in A. baumannii genomes, which highlight a remarkable
plasticity. Distribution of MGEs was assessed both within hotspots
(Fig. 6a, Supplementary Data 12) and in the upstream and downstream
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Fig. 5 | Co-occurrence and correlation patterns of phage defense systems in A.

baumannii. a The co-occurrence patterns of identified phage defense systems within
each genome of A. baumannii are shown by circos plot. Each segment represents a
different phage defense system, and they are colored for ease of identification. The
connecting lines (chords) express how often these systems occurred as paired at the
hotspots between all the segments of this combination. The weight corresponds to
the likelihoods, with heaver lines representing stronger associations. b Correlation

Ia (Co-occurence)
2

~log,,(P-value)

i,, (Mutually exclusive)

matrix of different phage defense systems. The yellow background indicates sig-
nificant correlations (P < 0.05). The size and color of the circles represent the p-value
of the correlations, with the color scale ranging from blue (mutually exclusive) to red
(co-occurrence). Larger circles indicate more significant p-values. The colors of the
defense systems represent different categories of functional mechanisms.

20kb regions encompassing each hotspot (Fig. 6b, Supplementary
Data 13), revealing differing levels of contribution by MGEs. The
majority of the hotspots (17/21) exhibit relatively low levels of MGEs
content within the hotspots. In contrast, the surrounding regions of these
hotspots show a higher percentage of genomes containing MGEs. For
example, within HS2, less than 1.2% of the genomes contain MGEs, but
the surrounding regions show a 75.0% probability of containing MGEs,
with a 37.4% increase in ISs and a 30.0% increase in multiple types of
MGEs. Similarly, within HS9, less than 3.7% of the genomes contain
MGEs, but the surrounding regions have a 68.3% probability of con-
taining MGEs, predominantly prophages. In particular, certain hotspots,
such as HS10, exhibit a high percentage of prophages, accounting for
over 90.8% of the genomes analyzed within the hotspot, highlighting its
role as a potential MGE integration site.

We found prophages, plasmids and ISs to be the three most common
types of MGEs that were located inside or near these regions (69.8% overall).
While other types of MGEs, such as transposons and phage satellites are less
common in these hotspots but more abundant in their surrounding regions.
Around the hotspots such as HS2 or HS12, a large part of genes is related to
putative transposons (2.4% and 1.1%), which are more prevalent in the
surrounding regions than inside those islands per se. HS4 does not have any
MGEs confirmed of, in or near the hotspot. No MGEs were detected in HS4
other than PD-Lamda-2 and RosmerTA”, implying localized activity or
integration. This analysis further supports that the hotspots are denser
regions of MGEs compared to their flanking genomic elements with a high
turnover and gene mobility, revealing more dynamics for both within A.
baumannii.

We also assessed tRNA genes in the hotspots (Fig. 6¢, Supplementary
Data 14), and their flanking regions displayed significant alterations (Fig. 6d,
Supplementary Data 15). The tRNA genes are present within the hotspots
only in the HS12 and HS21, but increased in other hotspots surrounding
regions of 20 kb, as shown by the data. Enrichment analysis of AMR genes in
these hotspots (Fig. 6e, f) highlights the co-localization of pertinent resis-
tance determinants, specifically those for the AdeABC efflux pump such as
adeA, adeB and its regulators protein-coding gene pair (adeR/adeS)

(Supplementary Data 16), thus further stressing their importance to pro-
mote bacterial survival under not only phage but also antibiotic selection
pressure.

Hotspot distribution and defense system variability in Acineto-
bacter species
The distribution and analysis of hotspots within Acinetobacter species reveal
several critical insights into the genomic landscape and defense mechanisms
(Fig. 7, Supplementary Data 17). The analysis indicates that the identified
hotspots are exclusive to the Acinetobacter genus among 251 genera across
the bacteria domain, suggesting the unique genomic characteristic of Aci-
netobacter species. The number of defense systems per genome increases in
species phylogenetically closer to A. baumannii, which indicates a strong
evolutionary adaptation within closely related species, potentially driven by
similar environmental pressures and selective forces. Although the number
of defense systems per genome is higher in species closer to A. baumannii,
the number of defense systems per hotspot does not follow the same trend.
The highest numbers of defense systems per hotspot are found in species
such as Acinetobacter thutiue (1.00), Acinetobacter bouvetii (0.44), Acine-
tobacter vivianii (0.30), Acinetobacter beijerinckii (0.20) and Acinetobacter
venetianus (0.18) while this number in A. baumannii is 0.12. These species
do not share the monophyletic group with A. baumannii, indicating that
these defense systems might be horizontally transferred within the genus,
and the number of defense systems in each hotspot likely reflects the bio-
logical pressures each species faces, as these species are predominantly
isolated from environmental samples rather than clinical settings, which
may expose them to higher levels of viral predation’ .

Although HS6 is the most prevalent hotspot in A. baumannii (Fig. 3),
HS?2 is the most common among other species among the genus. Hotspots
such as HS9, HS15, and HS19, which carry only one defense system in A.
baumannii, are consistent across different species, indicating potential
conserved functions or selective advantages conferred by these single
defense systems. This comprehensive analysis underscores the conservation
of hotspots within the Acinetobacter genus, as they are absent in other
genera, and also highlights their dynamic nature within Acinetobacter
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Fig. 6 | Distribution of MGEs, tRNA, and AMR genes in identified hotspots
within/around A. baumannii genomes. a Bar charts displaying the frequency of
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20 kb regions. ¢ Bar chart showing the distribution of tRNA genes within or
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hotspot) regions. e Bubble plot showing the enrichment of AMR genes within the
identified hotspots. The size of each bubble indicates the percentage of genomes with
this AMR gene in the set, and color represents enrichment significance (log10(1/
FDR)). f The top most significantly enriched AMR genes within the hotspots, as
visualized by a bar plot of the —log10 (adjusted p-value).

species, showing significant variation in hotspot distribution and defense
system content.

Discussion

Phage-bacteria interactions are fundamental to microbial ecology and
generate the evolutionary landscape of bacterial genomes. The application
of phage therapy for Acinetobacter infections is an increasingly explored
area with significant potential to resolve the problem of multidrug-resistant
bacterial infection. Several studies highlighted the efficacy and versatility of
phage therapy in both preclinical and clinical settings™”~. The

identification of genomic defense system hotspots provides a deeper
understanding of A. baumannii’s adaptive strategies against phage attacks,
which will enhance the development of phage therapy and ensure effective
management of the challenging infections.

Our methodology (Fig. 1a and Supplementary Fig. 1) for identifying
defense islands in the A. baumannii genome offers several advantages
compared to previous studies'””". By not mapping the hotspots to a refer-
ence genome (reference-free method), we avoided biases associated with
reference genomes, allowing for a more accurate representation of the
genetic diversity present in the pangenome. This approach ensures that
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Fig. 7 | Distribution of hotspots across different genera and within Acinetobacter
species. This figure shows the distribution of hotspots across Acinetobacter genus
and different genera across bacteria domain. The Nightingale Rose Chart displays
the different genera used in this study, and genera names are located at the top left
corner of each chart. Each segment represents a genus (scales are in log10), and the
length of each one corresponds to the number of genomes. The phylogenetic tree
indicates the evolutionary relationships among the Acinetobacter species, and
Pseudomonas aeruginosa was used as an outgroup. The first column of the

annotation shows the number of hotspots per genome for each Acinetobacter spe-
cies, and the second column of the annotation shows the number of defense systems
per hotspot. For simplicity, A. baumannii hotspots’ information are excluded from
the figure. The Sankey diagram shows the hotspots present in different Acinetobacter
species and the specific defense systems contained within each hotspot. The width of
each segment represents the number of genomes. The connections in the Sankey
diagram illustrate the distribution and frequency of defense systems across different
hotspots within various Acinetobacter species.

novel or unique defense systems are not overlooked. We acknowledge the
high genomic plasticity of A. baumannii by applying a flexible cutoft of 50%
for grouping the flanking gene arrays. This flexibility enables the detection of
defense systems that may be missed by more rigid cutoffs (Fig. 1). The
interesting observation that most hotspots are empty in a majority of gen-
omes raises questions about the dynamics of phage defense system dis-
tribution (Fig. le, f). The predominance of empty hotspots likely reflects a
complex interplay of ecological, evolutionary, and genomic factors.

The presence of conserved core flanking genes around these defense
systems likely serve as anchors, ensuring the retention and functionality of
defense systems within the genome (Fig. 2). In contrast, the variability
observed in other genes within these loci contributes to the genetic diversity
of A. baumannii, enabling it to adapt to different threats (Fig. 4). This
dynamic balance between conservation and variability is a hallmark of
genomic regions under strong selective pressure. The specificity of certain
defense systems to particular hotspots suggests that these regions are tai-
lored to local environmental conditions or specific phage threats (Fig. 3 and
Supplementary Fig. 3). For example, the AbiH" system’s predominance in a
specific hotspot implies a specialized adaptation to phages encountered in
that niche. Some systems, like SspBCDE, are widespread and highly pre-
valent, suggesting the fundamental role in providing robust defense against
phages (Supplementary Fig. 4) in A. baumannii.

Our integrated analysis of COG, KEGG, and GO data underscores the
multifaceted role of defense system hotspots in A. baumannii (Supple-
mentary Fig. 2). The enrichment of specific COG categories and KEGG

pathways within these hotspots indicates that they are heavily involved in
critical metabolic and genetic regulatory functions. The high proportions of
genes related to amino acid and nucleotide transport and metabolism
suggest a strong need for rapid synthesis of enzymes and nucleotides, which
is essential for both robust cellular defense and the maintenance of genomic
stability under phage attack. The presence of enriched transcription and
signal transduction pathways within these hotspots further highlights their
importance as central hubs for coordinating complex defense responses.
These regions likely facilitate rapid cellular adaptations to environmental
changes, including phage infections, by modulating gene expression and
signaling pathways. This aligns with previous studies that have demon-
strated the cooperative and regulatory interactions among various defense
systems*', supporting the idea that these hotspots are crucial for the inte-
grated management of bacterial immune responses. Moreover, while pri-
marily associated with phage defense, these hotspots also exhibit functional
enrichment in pathways related to antibiotic resistance, as indicated by
KEGG analysis. Although our study focuses on phage resistance, the overlap
with antibiotic resistance pathways, such as those involved in beta-lactam
resistance, suggests that these genomic regions may play dual roles in
defending against multiple threats, including antimicrobial agents.

The observed co-occurrence patterns of phage defense systems provide
intriguing insights into bacterial immunity of A. baumannii (Fig. 5). Con-
trary to the potential expectation that bacteria might avoid using similar
defense strategies simultaneously to enhance their overall defense cap-
abilities, our findings reveal significant co-occurrence of certain defense
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systems. For instance, AbiU and AbiH, both belonging to the Abi category,
significantly co-occur within genomes (p-value = 1.56E—47). Similarly, PD-
Lambda-5 and PD-Lambda-2, involved in phage nucleic acid cleavage',
frequently co-occur (p-value=4.57E—140), as do RM_II and RM_III
systems* (p-value = 0.04), and Shedu™ and Septu, both cytoskeleton-related
defense systems (p-value=0.03). These findings suggest that despite
belonging to the same functional categories, these systems may provide
complementary functions, targeting various stages or mechanisms of phage
attacks. Their co-occurrence might also be regulated by similar or com-
plementary controls, allowing for coordinated expression under specific
environmental pressures.

While existing studies indicate similar co-occurrence patterns across
different bacteria (e.g., Druantia_III and RM_I systems significantly co-
occurring in A. baumannii, E. coli, Enterobacterales, and Pseudomonales
genomes, and Gabija and RM_II significantly co-occurring in A. bau-
mannii, E. coli, and Enterobacterales genomes“), our research demonstrates
variability in these systems’ co-occurrence or mutual exclusivity among
different bacterial species. For example, Druantia_III and RM_III are
mutually exclusive in E. coli and Enterobacterales but co-occur significantly
in A. baumannii (p-value=0.04). Similar patterns are observed with
Hachiman and RM_I systems (p-value = 1.01E—4). These differences sug-
gest that different bacteria might face varied phage pressures in different
ecological niches, leading to selective retention or loss of specific defense
systems. The role of HGT is also evident, as defense systems can be trans-
ferred between bacteria, with different species acquiring these systems
through diverse mechanisms and timings. In summary, the co-occurrence
and mutual exclusion of phage defense systems within bacterial genomes
highlight the sophisticated ecological adaptations and evolutionary
mechanisms bacteria employ.

Overall, our analysis indicates the abundance of MGEs in certain
hotspots and their flanking sequences. The vast majority of hotspots showed
a low level of MGE content with the exception that these were significantly
higher in a 20kb upstream and downstream region surrounding these
(Fig. 6a, c). Such a pattern has been known in previous studies and suggests
that the regions surrounding genomic hotspots are more susceptible to
MGE insertion, presumably due to favorable conditions for integration,
such as specific nucleotide sequences or chromosome structures*. For
example, similar observations have been made in studies on E. coli'” and V.
cholerae®, where the regions flanking genomic hotspots are densely popu-
lated with MGEs, thus contributing to genome fluidity, likely facilitating the
survival of these bacteria in changing environments. These observations
illustrate the crucial role of MGEs in promoting rapid genetic innovation to
help secure bacterial populations under selective pressures, such as bacter-
iophage predation or antibiotic selection*®"”.

The absence of these hotspots in other genera underscores the con-
servation of the discovered hotspots within Acinetobacter (Fig. 7), indicating
a unique genomic characteristic that may be crucial for the genus’s adapt-
ability and survival that these hotspots have been maintained through
evolutionary pressures. The trend where species closer to A. baumannii
exhibit a higher number of defense systems per genome may be driven by
similar environmental pressures faced by these closely related species,
necessitating the acquisition of diverse defense mechanisms to thrive in
respective niches**”. In the meantime, the observation that species not
phylogenetically close to A. baumannii possess the highest number of
defense systems per hotspot indicates that HGT and MGE:s play a significant
role in shaping the genomic landscape across the genus. The presence of
these defense systems suggests that whether or not the “cargo” (defense
system) is loaded depends on the particular environmental pressures faced
by the bacteria. This pattern supports the notion that defense systems can be
horizontally transferred within the genus®, contributing to the observed
genomic plasticity***”*"*,

In conclusion, the identification of defense system hotspots within A.
baumannii genomes illustrates the complex and dynamic nature of bacterial
adaptation to phage predation. The unique presence of these hotspots in
Acinetobacter species and their variability influenced by selective pressures

provide a foundation for future research into bacterial immunity. Fur-
thermore, the identification of these hotspots as focal points for diverse
defense systems highlights the potential for discovering novel bacterial
defense mechanisms.

Methods

Genomes collection and filtering

A total 0f 20,737 A. baumannii genomes were initially collected for analysis.
These genomes were subjected to stringent quality control using CheckM
(v1.2.2)%, ensuring completeness >99% and contamination <1%, with
genomes containing fewer than 100 contigs being selected. This filtering
process resulted in 4870 high-quality genomes for subsequent analysis. This
A. baumannii dataset represents genomes coming from 54 countries and
261 institutions, covering the years 2007, 2008, and 2010 to 2023. These
genomes were further annotated using Prokka (v1.14.6)** with default
parameters.

We initially used 90% of the total filtered genomes (n =4383) to
identify hotspots, and the remaining 10% (n = 487) for validation to
verify if the same hotspots were identified. The selected 4387 genomes
were then analyzed using Cd-hit (v4.8.1)* with default parameters to
cluster orthologous genes. This process identified 42,416 ortholog
groups, which were used to determine the core genome. From the
grouped orthologs, core genes were identified based on their presence
across the majority of the genomes (80%). This step resulted in the
identification of 3019 core gene groups, encompassing 13,409,155 genes.
The validation dataset showed that the results were consistent with those
obtained from the 90% dataset. Subsequent analyses were conducted
using all 4870 genomes.

Identification of defense system hotspots

A schematic figure of the defense island identification method used in this
study is shown (Fig. 1a). Amino acid sequences of genes in all 4870 genomes
were submitted to DefenseFinder (v1.2.0)****. This analysis detected a total
of 17,430 systems associated with various phage defense systems. For each
identified defense system, core flanking genes both upstream and down-
stream were analyzed within a genomic region of less than 81.5 genes,
excluding outliers based on core gene distance. This analysis included one
core gene immediately flanking the defense system and core genes from five
additional flanking genes. Only genes located on a single contig were con-
sidered to ensure genomic continuity, and the core gene arrays were
recorded and included in the analysis.

Considering the high genomic plasticity of A. baumannii, a rela-
tively flexible criterion was applied to ensure that potential defense
system hotspots were not missed due to rigid categorization. Any new
gene arrays were compared with existing arrays, and were grouped with
the array that fit the criteria: if an array shared more than 50% core gene
similarity or contained more than two genes with different arrays, it was
grouped with the array having the higher number of core gene matches.
Specific technical parameters and procedures were recorded in Sup-
plementary Fig. 1).

The occurrence of each array pair was counted across all genomes
analyzed. Array pairs that appeared together more than 100 times were
identified, and these frequently co-occurring array pairs were defined as
hotspots. Cytoscape (v3.10.1)*® was used to visualize the resulting network.
These hotspots represent regions rich in defense systems within A. bau-
mannii genomes.

Multidimensional analysis of defense system distribution
characteristics

To gain insight into the association between the defense system types and
time, geographic location or ST classification of the A. baumannii genome,
we performed a MLST (v2.23.0)* analysis on the sequences of the genomes.
The individual ST profile matrix and isolation time, location data were then
dimensionality reduced using the t-SNE, which would allow us to visualize
the distribution of the defense systems.
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Enrichment analysis of antibiotic resistance genes in hotspots
Using RGI (Resistance Gene Identifier) (v6.0.3)”, we screened the protein
sequences of the genomes for antibiotic resistance genes, filtering out genes
in the hotspots that are not part of the defense systems or core genes. We
then utilized the GSEApy package to construct an antibiotic resistance gene
set and performed enrichment analysis on the genes in the hotspots,
visualizing the results with the dotplot function.

Functional enrichment analysis

All proteins from hotspots containing defense systems and the
remaining genes, along with their COG (Clusters of Orthologous
Groups) functional annotations using eggNOG-mapper (v2.1.12)°". The
number of each COG category (A-Z) in hotspots with defense systems
and other genes without defense systems was tallied. For proteins with
multiple functions, the quantity of each function was separately counted.
The proportion of proteins within defense system hotspots performing a
specific function relative to all proteins in these hotspots was calculated.
Similarly, the proportion of proteins without defense systems per-
forming the same function, relative to all other proteins, was determined.
The data from the statistical analysis were visualized using the seaborn®
package in Python (v3.11.5).

Protein sequences from 4870 genomes were annotated using
eggNOG-mapper. Proteins annotated with KEGG (Kyoto Encyclopedia
of Genes and Genomes) pathways and GO (Gene Ontology) were fil-
tered as a dataset, and all proteins within hotspots were selected. The
hotspot proteins were compared with the KEGG and GO pathways from
4870 genomes by performing an enrichment analysis in a Python
package GSEApy®. In the enrichment analysis, those enriched results
with a p-value < 0.01 were selected by filtering feature in enrichr module
of GSEApy package. The results were plotted using the GSEApy dotplot
and bar plot functions.

Phylogenetic analysis of the SspBCDE system

Due to the widespread distribution of SspBCDE in A. baumannii, we
conducted a detailed phylogenetic analysis of the SspBCDE system. We
selected the amino acid sequence of the essential protein SspB from the
SspBCDE system and performed three iterations of Position-Specific Iter-
ated BLAST (PSI-BLAST)* in the NCBI database to identify different
matching species’ protein sequences for phylogenetic tree construction.
First, multiple sequence alignment was performed using MAFFT (v7.525)%.
The aligned sequences were then trimmed using TrimAl (v1.4.1)* to
remove poorly aligned regions. Following this, a maximum likelihood
phylogenetic tree was constructed using IQ-TREE (v2.1.4_beta)®’ with 1000
bootstrap replicates, employing the Q.plant+R5 evolutionary model.
Finally, the phylogenetic tree was visualized with iTOL (v6.9.1)*".

Identification of mobile genetic elements and tRNAs

Integrative conjugative elements (ICEs), insertion sequences (ISs), and
transposons were identified through MobilelementFinder (v1.0.6)” by
analyzing the nucleotide sequences of the genomes. Only ISs, ICEs, and
transposons located within hotspots were considered for further analysis.
Prophages and plasmids were identified using geNomad (v1.7)”’ analysis of
the nucleotide sequences. A region was classified as a prophage only if
geNomad identified it as a provirus with more than one gene matching a
phage. The plasmid-associated protein sequences were obtained using
geNomad, and the hotspots on the plasmids were identified using the
method described in the article. Phage satellites within hotspots were
detected using SatelliteFinder (v0.9.1), which analyzed the amino acid
sequences of proteins in each hotspot. In cases where two or more types of
MGEs were clearly integrated within the same region, the region was
recorded as containing multiple MGE types. The tRNA sequences were
annotated by Aragorn’ and the distribution of tRNAs within the hotspots
and in the 20 kb regions upstream and downstream of the hotspots was
analyzed.

Statistical analysis of defense systems co-occurrence

Defense systems within hotspots were extracted and analyzed for co-
occurrence. If two defense systems appeared in the same genome, the
number of their co-occurrences was counted. A chord diagram illustrating
the frequency of co-occurrence between pairs of defense systems was gen-
erated using the chord_diagram function from the mpl_chord_diagram
package in Python. To assess the correlation and significance of co-occur-
rence, Fisher’s exact test was employed to calculate the odds ratio (OR) and
p-value. An odds ratio greater than 1 indicates a positive correlation between
two defense systems, with the significance of co-occurrence evaluated using
the log10(p-value). Conversely, an odds ratio less than 1 indicates a negative
correlation, with the significance of mutual exclusivity also assessed using
log10(p-value).

Mapping hotspots to different genera of prokaryotic organisms

We filtered all prokaryotic species from the tree of life provided by iTOL
using genomes downloaded from the NCBI Assembly Database, selecting
100 genomes for each species. If a species had fewer than 100 genomes, the
remaining genomes were randomly selected from the corresponding genus,
resulting in 10,089 genomes from 251 genera in total across the bacteria
domain. All genomes from Acinetobacter were downloaded, and the same
CheckM quality control pipeline was applied. A Python script was used to
align hotspots to the genomes of different strains, and DefenseFinder was
employed to identify defense systems in each genome. Finally, we performed
a statistical analysis of the number of hotspots across different species and
the variety of defense systems within these hotspots.

Statistics and reproducibility
We used the fisher_exact function from the scipy package in Python to
perform Fisher’s exact test, specifically employing a two-sided approach, to
determine the co-occurrence of different defense systems within the same
genome or the same hotspots. The p-values from the co-occurrence and
enrichment analyses were corrected using the FDR function in Python.
No statistical method was used to predetermine the sample size. The
genome sequences were subjected to stringent quality control using
CheckM (v1.2.2)53, ensuring completeness >99% and contamination <1%,
with genomes containing fewer than 100 contigs being selected. The
experiments were not randomized.

Data availability

All data generated in this study, including raw genome sequence files, is
available on Github’ at https://github.com/Guan-biolab/Phage-Hotspots.
Source data are provided in this paper. Source data can be obtained in
Supplementary Data 3-17.

Code availability
We share Python scripts used in this study via GitHub”* (https://github.
com/Guan-biolab/Phage-Hotspots).
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