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A polyvalent phage shapes bacterial dynamics
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ABSTRACT Bacteria and the viruses that infect them (known as bacteriophages or 
phages) are important microbial ecosystem members. Antagonistic interactions between 
different bacteria or between bacteria and phages can profoundly impact population 
dynamics. Lytic phages are efficient killers that generally infect strains from a sin­
gle genus or species. Polyvalent phages that target multiple unrelated hosts have 
been described, but their ecological significance is largely unknown. Here, we investi­
gated how a polyvalent phage (PSA39) alters bacterial dynamics during co-cultures 
with susceptible hosts. Pseudomonas aeruginosa and Stenotrophomonas maltophilia are 
unrelated bacterial species that inhabit the same ecological niches, are often co-mem­
bers of microbial ecosystems, cause similar infections, share mobile genetic elements, 
and can engage in complex interactions. In the presence of P. aeruginosa and S. 
maltophilia, PSA39 significantly reduces the recovery of both bacteria but has a stronger 
impact on S. maltophilia. P. aeruginosa adapts in the presence of PSA39, but S. malto­
philia survival is impaired when the two bacteria are grown together and with phage. 
Furthermore, propagation in the presence of S. maltophilia cells results in higher viral 
titers. Both bacterial species evolve mutations in pili genes when exposed to PSA39. We 
propose that P. aeruginosa, S. maltophilia, and PSA39 can serve as a model system to 
study how polyvalent phages alter co-existing bacterial populations.

IMPORTANCE Phages are the most abundant biological entity on the planet, but 
polyvalent phages that infect multiple bacterial species are poorly understood. Here, 
we investigated how the polyvalent phage PSA39 affects two susceptible but unrelated 
bacterial hosts (Pseudomonas aeruginosa and Stenotrophomonas maltophilia). During 
co-cultures with S. maltophilia, P. aeruginosa quickly develops resistance to this virus and 
has an antagonistic effect on its bacterial competitor. We find that both bacterial species 
evolve mutations in Type IV pili genes to resist PSA39 lysis. Our study provides novel 
insights into the impact that polyvalent phages can have on susceptible bacteria, such as 
those from natural environments or from infections.

KEYWORDS polyvalent bacteriophages, bacterial dynamics, Pseudomonas aeruginosa, 
Stenotrophomonas maltophilia

B acteria live in polymicrobial environments, where they engage in antagonistic 
interactions with other bacteria and with viruses using an extensive weapon 

arsenal (1–8). Antagonistic interactions can have important effects on the structure and 
dynamics of microbial populations (9–13). Bacteriophages (or phages) are viruses that 
infect bacterial cells (14). These parasites are found in most natural and anthropogenic 
locations, but have also been isolated from plants, animals, and humans (14–17). Phages 
exhibit a high degree of morphological, genomic, and functional diversity (14, 16). 
Lytic phages bind to receptors on the bacterial surface, insert their genome into the 
cytoplasm, replicate to high numbers, and rupture cells to release virions that continue 
infection cycles (14). Because of their bactericidal properties, lytic phages have been 
successfully used in phage therapy to treat multidrug-resistant infections (18–20). By 
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contrast, lysogenic phages integrate their genomes into bacterial chromosomes and 
replicate along with their hosts (21). While antibiotics can affect multiple unrelated 
bacteria (including those from healthy microbiomes), phages generally have a narrow 
host range and only infect specific bacterial genera, species, or strains (18–20).

Several studies have described polyvalent phages that can infect bacterial isolates 
from distinct taxonomic clades (22–26). For example, phage PEf1 infects both Escherichia 
and Pseudomonas species, and its infectious potential is influenced by the other bacteria 
present in co-cultures (22, 27). Phages DLP1 and DLP2 lyse both Stenotrophomonas 
maltophilia and Pseudomonas aeruginosa strains (25, 28). The ecological importance of 
polyvalent phages is not clear, and knowledge gaps exist about the roles played by these 
viruses in shaping bacterial cultures that consist of susceptible but unrelated hosts (11, 
22, 27, 29).

P. aeruginosa and species from the S. maltophilia complex are opportunistic multi­
drug-resistant bacterial pathogens that can cause lung, blood, skin, eye, and brain 
infections (30–34). Immunocompromised individuals and people with conditions like 
cystic fibrosis (CF), chronic obstructive pulmonary disease, or cancer are especially 
vulnerable (31, 32, 35–38). Polymicrobial infections with P. aeruginosa and S. maltophilia 
can lead to worse health outcomes (33, 39–41). Both cooperative and antagonistic 
interactions have been observed between these pathogens (5, 42–47). P. aeruginosa and 
S. maltophilia can be isolated from similar natural environments (such as waters and 
soils) and from anthropogenic sources (like hospitals and other healthcare facilities) (31, 
32, 48, 49). Furthermore, they can also share mobile genetic elements (49). However, 
these two species are genomically unrelated and belong to distinct taxonomic groups: 
P. aeruginosa is part of the Pseudomonadales bacterial order, while S. maltophilia is 
classified in the Lysobacterales order.

The airway microbiome of people with CF and advanced lung disease can be 
dominated by pathogens like P. aeruginosa and S. maltophilia (50–53). Cox et al. found 
that both these bacteria are abundant in the lungs of older people with CF whose airway 
microbiomes have few other bacterial species (53). Here, we developed a model system 
to study how a polyvalent phage can alter the dynamics of bacteria from low-diversity 
environments. Phage PSA39 was previously isolated using P. aeruginosa as its host. The 
PSA39 genome shares high similarity to the genomes of other P. aeruginosa phages 
and limited homology to the genome of a Stenotrophomonas phage. We observed that 
PSA39 also infects S. maltophilia, and transmission electron microscopy (TEM) imaging 
revealed that this phage has a Siphoviridae-like morphology when propagated on 
either P. aeruginosa or S. maltophilia. Over longer timeframes, P. aeruginosa adapts in 
the presence of S. maltophilia and PSA39, while S. maltophilia survival is significantly 
impaired when co-cultured with P. aeruginosa and this phage. Both P. aeruginosa and S. 
maltophilia evolve resistance to PSA39 by acquiring mutations in pili genes. Our results 
provide insights into the impact that polyvalent phages can have on bacterial dynamics.

MATERIALS AND METHODS

Bacterial strains and growth conditions

Stenotrophomonas maltophilia strains were streaked on LB plates supplemented with 
imipenem (20 µg/mL), Pseudomonas aeruginosa and Burkholderia cenocepacia strains 
were streaked on P. aeruginosa isolation agar, Staphylococcus aureus was streaked on 
Staphylococcus isolation agar (trypticase soy agar with 7.5% NaCl), and Escherichia coli 
was streaked on LB. Single colonies of the indicated bacterial strains were inoculated in 
liquid LB and incubated at 37°C. All bacterial strains used in this study are listed in Table 
S1.

Bacterial phage susceptibility

To determine the susceptibility of strains to PSA39 (Fig. 1C and 2A), individual colonies 
of the indicated bacteria were inoculated in 3 mL of liquid LB, grown overnight at 37°C, 
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diluted 1:50 in fresh media, and incubated at 37°C with shaking. After 3 hours, ~200 µL 
of bacterial culture was mixed with 3 mL of pre-heated soft LB agar (0.7% agar) and 
distributed on LB plates. PSA39 phage lysates were serially diluted in LB, and 2 µL of each 
dilution was spotted on bacterial lawns. Plates were imaged after overnight incubation at 
37°C. For growth curve experiments in Fig. 1D and 2B, bacteria from overnight cultures 
grown in liquid LB were diluted 1:50 in fresh media and incubated at 37°C with shaking. 
After 3 hours, cultures were set to an OD600 of 0.1. One hundred microliters of the 
indicated bacteria (at an OD600 of 0.1) and 5 µL of PSA39 phage were added to 3 mL of 
liquid LB. A 200 µL aliquot of this mixture was added to a 96-well plate and incubated 
with continuous shaking at 37°C. OD600 readings were recorded using a BioTek Synergy 
H1 Plate Reader.

Twenty-hour evolution experiments

Single colonies of the indicated bacterial strains were each inoculated separately in 3 
mL of liquid LB, grown overnight at 37°C, diluted 1:50 in fresh media, and incubated 
at 37°C with shaking. After 3 hours, cultures were set to an OD600 of 0.1. Cells were 
vortexed briefly, and 100 µL of the indicated bacterial ratios at an OD600 of 0.1 and 5 
µL of PSA39 phage (~3 × 109 virions as estimated from plaques formed on P. aeruginosa 
lawns) were added to 3 mL of liquid LB, where indicated. Cultures were incubated at 37°C 
with shaking (200 rpm) for the indicated times, serially diluted, and 5 µL of each dilution 
was spread on cetrimide agar (to select for P. aeruginosa) or LB plates supplemented with 
imipenem (20 µg/mL, to select for S. maltophilia). Colonies were counted after overnight 
incubation at 37°C.

To determine plaque-forming units (PFUs) after propagation with the indicated 
bacterial strains, liquid cultures with PSA39 were centrifuged at 4,000 × g for 30 minutes 
at 25°C, and supernatants were filtered with 0.22 µm filters. Phage lysates were stored 
at 4°C. Host bacterial cells were harvested from plates following overnight growth, 
resuspended in LB, set to an OD600 of 0.1 in 3 mL of liquid LB, and incubated at 37°C 
with shaking. After 2 hours, ~200 µL of bacterial cultures was mixed with 3 mL of 
pre-heated soft LB agar (0.7% agar) and distributed on LB plates. Phage lysates from the 
indicated experiments were serially diluted in LB, and 2 µL of each dilution was spotted 
on bacterial lawns. Plaques were counted after overnight incubation at 37°C.

Three-day evolution experiments

For 3-day polymicrobial culture experiments, cultures were started as described above, 
and 1:100 dilutions were made each day into fresh 3 mL of liquid LB. Each day, bacterial 
CFUs and viral PFUs were determined as described above.

Bacteria resistant to PSA39 were isolated after 1 day of exposure to phage. After 24 
hours of growth at 37°C in 3 mL of LB as described above in the presence or absence 
of PSA39, cultures of bacteria originating from three separate, individual colonies were 
serially diluted and spotted on LB plates supplemented with imipenem (for S. malto­
philia) or cetrimide (for P. aeruginosa). After overnight growth, three individual colonies 
from cultures grown in the presence or absence of PSA39 were streaked again on LB 
plates supplemented with imipenem (for S. maltophilia) or cetrimide (for P. aeruginosa) 
and grown overnight at 37°C. Bacteria were harvested from plates to make glycerol 
freezer stocks.

Bacterial genome sequencing

Bacteria from S. maltophilia and P. aeruginosa freezer stocks were streaked on LB 
plates supplemented with imipenem (for S. maltophilia) or cetrimide (for P. aeruginosa). 
Following overnight growth, bacteria were harvested from plates and resuspended into 
500 µL of sterile PBS. Samples were centrifuged at 5,000 × g for 5 minutes, the superna­
tant was discarded, and cell pellets were frozen in a dry ice ethanol bath. Genomes 
were extracted using bead-beating cellular lysis and sequenced at SeqCoast Genomics 
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(https://seqcoast.com/). DNA samples were prepared for sequencing using the Illumina 
DNA Prep Tagmentation Kit (#20060059) with Illumina Unique Dual Indexes. An Illumina 
NextSeq 2000 platform with a 300-cycle flow cell kit was used for sequencing to produce 
2 × 150 bp paired reads. Optimal base calling was supported by spiking a 1%–2% PhiX 
(accession number: NC_001422) control. DRAGEN v4.2.7 was used for read demultiplex­
ing, trimming, and analytics. Mutations were identified using breseq v0.35.5 (54) and 
were confirmed using Oxford Nanopore sequencing.

PSA39 phage propagation, genome extraction, and sequencing

A colony of P. aeruginosa PAO1 was inoculated in 20 mL of LB and incubated at 37°C 
with shaking. When the culture reached an OD600 of ≈0.5, 200 µL of PSA39 phage lysate 
was added. Following overnight incubation at 37°C, the culture was centrifuged at 25°C 
and 4,000 × g for 30 minutes. Supernatants were filtered twice using 0.22 µm filters. 
Three milliliters of PSA39 lysate was added to an Amicon 4 mL 100 kDa cutoff filter and 
centrifuged for 20 minutes at 3,000 × g and 25°C. The flowthrough was discarded, and 
~100 µL of concentrated lysate was obtained. Four hundred microliters of sterile PBS, 50 
µL of Turbo DNase buffer (Thermo), 1 µL of Turbo DNase (Thermo, 2 U/µL), and 3 µL of 
RNase A (Promega, 4 mg/mL) were added and incubated at 37°C for 90 minutes. Twenty 
microliters of a 0.5 M EDTA solution and 1.25 µL of Proteinase K (20 mg/mL) were added 
and incubated at 56°C for 90 minutes. Five hundred microliters of AL buffer from the 
Qiagen DNeasy Blood & Tissue Kit was added to the solution and mixed thoroughly by 
inverting the tube multiple times. The sample was incubated at 80°C for 20 minutes, and 
500 µL of 100% ethanol was added. The mixture was transferred to a Qiagen DNeasy Mini 
spin column and centrifuged for 1 minute at 6,000 × g. The flow-through was discarded. 
Five hundred microliters of AW1 buffer was added, and the column was centrifuged for 
1 minute at 6,000 × g. The flow-through was again discarded, 500 µL of AW2 buffer was 
added, and the column was centrifuged for 3 minutes at 20,000 × g. DNA was eluted in 
30 µL of buffer AE. The sample was diluted to ~80 ng/µL and sent for Oxford Nanopore 
and Illumina hybrid sequencing at Plasmidsaurus (https://plasmidsaurus.com/).

For Oxford Nanopore sequencing, an amplification-free long-read sequencing library 
was constructed using the v14 library prep chemistry (Rapid Barcoding Kit 96 V14) and 
sequenced using a PromethION P24 instrument with R10.4.1 flow cells. The bottom 
5% worst fastq reads were removed with Filtlong v0.2.1 (default parameters, availa­
ble at https://github.com/rrwick/Filtlong), and reads were downsampled to 250 Mb 
to create an assembly sketch with Miniasm v0.3 (55). Reads were re-downsampled 
to ~100× coverage with heavy weight applied to remove low-quality reads. Adapters 
were trimmed using MinKnow. Reads were assembled using Flye v2.9.1 with parameters 
selected for high quality ONT reads and polished with Medaka v1.8.0 (available at https://
github.com/nanoporetech/medaka) (56).

For Illumina sequencing, libraries were constructed using the Illumina DNA Prep Kit 
and sequenced on a NextSeq2000 instrument with paired-end 2 × 150 bp reads. Illumina 
reads were used to polish the Oxford Nanopore long-read genome using Polypolish 
v0.6.0 (57). The PSA39 genome was annotated using PHASTEST v3.0 and Pharokka v1.3.2 
with default parameters (58, 59). Illumina reads obtained from the sequencing of the 
PSA39 genome were analyzed using metaSPAdes v3.15.3 to confirm sample purity (60). 
PhaBOX v2.0 was used for phage classification (61).

Average nucleotide identity and genome comparison analyses

A blastn search was conducted in April 2025 using the PSA39 genome as the input and 
the Core nucleotide (core_nt) database (62). Results with <30% coverage were excluded 
from the analysis. The top 15 P. aeruginosa phage genomes (based on percent identity 
to PSA39) and Stenotrophomonas phage vB_SmaS_Bhz59 were retrieved and used to 
build an ANI matrix using ANIclustermap v1.2.0 (available at https://github.com/moshi4/
ANIclustermap).
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Type IV pili (T4P) protein amino acid homology comparisons

The amino acid sequences of the indicated P. aeruginosa PAO1 T4P proteins were used as 
queries to perform blastp (BLAST+ v2.17.0) searches with default parameters (BLOSUM62 
matrix, gap cost existence: 11, gap cost extension: 1) against all S. maltophilia CCV131 
annotated proteins. The query coverage and percentage identity for each S. maltophilia 
CCV131 protein homolog with the highest E value are displayed in Table S2.

TEM imaging

Bacteria were harvested from plates, resuspended in LB, set to an OD600 of 0.1, and 
incubated at 37°C with shaking. After 2 hours, 50 µL of PSA39 phage was added 
to a final volume of 1 mL bacterial culture (P. aeruginosa alone, S. maltophilia alone, 
or S. maltophilia and P. aeruginosa at a 1:1 ratio). Following overnight incubation at 
37°C with shaking, cultures were centrifuged for 30 minutes at 4,000 × g, and superna­
tants were filtered twice using 0.22 µm filters. Phages were imaged at the University 
of Maryland Keith R. Porter Imaging Facility (https://kpif.umbc.edu/bacteriophage-imag­
ing/). Ten microliters of crude phage lysate was added to 200 mesh formvar-covered, 
carbon-coated copper grids (EMS, Hatfield, PA, USA). After 1 minute of incubation, grids 
were briefly rinsed with ultra-pure water and stained with 2% uranyl acetate for 2 
minutes. Images were acquired at 100 kV and 60,000× magnification using a Hitachi 
HT7800 120 kV TEM equipped with an AMT Nanosprint15 B digital camera. Five random 
phage particles from different fields of view were used for capsid length, capsid width, 
and tail length measurements.

Statistical analyses

For all statistical analyses, ANOVA with post hoc Tukey HSD tests were performed in JASP 
v0.95.3 to compare the means of each group to every other group and to determine 
statistical significance (63). For Fig. 2A and B, bacterial ratios from each treatment and 
the presence/absence of phage were used as fixed factors, while CFUs were used as the 
dependent variable. For Fig. 2C and D, bacterial ratios from each treatment were used as 
fixed factors, while PFUs were used as the dependent variables. Replicate numbers (N) for 
each experiment are indicated in the figure legends. All P value results from ANOVA with 
post hoc Tukey HSD tests are listed in Tables S3 to S6.

RESULTS

PSA39 is a Yuavirus DNA phage that infects both P. aeruginosa and S. 
maltophilia

Phage PSA39 was isolated from wastewater effluent in Pittsburgh (Pennsylvania, USA) 
using a P. aeruginosa host (64). The complete viral genome is 61,270 bp in length, 
encodes 86 putative phage genes (92 total putative genes), and has a GC% of ≈64.3 (Fig. 
1A). Based on its sequence, PSA39 is predicted to belong to the Yuavirus genus (61, 65). 
It shares high similarity with multiple P. aeruginosa phages and limited similarity to a 
previously sequenced Stenotrophomonas phage (Fig. 1B).

PSA39 forms clear plaques when spotted on the P. aeruginosa PAO1 lab strain and on 
the corneal infection isolate PA6487 (Fig. 1C; Fig. S1A and B) (66). By contrast, it is unable 
to form plaques on the P. aeruginosa PA14 lab strain or on the PA6452 corneal isolate (Fig. 
1C) (66). When grown in 96-well plate liquid cultures without phage, P. aeruginosa PAO1 
enters exponential growth after ~2–3 hours. In the presence of PSA39, P. aeruginosa 
PAO1 growth is delayed until ~10–12 hours (Fig. 1D). Transmission electron microscopy 
imaging revealed that PSA39 has a Siphoviridae-like morphology (Fig. 1E).

Since PSA39 shares limited homology to the Stenotrophomonas phage 
vB_SmaS_Bhz59, we hypothesized that it might also infect strains from this bacterial 
genus. We found that PSA39 can form plaques on the Stenotrophomonas maltophilia 
complex strain CCV131 but cannot infect CCV119 or CCV123 (Fig. 2A; Fig. S1C). Using this 
assay, the plaquing efficiency of PSA39 (propagated on P. aeruginosa PAO1) was reduced 
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by ~100-fold when plated on S. maltophilia CCV131 compared to P. aeruginosa PAO1 
(Fig. 1C and 2A). Furthermore, PSA39 does not form plaques on Staphylococcus aureus 
JE2, Burkholderia cenocepacia K56-2, or Escherichia coli DH5α (Fig. S2). In contrast to P. 
aeruginosa PAO1, the time of entry into exponential phase for S. maltophilia CCV131 is 
not affected by PSA39, but growth is impaired after bacteria reach mid-log phase (Fig. 
2B). Since phage stocks were created following propagation on P. aeruginosa PAO1, we 
sought to confirm that plaques or zones of clearing formed on S. maltophilia strains are 
due to PSA39 and not due to P. aeruginosa secreted factors with antibacterial proper­
ties (67). As predicted, filtered supernatant obtained from P. aeruginosa cultures grown 
without PSA39 does not form plaques or clear zones on S. maltophilia (Fig. S3).

To further confirm that PSA39 can lyse both strains, we harvested phages directly 
from zones of clearing formed on S. maltophilia CCV131 and spotted them onto a P. 
aeruginosa PAO1 bacterial lawn (Fig. 2C). We observed that phages harvested from S. 
maltophilia CCV131 zones of clearing retain their ability to form plaques on P. aerugi­
nosa PAO1 (Fig. 2C). PSA39 has the same Siphoviridae-like morphology, and similar 

FIG 1 PSA39 infects some P. aeruginosa strains and has a Siphoviridae-like morphology. (A) PSA39 viral genomic DNA was extracted following growth with P. 

aeruginosa PAO1 and sequenced using both Illumina and Oxford Nanopore technologies. The phage genome was annotated using PHASTEST and Pharokka 

(58, 59). Numbers inside the circle represent nucleotide positions in kbp. (B) The PSA39 genome was used to perform a blastn search. The top 15 P. aeruginosa 

phage genomes (based on sequence identity) and the vB_smaS_Bhz59 Stenotrophomonas phage genome were used to construct an average nucleotide identity 

(ANI) matrix. (C) PSA39 lysate was serially diluted, and 2 µL of each dilution was spotted on the indicated P. aeruginosa strains. Results are representative of 

three biological replicates (N = 3). (D) Overnight P. aeruginosa cultures were back-diluted 1:50 in fresh liquid LB, grown at 37°C for 3 hours, and adjusted to an 

OD600 of 0.1. One hundred microliters of bacteria and 5 µL of PSA39 phage (~3 × 109 virions as estimated from plaques formed on P. aeruginosa lawns) were 

added as indicated to 3 mL of LB. Two hundred microliters of each culture was transferred to a 96-well plate, and OD600 values were recorded at 37°C. Four 

biological replicates (N = 4) were used to calculate averages. Error bars represent standard deviation. (E) Phages were propagated on P. aeruginosa, and lysates 

were spotted on carbon-coated copper grids, stained with 2% uranyl acetate, and imaged with a Hitachi HT7800 120 kV Transmission Electron Microscope at 

60,000× magnification.
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capsid length, capsid width, and tail length when infecting P. aeruginosa PAO1 alone, S. 
maltophilia CCV131 alone, or S. maltophilia/P. aeruginosa co-cultures (Fig. 2D and E; Fig. 
S4). These results provide evidence that PSA39 is a Yuavirus phage that can infect both P. 
aeruginosa PAO1 and S. maltophilia CCV131.

PSA39 alters dynamics of P. aeruginosa and S. maltophilia co-cultures

We next sought to determine how PSA39 affects P. aeruginosa PAO1 (referred to as P. 
aeruginosa henceforth) and S. maltophilia CCV131 (referred to as S. maltophilia hence­
forth) recovery when the two bacteria are grown together. We performed co-cultures 
at different inoculation ratios in the presence or absence of PSA39 and determined 
the survival of both bacteria after 20 hours (Fig. 3A and B). In the absence of phage, 
P. aeruginosa recovery is not affected by S. maltophilia, but S. maltophilia recovery is 
reduced by P. aeruginosa in a dose-dependent manner (Fig. 3A and B). In the presence 
of phage, recovery of P. aeruginosa is reduced during co-culture with S. maltophilia 
but not during monoculture (Fig. 3A). Recovery of S. maltophilia is further diminished 
by PSA39 when co-cultured with P. aeruginosa (Fig. 3B). These findings indicate that 
both P. aeruginosa and S. maltophilia recovery is negatively impacted by PSA39 during 
co-culture.

FIG 2 PSA39 lyses some S. maltophilia strains and retains a Siphoviridae-like morphology when propagated on this bacterium. (A) PSA39 lysate was serially 

diluted, and 2 µL of each dilution was spotted on the indicated S. maltophilia strains. Results are representative of three biological replicates (N = 3). (B) Overnight 

S. maltophilia cultures were back-diluted 1:50 in fresh liquid LB, grown at 37°C for 3 hours, and adjusted to an OD600 of 0.1. One hundred microliters of bacteria 

and 5 µL of PSA39 phage (~3 × 109 virions as estimated from plaques formed on P. aeruginosa lawns) were added as indicated to 3 mL of LB. Two hundred 

microliters of each culture was transferred to a 96-well plate, and OD600 values were recorded at 37°C. Four biological replicates (N = 4) were used to calculate 

averages. Error bars represent standard deviation. (C) Phages were harvested from an S. maltophilia plaque, resuspended in sterile PBS, serially diluted, and 2 µL 

of each dilution was spotted on P. aeruginosa PAO1. Results are representative of three biological replicates (N = 3). Phages were propagated on S. maltophilia 

alone (D) or S. maltophilia with P. aeruginosa co-cultures (E), and lysates were spotted on carbon-coated copper grids, stained with 2% uranyl acetate, and imaged 

with a Hitachi HT7800 120 kV Transmission Electron Microscope at 60,000× magnification.
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To estimate PSA39 titers when propagated on P. aeruginosa alone, on S. maltophilia 
alone, or on both bacteria, we determined the number of PFUs obtained by spotting 
phage lysates on P. aeruginosa or S. maltophilia bacterial lawns (Fig. 3C and D). Phage 
titers from all cultures with S. maltophilia are significantly higher compared to titers from 
cultures without S. maltophilia (Fig. 3C and D). PSA39 propagated in the presence of S. 
maltophilia also has similar plaquing efficiency when plated on either P. aeruginosa or 
S. maltophilia (Fig. 3C and D). These results suggest that S. maltophilia allows PSA39 to 
replicate to higher titers in liquid cultures compared to P. aeruginosa.

FIG 3 Recovery of P. aeruginosa and S. maltophilia during co-cultures with both bacteria is affected by PSA39. Overnight cultures of P. aeruginosa and S. 

maltophilia were back-diluted 1:50 in fresh liquid LB, grown at 37°C for 3 hours, and adjusted to an OD600 of 0.1. One hundred microliters of bacteria at the 

indicated ratios were added to 3 mL of liquid LB. Five microliters of PSA39 phage (~3 × 109 virions as estimated from plaques formed on P. aeruginosa lawns) was 

also added where indicated. Cultures were grown with shaking at 37°C. After 20 hours, cells were serially diluted and plated on cetrimide plates to select for P. 

aeruginosa (A) or LB plates supplemented with imipenem (20 µg/mL) to select for S. maltophilia (B). CFUs were counted following overnight incubation at 37°C. 

Liquid cultures were also centrifuged and filtered to obtain phage lysates, which were then serially diluted and spotted on bacterial lawns of P. aeruginosa (C) or 

S. maltophilia (D). PFUs were counted following overnight incubation at 37°C. Four biological replicates (N = 4) were used to determine CFUs and PFUs averages. 

Error bars represent standard deviation. Circles represent individual replicates. ANOVA with post hoc Tukey tests was used to determine statistical significance. 

***P < 0.001.
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Growth with P. aeruginosa over time hinders S. maltophilia recovery in the 
presence of PSA39

To observe how PSA39 affects polymicrobial cultures over longer periods of time, we 
monitored the survival of each bacterial species (alone or at 1:1 co-culture ratios) in the 
absence or presence of phage following daily transfers into fresh growth media (Fig. 
4A). In the absence of PSA39, P. aeruginosa recovery is unaffected by S. maltophilia, but 
S. maltophilia abundance is progressively reduced each day during co-culture with P. 
aeruginosa (Fig. 4B and C). PSA39 does not affect the recovery of P. aeruginosa after 3 
days, even when S. maltophilia is present (Fig. 4B). After 3 days, S. maltophilia recovery 
is not influenced by PSA39 during monoculture, but the presence of this phage further 
diminishes S. maltophilia recovery during co-culture with P. aeruginosa (Fig. 4C).

To determine how viral titers change over time, we spotted phage dilutions from each 
condition onto P. aeruginosa and S. maltophilia bacterial lawns (Fig. 4A). PFUs decrease 
daily following incubation with P. aeruginosa alone, S. maltophilia alone, or co-culture 
with both bacterial species (Fig. 4D and E). Overall, these observations indicate that the 
growth of S. maltophilia in the presence of P. aeruginosa negatively impacts its ability 
to recover from PSA39 infection, while viral titers are progressively reduced during the 
experimental timeframe.

P. aeruginosa and S. maltophilia strains resistant to PSA39 have mutations in 
Type IV pili genes

We isolated and sequenced P. aeruginosa and S. maltophilia colonies (three from each 
species) after growth in liquid culture with or without PSA39. We confirmed that isolates 
recovered following growth in the presence of phage are resistant to PSA39 (Fig. S5). 
All P. aeruginosa and S. maltophilia strains evolved in the presence of PSA39 harbor 
mutations in Type IV pili (T4P) genes (Fig. 5A and B) (68, 69). One resistant P. aeruginosa 
strain has a 4-nucleotide deletion in the gene coding for the PilR transcriptional activator 
(70), while the other two resistant P. aeruginosa strains harbor a nonsynonymous G → T 
substitution and a +T insertion, respectively, in the pilQ gene (Fig. 5A) (71). Resistant S. 
maltophilia strains have mutations in pilW (a +G insertion after the “T” nucleotide in the 
“TGA” stop codon), pilC (a 34-nucleotide insertion), and pilQ (a 100-nucleotide duplica­
tion) (72, 73) (Fig. 5B). The +G insertion in pilW disrupted the stop codon and resulted in 
the addition of 68 amino acids at the encoded protein’s C-terminus. P. aeruginosa or S. 
maltophilia strains evolved without PSA39 lack mutations in known T4P genes.

DISCUSSION

While living in natural environments and during chronic infections, bacteria and phages 
are engaged in constant competitions (3). The ability of phages to infect multiple 
bacterial species could have important benefits, especially during events that selec­
tively eliminate only some hosts (e.g. treatment with narrow-spectrum antibiotics). It is 
possible that many phages evolved to infect multiple bacterial hosts, but this ability 
is largely understudied (11, 22). Furthermore, these polyvalent viruses are likely more 
prevalent than currently appreciated (11, 22). The presence of diverse bacterial members 
can modulate the dynamics of communities containing phages known to target a single 
bacterial species (74–80). However, the effects that polyvalent phages have on suscepti­
ble but unrelated hosts during co-cultures remain poorly understood (22, 23, 26, 28, 78).

In this study, we observed that the polyvalent phage PSA39 infects both P. aeruginosa 
and S. maltophilia strains. We find that during co-cultures in the presence of PSA39, P. 
aeruginosa recovers faster than S. maltophilia and hinders the growth of its competitor 
bacteria. Although P. aeruginosa and S. maltophilia are taxonomically unrelated, the two 
bacteria are found in the same ecological niches and cause polymicrobial infections from 
which they are often co-isolated (31–33). We hypothesize that a PSA39 viral ancestor may 
have been exposed to both P. aeruginosa and S. maltophilia and evolved to infect both 
species. Even though we observe that PSA39 has lytic properties, it is possible that this 
phage may also display lysogenic behavior.
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FIG 4 P. aeruginosa recovers during co-culture with S. maltophilia in the presence of PSA39 and impairs S. maltophilia 

recovery. At the beginning of the experiment (day 0), overnight cultures of P. aeruginosa and S. maltophilia were back-diluted 

1:50 in fresh liquid LB, grown at 37°C for 3 hours, and adjusted to an OD600 of 0.1. One hundred microliters of bacteria at the 

indicated ratios were added to 3 mL of liquid LB. The number of CFUs per milliliter was not measured at the beginning of the 

experiment (T0). Five microliters of PSA39 phage (~3 × 109 virions as estimated from plaques formed on P. aeruginosa lawns) 

was also added where indicated (A). Cultures were grown with shaking at 37°C. Every day, 1:100 dilutions of the cultures were 

made into fresh LB tubes. Cells were serially diluted and plated on cetrimide plates to select for P. aeruginosa (B) or LB plates 

supplemented with imipenem (20 µg/mL) to select for S. maltophilia (C). CFUs were counted following overnight incubation at 

37°C. Liquid cultures were also centrifuged and filtered to obtain phage lysates, which were then serially diluted and spotted 

on bacterial lawns of P. aeruginosa (D) or S. maltophilia (E). PFUs were counted following overnight incubation at 37°C. Six 

biological replicates (N = 6) were used to determine PFUs and CFUs averages for all conditions except for P. aeruginosa alone + 

PSA39 CFUs on day 1, where five biological replicates (N = 5) were used. Error bars represent standard deviation.
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Previous studies have described antagonistic and cooperative interactions between 
P. aeruginosa and S. maltophilia (5, 42–47). These interactions are likely strain-specific 
and are influenced by experimental conditions (42, 44, 46, 81). Both P. aeruginosa and 
S. maltophilia harbor an extensive arsenal of antibacterial weapons and can become the 
dominant species in microbiomes, such as those from the airways of people with CF (4, 5, 
43–45, 51–53, 81). Pyocyanin, a toxic compound secreted by P. aeruginosa, has antibacte­
rial properties against S. maltophilia (82). We observe that the polyvalent phage PSA39 
amplifies the antagonistic effect that P. aeruginosa has on the recovery of S. maltophilia. 
Apparent competition, which occurs when two unrelated species are preyed upon by 
the same predator, could provide an explanation for the additive antagonistic effect 
observed when the polyvalent phage was present in a co-culture with both susceptible 
bacteria (83–86). The presence of a heterologous bacterium provides a replicative host 
for the phage, which can then replicate to higher titers and infect the other competitor 
bacterium.

P. aeruginosa and S. maltophilia strains evolved in the presence of PSA39 harbor 
mutations in Type IV pili (T4P) genes. T4P are thin, hair-like protrusions on the bacterial 
surface that contribute to multiple behaviors like motility, adhesion, and virulence (68, 
69). These bacterial structures are also common phage receptors (87). P. aeruginosa 
strains resistant to PSA39 have disruptions in genes encoding PilR (a response regulator 
that has been proposed to activate transcription of T4P genes) (70) and PilQ (an outer 
membrane secretin required for T4P assembly and function) (88). Similarly, S. maltophilia 
strains resistant to PSA39 evolved mutations in genes encoding PilQ, PilC (an essential 
T4P membrane protein), and PilW (predicted to be part of the T4P structure) (71–73). 
These findings provide evidence that PSA39 uses T4P from both P. aeruginosa and S. 
maltophilia as receptors to infect cells. Phages DLP1 and DLP2 also use T4P as receptors 
to infect and lyse both P. aeruginosa and S. maltophilia (28). However, these phages’ 
genomes do not share homology to the PSA39 genome; while DLP1 and DLP2 are 
predicted to belong to the Septimatrevirus genus, PSA39 has homology to viruses from 
the Yuavirus genus (28, 61).

Some P. aeruginosa and S. maltophilia strains tested here are intrinsically resistant to 
PSA39 lysis. Since we determined that T4P are likely receptors for this phage, it is possible 
that the structure and/or regulation of pili proteins in these “resistant” strains prevent 
infection. We observed that P. aeruginosa PAO1 T4P proteins and their S. maltophilia 
CCV131 homologs share limited amino acid similarity (Table S2). Among all proteins, the 
average identity between homologs from the two bacterial species is ~47%. The highest 
identities are ~83% for PilG (predicted to be a T4P regulator in P. aeruginosa) and ~79% 
for PilT (predicted to form the P. aeruginosa T4P retraction motor) (68, 69). PilA, which is 
the major T4 pilin, has ~43% identity (68, 69). It is possible that PSA39 binds a conserved 
region from a P. aeruginosa PAO1 and S. maltophilia CCV131 T4P protein. Other cellular 
components, such as lipopolysaccharides, membrane proteins, or antiphage defense 
systems, could also be important in determining resistance to PSA39.

In conclusion, we demonstrate that a polyvalent phage alters the dynamics of 
bacterial cultures with two susceptible hosts. Both P. aeruginosa and S. maltophilia 
can colonize and dominate microbial environments that have a low bacterial diversity, 

FIG 5 P. aeruginosa and S. maltophilia strains resistant to PSA39 have mutations in Type IV pili genes. Illumina and Oxford Nanopore whole-genome sequencing 

was performed on three resistant P. aeruginosa (A) and S. maltophilia (B) strains, and mutations were identified using breseq (54). Mutation types and locations 

are displayed for pili genes in P. aeruginosa (blue) and S. maltophilia (red).
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such as those from the airways of people with CF. We propose that these two bacteria 
and PSA39 can serve as model systems to examine the effects that polyvalent phages 
have on microbial dynamics. Future work will determine how external conditions affect 
bacterial responses to PSA39, how antiphage immune systems influence susceptibility, 
and how this virus adapts in the presence of different bacterial hosts.

ACKNOWLEDGMENTS

We thank Dr. Rachel Robinson and Dr. Dina Moustafa for providing help and advice. 
We are grateful to Dr. Tagide deCarvalho (Keith R. Porter imaging facility, University of 
Maryland, Baltimore County) for assistance with transmission electron microscopy phage 
imaging. We also gratefully acknowledge Hayley Nordstrom, Nathan Wallace, and Sergei 
Elber-Dorozko for identifying, characterizing, and maintaining PSA39.

C.V.C. was supported by Cystic Fibrosis Foundation grants CRISAN22F0 and CRI­
SAN25F0. D.V.T. is supported by Cystic Fibrosis Foundation grant VANTYN21GO and by 
the Department of Medicine at the University of Pittsburgh School of Medicine.

C.V.C. conceived and designed the study, performed all experiments, analyzed data, 
wrote and edited the manuscript. D.V.T. and J.B.G. analyzed data and edited the 
manuscript.

AUTHOR AFFILIATIONS

1Department of Pediatrics, Division of Pulmonary, Asthma, Cystic Fibrosis, and Sleep, 
Emory University School of Medicine, Atlanta, Georgia, USA
2Emory+Children’s Center for Cystic Fibrosis and Airway Disease Research, Emory 
University School of Medicine, Atlanta, Georgia, USA
3Division of Infectious Diseases, University of Pittsburgh School of Medicine, Pittsburgh, 
Pennsylvania, USA

AUTHOR ORCIDs

Cristian V. Crisan  http://orcid.org/0000-0002-3455-8569
Daria Van Tyne  http://orcid.org/0000-0001-7284-0103
Joanna B. Goldberg  http://orcid.org/0000-0002-5285-5188

FUNDING

Funder Grant(s) Author(s)

Cystic Fibrosis Foundation CRISAN22F0 Cristian V. Crisan

Cystic Fibrosis Foundation CRISAN25F0 Cristian V. Crisan

Cystic Fibrosis Foundation VANTYN21GO Daria Van Tyne

DATA AVAILABILITY

Sequence data are available in NCBI under accession numbers MZ089741 and 
PRJNA1258269.

ADDITIONAL FILES

The following material is available online.

Supplemental Material

Supplemental figures (JVI01363-25-s0001.docx). Figures S1 to S5.
Supplemental tables (JVI01363-25-s0002.docx). Tables S1 to S6.

Full-Length Text Journal of Virology

June 2026  Volume 100  Issue 6 10.1128/jvi.01363-2512

http://orcid.org/0000-0002-3455-8569
http://orcid.org/0000-0001-7284-0103
http://orcid.org/0000-0002-5285-5188
http://dx.doi.org/10.13039/100000897
http://dx.doi.org/10.13039/100000897
http://dx.doi.org/10.13039/100000897
https://www.ncbi.nlm.nih.gov/nuccore/MZ089741
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA1258269/
https://doi.org/10.1128/jvi.01363-25
https://doi.org/10.1128/jvi.01363-25


REFERENCES

1. Hibbing ME, Fuqua C, Parsek MR, Peterson SB. 2010. Bacterial competi­
tion: surviving and thriving in the microbial jungle. Nat Rev Microbiol 
8:15–25. https://doi.org/10.1038/nrmicro2259

2. Foster KR, Bell T. 2012. Competition, not cooperation, dominates 
interactions among culturable microbial species. Curr Biol 22:1845–
1850. https://doi.org/10.1016/j.cub.2012.08.005

3. Hampton HG, Watson BNJ, Fineran PC. 2020. The arms race between 
bacteria and their phage foes. Nature 577:327–336. https://doi.org/10.10
38/s41586-019-1894-8

4. Crisan CV, Goldberg JB. 2025. The dominant lineage of an emerging 
pathogen harbours contact-dependent inhibition systems. Microb 
Genom 11:001332. https://doi.org/10.1099/mgen.0.001332

5. Crisan CV, Goldberg JB. 2022. Antibacterial contact-dependent proteins 
secreted by Gram-negative cystic fibrosis respiratory pathogens. Trends 
Microbiol 30:986–996. https://doi.org/10.1016/j.tim.2022.03.009

6. Crisan CV, Chandrashekar H, Everly C, Steinbach G, Hill SE, Yunker PJ, 
Lieberman RR, Hammer BK. 2021. A new contact killing toxin permeabil­
izes cells and belongs to a broadly distributed protein family. mSphere 
6:e0031821. https://doi.org/10.1128/mSphere.00318-21

7. Crisan CV, Chande AT, Williams K, Raghuram V, Rishishwar L, Steinbach 
G, Watve SS, Yunker P, Jordan IK, Hammer BK. 2019. Analysis of Vibrio 
cholerae genomes identifies new type VI secretion system gene clusters. 
Genome Biol 20:163. https://doi.org/10.1186/s13059-019-1765-5

8. Georjon H, Bernheim A. 2023. The highly diverse antiphage defence 
systems of bacteria. Nat Rev Microbiol 21:686–700. https://doi.org/10.10
38/s41579-023-00934-x

9. Steinbach G, Crisan C, Ng SL, Hammer BK, Yunker PJ. 2020. Accumulation 
of dead cells from contact killing facilitates coexistence in bacterial 
biofilms. J R Soc Interface 17:20200486. https://doi.org/10.1098/rsif.2020
.0486

10. Crisan CV, Nichols HL, Wiesenfeld S, Steinbach G, Yunker PJ, Hammer BK. 
2021. Glucose confers protection to Escherichia coli against contact 
killing by Vibrio cholerae. Sci Rep 11:2935. https://doi.org/10.1038/s4159
8-021-81813-4

11. Chibani-Chennoufi S, Bruttin A, Dillmann M-L, Brüssow H. 2004. Phage-
host interaction: an ecological perspective. J Bacteriol 186:3677–3686. ht
tps://doi.org/10.1128/JB.186.12.3677-3686.2004

12. Freilich S, Zarecki R, Eilam O, Segal ES, Henry CS, Kupiec M, Gophna U, 
Sharan R, Ruppin E. 2011. Competitive and cooperative metabolic 
interactions in bacterial communities. Nat Commun 2:589. https://doi.or
g/10.1038/ncomms1597

13. Chevallereau A, Pons BJ, van Houte S, Westra ER. 2022. Interactions 
between bacterial and phage communities in natural environments. Nat 
Rev Microbiol 20:49–62. https://doi.org/10.1038/s41579-021-00602-y

14. Dion MB, Oechslin F, Moineau S. 2020. Phage diversity, genomics and 
phylogeny. Nat Rev Microbiol 18:125–138. https://doi.org/10.1038/s4157
9-019-0311-5

15. Forero-Junco LM, Alanin KWS, Djurhuus AM, Kot W, Gobbi A, Hansen LH. 
2022. Bacteriophages roam the wheat phyllosphere. Viruses 14:244. http
s://doi.org/10.3390/v14020244

16. Al-Shayeb B, Sachdeva R, Chen L-X, Ward F, Munk P, Devoto A, Castelle 
CJ, Olm MR, Bouma-Gregson K, Amano Y, et al. 2020. Clades of huge 
phages from across Earth’s ecosystems. Nature 578:425–431. https://doi.
org/10.1038/s41586-020-2007-4

17. Devoto AE, Santini JM, Olm MR, Anantharaman K, Munk P, Tung J, Archie 
EA, Turnbaugh PJ, Seed KD, Blekhman R, Aarestrup FM, Thomas BC, 
Banfield JF. 2019. Megaphages infect Prevotella and variants are 
widespread in gut microbiomes. Nat Microbiol 4:693–700. https://doi.or
g/10.1038/s41564-018-0338-9

18. Strathdee SA, Hatfull GF, Mutalik VK, Schooley RT. 2023. Phage therapy: 
from biological mechanisms to future directions. Cell 186:17–31. https://
doi.org/10.1016/j.cell.2022.11.017

19. Kortright KE, Chan BK, Koff JL, Turner PE. 2019. Phage therapy: a 
renewed approach to combat antibiotic-resistant bacteria. Cell Host 
Microbe 25:219–232. https://doi.org/10.1016/j.chom.2019.01.014

20. Chan BK, Stanley GL, Kortright KE, Vill AC, Modak M, Ott IM, Sun Y, 
Würstle S, Grun CN, Kazmierczak BI, et al. 2025. Personalized inhaled 
bacteriophage therapy for treatment of multidrug-resistant Pseudomo­
nas aeruginosa in cystic fibrosis. Nat Med 31:1494–1501. https://doi.org/
10.1038/s41591-025-03678-8

21. Howard-Varona C, Hargreaves KR, Abedon ST, Sullivan MB. 2017. 
Lysogeny in nature: mechanisms, impact and ecology of temperate 
phages. ISME J 11:1511–1520. https://doi.org/10.1038/ismej.2017.16

22. Yu P, Mathieu J, Li M, Dai Z, Alvarez PJJ. 2016. Isolation of polyvalent 
bacteriophages by sequential multiple-host approaches. Appl Environ 
Microbiol 82:808–815. https://doi.org/10.1128/AEM.02382-15

23. Jensen EC, Schrader HS, Rieland B, Thompson TL, Lee KW, Nickerson KW, 
Kokjohn TA. 1998. Prevalence of broad-host-range lytic bacteriophages 
of Sphaerotilus natans, Escherichia coli, and Pseudomonas aeruginosa. 
Appl Environ Microbiol 64:575–580. https://doi.org/10.1128/AEM.64.2.57
5-580.1998

24. Bielke L, Higgins S, Donoghue A, Donoghue D, Hargis BM. 2007. 
Salmonella host range of bacteriophages that infect multiple genera. 
Poult Sci 86:2536–2540. https://doi.org/10.3382/ps.2007-00250

25. Peters DL, Lynch KH, Stothard P, Dennis JJ. 2015. The isolation and 
characterization of two Stenotrophomonas maltophilia bacteriophages 
capable of cross-taxonomic order infectivity. BMC Genomics 16:664. http
s://doi.org/10.1186/s12864-015-1848-y

26. Knezevic P, Kostanjsek R, Obreht D, Petrovic O. 2009. Isolation of 
Pseudomonas aeruginosa specific phages with broad activity spectra. 
Curr Microbiol 59:173–180. https://doi.org/10.1007/s00284-009-9417-8

27. Yu P, Mathieu J, Yang Y, Alvarez PJJ. 2017. Suppression of enteric 
bacteria by bacteriophages: importance of phage polyvalence in the 
presence of soil bacteria. Environ Sci Technol 51:5270–5278. https://doi.
org/10.1021/acs.est.7b00529

28. McCutcheon JG, Peters DL, Dennis JJ. 2018. Identification and 
characterization of Type IV pili as the cellular receptor of broad host 
range Stenotrophomonas maltophilia Bacteriophages DLP1 and DLP2. 
Viruses 10:338. https://doi.org/10.3390/v10060338

29. Ye M, Sun M, Zhao Y, Jiao W, Xia B, Liu M, Feng Y, Zhang Z, Huang D, 
Huang R, Wan J, Du R, Jiang X, Hu F. 2018. Targeted inactivation of 
antibiotic-resistant Escherichia coli and Pseudomonas aeruginosa in a soil-
lettuce system by combined polyvalent bacteriophage and biochar 
treatment. Environ Pollut 241:978–987. https://doi.org/10.1016/j.envpol.
2018.04.070

30. Goldberg JB, CrisanCV, Luu JM. 2022. Pseudomonas aeruginosa 
antivirulence strategies: targeting the Type III secretion system, p 257–
280

31. Brooke JS. 2021. Advances in the microbiology of Stenotrophomonas 
maltophilia. Clin Microbiol Rev 34:e0003019. https://doi.org/10.1128/CM
R.00030-19

32. Diggle SP, Whiteley M. 2020. Microbe profile: Pseudomonas aeruginosa: 
opportunistic pathogen and lab rat. Microbiology (Reading, Engl) 
166:30–33. https://doi.org/10.1099/mic.0.000860

33. Samonis G, Karageorgopoulos DE, Maraki S, Levis P, Dimopoulou D, 
Spernovasilis NA, Kofteridis DP, Falagas ME. 2012. Stenotrophomonas 
maltophilia infections in a general hospital: patient characteristics, 
antimicrobial susceptibility, and treatment outcome. PLoS One 
7:e37375. https://doi.org/10.1371/journal.pone.0037375

34. Crisan CV, Goldberg JB. 2025. Stenotrophomonas maltophilia complex: a 
broadly distributed emerging pathogen. PLoS Pathog 21:e1013422. http
s://doi.org/10.1371/journal.ppat.1013422

35. Waters V, Yau Y, Prasad S, Lu A, Atenafu E, Crandall I, Tom S, Tullis E, 
Ratjen F. 2011. Stenotrophomonas maltophilia in cystic fibrosis. Am J 
Respir Crit Care Med 183:635–640. https://doi.org/10.1164/rccm.201009-
1392OC

36. Rønn C, Kamstrup P, Eklöf J, Toennesen LL, Boel JB, Andersen CO, Dessau 
RB, Wilcke JT, Sivapalan P, Ulrik CS, Jensen J-U. 2023. Mortality and 
exacerbations associated with Stenotrophomonas maltophilia in chronic 
obstructive pulmonary disease. A regional cohort study of 22,689 
outpatients. Respir Res 24:232. https://doi.org/10.1186/s12931-023-0254
4-w

37. Jean-Pierre F, Vyas A, Hampton TH, Henson MA, O’Toole GA. 2021. One 
versus many: polymicrobial communities and the cystic fibrosis airway. 
mBio 12:1–7. https://doi.org/10.1128/mBio.00006-21

38. Safdar A, Rolston KV. 2007. Stenotrophomonas maltophilia: changing 
spectrum of a serious bacterial pathogen in patients with cancer. Clin 
Infect Dis 45:1602–1609. https://doi.org/10.1086/522998

39. Yin C, Yang W, Meng J, Lv Y, Wang J, Huang B. 2017. Co-infection of 
Pseudomonas aeruginosa and Stenotrophomonas maltophilia in 
hospitalised pneumonia patients has a synergic and significant impact 

Full-Length Text Journal of Virology

June 2026  Volume 100  Issue 6 10.1128/jvi.01363-2513

https://doi.org/10.1038/nrmicro2259
https://doi.org/10.1016/j.cub.2012.08.005
https://doi.org/10.1038/s41586-019-1894-8
https://doi.org/10.1099/mgen.0.001332
https://doi.org/10.1016/j.tim.2022.03.009
https://doi.org/10.1128/mSphere.00318-21
https://doi.org/10.1186/s13059-019-1765-5
https://doi.org/10.1038/s41579-023-00934-x
https://doi.org/10.1098/rsif.2020.0486
https://doi.org/10.1038/s41598-021-81813-4
https://doi.org/10.1128/JB.186.12.3677-3686.2004
https://doi.org/10.1038/ncomms1597
https://doi.org/10.1038/s41579-021-00602-y
https://doi.org/10.1038/s41579-019-0311-5
https://doi.org/10.3390/v14020244
https://doi.org/10.1038/s41586-020-2007-4
https://doi.org/10.1038/s41564-018-0338-9
https://doi.org/10.1016/j.cell.2022.11.017
https://doi.org/10.1016/j.chom.2019.01.014
https://doi.org/10.1038/s41591-025-03678-8
https://doi.org/10.1038/ismej.2017.16
https://doi.org/10.1128/AEM.02382-15
https://doi.org/10.1128/AEM.64.2.575-580.1998
https://doi.org/10.3382/ps.2007-00250
https://doi.org/10.1186/s12864-015-1848-y
https://doi.org/10.1007/s00284-009-9417-8
https://doi.org/10.1021/acs.est.7b00529
https://doi.org/10.3390/v10060338
https://doi.org/10.1016/j.envpol.2018.04.070
https://doi.org/10.1128/CMR.00030-19
https://doi.org/10.1099/mic.0.000860
https://doi.org/10.1371/journal.pone.0037375
https://doi.org/10.1371/journal.ppat.1013422
https://doi.org/10.1164/rccm.201009-1392OC
https://doi.org/10.1186/s12931-023-02544-w
https://doi.org/10.1128/mBio.00006-21
https://doi.org/10.1086/522998
https://doi.org/10.1128/jvi.01363-25


on clinical outcomes. Eur J Clin Microbiol Infect Dis 36:2231–2235. https:
//doi.org/10.1007/s10096-017-3050-4

40. Mojica MF, Humphries R, Lipuma JJ, Mathers AJ, Rao GG, Shelburne SA, 
Fouts DE, Van Duin D, Bonomo RA. 2022. Clinical challenges treating 
Stenotrophomonas maltophilia infections: an update. JAC Antimicrob 
Resist 4:dlac040. https://doi.org/10.1093/jacamr/dlac040

41. Hamdi AM, Fida M, Abu Saleh OM, Beam E. 2020. Stenotrophomonas 
bacteremia antibiotic susceptibility and prognostic determinants: mayo 
clinic 10-year experience. Open Forum Infect Dis 7:ofaa008. https:/​/​doi.o
rg/​10.1093/​ofid/​ofaa008

42. Crisan CV, Pettis ML, Goldberg JB. 2024. Antibacterial potential of 
Stenotrophomonas maltophilia complex cystic fibrosis isolates. mSphere 
9:e0033524. https://doi.org/10.1128/msphere.00335-24

43. Nas MY, White RC, DuMont AL, Lopez AE, Cianciotto NP. 2019. 
Stenotrophomonas maltophilia encodes a VirB/VirD4 type IV secretion 
system that modulates apoptosis in human cells and promotes 
competition against heterologous bacteria, including Pseudomonas 
aeruginosa. Infect Immun 87:e00457-19. https://doi.org/10.1128/IAI.004
57-19

44. Nas MY, Gabell J, Cianciotto NP. 2021. Effectors of the Stenotrophomonas 
maltophilia Type IV Secretion System mediate killing of clinical isolates 
of Pseudomonas aeruginosa. mBio 12:e0150221. https://doi.org/10.1128/
mBio.01502-21

45. Bayer-Santos E, Cenens W, Matsuyama BY, Oka GU, Di Sessa G, Mininel 
IDV, Alves TL, Farah CS. 2019. The opportunistic pathogen Stenotropho­
monas maltophilia utilizes a type IV secretion system for interbacterial 
killing. PLoS Pathog 15:e1007651. https://doi.org/10.1371/journal.ppat.1
007651

46. McDaniel MS, Schoeb T, Swords WE. 2020. Cooperativity between 
Stenotrophomonas maltophilia and Pseudomonas aeruginosa during 
polymicrobial airway infections. Infect Immun 88:e00855-19. https://doi.
org/10.1128/IAI.00855-19

47. Pompilio A, Crocetta V, De Nicola S, Verginelli F, Fiscarelli E, Di 
Bonaventura G. 2015. Cooperative pathogenicity in cystic fibrosis: 
Stenotrophomonas maltophilia modulates Pseudomonas aeruginosa 
virulence in mixed biofilm. Front Microbiol 6:951. https://doi.org/10.338
9/fmicb.2015.00951

48. Horikian A, Jeanvoine A, Amarache A, Tourtet M, Ory J, Boulestreau H, 
Van der Mee Marquet N, Lemaitre N, Eveillard M, Lepelletier D, Bertrand 
X, Valot B, Hocquet D. 2024. High-risk clones of Pseudomonas aeruginosa 
contaminate the drinking water networks of French cities. NPJ Clean 
Water 7:35. https://doi.org/10.1038/s41545-024-00323-8

49. Mustapha MM, Srinivasa VR, Griffith MP, Cho S-T, Evans DR, Waggle K, 
Ezeonwuka C, Snyder DJ, Marsh JW, Harrison LH, Cooper VS, Van Tyne D. 
2022. Genomic diversity of hospital-acquired infections revealed 
through prospective whole-genome sequencing-based surveillance. 
mSystems 7:e0138421. https://doi.org/10.1128/msystems.01384-21

50. Flight WG, Smith A, Paisey C, Marchesi JR, Bull MJ, Norville PJ, Mutton KJ, 
Webb AK, Bright-Thomas RJ, Jones AM, Mahenthiralingam E. 2015. Rapid 
detection of emerging pathogens and loss of microbial diversity 
associated with severe lung disease in cystic fibrosis. J Clin Microbiol 
53:2022–2029. https://doi.org/10.1128/JCM.00432-15

51. Zhao J, Schloss PD, Kalikin LM, Carmody LA, Foster BK, Petrosino JF, 
Cavalcoli JD, VanDevanter DR, Murray S, Li JZ, Young VB, LiPuma JJ. 2012. 
Decade-long bacterial community dynamics in cystic fibrosis airways. 
Proc Natl Acad Sci USA 109:5809–5814. https://doi.org/10.1073/pnas.11
20577109

52. Thornton CS, Carmody LA, Kalikin LM, Opron K, Caverly LJ, LiPuma JJ. 
2023. Airway bacterial community composition in persons with 
advanced cystic fibrosis lung disease. J Cyst Fibros 22:623–629. https://d
oi.org/10.1016/j.jcf.2023.01.001

53. Cox MJ, Allgaier M, Taylor B, Baek MS, Huang YJ, Daly RA, Karaoz U, 
Andersen GL, Brown R, Fujimura KE, Wu B, Tran D, Koff J, Kleinhenz ME, 
Nielson D, Brodie EL, Lynch SV. 2010. Airway microbiota and pathogen 
abundance in age-stratified cystic fibrosis patients. PLoS One 5:e11044. 
https://doi.org/10.1371/journal.pone.0011044

54. Barrick JE, Colburn G, Deatherage DE, Traverse CC, Strand MD, Borges JJ, 
Knoester DB, Reba A, Meyer AG. 2014. Identifying structural variation in 
haploid microbial genomes from short-read resequencing data using 
breseq. BMC Genomics 15:1039. https://doi.org/10.1186/1471-2164-15-1
039

55. Li H. 2016. Minimap and miniasm: fast mapping and de novo assembly 
for noisy long sequences. Bioinformatics 32:2103–2110. https://doi.org/1
0.1093/bioinformatics/btw152

56. Kolmogorov M, Yuan J, Lin Y, Pevzner PA. 2019. Assembly of long, error-
prone reads using repeat graphs. Nat Biotechnol 37:540–546. https://doi.
org/10.1038/s41587-019-0072-8

57. Wick RR, Holt KE. 2022. Polypolish: short-read polishing of long-read 
bacterial genome assemblies. PLoS Comput Biol 18:e1009802. https://do
i.org/10.1371/journal.pcbi.1009802

58. Wishart DS, Han S, Saha S, Oler E, Peters H, Grant JR, Stothard P, Gautam 
V. 2023. PHASTEST: faster than PHASTER, better than PHAST. Nucleic 
Acids Res 51:W443–W450. https://doi.org/10.1093/nar/gkad382

59. Bouras G, Nepal R, Houtak G, Psaltis AJ, Wormald P-J, Vreugde S. 2023. 
Pharokka: a fast scalable bacteriophage annotation tool. Bioinformatics 
39:btac776. https://doi.org/10.1093/bioinformatics/btac776

60. Nurk S, Meleshko D, Korobeynikov A, Pevzner PA. 2017. metaSPAdes: a 
new versatile metagenomic assembler. Genome Res 27:824–834. https://
doi.org/10.1101/gr.213959.116

61. Shang J, Peng C, Liao H, Tang X, Sun Y. 2023. PhaBOX: a web server for 
identifying and characterizing phage contigs in metagenomic data. 
Bioinform Adv 3:vbad101. https://doi.org/10.1093/bioadv/vbad101

62. Sayers EW, Beck J, Bolton EE, Brister JR, Chan J, Connor R, Feldgarden M, 
Fine AM, Funk K, Hoffman J, et al. 2025. Database resources of the 
National Center for Biotechnology Information in 2025. Nucleic Acids 
Res 53:D20–D29. https://doi.org/10.1093/nar/gkae979

63. JASP Team. 2024. JASP. 0.19.3. JASP Team.
64. Nordstrom HR, Evans DR, Finney AG, Westbrook KJ, Zamora PF, 

Hofstaedter CE, Yassin MH, Pradhan A, Iovleva A, Ernst RK, Bomberger 
JM, Shields RK, Doi Y, Van Tyne D. 2022. Genomic characterization of lytic 
bacteriophages targeting genetically diverse Pseudomonas aeruginosa 
clinical isolates. iScience 25:104372. https://doi.org/10.1016/j.isci.2022.1
04372

65. Ceyssens P-J, Mesyanzhinov V, Sykilinda N, Briers Y, Roucourt B, Lavigne 
R, Robben J, Domashin A, Miroshnikov K, Volckaert G, Hertveldt K. 2008. 
The genome and structural proteome of YuA, a new Pseudomonas 
aeruginosa phage resembling M6. J Bacteriol 190:1429–1435. https://doi.
org/10.1128/JB.01441-07

66. Raghuram V, Goldberg JB. 2020. Draft genome sequences of eight 
Pseudomonas aeruginosa corneal infection isolates. Microbiol Resour 
Announc 9:e01253-19. https://doi.org/10.1128/MRA.01253-19

67. Baron SS, Rowe JJ. 1981. Antibiotic action of pyocyanin. Antimicrob 
Agents Chemother 20:814–820. https://doi.org/10.1128/AAC.20.6.814

68. Ellison CK, Whitfield GB, Brun YV. 2022. Type IV Pili: dynamic bacterial 
nanomachines. FEMS Microbiol Rev 46:fuab053. https://doi.org/10.1093/
femsre/fuab053

69. Craig L, Forest KT, Maier B. 2019. Type IV pili: dynamics, biophysics and 
functional consequences. Nat Rev Microbiol 17:429–440. https://doi.org/
10.1038/s41579-019-0195-4

70. Jin S, Ishimoto KS, Lory S. 1994. PilR, a transcriptional regulator of 
piliation in Pseudomonas aeruginosa, binds to a cis-acting sequence 
upstream of the pilin gene promoter. Mol Microbiol 14:1049–1057. https
://doi.org/10.1111/j.1365-2958.1994.tb01338.x

71. Martin PR, Hobbs M, Free PD, Jeske Y, Mattick JS. 1993. Characterization 
of pilQ, a new gene required for the biogenesis of type 4 fimbriae in 
Pseudomonas aeruginosa. Mol Microbiol 9:857–868. https://doi.org/10.11
11/j.1365-2958.1993.tb01744.x

72. Carbonnelle E, Hélaine S, Prouvensier L, Nassif X, Pelicic V. 2005. Type IV 
pilus biogenesis in Neisseria meningitidis: PilW is involved in a step 
occurring after pilus assembly, essential for fibre stability and function. 
Mol Microbiol 55:54–64. https://doi.org/10.1111/j.1365-2958.2004.04364
.x

73. Rudel T, Scheuerpflug I, Meyer TF. 1995. Neisseria PilC protein identified 
as type-4 pilus tip-located adhesin. Nature 373:357–359. https://doi.org/
10.1038/373357a0

74. Castledine M, Padfield D, Lewis R, Buckling A. 2025. Microbial commun­
ity structure is affected by phage-resistance associated increases in host 
density. FEMS Microbiol Ecol 101:fiaf027. https:/​/​doi.org/​10.1093/​femsec
/​fiaf027

75. Castledine M, Buckling A. 2024. Critically evaluating the relative 
importance of phage in shaping microbial community composition. 
Trends Microbiol 32:957–969. https://doi.org/10.1016/j.tim.2024.02.014

76. Alseth EO, Custodio R, Sundius SA, Kuske RA, Brown SP, Westra ER. 2024. 
The impact of phage and phage resistance on microbial community 
dynamics. PLoS Biol 22:e3002346. https://doi.org/10.1371/journal.pbio.3
002346

Full-Length Text Journal of Virology

June 2026  Volume 100  Issue 6 10.1128/jvi.01363-2514

https://doi.org/10.1007/s10096-017-3050-4
https://doi.org/10.1093/jacamr/dlac040
https://doi.org/10.1093/ofid/ofaa008
https://doi.org/10.1128/msphere.00335-24
https://doi.org/10.1128/IAI.00457-19
https://doi.org/10.1128/mBio.01502-21
https://doi.org/10.1371/journal.ppat.1007651
https://doi.org/10.1128/IAI.00855-19
https://doi.org/10.3389/fmicb.2015.00951
https://doi.org/10.1038/s41545-024-00323-8
https://doi.org/10.1128/msystems.01384-21
https://doi.org/10.1128/JCM.00432-15
https://doi.org/10.1073/pnas.1120577109
https://doi.org/10.1016/j.jcf.2023.01.001
https://doi.org/10.1371/journal.pone.0011044
https://doi.org/10.1186/1471-2164-15-1039
https://doi.org/10.1093/bioinformatics/btw152
https://doi.org/10.1038/s41587-019-0072-8
https://doi.org/10.1371/journal.pcbi.1009802
https://doi.org/10.1093/nar/gkad382
https://doi.org/10.1093/bioinformatics/btac776
https://doi.org/10.1101/gr.213959.116
https://doi.org/10.1093/bioadv/vbad101
https://doi.org/10.1093/nar/gkae979
https://doi.org/10.1016/j.isci.2022.104372
https://doi.org/10.1128/JB.01441-07
https://doi.org/10.1128/MRA.01253-19
https://doi.org/10.1128/AAC.20.6.814
https://doi.org/10.1093/femsre/fuab053
https://doi.org/10.1038/s41579-019-0195-4
https://doi.org/10.1111/j.1365-2958.1994.tb01338.x
https://doi.org/10.1111/j.1365-2958.1993.tb01744.x
https://doi.org/10.1111/j.1365-2958.2004.04364.x
https://doi.org/10.1038/373357a0
https://doi.org/10.1093/femsec/fiaf027
https://doi.org/10.1016/j.tim.2024.02.014
https://doi.org/10.1371/journal.pbio.3002346
https://doi.org/10.1128/jvi.01363-25


77. Harcombe WR, Bull JJ. 2005. Impact of phages on two-species bacterial 
communities. Appl Environ Microbiol 71:5254–5259. https://doi.org/10.1
128/AEM.71.9.5254-5259.2005

78. Koskella B, Brockhurst MA. 2014. Bacteria-phage coevolution as a driver 
of ecological and evolutionary processes in microbial communities. 
FEMS Microbiol Rev 38:916–931. https://doi.org/10.1111/1574-6976.120
72

79. Alseth EO, Pursey E, Luján AM, McLeod I, Rollie C, Westra ER. 2019. 
Bacterial biodiversity drives the evolution of CRISPR-based phage 
resistance. Nature 574:549–552. https://doi.org/10.1038/s41586-019-166
2-9

80. Blazanin M, Turner PE. 2021. Community context matters for bacteria-
phage ecology and evolution. ISME J 15:3119–3128. https://doi.org/10.1
038/s41396-021-01012-x

81. Crisan CV, Van Tyne D, Goldberg JB. 2023. The type VI secretion system 
of the emerging pathogen Stenotrophomonas maltophilia complex has 
antibacterial properties. mSphere 8. https://doi.org/10.1128/msphere.00
584-23

82. Quinn AM, Bottery MJ, Thompson H, Friman V-P. 2022. Resistance 
evolution can disrupt antibiotic exposure protection through competi­
tive exclusion of the protective species. ISME J 16:2433–2447. https://doi
.org/10.1038/s41396-022-01285-w

83. Burmeister AR, Lenski RE. 2018. Specifying the harsh conditions of life: 
resource competition and predation in the 1970s. Am Nat 191:287–289. 
https://doi.org/10.1086/695985

84. Holt RD, Bonsall MB. 2017. Apparent competition. Annu Rev Ecol Evol 
Syst 48:447–471. https://doi.org/10.1146/annurev-ecolsys-110316-02262
8

85. Levin BR, Stewart FM, Chao L. 1977. Resource-limited growth, competi­
tion, and predation: a model and experimental studies with bacteria and 
bacteriophage. Am Nat 111:3–24. https://doi.org/10.1086/283134

86. Holt RD. 1977. Predation, apparent competition, and the structure of 
prey communities. Theor Popul Biol 12:197–29. https://doi.org/10.1016/
0040-5809(77)90042-9

87. Bertozzi Silva J, Storms Z, Sauvageau D. 2016. Host receptors for 
bacteriophage adsorption. FEMS Microbiol Lett 363:fnw002. https://doi.
org/10.1093/femsle/fnw002

88. Berry JL, Phelan MM, Collins RF, Adomavicius T, Tønjum T, Frye SA, Bird L, 
Owens R, Ford RC, Lian LY, Derrick JP. 2012. Structure and assembly of a 
trans-periplasmic channel for type IV pili in Neisseria meningitidis. PLoS 
Pathog 8:e1002923. https://doi.org/10.1371/journal.ppat.1002923

Full-Length Text Journal of Virology

June 2026  Volume 100  Issue 6 10.1128/jvi.01363-2515

https://doi.org/10.1128/AEM.71.9.5254-5259.2005
https://doi.org/10.1111/1574-6976.12072
https://doi.org/10.1038/s41586-019-1662-9
https://doi.org/10.1038/s41396-021-01012-x
https://doi.org/10.1128/msphere.00584-23
https://doi.org/10.1038/s41396-022-01285-w
https://doi.org/10.1086/695985
https://doi.org/10.1146/annurev-ecolsys-110316-022628
https://doi.org/10.1086/283134
https://doi.org/10.1016/0040-5809(77)90042-9
https://doi.org/10.1093/femsle/fnw002
https://doi.org/10.1371/journal.ppat.1002923
https://doi.org/10.1128/jvi.01363-25

	A polyvalent phage shapes bacterial dynamics
	MATERIALS AND METHODS
	Bacterial strains and growth conditions
	Bacterial phage susceptibility
	Twenty-hour evolution experiments
	Three-day evolution experiments
	Bacterial genome sequencing
	PSA39 phage propagation, genome extraction, and sequencing
	Average nucleotide identity and genome comparison analyses
	Type IV pili (T4P) protein amino acid homology comparisons
	TEM imaging
	Statistical analyses

	RESULTS
	PSA39 is a Yuavirus DNA phage that infects both P. aeruginosa and S. maltophilia
	PSA39 alters dynamics of P. aeruginosa and S. maltophilia co-cultures
	Growth with P. aeruginosa over time hinders S. maltophilia recovery in the presence of PSA39
	P. aeruginosa and S. maltophilia strains resistant to PSA39 have mutations in Type IV pili genes

	DISCUSSION


