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Abstract

Background: Enterobacter spp. are opportunistic pathogens that cause nosocomial infections. Bacteriophages
could be used to treat antibiotic-resistant Enterobacter infections.

Materials and Methods: We used 10 genetically diverse clinical Enterobacter spp. isolates to identify lytic bac-
teriophages in hospital and municipal wastewater. Comparative genomics was performed on host bacterial
isolates and isolated phages. Activity of each phage against all 10 host isolates was determined. We also tested
phage activity against paired isolates from two patients who developed ceftazidime—avibactam resistance.
Results: Bacteria belonged to three Enterobacter species and Klebsiella aerogenes. We isolated 12 bacterio-
phages, most of which belonged to the Myoviridae and Autographiviridae families. Most phages were able to lyse
multiple bacterial isolates, and many lysed isolates of different species. Ceftazidime—avibactam-resistant isolates
were still phage susceptible, and one isolate showed increased susceptibility compared with the parent isolate.
Conclusion: The phages we isolated expand the diversity of Enterobacter-targeting phages, and could be useful
for treating antibiotic-resistant Enterobacter infections.
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Background

NTEROBACTER SPP. ARE Gram-negative opportunistic path-

ogens that cause hospital-acquired infections. Although
Enterobacter spp. make up only ~ 5-7% of nosocomial bac-
terial infections, they are more frequently present in the ICU,
having the third highest pathogen prevalence in respira-
tory tract infections (11.1%) and the fourth highest preva-
lence of surgical wound infections (10.3%)." Enterobacter
spp. also frequently cause antibiotic-resistant infections, and
are named among the ESKAPE pathogens.?

The Enterobacter species E. cloacae and E. aerogenes
(which has recently been redesignated Klebsiella aerogenes)
are especially prone to developing antibiotic resistance, and
carbapenem resistance has been previously noted among
these strains.® Carbapenem resistance has developed across
Enterobacter through mutations that cause overexpression

of the ampC gene,™ and through transmission of mobile

genetic elements that carry carbapenemases.® As carbape-
nems are typically used as last-resort antibiotics to treat
infections,*® finding alternative ways to treat antibiotic-
resistant Enterobacter spp. infections is important to prevent
further morbidity and mortality.

One potential solution to antibiotic resistance across
Enterobacter spp. is the use of bacteriophage therapy. Bac-
teriophages can be used either as an alternative to, or in
combination with, antibiotics.” Previous studies have shown
that bacteriophages can be used to effectively treat a wide
variety of bacterial infections, including those caused by
enteric pathogens such as Klebsiella spp. and Escherichia
coli.®® Compared with other members of the Enterobacte-
riaceae, Enterobacter phage therapy is less studied and
much less attention has focused on the potential utility of
Enterobacter-targeting phages; however, previous research
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suggests that bacteriophages can effectively infect and kill
Enterobacter spp.'® Because of this, bacteriophages may be a
promising therapeutic approach to treat antibiotic-resistant
Enterobacter infections.

In this study, we isolated and characterized 12 bacterio-
phages that are capable of lysing genetically diverse clinical
Enterobacter spp. isolates. We used whole genome sequ-
encing and comparative genomics to study bacterial host and
phage diversity, and tested the susceptibility of each host to
each phage. We also investigated how phage susceptibility
changed when Enterobacter spp. isolates evolved resistance
to ceftazidime—avibactam in vivo during human infection.
Our findings suggest that phages may be a viable approach
for treating antibiotic-resistant Enterobacter spp. infections,
and that the preemptive isolation of Enterobacter-targeting
phages may be an effective mitigation strategy when Ente-
robacter spp. infections are likely to become highly antibiotic
resistant.

Materials and Methods
Bacterial isolates

Nine different Enterobacter spp. isolates and one K. aero-
genes isolate used for phage screening were collected from
patients at the University of Pittsburgh Medical Center. For
two patients, additional isolates with evolved ceftazidime—
avibactam resistance were also collected.!' Because K. aero-
genes has only recently been reclassified from E. aerogenes,’
we primarily refer to all isolates as Enterobacter isolates for
clarity. Clinical isolates were collected from patients as part
of routine clinical care and were stored as deidentified pure
bacterial cultures.

Isolate collection was approved by the University of
Pittsburgh Institutional Review Board (Protocols nos.
PRO14080060 and PRO19110005). All isolates were cryo-
preserved in brain heart infusion (BHI) medium with 16.7%
glycerol, and were stored at —80°C. Antimicrobial suscepti-
bility testing against meropenem and ceftazidime—avibactam
was performed using Sensititre Gram-Negative Suscept-
ibility Testing Plates (Thermo Fisher Scientific, Waltham,
MA) following the manufacturer’s protocol. Susceptibility
calls (sensitive/intermediate/resistant) were determined fol-
lowing CLSI guidelines.'*

Wastewater collection and processing

Hospital wastewater was collected from the main sewer
outflow of a Pittsburgh area hospital. Municipal wastewater
was collected from two different municipal wastewater treat-
ment facilities located in the Pittsburgh metropolitan area.
Each wastewater sample was centrifuged at 3200g for
20 min, and the supernatant was filtered using a 0.22 um filter
and concentrated by centrifuging in an Amicon filter unit
(MilliporeSigma, Burlington, MA) at 3200 g for 15 min.

Bacteriophage screening, passaging,
and high-titer stock creation

To isolate bacteriophages present in filtered and concen-
trated wastewater, we used a soft agar overlay screening
approach.? For bottom agar plates, BHI with 1.5% agar was
used, to which 1 mM CaCl, and 1 mM MgCl, were added.
Bacterial isolates were inoculated into BHI medium and
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grown overnight at 37°C with shaking. In total, 100 uL. of
each bacterial isolate was mixed with 100 uL of wastewater,
incubated at room temperature for S min, mixed with 5 mL of
molten top agarose (BHI with 0.5% agarose, 1 mM CaCl,,
and 1 mM MgCl,), and plated onto a bottom agar plate. The
plates were incubated overnight at 37°C and examined the
next day to identify clear lytic bacteriophage plaques.

Bacteriophages were passaged by picking an individual
plaque with a sterile pipette tip and incubating with 100 uLL
of SM buffer (SOmM TrisCl pH 7.5, 100 mM NaCl, 8 mM
MgSO,) overnight at 37°C. After incubation, serial 10-fold
dilutions were made in SM buffer, and 2 uL. of each dilution
was spotted onto a plate containing 5 mL top agarose mixed
with 100 uL bacterial culture, layered on a bottom agar plate.
After overnight incubation at 37°C, an individual plaque was
picked and passaged again. Each phage was passaged at least
four times before the generation of high-titer stocks.

To create a high-titer stock, a single plaque was picked and
incubated in 100 uL. of SM buffer overnight. The next day,
100 uL. of an overnight host bacteria culture was added to
the phage/SM buffer mixture, incubated for 10 min at room
temperature, mixed with 10 mL of top agarose, and 5 mL
each was plated onto two bottom agar plates. These plates
were incubated overnight at 37°C, checked for complete bac-
terial lysis, then flooded with 10 mL of SM buffer and incu-
bated for 1h at 37°C. SM buffer was removed from each
plate, pooled together, spun down at 3200 g for 20 min, and
filtered through a 0.22 um filter. Phage-containing lysates
were then extracted once with 0.1 volumes chloroform
followed by extraction three times with 0.4 volumes of
1-octanol. Purified phages were then stored at 4°C.

Genome sequencing and analysis

Bacterial genomic DNA was extracted from 1 mL over-
night cultures of each isolate grown in BHI medium using a
Qiagen DNeasy Blood and Tissue Kit (Qiagen, Germantown,
MD) following the manufacturer’s protocol. Genome sequ-
encing was performed at the Microbial Genome Sequencing
Center (MiGS) at the University of Pittsburgh. Sequencing
libraries were prepared with a Nextera kit (Illumina, San
Diego, CA), and libraries were sequenced on a NextSeq 550
using 150-bp paired-end reads. Genomes were assembled
with SPAdes v3.12.0'° using default settings. Bacterial spe-
cies were determined by examining the 16S rRNA locus as
well as nucleotide BLAST of other genomic regions.

After assembly, genomes were annotated with Prokka
v1.14.5" and compared with Roary v3.11.2."° A core
genome phylogenetic tree was generated using RAXML'® with
the GTRCAT substitution model and 1000 iterations, and iTOL
was used to visualize the phylogenetic tree.'” PHASTER was
used to identify prophages,'® and those predicted to be intact
and questionable were included, whereas incomplete pro-
phages were excluded from analysis. Clustered regularly in-
terspaced short palindromic repeats (CRISPR) presence was
determined using CRISIPRCasFinder,'® and genomes were
identified as CRISPR positive if they had CRISPR loci flanked
by annotated Cas genes.

Mutations were identified between paired clinical isolates
from the same patient with CLC Genomics Workbench v11
(Qiagen), by mapping reads from the resistant isolate to
the annotated genome of the parent isolate. Variants were
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identified with a read depth cutoff of 10 and a variant fre-
quency cutoff of 90%. Bacterial genome sequence data have
been deposited in NCBI under BioProjects PRINAS577956
and PRINA777034.

To extract bacteriophage genomic DNA, 500 uL of phage
lysate was mixed with 500 uL. of phenol-chloroform—
isoamyl alcohol (25:24:1), then the mixture was vortexed and
centrifuged at 16,000 g for 1 min. A 1 X volume of chloroform
was added to the upper aqueous phase, and the sample was
again vortexed and centrifuged for 1 min at 16,000 g. To the
new upper aqueous phase, 1 uL glycogen, 0.1 X volume 3 M
sodium acetate, and 2.5 X volume 100% ethanol were added,
and the sample was incubated overnight at —20°C. The next
day, samples were centrifuged at 4°C for 30 min at 16,000 g.
The supernatant was removed, washed with 150 uL. 70%
ethanol, spun for 2min at 16,000 g, the new supernatant
was discarded, and the pellet was resuspended in 100 uL
nuclease-free water.

DNA was then quantified with a Qubit fluorimeter
(Thermo Fisher Scientific). Bacteriophage genomes were
sequenced at MiGS using the same protocol already descri-
bed. Genomes were assembled with SPAdes v3.12.0" using
default settings, and phage contigs were extracted from each
assembly and separated from contaminating host bacterial
sequences by examining the differential read coverage of
each contig, and with nucleotide BLAST.

Phage genomes were compared with one another and with
publicly available genomes using nucleotide BLAST,
Mauve,”® and PHASTER.'® Phage genomes were annotated
with RAST,?' and were queried for the presence of antibi-
otic resistance and virulence genes using ResFinder,** Vir-
ulenceFinder,”® and CARD.** Assembled phage genomes
were deposited in GenBank with accession nos. OL355123—
OL355134.

Bacteriophage host range

To determine the host range of each isolated phage, every
phage was tested on every bacterial isolate to determine its
infectivity profile. Serial 10-fold dilutions were created from
each bacteriophage stock in SM buffer, and 2 ul. of each
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dilution was spotted onto a plate containing 5 mL top agarose
mixed with 100 uL bacterial culture and layered on top of a
bottom agar plate. This plate was incubated overnight at
37°C, and the next day plaques were counted, and infectivity
was determined by calculating the plaque-forming units per
mL of each phage lysate against each bacterial isolate.

Results
Isolation of bacteriophages

To determine whether hospital and/or municipal waste-
water contained Enterobacter-targeting bacteriophages, we
conducted a bacteriophage screen using 10 clinical Entero-
bacter spp. isolates (Table 1). For each water sample, bacteria
were incubated with filtered wastewater, then top agar was
added and overlaid on top of a bottom agar plate (see
Materials and Methods for details). This method success-
fully yielded clear lytic plaques from multiple different
samples, and phages were isolated and propagated by pick-
ing and passaging individual plaques. In total, 12 bacterio-
phages were isolated and studied further.

Bacterial genomic analysis

To determine the genetic diversity of the 10 Enterobacter
spp. isolates used for phage screening, the genome of each
isolate was sequenced on the I[llumina platform (Table 1). We
determined the species, the presence of CRISPR loci, and the
number of prophages present in each genome using online
bioinformatics tools (Supplementary Table S1).'*!'° We also
made a core genome phylogeny of all 10 isolates (Fig. 1).
Seven of the isolates used for screening belonged to the
E. cloacae complex, whereas the remaining isolates were
found to belong to Enterobacter dissolvens, Enterobacter
kobei, and K. aerogenes (Table 1 and Fig. 1).

Half of the 10 isolates contained CRISPR-Cas genes,
including 4 of the 7 E. cloacae isolates and the single
K. aerogenes isolate. Bacterial isolate genomes contained
varying numbers of prophages, ranging from 1 prophage in
isolate Surv186 to 12 prophages in isolate 1665 (Table 1,
Fig. 1, and Supplementary Table S1). We found no

TABLE 1. BACTERIAL ISOLATES USED IN THIS STUDY

Genome Used for

length phage
Isolate Species (bp) %GC MEM CZA screening CRISPR £ Prophages References
607 Enterobacter cloacae 4,580,599  55.6 S S Yes — 2 This study
608 E. cloacae 4,862,673 55.5 S S Yes + 4 This study
609 Enterobacter 5,184,790 54.8 S S Yes — 4 This study

dissolvens

649 E. cloacae 4,909,029 55.0 S S Yes + 6 This study
955 Klebsiella aerogenes 5,152,230  55.1 R S Yes + 3 This study
971 E. cloacae 4,887,763 55.3 S S Yes — 5 This study
973 E. cloacae 4,733,519 555 S S Yes + 3 This study
1665 Enterobacter kobei 5,399,822  54.7 S S Yes - 12 This study
Survi86 E. cloacae 4,568,799  55.7 I S Yes - 1 3
Survl96 E. cloacae 4,623,312 557 R R No - 1 3
Ent634  E. cloacae 4,957,562 55.4 S S Yes + 5 3
Ent630  E. cloacae 4,958,359 55.4 R R No + 5 3

CRISPR, clustered regularly interspaced short Pzalindromic repeats; CZA, ceftazidime—avibactam; MEM, meropenem; S/I/R, sensitive/

intermediate/resistant according to CLSI criteria.
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FIG. 1.

Genome phylogeny of 10 clinical Enterobacter spp.
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isolates used for bacteriophage screening. The core genome

phylogeny was built with RAXML and is annotated with isolate name, species, presence of CRISPR-Cas genes (black,
present; white, absent), and the number of predicted prophages in each isolate genome. CRISPR, clustered regularly

interspaced short palindromic repeats.

significant difference between the presence or absence of
CRISPR-Cas genes and the number of prophages present in
an isolate’s genome (two sample ¢-test, [log-transformed]
p=0.72); however this may be due to a small sample size.

Bacteriophage genomic analysis

To determine the genetic diversity of the isolated bac-
teriophages, genomic DNA was extracted from each phage
and was sequenced on the Illumina platform. We analyzed
the genome length, GC content, predicted family, and pre-
dicted subfamily of each isolated phage (Table 2). Overall,
we isolated 12 bacteriophages from three different families
(Myoviridae, Autographiviridae, and Siphoviridae) and three
different subfamilies (Table 2). When broken up by water
source, there were subtle differences among the diversity of
phages isolated.

Of the seven bacteriophages isolated from hospital waste-
water, four belonged to the Myoviridae family and the
Tevenvirinae subfamily (Table 2). Two Autographiviridae
and one Siphoviridae phage were also isolated from hospital
wastewater. Among the five phages isolated from munici-
pal wastewater, two Myoviridae phages were isolated that
were also predicted to belong to the Tevenvirinae subfam-
ily, as well as three Autographiviridae phages predicted to
belong to the Slopekvirinae and Studiervirinae subfamilies
(Table 2).

We compared the genomes of all isolated phages to one
another, and found that although overall genetic diversity was
high between different phages, some phages were genetically
similar to one another (Fig. 2). The Myoviridae phages
ENC22 and ENC25 were very similar, despite being isolated
on different bacterial host species (Table 2). Both phages
also showed moderate similarity to ENC7 and weak simi-
larity to ENC19 and ENC20.

The final Myoviridae phage, ENC9, showed no nucleotide
similarity to the other Myoviridae phages, despite belonging
to the same predicted subfamily. Among the Autographi-
viridae phages we isolated, ENC2-2 and ENC31 were only
moderately similar to one another, even though they were
isolated on the same host isolate and both were isolated from
hospital wastewater. None of the other Autographiviridae
phages showed nucleotide similarity with one another.

We also analyzed the gene contents of the isolated phages
to evaluate their potential utility for the treatment of clinical
Enterobacter spp. infections. The single Siphoviridae phage
we isolated (ENC13) encoded a predicted phage integrase as
well as a predicted phage repressor protein, suggesting that
this phage is capable of undergoing lysogeny. No other
phages were found to encode genetic markers of lysogeny.
We also searched for predicted antibiotic resistance, viru-
lence, and toxin—antitoxin system genes in all phage geno-
mes, and did not find any such genes in the genomes of any
phages we isolated. These data suggest that with the excep-
tion of phage ENC13, the phages we isolated could be con-
sidered for potential use in phage therapy.

Bacteriophage host range

Since bacteriophages often have unique ranges of bacterial
hosts that they can infect, we determined the host range of
each isolated phage by calculating the titer of each phage
against each Enterobacter isolate (Fig. 3). All but one phage
(ENC2-2) could lyse multiple isolates, and five phages were
able to lyse five or more isolates (Fig. 3). Nine phages were
able to infect isolates belonging to different species, and
five phages infected Enterobacter spp. as well as K. aero-
genes (Fig. 3). In general, the Myoviridae phages we isolated
were able to infect more clinical isolates compared with the
Autographiviridae and Siphoviridae phages.

Myoviridae phages isolated from hospital wastewater
(ENC7, ENC9, ENC22, and ENC25) were able to infect more
isolates compared with Myoviridae phages isolated from
municipal wastewater. One bacterial isolate (E. dissolvens
609) was unable to be infected with any of the isolated
phages. Without other E. dissolvens isolates available for
comparison, it is unclear whether the phage resistance in
this isolate is strain or species specific. We compared
phage infectivity between isolates with and without
CRISPR loci, and found no significant difference in the
number of bacteriophages able to infect the isolates in
either group (two sample r-test, p=0.39). Likewise, no
correlation was found between the number of prophages
in an isolate’s genome and the number of bacteriophages
able to infect that isolate (Spearman correlation test,
p=0.45).
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TABLE 2. GENOMIC DIVERSITY OF 12 ENTEROBACTER-TARGETING BACTERIOPHAGES

Predicted subfamily  Predicted genus

Source Host isolate Host species Genome length (bp) %GC  Predicted family

Phage

Tevenvirinae

Myoviridae

44.5

181927
179729
178940

Enterobacter cloacae

E. cloacae
E. cloacae

973
973
Surv186

Municipal wastewater

ENC20
ENCI19

Tevenvirinae

Myoviridae

44.6

Municipal wastewater

Tevenvirinae

Myoviridae

44.9

Hospital wastewater

ENC7

Tevenvirinae
Tevenvirinae

Myoviridae

44.9

178942
178842
173639

Enterobacter kobei

E. cloacae

1665

Hospital wastewater

ENC22
ENC25
ENC9

Myoviridae

449

607
Surv186

Hospital wastewater

Tevenvirinae

Myoviridae

40.1

E. cloacae
E. cloacae
E. cloacae
E. cloacae

Hospital wastewater

Slopekvirinae Koutsourovirus

51.9  Autographiviridae

43486

971
649
649
955
973
Ent634

Municipal wastewater

ENC16
ENC31

Kayfunavirus

Studiervirinae

52.1  Autographiviridae

40200
40193

Hospital wastewater

ENC2-2 Hospital wastewater

Kayfunavirus

Studiervirinae

Autographiviridae

52.1

Przondovirus
Teetrevirus

Studiervirinae

52.6

39996
38849
46484

ENC14
ENCI18
ENCI13

Autographiviridae

Klebsiella aerogenes

E. cloacae
E. cloacae

Municipal wastewater
Municipal wastewater

Studiervirinae

50.4

Autographiviridae

Siphoviridae

51.8

Hospital wastewater
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FIG. 2. Nucleotide similarity between 12 isolated
Enterobacter-targeting phages. Phages are organized by
predicted family, which are labeled to the left. Phage geno-
mes were compared with one another using nucleotide
BLAST to determine sequence coverage and nucleotide
identity for each pairwise comparison. Coverage and iden-
tity values were multiplied to calculate the nucleotide sim-
ilarity for each comparison. Similarity values range from
0% to 100%, and are shown with green shading (darker
shading indicates higher similarity).

Bacteriophage infectivity
of ceftazidime—avibactam-resistant isolates

Two of the E. cloacae isolates used for phage isolation
(Surv186 and Ent634) were collected from patients that sub-
sequently develoPed ceftazidime—avibactam-resistant infec-
tions (Table 1). ' In both cases, resistance was due to
mutations in the R2 loop of the AmpC beta-lactamase. The
phage susceptibilities of the ceftazidime—avibactam-resistant
isolates (Surv196 and Ent630, respectively) were determined
and were compared with the susceptibilities of the corre-
sponding parent isolates (Fig. 4A).

Between Surv186 and Surv196, we found that overall
phage infectivity was correlated between the parent and
ceftazidime—avibactam-resistant isolates, as most bacterio-
phages had comparable infectivity against both isolates
(Fig. 4A; Spearman correlation test of log-transformed titers
p=0.041). Conversely, we observed different phage infec-
tivity profiles between Ent634 and Ent630, with the
ceftazidime—avibactam-resistant Ent630 isolate being overall
more susceptible to bacteriophage infection than Ent634
(Fig. 4A). Phage infectivity of Ent634 was not significantly
correlated with infectivity of Ent630 (Spearman correlation
test of log-transformed titers p =0.13), further suggesting that
there was a difference between the phage infectivity in these
two isolates.

Examination of mutations in the genome of Ent630 com-
pared with Ent634 revealed a mutation (Val404Ala) in the
tyrosine kinase wzc, which is part of the predicted capsular
polysaccharide biosynthetic operon.?>*® To look for a differ-
ence in capsular polysaccharide production between Ent634
and Ent630, both isolates were grown on eosin methylene
blue agar, which revealed differences in overall colony size
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FIG. 3. Hostrange of isolated Enterobacter-targeting bacteriophages. Logq rates of infectivity (PFU/mL) of each isolated
bacteriophage against each Enterobacter spp. isolate are shown. Larger numbers and darker shading indicate a greater
ability to infect an isolate. Blank entries indicate no lytic activity. Outlined values indicate the initial host isolate of each

bacteriophage. PFU/mL, plaque-forming units per mL.

and color between the isolates (Fig. 4B). These data sug-
gest that the wzc mutation identified in the ceftazidime—
avibactam-resistant Ent630 isolate may have caused alterations
in capsular polysaccharide production, which likely impacted
phage susceptibility. In this case, the capsular polysaccharide
alterations appear to have increased the phage susceptibility
of the ceftazidime—avibactam-resistant derivative isolate.

Patient A Patient B

Ent634 Ent630

A
Phage Family ~ Phage D
ENC20

ENC19
ENC7
ENC22
ENC25
ENC9

ENC16
ENC31
ENC2-2
ENC14
ENC18

Siphoviridae — ENC13

Surv186 Surv196
6.5

4.0

Myoviridae

Autographiviridae

Ent634 (wild type)

FIG. 4. Differences in bacteriophage infectivity and col-
ony morphology between pairs of ceftazidime—avibactam-
susceptible and resistant Enterobacter cloacae isolates from
two different patients. (A) Phage infectivity against Surv186
versus Surv196 (Patient A) and Ent634 versus Ent630
(Patient B). Spearman correlation test of phage infectivity
for Patient A (log-transformed) p=0.041; Patient B (log-
transformed) p=0.130. (B) Colony morphology of isolates
from Patient B grown on EMB agar. The genome of isolate
Ent630 encodes a V404A mutation in the capsular poly-
saccharide biosynthetic operon tyrosine kinase wzc. EMB,
eosin methylene blue.

Discussion

In this study, we isolated 12 bacteriophages that could
target a panel of 10 genetically distinct Enterobacter spp.
clinical isolates in vitro. These phages constitute a promising
start toward Enterobacter phage therapy efforts. Although
the current status of Enterobacter spp. bacteriophage
research is rather limited, our findings are in line with other
studies of Enterobacteriaceae phages, which suggest that
phages have high potential as an effective therapy to treat
antibiotic-resistant infections.?’ 3¢ Furthermore, our find-
ings are also consistent with prior reports of phages working
in concert with antibiotics to improve bacterial killing.*'~*

Because we used a diverse panel of bacterial host isolates,
we identified a variety of genetically distinct phages that
could infect these isolates. Out of the 12 phages we isolated,
most were predicted to belong to either the Myoviridae or
Autographiviridae families. Although previous research on
Enterobacter phages is limited, a prior study also found
Enterobacter phages belonging to the Myoviridae family.*?
The same study also found Myoviridae E)hages to have a
broad host range across Enterobacter spp.>

Autographiviridae phages targeting Enterobacter spp.
have not been previously described in the literature; however,
the genomes of several Autographiviridae phages isolated on
Enterobacter spp. have been deposited in the NCBI database,
and they have also been described for other pathogens.***’
One prior study found Enterobacter phages belonging to the
Siphoviridae family,36 which is in agreement with our results.

We found that many phages could infect Enterobacter spp.
isolates belonging to different species. Many of the phages
we isolated against E. cloacae were also able to target
E. kobei, and a few phages were also active against
K. aerogenes, although with lower titers. Similarly, ENC14
was isolated against K. aerogenes, and although it also
showed activity against E. kobei and E. cloacae, titers were
greatly reduced against these other species. The single
E. dissolvens isolate tested was not susceptible to any of the
phages that were isolated. No literature exists on E. dis-
solvens bacteriophages, so it is unclear whether or not the
phage resistance we observed is a general property of
E. dissolvens, or is specific to the single isolate that we tested.

Because the CRISPR-Cas system is one way that bacte-
ria can defend themselves from bacteriophage infection,”’
we expected to find a correlation between the presence of
CRISPR genes and the number of bacteriophages able to
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infect a given isolate. Likewise, because prophages are inte-
grated into their hosts genome, they can limit bacteriophage
infection by altering host mechanisms to Prevent other pha-
ges from integrating into the same host.”®* However, we
found no correlation between CRISPR presence and pro-
phage abundance, nor between either of these measures and
bacteriophage infectivity in our study.

Although these results did not necessarily align with our
expectations, the small number of isolates studied here likely
limited our ability to detect such associations. In addition,
phage susceptibility may be determined by the gene content
of prophages, not just their abundance.” Further studies
would be needed to determine whether CRISPR presence
and prophage abundance are correlated, or not, with phage
susceptibility in Enterobacter spp.

One clinically relevant question that we asked in this study
was whether the evolution of ceftazidime—avibactam resistance
in Enterobacter spp. also resulted in changes in phage suscep-
tibility. In two separate cases where E. cloacae isolates evol-
ved ceftazidime—avibactam resistance in vivo, we found either
no difference or an increase in phage susceptibility among
ceftazidime—avibactam-resistant isolates compared with their
susceptible parent isolates. In the case of increased phage sus-
ceptibility in the resistant isolate, we identified a mutation in
the tyrosine kinase wzc, which is part of the capsular polysac-
charide biosynthetic operon.'"** Specifically, wzc serves as a
master regulator for both polymerization and translocation of
the capsular polysaccharide across the outer membrane.*®

A recent study of Klebsiella pneumoniae-targeting phages
found that in vitro evolved phage resistance was often asso-
ciated with wzc disruption and a resulting loss of capsular
polysaccharide,*' whereas here we found that wzc mutation
was associated with increased phage susceptibility. The wzc
mutation we identified in Ent630 is unique and has not been
previously observed in sequenced Enterobacter spp. genomes.
When we compared the colony morphology of this isolate
with that of its parent isolate, we saw that colonies of the
resistant Ent630 isolate were smaller and differently colored,
suggesting differences in capsule production in this isolate.
Because bacterial capsule content can impact phage suscep-
tibility,** we suspect that altered capsule production in Ent630
likely enables its increased phage susceptibility. Confirming
this link will be a focus of our future study in this area.

There were several limitations in this study. Our study was
limited by a small sample size, and we were unable to identify
associations between CRISPR or prophage presence and
phage susceptibility. We isolated phages from wastewater
sampled in only two locations, and it is likely that additional
testing of wastewater from other locations as well as other
types of samples would yield different phages than the
those we describe here. In addition, although our finding that
the E. dissolvens isolate we tested was completely phage
resistant may be noteworthy, we do not have an explanation
for why this might be.

Finally, we only tested two ceftazidime—avibactam-
resistant isolates, thus it is unclear how applicable our results
are to the treatment of multidrug-resistant Enterobacter spp.
more generally. Nonetheless, our findings are consistent with
other studies that have shown evidence for phage—antibiotic
synergy,* ™ where increased drug resistance sometimes
comes at a fitness cost to the bacteria, making them more
susceptible to phage.

FINNEY ET AL.

Conclusion

Overall, we find that lytic Enterobacter-targeting bacterio-
phages have promise as potential therapeutics for antibiotic-
resistant Enterobacter spp. infections. We believe that
bacteriophages constitute a potentially useful tool to combat
the growing morbidity and mortality due to these infec-
tions. Furthermore, the preemptive isolation of bacterio-
phages that target Enterobacter spp. could be a viable
approach for treating infections that are likely to develop
antibiotic resistance.
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