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Abstract 

Weberviruses are bacteriophag es (phag es) that can infect and lyse clinically relevant, multidrug-resistant (MDR) strains of Klebsiella . 
They are an attractive therapeutic option to tackle Klebsiella infections due to their high burst sizes, long shelf life, and associated 

de pol ymer ases. In this study, w e isolated and c har acterized se ven ne w l ytic pha ges and compar ed their genomes with those of their 
closest r elati v es. Gene-sharing network, ViPTr ee pr oteome, and terL gene-sequence-based anal yses incorporating all pub licl y av aila b le 
webervirus genomes [ n = 258 from isolates, n = 65 from metagenome-assembled genome (MAG) datasets] confirmed the seven phages 
as members of the genus Webervirus and identified a novel genus ( Defiantjazzvirus ) within the family Drexlerviridae . Using our curated 

database of 265 isolated phage genomes and 65 MAGs ( n = 330 total), we found that weberviruses are distributed globally and primarily 
associated with samples originating from the gut: se wage (154/330, 47%), waste water (83/330, 25%), and human faeces (66/330, 20%). 
We identified three distinct clusters of potential de pol ymerases encoded within the 330 genomes. Due to their global distribution, 
frequency of isolation and lytic activity against the MDR clinical Klebsiella strains used in this study, we conclude that weberviruses 
and their de pol ymerases show promise for development as therapeutic agents against Klebsiella spp. 

Ke yw ords: microbiota; comparati v e genomics; environment; metagenome-assembled genomes; Klebsiella pneumoniae 
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Introduction 

Members of the Klebsiella pneumoniae species complex are oppor- 
tunistic pathogens that can cause serious hospital-acquired in- 
fections and are major contributors to global deaths associated 

with antimicrobial resistance (Antimicrobial Resistance Collabo- 
r ators 2022 ). Carba penem-r esistant isolates of K. pneumoniae ar e 
resistant to a range of frontline β-lactam antibiotics (Antimicro- 
bial Resistance Collaborators 2022 , Tsang et al. 2024 ). The diffi- 
culty of treating infections caused by such isolates with conven- 
tional antibiotics has resulted in the investigation of new thera- 
peutic modalities, including bacteriopha ges (pha ges; viruses that 
infect and often kill bacteria) and their gene products (Herridge 
et al. 2020 ). To r ealize the potential of pha ge ther a py, it is impor- 
tant to compr ehensiv el y c har acterize pha ges with clinical poten- 
tial. Pr e viousl y we isolated Webervirus KLPN1 from the caecum of 
a healthy female, along with its host K. pneumoniae subsp. pneu- 
moniae L4-FAA5 (Hoyles et al. 2015 ). In the current study, we suc- 
cessfully identified seven new re presentati ves of the genus We- 
bervirus using L4-FAA5 and m ultidrug-r esistant (MDR) clinical iso- 
lates of Klebsiella spp. as isolation hosts . T hese hosts included K.
Recei v ed 7 November 2024; revised 17 April 2025; accepted 17 April 2025 
© The Author(s) 2025. Published by Oxford Uni v ersity Pr ess on behalf of FEMS. This
Commons Attribution License ( https://cr eati v ecommons.org/licenses/by/4.0/ ), whic
medium, provided the original work is properly cited.
neumoniae PS_misc6, which encodes the carbapenem-degrading 
etallo- β-lactamase NDM, and Klebsiella variicola PS_misc5, a 

arba penem-r esistant clinical isolate that encodes the class D β-
actamase OXA-48 (Shibu 2019 ). 

As of 19 January 2025, the genus Webervirus encompassed 100
iffer ent pha ge species [International Committee on Taxonomy 
f Viruses (ICTV)]. With the exception of Webervirus BUCT705 (iso-
ated on Stenotrophomonas maltophila ), all weberviruses described 

o date have been isolated on Klebsiella hosts , and ha v e pr ov en
asy to r ecov er fr om se wa ge, waste water and, occasionall y, in-
estinal contents (Herridge et al. 2020 ). Although Webervirus F20
as originally described as being isolated on Enterobacter aerogenes 

Mishra et al. 2012 ), this bacterium has subsequently been reclas-
ified as Klebsiella aerogenes . Their high burst sizes ( ∼80 pfu/cell
ith a reported range between 27 and 142 pfu/cell) (Fang et al.
022 , Gilcrease et al. 2023 , Zurabov and Zhilenkov 2021 , Li et al.
024 , Senhaji-Kacha et al. 2024 , Ziller et al. 2024 ) and long shelf
ife make weberviruses ideal phages to work with for biotechno-
ogical and clinical applications (Herridge et al. 2020 , Fang et al.
022 ). 
 is an Open Access article distributed under the terms of the Cr eati v e 
h permits unrestricted reuse, distribution, and reproduction in any 
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Curr entl y, mor e than 130 differ ent ca psule types (K types) have
een identified for K. pneumoniae by genetic analysis (Follador et
l. 2016 ). Specific K. pneumoniae capsule types are strongly associ-
ted with virulence. For example, hypervirulent K. pneumoniae iso-
ates are typically associated with capsule types K1, K2, K16, K28,
57, and K63 (Mizuta et al. 1983 , Kabha et al. 1995 , Yu et al. 2008 ,
ee et al. 2016 , Marr and Russo 2019 ). Additionall y, ca psule pr o-
uction by Klebsiella spp. has been implicated in protection from
omplement-mediated lysis and is recognized to play an impor-
ant role in biofilm formation (Alv ar ez et al. 2000 , Jensen et al.
020 ). Capsule type has also been shown to be a major determi-
ant of host tropism in Klebsiella pha ges (Beam ud et al. 2023 ). Bac-
erial capsules are known to prevent phage attachment by mask-
ng cell-surface-associated receptor proteins (Scholl et al. 2005 ,
unstan et al. 2021 ). To overcome this physical barrier, phages en-
ode enzymes—fr equentl y r eferr ed to as depol ymer ases—that se-
ectiv el y degr ade pol ysacc harides or pol ypeptides that comprise
he bacterial capsule (Hoyles et al. 2015 , Majkowska-Skrobek et
l. 2016 , Dunstan et al. 2021 , Pertics et al. 2021 , Cai et al. 2023 ).
eberviruses tend to have narrow host ranges (Hoyles et al. 2015 ,

ertics et al. 2021 ). Howe v er, our pr e vious (and ongoing) work has
uggested that their depol ymer ases can degr ade the ca psules of
on-host Klebsiella spp. (Hoyles et al. 2015 ). Depol ymer ase activ-

ty is common to weberviruses, and is being activ el y inv estigated
s a tool to hydr ol yse ca psules of Klebsiella spp. that often hin-
er or make treatment with antimicrobials difficult (Majkowska-
krobek et al. 2016 , Cai et al. 2019 , Pertics et al. 2021 ). For example,
he webervirus depol ymer ase Depo32 has been shown to protect

ice from otherwise lethal K. pneumoniae infections in a mouse
odel of disease (Cai et al. 2023 ). In addition, a webervirus (P39)

as r ecentl y been used in combination with another l ytic pha ge
P24, Przondovirus ) to decolonize mice of carba penem-r esistant K.
neumoniae (Fang et al. 2022 ). 

Here, we describe our new webervirus phages and their lytic
nd depol ymer ase activities a gainst clinical MDR Klebsiella spp.,
nd compare their genomes with those of their closest rela-
ives . T he increased ease with which metagenome-associated
iruses can be interrogated via PhageClouds (Rangel-Pineros et al.
021 ) and NCBI also led us to determine whether weberviruses
r e r eadil y detectable within r ecent meta genome-deriv ed pha ge
atasets. 

ethods 

acterial strains 

etails of all Klebsiella strains included in this study are given
n Table 1 . The antimicrobial resistance profiles of the isolates,
etermined according to EUCAST guidelines as described pr e vi-
usly (Shibu et al. 2021 ), can be found in Supplementary Table
 . 

ener a tion of sequence data for bacterial isolates
enomes for clinical strains included in this study were generated
s described pr e viousl y (Shibu et al. 2021 ). Illumina and Oxford
anopor e Tec hnologies sequence data for K. pneumoniae L4-FAA5
er e gener ated by micr obesNG (Birmingham, UK) as described
r e viousl y (Ne wberry et al. 2023 ). CheckM2 v0.1.3 (Chklovski et al.
022 ) was used to confirm the quality (in terms of completeness
nd contamination) of all assembled genomes. Kleborate v3.1.2
Wyres et al. 2016 , Lam et al. 2021 ) was used to assign sequence
ypes (STs), and capsule (K) and lipopolysaccharide (O) types to
enomes. 
solation and pr opa gation of phages 

ilter-sterilized se wa ge samples wer e scr eened for pha ges as de-
cribed pr e viousl y (Smith-Zaitlik et al. 2022 ) using Klebsiella str ain
4-FAA5, PS_misc5 or PS_misc6 as inoculum (Table 1 ). Pure phage
toc ks wer e pr epar ed fr om pha ge-positiv e samples as described
r e viousl y (Hoyles et al. 2015 ). 

solation of phage DNA 

hages vB_KpnS-KLPN2, vB_KpnS-KLPN3, and vB_KpnS-KLPN4
er e pr ecipitated fr om 100 ml of eac h l ysate as described pr e-
iously (Hoyles et al. 2015 ). Phages vB_KvaS-KLPN5, vB_KvaS-
LPN6, vB_KvaS-KLPN7 and vB_KpnS-KLPN8 were concentrated
nd DNA extracted as described previously (Smith-Zaitlik et al.
022 ). 

ransmission electron microscopy 

r ansmission electr on micr ogr a phs (TEMs) of pha ges vB_KpnS-
LPN2, vB_KpnS-KLPN3, and vB_KpnS-KLPN4 were generated
s described pr e viousl y (Hoyles et al. 2015 ). TEMs for phages
B_Kv aS-KLPN5, vB_Kv aS-KLPN6, vB_Kv aS-KLPN7, and vB_KpnS-
LPN8 were generated and analysed as described previously

Smith-Zaitlik et al. 2022 ). 

hage genome sequencing, assembly, and 

nnotation 

ssembled genomes (from Illumina short-read sequences) for
hages vB_KpnS-KLPN2, vB_KpnS-KLPN3, and vB_KpnS-KLPN4
er e gener ated by micr obesNG (Shibu et al. 2021 ). For pha ges
B_Kv aS-KLPN5, vB_Kv aS-KLPN6, vB_Kv aS-KLPN7, and vB_KpnS-
LPN8, sequence data were generated on an Illumina MiSeq at
ottingham Tr ent Univ ersity (Smith-Zaitlik et al. 2022 ). Quality of

aw sequence data was assessed using FastQC v0.11.9. Reads had
 mean phred score above 30 and no adapter contamination, so
ata were not trimmed. 

All genomes were assembled using SPAdes v3.13.0 (default set-
ings) (Banke vic h et al. 2012 ), and visualized to confirm circular-
zation of genomes using Bandage v0.8.1 (Wick et al. 2015 ). CheckV
1.0.1 (c hec kv-db-v1.5; Nayfac h et al. 2021a ) was used to deter-
ine contamination and completeness of the genomes. Genes in

ll phage genomes included in this study ( Supplementary Table
 ) were predicted and annotated using Pharokka v1.6.1 (v1.4.0
atabases) (Bouras et al. 2023 ). 

omparison of webervirus genomes 

iPTree v4.0 (Nishimura et al. 2017 ) was used to determine
hether the se v en pha ge genomes wer e closel y r elated to pr e-
iousl y described double-str anded DNA viruses. Based on our
nitial findings (not sho wn), w e curated a list of all known we-
ervirus sequences available from NCBI GenBank on 19 January
025. We also identified unclassified weberviruses and closely re-
ated phage in NCBI using the INPHARED database (1 January 2025
ataset; Cook et al. 2021 ) and vConTACT v2.0 ( Supplementary
able 2 ). 

dentification of weberviruses in metagenomic 

atasets 

e used PhageClouds (Rangel-Pineros et al. 2021 ) to identify
 elativ es of weberviruses in metagenome-assembled genome
MAG) datasets. PhageClouds is an online resource that allows
 esearc hers to search a reference dataset of ∼640 000 phage
enomes for phages with genomes related to query sequences.

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf043#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf043#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf043#supplementary-data
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he genome of Webervirus KLPN1 was searched against the
hageClouds database with a threshold of 0.15, as we had
r e viousl y looked for r elativ es of this phage in metagenomic
atasets and are interested in gut-associated phage communi-
ies (Hoyles et al. 2015 ). The nucleotide sequences of the rele-
 ant pha ge MAGs (fr om Gr egory et al. 2020 , Camarillo-Guerr er o
t al. 2021 , Tisza and Buck 2021 ) were recovered from the relevant
atasets. 

Additionally, w ebervirus MAGs w ere identified using a search
f the NCBI nucleotide database for Bacteriophage sp. [search term:
txid38018) AND MAG]; the sequences ( n = 8138) were filtered for
enomes of between 30 Kbp and 60 Kbp in length ( n = 2540):
enes were predicted using Prodigal v.2.6.3 (Hyatt et al. 2010 ),
nd the proteomes added to the INPHARED database and anal-
sed using vCONTact2. CheckV was used (as described above) to
etermine contamination and completeness of the MAG dataset
 Supplementary Table 3 ). 

The MAG sequences were analysed using ViPTree v4.0 to con-
rm their affiliation with the gen us Webervirus . The y were also
nnotated with Pharokka and included in a vConTACT2 analy-
is with our curated set of webervirus genomes . T he genomes
f all weberviruses were compared with one another using
axmyPHAGE v0.3.3, which uses a Python implementation of the
IRIDIC algorithm to calculate intergenomic genomic similarities

Millard et al. 2024 ). The matrix cr eated fr om the similarity values
as visualized using tidyheatmaps v0.2.1 (Mangiola and P a pen-

uss 2020 ). 

hylogenetic relationships among weberviruses 

ucleotide sequences of the large-subunit terminase ( terL ) genes,
r edicted by Phar okka, wer e used to create a multiple-sequence
lignment (Clustal Omega 1.2.2 implemented in Geneious Prime
2024.0.5; options—group sequences by similarity, 5 representa-
iv e iter ations). This alignment was used to create a bootstr a pped
100 r eplicates) maxim um-likelihood tr ee (PhyML v3.3.20180621,
C69 algorithm). 

istribution of weberviruses 

he distribution of weberviruses was determined by identifying
he source and geogr a phical location information for the GenBank
enomes (including our se v en ne w genomes; Supplementary
able 2 ) and the MAGs ( Supplementary Table 3 ). Data were ag-
regated based on isolation source or geographical location, with
hese latter data visualized using the R pac ka ge rworldma p v1.3.8
South 2011 ). 

ost prediction for MAGs 

he CRISPR Spacer Database and Exploration Tool (Dion et al.
021 ) and HostPhinder 1.1 (Villarroel et al. 2016 ) were used to
redict hosts for the weberviruses recovered from metagenomic
atasets. MAGs were also subject to a BLASTN search against the
nified Human Gastrointestinal Genome (UHGG) CRISPR spacer
atabase according to Nayfach et al. ( 2021b ). For this, a BLASTN
atabase was created from 1846 441 spacers from 145 053 CRISPR
rr ays fr om 79 735 UHGG genomes (Nayfac h et al. 2021b ). Spac-
rs w ere sear ched against viral genomes using BLASTN from
he blast + pac ka ge v.2.12.0 (options: -dust = no; -w or d-size = 18);
 maximum of one mismatch or gap was allowed over ≥95% of
he spacer length. iPHoP v1.3.3 (Roux et al. 2023 ), an automated
ommand-line pipeline for predicting host genus of novel bacte-
iopha ges and arc haeoviruses based on their genome sequences,
as also used to analyse the MAGs. 
dentification of potential depolymerases among 

eberviruses 

 BLASTP database was created using amino acid sequences
r om experimentall y v alidated webervirus depol ymer ases, and a
LASTP sear ch w as run versus all webervirus genomes. Sequences
sed to build the BLAST database are available from figshare

doi:10.6084/m9.figshare.28603070). Clustal Omega v1.2.2 align-
ents wer e cr eated in Geneious Prime (default settings; 2024.0.5).

AxML v 8.2.11 (-m PROTGAMMABLOSUM62 -f a -x 1 -N 100 -p 1)
as used to generate a bootstr a pped (100 r eplicates) maxim um-

ikelihood tree from the multiple-sequence alignment. 

esults 

e ven ne w w eberviruses l yse a r ange of clinicall y
ele v ant Klebsiella spp.
e v en pha ges wer e isolated on two differ ent str ains of K. pneu-
oniae subsp. pneumoniae (L4-FAA5–vB_KpnS-KLPN2, vB_KpnS-
LPN3, vB_KpnS-KLPN4; PS_misc6–vB_KpnS-KLPN8) and one
tr ain of K. v ariicola subsp. v ariicola (PS_misc5–vB_Kv aS-KLPN5,
B_Kv aS-KLPN6, vB_Kv aS-KLPN7). All our se wa ge samples yielded
lebsiella -infecting pha ges. Str ain L4-FAA5 (K2: O1ab, ST380) was
riginally isolated from human caecal effluent along with We-
ervirus KLPN1 (Hoyles et al. 2015 ), while strains PS_misc5 (K81:
13, ST1737-1LV) and PS_misc6 (untypeable: O2a, ST716) were
art of a collection ( n = 36) of clinical MDR and/or carbapenem-
esistant Klebsiella isolates currently being used in our laboratory
n pha ge-r elated and other studies (Shibu 2019 ) ( Supplementary
able 1 ). 

TEM sho w ed the se v en pha ges had a mean ca psid diameter of
7.5 nm and a mean tail length of 157.5 nm ( Supplementary Fig. A
. Host-r ange anal ysis sho w ed the se v en pha ges had differ ent
nfection profiles (Table 1 ). KLPN1, our original webervirus iso-
ated on K. pneumoniae L4-FAA5 (Hoyles et al. 2015 ), was included
n analyses for comparative purposes. KLPN1, vB_KpnS-KLPN2,
B_KpnS-KLPN3, and vB_KpnS-KLPN4 completel y l ysed some, but
ot all, clinical isolates of K. pneumoniae with capsule: O antigen
ypes K52: O13 and K64: O1ab. K2: O1ab isolates alone were in-
ected by KLPN1 and vB_KpnS-KLPN2 to vB_KpnS-KLPN4, though
B_KpnS-KLPN4 was unable to infect one of the K2: O1ab strains
PS_Kpn13). Only on strain L4-FAA5 (K2: O1ab), isolated from hu-

an caecal effluent, was str ong depol ymer ase activity observ ed
ith phages KLPN1 and vB_KpnS-KLPN2. Hazy lysis of strain
S_Kpn24 (K2: O1ab) was observed with phages vB_KvaS-KLPN5,
B_KvaS-KLPN6 and vB_KvaS-KLPN7. Phages vB_KvaS-KLPN5 to
B_KvaS-KLPN7 sho w ed str ong l ytic and depol ymer ase activity on
. variicola PS_misc5 (K81: O13) alone, while vB_KpnS-KLPN8 lysed
. pneumoniae PS_misc6 (untypeable capsule: O2a) with depoly-
erase activity on this host. 

enome-based analyses of publicly available 

equence data triples the number of 
uthentica ted w ebervirus genomes 

andage (data not shown) and CheckV ( Supplementary Table 2 )
nalyses confirmed the genomes of vB_KpnS-KLPN2, vB_KpnS-
LPN3, vB_KpnS-KLPN4, vB_KvaS-KLPN5, vB_KvaS-KLPN6,
B_KvaS-KLPN7 and vB_KpnS-KLPN8 w ere cir cular and complete.
one of the genomes was contaminated. An initial online ViPTree
nalysis sho w ed vB_KpnS-KLPN2, vB_KpnS-KLPN3, vB_KpnS-
LPN4, vB_Kv aS-KLPN5, vB_Kv aS-KLPN6, vB_Kv aS-KLPN7, and
B_KpnS-KLPN8 belonged to the genus Webervirus (data not
hown). All publicly available webervirus genomes (available as

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf043#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf043#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf043#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf043#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf043#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf043#supplementary-data
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Figure 1. ViPTr ee-gener ated phylogenetic analysis of the family Drexlerviridae . The genus Webervirus is represented by 330 genomes . T he names of our 
se v en ne wl y identified weberviruses ar e shown in white bold text. A potentiall y nov el genus ( Defiantjazzvirus ) was identified during the cur ation of our 
dataset. T he colours co vering the virus names r epr esent taxa within the famil y Drexlerviridae ; the outgr oup has been collapsed to aid visualization. The 
tr ee (ViPTr ee bionj) was r ooted at the midpoint. 
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of 19 January 2025) were downloaded from GenBank to allow 

comparison with our ne wl y sequenced phages and for inclusion 

in the INPHARED vCONTact2 database if not already included in 

the 1 January 2025 release. Among the other 264 genomes from 

phage isolates included in this study, 226 were of high quality, 43 
were complete and two were of medium quality; none of these 
genomes was contaminated. 

In addition, we used PhageClouds to identify potential we- 
bervirus MAGs. Fifty-four of the PhageClouds hits r epr esented 

MAGs derived from the Gut Phage Database (GPD) (Camarillo- 
Guerr er o et al. 2021 ), six were from the Cenote Human Virome 
Database (CHVD) (Tisza and Buck 2021 ), and two were from 

the Gut Virome Database (GVD) (Gregory et al. 2020 ). MAG 

Ma_2019_SRR413710_NODE_378_length_50 715_cov_48.086538 
from the GVD was identical to uvig_330 395 from the GPD 

(Camarillo-Guerr er o et al. 2021 ) so was r emov ed fr om further 
anal yses [Pha geClouds scor es identical, 100% pairwise identity 
as assessed using VIRIDIC; an unsurprising finding as both MAGs 
ar e deriv ed fr om the same dataset (Ma et al. 2018 )]. Similarly, two 
MAGs from the GPD were also found to be identical: uvig_314 355 
and uvig_315 584 were high-quality genomes both derived from 

the same four samples [SRR1952259, SRR1162648, SRR1162662, 
SRR1162654 (Tisza and Buck 2021 )]; only uvig_314 355 was re- 
ained for further analyses. Our inclusion of NCBI genomes 
isted as Bacteriophage sp. in a vCONTact2 analysis with the
NPHARED database identified a further five potential webervirus 

AGs r ecov er ed fr om faecal samples in Ja pan (Nishijima et
l. 2022 ). In total, our dataset included 65 MAGs . T he MAGs
 anged fr om 10 230 to 55 276 nt (mean 42 392 nt) in length
 Supplementary Table 3 ). Forty-se v en of the 65 MAGs were
etermined to be complete or of high-quality (CheckV). Eight 
ere of medium-quality and 10 were low quality, r epr esenting
enome fr a gments ( Supplementary Table 3 ). None of the MAGs
as contaminated. 
In addition to the 100 recognized weberviruses included in the

CTV and our se v en ne w w eberviruses, w e identified 158 more
ebervirus genomes in NCBI and 65 webervirus MAGs . T he 265
eberviruses isolated on bacteria mostly infected K. pneumoniae 

 Supplementary Fig. B ). A ViPTree analysis confirmed the affilia-
ion of our 330 genomes with the genus Webervirus (Fig. 1 ). The
ebervirus genomes often clustered based on geogr a phical origin,

rr espectiv e of whether they came from phage isolates or MAGs
Fig. 1 ). 

The monophyletic nature of the genus Webervirus was con- 
rmed by phylogenetic analysis of terL gene sequences (99% boot- 
tr a p support; Fig. 2 A). A gene-sharing netw ork w as created with

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf043#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf043#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf043#supplementary-data
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Figure 2. Further analyses of Drexlerviridae sequence data. (A) Phylogenetic relationships (maximum-likelihood tree) of members of the family 
Drexlerviridae based on analysis of large-subunit terminase ( terL ) nucleotide sequences encoded in phage genomes. Bootstrap values are expressed as a 
percentage of 100 replications; scale bar, mean number of nucleotide substitutions per position; the tree is rooted at the midpoint. (B) 
Gene-network-based analysis of proteomic data for members of the genus Webervirus and their nearest relatives. Full network shown in 
Supplementary Fig. C. (A and B) The legend shown applies to both figures, with isolate and MAG proteomes differentiated in (B). Names of our seven 
ne wl y identified weberviruses are shown in bold white text. 
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ll webervirus genomes included in this study ( Supplementary
able 2 and Supplementary Table 3 ) using vConTACT v2.0 (Bolduc
t al. 2017 , Bin Jang et al. 2019 ) and the INPHARED database
 Supplementary Fig. C ). The netw ork w as filtered based on first
nd second neighbours of webervirus proteomes ( Supplementary
ig. C , Fig. 2 B). The vConTACT-based analysis confirmed findings
r om the ViPTr ee- and terL -based anal yses with r espect to affilia-
ion of weberviruses included in this study. 

VIRIDIC analysis split the weberviruses into eight different
lusters at the genus le v el, with most weberviruses affiliated with
luster 1 ( Supplementary Fig. D , Supplementary Table 4 ). Clus-

ers 3 (uvig_338 855, uvig_63 295), 4 (uvig_346 479, uvig_474 523), 5
SAMN05826713_a1_ct6131_vs1), 6 (uvig_63 387), 7 (uvig_340 901),
 (uvig_334 913), and 9 (SAMN05826713_a1_ct12717_vs 1) were all
ssociated with low-quality MAGs ( Supplementary Table 3 ). MAGs
n these clusters shared < 70% identity with Cluster 1 phages (iso-
ate and MAG genomes). The only other low-quality MAG included
n the analysis (uvig_311 634) was affiliated with Cluster 1 phages,
haring 33%–72% identity with them and highest similarity with
 MAG (uvig_141 073) in this cluster ( Supplementary Table 4 ). 

dentification of a novel genus within the family 

r exler viridae 
ur ViPTree analysis also identified a potential novel genus (re-

erred to as Defiantjazzvirus ) comprising six r epr esentativ es within
he family Drexleviridae and closely related to the genus Webervirus
Fig. 1 ). Analysis of terL gene sequences sho w ed this genus to be

onophyletic (97% bootstr a p support; Fig. 2 A). vConTACT-based
nal ysis demonstr ated that the six genomes associated with Defi-
ntjazzvirus clustered together but separ atel y fr om all other pha ge
roups included in the analysis (Fig. 2 B). VIRIDIC analysis sho w ed
efiantjazzvirus genomes to share 81%–97% genome identity with
ne another and 27%–42% identity with members of the genus
ebervirus ( Supplementary Fig. D , Supplementary Table 4 ). Based

n curr ent r ecommendations, the six genomes (sharing > 70%
ucleotide identity across their full-length genomes) represent
 novel genus comprising five species ( Supplementary Table 4 )
Turner et al. 2021 ). Comparison of the defiantjazzvirus genomes
ith non-webervirus Drexleviridae genomes confirmed the genus
efiantjazzvirus r epr esents a nov el genus within the famil y Drexle-
iridae , with the six defiantjazzvirus genomes sharing between
.2% and 35% genome identity with their closest non-webervirus
 elativ es ( Supplementary Table 5 ). Repr esentativ es of the genus
efiantjazzvirus infect K. pneumoniae , K. michiganensis , and K. oxy-

oca ( Supplementary Table 2 ). 

ebervirus MAGs are predicted to infect 
lebsiella 

o confirm the MAGs w ere w eberviruses that infected Klebsiella
pp., we attempted to predict their bacterial hosts. CRISPR spacers
an be used to predict hosts of unknown phages, as spacers repre-
ent biological records of past phage–bacteria interactions. Each
f the se v en ne w pha ge genomes (nt sequences) we generated
as uploaded to CRISPR Spacer Database and Exploration Tool

Dion et al. 2021 ). None of the phages could be assigned to known
osts using this tool. Using the BLASTN a ppr oac h of Nayfach et al.
 2021b ) with the MAG sequences, only SAMEA2737751_a1_ct5309
ad sufficient cov er a ge; this MAG had two hits to Klebsiella species
 K. pneumoniae and K. v ariicola ). iPHoP pr edicted hosts for 84/330
f the webervirus genomes included in this study; Esc heric hia was
redicted to be the host for 21 of the MAGs and 59 of the isolates
t the genome and genus le v els ( Supplementary Table 6 ). Only
C_049845.1, OR532813.1, OR532891, PQ337355, and PQ519586—
ll r epr esenting isolated pha ges ( Supplementary Table 2 )—wer e
redicted to have a Klebsiella host at the genus level. HostPhin-
er 1.1 (Villarroel et al. 2016 ) was able to predict hosts for our
LPN phages, with all assigned to Klebsiella pneumoniae . Conse-
uently, this tool was used to predict hosts for the Webervirus
AGs ( Supplementary Table 7 ). All were predicted to infect Kleb-

iella . 

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf043#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf043#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf043#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf043#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf043#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf043#supplementary-data
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Figure 3. Distribution of weberviruses (A) Stacked bar graph showing the sources of the 330 webervirus genomes ( n = 265 isolated phages; n = 65 
MAGs). (B) Geogr a phical distribution of 329 of the w ebervirus genomes included in this study (the location information w as not available for one 
isolated pha ge, namel y Klebsiella pha ge 5899STDY8049225). 

g  

G  

i  

f
m  

(  

d  

c  

l  

q  

o  

t

D
S  

p
a  

D
ow

nloaded from
 https://academ

ic.oup.com
/fem

sec/article/101/5/fiaf043/8116283 by 93000 user on 11 June 2025
Depol ymer ases are readily detected in 

webervirus genomes 

As our ne wl y isolated pha ges all displayed a ppar ent depol y- 
mer ase activity a gainst one or mor e hosts, we aimed to iden- 
tify potential depol ymer ases encoded within the genomes of 
weberviruses. Detection and c har acterization of these enzymes 
may identify standalone ther a peutics or help inform on host 
tr opism. Curr entl y, four experimentall y v alidated depol ymer ases 
from weberviruses have been reported in the literature: depoKP36 
(Majk owska-Skr obek et al. 2016 ), Depo32 (Cai et al. 2023 ), DpK2 
(Dunstan et al. 2021 ), and B1dep (Pertics et al. 2021 ). These four de- 
pol ymer ases wer e used to create a BLASTP database to interrogate 
the 330 webervirus genomes for similar amino acid sequences. 

Using thresholds of > 50% co verage , > 50% identity and se- 
quence length > 800 aa, 33/330 webervirus proteomes returned 

hits against the validated depolymerases (Fig. 4 ; Supplementary 
Table 8 ). Phylogenetic analysis and amino acid identity values 
r e v ealed that the depol ymer ases cluster ed into thr ee distinct 
r oups, eac h with high bootstr a p support (85%–100%; Fig. 4 ).
roup 1 comprised four sequences and did not contain an exper-

mentall y v alidated depol ymer ase sequence. Gr oup 2 contained
our sequences, including the functionally characterized depoly- 

er ase depoKP36. Gr oup 3 contained most of the sequences
26/33 pr edicted depol ymer ases) and included the c har acterized
epol ymer ases DpK2, Depo32 and B1dep, and depol ymer ases en-
oded by four MAGs. Sequences belonging to Group 3 had a high
e v el of conserv ation, as indicated by short br anc h lengths and se-
uence alignments ( Supplementary Fig. E ). Amino acid alignment
f all 33 predicted depolymerases also revealed a high level of N-
erminal sequence conservation. 

iscussion 

tudies from a diverse range of geographical locations have re-
orted the isolation or detection of weberviruses from samples 
ssociated with the human gut (e.g. w astew ater, sew age, fae-

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf043#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf043#supplementary-data
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Figure 4. Phylogenetic analysis of depolymerases predicted to be encoded by weberviruses . T he tree (maximum likelihood) is rooted at the midpoint. 
Bootstr a p v alues ar e pr esented as a percenta ge of 100 r eplicates. Names of experimentall y v alidated (i.e. functional) depol ymer ases ar e shown in bold 
blac k text; depol ymer ases pr edicted to be encoded by MAGs are shown in white text. Scale bar, mean number of amino acid substitutions per position. 
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es, caecal effluent) (Herridge et al. 2020 ). To date, the major-
ty of weberviruses have been isolated using K. pneumoniae as a
ost ( Supplementary Fig. B ). Ho w e v er, weberviruses hav e been re-
orted to infect other Klebsiella spp., including K. oxytoca (Brown
t al. 2017 , Park et al. 2017 ) and K. aerogenes (Hudson et al.
021 ). In the present study, we isolated se v en ne w weberviruses
r om se wa ge samples, including thr ee pha ges (vB_Kv aS-KLPN5,
B_Kv aS-KLPN6, vB_Kv aS-KLPN7) that wer e isolated using a str ain
f K. variicola as the host (Fig. 1 , Fig. 2 , Supplementary Fig. A ). To
ur knowledge, this is the first report of weberviruses infecting
. v ariicola , a r ecognized emer ging human pathogen (Rodríguez-
edina et al. 2019 ) incr easingl y associated with carba penem and

olistin resistance (Kim et al. 2023 ; Li et al. 2024 ). 
As the majority of the Klebisella spp. sensitive to lysis by our we-

ervirsues are MDR strains, the lytic phages isolated as part of this
tud y re present attracti ve future therapeutics for the treatment
f drug-resistant isolates belonging to the K. pneumoniae species
omplex. 

In a gr eement with pr e vious w ork (Ho yles et al. 2015 , P ertics et
l. 2021 ), the weberviruses described herein exhibited relatively
arr ow host r anges when scr eened a gainst a panel of Klebsiella

including 36 clinical MDR) isolates r epr esenting a range of STs
nd capsule (K) types (Table 1 ). Phage host range is very much
elated to isolation host rather than phage phylogeny, with ly-
is appearing to be restricted based on K type. Phage-encoded
epol ymer ases, ther efor e, contribute to host tropism, and pr e vi-
us studies have identified that weberviruses encode function-
ll y activ e depol ymer ases (Majk owska-Skr obek et al. 2016 , Dun-
tan et al. 2021 , Pertics et al. 2021 , Cai et al. 2023 ). While per-
orming our host-range analysis, we observed the presence of
aloes indicative of depol ymer ase activity for a small number of
hage–host combinations and we , therefore , undertook a bioin-
ormatic analysis (Fig. 4 ) to identify potential depol ymer ase en-
ymes encoded within webervirus genomes. Our BLASTP search
dentified 33 potential depol ymer ases whic h cluster ed into thr ee
istinct groups . T he lac k of an experimentall y v alidated depol y-
erase sequence in Group 1 and the overall low amino acid iden-

ity shared with characterized webervirus depolymerases ( < 21%)
ake it difficult to draw conclusions related to the biological ac-

ivity of these four proteins. Sequences OP978314.1_CDS_0059 and
P978315.1_CDS_0001 belong to a phage, and its e volv ed v ariant,
 espectiv el y, whic h wer e c har acterized as part of the same study
n Australia (Ngiam et al. 2024 ). These phages were propagated
n K. pneumoniae 52 145 (K2: O1). According to NCBI, the isolation
ost of phage OP413832.1, which encodes predicted depolymerase
P413832.1_CDS_0043, is K. pneumoniae BS317-1 (K57: O1) (assem-
ly accession GCF_015290145.1). No information is available for
he isolation host of the phage OR532859.1, which encoded the
 emaining pr edicted Gr oup 1 depol ymer ase . T hese data suggest
hat, if active, Group 1 depolymerases may hydrolyse K2 and/or
57 capsules. Ho w ever, experimental validation is required. 

Group 2 depolymerases are likely to be hydrolyse the K63 cap-
ule as these sequences clustered with the experimentally vali-
ated depol ymer ase depoKP36, pr e viousl y shown to degr ade the
63 capsule of K. pneumoniae (Majkowska-Skrobek et al. 2016 ).
roup 3 contained the majority of the predicted depolymerases,

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf043#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf043#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf043#supplementary-data
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and all shared high sequence similarity with the webervirus de- 
pol ymer ases Depo32, DpK2, and B1dep ( Supplementary Table 8 ).
These enzymes have been shown to selectively degrade the K.
pneumoniae K2 capsule (Dunstan et al. 2021 , Pertics et al. 2021 ,
Cai et al. 2023 ) and are highly likely to be specific for this cap- 
sule type . T he high le v el of sequence identity observed at the 
N-terminal of all the identified depol ymer ases is likely due to 
this region being responsible for anchoring the baseplate of the 
phage virion, and as such it is often highly conserved (Knecht et 
al. 2019 , Latka et al. 2019 ). Structur al anal ysis of Depo32 fr om 

phage GH-K3 has revealed that, in addition to the N-terminal do- 
main, Depo32 contains a short neck helix and connection domain 

(residues 186–271), a β-helix domain (residues 272–642), a con- 
nection helix domain (residues 643–666), a carbohydrate-binding 
module (residues 667–846), and a C-terminal domain (residues 
847–907) (Cai et al. 2023 ). It is the β-helix domain that is respon- 
sible for hydr ol ysis of the pol ysacc haride ca psule. Giv en the high 

le v el of amino acid identity between Depo32 and the amino acid 

sequences comprising Group 3, it is highly likely that these poten- 
tial depol ymer ases ar e structur all y similar. 

We were unable to identify any coding sequences in the 
genomes of our isolated KLPN phages sharing high similar- 
ity to the four experimentally validated webervirus depoly- 
merase sequences used to create our BLASTP database . T hus ,
it is likely that any depolymerase activity associated with the 
phages isolated in our study is due to enzyme(s) that remain 

to be c har acterized experimentall y. As part of our pr e vious 
analysis of the genome of phage KLPN1, we hypothesized that 
ORF34 and/or ORF35 may encode the depol ymer ase activity of 
phage KLPN1, as these sequences include a predicted endo- N - 
acetylneuraminidase/endosialidase domain (Hoyles et al. 2015 ). 
Further experimental work is r equir ed to determine whether 
these ar e functionall y activ e depol ymer ases. As most of the 
plaques we observed had no discernible haloes, it may be that al- 
ternativ e mec hanisms ar e used b y w eberviruses for penetrating 
the bacterial ca psule. Depol ymer ase-independent penetr ation of 
the capsule by Klebsiella phages has been reported in the literature 
(Beamud et al. 2023 ). 

A ViPTr ee pr oteome-based anal ysis of publicl y av ailable se- 
quence data sho w ed 330 genomes derived from isolated phages 
( n = 265) and MAGs ( n = 65) belonged to the genus Webervirus ,
family Drexlerviridae (Fig. 1 ). Our gene-sharing network analysis 
supported this finding (Fig. 2 B). Taxonomic assignment of phages 
using whole genome gene-sharing profiles has been shown to 
be highl y accur ate; a r ecent study sho w ed that vConTACT2 pro- 
duces near-identical replication of existing genus-le v el vir al tax- 
onomy assignments from the ICTV (Bin Jang et al. 2019 ). It has 
been suggested that genomes comprising a genus should be e v al- 
uated by phylogenetics with the use of ‘signature genes’ that 
ar e conserv ed thr oughout all members (Turner et al. 2021 ). Such 

analyses should always produce trees that are monophyletic. Us- 
ing terL as a ‘signature gene’, we were able to show that the 
genus Webervirus is indeed monophyletic (Fig. 2 A). To assess the 
number of different species present within the genus, we used 

VIRIDIC to determine the intergenomic similarity between phage 
genomes ( Supplementary Fig. D ; Supplementary Table 4 ). Guide- 
lines suggest any two phages belong to the same species if they are 
more than 95% identical across their entire genome (Turner et al.
2021 ). Genus-le v el separ ation occurs when phage genomes share 
< 70% nucleotide identity across their genome length (Turner et 
al. 2021 ). Based on these criteria, our results show that only we- 
berviruses belonging to Cluster 1 r epr esent species of Webervirus 
sensu stricto . Clusters 3–9, although identified as weberviruses 
sing ViPTree and vConTACT2, do not r epr esent species of We-
ervirus . The phage sequences associated with these clusters were 
eriv ed fr om low-quality MAGs. As suc h, we r ecommend caution
hen using low-quality MAGs to determine taxonomic affiliations 
f in silico -generated phage sequences. 

Cluster 2 pha ges wer e found to r epr esent a nov el genus ( Defi-
ntjazzvirus ) of phage within the family Drexlerviridae (Figs 1 and
 , Supplementary Tables 4 and 5 ), with the genus Defiantjazzvirus
ost closely related to the genus Webervirus . All members of

his novel genus reported to date infect a range of Klebsiella spp.
 Supplementary Table 2 ). 

As pha ges ar e among the most abundant biological entities on
arth, it is important to gain knowledge on their presence within
iffer ent envir onments. We determined that weberviruses are dis-
ributed globally and predominated by phages associated with hu- 

an faeces or water supplies contaminated with human faeces 
Fig. 3 ). Lack of detection in most of South America and Africa
s likely due to the absence of metagenomic datasets from these
arts of the world rather than weberviruses not being r epr esented

n faecal samples from individuals living in countries within these
 egions. Compar ed with shotgun metagenomic datasets charac- 
erizing the total microbiota found in faeces, there are very few
tudies—worldwide—examining solely the intestinal virome, and 

hageClouds is populated with phage genomes derived from vi- 
ome datasets. 

It was notable when curating our MAG dataset that none of
he studies describing these data were able to predict hosts for
he webervirus MAGs we have identified. Nor was the r ecentl y r e-
eased tool iPHoP, specifically designed for use with MAGs (Roux
t al. 2023 ). Our analysis using HostPhinder predicted webervirus
AGs infect K. pneumoniae . HostPhinder predicts the host species

f a phage by searching for the most genetically similar phages in
 database of r efer ence pha ges with known hosts (Villarr oel et al.
016 ). Although the authors have shown that this whole-genome 
imilarity-based a ppr oac h is highl y accur ate, host r ange can be al-
ered by a relatively low number of m utations, especiall y those lo-
alized to tail fibre proteins which are often determinants of host-
ell specificity (Latka et al. 2021 , Taslem Mourosi et al. 2022 ). In the
resent study, we used a strain of K. variicola to isolate three we-
erviruses, and phages of this genus have also been isolated on K.
xytoca and K. aerogenes . Although it is highly likely that 329/330
eberviruses discussed herein are phages of Klebsiella spp., deter- 
ination of host range via plaque assays is still informative, es-

ecially when determining therapeutic utility. 

ummary 

e successfull y c har acterized se v en nov el weberviruses that in-
ect clinically relevant MDR Klebsiella spp. We have trebled the
umber of authenticated webervirus genomes through combin- 

ng genomic data from isolated phage and MAG datasets. In do-
ng so, we have demonstrated the importance of interrogating 

AG datasets to expand the availability of curated phage genome 
equences for use in genomic and ecological studies, and high-
ighted the need to exercise caution when assigning low-quality 

AGs to taxa. 
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