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Abstract 

P rokary otic viruses represent the most diverse and abundant biological entities on Earth. So far, data on bacteriophages are not standardized, 
not readily a v ailable f or comparativ e analy ses and cannot be link ed to the rapidly gro wing (met a)genomic dat a. We de v eloped Phage Div e ( https: 
//phagediv e.dsmz.de ), a comprehensiv e database for prokaryotic viruses gathering all existing data dispersed across multiple sources, like 
scientific publications, specialized databases or internal files of culture collections . Phage Dive allows to link own research data to the existing 
information through an easy and central access, providing fields for various experimental data (host range, genomic data, etc.) and a v ailable 
met adat a (e.g . geographical origin, isolation source). An import ant feature is the link bet w een e xperiment al dat a, the culture collection number 
and the repository of the corresponding ph y sical bioresource. To date, Phage Div e co v ers 1167 phages from three different w orld-reno wned 
public collections (DSMZ, Félix d’Hérelle Reference Center for Bacterial Viruses and NCTC) and features an advanced search function using all 
data fields from the sections lik e tax onom y or morphology by controlled vocabulary and ontologies. Phage Dive is fully interoperable with other 
resources including NCBI, the Viral Host Range database (VHRdb) of Institute Pasteur or the B ac Div e and Media Dive databases of DSMZ. 
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ince their discovery by Félix d´Hérelle and Fredrick Twort
ver a century ago > 11 200 bacteriophage species have been
haracterized ( 1 ) which makes them the largest virus group
nown to date. The vast majority of the known bacterio-
hages are tailed and contain double-stranded DNA ( 2 ,3 ).
ulture-independent molecular approaches have revealed that
acteriophages occur in a much larger diversity and in high
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abundance in essentially all environments on Earth, rang-
ing from marine waters ( 4 ) and soils ( 5 ), to acidic hot vol-
canic springs ( 6 ) and the human gut ( 7 ). The crude esti-
mates of total viral diversity amount to 10 

7 –10 

9 virus species
( 8 ). At present, only a very limited fraction of this existing
bacteriophage diversity is maintained in public collections
worldwide, which provide the quality-controlled and docu-
mented cultures needed for scientific studies of bacteriophage
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biology. Besides the isolation, characterization, biobanking,
and genome analysis of bacteriophages, an easy access to
structured (meta)data associated with the different phage
species is essential for future studies, particularly for compar-
ative analyses. 

The current release on the update of virus taxonomy
of the International Committee on Taxonomy of Viruses
(ICTV) comprises 11 273 virus species in 2818 genera and
264 families ( 1 ). For these viruses, the information on the
names, taxonomy, morphology, genome features, proteins,
host range and origin can be found in the report chapters
of the ICTV database (report on Virus Classification and
Taxon Nomenclature, https: // ictv .global / taxonomy / history ,
Retrieved 19 February 2024). However, this open access,
public database is organized along taxonomic levels and
does not use controlled vocabulary or ontologies. Most of
the existing databases on bacteriophages focus on collect-
ing and providing genomic data like genetic features or pre-
dicted lifestyles (e.g. PhageScope ( 9 )), or on specific aspects
of phage biology like virus-host interactions like MVP or
VHRdb ( 10 ,11 ). The database PhagesDB collects and shares
data exclusively for actinobacterial phages ( 12 ). The Eu-
ropean Virus Archive Global (https: // www.european-virus-
archive.com / evag-portal) only covers human and animal
pathogens. Hence, no database exists so far which can ac-
commodate additional metadata on bacteriophages from lit-
erature or would enable specific searches for single features
(e.g. a search term ‘phage’ to extract viruses that infect bac-
teria or archaea) or for specific combinations of characteris-
tics (e.g. ‘host + marine + Roseobacter ’, to recover all bac-
teriophages infecting bacteria of the genus Roseobacter ; or
‘DNA + host = Staphylococcus ’, to recover all DNA viruses
infecting Staphylococcus ). 

We established the database Phage Dive ( https://phagedive.
dsmz.de ) that provides comprehensive information on bacte-
riophage biology, molecular mechanisms of host interaction,
or phage ecology and links this information to established bac-
teriophage taxa. 

Materials and methods 

Technical information 

The Graphical User Interface (GUI) of Phage Dive was indi-
vidually built with PHP 8.2. The frontend relies on JavaScript
and JQuery. For better usability, the GUI only displays filled
data fields and hides empty ones. Therefore, the Phage Dive
GUI might appear differently from strain to strain. The re-
lational database engine is MariaDB 10.8.3. The database
scheme consists of 156 data fields stored in 17 tables. This
technical framework ensures the flexibility to keep up with
the growing database and allows to integrate new data types
and to adapt the GUI according to user feedback and needs. 

Results 

User interface 

Currently, Phage Dive harbours data for bacteriophages and
archaeal viruses which are physically available in public cul-
ture collections such as the Félix d’Hérelle Reference Center
for Bacterial Viruses in Canada, the National Collection of
Type Cultures (NCTC) in UK and DSMZ phage collections
(Germany) amounting to a total of 1167 viruses. The deci- 
sion to base Phage Dive on culture collections was taken be- 
cause the access to the physical resources of viruses and their 
hosts enables future analysis, thereby ensuring reproducibility 
and improvement of the quality of the research data. All in- 
formation collected through the culture collections and other 
various sources such as genomic resources or literature was 
standardized and classified into 99 data fields, grouped into 

12 categories. 

Individual strain page content 

Phage Dive offers entries for each individual virus strain, ag- 
gregating the available data and directly linking them to 

strain identifiers like official collection numbers of the orig- 
inal source, and catalogue entries of the respective collection,
if available. 

The individual pages for the viruses are structured by sec- 
tion as follows (Figure 1 ). A summary provides key data like 
name, morphotype, host species, as well as data on the mor- 
phology and pictures of phage plaques on a host culture, and 

electron photomicrographs, if available (Figure 1 , section 1,
label 1a). All sections displayed for a virus are listed in the 
right-hand upper corner (Figure 1 , label 2). Basic data include 
strain identifiers directly linked to respective catalogues, the 
name of the strain and strain history (Figure 1 , label 3). Data 
included in Phage Dive cover basic information such as geo- 
graphic origin, isolation sources, morphology, lifestyle, tax- 
onomy (Figure 1 , label 4), and associated literature. Particular 
attention was paid to virus morphology. Since current taxon- 
omy focuses mainly on the genomic and proteomic data and 

phylogenetic relationships of viruses and in this course fami- 
lies reflecting morphological features of their members directly 
in their names like Myoviridae or Siphoviridae were recently 
abolished ( 13 ), this previous classification based on morphol- 
ogy is depicted in the morphotype section (e.g. siphovirus, my- 
ovirus, podovirus etc.) to maintain consistency of Phage Dive 
with previous data. These morphotypes and the morphologi- 
cal description of plaques are supported by the transmission 

electron micrographs (TEM) and plaques pictures (Figure 1 ,
label 1a). The latter can be enlarged interactively, providing 
good clarity. For detailed information on virus propagation,
we also provide data on the recommended host strains and 

cultivation media through direct links to Bac Dive ( 14 ) and 

Media Dive ( 15 ), respectively. Information on virus-host inter- 
actions is based on internal host range data of the DSMZ as 
well as on the Viral Host Range Database hosted by the Pas- 
teur Institute in Paris ( 11 ) . In addition, general genomic infor- 
mation like accession number, genome length or GC content 
are directly displayed on the virus-specific webpage. If avail- 
able, genome sequences with GenBank accessions were re- 
trieved from NCBI, reannotated using Prokka version 1.14.6 

( 16 ) and the PHROG database ( 17 ) and implemented into a 
genome viewer tool. 

As a strain page may aggregate data from different sources,
each data entry of the Phage Dive database is labeled by a ref- 
erence number to the left (Figure 1 , label 3;). This number is 
linked to the reference section at the bottom of the virus de- 
scription page. Through this extensive documentation users 
can easily retrace the origin of the data. 

For a better usability of the interface, only section and data 
fields for which data is available are presented. 

https://phagedive.dsmz.de
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Figure 1. Example of an individual strain page ( Escherichia phage T4, https:// phagedive.dsmz.de/ strain/ 160 ). 
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inking and integrating available data sources 

ne of the main characteristics of Phage Dive is to integrate
nd standardize the highly dispersed data on bacteriophages
nd to link them to the bioresource of origin. Depending on
he source, data are either directly integrated into Phage Dive
nd provided in a standardized format, or data are made ac-
essible via direct links to the external sources to provide the
ser with the access to associated information. The former
ypically is the case for internal data from culture collections
hat are integrated in standardized data fields, which enables
ata comparison and systematic searches. For transparency,
very single data point is associated with a reference id linking
o the original source. Genome sequence data are reannotated
nd provided with the genome viewer. Other data types, in
articular sequence data, bacterial strain data or cultivation
edia data, are in a highly specific, stable format and readily

vailable through well-established, active databases. In these
ases, data are directly linked to the respective web resource,
llowing users to easily explore these data while ensuring ac-
ess to the regularly updated information provided by the ex-
ernal sources. Important external sources directly linked in
hage Dive are NCBI for sequence data, Bac Dive for bacte-
ial strain data, Media Dive for cultivation media recipes, Vi-
al Host Range database for virus host range data, ICTV for
axonomy, ViPTree for an overview on the phage phylogeny
 18 ) and ViralZone ( 19 ) for general properties of taxonomic
roups like genome features, further information on replica-
ion or putative receptors. 

In turn, Phage Dive strains are indexed and linked by other
eb resources which increases visibility and findability. As a
art of the newly established, overarching biodata infrastruc-
ure DSMZ Digital Diversity, viruses are linked to their respec-
ive host strain in Bac Dive and also indexed in the federated
earch of the DSMZ Digital Diversity Hub page. 
Tools 

Genome viewer. A genome browser is implemented directly
on the individual webpage of each strain if the genome se-
quence is available (Figure 2 ). In the current state Phage Dive
contains 448 phage genomes that can be analysed with this
browser tool. In order to standardize genome representation,
the annotation was renewed using Prokka version 1.14.6
and the PHROG database (Prokaryotic Virus Remote Ho-
mologous Groups) ( 16 ), a constantly growing library of vi-
ral protein families generated by using a new clustering ap-
proach based on remote homology detection. Bacteriophage
genomes generally harbour a lot of genes with unknown func-
tion. Using this library allows to add further annotations
that are missed by standard annotation tools. The graphi-
cal display is based on the PHROG annotation, with genes
individually coloured by PHROG category to give an ini-
tial overview of the general genome organization includ-
ing gene clusters for structural genes, replication, lysis and
others. 

The primary view displays the organization of the entire
virus genome (Figure 2 A). To navigate through the annotated
sequence different parameters are available. Zoom into the
genome (Figure 2 B) is possible via two alternatives. The first
option is to enter the genomic coordinates of the area to be
zoomed (Figure 2 B, label 1). The second is to generate a zoom
manually by framing the area of interest on the genomic se-
quence at the bottom (Figure 2 B, label 2). Each gene has a
‘mouse-over’ window containing its main information, which
appears when the mouse pointer is hovering over the gene in
question (Figure 2 B, label 3). Displayed are the gene name,
position of the gene in the genome, function, its correspond-
ing PHROG number and the PHROG assigned gene category.
In addition, clicking on each gene also gives access to its nu-
cleotide sequence that can be copied and pasted (Figure 2 B,

https://phagedive.dsmz.de/strain/160
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Figure 2. Screenshot of the genome vie w er of Esc heric hia phage T4. ( A ) Primary view of the genome browser in the sequence genome section upon 
first access by the user. ( B ) Adapted browser view after zooming in a chosen genomic region (1) indicated by the red rectangular (2). Information on 
gene 33 is displa y ed in a mouse-o v er windo w (3), sequence inf ormation is pro vided separately belo w (4). ( C ) R esults of a search f or the term ‘head’ (5). 
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Figure 3. A dv anced searc h tool. ( A ) Query specification with c hoice of data fields (1) used in Phage Dive to c haracteriz e viruses. ( B ) R esult of a 
‘Staphylococcus AND DNA’ search. A query link (2), the number of hits (3) and a download option (4) are provided for traceability. 
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abel 4). This tool also offers a function to search for spe-
ific genes by name or annotation category (Figure 2 C, la-
el 5). Results are displayed in a table containing the follow-
ng information: start position, end position, DNA strand, lo-
us tag and function (gene product), PHROG no. and cat-
gory which can be copied and pasted. In addition, a list
f these results can be seen on the genome overview table
Figure 2 C). 

Advanced search. The advanced search module is a key
omponent for a refined search in Phage Dive . This tool is
ccessible through the menu on the top of each page. To re-
rieve the specific data of interest, the dataset can be accessed
hrough queries that combine several data fields and analyse
ll entries for the virus strains. The query builder is located
n the left-hand side of the tool page (Figure 3 ). Users are
ble to combine up to five data fields in an ‘AND’ combined
uery and even up to 15 data fields by connecting up to three
roups using ‘AND’ or ‘OR’ operators (Figure 3 , label 1). For
ach of these data fields to be combined a user can choose
from a list of 72 options. Depending on the data field, in-
put can be provided as text (e.g. plaque description), a nu-
meric field (e.g. temperature) or from a selection field via a
dropdown menu (e.g. biosafety level). For text fields, users
are assisted by an autocomplete function providing sugges-
tions of possible search terms. To start exploring data pro-
vided in the data fields, inserting the wildcard ‘*’ will al-
low users to retrieve all data available. As a result, a list of
viruses corresponding to the request will be presented on the
right (Figure 3 B) with the number of hits noted above (Fig-
ure 3 , label 3). The query can be bookmarked or shared us-
ing the ‘copy query link’ (Figure 3 , label 2). The result list
can be downloaded in a csv format table using the button
on the upper right (Figure 3 , label 4). In the same way the
complete list of viruses included in Phage Dive is also ac-
cessible. The viruses are listed in alphabetical order and by
culture collection (starting with the Félix d’Hérelle collec-
tion). The retrieved data set is restricted to the data fields
queried. 
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Discussion 

Phage Dive is a new important resource in the domain of
prokaryotic viruses designed to centralise all the data avail-
able for individual virus strain. Overall Phage Dive currently
provides access to 11 331 data points for 1167 phage strains.
It is based on a solid foundation of data originating from cul-
ture collections with the latter offering direct physical access
to a wide variety of viruses and host strains. At the moment
Phage Dive harbours viral data for members of at least 181 of-
ficially ICTV classified genera in 31 families (e.g. Ac k erman-
nviridae or Herelleviridae ) in 6 classes over 4 realms (mostly
Duplodnaviria ) ( Supplementary Figure S1 ). Additionally, the
viruses in Phage Dive cover host organisms from 7 different
phyla (14 classes, 35 orders, 103 genera). A major strength
of Phage Dive is the breadth of the data space provided, no-
tably the availability of plaque and / or TEM pictures, as well
as multiple links to the various resources used (e.g. VHRdb
for the host range, NCBI for genomes or ICTV for taxon-
omy). Though databases like e.g. PhageScope ( 9 ) might offer
data from higher numbers of phages, this data is extracted
(i) from sequences only and does not reflect any information
from wet lab work like for instance propagation conditions
(medium, temperature, need of bivalent cations) that might
be valuable requirements for setting up experimental systems
and (ii) the majority of analysed viruses is not available for
practical experiments. Phage Dive provides direct, easy access
to standardized data. The consequent standardization of data
allows the use of tools to reliably search and analyse the infor-
mation on phage strains and conduct highly precise searches
to find phages with specific properties. For instance, during the
S AR S-CoV-2 pandemic, researchers looked for model organ-
isms that shared features with the virus like nucleic acid ma-
terial or size and came up with Pseudomonas phage phi6 ( 20 )
which might also have been the result for a Phage Dive search.
Based on the information in Phage Dive , candidates for phage
mixtures for different experimental approaches can be identi-
fied that e.g. share same host strains or originate from the same
habitat, but can be differentiated by other categories like mor-
photype or genomic properties. The implementation of the ad-
vanced search tool and an extended interlinkage network with
the various data providers make Phage Dive a highly robust
source of information on prokaryotic viruses. With the inte-
gration of a genome viewer, genomes can be analysed more
easily, providing a quick overview of their composition and
organization. The integrated search function allows the fast
and easy identification of specific genes of interest, e.g. en-
dolysins or other enzymes, identifiable by standardized an-
notation. Various options for saving or downloading search
results are provided. To take this a step further, an API will
be implemented in the future to provide programmatic access
to the continuous growing database. By applying the Creative
Commons Attribution license (CC BY), an open access to the
data is granted, ensuring the reuse of the data in the science
community. 

In the future, Phage Dive will be expanded in two directions.
Firstly, the database will be enriched in parallel to the growth
of the DSMZ phage collection and also through the integra-
tion of new datasets from external research groups and other
phage banks. This will also include the targeted extension with
phages for underrepresented organisms like anaerobic organ-
isms or cyanobacteria. Secondly, new data fields will be added
to complete the metadata sections, in particular by including
transcriptomic and virus receptor data. 
Data availability 

All the data are publicly available at https://phagedive.dsmz. 
de licensed under CC BY 4.0. All data can be downloaded 

freely without restrictions, the only restriction being that the 
origin of the data must be properly cited when it is used in 

other works. 

Supplementary data 

Supplementary Data are available at NAR Online. 
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