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ABSTRACT
Bacterial wilt, caused by the soilborne pathogen Ralstonia solanacearum, remains one of the most destructive and
management-resistant bacterial diseases of tomato and other solanaceous crops in warm, humid production
regions, and no chemical control offers reliable field efficacy once the pathogen is established in soil. We report
the isolation, characterisation and greenhouse biocontrol evaluation of three novel lytic bacteriophages,
designated RsP7, RsP12 and RsP19, recovered from wilt-affected tomato field soil and irrigation water in a
case-study system centred on a single commercial glasshouse operation with a recurrent bacterial wilt problem.
Transmission electron microscopy placed all three phages in the class Caudoviricetes, with RsP7 and RsP19
showing Myoviridae-like contractile tails and RsP12 showing a Podoviridae-like short tail. Whole-genome
sequencing yielded double-stranded DNA genomes of 66.2-72.8 kb with no genes matching curated toxin,
integrase or antibiotic-resistance reference databases, supporting their suitability for field application under a
strictly lytic-phage biocontrol strategy. Host-range testing against 24 R. solanacearum isolates spanning
phylotypes I and IIB collected from the same production region showed partially complementary lysis patterns, and
a three-phage cocktail combining RsP7, RsP12 and RsP19 lysed 22 of 24 isolates (91.7%), compared with a
maximum of 15 of 24 (62.5%) for any single phage. In a greenhouse pot trial using naturally infested field soil,
cocktail-treated tomato plants showed 58% wilt incidence at 21 days post-transplant versus 89% in untreated
controls, and time-to-wilt onset was delayed by a median of 6 days. These results support this three-phage
cocktail as a promising candidate for field-scale biocontrol evaluation against bacterial wilt in this production
system, while underlining that phage cocktail performance should be characterised against a genotypically
representative local pathogen population rather than a single reference strain before any biocontrol product is
deployed more broadly.
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1. INTRODUCTION

Ralstonia solanacearum causes bacterial wilt across
more than 200 plant species, but its impact on tomato,

potato, pepper and other solanaceous crops in tropical
and subtropical production regions has made it one of
the top bacterial threats to global vegetable production,
capable of destroying an entire glasshouse or field
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planting within days of symptom onset once soil
inoculum reaches a critical threshold [1,2]. The pathogen
survives for years in soil and irrigation water, colonises
the vascular xylem where it is largely protected from
foliar-applied chemistry, and exists as a genetically and
phenotypically diverse species complex spanning
multiple phylotypes with differing host range and
aggressiveness, all of which combine to make
conventional bactericide and resistant-rootstock
strategies only partially effective in practice [3,4].
Growers in affected regions are consequently left with
crop rotation, soil solarisation and strict sanitation as
their main tools, none of which reliably clears an
already-contaminated production site.
Bacteriophage-based biocontrol has re-emerged over
the past decade as an attractive complement to these
measures, offering a self-amplifying, host-specific
antimicrobial that in principle avoids the non-target
effects of broad-spectrum bactericides and the
resistance-management concerns associated with
repeated chemical use [5,6]. Phages active against R.
solanacearum have been isolated from soil and water in
several production regions and have shown measurable,
if often partial, protection against wilt in greenhouse and
small-plot trials, with efficacy consistently improved by
combining multiple phages into a cocktail rather than
relying on a single isolate, presumably because it
broadens the range of host receptor variants targeted
and slows the emergence of phage-resistant bacterial
mutants [7,8,9]. What has been less consistently
addressed is whether a cocktail characterised against a
small reference panel of R. solanacearum strains, often
drawn from culture-collection type strains rather than the
pathogen population actually present at a given
production site, retains its efficacy against the genotypic
diversity a grower is likely to encounter locally.
This case study takes a deliberately narrow, site-specific
approach: rather than aiming for a broadly validated
commercial product, we set out to isolate and
characterise novel lytic phages recovered directly from a
single commercial glasshouse tomato operation with a
documented, recurrent bacterial wilt problem, and to test
a resulting phage cocktail specifically against the R.
solanacearum population sampled from that same
production region, spanning the phylotype I and IIB
lineages both represented in regional surveys [10,11].
We reasoned that this site-matched design, while limiting
generalisability, would give a more realistic estimate of
achievable field biocontrol performance for this particular
grower than a cocktail validated only against distantly
related reference strains, and would illustrate a workflow
that other growers or extension services facing a similar
recurrent wilt problem could plausibly replicate at a
comparable, farm-relevant scale.
Our specific aims were threefold: to isolate and
characterise, by transmission electron microscopy,
host-range testing and whole-genome sequencing, novel
R. solanacearum-infecting phages from the affected site;

to assemble a small phage cocktail optimised for broad
lysis of the locally collected R. solanacearum isolate
panel; and to evaluate that cocktail's protective efficacy
in a greenhouse pot trial using naturally infested soil from
the same site, as a realistic intermediate step between
laboratory characterisation and field-scale deployment.

2. MATERIALS AND METHODS

All work was conducted in relation to a single commercial
glasshouse tomato (Solanum lycopersicum) operation in
a warm-temperate production region with a multi-year
history of recurrent bacterial wilt outbreaks attributed to
Ralstonia solanacearum, treated here as an illustrative
case-study system rather than a randomly sampled
production site.

2.1 Bacterial strain collection

Twenty-four R. solanacearum isolates were recovered
from symptomatic wilted tomato stems collected across
the affected glasshouse and two neighbouring fields over
two growing seasons, confirmed by species-specific
PCR and partial endoglucanase gene sequencing, and
assigned to phylotype by multiplex PCR; the panel
comprised 17 phylotype I and 7 phylotype IIB isolates,
reflecting the phylotype composition reported previously
for this production region [10]. Isolates were maintained
on casamino acid-peptone-glucose agar at 28°C.

2.2 Phage isolation and purification

Soil and irrigation-water samples were collected from the
affected glasshouse and enriched by co-culture with a
phylotype I reference isolate in nutrient broth for 24
hours, followed by chloroform treatment, centrifugation
and filtration (0.22 um) to recover cell-free lysate. Plaque
assays against the same reference isolate were used to
detect lytic activity, and individual plaques were purified
through three successive rounds of single-plaque
isolation before high-titre stocks were propagated and
stored at 4°C and, for long-term archiving, at -80°C in
20% glycerol.

2.3 Morphological and genomic characterisation

Purified phage particles were negative-stained with 2%
uranyl acetate and examined by transmission electron
microscopy for morphological classification. Phage
genomic DNA was extracted by a standard
phenol-chloroform protocol following DNase/RNase
treatment to remove residual host nucleic acid, and
sequenced on an Illumina platform with de novo
assembly performed in SPAdes. Assembled genomes
were annotated using Prokka and screened against the
Comprehensive Antibiotic Resistance Database and a
curated virulence-factor and integrase reference set to
exclude phages carrying genes inconsistent with a
strictly lytic, field-deployable biocontrol agent [12,13].

2.4 Host-range testing and cocktail formulation

Each of the three characterised phages was spot-tested
in triplicate against all 24 panel isolates at a standardised
titre, with lysis scored as complete clearing, partial/turbid
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clearing, or no lysis. A three-phage cocktail combining
RsP7, RsP12 and RsP19 in equal titre was formulated
and re-tested against the full panel under the same
conditions to determine combined host range.

2.5 Greenhouse biocontrol trial

Tomato seedlings (cultivar Moneymaker, four-leaf stage)
were transplanted into pots containing field soil collected
from the affected glasshouse and naturally infested with
R. solanacearum at a confirmed inoculum density of
approximately 10^5 CFU/g soil. Pots were assigned to
cocktail treatment (phage cocktail applied as a soil
drench at transplanting and again at 7 days, total titre
10^8 PFU/plant per application) or untreated control, with
30 plants per treatment arranged in a randomised
complete block design across three glasshouse
benches. Plants were monitored daily for wilt symptoms
for 21 days, with wilt incidence and
time-to-symptom-onset recorded for each plant.

2.6 Statistical analysis

Wilt incidence at day 21 was compared between
treatments using Fisher's exact test. Time-to-wilt-onset
was analysed by Kaplan-Meier survival analysis with a
log-rank test comparing treatment and control curves. All
analyses were performed in R version 4.3.

3. RESULTS

Three phages, designated RsP7, RsP12 and RsP19,
were isolated and purified to homogeneity from the
glasshouse soil and irrigation-water samples.
Transmission electron microscopy placed all three in the
class Caudoviricetes: RsP7 and RsP19 displayed
icosahedral heads (approximately 85-95 nm diameter)
with long, contractile tails consistent with a
Myoviridae-like morphology, while RsP12 showed a
smaller icosahedral head (approximately 60 nm) with a
short, non-contractile tail consistent with a
Podoviridae-like morphology. Whole-genome
sequencing yielded complete, circularly permuted
double-stranded DNA genomes of 66.2 kb (RsP7), 41.4
kb (RsP12) and 72.8 kb (RsP19). No gene in any of the
three genomes returned a significant match to the
Comprehensive Antibiotic Resistance Database, and no
integrase, repressor or other lysogeny-associated gene
characteristic of a temperate phage lifecycle was
identified in any genome, consistent with a strictly lytic
phenotype for all three isolates and supporting their
candidacy for field biocontrol use.
Table 1. Host-range of individual phages and the
three-phage cocktail against 24 R. solanacearum isolates,
by phylotype.

Phage
Phylotype I
lysed (n=17)

Phyloty
pe IIB
lysed
(n=7)

Total
lysed (%)

RsP7 12/17 3/7
15/24
(62.5%)

RsP12 9/17 2/7
11/24
(45.8%)

RsP19 7/17 2/7 9/24 (37.5%)

Three-phage
cocktail

17/17 5/7
22/24
(91.7%)

Lysis scored as complete or partial clearing in triplicate spot
assays at standardised titre.

Host-range testing against the 24-isolate panel showed
substantial variation in lytic activity among the three
phages individually. RsP7 lysed 15 of 24 isolates
(62.5%), RsP12 lysed 11 of 24 (45.8%), and RsP19
lysed 9 of 24 (37.5%), with lysis patterns only partially
overlapping between phages; four isolates were resistant
to all three phages individually. Table 1 summarises
host-range results by phylotype. The three-phage
cocktail lysed 22 of 24 isolates (91.7%), a substantial
improvement over any single phage (Fisher's exact test
comparing cocktail to best single phage, P=0.018), and
reduced the resistant-isolate count from four (for the best
single phage) to two isolates resistant to the full cocktail.

Figure 1. Kaplan-Meier survival curves showing time-to-wilt-onset
in cocktail-treated versus untreated tomato plants grown in
naturally R. solanacearum-infested field soil over a 21-day
greenhouse trial (n=30 plants per arm; log-rank P<0.001).

In the greenhouse pot trial, cocktail-treated plants
showed markedly reduced wilt incidence relative to
untreated controls at day 21 post-transplant (58% versus
89%, Fisher's exact test P=0.006, n=30 plants per arm).
Kaplan-Meier analysis of time-to-wilt-onset showed a
clear separation between treatment groups (log-rank
test, P<0.001), with cocktail-treated plants showing a
median time-to-onset of 15 days among plants that
eventually wilted, compared with 9 days in untreated
controls, a delay of approximately 6 days (Figure 1). No
plant in either arm showed adverse effects attributable to
the phage treatment itself, and tomato yield parameters
recorded at trial termination (plant height, above-ground
biomass) did not differ significantly between
phage-treated and mock-treated symptom-free plants.
Table 2. Greenhouse pot trial outcomes at 21 days
post-transplant (n=30 plants per arm).

Outcome
Cocktail-
treated

Untreated
control

Statistic

Wilt incidence (day
21)

58% (17/30) 89% (27/30) P=0.006

Median
time-to-onset among
wilted plants

15 days 9 days
Log-rank
P<0.001
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Plant height at
termination (cm,
symptom-free
plants)

48.2 ± 5.1 46.8 ± 6.0 P=0.41 (ns)

Above-ground
biomass (g,
symptom-free
plants)

112 ± 14 108 ± 16 P=0.38 (ns)

Two of the 24 panel isolates remained resistant to the full
three-phage cocktail; both were phylotype IIB isolates
collected from the same neighbouring field, raising the
possibility of a shared resistance mechanism or receptor
variant within that particular sub-population rather than
resistance being randomly distributed across the panel.
Table 2 reports the complete isolate-by-isolate lysis
matrix for the cocktail alongside phylotype and collection
site. This clustering of resistant isolates by collection site,
though based on a small number of isolates, is
consistent with localised transmission of a resistant
lineage and suggests that any field-scale deployment of
this cocktail at the neighbouring field specifically might
benefit from an expanded phage panel targeting that
resistant sub-population before treatment.

4. DISCUSSION

The central practical result of this case study is that a
small, site-matched phage cocktail achieved
substantially broader host-range coverage (91.7%) than
any of its three constituent phages individually
(37.5-62.5%), and translated that broadened coverage
into a measurable, though partial, reduction in wilt
incidence and a meaningful delay in symptom onset
under greenhouse conditions using naturally infested
field soil rather than artificial inoculation. This pattern, in
which cocktail formulation delivers a disproportionate
gain over the best individual phage, matches the broader
phage-biocontrol literature and reinforces the now fairly
standard recommendation that single-phage products
are a poor strategic choice against a genetically diverse
bacterial pathogen population, R. solanacearum very
much included given its well-documented phylotype and
strain-level diversity [7,8,14]. It is also consistent with the
general ecological expectation that bacteria evolve
resistance to any single phage relatively readily through
receptor modification or loss, whereas simultaneous
resistance to three phages targeting at least two distinct
morphological and presumably receptor-recognition
types is a considerably higher evolutionary bar, an
argument that has been made repeatedly in the human
phage-therapy literature and appears to translate
reasonably directly to this plant-pathogen system.
That two resistant isolates clustered by collection site
rather than appearing randomly across the panel is, we
think, one of the more practically important findings of
this study, because it illustrates a failure mode that a
cocktail validated only against a geographically or
genetically narrow reference panel would never surface.
A biocontrol product characterised against, say, a single
widely used type strain might appear highly effective in a

laboratory host-range assay while still leaving a grower's
actual, locally circulating resistant sub-population
essentially untouched. This is, in our view, the strongest
argument for the site-matched isolation-and-testing
workflow used here over sourcing a pre-formulated,
generically validated phage product, at least for a
pathogen as genotypically heterogeneous as R.
solanacearum, even though the narrower workflow
inevitably limits how directly these specific results
generalise to other production regions [15].
Wilt incidence in cocktail-treated plants, while
significantly reduced, remained substantial at 58%, and
we would caution against reading this trial as
demonstrating field-ready efficacy on its own. Pot-based
greenhouse trials with a fixed, relatively high soil
inoculum density likely represent a more severe
challenge than many field scenarios, where inoculum is
typically patchier and lower in early-season soil, but pots
also constrain root growth and phage dispersal relative to
open field soil in ways that could cut either direction for
measured efficacy [16]. The application regimen used
here, two soil-drench applications a week apart, was
chosen for logistical simplicity rather than being
optimised, and phage persistence and effective
concentration in soil are known to decline over days to
weeks depending on soil type, moisture and UV
exposure, so a more intensive or differently timed
application schedule, informed by direct measurement of
phage titre decay in this specific soil, could plausibly
improve on the efficacy reported here [17,18].
The absence of detectable antibiotic-resistance or
lysogeny-associated genes in all three phage genomes
is a necessary but not sufficient safety screen for field
deployment; a fuller biosafety assessment ahead of any
commercial or even extension-service-supported use
would also need to characterise host range against
non-target, agriculturally or ecologically relevant bacteria
beyond the R. solanacearum panel used here, and to
confirm genome stability over repeated propagation
cycles [19]. We regard the present characterisation as
sufficient to justify moving this cocktail toward a small
field trial at the source glasshouse, but not yet sufficient
to recommend broader distribution beyond that specific,
well-characterised production system.
Finally, it is worth placing this case study within the wider
trajectory of phage biocontrol research, which has moved
over the past decade from single-strain proof-of-concept
demonstrations toward an increasing emphasis on
cocktail design, resistance-evolution monitoring, and
formulation for field persistence, paralleling a similar
maturation seen earlier in phage therapy for human
bacterial infections [20,21]. The site-specific, iterative
isolation-characterisation-testing loop used here is, we
think, a practical template that regional extension
services or grower cooperatives facing a recurrent
bacterial wilt problem could adopt without requiring the
scale of resources typically associated with commercial
biocontrol product development, provided they have
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access to basic microbiology and sequencing
infrastructure.

5. CONCLUSION

Three novel lytic bacteriophages isolated from a single
commercial glasshouse tomato operation with a
recurrent bacterial wilt problem, when combined into a
three-phage cocktail, lysed 91.7% of a locally collected
Ralstonia solanacearum isolate panel spanning two
phylotypes, substantially outperforming any individual
phage, and reduced wilt incidence from 89% to 58%
while delaying symptom onset by a median of six days in
a greenhouse pot trial using naturally infested field soil.
Two resistant isolates clustered by collection site rather
than being randomly distributed across the panel,
underscoring the value of characterising a biocontrol
cocktail against a genotypically representative local
pathogen population rather than a narrow reference
panel before considering field deployment. Building on
these results, we are now planning a small field trial at
the source glasshouse using the same three-phage
cocktail under a refined application schedule informed by
direct measurement of phage persistence in this soil
type, and we intend to expand the isolate panel
specifically around the neighbouring field where the two
cocktail-resistant strains were identified, with the aim of
isolating one or two additional phages capable of
covering that resistant sub-population before any
field-scale application is attempted there. We also plan to
evaluate whether formulating the cocktail with a
soil-adapted carrier or biofilm-disrupting additive
improves phage persistence and, in turn, field efficacy
relative to the simple aqueous drench used in this initial
evaluation.
Acknowledgements
The authors thank the glasshouse operator who provided
access to the affected production site and field soil samples
for this study, and Dr. Anabela Ferreira (Iberian University
Center for Biotechnology) for assistance with transmission
electron microscopy and for helpful discussion of phage
morphological classification.
Funding
This work was supported by internal research funds from
the Iberian University Center for Biotechnology and the
Meuse Institute of Computational Biology. No external grant
funding was received for this study, and the funders had no
role in study design, data collection or analysis, the
decision to publish, or preparation of the manuscript.
Conflict of Interest
The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.
Author Contributions
L.T. conceived and supervised the study, coordinated field
sampling and led data interpretation. O.D. performed phage
isolation, morphological characterisation and host-range
testing. N.N. carried out whole-genome sequencing,
genome annotation and the greenhouse biocontrol trial. All
authors contributed to writing and approved the final

manuscript.
Ethics Statement
This study involved bacteriophage isolation from
environmental samples, bacterial isolates and a
greenhouse plant biocontrol trial; it did not involve human
participants, human data, or vertebrate or higher
invertebrate animals, and therefore did not require
institutional ethics committee review. Field sampling was
conducted with the permission of the participating
glasshouse operator.
Data Availability
Phage genome sequences generated in this study have
been deposited in GenBank under accessions available
from the corresponding author on reasonable request.
Host-range and greenhouse trial datasets are available
from the corresponding author upon request.

REFERENCES

1. Genin S, Denny TP (2012) Pathogenomics of the Ralstonia
solanacearum species complex. Annual Review of
Phytopathology 50:67-89.
https://doi.org/10.1146/annurev-phyto-081211-173000

2. Mansfield J, Genin S, Magori S, Citovsky V, Sriariyanum M,
Ronald P, Dow M, Verdier V, Beer SV, Machado MA, Toth I
(2012) Top 10 plant pathogenic bacteria in molecular plant
pathology. Molecular Plant Pathology 13(6):614-629.
https://doi.org/10.1111/j.1364-3703.2012.00804.x

3. Peeters N, Guidot A, Vailleau F, Valls M (2013) Ralstonia
solanacearum, a widespread bacterial plant pathogen in the
post-genomic era. Molecular Plant Pathology
14(7):651-662. https://doi.org/10.1111/mpp.12038

4. Fegan M, Prior P (2005) How complex is the Ralstonia
solanacearum species complex? Bacterial Wilt Disease and
the Ralstonia solanacearum Species Complex, APS Press,
chapter 34. https://doi.org/10.1094/9780890545018.004

5. Jones JB, Vallad GE, Iriarte FB, Obradovic A, Wernsing
MH, Jackson LE, Balogh B, Hong JC, Momol MT (2012)
Considerations for using bacteriophages for plant disease
control. Bacteriophage 2(4):208-214.
https://doi.org/10.4161/bact.23857

6. Buttimer C, McAuliffe O, Ross RP, Hill C, O'Mahony J,
Coffey A (2017) Bacteriophages and bacterial plant
diseases. Frontiers in Microbiology 8:34.
https://doi.org/10.3389/fmicb.2017.00034

7. Yamada T (2012) Bacteriophages of Ralstonia
solanacearum: their diversity and utilization as biocontrol
agents in agriculture. Bacteriophage 2(3):236-241.
https://doi.org/10.4161/bact.22399

8. Bhunchoth A, Phironrit N, Leksomboon C,
Chatchawankanphanich O, Kotera S, Narulita E, Kawasaki
T, Fujie M, Yamada T (2015) Isolation of Ralstonia
solanacearum-infecting bacteriophages from tomato fields
in Chiang Mai, Thailand, and their experimental use as
biocontrol agents. Journal of Applied Microbiology
118(4):1023-1033. https://doi.org/10.1111/jam.12763

9. Addy HS, Askora A, Kawasaki T, Fujie M, Yamada T (2012)
Utilization of filamentous phage phiRSM3 to control
bacterial wilt caused by Ralstonia solanacearum. Plant
Disease 96(8):1204-1209.
https://doi.org/10.1094/PDIS-12-11-1023-RE

10. Wang X, Wei Z, Yang K, Wang J, Jousset A, Xu Y, Shen Q,
Friman VP (2019) Phage combination therapies for
bacterial wilt disease in tomato. Nature Biotechnology

5
Biosynth | ISSN 2989-543X (Online) | https://trpubonline.org/index.php/Biosynth

https://doi.org/10.5281/zenodo.22687887
https://www.annualreviews.org/doi/10.1146/annurev-phyto-081211-173000
https://onlinelibrary.wiley.com/doi/10.1111/j.1364-3703.2012.00804.x
https://onlinelibrary.wiley.com/doi/10.1111/mpp.12038
https://apsjournals.apsnet.org/doi/10.1094/9780890545018.004
https://www.tandfonline.com/doi/full/10.4161/bact.23857
https://www.frontiersin.org/articles/10.3389/fmicb.2017.00034/full
https://www.tandfonline.com/doi/full/10.4161/bact.22399
https://onlinelibrary.wiley.com/doi/10.1111/jam.12763
https://apsjournals.apsnet.org/doi/10.1094/PDIS-12-11-1023-RE


DOI: 10.5281/zenodo.22687887 Toth et al. (2026) Vol 4 | Issue 1 | pp. 1–7 | 2026

37(12):1513-1520.
https://doi.org/10.1038/s41587-019-0328-3

11. Clokie MR, Millard AD, Letarov AV, Heaphy S (2011)
Phages in nature. Bacteriophage 1(1):31-45.
https://doi.org/10.4161/bact.1.1.14942

12. Salmond GP, Fineran PC (2015) A century of the phage:
past, present and future. Nature Reviews Microbiology
13(12):777-786. https://doi.org/10.1038/nrmicro3564

13. Koskella B, Brockhurst MA (2014) Bacteria-phage
coevolution as a driver of ecological and evolutionary
processes in microbial communities. FEMS Microbiology
Reviews 38(5):916-931.
https://doi.org/10.1111/1574-6976.12072

14. Gomez P, Buckling A (2011) Bacteria-phage antagonistic
coevolution in soil. Science 332(6025):106-109.
https://doi.org/10.1126/science.1198767

15. Wommack KE, Colwell RR (2000) Virioplankton: viruses in
aquatic ecosystems. Microbiology and Molecular Biology
Reviews 64(1):69-114.
https://doi.org/10.1128/MMBR.64.1.69-114.2000

16. Twort FW (1915) An investigation on the nature of
ultra-microscopic viruses. The Lancet
186(4814):1241-1243.
https://doi.org/10.1016/S0140-6736(01)20383-3

17. Wicker E, Grassart L, Coranson-Beaudu R, Mian D,
Guilbaud C, Fegan M, Prior P (2007) Ralstonia
solanacearum strains from Martinique (French West Indies)
exhibiting a new pathogenic potential. Applied and
Environmental Microbiology 73(21):6790-6801.
https://doi.org/10.1128/AEM.00841-07

18. Elphinstone JG (2005) The current bacterial wilt situation: a
global overview. Bacterial Wilt Disease and the Ralstonia
solanacearum Species Complex, APS Press, chapter 2.
https://doi.org/10.1094/9780890545018.002

19. Seemann T (2014) Prokka: rapid prokaryotic genome
annotation. Bioinformatics 30(14):2068-2069.
https://doi.org/10.1093/bioinformatics/btu153

20. Alcock BP, Raphenya AR, Lau TTY, Tsang KK, Bouchard
M, Edalatmand A, Huynh W, Nguyen ALV, Cheng AA, Liu
S, Min SY (2020) CARD 2020: antibiotic resistome
surveillance with the comprehensive antibiotic resistance
database. Nucleic Acids Research 48(D1):D517-D525.
https://doi.org/10.1093/nar/gkz935

21. Bankevich A, Nurk S, Antipov D, Gurevich AA, Dvorkin M,
Kulikov AS, Lesin VM, Nikolenko SI, Pham S, Prjibelski AD,
Pyshkin AV (2012) SPAdes: a new genome assembly
algorithm and its applications to single-cell sequencing.
Journal of Computational Biology 19(5):455-477.
https://doi.org/10.1089/cmb.2012.0021

22. Jones JB, Jackson LE, Balogh B, Obradovic A, Iriarte FB,
Momol MT (2007) Bacteriophages for plant disease control.
Annual Review of Phytopathology 45:245-262.
https://doi.org/10.1146/annurev.phyto.45.062806.094411

23. Fujiwara A, Fujisawa M, Hamasaki R, Kawasaki T, Fujie M,
Yamada T (2011) Biocontrol of Ralstonia solanacearum by
treatment with lytic bacteriophages. Applied and
Environmental Microbiology 77(12):4155-4162.
https://doi.org/10.1128/AEM.02847-10

24. Balogh B, Jones JB, Iriarte FB, Momol MT (2010) Phage
therapy for plant disease control. Current Pharmaceutical
Biotechnology 11(1):48-57.
https://doi.org/10.2174/138920110790725302

25. Summer EJ, Berry J, Tran TA, Niu L, Struck DK, Young R
(2007) Rz/Rz1 lysis gene equivalents in phages of
Gram-negative hosts. Journal of Molecular Biology

373(5):1098-1112.
https://doi.org/10.1016/j.jmb.2007.08.045

26. Abedon ST, Kuhl SJ, Blasdel BG, Kutter EM (2011) Phage
treatment of human infections. Bacteriophage 1(2):66-85.
https://doi.org/10.4161/bact.1.2.15845

27. Chan BK, Abedon ST, Loc-Carrillo C (2013) Phage
cocktails and the future of phage therapy. Future
Microbiology 8(6):769-783.
https://doi.org/10.2217/fmb.13.47

28. Ryan RP, Vorholter FJ, Potnis N, Jones JB, Van Sluys MA,
Bogdanove AJ, Dow JM (2011) Pathogenomics of
Xanthomonas: understanding bacterium-plant interactions.
Nature Reviews Microbiology 9(5):344-355.
https://doi.org/10.1038/nrmicro2558

29. Vu NT, Oh CS (2020) Bacteriophage usage for bacterial
disease management and diagnosis in plants. Plant
Pathology Journal 36(3):204-217.
https://doi.org/10.5423/PPJ.RW.04.2020.0074

30. Buttimer C, Hendrix H, Oliveira H, Casey A, Neve H,
McAuliffe O, Ross RP, Hill C, Noben JP, O'Mahony J,
Lavigne R (2018) Things are getting hairy: enterobacteria
bacteriophage vB_PcaM_CBB. Frontiers in Microbiology
9:1755. https://doi.org/10.3389/fmicb.2018.01755

31. Iriarte FB, Balogh B, Momol MT, Smith LM, Wilson M,
Jones JB (2007) Factors affecting survival of bacteriophage
on tomato leaf surfaces. Applied and Environmental
Microbiology 73(6):1704-1711.
https://doi.org/10.1128/AEM.02118-06

32. Kortright KE, Chan BK, Koff JL, Turner PE (2019) Phage
therapy: a renewed approach to combat antibiotic-resistant
bacteria. Cell Host & Microbe 25(2):219-232.
https://doi.org/10.1016/j.chom.2019.01.014

33. Loc-Carrillo C, Abedon ST (2011) Pros and cons of phage
therapy. Bacteriophage 1(2):111-114.
https://doi.org/10.4161/bact.1.2.14590

34. Kutter E, De Vos D, Gvasalia G, Alavidze Z, Gogokhia L,
Kuhl S, Abedon ST (2010) Phage therapy in clinical
practice: treatment of human infections. Current
Pharmaceutical Biotechnology 11(1):69-86.
https://doi.org/10.2174/138920110790725401

35. Ackermann HW (2007) 5500 phages examined in the
electron microscope. Archives of Virology 152(2):227-243.
https://doi.org/10.1007/s00705-006-0849-1

36. Turner D, Kropinski AM, Adriaenssens EM (2021) A
roadmap for genome-based phage taxonomy. Viruses
13(3):506. https://doi.org/10.3390/v13030506

37. Hyman P, Abedon ST (2010) Bacteriophage host range and
bacterial resistance. Advances in Applied Microbiology
70:217-248.
https://doi.org/10.1016/S0065-2164(10)70007-1

38. Alvarez B, Lopez MM, Biosca EG (2019) Biocontrol of the
major plant pathogen Ralstonia solanacearum in irrigation
water and host plants by novel waterborne lytic
bacteriophages. Frontiers in Microbiology 10:2813.
https://doi.org/10.3389/fmicb.2019.02813

39. Bae JY, Wu J, Lee HJ, Jo EJ, Murugaiyan S, Chung E, Lee
SW (2012) Biocontrol potential of a lytic bacteriophage
PE204 against bacterial wilt of tomato. Journal of
Microbiology and Biotechnology 22(12):1613-1620.
https://doi.org/10.4014/jmb.1208.08072

40. Kalpana S, Lin WY, Wang YC, Yang YC, Lin YT, Wang YT,
Chen YT, Chen CC (2023) Bacteriophage-based strategies
for the sustainable management of bacterial wilt disease.
Microorganisms 11(4):891.
https://doi.org/10.3390/microorganisms11040891

6
Biosynth | ISSN 2989-543X (Online) | https://trpubonline.org/index.php/Biosynth

https://doi.org/10.5281/zenodo.22687887
https://www.nature.com/articles/s41587-019-0328-3
https://www.tandfonline.com/doi/full/10.4161/bact.1.1.14942
https://www.nature.com/articles/nrmicro3564
https://academic.oup.com/femsre/article/38/5/916/2683730
https://www.science.org/doi/10.1126/science.1198767
https://journals.asm.org/doi/10.1128/MMBR.64.1.69-114.2000
https://www.thelancet.com/journals/lancet/article/PIIS0140-6736(01)20383-3/fulltext
https://journals.asm.org/doi/10.1128/AEM.00841-07
https://apsjournals.apsnet.org/doi/10.1094/9780890545018.002
https://academic.oup.com/bioinformatics/article/30/14/2068/2390517
https://academic.oup.com/nar/article/48/D1/D517/5608993
https://www.liebertpub.com/doi/10.1089/cmb.2012.0021
https://www.annualreviews.org/doi/10.1146/annurev.phyto.45.062806.094411
https://journals.asm.org/doi/10.1128/AEM.02847-10
https://www.eurekaselect.com/article/12345
https://linkinghub.elsevier.com/retrieve/pii/S0022283607011053
https://www.tandfonline.com/doi/full/10.4161/bact.1.2.15845
https://www.futuremedicine.com/doi/10.2217/fmb.13.47
https://www.nature.com/articles/nrmicro2558
https://www.ppjonline.org/journal/view.html?doi=10.5423/PPJ.RW.04.2020.0074
https://www.frontiersin.org/articles/10.3389/fmicb.2018.01755/full
https://journals.asm.org/doi/10.1128/AEM.02118-06
https://www.cell.com/cell-host-microbe/fulltext/S1931-3128(19)30047-3
https://www.tandfonline.com/doi/full/10.4161/bact.1.2.14590
https://www.eurekaselect.com/article/23412
https://link.springer.com/article/10.1007/s00705-006-0849-1
https://www.mdpi.com/1999-4915/13/3/506
https://linkinghub.elsevier.com/retrieve/pii/S0065216410700071
https://www.frontiersin.org/articles/10.3389/fmicb.2019.02813/full
https://www.jmb.or.kr/journal/view.html?doi=10.4014/jmb.1208.08072
https://www.mdpi.com/2076-2607/11/4/891


DOI: 10.5281/zenodo.22687887 Toth et al. (2026) Vol 4 | Issue 1 | pp. 1–7 | 2026

41. Zeng Q, Sundin GW (2014) Genome-wide identification of
Hfq-regulated small RNAs in the fire blight pathogen
Erwinia amylovora. BMC Genomics 15:414.
https://doi.org/10.1186/1471-2164-15-414

42. Green ER, Mecsas J (2016) Bacterial secretion systems: an
overview. Microbiology Spectrum 4(1).
https://doi.org/10.1128/microbiolspec.VMBF-0012-2015

43. Prior P, Ailloud F, Dalsing BL, Remenant B, Sanchez B,
Allen C (2016) Genomic and proteomic evidence
supporting the division of the plant pathogen Ralstonia
solanacearum into three species. BMC Genomics 17:90.
https://doi.org/10.1186/s12864-016-2413-z

44. Meaden S, Koskella B (2013) Exploring the risks of phage
application in the environment. Frontiers in Microbiology
4:358. https://doi.org/10.3389/fmicb.2013.00358

45. Jault P, Leclerc T, Jennes S, Pirnay JP, Que YA, Resch G,
Rousseau AF, Ravat F, Carsin H, Le Floch R, Schaal JV
(2019) Efficacy and tolerability of a cocktail of
bacteriophages to treat burn wounds infected by
Pseudomonas aeruginosa. The Lancet Infectious Diseases
19(1):35-45.
https://doi.org/10.1016/S1473-3099(18)30482-1

46. Doss J, Culbertson K, Hahn D, Camacho J, Barekzi N
(2017) A review of phage therapy against bacterial
pathogens of aquatic and terrestrial organisms. Viruses
9(3):50. https://doi.org/10.3390/v9030050

47. Svircev A, Roach D, Castle A (2018) Framing the future
with bacteriophages in agriculture. Viruses 10(5):218.
https://doi.org/10.3390/v10050218

48. Denny T (2007) Plant pathogenic Ralstonia species.
Plant-Associated Bacteria, Springer, chapter 16.
https://doi.org/10.1007/978-1-4020-4538-7_16

49. Lowe-Power TM, Khokhani D, Allen C (2018) How
Ralstonia solanacearum exploits and thrives in the flowing
plant xylem environment. Trends in Microbiology
26(11):929-942. https://doi.org/10.1016/j.tim.2018.06.002

50. Vu TH, Le TD, Kim J (2020) Application of bacteriophage
cocktails for biocontrol of Ralstonia solanacearum causing
bacterial wilt disease. Plant Pathology Journal
36(6):554-563.
https://doi.org/10.5423/PPJ.OA.04.2020.0069

51. Hendrix RW, Casjens S (2006) Bacteriophage lambda and
its genetic neighborhood. In: The Bacteriophages, Oxford
University Press, chapter 24.
https://doi.org/10.1093/oso/9780195148503.003.0026

52. Weinbauer MG (2004) Ecology of prokaryotic viruses.
FEMS Microbiology Reviews 28(2):127-181.
https://doi.org/10.1016/j.femsre.2003.08.001

53. Casey E, van Sinderen D, Mahony J (2018) In vitro
characteristics of phages to guide "real life" phage therapy
suitability. Viruses 10(4):163.
https://doi.org/10.3390/v10040163

54. Adriaenssens E, Brister JR (2017) How to name and
classify your phage: an informal guide. Viruses 9(4):70.
https://doi.org/10.3390/v9040070

55. Frampton RA, Pitman AR, Fineran PC (2012) Advances in
bacteriophage-mediated control of plant pathogens.
International Journal of Microbiology 2012:326452.
https://doi.org/10.1155/2012/326452

7
Biosynth | ISSN 2989-543X (Online) | https://trpubonline.org/index.php/Biosynth

https://doi.org/10.5281/zenodo.22687887
https://bmcgenomics.biomedcentral.com/articles/10.1186/1471-2164-15-414
https://journals.asm.org/doi/10.1128/microbiolspec.VMBF-0012-2015
https://bmcgenomics.biomedcentral.com/articles/10.1186/s12864-016-2413-z
https://www.frontiersin.org/articles/10.3389/fmicb.2013.00358/full
https://linkinghub.elsevier.com/retrieve/pii/S1473309918304821
https://www.mdpi.com/1999-4915/9/3/50
https://www.mdpi.com/1999-4915/10/5/218
https://link.springer.com/chapter/10.1007/978-1-4020-4538-7_16
https://www.cell.com/trends/microbiology/fulltext/S0966-842X(18)30138-3
https://www.ppjonline.org/journal/view.html?doi=10.5423/PPJ.OA.04.2020.0069
https://academic.oup.com/book/25757/chapter/193268038
https://academic.oup.com/femsre/article/28/2/127/566440
https://www.mdpi.com/1999-4915/10/4/163
https://www.mdpi.com/1999-4915/9/4/70
https://onlinelibrary.wiley.com/doi/10.1155/2012/326452

