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Abstract:

The bacterium Ralstonia solanacearum causes a serious wilt disease in potato plants, and it survives in soil,
Keywords: potato residues, and weeds for a long time. Bacteriophages offer an environmentally beneficial biocontrol
Bacteriophage; longevity; bacterial method for these bacteria. In this investigation, the RsPod1EGY phage was initially isolated from Egyptian
wilt; Ralstonia solanacearum. soil and propagated, and its host range was assessed against a wide range of pathogenic and antagonistic
bacteria. The results revealed a unique specificity of the RsPod1EGY phage to the R. solanacearum strains
used in this study. Furthermore, the RsPod1EGY phage showed in vitro high stability with various activities
through a wide range of temperatures (2 up to 60 °C), pH (2 up to 10), and NaCl concentrations (2 up to 10%).

In conclusion, the RsPod1EGY phage has an in vitro potential to suppress the growth of R. solanacearum,

which may allow this phage to be applied in the field for the biocontrol strategy of this bacteria.

1. Introduction

Ralstonia solanacearum, a Gram-negative pro-
teobacterium that causes bacterial wilt in potatoes, is
a quarantine pathogen in Egypt with zero import or
export tolerance. Its presence is impeding the smooth
flow of Egyptian potatoes to various international
markets, particularly to Russia and the European Un-
ion (Messiha et al., 2007). The disease known as bac-
terial wilt or brown rot caused significant losses in
several important crops, such as tobacco, eggplant, to-
mato, and potato (Hayward, 2000). Given the signifi-
cance of the potato crop to Egypt's economy, a unique
approach to managing bacterial wilt in potatoes is des-
perately needed.

It has been shown that bacterial viruses, or bac-
teriophages, are successful natural nanomachines that
taint their hosts with extraordinary accuracy and effi-
cacy. Various phages have been previously used as bi-
ological controls against distinct plant diseases
(Balogh et al., 2010). Several phage types with the

ability to interact and infect different races of R. sola-
nacearum were identified and characterized by sev-
eral researchers (Yamada et al., 2007; Fujiwara et al.,
2011; Askora et al., 2017; Elhalag et al., 2018). How-
ever, a few have been identified and assessed as bio-
control agents against bacterial wilt caused by R. sol-
anacearum (Yamada et al., 2007; Fujiwara et al.,
2011). The essential advantage of utilizing a phage as
a biocontrol agent is the likely diminishing in the use
of ineffective pesticides. By exclusively eliminating
the intended pathogenic bacterial species, phages dis-
play a restricted specificity of action, preventing the
accidental destruction of non-target microorganisms
that might be pivotal components of the agroecosys-
tem.

This study aims to evaluate the efficacy of pre-
viously isolated bacteriophage RsPod1EGY to sup-
press the growth of R. solanacearum in vitro. The sta-
bility of the phage was also studied in vitro through a
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wide range of temperatures, pH, and NaCl concentra-
tions.

2. Materials and Methods
2.1. Bacterial strains and growth conditions

The study employed two extremely virulent
strains of R. solanacearum Phylotype lla, sequevar 1
(race 3, biovar 2), namely K3, and K10. These strains
were originally isolated from potato tubers exhibiting
symptoms of brown rot, which is characterized by
brownish discoloration of vascular bundles with slimy
whitish bacterial ooze.

Cultural, and morphological properties were
studied by growing on two types of media including
Selective Medium South Africa (SMSA), and King’s
B media on Petri dishes at 28 °C + 2 for 48 h
(Elphinstone et al., 1996; King et al., 1954). Bacteria
were routinely subcultured and grown at 28 °C on
King’s medium agar plates for 24-48 h in 9 cm Petri
dishes.

The two R. solanacearum strains were identi-
fied by molecular tests using specific primers accord-
ing to Pastrik et al. (2002). The strains were kept in
20% glycerol at —30 °C for long-term storage.

2.2. Phage used in this study

In a previous investigation, Elhalag et al. (2018)
recovered the phage podovirus RsPod1EGY Ralstonia
phage from the soil against R. solanacearum Phylo-
type lla, sequevar 1. and its whole genome sequences
were added to the gene bank under the accession num-
ber: MG711516. The phage was stored at 40C for

three years and continuously activated on its main host.

2.3. Propagation of the RsPod1EGY phage

The RsPod1EGY phage was multiplied as fol-
lows: a 500 ml flask containing a 100-fold dilution of
a bacterial cell culture (cultivated for 24 hours in a liter
of liquid King's medium and incubated at 28°C with a
concentration of 3.2x10% colony forming units
CFU/ml) was filled with 100 ml of fresh King's B me-
dium. When the cultures reached 0.2 units at OD600
using a Spectrophotometer, the phage from the origi-
nal concentration was introduced at a multiplicity of

infection (MOI) of 0.1. The cells were extracted by
centrifugationusing a refrigerated centrifuge (SIGMA
3-18K, Sigma Laborzentrifugen GmbH, Germany) at
6000 rpm for 15 min at 4°C following a 20-hour incu-
bation period. The phage particles were precipitated
by centrifugation at 12500 rpm for two hours at 4°C
after the supernatant was passed through a 0.2 pm
membrane filter (Cobetter filtration, PES membrane,
China). The particles were then suspended in SM
buffer, which contains 50 mM Tris-HCl at pH 7.5, 100
mM NacCl, 10 mM MgSO4, and 0.01% gelatin. Plaque
assay was used to determine the final concentration,
which was approximately 3.6 x10* PFU/ml. Finally,
the purified phages were kept at 4°C for further stud-
ies.

2.4. Assessment of the sensitivity of different bacte-
ria to phage infection (phage specificity)

Using some antagonistic bacterial strains and
some plant pathogenic bacteria that were kindly pro-
vided from the culture collection of the Department of
Bacterial Diseases Research, Plant Pathology Re-
search Center, Giza, Egypt. The pathogenic bacteria
included Pectobacterium atrosepticum (MH3c, Fel2,
MH1, MH2, MH8 and MH11), Pectobacterium ca-
rotovorum (GH1, GH2 and GH5) Ralstonia sola-
nacearum (K3 and K10), Pectobacterium brasiliense
(BR1), Xanthomonas campestris pv. campestris
(Xcc), Erwinia amylovora (Ea), Rhizobium radiobac-
ter (AGt), and Robbsia andropogonis (Ba). While an-
tagonistic bacteria included Serratia marcescens
(100B), Bacillus subtilis (500B), Bacillus thurin-
giensis (400B), and Pseudomonas putida (600B).
Both the spot test (Armon et al., 1993) and the plaque
assay (Maihara et al., 2016) were used to investigate
the phage host ranges.

To conduct a spot test, three milliliters (0.75%)
of soft agar containing 200 microliters of each bacteria
cultured for 24 hours at 28°C (with a cell density of
10® CFU/ml) were added individually as five repli-
cates for each tested bacteria, gently mixed, and then
poured onto the King's medium surface. After the

King's plates were solidified, a solitary drop (5 pul) of
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phage suspension (2.9 x 10** PFU/ml) was spotted on
the surface of the media, then incubated for an entire
night at 28°C and observed for clear spots that indicate
the lysis efficacy against each tested bacteria, lysed re-
gions on the spot inoculations were monitored for 48
hours.

The assay for plaque was conducted by adding
100 pl of phage suspension (at the previously speci-
fied concentration) to 250 ul of each tested bacterial
strain (108 CFU/ml) in a 1.5 ml tube and then incu-
bated for 30 min at 28 °C to allow the phage to be ad-
sorbed on the bacterial cell surface. The mixture was
then added to a tube containing 3 ml of King's-soft
agar containing 2% agar. After adding the mixture to
the surface of King's agar plates, the mixture was left
for 30 minutes to harden. Following a 24-hour incuba-
tion period at 28 °C, the plates were examined to as-
certain the formation of plagues. As a control, non-
phage-infected plates were employed. Results were
averaged after the experiment was repeated twice with
the same sets.
2.5. In vitro stability of phage at different tempera-
tures, pH, and NaCl concentrations after the pe-
riod of storage

The in vitro phage stability tests at various tem-
peratures, pH levels, and salt concentrations were car-
ried out after the serials of phage storage and reactiva-
tion for three years to ensure its activity using the tech-
niques of Jamal et al. (2015). 1.5 ml Eppendorf tubes
with a diluted solution of the bacteriophage were in-
cubated for two hours at different temperatures (2, 8,
15, 28, 35, 40, 50, 60, 70, and 80°C) as described by
Capracetal., 2006. After incubating the phage particles
for three hours at 28°C, the phage stability was meas-
ured at various pH values (2, 4, 6, 8, 10, and 12) in
King’s broth. The phage particles that survived were
promptly counted using the double-layer agar plate
method, as previously mentioned. Additionally, the
phage activity was evaluated under various NaCl con-
centrations (2, 4, 6, 8, 10, 15, and 20%). Three repli-
cates of the above-described plaque assay were per-
formed for each tested temperature, pH, and NaCl

concentration.
2.6. Statistical analysis

All experiments were carried out using a com-
pletely randomized design. The analysis of variance
(ANOVA) followed by post hoc pairwise compari-
sons using the Tukey honestly significant difference
test (HSD) were used to compare variances between
means of different treatments (p<0.05). Moreover, a
simple linear regression (SLR) analysis was carried
out to better understand the relationship between the
Log10 count of the phage (CFU/mI) and the studied
factors (temperature, pH, or NaCl concentrations).

3. Results
3.1. Identification of R. solanacearum K3 and K10

Both strains of R. solanacearum (K3 and K10)
showed the typical morphological growth on
SMSA and King’'s media, after being incubated at
28 oC for 48 h (Fig. 1A and B). The colonies were
irregularly round, slimy, and white with pink
centers on the SMSA medium, while they were
slimy, and creamy colonies with brownish dis-
coloration on the king’s medium.

Both bacterial strains were confirmed by
conventional PCR assay using specific primers
for R. solanacearum race 3 biovar 2, which showed
an identical band at 718bp (Fig. 2).

Figure 1. Morphology of R. solanacearum colonies
race 3 biovar 2 on SMSA (A) and King’s media (B).
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Figure 2. The PCR product's agarose gel electropho-

resis pattern displays identical bands for each of the
pathogenic bacterial strains employed in this investi-
gation. M: ladder (100 bp), NC: Negative control (master mix
only), and K3 and K10: R. solanacearum isolates with identical
bands (718 bp), amplified by PCR using specific primers.

3.2. Sensitivity of various bacteria to phage infec-
tion (phage specificity)

A susceptibility test for RsPod1EGY infection
was performed on twenty bacterial strains that be-
longed to the pathogenic and antagonistic bacteria in-
dicated in Table (1). All strains except for R. sola-
nacearum strains utilized in this experiment (K3, and
K10) were found to be resistant to the phage based on
the findings of the spot test and plaque assay (Fig. 3A
and B).

Table 1. Sensitivity of different bacterial strains to
RsPod1EGY phage infection

pv. campestris

Erwinia amylovora Ea -
Rhizobium radiobacter AGt -
Robbsia andropogonis Ba -

Antagonistic

Serratia marcescens 100B -
Bacillus thuringiensis 400B -
Bacillus subtilis 500B -
Pseudomonas putida 600B -

Bacterial isolates Strain Spot test Plaque assay
Pathogenic
Pectobacterium  caroto- GH1
vorum GH2
GH5
P. atrosepticum MH3c
Fel2
MH1
MH2
MH8
MH11
Ralstonia solanacearum K3 + +
K10 + +
Pectobacterium brasiliense  BR1
Xanthomonas campestris Xcc

(+) sensitive, (—) resistant.

Figure 3. Plaque (A) and spot (B) assay showing the
sensitivity of R. solanacearum (K10) to the infectious
phage RsPod1EGY used in this study.

3.3. In vitro stability of phage at different tempera-
tures, pH, and NaCl concentrations after the pe-
riod of storage

Following three years of storage, the stability
of RsPod1EGY demonstrated pronounced activity at
various temperatures, pH levels, and salt concentra-
tions. Up to 50 °C, the phage retained its stability;
however, at temperatures above 60 °C, it was lost
within two hours (Fig. 4A). The phage was most ac-
tive at pH values between 6 and 8, and it was com-
pletely inactive at pH values greater than 10 (Fig. 4B).
In addition, the phage continued to be active at NaCl
concentrations up to 15% and stopped counting at 20%
(Fig. 4C). The highest decline started after 8% NaCl
concentration (Fig. 4C).
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Figure 4. RsPod1EGY phage stability at different
temperatures (A), pH (B), and NaCl concentration

All values represent means of three replicates + SD.

4. Discussion

Bacterial wilt caused by R. solanacearum is
considered an important disease that impacts
and reduces the productivity of potatoes. It is a
quarantine disease with zero tolerance (Farag et
al., 1999). The modern approach in bacterial dis-
ease control aims to use environmentally friendly
agents that have efficacy and safety in the field
application. Bacteriophages represent good, effi-
cient, and eco-friendly agents that have the op-
portunity to be an alternative control method for
bacterial diseases in plants (Addy et al.,, 2012;

Alomari et al,, 2021). Bacteriophages are viruses

that exclusively target bacteria, posing no threat
to plants or animals.

The bacterial strains used in this study were
identified by their cultural, and morphological proper-
ties and by molecular tests using PCR assay. On
SMSA and King's medium (B), the morphology of all
R. solanacearum strains (K3 and K10) was verified.
This identification aligns with the previous work pub-
lished by Engelbrecht (1994). Their molecular identity
was confirmed using specific primers that showed
specific bands at 718 bp, which agrees with Pastrik et
al. (2002).

In our investigation, the antibacterial activity
of the phage was assessed against a set of twenty bac-
terial strains that were classified as pathogenic and an-
tagonistic. This revealed that the phage was specific to
R. solanacearum strains that demonstrated distinct
spots and plaques, as determined by the spot test and
plaque assay. This finding is in agreement with a pre-
vious study on the same phage that was assayed by
Abdelmonim et al. (2018) and Elhalag et al. (2018)
against a different panel of bacterial strains used in
this study.

The challenge in phage field application is
the ability to sustain its survival under environmental
conditions such as desiccation, ultraviolet (UV) radia-
tion, pH, rain, and temperature that have an impact on
the phage survival and persistence at the necessary site
of action (Iriarte et al. 2007). In our study, the stability
of the bacteriophage RsPod1EGY after three years of
storage was assessed under various temperatures, pH,
and sodium chloride concentrations. Our findings re-
vealed that the phage was stable and exhibited notice-
able activity at different pH values, temperatures, and
salt concentrations. The phage was stable up to 50 °C,
but it lost stability after two hours at temperatures over
60 °C. Furthermore, the phage was entirely inactive at
pH levels higher than 10, while it was most active at
pH values between 6 and 8. On the other hand, the
phage remained active at NaCl concentrations up to
15% until ceasing to count at 20%. These findings
support the conclusions stated by Elhalag et al. (2018).
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According to a recent example of how pH affects
phages, phage and other viral abundance enhanced
when pH was raised from 3.5 to 5. The quantity of
bacteriophages declined at increasing pH values (Narr
etal., 2017). Phages vary in their pH requirements for
survival, and the soil has an impact on the phages' de-
velopment and activity. According to Oh et al. (2017)
and Jin and Flury (2002), phages are bound to soil par-
ticles by pH, which prevents them from migrating and
preserves the phage community. Soil pH plays a cru-
cial role in dictating how well phages perform biocon-
trol in the soil.

5. Conclusion

Our study indicated that RsPod1EGY phage has
the potential to suppress the growth of R. solanacea-
rum the causal agent of the potato wilt disease under
the laboratory bioassay. Moreover, our findings re-
vealed that RsPod1EGY phage was stable under dif-
ferent temperatures, pH, and salt levels. Further stud-
ies are needed to ensure the use of RsPod1EGY phage
as a biological component in the control strategy of
potato wilt disease. These studies include the evalua-
tion of the bacteriostatic potential of the phage under
greenhouse and field conditions.
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