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A B S T R A C T

The urgent need of research of new approaches to control bacterial disease on economical important crops, focuses
our attention on bacteriophages as alternative biocontrol agents. Thus, the purpose of this paper is to present the
isolation and initial characterization of three bacteriophages (SfXv124t/1, 2 and 3) isolated from rhizosphere soil of a
healthy tomato plant in Bulgaria that are capable to lyse three phytopathogenic bacteria. The initial characterization
includes determination of: their host range, plaque morphology, optimal storage temperature of pure phage lysates,
their sensitivity to UV light, thermal inactivation, optimal multiplicity of infection (MOI) and virion morphology. The
obtained results showed that one of the phage isolates was capable to lyse wild strains from three phytopathogenic
bacterial species: Xanthomonas vesicatoria, Xanthomonas euvesicatoria and Xanthomonas gardneri, and the two
remaining phages were active against X. vesicatoria and X. euvesicatoria. On X. vesicatoria lawn, the phages produced
the same plaque types that differed only in their size. Storage at 4 �C for 26 days did not lead to decrease in phage
titer as opposed to storage at 28 �C followed by decrease to varying degree for all three phages. The results obtained
after exposure of the phage lysates to sunlight (UVA þ B) and UVC light in separate experiments showed that UVC
had a potent phagocidal effect as after 50 min of exposure there were no viable phages in the samples. UVA an UVB
had lethal effect for two of the phage isolates and absolutely no lethal effect for the third one as after 50 min of
exposure to sunlight there was no decrease in the initial phage titer. Phage isolates were tested for their thermal
inactivation after incubation of pure phage lysates at three different temperatures: 55 �C, 75 �C and 95 �C for a period
of 10 and 30 min. The most lethal temperature turned out to be 95 �C as after 10 min there were no viable phages in
the samples. Phage isolate SfXv124t/1 was the most susceptible as its titer decreased by 1 lg after 10 min of incu-
bation at 55 �C and by another 1 lg after 30 min. The most thermally resistant isolate was SfXv124t/3 as its titer
remained stable after 30 min of incubation at 55 �C and decreased only by lg after incubation at 75 �C for 10 min.
The optimal MOI for SfXv124t/3 was 0,01 (tested range 0,01–100) with maximal phage titer, reported at the 24th

hour of incubation. TEM micrographs of the same isolates reveals that it belongs to family Podoviridae.
1. Introduction

Tomatoes (Solanum lycopersicum L.) and sweet pepper (Capsicum
annuum L.) are among the most consumed vegetables all over the world.
One of the main reasons for great losses of production in the agriculture
especially in countries with worm and humid climate are bacterial dis-
eases on crops. According to scientific opinion of EFSA Panel on Plant
Health these losses can reach up to 30%. Bacterial spot disease is wide
spread in Europe as among the most affected countries are Serbia
(Obradovic et al., 2004), Turkey (Aysan and Sahin, 2003), Republic of
okizheva@gmail.com (Y. Kizheva
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North Macedonia (Mitrev and Kovacevic, 2006), Italy (Buonaurio and
Stravato, 1992) and Spain (Melgarejo et al., 2010). To date there are
several bacterial species which are regulated harmful organisms in the
EU (European Union), and thence in Bulgaria as a member of the union
(EFSA, Scientific Opinion, 2014). Four phytopathogenic xanthomonad
species (X. vesicatoria, X. euvesicatoria, X. gardneri and Xanthomonas per-
forans) are considered to cause the bacterial spot disease. They can infect
either tomato or pepper, or both plants, simultaneously (Jones et al.,
2004; Vauterin et al., 1995). These bacterial species are stated among the
tenth most economically important bacterial species in agriculture in
).
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countries with warm and humid climate (Mansfield et al., 2012). The
rapid spread of the pathogens in the fields, greenhouses and across
country borders is due to infected tomato and pepper seeds, wind, rains
and cultivation practices.

For the last nearly 30 years prof. Bogatsevska and coworkers have had
a great contribution to the study of bacterial-spot-causing xanthomonads
in Bulgaria as they isolated and characterized a large number of strains
from infected tomato and pepper plants (Bogatsevska and Sotirova, 1992;
2022). The major bacterial spot causative agents on tomato plants in
Bulgaria are X. vesicatora followed by X. gardneri and on pepper plants - X.
euvesicatoria (Kizheva et al., 2011, 2013; Vancheva et al., 2018). The first
report of X. euvesicatoria isolated from infected tomato plants in Bulgaria
was made in 2020 (Kizheva et al., 2020).

Disease control is difficult due to the increasing resistance of the
causative agents to copper pesticides and antibiotics (Jones et al., 2012;
Marco and Stall, 1983; Minsavage et al., 1990; Pernezny et al., 2008;
Thayer and Stall, 1961). Furthermore, the excessive use of chemical
pesticides leads to accumulation of different pesticides residues in fruit,
meat, animal feed and environment (Chourasiya et al., 2015; EFSA, 2020;
Witczak and Abdel-Gawad, 2014), which can cause various harms in the
human and animal bodies, such as dermatological, respiratory, neuro-
logical (Alewu and Nosiri, 2011; Nicolopoulou-Stamati et al., 2016;
Sanborn et al., 2007; WHO, 1990) and even death (Gunnell et al., 2007).
All that leads to one main conclusion: the urgent need of an alternative
manner for fighting bacterial diseases in agriculture, such as phage
therapy. One of the growing phenomena in phage therapy, not only in the
agriculture but in the human and animal medicine too, is the use of phage
cocktails. These are mixtures of several phage types, having different host
ranges, in order to be effective against different strains of the target
bacterium and moreover, to be effective against more than one bacterial
species (Chan and Abedon, 2012; Gill and Hyman, 2010; Goodridge,
2010). According to Ross et al. (2016) phage preparations are more
effective when a small number of broad host range phages are included in
the mixtures, instead of great number of narrow host range phages.

As potential biocontrol agents, phages have to meet certain criteria,
such as: 1/obligately lytic life cycle; 2/lack of genes for toxins; 3/broad
host range; 4/to stay viable for long time at different storage temperatures
(Ackermann et al., 2004; Hyman, 2019). There are some additional factors
that could have negative effect on phages when applied in environmental
conditions (field application for example) and which have to be screened
for newly isolated biotherapeutic phages. Such environmental factors
could be: sunlight irradiation, pH, temperature, humidity, ability to sur-
vive in phyllosphere and rhizosphere and sensitivity to chemical pesticides
(Iriarte et al., 2007; Jones et al., 2007; Suttle and Chen, 1992; Svircev
et al., 2010). Full characterization of a newly isolated bacteriophage
intended for use as a biocontrol agent include some additional charac-
teristics such as optimal MOI, determination of plaque and virion
morphology, whole genome sequencing etc., which are not directly related
to phage characteristics in phage therapy application (Hyman, 2019).

The original idea of this study, was the isolation of X. vesicatoria
effective lytic bacteriophages as it is one of the most common phyto-
pathogenic species on tomato plants in Bulgaria. However, in this paper
we present for the first time, the isolation and initial characterization of
three broad host range bacteriophages isolated from rhizosphere soil of a
healthy tomato plant capable of infecting the three wild type bacterial-
spot-causing xanthomonad species, widespread in Bulgaria. These
phage isolates could have a potential as biocontrol agents against bac-
terial spot disease on tomato and pepper plants.

2. Materials and methods

2.1. Bacterial cultures and cultivation conditions

The bacterial species and strains used in this study are selected from a
large collection of xanthomonad phytopathogenic bacteria, collected for
a period of 22 years from prof. Nevena Bogatsevska and coworkers and
2

kindly donated to the Department of General and Industrial Microbi-
ology, Faculty of Biology, Sofia University “St. Kliment Ohridski”. They
differ in their year and location of isolation, pathotype and races (Table
1). All strains were previously identified and characterized (Kizheva et al.
2013, 2020; Bogatzevska and Sotirova, 2002). The following type cul-
tures were used as controls in the host range determination: Xanthomonas
euvesicatoria NBIMCC 8731, Xanthomonas perforans NBIMCC 8729, Xan-
thomonas vesicatoria NBIMCC 2427, Xanthomonas gardneri NBIMCC 8730
and Pseudomonas syringae pv. tomato NBIMCC 3374. LB broth (Luria
Bertani) was used for phage lysate preparation, Nutrient agar (NA)
containing beef extract 3 g/L, peptone 5 g/L and agar 15 g/L was used for
plaque assays and PSA (potato sucrose agar) was used for obtaining of
log-phase bacterial cultures.

2.2. Sample collection and isolation of bacteriophages

For bacteriophages isolation a tomato rhizosphere soil sample was used
which was collected during late summer from a self-grown healthy tomato
plant in the city of Sofia, Bulgaria. The methodology of isolation was as
previously described by Ahmad et al. (2014) and Yamada et al. (2007).
The presence of lytic phages in soil sample was detected via double agar
overlay plaque assay (DAOPA) and as host bacteria 11 X. vesicatoria strains
(29t, 1b, 60t, 68t, 73t, 97t, 131t, 132t, 124t, 130t and 41f) were used
(Table 1.). The soil sample (10g) was placed in sterile centrifuge tube and
filled with sterile distilled water to the cap (approximately 30 mL). The
sample was stored at room temperature for 30 min with gentle inversions
every 5min. Next, the sample was centrifuged at 8000 g for 20min and the
supernatant was filtered through a 25 mm sterile membrane filter (0.2 μm
pore size, Corning syringe filters, USA) for removing any residues of bac-
terial cells. Aliquot of 100 μL of the filtered supernatant was mixedwith: 1)
100 μL host bacterial suspension (108 cfu/ml) obtained from overnight
bacterial culture, suspended in saline; 2) 30 μL 1M CaCl2 and 3) 3 mL soft
NA containing 0.45% agar. All ingredients were mixed well by vortexing
for 10 s and quickly poured onto the surface of previously prepared 1.5%
agar plate. The double agar plates were then incubated at 28 �C for 24 h
and positive outcomes were scored after establishment of clear plaques
from bacteriophages as a result of bacterial lysis.

2.3. Phage purification and characterization

Pure bacteriophage cultures were obtained after propagation and
purification of phages. The bacterial culture used as specific host for
phage propagation was X. vesicatoria strain 124t (tomato isolate) grown
overnight (log phase). Aliquot of 100 μL of the bacterial suspension (0.5
McFarland scale – about 108 CFU/mL) was inoculated in 50 mL LB broth
in 500 mL flasks. A single phage plaque was isolated and added by dint of
microbiological needle and 0.5 mL 1M CaCl2 was added. The flasks were
cultivated on rotary shaker overnight. The media broth was then
centrifuged at 8000g for 20 min and the supernatant containing viral
particles was filtered through a sterile membrane filter to remove any
residues of bacterial cells. The cell-free supernatant was 10-fold diluted
in sterile saline and sub cultured with the target bacterium (as described
above) three consecutive times for phage purification. Pure phage cul-
tures were stored for further studies at 4 �C as pure phage lysates.

2.3.1. Host range determination
The host range of the three newly isolated bacteriophages was

determined by testing the sensitivity of 23 phytopathogenic bacterial
strains to the phages in three independent trials: X. vesicatoria (14
strains), X. euvesicatoria (5 strains), X. gardneri (3 strains) and one
P. syringae pv. tomato strain (Table 1). Five type cultures were also
included in the assay (p. 2.1.). Spot testing assay was applied (Kutter,
2009). All bacterial cultures were grown on PSA overnight (16–20 h) and
subsequently suspended in sterile saline. The bacteriophage lysates were
obtained after cultivation of each phage separately, with X. vesicatoria
strain 124t as host in 50 mL LB broth for one night. One hundred



Table 1. Phytopathogenic bacteria used as specific hosts for phages isolation and host range determination.

N� Bacterial hosts Phage isolates

Strain Pathotype Race Year of isolation Location SfXv124t/1 SfXv124t/2 SfXv124t/3

X. vesicatoria

1. 29t PT T3 1995 Petrich þ þ þ
2. 31t Т Т1 1997 Sofia � � �
3. 1b PT T1 1999 Lovech � þ �
4. 32t PT Т3 1999 Sofia � � �
5. 43t PT T2 2006 Kostinbrod � � �
6. 60t T T2 2007 Sofia � � �
7. 68t T T3 2010 Plovdiv � þ �
8. 73t T T1 2012 Topolovgrad � þ þ
9. 97t PT T2 2015 Plovdiv � � �
10. 131t T T2 2016 Blagoevgrad þ þ þ
11. 132t PT T1 2016 Tulenovo þ þ þ
12. 124t T T3 2016 MVCRI, Plovdiv* þ þ þ
13. 130t T T2 2016 Blagoevgrad � þ þ
14. 41f NS NS 2017 Plovdiv þ þ þ
15. **NBIMCC 2427 NA NA NA NA � � �
X. euvesicatoria

16. 99b PT Т3 2013 Byala Cherkva þ þ þ
17. 108t PТ T2 2015 Svilengrad þ þ þ
18. 269p P P4 2015 Durankulak þ � þ
19. 274p P P0 2015 Shabla þ � þ
20. 105t PT T1 2015 Haskovo þ � þ
21. NBIMCC 8731 NA NA NA NA � � �
X. gardneri

22. 62t PT T1 2009 Sofia þ � �
23. 64t PT T3 2009 Sofia � � �
24. 77t T T3 2012 Topolovgrad þ � þ
25. NBIMCC 8730 NA NA NA NA � � �
X. perforans

26. NBIMCC 8729 NA NA NA NA þ � þ
Pseudomonas syringae pv. tomato

27. 32f NS NA 2017 NS � � �
28. NBIMCC 3374 NA NA NA NA � � �

“þ” – sensitive strain, plaques formation; “�” – resistant strain, no plaques formation; NA – not applicable; NS – not screened.
*MVCRI – Мaritsa Vegetable Crops Research Institute, Plovdiv, Bulgaria; **NBIMCC – National Bank for Industrial Microorganisms and Cell Cultures.
Bold font – Xanthomonas vesicatoria strains used as host bacteria during bacteriophage initial isolation from the soil sample.
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microliters from each bacterial suspension (108 CFU/ml) were trans-
ferred in sterile tubes and mixed with 30 μL 1M CaCl2 and 3 mL soft NA
with agar concentration of 0.45%. The mixture was then added onto the
main agar layer in petri dishes prepared the day before and left at room
temperature for complete solidification. The phage lysates were centri-
fuged at 8000 rpm/min for 20 min and filtered through membrane filter
(0.22 μm pore size) to completely remove the residual bacterial cells. The
pure phage lysates were 10-fold diluted in sterile saline and each dilution
was applied onto double agar lawn of every bacterial strain via spots
(about 10 μL). The petri dishes were cultivated at 28 �C for 20 h. The
positive outcomes were scored after the establishment of clear plaques
from bacteriophages as a result of lysis of sensitive bacteria (Msimbira
et al., 2016; Pringsulaka et al., 2011).

2.3.2. Characterization of phage plaques
The type of the plaques which occurred on the agar surface after

bacterial lysis from the three phages was determined by measuring the
plaque diameter and establishing the presence/absence of halo. This
characterization was done by cultivating the phages along with their
specific host (X. vesicatoria strain 124t) on solid agar media via DAOPA.
The morphology of the plaques was determined in accordance with
Jurczak-Kurek et al. (2016).
3

2.3.3. Determination of phages survival at two storage temperatures
Pure phage lysates were stored at 4 �C and 28 �C for a period of 26

days. The choice of these two storage temperatures was based on the
ability to store a phage biopesticides under non-specific conditions.
Phage survival at these storage conditions was determined by tracking
the change in phage titer after 18, 22 and 26 days of storage. Spot testing
assay was applied for determination of phage titers.

2.3.4. Thermal inactivation of phage isolates
Phages thermal inactivation after incubation at three different

temperatures for a period of 10 and 30 min was determined according to
Gasic et al. (2011) and Jurczak-Kurek et al. (2016), with minor modi-
fications. Pure phage lysates (2 mL) were incubated at three tempera-
tures: 55 �C, 75 �C and 95 �C in Dry Block Thermostat TDB-100 (BOECO
Germany). After every time point, 1mL from each phage lysate was
10-fold diluted in sterile saline and 10 μL from every dilution were
spotted on X. vesicatoria strain 124t lawn in petri dishes. The number of
viable phages after thermal inactivation was calculated by counting the
plaques formed on bacterial lawn following incubation at 28 �C for 24h.
and subsequent comparison with the initial titer of the phages. The
experiment was done three times and the average values were
calculated.
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2.3.5. Sensitivity of the newly isolated phages to sunlight (UVA þ B) and
UVC light

The effect of different types of UV light on phages viability was
established. The effect of UVA þ B (λ ¼ 280–400 nm) was screened by
direct sunlight irradiation (petri dishes were opened) during summer
season (year 2019) in bright and sunny days without any clouds in the
sky and the effect of UVC light (λ ¼ 253,7 nm) - by constant UV output
irradiation in closed box in the laboratory. The results were interpreted
by counting the numbers of viable phages capable to form plaques on
host lawn before and after irradiations. The assay was done in accordance
with Tomlinson (2010), with minor modifications. The initial phage ti-
ters were determined after 10-fold dilution via Spot testing assay. Five
milliliters of each phage suspension/lysate were placed in sterile opened
petri dishes and directly irradiated for a period of 10, 30 and 50 min.
When irradiated by UVC light, the samples were placed in a closed box
(L88 cm/W60 cm/D63 cm) equipped with UVC lamp (PHILIPS UVC, TUV
15W/G45T8). The lethal effect of UV light on phages was established by
measuring the difference between the initial number of the viable phages
in the suspensions and their number following irradiation. The final re-
sults were obtained after three separate trials were taken into account.

2.3.6. Phage SfXv124t/3 – determination of virion morphology and optimal
MOI

2.3.6.1. Transmission electron microscopy. Phage isolate SfXv124t/3 was
selected for performance of TEM in order to obtain the virionmorphology.
Phage was propagated 24h via DAOPA using X. vesicatoria strain 124t as
specific host for obtaining clear plaques. A high phage titer solution was
made using 5 mL freshly prepared phage buffer (10 mM Tris – HCl; 10mM
MgSO4; 68 mM NaCl; 1 mM CaCl2) flooded onto the agar surface
(Msimbira et al., 2016). The petri dish was stored at room temperature for
at least 2 h with gentle rotations of the dish every 10–15 min. Phage
buffer, containing viral phages extracted from the plaques by rotations,
was carefully removed from the petri dish using sterile syringe and filtered
through sterile membrane filter. Fifty μL from the resulted phage solution
was dripped on formvar-coated electron microscopy grids and then
negatively stained with 1% uranyl acetate in 70% methanol (Borisova
et al., 2018). The observation was examined with JEOL JEM 2100 appa-
ratus operating at 200 kV (JOEL, Japan). The size of phage capsid was
calculated as the average value from three independent images.

2.3.6.2. Determination of optimal MOI of phage isolate SfXv124t/3. In
order to establish the most appropriate MOI for phage propagation five
different ratios were tested (0.01, 0.1, 1, 10 and 100), according to Gasic
et al. (2011) and Pringsulaka et al. (2011), with minor modifications. The
assay was done by mixing: 1/1mL bacterial suspension containing
different number of cells, according to different MOI (MOI 0,01–108

cfu/mL, MOI 0,1–107 cfu/mL, MOI 1–106 cfu/mL, MOI 10–105 cfu/mL
and MOI 100–104 cfu/mL); 2/1mL phage lysate (106 PFU/mL); 3/0.5 mL
1M CaCl2; and 4/50 mL LB broth in 100 mL flask. The flasks were
incubated on a rotary shaker at 28 �C for 3h, 6h and 24h. Phage titers
were measured at 3h, 6h and 24h for every MOI. The number of viable
phages were measured after tenfold dilutions via Spot testing assay. The
Figure 1. Clear plaques formed by the three newly isolated bacteriophages on
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optimal MOI was considered as highest phage titer obtained after three
separate trials.

3. Results

3.1. Isolation of bacteriophages

The phages were isolated from rhizosphere soil sample, collected
from symptomless self-grown tomato plant in Sofia, Bulgaria. The plant
had not been treated with any pesticides, whether copper chemicals or
other. Three bacteriophages were collected from three randomly selected
clear plaques formed after 24h cultivation of the soil sample with the
target bacterium - X. vesicatoria strain 124t (tomato isolate). The phages
were isolated as described above and named as follows: SfXv124t/1,
SFXv124t/2 and SfXv124t/3. For obtaining pure phage cultures, the new
isolates were purified as described above (p. 2.3.).

3.2. Host range determination

Wild type phytopathogenic bacteria (23 strains) and 5 reference cul-
tures were used for phages host range determination. Phage isolates
SfXv124t/1 and SfXv124t/3 had lytic activity against wild host strains
belonging to the bacterial species X. vesicatoria, X. euvesicatoria and
X. gardner to varying degree. These phage isolates were active also against
X. perforans NBIMCC 8729. Phage isolate SfXv124t/2 had lytic activity
against wild host strains belonging to species X. vesicatoria and
X. euvesicatoria and none against the type cultures tested. Out of 23 tested
wild type phytopathogenic isolates 52% were sensitive to the phage
SfXv124t/1, including 5 X. vesicatoria strains, 5 X. euvesicatoria strains and
two X. gardneri strains (Table 1). The sensitive strains to phage isolate
SfXv125t/2 were 48%, which means it has lower activity than SfXv124t/
1, but it differed in host range at strain level form SfXv124/1. SfXv124t/2
was active against 9 X. vesicatoria strains and only 2 X. euvesicatoria strains.
The host range of the third phage SfXv124/3 had lytic activity against 57%
of tested bacterial strains, which makes it the most effective isolate.
Among the sensitive strains were 7 X. vesicatoria strains, 5 X. euvesicatoria
starins and one X. gardneri strain. Interestingly, all type cultures tested,
including P. syringae pv. tomato, were not sensitive to the phage activity,
with one exception (X. perforans NBIMCC 8729) mentioned above.

3.3. Characterization of phage plaque morphology on agar media

The three phage isolates formed relatively small plaques on soft NA
after cultivation with X. vesicatoria strain 124t as host bacterium
(Figure 1). The greatest plaque diameter was observed for phage isolate
SfXv124t/1 (about 2 mm). The other two isolates (SfXv124t/2 and
SfXv124t/3) formed plaques with diameters of about 1 mm. All plaques
were clear, without halo.

3.4. Determination of phages survival at two storage temperatures

The effect of two storage temperatures (4 �C and 28 �C) of pure phage
lysates was tracked for 26 days. The results showed that there was no
NA plates; lawn: X. vesicatoria strain 124t used as specific bacterial host.



Figure 2. Phage viability after storage at 4 �C and 28 �C as pure lysate for a period of 26 days. The presented results show the averages of three independent studies.
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decrease in the titers of all three phage isolates after storage at 4 �C. The
storage of the lysates at 28 �C led to a decrease in phage titers to varying
degree. The most unstable phage isolate turned out to be SfXv124t/2 as
its titer decreased by 4 lg after 26 days as opposed to the other two,
SfXv124/1 and SfXv124t/3, each with only 2 lg decrease in titers after 26
days of storage at 28�C (Figure 2).

3.5. Thermal inactivation of phage isolates

The complete thermal inactivation of the three tested phages
occurred after 10 min of incubation at 95 �C as under these conditions
there were no viable phages in the samples. The viability of the phages,
however, stayed relatively stable after incubation at 55 �C and 75 �C for
10 and 30min (Figure 3). SfXv124/3 proved to be the most heat-resistant
isolate as its titer did not decrease after 30 min at 55 �C and only 1 lg and
3 lg drops in titer were observed after 10 and 30 min at 75 �C, respec-
tively. Phage isolate SfXv124t/2 also showed good heat resistance but to
a lesser degree than SfXv124t/3, since its titer dropped by 5 lg after 30
min at 75 �C. Phage isolate SfXv124t/1 was the most sensitive to high
temperature as its titer started to decrease in only 10 min at 55 �C and
there were almost no viable phages in the sample following 10-min in-
cubation at 75 �C.
5

3.6. Sensitivity of the newly isolated phages to sunlight (UVA þ B) and
UVC light

The exposition of pure phage lysates from the three phages to direct
sunlight (UVA þ B) for 50 min showed that phage isolate SfXv124/3 was
the most stable as its titer did not decrease after the irradiation period.
Phage isolate SfXv124t/1 also showed good stability as its titer stayed
stable to the 30th minute of the experiment and decreased only by lg after
50 min. The most sensitive isolate proved to be SfXv124t/2. Phage titer
stayed stable to the 10th min of exposure to sunlight. The number of viable
phages in the sample decreased by 2 lg after 30 min and another 2 lg at
50th min, respectively. Lethal effect was observed after irradiation with
UVC light. The concentration of viable phages in the samples decreased at
varying degree for each isolate. After 30min of UVC irradiation there were
still viable phages able to lyse their host bacteria and to form plaques, but
after 50 min no viable phages were detected in the samples (Figure 4).

3.7. Determination of virion morphology and optimal MOI of phage
SfXv124t/3

Phage isolate SfXv124t/3 was chosen for additional analysis (TEM
and determination of optimal MOI), since it was the most appropriate



Figure 3. Thermal inactivation and survival of the phage isolates at 55 �C, 75
�C and 95 �C.
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isolate as biocontrol agent against bacterial spot disease. According to
TEM micrographs, phage isolate SfXv124t/3 had icosahedral capsid and
short tail (Figure 5). The head diameter was below 50 nm. These results
clearly placed this phage isolate within order Caudovirales (tailed
phages), family Podoviridae (Ackerman, 1999) or Group C according to
Bradly classification (Bradley, 1967). The isometric shape of the head
placed the phage in group C1 (Ackermann and DuBow, 1987).

The optimal MOI for further phage propagation was established after
cultivation of phage SfXv124t/3 (106 PFU/mL) with the target bacterium
X. vesicatoria strain 124t for a period of 24h. In this experiment we have
found out that, following 3h and 6h of incubation, there were drops in
phage titers at every MOI tested, in different ratios. The greatest number
of viable viral particles (i.e. the highest phage titer) in the samples was
detected after cultivation at MOI 0.01 (108 PFU/ml) for 24h, hence we
accepted these conditions of cultivation as optimal. The assay was per-
formed in three separate trials and the average values of phage titers,
obtains at every stage of the experiment, were calculated.

4. Discussion

Bacterial spot on tomato and pepper is one of the most devastating
diseases in Bulgaria. The causative agents which have been isolated in
the country are X. vesicatoria, X. euvesicatoria and X. gardneri. Up to now
there is no data for X. perforans being isolated from infected tomato and
pepper plants in Bulgaria. There are many papers that are focused on the
6

promising potential of phage therapy application for fighting different
bacterial diseases in crop production (Ahmad et al., 2014; Chae et al.,
2014; Civerolo and Keil, 1969; Gasic et al., 2018; Schwarczinger et al.,
2017; Yamada et al., 2007).

In nature each pest has its antagonist as is the case of phytopathogenic
bacteria and their bacteriophages. Studies focused on isolation and
characterization of such bacteriophages aim to mobilize their potential as
means of pest control. In the current study phytopathogenic bacteria
causing bacterial spot disease on tomato and pepper were challenged by
newly isolated bacteriophages that can infect them. For developing an
effective mixture of lytic phages for disease management it is necessary
that phages infecting all the three bacterial spot disease causative agents
to be present in the preparation. Phages effective against different Xan-
thomonas sp. species were previously reported, since in most cases they
were narrow host range phages i.e. able to lyse strains of one bacterial
species (Ahmad et al., 2014; Gasic et al., 2018) and in one case – a broad
host range X. perforans phage capable of lysing strains of two bacterial
species: X. perforans and Xanthomonas citri subsp. citri (Balogh et al.,
2018). The reason for choosing X. vesicatoria as specific host for phage
isolation is that it is the main bacterial spot causative agent in tomatoes
and we couldn't find any reports for isolation and characterization of
X. vesicatoria effective phages. There is only one study that reports a novel
X. vesicatoria filamentous phage isolated from pepper field in Mexico but
it is a short announcement and is focused mainly on the genome orga-
nization of the phage without presenting details concerning phage
characterization (Solis – Sanchez et al., 2020).

In the majority of cases lytic phages have been isolated from the soil
samples around roots of infected plants (Gasic et al., 2018; Nagy et al.,
2011). In our case lytic phages were isolated from rhizosphere of a
healthy plant that had not been treated with any chemical pesticides. We
randomly selected three phage isolates from clear plaques formed in the
petri dish with X. vesicatoria strain 124t (tomato isolate) as host bacte-
rium. Plaques indicating bacterial lysis were also observed on petri dishes
with the rest of the ten X. vesicatoria host strains used in the initial
isolation but they were not as clear enough as those, obtained with strain
124t.

The highest number of potential host bacterial strains for phage host
range analysis were selected among the X. vesicatoria strains in our
collection as in the beginning of the experiments we expected that the
phages would be effective primarily against strains from the species used
for their initial isolation (X. vesicatoria). All tested strains (23) however
were previously identified (Bogatsevska and Sotirova, 1992; Kizheva
et al., 2011, 2013, 2016; Vancheva et al., 2018) and their pathogenicity
and race structure were established. Suprisingly, we found out that the
newly isolated phages had broader host range (p. 3.2.). Based on these
results, we could classify them as broad host range bacteriophages due to
their ability to lyse three closely related but different bacterial species
(Greene and Goldberg, 1985; Khan and Nilsson, 2015; Uchiyama et al.,
2008; Yu et al., 2016).

Among the xanthomonad bacteria tested in this study, there were
several strains susceptible to the three phages simultaneously (7 strains;
Table 1) and several strains that were resistant to all of the three phages
(6 strains; Table 1). For rest of the tested bacterial strains the sensitivity
to the three bacteriophages varies at strain level. There are several
possible explanations of such strain-specific interaction at species level -
differences in the cell wall structure of these bacteria and particularly,
phage receptors localized in the outer membrane (proteins and LPS
structure), production of exopolysaccharides, differences in bacterial
defense systems (CRISPR-Cas, RM systems, Abi) or action of Sie (super-
infection exclusion) systems. At this stage of the research we could not
exactly clarify the reason for this selective interaction between phages
and bacteria. No correlation between phage sensitivity and the pathotype
or the race of the phytopathogenic bacteria could be found, because there
were representatives of all pathotypes (Tomato (T), Pepper-tomato (PT)
and Pepper (P)) and tomato races (T1, T2 and T3) among resistant and
sensitive bacterial strains, respectively. Similar to our results showing



Figure 4. Effect of sunlight (UVA þ B) and UVC irradiation on the newly isolated phages.

Figure 5. TEM micrograph of the phage isolate SfXv124t/3. The image shows the shape of the capsid and a short tail. Bars, 200 nm (a) and 50 nm (b).

Y. Kizheva et al. Heliyon 7 (2021) e07084
differences in phage activity in strain level had been reported before for
phages effective against phytopathogenic bacteria R. solanacearum,
Erwinia amylovora and X. euvesicatoria (Bouzar et al., 1999; Kalpage and
De Costa, 2014; Schwarczinger et al., 2017).

The long storage stability of phage preparations (biopesticides for
example) intended for personal use under standard conditions (fridge or
room temperature) is essential to be tested due to impossibility to be
stored under special conditions such as �20 �C, �70 �C etc. In our study
we found that phage isolates did not lose viability when stored at 4 �C for
7

almost a month. These results correlate with those reported by Gasic et al.
(2018) for X. euvesicatoria specific phages and those reported by Clark
(1962) who concluded that 4 �C was the most suitable temperature for
pure phage lysate storage. Therefore, a potential phage preparation will
be easily stored. The results obtained after storage at 28 �C showed that
this temperature was not appropriate due to decrease in efficiency of
plating of the isolates at varying degree for each of them. These findings
are also in compliance with the results reported in the literature (Clark,
1962; Gasic et al., 2018).
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The thermal inactivation of a phage could be discussed in two di-
rections. In dairy industry for example, it is essential for phages to be
thermally unstable (Pringsulaka et al., 2011). However, in other
biotechnological industries, such as phage biopesticide production pro-
cess for example it could be good to know phage thermal inactivation
temperature in order to avoid it. The three phages reported show a good
potential to stay viable and to be capable to lyse the target bacterium cells
to varying degree after incubation at high temperatures. One of the phage
isolates (SfXv124t/3) showed high temperature resistance (30 min at 75
�C) compared to other phages effective against X. euvesicatoria which
were completely inactivated after 10 min at 70 �C–71 �C (Gasic et al.,
2011).

Sensitivity to different environmental factors should also be consid-
ered, since phage preparations intended for use in pest control are
applied directly in the field or other open spaces. One of the environ-
mental factors that might have lethal effect on bacteriophages is sunlight
(UVAþ B light) and hence it might reduce their effectiveness. Our results
(p.3.6.) were in good compliance with the observations of Iriarte et al.
(2007), although in their experiments phage formulations were sprayed
onto the tomato leaf surface where additional factors, such as wind,
humidity, stability at the leaf surface, have essential role in phage sur-
vival and effectiveness. However, our findings for stability after direct
UVA þ B irradiation may serve as a good basis for further analysis. The
UVC (λ ¼ 253.7 nm) irradiation had expected greater lethal effect on the
three bacteriophages. It is well known that UVC irradiation have great
bactericidal, virocidal and phagocidal effect. It is important that newly
isolated biological agents (such as bacteriophages) to be screened for
resistance to one of the most widely applied sterilization methods, such
as UVC irradiation. Nevertheless, all the three phages showed some
resistance to UVC light as after 30 min of irradiation viable phages were
still detected in the samples. Similar stability to UV light irradiation is
reported for phages effective against X. euvesicatoria (Gasic et al., 2018)
and Xanthomonas campestris pv. vesicatoria (Iriarte et al., 2007).

According to the phage plaque morphology and the classification of
phage plaque types given from Jurczak-Kurek et al. (2016), we could
conclude that the isolates are obligate lytic phages due to clear plaques
(without halo) they formed onto solid agar plate. Plaques formed by the
new isolates were relatively small. According to the same report, this
kind of plaques are formed by members of familyMyoviridae which have
larger capsids. As opposed to them, Siphoviride and Podoviride phages
have smaller capsids and formed larger plaques (Jurczak-Kurek et al.,
2016). Our results did not completely correspond to aforementioned
characteristics as the newly isolated phage formed small plaques but
according to TEM micrographs they belong to family Podoviridae.

Phage effective against various members of the genus Xanthomonas
have been previously reported. Among them are: 1/Xanthomonas axo-
mopodis pv. citri - a filamentous Inoviridae phage (XacF1) (Ahmad et al.,
2014), 2/X. euvesicatoria - a long-tailed Myoviridae phage (Gasic et al.,
2011), 3/Xanthomonas campestris - aMyoviridae phage (Liew and Alvarez,
1981), 4/Xanthomonas pruni - a Myoviridae phage (Civerolo, 1970) and
5/X. vesicatoria - a filamentous phage (Solís-S�anchez et al., 2020). The
majority of them belongs to the group of tailed phages, which represent
approximately 96% of all known phages. According to Ackermann this is
the most common group of phages on Earth (Ackermann, 1999). Among
them, the Podoviridae phages are the rarest (13.9%). Apart from that,
there are several reports for such phages effective against different
phytopathogenic bacteria as Ralstonia solanacearum phages (Bae et al.,
2012), Erwinia amylovora phages (Schwarczinger et al., 2017) and Pan-
toea agglomerans phages (Adriaenssens et al., 2011). To our knowledge,
our study presents for the first time a short-tailed phage isolated from
tomato rhizosphere soil and effective against three wild type phyto-
pathogenic bacterial species (X. vesicatoria, X. euvesicatoria and
X. gardneri).

The ratio between the initial numbers of phage particles and bacterial
cells during cultivation is defined as multiplicity of infection (Birge,
2000). The meaning and the concept of MOI could be discussed at
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different perspectives: semantically, historically, mathematically, phar-
macologically, practically and so on, depending on the objectives of the
study (Abedon, 2016). In the current study we discuss the practical
concept of MOI in order to establish the best phage – bacteria ratio for
further experimentations, production of high titer phage lysates and
application. In our study no correlation was found between high MOI and
higher phage yields, similar to other results reported by Hall et al. (2012).
The highest phage titer (i.e. the optimal MOI) was observed at MOI 0.01
after 24 h of cultivation which corresponded to the results reported by
Gasic et al. (2011) which established the same MOI rates as optimal.

5. Conclusion

Rhizosphere soil of a healthy tomato plant proved to be a suitable
source for isolation of broadspectrum bacteriophages capable of infecting
three closely related phytopathogenic bacteria causing serious disease on
tomato and pepper plants - X. vesicatoria, X. euvesicatoria, and X. gardneri.
In the current study we present that one of these phages belongs to family
Podoviridae, which to our knowledge was not previously reported for
phages effective against aforementioned phytopathogenic bacteria. This
phage isolate (SfXv124t/3) also showed the highest effectiveness and
robustness and therefore, it may be considered as potential candidate for
a pest biocontrol agent, since out of the three characterized phage iso-
lates it showed lytic activity against the largest number of wild strains (13
out of 23), the best tolerance to high temperatures and to UV light. The
results described in this study could serve to enrich the knowledge of the
natural diversity of the lytic phages effective against bacterial spot
causing agents. The selected phage is a good candidate for further ana-
lyses concerning phage application as biocontrol agent.
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