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ABSTRACT

In this study, the in vitro biocontrol potential of bacteriophages
against Xanthomonas phaseoli pv. phaseoli and Xanthomonas citri pv.
fuscans, the causal agents of common bacterial blight in common bean,
was investigated. Among the 23 pathogenic Xanthomonas strains
used in the study, nine were newly isolated from diseased bean plants,
while the remaining strains were obtained from the laboratory culture
collection. Based on fatty acid methyl ester (FAME) analysis, the
newly isolated strains were identified as X. phaseoli pv. phaseoli and
X citri pv. fuscans. To explore phage-mediated biocontrol potential,
phage isolations were performed from soil and wastewater samples
collected from Igdir Province against a total of 23 bacterial strains. Six
bacteriophages were confirmed using the double-layer agar method:
three (®442-FUS, ®Mfb-50-FUS, and ®Mifb-53-FUS) were effective
against Xpp strains, while the other three (©426-X, ®Mfb-17-X, and
®Mfb-54-X) showed activity against Xcf strains. Notably, the ®Mfb-
50, ®Mfb-53, and ®Mfb-54 phage isolates exhibited broad host ranges
and strong lytic activities against both pathovars, whereas ®426-X
and ®442-FUS displayed narrower host spectra. In addition, certain
phage isolates demonstrated lytic activity against Xanthomonas
euvesicatoria and Erwinia amylovora strains, indicating cross-
infective biocontrol potential. Except for the KVN-1 strain, all
Acidovorax citrulli strains tested were resistant to the phage isolates.
Overall, the findings highlight that environmentally friendly and
target-specific phage-based biocontrol strategies could provide a
promising alternative for managing common bacterial blight in beans.
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Xanthomonas phaseoli pv. phaseoli ve Xanthomonas citri pv. fuscansa Kargi Izole Edilen
Bakteriyofajlarin Litik Aktivitesinin ve Konake¢i Araliginin Belirlenmesi

OZET

Bu calismada, fasulyede yaygin bakteriyel yamiklik hastaliginin
etkeni olan Xanthomonas phaseoli pv. phaseoli ve Xanthomonas citri
pv. fuscans'a kars1 bakteriyofajlarin in vitro biyokontrol potansiyeli
arastinlmigtir. Calismada kullanilan 23 patojenik Xanthomonas
strainlerinden dokuzu hastalikli fasulye bitkilerinden yeni izole
edilirken, geri kalan strainler laboratuvar kiiltir koleksiyonundan
elde edilmistir. Yag asidi metil esteri (FAME) analizine dayanarak,
yeni izole edilen strainler X. phaseoli pv. phaseoli ve X. citri pv.
fuscans olarak tanmimlanmigtir. Faj aracili biyokontrol potansiyelini
arastirmak amaciyla, Igdir ilinden toplanan toprak ve atiksu
orneklerinden toplam 23 bakteri strainine karsi faj izolasyonu
yapilmigtir. Alt1 bakteriyofaj ¢ift katmanlh agar yontemi kullanilarak
dogruland:r: ¢ (©442-FUS, ®Mifb-50-FUS ve ®Mfb-53-FUS) Xpp
strainlerine kars: etkiliyken, diger iicii (®426-X, ®Mfb-17-X ve Mfb-
54) Xpp ve Xcf strainlerine kars1 aktivite gosterdi. Ozellikle, ®Mfb-50,
®OMfb-53 ve ®Mfb-54 faj izolatlar1 genis konak araliklar1 ve her iki
patovara karsi da glcli litik aktiviteler sergilerken, ®426-X ve ®442-
FUS daha dar konak spektrumlar1 gosterdi. Ek olarak, baz faj
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izolatlarn Xanthomonas euvesicatoria ve FErwinia amylovora
strainlerine kars1 litik aktivite goOstererek capraz enfeksiyonlu
biyolojik kontrol potansiyeline isaret etti. KVN-1 straini harig, test
edilen tum Acidovorax citrulli strainleri faj izolatlarina direncli
bulunmustur. Genel olarak, bulgular, cevre dostu ve hedefe 6zgi faj
bazli biyolojik kontrol stratejilerinin fasulyelerde yaygin gériilen
bakteriyel yanikligin yonetimi i¢in umut verici bir alternatif
sunabilecegini vurgulamaktadir.

AtifIgin:  Sunyar, B, & Dénmez Yesildag, M.F (2026). Xanthomonas phaseoli pv. phaseoli ve Xanthomonas citri pv.
fuscans'a Kars1 Izole Edilen Bakteriyofajlarin Litik Aktivitesinin ve Konake Araligimin Belirlenmesi. KSU
Tarim ve Doga Derg 29(6), 1441-1459. DOI: 10.18016/ksutarimdoga.vi.1824634.

To Cite: Sunyar, B, & Donmez Yesildag, M.F (2026). Determination of the Lytic Activity and Host Range of
Bacteriophages Isolated Against Xanthomonas phaseoli pv. phaseoli and Xanthomonas citri pv. fuscans. KSU J.
Agric Nat 29 (6), 1441-1459. DOI: 10.18016/ksutarimdoga.vi.1824634.

INTRODUCTION

Common bean (Phaseolus vulgaris L.) is an important legume crop worldwide due to its high nutritional value and
rich phytochemical composition (Bai et al., 2024). Due to its nitrogen-fixing ability, intercropping common bean
with cereals enhances soil fertility and supports sustainable agriculture (Abera et al., 2020). However, bean
production faces significant yield losses caused by bacterial pathogens. Among these, Xanthomonas phaseoli pv.
phaseoli Xpp) and X. citri pv. fuscans (Xcf), the causal agents of common bacterial blight; Pseudomonas savastanoi
pv. phaseolicola, the causal agent of halo blight; and P. syringae pv. syringae, the causal agent of brown spot, are
among the most economically important bacterial diseases of beans. Of these, common bacterial blight is
considered the most widespread disease worldwide, causing yield losses ranging from 30% to 70%, and up to 100%
under favorable environmental conditions and in highly susceptible cultivars (Karavina et al., 2011; Paiva et al.,
2018; Belachew et al., 2015; Belete & Bastas, 2017; Konchori et al., 2025).

The pathogens Xanthomonas phaseoli pv. phaseoli (Xpp) and Xanthomonas citri pv. fuscans (Xcf), which cause
common bacterial blight in beans, are often found coexisting in many production regions and exhibit similar disease
cycles (Mhedbi-Hajri et al., 2013; Constantin et al., 2016; Chen et al., 2018). However, Xcf colonies can be
phenotypically distinguished by their characteristic melanin production on tyrosine-containing media within 2—9
days, whereas Xpp typically forms yellow, mucoid, and convex colonies on Nutrient Agar. Moreover, Xcf has been
reported to exhibit a higher seed-to-seedling transmission rate compared to Xpp (Fourie, 2002; Schaad et al., 2000;
He, 2010).

Bacteria can survive for a long time in infected seeds, and even low levels of seed infection can lead to serious
outbreaks under suitable environmental conditions (Darrasse et al., 2001; Gillard et al., 2009; He, 2010).
Furthermore, the pathogen can survive for certain periods in plant residues, soil, and some weed species, and can
spread through contaminated agricultural tools and various vectors (Fininsa & Tefera, 2001; Karavina et al., 2008;
Torres et al., 2009). Sprinkler irrigation increases the risk of infection by promoting the growth of epiphytic
populations (Carvalho et al., 2011). The first symptoms of the disease begin as small, water-soaked spots on the
leaves; in later stages, these spots become necrotic, turning into yellow halo lesions and potentially causing leaf
blight and shedding (Buruchara et al., 2010; Francisco et al., 2013). While sunken spots and discoloration of seeds
are observed in the pods, stunting and death of seedlings can occur under severe infection conditions (Schwartz et
al., 2005; Harveson, 2009; Bultreys and Gheysen, 2020).

Early control of bacterial diseases helps minimize economic losses and ensures the continuity of stable production
processes (Islam et al., 2024). In this context, the most effective approach to disease management is the
implementation of preventive measures. These include the use of disease-free certified seeds, adoption of
appropriate irrigation practices, cultivation in non-infested soils, crop rotation, effective sanitation procedures, and
the use of pathogen-resistant cultivars (Torres et al., 2009; Singh and Miklas, 2015; da Silva Junior et al., 2022).
Although the use of resistant varieties is considered the most practical and efficient control strategy, differences
in virulence among pathogen populations can limit this resistance and reduce the overall effectiveness of
resistance-based breeding programs (Paiva et al., 2018; Monteiro et al., 2020; Konchori et al., 2025). bacterial
Chemical control of diseases is largely resistant to copper-based pesticides; but the results (Schwartz et al., 2005;
Corréa et al., 2017) and the environmental and human health concerns associated with toxic residue accumulation
(Rahman et al., 2008) the use of antagonistic bacteria (Ardic et al., 2021; Sunyar et al., 2024; Kiiciiktamer &
Aktepe, 2025; Atay et al. 2026) and bacteriophages as biocontrol agents has gained increasing attention in the
management of pathogens. Phages with high host specificity selectively suppress target pathogens, providing an
environmentally friendly alternative that is increasingly attracting global interest for sustainable disease
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management (Holtappels et al., 2019; Nakayinga et al., 2021).

Bacteriophages are viruses that specifically infect bacteria and utilize bacterial metabolic processes for their
replication (Kutter and Sulakvelidze, 2004). Due to their ability to rapidly multiply and reduce bacterial population
densities, they have gained significant attention as effective biocontrol agents (Weinbauer, 2004). These viruses
are widespread in nature and can be easily isolated (Lehman, 2007). Since they do not exert toxic effects on
eukaryotic cells and can replicate only in the presence of their specific bacterial hosts, they minimally disturb the
natural microbial balance (Greer, 2005; Wittmann et al., 2010; Javed et al., 2013). Consequently, they contribute
to the protection of the environment, human health, and ecological biodiversity (Sabri et al., 2021). In addition,
bacteriophages can also be employed as biosensors for the detection of bacterial plant pathogens during host
infection processes (Kutin et al., 2009; Farooq et al., 2018).

Due to their high safety profile and host specificity, bacteriophages are considered potential biological agents for
the biocontrol of bacterial phytopathogens (Tarakanov et al., 2022). Phages vary in their host range: those with a
narrow host range typically infect only one or a few strains within a single bacterial species, whereas broad-host-
range phages can infect multiple species within the same genus. Polyvalent phages, on the other hand, have the
ability to infect different species or even unrelated bacterial genera (Weinbauer, 2004). Some phages exhibit
extreme specificity, infecting only a single bacterial species or a few strains within that species (Kering et al., 2019;
Ross et al., 2016). This high degree of host specificity allows them to target only pathogenic bacteria, minimizing
the risk of harming beneficial microorganisms (Gasié et al., 2011; Loc-Carrillo & Abedon, 2011). Moreover, the
compatibility of bacteriophages with chemical compounds and bactericidal agents, along with their potential to
combat antibiotic-resistant bacteria, makes them valuable components of integrated biocontrol strategies (Balogh
et al., 2010; Lukianova et al., 2020). Numerous studies investigating the effectiveness of phages in controlling
bacterial diseases have demonstrated their potential to reduce or even replace chemical pesticide use (Fujiwara et
al., 2011; Chae et al., 2014; Nagai et al., 2017; Choudhary et al., 2025). Among them, lytic phages have emerged
as the most effective agents for the biocontrol of bacterial phytopathogens due to their rapid bactericidal activity
and environmentally friendly nature (Young, 2014; Gordillo Altamirano & Barr, 2019; Monteiro et al., 2019).
Therefore, the present study aimed to isolate lytic bacteriophages effective against Xanthomonas phaseoli pv.
phaseoli and Xanthomonas citri pv. fuscans, the causal agents of common bacterial blight in beans, and to evaluate
their in vitro biocontrol potential.

MATERIAL and METHOD
Pathogenic Bacterial Strains

In this study, five Xanthomonas citri pv. fuscans strains (264-FUS, 265-FUS, 275-FUS, 442-FUS, and 495-FUS)
and nine Xanthomonas phaseoli pv. phaseoli strains (256-X, 263-X, 270-X, 278-X, 280-X, 289-X, 407-X, 426-X, and
442-X) were used as pathogenic isolates (Dénmez, 2004). In addition, local pathogenic strains isolated from
diseased bean plants collected from fields located in the villages of Yuzbagilar, Kiillik, Ozdemir, Evci, Saricoban,
and Kazanci (Igdir Province, Tiirkiye) were included in the study. Furthermore, to determine the host range of the
bacteriophages isolated against the causal agents of common bacterial blight, strains belonging to three important
groups of bacterial pathogens affecting different plant species were also tested. These included Xanthomonas
euvesicatoria (BS-38, BS-169, BS-232, BS-120, BS-178) (Sunyar et al., 2021), Acidovorax citrulli (KVN-1, KVN-2,
KVN-17, KVN-18, KVN-22, KVN-24) (Inik, 2019), and Erwinia amylovora (E-20, E-55, E-67, E-82, E-99) (Kaya et
al., 2023).

Isolation of the Pathogenic Agent

Diseased leaf and pod samples were first washed with tap water and then surface-sterilized using 70% ethanol
(Junker et al., 2011). The sterilized leaf tissues were cut into small pieces with a sterile scalpel and shaken at 170
rpm for 10 minutes in sterile distilled water to obtain bacterial suspensions. A loopful of the suspension was
streaked onto Yeast Dextrose Calcium Carbonate Agar (YDC; 10 g yeast extract, 20 g dextrose, 20 g CaCOs per 1
L distilled water) plates, which were incubated at 28°C to allow bacterial growth. After incubation, yellow, mucoid
colonies typical of Xanthomonas spp. were selected and purified to obtain pure cultures. Colonies from 24-hour-old
cultures of the purified bacterial strains were transferred into Eppendorf tubes containing 30% glycerol and Lauryl
Broth (10 g peptone, 10 g NaCl, 5 g yeast extract per 1 L distilled water) and homogenized. The prepared stock
cultures were stored at —80°C for long-term preservation (Dénmez and Aliyeva, 2023).

Identification of Bacterial Strains Based on Fatty Acid Profiles

Fatty acid methyl ester (FAME) extraction, isolation, purification, and analysis were performed for the
identification of bacterial strains. The isolates were cultured on Trypticase Soy Agar (30 g Trypticase Soy Agar
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[Oxoid] per 1 L sterile distilled water) using a four-quadrant streaking method and incubated for 48 hours.
Following incubation, bacterial cells were collected from the third and fourth quadrants and transferred into sterile
glass test tubes. To each tube, 1 mL of cell saponification solution [150 mL methanol (HPLC grade), 150 mL sterile
distilled water, and 45 g sodium hydroxide (ACS grade)] was added. The tubes were vortexed for 10 seconds and
placed in a 100°C water bath for 5 minutes. Afterward, the tubes were vortexed again and incubated in the same
water bath for 25 minutes, allowing bacterial cell lysis and the release of fatty acids. To methylate the fatty acids
and form fatty acid methyl esters (FAMEs), 2 mL of methylation reagent [325 mL hydrochloric acid (6 N) and 275
mL methanol (HPLC grade)] was added to each tube. The tubes were shaken for 10 seconds and incubated at 80°C
for 10 minutes, followed by 2 minutes of cooling. Subsequently, 2.5 mL of extraction solvent [200 mL methyl tert-
butyl ether (HPLC grade) and 200 mL hexane (HPLC grade)] was added, and the tubes were vortexed for 10
minutes. The lower aqueous phase was discarded, as the FAMEs accumulated in the upper organic layer. To purify
the free FAMEs, a basic wash solution [10.8 g sodium hydroxide (ACS grade) in 900 mL sterile distilled water] was
added and shaken for 5 minutes. The tubes were then allowed to stand at room temperature for 10 minutes, after
which 2 mL of the upper phase containing the FAMEs was transferred into gas chromatography vials. The bacterial
strains were identified to the species and subspecies levels using the computer-controlled gas chromatography-
based Microbial Identification System (MIDI, Inc., Newark, DE), and the types and relative percentages of fatty
acids were determined for each strain (Sasser, 1990). Xanthomonas citri pv. fuscans strain MFD 266 was used as
the reference bacterium.

Hypersensitive Reaction (HR) Test on Tobacco

To determine the pathogenic potential of the bacterial strains obtained from the isolation study, a hypersensitive
reaction (HR) test was performed on tobacco plants (Nicotiana tabacum L. cv. Samsun). For this purpose, the
bacterial strains were cultured on Nutrient Agar (NA; 8 g NA per 1 L distilled water) and incubated at 27°C for
24-48 hours. Bacterial suspensions were prepared at a concentration of 108 CFU/mL from the grown cultures.
These suspensions were infiltrated into the interveinal areas on the abaxial surface of tobacco leaves using 3 mL
plastic syringes. Forty-eight hours after inoculation, the development of localized necrotic lesions was observed,
which was evaluated as a positive HR reaction (Klement et al., 1964).

Pathogenicity Test

Following the HR test on tobacco, strains exhibiting a positive reaction were subjected to a pathogenicity test on
the common bean cultivar Aras 98. Colonies from stock cultures were grown on Yeast Dextrose Calcium Carbonate
Agar (YDC) at 27°C for 48 hours. The developed colonies were then transferred into Nutrient Broth (NB) and
incubated for 24 hours at 150 rpm. Bacterial suspensions were adjusted to a concentration of 103 CFU/mL and
inoculated onto bean seedlings at the vegetative stage by spraying. The same inoculation procedure was repeated
one week later. Plants in the negative control group were treated with sterile distilled water (sdH:0). Twenty days
after inoculation, disease symptoms were evaluated using a 1-5 severity scale, where 1 = no visible symptoms, 2
= a few necrotic spots, 3 = several coalescing spots, 4 = severe lesion formation and leaf drop, and 5 = plant death.
The experiment was conducted in three replicates (Dénmez et al., 2013). Xanthomonas strains MFD-118 and MFD-
234 were used as reference controls.

The disease severity (%) was calculated using the Townsend-Heuberger (1943) formula:

Disease Severity (%)=highest scale valuextotal number of plants) (scale valuexnumber of plants in each scale)x100

(6V)

Isolation of Lytic Phages Against Pathogenic Strains

Pathogenic bacterial strains were taken from stock cultures and grown on Nutrient Agar (NA) medium.
Subsequently, developed colonies were transferred to Nutrient Broth (NB) and incubated overnight at 28°C. For
the isolation of lytic phages, wastewater and soil samples were collected from bean cultivation areas and
wastewater sources in the Igdir-Central region. From the amplified bacterial cultures, 100 uL. was mixed with the
collected wastewater and soil suspensions. The resulting mixtures were incubated at 28°C and 180 rpm for 24
hours in a shaking incubator. After incubation, the mixtures were centrifuged at 9000 X g for 10 minutes, and the
supernatant was sterilized by passing through a 0.22 um pore-size membrane filter. The prepared filtrates were
stored at +4°C for further analyses (Yin et al., 2019).

Confirmation of Phage Detection by Double Agar Overlay Method

The presence of phages was determined using the double agar overlay method. For this purpose, Xpp and Xcf
strains were inoculated into Nutrient Broth (NB) and incubated on a shaker at 28°C and 200 rpm for 5 hours. The
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bottom agar layer was prepared from Tryptic Soy Agar (TSA) supplemented with 10 mM CaCl. 2H:0. For each
test, 100 pL of bacterial suspension was mixed with 400 pL of phage filtrate and pre-incubated at room temperature
for 10 minutes. Subsequently, 2.5 mL of TSA soft agar containing 10 mM CaCl: 2H-0 was added to the mixture
and poured onto the base agar plates. After the top agar layer solidified at room temperature, the plates were
incubated overnight at 28°C. The presence of clear lysis zones indicated phage activity, and plates showing distinct
plaques were subjected to phage enrichment procedures to achieve the desired PFU (Plaque Forming Unit) values
(Wintachai & Voravuthikunchai, 2022).

Enrichment of Phage Filtrate

Xpp and Xcf strains grown on NA for 48 hours were inoculated into Nutrient Broth (NB) and incubated at 28°C
and 200 rpm for 5 hours. After completion of the incubation in the double agar overlay plates, the plates were
removed from the incubator, and the soft agar layer containing phages was carefully scraped off using a sterile
scalpel. The agar pieces containing phages were transferred into sterile test tubes. To each tube, 100 pL of Xpp
and Xcf suspensions grown in NB were added, vortexed to ensure homogeneity, and pre-incubated at room
temperature for 15 minutes (Yin et al., 2019; Ni et al., 2021). Then, 3 mL of NB medium was added to each tube,
vortexed again, and incubated overnight at 28°C in a shaking incubator at 200 rpm. After 24 hours, the samples
were centrifuged at 5000 rpm for 10 minutes at room temperature, and the supernatants were filtered through
0.22 um pore-size membrane filters. The obtained filtrates were subjected again to the double agar overlay method
to increase plaque formation and achieve higher phage titers (Bourdin et al., 2014; Little et al., 2022).

Determination of Phage Titer

The double agar overlay method was used to determine the phage titer. Initially, 100 pL of Xpp and Xcf bacterial
suspensions at a concentration of 1028 CFU/mL were added to tubes containing serially diluted lytic phage filtrates.
The mixtures were pre-incubated at room temperature for 10 minutes. Then, 2.5 mL of 0.4% TSA soft agar
supplemented with 10 mM CaCl.-2H-0 and 10 mM MgSO. was added, and the mixtures were poured onto 1.5%
TSA base agar plates. The Petri dishes were incubated at 28°C for 18 hours (Pinheiro et al., 2019; Ni et al., 2020).
After incubation, the lysis plaques formed on the agar surface were counted, and the phage titer was calculated as
PFU/mL. PFU values were determined using the following formula (Santos et al., 2019; Liu et al., 2021; Tkachev
et al., 2022):

PFU/mL= Number of counted plaques / [Dilution factor of the filtrate X Volume of filtrate added (mL)] (2

Determination of Host Range of Phages Against Pathogenic Agents

The host range of Xpp and Xcf phages was determined using the spot test method with 29 bacterial strains
belonging to the same species. For each bacterial strain, 100 uL of suspension (10! PFU/mL) was mixed with 2.5
mL of top (soft) agar containing 0.5% agar. This mixture was poured onto TSA plates, and after the top agar
solidified, 10 pL of Xpp and Xcf phage filtrates (10'° PFU/mL) were spotted onto the surface. The plates were then
incubated overnight at 28°C (Ni et al., 2021; Glonti et al., 2022). Determination of the host range was based on the
observation of clear lytic zones formed on the plates. The results were evaluated according to the clarity or turbidity
of the plaques (Table 1) (de Jonge et al., 2019).

Table 1. Scale used to evaluate the lytic activity levels of phages on host bacterial strains
Cizelge 1. Fajlarin konak¢i bakteriler tizerindeki Iitik etki diizeylerinin degerlendirilmesinde kullanilan skala
Scale Value Description
No zone (No effect; non-host)
Very turbid zone (Weak lytic activity)
Turbid zone (Moderate lytic activity)
Clear zone (Strong lytic activity)

Very clear zone (Very strong lytic activity)

=W+ O

Data Analysis

The data obtained in the study were analyzed using the PAST (Paleontological Statistics) software. First, a
network analysis was performed to visualize the interaction networks between phages and bacterial strains,
revealing the intensity and distribution of host—phage relationships. Additionally, Principal Component Analysis
(PCA) was applied to identify the main sources of variation. To visualize the effectiveness of lytic bacteriophages
against pathogenic strains, a heatmap was generated, illustrating the variation in lytic activity levels among
phages. Subsequently, hierarchical clustering analysis was conducted to group phages and bacterial strains based
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on their similarity, and the results were represented as a dendrogram. The similarity matrix quantitatively
demonstrated the relationships between the biocontrol profiles of the phages, providing statistical support for the
consistency of the observed groupings.

RESULTS
Isolation and Pathogenicity Test Results of Bacterial Strains

A total of 22 bacterial strains were obtained from diseased plant samples. The hypersensitive reaction (HR) test
conducted on tobacco plants revealed that 13 strains were nonpathogenic, while 9 exhibited pathogenic
characteristics. The pathogenicity test performed on the common bean cultivar Aras 98 confirmed that 9 strains
were capable of causing disease symptoms on the plants. The disease severity values of these bacterial strains are
presented in Table 2. Additionally, the growth characteristics and colony morphology of X. citri pv. fuscans (Xcf)
and X. phaseoli pv. phaseoli (Xpp) on Nutrient Agar medium are shown in Figure 1.

Table 2. Disease severity caused by bacterial strains on common bean
Cizelge 2. Bakteri strainlerinin fasulyede olusturdugu hastalik siddeti

No Strain No Disease Severity (%)
1 MFB-17 60
2 MFB-19 52
3 MFB-48 72
4 MFB-50 60
5 MFB-53 46
6 MFB-54 80
7 MFB-55 66
8 MFB-56 80
9 MFB-57 52
10 Negatif kontrol 0
11 MFD-118 91
12 MFD-234 88

A
Figure 1. Colony Development of Xanthomonas citri pv. fuscans (Xcf) and Xanthomonas phaseoli pv. phaseoli Xpp)
on Nutrient Agar Medium
Sekil 1. Xanthomonas citri pv. fuscans (Xcf) ve Xanthomonas phaseoli pv. phaseoli (Xpp) tiirlerinin Besi Agar
Ortamindaki Koloni Gelisimi.

Identification Results of Bacterial Strains

Based on the fatty acid methyl ester (FAME) analysis, nine strains were identified as Xanthomonas phaseoli pv.
phaseoli and X. citri pv. fuscans, with similarity indices ranging from 48% to 80%. The reference strain was
identified as Xanthomonas citri subsp. fuscans with a similarity index of 92%. The identification results and
similarity indices of the bacterial strains are presented in Table 3.
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Table 3. Identification results of bacterial strains based on fatty acid methyl ester (FAME) analysis
Cizelge 3. Bakteri strainlerin yag asit metil ester analizi tani sonuglari

No Strain No FAME Analysis Result | Similarity Index (%)
1 MFB-17 Xanthomonas phaseoli pv. phaseoli 70
2 MFB-19 Xanthomonas phaseoli pv. phaseoli 66
3 MFB-48 Xanthomonas citri subsp. fuscans 72
4 MFB-50 Xanthomonas citri subsp. fuscans 53
5 MFB-53 Xanthomonas citri subsp. fuscans 80
6 MFB-54 Xanthomonas phaseoli pv. phaseoli 72
7 MFB-55 Xanthomonas phaseoli pv. phaseoli 66
8 MFB-56 Xanthomonas citri subsp. fuscans 80
9 MFB-57 Xanthomonas phaseoli pv. phaseoli 48

Isolation of Bacteriophages Against Pathogenic Strains

In this study, 23 bacteriophages were isolated against the causal agents of common bacterial blight, which cause
significant yield losses in beans. Evaluation of the lytic activities of these phages revealed that six phages—
obtained from four soil samples and two wastewater samples—exhibited lytic activity against the pathogenic
strains (Figure 2). In contrast, 17 of the isolated phages showed no lytic activity. Among the six lytic phage isolates,
three were found to be effective against Xpp strains (®442-FUS, ®MFB-50-FUS, and ®MFB-53-FUS), while the
other three were effective against Xcf strains (®426-X, ®MFB-17-X, and ®MFB-54-X). The isolated phages and

their sources are presented in Table 4.

Table 4. Identification and sources of bacteriophages isolated against the causal agents of common bacterial blight
Cizelge 4. Adi bakteriyel yaniklik etmenlerine karsi izole edilen bakteriyofajlarin tespiti ve kaynaklari

No Strain No Phage Phage No Strain No Phage Phage
Detection Source Detection Source
1 264-FUS - Soil 13 426-X + Waste water
2 265-FUS - Soil 14 442-X - Soil
3 275-FUS - Waste water 15 MFB-17-X + Soil
4 442-FUS + Soil 16 MFB-19-X - Waste water
5 495-FUS - Waste water 17 MFB-48-FUS - Waste water
6 256-X - Waste water 18 MFB-50-FUS + Waste water
7 263-X - Waste water 19 MFB-53-FUS + Soil
8 270-X - Soil 20 MFB-54-X + Soil
9 278-X - Soil 21 MFB-55-X - Waste water
10 280-X - Soil 22 MFB-56-FUS - Soil
11 289-X - Soil 23 MFB-57-X - Soil
12 407-X - Waste water

*The “+” symbol indicates strains in which lytic activity was detected, while the

activity was observed.

@ 9

Figure 2. Lytic zones formed by phage isolates on MFB-17-X and MFB-53-FUS strains

Sekil 2. Faj izolatlarinin MFB-17-X ve MFB-53-FUS strainleri tizerinde olusturdugu Ilitik zonlar
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Purification, Enrichment, and Titer Determination of Bacteriophages

After confirming the presence of bacteriophages, the obtained phage filtrates were subjected to serial dilutions
ranging from 10 to 10, and the plaque-forming unit (PFU/mL) values were determined. Plaques exhibiting a
single, well-defined morphology were selected (Figure 3A), and these phages were propagated using the enrichment
protocol.

Figure 3. Appearance of purified phage isolates (A) and Lysis of the pathogen during the stepwise enrichment
process of single-plaque phage filtrate (B)

Sekil 3. Izole edilen fajlarin saflastirildiktan sonra goriintiisii (A) ve Tek plak filtratinin asamali zenginlestirme
stirecinde patojen lizisi (B)

As a result of the enrichment process, an increase in PFU/mL values was achieved, and high-titer single-plaque
phage filtrates were obtained through a stepwise enrichment method. The PFU/mL values determined at different
enrichment stages were recorded as follows: ®442-FUS: 104, ®426-X: 104, DMFB-17: 10, DMFB-50: 10*°, DMFB-
53: 10°%, and ®MFB-54: 10, After enrichment, particularly ®MFB-17, ®MFB-50, and ®MFB-54 reached titers of
10 PFU/mL, indicating that these isolates possess a high lytic potential (Figure 3B).

Determination of the Host Range of Bacteriophages

In this study, the host range of six phages isolated against Xpp and Xcf pathogens was determined using the double
agar method, and the clarity of the lytic zones was evaluated on a 0—4 scale. The graph presented in Figure 4
illustrates the lytic activity of different phages (®442-Fus, ®426-X, ®Mfb-17, ®Mfb-50, ®Mfb-53, and ®Mfb-54)
against each pathogen, represented in different colors. Accordingly, the graph allowed for the evaluation of both
the breadth and specificity levels of the tested phages’ host spectra. Examination of the host ranges revealed that
®Mfb-53, shown in light pink, exhibited lytic activity on 18 pathogenic strains; ®Mfb-54, represented in burgundy,
on 20 strains; ®Mfb-50, in light green, on 19 strains; ®Mfb-17, in mustard yellow, on 18 strains; ®426-X, in navy
blue, on 14 strains; and ®442-Fus, in gray, on 12 pathogenic strains. These data indicated that ®Mfb-54, ®Mfb-
50, and ®Mfb-53 possessed the broadest host spectra among the tested phages, whereas ®426-X and ®442-Fus
were effective within relatively narrower host ranges. This finding suggested that some phages, due to their
interspecies lysis capability, have the potential to serve as broad-spectrum biocontrol agents, while others could
be suitable candidates for targeted use against specific hosts. The results demonstrated that ®Mfb-50, ®Mfb-53,
and ®Mfb-54 exhibited strong lytic effects on both Xpp and Xcf strains, indicating their broad-spectrum biocontrol
potential. In contrast, ®442-Fus and ®Mfb-17 produced weak effects on only a limited number of pathogenic
strains, while ®426-X showed partial activity against some Xcf-derived bacterial strains. Among the Xcf strains,
265-FUS stood out with its high sensitivity to all biocontrol agents, whereas Xpp-derived strains 270-X, 280-X, and
289-X were found to be resistant to the phage isolates. Furthermore, it was determined that the obtained phages
formed lytic zones on Xanthomonas euvesicatoria strains (BS-38, BS-120, BS-169, BS-178, and BS-232). Strains
E-55, E-67, and E-99 belonging to Erwinia amylovora were found to be sensitive to multiple phages, demonstrating
that the phages exhibited lytic activity beyond their target pathogens. In contrast, Acidovorax citrulli strains KVN-
2, KVN-17, KVN-18, KVN-22, and KVN-24 were generally resistant to phages, while only the KVN-1 strain showed
strong lytic activity with three phages (Figure 5).
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Figure 4. Host range data between pathogenic bacterial strains and bacteriophage isolates

Sekil 4. Patojen strainlerin ile bakteriyofaj izolatlar1 arasindaki konak araligi verileri

*FUS: Xanthomonas citri pv. fuscans; X: Xanthomonas phaseoli pv. phaseoli, E: Erwinia amylovora; KVN: Acidovorax citrullii BS:
Xanthomonas euvesicatoria.
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Figure 5. Network diagram analysis of phages and bacterial strains
Sekil 5. Fajlarin ve bakteri strainlerin ag diyagrami analizi
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The presented network diagram illustrates the interactions between the isolated bacteriophages and the tested
bacterial strains. In the graph, pathogenic strains are positioned on the left, while phage isolates are displayed on
the right, with connecting lines representing the relationships between the two groups. Larger circles on the phage
side indicate a broader host range, whereas larger circles on the bacterial side represent strains infected by a
higher number of phages. Dense interconnections highlight phages with wider host ranges and stronger lytic
activity against multiple pathogenic strains. In particular, ®Mfb-50 and ®Mifb-54 establish numerous strong
connections with various bacterial strains, indicating their broad-spectrum lytic potential. In contrast, ®442-FUS
and ®426-X exhibit fewer connections, suggesting a narrower host range. From the perspective of bacterial strains,
it is noteworthy that strains 270-X, 280-X, 289-X, KVN-2, KVN-17, KVN-22, KVN-24, and KVN-18 showed no
interaction with any of the tested phages (Figure 5).

In the network graph shown in Figure 6, the circle size of the bacterial strains indicates the number of connections
they establish with phages and reflects similar levels of lytic activity exerted by those phages. Strains represented
by larger circles are infected by multiple phages with comparable intensity, revealing their shared host
characteristics. In the diagram, strains 270-X, 278-X, 280-X, 289-X, 407-X, 426-X, 442-X, 264-FUS, 265-FUS, 275-
FUS, 442-FUS, and 495-FUS are depicted with large circles, showing that the same phages caused similar degrees
of lytic activity in these strains (Figure 6A). In contrast, strains 120-BS, 232-BS, 17-MFB, 50-MFB, and 54-MFB
are represented by smaller circles, having fewer phage connections and therefore exhibiting limited similarity
compared to other strains. Correspondingly, in the network graph drawn according to the host spectra of the
isolated phages (Figure 6B), it was determined that phages ®Mfb-17, ®Mfb-53, and ®426-X were interconnected
because they could infect common bacterial strains, whereas the ®442-Fus phage isolate showed no connections
and was located in a separate cluster.
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Figure 6. Network graph analysis of bacterial strains (A) and phages (B)
Sekil 6. Bakteri strainlerin (A) ve fajlarin ag grafigi analizi (B)

According to the results of the principal component analysis (PCA), the first component (PC1) explained 66.7% of
the total variance, while the second component (PC2) accounted for 24.9%. Together, the first two components
represented 91.6% of the data, indicating that most of the variation among the analyzed variables was explained
by these two axes. Evaluation of the obtained scores revealed that the phage isolates ®Mfb-50 (6.37), ®Mfb-54
(1.49), and ®442-Fus (0.67) had positive values along the PC1 axis and were distinguished from the others (Figure
7).

According to the heat map analysis, distinct differences were observed among the lytic activities of the isolated
phages, with the color scale ranging from 0 (blue, no effect) to 4 (red, highest effect). In particular, the isolates
DOMfb-50 and ®Mifb-54 exhibited moderate to high levels of activity against many pathogenic strains, indicating a
broad host spectrum. Although ®Mfb-17 and ®Mfb-53 also showed high lytic activity against certain strains, their
effects were concentrated on a more limited number of hosts compared to the other phages. In contrast, the isolates
®442-Fus and ®426-X were mostly represented in blue tones, demonstrating low lytic activity and a narrow host
range (Figure 8).

When the obtained data were evaluated through phylogenetic dendrogram analysis, it was observed that the
isolated bacterial strains formed distinct clusters according to their host ranges. Short branches indicated a high
level of similarity, whereas long branches reflected greater differentiation. In the dendrogram, strains MFB-53, E-
99, E-67, BS-178, MFB-48, MFB-54, E-55, 426-X, MFB-17, MFB-50, 265-FUS, and BS-120 were grouped together
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as pathogenic strains infected by multiple phages and exhibiting strong lytic effects. In contrast, strains 270-X,
KVN-18, KVN-22, KVN-24, 280-X, 289-X, KVN-2, and KVN-14 were clustered separately as pathogenic strains
that were not infected by any phage isolates (Figure 9).
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Figure 7. Two-dimensional biplot graph of principal component analysis
Sekil 7. Temel bilesen analizi iki boyutlu biplot grafigi
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Figure 8. Heat map clustering
Sekil 8. Is1 haritasi kiimelemesi

Examination of the similarity matrix revealed a high similarity coefficient (0.68) between ®Mfb-53 and ®Mfb-17,
indicating that these two phages exhibited similar lytic activity on shared host strains. In contrast, ®Mfb-50
showed low similarity values (0.31) with both ®426-X and ®Mfb-17 (Figure 10).
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Figure 9. Hierarchical clustering dendrogram based on the lytic effects of phages on different pathogenic strains
Sekil 9. Farkli patojen strainler tizerindeki litik etkilerine dayali hiyerarsik kiimeleme dendrogrami
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Figure 10. Similarity matrix showing the levels of similarity among bacteriophage host spectra
Sekil 10. Bakteriyofaj konak spektrumliar: arasindaki benzerlik diizeylerini gosteren benzerlik matrisi.
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DISCUSSION

In this study, the in vitro biocontrol potential and host range of bacteriophages active against Xanthomonas
phaseoli pv. phaseoli Xpp) and Xanthomonas citri pv. fuscans (Xcf), the causal agents of common bacterial blight
in beans, were investigated. For this purpose, nine pathogenic strains isolated from diseased bean plants were
identified as Xpp and Xcf based on fatty acid methyl ester (FAME) analysis, according to the composition and
relative abundance (%) of their fatty acids. A total of six bacteriophages (©442-FUS, ®426-X, ®Mfb-17, ®Mfb-50,
®Mfb-53, and ®Mfb-54) were isolated from soil and wastewater samples for the in vitro biocontrol of these
pathogens. The isolation results showed that most of the phages were obtained from soil samples. This can be
explained by the fact that the aerial parts of plants are more exposed to high temperature and sunlight—
particularly the UV-A and UV-B spectrum—leading to phage inactivation (Gasi¢ et al., 2018; Iriarte et al., 2007),
while infected plant residues and bacterial exudates released into the soil provide a suitable microenvironment for
phage persistence (Akbaba & Ozaktan, 2021). Similarly, many previous studies have also reported that phages are
most frequently isolated from soil environments (Bhunchoth et al., 2015; Akremi et al., 2020; Park et al., 2022;
Hassan et al., 2023). Indeed, lytic phages effective against various phytopathogenic bacteria, including
Pseudomonas savastanoi pv. glycinea (Tarakanov et al., 2022), Ralstonia solanacearum (Fujiwara et al., 2011),
Xanthomonas campestris pv. pelargonii (Flaherty et al., 2001), Xanthomonas arboricola pv. juglandis (Romero-
Suarez et al., 2012), Pseudomonas syringae pv. syringae (Akbaba & Ozaktan, 2021), and Erwinia amylovora
(Sharma et al., 2019; Besarab et al., 2020), have also been successfully isolated from soil samples. Taken together,
these findings indicate that soil serves as an important ecological reservoir that ensures the persistence of phages
within their natural life cycle.

When examining the host ranges of the phages, it was found that the lytic activities of those isolated against
Xanthomonas species were highly variable, which could be attributed to both the biological characteristics of the
phages and the genetic diversity of the host bacteria. For instance, the phage vB_XciM_LucasX was shown to be
effective against both X. citri (Xac 306, Xac 636) and X. fuscans (XauC 752) strains (Marquioni et al., 2022),
indicating that some phages can possess broad host ranges. Conversely, Démétor et al. (2016) reported that, among
24 phages isolated against X. arboricola pv. juglandis, only Xaj24 was able to infect all tested strains, while the
remaining phages had narrow host ranges. Similarly, the phage K®1 described by Gasié¢ et al. (2018) exhibited
specificity exclusively toward its target pathovar, and Papaianni et al. (2020) reported that the phage Xccol,
isolated against X. campestris pv. campestris, showed lytic activity on only a limited number of strains. On the
other hand, the “DoCa” phage series identified by Domingo-Calap et al. (2022) was capable of infecting 31 different
X arboricola pv. juglandis strains, and the three phages (SfXv124t/1, SfXv124t/2, SfXv124t/3) isolated by Kizheva
et al. (2021) against Xanthomonas euvesicatoria produced lytic effects on approximately half of the 23 tested
strains, demonstrating the existence of broad-spectrum phages. Likewise, Tarakanov et al. (2024) reported that
the X campestris pv. campestris phage PBR31 was effective in 10 out of 14 strains, while Orynbayev et al. (2020)
found that the DB1 phage was active against 58.9% of 77 tested strains, further supporting the variation in phage—
host specificity.

Bacteria have developed numerous defense strategies to prevent phage infections. Host defense mechanisms are
generally classified as exogenous defenses, physical barriers, and endogenous defense systems. Endogenous
defense mechanisms include antiviral processes such as CRISPR-Cas systems, restriction—-modification (R—M)
systems, and abortive infection, all of which can limit phage replication within the host cell (Figueroa-Bossi et al.,
2001; Barrangou et al., 2007). However, phages can overcome these defenses through mutations or genetic
adaptations. As a result, while host bacteria may develop resistance against certain phages, they may become
susceptible to other phages that target different or modified receptors. In addition, some phages employ
superinfection exclusion mechanisms, thereby preventing host cells from being reinfected by other phages,
including the same phage (Labrie et al., 2010). Moreover, it has been reported that phages may inhibit secondary
infections by modifying or downregulating receptors used by other phages during entry. These adaptive processes
developed by bacteria against phage attacks may affect not only phage susceptibility but also host growth
dynamics, virulence traits, and environmental fitness (Scanlan et al., 2015). In this context, the observation in our
study that some phages exhibited a broad host range whereas others showed lytic activity only against a limited
number of strains may be explained by differences in host surface receptors, genetic variations in phage receptor-
binding proteins, and the ability of bacterial antiviral defense systems to restrict phage replication. In particular,
the capacity of broad-host-range phages to recognize different receptors or to develop alternative binding strategies
may enable them to exhibit high lytic activity across diverse pathovars and strains. Therefore, the effectiveness of
certain phages against both Xpp and Xcf isolates in our study suggests that these phages may possess a greater
potential to overcome host defense mechanisms and to bind to different receptor types.

In parallel with these findings from the literature, in the present study, three of the six isolated phages (®Mfb-50,
®Mfb-53, and ®Mfb-54) exhibited broad host ranges and produced strong lytic zones against both Xpp and Xcf
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strains, whereas the remaining three phages showed more limited activity. This suggests that variations in genetic
structure, adsorption mechanisms, and host defense systems may lead to distinct lytic profiles among phages.
Consequently, broad-spectrum phages appear to be more advantageous for biocontrol applications; however,
narrow-host-range phages may also be valuable for developing highly targeted biocontrol strategies. Overall, the
obtained data indicate that bacteriophages can be considered potential biocontrol agents against Xpp and Xcf,
although the success of their application largely depends on the host range of the selected phages.

While this study demonstrates the biocontrol potential of bacteriophages against Xpp and Xcf it also presents
certain limitations. First, all evaluations were conducted under in vitro conditions, and the efficacy of the phages
under field or greenhouse environments has not yet been tested. Therefore, future studies should investigate the
effects of environmental factors—such as UV radiation, temperature, pH, humidity, and soil composition—on the
stability and infectivity of phages. Additionally, the number of phages used in this study was limited; thus, further
research with a larger phage collection is essential to better understand the relationships among host range,
genetic diversity, and lytic mechanisms. Since genomic characterization of the phages was not performed, the
presence of potential lysogenic or antibiotic resistance genes could not be assessed, which restricts the full
confirmation of their biosafety for biocontrol use. Consequently, future studies should be expanded to include
genomic analyses, multi-phage cocktail formulations, and in vivo trials to support the development of sustainable,
phage-based biocontrol strategies against bacterial blight pathogens.

CONCLUSION

This study revealed the in vitro biocontrol potential of bacteriophages against Xpp and Xcf, the causal agents of
common bacterial blight in beans. Among the six phages isolated from soil and wastewater samples, three (®PMfb-
50, ®Mfb-53, and ®Mfb-54) exhibited a broad host range and strong lytic activity against both pathovars. These
results indicate that the identified phages are promising candidates for biological control applications. In contrast,
the limited effectiveness of the other three phages suggests that genetic variations influencing host specificity
directly affect the efficiency of biocontrol activity.

The findings support the significance of phage-based approaches as environmentally friendly, residue-free
alternatives that reduce the risk of resistance development in the management of bacterial plant diseases.
Moreover, the selection of broad-host-range phages, the development of multi-phage cocktails, and the optimization
of field applications are of great importance for the establishment of sustainable plant health management
strategies.
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