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Abstract 

Plant pathogenic strains of Pseudomonas syringae (Psy) spp. have been detected in nonagricultural habitats, including 
those associated with the water cycle. Their presence in aquatic systems allows dissemination over long distances, 
especially with irrigation practices. In May 2021, we sampled 15 sites along the Danube River Basin in Serbia to gain 
insight into P. syringae abundance and diversity. We identified 79 Psy strains using Psy-specific primers, and a par-
tial sequence of the citrate synthase (cts) house-keeping gene has served for phylogenetic diversity assessments. 
Phenotypic diversity determination included characterizing features linked with survival and pathogenic lifestyle. The 
ice nucleation activity, pectinolytic activity, swimming and swarming assays, and hypersensitive reaction on plants 
were tested. Psy was detected at ten of 15 sites examined at abundance ranging from 1.0 ×  102 to 1.2 ×  104 CFU/L. We 
discovered the presence of four phylogroups, with phylogroup 2 being the most abundant, followed by phylogroups 
7, 9, and 13. The hypersensitive reaction was induced by 68.63% of the isolates from the collection. A partial sequence 
comparison of the cts gene showed 100% similarity between isolates from cherry plants epidemics in Serbia caused 
by Psy and isolates from the Danube River. Our results suggest that the Danube River, extensively used for irrigation 
of agricultural fields, harbors diverse strains of Psy, which possess various features that could lead to potential disease 
outbreaks on crops. This study represents the first in-depth analysis of Psy abundance and diversity in the Danube 
River Basin. It sets the ground for future pre-epidemic studies and seasonal monitoring of Psy population dynamics.
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Background
Pseudomonas syringae (Psy) is a well-studied, widespread 
complex of plant pathogenic bacteria, a causative agent 
of diseases on many species, including herbaceous and 
woody plants (Gutiérrez-Barranquero et al. 2019). Symp-
toms of the diseases caused by this complex of bacteria 
can vary from mild to severe. Plants can develop local-
ized manifestations, such as leaf spots, blight, specks, 
and wilting. Some pathogen species can move through 
vascular tissue and induce systemic disease (Donati 
et  al. 2020). Similar to many other plant pathogens, the 
evolution of its virulence has been widely investigated 
from an agro-centric perspective based on interaction 
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with its primary hosts (Morris et  al. 2009; Scortichini 
et al. 2012). However, over the past decade, reports have 
been increasing on the importance of alternative plant 
hosts and habitats beyond agroecosystems (Morris et al. 
2008, 2010). The presence of P. syringae was confirmed 
in habitats correlating to the water cycle, such as rivers, 
lakes, rainwater, snow, and clouds (Morris et  al. 2008). 
The production of ice-nucleating proteins in some P. 
syringae strains enables them to catalyze ice formation at 
warmer temperatures than temperatures at which pure 
water freezes (Maki et al. 1974). It was hypothesized that 
by catalyzing ice formation in clouds, bacteria provide a 
deposition to nutrient-rich niches through precipitation 
(De Araujo et  al. 2019). Moreover, ice nucleation activ-
ity also threatens plant health, increasing the risk of frost 
injury (Karimi et al. 2020).

Many of the P. syringae hosts are economically impor-
tant crops, so it is essential to investigate all potential 
reservoirs of the bacteria. In that context, freshwater 
habitats are important as they are used for irrigation 
purposes in agricultural areas and are possible sources 
of pathogen inoculum. There are many reports about 
plant pathogenic bacteria in open irrigation systems, 
such as those from genera Xanthomonas, Pectobacte-
rium, and Dickeya (Faye et al. 2018; Fayette et al. 2018; 
Hugouvieux-Cotte-Pattat et  al. 2019). P. syringae was 
previously detected in freshwater by Morris et al. (2008, 
2010), in a freshwater lake in Virginia by Pietsch et al. 
(2017), also in the study of Pseudomonas species diver-
sity along the Danube (Mulet et al. 2020). After canta-
loupe blight epidemics caused by P. syringae appeared 
in Southern France in 1993, a post-epidemic study of P. 
syringae in water retention basins was conducted, and 
the causative agent was isolated from there (Riffaud and 
Morris 2002). Similarly, for the plant pathogenic fungus 
Verticillium dahlia, irrigation was the primary disper-
sal means to cause the contamination (Baroudy et  al. 
2018). Repeated irrigation from the same contaminated 
water source is an additional danger because the path-
ogen is reintroduced into the field (Parke et  al. 2019). 
One of the biggest concerns is the emergence of new 
and highly aggressive populations of plant pathogenic 
bacteria, considering the enormous genetic diversity in 
environmental reservoirs. A much broader diversity of 
plant pathogenic P. syringae was obtained from alpine 
headwaters compared to those isolated from infected 
plants (Morris et al. 2010; Berge et al. 2014). P. syringae 
environmental isolates, closely related to P. syringae pv. 
tomato, had a broader host range but caused almost the 
same disease symptoms when inoculated in the labo-
ratory under optimal conditions (Monteil et  al. 2013). 
Moreover, D. dianthicola isolates from the rivers were 

more aggressive on potatoes than strains isolated from 
diseased plants (Laurila et  al. 2008). Environmental 
strains surrounded by various microbial species have 
higher chances of acquiring new loci by horizontal gene 
transfer (Dillon et  al. 2019). Insights into the abun-
dance of P. syringae in aquatic habitats and assessment 
of its diversity are important to evaluate its suitability 
for irrigation. Water inhabited with pathogens is a pos-
sible infection source and can lead to epidemics with 
consequential yield losses (Monteil et al. 2016).

The Danube is the second-longest river in Europe that 
links more countries than any other river in the world. 
It flows through or along the borders of ten European 
countries (Dávid and Madudová 2019). It is the longest 
river in the Black Sea Basin of Serbia, collecting waters 
from 92% of Serbian territory. The development of a 
strategy for irrigation and drainage in the Republic of 
Serbia is in progress, which will inevitably include the 
Danube-Tisa-Danube canal network from the terri-
tory of Vojvodina. Evaluation of irrigation water quality 
based on chemical parameters was done for ground-
water sources of the Danube (Kurilić et  al. 2019) and 
surface water in the Danube-Tisa-Danube hydrosys-
tem area, encompassing 75% of arable land (Zemu-
nac et  al. 2021). Both studies confirmed suitability for 
irrigation purposes but were based only on chemical 
characteristics.

Regarding microbial contamination which can poten-
tially cause a severe threat to human health, fecal 
microbial pollution is a major problem in the Danube 
River  Basin and is the focus of many investigations 
(Kirschner et  al. 2017; Frick et  al. 2020; Banciu et  al. 
2021). If one considers it a potential irrigation source, 
it is also essential to monitor plant pathogens. To our 
knowledge, studies of P. syringae in the Danube have 
not been reported yet.

Our study aimed to estimate abundance and char-
acterize Psy isolates from the water samples collected 
at the sites situated at the Danube River and its major 
tributaries in the territory of the Republic of Serbia 
and to determine their phenotypic and phylogenetic 
diversity. Isolates were identified by PCR reaction using 
species-specific primers. Their characterization was 
achieved through biochemical tests, hypersensitive 
reaction tests on Pelargonium plants, ice nucleation 
activity assay, motility assays, and cts gene-based phy-
logenetic analysis. The Danube and its tributaries were 
the aquatic habitats of choice, considering the Danube 
River Basin’s potential and irrigation usage. This study 
provides a basis for a comprehensive pre-epidemic 
study of P. syringae in freshwaters in the context of irri-
gation, which should provide information on Psy com-
munity composition, abundance, and diversity.
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Results
Abundance of P. syringae in the Danube River
Bacterial populations were evaluated for 15 sites along 
the Danube River Basin in Serbia (Fig.  1 and Addi-
tional file 1: Table S1). The total number of Pseudomon-
ads spp. cultured on semi-selective media KBC ranged 
from 2.6 ×  103 to 1.45 ×  105  CFU/L (Additional file  1: 
Table S1). The total number of colonies cultured for each 
site was counted (D1—89, D2—85, D3—86, D4—145, 
D5—82, D6—95, D7—101, D8—102, D9—26, D10—91, 
D11—89, D12—69, T1—59, T2—52, T3—86 colonies). 
We treated all colonies as putative Psy isolates and per-
formed PCR identification on all colonies grown on the 
filter. We performed a colony-PCR reaction using Psy-
specific primers to detect Psy and reveal its abundance in 
the Danube. From the DNA of the isolates identified as 
P. syringae, 144-bp DNA fragments were amplified when 

Psy-specific primers were used (Guilbaud et  al. 2016). 
The specific band was amplified for 79 isolates belong-
ing to the P. syringae species complex. Of 15 sampling 
sites, Psy was detected in ten, while none of the colonies 
tested were identified as Psy in the rest five sites (Fig. 1). 
The abundance of P. syringae varied from 1.0 ×  102 to 
1.0 ×  104 CFU/L (Fig. 1 and Additional file 1: Table S1). 
The highest abundance was present at locality Tisa Titel 
(T1) with 1.2 ×  104 CFU/L, and the lowest abundance was 
1.0 ×  102  CFU/L at localities Donji Milanovac (D8) and 
Tekija (D9).

Phylogenetic analysis
Further confirmation of the isolate identities was 
obtained by amplification and sequencing of the par-
tial house-keeping citrate synthase (cts) gene. In 51 iso-
lates, the cts gene had a significant percentage of identity 

Fig. 1 Sampling locations on the Danube River (D1–D12) and its tributaries (T1–T3). Pie charts associated with sampling sites show the percentage 
share of detected Pseudomonas syringae phylogroups in the total number of isolates from that site. The Psy population sizes are indicated next to 
the pie charts and estimated in CFU per L. The black arrowhead shows the direction of the river flow
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(98–100%) with Psy sequences from the NCBI nucleotide 
database, which were compared with query sequences 
using the blastn algorithm. These 51 isolates were sub-
jected to further phenotypic and phylogenetic charac-
terization. The remaining 28 isolates were excluded from 
further analysis due to low-quality reads of the partial 
cts gene and percentage identity below 98% similarity 
with P. syringae. Phylogenetic analysis based on partial 

sequences of the cts gene (360 bp) involved 84 sequences 
(29 reference strains, four strains used as out-groups, 
and 51 sequences of the isolates from the Danube). The 
resulting phylogenetic analysis showed that isolates from 
the Danube belong to phylogroups (PG) 02 (70.6%), 07 
(9.8%), 09 (9.8%), and 13 (9.8%) (Fig.  2). Groupings in 
PGs 02, 07, and 09 had bootstrap values of 77, 79, and 
80, respectively, while the bootstrap value for PG13 was 

Fig. 2 Phylogenetic tree of Pseudomonas syringae isolates based on the partial sequence of the cts gene. A phylogenetic relationship between 
51 Pseudomonas syringae isolates from the Danube (BFD labeled isolates), reference strains representing 13 phylogroups, and strains used as 
out-groups (in bold) is shown. The tree was generated by the neighbor-joining method. Bootstrap values (expressed as a percentage of 1000 
replications) are shown at branch nodes
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93. The bootstrap value for clade-level classification in 
PG07 was 79 for clade 7a and 96 for clade 7b, which is 
significantly higher than the phylogroup level. Thirty-six 
out of 51 isolates were representatives of PG02, and these 
isolates were detected in each locality except Tekija (D9). 
Isolates BFD0003 and BFD0048 were placed into clades 
2a and 2c, respectively, with high bootstrap values of 99 
and 81. Five isolates were placed into PG07, PG09, and 
PG13. Isolate BFD0039 can be considered as a member 
of clade 9a with a maximum bootstrap value of 100. All 
tested isolates were distributed among these four Psy 
phylogroups, and there were no representatives of the 
remaining nine Psy phylogroups. Within all collected iso-
lates from the Danube, we encountered 34 different cts 
gene sequences (haplotypes), while the dominant hap-
lotype consisted of sequences belonging to PG02d. We 
compared the partial sequence of the cts gene (360  bp) 
of the strains detected in this study with those isolated 
from different diseased crops in Serbia and found 100% 
similarities between isolates from the Danube and iso-
lates from diseased cherry plants (Ilicic et  al. 2021) in 
Vojvodina Province. This haplotype (strains BFD0018, 
BFD0035, BFD0037, BFD0041, BFD0042, BFD0043, 
and BFD0049) was detected at five sampling sites, D1, 
D2, D3, T1, and T2 in the Danube River Basin (Fig.  1). 
Moreover, the same haplotype shared 100% identity with 
strains TAW79 and CC0170 isolated from water samples 
and cantaloupe in France (Berge et  al. 2014; Guilbaud 

et  al. 2016). Another haplotype (isolates BFD0021 and 
BFD0036) showed 100% similarity to Psy strains isolated 
from diseased cherry plants which are also from Vojvo-
dina Province in Serbia (Balaž et al. 2014), and to strain 
CC1435 isolated from an epilithic biofilm in France 
(Berge et  al. 2014). In addition, we found high percent 
similarity (98.89%, four nucleotide differences) of strains 
BFD0017, BFD0019, BFD0023, and BFD0027 with Psy 
isolates from epidemics on pea and sugar beet in Serbia 
(Popović et al. 2015a; Nikolić et al. 2018).

Phenotypic characterization
Morphology of the colonies of each isolate grown on 
King’s medium B was described after 24 h of incubation 
at 30℃ (or after 48  h for slow-growing isolates). Colo-
nies were predominantly small, white or creamy-white, 
circular, and flat, but within 51 isolates, we encountered 
orange-yellow colonies (three isolates) and brown pig-
mented (one isolate). Colony morphology description 
and the results of other tested phenotypic features are 
shown in Additional file 1: Table S1.

The pectinolytic activity was confirmed for three iso-
lates (5.88%). Isolates positive for pectinolytic activ-
ity were representatives of PG07. The hypersensitive 
response was induced in Pelargonium plants by 35 Psy 
isolates (68.63%) (Fig.  3). 29 isolates of phylogroup 2 
(56.86%), three isolates representing PG07 (60%), and 

Fig. 3 Hypersensitive reaction assays. Top row, positive reactions induced by Pseudomonas syringae isolates from the Danube; bottom row,  dH2O 
used as a negative control and absence of hypersensitive response
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three of PG09 (60%) could induce a hypersensitive 
response (Additional file 1: Table S1).

Ice nucleation activity
Three different types of ice nucleation activity depend-
ing on the temperature of ice formation were observed: 
warmer than −4°C (type I), −4°C to −7°C (type II), and 
colder than −7°C (type III) (Joly et  al. 2013). Isolates 
could be classified into ice nucleators type I (7), type II 
(14), and type III (18), based solely on the average freez-
ing temperatures (Fig.  4). Ice nucleation activity assays 
resulted in 39 active strains (all three tubes frozen), 
making up 76.47% of our collection (Fig.  5). INA active 
isolates from the Danube were from PG02 (94.44% of 
isolates), PG07 (80% of isolates), and PG09 (40% of iso-
lates). The highest temperature that led to ice formation 
was −3°C for isolate BFD0052, based on an average value 
of triplicate tested. There were five more isolates with 
the capacity to form ice at −3°C (BFD0003, BFD0006, 
BFD0031, BFD0036, BFD0037), but not in each tested 
sample. All mentioned isolates that froze water at −3°C 
belong to PG02. Twelve isolates (BFD0003, BFD0006, 
BFD0008, BFD0018, BFD0024, BFD0026, BFD0029, 
BFD0031, BFD0043, BFD0045, BFD0050, BFD0056) can-
not be precisely distinguished into categories as the tem-
perature of freezing varies, and it is out of the assigned 
frame of categories. 

Swimming and swarming motility
The swimming area was observed as a circular zone 
around the inoculation spot and measured using ImageJ 

software (Additional file 2: Figure S1). Isolates BFD0030, 
BFD0040, and BFD0048 have shown poor swimming 
motility. Their growth around the inoculation spot 
reached 0.36, 0.46, and 0.1   cm2, respectively. The swim-
ming area formed by the remaining 48 isolates was from 
0.56 to 9.35   cm2. Isolate BFD0055 (representative of 
PG07) created the most extensive swimming area. Pseu-
domonas aeruginosa PAO1 was used as a positive con-
trol, and its swimming zone was 9.23   cm2. Regarding 
swarming motility, 25 isolates were swarming-positive. 
Examples of diverse movement patterns are shown in 
Additional file  2: Figure S2. The remaining 26 isolates 
have matched with negative control. All isolates from 
phylogroups 7 and 9 showed swarming motility. Isolates 
that were positive on swarming were also representatives 
of phylogroup 2 (41.67% of isolates) (Fig. 5). The smallest 
swarming area measured was 3.06  cm2, formed by isolate 
BFD0053. Isolates BFD0005 and BFD0001 from PG09 
stood out with the biggest swarming areas 59.96 and 
59.46  cm2, respectively.

Discussion
The presence of P. syringae in various environmental 
sources has been known for a long time, while the data 
about plant isolates still greatly surpasses the data about 
environmental isolates. Its ability to infect a wide range of 
hosts contributed to it becoming the best-studied model 
for understanding plant-microorganism interactions and 
pathogenicity. There is a great interest in P. syringae ecol-
ogy, epidemiology, and evolution (Xin et al. 2018). They 
can persist in many habitats like streams, lakes, rivers, 

Fig. 4 Average freezing temperature among ice-nucleation positive strains of Pseudomonas syringae from the Danube. INA positive strains are 
grouped into three types based on the average temperature of freezing (Type I < −4°C, Type II −4°C to −7°C, and Type III > −7°C)
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clouds, rain, and snow, and often lead an epiphytic life on 
disease-free plants (Morris et al. 2008). All these niches 
are potential reservoirs of a great diversity of strains and 
likely serve as sources of newly emerging pathogens (Dil-
lon et al. 2019).

One of our goals was to determine Psy abundance 
in the Danube River. Our results show that the CFU/L 
of Psy ranges from 1.0 ×  102 to 1.2 ×  104 and that it was 
present in ten out of 15 sampled sites. Unfortunately, 
the Danube River in Serbia is affected by pollution from 
industrial development, agriculture, and poorly treated 
wastewater (Mănoiu and Crăciun 2021). Because organic 

material accumulates strongly during filtration of con-
centrated water samples, we made serial dilutions of 
the samples, which in combination with the limited 
filter space possibly affected the range of Psy popula-
tions, but still allowed us to measure a Psy abundance of 
 104  CFU/L. Estimations of the population size of Psy 
isolated from different substrates like wild plants, snow, 
rain, epilithic biofilms, and lake and stream water can 
be found (Morris et  al. 2008), but there is still insuffi-
cient information regarding Psy abundance in freshwater 
habitats. In lake and stream water, the abundance of Psy 
varied from 1.3 ×  102 to 1.5 ×  104  CFU/L (Morris et  al. 

Fig. 5 Phenotypic characterization of Pseudomonas syringae isolates from the Danube. a The percentage ratio of positive and negative results of 
phenotypic tests (individual results are provided in Additional file 1: Table S1). b Diagram showing the number of isolates sharing the common 
virulent traits. c Heatmap showing gradient in temperature of INA, motility area and capacity to degrade pectin and induce HR for isolates within 
each phylogroup. HR hypersensitive response, INA ice nucleation activity, PA pectinolytic activity
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2008). Also, in the headwaters of North America, Europe, 
and New Zealand rivers, the detected abundance of Psy 
was from 50 to 1.0 ×  104 CFU/L (Morris et al. 2010). Pop-
ulation densities of Psy in the Durance River catchment, 
where it was monitored during four seasons over 2 years, 
were up to 1.0 ×  105  CFU/L and its presence was con-
firmed in all sampling sites (Morris et al. 2022). Values of 
1.0 ×  105 CFU/L were reached during the winter seasons. 
Still, regarding spring seasons, population densities in 
the Durance River were lower, which coincides with the 
results obtained for the Danube River Basin.

The diversity of Pseudomonas species along the Dan-
ube River was recently assessed, resulting in 611 isolates 
identified by MALDI-TOF MS. Only two isolates were 
identified as a P. syringae, based on an additional rpoD 
gene sequence analysis (Mulet et  al. 2020). The strains 
were isolated using an incubation temperature of 37°C. 
The overall diversity was probably much broader than 
acquired because the incubation and water temperatures 
during sampling (sampling was performed during late 
summer) were not optimal and not usually used to isolate 
environmental Psy. In fact, the impact of water tempera-
ture on the population size of Psy species in freshwater 
ecosystems has been shown recently, where Psy densities 
decreased with increasing water temperature, and it was 
the only factor among other aquatic parameters explain-
ing population densities (Morris et al. 2022). Accordingly, 
the similarity of the occurrence of Psy populations in the 
lower part of the Durance River catchment, which coin-
cides with the sampled sites on the Danube River, and in 
the Danube River in spring may be a consequence of sim-
ilar temperature ranges in the same season. The aquatic 
parameters of the sampled Danube water showed a nar-
row range of measured values among different sites, and 
we did not find any correlation between Psy abundance 
and physicochemical parameters. Future seasonal moni-
toring would provide us with more information on the 
relationship between Psy abundance and variations in 
aquatic parameters in the Danube.

In the last decade, Psy-related disease epidemics on 
vegetables and fruits caused by Psy isolates from PG02 
have been detected in the Serbian Danube River Basin. 
In particular, Psy has been identified as a causal agent of 
diseases in various crops in different parts of Vojvodina 
Province along the Danube-Tisa-Danube canal network. 
In particular, affected crops include oil pumpkins with 
disease incidence (DI) of 5–20% (Balaž et al. 2014), peas 
where DI reached 10–30% (Popović et  al. 2015a), Swiss 
chard with DI 2–20% (Ignjatov et  al. 2015), sugar beet 
with DI 0.1–40% (Stojšin et al. 2015), carrot, parsley and 
parsnip with DI 5–20% (Popović et  al. 2015b). Among 
woody plants, its host was cherry, with DI up to 25% 
(Balaž et al. 2016; Ilicic et al. 2021; Iličić et al. 2022). The 

highest DI of 80% was recorded in the blueberry orchard 
in Šabac, where 10% of the plants died (Zlatković et  al. 
2022). All these reports represent disease occurrence 
at sites surrounded by the Danube River and the Dan-
ube-Tisa-Danube Canal. We reasoned that these freshwa-
ter bodies could be a possible source of Psy inoculum and 
consequently a risk for crops in this area. The concord-
ance of cts sequences from two haplotypes of Psy strains 
isolated from the Danube River and the causal agents of 
the reported disease on cherry plants suggests the pres-
ence of mixed environmental and agricultural popu-
lations and the putative risk of the Danube irrigation 
system for future disease occurrence. However, long-
term monitoring of the Danube River Basin is needed to 
assess the extent of this risk.

The considerable genotypic and phenotypic heteroge-
neity of Psy species makes it difficult to access the full 
diversity of this group during isolation (Berge et al. 2014). 
Phenotypic comparisons with some previously described 
reference strains may result in the loss of a substantial 
number of Psy group members. A PCR-based method 
for detecting Pseudomonas syringae using Psy-specific 
primers (Guilbaud et  al. 2016) is much more compre-
hensive than isolation based on phenotypic character-
istics. It allowed us to cover the entire Psy group and 
isolate different strains that show great phenotypic diver-
sity within the Psy collection from the Danube River. In 
addition, the cts gene has previously been found to be 
one of the most reliable genes that can be used for deter-
mining the phylogenetic affiliation of Psy strains (Berge 
et al. 2014). We observed the greatest abundance of Psy 
isolates belonging to PG02 and the highest phylogenetic 
and phenotypic diversity within this phylogroup among 
the whole Psy isolate collection from the Danube. PG02 
is the most ubiquitous group for which numerous iso-
lates have been found in environmental habitats, includ-
ing water sources (Berge et al. 2014). Additionally, strains 
from rivers that belong to PG02 are more aggressive on 
cantaloupe seedlings than strains in other phylogroups 
(Berge et  al. 2014). Isolates from PG02 are known as 
potential ice nucleators (Pietsch et  al. 2017), and previ-
ous estimations show that 85% of isolated strains from 
PG02 were INA-positive (Morris et  al. 2010). Members 
of PG02 isolated from freshwaters have been linked on 
the basis of their cts gene sequences to strains character-
ized as worldwide causative agents of reported epidem-
ics in apricots, melons, squash, and sugar beets (Morris 
et al. 2022). Morris et al. (2022) identified the haplotype 
DD.1 (PG02b) as the most abundant in their Psy strain 
collection from the Durance River catchment, whose 
partial sequence of the cts gene has 100% similarity 
to sequences of Psy previously isolated from numer-
ous disease epidemics worldwide, including sugar beet 
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epidemics in Serbia. Although we detected 34 different 
haplotypes based on the cts gene in the strain collection 
from the Danube River Basin, we did not find 100% simi-
larity to the DD.1 haplotype (the highest similarity was 
98.89%, four nucleotide differences, in strains BFD0017, 
BFD0019, BFD0023, and BFD0027). The representative 
of PG02c, isolate BFD0048, did not elicit a hypersensitive 
response in the Pelargonium plant. Strains from clade 2c 
are known to be members of the Pseudomonas conge-
lans species (Behrendt et  al. 2003). Although they have 
been primarily described as non-pathogenic (Dillon et al. 
2019), their involvement in the development of diseases 
in citrus plants in Tunisia has been reported (Oueslati 
et al. 2020). In addition, the pathogenicity of P. congelans 
isolated from the phyllosphere of Serbian autochthonous 
plum cultivars was reported with a severity index of 44% 
on the leaves (Janakiev et al. 2020).

P. syringae isolates of other phylogroups detected in the 
Danube River (PG07, 09, and 13) were not often detected 
as pathogens of diseases in crops in Serbia. To date, 
there was one initial report of P. viridiflava (PG07) in the 
southern part of Serbia (outside the Danube River Basin) 
with a disease incidence of 10–25% on tomato plants 
(Popović et al. 2015c). Strains from this phylogroup have 
also been previously isolated from water habitats, and 
they are known as P. viridiflava representatives of the Psy 
species complex (Lipps and Samac 2022). Their promi-
nent feature is the production of the enzyme pectate 
lyase, which is used to degrade pectin in plant cell walls 
as one of the main virulence factors (Lipps and Samac 
2022). Moreover, by an investigation from the beginning 
of the twenty-first century until 2015, P. viridiflava was 
responsible for 18% of all disease outbreaks caused by 
the Psy species complex (Lamichhane et al. 2015). PG09 
strains have been reported exclusively from aquatic habi-
tats and are considered to be well adapted to the environ-
ment, while PG13 is also widespread but mostly found on 
non-plant substrates (Berge et al. 2014).

To get additional insight into the colonization capa-
bilities of Psy strains from the Danube which could be 
considered as an important pathogenic feature, we exam-
ined their motility. The ability to move toward nutri-
ents, attach, and penetrate host tissues is an excellent 
advantage for a pathogenic lifestyle (Colin et  al. 2021). 
Examined forms of motility, swimming and swarming, 
are flagellum-mediated and depend on environmen-
tal conditions (Markel et  al. 2018). While swarming is 
locomotion on a semi-solid surface, swimming occurs 
in the liquid phase (Jose and Singh 2020). A connection 
between swarming motility and host range extent was 
detected earlier, and strains with a tendency to swarm 
in the first 24 h have been shown to have a broader host 
range than non-swarming ones (Morris et  al. 2019). In 

our collection, we encountered numerous strains that 
stand out with their ability to swim and swarm in the 
given conditions, including strains from PG02, which, 
according to the data available so far, pose the greatest 
threat to plants in the Danube River Basin. That suggests 
that among the Psy isolates from the Danube, those with 
the largest motility areas can pose a threat to plant health 
because this trait makes them a potential pathogen with 
increased virulence.

By comparing sequenced genomes of environmen-
tal and crop-pathogenic strains and identifying genes 
with key roles in disease emergence, the hypothesis that 
crop-pathogenic P. syringae diverged from a pre-existing 
population that was present in the environment before 
the development of modern agriculture was suggested 
(Monteil et  al. 2016). A significant genetic similarity 
between strains from nonagricultural habitats and those 
isolated from disease epidemics was shown (Morris et al. 
2008; Monteil et al. 2013). Mixing populations from agri-
cultural and environmental sources is highly possible, 
bearing in mind that they are genetically almost indistin-
guishable (Bartoli et al. 2015; Monteil et al. 2016). These 
data increase the importance of studies that provide 
insight into the diversity of populations outside of agroe-
cosystems. Regarding quite frequent reports of plant dis-
eases caused by strains from the Psy complex (especially 
PG02), high diversity among Psy strains from the Danube 
River, and extensive use of Danube freshwater for crop 
irrigation purposes, future studies should be focused on 
monitoring seasonal population changes and determina-
tion of pathogenicity and the host range of the isolates in 
order to assess the potential risk for irrigation of certain 
crops and even predict potential epidemics.

Conclusions
This study represents the first report on the abundance 
and diversity of the plant pathogen P. syringae in the 
Danube River Basin. We revealed the abundance of Psy in 
the Danube River, and the presence of four phylogroups 
of Psy, including isolates with confirmed putative virulent 
traits such as ice nucleation activity, flagellum-dependent 
motility, and pectinolytic activity. It remains to be inves-
tigated whether the Danube River Basin is a possible 
source of pathogen inoculum for irrigated crops.

Methods
Sample sites and collection
Samples were collected from 11 to 14th May 2021 from 
15 sites (Fig. 1). Sites D1–D12 were situated on the Dan-
ube River, while sites T1–T3 were located at the Danube 
tributaries. In the investigated stretch, the Danube has 
characteristics of a large lowland river. Except for Site T3 
(the River Pek), all sites are heavily modified water bodies 
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affected by the Iron Gate dams. The construction of the 
Iron Gate dams resulted in hydromorphological changes 
in this part of the river and the formation of reservoirs 
with reduced sediment flux, increased sediment deposi-
tion, and slowed river flow (Vuković et al. 2014). All sam-
ples were collected approximately 3 m from the shore at 
a 30 cm depth below the surface in clean, sterile 500 mL 
bottles. Samples were immediately stored at 4°C and 
transported to the laboratory in cooling boxes (within 
3  h). In-field measurements (temperature, pH, conduc-
tivity, and dissolved oxygen levels) were performed using 
a multi-parameter probe (WTW/Xylem Analytics, Ger-
many). Data on measurements are provided in the Addi-
tional file 1: Table S1.

Sample processing and PCR detection of P. syringae
Water samples were serially diluted in sterile distilled 
water (tenfold, 100-fold, and 1000-fold) in the final vol-
ume of 100  mL and filtered. Membrane filtration was 
done using a mixed cellulose esters filter with a pore 
diameter of 0.45  µm and a filter diameter of 47  mm 
(Millipore, France). Filters were transferred face up on 
the surface of KBC media (Mohan and Schaad 1987), 
selective for the growth of Pseudomonas species, and 
incubated for 3–5  days at room temperature. Since we 
filtered three different dilutions of sampled river water 
for abundance estimation and Psy identification, we fur-
ther processed dilutions with a countable number of 
colonies (100 colonies or less per filter for tenfold dilu-
tions (47 mm diameter filter), except for the D4 site with 
145 colonies in 100-fold dilution). In total, 1257 grown 
colonies from the filters were subjected to a Psy-spe-
cific PCR reaction to detect Pseudomonas syringae spe-
cies using primers named Psy_F and Psy_R, designed by 
Guilbaud et al. (2016). PCR reactions were conducted in 
MiniAmp™ Thermal Cycler (Thermo Fischer Scientific, 
Waltham, Massachusetts, USA). PCR mixture and condi-
tions used were also described by Guilbaud et al. (2016). 
In brief, PCR reactions were conducted in a final volume 
of 25  µL with each mix containing 14  µL of PCR water 
(Thermo Fischer Scientific, Waltham, Massachusetts, 
USA), 5 µL of 10× KAPA Taq buffer (KAPA Biosystems 
Inc, USA), 1.5 µL of  MgCl2 (25 mM), 0.3 µL of dNTP mix 
(2.5 mM per nucleotide), 0.2 µL of KAPA Taq Polymerase 
(5 U/µL, KAPA Biosystems Inc, USA) and 1 µL of each 
Psy-specific primer (10 mM). Bacterial cell material from 
single colonies was picked up with a sterile 10 µL pipette 
tip and transferred directly into PCR tubes with a PCR 
mixture. PCR reactions were conducted with an initial 
denaturation step for 5 min at 96°C, followed by 30 cycles 
at 94°C for 30  s, 61°C for 30  s, 72°C for 30  s, and final 
elongation for 10 min at 72°C. PCR products were visual-
ized on 1% agarose gel containing an aqueous solution of 

10  mg/mL ethidium-bromide (SERVA, Germany). Elec-
trophoresis was run in Tris–borate-EDTA buffer (5.4  g 
Tris; 2.75 g Boric acid; 4 mL 0.5 M pH 8 EDTA;  dH2O to 
1 L) at a constant voltage of 90 V and 300 mA amperage 
for 60 min. Psy-PCR positive strains were stocked in LB 
medium with 20% glycerol and stored at −80°C.

DNA extraction
For total genomic DNA extraction, the modified CTAB 
protocol proposed by Le Marrec et  al. (2000) was used. 
Single bacterial colonies of each isolate were resuspended 
in a mix of 567  µL of TE buffer (pH 7.6; 10  mM Tris; 
1 mM EDTA), 30 µL of 10% SDS, and 3 µL 20 mg/mL of 
proteinase K. After incubation at 37°C for 30 min, 100 µL 
of 5 M NaCl and 300 µL of 3% CTAB + PVP buffer (pH 
8; 3% CTAB; 1  M Tris; 1.4  M NaCl; 20  mM EDTA; 3% 
PVP) was added, vortexed, and incubated on the heat-
ing block at 65°C for 20 min. In the next step, the DNA 
was purified with 800  µL of chloroform, vortexed thor-
oughly, and centrifugated for 10  min at 8000  g. Super-
natant in the upper phase was transferred to a new tube 
and mixed with 3 M sodium acetate (pH 5) in a volume 
ratio of 1:10. An equal volume of ice-cold isopropanol 
(~ 750 µL) was added and the mix was centrifugated for 
15 min at 8000 g. The liquid phase was discarded, and the 
precipitate was washed with 1  mL of ice-cold 96% eth-
anol and centrifugated for 10  min at 8000  g. The liquid 
phase was discarded again, and the precipitate was dried 
for 30 min at 37°C and resuspended in 50 µL of TE buffer 
with RNase mix added in a final concentration of 0.2 mg/
mL. The isolated genomic DNA was incubated for 15 min 
at 37°C and stored at −20°C.

Phylogenetic analysis
To further confirm P. syringae identity and their phy-
logeny, a partial sequence of citrate synthase house-
keeping gene (cts) was amplified and sequenced. DNA 
amplification and sequencing were done with primers 
described previously (Morris et al. 2010). The PCR reac-
tion was done in a final volume of 50 µL containing 25 µL 
of DreamTaq™ Green PCR Master Mix 2× and 21 µL of 
PCR water (Thermo Fischer Scientific, Waltham, Mas-
sachusetts, USA), 1  µL of each primer (10  µmol) and 
2  µL of template DNA. PCR reactions were conducted 
with initial denaturation for 5  min at 96°C, followed by 
35 cycles at 94°C for 30 s, 62°C for 1 min 30 s, 72°C for 
2 min, and final elongation for 7 min at 72°C. PCR prod-
ucts were purified with GeneJET PCR Purification Kit 
(Thermo Fischer Scientific, Waltham, Massachusetts, 
USA) and Zymoclean™ Gel DNA Recovery Kit (Zymo 
Research, USA). PCR products were visualized on 1% 
agarose gel containing an aqueous solution of 10 mg/mL 
ethidium-bromide (SERVA, Germany). Electrophoresis 
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was run in Tris–borate-EDTA buffer (5.4  g Tris; 2.75  g 
Boric acid; 4  mL 0.5  M pH 8 EDTA;  dH2O to 1 L) at a 
constant voltage of 90  V and 300  mA amperage for 
90 min for partial cts gene (citrate synthase gene) prod-
ucts. Agarose gels were visualized with a transilluminator 
(LKB, Transilluminator 2011 Microvue UV Light, Swe-
den). All amplicons were sequenced by Eurofins Genom-
ics GmbH (Wien, Austria) using the sequencing primer 
described previously (Morris et al. 2010). Sequences were 
processed using the FinchTV v. 1.4.0 software package 
(Geospiza Inc.). Sequencing was repeated up to three 
times for certain samples to avoid sequencing errors 
and obtain more reliable results. Sequences that had low 
quality or less than 98% similarity to Psy were excluded 
from phylogenetic analysis. Sequences of representative 
P. syringae strains were retrieved from Berge et al. (2014) 
and included in the phylogenetic analysis to determine 
the phylogenetic grouping of P. syringae strains isolated 
from the Danube. Selected reference strains included 
one representative of each phylogroup and clades within 
phylogroups. Among reference strains, there was cho-
sen one strain representing PG03 (LYR0002), PG04 
(CC1513), PG05 (PmaES4326), PG06 (CFBP2067), 
PG08 (GAW0203), and PG11 (CFBP4407), two strains 
representing PG01 (DC3000—clade 1a; CC1416—1b), 
PG07 (CC1582—7a; FMU107—7b), PG12 (GAW0112—
12a; GAW0113—12b), and PG13 (CCE0915—13a; 
CCV0567—13b), three from PG09 (CC1532, TA0006, 
CMW0020—clades from a to c, respectively), five from 
PG02 (PsyCit7, H5E1, PSy642, CC1470, USA0035—
clades a to e, respectively) and seven strains representing 
PG10 (CC1583, TA0019, CC1586, CCE0100, USA0032, 
CCE0153, CCV01213—clades a to g, respectively). Ref-
erence strains P. graminis, P. rhizosphaerae, P. protegens, 
and P. aeruginosa were included as out-groups, as used by 
Berge et al. (2014). The tree was rooted on the P. aerugi-
nosa PAO1 strain. The cts gene sequences were aligned 
using the Muscle program integrated into the Mega 11 
software and used to create a dendrogram in Mega 11, 
inferring evolutionary history using the neighbor-joining 
method. The percentage of replicate trees where associ-
ated taxa clustered together in the bootstrap test (1000 
replicates) is shown next to the branches. Sequences from 
this research were deposited in the NCBI database under 
the following accession numbers: OP620590-OP620592, 
OP620594-OP620602, OP620606-OP620613, OP620615-
OP620616, OP620618-OP620626, OP620628-OP620635, 
OP620637-OP620646, and OP620648-OP620649. The 
cts gene partial sequences used for comparison among 
all collected isolates from the Danube were subse-
quently blasted using the NCBI BLASTn tool in order 
to assess similarities between sequences and distinguish 
haplotypes.

Phenotypic characterization
Phenotypic characterization of 51 Psy isolates pre-
viously confirmed by sequencing of partial cts gene 
included a description of colony morphology, pecti-
nolytic activity, induction of a hypersensitive reaction, 
ice nucleation activity assay, swimming, and swarming 
assays.

Besides the isolates from the Danube, other bacte-
rial strains used in phenotypic characterization as con-
trols were: P. aeruginosa PAO1, P. syringae pv. aptata 
P5, and Pectobacterium carotovorum 2811. Strains used 
in this study were cultivated as overnight cultures in 
KB broth (30°C with shaking at 180 rpm, except P. aer-
uginosa PAO1 that was incubated at 37°C) or streaked 
on a solid KB (24  h incubation at 30°C). Depending 
on the phenotypic test, adjusting optical density was 
done in fresh KB broth to  OD600 ~ 0.2 (approximately 
1.0 ×  108  CFU/mL) and  OD600 ~ 0.3 to 0.4 (approxi-
mately 2.0 ×  108 CFU/mL). Optical density adjustment 
was made based on the growth curves of two randomly 
selected isolates from the Danube River. In brief, over-
night cultures of the isolates BFD0012 and BFD0052 
were diluted 50-fold in 50 mL of fresh KB medium and 
incubated at 30°C with shaking at 180 rpm.  OD600 was 
measured every 45  min. In parallel, samples from the 
incubated culture were taken at a given checkpoint, 
serially diluted in 0.01  M  MgSO4, and 0.1  mL of dilu-
tions was poured and spread plated onto solid KB 
medium. After incubation at 30°C for 24  h, the CFU/
mL was calculated. Obtained values of optical den-
sity and CFU/mL for each checkpoint were utilized 
for constructing a standardization curve for easy use 
of optical density to approximate bacterial cell den-
sity (Additional file  2: Figure S3). For both isolates, 
there are visible lag phases and gradual entry in the 
exponential phase of growth which is followed by the 
beginning of the stationary phase. For BFD0012, cell 
density reaches 1.0 ×  108 CFU/mL at  OD600 = 0.212 and 
2.0 ×  108 at  OD600 = 0.318. For BFD0052, cell density 
was 1.0 ×  108 CFU/mL at  OD600 = 0.156 and 2.0 ×  108 at 
 OD600 = 0.284.

Pectinolytic activity
The pectinolytic activity was tested using 1  cm thick 
potato slices placed in a sterile Petri dish with filter paper 
soaked in sterile water. 100  µL of bacterial suspensions 
with  OD600 adjusted to ~ 0.2 were inoculated into inden-
tations made in potato slices with a sterile 1 mL pipette 
tip. Each isolate was tested in triplicate. Results were 
observed after 48  h of incubation at room temperature. 
Softened, brown tissue around the indentations was a 
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sign of a positive reaction. The positive control used for 
this test was the P. carotovorum 2811 strain.

Hypersensitive reaction
The hypersensitive reaction was tested on Pelargo-
nium plants. Bacterial suspensions were adjusted to 
 OD600 ~ 0.2, centrifugated for 10  min at 2000  g, and 
resuspended in sterile distilled water. Using a needle-
less medical syringe, Pelargonium leaves were inocu-
lated with bacterial suspensions on the abaxial side 
between two lateral veins. Each isolate was tested in 
triplicate. Sterile distilled water was used as a nega-
tive control. Results were assessed 24–48 h and 7 days 
post-inoculation.

Ice nucleation activity assay
Ice nucleation activity was tested using a CH-100 
Cooling Dry Block (Biosan, Riga, Latvia) with a pro-
tocol modified and optimized according to Nemecek-
Marshall et  al. (1993) and Joly et  al. (2013). From 
overnight cultures, 2  mL volume was exposed to a 
temperature of 15°C for 1  h in the stationary growth 
phase to induce expression of ice nucleation pheno-
type. After induction, the optical density of isolates 
was adjusted to  OD600 ~ 0.2 in the final volume of 1 mL 
in a fresh KB medium. The bacterial suspensions were 
centrifugated for 10 min at 2000 g, and the precipitate 
was resuspended in the same volume of sterile  dH2O. 
20  µL of prepared bacterial suspensions, which con-
tain 2.0 ×  106 CFU/mL, was distributed to 0.2 mL PCR 
tubes, each isolate in triplicate (three tubes). PCR tubes 
were placed in a Cooling Dry Block, and isolates were 
exposed to decreasing temperatures from −2°C to 
−10°C in a decline of 1°C. Samples were checked for 
ice formation every 5 min (freeze check was performed 
with sterile tips), an interval of exposition to a given 
temperature. Sterile  dH2O was used as a negative con-
trol. If ice was present in two of three tubes in a given 
temperature range, the isolate was considered INA+. 
The temperature at which each of the tubes froze was 
recorded.

Swimming and swarming assays
For motility assays, the optical density of bacterial 
suspensions was adjusted to  OD600 ~ 0.3. Swimming 
media was prepared as 50% KB containing 0.25% agar 
and swarming media as undiluted KB containing 0.4% 
agar, as described in Hockett et al. (2013). A swimming 
assay was performed by stabbing bacterial cell suspen-
sion in the center of a swimming plate with a sterile 
10 µL pipette tip. For the swarming assay, 3 µL aliquots 
were inoculated onto the center of a swarming plate. 

The swimming and swarming motilities were observed 
20–24 h after incubation at room temperature. ImageJ 
software was used to measure swimming and swarming 
areas (Schneider et al. 2012). P. aeruginosa PAO1 strain 
was used as a positive control for swimming motility 
(Yang et al. 2018). The negative control for the swarm-
ing motility assay was P. syringae pv. aptata P5 strain 
(Morris et al. 2019).
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Abstract
Bacillus species are among the most researched and frequently applied biocontrol agents. To estimate their potential as 
environmentally friendly microbial-based products, reliable and rapid plant colonization monitoring methods are essential. 
We evaluated repetitive element-based (rep) and Random Amplified Polymorphic DNA (RAPD) PCR (Polymerase Chain 
Reaction) genotyping in a diversity assessment of 251 strains from bulk soil, straw, and manure samples across Serbia, 
highlighting their discriminative force and the presence of unique bands. RAPD 272, OPG 5, and (GTG)5 primers were most 
potent in revealing the high diversity of a sizable environmental Bacillus spp. collection. RAPD 272 also amplified a unique 
band for a proven biocontrol strain, opening the possibility of Sequence Characterized Amplified Region (SCAR) marker 
design. That will enable colonization studies using the SCAR marker for its specific detection. This study provides a guide 
for primer selection for diversity and monitoring studies of environmental Bacillus spp. isolates.

Keywords RAPD · Rep · Genotyping · Bacillus spp. · Microbial diversity · Biocontrol

Introduction

In light of increasing global awareness of harmful 
environmental and health effects of agrochemicals, climate 
change and rapidly growing population, the search for 
alternative methods of plant growth promotion has never 
been more needful. Over the years, research on beneficial 
plant growth-promoting bacteria (PGPB) from the Bacillus 
genus has evinced promising results, especially through their 
biocontrol mechanism against plant pathogens. Members of 
the B. subtilis complex are of biotechnological importance 
and several have already been adapted to commercially 

available PGPB-based products against bacterial and fungal 
pathogens (Ferreira et al. 2019).

Crucial to producing and commercializing an 
environmentally friendly and safe biopesticide is the 
transition of biocontrol strain efficacy testing from in vitro 
to in situ testing phase (Marian and Shimizu 2019). Often, 
some promising biocontrol agents show a lack of in situ 
activity during the initial phase of testing, usually due to 
difficulties in establishing and surviving in a new ecological 
niche (Legein et al. 2020). Therefore, colonization of new 
habitat is a basic prerequisite for the manifestation of 
biocontrol activity.

To determine the fate of a potential biocontrol agent 
in situ, a major challenge is to develop biomarkers for their 
rapid detection after treatment. Monitoring the population 
dynamics of the biocontrol agent in the new environment 
is necessary to conduct efficacy studies and environmental 
risk assessments and is a prerequisite for the registration 
of microbial biopesticides (Vilanova et al. 2018; Jiao et al. 
2021). In our previous studies, several Bacillus strains 
demonstrated remarkable antimicrobial activity against 
different phytopathogens (Berić et al. 2012; Dimkić et al. 
2013, 2017; Nikolić et  al. 2019), highlighting the vast 
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biocontrol potential of Bacillus strains and prospective for 
application as microbial-based products.

Biomarker selection is associated with the identification 
and determination of Bacillus spp. diversity. Over the 
years, PCR-based technologies have been extensively 
used to study molecular markers, genetic relationships, 
and the diversity of Bacillus species (Wang et al. 2020). A 
novel, more informative, and precise genotyping methods, 
such as Next Generation Multi-Locus Sequence Typing 
(NG-MLST), often require proficiency in computational 
analysis (Pérez-Losada et al. 2018). However, genotyping 
using repetitive sequence-based polymerase chain reaction 
(rep-PCR), random amplified polymorphic DNA (RAPD-
PCR), amplified fragment length polymorphism (AFLP), 
and pulsed-field gel electrophoresis (PFGE) have over 
time proved to be important analytical methods that can 
distinguish between strains of the same bacterial species 
(Zhang et al. 2021, da Costa Fernandes et al. 2022). RAPD 
and rep-PCR are equally discriminative alternatives to the 
bacterial genotyping “gold standard” PFGE (Stefańska et al. 
2022). In addition, they have the advantages of being easy 
to perform, fast, and cost-effective methods (Sharma et al. 
2020). Rep-PCR genotyping generates multiple amplicons of 
intergenic DNA between binding sites of adjacent repetitive 
elements. Binding sites for rep-PCR often include (GTG)5 
binding site, enterobacterial repetitive intergenic consensus 
sequences (ERIC), repetitive extragenomic palindromic 
sequences (REP) and BOX elements (Rodríguez et  al. 
2019; Macůrková et al. 2021). On the other hand, RAPD-
PCR employs single arbitrary oligonucleotide primers that 
generate random amplicons; thus, prior sequence knowledge 
is unnecessary. Although RAPD-PCR was developed three 
decades ago (Williams et al. 1990) and did not involve 
sequencing, it is still widely used for genotyping due to 
its versatility and robustness. RAPD-PCR has also been 
extensively described as a successful tool for designing 
strain-specific molecular markers for environmental Bacillus 
spp. isolates (Reddypriya et al. 2019; Hernández et al. 2020; 
Orce et al. 2021). In addition, those methods have important 
applications in the design of RAPD/rep-derived molecular 
strain-specific or species-specific markers, for example, 
SCAR (Sequence Characterized Amplified Region) primers 
(Bhagyawant 2016; Di Francesco et al. 2018). Conversion 
of unique RAPD/rep amplicons into SCAR primers 
enables specific detection and quantification of certain 
strains and overcomes the limitation of RAPD genotyping 
concerning reproducibility (Huang et al. 2018; Hu et al. 
2021). The SCAR markers could serve as a prominent tool 
for monitoring the colonization capabilities of targeted 
biocontrol agents. Therefore, genotyping-based diversity 
determination could potentially develop powerful tools to 
rapidly and reliably detect and evaluate the effectiveness of 

plant colonization by PGPB (Ambreetha and Balachandar 
2023).

This study aimed to assess genotyping-based diversity 
and compare discriminative forces of rep-PCR and RAPD-
PCR genotyping of 251 Bacillus spp. strains, isolated 
from various natural samples across Serbia. Therefore, 
determining a fingerprinting approach with the finest 
discriminative force could be important in future studies 
regarding strain-specific marker design. Consequently, they 
serve as a suitable basis for developing a valid platform to 
evaluate the colonization capabilities among Bacillus spp. 
biocontrol strains.

Materials and methods

Bacterial strains and culture conditions

The Bacillus spp. isolates used in this study are part of a 
collection belonging to the Laboratory of Microbiology, 
Faculty of Biology. From different localities across Serbia, 
153 strains were isolated from bulk soil, 34 strains from 
straw, and 64 strains from manure (Berić et  al. 2009; 
Stanković et al. 2012). The isolation method was based 
on the ability of Bacillus spp. to form resistant endospores 
under unfavorable physical and chemical conditions. The 
vegetative cells in the samples were thermally inactivated 
by heating 1  g of the sample in 1  ml Nutrient broth 
(NB) at 80 °C for 10 min. Samples were then plated on 
Luria–Bertani agar (LA) and incubated at 30 °C for 48 h 
until pure cultures were obtained for each isolate. Bacterial 
isolates were characterised at the genus level by microscopic 
appearance, Gram staining and catalase test (Berić et al. 
2012). Isolates were revitalized in Luria–Bertani (LB) broth 
at 30 °C for 24 h on a rotary shaker at 180 rpm. Overnight 
cultures were plated on LA medium and incubated at room 
temperature for 48 h until pure colonies were obtained for 
each strain. Pure cultures were stored in 25% glycerol and 
kept at − 80 °C.

Genomic DNA extraction and quantification

For DNA isolation, strains were incubated on LA plates 
at 30 °C for 24 h. DNA extraction was performed using 
the CTAB-chloroform method based on Le Marrec et al. 
(2000) protocol, adapted for Gram-positive bacteria. 
Colonies were suspended in lysis buffer [TE buffer, pH 7.6 
(10 mM TRIS; 1 mM EDTA;  dH2O) with the addition of 
lysozyme (20 mg  ml−1)] and incubated at 37 °C for 30 min. 
Then, 100 µl 5 M NaCl and 300 µl 3% CTAB buffer, pH 
8.0 (CTAB; 1 M Tris; 1.4 M NaCl; 0.5 M EDTA;  dH2O; 
PVP) were added to lysate. After incubation at 65 °C for 
20 min, 800 µl of chloroform was added and the solution was 
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centrifuged at 13,000 rpm for 15 min. In separate tubes, 1/10 
of the total supernatant volume of Na-acetate (pH 5) and an 
equal volume of ice-cold isopropyl alcohol were mixed with 
the supernatant. After centrifugation (13,000 rpm, 15 min) 
pellet was left to dry in a heating block at 37 °C for 30 min. 
Pellet was then resuspended in a 50 µl TE buffer with the 
addition of RNase [TE buffer 49 μl; RNase (10 mg  ml−1) 
1 μl]. Samples were incubated for 15 min at 37 °C. DNA 
concentration was measured spectrophotometrically 
(NanoDrop 2000c, Thermo Fisher Scientific, USA) and 
50 ng µl−1 DNA was prepared. Samples were stored at 
− 20 °C before use.

PCR conditions

The primers sequences (Table 1) and modified thermal 
cycling conditions used in Bacillus spp. genotyping were 
presented in Table 2. Genotyping using BOX and (GTG)5 
primers were performed in a 25  µl reaction mixture 
containing: 10 µl OneTaq Quick-Load 2 × Master Mix with 

Standard Buffer (NEB, USA); 1.5 µl BOX A1R primer; 
7.5  µl distilled DNase/RNase free PCR water (Gibco, 
ThermoFisher Scientific, USA) and 1 µl genomic DNA 
in the concentration of 50 ng µl−1. ERIC amplification 
was performed in 25 µl reaction mix containing: 2.5 µl 
10 × KAPA Taq buffer (KAPA Biosystems Inc, USA); 2.5 µl 
 MgCl2 (25 mM); 0.5 µl dNTP mix (2.5 mM per nucleotide); 
1.9 µl of each primer (10 mM); 15.6 µl PCR water; 0.1 µl 
KAPA Taq Polymerase (5 U µl−1, KAPA Biosystems Inc, 
USA) and 1 µl gDNA.

The amplification with RAPD 272 primer was performed 
in 25 µl reaction mix containing: 2.5 µl 10 × KAPA Taq 
buffer; 2.3 µl  MgCl2; 0.63 µl dNTP mix; 1.9 µl of each 
primer; 16.6 µl PCR water; 0.1 µl KAPA Taq Polymerase 
and 1 µl gDNA. DNA amplification with OPB07, OPO02 
and OPG 5 primers was performed in 25 µl reaction mixture 
containing: 2.5 µl 10 × KAPA Taq buffer; 1.5 µl  MgCl2; 2 µl 
dNTP mix; 2 µl primers; 15.85 µl PCR water; 0.15 µl KAPA 
Taq Polymerase and 1 µl gDNA. The 20 µl reaction mixture 
for RAPD 1247 consisted of: 10 µl OneTaq Quick-Load 

Table 1  Sequences of primers 
used in this study

Primers Sequence References

BOX A1R CTA CGG CAA GGC GAC GCT GACG Allipi and  Aguilar (1998)
ERIC 1R ATG TAA GCT CCT GGG GAT Freitas et al. (2008)
ERIC 2 AAG TAA GTG ACT GGG GTG Freitas et al. (2008)
(GTG)5 GTG GTG GTG GTG GTG Versalovic et al. (1998)
RAPD 272 AGC GGG CCAA Hematzadeh and Haghkhah (2021)
OPB 07 GGT GAC GCAG Khowal et al. (2017)
OPO 02 ACG TAG CGTC Khowal et al. (2017)
OPG 5 CTG AGA CGGA Felici et al. (2008)
RAPD 1247 AAG AGC CCGT Gallori et al. (1998)

Table 2  Modified rep-PCR and RAPD-PCR protocols

Primers PCR conditions

Initial denaturation Number of cycles Final elongation

Denaturation Hybridization Elongation

BOX A1R; ERIC1R; ERIC 2 95 °C 7 min × 30 65 °C 16 min
94 °C 1 min 52 °C 1 min 65 °C 8 min

(GTG)5 94 °C 5 min × 35 72 °C 1 min
94° C, 30 s 45 °C, 1 min 72 °C, 1 min

RAPD 272 94 °C 2 min × 35 72 °C 10 min
94° C, 30 s 35 °C, 30 s 72 °C, 2 min

OPB 07; OPO 02 94 °C 1 min × 45 72 °C 3 min
94° C, 1 min 35 °C, 30 s 72 °C, 1 min

OPG 5 94 °C 4 min × 30 72 °C 5 min
94 °C, 1 min 36 °C, 1 min 72 °C, 30 s

RAPD 1247 94 °C 1 min × 30 72 °C 10 min
94 °C, 1 min 36 °C, 1 min 72 °C, 2 min
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2 × Master Mix with Standard Buffer; 2 µl primer and 7 µl 
PCR water. All amplification reactions were performed with 
MiniAmp™ Thermal Cycler (Thermo Fisher Scientific, 
USA).

Gel electrophoresis and visualization of genetic 
profiles

PCR products were mixed with loading dye (0.25  g 
bromphenol blue; 6  ml 50% glycerol; 4  ml  dH2O) and 
visualized on 1% agarose gel containing an aqueous solution 
of 10  mg   ml−1 ethidium-bromide (SERVA, Germany). 
Electrophoresis was run in 0.5 × Tris–borate-EDTA buffer 
(5 × TBE: 54 g Tris; 27.5 g Boric acid; 40 ml 0.5 M pH 
8 EDTA;  dH2O to 1 L) at a constant voltage of 90 V and 
300 mA amperage for 90 min.

The gels were visualized using a transilluminator (LKB, 
Transilluminator 2011 Macrovue UV Light, Sweeden).

Data analysis

Obtained genetic profiles were first compared using 
GelAnalyzer 19.1 software. Profiles were then converted into 
a binary matrix where digit “1” signifies the presence of a 
band on a certain position and “0” bands absence. Data were 
analyzed using a formula for polymorphism calculation, 
modified and adapted from Bardakci and Skibinski (1994): 
Pxy = nxy∕(nx + ny).

Variable nxy presents the number of polymorphic bands 
between x and y strain, while nx and ny are the total numbers 
of bands per strain. Polymorphism generated with each 
primer was calculated as the average of Pxy between all 
compared strains. To evaluate typing efficiency of the eight 
different primers, a discrimination index (D) was calculated 
as described by Hunter and Gaston (1988). Cluster analysis 
was performed in CLIQS 1D software (TotalLab, UK), 
applying the unweighted pair group method with arithmetic 
mean (UPGMA). Relations between different profiles were 
presented as dendrograms.

As means of comparing the convenience of each typing 
method, we considered the following parameters: (I) Total 
number of bands; (II) Size range of bands; (III) Number 
of different profiles; (IV) Polymorphism index; (V) 
Discrimination index (D index) and (VI) Number of unique 
bands generated with each primer.

Results and discussion

The discriminative abilities of 8 different rep-PCR and 
RAPD primers were compared to estimate the diversity 
of 251 Bacillus spp. strains. Comparing rep-PCR binding 
patterns revealed 48 different genetic profiles generated by 
BOX A1R primer, 55 with (GTG)5 and 30 with ERIC 1R 
and ERIC 2 primers. Grouping of Bacillus spp. strains into 
profiles after the amplification reaction with RAPD primers 
was as follows: 34 genetic profiles generated by RAPD 1247 
and OPB07, 44 by RAPD 272, 19 by OPO02 and 55 by OPG 
5 (Tables S1-S8; Fig. S1-S8).

According to the assigned cut-off value of 0.2, similar 
profiles were grouped in clusters, representing strains 
relatedness. The highest number of separate clusters was 
achieved by RAPD 272 primer (Fig. 1A) and the least with 
ERIC and RAPD 1247 (Fig. 1B).

It was further observed that amplification products with 
BOX A1R were absent in 19 strains, 70 with ERIC primer 
and only one with (GTG)5. The highest number of strains 
without amplicons was perceived in reaction with RAPD 
1247 (more than half of the strains). At the same time, 
amplification using OPG 5 failed to produce bands in only 
nine strains. OPO02, OPB07 and RAPD 272 did not yield 
amplification for 67, 65 and 17 strains, respectively.

Polymorphism was calculated separately for three 
environmental sources of isolates and then generally 
for the whole collection as a mean value. The level of 
discrimination or probability that any two randomly chosen 
strains will be of the same type was calculated. Based on 
the final results summarized in Table 3, it was observed that 
RAPD 272 primer demonstrated the highest discriminative 
force in Bacillus spp. genotyping, whereas RAPD 1247 
scored the lowest according to the selected parameters. The 
D index for all methods was higher than 0.9. Therefore, 
typing results can be interpreted with confidence (Hunter 
and Gaston 1988). Accordingly, we perceived RAPD 272 
genotyping method as the most successful in revealing the 
differences among Bacillus spp. isolates. Even though OPG 
5 showed very similar results to RAPD 272, the number of 
bands, size, and ability to distinguish between similar strains 
favored RAPD 272.

Conversely, RAPD 1247 primer was the least effective in 
Bacillus spp. genotyping as more than 50% of the reactions 
were negative. The PCR program was optimized and tested, 
and all the negative reactions were repeated, leading to the 
same result. Therefore, we are convinced that technical 
issues were less likely to cause amplification absence in 
the strains. RAPD 1247 genotyping of Bacillus spp. was 
successfully applied only in Batinić et al. (1997) and Gallori 
et al. (1998), on a much smaller sample size. In addition, 
novel data employing this particular method on Bacillus spp. 
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is lacking. Consequently, the obtained results could not be 
compared to form an accurate conclusion.

ERIC-PCR, a widely used genotyping method for 
Escherichia coli and Salmonella typhimurium, for which 
ERIC elements were first described (Versalovic et  al. 
1991), was also less effective. Most of the studies on 
Bacillus spp. were done on B. cereus group species and 
results varied. Some reported a higher discriminative force 
of ERIC compared to other rep-PCR methods (Subbanna 
et al. 2018), while in a greater number of studies, BOX and 
(GTG)5 proved to be more effective (Getahun et al. 2020). 
Avsar et al. (2017) and Orce et al. (2021) reported that a 
higher degree of genetic diversity was revealed by RAPD 
genotyping compared to ERIC, which also supports our 
finding. Furthermore, RAPD was described as the best 
method for molecular typing of Bacillus spp. (Gupta and 

Joia 2016). However, even though RAPD 272 primer is 
extensively used in other genera (Pseudomonas spp. typing, 
for example), it has been rarely applied to Bacillus spp. 
(Emami et al. 2019; Hematzadeh and Haghkhah 2021).

In addition, we compared each primer’s ability to assess 
genetic diversity for the natural sources of isolates separately 
(Fig. 2). For straw isolates genotyping, OPO 02, followed 
by RAPD 272 and BOX, according to polymorphism value, 
could be the primers of choice in diversity assessment. As 
for soil and manure isolates, RAPD 272, (GTG)5 and OPG 
5 -PCR were the best methods. Considering the unequal 
number of isolates from each natural sample and the number 
of negative reactions of the same strains, reported results 
should be taken with a reserve and need further exploration.

A variety of experiments were conducted with this 
collection of Bacillus spp. The results underlined the 

Fig. 1  Bacillus spp. collection genotyping and diversity estimation. A 
Dendrogram showing relatedness of grouped strains (profiles) where 
similar profiles were divided into 10 different clusters after RAPD 

272-PCR. B Dendrogram showing relatedness of grouped strains 
(profiles) where similar profiles were divided into 5 different clusters 
after RAPD 1247-PCR

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



 Archives of Microbiology (2023) 205:114

1 3

114 Page 6 of 9

plant growth-promoting features of several strains and 
their immense potential as BCAs. Berić et al. (2012) study 
revealed that concentrated cell-free culture supernatants of 
127 Bacillus strains exhibited antagonistic activity against 
five plant pathogens: Burkholderia glumae, Burkholderia 
cepacia, Erwinia carotovora, Pseudomonas fuscovaginae 
and Xanthomonas oryzae. Moreover, a strong biocontrol 
activity of lipopeptide extracts from the five Bacillus 
strains against two pathovars P. syringae pv. aptata and 
Xanthomonas arboricola pv. juglandis was indicated in 
Dimkić et  al. (2013) and Dimkić et  al. (2017). In vivo 
application of one strain (B. amyloliquefaciens SS-12.6) 
showed an antifungal effect, as well. Nikolić et al. (2019) 
successfully demonstrated the biocontrol activity of crude 
lipopeptide extracts of B. amyloliquefaciens (SS-12.6 and 
SS-38.4.1) and B. pumilus (SS-10.7) strains against P. 
syringae pv. aptata in vitro and in planta.

Both rep and RAPD methods produced strain-specific 
profiles suggesting a great potential for designing 
strain-specific biomarkers (Table 3). The four primers 
produced six unique bands (Fig. S1-S4), a notable result 
considering the number of strains in this study. No more 
than 20 strains were commonly compared to identify 
BCAs by SCAR markers successfully (Gotor-Vila et al. 
2016). We also observed many strain-specific profiles; 
however, the positions of individual bands overlapped 
with those of other profiles. The most significant result 
was the detection of species-specific profiles for proven 
biocontrol strains. For B. amyloliquefaciens SS- 12.6 (Fig. 
S1) with RAPD 272 and B. amyloliquefaciens SS- 38.4.1 
with OPG 5 primer (Fg. S3). The unique band of 0.5 kb 
obtained for SS- 12.6.1/SS-12.6.2 could be used in SCAR 
marker design for specific detection and quantification 
of biocontrol strain after application in planta. That is 

Table 3  Summary of all data obtained with eight different primers

Total No. 

of bands

Size of

bands (kb)

Polymorphism

(mean value)
D index

No. of 

unique 

bands 

Strain code and unique band 

size (kb) 

RAPD 272 1 - 8 0.5 - 9 0.7171 0.9683 1 SS- 12.6.1/12.6.2 (0.5)

(GTG)5 1 - 7 0.4 - 10 0.7186 0.9478 2 SS- 32.6 (0.5); SS- 9.3 (0.6)

OPG5 1 - 6 0.1 - 3 0.7152 0.9676 2 SS- 38.4.1 (3); SS- 6.6.1/6.4 (0.3)

BOX 1 - 9 0.1 - 10 0.6925 0.9619 0 None

OPO 02 1 - 5 0.7 - 10 0.6032 0.9253 1 SS- 8.1.2 (0.5)

ERIC 1 - 6 0.2 - 3 0.5185 0.9470 0 None

OPB 07 1 - 6 0.2 - 3 0.4829 0.9390 0 None

1247 1 - 5 0.4 - 3 0.4332 0.9392 0 None

Red-colored cells indicate the highest value, while green is the lowest. Strains SS-12.6.1 and SS-12.6.2, as well as SS-6.6.1 and SS-6.4, were 
considered clones due to being isolated from the same location and having the same genetic profiles

Fig. 2  Comparison of prim-
ers’ force in estimating genetic 
diversity of Bacillus spp. 
isolates from straw (green), soil 
(yellow), and manure (blue). 
OPO 02 primer showed the 
highest potential in the dif-
ferentiation of straw isolates, 
whereas (GTG)5 in both soil 
and manure isolates. RAPD 272 
demonstrated equally good dis-
criminative power for all three 
sources (colour figure online)
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necessary for estimating an optimal number of bacteria 
that should be maintained for biocontrol activity effects to 
manifest. Obtained results could be essential in developing 
strain-based commercial products as guidance for their 
application (Ku et  al. 2021). Strain-specific band for 
SS-38.4.1 (size 3 kb) could be less likely the choice as 
most of the rep or RAPD PCR products for SCAR markers 
design are no longer than 0,8 kb (Felici et al. 2008). In this 
regard (GTG)5 could be considered the most promising for 
strain-specific primer development, with two unique bands 
of optimal size.

Primers OPO 02 and OPG 5 have already been proven 
to generate polymorphic bands for SCAR marker design 
(Felici et al. 2008; Khowal et al. 2017). To the best of our 
knowledge, primers RAPD 272 and (GTG)5 have not yet 
been used for SCAR marker design in Bacillus spp. On top 
of that, the unique band obtained with RAPD 272 primer 
belongs to SS-12.6.1/12.6.2 strains characterized as B. 
amyloliquefaciens, which demonstrated antimicrobial and 
antifungal activity against plant pathogens (Dimkić et al. 
2013). Those results could be of great importance for 
further studies on the possible development of strain-based 
biocontrol products. The necessary step towards that goal 
would be a design of RAPD 272-based SCAR primers and 
their SS-12.6.1/12.6.2 specificity validation throughout 
the whole collection. Specific identification of biocontrol 
strains would enable its precise in planta detection among 
the abundance of indigenous microbial species (Zhang 
et al. 2020). Strain monitoring using quantitative or digital 
PCR techniques in colonization quantification assays would 
evaluate the commercial potential of SS-12.6.1/12.6.2 
biocontrol agent.

Conclusion

Rep and RAPD PCR are still the epitome of both rapid and 
economical methods for diversity assessments of large strain 
collections. Based on the comparison of various factors, two 
RAPD primers, RAPD 272 and OPG 5 and one rep-primer 
(GTG)5 can be considered as primers of choice in the genetic 
diversity assessment of natural Bacillus spp. isolates. In 
addition, this study provides a starting point for the design of 
SCAR markers for biocontrol strains in the collection based 
on unique bands obtained with RAPD and rep primers. 
Future studies will include cloning and sequencing unique 
amplicons and validating the specificity of the designed 
SCAR markers. Selected SCAR markers will be used in 
biocontrol experiments in planta for quantification of the 
colonization potential of biocontrol strains.
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The presence of ice nucleation active Pseudomonas syringae in 
the Danube River basin 
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Pseudomonas syringae (Psy) is a widespread complex of plant pathogenic bacte-
ria that can provide nutrients by causing frost damage to plant tissue. They synt-
hesize the ice nucleation protein InaZ, which is anchored to the outer membrane 
of the bacterial cell. It enables ice formation by bringing water molecules into 
an “ice-like” arrangement at temperatures as high as -2°. The aim of our study 
was to investigate the ability of Psy isolates to nucleate ice. The ice nucleation 
activity (INA) test was performed on 51 Psy representatives from the Danube 
River Basin in Serbia, which is an important irrigation source. The isolates were 
exposed to decreasing temperatures from -2° to -10° in a decline of 1°. The 
INA tests revealed 39 active strains (76.5% of the collection). Depending on 
the ice-forming temperature, three different INA types were observed: warmer 
than -4° (type I), -4° to -7° (type II), and colder than -7° (type III). Based on the 
average freezing temperatures, seven isolates belonged to type I, 14 to type II 
and 18 to type III. The highest temperature at which ice formed was -3°C. Our 
study showed the presence of INA bacteria in the irrigation water source, which 
may increase the risk of frost damage to plants. Frost damage causes significant 
losses to frost-sensitive plants, so its prevention is essential for crop health. 

Keywords: Pseudomonas syringae; plant pathogen; ice nucleation activity; frost 
damage.
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Screening of AHL lactonase activity in Bacillus spp. strains iso-
lated from different natural samples
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Through evolution, patogenic bacteria developed mechanism to increase their 
virulence to hosts by production of quorum sensing (QS) signaling molecules, 
primarily acyl homoserine-lactones  (AHLs). Since the discovery, QS pheno-
menon has been promising target in biocontrol strategies involving quorum 
quenching (QQ) mechanisms. The great potential in this area lies in detection, 
characterization and possible apllication of AHL-lactonases from Bacillus spp. 
The purpose of this study was to test presence and activity of AHL-lactonases 
in natural Bacillus spp. isolates in order to find prospective strains which could 
be possibly used in QQ-mediated control of AHLproducing phytopathogens. 
The collection of 149 Bacillus spp. isolates, orginated from soil, manure and 
straw, was screened for the presence and activity of AHL-lactonases using well-
diffusion method. Violacein production by biosensor strain Chromobacterium 
violaceum CV026 was indicator for AHL-presence and degradation. PCR method 
was performed for the detection of aiiA gene in selected isolates, with primers 
aiiA1-F and aiiA2-R. Degradation of AHLs in medium was observed by the loss 
of violacein purple colour around wells. Total of 52 strains showed AHLlactona-
se activity, which was confirmed by detection of a single 793 bp long band of 
amplified aiiA gene. Furthermore, difference in AHL-lactonase production was 
percieved in Bacillus spp. isolates from different natural samples. The highest 
number of AHL-lactonase producing Bacillus spp. were found in soil samples 
(65 %), followed by manure samples (33 %), while only one strain from straw 
demonstrated AHL-lactonase activity. The results suggest that AHL-lactonase is 
common in Bacillus spp. exeptionally in soil isolates.

Keywords: Bacillus spp.; biocontrol; quorum quenching; AHL-lactonase activity.
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Key words: Biocontrol, Bacillus spp., Pseudomonas spp., 
phytopathogen, phyllosphere colonization

Key words: Pseudomonas syringae, phylogeny, diversity, 
species complex, citrate-synthase gene

Pseudomonas syringae (Psy) is a widespread complex of plant 
pathogenic bacteria. It’s a causal agent of diseases in many 
economically important hosts, including herbaceous and 
woody plants. The species complex is composed of 13 phy-
logroups. The aim of our study was to estimate the phyloge-
netic diversity of Psy isolates from the Serbian Danube River 
basin – a major irrigation source. A partial sequence of the 
citrate synthase housekeeping gene (cts) was amplified for 51 
isolates from the collection. All amplicons were sequenced us-
ing the Sanger sequencing method. Based on the sequences 
obtained, a phylogenetic tree was constructed using Mega 
11 software to infer the evolutionary history using the neigh-
bour-joining method. The cts sequences of 51 isolates were 
compared with the cts sequences of isolates from previously 
reported epidemics in Serbia using the NCBI BLASTn tool. The 
analysis resulted in the detection of phylogroups 2, 7, 9, and 
13. Most isolates were assigned to phylogroup 2 (70.6%), with 
the remainder evenly distributed among phylogroups 7, 9, and 
13 (9.8% each). Nine isolates of phylogroup 2 showed 100% 
similarity in cts sequence with isolates from diseased cherry 
plants in different epidemic events in Serbia. Phylogroup 2 is 
known to be the most widespread phylogroup, of which nu-
merous isolates have been found in non-agricultural habitats 
but also as disease causal agents on plants. Insights into phy-
logenetic diversity in the environment are important to explain 
the ecology of Psy and to predict possible disease outbreaks. 
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V. major onto leaves of five healthy plants. Five non-inoculat-
ed plants served as controls. Inoculated and non-inoculated 
plants were kept in a greenhouse at 24 to 30°C. Inoculated 
plants developed signs and symptoms after 10 days, control 
plants remained symptomless. The fungus from the inoculat-
ed plants was identical morphologically to that observed from 
initially diseased plants. To confirm the identification, the inter-
nal transcribed spacer (ITS) regions of PMV12 were amplified 
with primers ITS1/4 and ITS5/P3 and sequenced directly. The 
resulting sequences were deposited in GenBank (Accession 
Nos. OQ165183 for ITS1/4 and OQ165185 for ITS5/P3). BLAST 
search of these sequences revealed 100% similarity with the 
ITS sequences of Golovinomyces orontii on plants of Vinca sp. 
(KY660780) and Vinca major (KR011138). Based on the mor-
phological characteristics and molecular analysis, the fungus 
was identified as G. orontii. To our knowledge, this is the first 
report of powdery mildew caused by G. orontii on V. major in 
Türkiye.

The success of biocontrol depends directly on the coloniza-
tion of plant tissue by the biocontrol agent. The objective of 
this study was to investigate the ability of Bacillus amylolique-
faciens SS-38.4 to colonize sugar beet leaves and suppress 
the leaf spot disease caused by Pseudomonas syringae pv. 
aptata P21. Sugar beet leaves were sprayed with the bacterial 
suspension of SS-38.4 followed by P21 12 hours later (T1), but 
also in the reverse order (T2). Plants treated with SS-38.4 or 
P21 alone were controls (C38.4 and CP21). Strains were isolat-
ed one, five and seven days after treatments and confirmed 
with SS-38.4-SCAR markers and P. syringae-specific primers. 
Results were analysed using two-way ANOVA and Tukey’s 
test (α = 0.05). During seven days, populations were stable in 
both controls (C38.4 3.45 ± 0.31 and CP21 3.72 ± 0.44 log CFU/
cm2). Changes in population number of P21 were noticeable 
from the fifth day (T1 1.35 and T2 1.43 log CFU/cm2), while on 
the seventh day a significant decrease was observed in T1 (0 
log CFU/cm2) and T2 (1 log CFU/cm2). The number of SS-38.4 
remained constant in both treatments and similar to control. 
A significant reduction in disease symptoms was observed 
on the seventh day in T1 and T2 (0 % and 0.23% affected leaf 
tissue) compared to CP21 (3.9 %). Strain B. amyloliquefaciens 
SS-38.4 can establish and maintain a stable population on 
the sugar beet leaf surface up to seven days after application, 
while exhibiting a significant suppressive effect on P. syringae 
pv. aptata P21.

Population dynamics of Bacillus 
amyloliquefaciens SS-38.4 in the 
phyllosphere of sugar beet and its 
biocontrol activity against Pseudomonas 
syringae pv. aptata P21
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Pseudomonas syringae је један од најбоље проучених биљних патогена који 

инфицира готово све економски важне културе.
1
 Овај патоген опстаје и 

размножава се у различитим стаништима повезаним са циклусом кружења воде у 

природи.
2
 У циљу утврђивања заступљености P. syringae у Увачким језерима 

узорковање је вршено крајем августа 2021. године на четири локалитета на 

различитим дубинама: Ушће Кладнице (0,5 m и 5 m), Радоињско језеро (0,5 m, 9 m 

и 12 m), Сјеничко језеро (0,5 m и 5 m) и Златарско језеро (0,5 m, 5 m и 8 m). 

Урађена је мембранска филтрација узорака воде, а филтери су пребачени на 

хранљиву подлогу селективну за род Pseudomonas. Коришћењем прајмера 

дизајнираних за детекцију P. syringae
3
 изолати су идентификовани у colony-PCR 

реакцији. Заступљеност P. syringae у Радоињском језеру на дубини 9 m била је 10 

cfu/L, а на дубини 12 m 15 cfu/L. У Сјеничком језеру на дубини 5 m заступљеност 

је била 5 cfu/L. У Златарском језеру на дубини 0,5 m било је присутно 5 cfu/L, док 

је на дубини 8 m било 25 cfu/L. У односу на укупан број израслих Pseudomonas 

колонија проценат заступљености P. syringae се кретао између 2,25% и 5,56%. Без 

обзира на ниску заступљеност, карактеризација изолата и детектовање 

потенцијалног извора инфекције изван агроекосистема је битна мера у превенцији 

нових инфекција и спречавању смањења пољопривредних приноса. 

1. Xin, X.F., Kvitko, B., He, S.Y., 2018, Nat. Rev. Microbiol. 16:316-328. 

2. Morris, C.E., Monteil, C.L., Berge, O., 2013, Annu. Rev. Phytopathol. 51:85-104. 

3. Guilbaud, C., Morris, C.E., Barakat, M., et al., 2016, FEMS Microbiol. Ecol. 92:fiv146. 

Захвалница: Овај рад је финансиран од стране Министарства просвете, науке и технолошког 
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Бактерије рода Bacillus поседују велики биоконтролни потенцијал захваљујући 

продукцији липопептида са израженом активношћу против различитих 

фитопатогена.
 
Примена липопептида, као алтернативе хемијским пестицидима, 

омогућава превазилажење проблема резистенције биљних патогена и загађења 

животне средине.
1 

Pseudomonas syringae представља економски важног патогенa 

услед неповољног утицаја на велики број различитих пољопривредних култура.
2 

Циљ овог истраживања је био in vitro испитивање потенцијала 246 изолата рода 

Bacillus у инхибицији P. syringae P17 и P21 сојева. Применом well-diffusion методе 

са преконоћним културама и супернатантима Bacillus spp. изолата, одабрано је 

шест изолата са највећим пречницима зона инхибиције раста ( ≥ 17 mm) оба 

испитивана P. syringae соја. Након етил-ацетатне екстракције липопептида 

испитане су минималне инхибиторне концентрације (МИК) и минималне 

бактерицидне концентрације (МБК) шест екстраката. Најефикасније се показао сој 

SS-8.1.2, са МИК 0,3125 mg/ml и МБК 5 mg/ml. Потенцијални механизам деловања 

антимикробних једињењa, синергизам,
3
 испитан је мешањем екстракта SS-8.1.2 са 

екстpaктом другог изолата по ефикасности (SS-36.3 са МИК 5 mg/ml) у односу 1:1. 

Комбинација је показала антагонистичку активност на основу индекса фракционе 

инхибиторне концентрације (ФИЦи ≥ 2). Добијени резултати показали су 

инхибиторно дејство липопептидних екстраката појединих Bacillus spp. изолата и 

отворили могућност за даље тестове in planta применом SS-8.1.2 екстракта. 

1. Penha, R.O., Vandenberghe, L.P.S., Faulds, C., et al., 2020, Planta 251:70. 

2. Nikolić, I., Berić, T., Dimkić, I., et al., 2019, J. Appl. Microbiol. 126:165-176. 

3. Dimkić, I., Stanković, S., Nišavić, M., et al., 2017, Front. Microbiol. 8:925. 

Захвалница: Овај рад је финaнсиран од стране Министарства просвете, науке и технолошког 

развоја Републике Србије, Уговор бр. 451-03-68/2022-14/200178. 
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Phylogenomic status of two P. syringae strains P16 and 

with different pathogenicity isolated from sugar 
beet in Serbia 
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0. Beri� T.' & Stankovi� S I 

I Faculty of Biolog), Center for biocontrol and plant 
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Members of the Pseudomonas syringae species complex 
are heterogeneous bacteria with strong abilities to exist on 

nd infect different plant hosts and survive beyond agro 
ecosystems!"!. The P. syringae strains previously collected 
from sugar beat commercial fields in Serbia were 
characterized as a genetically and pathogenically 

collection!?), diverse strains This study provides 
genomics comparative and phylogenomic 

assessment of two P. syringae strains from this collection. 
P16 and P21, with distinctive pathogenicity. The whole 
genome data obtained in this study were combined with 

the publicly available genomes of 34 strains from the P. 
syringae species complex, including strains from the most 

ubiquitous and pathogenic phylogroups and strains 
isolated from non-agricultural environments. The core 
SNP and ANI analysis revealed four distinctive clusters 
among compared genomes, where Pl6 and P21 were 
clustered on the same branch, mostly with 
strains from PG02 and twO strains from PGOI (P. 
Syringae isolated from kiwi fruit). The pangenome 
analysis revealed 6.03% of the core genome and 93,97% 
of accessory genes. Based on the presence/absence of 
individual genes, both strains are grouped in the same 
branch of the phylogenomic tree together with other P. 
syringae strains from PG02b. We observed slightly 
different virulence factor gene composition between Pl6 
and P21 strains, especially the T3SS effector and T4SS 
virB genes repertoire. The extensive accessory genome 
revealed a high degree of variability among P. 
syringae complex, which could be associated with their 
ability to survive in diverse ecological niches and the 
extensive horizontal gene transferl, 

status 

"Xin et al.. 2018. Nat. Rev. Microbiol., 16, 316-328 
Nikoli� et al.. 2018 Plant Pathol., 67(5), 1194-1207 
PDillon et al., 2019. Genome Biol., 20: 1-28. 
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Killing effect of Bacillus velezensis FZB42 on a Xanthomonas campestris pv. campestris strain newly isolated from cabbage: a metabolomic study 

Novotny C.3, Maresova H:, Macha H, Benada 0.. Palyzova A.? 

Laboratory of Environmental Biotechnology., Institute of Microbiology of the CAS, Videnska 1083, 142 20 Prague 4, Czech Republic 
Laboratory of Characterization of Molecular Structures, Institute of Microbiology of the CAS, Videnska 1083, 142 

20 Prague 4, Czech Republic 
3 Department of Horticulture, Faculty of Agrobiology. 
Food and Natural Resources, Czech University of Life 
Sciences, Prague, Kamycka 129, 165 21 Prague 6. Czech 
Republic 
E-mail: novotnyabiomed.cas.cz 

Potential of Bacillus velezensis for biological control of 
various phytopathogens has been documented over the 
past few years but its antagonistic interactions with 
xanthomonads have not been studied in detail. The 
findings documented a strong killing effect on 
Xanthomonas campestris pv. campestris (Xcc) cells in a 
co-culture with B. velezensis. Lipopeptides and the 
siderophore bacillibactin involved in the killing process 

were quantified. A new robust Xcc-SU isolate tolerating 
high concentrations of ferric ions was used. In a co-culture 
with the antagonist, the population of Xcc-SU was 
annihilated within 24 48 h, depending on the number of 
antagonist cells used for inoculation. No inhibitory effect 
of Xcc-SU on B. velezensis was observed. Bacillibactin 
and lipopeptides (surfactin, fengycin, bacillomycin) were 
present in both the co-culture and the monoculture ofB. 
velezensis. Except for bacillibactin, the maximum contents 
of lipopeptides were higher in the antagonist monoculture 
compared with the co-culture. Scanning electron 
microscopy showed that the death of Xcc-SU bacteria in 

the co-culture was caused by cell lysis. The analysis by 
mass spectrometry showed four major compounds, 
bacillibactin, surfactin, fengycin, and bacillomycin D. 
Different forms of surfactin and fengycin with variations 
in their side-chain length were detected. The results 
demonstrated the ability of B. velezensis FZB42 to act as a 
powerful antagonistic strain against Xcc. 

Funding information: The work was supported by the 
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LTCI8009, RVO 61388971 (Ministry of Education, Youth 

and Sports of the Czech Republic), 19-10907S (Czech 
Science Foundation), IGA PrF 2021 021 (Palacký 
University, Czech Republic), QKI910235 (Ministry of 
Agriculture of the Czech Republic). 
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На основу члана 48 став 5 тачка 3 Статута Универзитета у 

Београду („Гласник Универзитета у Београду“, бр. 201/18, 207/19, 

213/20, 214/20, 217/20, 230/21, 232/22, 233/22, 236/22, 241/22, 243/22, 

244/23 245/23 и 247/23) и члана 32 Правилника о докторским студијама 

на Универзитету у Београду („Гласник Универзитета у Београду“, бр. 

191/2016, 212/2019, 215/2020, 217/2020, 228/21, 230/21 и 241/22), а на 

захтев Биолошког факултета, бр. 50/214-1 од 12. децембра 2023. године, 

Веће научних области природних наука, на седници одржаној 21. 

децембра 2023. године, донело је 

 

О  Д  Л  У  К  У 

 

 ДАЈЕ СЕ САГЛАСНОСТ на одлуку Наставно-научног већа 

Биолошког факултета о прихватању теме докторске дисертације ИВЕ 

РОСИЋ, под називом: „Фенотипска и генотипска анализа капацитета 

Bacillus spp. изолата за колонизацију, поспешивање раста биљака и 

биoконтролу“ и одређивању др Оље Медић, доцента Универзитета у 

Београду – Биолошког факултета за ментора. 
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