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Abstract 

The development of high-throughput sequencing (HTS) technologies has enabled us to gain 
a much deeper insight into the mysterious and wonderful world of bacteria. These exciting 
technologies can be used in a variety of ways, ranging from the study of entire bacterial 
communities to more specific studies of individual bacterial isolates. In this thesis, we 
examine different HTS-based approaches to studying bacteria, applying insights from our 
own case studies. These include targeted HTS for metagenomic studies, whole genome 
sequencing (WGS) to study plant-pathogenic bacteria, and a genome-informed approach 
for the development of new molecular methods to detect target bacteria with high 
specificity. 

Targeted HTS is a common approach in metagenomics, where it can be used to 
determine microbiomes. However, the results are often affected by the way samples are 
processed before sequencing, with the DNA extraction method being especially important. 
In our study, we examined the impact of three different DNA extraction methods on the 
results of microbiome and resistome determination using sputum samples as an example. 
We found that the DNA extraction method significantly affects the results for the diversity 
and composition of the sputum microbiome and resistome. Despite these differences, the 
results obtained with targeted HTS were repeatable. This highlights the importance of 
careful experimental design in microbiome research, where selecting the appropriate DNA 
extraction method is of crucial importance. WGS is often used to perform a deeper analysis 
of selected bacteria. The data generated in such an experiment is then used to perform 
comparative genomics studies. The main focus of our study was the plant pathogen Pantoea 
stewartii subsp. stewartii, the causative agent of Stewart's wilt in maize. In recent years, 
this quarantine bacterium has been found in Slovenia and elsewhere in Europe. To shed 
light on these findings, Slovenian isolates were sequenced alongside historical isolates from 
collections and compared to publicly available genomes. The results revealed all Slovenian 
isolates except one group together and are not related to other European isolates, 
suggesting multiple introduction events. The data generated by both metagenomic 
sequencing and WGS can be used to develop new molecular tests for the specific detection 
of target bacteria. Molecular detection methods are particularly well-suited for slow-
growing bacteria. In our study, we used available genomic data to design multiple new 
quantitative real-time PCR (qPCR) tests to detect one such bacterium: Xylophilus 
ampelinus, the causative agent of bacterial blight in grapevines. In laboratory experiments, 
three of the newly designed qPCR tests were proven to be suitable for detecting X. 
ampelinus in different grapevine samples with high efficiency, specificity, and sensitivity.  

The examples of HTS applications described in this thesis clearly demonstrate the 
versatility of this method. These include basic research, in which HTS can be used to 
develop and test new hypotheses regarding bacterial genomics, biology, and ecology. Other, 
more practical applications of HTS often include diagnostics, where it can be used to either 
directly analyse samples or to develop new diagnostic tests. HTS technologies will 
undoubtedly continue to evolve and remain an indispensable tool in the field of 
bacteriology. 
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Povzetek 

Razvoj tehnologij visokozmogljivega sekvenciranja (ang. high-throughput sequencing, HTS) 
nam je ponudil nov in poglobljen vpogled v skrivnosten in očarljiv svet bakterij. Uporabnost 
teh tehnologij zajema številna področja, ki vključujejo vse od študij celotnih bakterijskih 
združb do poglobljenih raziskav izbranih bakterijskih izolatov. V tej doktorski nalogi smo 
na lastnih primerih preverili različne pristope uporabe HTS za preučevanje bakterij. Ti 
primeri vključujejo uporabo tarčnega HTS za izvedbo metagenomskih študij, sekvenciranje 
celotnih genomov (ang. whole genome sequencing, WGS) bakterijskih povzročiteljev bolezni 
rastlin in uporabo genomskih pristopov za načrtovanje novih molekularnih testov za 
specifično detekcijo tarčnih bakterij. 

Tarčni HTS je pogosto uporabljen pristop, ki se uporablja v metagenomiki predvsem 
za določanje mikrobioma. Vendar na rezultate pogosto vpliva način obdelave vzorcev pred 
samim sekvenciranjem, pri čemer ima ključen pomen predvsem metoda ekstrakcije DNA. 
V naši študiji smo preučili vpliv treh različnih metod ekstrakcije DNA na rezultate 
mikrobioma in rezistoma na primeru vzorcev izpljunka. Ugotovili smo, da metode 
ekstrakcije DNA pomembno vplivajo na rezultate raznolikosti in sestave mikrobioma in 
rezistoma iz izpljunka. Kljub tem razlikam so bili rezultati, pridobljeni s tarčnim HTS, 
ponovljivi. To je poudarilo pomen premišljenega načrtovanja študij v raziskavah 
mikrobioma, kjer igra izbira ustrezne metode ekstrakcije DNA ključno vlogo. WGS je 
pogosto uporabljena metoda, ki nam omogoča poglobljeno preučevanje izbranih bakterij. 
Pri tem pridobljeni podatki se pogosto uporabijo za izvedbo študij primerjalne genomike. 
V naših raziskavah smo se osredotočili na rastlinski patogen, Pantoea stewartii subsp. 
stewartii, ki povzroča bakterijsko venenje koruze. Ta karantenska bakterija je bila v zadnjih 
letih večkrat zaznana tako v Sloveniji kot tudi drugod po Evropi. Da bi razložili te najdbe, 
smo sekvencirali genome slovenskih izolatov in zgodovinskih izolatov iz zbirk, s katerimi 
smo nato izvedli študije primerjalne genomike. Te so pokazale, da so slovenski izolati 
verjetno rezultat vsaj dveh vnosov bakterije, ki niso povezani z najdbami drugod po Evropi, 
kar nakazuje na več vnosov bakterije. Podatki, pridobljeni z WGS, se lahko uporabijo tudi 
za razvoj novih molekularnih testov za specifično odkrivanje tarčnih bakterij. Molekularne 
metode detekcije so še posebej primerne za bakterije, ki jih je težavno gojiti v 
laboratorijskih pogojih. Primer tovrstne bakterije je povzročitelj bakterijske ovelosti vinske 
trte Xylophilus ampelinus. V naši študiji smo tako uporabili razpoložljive genomske podatke 
za razvoj novih testov PCR v realnem času za detekcijo le-tega. V laboratorijskem 
testiranju smo potrdili primernost treh novih testov za odkrivanje X. ampelinus v različnih 
vzorcih vinske trte z visoko učinkovitostjo, specifičnostjo in občutljivostjo.  

Metode uporabe HTS, opisane v doktorski nalogi, jasno prikazujejo raznolikost te 
metode. Med njimi so tako bazične raziskave, v katerih lahko HTS uporabimo za razvoj in 
testiranje novih hipotez, ki se navezujejo na bakterijsko genomiko, biologijo in ekologijo. 
Drugi bolj praktični načini uporabe se navezujejo predvsem na diagnostiko, kjer se HTS 
lahko uporablja tako za neposredno analizo vzorcev kot tudi za razvoj novih testov. Vse to 
zagotavlja nadaljnji razvoj HTS, ki bo ostalo nepogrešljivo orodje na področju 
bakteriologije.
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Chapter 1 

1 Introduction 

1.1 Overview of Research Included in the Thesis 

Within the scope of this thesis, we examined three important applications of high-
throughput sequencing (HTS) and the data it generates. The first application involved the 
use of targeted HTS to perform metagenomic studies. We examined the use of targeted 
HTS for determining microbiomes and for the specific detection of clinically relevant 
bacteria in sputum, as this is often used in the clinical diagnosis of lung infections. Targeted 
HTS can similarly be used to detect genes associated with antimicrobial resistance (AMR), 
which is an ever-increasing threat to public health, making the ability to quickly and 
reliably detect such genes crucial in our fight against resistant bacteria. Targeted HTS 
could therefore be an important tool, as it can simultaneously detect all known bacteria 
present in samples, together with associated AMR genes. The second application of HTS 
examined in this thesis was whole genome sequencing (WGS) and subsequent comparative 
genomics analysis, focusing on plant-pathogenic bacteria. These bacteria are of special 
interest as they can cause severe yield losses of important crops, which, besides causing 
economic damage, could also endanger food security. In this thesis, we used WGS and 
comparative genomics to study two such bacteria. The first was Pantoea stewartii subsp. 
stewartii, the causative agent of Stewart's wilt in maize; the second was Xanthomonas 
translucens pv. undulosa, which causes disease in wheat. The third application that we 
examined was the use of HTS data for genome-informed design of a new quantitative real-
time polymerase chain reaction (qPCR) test for the specific detection of bacteria. Once 
again, we focused on plant-pathogenic bacteria. For this application, we can use the large 
amount of genomic data stored in publicly available databases instead of performing HTS 
ourselves. This approach was used to develop multiple new qPCR tests for the specific and 
sensitive detection of Xylophilus ampelinus, which causes bacterial blight in grapevines. In 
an additional study, we attempted to use this approach to develop a qPCR test capable of 
detecting Pseudomonas syringae pv. aptata. After in silico design, the new qPCR tests still 
needed to be evaluated in laboratory testing before being put into use. 

1.2 High-throughput Sequencing and Its Applications for the 

Study of Bacteria 

Bacteria are one of the most widespread forms of life on our planet, inhabiting nearly every 
corner of it. The diverse and sometimes extreme conditions required for the growth of 
different bacteria pose significant challenges to their study and detection. Traditional 
microbiological methods, which rely on cultivating bacteria in growth media, are often 
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limited by the time and conditions required for bacteria to grow. Over the past two decades, 
high-throughput sequencing (HTS) methods have been developed that have helped us to 
overcome these challenges and provide us with unprecedented insights into the fascinating 
world of bacteria [1]. As a versatile technique, it can be used to study either a whole 
bacterial community or a single bacterium. The generic nature of HTS makes it suitable 
for studying virtually any bacterial community or taxon, which is one of its major 
advantages [2], [3]. Whole bacterial communities from different environments are usually 
studied by sequencing the total DNA in samples, a process known as metagenomic 
sequencing [4]. Conversely, to study a single bacterial isolate, the DNA is extracted and 
sequenced from the bacteria in a pure culture in order to obtain its complete genome. This 
is known as whole genome sequencing (WGS) [5]. Both of these approaches have proven 
to be extremely valuable, but they serve different purposes, so it is important to select the 
most suitable method for any given application [1].  

HTS is the next step in the development of DNA sequencing methods, which are used 
to determine nucleic acid sequences. These form the genetic material of every organism, 
enabling us to decipher the universal life code hidden inside every living cell, including 
bacteria. The DNA molecule itself is a chain of nucleotides connected by a phosphodiester 
bond, and includes four different bases: adenine, cytosine, guanine, and thymine. These 
bases form a double helix, with two DNA molecules connected by hydrogen bonds formed 
by adenine and thymine, or cytosine and guanine. HTS is an umbrella term for multiple 
sequencing technologies, which can be broadly separated into two categories according to 
the length of the reads they produce. The first category comprises technologies that produce 
short reads, including sequencing by synthesis (Illumina, USA), ion semiconductor 
sequencing (Ion Torrent; Thermo Fisher Scientific, USA), and pyrosequencing (454; Roche, 
Switzerland). Of these, the Illumina sequencing-by-synthesis platform has proved to be the 
most successful and has become the industry standard. Conversely, methods that produce 
long reads include single-molecule real-time sequencing (PacBio; Pacific Biosciences, Menlo 
Park, USA) and nanopore sequencing (Oxford Nanopore Technologies, Oxford, UK). 
Although PacBio and nanopore sequencing enable easier genome assembly, they have some 
disadvantages. PacBio has relatively lower throughput and is more expensive than other 
platforms. Nanopore sequencing has traditionally been limited by lower accuracy, but 
recent advances in base-calling algorithms and sequencing chemistry have significantly 
narrowed the gap with Illumina [6]. The types of errors produced by DNA sequencing 
technologies also differ, with these errors being either systematic or random. PacBio 
produces mostly random errors, whereas nanopore sequencing produces systematic errors 
in homopolymer sequences and k-mer-specific errors [7], [8]. 

HTS generates vast quantities of genomic data on a regular basis. These datasets are 
deposited in public databases such as GenBank, European Nucleotide Archive (ENA), and 
DNA Data Bank of Japan (DDBJ), providing a foundation for downstream analyses [9]–
[11]. Both metagenomic sequencing and WGS rely on these pre-existing databases for 
bioinformatic analyses and results interpretation. Sequencing data is analysed using 
databases containing previously annotated sequences to identify the bacterial taxa and 
genes present in the samples or genome under study [12], [13]. HTS-derived data further 
enable a broad range of analyses that deepen our understanding of bacterial biology. These 
include studies of mobile genetic elements, pathogenicity factors, and antimicrobial 
resistance [14]–[16]. Metadata like host organism, geographic location, and year of isolation 
are equally important as genomic sequences themselves and are crucial for interpreting and 
contextualising the results obtained. One important field in which genomic data can also 
be used is diagnostics. Here, HTS can be used directly to identify microorganisms or 
indirectly for genome-informed identification of novel targets, which are then used to design 
new molecular diagnostic tests [17].  
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1.2.1 Targeted high-throughput sequencing 

HTS can be performed in a targeted or non-targeted manner. In the non-targeted approach, 
the entire DNA is sequenced, whereas in the targeted approach, only the segments of 
interest are sequenced. To achieve this, targeted HTS requires an additional step to select 
the target DNA sequences. This can be achieved by enriching for target DNA, depleting 
non-target DNA, or amplifying target DNA. The latter is the most widely used strategy 
and will be described in more detail below [18]–[20]. The advantages of targeted HTS are 
that unessential data is not generated, increasing sensitivity and simplifying further 
bioinformatic analysis while reducing the cost of the experiment. This makes it especially 
promising for use in clinical and diagnostic settings [21]. The obvious disadvantage of 
targeted HTS is that some relevant information could be missed if the wrong sequences are 
targeted. Another challenge is the additional bias that can be introduced by the process of 
selecting target sequences, which must be taken into account when interpreting results. 
For example, when the goal is the detection of genes associated with antimicrobial 
resistance that we actually target such genes present in an environment [22]. However, 
these challenges can be overcome through an intelligent experiment design based on prior 
expert knowledge. 

 

1.2.2 Targeted HTS for bacterial metagenomics 

Metagenomics is the study of all the genetic material obtained by sequencing the DNA 
present in a given sample. In this context, the term 'microbiome' refers to the genes and 
genomes of all the microorganisms present in a given environment, such as the human body 
or a specific ecological niche [23]. A similar term is 'microbiota', which describes all the 
microorganisms present in an environment. Areas covered by microbiome research include 
the ecology of diverse environments, the impact of microbial communities on agriculture, 
their potential applications in biotechnology, and microbial evolution. Metagenomic studies 
are often performed on environmental DNA, which helps us to monitor the presence of 
different organisms in the studied ecosystem. However, the area receiving the most 
attention is the study of the different microbiomes present in the human body and their 
impact on health. Multiple studies have shown that the microbiome composition can 
significantly impact health, with microbiome changes being either the cause or consequence 
of disease development. Parts of the human body that are characterised by distinct 
microbiome communities include the gut, the oral cavity, the urogenital system, and the 
respiratory tract [24]–[27]. Microbiome is often described by alpha diversity, which is a 
general term that describes richness (number of taxa present), evenness (commonness or 
rarity of taxa), and diversity (Shannon and Simpson indices) [28]. 

The development of HTS has greatly impacted microbiome studies by facilitating 
culture-independent analysis of microbial communities, thereby deepening our 
understanding of their complexity. Targeted HTS is a common approach in microbiome 
studies, where only the sequences necessary for identifying bacterial taxa are sequenced. 
The 16S rRNA region is most commonly sequenced for microbiome analysis due to its 
evolutionary conservation, the availability of reference sequences in databases, and well-
developed protocols [29], [30]. Organisms detected in microbiome are often instead of 
species classified into so-called operational taxonomic units (OTUs), each of which includes 
closely related organisms (usually the 97 % sequence similarity threshold is applied) [31]. 
Furthermore, 16S rRNA sequences alone often lack the resolution required for species-level 
identification and are used primarily for bacterial classification on the genus level. To 
address this issue, a targeted HTS approach using species-specific amplicons can be 
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implemented to enable the simultaneous detection of a wide array of bacterial species [32]. 
This method shows promise in the field of clinical microbiology, particularly in pathogen 
diagnostics. Advantages of this approach include higher specificity and sensitivity; 
however, it is limited to the detection of fewer bacteria than untargeted or 16S rRNA 
approaches. 

A major challenge in interpreting results is that many steps in the targeted HTS process 
can influence microbiome results. These steps include sampling, sample heterogeneity, 
sample pre-processing (filtration, enzymatic lysis, enrichment, cell lysis, etc.), the DNA 
extraction method, library preparation, sequencing chemistry, and the bioinformatic 
analysis of raw sequencing data [33]–[35]. DNA extraction has been recognised as a crucial 
step that influences the results of targeted HTS in metagenomic studies. It can introduce 
bias by overrepresenting certain groups of microorganisms, such as Gram-negative bacteria, 
and cause variability between experiments due to a lack of repeatability [36], [37]. 
Therefore, the choice of DNA extraction method is of the utmost importance when 
designing targeted HTS experiments.  
 

1.2.3 Whole genome sequencing 

One of the main applications of HTS in the field of microbial genomics is determining the 
complete DNA sequence of a bacterial genome, a process known as whole genome 
sequencing (WGS). The first bacterial genome to be sequenced was that of Haemophilus 
influenzae in 1995, using the chain termination method developed by Sanger [38]. WGS 
was initially laborious and costly but became much more accessible with the development 
of HTS technologies (Section 1.1). This has led to an exponential increase in the number 
of newly sequenced genomes, with 2.41 million bacterial genomes publicly available in the 
GenBank database by 2024 [39]. Today, WGS has a variety of applications, including 
academic and biomedical research, biotechnological applications, environmental studies, 
food safety, and plant pathology, among others. Data from WGS can be used for 
taxonomical classification of bacteria or even for their identification on a strain level (strain 
typing), for which this method has become the gold standard due to the high level of detail 
it provides [40], [41]. This can be used to identify pathogenic bacteria in clinical diagnostics, 
foodborne pathogens in the food industry, and plant-pathogenic bacteria in agriculture [42], 
[43]. By sequencing multiple bacterial strains, we can trace the outbreak and transmission 
pathways of a new pathogen to discover its source of spread [44]. Data from WGS can also 
be used in studies that examine functional characterisation of bacterial genomes, 
interactions between bacteria and host organisms, and in genome-wide association studies 
to identify specific functional links [45], [46].  

The bacteria used in conventional WGS are usually first isolated in pure culture. This 
enables assemblies with deeper coverage to be generated and reduces the possibility of 
contamination in the genome. Additionally, isolating the bacteria enables us to acquire 
phenotype data suitable for mapping genotype–phenotype relationships. For WGS data 
analysis, both assembled genomes and raw reads generated in sequencing can be used. 
Bacterial genomes can also be assembled from reads generated in metagenomic sequencing 
and are usually referred to as metagenome-assembled genomes. Such genomes can be a rich 
source of data; however, they often lack phenotypic characterisation and adequate depth 
for reliable use in further analysis [47]. To perform WGS, DNA must first be extracted 
from the bacteria using methods that remove proteins, RNA, and other contaminants, 
producing DNA fragments of sufficient length. The length of the DNA fragments is 
especially important when long-read sequencing technologies such as nanopore sequencing 
are used. Library preparation in WGS sequencing is relatively straightforward and mostly 
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serves to prepare the DNA for sequencing. When short-read methods are used, the DNA 
is cut into smaller pieces, with a length of around 350 bp. Conversely, when long-read 
methods are used, smaller DNA fragments are often depleted during library preparation.  

After sequencing, the raw sequencing reads are demultiplexed, trimmed to remove 
adapters that were attached to the DNA during library preparation, and subjected to 
quality control [48], [49]. This step is crucial to avoid errors, since the quality of the raw 
reads determines the quality of the final assembly. High-quality reads that pass this step 
are then used for genome assembly. Genome assemblies can be generated genome‑guided 
(reference‑based) or de novo (reference‑free) [50], [51]. In WGS, the de novo assembly 
strategy is usually employed as it is free of reference bias, can identify strain-specific genes, 
and can be applied to any previously uncharacterised bacteria. Most current 
genome‑assembly tools use k‑mer–based de Bruijn graphs to construct contigs from 
sequencing reads [52]. Genome assemblers are adaptable for either short‑read (e.g., SPAdes, 
SKESA), long‑read (e.g., Flye, Canu, Miniasm), or hybrid (e.g., SPAdes, Unicycler, 
MaSuRCA) genome assembly [53]–[59]. To obtain genome assemblies of the highest quality 
and completeness, a hybrid approach combining short and long reads is often used. Genome 
assemblies are subsequently polished (tools like Pilon, Racon, Medaka) to correct errors, 
improve consensus accuracy, and refine contig sequences [60], [61]. Tools such as Unicycler 
are particularly useful as they incorporate the entire genome assembly workflow, including 
quality control, assembly, and polishing [58]. 

The quality of assembled genomes is evaluated using different parameters (genome 
coverage, completeness, and contamination percentages, number of contigs, and guanine-
cytosine content). The average genome coverage, in combination with the sequencing 
method, indicates how accurate the genome sequences are. The number of contigs can 
provide an initial indication of genome completeness; however, it is highly dependent on 
the sequencing technology used. Short-read sequencing methods produce genome 
assemblies with a higher number of contigs than long-read technologies, but can still have 
a high percentage of completeness. Complete chromosomes and plasmids usually have 
contig sequences in a circular form, which is a useful initial indication of their completeness. 
A more suitable method of calculating genome completeness is to use programs that search 
for the presence of evolutionarily conserved genes that are expected to exist as single copies 
in the vast majority of species within a lineage. Examples of such programmes are BUSCO 
(Benchmarking Universal Single-Copy Orthologs) and CheckM [62], [63]. 

The next crucial step is genome annotation, during which functional elements such as 
genes, regulatory sequences, and other features are identified, labelled, and exported in 
standard formats such as GFF3 (general feature format version 3). This process enables us 
to identify coding DNA sequences, including protein-coding sequences, multiple types of 
RNAs, and pseudogenes. Genome annotation can be divided into structural annotation, 
which predicts coding DNA sequences and open reading frames, and functional annotation, 
which assigns functions to identified genes [64]. The most widely used tools for automated 
genome annotation are the NCBI Prokaryotic Genome Annotation Pipeline, Prokka, and 
Bakta [65]–[67]. Tools such as EggNOG-mapper and DIAMOND are used for functional 
annotation by performing sequence‑similarity searches against curated reference 
databases [68], [69]. The data generated by genome annotation is crucial for the 
performance of comparative genomics studies, which will be described in the next section. 

 

1.2.4 Comparative genomics 

The availability of huge amounts of data generated by WGS has led to the development 
of comparative genomics, which attempts to contextualise this data. It analyses and 
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compares the genomes of different organisms to establish evolutionary relationships, 
identifying similarities and differences between taxa. In bacteriology, comparative genomics 
is used to explore evolutionary relationships, genome structure, horizontal gene transfer 
(HGT), the development of pathology, and microbial ecology, among others. Such studies 
are necessary to establish the genotype-phenotype relationship and help us understand the 
role of bacteria in an environment. 

An important area of comparative genomics is the investigation of the evolutionary 
relationships between different bacterial taxa using phylogenetic methods, which often 
involves constructing a phylogenetic tree. Such analyses can also be used to track the 
spread of new pathogenic bacteria in the event of a disease outbreak and to discover 
transmission pathways [70]. Various methods can be employed to conduct phylogenetic 
analyses; the selection of the most suitable approach often depends on the degree of 
relatedness between the studied bacteria and the available data. Comparative and 
phylogenetic analyses commonly use whole‑genome multi‑locus sequence typing, in silico 
DNA–DNA hybridisation, or distance matrices derived from average nucleotide identity 
(ANI) or single‑nucleotide polymorphisms (SNPs) to measure relatedness between strains. 
For closely related bacterial strains belonging to the same species or subspecies, SNP‑based 
approaches are commonly used: reads or assemblies are aligned to identify variant sites 
(e.g., MAFFT, BWA-MEM), SNPs are called (using tools like Snippy or CSI Phylogeny), 
and the resulting SNP alignment is used to infer a tree with maximum‑likelihood or 
neighbour‑joining (NJ) methods (using tools like RAxML or IQ‑TREE) [71]–[76]. 
Alternatively, ANI‑based phylogeny calculates pairwise average nucleotide identity (using 
tools like PyANI or FastANI) to produce a distance matrix, which is then converted into 
a tree using NJ, unweighted pair group method with arithmetic mean, or minimal‑evolution 
algorithms (using tools like FastME or PHYLIP) and finally visualised (using tools like 
FigTree, iTOL, or Dendroscope) [77]–[80]. 

Comparative genomics extends beyond mere phylogenetic analysis. One example is the 
study of the pan-genome, which comprises all the genes present in all strains of a given 
bacterial taxon [81]. The pan-genome consists of a core genome, a shell genome, and a 
cloud genome. The core genome consists of genes present in every genome of the examined 
taxa, and the term 'soft core' is often used for genes present in almost all (over 95%) 
genomes. Core genome genes include housekeeping genes that are essential for survival or 
responsible for basic cellular functions [82]. Shell genes are present in some, but not all, 
genomes (usually ranging from 15 to 95% of analysed genomes). These genes are not 
essential for bacterial survival, but they can offer an evolutionary advantage and often 
include genes connected to antimicrobial resistance, pathogenicity, niche adaptation, and 
metabolic flexibility. Cloud genes are strain-specific or present in just a few genomes 
(usually under 15% of genomes are used as the criterion). These genes serve functions 
similar to those in the shell genome [83]. Bacteria can have an open (continuous addition 
of new genes as more genomes are sequenced, which lowers core‑gene proportion and 
highlights increased rate of HGT) or closed (stabilizes after sampling a sufficient number 
of genomes, as the number of genomes included in the pangenome increases, the total 
number of genes will plateau) pan-genome [84], [85]. To determine the pan-genome, 
bacterial genomes must first be annotated. To ensure reliable results, it is crucial that only 
high-quality genomes with a high completeness percentage are used in the analysis and 
that they are all annotated using the same method. These annotations are then used in 
pan-genome analysis with tools such as Roary, Anvi'o, and Get_homologues [86]–[88].  

Genes present in shell and cloud genomes are often acquired through horizontal gene 
transfer (HGT), which is another important area of study in comparative genomics. HGT 
is the process by which bacteria acquire new genetic material from other organisms without 
reproducing. This can be achieved through the processes of transformation, transduction, 
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and conjugation. Genes acquired through HGT can help bacteria adapt to their 
environment, become more pathogenic, and develop antimicrobial resistance. The process 
of HGT often involves mobile genetic elements (MGEs) present in bacterial genomes, 
including plasmids, transposons, integrative and conjugative elements, prophages, and 
others [14], [89]. Comparative genomics is used to identify MGEs present in different 
bacterial strains and to study how they spread and the role they play in the evolution of 
bacterial species. By comparing MGEs present in different strains, scientists can identify 
HGT events that lead to their spread [90]. In addition to the tools used in pan-genome 
analysis, many more can be used to identify HGT and MGEs in bacteria. IslandViewer4 
can identify genomic islands [91]; Phastest can identify prophage sequences and regions 
[92]; MetaCHIP can be used to identify HGT events within a set of genomes [93]; and 
MAUVE can be used to identify larger genomic rearrangements [94]. 

The genes that bacteria acquire through HGT could contribute to the development of 
pathogenicity against a specific host. The study of pathogenicity is another important area 
on which comparative genomics studies often focus. Pathogenicity factors can include 
adhesins that promote bacterial attachment to host cells, toxins that cause host tissue 
damage, secretion systems that deliver effectors into host cells, and immune evasion 
factors [95]. Tools used in comparative genomics can be used to identify known 
pathogenicity factors or to discover new ones by comparing the genomes of bacteria that 
express different phenotypes. Databases (e.g., VFDB or BacSPaD) containing information 
on known pathogenicity factors can be used; however, a literature survey must be 
conducted in cases involving less-studied bacteria [96], [97]. These databases are usually 
used alongside tools such as PathogenFinder and VirulenceFinder to identify pathogenicity 
factors present in bacterial genomes [98], [99]. This information helps us to understand the 
underlying mechanisms of pathogenicity and, hopefully, to predict the pathogenic potential 
of newly discovered bacteria. 
 

1.2.5 Development of new molecular methods for the detection of 

bacteria 

Traditionally, bacterial classification relied on culture-based methods, which involved 
growing bacteria on artificial media and isolating them in pure culture. These methods still 
have some advantages, such as being inexpensive and having high theoretical sensitivity, 
as well as being able to provide some phenotypic information on the target bacteria. 
However, in recent decades, they have increasingly been replaced in many areas by 
molecular methods due to their lower throughput, lack of specificity, and greater time-
consuming nature. On the other hand, molecular methods based on the detection of specific 
genetic markers have become indispensable in routine diagnostics and are particularly 
useful for detecting target bacteria due to their specificity, sensitivity, speed, and relative 
ease of use. Many of these methods are based on the amplification of a specific genomic 
sequence, which is usually achieved using some form of the polymerase chain reaction 
(PCR)[100]. Variants of PCR that are often used include conventional PCR, nested PCR, 
colony PCR, multiplex PCR, and quantitative real-time PCR (qPCR), which enables 
relative quantification of the target sequence, as well as digital PCR (dPCR), which enables 
absolute quantification [101]–[106]. PCR amplification must be combined with another 
method to enable the detection of amplified DNA fragments. For conventional PCR, 
agarose gel electrophoresis is used to separate DNA fragments by size, which is combined 
with fluorescent staining to detect and isolate PCR products. qPCR and dPCR use 
fluorescent dyes to detect amplified DNA sequences of known size. The product of PCR 
amplification can also be sequenced further for more precise taxonomic classification in a 
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process known as DNA barcoding [107]. When such an analysis is performed on multiple 
loci within the bacterial genome, it is referred to as multi-locus strain typing (MLST), 
which is a common method used to identify new bacterial isolates [108]. Another advantage 
of PCR-based methods is that they can be implemented for the detection of new target 
bacteria. However, PCR must be able to specifically detect target bacteria, which requires 
prior knowledge of the specific DNA sequence. Large amounts of data generated by whole-
genome sequencing are crucial for identifying species-specific sequences. However, there is 
often still a lack of high-quality genomic data needed for less studied bacteria. Due to the 
immense biodiversity on Earth, it can be challenging to design a test with zero cross-
reactivity; however, intelligent design can help us to avoid false-positive results in samples 
in which we want to detect target bacteria. 

In order to identify DNA sequences specific to target bacteria, we must first determine 
which bacteria we wish to detect (the positive dataset) with the new test and which we 
should not be detecting (the negative dataset). PCR-based methods can have a range of 
different specificities; they can be designed to detect all bacteria belonging to a select genus, 
or to be specific to a single subspecies or phylogroup within a species [109], [110]. Once the 
target bacterial taxa have been selected, databases such as GenBank and RefSeq are 
screened for genomes, which are then used to perform a phylogenetic analysis to determine 
the positive and the negative dataset [111]. The genomes from the positive dataset are then 
compared to the genomes from the negative dataset to identify genomic sequences that are 
specific to the target group. Non-target bacteria usually involve other closely related 
bacteria belonging to the same genus, or even the same species and subspecies. Tools such 
as RUCS (Rapid Identification of PCR Primers for Unique Core Sequences) can be used 
to identify such sequences [112]. Those sequences are then used to design oligonucleotides 
for PCR amplification using programs such as Primer3 and Primer Express [113]. Some 
versions of PCR also use hydrolysis probes for greater specificity and easier signal 
detection [114]. The newly designed oligonucleotides are tested in silico for specificity 
through BLASTn searches against nucleotide sequence databases (e.g., BLAST Core 
Nucleotide Database or RefSeq Genome Database). Those oligonucleotides that show no 
cross-reactivity in silico are then evaluated in laboratory tests involving mock and real 
samples to determine their suitability for use in diagnostics. Laboratory testing is often 
performed on so-called spiked samples in which the target bacteria are added or spiked in 
known concentrations. These tests are validated for detection within a limited 
concentration range in a specific matrix, since real samples often contain inhibitors of PCR 
amplification or may cause cross-reactivity. Using PCR-based tests in matrices for which 
they have not been validated can lead to false-negative or even false-positive results. After 
their introduction into diagnostics, the performance of tests is monitored to identify any 
previously unnoticed cross-reactivity or inhibition.     
  

1.3 Sputum Microbiome and Resistome 

1.3.1 Lung microbiome 

The lungs were previously thought to be a sterile environment; however, improved 
microbiological methods have shown they host distinct, low‑biomass microbial communities 
that differ from other body sites, such as the gut or oral cavity, and reflect the lungs’ 
requirement for minimal biomass to maintain efficient gas exchange. A healthy lung 
microbiome plays an important role in the immune system's response to pathogens, while 
a disturbed microbiome can be either a cause or a result of disease [115]. The lungs mostly 
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rely on mechanical clearance mechanisms, such as mucociliary clearance and coughing, as 
well as the host immune response, to maintain a low microbial burden [116], [117]. Bacteria 
are constantly introduced into the lungs from the upper respiratory tract via aspiration, as 
reflected by the bacterial taxa present in the lung microbiome [118]. The most common 
bacteria are from the genera Prevotella, Streptococcus, Veillonella, Haemophilus, and 
Neisseria. The regular introduction of microorganisms into the lungs, followed by their 
clearance, leads to a more dynamic lung microbiome compared to other human 
microbiomes [119], [120]. 

An increase in microbial burden and microbiome dysbiosis is associated with 
pathological states, which can be either temporary or chronic. These include diseases such 
as cystic fibrosis, asthma, chronic obstructive pulmonary disease (COPD), and lung 
cancer [121]–[124]. The composition of the microbiome could impact inflammation levels in 
the lungs, particularly in cases of chronic lung diseases such as COPD. These diseases often 
lead to lung colonisation by bacteria such as Haemophilus influenzae, which are associated 
with increased airway inflammation [125]. Microbiome dysbiosis also plays an important 
role in exacerbating chronic lung diseases through interaction with the host immune 
response [126]. In diseases such as cystic fibrosis, a reduction in microbiome diversity is 
correlated with disease severity and can lead to exacerbation. A reduction in microbiome 
diversity also makes the lungs more susceptible to colonisation by pathogenic bacteria, 
such as Pseudomonas and Burkholderia species, which could begin to dominate the lung 
microbiome [127]. Due to the anatomy of the lower respiratory tract, topographical 
differences in the lung microbiome must also be taken into account [128].  

 

1.3.2 Antimicrobial resistance and lung resistome 

Emergence and spread of antimicrobial resistance (AMR) in pathogenic bacteria present 
one of the main public health concerns [129]. It causes increased mortality and morbidity, 
posing an additional burden on the public health system and society as a whole [130], [131]. 
The process of introducing new antibiotics is highly time-consuming and expensive. Even 
when a new antibiotic is introduced for clinical use, bacteria can quickly develop resistance. 
Like any other bacteria, those present in the lungs can also possess AMR against a variety 
of clinically used antibiotics, encoded by their corresponding genes. All the genes associated 
with AMR in a given environment form a 'resistome', which can be divided into a 'core' 
resistome and an 'accessory' resistome [132]. The core resistome includes AMR genes 
(AMGs) that are usually found in both healthy subjects and those with respiratory diseases. 
In contrast, the accessory resistome consists of AMGs that are specific to a given 
respiratory disease. AMR is especially problematic in the case of bacteria inhabiting the 
lungs, due to respiratory diseases being among the most common reasons for 
hospitalisation [133], [134]. The development of AMR is particularly critical in chronic lung 
diseases and infections requiring prolonged antibiotic treatment, which creates selective 
pressure for the accumulation of AMGs [135]. Another vulnerable group is 
immunocompromised patients, who are more likely to develop prolonged infections with 
opportunistic pathogens, making the emergence of AMR even more likely [136]. Bacteria 
use HGT to acquire new AMGs, leading to the accumulation of multiple resistances in a 
single bacterium and the formation of so-called multidrug-resistant bacteria, which are 
resistant to most of the antibiotics currently in clinical use [137]. Examples of bacteria that 
frequently acquire AMGs and cause lung infections include Acinetobacter baumannii, 
Klebsiella pneumoniae, Pseudomonas aeruginosa, and Staphylococcus aureus, which can 
carry resistance determinants against major antibiotic classes such as beta‑lactams, 
macrolides, fluoroquinolones, and tetracyclines [138], [139]. AMGs encode, among other 
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things, enzymes that degrade antibiotics, pumps that secrete antibiotics from bacteria, 
proteins that bind to antibiotics instead of their targets, and modifications to antibiotic 
binding sites [140].  

To mitigate the spread of AMR, multiple strategies have been proposed, including 
reducing the prescription of antibiotics when they are unjustified and prescribing 
antibiotics more selectively. For these approaches to be effective, antimicrobial 
susceptibility testing (AST) is of the utmost importance to quickly and reliably determine 
which antibiotics are most suitable for treating the infection. Methods of AST can be 
broadly divided into phenotypic and genotypic methods. Classical phenotypic methods 
mostly rely on in vitro cultivation of bacterial isolates in the presence of antibiotics [141]. 
These methods are well established; however, they can be time-consuming, especially in 
cases involving slow-growing bacteria, such as Mycobacterium tuberculosis, or bacteria that 
are difficult to isolate and grow in pure culture, such as Mycoplasma pneumoniae. 
Additionally, they are often limited in scope and throughput, as they can only test a limited 
number of antibiotics and bacteria in a single procedure. Conversely, culture-independent 
methods could be used for more comprehensive detection of AMGs in the lungs. Targeted 
molecular methods that offer high sensitivity and specificity, such as qPCR, can only detect 
a limited set of predetermined AMGs [142]. To overcome these obstacles, HTS is used to 
simultaneously determine all AMGs present in the resistome. For this purpose, both 
targeted and non-targeted HTS approaches can be employed and can be performed directly 
on DNA extracted from a clinical sample [16], [143]. By omitting the time needed to grow 
and isolate bacteria in culture media, the time taken for diagnosis can be shortened, which 
is extremely important for critically ill patients. 

Despite genotypic methods and HTS presenting a huge advancement in AST, there are 
still some challenges in the application of these methods. The most significant factor is 
that the presence of some AMGs does not necessarily result in phenotypic antibiotic 
resistance [144]. To detect AMGs, HTS-based methods also require prior knowledge and 
the relevant databases (such as The Comprehensive Antibiotic Resistance Database) 
containing sequences associated with a resistance phenotype are needed [145], [146]. 
Another challenge is that AMR in bacteria can emerge through different mechanisms, 
including HGT or new genetic mutations [147], [148]. Resistance caused by mutations is 
harder to predict from genomic data due to the vast number of mutations that can result 
in the same phenotype [149]. Another major challenge is the difficulty in determining 
exactly which bacteria any detected AMG belongs to. An additional obstacle in 
determining the resistome by metagenomic sequencing is the large proportion of host DNA. 
This often constitutes the majority of the DNA extracted from a diagnostic sample, 
reducing the number of useful sequences obtained during sequencing. This makes it 
increasingly difficult to reach the sufficient sequencing depth needed for a reliable 
determination of AMGs [150]. For this reason, targeted HTS is an attractive option for 
determining the resistome. Using this approach, we enrich the sample for sequences 
belonging to AMGs, typically through PCR-based amplification [151], [152].  
 

1.3.3 Determination of microbiome and resistome using sputum 

Sputum is a mucus collected from the lower respiratory tract that contains bacteria present 
in the lungs. In clinical diagnostics, sputum culture is often used to diagnose lower 
respiratory tract infections (such as bacterial pneumonia) and monitor treatment 
effectiveness. The bacteria isolated from the sputum can then be used for antimicrobial 
susceptibility testing. [153]. In addition to routine diagnostic testing, sputum is, due to its 
simple and non-invasive collection procedure, frequently used as a source material to 
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determine the lung microbiome and resistome. One of the main advantages of sputum is 
the non-invasive collection procedure. Furthermore, sputum samples have a higher 
bacterial load than corresponding bronchoalveolar lavage fluid samples [154]. This is 
especially useful for studying microbiome changes associated with lung diseases, such as 
COPD and cystic fibrosis, that change microbial composition and are characterised by 
excessive sputum production [155], [156]. As with any other biological sample, sputum 
presents a few challenges in research and diagnostics. Healthy human lungs usually produce 
low amounts of sputum, which are not sufficient for analysis, making bronchoalveolar 
lavage a more suitable method of sample collection. The collection procedure is crucial to 
obtain sputum samples representative of the lung microbiome with minimal 
upper-respiratory contamination; patients typically rinse their mouths with water before 
expectoration, but potential oral contamination must still be considered when interpreting 
results [154]. 

In order to perform a culture-independent analysis, the method used to extract DNA 
from sputum is of the utmost importance and should introduce as little bias as possible 
into the results. It is crucial that the extraction provides DNA of a high enough yield and 
quality to enable further analysis. The high heterogeneity of bacteria present in sputum 
poses an additional challenge to DNA extraction, which is typically mitigated by adding 
solubilising agents, but the predominance of human host DNA remains a major obstacle 
to recovering microbial genetic material [157]. This is particularly problematic in 
metagenomic sequencing, as the majority of the generated data is not useful for the analysis 
and can skew the results. To overcome the problem of human host DNA, different depletion 
methods could be implemented; however, these could introduce additional bias in the 
proportions of detected AMGs present in the results [158], [159]. Another approach is to 
use targeted HTS to detect bacteria and AMGs in the sputum microbiome. This approach 
also enables straightforward analysis and interpretation of results, making it especially 
suitable for clinical applications. 

1.4 Plant Pathogenic Bacteria 

The omnipresence of bacteria on Earth is reflected in plants as well, where they form the 
natural microbiome and perform many ecological functions. Although, the vast majority of 
plant-related bacteria being harmless or mutualistic, pathogenic species that affect major 
crops remain a primary concern. Such bacteria include many different classes, including 
both Gram-negative bacteria (e.g., Pseudomonas, Ralstonia, and Xanthomonas) and Gram-
positive bacteria (e.g., Clavibacter and Streptomyces). Their spread causes significant yield 
loss, which can lead to economic damage and, in the worst case, endanger our food security. 
Plant pathogenic bacteria differ in their host range. Bacterial species are often subdivided 
into so-called pathovars according to the plant host in which they cause symptoms 
(e.g., Pseudomonas syringae pv. aptata, which causes disease in beets) [160]. However, the 
classification into pathovars could be problematic as bacteria often cause disease in multiple 
plants. Additionally, some strains could be included in the same pathovar despite not being 
closely related. Plant-pathogenic bacteria infect not only crops, but also ornamental plants 
such as orchids, as is the case with Dickeya fangzhongdai [161]. Some bacteria can even 
cause symptoms in trees, as with P. syringae pv. aesculi, which causes bleeding canker in 
horse chestnuts [162].  

Since plants are sessile organisms, plant pathogenic bacteria have to use different 
transmission pathways. Some spread through water; thus, irrigation and hydroponic 
systems present an especially dangerous environment for transmission in agricultural 
settings. Many plant-pathogenic bacteria belonging to the species P. syringae, the 
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Ralstonia solanacearum complex, the genus Pectobacterium, and the genus Dickeya have 
so far been reported in irrigation systems [163]. Wind does not transmit bacteria well by 
itself, but it can help to transmit bacteria in aerosols in rain droplets over moderate and 
long distances [164], [165]. Some bacteria can persist in soil or plant debris for months or 
even years, causing new infections. An example of this is the R. solanecearum complex, 
which can survive in soil and infect new plants through their roots [166]. Some bacteria 
also rely on insect vectors for transmission. Examples include Xylella fastidiosa, which 
spreads via leafhoppers (Cicadellidae), and Pantoea stewartii, which spreads via the corn 
flea beetle (Chaetocnema pulicaria) [167]. Bacteria usually cannot penetrate healthy plant 
tissue, but enter plants through natural openings, wounds, or insect bites. Contaminated 
tools and equipment used for pruning can cause the spread of bacteria, as with Erwinia 
amylovora [168]. Bacteria can reside within seeds and can spread locally or globally via 
seed trade. Human movement of infected plant material, including grafts and vegetative 
cuttings, further facilitates the spread, which could devastate susceptible crops. A recent 
example is the spread of X. fastidiosa, which was introduced from America to southern 
Italy, where it caused widespread olive tree dieback [169]. 

Plant-pathogenic bacteria use different mechanisms to survive and spread inside the 
host plant. These include different secretion systems that deliver effectors into host cells. 
One example is the type III secretion system, which acts like a molecular syringe, injecting 
effector proteins such as AvrE into host cells [170]. Plant pathogenic bacteria produce a 
wide array of cell wall-degrading enzymes, such as pectinases and cellulases, to break down 
plant tissue. These are particularly prevalent in bacteria belonging to the genera 
Pectobacterium and Dickeya [171], [172]. Bacteria such as P. syringae are also known to 
produce phytotoxins that can kill plant cells or disrupt plant signalling pathways [173]. 
Many bacteria also utilise the plant's vascular system to travel through the tissue within 
the water-conducting xylem vessels. Well-known examples of such bacteria are X. fastidiosa 
and Xylophilus ampelinus [174], [175]. These bacteria often form biofilms inside the xylem 
vessel, which can restrict the flow of water and nutrients, resulting in symptoms such as 
wilting. Biofilm formation can be regulated by quorum sensing, which is often involved in 
bacterial pathogenicity [176]. The disease symptoms caused by plant-pathogenic bacteria 
can vary and are often dependent on the mechanism of pathogenicity used by the bacteria. 

Plant pathogenic bacteria can cause symptoms in different parts of plants. On leaves, 
for example, they can cause spots, blights, and water-soaked lesions, as well as yellowing, 
which can be caused by bacterial toxins and enzymes. An example is the genus 
Xanthomonas, which can cause such symptoms in a wide range of plants [177]. On stems, 
branches, and trunks, bacteria can cause sunken or cracked areas. In some cases, entire 
plants or branches can wilt due to bacteria blocking xylem vessels. One such bacterium is 
Clavibacter michiganensis, which causes bacterial canker in tomatoes [178]. Plant-
pathogenic bacteria can cause root rot, which is characterised by soft, mushy, brown-to-
black decay of the roots due to bacterial enzymes degrading the root tissue [179]. Bacteria 
from the genus Agrobacterium are also well known for causing tumours in plants. An 
example is crown gall, which is caused by Agrobacterium tumefaciens [180]. On fruit, 
bacteria can cause soft rot, which is characterised by watery, foul-smelling decay. This is 
known to be caused by Pectobacterium and Dickeya species [181]. Bacteria from the genus 
Xanthomonas are also known to cause sunken or raised brown-black spots on the surface 
of fruit [177]. Development of disease symptoms caused by plant pathogenic bacteria is 
often difficult to observe and study in the wild, due to the prolonged time required for the 
symptoms to develop, as well as the effects of other environmental factors like drought or 
lack of certain nutrients (e.g., magnesium, nitrogen, or phosphorus). To overcome these 
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challenges, the pathogenicity of bacteria on plants can be studied under controlled 
conditions in pathogenicity tests performed in greenhouses or growth chambers.  

Various methods can be employed to control the spread of plant-pathogenic bacteria, 
including biological, chemical, and cultural approaches [182]. Countries often implement 
regulatory and quarantine measures to prevent the introduction of plant diseases to new 
areas. This includes testing plant material that could carry the pathogen, including seeds 
and plant material such as potatoes used for food production and propagation [183]. In 
biological control, other beneficial bacteria, such as Bacillus species, or bacteriophages, 
could be used to inhibit the growth of phytopathogenic bacteria [184], [185]. Chemical 
control can be effective in some cases, but the use of antibiotics is very limited due to the 
risk of AMR, which has led to their ban in many countries, including the European 
Union [186]. Cultural control methods are often employed to limit the spread of existing 
bacteria, including the removal of infected plants, the disinfection of tools, and crop 
rotation to interrupt the disease cycle. To effectively mitigate the spread of plant-
pathogenic bacteria, it is crucial to combine multiple approaches, eradicating the bacteria 
when possible and preventing their further spread. 
 

1.4.1 Pantoea stewartii subsp. stewartii 

Pantoea stewartii subsp. stewartii (Smith 1898) is a Gram-negative bacterium belonging 
to the Erwiniaceae family and causes Stewart's wilt in maize [187]. The bacterium is 
indigenous to North America, yet cases have been reported all around the world. Symptoms 
of the disease include wilting, which is typical of infection in young seedlings, and the 
appearance of water-soaked lesions on leaves. The seedlings become severely wilted, often 
resulting in the death of the plant. Other symptoms include blight, which manifests when 
mature plants are infected. This causes characteristic linear yellow-grey lesions that run 
parallel to the veins of the leaf. Symptoms are particularly severe in sensitive maize 
cultivars, including sweet maize (Zea mays subsp. saccharata) and certain elite inbred 
maize lines [188]. The disease is transmitted by insects, particularly the corn flea beetle 
(Chaetocnema pulicaria), which can harbour the bacterium in its gut during the winter 
months [167]. It is hypothesised that the dissemination of bacteria over long distances is 
facilitated by infected seeds, resulting in restrictions on international trade involving 
seeding material [189]. Mitigating the dissemination of the bacterium can be achieved 
through cultivating resistant maize cultivars and rigorously testing imported seeds for the 
bacterium's presence [190]. In addition to maize, P. stewartii subsp. stewartii has been 
observed to infect various other plants, including sudan grass, oats, triticale, sorghum, 
millet, and sugarcane [191]. Apart from subspecies stewartii, another subspecies, P. 
stewartii subsp. indologenes has been identified as a causative agent of disease in various 
crops, including Allium spp. and rice [192]. Although P. stewartii subsp. indologenes is not 
considered pathogenic to maize; it has recently been isolated from symptomatic maize 
plants [193]. 

The two main pathogenicity factors of P. stewartii subsp. stewartii are the Hrp type 
III secretion system (T3SS) and the exopolysaccharide stewartan [176], [194]. The Hrp gene 
cluster encodes the T3SS and its effectors, which are involved in host plant 
colonisation [195]. P. stewartii does not possess a large number of different effector proteins, 
indicating that it acquired the T3SS relatively recently [194]. One such effector is WtsE, a 
member of the AvrE family of effectors that causes cell death, resulting in water-soaking 
lesions and necrosis in maize plants, and is essential for pathogenesis [196]. Subspecies 
stewartii possesses two additional T3SSs: one is involved in the bacterium's ability to 
colonise the gut of the corn flea beetle, while the function of the other is not yet fully 
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elucidated [195]. Stewartan production is responsible for vascular streaking, bacterial 
oozing, and wilting. P. stewartii possesses one quorum-sensing system that regulates 
stewartan production and thus causes pathogenicity [176]. Another mechanism by which 
quorum sensing is implicated in pathogenicity is surface motility, which contributes to 
virulence in plants. The bacterium exhibits flagella-dependent surface motility, which is 
involved in biofilm development and plays a significant role in colonising the plant 
host [197]. The genome of P. stewartii contains genes that encode several putative 
endoglucanases, xylanases, and a β-1,4 β-1,3 mixed-linkage glucan glucanohydrolase that 
can digest the plant cell wall. These enzymes could play a critical role in enabling the 
bacteria to access carbohydrates associated with xylem cell wall structure and 
development [198].  

The first complete genome sequence of P. stewartii subsp. stewartii is that of the widely 
used laboratory strain DC283. This revealed that the bacterium possesses numerous mobile 
genetic elements [199]. In addition to a 4.53 Mb circular chromosome, the genome contains 
ten circular plasmids ranging in size from 4,277 to 304,641 bp and one linear phage plasmid 
(ppDSJ01), which is related to the E. coli N15 prophage. The two smallest plasmids, 
pDSJ01 and pDSJ02, are present in medium copy numbers (around 30 each), while the 
others are present in low copy numbers (fewer than 10 copies). Furthermore, P. stewartii 
subsp. stewartii has a large number of repetitive transposase sequences, which present a 
challenge in genome assembly when only short reads are used. The chromosome also 
contains numerous integrative and conjugative elements and prophage sequences. These 
elements contribute to genetic diversity and may carry virulence factors or genes that 
confer resistance to environmental stresses. MGEs present in subspecies stewartii play 
critical roles in its evolution, adaptability, and pathogenicity. Notably, the majority of the 
MGEs present in P. stewartii subsp. stewartii are absent in other P. stewartii strains, 
suggesting that the recent evolution of P. stewartii subsp. stewartii is largely due to the 
acquisition of these elements [15]. One major exception is the large Pantoea plasmid 1 
(LPP-1), which is present in various Pantoea species and in subspecies stewartii as plasmid 
pDSJ10 [200]. This plasmid plays a key role in expressing genes associated with metabolism, 
stress responses, and virulence, thereby contributing to the bacterium's ability to thrive in 
diverse ecological niches. Interestingly, other strains of P. stewartii that do not belong to 
subspecies stewartii also contain a functional type VI secretion system, which is present in 
other Pantoea species [201].  

 

1.4.2 Xylophilus ampelinus 

Xylophilus ampelinus is the causative agent of bacterial blight in grapevines (Vitis vinifera) 
and was first isolated in Crete, Greece, in 1969. It is an aerobic, non-spore-forming, rod-
shaped, monotrichously flagellated, Gram-negative, beta-proteobacterium that produces a 
yellow, water-insoluble pigment and metabolises sugars oxidatively [202]. At the time of 
its isolation, the bacterium was designated Xanthomonas ampelina; however, it was later 
transferred to the newly established genus Xylophilus, based on DNA-DNA hybridisation 
studies [203]. The only other described member of this genus is X. rhododendri, which was 
recently isolated from Rhododendron schlippenbachii in South Korea [204]. However, other 
studies have also reported bacterial isolates that are most likely part of the Xylophilus 
genus, based on genetic identification using the 16S rRNA sequence [205], [206]. Moreover, 
bacteria from the genus Xylophilus have also been reported in multiple metagenomic 
studies, and most of the currently available genomic data on this genus originates from 
these studies [207]. 
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X. ampelinus is widely distributed throughout the wine-growing regions of Europe, 
where it has been isolated in Greece, Italy, Spain, France, Moldova, and Slovenia [208]. 
Beyond Europe, it has also been identified in Jordan [209], South Africa [210], and 
Japan [174]. The bacterium can survive and overwinter in the vascular system of infected 
plants, causing a systemic infection of the xylem tissue. It can spread via moisture to other 
plants through wounds or leaf scars; however, the disease can also spread without 
wounding. Disease transmission can occur via infected tools and machinery used for 
grafting, as well as pruning knives. The bacterium can be transmitted over long distances 
via infected propagation material, such as cuttings used for rooting or grafting [211]. 
Symptoms include necrotic leaf lesions, cracks, and cankers on infected shoots, and brown 
discolouration of xylem tissue, as well as dead branches. The severity of the symptoms 
exhibited by the plants can vary significantly from year to year, depending on the 
prevailing climatic conditions. Latent infections are very common, with up to 50% of plants 
in a vineyard being asymptomatic, which makes the disease difficult to control [208]. 
Outbreaks are sporadic and can cause significant economic damage.  

The symptoms caused by X. ampelinus are non-specific, making laboratory testing 
necessary to confirm the infection. The bacterium can be isolated from plants showing 
symptoms of necrosis and canker throughout the year, but it is difficult to isolate from 
samples collected during hot, dry periods [211]. Isolation can also be very challenging due 
to the bacteria's poor and slow growth and the lack of selective growing media. For these 
reasons, molecular methods that rely on DNA amplification are usually employed for 
routine testing of symptomatic grapevine plants for infection with X. ampelinus. Examples 
of these methods include a qPCR developed by Dreo et al. [208], a PCR by Manceau et 
al. [212], which can be combined with an enzyme-linked immunosorbent assay (ELISA)-
based signal amplification system, nested PCR by Botha et al. [103], and multiplex PCR 
by Carminati et al. [104]. The qPCR assay by Dreo et al. and the PCR assay by Manceau 
et al. are based on the Xamp 1-27A fragment, whereas the nested PCR assay by Botha et 
al. is based on the intergenic spacer region of 16S-23S rDNA [103]. A significant aspect of 
the investigations pertains to international trade in plant material, where positive findings 
can have substantial economic consequences, such as the imposition of an import ban. 

 

1.4.3 Xanthomonas translucens pv. undulosa 

The Xanthomonas translucens group comprises Gram-negative, plant-pathogenic bacteria 
that cause disease in cereal crops and forage grasses. X. translucens pv. undulosa belongs 
to the translucens group of pathovars that cause bacterial leaf streak disease. This pathogen 
has been reported in many regions worldwide where wheat is cultivated, including the 
Americas, Africa, Asia, and Europe, and is believed to have spread relatively recently due 
to its low genomic diversity. Yield losses depend on environmental factors and the 
susceptibility of the wheat cultivars grown, typically amounting to less than 10%. However, 
losses can be as high as 40% in the event of a severe outbreak, making X. translucens pv. 
undulosa potential threat to global wheat production [213]. There are currently no effective 
chemical agents against this bacterium, and disease management primarily focuses on 
preventing outbreaks [214]. X. translucens pv. undulosa is best known for causing disease 
in wheat, but it has a fairly broad host range that includes several small grains and 
perennial grasses [215]. Those alternative hosts are also suspected of playing a role in the 
establishment and spread of the disease by serving as overwintering hosts and green 
bridges. However, the infected seeds are thought to be the primary means by which 
X. translucens pv. undulosa is introduced to new areas [213]. Symptoms of infection 
primarily appear on the leaves and spikes. On leaves, these manifest as water-soaked 
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streaks that develop into translucent lesions and bacterial ooze. When the plant is under 
high disease pressure, symptoms can affect the entire leaf. Type III secreted effector 
proteins play a crucial role in the pathogenicity of Xanthomonas bacteria in plant hosts, 
with transcription-activator-like effectors (TALEs) being among the most studied of these 
proteins. Following their injection into plant cells, these effector proteins localise in the 
nucleus, where they contribute to the development of symptoms and bacterial growth by 
inducing host susceptibility genes. The presence of different TALEs also affects the range 
of host species for the bacterium [216]. 
 

1.5 Aims of the Research 

1.5.1 Evaluation of targeted HTS for the determination of microbiome 

and resistome in sputum samples 

Target HTS is a widely used method for determining the microbiome, with the 16S rRNA 
region being the most frequently used target sequence for bacterial classification. However, 
other sequences that enable the more specific classification and characterization of bacteria 
can also be used in targeted HTS, with genes associated with AMR being one such example. 
Targeted HTS has great potential for many applications, including clinical diagnostics, but 
it has not yet been widely adopted. The process of determining the microbiome includes 
multiple steps that can introduce additional bias, affecting the results and their 
repeatability. One of the most critical steps in this process is DNA extraction from the 
sample, making the choice of extraction method especially important. 

To facilitate the implementation of targeted HTS, we conducted a study in which we 
evaluated the effects that different DNA extraction methods have on the results of 
microbiome and resistome determination, as well as the detection of specific bacterial 
species. We selected three methods utilising different principles, including CTAB-based, 
silica column-based, and magnetic bead-based DNA extraction, and examined their impact 
on the limit of detection, diversity, and repeatability. We conducted our research on 
sputum, which, despite being used very often in clinical diagnostics, poses a special 
challenge for DNA extraction due to its high heterogeneity and rich microflora. 

Our primary objective was to assess the impact of DNA extraction methods on the 
results of sputum microbiome and resistome analysis using targeted HTS, as well as their 
repeatability, based on principles from diagnostics and metrology. Using triplicates on two 
separate days enabled us to evaluate the repeatability of targeted HTS and its ability to 
reliably determine the microbiome and resistome. 

 

1.5.2 Applying whole genome sequencing technologies to plant 

pathogenic bacteria to perform comparative genomic studies 

The data generated by WGS can be used to perform a variety of analyses in the field of 
bacterial genomics. These include taxonomic classification of new isolates, phylogenetic 
analysis to track the spread of new pathogens, and comparative genomic studies to identify 
differences between strains, subspecies, species, or other taxonomic levels. In order to 
uncover the true value of genomic data, it is necessary to contextualise it by including 
metadata on the analysed strains, which enables us to answer important biological 
questions. 
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Research presented in this thesis includes two examples where WGS data were used to 
study plant pathogenic bacteria. In the first and major study, we analysed multiple strains 
of P. stewartii subsp. stewartii, a plant-pathogenic bacterium that causes Stewart's wilt in 
maize. This was motivated by the repeated discovery of P. stewartii subsp. stewartii in 
Slovenia and elsewhere in Europe in recent years. This prevalence was somewhat surprising, 
given that P. stewartii subsp. stewartii is classified as a quarantine microorganism in the 
EU and should not be present in this area. As part of our study, we sequenced the genomes 
of Slovenian isolates of P. stewartii subsp. stewartii, as well as multiple historical isolates 
of this bacterium. The newly generated genomic data was used alongside genomes already 
available from the public databases to perform comparative genomic studies. This study 
aimed to elucidate the origin of Slovenian P. stewartii subsp. stewartii isolates and identify 
how they compare to strains from other geographic areas. The genomes were also used to 
conduct a comprehensive genomic analysis of the P. stewartii bacterial species and its 
subspecies stewartii. 

The second minor study focused on X. translucens pv. undulosa, which causes bacterial 
leaf streak disease in cereal crops and forage grasses. The genome of the South American 
isolate was sequenced and compared to other complete genomes in databases. The study 
aimed to elucidate the phylogenetic relationship between strains and to explore the 
differences in pathogenicity factors present in the studied genomes. 
 

1.5.3 Development and validation of novel and genome-informed 

molecular tests for the detection of plant pathogenic bacteria 

Target bacteria can be detected using molecular PCR-based tests, which detect target 
bacteria by amplifying species‑specific sequences and offer many advantages over other 
methods. These methods are rapid and easy to perform in routine diagnostic settings, and 
with an available genome, can be applied for the detection of basically any bacterium. 
HTS-derived genomic data present a pool of potential unique nucleotide markers needed 
for the development of new specific molecular tests. 

In the major study, we designed multiple new qPCR tests to detect X. ampelinus, a 
bacterial pathogen of grapevines. Due to this bacterium's fastidious growth under 
laboratory conditions, detection mostly relies on molecular methods. However, previously 
developed tests were reported to produce conflicting results, which limits their use for 
diagnostics. We used genomic data from publicly available databases to identify sequences 
unique to X. ampelinus, using them to design new qPCR tests. The novel tests were then 
evaluated in the laboratory to determine their efficiency, specificity, and sensitivity. This 
study aimed to design and evaluate multiple qPCR tests that would enable the specific 
and sensitive detection of X. ampelinus in various plant matrices, including leaves, roots, 
and xylem. 

In the second minor study, we used a genome-informed approach to design a qPCR test 
that would be able to specifically detect P. syringae pv. aptata in samples of sugar beet 
and in environmental samples. Newly designed tests were evaluated for their specificity 
and sensitivity in plant samples and water from irrigation channels. 
 

1.6 Research Hypotheses 

1. The DNA extraction method has an impact on the results of microbiome and 

resistome determination of sputum samples performed using targeted HTS. 
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2. Results of microbiome and resistome determined by targeted HTS are repeatable 

when the data generated is of high enough quality. 

3. Slovenian finding of P. stewartii subsp. stewartii are a consequence of multiple 

introduction events as determined by comparative genomics and phylogenetic 

analysis based on WGS data. 

4. Publicly available data is sufficient to be used to design qPCR tests capable of the 

specific detection of X. ampelinus in different grapevine samples. 

 

1.7 Publications Included and Candidate`s Contribution 

The first publication (Metrological evaluation of DNA extraction method effects on the 
bacterial microbiome and resistome in sputum) examined the effects of three different DNA 
extraction methods on the results of microbiome and resistome determination in sputum 
samples performed using targeted HTS. Despite being challenging material due to its high 
heterogeneity and diverse microflora, sputum is very often used in clinical diagnostics. The 
sputum samples used in this study were collected from patients with pulmonary diseases 
at the University Clinic Golnik and were spiked with bacteria at known concentrations, 
enabling the sensitivity of targeted HTS to be determined. DNA was extracted in triplicate 
on two separate days and used to evaluate the repeatability of targeted HTS for 
determining the microbiome and resistome. DNA extraction method showed to have 
significant effect on the results of the diversity and composition of the sputum microbiome 
and resistome but had no effect on the limit of detection of spiked bacteria. Targeted HTS 
proved to be a reliable method for determining the microbiome and resistome; however, 
the DNA extraction method should be carefully chosen to introduce as little bias as possible 
into the results. The PhD candidate contributed to this work by preparing sequencing 
libraries, analysing microbiome and resistome data, writing the manuscript, and preparing 
figures and tables. 

The second publication (Comparative genomics and pathogenicity of Pantoea stewartii 
subsp. stewartii reveal multiple introductions and limited distribution in Europe) describes 
a comparative genomics study of P. stewartii subsp. stewartii. This is a plant-pathogenic 
bacterium that causes Stewart's wilt in maize and was first confirmed in Slovenia in 2018. 
In our study, we performed WGS of Slovenian isolates and strains from bacterial collections 
belonging to P. stewartii subsp. stewartii. These newly obtained sequences were used 
alongside publicly available P. stewartii genomes to perform comparative genomics 
analyses. These analyses included a phylogenetic study of P. stewartii, which first 
elucidated the relationship between the Slovenian isolates and other strains and determined 
the position of the subspecies stewartii within the species P. stewartii. Furthermore, we 
examined the differences between Slovenian isolates and other strains, as well as the 
differences between P. stewartii subsp. stewartii and other P. stewartii strains. Particular 
attention was paid to the presence of various pathogenicity factors in different P. stewartii 
strains. The findings from the genomic study were also examined in a greenhouse 
experiment. PhD candidate contributed to this work by preparing material used in WGS, 
performing nanopore sequencing, analysing raw sequencing data, performing comparative 
genomics analysis, and conducting greenhouse experiments. He analysed the results, wrote 
the manuscript, and prepared figures and tables. 

The third publication (Complete genome sequence resource for Xanthomonas 
translucens pv. undulosa MAI5034, a wheat pathogen from Uruguay) describes the 
sequencing of the X. translucens pv. undulosa genome using nanopore technology. This 
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was the first time an isolate of this bacterium from South America had been sequenced. X. 
translucens is a plant-pathogenic bacterium responsible for leaf streak, black chaff of small 
grains, and wilt of forage grasses. The newly obtained genome, consisting of one circular 
chromosome (4.6 Mb), was compared to existing genomes in databases to identify TALEs 
and to conduct phylogenetic analysis. The results showed lower TALE diversity in 
pathovar undulosa, indicating its recent worldwide spread, which is consistent with its 
lower genetic diversity. The PhD candidate contributed to the bioinformatic analysis of 
the sequencing data, including genome assembly and phylogenetic analysis. 

The fourth publication (Development of a multi-targeted real-time PCR assay for the 
detection of grapevine pathogen Xylophilus ampelinus) describes the design and evaluation 
of new qPCR tests for the specific and sensitive detection of X. ampelinus in different 
grapevine samples. X. ampelinus is a bacterial grapevine pathogen known for its fastidious 
growth under laboratory conditions and is usually detected using molecular methods. As 
the current tests occasionally produce inconsistent results, we developed multiple new 
qPCR tests to enable reliable detection. To achieve this, we used a genome-informed 
approach, utilising data available in public databases, to design specific sets of primers and 
probes. The newly designed tests were evaluated for efficiency, specificity, and sensitivity 
in grapevine leaf, root, and xylem samples. The performance of the tests was further 
evaluated in multiple laboratories. The PhD candidate contributed to this work by 
performing in silico design, sample preparation, and laboratory testing. He analysed the 
results, wrote the manuscript, and prepared the figures and tables. 

The fifth publication (Irrigation systems as reservoirs of diverse and pathogenic 
Pseudomonas syringae strains endangering crop health) describes the development and 
testing of a new qPCR for the detection of P. syringae phylogroup 2. Bacteria from the 
species P. syringae are well-known plant pathogens with a wide range of hosts and are 
present in a variety of environments. Those include water habitats, which present a special 
danger to agriculture if the bacteria are present in water used for irrigation. Multiple strains 
of the P. syringae complex used were isolated from the Danube-Tisa-Danube Hydrosystem 
in Serbia. Using available genomic data, new qPCR tests were designed for the specific 
detection of P. syringae phylogroup 2. The tests were evaluated using Serbian isolates and 
strains from the bacterial collection to determine their specificity and sensitivity. The test, 
which showed the most promising results, was also adapted for absolute quantification as 
dPCR and used for the detection of P. syringae phylogroup 2 in water from irrigation 
canals. The results obtained by the new test were compared to results from other detection 
methods. The PhD candidate was involved in the in silico design, sample preparation, and 
laboratory testing. 
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Chapter 2 

2 Scientific Publications 

2.1 Metrological Evaluation of DNA Extraction Method 

Effects on the Bacterial Microbiome and Resistome in 

Sputum 

Aleksander Benčič, Nataša Toplak, Simon Koren, Alexandra Bogožalec Košir, Mojca 

Milavec, Viktorija Tomič, Dane Lužnik, Tanja Dreo 

mSystems, 2024; 9(9): e0073524. doi: 10.1128/msystems.00735-24 

This article evaluates the impact of DNA extraction methods on the results of microbiome 
and resistome obtained using targeted HTS. Sputum samples spiked with bacteria 
Acinetobacter baumannii, Klebsiella pneumoniae, and Pseudomonas aeruginosa at known 
concentrations (10³–10⁶ cells/mL) were used. DNA was extracted from each spiked sputum 
sample on two separate days, in triplicate, using three different methods: CTAB-based, 
magnetic bead-based, and silica membrane-based. The concentrations of the spiked bacteria 
were determined using digital PCR (dPCR). 16S rDNA sequencing was used to determine 
the microbiome, while species-specific amplicons were used to detect a list of clinically 
relevant bacteria. The resistome was determined by sequencing amplicons associated with 
antimicrobial resistance. Approaches from metrology and diagnostics were employed to 
analyse and interpret the results. All three spiked bacteria were detected in the sputum 
samples, and the method of DNA extraction had no significant effect on the detection 
results. However, the DNA extraction method was found to affect the results of the 
microbiome and resistome determination, with repeatable results in most cases. The results 
obtained using the silica membrane-based DNA extraction kit were the most consistent 
and demonstrated the greatest microbiome and resistome diversity. Targeted HTS was 
shown to be a reliable tool for determining the microbiome and resistome. However, the 
DNA extraction method must be carefully selected to minimise its impact on the results. 

The PhD candidate is the first author of this publication. He contributed to experiment 
planning, laboratory work, performed statistical analysis of the microbiome and resistome 
results, and compared the results obtained by targeted HTS with those obtained using 
other methods. He wrote the manuscript, including the supplementary material, and 
prepared the figures and tables. 
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2.2 Comparative Genomics and Pathogenicity of Pantoea 

stewartii subsp. stewartii Reveal Multiple Introductions 

and Limited Distribution in Europe 

Aleksander Benčič, Joël F. Pothier, Tanja Dreo 
 

bioRxiv, 2025.11.07.687269. https://doi.org/10.1101/2025.11.07.687269 
 
This publication describes whole-genome sequencing and comparative genomics analysis of 
different strains of Pantoea stewartii subsp. stewartii. Despite its quarantine status, this 
bacterium was detected in Europe in recent years detected in Europe on multiple occasions 
and in different countries. To elucidate these findings, we sequenced Slovenian isolates and 
historical isolates from bacterial collections belonging to this bacterium. To obtain 
complete genomes hybrid approach utilising short and long read technologies was used. 
The obtained genomes were included in comparative genomic studies alongside those 
available in public databases. Phylogenetic analysis revealed that all except one Slovenian 
isolate form a distinct branch, indicating at least two introduction events. Italian isolates, 
genomes of which were also included in the analysis, showed a similar pattern and were 
not shown to be related to Slovenian isolates. These results showed that recent European 
findings of P. stewartii subsp. stewartii are the result of multiple introduction events. 
Further phylogenetic analysis of the whole species P. stewartii revealed that the subspecies 
stewartii forms a distinct branch within it. Pan-genome analysis revealed that P. stewartii 
has an open pangenome, with subspecies stewartii exhibiting lower diversity compared to 
other P. stewartii strains. Conversely, subspecies stewartii exhibited a diversity of mobile 
genetic elements, such as plasmids and prophages, which are absent in other P. stewartii 
strains. These plasmids often contain important pathogenicity factors, such as type III 
secretion systems, which are responsible for the symptoms of maize infection. The analysis 
also discovered that a few strains lack some of these pathogenicity factors. Further 
greenhouse experiments revealed that these strains do not cause the typical symptoms of 
infection with P. stewartii subsp. stewartii in maize. 

The PhD candidate is the first author of this publication. He contributed to the 
preparation of bacterial DNA, whole genome sequencing, bioinformatic analysis, 
comparative genomic studies, greenhouse pathogenicity tests on maize, and the analysis of 
experimental results. He wrote the manuscript, including the supplementary material, and 
prepared the figures and tables. 
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2.3 Complete Genome Sequence Resource for Xanthomonas 

translucens pv. undulosa MAI5034, a Wheat Pathogen 

from Uruguay 

Felipe Clavijo, Claudia Barrera, Aleksander Benčič, Valentina Croce, Jonathan M. Jacobs, 
Adriana J. Bernal, Ralf Koebnik, Veronica Roman-Reyna 
 
Phytopathology, 2022 Sep;112(9):2036-2039. doi: 10.1094/PHYTO-01-22-0025-A 

 
This article describes the first complete genome sequence of Xanthomonas translucens to 
be isolated in South America. X. translucens is a plant-pathogenic bacterium responsible 
for bacterial leaf streak, black chaff of small grains, and bacterial wilt of forage grasses, 
with pathovar undulosa being most associated with wheat. Strain MAI5034 was isolated in 
2018 from symptomatic leaf tissue and identified as X. translucens pv. undulosa based on 
multilocus sequence analysis. Bacterial DNA was sequenced using nanopore technology to 
obtain complete genomes. The reads were assembled into genomes using multiple 
assemblers, with the Racon-polished Flye assembly demonstrating superior continuity, 
completeness, and quality. Homopolish was then applied to the assembly to resolve issues 
with homopolymeric nucleotide runs. This yielded a single circular chromosome measuring 
4.6 Mbp, with a G+C content of 64.7%, and 139× sequencing coverage. The genome of 
strain MAI5034 contains seven TALEs that are involved in phytopathogenicity and are 
widely conserved in X. translucens pv. undulosa. This indicates the recent worldwide spread 
of this pathovar. The low diversity of TALEs is consistent with the lower genetic diversity 
of the pathovar undulosa. 

The PhD candidate contributed to this work by performing a bioinformatic analysis 
yielding a genome assembly. He also performed a phylogenetic analysis 
of X. translucens pv. undulosa, presented in the article as a phylogenetic tree. 
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2.4 Development of a Multi-targeted Real-time PCR Assay 

for the Detection of Grapevine Pathogen Xylophilus 

ampelinus 

 
Aleksander Benčič, Alexandra Bogožalec Košir, Janja Matičič, Manca Pirc, Neža Turnšek, 
Tanja Dreo 
 
Plant Methods, 2025, 21(99). doi.org/10.1186/s13007-025-01422-4 

 
This publication describes the genome-informed design of new quantitative real-time PCR 
(qPCR) tests for the specific and sensitive detection of the bacterial grapevine pathogen 
Xylophilus ampelinus. Genomes from publicly available databases were used to identify 
sequences that are specific to X. ampelinus. Sets of primers and probes were designed to 
align with and amplify these sequences. The newly designed tests were evaluated in the 
laboratory for their efficiency, specificity, and selectivity. The performance of the selected 
tests was then evaluated for the detection of X. ampelinus in various grapevine samples, 
including leaves, roots, and xylem. Three of the newly designed tests were found to reliably 
and specifically detect X. ampelinus in different grapevine samples with high sensitivity, 
which was also confirmed in an international test performance study. 

The PhD candidate is the first author of this publication. He contributed to the 
planning of experiments, the in silico design of qPCR tests, the preparation of samples 
used in the evaluation, and laboratory testing, which included qPCR, dPCR, and high-
throughput qPCR. He also analysed the experimental results. He wrote the manuscript, 
including the supplementary material, and prepared the figures and tables. 
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2.5 Irrigation Systems as Reservoirs of Diverse and 

Pathogenic Pseudomonas syringae Strains Endangering 

Crop Health 

Marina Anteljević, Iva Rosić, Olja Medić, Tamara Ranković, Karolina Sunjog, Margareta 
Kračun-Kolarević, Stoimir Kolarević, Tanja Dreo, Aleksander Benčič, Tanja Berić, Slaviša 
Stanković, Ivan Nikolić 
 
Water Research X, 2025, 28, 100380. doi.org/10.1016/j.wroa.2025.100380 

 
This publication examines the Pseudomonas syringae complex in the Danube-Tisa-Danube 
Hydrosystem (DTD) in Serbia, including its abundance, phylogenetic diversity, and 
pathogenic potential. P. syringae is a well-known foliar plant pathogen that was also found 
to inhabit a variety of different environments, including water habitats. Results of the 
phylogenetic analysis included in the study showed high diversity of P. syringae strains 
isolated in DTD, which included phylogroups 1, 2, 7, 12, and 13. Some of the isolated 
strains were linked to previous epidemics of sugar beet in Serbia and were proven to be 
capable of inducing disease. In the scope of research described in this publication, new 
molecular methods for the detection of P. syringae phylogroup 2 were also developed. That 
could reduce the reliance on time-consuming microbiological methods of isolation on media 
and phenotypic identification. To that end, new sets of primers and probes for qPCR tests 
were designed using a genome-informed approach. Newly designed tests were evaluated for 
their sensitivity and specificity using strains of P. syringae and other related bacteria 
isolated from DTD water. The most promising of the new tests was also adapted for use 
as dPCR. The results showed that dPCR outperformed both traditional methods of 
isolation on media as well as qPCR. 

The PhD candidate contributed to this work by being involved in the in silico design 
of a new qPCR test, design of the evaluation process, preparation of samples used in the 
evaluation, laboratory testing and analysis, and interpretation of results. 
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Chapter 3 

3 Discussion 

3.1 Targeted High-throughput Sequencing Could Be Used 

for the Determination of Microbiome and Resistome in 

Sputum 

Targeted high-throughput sequencing (HTS) is a common method for studying bacterial 
communities. It can be used to determine the microbiome and resistome, or to detect 
specific bacterial taxa present in a sample. The relatively straightforward interpretation of 
the results makes this method attractive for use in clinical diagnostics. However, to utilise 
the full potential of targeted HTS, we must be confident in the reliability of the results 
obtained by this method. To achieve this, we must first understand how various factors 
and variables in sample processing can affect the results. One of the most significant of 
these factors is the method of DNA extraction; therefore, our study focused on the effect 
it has on the results of microbiome and resistome determination in sputum samples. 
Although targeted HTS has become a valuable tool for microbiome characterisation, only 
a limited number of studies have examined how the DNA extraction method influences 
microbiome composition results, particularly in sputum. Findings from other matrices 
cannot be readily transferred to sputum due to its complex composition and high degree 
of heterogeneity. To evaluate these effects, we applied principles from diagnostics and 
metrology to the study design and interpretation of the results. Those principles included: 
evaluation of repeatability (expressed as coefficient of variation), evaluation of sensitivity 
(expressed as limit of detection), and the use of controls. However, they are not yet 
routinely applied to microbiome analyses performed by targeted HTS. To evaluate 
repeatability, DNA was extracted from samples in triplicate on two separate days. To 
evaluate the sensitivity of targeted HTS in detecting bacteria in sputum, the samples were 
spiked with three bacteria (Acinetobacter baumannii, Klebsiella pneumoniae, and 
Pseudomonas aeruginosa) at known concentrations. This differs from previous studies, 
which used mock bacterial communities, and makes our findings more applicable to the 
study of real samples [217]–[219]. DNA was extracted from the sputum samples using three 
methods based on different extraction mechanisms: the first method used CTAB and DNA 
precipitation, the second used DNA binding to magnetic beads, and the third used silica 
membranes and spin columns. These three methods are commonly used in research and 
diagnostic settings, which increases the transferability of the study's results. Another 
important practice that ensures the reliability of targeted HTS results is the inclusion of 
negative controls at different stages of the experiment [220]. These include blank controls 
for DNA extraction and no-template controls to identify potential contaminants that may 
occur during sample processing, DNA extraction, or library preparation. 

Targeted HTS can be used to amplify essentially any known sequence within the 
genome. For identification purposes, however, some regions within bacterial genomes have 
proven to be more suitable. The chosen region depends greatly on the taxonomic level at 
which the bacteria present in the sample are to be identified. To determine the microbiome, 
multiple amplicons within the 16S rRNA region were sequenced, as this is one of the most 
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commonly used genetic targets for bacterial taxonomic identification. While this region 
allows for the identification of basically any bacteria, it often lacks specificity and can only 
reliably classify bacteria at the genus level. To detect exact species or even subspecies, 
more specific genomic regions must be used. To this end, species-specific amplicons were 
sequenced to enable the reliable detection of clinically relevant bacteria. To demonstrate 
that targeted HTS can be used for purposes other than identifying bacteria, numerous 
genetic sequences associated with antimicrobial resistance (AMR) were sequenced to 
determine the resistome in sputum samples. The ability to determine AMR using 
genotyping methods is important given the widespread occurrence of AMR genes (AMGs). 
Targeted HTS has great potential in AMR testing due to its ability to simultaneously 
detect a large number of AMGs that can confer resistance to various antibiotics. 

The results showed that targeted HTS of the 16S rRNA region yielded consistent 
microbiome results. However, the DNA extraction method was found to significantly affect 
alpha diversity parameters and microbiome composition in these results. These findings 
are consistent with previous studies, which demonstrated that the DNA extraction method 
can influence the results of microbiome as determined by 16S rRNA sequencing [221]. Of 
the three DNA extraction methods tested, the silica membrane-based method produced 
the highest diversity and richness consistently. The main cause of the differences between 
the extraction methods was the presence or absence of low-abundance species. One possible 
reason for this may be the different DNA concentrations yielded by the various methods, 
since they involve different dilutions of the extracted DNA. The CTAB-based protocol also 
included enzymatic lysis with lysozyme, resulting in a higher proportion of Gram-positive 
bacteria, as observed in previous studies [208, 211]. The resistome results reflected those of 
the microbiome. Targeted HTS produced repeatable results, with the silica membrane-
based method again yielding the highest average number of detected AMGs. However, the 
differences between the methods were less pronounced than in the case of the microbiome. 
Additionally, species-specific amplicons were sequenced to enable more precise detection of 
a smaller subsample of clinically relevant bacteria. In contrast to microbiome and resistome 
determination, the DNA extraction method did not significantly impact the detection limits 
for bacteria identified using species-specific amplicons. Targeted HTS of species-specific 
amplicons could detect spiked bacteria in sputum at concentrations as low as 10⁴ cps/mL. 
However, the sensitivity varied between different bacterial species, potentially due to 
differences in the efficiency of target amplification or the number of amplicons used to 
detect each species. Although targeted HTS is less sensitive than other PCR-based 
methods, an important benefit is that it enables the simultaneous detection of a much 
larger number of different bacteria. 

Overall, the results demonstrated the importance of the DNA extraction method for 
the results of microbiome and resistome determination using targeted HTS. Our study 
focused on three DNA extraction methods, one of which — the silica membrane-based 
method — proved to be the most appropriate. However, many other DNA extraction 
methods can be used in combination with targeted HTS, and choosing the right method is 
an essential part of study design. To minimise the bias introduced by DNA extraction 
methods, it is important to evaluate the method before use, particularly in large-scale 
studies. Applying principles from metrology and diagnostics enabled us to evaluate the use 
of targeted HTS in determining the microbiome and resistome, as well as in species-specific 
bacterial detection. The results proved to be repeatable, particularly when the appropriate 
DNA extraction method was employed. These findings facilitate the transition of this 
method into its mature phase, in which its results can be reliably applied to a variety of 
contexts. Reliable results are particularly important in fields such as clinical diagnostics, 
where targeted HTS still has considerable potential to be explored. 
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3.2 Application of Comparative Genomics for the Study of 

Plant Pathogenic Bacteria 

Another major application of HTS is whole genome sequencing (WGS), which allows for a 

more in-depth study of selected bacteria and has become the preferred method for genomic 

research. This is particularly true in the case of bacteria, whose relatively small genomes 

make WGS even more accessible. The data generated by WGS can be used for various 

purposes, such as taxonomic classification of bacteria, phylogenetic analysis, and 

comparative genomics. These applications also extend to plant pathogenic bacteria, where 

WGS is increasingly being used to identify and characterise newly isolated strains, monitor 

the spread of bacterial diseases in crops, and identify possible genetic markers linked to 

bacterial pathogenicity in plants. In this thesis, we used the principles of WGS and 

comparative genomics in two studies focusing on different plant-pathogenic bacteria. 

The main study focused on Pantoea stewartii subsp. stewartii, the causative agent of 

Stewart's wilt in maize. This bacterium is native to North America; however, multiple 

recent findings of P. stewartii subsp. stewartii have been reported in Slovenia and elsewhere 

in Europe. These findings are surprising and concerning, as it is a quarantine bacterium 

that is not supposed to be permanently present in Europe. Our study aimed to shed light 

on these recent findings, which are currently limited to the western part of Slovenia, 

especially the Vipava River Valley. The objectives were to try to examine how this 

bacterium spread to Slovenia and whether the recent detections were the result of multiple 

introduction events or the spread of the bacterium within Slovenia. We also aimed to 

determine how Slovenian isolates differ from P. stewartii strains isolated in other 

geographical areas. 

To achieve the aims of our study, we performed WGS of multiple recent Slovenian 

isolates together with historical isolates from strain collections to obtain high-quality 

hybrid genome assemblies generated from short and long sequencing reads. Newly obtained 

genome assemblies were used together with those available in public databases to conduct 

comparative genomics studies. The P. stewartii subsp. stewartii genomes used in the study 

originated from strains isolated in either America, Slovenia, or Italy. These genomes were 

used for phylogenetic analysis to better understand the relationships between the strains. 

WGS data were crucial for this analysis due to the high percentage of nucleotide identity 

between P. stewartii subsp. stewartii strains (ANI >99.9%), indicating relatively recent 

evolution and spread. Due to strains being highly related, it was crucial to include only the 

genomes of high quality, as mistakes in genome assemblies could easily skew the results. 

The phylogenetic analysis using the core genome revealed that Slovenian isolates form a 

distinct branch within the phylogenetic tree. The only exception was strain NIB Z 3391, 

which did not cluster with the other Slovenian isolates. These results suggest at least two 

separate introduction events. Additionally, strain NIB Z 3388 may be the result of an 

additional introduction, as it is less closely related to the other Slovenian isolates and forms 

a separate branch in the phylogenetic tree based on the accessory genome. The Italian 

isolates showed similar patterns, with all of them except one forming a separate branch 

within the tree, and did not show a relationship to Slovenian isolates. Together, these 
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results showed that recent European findings of P. stewartii subsp. stewartii were the result 

of multiple introduction events. 

We further determined the position of subspecies stewartii within the species Pantoea 

stewartii, which also includes the additional subspecies idologenes. Previous phylogenetic 

analyses revealed P. stewartii to be a distinct species within the genus Pantoea, with P. 

ananatis and P. allii being the most closely related species [15], [224], [225]. The exact 

position of P. stewartii subsp. stewartii was previously unclear due to a lack of high-quality 

genomic data; the genome of strain DC283 was the only high-quality complete genome 

assembly available. We performed a phylogenetic analysis using newly generated genome 

assemblies, alongside the genomes of P. stewartii available in public databases. This 

revealed that P. stewartii strains form two distinct clades in the phylogenetic tree: one 

containing all strains belonging to subspecies stewartii, and the other containing all other 

strains. The other clade was much more diverse and included all strains belonging to the 

subspecies indologenes, as well as all strains without an assigned subspecies. The strains in 

this clade also have a wider host range, affecting different plants, whereas subspecies 

stewartii is mostly restricted to causing symptoms in maize. The results of the phylogenetic 

analysis were also reflected in the pan-genomes of both subspecies and the whole P. 

stewartii species. The pan-genome of the stewartii subspecies is smaller, with core genes 

representing a larger proportion in comparison to the subspecies indologenes. P. stewartii 

possesses an open pan-genome which encompasses the diversity of mobile genetic elements, 

as well as the bacterium's ability to participate in horizontal gene transfer [224]. 

In fact, despite strains of subspecies stewartii being closely related, they exhibited a 

diversity in mobile genetic elements, including plasmids and prophages. The number of 

plasmids in the analysed genomes ranged from eight (CFBP 3167T) to 14 (CFBP 3445 and 

CFBP 3157). Newly sequenced strains also contain two previously unknown plasmids, 

which were named pPSS06 and pPSS09. The only plasmid also present in other Pantoea 

species is pPPS14, which is also known as the large Pantoea plasmid (LPP-1) and plays 

an important role in pathogenesis [200]. Except for NIB Z 3391, Slovenian isolates have a 

similar plasmid composition, which is consistent with previous phylogenetic analyses. The 

presence or absence of different plasmids could affect strain phenotype as they encode 

pathogenicity factors involved in host colonisation. 

We further examined the differences in the presence of pathogenicity factors among two 

P. stewartii subspecies, which in total included 65 different strains. The two major 

pathogenicity factors typical of the stewartii subspecies are the Hrp type III secretion 

system (T3SS) and the exopolysaccharide stewartan [176], [194]. In addition, we examined 

the diversity of different secretion systems present in the genomes of P. stewartii. Some 

are present only in strains of the stewartii subspecies, including one type II secretion system 

and two additional T3SSs. One T3SS is involved in the bacteria's ability to colonise the 

corn flea beetle gut, while the function of the other is not yet fully understood [195]. The 

vast majority of strains from the stewartii subspecies contain all three T3SSs. The limited 

number of effector proteins suggests that P. stewartii acquired the T3SSs relatively 

recently [194]. In contrast, the subspecies stewartii lacks the functional type VI secretion 

system, which is present in all indologenes strains and is believed to be one of the primary 

pathogenicity mechanisms of this subspecies [226]. The Hrp T3SS is present in strains from 
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both P. stewartii subspecies, and it is encoded on the plasmid pPSS14, which is homologous 

to the widespread LPP-1 plasmid. This indicates that the Hrp T3SS has an older 

evolutionary origin. However, some genomes from both subspecies lack this T3SS, 

suggesting that it was lost during evolution. A pathogenicity test was performed to confirm 

the effects of the different T3SSs. This test confirmed that strains lacking the Hrp T3SS 

do not cause the typical symptoms of infection with subspecies stewartii. The experiment 

also included a strain lacking a T3SS with an unclear role, which exhibited milder 

symptoms than strains with all three T3SS, further confirming the role of this T3SS in 

pathogenicity. In addition to the secretion systems, other pathogenicity factors were 

examined. The wce-I, -II, and -III gene clusters, which are involved in stewartan 

biosynthesis, were present in all analysed P. stewartii genomes, indicating these bacteria's 

ability to produce exopolysaccharides. Furthermore, we confirmed previous findings that 

P. stewartii genomes contain enzymes that metabolise cellulose and are involved in the 

bacteria's ability to colonise plants [11, 54]. However, additional laboratory testing is 

required to elucidate the role of these pathogenicity factors in the ability of P. stewartii to 

cause symptoms in maize. 

In an additional minor study, WGS data were used to perform a comparative genomics 

analysis of Xanthomonas translucens pv. undulosa. In order to expand the geographic 

coverage of the available genomic data, the first complete genome of X. translucens isolated 

in South America was obtained. The sequenced strain, MAI5034, was identified as X. 

translucens pv. undulosa and was isolated in Uruguay in 2016. It has been confirmed to 

cause symptoms in wheat. The newly obtained genome was used alongside other complete 

X. translucens pv. undulosa genomes to perform a comparative genomics study. This 

focused primarily on the presence of different factors responsible for the pathogenicity and 

host adaptations of bacteria in the genus Xanthomonas. Type III secreted effector proteins 

play a prominent role in this, with transcription-activator-like effectors (TALEs) being 

among the most studied [228]. Analysis of the MAI5034 genome revealed seven different 

TALEs that are widely conserved among all X. translucens pv. undulosa strains. This 

supports the recent worldwide spread of X. translucens pv. undulosa. Pathovar undulosa 

also exhibits a lower diversity of TALEs than other pathovars of X. translucens, such as 

pathovar translucens. This is consistent with the lower genetic diversity of pathovar 

undulosa, suggesting that it emerged from pathovar translucens. We also participated in 

an international study, where the recent European findings of Ralstonia 

pseudosolanecearum phylotype I were examined. Results of this study, which is currently 

under review, also showed multiple introductions of this pathogen in Europe [229].  

Overall, the results presented in this thesis demonstrate that data obtained through 

WGS can be utilised for comparative genomics analyses within the context of plant-

pathogenic bacteria. This data can be used to perform phylogenetic analyses, enabling us 

to establish relationships between different bacterial strains and taxa. Furthermore, this 

helps us to track the spread of disease and identify introduction events, making it a 

powerful tool for managing the spread of plant diseases. Additionally, it also enables us to 

identify the variety of pathogenicity factors present in bacterial genomes, which could be 

used to study the bacteria's ability to colonise, spread, and cause disease symptoms in 

plants. 
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3.3 Genome-informed Approach for the Development of 

Specific and Sensitive Quantitative Real-time PCR Tests 

for the Detection of Plant Pathogenic Bacteria 

Another important application of HTS data in bacteriology is designing new molecular 
tests for specific bacterial detection. Molecular methods, which mostly involve amplifying 
the target DNA sequence using PCR, are popular in diagnostics due to their ease of use 
and relatively short turnaround time. One of the most widely used PCR-based methods is 
quantitative real-time PCR (qPCR) as it encompasses all the aforementioned advantages. 
Further benefits include eliminating the need for electrophoresis, which reduces the risk of 
contamination and makes the method less sensitive to inhibitors present in plant tissues. 
Assays developed for qPCR can be adapted for use as digital PCR (dPCR), enabling 
absolute quantification. Both methods, qPCR and dPCR, play a crucial role in the 
detection of plant-pathogenic bacteria, which is of immense importance for disease 
management. Regular testing helps us to detect infected plants and mitigate the spread of 
disease via international trade of infected planting material. 

A particular advantage of qPCR is in detecting slow-growing bacteria such as 
Xylophilus ampelinus, the causative agent of bacterial blight in grapevines. The fastidious 
growth of this bacterium under laboratory conditions makes traditional culture-based 
microbiological methods challenging and time-consuming. Although a few molecular tests 
for detecting X. ampelinus have been developed, conflicting results have been reported 
when different methods are used. As false positive or negative results could have serious 
repercussions, there was a growing need for a more reliable detection method. To this end, 
we employed a genome-informed approach to design a panel of new qPCR tests for the 
specific and sensitive detection of X. ampelinus. To achieve this, we first identified genomic 
sequences unique to X. ampelinus using a pipeline based on the open-source bioinformatic 
tool RUCS [230]. This identifies DNA sequences present in the target group (positive) of 
genomes but absent in the non-target group (negative). Ideally, only high-quality genomes 
should be included in the target group; however, we are often limited by the availability 
of genomes in public databases. Additionally, correct taxonomic classification is crucial in 
determining target and non-target genomes. To ensure that only correctly classified 
genomes are used in test design, phylogenetic analysis should be performed prior to the 
inclusion of genomes in either group. All 13 Xylophilus genomes available in public 
databases at the time were included in the initial phylogenetic analysis, but some were 
later removed after being found misclassified; only one genome proved to actually belong 
to X. ampelinus, while all others belonged to related species within the same genus. Despite 
this limitation, we were able to in silico design 18 new qPCR tests utilising a hydrolysis 
probe. These were then evaluated in laboratory testing to determine their amplification 
efficiency, analytical specificity, and sensitivity.  

Eight of the new tests could detect X. ampelinus without generating any false negative 
results, and five of these were selected for further evaluation. It is somewhat surprising 
that a significant proportion of the new tests yielded false negative results, given that 
X. ampelinus is considered a highly homogeneous species [207]. This could be explained by 
the fact that only one X. ampelinus genome was used to determine the unique core 
sequences. Consequently, the core genome could not be determined, and some shell and 
cloud genes were possibly also included in the newly designed tests. Whenever a new test 
is evaluated, it is crucial to compare its performance with that of existing tests that have 
been in use for some time and are well characterised. To this end, all results obtained by 
the new tests were compared to the existing test by Dreo et al., which served as a 
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reference [231]. All tests selected for further testing showed similar or better performance 
than the reference test. Existing tests for the detection of X. ampelinus produced conflicting 
results, particularly when used on matrices for which they had not been validated. To 
reduce the risk of such discrepant results, the new test should be evaluated using a variety 
of different testing materials that are as similar as possible to those that would be used in 
an actual diagnostic setting. As different parts of the grapevine plant can be used for 
testing, we decided to evaluate the new tests using leaf, xylem, and root samples. Based 
on these results, one of the new tests was excluded from further use, as inhibition was 
observed in the xylem and root samples. Four newly designed tests and a reference test by 
Dreo et al. showed acceptable amplification efficiency across all matrices, with samples 
from leaves showing slightly lower efficiency. These tests also proved to be highly sensitive 
across different matrices, detecting X. ampelinus at concentrations as low as 10² cps/mL. 
For a test to be fully implemented in diagnostics, it must be able to reliably detect the 
target bacterium in a variety of laboratory settings, which is often described by the 
robustness and reproducibility of the tests. To this end, we further validated the new tests 
by assessing these two parameters and examining the performance of the tests in multiple 
laboratories. The results confirmed the findings of the initial evaluation performed in our 
laboratory, with qPCR tests demonstrating high specificity and sensitivity. The results 
also confirmed that leaves are the most problematic sample type for detecting X. 
ampelinus. One additional new test was excluded at this stage as it demonstrated the 
lowest sensitivity, particularly in xylem and leaf samples, thus leaving us with three 
functional new tests.  

Laboratory validation proved that a qPCR test designed using a genome-informed 
approach could detect X. ampelinus in different samples with high specificity and 
sensitivity. The ability of the test to detect bacteria at low concentrations opens the door 
to possible testing for latent infections. This is of significant importance due to the 
prolonged incubation periods associated with slow-growing bacteria such as X. ampelinus. 
One of five new tests that were evaluated in different matrices exhibited the highest 
diagnostic sensitivity and is recommended for screening X. ampelinus infections. The 
additional two new tests and reference test by Dreo et al. also demonstrated high sensitivity 
and specificity and should be used to confirm the presence of X. ampelinus when positive 
results are obtained in screening. 

An additional study used a genome-informed approach to design a qPCR test for 
detecting Pseudomonas syringae phylogroup 2. Unlike the Xylophilus genus, Pseudomonas 
is one of the most extensively studied bacterial genera, with the species P. syringae being 
a well-studied plant pathogen. This resulted in a much greater abundance of publicly 
available genomic data; however, only a few of these belonged to pathovar aptata. The 
initial aim was to design a test that could specifically detect P. syringae pv. aptata, which 
infects sugar beet. However, the definition of pathovars is based on the ability to cause 
symptoms in certain plants rather than on genetic characteristics. Since strains included 
in the same pathovar often do not form a monophyletic branch in a phylogenetic tree, 
which makes designing tests that are specific to certain pathovars is extremely difficult, 
and sometimes impossible. All available genomes belonging to P. syringae were used in the 
in silico design, with genomes belonging to the pathovar aptata serving as the set of 
positives that we wanted to detect. Four new qPCR tests were designed in total, and their 
specificity was evaluated on different strains of P. syringae. Despite the tests being designed 
in silico to specifically detect pathovar aptata, their specificity expanded to include 
pathovar 2 as a whole after the initial evaluation of analytical specificity on different strains 
of P. syringae. The sensitivity of the tests was evaluated in plant extracts from sugar beets, 
and the results showed the superior performance of one of the newly designed tests. This 
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test was also adapted for use in dPCR and evaluated using water samples from irrigation 
channels. Such irrigation systems are a common route of transmission for plant pathogenic 
bacterial infections, including those caused by P. syringae, which has previously been 
isolated from water samples. Testing of irrigation water showed that the selected newly 
designed test outperformed other culture-based detection methods, especially when used as 
dPCR. These results demonstrated that the newly designed test could be used to 
specifically and sensitively detect P. syringae phylogroup 2 strains in both plant and water 
samples.  

Overall, the genome-informed approach to designing new PCR-based detection methods 
has proven capable of producing specific and sensitive tests for detecting plant-pathogenic 
bacteria in a variety of samples. The generic design pipeline can be applied to basically 
any bacterium for which genomic data is available. However, no matter how advanced the 
in silico design is, practical laboratory testing remains a crucial part of the validation 
process for any new test before it can be used in routine diagnostic testing. 

 

3.4 Different Applications of HTS in Bacteriology, Current 

State of the Art 

The scope of this thesis was to examine the various applications of HTS in bacteriology, 
ranging from the study of bacterial communities using metagenomic sequencing to 
comparative genomics studies, the results of which could be applicable in diagnostic 
settings. Since its inception, the field of metagenomics has been inextricably linked to 
advances in DNA sequencing technologies. Over the years, many different sequencing 
approaches have been developed for metagenomic studies. Among these, targeted HTS has 
gained special prominence in determining microbiomes and resistomes. However, some 
challenges in the application of this technology remain, especially in fields such as 
diagnostics, which require an exceptionally high degree of reliability. Although targeted 
HTS is a generic method that enables the study of almost any biological environment or 
sample, the methods are not always transferable due to the unique characteristics of each 
sample type. In our study, we focused on applying targeted HTS to determine the 
microbiome in sputum samples. We demonstrated that targeted HTS can generate reliable 
results, particularly when the appropriate DNA extraction method is employed in the 
processing of samples. This serves as an important contribution to the development and 
implementation of targeted HTS in diagnostics. 

Having studied whole bacterial communities, we then focused on a more in-depth study 
of a target bacterial taxon of interest. The primary HTS approach in this field is WGS, 
the results of which are usually employed for comparative genomics studies. Recent 
advances in sequencing technologies have increased the accuracy of the generated sequence 
while also lowering the cost. Consequently, more genomic sequences are now available in 
public databases, facilitating additional studies and accelerating downstream research. 
These studies aim to establish relationships between different bacterial strains and taxa, 
which could help us to monitor the spread of bacterial diseases. Furthermore, we can 
identify the genetic determinants of pathogenicity and link specific genetic markers to 
particular phenotypes. In our research, we focused on plant-pathogenic bacteria, which can 
cause serious yield losses and are of special interest. Our primary focus was on P. stewartii 
subsp. stewartii, the causative agent of Stewart's wilt in maize. Despite its quarantine 
status, this bacterium has recently been isolated from multiple maize samples in Slovenia 
and Italy. Our study identified multiple introduction events of this bacterium into Europe 
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and showed that the subspecies stewartii forms a distinct branch within the species P. 
stewartii. Despite the close relationship between strains of the subspecies stewartii, we also 
identified diversity in various pathogenicity factors and mobile genetic elements across the 
genomes.  

Genomic data obtained by HTS stored in databases like GenBank could also be used 
for the genome-informed development of new molecular tests capable of specifically 
detecting target bacteria. Such tests, which detect genetic sequences that are unique to the 
target bacterial taxa, have replaced classical culture-based methods in many applications 
in recent years. They offer many advantages, most notably the relatively short time 
required to obtain results and the simplicity of the procedure. In our research, we used a 
genome-informed approach to design qPCR tests that can specifically detect the plant-
pathogenic bacteria X. ampelinus and P. syringae phylogroup 2. Crucially, the performance 
of the newly designed tests was evaluated in the laboratory to prove their suitability for 
further use.  

In conclusion, the examples described in this thesis merely scratch the surface of the 
possible applications of HTS in bacteriology. However, they illustrate the range of 
applications of this technology, which will undoubtedly continue to play an important role 
in expanding our knowledge of the elusive world of bacteria. 
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4 Conclusions 

The bacterial world is immensely complex, and we are still far from completely 
understanding it. However, HTS represents a significant breakthrough that sheds light on 
its previously unknown corners. There are many applications of HTS in the study of 
bacteria, ranging from community-level analyses to targeted applications in clinical 
diagnostics and agronomy. One of the most frequently used applications of HTS is studying 
bacterial communities using targeted HTS; however, the results often lack reliability, which 
limits their potential use. In our study, we proved that the method of DNA extraction 
significantly affects the results of sputum microbiome and resistome as determined by 
targeted HTS, thus confirming the first hypothesis. This finding also showcases the 
importance of intelligent experimental design, in which the choice of DNA extraction 
method plays a significant role. Furthermore, we demonstrated that the microbiome and 
resistome results obtained were repeatable, particularly when the appropriate DNA 
extraction method was employed. This confirmed the second hypothesis and further proved 
that targeted HTS can be used reliably to study bacterial communities, even in complex 
samples such as sputum. We then moved on to the next stage of our research, focusing on 
the application of HTS to perform deeper studies of target bacteria of interest. To this end, 
we performed WGS and comparative genomics studies of Pantoea stewartii subsp. 
stewartii. In our research, we discovered that this maize pathogen, which was recently 
identified in Slovenia, forms a distinct branch within the broader P. stewartii species. While 
the strains of P. stewartii subsp. stewartii are closely related; they can differ substantially 
in the mobile genetic elements they contain, which can affect their pathogenicity in maize. 
Phylogenetic analysis revealed that all Slovenian isolates except one group together, 
indicating at least two separate introduction events. Slovenian isolates did not show to be 
related to Italian isolates, indicating multiple introductions in Europe. However, further 
studies are needed to better understand the status of this bacterium in Slovenia. 
Altogether, these findings confirmed our third hypothesis. In the final part of our research, 
we examined how data generated by WGS could be used to design new, specific genetic 
tests for detecting target bacteria. Using publicly available genomic data, we designed new 
qPCR tests that can specifically and sensitively detect the grapevine pathogen Xylophilus 
ampelinus. Laboratory testing proved that three of the newly designed tests could 
specifically detect X. ampelinus in different grapevine samples, including leaves, roots, and 
xylem. Thus, we confirmed our fourth and final hypothesis. The three major application 
areas that we examined in this thesis explored how HTS could be used in the field of 
bacteriology and helped us to answer the research questions we identified at the outset. 
This will facilitate the further development of HTS, which is reaching the stage of a mature 
technology with a wide range of applications. 
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