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ABSTRACT 

 The genus Pseudomonas includes genetically diverse groups of species that do 

not share a common evolutionary history. My research focused on analyzing the 

genome sequences of different Pseudomonas species to robustly elucidate their 

evolutionary relationships using multiple independent approaches, which include: (i) 

Construction of phylogenetic trees based on several large data sets of conserved 

proteins, and 16S rRNA gene sequences (ii) Determination of pairwise genomic 

similarities based on AAI and POCP matrices, (iii) Identification of molecular markers 

such as Conserved Signature Indels (CSIs) and Conserved Signature Proteins (CSPs), 

specific for different Pseudomonas species clades supported by other methods. Our 

Phylogenomic analyses revealed three major lineages/groups within Pseudomonas: 

Aeruginosa, Fluorescens, and Pertucinogena. While the Aeruginosa and Fluorescens 

lineages include multiple distinct clades, no molecular or biochemical traits were 

previously known to differentiate them. Our analyses identified >160 CSIs specific to 

these clades/groups, providing molecular means for their reliable demarcation. Based 

on phylogenomic evidence, AAI and POCP values, and clade-specific CSIs, we 

proposed restricting the genus Pseudomonas only to the Aeruginosa clade of species. 

Prior to this, based on our analyses, we reclassified the Pertucinogena lineage of species 

as a novel genus, Halopseudomonas, and reclassified several misclassified species into 

their related genera. Further analyses led to the reclassification of the Aeruginosa 

lineage of species into 12 novel and emended genera. Ongoing studies on the 

Fluorescens lineage, comprising 13 clades, have identified CSIs for several of them. 

Additionally, our studies led to the discovery of a novel species, Pseudomonas 

paraeruginosa. The resulting CSI-based phylogenetic framework offers a stable, 
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predictive system for classifying new or uncharacterized Pseudomonas species. Using 

the predictive ability of CSIs, we predicted assigning ~300 uncharacterized strains into 

14 Pseudomonadaceae genera. Besides systematic studies, these conserved markers 

hold promise for diagnostic applications and deeper insights into microbial evolution 

and function.  
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PREFACE  

This thesis follows a sandwich format. Chapter 1 provides an introduction, 

including background information and research objectives. Chapters 2, 3, 4, and 5 

consist of unaltered manuscripts published between 2021 and 2025. Chapter 6 is an 

altered manuscript that will be submitted for publication in the coming months. Chapter 

7 summarizes the findings, discusses their significance, and outlines future research 

directions. References for Chapters 1, 6, and 7 are listed at the end of the thesis. Each 

chapter includes a preface describing the details of the published and ongoing work and 

my contributions to co-authored work. All chapters have been reproduced with the 

consent of the co-authors. Additionally, an irrevocable, non-exclusive license has been 

granted to McMaster University and the National Library of Canada. Copies of 

permissions and licenses have been submitted to the School of Graduate Studies. 
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GLOSSARY 

16S ribosomal RNA or 16S rRNA: The small subunit of the 30S ribosomal complex 

plays a vital role in protein synthesis. It is highly conserved across species and exhibits 

strong resistance to lateral gene transfer. 

Archaea or Archaebacteria: Prokaryotes belong to one of the three domains of life 

and are distinct from bacteria based on genetic analysis. They lack peptidoglycan in 

their cell walls and possess unique membrane lipids. 

Ancestor: An organism, population, or species from which another organism, 

population, or species has evolved or descended. 

Average Amino Acid Identity: Assesses the degree of similarity in amino acid 

sequences of proteins across different organisms, providing insight into their 

evolutionary relationships and aiding in taxonomic classification.  

Average Nucleotide Identity: The average percentage of identical nucleotides in gene 

alignments between two organisms, used in microbiology to assess genome similarity, 

define species boundaries, and confirm taxonomic identities, especially in prokaryotes. 

Bacteria or Eubacteria: One of the three domains of life, consisting of prokaryotic 

organisms, distinguishable from Archaea by genetic variations and the presence of 

peptidoglycan in their cell walls. 

Bergey's Manual: A commonly used resource in microbiology, particularly for the 

classification and identification of bacteria and archaea.  

Bootstrapping: A statistical method used to evaluate the reliability of a result (typically 

a phylogenetic tree) by repeatedly sampling data with replacement from the original set. 

Clade: A monophyletic group that includes an ancestor and all its descendants. 

Comparative Genomics: A branch of biological research that examines genomic 

features, including gene sequences, proteins, gene organization, and regulatory 

elements, across different organisms to explore their evolutionary relationships and 

differences. 

Concatenation of Genes: Integrating genetic data into a sequence and analyzing it as 

a single gene. 

Conserved Signature Indel (CSI): An insertion or deletion of a specific size in a 

particular region of gene or protein sequences unique to a group of interest and absent 

in other bacterial groups. This molecular change (insertion/deletion) is flanked by 

conserved residues on both sides, ensuring its reliability. 



xxii 

 

Convergent Evolution: The process by which distantly related bacterial species 

independently develop similar traits as a result of adapting to similar environmental 

pressures.  

Duplication: A process by which a molecular sequence is duplicated during evolution. 

Core Genome: A term used to describe the essential sets of genes or proteins common 

to all members of a defined group. These genes are involved in fundamental cellular 

functions and are typically conserved across individuals within a group.  

Degenerate Oligonucleotide Primers: Primers designed to amplify the same region in 

related organisms. Their sequence covers a range that includes different nucleotide 

sequences present in the amplification region across different organisms. 

Genomic Distance: A measure of divergence between two genomes. 

Hidden Markov Model: A statistical tool used to predict sequences of events based on 

hidden factors. It helps make predictions when the influencing factors are not directly 

observable. 

Homologs or Homologous genes/proteins: Similar Genes or Proteins in different 

organisms that are evolutionarily related by descent from a common ancestor. 

Horizontal Gene Transfer: A process where an organism transfers genetic material to 

another organism, bypassing the usual inheritance from parent to offspring. This can 

occur between different species or organisms of the same species. 

International Code of Nomenclature of Bacteria or Bacteriological Code: The 

system or set of rules that governs the scientific naming of Bacteria and Archaea.   

Likelihood Ratio Test or SH-Like Test: A test that compares the likelihood of a null 

model (no specific relationship between organisms) with an alternative model 

(organisms X and Y are more closely related than X and Z) to assess how well the 

alternative model fits the data. 

Lineage: A line of descent or ancestry, tracing the continuous path of organisms from a 

common ancestor to its descendants over time. 

Long branch attraction: A phenomenon in phylogenetic analysis, particularly in 

maximum-parsimony methods, where rapidly evolving lineages are mistakenly 

considered closely related, regardless of their actual evolutionary connections. 

Maximum likelihood tree: A phylogenetic tree constructed using the maximum 

likelihood method, which identifies the tree topology with the highest probability of 

being generated from the given alignment. 

Monophyletic clade: A group of organisms that includes a common ancestor and all of 

its descendants, with no other organisms outside the group included.   
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Multilocus Sequence Analysis: Analyzing multiple genes (loci) to understand the 

phylogeny and evolutionary relationships among organisms. 

Multilocus Sequence Typing: Analyzing multiple genes (loci) to identify and classify 

microorganisms.  

Neighbour-joining tree: A method for constructing a phylogenetic tree based on a 

neighbor-joining approach that clusters organisms using their genetic distance.  

Multiple Sequence Alignments (MSA): Used to align three or more sequences (DNA, 

RNA, or protein) to identify similarities and differences among them, helping to 

understand the evolutionary relationships. 

Orthologs or Orthologous genes/proteins: Sequences from different species that 

originated from a common ancestral sequence and have evolved separately due to 

speciation events over time. 

Outgroup: A species/group of species identified as the earliest to diverge in a 

phylogenetic analysis. It is included to establish the root position of the tree. 

Paralogs or Paralogous genes/proteins: Genes or proteins originating from a common 

ancestor within the same organism through gene duplication and may evolve to perform 

different functions. 

Paraphyletic: A group consisting of the group’s last common ancestor and some, but 

not all, of the descendants of that ancestor. 

Phylogenetic tree: A branching diagram that illustrates the evolutionary relationships 

among organisms based on their biological and molecular similarities and differences. 

Polyphasic Taxonomy: An Approach incorporating different data types, including 

phenotypic, genotypic, molecular, and biochemical characteristics, in taxonomy. 

Polyphyletic: Refers to a group of organisms that are grouped together in a 

phylogenetic tree based on similar traits but do not share a common ancestor exclusive 

to that group. 

Protein Family: A group of proteins with a shared evolutionary origin, characterized 

by similar functions and sequence or structural similarities. 

SILVA: A curated database of 16s rRNA gene sequences named "SILVA" after the Latin 

word silva, meaning forest. 

Supermatrix: A concatenated set of all genes/proteins found in the core genome.  

Supertree: A consensus phylogenomic tree created by combining the phylogenetic 

trees of all genes or proteins in the core genome. 
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Single gene/protein phylogenetic tree: Constructing a phylogenetic tree by comparing 

homologous sequences of a single gene or protein. 

Synapomorphy: Characteristic or trait shared by two or more species and inherited 

from a common ancestor. This trait helps to identify and define a group of organisms. 

Systematics: A branch of biology that focuses on the diversity of organisms. It is 

typically divided into two areas: phylogeny, the study of evolutionary relationships, and 

taxonomy, the classification and naming of organisms. 

Taxonomic Framework: The system and structure are used to classify and name a 

group of organisms.  

Taxonomic Ranks: The levels in the classification system used to organize and 

categorize organisms. These ranks include domain, kingdom, phylum, class, order, 

family, genus, and species, each representing a different level of relatedness and 

specificity. 

Tree topology: The branching pattern in a phylogenetic tree, representing the 

evolutionary relationships between species or genes. 

Valid Publication: A prokaryotic name is deemed validly published if it is included in 

the Approved Lists of Bacterial Names or published in a Validation List within the 

International Journal of Systematic and Evolutionary Microbiology or the International 

Journal of Systematic Bacteriology.
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CHAPTER 1 

INTRODUCTION AND BACKGROUND STUDY 
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1.1 A Brief History of Prokaryotic Systematics and Taxonomic Research   

“… the sure and definite determination (of each species of bacteria) 

requires so much time, so much acumen of eye and judgment, so 

much perseverance and patience that there is hardly anything so 

difficult” 

 (Müller and Fabricius, 1786). 

The history of life on Earth began approximately 3.8 billion years ago (Schopf, 

1978; Schopf and Packer, 1987; Kasting, 1993; Farías-Rico and Mourra-Díaz, 2022). 

Understanding the origins and complexities of simple microorganisms, such as 

prokaryotes, has remained a profound enigma in modern science (Winslow et al., 1920; 

Stanier and Van Niel, 1941; Sagan, 1967; Zotin et al., 1975; Woese and Fox, 1977; 

Schwartz and Dayhoff, 1978; Gupta, 1998). To understand the evolutionary history of 

living organisms, scientists have developed a hierarchical system (viz. Phylum, Class, 

Order, Family, Genus, and Species) known as Systematics or Taxonomy, which 

classifies organisms based on shared characteristics (Linnaeus, 1735; Darwin, 1859). 

The term “Taxonomy” originates from Ancient Greek, where “táxis” means order or 

arrangement, and “nomos” means law.  

Establishing a reliable taxonomic framework for prokaryotes has been an 

arduous challenge for taxonomists.  In the 18th century, Carl Linnaeus, who introduced 

the framework of biological taxonomy (the organization of organisms into ranked 

categories) and nomenclature (the guidelines for assigning names to diverse groups of 

organisms), set the basis of modern taxonomy (Linnaeus, 1735). Through his seminal 

work Systema Naturae, Carl Linnaeus grouped all microscopic forms as “Infusoria” 

into a single species, which he named Chaos infusoria (Linnaeus, 1789). However, there 
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was minimal progress in microbial classification following Linnaeus’s system due to 

the absence of advanced observational tools and a theoretical framework suited to 

explaining life at the microscopic level (Ehrenberg, 1838; Haeckel, 1866; Gram, 1884). 

In 1872, Ferdinand Cohn pioneered the prokaryotic classification by proposing six 

bacterial genera and grouping them within the plant kingdom, mainly based on their 

morphological features, growth conditions, and pathogenic potentials (Cohn, 1872; 

Cohn, 1875). The first edition of Bergey’s Manual of Determinative Bacteriology (now 

known as ‘Bergey’s Manual of Systematic Bacteriology’), published in 1923, 

introduced a systematic method for classifying bacteria based on their phenotypic traits, 

such as morphology, pathogenic characters, and culturing conditions. Bacteria were 

organized in a hierarchy to show their levels of relatedness, starting from broader groups 

like Class and Order to narrower ones like Families, Genera, and Species. This edition 

classified bacteria as ‘‘typically unicellular plants’’ or “Schizomycetes” (Orla-Jensen, 

1909; Bergey DH, 1923).  

In the late 19th and early 20th centuries, microbiologists began discovering an 

increasing variety of prokaryotes that differed widely in shape, physiology, survival 

strategies, and life cycles. This growing diversity led researchers to incorporate 

biochemical, physiological, and morphological characteristics into the organism 

descriptions and classification efforts (Migula, 1900; Orla-Jensen, 1909; Pringsheim, 

1923; Buchanan, 1925; Kluyver and Van Niel, 1936; Stanier and Van Niel, 1941). These 

efforts eventually led to the creation of a universal Code of Bacteriological 

Nomenclature, which was officially adopted at the 4th International Congress for 

Microbiology in 1947 (Huddleson, 1947). 
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However, the biochemical and phenotypic properties used in bacterial 

classification were of limited use and found to exhibit a high degree of convergence 

with unrelated organisms (Stanier and van Niel, 1962; Whittaker, 1969; Stanier et al., 

1976). Moreover, due to the high diversity in prokaryotic species, simple morphologies, 

sizes, and sharing of characters through convergent evolution, it was difficult to 

establish a reliable and clearly demarcating prokaryotic classification system based 

solely on morphological characteristics (van Niel, 1946; Buchanan and Gibbons, 1974; 

Sneath et al., 1986). These difficulties in bacterial classification based on phenotypic 

criteria were discussed widely and acknowledged as “The Dark Age” (Kluyver and Van 

Niel, 1936; Stanier and Van Niel, 1941; van Niel, 1946; Stanier and van Niel, 1962; 

Woese, 1992; Gupta, 1998; Sapp, 2006; Oren, 2010). Stanier and Van Niel also 

highlighted the challenges in defining and classifying bacteria during the 1940s to 

1960s. They stated, “…. Any good biologist finds it intellectually distressing to devote 

his life to the study of a group that cannot be readily and satisfactorily defined in 

biological terms, and the abiding intellectual scandal of bacteriology has been the 

absence of a clear concept of a bacterium….” (Stanier and van Niel, 1962). These 

discussions highlighted the need for developing molecular sequence-based, more 

reliable methods for differentiating and classifying prokaryotes. 

 

1.2 The Genomics Era: Advancing Comparative Genomics and Evolutionary 

Systematics Studies  

The inadequacy of the bacterial classification system that relied on phenotypic 

and biochemical traits during the mid-20th century gave rise to the emergence of 
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alternative approaches for prokaryotic classification. Concurrently, the middle of the 

20th century witnessed the unveiling of the role of Deoxyribonucleic Acid (DNA) in 

information transfer and its structural composition (Hershey and Chase, 1952; Watson 

and Crick, 1953; Crick, 1958; Zuckerkandl and Pauling, 1965; Crick, 1970). This 

revelation introduced a novel molecular target encompassing all the information 

governing an organism's phenotypic, physiological, and biochemical characteristics. 

Thus, one of the earliest nucleic acid-based methods used in the field of prokaryotic 

taxonomy was DNA-DNA hybridization (DDH) (Hall and Spiegelman, 1961; 

Schildkraut et al., 1961; McCarthy and Bolton, 1963). In the DDH method, denatured 

DNA is immobilized in a solid phase (gel of agar), where it is unable to re-nature but 

can hybridize with free complementary single-strand of DNA. The strength of 

hybridization between two strands of the DNA duplex is proportional to the similarity 

of DNA sequences between two organisms. This can be calculated by the dissociation 

temperature (melting temperature) of the hybridized DNA molecule (McCarthy and 

Bolton, 1963). The standardized definition of a species and strains that are closely 

related to it is that they share > 70% DDH, correlated with a hybridized DNA melting 

point of <50C (Wayne et al., 1987; Stackebrandt and Goebel, 1994; Rosselló-Mora, 

2006; Tindall et al., 2010). However, determining DDH values is an extremely laborious 

process for which only a few laboratories are properly equipped (Grimont et al., 1980; 

Huss et al., 1983; Rosselló-Mora, 2006; Goris et al., 2007). Moreover, it is not an 

accessible method for classifying non-culturable prokaryotes (Rosselló-Mora, 2006; 

Yarza et al., 2014). In addition, this method provides a rough estimate of genetic 

relationships, distinguishing only closely related species or subspecies with over 90% 

genome similarity (Goris et al., 2007; Schleifer, 2009). Lastly, because the DDH method 
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relies on an experimental approach that uses a specific threshold without producing 

sequence data, it cannot support the creation of incremental databases that can identify 

taxa of different ranks (Stackebrandt and Goebel, 1994; Schleifer, 2009; Oren and 

Garrity, 2014).  

In the late 1960s, a major revolution and advancement in the field of taxonomy 

and systematics came with the advent of determining molecular sequences by the 

development of experimental, computational, and mathematical methods, offering a 

new approach for understanding the evolutionary history of genes and organisms 

(Sanger, 1959; Zuckerkandl and Pauling, 1965; Eck and Dayhoff, 1966; Fitch and 

Margoliash, 1967). Molecular data soon proved to be a more reliable and objective 

means of classifying organisms than traditional morphological and biochemical 

approaches. An important breakthrough came with the work of Zuckerkandl and 

Pauling (1965), who introduced the idea that molecular sequences serve as historical 

records of an organism’s evolutionary past, allowing for phylogenetic reconstruction. 

Their insights greatly strengthened the concept of inferring evolutionary relationships 

through molecular comparisons. Subsequently, Carl Woese and his coworkers 

introduced the use of 16S ribosomal RNA (rRNA) gene sequence, a component of the 

prokaryotic small ribosomal subunit or 30S subunit (SSU rRNA) and a universally 

conserved component of the protein synthesis machinery, for understanding 

evolutionary relationships (Fox et al., 1977; Woese and Fox, 1977; Woese, 1987). The 

16S rRNA sequence contains three structural domains, which are designated as ‘U’ 

(Universally conserved), ‘S’ (semi-conserved), and ‘V’ (Variable or non-conserved). 

The ‘U’ segment is highly conserved and interspersed with variable regions. PCR 

primers targeting the conserved regions amplify the variable sequences. The ‘S’ 
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segment is less conserved than ‘V’ and more restricted in occurrence. ‘V’  segments 

vary markedly in length, primary sequence, and secondary structure, even within a 

given lineage, and may be recognizably similar only in very closely related species 

(Gray et al., 1984). Thus, these conserved and variable regions facilitate the 

classification of both closely related and highly divergent groups of organisms (Fox et 

al., 1977; Woese and Fox, 1977; Gray et al., 1984; Woese, 1987; Tindall et al., 2010). 

Besides these, 16S rRNA offers some notable advantages, making it well-suited for 

taxonomic and systematic study. Beyond its ubiquity, the 16S rRNA gene is easy to 

isolate. It is a part of the large ribosomal complex, functionally equivalent and 

evolutionarily homologous in bacteria, archaea, mitochondria, plastids, and the nucleus, 

which is unlikely to undergo lateral gene transfer (Olsen et al., 1994; Patel, 2001; Janda 

and Abbott, 2007). Studies on prokaryotic classification based on 16S rRNA sequences 

revolutionized bacterial taxonomy, and for the first time, prokaryotes were classified 

based on their phylogenetic relatedness (Woese and Fox, 1977; Woese, 1987; Woese et 

al., 1990). The studies by Woese and coworkers resulted in the proposal for the three-

domain classification, in which the three domains, Bacteria, Archaea, and Eukaryota, 

are considered coequal and fundamental divisions of life on earth (Woese et al., 1990). 

The three-domain model remains the dominant model for biological classification. 

However, Woese expressed concern that the microbial phylogenetic framework relied 

too heavily on a single molecule, which he felt was inadequate for accurately 

representing the complexity of microbial relationships (Woese, 1991). 

Over the last 25 to 30 years, 16S rRNA has become the foundation of modern 

prokaryotic classification (Olsen and Woese, 1993; Garrity et al., 2005; Yarza et al., 

2008; Kämpfer, 2012). Bergey’s Manual of Systematics of Archaea and Bacteria 
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(Whitman et al., 2015), the updated version of Bergey’s Manual of Determinative 

Bacteriology, also adopted the 16S rRNA sequence-based phylogenetic framework for 

classifying prokaryotic microorganisms. The All-Species Living Tree, which has 

become the de facto tree of life for systematic studies, is also based on the analyses of 

16S rRNA gene sequences (Yarza et al., 2008; Yilmaz et al., 2014; Ludwig et al., 2021). 

A 16S rRNA gene sequence similarity value of >97% is thought to correlate with the 

70% DDH threshold for species demarcation (Stackebrandt and Goebel, 1994; 

Stackebrandt, 2006; Tindall et al., 2010; Meier-Kolthoff et al., 2013). SILVA 16S rRNA 

database has also suggested thresholds of 94.5%, 86.5%, 82%, 78.5%, and 75% 16S 

rRNA gene sequence similarity for the demarcation of prokaryotic taxa at the level of 

Genus, Family, Order, Class, and Phylum, respectively, providing novel guidance for 

16S rRNA-based classification (Quast et al., 2013; Yarza et al., 2014).    

Despite being considered the gold standard for prokaryotic phylogeny and 

systematics, the 16S rRNA gene does have some limitations, which include: (a) 16S 

rRNA is not distinctive at the species level. It has limited capacity to differentiate among 

closely related species due to high sequence conservation (Fox et al., 1992; Tang et al., 

1998; Mignard and Flandrois, 2006; Janda and Abbott, 2007; Reller et al., 2007). (b) It 

lacks specific biochemical, molecular, or physiological properties distinctive of 

prokaryotic taxa and other groups (Gupta, 1998; Gao and Gupta, 2012a; Zhi et al., 

2012). (c) It also fails to define the branching order and inter-relationships among higher 

prokaryotic taxa, which is core to understanding the origin of life and its diversification 

(Gupta, 1998; Gupta and Griffiths, 2002; Yarza et al., 2008; Garrity, 2010; Gupta, 2016) 

(d) Prokaryotic organisms often have multiple copies of the 16S rRNA gene, differing 

by 1–2% or more in sequence, which can complicate the accurate inference of 
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evolutionary relationships (Klappenbach et al., 2001; Boucher et al., 2004; Sun et al., 

2013). (e) Moreover, the structure of the 16S rRNA gene is fixed and cannot change 

freely, causing sudden shifts rather than gradual changes. This can lead to misleading 

conclusions about the relationships among prokaryotes (Gupta, 1998; Ludwig et al., 

1998; Griffiths and Gupta, 2001; Ludwig and Klenk, 2005). Therefore, there was 

growing interest in identifying and using other genes or proteins to address evolutionary 

questions that the 16S rRNA gene sequence analysis could not fully resolve (Gupta, 

1998; Gupta and Griffiths, 2002).    

Since 16S rRNA sequencing cannot reliably distinguish closely related bacterial 

strains/species, another sequence-based method, Multilocus Sequence Typing (MLST), 

was introduced to identify clonal relationships among bacteria (Maiden et al., 1998). 

MLST analyzes DNA sequences from internal regions of multiple housekeeping genes 

(viz., RNA polymerase β-subunit (rpoB), the β-subunit of DNA gyrase (gyrB), 

recombinase A (recA), sigma 70 factor (rpoD),  tRNA modification GTPase ThdF or 

TrmE (thdF), β-subunit of ATP synthase (atpD), translation initiation factor IF-2 (infB), 

and chaperonin GroEL (groEL) to classify and characterize microbial isolates (Kampfer 

and Glaeser, 2011; Maiden et al., 2013; Glaeser and Kampfer, 2015; Gomila et al., 

2015). It provides greater resolution in characterizing and distinguishing closely related 

species than 16S rRNA gene-based analysis (Rokas et al., 2003; Jolley et al., 2004; 

Ciccarelli et al., 2006; Cody et al., 2014).  
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1.3 Impact of Whole Genome Sequencing in Prokaryotic Classification 

Genome sequences provide a new platform in prokaryotic classification and 

systematics using multiple independent approaches (Gupta, 1998; Danchin, 2003; 

Coenye et al., 2005; Konstantinidis and Tiedje, 2005a; Klenk and Goker, 2010; Parks 

et al., 2018). Before 2000, sequencing remained expensive, time-consuming, and 

limited to a few sequencing centers. The first whole genome sequencing of 

Haemophilus influenzae was done in 1995 (Fleischmann et al., 1995). After 2000, the 

introduction of high-throughput next-generation sequencing (NGS) technologies, such 

as 454 parallel pyrosequencing, sequencing by Oligonucleotide Ligation and Detection 

(SOLiD), Ion Semiconductor sequencing, Illumina dye sequencing, Third-generation 

(3G) methods, such as Pacific Biosciences (PacBio) single-molecule real-time (SMRT) 

sequencing approach, (Schadt et al., 2010; van Dijk et al., 2018) and fourth-generation 

(4G) methods, such as Oxford Nanopore Technologies (Ke et al., 2016; Jain et al., 2018) 

substantially lowered the cost of sequencing. This development led to a vast increase in 

the number of whole genome sequences of different organisms. As of December 2024, 

the NCBI genome database consists of >2.40 M bacterial genomes, out of which 

>2.03M are annotated (Sayers et al., 2019).    

Over the last 15 years, several whole-genome-based methods have been utilized 

in prokaryotic systematics studies. These methods include Average Nucleotide Identity 

(ANI), which measures the sequence identity of shared genes and has an established 95-

96% sequence identity threshold for species-level demarcation (Konstantinidis and 

Tiedje, 2005a). The ANI value of 95%-96% is found to be equivalent to 70% DDH or 

98.65% 16S rRNA sequence similarity (Konstantinidis and Tiedje, 2005a; Goris et al., 
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2007; Richter and Rossello-Mora, 2009; Kim et al., 2014; Varghese et al., 2015). 

Besides ANI, other approaches such as Maximum Unique Exact Match index (MUEMi) 

(Deloger et al., 2009) and tetranucleotide regression (Richter and Rossello-Mora, 2009) 

can also help evaluate a strain's species status. The MUEMi measures genomic distance 

based on core genome conservation and shared DNA. Tetranucleotide regression looks 

at differences between observed and expected frequencies of all 256 tetranucleotide 

combinations (A, T, G, C) (Konstantinidis and Tiedje, 2005b; Thompson et al., 2013; 

Varghese et al., 2015). Genomes BLAST Distance Phylogeny (GBDP) (Henz et al., 

2005) uses BLAST to identify High-Scoring Segment Pairs (HSPs) between genomes, 

which are then used to calculate distances for constructing phylogenetic trees. This 

method generates distance matrices to assess genome relatedness and is used mainly for 

creating evolutionary trees based on whole-genome comparisons. On the other hand, 

the Genome-to-Genome Distance Calculator (GGDC) (Deloger et al., 2009) calculates 

genomic distances by comparing whole genomes using BLAST-derived HSPs and 

expresses genetic relatedness as pairwise percentages. This method is mainly used in 

microbial taxonomy to assess genomic similarity. Several other methods include 

Average Amino acid Identity (AAI) (Konstantinidis and Tiedje, 2005b) which measures 

the amino acid in shared proteins and provides greater resolution for more distant 

comparisons than ANI (Konstantinidis and Tiedje, 2005a; Thompson et al., 2013), 

Percentage of Conserved Proteins (POCP) which measure the proportion of 

proteins/genes shared by two genomes (Qin et al., 2014). Two species are considered 

members of the same genus if they share >50% POCP values (Qin et al., 2014). 

However, the AAI and POCP values are limited to defining the genus level and cannot 

be used for species classification or demarcating higher taxonomic ranks. Additionally, 
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their values often overlap between ingroup and outgroup species, making it difficult to 

establish clear genus boundaries (Gupta, 2019; Barco et al., 2020; Rudra and Gupta, 

2024).  

 

1.4 Construction of Phylogenetic Trees for the Study of Systematics 

Phylogenetic trees depict evolutionary relationships by comparing biological 

and molecular characteristics, forming the basis of natural classification and guiding 

systematic research for the past 25 years (Woese et al., 1990; Stackebrandt and Goebel, 

1994; Doolittle, 1999; Yilmaz et al., 2014; Parks et al., 2022). Phylogenetic trees can be 

constructed based on either nucleic acids or protein sequences. Trees based on non-

coding sequences, such as rRNA, tRNA, and introns, use only nucleic acid sequences, 

while those based on coding sequences can use either nucleic acid or protein sequences 

(Dayhoff et al., 1974; Hasegawa and Hashimoto, 1993; Olsen and Woese, 1993; 

Hashimoto et al., 1994). However, nucleotide-based analyses are considered less 

reliable than protein-based phylogenetic analyses, as nucleotide-based analyses can be 

affected by several factors, including codon biases such as differences in G+C content 

among lineages and the influence of genetic code degeneracy (Steel et al., 1993; Karlin 

et al., 1995; Gupta, 1998).  

The first step in constructing a sequence-based phylogenetic tree is aligning 

genomic or proteomic sequences, which organize homologous sequences and serve as 

the foundation for further analysis. As this is an important step in phylogenetic 

reconstruction, several Multiple Sequence Alignment (MSA) algorithms have been 

developed to enhance phylogenetic accuracy while balancing speed and precision. 
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Notable examples include the Clustal series (e.g., ClustalX and Clustal Omega) 

(Chenna et al., 2003; Sievers et al., 2011), MUSCLE (Edgar, 2004), MAFFT (Katoh et 

al., 2005), and T-Coffee (Notredame et al., 2000). Subsequently, the aligned data are 

processed with different clustering approaches (distance matrix or character-based) 

such as Neighbor-Joining (NJ) method (Saitou and Nei, 1987), Maximum-Parsimony 

(MP) (Fitch, 1971), Maximum-Likelihood (ML) (Felsenstein, 1981), and Bayesian 

Inference (BI) (Rannala and Yang, 1996). In the NJ (Saitou and Nei, 1987), a distance 

matrix-based method, similar organisms are grouped together based on genetic or 

genomic distances. In contrast, character-based methods, i.e., MP, ML, and BI, focus 

on optimizing tree scores.  ML aims to identify the tree topology that best explains the 

observed traits of tip species by maximizing their probability under a given evolutionary 

model (Felsenstein, 1981). On the contrary, MP selects the tree requiring the fewest 

evolutionary changes to account for the observed character states of tip species (Fitch 

and Margoliash, 1967; Fitch, 1971). Bayesian Inference (BI)  of phylogeny combines 

prior knowledge with data likelihood to calculate the posterior probability of trees, 

representing the probability that a tree is correct based on the data, prior assumptions, 

and the chosen likelihood model (Yang and Rannala, 2012). The ML method offers 

notable advantages over others i.e., distance-based or parsimony methods for inferring 

sequence evolution. Unlike these approaches, ML incorporates a broader range of 

information from the sequences, including positional variability, transition-to-

transversion ratios, and the probability of character states at each position, among other 

factors (Felsenstein, 1981; 2004). However, one limitation of the ML method is its high 

computational demand. The accuracy of the relationships shown in the tree is evaluated 

using statistical tests such as bootstrap and jackknife resampling (Quenouille, 1949; 
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Efron, 1992) or likelihood ratio tests (Shimodaira and Hasegawa, 1999; Anisimova and 

Gascuel, 2006). 

In the early period, for microbial phylogeny, scientists used ferredoxins and 

cytochrome protein sequence-based phylogenetic trees (Hall et al., 1973; Saeki et al., 

1989). Later, 16S rRNA was used as a phylogenetic marker molecule to construct 

phylogenetic trees (Woese and Fox, 1977; Woese, 1987). Subsequently, multiple 

prokaryotic housekeeping genes were used to construct more robust phylogenetic trees, 

called multi-locus sequence analysis or MLSA (Gupta, 2000; Maiden, 2006; Gao et al., 

2009a; Kampfer and Glaeser, 2011; Naushad and Gupta, 2013; Glaeser and Kampfer, 

2015). Over the past decade, the availability of genome sequence data has allowed the 

application of bacterial core genes in phylogenomic analysis extensively (Daubin et al., 

2002; Rokas et al., 2003; Ciccarelli et al., 2006; Wu et al., 2009; Gao and Gupta, 2012a; 

Gao and Gupta, 2012b; Ankenbrand and Keller, 2016; Gupta et al., 2018; Na et al., 

2018). These core genes are conserved and present in many bacterial genomes. Studies 

have demonstrated that phylogenomic analysis using core genes yields more accurate 

and robust results than traditional methods, which typically rely on a single gene (e.g., 

16S rRNA) or a small group of genes (e.g., MLST/MLSA) (Rokas et al., 2003; Jeffroy 

et al., 2006; Wu et al., 2009). Two main approaches are used to construct genome-based 

phylogenetic trees. The first method creates individual trees for each gene or protein in 

the core genome, which are combined into a consensus tree or supertree (Bininda-

Emonds, 2004; Puigbo et al., 2009; Lang et al., 2013). This approach is computationally 

efficient and provides the supertree and individual gene trees for further analysis. The 

second method aligns all shared genes into a supermatrix, which is used to build a more 

robust phylogenetic tree (Brown et al., 2001; Snel et al., 2005; Segata et al., 2013; Hug 



 

15 

 

et al., 2016). This method improves the resolution of relationships and allows statistical 

techniques, like bootstrap resampling, to validate the tree’s structure. The supermatrix 

method offers notable advantages over the supertree approach, such as enhanced 

resolution of organismal relationships and the ability to apply statistical methods, 

including bootstrap resampling and likelihood ratio analysis, for evaluating tree 

topology (Gadagkar et al., 2005; Lang et al., 2013). 

In the present age, the Genome Taxonomy Database (GTDB) 

(http://gtdb.ecogenomic.org/) is a widely used valuable resource for taxonomic 

inferences (Parks et al., 2022). It is based on phylogenetic analyses of 120 universally 

conserved single-copy bacterial marker genes and 122 archaeal marker genes, providing 

a robust framework for classifying microbial genomes. This online database is an 

initiative to establish a standardized microbial taxonomy based on genome phylogeny. 

The genomes utilized for constructing this phylogeny are sourced from RefSeq and 

GenBank. GTDB utilizes Relative Evolutionary Divergence (RED) values to define 

taxonomic ranks above the species level. The concept behind RED is that taxa of the 

same rank should have originated at approximately the same point in evolutionary 

history (Parks et al., 2022). It also uses the List of Prokaryotic Names with Standing in 

Nomenclature (LPSN) (lpsn.dsmz.de/) (Parte, 2018) as the primary reference resource 

to ensure naming priorities and nomenclature consistency. To date (January 2025), 

GTDB classified 584,382 bacterial genome sequences into 175 Phyla, 538 Classes, 

4,870 Families, 23,112 Genera, and 107,235 Species, and 12,477 archaea sequences 

into 19 Phyla, 64 Classes, 166 Orders, 564 Families, 1,847 Genera, and 5,869 Species.  
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While widely used in prokaryotic systematics, phylogenetic analysis based on 

either the 16S rRNA gene, conserved multiple genes, or core genome sequences has 

several limitations. 1) Phylogenetic branching is influenced by several factors, 

including Horizontal Gene Transfer (HGT) between/among divergent bacterial 

species/lineages, which is a very common phenomenon in shaping bacterial genomes 

(Gupta, 1998; Nelson et al., 1999; Philippe and Douady, 2003; Griffiths and Gupta, 

2006a; Bapteste et al., 2009). Additionally, the long-branch attraction effect can result 

in distantly related species being incorrectly inferred as closely related (Tateno et al., 

1994; Gupta, 1998; Philippe et al., 2005; Susko and Roger, 2021). 2) Branching of the 

species in phylogenetic trees is a continuum; it is often difficult to reliably delimit the 

boundaries of different clades.  Except for the branching of species in the phylogenetic 

trees, the phylogenetic trees provide no information regarding any genetic, biochemical, 

or molecular properties that are specific to different taxonomic clades of species (Gupta 

and Griffiths, 2002; Ludwig, 2005; Gupta, 2016). 3) Phylogenetic trees based on 16S 

rRNA and other gene or protein sequences often lack the resolution needed to clearly 

determine the evolutionary relationships and branching order among higher-level 

prokaryotic groups (Gupta, 2000; Ciccarelli et al., 2006; Wu et al., 2009; Yarza et al., 

2010; Segata et al., 2013; Adeolu et al., 2016; Gupta, 2016). Hence, to develop a more 

informative and reliable prokaryotic classification system, it is important to identify 

biochemical and molecular properties specific to different groups of organisms. The 

distinguishing properties or characters inherited from a common parent/ancestor and 

specific to a group of organisms are the most helpful information for classification 

purposes and for establishing evolutionary relationships among different organisms 
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(Woese, 1991; Baldauf and Palmer, 1993; Gupta, 1998; Rokas and Holland, 2000; 

Gupta and Griffiths, 2002; Bhandari et al., 2012; Gao and Gupta, 2012a; Gupta, 2014).   

 

1.5 Impact of Molecular Signatures in Evolutionary and Taxonomic Studies  

 The abundance of genomic data offers a valuable resource for identifying 

molecular markers or synapomorphies shared by evolutionarily related groups of 

organisms. Two important categories of these molecular markers for understanding 

microbial phylogeny and systematics, whose discovery has been pioneered by our lab, 

are Conserved Signature Insertions or Deletions (Indels) (CSIs) in molecular sequences 

and Conserved Signature Proteins (CSPs) (Gupta, 1998; Griffiths and Gupta, 2006b; 

Gupta, 2006; Naushad et al., 2014). These molecular markers provide novel and 

powerful means for the definitive demarcation of different groups of species and aid in 

understanding their branching order as well as interrelationships (Gupta, 1998; Griffiths 

and Gupta, 2001; Gao et al., 2006; Bhandari et al., 2013; Gupta, 2016; Hu et al., 2018). 

The CSIs are amino acid insertions or deletions of fixed lengths, present at a specific 

position within a conserved sequence region in an evolutionarily related group of 

organisms. These molecular characteristics result from highly specific genetic changes 

confined to a monophyletic group of organisms. Because of the rare and highly specific 

nature of these genetic changes, they are less likely to occur independently in different 

organisms (Gupta, 1998; Rokas and Holland, 2000; Bhandari et al., 2012; Gao and 

Gupta, 2012a; Gupta, 2016). The most parsimonious explanation for the occurrence of 

CSIs that are specific for monophyletic groups of organisms is that the genetic changes 

leading to the CSIs first occurred in a common ancestor of the group, followed by their 
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vertical inheritance to all descendants (Adeolu and Gupta, 2013; Naushad and Gupta, 

2013; Gupta, 2014; Hu et al., 2019). CSIs are important markers in evolutionary and 

classification studies for the following reasons. First, they are discrete characters 

specific to monophyletic groups of organisms, easily detected due to being flanked by 

conserved regions (Griffiths and Gupta, 2002; Gao and Gupta, 2005). Second, these 

markers are not influenced by factors, including evolutionary rate differences, 

compositional biases, or long-branch attraction, that can affect phylogenetic tree 

accuracy (Gupta, 1998; Rokas and Holland, 2000; Gupta, 2016), and hence they exhibit 

high degree of predictive ability to be found in other related organisms (Gupta, 2014; 

2016; Gupta and Kanter-Eivin, 2023). Finally, although CSIs in both nucleic acids and 

proteins are informative, most research work on them has focused on protein sequences, 

where even a single amino acid indel arises from a rare 3 bp insertion or deletion, 

making these changes in conserved regions most suitable for evolutionary/taxonomy 

studies (Gupta, 1998; Bhandari et al., 2012; Gao and Gupta, 2012a; Gao and Gupta, 

2012b; Gupta, 2016; Hu et al., 2018). Additionally, examining the presence or absence 

of CSIs in outgroup species makes it possible to determine whether a given CSI is an 

insertion or deletion in a given group or organisms. However, it is important to 

acknowledge that the shared occurrence of a CSI within distant organisms in some cases 

can also result from non-specific processes like HGT or convergent evolution, where 

similar genetic changes have occurred independently in unrelated lineages (Griffiths 

and Gupta, 2006a; Gao and Gupta, 2012b; Naushad and Gupta, 2013; Khadka et al., 

2020). 

 CSIs are unique to specific groups of organisms and are flanked by conserved 

sequences, highlighting their functional importance and suggesting that they are 
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maintained by strong selective pressure (Gao et al., 2009b; Gupta et al., 2015a; Khadka 

et al., 2020). The functional importance of CSIs found in bacterial GroEL and DnaK 

proteins was experimentally demonstrated by Singh and Gupta (Singh and Gupta, 

2009).  This study showed that CSIs present within the GroEL and DnaK proteins of 

different bacteria are crucial for their growth, with their removal or alterations in their 

sequences resulting in failure of cell growth (Singh and Gupta, 2009). Another notable 

characteristic of the CSIs, which is of much importance for classification purposes, is 

that they exhibit a high degree of predictive ability to be found in other (uncharacterized 

or unidentified) members of a given group/taxon (Barbour et al., 2017; Gupta et al., 

2020; Gupta and Kanter-Eivin, 2023; Rudra and Gupta, 2024).  The work from our lab 

led by Dr. Gupta, over the past few decades has used CSIs to address several critical 

issues in microbial phylogeny and systematics (Griffiths and Gupta, 2006b; Naushad et 

al., 2015; Adeolu et al., 2016; Bello et al., 2022a; Malhotra et al., 2024). Recently, this 

work has also led to the development of a web-based tool/server (AppIndels.com) 

(Gupta and Kanter-Eivin, 2023) that uses the information for the presence/absence of 

known taxon-specific CSIs in a genome sequence to predict the taxonomic affiliation 

of any submitted genome. The utility of this server for taxonomic purposes was 

demonstrated by its ability to correctly predict the taxonomic affiliation of 651 

uncharacterized Bacillus spp. genomes into 29 different genera/families for which CSI 

information was present in the AppIndels.com database (Gupta and Kanter-Eivin, 

2023). My thesis, Chapters 2, 3, 4, 5, and 6, presents the contribution of CSIs in 

resolving important taxonomic and evolutionary questions within the family 

Pseudomonadaceae.   
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 Another category of molecular markers that are useful for prokaryotic 

systematics and taxonomic studies is Conserved Signature Proteins (CSPs). CSPs are a 

group of proteins restricted to a phylogenetically well-defined group of organisms (i.e. 

monophyletic group) and are introduced during speciation or strain divergence (Gao et 

al., 2006; Griffiths et al., 2006; Dutilh et al., 2008a; Dutilh et al., 2008b; Bhandari et 

al., 2012; Naushad et al., 2014; Gupta et al., 2015b). While the mechanisms behind the 

origin and evolution of these clade/lineage-specific proteins remain unclear (Dutilh et 

al., 2008b; Kuo and Ochman, 2008), their conserved presence across all or most 

species/strains within a monophyletic clade and absence in other lineages, suggests that 

these genes originated in a common ancestor. This ancestor likely passed the genes 

down vertically to its descendants (Woese et al., 1984; Gao et al., 2006; Gupta, 2006; 

Gupta and Griffiths, 2006; Dutilh et al., 2008b; Fang et al., 2008; Narra et al., 2008; 

Gao and Gupta, 2012a). Similar to the CSIs, CSPs are present for species at different 

phylogenetic/taxonomic depths (Gupta, 2006; Gupta and Mathews, 2010). Several 

studies indicate that lineage-specific proteins are typically smaller and have a higher 

prevalence of transmembrane domains than other proteins (Hemm et al., 2008; Knopp 

et al., 2019). The presence of transmembrane helices and signal peptides indicates they 

may function as membrane-associated or extracellular proteins, often involved in 

transport or interactions with cells and the environment (Hassan and Gupta, 2018). In 

specialized environments, such as those of halophiles, these proteins likely evolved to 

address specific environmental challenges (Hemm et al., 2008; Hassan and Gupta, 

2018; Knopp et al., 2019; Méheust et al., 2022). Due to the lineages/clade/species/strain 

specificities of CSPs, extensive work has been conducted in our lab on identifying CSPs 

specific for several taxa and using them to clarify evolutionary relationships and 
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taxonomy of multiple groups of prokaryotic organisms (Griffiths et al., 2006; Gupta and 

Griffiths, 2006; Gao et al., 2009b; Gupta and Mathews, 2010; Bhandari et al., 2012; 

Naushad et al., 2014; Gupta et al., 2015b). In my thesis (Chapter 3), I have also used 

the CSPs and CSIs to distinguish the strains of P. paraeruginosa from those of P. 

aeruginosa.  

 

2. My Research Focus 

My graduate research focuses on analyzing the genome sequences of 

Pseudomonas species to robustly elucidate their evolutionary relationships using 

multiple independent approaches. The approaches that I will use include: (i) 

Construction of phylogenetic trees based on several large data sets of conserved 

proteins, and also based on 16S rRNA gene sequences, (ii) Determination of overall 

genomic similarity between these species based on AAI and POCP matrices, (iii) 

Comprehensive analyses of protein sequences from Pseudomonas species to identify 

molecular markers such as CSIs and CSPs specific for different Pseudomonas species 

clades supported by other methods. A robust phylogenetic framework for Pseudomonas 

species developed using these approaches will then be used to reclassify Pseudomonas 

into different novel taxa (genera) so that species from all proposed taxa are 

evolutionarily related, sharing multiple unique molecular characteristics.  

Although the focus of my thesis work is on Pseudomonas species, during my 

Ph.D. work, I also used similar approaches to clarify the evolutionary relationships 

amongst other groups of prokaryotic organisms. A listing of these studies (published) is 

provided in Appendix A. 
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3. Introduction to the Genus Pseudomonas  

3.1. Background Information  

Genus Pseudomonas (Migula, 1894), which is one of the earliest and best-

studied bacterial genera, consists of a large assemblage of motile, rod-shaped, aerobic, 

non-spore-forming, Gram-negative bacteria (Palleroni, 2005; 2015). The term 

Pseudomonas was first introduced by the German botanist Walter Migula, deriving from 

the Greek words “pseudo” (false) and “monas” (unit). Although the exact reasoning 

behind the name was not clarified, it is suggested that Migula chose it due to the 

bacteria's resemblance in size and motility to the non-flagellate cells of Monas 

(D'Agata, 2015; Parte et al., 2020). P. aeruginosa is the type species of the genus 

Pseudomonas (Schroeter, 1872; Migula, 1894), which serves as the type genus of the 

family Pseudomonadaceae, encompassing several other genera such as Atopomonas, 

Azomonas, Azorhizophilus, Azotobacter, Entomomonas, Mesophilobacter, Oblitimonas, 

Permianibacter, Rhizobacter, Rugamonas, Stutzerimonas, and Thiopseudomonas (Parte 

et al., 2020). The phylum name Pseudomonadota has recently been derived from the 

genus Pseudomonas (Parte et al., 2020; Oren and Garrity, 2022). 

With over 300 validly published species, Pseudomonas exhibits remarkable 

genetic and metabolic diversity (Parte et al., 2020). This diversity enables its species to 

adapt to diverse environments, including soil, air, water, plants, and animal tissues 

(Schroth et al., 2006; Morris et al., 2008; Lister et al., 2009; Peix et al., 2009; Kidd et 

al., 2011; Silby et al., 2011; Scales et al., 2014; Palleroni, 2015). Some species from this 

genus function as opportunistic pathogens in humans, animals, and plants, while others 

play crucial roles in economic and ecological processes (Palleroni, 2005; Lund-Palau et 
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al., 2016; Winsor et al., 2016; Xin et al., 2018; Rossi et al., 2021). P. aeruginosa is one 

of the best-studied opportunistic human pathogens capable of causing a wide array of 

life-threatening acute and chronic diseases, including cystic fibrosis, nosocomial 

infections, eye and ear infections, and multiple sepsis syndromes (Stover et al., 2000; 

Planquette et al., 2013; Lund-Palau et al., 2016; Freschi et al., 2018; Spagnolo et al., 

2021; Qin et al., 2022). Besides infecting humans, it is also known to cause diseases in 

livestock and companion animals, such as urinary tract infections in dogs (Harada et al., 

2012; Haenni et al., 2015), mastitis in dairy cows (Osborne et al., 1981; Silby et al., 

2011; Banerjee et al., 2022), and endometritis in horses (Hughes et al., 1966; Kidd et 

al., 2011). It exhibits intrinsic resistance to multiple antibiotics and has a strong ability 

to develop new resistance mechanisms (Lister et al., 2009; Planquette et al., 2013; 

Moradali et al., 2017; Pang et al., 2019; Qin et al., 2022). Although less virulent than P. 

aeruginosa, another species, P. fluorescens, can cause opportunistic acute infections in 

humans and has been identified in clinical samples from the mouth, stomach, lungs, and 

bloodstream (Scales et al., 2014; Liu et al., 2021a; Wu and Jing, 2024). Another 

important species, P. syringae, ranks first among the top 10 plant pathogenic bacteria 

and is responsible for diseases like blast and black pit in diverse plants, including citrus 

(Lelliott et al., 1966; Klingner et al., 1976; Preston, 2000; Xin et al., 2018). The species 

comprises around 50 pathovars, many targeting different hosts (Gardan et al., 1992; 

Schroth et al., 2006). P. syringae also plays a role in the water cycle by acting as an ice 

nucleus in clouds and has been identified in rain, snow, lakes, and plants (Hirano and 

Upper, 2000; Morris et al., 2008). Other phytopathogenic Pseudomonas species include 

P. amygdali, P. avellanae, P. cannabina, P. caricapapayae, P. ficuserectae, P. meliae, P. 
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savastanoi, P. tremae, and P. viridiflava (Lelliott et al., 1966; Gardan et al., 2002; Lopez 

et al., 2012; Beiki et al., 2016).  

On the other hand, different Pseudomonas species, including P. fluorescens, P. 

mendocina, P. putida, P. stutzeri,  P. syringae, etc., play key roles in biotechnology, 

contributing to plant growth promotion, bioremediation agents, detectors of food 

spoilage agents in milk, and the production of valuable secondary metabolites (Scales 

et al., 2014; Madhaiyan et al., 2017; Vasconcellos et al., 2017; Hassen et al., 2018; Lee 

et al., 2022; Mora et al., 2022; Mehmood et al., 2023). P. fluorescens benefits plant 

growth and is commonly used in agriculture to enhance sustainability and control plant 

diseases (Panpatte et al., 2016; Garrido-Sanz et al., 2017; David et al., 2018; Raio, 

2024). P. putida is widely used as an industrial biocatalyst (Loeschcke and Thies, 2015; 

Nikel and de Lorenzo, 2018; Weimer et al., 2020). P. chlororaphis has demonstrated its 

potential as a biocontrol agent for managing peanut stem rot disease (Johnsson et al., 

1998; Garrido-Sanz et al., 2017; Liu et al., 2022), P. pertucinogena and related species 

contain genes for the production of enzymes, including esterases, dehalogenases, and 

transaminases, as well as secondary metabolites (Bollinger et al., 2020; Kruse et al., 

2024). Their widespread presence and importance in ecology have resulted in a 

consistent annual increase in identified Pseudomonas species. As many environments 

remain unexplored, this trend is expected to continue, with new species and strains 

being discovered rapidly. As a result, this genus has become one of the fastest-growing 

bacterial groups (Girard et al., 2021; Saati-Santamaria et al., 2021; Lalucat et al., 2022; 

Mulet et al., 2024).  
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However, the inclusion of genetically and phenotypically unrelated species 

makes the genus Pseudomonas highly complex and polyphyletic, as not all species share 

a common evolutionary history (Hesse et al., 2018; Peix et al., 2018; Girard et al., 2021; 

Saati-Santamaria et al., 2021; Lalucat et al., 2022). Although all these species bear the 

genus name Pseudomonas, they exhibit substantial variation, which contradicts the 

fundamental principles of microbial taxonomy. In prokaryotic taxonomy, the genus and 

species are the primary classification units, and a genus name typically implies that 

species within it are closely related, sharing common genetic, phenotypic, and 

functional traits, such as pathogenic potential. These shared characteristics distinguish 

them from species in other genera (Rosselló-Mora and Amann, 2001; Gupta et al., 2018; 

Gupta et al., 2020; Gupta, 2021; Lalucat et al., 2022). In contrast, the current 

Pseudomonas classification groups genetically unrelated species, many of which are 

distantly related to the type species P. aeruginosa (Hesse et al., 2018; Peix et al., 2018; 

Lalucat et al., 2020). This system lacks a clear phylogenetic framework for 

understanding the relationships among species. It also fails to organize the species into 

taxonomic units based on their evolutionary history and relationships.  The absence of 

a reliable and informative phylogenetic framework for Pseudomonas species hinders 

understanding the roles of these species in disease causation in animals and plants, their 

ecological importance, and the production of metabolites and enzymes, which are 

helpful for diverse purposes. As a result, there is a growing consensus that the 

Pseudomonas classification system should be revised to more accurately reflect the 

evolutionary relationships among these species based on their shared history and other 

commonly shared traits (Hesse et al., 2018; Saati-Santamaria et al., 2021; Lalucat et al., 

2022). 
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3.2 Taxonomic History of the Genus Pseudomonas and Research Gaps: 

Understanding the evolutionary relationships among Pseudomonas species and 

developing a reliable taxonomic framework for this genus has been a persistent 

challenge, primarily due to the absence of consistent phenotypic or genotypic traits 

shared by all its species (Anzai et al., 1997; Mulet et al., 2010; Garrido-Sanz et al., 

2016; Peix et al., 2018; Lalucat et al., 2022). Initially described by Migula in 1894 

(Migula, 1894), the genus includes some species distinguishable by specific features, 

such as producing a green, fluorescent pigment and being polarly flagellated, strictly 

oxidative, Gram-negative rods (Cowan and Liston, 1974). However, many 

Pseudomonas species lack these traits, and similar characteristics are observed in other 

genera, making classification difficult. By the 1960s, Pseudomonas taxonomy had 

become highly disorganized, with nearly 800 species names in use (Stanier and van 

Niel, 1962; Palleroni, 2010). To address this issue, Stanier and colleagues introduced a 

systematic approach in 1966 (Stanier et al., 1966), utilizing biochemical and substrate 

utilization tests initially developed by Den Dooren de Jong (1926). This extensive 

analysis examined 165 phenotypic traits across 401 recognized Pseudomonas strains. 

Building on this, Stanier, Doudoroff and Palleroni (Doudoroff, 1974) advanced 

Pseudomonas taxonomy by incorporating polyphasic methods, including analyses of 

G+C content and DNA-DNA hybridization. In addition, Palleroni et al. (Palleroni, 

1984) divided Pseudomonads into five rRNA subgroups based on RNA-DNA 

hybridization. They identified Group I, represented by P. aeruginosa, as the core of the 

genus, while the remaining groups were reclassified into separate genera within the 

same or related families. 
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An important breakthrough in Pseudomonas taxonomy occurred in the 1980s when 

Woese and colleagues introduced the use of 16S ribosomal RNA gene sequencing for 

bacterial classification. This work placed Pseudomonas within the 

Gammaproteobacteria (Woese et al., 1984). The most pointed changes impacting the 

classification of the genus Pseudomonas emerged in the 2000s, starting with a study by 

Anzai et al., (2000). This research analyzed the 16S rRNA gene sequences of 128 

Pseudomonas species, revealing that many species fell outside the Pseudomonas sensu 

stricto cluster, which corresponds to the rRNA group I defined by  Palleroni (1984). 

However, the limited resolution of 16S rRNA at the species level necessitated using 

alternative markers, such as concatenated sequences of multiple housekeeping genes, 

for more precise classification. Over the last two decades, phylogenomic techniques, 

including MLSA based on multiple housekeeping genes, i.e., 16S rRNA, gyrB, rpoD, 

and rpoB, and core genome comparisons, have become essential tools in studying 

Pseudomonas taxonomy (Yamamoto et al., 2000; Hilario et al., 2004; Mulet et al., 2010; 

Hesse et al., 2018; Lalucat et al., 2022).  

Extensive research using MLSA and core genome analysis has been undertaken to 

understand the evolutionary relationships among Pseudomonas species (Mulet et al., 

2010; Jun et al., 2016; Hesse et al., 2018; Peix et al., 2018; Saati-Santamaria et al., 2021; 

Lalucat et al., 2022; Passarelli-Araujo et al., 2022). The findings from these studies have 

consistently identified several unresolved issues within the genus. 1) Pseudomonas 

species do not form a monophyletic lineage and group into three unrelated lineages: the 

Aeruginosa, Fluorescens, and Pertucinogena lineages (each based on representative 

species names), suggesting they do not share a common ancestor. 2) The type species 

of Pseudomonas, P. aeruginosa, along with a few others, form a clade known as the 
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‘Aeruginosa clade,’ which is distinct from the rest of the Pseudomonas species clades. 

3) Within these two lineages (Aeruginosa and Fluorescens), several distinct genus-level 

groups or clades were observed which includes Alcaligenes, Anguilliseptica, Flexibilis, 

Fluorescens, Kuykendallii, Linyingensis, Lutea, Massiliensis, Oleovorans, 

Oryzihabitans, Putida, Resinovorans, Rhizosphaerae, Straminea, Stutzeri, and Syringae 

clades consisting different Pseudomonas species. Each clade is named after the 

representative species name.  4) A deep-branching lineage, the Pertucinogena lineage 

(named for P. pertucinogena), is observed, which branches outside of all Pseudomonas 

species/clades. 5) Several studies also showed that species from other genera within the 

Pseudomonadaceae family, such as Azotobacter, Azomonas, and Chryseomonas, branch 

in between different Pseudomonas species clades, making the genus polyphyletic. 

Furthermore, some Pseudomonas species, i.e., P. acidophila, P. cissicola, and P. 

geniculata, are more closely related to several distant genera, including 

Paraburkholderia, Xanthomonas, and Stenotrophomonas, respectively. 6) No 

taxonomic, biochemical, or molecular markers that clearly distinguish all genus-level 

clades within the genus Pseudomonas have been identified. For taxonomic markers to 

be effective, they must be stable and shared by all members of the clades/genera. In 

addition, the markers should possess strong predictive power, enabling the 

determination of the taxonomic affiliation of uncharacterized strains based on their 

presence or absence.  

Thus, the challenges mentioned above highlight the need to revise the Pseudomonas 

classification by developing a reliable, informative marker-based taxonomic framework 

that reflects the evolutionary relationships among Pseudomonas species and resolves 

the existing taxonomic issues within the genus Pseudomonas. In my thesis, I have used 
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multiple genome sequence-based approaches, viz., construction of phylogenomic trees 

based on large datasets of core proteins, identification of molecular markers such as 

CSIs and CSPs, which are specific for different Pseudomonas species clades/genera and 

other whole-genome-based approaches (viz., construction of AAI and POCP matrices) 

to address the challenges related to understanding evolutionary relationships and re-

classification of Pseudomonas species in different thesis chapters.  

In addition to genus-level reclassification, my research also focuses on species or 

strain-level demarcation. I used molecular marker-based approaches to propose a new 

species, P. paraeruginosa, distinct from P. aeruginosa strains.  

P. aeruginosa, which is a part of the “ESKAPE” group of pathogens (Enterococcus 

faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, 

Pseudomonas aeruginosa, and Enterobacter species), poses a serious threat to human 

health and is prioritized for novel antimicrobial development (Pendleton et al., 2013; 

Miller and Arias, 2024). P. aeruginosa drives its pathogenicity through numerous 

virulence factors, either located on the cell surface or secreted into the surroundings 

(Lyczak et al., 2000; Wolfgang et al., 2003; Hauser, 2009; Rutherford and Bassler, 2012; 

Elsen et al., 2014; Garcia-Reyes et al., 2020). One of the key virulence factors is Type 

IV pili (T4P) (Hood et al., 2010; Burrows, 2012; Basso et al., 2017), which are 

responsible for twitching motility. This type of motility plays a crucial role in biofilm 

formation and surface exploration (Burrows, 2012). Other key virulence factors in P. 

aeruginosa include the Type I (T1SS) (Filloux, 2011; Qin et al., 2022), Type II (T2SS) 

(Jyot et al., 2011), and Type III (T3SS) secretion systems (Yahr et al., 1996; Engel and 

Balachandran, 2009; Nadal Jimenez et al., 2012; Elsen et al., 2014; Toska et al., 2014). 
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T1SS secretes alkaline protease, which inhibits fibrin formation and aids bacterial 

spread (Filloux, 2011; Qin et al., 2022). T2SS releases exotoxin A, phospholipase C, 

protease IV, and elastase, which contribute to cytotoxicity, inflammation, and 

colonization (Jyot et al., 2011; Wiener-Kronish and Pittet, 2011). The Type 3 secretion 

system (T3SS) injects exotoxins directly into host cells. These include ExoU (a 

phospholipase causing apoptosis and necrosis), ExoY (an adenylate cyclase disrupting 

endothelial cell function), and ExoT and ExoS (bifunctional proteins that impair DNA 

synthesis and alter cell morphology). While all strains carry T3SS genes, only some 

secrete these effectors, and T3SS expression is linked to worse clinical outcomes (El-

Solh et al., 2012; Ledizet et al., 2012; Elsen et al., 2014; Toska et al., 2014; Qin et al., 

2022). Several other virulence factors include quorum sensing (QS), which controls cell 

communication and biofilm formation, and endotoxin (lipopolysaccharide), located on 

the outer membrane, providing resistance to host defenses (Ramsey et al., 2005; 

Rutherford and Bassler, 2012).  

Studies using phylogenomic, computational, and experimental approaches have 

shown that P. aeruginosa strains are pathogenically distinct, grouping into two clades 

in the phylogenetic analysis. These clades are called “Classical clades” and “Outlier 

clades”. Based on the presence/absence of the T3SS, the more pathogenic “Classical” 

clade, containing T3SS, is represented by strain PAO1, while the less pathogenic 

“Outlier” clade, which lacks T3SS, is represented by strain PA7 (Roy et al., 2010; Sood 

et al., 2019; Sood et al., 2020). We also performed extensive phylogenomic and 

comparative genomic analyses to distinguish the strains of these two clades. Based on 

our findings, we reclassified the strains from the “Outlier clade” as a new species, 

Pseudomonas paraeruginosa. This work is detailed in Chapter 4 of this thesis. 
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3.3 Thesis Chapters Overview 

As previously mentioned, Pseudomonas species are categorized into three main 

groups or lineages: Pertucinogena, Aeruginosa, and Fluorescens. My thesis is structured 

into seven chapters, each addressing key aspects of my research to clarify the 

evolutionary relationships among Pseudomonas species from these lineages using 

phylogenomic and molecular signature-based approaches. Chapter 1 introduces the 

genus Pseudomonas, highlights current research challenges, and lays the foundation for 

the studies presented in subsequent chapters. Chapters 2-5 include my published 

studies, presented in their original manuscript form. Chapter 2 focuses on the 

Pertucinogena group of species, which branches outside of all Pseudomonas species 

clades, underscoring that they are separate from them. Our analyses of these 

Pseudomonas species have led to the reclassification of most of the species from the 

Pertucinogena group into two new genera, Halopseudomonas and Atopomonas. 

Furthermore, we have also merged the genus Oblitimonas with Thiopseudomonas and 

reclassified several misclassified Pseudomonas species into their respective genera. 

Chapter 3 focuses on the Aeruginosa lineage or group of species. Aeruginosa 

lineage/group consists of over 13 distinct Pseudomonas species clades in addition to 

Azomonas and Azotobacter species. This chapter highlights the delineation of these 

clades through comprehensive phylogenomic analyses, the identification of CSIs, and 

the application of additional comparative genomic methods such as AAI and POCP. 

Based on the results from these analyses, the genus Pseudomonas was redefined to 

include only species within the Aeruginosa clade, containing the type species P. 

aeruginosa. Twelve novel and emended genera were described to represent the 

remaining clades within the Aeruginosa lineage. Chapter 4 investigates many P. 



 

32 

 

aeruginosa strains and identifies two distinct clades containing P. aeruginosa strains: 

Classical and Outlier. Through phenotypic and genotypic analyses, we established that 

the Outlier clade represents a new species, which we named P. paraeruginosa. Chapter 

5 highlights the predictive potential of CSIs as a reliable tool for determining the 

taxonomic affiliations of ~ 300 unclassified Pseudomonas strains. This chapter 

underscores the utility of CSIs in refining microbial taxonomy.  Chapter 6 presents the 

results of phylogenomic studies to clarify the evolutionary relationships within species 

from the Fluorescens lineage. It also reports the identification of CSIs specific for some 

of the observed clades. This study, after further work, will form the basis for 

reclassifying species from the Fluorescens lineage into different novel genera. Finally, 

Chapter 7 concludes by summarizing the overall significance of my research and 

discussing potential future directions for advancing our understanding of prokaryotic 

taxonomy, classification, and evolution. 
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 CHAPTER 2 

Phylogenomic and Comparative Genomic Analyses of Species of the Family 

Pseudomonadaceae: Proposals for the Genera Halopseudomonas gen. nov. 

and Atopomonas gen. nov., Merger of the Genus Oblitimonas with the Genus 

Thiopseudomonas, and Transfer of some Misclassified Species of the Genus 

Pseudomonas into Other Genera. 

 

 

This chapter describes phylogenomic and comparative genomics approaches to 

clarify the evolutionary relationships of the Pertucinogena lineage of species, which 

groups outside of all other Pseudomonas species clades. Comparative analysis of 

protein sequences across Pseudomonas species led to the identification of CSIs unique 

to the Pertucinogena group of species, along with other misclassified Pseudomonas 

species clades. These CSIs, in conjunction with phylogenetic analyses, provide insights 

into the evolutionary relationships among different Pseudomonas species, leading to the 

establishment of two novel genera, Halopseudomonas and Atopomonas. Furthermore, 

this study presents molecular evidence for the misclassification of several Pseudomonas 

species, supporting their reassignment to more closely related genera. My contributions 

to this chapter include the construction of phylogenetic trees, the identification of CSIs, 

drafting and revising the manuscript, and producing all main and supplemental figures 

and tables. 

 

Due to space constraints, supplementary figures and tables are not included in this 

chapter but are available alongside the entire manuscript at: 

Rudra B., Gupta R. S. (2021). Int. J. Syst. Evol. Microbiol.71(9):005011. 
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CHAPTER 3 

Phylogenomics Studies and Molecular Markers Reliably Demarcate Genus 

Pseudomonas sensu stricto and Twelve other Pseudomonadaceae Species Clades 

Representing Novel and Emended Genera. 

 

This chapter describes comprehensive phylogenomic studies, consistently 

identifying 13 major clades/groups containing different Pseudomonas species within 

the Aeruginosa lineage. To support the distinctiveness of these observed clades, this 

study presents the identification of 98 CSIs that are highly specific to these different 

clades. These CSIs serve as unique molecular markers distinguishing different clades 

and provide strong independent evidence for the genetic cohesiveness of these clades. 

Based on the clade-specific CSIs, robust phylogenetic analysis, and other genomic 

similarity indices (AAI and POCP), this study reclassifies the distinct species clades 

into seven novel genera and five emended genera. Additionally, the findings support 

restricting the genus Pseudomonas only to the species within the Aeruginosa clade 

containing the type species P. aeruginosa. My contributions to this chapter include 

constructing phylogenetic trees, identifying CSIs, conducting genomic similarity 

analyses, drafting the manuscript, and producing all main and supplemental figures and 

tables.  

 

Due to space constraints, supplementary figures and tables are not included in 

this chapter but are available alongside the entire manuscript at: 

Rudra, B., & Gupta, R. S. (2024). Front. Microbiol., 14, 1273665. 
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CHAPTER 4 

Phylogenomic and Comparative Genomic Studies Robustly Demarcate Two 

Distinct Clades of Pseudomonas aeruginosa Strains: Proposal to Transfer the 

Strains from an Outlier Clade to a Novel Species Pseudomonas paraeruginosa sp. 

nov.  

This chapter presents a comprehensive phylogenomic analysis of different 

Pseudomonas aeruginosa strains, revealing the existence of two clades (Classical and 

Outlier). The distinctness of these clades is supported by identifying molecular markers 

(CSIs and CSPs) that are highly specific for the strain of these two clades. Using CSIs 

and CSPs, phylogenetic analysis, species demarcation criteria (16S similarity, ANI, 

AAI, and dDDH), and additional phenotypic tests, this study concludes with a proposal 

to reclassify the strains from the Outlier clade as a new species, Pseudomonas 

paraeruginosa. My contributions to this chapter include identifying CSIs, conducting 

genomic similarity analyses, drafting the manuscript, and finalizing all main and 

supplemental figures and tables. This was a collaborative project with King’s College 

London, UK, where the co-first author, Louise Duncan, conducted all biochemical 

assays, including growth, morphology, motility, carbon utilization, enzyme production, 

chemical tolerance, and antibiotic resistance, on the type strains or representative strains 

from both clades/species.  

 

Due to space limitations, supplementary materials for this study are not included 

in this chapter but are available along with the entire manuscript at: 

Rudra, B., et. al., (2022). Int. J. Syst. Evol. Microbiol., 72(11), 005542.  
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CHAPTER 5 

Molecular Markers Specific for the Pseudomonadaceae Genera Provide Novel and 

Reliable Means for the Identification of Other Pseudomonas Strains/spp. Related 

to These Genera 

 

This chapter highlights the application of CSIs for predicting the taxonomic 

affiliation of uncharacterized Pseudomonas species or strains. Using CSI information 

specific to different Pseudomonadaceae genera, this study assigns ~300 

uncharacterized Pseudomonas strains to 14 Pseudomonadaceae genera. The proposed 

taxonomic placements are further validated through robust phylogenetic analysis. My 

contributions to this chapter include analyzing results from the CSI-based server 

(Appindels.com), conducting phylogenetic analyses to confirm taxonomic assignments, 

formatting and finalizing all main and supplemental figures and tables, and revising the 

manuscript.    

 

 

 

 

Due to space limitations, supplementary materials for this study are not included in this 

chapter but are available along with the entire manuscript at: 

Rudra, B., & Gupta, R. S. (2025). Genes, 16(2), 183. 
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CHAPTER 6 

 

Phylogenomics and Molecular Marker-Based Studies to Clarify Evolutionary 

Relationships Among Species from The Fluorescens Lineage.  

 

 

 

This chapter provides a comprehensive phylogenetic analysis of Pseudomonas 

species within the Fluorescens lineage, revealing 13 distinct genus-level clades. This 

chapter also highlights the use of CSIs for reliably distinguishing some of these clades 

and outlines a future objective to identify CSIs for the remaining clades. My 

contributions to this work include constructing the phylogenetic trees, performing 

comparative genomic analyses to identify CSIs, and contributing to the writing of this 

chapter. 

 

 

 

 

 

 

  

This Chapter is an altered manuscript that will be submitted for publication in the 

coming months.   
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Abstract 

 

The genus Pseudomonas includes large assemblages of bacteria with diverse 

properties. In addition to infecting humans, animals, insects, and plants, species play 

vital roles in biocontrol, bioremediation, and plant-microbe interactions. Phylogenetic 

studies have shown that the genus Pseudomonas is polyphyletic, and species form three 

major lineages: Aeruginosa, Fluorescens, and Pertucinogena. While recent taxonomic 

revisions have reassigned distinct clades of species from the Aeruginosa and 

Pertucinogena lineages into several novel and emended genera, the classification of the 

Fluorescens lineage, accounting for ~70% of Pseudomonas species, remains 

unresolved. To address this, we conducted a comprehensive phylogenomic and 

comparative genomic analysis on the Fluorescens lineage of species. Our genome-scale 

phylogenetic tree identified 13 distinct genus-level clades, such as Asplenii, 

Chlororaphis, Corrugata, Fluorescens, Fragi, Jessenii, Koreensis, Lutea, Mandelii, 

Massiliensis, Putida, Rhizosphaerae, and Syringae. To confirm their distinctiveness and 

reliable demarcation, we identified multiple Conserved Signature Indels (CSIs) 

uniquely shared by the species from the Massiliensis, Putida, and Rhizosphaerae clades. 

Future studies will identify CSIs for the remaining clades serving as independent 

molecular markers for their reliable demarcation.  
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Introduction  

The genus Pseudomonas comprises over 350 species with validly published 

names (LPSN, accessed on February 2025) (Parte, 2018), exhibiting immense genetic 

and metabolic diversity (Palleroni, 2005; Peix et al., 2009; Lund-Palau et al., 2016; 

Winsor et al., 2016; Pang et al., 2021; Rossi et al., 2021). Due to their clinical, economic, 

and ecological importance, Pseudomonas species have been extensively studied (Hesse 

et al., 2018; Peix et al., 2018; Rudra and Gupta, 2021; Saati-Santamaria et al., 2021; 

Lalucat et al., 2022). Phylogenetic analyses reported in these studies establish that this 

genus is highly polyphyletic, and the large assemblages of species that are currently part 

of the genus Pseudomonas form three main lineages in phylogenetic trees: Aeruginosa, 

Fluorescens, and Pertucinogena. Of these three lineages, the Aeruginosa and 

Fluorescens lineages consist of multiple distinct clades, which are phenotypically and 

genotypically distinct from a specific species clade, viz. the Aeruginosa clade, which 

contains the type species (P. aeruginosa) of this genus. Additionally, species from other 

genera have been found to cluster in between different Pseudomonas species, making 

this genus highly polyphyletic (Hesse et al., 2018; Peix et al., 2018; Rudra and Gupta, 

2021). To address these taxonomic inconsistencies and establish a reliable classification 

framework for the genus Pseudomonas, several taxonomic revisions were carried out 

using comparative genomics-based approaches on the Pertucinogena and Aeruginosa 

lineages of species (Rudra and Gupta, 2021; Saati-Santamaria et al., 2021; Lalucat et 

al., 2022; Rudra and Gupta, 2024). These studies have led to the reclassification of over 

150 Pseudomonas species into several novel and emended genera, including 

Aquipseudomonas, Atopomonas, Caenipseudomonas, Chryseomonas, 

Ectopseudomonas, Geopseudomonas, Halopseudomonas, Metapseudomonas, 
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Paraburkholderia, Phytopseudomonas, Serpens, Stenotrophomonas, Stutzerimonas, 

Thiopseudomonas, Xanthomonas, and Zestomonas. Moreover, according to the Code 

governing the nomenclature of Prokaryotes (Oren et al., 2023), only species from the 

Aeruginosa clade should constitute the genus Pseudomonas. Despite these 

advancements, the taxonomic status of ~70% of Pseudomonas species forming the 

Fluorescens lineage remains unresolved.   

Species within the Fluorescens lineage show remarkable diversity and have been 

isolated from a wide range of environments, including water (Miranda and Zemelman, 

2002), soil (Andersen et al., 2000), plant tissues (Brown et al., 2012), fungi (Rainey et 

al., 1993), animals (Vela et al., 2006), and humans (Scales et al., 2015). These bacteria 

play essential agricultural and ecological roles, contributing to biocontrol, siderophore 

production, denitrification, toxin synthesis, bioremediation, and plant-microbe 

interactions (Silby et al., 2011; Scales et al., 2014; Garrido-Sanz et al., 2016). Among 

them, P. fluorescens, P. corrugata, P. chlororaphis, and P. protegens are extensively 

studied for their effectiveness as biocontrol agents. They employ diverse mechanisms, 

such as competitive colonization in plant tissues, antibiosis, siderophore production, 

and secretion of lytic enzymes (Silby et al., 2011; Scales et al., 2014; Raio, 2024). In 

contrast, P. syringae is recognized as one of the most studied plant pathogens, ranked 

among the top 10 plant-pathogenic bacteria (Mansfield et al., 2012). It primarily infects 

the phyllosphere, where it exists as an epiphyte on plant surfaces (Xin et al., 2018). 

Another notable species, P. putida, is a metabolically versatile soil bacterium capable 

of degrading a wide range of organic compounds, including xenobiotics, making it a 

key player in bioremediation efforts (Iyer and Damania, 2016; Papadopoulou et al., 
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2018). P. jessenii is also suited for bioremediation and rhizoremediation applications 

(Garrido-Sanz et al., 2016; Raio, 2024). 

Given the ecological and agricultural impact of the species from the Fluorescens 

lineage, several phylogenomic studies have explored the evolutionary relationships 

among these species (Mulet et al., 2010; Beiki et al., 2016; Garrido-Sanz et al., 2016; 

Garrido-Sanz et al., 2017; Girard et al., 2020; Lalucat et al., 2020; Passarelli-Araujo et 

al., 2022). These studies have grouped the species from the Fluorescens lineages into 

five phylogenetic groups: Asplenii, Fluorescens, Lutea, Syringae, and Putida. Of these 

groups, the Fluorescens group is further subdivided into nine subgroups. However, the 

species composition of these subgroups often varies in different studies due to the 

inclusion of new species over time (Gomila et al., 2015; Garrido-Sanz et al., 2016; 

Gomila et al., 2017; Lalucat et al., 2020; Mulet et al., 2024). These different 

phylogroups exhibit pronounced phenotypic and genetic diversity, making it difficult to 

establish a phylogeny that accurately reflects their genetic cohesiveness and shared 

evolutionary history (Mulet et al., 2010;Garrido-Sanz et al., 2017). This complexity is 

further compounded by the frequent discovery of new species and the inclusion of 

unrelated strains within this lineage (Lalucat et al., 2020; Girard et al., 2021; Lalucat et 

al., 2022). Whole-genome-based studies reveal that strains of several species, including 

P. fluorescens, P. putida, etc., are often misclassified, resulting in their dispersed 

placement within the Fluorescens lineage (Nikolaidis et al., 2020;  Passarelli-Araujo et 

al., 2022). Since the genus Pseudomonas has been proposed and needs to be restricted 

to the species within the Aeruginosa clade, and most of the species from the 

Pertucinogena and Aeruginosa lineages have already been reliably reclassified into 

distinct monophyletic genera (Saati-Santamaria et al., 2021; Lalucat et al., 2022; Rudra 
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and Gupta, 2024), it is of great interest to conduct a comprehensive study on the species 

from the Fluorescens lineage to identify distinct monophyletic groups/subgroups that 

are robustly supported using multiple genome sequence-based approaches.  

 With the aim of establishing a reliable phylogenetic framework for the 

classification of the Fluorescens lineage of species, in the present work, we have 

conducted detailed phylogenomic and comparative genomic studies on the genome 

sequences of 245 species from the Fluorescens lineage. Based on their genome 

sequences, we have constructed a robust genome-scale phylogenomic tree based on 

large datasets of conserved proteins from these species. In the phylogenomic tree that 

we have constructed, the Fluorescens lineage of species forms 13 distinct 

clades/subclades (viz., Asplenii, Chlororaphis, Corrugata, Fluorescens, Fragi, Jessenii, 

Koreensis, Lutea, Mandelii, Massiliensis, Putida, Rhizosphaerae and Syringae), similar 

to those reported in earlier studies (Garrido-Sanz et al., 2017; Hesse et al., 2018; Lalucat 

et al., 2020; Passarelli-Araujo et al., 2022). In addition to the phylogenetic studies 

showing the distinctness of these species clades, we also report here the results of 

detailed comparative genomic studies on protein sequences from these species to 

identify novel molecular markers, consisting of Conserved Signature Indels (CSIs) in 

protein sequences, which are exclusively found in the species from several clades 

including Massiliensis, Putida, and Rhizosphaerae. The molecular markers that are 

uniquely found in different monophyletic groups of species provide strong evidence 

supporting the distinctness of different species clades independently of the phylogenetic 

trees and provide robust means for their demarcation in molecular terms (Gupta, 1998; 

Sawana et al., 2014; Hu et al., 2019; Bello et al., 2022b). More CSIs will be identified, 

exclusively shared by the species from the remaining 10 clades, in the coming months. 
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Using these CSIs, all 13 main clades within the Fluorescens lineage can be reliably 

demarcated and distinguished from each other based upon multiple exclusively shared 

molecular characteristics.    

 

Methods 

Construction of Phylogenetic Tree 

Genome sequences for 388 named Pseudomonadaceae species were obtained 

from the NCBI database, using type strains where available. A phylogenetic tree for 

these species was constructed based on concatenated sequences of 118 conserved 

proteins, similar to our recent study (Rudra and Gupta, 2024). Moraxella bovoculi and 

M. bovis were used as outgroup species to root the tree. A maximum-likelihood (ML) 

tree was generated using an internally developed pipeline, as described in other studies 

(Adeolu et al., 2016; Rudra and Gupta, 2021; Rudra and Gupta, 2024). Protein families 

with at least 50% sequence identity and present in 80% of the input genomes were 

identified using the CD-HIT program (Li and Godzik, 2006; Fu et al., 2012), and 

multiple sequence alignments were performed with Clustal Omega (Sievers et al., 

2011). TrimAl (Capella-Gutiérrez et al., 2009) was used to remove poorly aligned 

regions before concatenation. The alignment contained 42,362 amino acid positions. 

FastTree 2 (Price et al., 2010) was used for initial tree construction, using the Whelan 

and Goldman model (Whelan and Goldman, 2001), followed by refinement in RAxML 

8 (Stamatakis, 2014) with the Le and Gascuel model (Le and Gascuel, 2008). The 

resulting phylogenetic tree was formatted and labeled using MEGA X (Kumar et al., 

2018). 
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Identification of Conserved Signature Indels (CSIs) 

Identification of CSIs was carried out using procedures similar to those 

described in our earlier work (Gupta, 2014; Rudra and Gupta, 2021; Rudra and Gupta, 

2024). Briefly, local BLASTp searches were carried out on protein sequences from the 

genomes of several Pseudomonas species representing diverse clades/lineages of 

interest, as well as other outgroup species. Based on these BLAST searches, sequences 

of high-scoring homologs (E value <1e-20) of different proteins were retrieved for 

several species (generally between 2 to 10) from the group of interest and 10-15 species 

from other Pseudomonas clades or other Pseudomonadaceae genera. Multiple sequence 

alignments were created using the ClustalX 2.1 program (Jeanmougin et al., 1998). The 

alignments were visually analyzed for fixed-length insertions or deletions found in 

conserved regions (i.e., flanked on both sides by minimally 5-6 conserved aa residues 

in the neighboring 40-50 aa) and which were only found in the Pseudomonas species 

from the clade of interest. The indels, not present in conserved regions, were not further 

considered. The query sequences consisting of the conserved indels and their flanking 

30-40 aa on each side (generally beginning and ending with a stretch of conserved 

amino acids) were selected for a second BLASTp search. This latter BLASTp search 

was conducted against the NCBI nr database, and the resultant 250-500 hits were 

evaluated to determine the group specificities of the observed indels (CSIs). Based on 

these BLASTp results, the indels that were only present in different species from a 

specific clade of Pseudomonas were further formatted using the SIG_CREATE and 

SIG_STYLE programs (Gupta, 2014;2016).  
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Results 

Phylogenetic Studies on the Species from the Fluorescens Lineage 

To understand the cladistic relationships among species within the Fluorescens 

lineage, we have reconstructed a phylogenomic tree for all named Pseudomonadaceae 

species (Sayers et al., 2019; Parte et al., 2020), similar to our recent work (Rudra and 

Gupta, 2024). The tree, shown in Fig. 1, is based on concatenated sequences of 118 

conserved proteins comprising the phyloeco set for the class Gammaproteobacteria 

(Wang and Wu, 2013). Moraxella species (M. bovis and M. bovoculi) from the family 

Moraxellaceae were used to root the tree. This tree will be referred to as the “phyloeco 

tree” in this study. In this tree, nearly all nodes were supported with 100% bootstrap 

values (SH scores), confirming the robustness of the inferred evolutionary relationships 

among different Pseudomonadaceae species clades. 

The overall clustering of Pseudomonadaceae species in the tree shown in Fig. 

1A is consistent with our previous studies (Rudra and Gupta, 2021; Rudra and Gupta, 

2024). In this tree, all Pseudomonas species are grouped into three major lineages 

(compressed and labeled as Pertucinogena, Aeruginosa, and Fluorescens). Within the 

Aeruginosa and Fluorescens lineages, multiple distinct genus-level clades are observed. 

The species from most of the clades within the Pertucinogena and Aeruginosa lineages 

have now been reclassified into other genera. These clades are shown in the tree in 

compressed form and labeled with their new genera names. However, the present study 

focuses on the Fluorescens lineage of species, which is compressed in Fig. 1A, and the 

uncompressed form of this large species lineage, showing its different clades, is 

presented in Fig. 1 (B) and 2 (A-E). As seen in these Figs., species from the Fluorescens 
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lineage group into 13 distinct clades, each labeled according to commonly used 

clade/subclade names based on representative species from them. These clades include 

Asplenii, Chlororaphis, Corrugata, Fluorescens, Fragi, Jessenii, Koreensis, Lutea, 

Mandelii, Massiliensis, Putida, Rhizosphaerae, and Syringae. Two species, P. 

frederiksbergensis and P. akappageensis, do not group with any observed clades and 

form separate lineages. These different clade structures, branching, and naming are 

consistent with other studies on Fluorescens lineage, except for some variations in 

species composition within some clades/subclades (Garrido-Sanz et al., 2017; Hesse et 

al., 2018; Nikolaidis et al., 2020; Girard et al., 2021; Lalucat et al., 2022). To facilitate 

the visualization of species composition, the uncompressed forms of Asplenii, 

Chlororaphis, Corrugata, Fragi, Jessenii, Lutea, Massiliensis, and Rhizosphaerae clades 

are shown in Fig. 1B, while those of the species from the Koreensis, Mandelii, Putida, 

Fluorescens, and Syringae clades are depicted in Fig. 2A-E, respectively.   
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Figure 1. (A) Maximum-likelihood tree of 388 genome-sequenced Pseudomonadaceae 

species, constructed using concatenated sequences of 118 conserved proteins. All 

clades/ genera within the Pertucinogena and Aeruginosa lineages have been compressed 

and labeled with the recently described new and existing genera names. (B) Expanded 

view of all clades within the Fluorescens lineage. For clarity and ease of presentation, 

some clades/subclades, including Koreensis, Mandelii, Putida, Fluorescens, and 

Syringae, are compressed, with their uncompressed versions shown in Fig. 2 (A-E). 
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Figure 2. Expanded view of the clades (A) Koreensis, (B) Mandelii, (C) Putida, (D) 

Fluorescens, and (E) Syringae. 



 

132 

 

As seen from the tree shown in Fig. 1B, the Massiliensis clade of species forms 

a distinct, deepest-branching clade within the Fluorescens species lineage. Of the 

remaining groups/clades, species belonging to eight distinct genus-level clades, viz., 

Koreensis, Jessenii, Mandelii, Corrugata, Fluorescens, Chlororaphis, Asplenii, and 

Fragi, are commonly referred to as the subclades of the Fluorescens clade (Garrido-

Sanz et al., 2016; Garrido-Sanz et al., 2017; Hesse et al., 2018; Girard et al., 2021; 

Lalucat et al., 2022), where in some of these studies, these clades were classified as part 

of the P. fluorescens complex, constituting one of the most diverse groups within the 

genus Pseudomonas (Garrido-Sanz et al., 2016; Garrido-Sanz et al., 2017). Based on 

their distinctness in phylogenetic analysis, our study labeled all these groups as distinct 

clades. In earlier studies, two additional subgroups, i.e., P. gessardii and P. protegens 

subclades, are also indicated as distinct lineages within the P. fluorescens complex. 

However, based on short branches in our phylogenomic tree shown in Figs. 1 and 2, and 

in earlier studies (Garrido-Sanz et al., 2017; Lalucat et al., 2020; Lalucat et al., 2022), 

as well as molecular evidence (will be discussed later), these subgroups cannot be 

reliably distinguished from the species in neighboring clades.  Hence, in the present 

study, we consider the Gessardii and Protegens subclades as part of the Fluorescens 

clade (shown in Fig. 2D) and the Chlororaphis clade (Fig. 1B), respectively. Further 

evidence supporting the grouping of these subclades with the Fluorescens and 

Chlororaphis clades will be discussed later. The distinctness of the 13 distinct species 

clades observed in the tree shown in Figs. 1 and 2 are also strongly supported by the 

results of our comparative genomics analyses presented below.  
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Identification of Molecular Markers for Different Clades Within the Fluorescens 

Lineage:  

As previously mentioned, Pseudomonas species from the Fluorescens lineage 

consistently form distinct genus-level clades and subclades across different genome-

scale phylogenies. However, the branching patterns in these trees are influenced by 

multiple factors such as the number and type of chosen gene sets, the algorithm used 

for sequences alignment and tree construction, selection of outgroups, long branch 

attraction effects, horizontal gene transfer (HGT) events, etc. (Gupta, 1998; Gupta and 

Griffiths, 2002; Baldauf, 2003; Felsenstein, 2004). Moreover, the branching of different 

clades/subclades in the phylogenetic trees forms a continuum, with some nodes being 

separated by short branch lengths, making it difficult to define their boundaries 

precisely. Given these challenges, it is important to identify other definitive markers for 

distinguishing these clades/subclades. Molecular synapomorphies in the form of CSIs 

in gene and protein sequences serve as unique, clade-specific features, and they have 

proven useful for taxonomic classification at different levels (Gao and Gupta, 2005; 

Griffiths and Gupta, 2006b; Gupta, 2014; Adeolu et al., 2016). In our earlier work, based 

on the presence or absence of CSIs, we clarified the taxonomic position of a large 

number of Pseudomonas species clades from both the Aeruginosa and Pertucinogena 

lineages by transferring them into different novel genera (Rudra and Gupta, 2021; Rudra 

and Gupta, 2024). Hence, as a continuation of my earlier work on the genus 

Pseudomonas, I have also identified several CSIs, which are specific to different clades 

within the Fluorescens lineage. These clade-specific CSIs provide strong genetic 

evidence for the distinctiveness of these species’ clades and offer a more reliable method 

for their taxonomic demarcation. We provide below some examples of the identified 
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CSIs, which are specific for some of the Fluorescens lineage of species clades noted 

above. More detailed and comprehensive information regarding the CSIs specific to 

different observed clades will be provided in a manuscript that will be submitted in the 

coming months. 

Identification of CSIs for the Massiliensis clade of species: 

The Massiliensis clade consists of three species: “P. massiliensis”, P. quercus, 

and P. typographi. Species from this clade have been isolated from diverse sources, 

including fecal flora (stool) (Bardet et al., 2018), leaf spot disease (Li et al., 2021b), and 

bark beetles (Peral-Aranega et al., 2020). In the phylogenetic tree, they form a well-

supported, distinct clade that is separated from other clades within the Fluorescens 

lineage by a long branch. Our comparative genomic analysis identified six CSIs that are 

exclusively shared by all three species within the Massiliensis clade but are absent in 

all other Pseudomonadaceae species or other bacteria. One of these CSIs, shown in Fig. 

3A, is a four aa insertion in the mannitol dehydrogenase family protein, uniquely present 

in all three species. This is an important metabolic enzyme that facilitates the reversible 

oxidation of D-mannitol to D-fructose, D-arabinitol to D-xylulose, and D-sorbitol to L-

sorbose by transferring the C2 hydride to the pro-S position on the nicotinamide 

(Kavanagh et al., 2002). Thus, based on the molecular markers (CSIs), the Massiliensis 

clade of species can be reliably demarcated from the rest of the Pseudomonasaceae 

species clades. Due to space constraints, sequence information for limited 

Pseudomonadaceae species (outgroups) is presented here. Additionally, as the results 

for the CSIs identified in this study have not yet been published, I am presenting only 

limited information here for the CSIs specific to different clades.  
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Identification of CSIs for the Rhizosphaerae and Putida clades of species: 

Another distinct clade, the Rhizosphaerae clade, consists of four species: P. 

baltica, P. coleopterorum, “P. eucalypticola”, and P. rhizosphaerae. These species were 

isolated from diverse sources, including grass (Peix et al., 2003), insects (Menendez et 

al., 2015), plant leaves (Liu et al., 2021b), and raw milk (Gieschler et al., 2021). 

Notably, this clade consists of species known to produce antifungal agents (Liu et al., 

2021b), whereas the neighboring Putida clade is primarily recognized for its role in 

bioremediation (Papadopoulou et al., 2018). In the phylogenetic tree, species from the 

Rhizosphaerae clade form a well-supported clade distinct from the neighboring Putida 

clade and other Pseudomonadaceae species clades. Our comparative genomic analysis 

identified four CSIs that are exclusively present in all species of this clade but absent in 

other Pseudomonadaceae species or other bacteria. One example, shown in Fig. 3B, 

highlights a three-amino-acid deletion within the thioesterase family protein, which is 

shared explicitly by species of the Rhizosphaerae clade but not found in other bacteria. 

Thus, based on the phylogenomic distinctiveness and presence of shared CSIs, species 

from this clade (Rhizosphaerae) should be reclassified as a distinct genus. 
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Figure 3: Partial sequence alignment of (A)-the mannitol dehydrogenase family protein 

showing a four aa insertion (highlighted) that is exclusively present in all members of 

the Massiliensis clade; (B) thioesterase family protein showing a three aa deletion 

(highlighted) that is shared explicitly by the Rhizosphaerae clade of species but not 

shared by any other species. The dashes (−) in sequence alignments indicate identity 

with the amino acids on the top line. Accession numbers for different sequences are 

indicated in the second column, and the numbers at the top indicate the position of this 

sequence in the protein sequences. 
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 Within the Fluorescens lineage, the Putida clade forms the second-largest clade, 

encompassing 54 species (Fig. 1E). These species are widely studied for their 

biotechnological potential, particularly in environmental and industrial applications 

(Poblete-Castro et al., 2012; Keshavarz-Tohid et al., 2019). Strains within this group play 

a crucial role in carbon cycling due to their remarkable metabolic adaptability and ability 

to degrade a broad range of natural organic compounds and xenobiotics, including 

plastics, pesticides, lubricants, and other industrial pollutants (Udaondo et al., 2024). In 

our phylogenetic analysis (Figs. 1 and 2), this group of bacteria forms a strongly 

supported clade. However, some smaller subgroups are observed within the Putida clade, 

which are separated by short branches, indicating their close evolutionary relationships 

to the Putida clade. Similar observations are also reported in other studies (Girard et al., 

2021). The results of our comparative genomic analyses have identified nine CSIs, which 

are exclusively shared by all 54 species from the Putida clade, providing a reliable means 

for the demarcation of this species clade. One example of a CSI specific to the Putida 

clade of species is presented in Fig. 4, where a one aa insertion in the protein Leucyl 

aminopeptidase is found explicitly in all species from this clade but not in any other 

Pseudomonadaceae species or other bacteria, providing strong evidence for the 

distinctiveness of this clade.   

Like the examples of CSIs shown in Figs. 3 and 4, which are specific to the 

species from the Massiliensis, Rhizosphaerae, and Putida clades, in the coming months, 

our future work aims to identify CSIs specific to the remaining species clades within the 

Fluorescens lineage, as shown in Fig. 5. Using these CSIs, different species clades within 

the Fluorescens lineage can be reliably demarcated based on multiple exclusively shared 

molecular characteristics.  
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Figure 4: Partial sequence alignment of the protein Leucyl aminopeptidase showing a 

one aa insertion (highlighted) that is exclusively shared by all members of the Putida 

clade but not shared by any other Pseudomonadaceae species. Due to space constraints, 

this figure displays a limited number of ingroup and outgroup species. 
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Figure 5: A conceptual diagram illustrating the branching pattern of all clades, 

highlighting representative species and showing the number and positions of CSIs 

specific to different clades within the Fluorescens lineage. 
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Discussion  

Establishing a reliable and informative taxonomic framework for the genus 

Pseudomonas has been a long-standing challenge in the field of microbial taxonomy 

(Anzai et al., 2000; Peix et al., 2009; Peix et al., 2018; Lalucat et al., 2022). As indicated 

in the Introduction, this genus consists of species that are highly diverse and 

polyphyletic. Phylogenetic analyses reveal that Pseudomonas species cluster into three 

major lineages/groups: Pertucinogena, Aeruginosa, and Fluorescens. Earlier studies 

clarified the evolutionary relationships among species from the Aeruginosa and 

Pertucinogena lineages using phylogenomic and comparative genomics-based 

polyphasic approaches (Rudra and Gupta, 2021; Saati-Santamaria et al., 2021; Lalucat 

et al., 2022; Rudra and Gupta, 2024). However, these efforts have not reliably resolved 

the evolutionary relationships among species from the Fluorescens lineage, which 

comprises approximately two-thirds of Pseudomonas species. These large assemblages 

of diverse species are ecologically important, with valuable agricultural and 

environmental roles and different biotechnological applications (Vanparys et al., 2006; 

Silby et al., 2011; Scales et al., 2014; Raio, 2024).  

With the aim of clarifying evolutionary relationships among species from the 

Fluorescens lineage, several phylogenomic-based studies were conducted. These 

studies demonstrated that the Fluorescens lineage consists of multiple genus-level 

clades/subclades in the phylogenetic trees with distinct phenotypic features (Mulet et 

al., 2010; Gomila et al., 2015; Garrido-Sanz et al., 2016; Garrido-Sanz et al., 2017). 

However, the distinguishing properties identified for several clades/subclades often 

overlap, making them unreliable for taxonomic classification. For example, 
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bioremediation or rhizoremediation traits are observed in both the Jesseni and Putida 

clades (Furmanczyk et al., 2018; Papadopoulou et al., 2018). Similarly, species with 

biocontrol or insecticidal properties are dispersed across the Fluorescens, Corrugata, 

and Chlororaphis clades (Scales et al., 2014; Garrido-Sanz et al., 2017; Raio, 2024). 

While the Syringae clade predominantly comprises plant pathogens (Gomila et al., 

2017; Dutta et al., 2018; Mulet et al., 2024), pathogenic species also exist in the 

Koreensis clade (Kwon et al., 2003; Garrido-Sanz et al., 2016). A group of 

microbiologists who conducted extensive studies on the genus Pseudomonas 

highlighted the challenge of identifying clade- or subclade-specific traits, stating, “…we 

attempted to find specific phenotypic traits that could be characteristic of and 

differentiate between groups, but our attempt was not successful…” (Mulet et al., 2010). 

Therefore, it is of great interest to identify clade-specific biochemical or molecular 

taxonomic markers that can support the taxonomic reorganization of the Fluorescens 

lineage of species to be consistent with taxonomic principles, as species within the same 

genus should share similar biochemical or molecular properties (Gupta, 2021; 

Hugenholtz et al., 2021; Saati-Santamaria et al., 2021; Lalucat et al., 2022; Malhotra et 

al., 2024).  

To address this gap, we conducted comprehensive phylogenomic and 

comparative genomic analyses on all named Pseudomonas species from LPSN (Parte 

et al., 2020) whose genome sequences are available in the NCBI genome database 

(https://www.ncbi.nlm.nih.gov/datasets/genome/). These analyses aim to revisit the 

phylogenetic relationships among different clades within the Fluorescens lineage and 

identify reliable molecular markers for defining distinct groups. The use of 

phylogenomic trees alongside conserved traits is instrumental in defining genera and 
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higher taxonomic ranks, helps to resolve ambiguities in poorly classified taxa, and 

promotes a more standardized and balanced classification across different phyla (Chun 

et al., 2018). 

As our first attempt, we conducted a comprehensive phylogenetic analysis based 

on 118 conserved proteins, providing a robust overview of the cladistic relationships 

among different Fluorescens lineage of species. The phylogenomic trees constructed 

based on core genes or a large number of genes yield more accurate and robust results 

than a single gene (e.g., 16S rRNA) or a small group of genes (e.g., MLSA) (Rokas et 

al., 2003; Wu et al., 2009; Gao and Gupta, 2012b). In our phylogenetic analysis, 13 

distinct clades/subclades (viz., Asplenii, Chlororaphis, Corrugata, Fluorescens, Fragi, 

Jessenii, Koreensis, Lutea, Mandelii, Massiliensis, Putida, Rhizosphaerae and Syringae) 

were observed within the Fluorescens lineage, which are consistent with the findings 

from the earlier studies (Gomila et al., 2015; Garrido-Sanz et al., 2016; Hesse et al., 

2018; Girard et al., 2021). Since these clades are distinct, their uniqueness is further 

supported by a large number of clade-specific molecular markers in the form of CSIs, 

with our major focus of this study being to define the boundaries of different clades 

using stable and reliable molecular markers. Our comparative genomics studies 

identified several CSIs, which are highly specific for different clades, including 

Massiliensis, Putida, and Rhizosphaerae. However, we will also identify CSIs for the 

remaining clades within the Fluorescens lineage in the coming months for their reliable 

demarcation by molecular means. The cladistic relationships of different clades, their 

species composition, along with their position and number of identified clade-specific 

CSIs, are shown in the conceptual Fig. 5. CSIs, found in gene/protein sequences and 

uniquely shared by different groups of organisms, offer reliable tools for taxonomic and 
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diagnostic studies (Gupta, 1998; Ahmod et al., 2011; Gupta and Kanter-Eivin, 2023). 

Since CSIs arise from rare genetic changes, their presence or absence in species is 

generally unaffected by most factors that could influence phylogenetic analyses 

(Baldauf and Palmer, 1993; Gupta, 1998; Rokas and Holland, 2000; Gupta, 2016). 

Additionally, because CSIs in different genes/proteins result from independent genetic 

events, each provides distinct evidence of a close and specific evolutionary relationship 

within a species group (Gao et al., 2006; Bhandari et al., 2013; Gupta, 2016; Hu et al., 

2018). Thus, based on the shared molecular markers and phylogenomic distinctiveness, 

the species from the Fluorescens lineage could be reliably demarcated into 13 distinct 

genus-level clades, shown in Fig. 5.  

One of the key features of this CSI-based classification is its predictive ability. 

Highly specific CSIs for different clades or genera can be used to determine the 

taxonomic affiliation of uncharacterized species or strains (Barbour et al., 2017; Gupta 

et al., 2020; Gupta and Kanter-Eivin, 2023). To harness this potential, the web server 

AppIndels.com was developed to predict the taxonomic placement of unclassified 

strains and species (Gupta and Kanter-Eivin, 2023). Our recent analysis of 

approximately 2,000 strains reassigned ~300 uncharacterized Pseudomonas species to 

their respective genera using the AppIndels server (Rudra and Gupta, 2025). However, 

a substantial number of Pseudomonas strains remain uncharacterized in the NCBI 

database, many of which are misclassified. Previous studies have reported that 25.65% 

of Pseudomonas genomes are misclassified (Passarelli-Araujo et al., 2022). By 

identifying CSIs specific to distinct clades within the Fluorescens lineage, we aim to 

provide a valuable resource for accurately classifying uncharacterized strains, thereby 

improving the overall accuracy of Pseudomonas taxonomy. 
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CHAPTER 7 

DISCUSSION AND CONCLUSIONS  
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Discussion  

Microbial systematics and taxonomy provide the foundational framework 

for organizing and understanding the diverse microbial world (Buchanan, 1955; 

Woese et al., 1990; Gupta, 1998; Garrity, 2016; Hugenholtz et al., 2021). It 

systematically organizes microbial strains into taxonomic ranks (species to phyla) 

based on shared characteristics while reconstructing their phylogenetic and 

evolutionary history (Woese et al., 1990; Gupta, 1998; Sutcliffe et al., 2012; Yarza et 

al., 2014; Parks et al., 2018; Gupta et al., 2020). Beyond evolutionary and systematic 

studies, a stable and informative taxonomic framework is essential across numerous 

scientific and applied fields, including medicine, biotechnology, environmental 

science, food production, and agriculture (Ward, 2002; Gevers et al., 2006; 

Bourdichon et al., 2012; Fan and Smith, 2021; Li et al., 2021a). Accurate taxonomy is 

crucial in medicine for identifying pathogens, selecting appropriate antibiotics, and 

analyzing antimicrobial resistance (Qin et al., 2022; Miller and Arias, 2024). In 

biotechnology, it facilitates strain selection for novel enzyme discovery and 

bioprospecting for antibiotics and other bioactive compounds (Saati-Santamaría et al., 

2018; Nouioui and Sangal, 2022; Kruse et al., 2024). It also plays a key role in food 

production by supporting the selection of fermentation starter cultures and identifying 

spoilage organisms to ensure food safety (Bourdichon et al., 2012; Zheng et al., 2020). 

In agriculture, it aids in identifying nitrogen-fixing bacteria such as Rhizobia, 

characterizing plant growth-promoting bacteria, assessing soil microbial 

communities, and developing biofertilizers to enhance crop productivity (Majeed et 

al., 2015; David et al., 2018; Fan and Smith, 2021; Mora et al., 2022). Overall, 



 

146 

 

microbial taxonomy serves as a cornerstone across multiple disciplines, advancing 

microbial research and supporting critical applications in health, industry, and 

environmental sustainability.  

The genomic era has revolutionized prokaryotic taxonomy, offering more 

profound insights into microbial evolution, diversity, and relationships. As discussed 

in Chapter 1 (Introduction), advances in whole-genome sequencing have revealed a 

hidden world of microbial life, challenged traditional classification methods, and 

driven the need for new tools and approaches to better understand microbial evolution 

(Woese et al., 1990; Gupta, 1998;  Konstantinidis and Tiedje, 2005b; Thompson et al., 

2013; Gupta, 2016; Parks et al., 2018; Barco et al., 2020). The availability of genomic 

data has enabled the identification of two important classes of novel molecular 

markers: Conserved Signature Indels (CSIs) and Conserved Signature Proteins 

(CSPs), uniquely shared by evolutionarily related groups of organisms (Gupta, 1998; 

Griffiths and Gupta, 2001; Gao et al., 2006; Bhandari et al., 2013; Gupta, 2016; Hu et 

al., 2019). Building on these advancements, my PhD research applied phylogenomic 

and molecular marker-based polyphasic approaches to clarify evolutionary 

relationships among Pseudomonas species, a longstanding challenge in prokaryotic 

taxonomy. 

The genus Pseudomonas, belonging to the family Pseudomonadaceae 

within the class Gammaproteobacteria, is estimated to have evolved from 

Hydrobacteria approximately 1.75 billion years ago (Battistuzzi and Hedges, 2009). 

With over 350 recognized species listed in LPSN (accessed on March 1, 2025) (Parte 

et al., 2020), Pseudomonas is among the most diverse bacterial genera. While P. 

aeruginosa is one of the most extensively studied pathogenic species, known to cause 



 

147 

 

different diseases in humans and animals (Burrows, 2012; Huber et al., 2016; Garcia-

Reyes et al., 2020; Miller and Arias, 2024), other species thrive in diverse 

environments, including the soil (Weller et al., 2012), water (Bollinger et al., 2020) 

plant surfaces (Hirano and Upper, 2000), and insect guts (Vodovar et al., 2005). 

Beyond its ecological diversity, Pseudomonas spp. have important applications in 

biotechnology, plant growth promotion, bioremediation, and biological control (Kwon 

et al., 2003; Hultberg et al., 2010b; Girard et al., 2021). However, despite the extensive 

phenotypic and genotypic diversity, all Pseudomonas species are classified within a 

single genus, a classification that does not accurately reflect their evolutionary 

relationships.   

To explore the evolutionary relationships among different Pseudomonas 

species, extensive studies were conducted (Gomila et al., 2015; Garrido-Sanz et al., 

2016; Hesse et al., 2018; Peix et al., 2018; Lalucat et al., 2020; Girard et al., 2021; 

Lalucat et al., 2022). Phylogenetic analyses from these studies consistently 

demonstrate that Pseudomonas is highly polyphyletic, comprising unrelated bacterial 

groups clustering into three evolutionary lineages: Pertucinogena, Aeruginosa, and 

Fluorescens. The Aeruginosa and Fluorescens lineages contain multiple genus-level 

clades and subclades, with species from other genera (e.g., Azomonas, Azotobacter) 

interspersed among them. Additionally, several species (e.g., P. cissicola, P. 

geniculate, etc.) have been misclassified within the genus Pseudomonas (Hu et al., 

1997; Anzai et al., 2000; Cutino-Jimenez et al., 2020). Based on the observed 

taxonomic inconsistencies, the prevailing perspective is that only members of the 

Aeruginosa clade (which includes the type species P. aeruginosa) should remain 

within the genus Pseudomonas, while other clades should be reassigned to distinct 
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genera (Hesse et al., 2018; Lalucat et al., 2022). This perspective is also aligned with 

the Code governing the Nomenclature of Prokaryotes (Parker et al., 2019) and the 

GTDB taxonomy (Parks et al., 2022). However, due to a lack of definitive evidence 

for reclassification, these diverse species remain within the genus Pseudomonas (Parte 

et al., 2020). A major challenge in the reclassification effort is precisely defining the 

boundaries between different clades, as phylogenetic analyses reveal a continuum of 

species branching in the trees. Also, the branching of species in the phylogenetic trees 

is constrained by several factors, such as the choice of tree-building algorithms, 

alignment quality, evolutionary rate models, species composition, and outgroup 

selection (Gupta, 1998; Gupta and Griffiths, 2002; Ludwig, 2005; Philippe et al., 

2005; Gupta, 2016). Furthermore, traditional taxonomic methods have failed to 

provide reliable markers/properties for distinguishing closely related species or clades. 

Therefore, intending to demarcate the observed Pseudomonas species 

clades reliably, we conducted comprehensive phylogenomic and comparative analyses 

on the available genome sequences of Pseudomonadaceae species from the NCBI 

genome database (https://www.ncbi.nlm.nih.gov/datasets/genome/). As our first 

approach, we constructed comprehensive phylogenetic trees using large sets of 

conserved genes and proteins, where Pseudomonas species consistently clustered into 

three major lineages: Pertucinogena, Aeruginosa, and Fluorescens. Multiple genus-

level distinct clades are observed within the Aeruginosa and Fluorescens lineages, 

similar to those reported in other studies (Gomila et al., 2015; Garrido-Sanz et al., 

2016; Hesse et al., 2018; Peix et al., 2018; Lalucat et al., 2020), excepting some 

differences resulting from including several new species in our analysis. To define the 

boundaries of different observed clades, our major focus (second approach) was to 
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conduct comparative genomics analysis on available genomic sequences of different 

Pseudomonas species for the identification of CSIs and CSPs (Gupta, 1998; Gupta, 

2006; Naushad et al., 2014). Independent of the phylogenetic analyses, these markers 

can confirm the existence of observed clades and provide reliable means for their 

demarcation. As discussed in different chapters of this thesis, CSIs and CSPs originate 

from rare genetic changes that arose in common ancestors and were subsequently 

inherited by all descendants. Due to their clade-specific nature, these markers provide 

strong evidence of evolutionary relationships and species relatedness within a clade 

(Bhandari et al., 2012; Adeolu and Gupta, 2013; Naushad and Gupta, 2013; Gupta, 

2014; Hu et al., 2019). Their exclusive presence within specific groups has made them 

a reliable tool for taxonomic classification and evolutionary studies (Gupta, 1998; 

Griffiths and Gupta, 2002; Gao and Gupta, 2012b; Adeolu et al., 2016; Hu et al., 2018). 

In addition to evolutionary and systematics studies, these signatures can also be used 

for biochemical and functional studies of the groups of organisms in which they are 

specific. Previous studies on CSIs have demonstrated their crucial roles in the 

organisms where they are present (Singh and Gupta, 2009). Research also indicates 

that CSIs are located in surface loops of the proteins, key regions involved in protein-

protein or protein-ligand interactions. These interactions are often essential for the 

survival and functionality of CSI-containing organisms (Khadka and Gupta, 2017; 

Hassan and Gupta, 2018; Khadka et al., 2020).  

 Hence, to identify molecular markers specific to observed distinct clades 

within the Pertucinogena, Aeruginosa, and Fluorescens lineages, we conducted 

detailed comparative genomics analyses on the protein sequences from different 

Pseudomonadaceae species, which led to the identification of a large number of CSIs. 
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We first focused on the Pertucinogena lineage of species (presented in Chapter 2), 

which is distinct from all other Pseudomonas species groups. Our analysis identified 

24 CSIs exclusively shared by all species in this clade. Based on their distinct 

phylogenetic positioning, shared CSIs, and salt tolerance properties, we reclassified 

the Pertucinogena clade as a novel genus, Halopseudomonas. Additionally, we 

identified 22 CSIs specific to P. hussainii, which formed a separate lineage in the 

phylogenetic trees. These findings (phylogenomic distinctness and shared CSIs) 

supported its reclassification as a new genus, Atopomonas. The reliability of this 

classification was further supported when Atopomonas sediminilitoris (Li et al., 2023) 

was described, sharing all Atopomonas-specific CSIs. Furthermore, based on the 

evidence from our studies, we reassigned several misclassified species, P. acidophila, 

P. caeni, P. cissicola, and P. geniculate, to the genera Paraburkholderia, 

Thiopseudomonas, Xanthomonas, and Stenotrophomonas, respectively. This study, 

presented in Chapter 2, provides a foundation for classifying Pseudomonas clades 

from the Aeruginosa lineage (presented in Chapter 3) and the Fluorescens lineage 

(described in Chapter 6).   

In the study discussed in Chapter 3, I explored the evolutionary 

relationships within the Aeruginosa lineage of species. Phylogenomic analysis 

revealed the existence of 12 distinct clades within the Aeruginosa lineage: Aeruginosa, 

Alcaligenes, Anguilliseptica, Flexibilis, Fluvialis, Linyingensis, Oleovorans, 

Oryzihabitans, Resinovorans, Straminea, Stutzeri, and Thermotolerans clades, along 

with the genera Azotobacter and Azomonas, branching in-between different 

Pseudomonas species clades. These distinct clades are widely recognized as requiring 

reclassification into separate genera, as demonstrated by the reclassification of species 
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from the Oryzihabitans and Stutzeri clades into the genera Chryseomonas (Saati-

Santamaria et al., 2021) and Stutzerimonas (Lalucat et al., 2022), respectively. Hence, 

to reclassify the rest of the clades and define their boundaries, we identified 98 CSIs 

uniquely shared by different clades within the Aeruginosa lineage, including the 

genera Azomonas and Azotobacter. Of the CSIs, six are identified by our analysis, 

uniquely shared by all species from the Aeruginosa clade, providing reliable molecular 

means for the demarcation/circumscription of this clade, representing the genus 

Pseudomonas sensu stricto. The rest of the CSIs are specific for distinct clades, which 

provide a reliable basis for delineating these clades into novel genera. We also 

conducted genomic similarity studies (AAI and POCP) to assess genomic relatedness, 

but in most cases, these values overlapped between ingroup and outgroup species, 

making them unreliable for genus-level demarcation. Similar limitations of AAI and 

POCP for genus-level demarcation have been noted in other studies (Gupta, 2019; 

Barco et al., 2020). Thus, based on the strong and consistent evidence provided by 

phylogenomic analyses and identified molecular signatures, we reclassified the 

species from the Alcaligenes, Fluvialis, Linyingensis, Oleovorans, Resinovorans, 

Straminea, and Thermotolerans clades into following novel genera Aquipseudomonas 

gen. nov., Caenipseudomonas gen. nov., Geopseudomonas gen. nov., 

Ectopseudomonas gen. nov., Metapseudomonas gen. nov., Phytopseudomonas gen. 

nov., and Zestomonas gen. nov., respectively. In addition, we also identified CSIs for 

the emended genera Chryseomonas (Oryzihabitans clade), Serpens (Flexibilis clade), 

Stutzerimonas (Stutzeri clade), Azotobacter, and Azomonas, providing robust 

molecular means for the demarcation of these genera. Notably, we did not reclassify 

the species from the Anguilliseptica clade for which no CSIs were identified. The 
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Anguilliseptica clade of species does not form a single cohesive group but instead 

consists of multiple distinct lineages, and further work is needed to clarify their 

evolutionary relationship. While reclassifying the Aeruginosa lineage greatly 

improves our understanding of the evolution and taxonomy of different Pseudomonas 

spp., a fully comprehensive classification system requires precise delineation of 

species clades within the Fluorescens lineage, as presented in Chapter 6.  

The Fluorescens lineage includes over two-thirds of known Pseudomonas 

species. Phylogenomic analyses consistently reveal 13 distinct genus-level clades 

within this lineage: Asplenii, Chlororaphis, Corrugata, Fluorescens, Fragi, Jessenii, 

Koreensis, Lutea, Mandelii, Massiliensis, Putida, Rhizosphaerae, and Syringae. 

Classifying these clades as distinct genera has proven difficult due to a lack of well-

defined, clade-specific characteristics (Mulet et al., 2010). Therefore, similar to other 

studies on Pertucinogena and Aeruginosa lineages, we identified 19 CSIs uniquely 

shared by species of three clades (viz., Massiliensis, Putida, and Rhizosphaerae). Our 

ongoing comparative genomics-based studies will identify more CSIs for demarcating 

the remaining 10 clades. This large number of molecular markers will offer a reliable 

and independent means for distinguishing and delineating these clades, supporting 

their potential reclassification as distinct novel genera. Besides, some single-

branching species within the Aeruginosa and Fluorescens lineages (viz., P. 

cavernicola, P. indica, P. kuykendallii, P. mangiferae, P. mangrovi, P. matsuisoli, and 

P. pohangensis) will temporarily be classified as “Pseudomonadaceae incertae sedis”. 

Future reclassification into novel genera will occur as more related strains or species 

are discovered.    
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 While our reclassification efforts primarily focused on the genus level, as 

outlined in Chapters 2, 3, and 6, our findings revealed that molecular markers are also 

specific at the species or strain level, as discussed in Chapter 4. In this chapter, I 

presented the phylogenomic and comparative genomic analyses of numerous P. 

aeruginosa strains. The phylogenetic analysis identified two distinct clades: the 

Classical clade, which contains the Type III secretion system, and the Outlier clade, 

which lacks this system (Sood et al., 2019). We identified CSIs and CSPs that were 

exclusively shared by the strains from these two clades. Based on the markers or 

synapomorphies uniquely shared by these clades, widely accepted species 

demarcation criteria, including 16S rRNA similarity, dDDH, ANI, and key phenotypic 

traits, we reclassified the subset of P. aeruginosa strains (Outlier clade) as a new 

species, P. paraeruginosa, distinct from P. aeruginosa (Classical clade).  

This reclassification of the genus Pseudomonas (into >25 distinct genera, 

along with one new species, P. paraeruginosa) aligns with other taxonomists' 

expectations, as Palleroni described phylogenomic-based taxonomy as a 

transformative “big bang” that extensively reorganizes existing genera and facilitates 

the reclassification into numerous new genera (Lalucat et al., 2020). Lalucat and 

colleagues, a leading research group on Pseudomonas, emphasized the importance of 

reclassification of the genus Pseudomonas into numerous novel genera by asserting 

that the reclassification of this genus will serve as a model in modern bacterial 

taxonomy, aiding in the clarification and reorganization of other bacterial genera 

(Lalucat et al., 2020).  

A key aspect of prokaryotic classification is the preference for a stable, 

broadly applicable system with strong predictive capabilities (Vandamme et al., 1996; 
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Rosselló-Mora and Amann, 2001; Barbour et al., 2017). Based on molecular markers, 

our proposed classification framework meets these criteria by providing a reliable and 

stable taxonomic structure. The CSIs used to define different Pseudomonas spp. 

clades/genera demonstrate high predictive accuracy, consistently appearing in newly 

identified or sequenced members of the same clade (Dobritsa and Samadpour, 2019; 

Gupta et al., 2020; Gupta and Kanter-Eivin, 2023). Recently, a CSI-based tool, 

AppIndels.com, was developed to predict the taxonomic affiliation of uncharacterized 

bacterial strains (Gupta and Kanter-Eivin, 2023). Using the AppIndels web server, we 

explored the application of CSIs for predicting the taxonomic affiliation of ~300 

uncharacterized Pseudomonas strains, successfully reassigning them to their 

respective genera. This study on the predictive ability of CSIs is presented in Chapter 

5 of my thesis. One limitation of this server is that it can only determine the taxonomic 

affiliation of strains or species for which CSIs have been identified and uploaded in 

the AppIndels.com database (Gupta and Kanter-Eivin, 2023). Since we have not yet 

uploaded CSI information specific to different clades/genera within the Fluorescens 

lineage, the server cannot assign taxonomic affiliation to uncharacterized species or 

strains related to those groups. However, once CSIs are identified and published, we 

will update the server with the relevant CSI information, enabling it to predict their 

taxonomic placement.  

The molecular signature-based classification framework we established for 

Pseudomonas provides greater reliability and stability for several key points. First, it 

not only accurately identifies and classifies species and strains, which is critical for 

clinical diagnostics and environmental monitoring, but it also effectively illustrates 

evolutionary relationships among different Pseudomonas species. Modern bacterial 
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taxonomy is best determined by evolutionary lineage, as phenotypic traits often fail to 

reflect common ancestry (Stanier and van Niel, 1962; Woese, 1992; Gupta, 1998; 

Sapp, 2006). Second, the molecular markers we use to distinguish different 

clades/genera are highly reliable, informative, and valuable in taxonomic, 

biochemical, and evolutionary studies (Adeolu et al., 2016; Gupta, 2016; Hu et al., 

2018; Patel and Gupta, 2020; Bello et al., 2022a). Third, defining species and genus 

boundaries is fundamental to prokaryotic classification and systematics (Kauffmann, 

1963; Konstantinidis and Tiedje, 2005a; Richter and Rossello-Mora, 2009; Qin et al., 

2014; Barbour et al., 2017; Barco et al., 2020; Patel and Gupta, 2020). While species-

level classification is established relying on criteria such as 16S rRNA gene similarity 

(98.65%), ANI (95–96%), and dDDH (70%) (Stackebrandt and Goebel, 1994; Goris 

et al., 2007; Kim et al., 2014), the genus-level classification remains challenging due 

to the lack of universally reliable methods. The limitations of existing genus 

demarcation approaches, such as AAI (Konstantinidis and Tiedje, 2005b) and POCP 

(Qin et al., 2014), have been discussed in chapters 1 and 3. In contrast, the CSI-based 

approach provides a more reliable and precise framework for demarcating the 

boundaries based on shared markers at the genus level and other higher taxonomic 

ranks (Gao et al., 2009a; Hu et al., 2019; Gupta et al., 2020; Patel and Gupta, 2020; 

Chen et al., 2021). Finally, the molecular markers we have identified offer high 

predictive power for classifying uncharacterized strains into their appropriate genera, 

further enhancing their accuracy and applicability (Gupta and Kanter-Eivin, 2023). 

Thus, the classification scheme developed in my work, utilizing molecular markers, 

provides a highly reliable, informative, and stable classification for the genus 

Pseudomonas and other Pseudomonadaceae genera. Figure 7.1 (Markmap) provides 
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a summary of the Pseudomonas reclassification, highlighting its overall importance 

as discussed in the different chapters of this thesis.  

While our genome-based taxonomic revisions provide a more accurate 

reflection of evolutionary relationships, the implementation can have some 

implications across several fields, including clinical microbiology, epidemiology, 

laboratory diagnostics, and education (Baron and Allen, 1993; Janda, 2018; Gajdács 

and Urbán, 2019; Munson and Carroll, 2019; Hugenholtz et al., 2021). However, the 

taxonomic reclassification proposed in my study does not impact clinical 

microbiologists, as no taxonomic changes were made to clinically important species 

such as P. aeruginosa, the type species of the genus. Instead, we reclassified unrelated 

species into distinct genera based on phenotypic and genomic distinctions. This 

revision provides clarity, facilitating the identification of pathogenic species, species 

with biotechnological potential, plant pathogenicity, plant growth-promoting 

properties, or bioremediation capabilities. It is important to note that while validly 

published names hold nomenclatural standing, their adoption depends on acceptance 

by the scientific community. Although the taxonomic changes we made may present 

short-term challenges, they ultimately enhance taxonomic accuracy and improve 

microbiological research and applications in the long run (Gupta, 2021).  
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Fig. 1: Markmap summarizing the thesis chapters (Chapters 1-7). 
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Future Directions 

My thesis presents a comprehensive approach to the taxonomic revision of the 

genus Pseudomonas using phylogenomic, molecular signatures-based polyphasic 

approaches. A substantial number of molecular markers in the form of CSIs and CSPs 

were identified, which are shared explicitly by different Pseudomonas species 

clades/genera. These taxonomic synapomorphies can be efficiently utilized through the 

CSI-based web server AppIndels.com to classify uncharacterized strains/species.   

Beyond their role in evolutionary and systematic studies, these markers have 

valuable diagnostic applications. Their high sequence conservation enables the design 

of polymerase chain reaction (PCR) primers, allowing for precise and reliable 

amplification of CSI and CSP-containing DNA regions (Griffiths and Gupta, 2002;  Gao 

and Gupta, 2005). Previously, molecular assays utilizing these markers have been 

successfully used to differentiate Bacillus anthracis from Bacillus cereus (Ahmod et al., 

2011) and to identify enterohemorrhagic E. coli O157:H7 (Wong et al., 2014). 

Additionally, a CSPs-based assay was developed to improve the monitoring of 

recreational water quality, providing enhanced detection of E. coli strains that are 

otherwise challenging to distinguish using conventional methods (Saleem et al., 2024). 

In addition to taxonomic and diagnostic applications, these markers represent promising 

targets for functional studies. Previous research has demonstrated that CSIs play 

essential roles in protein function within the bacterial groups in which they are found. 

Disruptions or deletions in these regions have been shown to impair protein activity, 

leading to loss of cellular function (Singh and Gupta, 2009). Structural analyses further 

indicate that CSIs are predominantly located within surface loops of proteins, away 
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from active sites, where they are likely involved in mediating specific interactions with 

other proteins (Akiva et al., 2008; Gupta et al., 2017; Hassan and Gupta, 2018; Khadka 

et al., 2020; Miton and Tokuriki, 2022). Investigating the functional relevance of CSIs 

and CSPs identified in this study could lead to the discovery of novel biological 

mechanisms and provide deeper insights into bacterial physiology, evolution, and 

adaptation strategies.  
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Conclusions 

The rapid expansion of genomic sequencing data has revolutionized our 

understanding of evolutionary relationships among organisms. My graduate research 

focuses on analyzing the available genome sequences of Pseudomonas species to 

robustly elucidate their evolutionary relationships using multiple independent 

approaches such as phylogenetic analysis based on several large data sets of conserved 

proteins, overall genomic similarity studies using AAI and POCP matrices and the 

identification of molecular markers such as CSIs and CSPs specific for different 

Pseudomonas species clades supported by other methods. Using these approaches, a 

robust phylogenetic framework for Pseudomonas species has been established. Under 

this framework, the genus Pseudomonas is now proposed to restrict only to species 

within the Aeruginosa clade, while other Pseudomonas species have been reclassified 

into >25 distinct genera, accurately reflecting their evolutionary relationships. 

Furthermore, the molecular markers used in this reclassification serve as predictive 

tools for determining the taxonomic placement of uncharacterized strains or species. 

Beyond their significance in evolutionary studies, these conserved signatures hold great 

potential as diagnostic markers for identifying specific groups of organisms. Further 

exploration of these molecular features may uncover novel biological functions and 

adaptations, providing deeper insights into microbial physiology and evolutionary 

history. 
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